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Resumen 

La presente tesis doctoral titulada “New advanced anti-tumor therapies based on hybrid 

mesoporous nanodevices” se centra en el diseño, síntesis, caracterización y evaluación de 

nuevos nanodispositivos híbridos orgánico-inorgánicos. En concreto, se han desarrollado 

nanopartículas de sílice mesoporosas (MSNs) y nanopartículas Janus combinando MSNs 

con platino y con oro con el objetivo de mejorar los tratamientos anti-tumorales. 

El primer capítulo es una introducción general que incluye una visión global del contexto 

en el que se enmarca la investigación realizada. En particular, se presenta el concepto de 

nanotecnología y nanomedicina, así como información básica sobre las nanopartículas 

mesoporosas de sílice, las nanopartículas Janus y sus interacciones con los sistemas 

biológicos. Finalmente, se describen las características de la enfermedad del cáncer, los 

tratamientos actuales y la aplicación de los nanomateriales como terapia. 

A continuación, en el segundo capítulo, se presentan los objetivos generales de esta tesis 

doctoral y los objetivos específicos que serán abordados en los siguientes capítulos 

experimentales. 

Los capítulos tercero y cuarto describen dos estrategias terapéuticas basadas en el 

desarrollo de nanopartículas con movimiento para mejorar la terapia antitumoral.  

Concretamente, en el primer capítulo experimental se presenta un nanodispositivo 

autopropulsado para la liberación controlada de fármacos en respuesta al glutatión (GSH) 

intracelular. Éste se basa en nanopartículas tipo Janus compuestas por sílice mesoporosa 

y oro, funcionalizadas en la parte del oro con la enzima catalasa, cargadas con 

doxorrubicina y con cadenas de oligo(etilenglicol) (S-S-PEG) unidas por puentes disulfuro 

en la cara de la sílice. Una vez sintetizado y caracterizado el dispositivo, se confirmó su 

movimiento gracias a la conversión de peróxido de hidrógeno (fuel) en oxígeno por la 

enzima catalasa. Por otra parte, se demostró el funcionamiento de la puerta molecular en 
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presencia de GSH, confirmando de este modo que la liberación de la carga se produce 

solo en presencia del tripéptido. Finalmente, la internalización celular y la liberación de 

doxorrubicina se estudiaron en la línea celular de cáncer de cérvix Hela, viéndose 

aumentadas en presencia del fuel. 

Motivados por los resultados anteriores, en el cuarto capítulo se describe un nuevo 

nanomotor diseñado como tratamiento antitumoral y similar al anterior. En este caso, la 

nanopartícula Janus desarrollada está compuesta por una nanopartícula de sílice 

mesoporosa junto con una de platino, cargada con doxorrubicina y cubierta con S-S-PEG. 

Al igual que en el trabajo anterior, la descomposición catalítica de bajas concentraciones 

de peróxido de hidrógeno, por el platino en este caso, consigue la autopropulsión del 

dispositivo. Además, se obtuvo el perfil cinético de liberación del cargo en respuesta a 

estímulos y se confirmó su aplicación en un cultivo en monocapa de células THP-1, así 

como en un dispositivo microchip con el objetivo de simular lo que ocurre en los vasos 

capilares. 

Los capítulos cinco y seis se centran en una estrategia terapéutica nueva que consiste en 

potenciar la acción del sistema inmune sobre el tumor para conseguir su eliminación. En 

el primero de estos capítulos experimentales, se utilizaron nanopartículas cargadas con el 

fármaco JQ-1 y un siRNA frente al factor de crecimiento transformante βeta (TGF-β) como 

inmunoterapia. Este nanodispositivo se basa en una MSN cargada con el fármaco JQ-1, 

funcionalizada con el polímero polietilenimina (PEI) y un siRNA dirigido a TGF-β unido 

mediante interacciones electrostáticas. Una vez sintetizadas y caracterizadas, se confirmó 

la capacidad de estas nanopartículas para llevar a cabo el escape endosomal y la liberación 

en el citosol del siRNA, junto con la disminución en la expresión del ligando 1 de muerte 

programada (PD-L1) y en la producción de TGF-β. Por último, se confirmó su aplicabilidad 

al ser capaces de inducir la eliminación específica de las células de melanoma A375 por el 

sistema inmune.  



Resumen 

III 

 

De acuerdo con el último capítulo experimental, se describe el desarrollo de un nuevo 

enfoque inmunoterapéutico basado en la comunicación química. En este caso, 

empleamos una nanopartícula Janus de oro y sílice funcionalizada con un péptido llamado 

pHLIP en la cara de sílice y el anticuerpo contra el receptor PD-1 unido a la cara de oro (J-

pHLIP-PD1). La membrana de la célula tumoral es decorada por este nanodispositivo a 

través del intercalado del péptido pHLIP, dejando expuesto en su superficie el anticuerpo 

PD-1. Este anticuerpo fue capaz de atrapar a los linfocitos T circulantes que expresan PD-

1 y facilitar la sinapsis y comunicación citotóxicas, desencadenando la eliminación de 

células tumorales por el sistema inmunitario. Además, estos resultados se confirmaron en 

un modelo metastásico B16-F10-Luc con una reducción de nódulos metastáticos en los 

grupos tratados con las nanopartículas J-pHLIP-PD1. 

Finalmente, en el capítulo séptimo y octavo, se aborda la discusión general y las 

conclusiones derivadas de los estudios experimentales presentados en esta tesis doctoral. 

En conclusión, la preparación de nanopartículas mesoporosas de sílice y su combinación 

con partículas metálicas y/o grupos orgánicos como puertas moleculares, efectores 

enzimáticos, modificadores ambientales, mediadores de comunicación y fármacos se 

presentan en esta tesis como una estrategia con potencial para superar las limitaciones 

de los tratamientos antitumorales actuales. Esperamos que los resultados obtenidos 

abran nuevas oportunidades de investigación e inspiren el desarrollo de materiales 

inteligentes aplicados no solo en el campo de la terapia tumoral, sino también en otras 

áreas biomédicas para solventar las necesidades de los pacientes. 
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Resum 

Aquesta tesi doctoral titulada “New advanced anti-tumor therapies based on hybrid 

mesoporous nanodevices” se centra en el disseny, síntesi, caracterització i avaluació de 

nous nanodispositius híbrids orgànic-inorgànics. En concret, s'han desenvolupat 

nanopartícules de sílice mesoporoses (MSNs) i nanopartícules Janus combinant MSNs 

amb platí i amb or per al tractament antitumoral. 

El primer capítol és una introducció general que inclou una visió global del context 

on s'emmarca la recerca realitzada. En particular, es presenta el concepte de 

nanotecnologia i nanomedicina, així com informació bàsica sobre les nanopartícules de 

sílice mesoporosa, les nanopartícules Janus i les seves interaccions amb els sistemes 

biològics. Finalment, es descriuen les característiques de la malaltia del càncer, els 

tractaments actuals i l'aplicació dels nanomaterials com a teràpia. 

A continuació, al segon capítol, es presenten els objectius generals d'aquesta tesi 

doctoral i els objectius específics que seran abordats en els capítols experimentals 

següents. 

Els capítols tercer i quart descriuen dues estratègies terapèutiques basades en el 

desenvolupmanet de nanopartícules amb moviment per aconseguir una millora de la 

terapia antitumoral. Concretament, al primer capítol experimental es presenta un 

nanodispositiu autopropulsat per a l'alliberament controlat de fàrmacs en resposta al 

glutatió (GSH) intracel·lular. Aquest es basa en nanopartícules tipus Janus compostes per 

sílice mesoporosa i or, funcionalitzades a la part de l'or amb l'enzim catalasa, carregades 

amb doxorrubicina i amb cadenes d'oligo(etilenglicol) (SS-PEG) unides per ponts disulfur 

a la cara de la sílice. Una vegada sintetitzat i caracteritzat el dispositiu, es va confirmar la 

seua capacitat de moviment gràcies a la conversió de peròxid d'hidrogen (fuel) en oxigen 

per l'enzim catalasa. D'altra banda, el funcionament correcte de la porta molecular es va 
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demostrar en presència de GSH, confirmant així que l'alliberament de la càrrega es 

produeix només en presència del tripèptid. Finalment, la internalització cel·lular i 

l'alliberament de doxorrubicina es van estudiar a la línia cel·lular de càncer de cèrvix Hela, 

veient-se augmentades en presència del fuel. 

Motivats pels resultats anteriors, al quart capítol es descriu un nanomotor nou 

dissenyat com a tractament antitumoral i similar a l'anterior. En aquest cas, la 

nanopartícula Janus desenvolupada està composta per una nanopartícula de sílice 

mesoporosa juntament amb una de platí, carregada amb doxorrubicina i coberta amb S-

S-PEG. Igual que en el treball  anterior, la descomposició catalítica de baixes 

concentracions de peròxid d'hidrogen, pel platí en aquest cas, aconsegueix 

l'autopropulsió del dispositiu. A més, es va obtenir el perfil cinètic d'alliberament del 

càrrec en resposta a estímuls i se'n va confirmar l'aplicació en un cultiu en monocapa de 

cèl·lules THP-1, així com en un dispositiu microxip amb l'objectiu d'imitar els vasos 

capil·lars. 

Els capítols cinc i sis se centren en una estratègia terapèutica nova que consisteix a 

potenciar l'acció del sistema immune sobre el tumor per aconseguir-ne l'eliminació. Al 

primer d'aquests capítols experimentals, es van utilitzar nanopartícules carregades amb 

el fàrmac JQ-1 i un siRNA davant el factor de creixement transformant βeta  (TGF-β) com 

a immunoteràpia. Aquest nanodispositiu es basa en una MSN carregada amb el fàrmac 

JQ-1, funcionalitzada amb el polímer polietilenimina (PEI) i un siRNA dirigit a TGF-β unit 

mitjançant interaccions electrostàtiques. Una vegada sintetitzades i caracteritzades, es va 

confirmar la capacitat d'aquestes nanopartícules per a escapar del compartiment 

endosomal i l'alliberament al citosol del siRNA, juntament amb la disminució en 

l'expressió de PD-L1 i en la producció de TGF-β. Finalment, es va confirmar la seua 

aplicabilitat per induir l'eliminació específica de les cèl·lules de melanoma A375 pel 

sistema immune. 
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D'acord amb el darrer capítol experimental, es descriu el desenvolupament d'un 

enfocament immunoterapèutic nou basat en la comunicació química. En aquest cas, fem 

servir una nanopartícula Janus d'or i sílice funcionalitzada amb un pèptid anomenat pHLIP 

a la cara de sílice i l'anticòs PD-1 unit a la cara d'or. La membrana de la cèl·lula tumoral és 

decorada per aquest nanodispositiu a través de l'intercalat del pèptid pHLIP, deixant 

exposat a la seua superfície l'anticòs PD-1. Aquest anticòs és capaç d'atrapar els limfòcits 

T circulants i facilitar la sinapsi i la comunicació citotòxiques, desencadenant l'eliminació 

de cèl·lules tumorals pel sistema immunitari. A més, aquests resultats es van confirmar 

en un model metastàtic B16-F10-Luc amb una reducció de nòduls metastàtics als grups 

tractats amb les nanopartícules J-pHLIP-PD1. 

Finalment, al capítol setè i vuitè, s'aborda la discussió general i les conclusions 

derivades dels estudis experimentals presentats en aquesta tesi doctoral. En conclusió, la 

preparació de nanopartícules mesoporoses de sílice i la seua combinació amb partícules 

metàl·liques i/o grups orgànics com portes moleculars, efectors enzimàtics, modificadors 

ambientals, mediadors de comunicació i fàrmacs es presenten en aquesta tesi com una 

estratègia amb potencial per superar les limitacions dels tractaments antitumorals 

actuals. Esperem que els resultats obtinguts obrin noves oportunitats de recerca i inspiren 

el desenvolupament de materials intel·ligents aplicats no només al camp de la teràpia 

tumoral, sinó també en altres àrees biomèdiques per resoldre les necessitats dels 

pacients. 
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Abstract 

The present PhD thesis entitled “New advanced anti-tumor therapies based on 

hybrid mesoporous nanodevices” focuses on the design, synthesis, characterization, and 

evaluation of new hybrid organic-inorganic nanodevices. We have developed mesoporous 

silica nanoparticles (MSNs) and Janus platinum-MSN and gold-MSN nanoparticles for 

tumor treatment. 

The first chapter is a general introduction that includes an overview of the context 

related to the research developed in this thesis. In particular, the concept of 

nanotechnology and nanomedicine are presented, as well as basic information about 

mesoporous silica nanoparticles, janus nanoparticles, and their interactions with 

biological systems. Finally, cancer disease characteristics, actual treatments, and the 

application of nanomaterials as therapy are described. 

Next, in the second chapter, the general objectives of this Ph.D. thesis and the specific 

objectives addressed in the following experimental chapters are presented. 

The third and fourth chapters describe two nanotechnology-based therapeutic 

strategies based on the development of nanomotors to improve cancer therapy. 

Specifically, the first experimental chapter presents a self-moving nanodevice for 

controlled drug release in response to intracellular glutathione (GSH). It is based on Janus 

gold-mesoporous silica nanoparticles functionalized with the enzyme catalase in the gold 

face, loaded with doxorubicin and capped with disulfide-linked oligo(ethylene glycol) (S-

S-PEG) chains on the silica face. Once synthesized and characterized, the nanosystem 

motion capability through hydrogen peroxide (fuel) conversion into oxygen by catalase 

was confirmed. The proper gating mechanism of the nanodevice was tested in the 

presence of GSH, thus corroborating that cargo release only occurs in the presence of the 
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tripeptide. The cellular uptake and doxorubicin release capacity have been demonstrated 

in the human cervix cell line Hela, being increased in the presence of fuel.  

Encouraged by the above results, chapter four describes a similar nanomotor design 

for antitumor therapy. In this case, the nanoparticle developed is composed of a Janus 

platinum-mesoporous silica nanoparticle, loaded with doxorubicin, and capped with S-S-

PEG. As well as in the previous work, the catalytic decomposition of low concentrations 

of hydrogen peroxide, in this case by platinum, induced self-propulsion of the 

nanoparticles. The stimuli-responsive cargo release kinetic profile was obtained and its 

application was confirmed in a monolayer THP-1 cell culture and in a microchip device 

mimicking capillary vessels. 

 

Chapters five and six focus on a new therapeutic strategy, empowering the immune 

system action on tumors to reach tumor cell death. In the first of these experimental 

chapters, JQ-1 and transforming growth factor-beta (TGF-β) siRNA-loaded nanoparticles 

were used as efficient tumor immunotherapy. This nanodevice is based on MSNs loaded 

with JQ-1 drug, functionalized with polyethyleneimine (PEI) and a siRNA targeting TGF-β 

was binding through electrostatic interaction. The endosomal escape and efficient 

cytosolic delivery of siRNA by PEI was accomplished by using these nanoparticles, along 

with the programmed death-ligand 1 (PD-L1) downregulation and TGF-β silencing. Lastly, 

its application was confirmed by triggering a specific immunogenic removal of tumor cells 

in melanoma A375 cells pre-treated with nanoparticles.  

In chapter six, the development of a new communication-based immunotherapeutic 

approach is reported. In this case, we employ Janus gold-MSN functionalized with a 

peptide called pHLIP onto silica face and anti-PD-1 antibody bound to gold face (J-pHLIP-

PD1). Tumor cell membrane is decorated by this nanodevice through pHLIP self-insertion, 

leaving exposed on the surface PD-1 antibody. This antibody catches circulating T 

lymphocytes, which express PD-1, and facilitates cytotoxic synapse and communication 
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with cancer cells, provoking immune system-induced-tumor leveling. Moreover, J-pHLIP-

PD1 treatment-associated reduction of metastatic burden was also proven in a B16-F10-

Luc metastatic model. 

 

Finally, in the seventh and eighth chapter, the general discussion and conclusions 

derived from the presented experimental studies of this Ph.D. thesis are exposed. In 

conclusion, the preparation of mesoporous silica nanoparticles and their combination 

with metal particles and/or organic groups such as molecular gates, enzymatic effectors, 

environment modifiers, communication mediators, and drugs are presented in this thesis 

as a potential strategy to overcome tumor treatments limitations. We hope that the 

results obtained will open up new research opportunities and inspire the development of 

new advanced strategies with smart materials applied not only in the field of tumor 

therapy, but also in other biomedical areas to solve patient’s needs. 
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1. Nanotechnology and nanomedicine 

Nanotechnology is defined as the understanding and control of matter on the order 

of nanometers, at dimensions between 1 and 100 nm, to create materials with 

fundamentally new properties and functions1,2. It is involved in the design, synthesis, 

characterization and applications of materials and devices whose smallest functional 

organization is on the nanometer scale. A nanometer is one billionth of a meter and three 

orders of magnitude smaller than a micron, for example, a DNA molecule is about 2.5 nm 

long while a sodium atom is about 0.2 nm (Figure 1)3,4. Besides, nanotechnology is not a 

single emerging scientific discipline, but rather it is a multidisciplinary area, a meeting of 

traditional science such as chemistry, physics, materials science, and biology3. 

Figure 1. Scheme of nanomaterials scale compared to biomolecules, cells, and other items. Adapted from  
Chakraborty et al., 20164 

 In 1959, Richard Feynman presented a lecture entitled “There’s plenty of room at 

the bottom”, outlining the principle of manipulating matter at the atomic level1,5. He 

pictured new ways of thinking and is considered the father of nanotechnology1. It was not 

until 15 years later when Norio Taniguchi used for the first time the term 

“nanotechnology” to describe semiconductor processes that occurred on the order of a 

nanometer1. However, the capability to control the materials and devices’ molecular 
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synthesis and assembly to obtain tailor-made materials, with specific and controlled bulk 

chemical and physical properties is very recent3,6. There has been an explosive growth of 

nanoscience and technology in the last decade, with the development of nanoscale 

materials that have unique optical, electronic, and magnetic properties depending on 

their size and shape6,7. Some examples of these nanostructures are lipid micelles, 

polymeric, protein constructs, carbon nanotubes, and graphene as well as inorganic 

materials such as mesoporous silica nanoparticles, superparamagnetic iron oxide 

nanoparticles, quantum dots, gold nanoparticles, etc.7 

Figure 2. Fluorescence emission change of (CdSe)ZnS quantum dots depending on the size. Adapted from 
Pelaz et al., 20178 

Molecular self-assembling into macroscopic higher-ordered structures displays 

desirable chemical and physical properties not presented in the constituent molecules 

themselves3. Small changes in size and shape significantly affect the properties of the 

nanoparticles, for example, the change in size to the nanoscale of quantum dots can 

control their optical properties, the photoemission, and as a consequence the colour of 

the material (Figure 2)8. These size-dependent properties have been revealed in the last 

decades through powerful characterization tools such as electron microscopy, 

crystallography, spectroscopy, etc7. Their relevance is such that M. G. Bawendi, L. E. Brus 

and A. Yekimov have been awarded with the Nobel Prize in Chemistry 2023 for the 
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discovery and synthesis of quantum dots, which was an important step in the 

development of nanoscience9–11. 

 Regarding nanotechnology, it has been applied to different fields, such as 

energy12, drug delivery13, cosmetics14, biology15, biotechnology16, tissue engineering17, 

bioinformatics18 or agriculture and food19,20. Nanotechnology has also been applied to 

medicine (nanomedicine) aiming as the application of nanotechnology and nanoscience 

to the prevention and treatment of human diseases21. In this field, nanoparticles used in 

disease treatments (nanotherapeutics) often overcome obstacles that limit conventional 

drugs, usually involving low toxicity, improved bioavailability and enhanced 

pharmacokinetics and therapeutic effect21. 

Historical progress in nanomedicine can be divided into three stages. The first stage 

involved the discovery of the nanostructure such as liposomes. The second stage involved 

clinical validation and commercialization of some nanotherapeutics (for instance the first 

liposomal drug was approved in 1995 by the FDA). Finally, the third stage has witnessed 

rapid progress in the expansion and refinement of nanomedicine applications (Figure 3). 

However, despite exhibiting better clinical outcomes than conventional drugs, there are 

still many challenges to overcome, such as nonspecific toxicity or low efficacy. Hence, 

nanomedicine is in a constant progress and new advanced and smart nanodevices appear 

every year21. 
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Figure 3. Milestones in nanomedicine. Adapted from Zhang et al., 202022 

2. Mesoporous silica materials 

 During recent decades, the interest in porous materials has grown due to their 

physicochemical properties and their versatility. They can be classified according to the 

IUPAC based on their pore size into microporous, mesoporous, and macroporous 

materials which have pores sizes less than 2 nm, between 2-50 nm and greater than 20 

nm, respectively23. Among various mesoporous materials, mesoporous silica materials 

have attracted special attention after the discovery of a new family of molecular sieve 

called M41S by Kuroda et al. and Mobil Oil Scientists in 199023–26. The family M41S 

includes three main mesophase types: MCM-41 with hexagonal pores, MCM-48 with 

cubic pores and MCM-50 with lamellar structure24. These materials are characterized by 

large surface areas (500-100 m2/g), ordered pore systems (2-10 nm) and high pores 

volumes (1 cm3/g)27. 

 The unique properties of mesoporous silica nanoparticles (MSNs) such as 

controllable particle size, porosity, morphology, and high chemical stability make 

nanoparticles highly attractive for applications as carriers, diagnostic, catalysis, 

separation, and sensing24,25. The first use of mesoporous silica as drug carrier was reported 
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in 200128 and since then, the use of mesoporous silica as a delivery system in biomedical 

applications has been widely studied29. 

2.1. Synthesis of mesoporous silica materials 

 Silica nanoparticles are conventionally produced through the hydrolytic sol-gel 

process using surfactants as structure-directing agents and involving the hydrolysis and 

condensation of silicon alkoxide precursors under acidic or basic catalysis23,25,29. When the 

surfactant concentration is above the critical micelle concentration, it self-aggregates into 

micelles and the precursors condense and form an oxide network through siloxane bonds 

(Si-O-Si) around surfactant molecules29. That leads to a colloidal solution composed of 

silica monomers that gradually evolves towards the formation of a gel25,29. The synthetic 

process is based on the Stöber method described but performed in the presence of 

cationic surfactants30. The type of surfactant together with concentration, pH and 

temperature have a strong influence on the self-assembling process and consequently, on 

the final mesostructure of the material25. 

In a typical synthesis of the MCM-41 type mesoporous silica nanoparticles, the silica 

source, tetraethylorthosilicate (TEOS), is added into a heated basic aqueous solution of 

the templating surfactant, cetyltrimethyl-ammonium bromide (CTAB). Once 

nanoparticles are formed, the surfactant template is removed through solvent extraction 

or calcination and as a result, spherical nanoparticles with a diameter of ca. 100 nm and 

2D-hexagonally arranged pores with a size of ca. 2.8 nm (according to packed micelle 

structures of the surfactant) are obtained (Figure 4)27,31.  

Figure 4. Schematic representation of the synthetic route of mesoporous silica MCM-41 type. Adapted from 
Carvalho et al., 2020 31 
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2.2. Functionalisation of mesoporous silica materials 

 The possibility of introducing various organic functional groups, either through 

covalent bonding or electrostatic interactions, provides high level of versatility to the 

mesoporous silica scaffolds. The functionalisation is a suitable method to modify the 

properties of the surface of the mesoporous support such as reactivity, hydrophobicity, 

hydrophilicity, etc. The covalent attachment involves introducing organic structures in 

the silica framework using co-condensation or post-synthetic grafting methods27.  

-  Co-condensation method. During the formation of particles, the hydrolysis of 

functional silanes is feasible, allowing the incorporation of molecules into the silica 

frameworks. Both the silica precursor and the organosilane are introduced simultaneously 

in the synthesis procedure and undergo condensation. In this case, surfactant removal is 

only suitable by extraction. This method enables the production of a silica material with a 

huge amount of uniformly distributed organic groups; however, they may impact on the 

interactions with the surfactant, leading to alterations in structure and morphology.  

-  Post-synthetic grafting. The functional groups are introduced to the exposed silica 

surface after the formation of the mesoporous silica. The surface of silica materials has a 

high concentration of silanol groups (Si-OH) that can anchor organosilanes.  

 Moreover, functional moieties can also be introduced through electrostatic 

interactions, for example, cationic polymers (such as polyethyleneimine) can be 

electrostatically adsorbed onto the negative particle’s surface for instance to provide 

nucleic acid binding properties27.   

 Another crucial property that makes mesoporous silica materials promising for 

drug delivery applications is the possibility to encapsulate different cargo molecules 

within their pores which may protect many therapeutic agents from degradation. The 

particles are usually loaded by soaking them in a drug solution, although there are other 
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methods such as impregnation27,32 The combination of the payloads with the functional 

modifications might allow for control cargo release at the targeted tissues, with no 

premature delivery during their circulation27. 

2.3. Characterization 

 Given the nature of mesoporous silica nanoparticles applications, it is crucial to 

characterize these nanoparticles using different physical, chemical, and biological 

techniques33.  

Particle shape and size is the most basic information collected and determines the 

suitability of nanoparticles for a specific application. Dynamic light scattering (DLS) and 

electron microscopy are used to obtain information about nanoparticles morphology. DLS 

is the most common approach to analyze hydrodynamic particle size and distribution. DLS 

measures light interference based on the Brownian motion of nanoparticles in 

suspension. Electron microscopy can be employed to reveal the details of the 

mesoporous structure and nanoparticles shape and surface (Figure 5.A)33,34. Transmission 

Electron Microscopy (TEM) utilizes energetic electrons to obtain the finest morphological, 

compositional, and crystallographic information from samples35,36. Among electron 

microscopy techniques, there is also scanning transmission electron microscopy (SEM) 

(Figure 5.B)33. Electron microscopies can be combined with energy dispersive X-ray 

spectroscopy providing information on mesoporous silica material elemental 

composition31,32. However, biomolecule-coated particles might result in poor quality 

electron microscopy images33. 
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Figure 5. A. TEM images of mesoporous silica with different average sizes: a) 280 nm; inset: FFT analysis of 

the TEM image; b) 170, c) 110, d) 50, e) 30 nm. f) High-resolution TEM image of a single particle in (c). 

Reprinted with permission from Lu, F. et al., 200934. B. SEM micrographs of the produced MCM-41 particles. 

Adapted from Christoforidou, T. et al., 202137. 

 Surface data can be obtained using topography techniques, such as gas 

adsorption-desorption isotherms. These curves give information of the amount of N2 

adsorbed onto the porous material as function of the relative pressure. This technique, 

based on the Brunauer-Emmett-Teller theory and Barrett-Joyner-Halenda analysis, is 

employed for surface area and pore size estimation, respectively. Furthermore, surface 

charge analysis is determined by Zeta potential measurement. Nanoparticles have a 

charge on the surface that attracts a thin layer of counter ions to the nanoparticle surface 

(Stem layer). This double layer travels with the nanoparticle as it diffuses throughout the 

solution and the velocity is proportional to the electrical potential of the particle at the 

shear plane. This electrical potential is known as the zeta potential33,36. Its values typically 

range from +100 to -100 mV and are predictive of the colloidal stability of the solution33.  
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 Besides, we can obtain information about the structure of crystalline materials by 

using X-ray diffraction. When an incident beam of monochromatic X-rays interacts with a 

target material, the scattering of those X-rays from atoms occurs. In materials with regular 

structures, the scattered X-rays undergo constructive and destructive interference. X-rays 

are characteristics of a certain ordered material, and the diffraction pattern depends on 

the atomic arrangement and the type of atoms32,35,38. In the case of MCM-41 based 

mesoporous silica, the typical pattern is characterized by four peaks appearing at low 

angles indexed as (100), (110), (200), and (210) Bragg peaks (Figure 6). 

Figure 6. Scheme of unit cell and characteristic PXRD pattern of MCM-41 material with its typical Bragg peaks, 
indexed as (100), (110), (200), and (210). 

 Chemical knowledge about nanoparticles can be also acquired through 

characterization, using methods like UV-visible spectroscopy. This is a spectroscopy in 

which light of the UV-visible region is absorbed, and it is a simple and reliable method to 

monitor load and delivery from mesoporous silica of molecules displaying absorption 

bands in the UV-visible range. For instance, this can be used for the quantification of the 

efficiency of cargo encapsulation and to determine cargo release kinetics39. 

 The organic content in the prepared materials can be determined by 

thermogravimetric measurements (TGA) or high-performance liquid chromatography 
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(HPLC). Thermogravimetric analysis (TGA) allows the monitoring of the mass as a function 

of temperature35. It provides information concerning the mass and composition. In TGA, 

the material is heated and the components with different degradation temperatures 

decompose and/or vaporise, and a change of mass is recorded. The type and quantity of 

organic matter can be determined38. High-performance liquid chromatography stands as 

the most used chromatographic technique, serving for the separation and quantification 

of chemical substances. In essence, it involves the injection of the liquid sample into a 

flowing mobile phase that passes through a separative column comprising a stationary 

phase. The molecules present in the sample are retained by the column according to their 

nature. The number and strength of the interactions between the molecules and the 

column filling dictate the timing of their elution. Further, a detector system is employed 

to identify the presence of a compound, yielding a chromatogram, which ideally shows 

peaks for each compound40.  

2.4. Stimuli-responsive gated materials 

 Gated materials are predesigned to finely tune the movement of chemical or 

biochemical species from voids of porous supports to a solution and vice versa, in 

response to a selected stimulus41. Such gated materials are composed mainly of two 

subunits: (1) a porous inorganic scaffold to load a cargo (e.g. dyes, fluorophores, small 

biomolecules, drugs, etc.) and (2) certain molecular entities grafted onto the external 

surface, which work as molecular gates (also known as gatekeeper or nanovalves) 

allowing on-command delivery of the mass from pores42–44. The role of gatekeepers is to 

confine the cargo in the inner of the porous support and to allow its release in the 

presence of a specific stimulus which makes the gate change its size/shape/conformation 

or be simply displaced. Moreover, gated nanoparticles can be designed to target selected 

cells or tissues by adding biological ligands onto their surface45.  
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 In regard to the inorganic support, one of the most commonly used material for 

obtaining gated nanodevices is the mesoporous silica material MCM-41 according to their 

unique characteristics as high loading capacity, biocompatibility, chemical inertness and 

high surface area which can be easily functionalized using the well-known alkoxysilane 

chemistry41,43–46. Different nature cargos (e.g. dyes, fluorophores, small biomolecules, and 

drugs) have been loaded into the inorganic ordered pore network present in MCM-41 

scaffold46 and its external silanol-containing selectively modified by stimuli responsive 

groups (Figure 7)42–44. In terms of in vitro and in vivo applications two types of stimuli can 

be identified: (i) endogenous (including pH, redox, biomolecules, enzymes, etc.) and (ii) 

exogenous or external stimuli (including temperature, light, magnetic fields, ultrasound 

etc.)46.  

 In addition, these materials can act as controlled drug delivery systems, which can 

lead to numerous applications in the field of human health44. A drug-delivery system can 

be described as a formulation that permits the tailoring of release profiles with spatial, 

temporal and dosage control43,44. This strategy achieves a significant reduction of side 

effects caused by drug’s impact on “off-target” areas as well as safeguarding the drug 

against premature degradation or solubilization. Another crucial element is the capacity 

of the drug to be released upon applying a stimulus to the carrier, enabling the unloading 

of its cargo at the target site46. The silica mesoporous material MCM-41 was proposed as 

a drug delivery system in 2001 and since then a huge variety of complex and advanced 

drug delivery systems based on this support has been developed47. 
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Figure 7.  Scheme of the operation of a molecular gate and the principal components present in a drug delivery 
system. 

3. Janus nanoparticles 

Nanotechnology has evolved extremely rapidly and expanded into a broad variety of 

areas in the medical, industrial, chemical, and physical fields in recent years. One of the 

major goals in materials science is the preparation of novel biologically inspired 

nanomachines and smart drug delivery systems. This requires the artificial design of 

nanoparticle structures and endows them with new chemical functionalities48.  

Hybrid nanoparticles can be defined as well-organized nanomaterials consisting of 

two or more types of individual nanocomponents. The nanocompounds integrating hybrid 

nanoparticles can be bound via organic/inorganic molecular bridges or directly attached 

to one another48. Among these nanomaterials, the preparation of anisotropic colloidal 

particles which exhibit two surfaces of different chemical compositions have recently 

aroused interest in scientific community.  These so-called “Janus nanoparticles”, referring 
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to the dual-faced Roman god, Janus, have two faces which can be independently modified 

with selected ligands49,50 . The majority of nanometre-sized “Janus particles” refer to 

bifunctional heterodimers that consist of two different materials segregated in the 

particle cores, obtaining building blocks and controlled assemblies of structural units into 

functional architectures50. In addition to the properties of each homogeneous component 

present in Janus, they include also new physicochemical properties in the same particle, 

leading to the development of novel functionalities in different areas51.  

 A typical synthetic procedure of Janus nanoparticles involves partial masking of 

the particle’s surface prior to selective engineering and functionalization of the exposed 

area50. This means that asymmetric functionalization of the nanoparticles is achieved by 

exposing only one hemisphere (or a portion) of their surface to an environment, where 

reaction is carried out, while the remaining part of the surface is protected52. The surface 

functionalization includes different techniques, such as coating by vapor deposition of 

metal thin films/particles, electrostatic deposition, layer-by-layer self-assembly, the 

Pickering emulsion method, photopolymerization in microfluidic devices, cross-linking of 

block copolymers, etc50. Among them, the Pickering emulsion method is one of the most 

feasible procedures for preparing Janus particles. This method consists of the 

immobilization of homogeneous particles on an interface between two liquid immiscible 

phases. It generally employs an oily phase (wax) and an aqueous phase (water/ethanol) 

mixture stabilized by particles at high temperature. After cooling down this emulsion 

below its melting temperature, the wax is solidified, and the particles are partially 

embedded at the interface of the Pickering emulsion. At this point, one part of the particle 

is unmasked and exposed to the liquid phase whereas the other is fixed in the wax, thus 

allowing the chemical modification of the desired area52,53. This method was adapted by 

Villalonga, Martínez-Máñez and co-workers to develop the synthesis procedure used in 

this thesis for the preparation of Janus Au-MSN and Pt-MSN49. In particular, as shown in 

Figure 8, the synthesis of Janus Au-MSN and Pt-MSN is based on the use of MSNs which 

are partially trapped on wax and exposed for further partial functionalization. The 
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exposed face is decorated with reactive thiol groups by reaction with a thiolated silane 

derivative (mercaptopropyl trimetoxysilane), following by the chemisorption of gold or 

platinum nanoparticles upon reaction with the thiol moieties. Finally, the wax is dissolved 

in organic solvents like hexane or chloroform and the particles recovered.  

Figure 8. Schematic representation of the preparation of the Janus MSN-Au and MSN-Pt nanoparticle based 
on the pickering emulsion method. 

 These Janus particles have unique properties46 and have been used for the 

development of self-propelling micro/nanomotors, catalysts, biological sensors, drug 

delivery platforms, etc51,53. For instance, the development of self-propelled artificial 

motors, opens new potential applications in the complex biological environment. The self-

propulsion capability of these motors helps to improve drug transport and overcome 

biological barriers compared to non-propelled nanoparticles45. An example was reported 

by Xuan, M. and co-workers in which a Janus nanomotor based on mesoporous silica 

nanoparticles with chromium/platinum metallic caps was loaded with doxorubicin and 

propelled by decomposing hydrogen peroxide to generate oxygen as a driving force. The 

nanoparticles internalization inside tumor cells is higher when they are setting in 

motion54. Further, Janus nanoparticles have been also explored as drug delivery 

nanocarriers taking advantage of their two different faces for combining several drugs, as 

it happens in the work developed by Zhang, L. et al. Herein, a unique amphiphilic PCL-

AuNC/Fe(OH)3-PAA Janus nanoparticle was developed to simultaneously preserve and co-

deliver the hydrophilic drug doxorubicin and the hydrophobic molecule docetaxel, along 

with a significant improvement in cancer therapy effectivity55. 
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4. Mesoporous hybrid materials for biomedical applications 

The current advance of nanotechnology has led to the development of a large 

number of nanomaterials for biomedical applications, such as drug delivery, diagnosis and 

imaging. Silica-based mesoporous materials are progressively gaining value in biomedical 

applications due to two distinctive features: a well-established behaviour in drug delivery 

and their versatility for the preparation of advanced hybrid materials. In the last decade, 

the integration of mesoporous silica with other nanomaterials has facilitated the 

combination of multiple components into single entities at the nanoscale, allowing 

additional functionalities to be integrated into nanosystems with drug-loading 

capabilities56. Moreover, the design of smart functional nanosystems for biomedical 

applications requires a thorough understanding of the mechanisms by which 

nanoparticles interact with biological systems57. Cell uptake and biodistribution are key 

aspects to be taken into account when designing suitable nanomedical devices34. In 

addition, biocompatibility, degradability and disposal are factors that must also be 

considered for the translation of MSNs into medical areas56. In order to reach clinical 

approval, the synthesis of nanoparticles that possess optimal in vivo characteristics is 

required. These characteristics are crucial not only for achieving therapeutic efficacy but 

also for addressing concerns related to biosafety.  

4.1. Cell uptake, biocompatibility and biodistribution of hybrid 

nanoparticles 

 Since hybrid nanoparticles have only recently been developed and their research 

and clinical translation are still in their infancy, there are not common protocols or a 

consensus regarding the way a nanoparticle should be studied in terms of biodistribution, 

excretion and potential toxicity, and thus no relevant and accurate studies on their 

behaviour in complex organisms. Thereby, this section addresses separately the different 

materials employed in the doctoral thesis.   
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4.1.1. MSNs 

 Since the cell membrane is the biggest barrier for intracellular drug delivery, it is 

essential to investigate the cellular internalization and trafficking of MSNs. Generally, the 

uptake pathways are divided in two groups: phagocytosis and pinocytosis 

(micropinocytosis and endocytosis). In particular, phagocytosis occurs in specialized cells 

such as monocytes, neutrophils, macrophages, etc., for particles with minimum size of 1 

μm. Small nanoparticles with sizes under 200-300 nm (as usually MSNs have) are taken 

up via endocytic pathways58. Endocytosis is mediated by at least four basic mechanisms: 

clathrin-mediated endocytosis, caveolae-mediated endocytosis and clathrin-caveolae and 

dynamin-independent endocytosis57. Particle size determines the mechanism and rate of 

cell uptake, as well as their ability to permeate through tissues34. In addition, the 

endocytic process occurs through specific or non-specific cellular uptake, usually 

depending on the surface properties of the nanoparticles. Recent observations in 

biological systems suggest that other physical parameters of nanoparticles, such as shape 

and surface charge, can also affect their uptake by cells and induce cellular responses57.  

After being internalized, MSNs are transported to large vesicular endosomes and then 

fused with lysosomes. Several strategies, such as PEI coating, are able to achieve 

lysosomes disruption and escape from them59,60. Briefly, endocytosis is a very complex 

process and the prediction of which endocytic pathway will be followed by nanoparticles 

is a really arduous task, there is no “rule of thumb”61. 

 Furthermore, biodistribution refers to the process of monitoring the localization 

of compounds of interest within the organs and tissues of experimental animals, enabling 

the assessment of their accumulation in different regions of the body. Systemic 

nanoparticle distribution is revealed in the bloodstream along with the generation of 

protein corona (proteins from plasma adsorbed on the nanoparticles’ surface). The 

reticuloendothelial system (RES) cells opsonize the nanoparticles and accumulate in these 

organs (liver, spleen, and lung) as a result (Figure 9)62–64. Besides, MSNs nanoparticles tend 



General Introduction 

19 

 

to accumulate preferentially in tumors by the passive mechanism EPR effect65. In addition, 

there is an effect of size and shape in the nanoparticles’ biodistribution; smaller 

nanoparticles have longer blood circulation lifetimes whereas liver and spleen 

accumulation increases with the size. According to the shape of the nanoparticles, MSNs 

with a short rod-shape accumulate in the liver and long rod-shaped nanoparticles 

accumulate in the spleen. Another property that affects the biodistribution of 

nanoparticles is the chemical properties of the surface, such as the charge of the 

nanoparticles. Experimental investigations have demonstrated that positively charged 

nanoparticles are excreted from the liver into the gastrointestinal tract and subsequently 

eliminated from the animal through feces. Conversely, negatively charged MSNs tend to 

be sequestered within the liver64,65. Along with this, the modification of nanoparticles 

surface has a direct impact on distribution, for example a PEG coating on the nanoparticles 

evades phagocytosis and collection by RES, thus prolonging their blood circulation 

lifetime56. 

 Regarding biocompatibility, silica has been catalogued as “Generally Recognized 

as Safe” by the FDA and bulk silica is widely present in food additives and cosmetic 

products, which indicates low toxicity in the body. Despite these facts, one of the key 

challenges for clinical translation is the possibility of prolonged retention within the body. 

Recent preclinical research using MSNs provides supporting evidence related to 

nanoparticle degradation and excretion. The MSNs framework is prone to be hydrolysed 

when exposed to aqueous media and its physical properties (surface area, pore size, 

shape, aggregation, etc.) determine the rate of degradation. It is generally slow, as much 

as 32% of biodegradation after 15 days for MSNs with a significant Si-O-Si bond 

condensation. In addition, calcination, and the absence of mesopores in silica 

nanoparticles reduce the degradation rate, as opposed to the acceleration caused by large 

pore size and surface functionalisation, especially with polymers64,66. 
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 On the other hand, the possibility of glomerular clearance relies on the size of 

nanoparticles, MSNs are too large to experience rapid renal clearance (> 6 nm) but not to 

be caught by the reticuloendothelial system with the consequent renal and hepatobiliary 

excretion (Figure 9). First, MSNs undergo degradation into smaller fragments that enter 

again into the bloodstream before elimination. Then, these fragments are filtered and 

eliminated through the urine in the case of renal excretion. For hepatobiliary clearance, 

the fragments are transported to the liver, processed in the biliary conduct, and 

eliminated through feces67. Accordingly, the excretion of MSNs through the urine and 

feces has been reported by various groups, with up to 94% of excretion in 4 days after 

injection64,65. 

 Recently MSNs-associated toxicity has been investigated, identifying 

hepatotoxicity and spleen alteration as the main subchronic toxic effects. However, given 

the insufficient and variability between available data, it is challenging to draw firm 

conclusions in this area65,68,69. Another main concern is hemolytic activity given that it has 

been related to the presence of silanol groups in the surface interacting with blood cell 

membrane phospholipids. Several works have addressed this issue and demonstrated 

that it can be avoided by modifying these groups65,70. Overall, the safety has to be 

evaluated in each case considering the specific physicochemical characteristics of each 

nanoparticle that determine their biological activity as well as factors such as route of 

administration, dose, duration, frequency, etc.   
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Figure 9. Scheme of the main pathways from MSNs clearance. Reproduced with permission from Lérida-Viso 

et al., 2023 64 

4.1.2.  Gold nanoparticles  

 In the case of gold nanoparticles, the main cell uptake mechanisms are clathrin- 

and caveolin-mediated endocytosis71. Moreover, gold nanoparticles exhibit toxicity 

mediated by oxidative damage to cell and tissues. The most affected organs are the liver, 

spleen and kidney. However, the extend of toxicity depends on various factors including 

size, shape, surface modification and administration route. Research on the toxicity of 

gold nanoparticles has yielded contradictory findings, particularly regarding the size and 

surface characteristics. Most of the studies suggest that small-sized particles show 

cytotoxicity and DNA damage due to their high surface area-to-mass ratio 72–75. 

Conversely, large particles seem to be non-toxic even at higher concentrations 72,73 . The 

shape of nanoparticles also affects cells uptake and toxicity, with rod-shaped particles 

exhibiting greater toxicity and less efficient internalization compared to spheres due to 

the presence of CTAB used in their synthesis 72,75. Regarding surface, the charge plays a 
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role, as cationic nanoparticles may disrupt cell membranes, while anionic counterparts 

may be non-toxic75. Surface modification, such as PEGylation, can mitigate toxicity by 

preventing nonspecific binding and enhancing circulation time 72,75,76. Moreover, toxicity 

varies with administration route, with intravenous injection generally considered the 

safest. Intraperitoneal administration shows a slightly higher toxicity than intravenous 

injection but less than oral administration 72,75. 

For example, higher toxicity was found when oral and intraperitoneal administration 

was performed in comparison with intravenous injection77. According to the size, 

numerous studies have suggested that as it is reduced, the cytotoxic effect is increased. 

Pan et al. reported that 1.4 nm gold nanoparticles yielded necrosis in L929 fibroblasts or 

cervix carcinoma epithelial cells (Hela), whereas larger ones of approximately 15 nm were 

shown to be noncytotoxic78. A hypothesis that could explain the small-sized gold 

nanoparticles associated toxicity is the presence of a high surface area relative to their 

volume75. This leads to broadened absorption capacity, thus increasing the possibility of 

interacting with biomolecules. Nonetheless, other studies reported a higher cytotoxic 

effect for larger gold nanoparticles79, which therefore makes it difficult to establish a 

systematic relation between nanoparticle size and toxicity from the literature reported. 

In the same way, gold nanoparticles shape and surface charge can also modulate their 

toxicity. Rods gold particles seemed to be the most toxic to human cells, while spheres 

were the safest75,80. Regarding surface charge, cationic gold nanoparticles were 

moderately toxic unlike anionic ones which were nontoxic81. The most important impact 

of gold nanoparticles is their ability to cause DNA damage, either directly by binding 

protein or DNA or indirectly through the generation of ROS82.  

Although persistent accumulation of gold nanoparticles in liver and spleen has been 

described, size plays a crucial role in nanoparticle biodistribution72,76. Larger particles 

predominantly accumulated in the liver and spleen, with minimal distribution in other 

organs 74,76. However, smaller nanoparticles displaying wider in vivo distribution across 
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organs such as the thymus, kidney, heart, lung and brain, in addition to the liver and 

spleen 76,83. This accumulation suggest inefficient removal mechanisms since renal 

clearance is desirable for preventing nanoparticle accumulation in healthy organs, but the 

size and charge of nanoparticles influence renal clearance efficiency 72,76. For instance, 

smaller nanoparticles (<6 nm) are excreted faster via renal excretion and found in urine, 

while larger ones are accumulated in the liver and cleared through the hepatobiliary 

system 74–76. Excretion of gold nanoparticles occurred within 30 days for most particles, 

although traces remained in the liver and spleen for up to 90 days, especially for larger 

particles74.8382 84 85  

4.1.3. Platinum nanoparticles  

  There are few studies about platinum nanoparticles biocompatibility, 

biodistribution and excretion. Platinum nanoparticles were correlated with oxidative 

stress, DNA damage and cell cycle arrest86. Further observations support the release of Pt 

ions as a mechanism of cytotoxicity and cellular damage87,88. As for other nanoparticles, 

the distribution profile and stability of Pt nanoparticles within the body are determined 

by their physicochemical characteristics. Various surface modifications and particle sizes 

can influence the interaction of nanoparticles with different organs and tissues, 

consequently impacting their biocompatibility. For instance, several studies examined the 

toxic effects of polymer-coated platinum nanoparticles in vivo. Small nanoparticles (1 nm) 

induce nephrotoxicity while those of larger sizes show a safer biocompatibility profile. 

Intriguingly, the administration of platinum nanoparticles was found to decrease 

inflammatory cytokine production in vitro86,87.   

 About the biodistribution of platinum nanoparticles in tumor-bearing mice, one 

study from Sun, C. and co-workers showed an accumulation in the liver and spleen after 

24 h exposure. Otherwise, tumors accumulate approximately 3% of the injected platinum. 

Moreover, after the course of weeks, nanoparticles accumulated in other organs or 
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tissues were also transported to the liver where they are unable to be metabolically 

processed for excretion or removed at the studied time. The increase in total Pt in the 

spleen, a portion of the lymphatic system, suggests that some particles are scavenged 

through the lymph system and trafficked to the spleen88. Despite the nanoparticles were 

well tolerated, further preclinical work is still necessary to address biosafety issues when 

designing nanomaterials containing platinum for medical applications.  

4.2. Clinical relevance of hybrid mesoporous silica nanoparticles 

Nanoparticle-based therapies have found their way into various clinical applications, 

with more than 30 nanoformulations approved and over 100 in clinical trials (Figure 10)89. 

Furthermore, the rapid development of two COVID-19 mRNA vaccines based on lipid 

nanoparticles has showcased the clinical potential of nanoparticle-based therapeutics and 

initiated a new wave of preclinical and clinical research endeavors to develop 

nanoparticle-based systems89,90. Other examples of approved nanoparticle-based 

formulations in the clinic include anti-cancer medications (Doxil, Abraxane, Myocet and 

MEPACT), contrast agents, anaesthetics, antifungal drugs, RNAi drugs and vaccines89.  

In particular, silica nanoparticles are being explored as multifunctional delivery 

carriers in a variety of biomedical applications, including diagnosis, sensing and drug 

delivery. As a material, colloidal silica has been employed as a glidant in tablet 

manufacturing for numerous decades and the widely used food additive E551 consists of 

silica nanoparticles with a size of 100 nm. The safety profile of silica nanoparticles in 

humans is evident from 11 clinical trials and 2 clinical studies. Silica nanoparticles 

administered orally have demonstrated good tolerability with no notable adverse effects, 

enhancing the pharmacokinetic profile of hydrophobic drugs. In one of the first human 

studies, a silica-lipid hybrid formulation was used to orally deliver ibuprofen to 16 healthy 

adults, demonstrating an increase in bioavailability by 1.95 times89,91. In a separate clinical 

trial involving 12 healthy adults, the oral administration of mesoporous silica 
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nanoparticles resulted in a 54% improvement in the bioavailability of fenofibrate when 

compared to the commercially available formulation89,91. In addition to drug delivery, 

silica nanoparticles have been applied for plasmonic resonance therapy to treat 

cardiovascular diseases, to detect difficult-to-treat tumors and to thermally ablate 

tumors89. In contrast to organic nanoparticles, silica particles offer the advantage of facile 

modification with iron oxide and gold, enabling their utilization for localized plasmonic 

and thermal ablation therapy. Encouraging findings from a completed phase I clinical trial 

demonstrated that plasmonic resonance therapy employing ferromagnetic core-shell 

silica-gold nanoparticles resulted in a significant reduction of coronary atherosclerosis 

(NANO-FIM; NCT01270139)64,89,92,93. Moreover, the silica-containing “Cornell dots” (C-

dots) was approved by the FDA in 2012 for their use in clinical trials (NCT01266096, 

NCT02106598 and NCT03465618). They are ultrasmall inorganic silica nanoparticles (6-10 

nm) developed as a fluorescent tool for sentinel lymph node detection prior to cancer 

surgery. Their small size allows them to be rapidly cleared by the kidneys, without any 

adverse effects documented94,95. 

Besides, different clinical trials based on PEGylated gold-silica nanoshells are 

conducted by the company AuroLase (Nanospectra Bioscience) for the treatments of 

different types of cancer (NCT00848042, NCT02680535, NCT04240639, and 

NCT04656678). Although the estimated finished date for this clinical trial is November 

2023, preliminary findings demonstrate that it is a technically feasible and safe procedure 

for the removal of tumors96.  
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Figure 10. Clinical trials of silica nanoparticles. Adapted from Janjua et al, 2021 89 

Despite the demonstrated safety and efficacy from clinical trials, the rate of clinical 

translation of silica nanoparticles remains sluggish. For instance, the development of gold 

shell-silica nanoparticles began in the 1990s, yet it took approximately two decades for 

this technology to progress to clinical trials. Organic nanoparticles like liposomes and lipid 

nanoparticles have been successfully translated into clinical applications. However, 

compared with organic nanoparticles, silica nanoparticles possess numerous advantages 

that warrant further clinical investigations. By modulating their structural and 

physicochemical properties, such as size, charge, surface, functionality, and shape, silica 

nanoparticles can facilitate drug delivery across biological barriers. Additionally, they can 

easily be hybridized with other inorganic particles, such as gold and platinum 

nanoparticles89.  Nonetheless, several key hurdles must be addressed for successful 

clinical translation. These challenges include establishing safety in the context of chronic 

exposure, determining long-term toxicological profiles for various routes of 

administration, exploring reliable scale-up methods, and synthesizing reproducible silica 

nanoparticles with minimal batch-to-batch variation89. Even given that some challenges 

have still been overcome, the increasing knowledge about MSNs in the body joint to the 

incipient improvements in silica mesoporous nanoformulations suggested the suitability 

of hybrid mesoporous silica nanoparticles to reach clinical translation. 



General Introduction 

27 

 

5. Nanomedicine for cancer therapy  

 Cancer is one of the major causes of death worldwide and surgery, radiotherapy 

and chemotherapy are the three major therapeutic approaches for its treatment. Surgery 

and radiotherapy are useful in achieving local control of the primary tumor. Moreover, to 

prevent the development of metastasis or improve tumor reduction, these local 

treatments are usually combined with chemotherapy97. In fact, chemotherapy remains 

the treatment modality of choice for most advanced cancers, alone or in combination98. 

Despite advances in the development of new chemotherapeutic drugs, they often fall 

short of the goal of controlling tumor progression due to their limitations99. 

Chemotherapeutics often exhibit a lack of aqueous solubility, lack of selectivity and 

resistance. The hydrophobic nature of compounds leads to low bioavailability. Moreover, 

the lack of selectivity of anticancer drug toward cancerous cells causes significant damage 

to rapidly proliferating normal cells. Also, cancer cells can develop multidrug resistance 

which is mainly due to increased efflux pumps in the cell membrane responsible for the 

transport of various anticancer drugs out of cells100. The development of tumor cell 

resistance to chemotherapy and radiation therapy as well as the toxicity of these 

modalities limit the success of treatment and necessitate the search for better treatment 

options. Also, the genetic heterogeneity of cancer and the multifactorial nature of drug 

resistance limit the efficacy of the treatments99.  

 Nanotherapeutics is rapidly progressing aiming to solve the limitations of 

conventional tumor therapies. Nanoparticle drug delivery systems allow to incorporate of 

both hydrophilic and hydrophobic substances, provide longer shelf life and improve 

biodistribution to overcome poor solubility. To reduce the toxicity and improve the 

selectivity of chemotherapeutic drugs, numerous drug delivery systems have been 

developed in recent years. The accumulation of nanoparticles in tumours often takes 

advantage of active or passive targeting. Active targeting involves the conjugation of 

targeting molecules on the surface of the nanoparticles (like antibodies, peptides, nucleic 
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acids, etc.) able to bind receptors overexpressed on the tumor cell surface, whereas 

passive targeting is based on the EPR effect100 .  

 In fact, several studies suggest that nanoparticles can enhance drug accumulation 

at the tumour site due to the EPR effect, which ultimately reduces side effects and 

enhances the anti-tumour efficacy. The EPR effect has been accepted as one of the 

universal pathophysiological characteristics of solid tumors and acts as a fundamental 

principle for designing and developing tumor-targeting delivery anticancer drugs. It is 

based on massive irregular neovascularization in tumors with structural and functional 

abnormalities in tumor blood vessels. To meet urgent demands for nutrient and oxygen 

supplies, the tumor vasculature is very dense and tortuous, with deficient basement 

membranes and fenestrated structures of endothelial tubes in some immature vessels. 

These structures render them highly permeable to nutrients, to be extravasated from 

tumor blood vessels into the interstitial space of tumor tissue. Also, this EPR effect is 

sustained by an elevated expression of inflammatory factors and a lack of efficient 

drainage of lymphatic systems in solid tumor tissue which results in the retention of 

extravasated nanoparticles in tumor tissues and provides the opportunity for passive 

targeting delivery of nanoparticles as anticancer drugs (Figure 11)101.  
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Figure 11. EPR effect and passive targeting. Nanocarriers can extravasate into the tumours through the gaps 

between endothelial cells and accumulate due to impaired lymphatic drainage.  

Nevertheless, increased permeability is not uniform throughout the tumor and areas 

of increased permeability alternate with areas of conserved barrier function. While the 

EPR effect facilitates extravasation and retention of nanoparticles, it is counteracted by a 

decrease or loss of the transvascular pressure gradient102. Together with the growing 

population of tumor cells within a confined space that generate solid stress, the uptake 

and penetration of antitumor drugs are negatively impacted. Consequently, antitumor 

drugs that extravasate from tumor vessels tend to preferentially act on the first cell layers 

encountered, while the deeper layers of tumor cells that are more distant from blood 

vessels remain untreated. This restricted and non-homogeneous distribution of antitumor 

drugs has been identified as a significant and unrecognized cause of clinical drug 

resistance. This insight has fostered efforts to enhance the uptake and penetration of 

antitumor treatments based on nanomedicines103.  
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6. Nanomotors  

 Based on the above, nanoparticles need to overcome the pressure gradient 

specific to the tumor site to penetrate deep into the tumor. At the same time, vascular 

abnormalities in the tumor tissue site are also important factors that hinder the deep 

penetration of nanotherapeutics into tumor104. One possibility to achieve deeper tumor 

penetration and improved therapeutics efficacy is the use of nanomotors. A nanomotor 

is a tiny smart device that shows in situ energy conversion resulting in movement105. Due 

to their exceptional ability to convert external energy (such as chemical, biochemical, or 

electromagnetic energy) into its own kinetic energy, nanomotors possess the ability of 

movement that is absent in traditional passive nanoparticles. This capability offers 

potential solutions to overcome the challenges encountered in the treatment of various 

diseases, including cancer. The nanomotors can be divided into three types, including 

biological, physical, and chemical according to the different driving ways (Figure 12)104,106.  

-  Biological nanomotors. This category refers to a class of nanomotors that leverage the 

motion capabilities of biologically active substances to propel the microdevices.  

-  Physical nanomotors. It is generally referred to those who use external field stimuli 

such as electric, light, ultrasound, and magnetic fields as power sources. The on-off 

movement could be adjusted by the external physical stimulation. 

-  Chemical nanomotors. These nanomotors acquire self-driving capabilities through 

chemical reactions without the need of specific storage. It enables them to achieve self-

propelled movement devoid of additional devices104.  
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Figure 12. A schematic presentation of micro/nanomotors for drug delivery. Reproduced with permission 

from Lin et al., 2021106 

 The mobility of micro/nanomotors can be quantified through parameters such as 

speed or diffusivity. Speed calculations are typically conducted for nanomaterials 

exhibiting specific motion patterns (e.g., ballistic directional motion), whereas diffusivity 

analysis is more appropriate for nano-sized motors with enhanced diffusion. Tracking the 

particles is essential to determine these parameters, and it can be achieved through 

techniques such as optical microscopy or light scattering. On the one hand, optical 

tracking is usually carried out for nanoparticles larger than 200 nm due to the resolution 

limits. On the other hand, dynamic light scattering (DLS) is used for nano-scaled particles. 

Besides, in recent years, nanoparticles-tracking analysis (NTA) has emerged as a valuable 

tool for the dynamic analysis of these motors. NTA offers some advantages on particle 
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tracking, which addresses limitations associated with DLS, such as the ability to identify 

aggregates and provide more detailed information on particle’s behavior107. For motors 

in nanoscales, the most appropriate way to quantify the moving dynamics is the 

calculation of the mean squared displacement (MSD). MSD refers to the position change 

of a particle over time. Typically, two situations can be observed. In the first scenario, over 

shorter time intervals, the motor particle exhibits continuous movement in a specific 

direction. In this case, the mean squared displacement (MSD) is proportional to Δt, which 

can be calculated using the following equation. 

𝑀𝑆𝐷 = 4𝐷𝑡 ·  𝛥𝑡 + 𝑣2 · 𝛥𝑡2(𝛥𝑡 ≫  𝜏)  

Where v is the speed, D and τ are the translational diffusion coefficient and rotational 

diffusion time respectively. This equation usually displays a parabolic curve from the 

motor with a propulsive or ballistic moving trajectory107,108.  

On the contrary, over longer time intervals, the motor particle exhibits characteristics 

of Brownian motion or effective diffusion. In this case, the mean squared displacement 

(MSD) can be obtained using this second equation. 

𝑀𝑆𝐷 = 4𝐷𝑟 ·  𝛥𝑡 (𝛥𝑡 ≫  𝜏)  

Where D represents the effective diffusion coefficient. This is normally defined as the 

linear regime107,108.  

 Micro/nanomotors can achieve self-propulsion by converting surrounding 

energies into mechanical motion, which breaks the shackles of irregular Brownian motion 

and low Reynolds number on the movement at micro and nanoscales. The propulsive can 

force empowers micro/nanomotors to autonomously cross biological barriers, including 

dense extracellular matrix109, 110and the blood-tumor barrier111, instead of merely 

passively circulating within the bloodstream. 
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 Therefore, micro/nanomotors hold significant promise for achieving deep 

penetration into tumors. The special movement also influences their cellular entry 

characteristics. Studies have indicated that self-propelled micro/nanomotors tend to 

exhibit enhanced cellular internalization, and can bypass entrapment, or degradation 

within lysosomes106. Some applications of nanomotors aiming for deep tumor penetration 

have been reported. For instance, Hortelao et al. demonstrated the improved penetration 

of urease-powered nanomotors into the 3D bladder cancer spheroid. The active 

nanomotors in the presence of urea displayed a threefold higher internalization efficiency 

than the passively diffusing controls106,112. Rosli et al. explored arsenene nanoparticles 

modified with platinum to form Janus As-Pt nanomotors. Fast circular propulsion of 

nanomotors was demonstrated at a significantly low concentration of H2O2 and a high 

cellular uptake and promising doxorubicin delivery capabilities were investigated in A549 

cells105,113.  

Besides, physical nanomotors that used external fields have been also widely 

developed. For example, Figure 13 shows a near-infrared (NIR)-driven nanomotor with a 

mesoporous silica nanoparticle as the core and end-capped with Antheraea pernyisilk 

fibroin (ApSF) constructed by Zhang et al. Upon NIR irradiation, the resulting ApSF-coated 

nanoparticles loading with photosensitizers and chemotherapeutic drugs efficiently 

penetrated into the internal tumor tissue and achieved effective phototherapy114. 
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Figure 13. A. Schematic illustration and B. penetration profile of DIMs in MCSs (Multicellular spheroids) with 
or without laser irradiation (1.5 W cm-2 · 60 s). Scales bar represents 100 μm. C. Tumor growth curve of distant 
tumors from different mouse groups receiving various treatment strategies at day 14. D. Representative 
photographic images of distant tumors. DMS: Dox-loaded MSN; DIM: ApSF-coated MSNs loading with 
photosensitizers and doxorrubicin. Adapted with permission from Zhang et al., 2022 114 

Biohybrid micro/nanomotors also exhibit great application value for deep tumor 

delivery. Felfoul and co-workers proposed a strategy for drug delivery to tumor hypoxic 

regions by using nanoliposomes covalently bound to MC-1 cells (Magnetococcus marinus 

strain). These MC-1 cells have magneto-aerotaxis since they contain a chain of magnetic 

iron-oxide nanocrystals inside and can swim along the local magnetic field. By using this 

characteristic, the MC-1 cells covalently bounded to drug-containing nanoliposomes were 

guided by a magnetic field to penetrate from peritumoral regions to the hypoxic 

zone106,115. 
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7. Nanotechnology for improving cancer immunotherapy 

7.1. Immune evasion and main strategies in cancer immunotherapy  

Immune surveillance, also known as immunoediting, is the concept that envisages 

prevention of the development of tumors by the early destruction of abnormal cells by 

the immune system of the host116. This process consists of three phases: (1) Eradication 

of nascent malignant cells by the immune system. Immune cells recognize and destroy 

developing tumors, thus protecting the host against cancer (elimination); (2) Failure of 

elimination phase, resulting in tumor dormancy as well as in the establishment of an 

immunological pressure that sculpts genetically unstable cancer cells. Cancer cells can 

locally proliferate but neoplastic masses do not expand or metastasize because of 

immune control (equilibrium); (3) Selection of cancer cell variants that are not recognized 

or eliminated by the immune system, which develop into clinically apparent tumors, 

become able to infiltrate adjacent tissues and ultimately generate distant metastases 

(escape) 117–119. 

Briefly, the cancer immunity cycle (Figure 14) can be summarized in the following 

main steps: first, dying cancer cells release immunostimulatory signals, referred to 

damage-as associated molecular patterns (DAMPs) to the tumoral microenvironment, 

which could be induced by some conventional chemotherapies or radiation therapies 

117,119. These DAMPs bind to pattern recognition receptors (PRRs) on the surface of 

antigen-presenting cells (APCs) (such as TLR4), which expose them into their major 

histocompatibility complexes (MHC-I and MHC-II) 117,119. Then these molecules are 

presented in lymphoid organs to T-cells and recognized through their TCR receptors, 

which results in T-cell priming (CD4+ which includes Tregs and Thelpers, or CD8+ cytotoxic 

cells) and activation to respond to the shown neoantigens. The activated T-cells migrate 

and infiltrate the tumor bed, recognize cancer cells as foreign bodies, and bind to them 

through the interaction of the T-cell receptor (TCR) with its cognate antigen attached to 

MHC-I. Finally, cytotoxic T-cells can mediate direct cytotoxic effects and eradicate 
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malignant cells by a process named immunological cell death (ICD), while Th1 CD4+ T 

lymphocytes produce a large panel of immunostimulatory cytokines 117,119. This 

contributes to the release of more neoantigens to, thus, amplify the cycle120. However, 

cancers are like a complex organ in which malignant cells builds an environment in such a 

way that the non-malignant cells like immune system cells support tumor growth instead 

of tumor suppression116. Consequently, cancer development may be associated with 

evasion of tumor cells from the surveillance of the immune system121.  

Figure 14. The cancer immunity cycle. Adapted with permission from Escriche-Navarro et al., 2022 120 

Within this context, cancer immunotherapy has significantly developed as an 

alternative modality of cancer treatment to restore reactivity of the host’s immune 

system to combat cancer during the last decades121. The history of cancer immunotherapy 

dates to the historical observation of antitumor effects from the bacterial concoction 
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known as Coley’s toxins, and recognition that antibodies might be “magic bullets” for 

cancer therapy122. Cancer immunotherapy is now recognized as the “fourth pillar” of 

cancer treatment, after surgery, chemotherapy, and radiotherapy123. In contrast to the 

other therapeutic concepts, immunotherapy primarily aims to prevent the metastatic 

spread of the disease and to generate immunological memory, thereby improving the 

quality of life of the affected individuals. Approaches that are applied in immunotherapy 

are based on complementation or stimulation of the immune system98,121.  

According to the aforementioned, tumor cells display multiple immunosuppressive 

mechanisms to evade immune recognition. One of the fundamental tumor evasion 

mechanisms to avoid T cell recognition is impaired antigen presentation. In this regard, 

cancer cells that no longer express the tumor antigen may escape destruction by cytotoxic 

T-lymphocytes-(CTLs) and grow progressively. In addition to the generation of antigen loss 

variants, down-modulation of antigen processing machinery affecting the MHC-I pathway 

is considered one of the most common immunosuppressive strategies exploited by tumor 

cells 118,119. Thus, the expression of tumor antigens is downregulated, which can lead to 

enhanced tumor incidence and metastasis because cytotoxic T lymphocytes can no longer 

recognize target antigens on the tumor cells120,124.120,124Several cancer therapies are 

directed to reinforce tumor antigen presentation by the delivery of peptidic or DNA 

vaccines (BCG, Sipuleucel-T and IMLYGIC have been approved by the FDA) and TLR 

agonists120. Recently, in April 2023, a new RNAm vaccine against melanoma has been 

developed by Moderna company to prevent the recurrence of eradicated tumors122.   

Moreover, malignant lesions favor the release from the bone marrow of a 

heterogeneous panel of relatively immature cells that exert immunosuppressive functions 

both intratumorally and systemically119. The effectiveness of T-cell priming, and activation 

depends on TCR, co-stimulatory molecules, and cytokine stimulation. It can be disrupted 

in a contact dependent manner through alterations in the expression of costimulatory 

molecules required for the presentation of foreign antigens or their attachment to 
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inhibitory molecules (such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)) in the 

surface of T-cells. Different strategies based on the modulation of these factors have been 

developed. One approach is to use immune checkpoint inhibitors, for instance the 

antibodies addressed to cytotoxic T-lymphocyte antigen-4 (CTLA-4) like Ipilimumab. In 

contrast, another strategy is based on the activation of co-stimulatory receptors like 

CD27, CD137, and OX40 (TNF-α receptors) with agonist antibodies, such as Urelumab or 

polynucleotide-based aptamers. Additionally, the administration of immunostimulatory 

cytokines like recombinant interleukin-2 (IL-2) has also demonstrated anticancer activity 

via T-cell activation and expansion in preclinical and clinical studies120.  

Activated effector T-cells circulate through the bloodstream from lymph nodes 

totumors where they infiltrate. Several factors are important in this step, including the 

appropriate match between the tumor-secreted chemokines and receptors expressed in 

T-cells, the presence of an aberrant vasculature, and interactions with adhesion molecules 

on endothelial cells. Among immunotherapies developed, bevacizumab is an antibody 

that blocks the vascular endothelial growth factor (VEGF) secreted by tumors to enhance 

the infiltration of lymphocytes by promoting “vascular normalization” and endothelial 

cells activation120. 

 After having infiltrated the tumor, T-cells specifically recognize and bind to cancer 

cells through the interaction between the TCR receptor and the tumor antigen bound to 

MHC-I. In cancer patients, T-cells may recognize tumor antigens as self and, therefore, 

create T regulatory cell responses rather than effector responses. Further, cognate 

interactions between tumor and immune cells may result in impairment of TCR signaling 

in tumor infiltrating lymphocytes, thus inhibiting CTL lytic functions and inactivates the 

effector phase of antitumor responses118. The challenge of cancer immunotherapy in this 

step lies in reinitiating a self-sustaining cancer immunity cycle to enable T-cells to 

recognize tumors. Two main approaches for T-cell redirection involve their genetic 

modification with chimeric antigen receptors (CAR), like Axicabtagene ciloleucel and 
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Tisagenlecleucel, or the use of recombinant proteins designated bispecific T-cell engagers 

(BiTes), such as Catumaxomab and Blinatumomab120. 

In addition, malignant lesions attempting to escape immunosurveillance harness 

multiple control mechanisms normally used by the immune system to control overstated 

responses 117.As revealed by immune cells failling to kill cancer cells due to the expression 

of inhibitory or checkpoint molecules such as programmed cell death (PD-L1). These 

molecules have been shown to cause deletion or anergy on tumor reactive cells120,125. 

Under normal physiological conditions, immune checkpoints play an important role in the 

prevention of autoimmunity and tissue damage for the immune reaction. However, the 

expression of immune checkpoint molecules can be dysregulated in tumors, resulting in 

an innate and adaptative immune resistance of tumors126. When T-cells are activated, 

they express PD-1, which binds to its ligands and negatively regulates effector T-cell 

activity. To evade recognition and elimination by T-cells, tumor cells express this ligand 

(PD-L1) by generating an immunosuppressive effect. FDA approved therapies using 

monoclonal antibodies to prevent those interactions and, therefore, stimulate antitumor 

immunity. In addition, many trials involving checkpoint inhibitors in combination with 

other agents are ongoing (>700)120,124. 

 Besides, tumors can evade immune surveillance by crippling cytotoxic T 

lymphocyte (CTL) functionality via deprivation of essential metabolic substrates such as 

tryptophan and arginine in the tumor extracellular matrix (TME).. Increasing these factors 

may reactivate cells for antitumor immunity with approaches targeting the enzymes 

indoleamine 2,3-dioxygenase (IDO) and arginase, which reduce their activity 117,119. In 

clinics, IDO and arginase inhibitors are being tested in clinical trials with patients, for 

example, CB-1158. In the same way, suppressive cytokines are crucial for controlling the 

development of excessive immune responses and for maintaining immune homeostasis. 

However, tumors have adapted and secrete these cytokines such as transforming growth 

factor beta (TGF-𝛽) to promote immunological tolerance. In the premalignant cells phase, 
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TGF-𝛽 directly suppress the cytolytic activity of NK and CTL. However, in a late cancer 

development stage, high TGF-𝛽 levels stimulate tumor progression via effects on the 

stroma. Its inhibition has been widely studied as antitumor therapy in many clinical trials, 

using different strategies, such as antisense oligonucleotides, TGF-𝛽-neutralizing 

antibodies, and TGF-𝛽 receptor kinase inhibitors120,125. 

 Many of the immune treatments commented above have reached preclinical 

studies, but translation into patients remains challenging and raises concerns, including 

the development of autoimmune toxicities, the targeting of homeostatic functions like 

angiogenesis and the risk of developing new malignancies120,127. Similarly, response rates 

to immunotherapy are still modest because of the complexity of immune-tumor 

interactions and the existence of redundant mechanisms of tumor-mediated immune 

suppression. In general, cytokines, checkpoint inhibitors and agonistic antibodies produce 

substantial autoimmunity and adverse effects, which limit the allowed dose. Hence, the 

single use of cancer immunotherapy has suffered from restricted efficacy, limited to 20-

30% of the treated population. Moreover, given their short half-life, effective treatments 

require high-dose injections that cause vascular leakage and cytokine release syndrome. 

The limited efficacy of cancer immunotherapy underlies the need to design new concepts 

in immunotherapy such as targeted, controlled and/or combination release of 

therapeutics to minimize off-target effects in which nanotechnology might play a 

role102,120,126.  

 Moreover, most tumors are categorized as “immunologically cold”-type, 

characterized by low immunogenicity and immunosuppressive tumor microenvironment. 

This microenvironment implies the lack of sufficient pre-existing tumor-infiltrating 

lymphocytes that recognize tumor cells through T-cell receptors and difficulties in 

generating long-term antitumor immunity. In this way, a promising targeting of this kind 

of tumors could involve the formation of the immunological cytolytic synapse between 

target cancer cells and T cells and lead to target cell lysis127. The application of nanodevices 



General Introduction 

41 

 

as engagers open a new avenue for enhancing the efficacy and reducing possible side 

effects of immunotherapies124,126.  

7.2. Nanoparticles-based approaches  

 Notwithstanding the recent achievements in clinical trials, promising approaches 

in immunotherapy still encounter significant hurdles for effective clinical translation. 

These challenges include the integration of multiple strategies, combination with 

conventional therapies, monitor immune responses, and optimizing therapeutic delivery. 

In this context, nanotechnology emerges as a crucial tool in designing nanoparticles, 

nanovaccines, and therapeutic agents to address the challenges faced in cancer 

immunotherapy 126.  

 In general, nanoparticles act by protecting immunotherapeutic agents through 

blood circulation to the target site, thus improving both efficacy and safety. 

Nanomaterials are also considered good candidates for immunotherapy given their 

intrinsic ability to target lymph nodes, immune cells as well as tumors. Besides, specific 

targeting ligands can be used to enhance the delivery of immunotherapeutic agents. In 

this way, nanoparticles can help to achieve a more controllable immune response through 

selective cargo delivery and can limit immune response overreaction or systemic toxic 

effects from some treatments. In addition, nanoparticles can also enhance the 

immunostimulatory effect by helping to achieve a suitable immune response. Indeed, a 

potential advantage of nanomaterials to be exploited in immunotherapy is their intrinsic 

immunogenicity. For example, cationic and small-sized nanoparticles are easily 

internalized by some APC types like macrophages and DC, which make them suitable for 

cancer vaccine development. Compared to traditional adjuvants, nanomaterials can 

induce both tumoral and cell-mediated immune responses. Bearing in mind the increasing 

demand for combinatorial therapies to improve the effectiveness of cancer 
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immunotherapy, another key advantage of using nanomaterials is the possibility of 

combining different therapeutic strategies in the same nanocarrier120. 

 Several nanomaterials have been developed in order to achieve an accurate 

antigen presentation. For example, Xu et al. synthesized biocompatible aminated MSNs 

carriers to load CpG ODN (the commonest adjuvant which targets toll-like receptors 9) to 

prevent degradation from serum nucleases and to achieve greater immune 

stimulation120,128. Another approach to improve cancer immunotherapy in this step is 

based on the development of injectable or implantable 3D materials for the spatio-

temporal modulation of immune cell populations, including DC and cytotoxic T-cells. Kim 

et al. developed mesoporous silica rods (MSR) co-loaded with GM-CSF (a chemoattractant 

to immune DC), CpG-ODN, and ovalbumin (antigen model) to examine their potential as 

cancer vaccines. These authors demonstrated the ability of MSR to spontaneously form 

3D platforms in vivo with a significant increase in host immune cell recruitment and the 

activation of DC in lymph nodes leading to the inhibition of tumor growth in vivo120,129.  

 Moreover, infiltration of immune cells in tumors can be promoted using 

chemokines, a type of cytokine that attracts and modulates specific subsets of effector 

leukocytes to develop antitumor immunity. Following this approach, Lee et al. developed 

upconversion fluorescent nanoparticles loaded with chemokine ligand 21 (CCL21) to 

induce the migration of immune cells to tumor cells. They demonstrated that these 

nanoparticles were able to cross an endothelial cell monolayer and specifically targeted 

an ovarian carcinoma cell line. They also found that nanodevices increase the lymphocyte 

and DC. These results indicate that employing nanomaterials to specifically deliver 

chemokines to tumors is a promising approach for immunotherapy due to their ability to 

host large molecules given the huge potential to induce immune cell trafficking across 

biological barriers and the TME120,130,131. 
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 Another nanoparticle-based immunotherapy arousing interest in recent years is 

cell engineering which acts as engager to improve T-cells recognition and binding to tumor 

126. Here, a variety of methods have been developed, for example, liposomes and lipid-

coated PLGA nanoparticles conjugated to T-cells and hematopoietic stem cells were used 

for targeting antigen-expressing tumors126,132. Also, Kim and colleagues developed a 

multivalent bi-specific nanobioconjugate engager utilizing polystyrene nanoparticles 

conjugated with anti-HER2 antibody and calreticulin. This nanodevice effectively engaged 

with professional antigen-presenting cells (APCs), leading to the activation of both innate 

and subsequent adaptive immune responses, thereby enhancing host T-cell immunity. 

This promoted receptor-targeted macrophage phagocytosis of cancer cells, facilitated 

downstream immune activation by professional APCs, elicited antitumor immune 

responses in vivo, and induced systemic and long-lasting antitumor immunity126,133.  

 The final step in the cancer immunity cycle aims to kill cancer cells. In this way, 

nanoparticles are potential tools to undergo different types of therapies to enhance 

antitumor therapy and, thus, maximize cancer cell death. Several approaches using 

nanoparticles have been described by combining several therapeutic agents such as 

conventional chemotherapeutics, vaccines, and/or the inhibition of immune checkpoints. 

Immunotherapy based on checkpoint blockade has been one of the most successful 

approaches to cancer treatment120. Accordingly, two key immune checkpoint molecules 

involved in regulating T-cell activity are cytotoxic T-lymphocyte-associated antigen 4 

(CTLA-4), expressed on activated T-cells, and programmed cell death protein 1 (PD-1), 

which can bind to its ligands PD-L1 and PD-L2. These molecules have been extensively 

utilized to modulate antitumor immune responses. However, current antibody-based 

immune checkpoint therapies may still result in side effects due to the non-specific 

accumulation of antibodies in normal organs 126.  Recent studies have shown a diverse set 

of nanoparticles that could improve anticancer immunity with immune checkpoint 

blockade treatment. Based on their inherent properties, engineered nanoparticles have 

been employed to enhance the delivery efficiency of immune checkpoint modulators, 
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aiming for effective cancer immunotherapy126. In a study by Yang et al., the authors 

reported the use of complexes of folic acid-modified polyethyleneimine derivatives 

loaded with PD-L1 siRNA. This approach efficiently inhibited tumor cells by targeting PD-

L1, thereby sensitizing them to T-cell killing in vitro126,134. Also, Wang et al. developed anti-

PD-L1 antibody conjugated platelets which could enhance the delivery and efficacy of 

anti-PD-L1, resulting in a reduction of risk in cancer regrowth and metastatic spread. This 

system successfully induced T-cell mediated immune responses in vivo by improving 

infiltration of both CD8+ and CD4+ T cells (Figure 15)126,135.  

Figure 15. A. Schematic illustration of the delivery of aPDL1 to the tumor site by platelets, where TCR is T cell 

receptor and MHC is major histocompatibility complex. B. In vivo bioluminescence imaging of B16F10 tumours 

after removal of the primary tumour. C. Tumor weight of different groups. Adapted with permission from 

Wang et al., 2017135 

An alternative approach for immune modulation involves the targeted delivery of 

immune modulation compounds (present in the TME) specifically to CD8+ T cells126,136,137. 

Goldberg et al. developed anti-PD1 fragments-conjugated poly(ethylene glycol)-

poly(lactic-co-glycolic acid) (PEG-PLGA) nanoparticles. These nanoparticles were loaded 

with transforming growth factor β (TGF-β) inhibitors. Through this approach, the 

nanodevice effectively targeted PD1+ T cells in both blood and tumors, delivering the TGF-

β inhibitors. The presence of the delivered inhibitors increased the number of tumor-
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infiltrating CD8+ T cells, leading to the inhibition of tumor growth and prolonged survival 

in tumor-bearing mice126,138.  

Given all this encouraging research, mesoporous silica materials are potential 

candidates for application in cancer treatment and diagnosis. However, despite numerous 

promising studies in cellular and animal models, translation to the clinic remains a 

considerable challenge. In order to go beyond the preclinical phases, it is necessary to 

discover new advanced systems to overcome typical limitations such as the limited 

tumour penetrability of chemotherapy or the restricted efficacy of cancer 

immunotherapy.  Based on this, this PhD thesis aims to advance the use of mesoporous 

silica and is divided into two main sections focused on the improvement of tumour 

therapies through the development of advanced nanosystems. 
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 Given the challenges of current tumour therapies and the growing interest in 

advanced smart nanodevices with biomedical applications, the main objective of this PhD 

thesis is the design, synthesis, characterisation, and evaluation of new hybrid mesoporous 

silica-based nanoparticles functionalised with different biomolecules in order to 

overcome the current limitations of cancer treatment. This PhD thesis therefore aims to 

generate novel therapies, which could improve treatment effectiveness and safety, while 

decreasing common side effects.  

This global aim frames the following specific objectives:  

-  To develop and evaluate an enzymatic self-propelled system based on stimuli-

responsive Janus Au-mesoporous silica nanoparticles for anti-tumor treatment. 

- To synthesize and evaluate the efficacy of a moving Janus Pt-mesoporous silica-

based nanodevice for enhanced drug delivery. 

- To design and study a delivery system based on mesoporous silica nanoparticles 

for the co-delivery of a double-stranded small interfering RNA and an entrapped 

cargo, for cancer immunotherapy. 

- To explore the beneficial effects of restored cytotoxic synapse and 

communication between tumor and immune system through a double-

functionalized Janus Au-mesoporous silica nanoengager. 
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 Abstract 

 Here we report functional stimulus-responsive nanomotors based on Janus Au-

mesoporous silica nanoparticles capable of self-propelling via the biocatalytic conversion 

of chemical fuel, read information from the environment (the presence of glutathion) and 

accordignly deliver a cargo. 

 Introduction 

 The design of smart nanodevices (also called nanorobots or nanobots) is one of 

the most exciting topics within the nanotechnology field1. Futuristic nanobots are 

envisioned to work autonomously in physiological environments and perform advanced 

tasks such as sensing, drug delivery and tissue repair. Ideal nanobots for drug delivery 

should be able to transport the therapeutic drug, have autonomous motion, sense the 

environment and deliver the drug at the specific targeted site, thus avoiding the 

premature release of the drug and minimizing side-effects. 

 Recently, micro- and nanomotors have emerged as a novel revolutionary 

technology with potential applications in different areas2. Catalytic micro- and 

nanomotors are small devices that exhibit self-propulsion by converting a chemical fuel 

into autonomous motion3. Typically, platinum has been used as the catalytic component 

that transforms hydrogen peroxide (H202) into water and oxygen4. Notwithstanding, a 

more versatile and biocompatible approach is the use of enzyme catalysis5.  Some proof-

of-concept studies toward the application of catalytic nanomotors in cargo delivery have 

recently been conducted6. However, there are many challenges to address in this area 

such as improving loading capacity, introducing stimuli-responsive controlled release 

capabilities or developing versatile fabrication processes. 
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 From another viewpoint, in the last decade, developing stimuli-responsive 

nanocarriers capable of releasing therapeutic drugs on-command have attracted 

significant attention, due to their potential benefits compared to classical systems in 

which cargo is released by simple diffusion7. Among them, mesoporous silica 

nanoparticles (MSNs) have appealing properties such as high loading capacity, 

biocompatibility, and the possibility to functionalize them with gatekeepers that block the 

pore outlets and prevent cargo release until a certain stimulus is applied8. A variety of 

gatekeepers that respond to (bio)chemical and physical stimuli have been developed9. 

However, as far as we know, gated MSNs showing autonomous motion have not yet been 

reported. The motor function in nanocarriers could be used for enhancing drug delivery 

and penetration in certain tissues, organs, or cells.  

 Here we present the design, preparation, and characterization of functional 

nanomotors (nanobots) based on Janus Au-MSNs that exhibit both self-propulsion 

(powered by enzyme-catalysis) and stimuli-responsive cargo delivery (controlled by 

gatekeepers) (Scheme 1). As a proof of concept, the silica face of the Janus particles is 

loaded with a model cargo ([Ru(bpy)3]Cl2 (bpy=2,2’-bipyridine)) and capped with disulfide-

linked oligo(ethylene glycol) (SS-OEG) chains; whereas the gold face is used for grafting 

the catalase enzyme. In the presence of the enzyme substrate (hydrogen peroxide (H202)), 

nanobots show self-propulsion due to the enzyme catalysed reaction (formation of 

oxygen and water from H202). The role of SS-OEG chains is to act as redox-responsive 

gatekeepers that prevent cargo release but “opens” in the presence of glutathione (GSH). 

Importantly, GSH is a reducing tripeptide found in intracellular compartments at much 

higher concentration (ca. 10000 µM) than in plasma (2 µM)10. 
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Scheme 1. Schematic representation of the performance of nanobots (S1cat) with self-propulsion and 
glutathione-responsive cargo delivery capabilities. 

 Results and discussion 

 Our Janus particles were prepared via a Pickering emulsion route (see SI for 

details), which allows to obtain considerable higher amounts compared to typical 

electrochemical or physical vapour deposition techniques for the preparation of other 

Janus nanoparticles and avoids the use of expensive equipment. Briefly, MSNs were 

partially masked by confinement at the interface of an emulsion between paraffin wax 

and water and were partially functionalized with thiol groups by addition of (3-

mercaptopropyl)trimethoxysilane on the exposed surface. Au nanoparticles were then 

attached by the formation Au-S bonds on the silica surface. Removal of paraffin by 
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washing with CHCl3, yielded the starting Janus Au-MSNs (S0)11. S0 was treated with 3-

mercaptopropionic acid to functionalize the Au surface with carboxylic groups and the 

mesoporous scaffold was loaded with [Ru(bpy)3]Cl2. Afterward, the external silica surface 

was functionalized with thiol groups that were reacted with 2,2-dipyridyl disulfide. 

Substitution of dipyridyl groups by reaction with O-(2-mercaptoethyl)-O-methyl-

hexa(ethylene glycol) resulted in the capping of the mesoporous scaffold with disulfide-

linked chains (SS-OEG). The resulting solid (S1) was then functionalized with catalase via 

reaction of carboxylic groups on the gold surface with lysine residues of the enzyme, 

yielding the final nanodevice S1cat. 

 The nanomaterials were characterized by standard techniques (see SI for details). 

Transmission electron microscopy (TEM) allowed the imaging of Janus nanoparticles (S0) 

with Au (ca. 20 nm) and mesoporous silica (ca. 80 nm) on opposite faces of the hybrid 

anisotropic nanostructure (Figure 1 and SI-3). Scanning transmission electron microscopy 

coupled with energy dispersive x-ray spectroscopy (STEM-EDX) showed the mapping of 

different atoms on the final S1cat (Figure 1B-F): Au and Si (attributed to the Janus scaffold), 

N (attributed to the cargo and the enzyme) and Fe atoms (corresponding to the heme 

group in the catalase enzyme). Moreover, the formation of the porous network was 

confirmed by N2 adsorption-desorption isotherms (Figure SI-4). From elemental analysis, 

[Ru(bpy)3]Cl2 and SS-OEG content on S1 were determined as 107 mg and 52 mg per g of 

nanoparticles respectively. From dynamic light scattering (DLS) measurements, the 

hydrodynamic diameter and zeta potential of the final nanobots S1cat were determined to 

be 114±8 nm and -33.5±4.1 mV respectively, with a single population distribution which 

indicated the good dispersion of the particles (Figure SI-5). 
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Figure 1. A) Representative TEM image of the Janus Au-MSNs (S0). B) STEM image and STEM-EDX elemental 
mapping of Au atoms (C), Si atoms (D), N atoms (E, attributed to the cargo and the enzyme), and Fe atoms (F, 
attributed to the heme group in the catalase enzyme) in the final nanobots (S1cat). Yellow circles show the 
enrichment of the gold side with enzyme-associated atoms. 

The catalytic activity of the nanobots S1cat was evaluated by means of a catalase 

specific spectrophotometric assay (see SI for details). As showed in Figure 2A, in the 

presence of S1cat a linear variation in H2O2 absorbance/consumption occurred. The activity 

of immobilized catalase enzyme on S1cat was calculated as 152 U per g of nanoparticles, 

by applying Supplementary Equation SI-1. As a control experiment, we confirmed that the 

Janus scaffold (S1) did not induce H2O2 decomposition. 

 Nanoparticle tracking analysis (NTA)12 was employed in order to investigate the 

motion capability of the nanobots. For these experiments, S1cat was diluted in PBS buffer 

(1X, pH 7.5) and measured with the NanoSight NS300 instrument in the absence and in 

the presence of various amounts of H2O2 to obtain the tracking trajectories of nanobots 

(Figure 2B). From the x,y coordinates of multiple particles (N=20),  the mean square 

displacement (MSD) was calculated (Figure 2C) by applying Supplementary Equation SI-2. 
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In the absence of fuel, MSD increased linearly with time, as expected for typical Brownian 

motion. Also, a linear increase in MSD vs. ∆t was observed in the presence of fuel, but 

with higher MSD values, indicating an enhanced diffusion. From the linear fitting of MSD 

vs. ∆t, the diffusion coefficient (D) was calculated by applying the well-known equation 

MSD=4·D·∆t13. As depicted in Figure 2D, diffusion coefficient increased from 3.17 µm2/s 

in the absence of fuel, to 4.12 µm2/s and 5.24 µm2/s in the presence of 0.15% v/v (50 mM) 

and 0.30% v/v (100 mM) of fuel, respectively. Additionally, in the presence of fuel, a 

reduction of the apparent hydrodynamic size was observed by DLS, thus confirming the 

enhanced diffusion observed by NTA (Figure SI-6). 

Figure 2. A) Catalytic activity of the nanoparticles. Monitoring of variation in H202 absorbance [Abs.(t=0)-
Abs.(t=x)] at 240 nm as a function of time (H202 conversion) in the presence of S1 and S1cat. B) Typical tracking 
paths of nanobots S1cat at different fuel concentrations (t=5s). C) MSD plots of nanobots S1cat at 0% (black), 
0.15% (red), and 0.30% (blue) fuel concentration. D) Diffusion coefficient of nanobots S1cat at different fuel 
concentration (N=20). 
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 Payload release experiments from nanobots S1cat were carried out in aqueous 

media in the absence and in the presence of typical intracellular GSH concentration (10 

mM)10. At scheduled times, aliquots were taken, centrifuged to remove nanoparticles, and 

the amount of cargo released in the supernatant was determined by measuring 

[Ru(bpy)3]Cl2 absorbance at 453 nm. As depicted in Figure 3 (continuous lines), release 

was negligible in the absence of GSH (a), thus confirming the correct capping of the pores 

by the SS-OEG gatekeepers. In contrast, a significant release occurred in the presence of 

GSH (14 µg of cargo per mg of S1cat), which was ascribed to the cleavage of disulfide bonds, 

resulting in uncapping of the pores and cargo delivery (b). 

 Nanomotors for biomedical applications should propel in the presence of fuel 

with minimal premature cargo leakage, and deliver the payload once target cells or tissues 

are reached. Bearing this in mind, the effect of nanobots propulsion (in the presence of 

fuel) on cargo release was evaluated (Figure 3, dashed lines). Experiments were carried 

out as explained above but with the presence of H2O2 (0.3% v/v) in the media. In the 

absence of GSH and presence of fuel (c), the amount of cargo release was very low (2 µg 

of cargo per mg of S1cat), thus indicating the correct blockage of the pores by the SS-OEG 

units even when fuel was present. Remarkably, a fast and massive cargo release (27.5 µg 

of cargo per mg of S1cat) was observed in the presence of both fuel and GSH (ON 

behaviour). Thus, a significant enhancement of cargo delivery was found in the presence 

of GSH when fuel was present (curve d). This increased cargo release was attributed to 

the uncapping of the pores by GSH and the enhanced diffusion of nanobots produced by 

self-propulsion in the presence of fuel, which could generate a flow through the non-

capped nanocarrier surface14. Additionally, we conducted release studies with S1 (without 

catalase enzyme, Figure SI-7 and SI-8). In this case the presence of H2O2 did not have any 

effect in the release of S1, which points out the key role played by the catalase enzyme. 

We also checked that the cargo ([Ru(bpy)3]Cl2) absorbance was not affected by the 

presence of H2O2 (Figure SI-9).  



Chapter I  

78 

 

Figure 3. Cargo release from nanobots S1cat in phosphate buffer (pH 7.5) under different conditions: (a) 
control (no fuel and no GSH), (b) presence of GSH (10 mM), (c) presence of fuel (H2O2 0.3%), and (d) presence 
of GSH (10 mM) and fuel (H2O2 0.3%). Y-axes represent relative release (%) and released amount per mg of 
S1cat. Error bars represent SD from three independent experiments. 

Encouraged by the above mentioned results (i.e., self-propulsion and controlled 

release capabilities), we prepared nanobots S1dox-cat (similar to S1cat but loaded with the 

drug doxorubicin (dox)) and used confocal fluorescence microscopy to directly visualize 

dox delivery in Hela cells. For these experiments, cells were treated with 50 µg·ml-1 of 

S1dox-cat and incubated in the absence and in the presence of H2O2. At scheduled times (1 

and 6 h), cells were washed to remove non-internalized particles, stained with nuclei-

marker Hoechst 3342, and then confocal images were acquired. As showed in Figure 4, a 

clear intracellular dox-associated fluorescence was observed indicating nanobot 

internalization and the cleavage of SS-OEG chains by intracellular GSH in both cases 

(absence or presence of fuel). Notwithstanding, a larger intracellular dox release was 

observed for nanobots incubated with H2O2 after 1 and 6 hours. This is ascribed to the 

enhanced diffusion of the nanobots in the presence of fuel, resulting in an enhanced cell 

internalization and a larger intracellular cargo release. As a control experiment, we 

confirmed that this effect was not observed for nanoparticles without catalase (Figure SI-

10). 
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Figure 4. A) Confocal microscopy images of Hela cells incubated with S1dox for 1 and 6 hours in the absence 

and in the presence of H2O2. B) Quantification of dox-fluorescence in cells incubated with S1dox in the absence 

(black) and in the presence of H2O2 (red), using the ImageJ software. Error bars represent SD from three 

independent experiments. 

 Conclusions 

 In summary, we have presented here the design of novel functional nanomotors 

(nanobots) based on gated enzyme-powered Janus Au-MSNs with self-propulsion and 

controlled drug release capabilities. Janus Au-MSNs are prepared via a Pickering emulsion 

technique, functionalized with disulfide-linked gatekeepers on the mesoporous face and 

with catalase enzyme on the gold face. These functional nanobots exhibit autonomous 

motion via catalytic decomposition of fuel (H2O2). Additionally, nanobots remain capped 

and only deliver their payload upon recognition of the reducing agent GSH, due to the 

cleavage of the gatekeepers. Moreover, in the presence of fuel a remarkable more 

efficient delivery of the drug (dox) in cancer cells was observed. Thus, the nanodevice 

displays desired features for nanobots for biomedical applications: (i) autonomous 

motion and (ii) the ability to sense the environment and deliver the drug only in the 

presence of a stimulus (GSH). Given the easy preparation of the Janus Au-MSNs and the 

number of stimuli-responsive gatekeepers available that can be tested in combination 

with different enzymes, we believe that this is a promising and versatile strategy for the 
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development of functional nanobots, having autonomous motion and only releasing the 

cargo inside cells, for advanced controlled delivery applications. 

 Materials and methods 

 Chemicals 

Tetraethyl orthosilicate (TEOS), n-cetyltrimethylammonium bromide (CTABr), 

sodium hydroxide (NaOH), paraffin wax, (3-mercaptopropyl)trimethoxysilane, hydrogen 

tetrachloroaurate(III) (HAuCl4·3H2O), sodium citrate tribasic dihydrate, 3-

mercaptopropionic acid, tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate 

([Ru(bpy)3]Cl2·6H2O), 2,2'-dipyridyl disulfide, O-(2-Mercaptoethyl)-O’-methyl-

hexa(ethylene glycol) (OEGSH), N-(3-dimethylaminopropyl)-NI-ethylcarbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), catalase from bovine liver, hydrogen 

peroxide (30%), L-glutathione reduced (GSH), and sodium hydrogen phosphate 

monohydrate were provided by Sigma-Aldrich. Disodium hydrogen phosphate 

heptahydrate, methanol, absolute ethanol, chloroform and acetonitrile were provided by 

Scharlau. For cell culture, Dulbecco’s Phosphate Buffered Saline (PBS), Dulbecco’s 

Modified Eagle’s Medium (DMEM) - high glucose, and Fetal Bovine Serum (FBS) and 

Hoechst 33342 were purchased from Sigma-Aldrich. Hela human cervix adenocarcinoma 

cells were purchased from the German Resource Centre for Biological Materials (DSMZ). 

  General methods 

UV-visible measurements were recorded with a JASCO V-650 Spectrophotometer. 

Powder X-ray diffraction (PXRD) measurements were carried using a Seifert 3000TT 

diffractometer using CuKα radiation. N2 adsorption-desorption isotherms were recorded 

using a Micromeritics TriStar II Plus automated analyzer. Transmission electron 

microscopy (TEM) images were acquired using a JEOL TEM-1010 Electron microscope. 

Scanning transmission electron microscopy coupled with energy dispersive x-ray 
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spectroscopy (STEM-EDX) was carried out using a JEM 2100F instrument. Elemental 

analysis was performed using a LECO CHNS-932 Elemental Analyzer. Dynamic light 

scattering (DLS) experiments were performed using a ZetaSizer Nano ZS (Malvern).  

Nanoparticle tracking experiments were performed using a Nanosight NS300 (Malvern). 

Confocal microscopy imaging was performed with a Leica TCS SP8 AOBS inverted laser 

scanning confocal microscope. 

 Synthesis of mesoporous silica nanoparticles (MSNs) 

First, the surfactant CTABr (1.00 g, 2.74 mmol) was dissolved in 480 ml of deionized 

water at 30 °C. Then, the media was basified by addition of 3.5 mL of a NaOH solution (2 

M). Next, the temperature was increased to 80 °C and 5 ml of TEOS (22.4 mmol) were 

added to the stirring solution. The mixture was further stirred for 2 hours at 80 °C. 

Afterward, the mixture was cooled down at room temperature and the white precipitate 

was isolated by centrifugation. The resulting solid was washed several times with 

deionized water and dried in an oven at 70 °C overnight. Finally, the surfactant was 

removed by calcination at 550 °C in an oxidant atmosphere for 5 hours, which yielded the 

starting MSNs. 

 Synthesis of gold nanoparticles (AuNPs) 

100 ml of HAuCl4·3H2O aqueous solution (0.0116%) were brought to reflux under 

magnetic stirring. Then, 1.57 ml of freshly prepared 1% sodium citrate aqueous solution 

were added to induce the reduction of Au(III) and the formation of 20 nm gold 

nanoparticles. The initial faint yellow colour turned to blue-black and finally to red wine 

in a few minutes. The colloidal suspension was let to cool at room temperature. This 

process was repeated four times, yielding the as-synthesized AuNPs. 
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 Synthesis of Janus Au-MSNs (S0) 

180 mg of MSNs were dispersed in 9 ml of aqueous solution (6.7% ethanol). Then, 1 

µM (final concentration) of CTABr were added. The mixture was stirred and heated in a 

water bath at 75 °C, followed by addition of 1 g of paraffin wax. Once the paraffin was 

melted, the mixture was emulsified by vigorously stirring using an Ultra-Turrax T-25 

homogenizer (IKA) for 15 minutes. Afterward, the mixture was further stirred for 1 h at 

75 °C using a magnetic stirrer. The resulting Pickering emulsion was then cooled to room 

temperature, mixed with 9 ml of methanol and treated with 180 µl of (3-

mercaptopropyl)trimethoxysilane for 3 hours. After this time, the solid was collected by 

centrifugation, washed twice with methanol, and dispersed in 68 ml of methanol. This 

solution containing the MSNs partially functionalized with thiol moieties was added over 

400 ml of the as-synthesized AuNPs. The mixture was stirred overnight. Afterward, the 

solid was isolated by filtration and exhaustively washed with ethanol and chloroform in 

order to remove the paraffin. The solid powder was dried at room temperature and 

ground. This process finally yielded the Janus Au-MSNs (S0). 

 Synthesis of gated nanoparticles S1 

First, 50 mg of S0 were dispersed in 5 ml of EtOH containing 70 µl of 3-

mercaptopropionic acid and magnetically stirred for 1 h at room temperature, in order to 

functionalize the gold face with carboxylic groups. The solid was collected by 

centrifugation, washed with ethanol, and dried at room temperature. Next, in order to 

load the cargo in the pores, the solid was dispersed in an acetonitrile solution (5 ml) 

containing 25 mg of [Ru(bpy)3]Cl2·6H2O. The mixture was stirred overnight and the solid 

was collected by centrifugation and washed with toluene. The resulting solid was 

redispersed in toluene (1.7 ml) and treated with 97 µl of (3-

mercaptopropyl)trimethoxysilane. After 5.5 h, 110 mg of 2,2’-dipyridyl disulfide (0.5 

mmol) were added and the mixture was stirred overnight. Afterward, the solid was 



Stimulus-Responsive Nanomotors Based on Gated Enzyme-Powered Janus Au-
Mesoporous Silica Nanoparticles for Enhanced Cargo Delivery 

83 

 

isolated by centrifugation, washed with toluene and dried under vacuum overnight. 

Finally, this solid was dispersed in 3.3 ml of toluene and reacted with 50 µl of O-(2-

Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (OEGSH), which capped the pores by the 

formation of disulfide bonds via substitution of dipyridyl moieties. The solid was 

exhaustively washed with toluene, acetonitrile, and phosphate buffer and dried at room 

temperature. This process finally yielded the capped nanoparticles S1. 

 Preparation of enzyme-functionalized gated nanoparticles (S1cat) 

8 mg of S1 were dispersed in 4 ml of sodium phosphate buffer (50 mM, pH 7.5). Then, 

4 mg of EDC, 4 mg of NHS and 2 mg of commercial catalase were added and the 

suspension was stirred overnight in an ice bath. The solid was isolated by centrifugation 

and exhaustively washed with buffer. The solid was divided in several aliquots of 4 mg·ml-

1 that were kept refrigerated until use. This process finally yielded the final nanobots S1cat. 

 Preparation of S1dox-cat 

For the preparation of S1dox-cat, the procedure was similar to the one used for S1cat 

but using the drug doxorubicin (dox) as the cargo. Briefly, 50 mg of S0 were suspended in 

5 ml of ethanol and treated with 70 µl of 3-mercaptopropionic acid for 1 hour, in order to 

functionalize the gold face. The sample was then collected by centrifugation, washed with 

ethanol and suspended in 5 ml of phosphate buffer containing 25 mg of dox. The mixture 

was stirred overnight, redispersed in toluene and then 97 µl of (3-

mercaptopropyl)trimethoxysilane were added. After 5.5 h, 110 mg of 2,2’-dipyridyl 

disulfide (0.5 mmol) were added and the mixture was further stirred for 24 h. Finally, the 

particles were collected by centrifugation, resuspended in 3.3 ml of toluene and capped 

by addition of 50 µl of O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (OEGSH). 

The stirring was kept overnight, followed by centrifugation and washing of the solid with 

acetonitrile and sodium phosphate buffer (50 mM, pH 7.5). The capped solid (S1dox) was 
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dried, and further functionalized with catalase following the same procedure as described 

above. This process finally yielded the dox-loaded nanobots S1dox-cat. 

 Catalase activity 

 Catalase activity was measured by adapting a procedure previously reported15. 

Hydrogen peroxide absorbs light at 240 nm. The assay is based on monitoring the 

transformation of H2O2 by catalase which can be followed by the decrease in absorbance 

at 240 nm due to the following reaction: 

2 𝐻2𝑂2  
𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒
→       𝐻2𝑂 + 2𝑂2 

In a typical assay, 850 µl of 50 mM sodium phosphate buffer (pH 7.5) and 100 µl of H2O2 

0.35% were placed in a quartz cuvette. Then, the mixture was completed with either 

buffer (10 µl, for blank) or stock of nanoparticles (10 µl, 0.5 mg·ml-1). The mixture was 

shaken and the absorbance at 240 nm was monitored during one minute in intervals of 5 

seconds. Whereas a flat line was observed for the blank and S1 nanoparticles, S1cat 

nanobots shown a linear variation (decrease) in H2O2 absorbance which confirmed their 

catalase-activity (see Figure 2A). From the slope of the graph (absorbance vs. time, Figure 

2A), the catalase activity was determined by applying Equation 1. 

Equation 1: 

Enzyme Units

g
=  

(Δ − Δblank) ∗  VT ∗  FD
ɛ𝐻2𝑂2

∗ l ∗ V𝑁𝑃𝑠 ∗ 𝐶𝑁𝑃𝑠
 

Where, 

Δ is the slope of the graph (min-1) 

Δ is the slope of for the blank (min-1) 

VT is the total volume in the cuvette 

ɛH2O2 is the molar extinction of H2O2 at 240 nm (0.0435 µM-1 · cm-1) 
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L is the optical path in the cuvette (1 cm)  

VNPs is the volume of nanoparticles added (ml) 

CNPs is the concentration of the nanoparticle stock solution added (g·ml-1). 

 From this formula, the activity of immobilized catalase on S1cat was calculated as 

152 U per g of nanoparticles. Additionally, the corresponding activity for the commercial 

enzyme was calculated to be 10138 U·mg-1, which corresponds to 15 mg of native enzyme 

per g of nanoparticles. 

 Motion analysis  

 As previously described16, we used Nanoparticle Tracking Analysis (NTA) for 

evaluating the motion of the nanoparticles. These experiments were performed on a 

Nanosight NS300 instrument equipped with an sCMOS camera. This camera is mounted 

on an optical microscope in order to track the light scattered by the particles that are 

present in the focus of the beam generated by a single mode laser diode with a 55 mW 

blue light illumination. Samples were diluted in PBS buffer (1X) at 0.02 mg·mL-1, passed 

through PTFE 0.22 µm syringe filters, and introduced into the Nanosight chamber at 25 °C 

using a 1 mL syringe. The Brownian motion of the nanoparticles was tracked with 25 

frames ·s-1. NTA 3.0 software was used to track the particles which gives the x, y 

coordinates of each particle as a function of time and allows for the calculation of their 

mean square displacement (MSD) by applying Equation 2. 

Equation 2: 

𝑀𝑆𝐷 = ⟨(𝑟)2⟩ =
1

𝑁
∑(𝑟𝑖(𝑡) − 𝑟𝑖(0))

2

𝑁

𝑖=0

 



Chapter I  

86 

 

 The apparent diffusion coefficient can be extracted by the linear fitting of MSD vs. 

∆t by applying the well-known equation MSD = 2 d · D · t (where d = dimensionality (2 in 

the case of 2-dimensional videos). 

  Release experiments 

 For release experiments, refrigerated stocks of S1cat were diluted with sodium 

phosphate buffer (10 mM, pH 7.5), washed a couple of times, and divided into fractions 

of 0.5 mg. Then 1 ml of phosphate buffer (10 mM, pH 7.5) containing the corresponding 

amount of glutathione and H2O2 was added. Release experiments were conducted at 

room temperature. At scheduled times, aliquots of 150 µl were taken with a pipette, 

centrifuged to remove the nanoparticles (12000 rpm, 2 min) and the supernatant 

absorbance was measured at 453 nm. Three independent experiments were carried out. 

The amount of released [Ru(bpy)3]Cl2 dye was determined by applying Beer-Lambert’s law 

(Equation 3). 

Equation 3: 

Absorbance (453 nm) =  ɛ453 · L · C 

Where ɛ453 is the molar extinction of [Ru(bpy)3]Cl2 at 453 nm (14600 M‐1 cm‐1), L is the 

optical path of the cuvette (1 cm), and C is the concentration of [Ru(bpy)3]Cl2. 

 Release experiments using nanoparticles S1 (without the catalase) were also 

carried out. These results are depicted in Figure SI‐7 and SI‐8. 

 Experiments with Hela cells 

5.12.1. Cell culture conditions 

 Hela human cervix adenocarcinoma cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were 

incubated at 37°C in an atmosphere of 5% carbon dioxide and 95% air and underwent 

passage twice a week. 
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5.12.2. Confocal microscopy studies of doxorubicin controlled release 

Internalization and cargo delivery of S1dox-cat in Hela cells was studied by confocal 

microscopy. For this purpose, Hela cells were seeded over glass coverslips at 300.000 

cells·ml-1 in 6-well culture plates and incubated at 37 °C for 24 h. Then, S1dox-cat was added 

to Hela cells at 50 µg·ml-1 and incubated at 37 °C for 1 and 6 h in the absence or presence 

of H2O2 (0.2 mg·ml-1). Afterwards, cells were washed several times with PBS to remove 

non-internalized nanoparticles and stained with DNA marker Hoechst 33342 (2 µg·ml-1). 

Finally, slides were visualized using a Leica TCS SP2 AOBS confocal microscope. ImageJ 

software was used for fluorescence quantification. Three independent experiments were 

carried out, which gave similar results. A control experiment using S1dox (without the 

catalase) was also carried out. 
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 Supporting information 

 Materials characterization 

Figure SI-1. Normalized absorbance spectra of the as-synthesized AuNPs (black) and Janus particles S0 (red). 

The UV-visible spectra of the as-synthesised Au nanoparticles showed the 

characteristic absorption band with a maximum at 525 nm, which was red-shifted to 531 

for the Janus particles S0 due to the increase in refractive index around the Au surface 

induced by silica (Figure SI-1). On the other hand, powder X-ray diffraction (PXRD) at low 

angles of MSNs showed a main peak around 2.4° which is characteristic of mesoporous 

nanoparticles with an MCM-41 type structure (Figure SI-2)1. The preservation of this 

characteristic peak in the PXRD patterns of S0 and S1 indicated that the cargo loading, 

and functionalization processes had not damaged the mesoporous scaffolding. 

Furthermore, PXRD patterns at high angles (35-80°) of S0 and S1 showed four main peaks 

that can be indexed as the (100), (200), (220) and (311) Bragg peaks corresponding to the 

presence of cubic Au crystals2. 
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Figure SI-2. PXRD patterns at low angles (left) and at high angles (right) of: (a) as-synthesized MSNs, (b) 

calcined MSNs, (c) starting Janus Au-MSNs (S0) and (d) gated nanoparticles (S1). 

Figure SI-3. Representative TEM images of the Janus nanoparticles. 

 

 

 

 



Stimulus-Responsive Nanomotors Based on Gated Enzyme-Powered Janus Au-
Mesoporous Silica Nanoparticles for Enhanced Cargo Delivery 

93 

 

Figure SI-4. a) N2 adsorption-desorption isotherms for the calcined MSNs and (b) corresponding pore diameter 
distribution. c) N2 adsorption-desorption isotherms for the Janus Au-MSNs (S0) and (d) corresponding pore 
diameter distribution.  Pore diameter distributions were determined by applying the BJH model on the 
adsorption branch of the isotherm for P/P0 < 0.8, which is associated with the surfactant generated 
mesopores. 
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Figure SI-5. Hydrodynamic diameter and zeta potential distributions of the nanodevice (S1cat) determined by 
DLS. 

 Motion analysis  

Figure SI-6. Apparent hydrodynamic size distribution of nanobots (S1cat) before (black) and after the addition 

(red) of fuel (0.3% v/v H2O2) as measured by DLS. 
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 Release experiments 

Figure SI-7. Cargo release from nanoparticles S1 (without the catalase) and nanobots S1cat in phosphate buffer 
(10 mM, pH 7.5) after 60 min under different conditions: (a) control (no fuel and no GSH), (b) presence of 
H2O2 (0.3%), (c) presence of GSH (10 mM), and (d) presence of GSH (10 mM) and H2O2 (0.3%).  

Figure SI-8. Cargo release from nanoparticles S1 (without the catalase) as a function of time in phosphate 
buffer (pH 7.5) under different conditions: (a, continuous line) control (no fuel and no GSH), (b, continuous 
line) presence of GSH (10 mM), (c, dashed line) presence of fuel (H2O2 0.3%), and (d, dashed line) presence of 
GSH (10 mM) and fuel (H2O2 0.3%). 
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Figure SI-9. Absorbance spectra of the [Ru(bpy)3]Cl2 dye (30 µM) in phosphate buffer (10 mM, pH 7.5) in the 
absence (black curve) and in the presence of H2O2 (0.3%) (red curve) after 60 min of incubation. 

Figure SI-10. Quantification of dox-fluorescence in cells incubated with S1dox (without catalase) in the absence 
(black) and in the presence of H2O2 (red), using the ImageJ software. 
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Príncipe Felipe, 46012 València, Spain. 
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1. Abstract 

 Development of bio-inspired nanomachines with an efficient propulsion and 

cargo-towing has attracted much attention in last years due to their potential biosensing, 

diagnostics and therapeutics applications. In this context, self-propelled synthetic 

nanomotors are promising carriers for intelligent and controlled release of therapeutic 

payloads. However, the implementation of this technology in real biomedical applications 

is still facing several challenges. Herein, we report the design, synthesis, and 

characterization of innovative multifunctional gated platinum-mesoporous silica 

nanomotors constituted of a propelling element (platinum nanodendrite face), a drug-

loaded nanocontainer (mesoporous silica nanoparticle face) and a disulfide-containing 

oligo(ethylene glycol) chains (S-S-PEG) as a gating system. These Janus-type nanomotors 

present an ultra-fast self-propelled motion due to the catalytic decomposition of low 

concentrations of hydrogen peroxide. Likewise, nanomotors exhibit a directional 

movement which drives the engines towards biological targets, THP-1 cancer cells, as 

demonstrated using a microchip device that mimics penetration from capillary to post-

capillary vessels. This fast and directional displacement facilitates the rapid cellular 

internalization and the on-demand specific release of a cytotoxic drug into the cytosol, 

due to the reduction of the disulfide bonds of the capping ensemble by intracellular 

glutathione levels. In the microchip device and in the absence of fuel, nanomotors are 

neither able to move directionally nor reach cancer cells and deliver its cargo revealing 

that the fuel is required to get into inaccessible areas and to enhance nanoparticle 

internalization and drug release. Our proposed nanosystem shows many of the suitable 

characteristics for ideal biomedical destined nanomotors, such as rapid autonomous 

motion, versatility, and stimuli-responsive controlled drug release.  

KEYWORDS. Janus nanomotors, directional motion, ultrafast self-propulsion, drug 

delivery, on-command controlled release. 
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2. Introduction 

 Nowadays, one of the most ambitious objectives of nanotechnology is the 

development of advanced systems that mimic inherent functions of living entities, among 

which are autonomous movement1, communication skills2, and the ability to recognize 

and react to environmental signals3. Regarding this topic, synthetic nano/micromotors 

have attracted much interest in recent decades. Research on these technology-based 

systems is focused in achieving efficient nanodevices capable of performing multiple 

“smart” tasks at the same time, as responding to environmental stimuli and self-

propelling. 

 Although there are numerous nano/micro-devices powered by external forces, 

such as magnetic, acoustic or electric fields, chemically-powered prototypes are the most 

widely used. These motors autonomous movement is due to the conversion of chemical 

substances into mechanical energy by different transduction mechanisms, summarized in 

the generation of bubbles4-7, auto-electrophoresis8,9 or auto-diffusiophoresis10-12. The 

main geometries that chemically self-propelled engines present are nanowires13, 

microtubes14, and Janus-type15, whereas, their composition is usually based on metals 

with intrinsic catalytic activity, among which platinum (Pt; that decomposes hydrogen 

peroxide in water and oxygen gas) and zinc (Zn; by Zn auto-oxidation to generate 

hydrogen bubbles) attract more attention. The propulsion mechanism followed by these 

active vehicles depends on their geometry but is more strongly influenced by its size, as 

at the nanometric scale the diffusion-type mechanisms govern the movement and any 

type of directionality is usually lost in favor of rotational diffusion16,17. This is a drawback 

as the implementation of this technology in real biotechnological applications, such as 

drug delivery, environmental bioremediation or biosensing, usually requiring to control 

the artificial motors speed and direction towards a specific location. Furthermore, the 

most common and powerful man-made motors developed to date register high speed 

similar to biological motors, but they are driven by high concentrations of hydrogen 
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peroxide (H2O2), being useful for non-biomedical applications as sensors development, 

environmental bioremediation or surfaces bacteria elimination18. Nonetheless, lower 

levels of hydrogen peroxide can be found in human diseased regions, such as inflamed 

sites, infections, or cancer and cardiovascular diseases19 which could be exploited by a 

nanomotor with low fuel requirements20.  

 In connection to biomedical applications for artificial devices, selectively release 

of therapeutic payloads at their destination is highly desired. The advantage that 

nano/micromotors present compared to other release passive systems is their ability to 

self-propel and to display tissue penetration. This could be translated into an 

improvement in drug delivery efficacy to target tissues and cells, reducing side effects21-

23. A wide variety of nanomaterials have been developed for drug delivery applications, 

among which we highlight systems based on mesoporous silica nanoparticles (MSNs) due 

to their high load capacity, biocompatibility, as well as the large external surface that is 

easily functionalized with supramolecular assemblies to modulate the delivery of 

payloads24,25. These capping systems provide devices with an intelligent response to 

specific environmental stimuli, keeping a practically zero cargo delivery until the “opening 

signal” is recognized in the local environment. MSNs have been widely used as passive 

and “smart” delivery systems with excellent results, where the cargo is released from the 

nanopores through a simple diffusion process. However, these gated nanomaterials have 

practically not been tested for the development of chemical-powered nanomotors with 

controlled delivery capabilities26,27. To achieve this goal it is necessary to include an 

element that generates the driving power in the MSN. The few designs published to date, 

generally integrate thin layers of catalytic metals by physical or chemical deposition on 

the silica support as “motion system”, creating Janus-type anisotropic spheres, Table SI-

1(i)11,16,26-33. This metallic layer considerably reduces the external surface of the silica, 

which is a great disadvantage to anchor the stimulus-responsive systems that provides 

the ability to respond towards the environment. Additionally, these designs require high 

concentrations of toxic fuel to record random Brownian motion through a self-
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electrophoresis or self-diffusiophoresis mechanism, making them usually incompatible 

for implementation on biological samples. More recent examples include highly active 

enzymes (such as urease and catalase) anchored to the external silica surface as a 

propellant element that generate the movement based on the enzymatic transformation 

of chemical substrates39-44. Although, in these cases the fuel is not an inconvenient, since 

they are self-propelled at low concentrations of biocompatible propellants, the type of 

movement is still in some cases Brownian making them difficult to control.  

 Based on the above, we report herein Janus-type Pt-MSN nanomotors as 

nanocarriers with multifunctional capabilities, such as catalytic self-propulsion and drug 

delivery in a specific and glutathione-mediated way for payload release in cells (Scheme 

1). In order to provide Janus nanoparticles with improved autonomous motion, compared 

to typical Janus-type nanoparticles synthetized by electron beam evaporation or 

sputtering techniques, an innovative nanomaterial was designed based on a toposelective 

synthesis45 founded on a selective surface manipulation (at the Pt/ligand/MSN interface), 

using a Pickering emulsion where MSNs are partially exposed for the chemisorption of Pt 

nanodendrites (PtNds) by thiol bonds. In our proposed design, MSN nanoparticles are 

used as nanocontainer with a redox-sensitive gating mechanism, whereas the PtNds are 

employed as propelling element to convert chemical energy into a bubble propulsion by 

the catalytic reduction of H2O2. 

 PtNds were selected as motion system, instead of using Pt layers, due to their 

major roughness and active catalytic area, which are expected to improve the propulsion 

capacity. In addition, this anisotropic nanomaterial has the advantage to maintain most 

of the MSN face available for loading and effective external surface functionalization, 

when compared to previously Pt-catalytic motors made by sputtering technology. 

Accordingly, we envisioned that nanomotors would be able to self-propel in presence of  
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Scheme 1. Schematic illustration of Janus Pt-MSNs nanomotors with a catalytic self-propulsion and a 
glutathione-mediated drug release. 

low concentrations of hydrogen peroxide and would lead to an effective delivery of drugs 

once a reducing environment is reached in diseased areas. In fact, an ultra-fast self-

propelled motion and controlled drug delivery capabilities in THP-1 cancer cells, using a 

microchip device with physical limits, is demonstrated. The main features and innovation 

points of our system in comparison to previously reported Janus Pt-MSN nanomotors are 

summarized in Table SI-2. 

3. Results and discussion 

3.1. Nanomotors synthesis and characterization 

 According to the synthetic procedure (SI-Scheme 1), Janus Pt-MSNs were 

prepared by the conjugation of two different nanoparticles in a single nanodevice45-47. First 

and briefly, MSNs (calcined MCM-41-type, obtained by an alkaline hydrolysis reaction) 

were partially imbedded at the interface of the Pickering emulsion, formed by paraffin 

wax (oily phase) and water-ethanol (aqueous phase). The un-masked MSNs surface was 

decorated with reactive thiol groups, by reaction with (3-
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mercaptopropyl)trimethoxysilane, on which PtNds were subsequently attached. After 

removing the paraffin with chloroform, Janus Pt-MSNs (S0) were obtained. 

To synthesize the nanomotor, the PtNds in S0 was protected with 3-

mercaptopropionic acid, and the mesoporous nanoparticles were loaded with the dye 

Ru(bpy)3Cl2 as model cargo48. The silica surface was further modified with (3-

mercaptopropyl)trimethoxysilane which was reacted with 2,2-dipyridyl disulfide49 and 

then with O-(2-mercaptoethyl)-O-methyl-hexa(ethylene eglycol), allowing the capping of 

the mesopores with the redox-sensitive molecular gate (S-S-PEG) (S1). Another similar 

nanodevice was prepared using the cytotoxic Doxorubicin drug (Doxo) as cargo (S2) for 

intracellular delivery studies. 

Figure 1. HR-TEM images of Janus Pt-MSNs (S0) (A-B) and PtNds (C-D), showing the interplanar spacing of 2.3 
Å in (111) plane of PtNds crystals. 

 To confirm the effective synthesis, nanomaterials were characterized using 

standard methods (see SI for details). The nanostructure morphology (snowman-like 

Janus) of the starting Pt-MSNs (S0) and PtNds were confirmed by high resolution 

transmission electron microscopy (HR-TEM). Figure 1A-B (and SI-Scheme 1) shows the 

presence of PtNds attached to well-developed MSNs (100 ± 13 nm), confirming the 
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successful synthesis of the anisotropic nanomaterial. PtNds (Figure 1C-D) are spherical in 

shape with an average diameter of 20 ± 9 nm. This spherical morphology is caused by the 

fusion of several Pt seeds of a size of 2.5 ± 0.3 nm. PtNds were synthesized by an 

autocatalytic surface reduction (SI for details). In the synthesis of PtNds, the formed Pt0 

sites by chemical reduction of H2PtCl6 (Pt+4) with L-ascorbic acid, serve as catalytic sites 

for further reduction and atomic addition in the nanocrystal, resulting in a dendritic-

controlled growth controlled by absorption of a monolayer of PVP on the Pt surface. This 

mechanism produces a high increase in surface area and improves the PtNds catalytic 

capacity towards oxygen reduction50,51. Furthermore, it is important to emphasize the 

high stability of PtNds that remained as nanodendrites even after PVP removal through 

heating and washing steps during the Pt-MSNs synthesis. Moreover, no apparent changes 

in PtNds size or morphology were observed after exposing the material to high 

concentrations of hydrogen peroxide for a long time (Figure SI-1).  

 HR-TEM analysis also revealed the presence of crystal faces in the synthesized 

PtNds with an average inter-planar spacing of 2.3 Å (Figure 1D), which corresponds to the 

distance between the (111) faces in face-centered cubic (fcc) platinum crystals52. The 

crystalline structure was further demonstrated by powder X-ray diffraction (PXRD) 

pattern showing four characteristic Pt diffraction peaks at high-angles indexed as (111), 

(200), (220), and (311) planes, (Figure SI-2). Moreover, the PXRD spectrum shows the 

characteristic Bragg peak of MCM-41 type structures at 2.63° (indexed as (100) plane) in 

solids S0, S1, and S2, indicating that mesoporous hexagonal network was not modified 

throughout the synthesis process, confirming the microstructure morphology observed 

by HR-TEM. 
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 Additionally, the porous arrangement was corroborated by N2 adsorption–

desorption isotherms of S0 and S1 (Figure SI-3). For S0, an acute adsorption process is 

shown at values of 0.1-0.3 P/P0 due to the condensation of nitrogen within the 

mesoporous network. However, this absorption step was not observed for the final 

nanodevice S1, which confirms the loading and capping of the pores. Pore size and specific 

volume and area for S0 and S1 were calculated (Table SI-3). The synthesized nanomaterial 

was also monitored by scanning transmission electron microscopy coupled with energy 

dispersive X-ray spectroscopy (STEM-EDX). The presence of Si, O and Pt atoms of the Pt-

MSNs scaffold are mapped in Figure 2B, C and D images for S1, respectively. Moreover, 

Figures 2E and 2F demonstrated the presence of S atoms (assigned to disulfide-linked 

chains of the gatekeeper and the functionalization of the Pt surface) and Ru (attributed to 

the Ru(bpy)3Cl2 dye loaded in the nanochannels of the silica face). 

Figure 2. STEM image (A), STEM-EDX elemental mapping of Si atoms (B), O atoms (C), Pt atoms (D), S atoms 
(E) and wt % composition detected (F) in S1 Janus Pt-MSNs. 
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 Moreover, the content corresponding to the gatekeeper (S-S-PEG) and the loaded 

dye, amounted 73.7 mg and 68.5 mg per gram of S1, respectively, which were obtained 

by thermogravimetric (Figure SI-4) and delivery studies. To complete the characterization, 

nanomotor assembly was evaluated by dynamic light scattering analysis (DLS) (Figure SI-

5). Zeta potential showed a decrease in negative surface charge from -52.8 mV for S0 to -

6.3 mV for S1, due to the immobilization of the redox-sensitive S-S-PEG gate and the 

loading with Ru(bpy)3Cl2 on the MSN face. On the other hand, the average hydrodynamic 

diameter increased from 145 nm to 335 nm for the initial and final nanodevices, 

respectively. 

3.2. Motion analysis  

 Prior to characterize the nanomotor motion, the catalytic activity of Pt in S1 was 

evaluated using a spectrophotometric assay based on the oxidation of 2,2′-azino-bis-(3-

ethylbenzthiazoline-6-sulphonic acid (ABTS) in presence of hydrogen peroxide in the 0-30 

mM range. The reaction rate of ABTS oxidation (kinematically recorded by measuring 

absorbances at 415 nm) catalyzed by Pt in S1 at different concentrations of H2O2 showed 

a typical Michaelis-Menten behavior (Figure SI-6A). This demonstrated that the 

nanomotor exhibits a peroxidase-like activity, with an apparent affinity value (KM) for H2O2 

which was calculated in 2.3 mM (from a Lineweaver-Burk plot according to equation-S1), 

a value that is comparable with native horseradish peroxidase (4.37 mM)53 (Figure SI-6B). 

 The self-propelled motion of the nanomotor S1 in PBS was characterized by 

nanoparticle tracking analysis (NTA) using a Nanosight NS300 instrument. In these 

experiments, the trajectories of nanomotors were recorded in real time in absence and in 

presence of different concentrations of the fuel H2O2, from 0% to 0.35%. in buffer PBS 

solution. From each sample, 5 videos of 30 seconds (30 frames·s-1) length were registered 

and analyzed. The x-y coordinates of 20 nanoparticles (selected size between 100–200 
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nm) were extracted by the NTA 3.0 software allowing the estimation of their mean square 

displacement (MSD) obtained with the equation 1 (See materials and methods section). 

 Motion studies were performed at short time intervals, Δt˂τr (rotational diffusion 

time or time required for the particles to move randomly, theoretically calculated in 0.8s 

using equation 2 (See materials and methods section), which means that the contribution 

of the ballistic displacement of fuelled nanomotors is higher than the diffusive motion. At 

longer times, the ballistic trajectories of the nanomotors would be randomized again54. 

 After representing the calculated MSD values versus different time intervals (Δt), 

the motion of nanomotors in each fuel concentration was evaluated (Figure 3A). When 

the movement is Brownian-type, MSD presents a linear correlation with Δt. This diffusive 

behavior could be observed in the absence of fuel (0% H2O2). However, in the presence of 

H2O2 the MSD curves showed a parabolic shape, with an increase in the MSD values as 

function of hydrogen peroxide concentrations, suggesting a directional movement due to 

a bubble-propulsion mechanism12,55, which was corroborated by the appearance of visible 

bubbles at all fuel concentrations tested (Figure SI-7). 
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Figure 3. Motion characterization of Janus Pt-MSN S1 nanomotors. A) Mean squared displacement as a 
function of time interval for the nanomotors at 0% (black), 0.017% (green), 0.07% (blue), 0.2% (orange) and 
0.35% (red) fuel concentration. Curves were fitted using the equations show in the figure. B) Velocity of 
nanomotors at different fuel concentrations (N = 20; error bars represent the standard error of the mean 
velocities obtained). C) Trajectories for 20 Janus Pt-MSN S1 nanomotors at: PBS solution (a) and 0.07% (b) and 
0.35% (c) of hydrogen peroxide solutions. 

As observed in Figure 3B, the propulsion velocity, calculated with the parabolic 

MSD equation illustrated in Figure 3A, increased from zero to 19.4 μm·s-1 at 0 and 0.35% 

of fuel, respectively. This ultrahigh velocity supposes a relative speed of 149 body length 

(bl) per second, which, considering the concentration of fuel used, corresponds to a 

relative velocity of ~426 bl·s-1·%-1. To our knowledge, is the maximum speed reported for 

chemically-powered Janus-type nano/micromotors and also for other nano-designs 

(Table SI-1)11,16,26-38. Besides, that speed is even higher than that presented by natural 

mobile microorganism like Escherichia coli (8-15 bl·s-1)56. We attributed the ultra-fast 

A)

B)
C)

Directional movement:

MSD = (4Dt)Δt + (v2)(Δt2)

Brownian motion: MSD = (4D)Δt
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velocity shown to a catalytic enhancement due to the rough and large surface area that 

PtNds presents, compared with conventional Janus micro/nanomotors made by chemical 

or physical vapor deposition of platinum.  

 Based on the velocities registered in Figure 3B, the propulsion force (Fprop) applied 

on the nanomotors was calculated (by equation 3 in materials and methods section), that 

is equal to the repulsion or drag force (Fdrag) in our experimental conditions (at low 

Reynolds numbers)57. Fprop values raised up to 53fN with the increment of fuel 

concentration, supporting that the movement is governed by the ballistic force created in 

the decomposition of H2O2, leading to linear trajectories. Figure 3C, shows the influence 

of fuel concentrations on nanomotors trajectories, monitoring a huge increase in the 

linearity of the nanomotor pathways at high fuel concentrations. The directional 

movement is promoted by the anisotropy of the nanomaterial12, their high catalytic 

activity and the location of the bubble growth. In our case it is expected that the center 

of the bubbles was always along the long axis of the dimer formed by the PtNDs and the 

MCM. Furthermore, the PtNDs roughness surface participates in the stabilization of the 

bubbles once they nucleate55, which as can be observed with naked eye after only 5 min 

of fuel addition (Figure SI-7). 

 Although activated nanomotors are propelled along a straight trajectory, when 

the images were zoomed (in the y-positions) some Brownian contributions were clearly 

observed (Figure SI-8). Despite of these reorientation movements, due to nanoparticle 

collisions with solvent molecules, the directional motion is retained59. By last, the self-

propelled motion was also evaluated by the translational diffusion coefficient (Dt, 

calculated with parabolic MSD equation recently mentioned), increasing its value up to 

5.4 μm2·s-1 with the increment of fuel concentration (Figure SI-9). For non-activated 

nanomotors, where the motion is controlled by Brownian diffusion, the diffusion value 

(D, extracted from lineal MSD equation) was 2.06 μm2·s-1. These results showed weak 
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dependence of diffusion coefficients with the concentration of H2O2, in contrast with the 

velocity behavior. 

 It would have been interesting to record the positions of the nanomotors at higher 

time intervals to further characterize their motion like recently have been published by 

Archer et al.58,59, but it was impossible due to technical limitations (NTA provides 

trajectories of a maximum of 100 frames per particle) as well as the high speed exhibited 

by our nanosystems, leaving quickly the field of view. Although tracking of motors for 

longer times has been reported in previous studies using optical microscopes, it should be 

noted that nanoscale (<200 nm) objects are below the limit of resolution of optical 

microscopy.   

3.3. Control Release Studies 

 Once directional motion of the nanomotor was confirmed, the ability of S1 to 

deliver the cargo under different conditions was evaluated. Release assays were carried 

out by suspending 0.5 mg of nanomotors in 1 ml of sodium phosphate buffer (PBS) in the 

presence and absence of GSH at 10 mM (a typical reported intracellular concentration)60. 

GSH is the “key” molecule that triggers the opening of the capping system, releasing the 

cargo loaded inside the pores of the mesoporous face. Delivery studies were further 

conducted under static and stirring conditions and in the presence and absence of the fuel 

(0.1% H2O2) to evaluate the effect of the self-propulsion on the release of the Ru(bpy)3Cl2 

cargo. Dye release kinetic profiles from S1 under static condition are illustrated in Figure 

4A. In the absence of GSH and H2O2, S1 remained capped and the delivery of Ru(bpy)3Cl2 

was practically negligible (curve a). The same behavior was observed in the presence of 

H2O2, confirming that the gating system is not affected by the fuel (curve b). Moreover, a 

slow delivery kinetic from S1 under static conditions was triggered by the GSH via the 

rupture of disulfide bonds in the S-S-PEG gate (curve c). In contrast, in the presence of the 
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inputs, H2O2, and glutathione, a faster release was observed due to the synergic effect of 

the self-propulsion and the uncapping of the nanoparticles by GSH (curve d). 

Figure 4. Normalized cargo release from S1 nanomotors in static conditions determined by measuring 

Ru(bpy)3Cl2 fluorescence (at 544 nm) vs time in aqueous solution (50 mM PBS pH 7.5), using: (a) nanomotors 

without GSH and without H2O2 addition, (b) 0.1% H2O2-propelled nanomotors without GSH addition, (c) 

nanomotors with 10 mM GSH addition and without H2O2, and (d) 0.1% H2O2-propelled nanomotors with 10 

mM GSH addition (A). Values from three independent experiments. Relation between H2O2 (%), velocities, 

and normalized cargo release (%) from S1 nanomotors (B). 

 This is supported by additional experiments that demonstrated that under stirring 

conditions cargo delivery from S1 in the presence of GSH and GSH + H2O2 was almost the 

same (Figure SI-10A). Besides, the influence of nanomotors velocity on cargo release was 

studied. For that, a dye delivery assay using S1 at a fixed time of 30 minutes, static 

conditions, and variable concentrations of fuel was performed. As observed in Figure 4B, 

an increase in nanomotors movement, as consequence of higher fuel concentrations, 

turns out in an increment of cargo release to the medium. Finally, cargo release from 

nanomotor S2 (loaded with the cytotoxic drug Doxorubicin) was also evaluated. A similar 

delivery behavior under static and stirring conditions in the presence of GSH and H2O2 to 

that found for S1 was observed (Figure SI-10B). The total amount of Doxorubicin released 

was calculated spectroscopically and amounted 0.7 μmol per gram of solid S2.  
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In summary, these experiments demonstrated that our Janus Pt-MSNs nanomotors 

display high self-propulsion capabilities at relatively low concentrations of H2O2 via 

catalytic fuel decomposition. Moreover, the nanobots remain capped and only deliver 

their payload upon recognition of the reducing agent GSH, due to the cleavage of the 

gatekeepers. Thus, the nanodevice displays desired features for nanomotors in terms of 

biomedical applications: (i) autonomous motion and (ii) the ability to sense the 

environment and deliver the drug only in the presence of a stimulus (i.e. GSH). 

3.4. Self-propel and drug release capabilities in cells 

 Nanomotors for biomedical applications should propel in the presence of low fuel 

concentration with no premature cargo leakage, and deliver the payload once target cells 

or tissues are reached. Taking into account these concepts and encouraged by the above 

results (i.e., self-propulsion and controlled release capabilities), we studied Doxorubicin 

delivery in THP-1 cancer cells by confocal fluorescence microscopy. In this experiment, 

THP-1 cells were incubated with a suspension of 50 μg ml-1 of S2 in the presence and 

absence of H2O2 (0.02%) at 37°C for 30 min. Subsequently, uninternalized nanoparticles 

were removed by washing and cells were further incubated for 1, 4 and 6 h in a fresh 

medium. Before acquiring the confocal fluorescence image, the THP-1 cell nucleus and 

membrane were stained with Hoechst 3342 and WGA, respectively. 

 As shown in Figure 5A, an intracellular Doxorubicin-associated fluorescence was 

observed indicating S2 internalization and the cleavage of the gatekeeper by intracellular 

GSH in both cases (absence or presence of fuel). Moreover, a larger intracellular 

Doxorubicin release was observed for nanobots incubated with H2O2 after 4 and 6 h. This 

suggests that the enhanced diffusion of the nanobots in the presence of fuel results in an 

enhanced cell internalization and a larger intracellular cargo release. These results 

demonstrate the ability of the nanomotor to sense the redox environment in the cell and 

to specifically trigger the release of the cytotoxic drug. In addition, an improvement in 
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cells uptake attributed to the autonomous movement of nanomotors was confirmed at 

very low fuel concentrations. Larger amounts of fuel are toxic for THP-1 and therefore 

were not studied. 

Figure 5. A) Confocal microscopy images of internalization and controlled Doxorubicin release of S2 
nanodevice in THP-1 cells at different times. THP-1 cells treated with 50 μg ml-1 of S2 nanomotors in the 
absence of fuel (a); THP-1 cells treated with 50 μg ml-1 of S2 in a medium containing 0.02% of H2O2 (b). From 
left to right: Doxorubicin fluorescence, DNA, and membrane fluorescence marker (Hoechst 3342 and WGA, 
respectively) and combined (merge). B) Mean fluorescence intensity quantification in cells from confocal 
images at different times and with or without the addition of fuel. Values from at least three independent 
experiments. C) TEM image of S2 nanomotors (100 µg ml-1) internalization in THP-1 cells after 6 h.  

Nanomotors internalization in cancer cells was also confirmed by TEM. Figure 5C 

shows the uptake of nanoparticles and, as the image is zoomed, Janus-like nanomotor 

structures are clearly perceived. The results were completed with the WST-1 cell viability 

A) B)

C)
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tests after 24 h, confirming that the concentration of S2 and fuel selected for the 

treatment carried out, did not significantly affect THP-1 cells (Figure SI-11). Furthermore, 

a reduction in the amount of drug necessary to induce cell death by apoptosis was 

observed, noting that 200 µg · ml-1 of S2 (corresponding to 0.14 µM of drug released) 

displayed the same cellular toxicity as 1.5 µM of free Doxorubicin, which demonstrates 

the effective strategy of using fuelled nanomotors to enhance drug delivery in cells for 

therapeutic applications.   

 Finally, as proof of concept, the capacities of nanomotors mentioned above to 

perform autonomous movement and release therapeutic payloads in THP-1 cells were 

examined using a microchip device aiming to reproduce channels and fluids of living 

systems, such as blood vessels. Nanomotor testing on microfluidic platforms are the pre-

application stage in more complex organ-on-a-chip devices to achieve the future 

implementation in real therapies 61. Previous studies demonstrated how the use of this 

type of device with physical limits confines the space where nanomotors “swim”, 

controlling their speed and directionality without using external sources 62,63. 

Figure 6. Three-dimensional scheme depicting the assay followed to study self-propulsion and drug release 
capabilities of S2 nanomotors in THP-1 cells using a microchip device and time-lapse optical images taken from 
SI-1 and SI-2 videos of confocal microscopy showing the nanomotors motion behavior, which includes the 
trajectories analyzed by Manual Tracking plug-in of the FIJI program, before (A) and after the addition of 0.02% 
H2O2 at 40 s of the experiment (B). (Experimental conditions: 108 THP-1 cells · ml-1 in wells 1 and 2, 0.02% 
H2O2 in well 3 and 100 μg · ml-1 of S2 nanomotors in well 4). 
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 For the assay, a 4-compartment microchip (from XonaChips®) was used, which 

allowed the compartmentalization of THP-1 cells, nanomotors and fuel. The 4 wells are 

connected two by two 1-2 (red part) and 3-4 (blue part) and these were additionally 

connected to each other by micrometric channels (Figure 6). The experiment was 

performed in a cell culture media (RPMI-1640 buffer) depositing 108 THP-1 cells in wells 1 

and 2, while 100 µg · ml-1 of S2 nanomotors were added to position 3 (see Methods section 

for more details). Then 2 min videos were recorded by confocal microscopy (SI-1 video). 

Without fuel and after the addition of S2, the nanomotors diffused through the cuvette 

(blue part) and once stabilized, a Brownian motion behavior was observed, as shown in 

the trajectories recorded in time-lapse images taken from SI-2 video (A). 

 At 40 s of assay time, the fuel (0.02% H2O2) was added to the well 3 and then a 

clear directional movement was observed. Interestingly, this propelled some nanomotors 

through the microchannels towards the cells area (red part), as can be seen in the 

trajectories recorded from SI-3 video at different times (B). Activated nanomotors swam 

to the opposite side of fuel addition in a confined flow, movement denominated as 

negative rheotaxis. Velocities of S2 observed in that experiment seemed higher than the 

speed recorded by the NTA, when the cross section of the channel decrease from 100 µm 

to 4 µm (microchannels). This effect could be due to the bubble creation in a confined 

area and also to the enhanced flow velocity by a Venturi effect64. The movement of the 

nanomotors through the microchannels to a wider area would mimic the effect suffered 

by circulating cells when moving from capillary to post-capillary vessels, with larger 

diameters, reducing their speed and moving towards the vessel walls. This process 

facilitates blood cells interaction with the endothelium and extravasation to tissues65. 

Regarding controlled release of the drug, a similar experiment by confocal microscopy but 

extending the assay time until 30 min was carried out. Figure 7 shows the fluorescence 

intensities along the profile of several regions of interest analyzed, corresponding with 

different experiments (with and without the fuel). When H2O2-powered nanomotors 
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reached cells through the microchannels, there was an increase in cell fluorescence over 

time, demonstrating the Doxorubicin delivery mediated by intracellular GSH. In the 

absence of H2O2, the fluorescence intensity was low and similar in both times analyzed, 

suggesting the inability of non-powered nanomotors to cross microchannels and reach 

target cells, remaining in the channel between wells 3 and 4 (as observed in the SI-1 

video). Note that nanomotors S2 remained capped and only delivered the cargo when 

internalized in cells. 
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Figure 7. Image of THP-1 cells and S2 nanomotors (100 µg · ml-1) in the microchip device in the absence (A) 

and the presence (B) of H2O2 solution (0.02%). Analysis of Doxorubicin fluorescence intensity in 5 defined 

linear regions of interest (ROI 1-5), corresponding to different THP-1 cells at 0 (black) and 30 (red) minutes of 

test time (ROI 1 from S2 and ROI 5 from S2 + H2O2 zoomed). 
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4. Conclusions 

 In summary, we report here the design, synthesis, and characterization of 

ultrafast and directional Janus Pt-MSNs nanomotors with stimuli-responsive drug release 

capabilities. They are based on the anisotropic conjunction of two individual nanoparticles 

with different and complementary functions, i) a PtNds face, responsible for the 

autonomous self-propulsion via catalytic decomposition of H2O2 into water and oxygen 

bubbles and, ii) a redox sensitive (S-S-PEG) gated-MSNs face, as nanocontainer for the 

loading of Doxorubicin cytotoxic drug. The main advantage of PtNds nanoparticles used 

as propelling element, lies in their major roughness and high active surface catalytic area.  

PtNds endow improved propulsion capacity to the nanomotors at very low concentration 

of fuel, which was demonstrated by the elevated relative velocities registered (426 bl·s-

1·%-1). These values are far superior to the speeds reported by previous chemically-

powered nano/micromotors reported, including Pt-catalytic motors made using 

sputtering technology, as well as by some mobile microorganisms. Moreover, the 

nanobots remain capped and only deliver their payload upon recognition of the reducing 

agent GSH, due to the cleavage of the gatekeepers. We also observed that an increase in 

nanomotors movement, as consequence of higher fuel concentrations, turns out in an 

increment of cargo release to the medium. We also found that the nanorobot S2 is able to 

internalize in THP-1 cancer cells. THP-1 were selected as model cells to evaluate the 

selective drug release capacity of our nanomotors mediated by the reducing environment 

present in them. Moreover, a larger intracellular Doxorubicin release was observed for 

nanobots incubated with H2O2 after 4 and 6 hours. Finally, the use of nanorobots to target 

THP-1 cells was also studied using a microchip device with physical boundaries 

(microchannels), mimicking the transport along capillary vessels. The fast displacement of 

the propelled nanodevices facilitated nanomotors to pass through the microchannels 

towards the cells area where are internalized in THP-1 cells. However, non-fueled 
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nanomotors were not able to reach target cells and delivery its cargo, revealing the 

advantage of using self-propelled nanoparticles. 

 Overall, our nanomotors gather highly desired properties for nanobots for 

biomedical applications such as autonomous motion, biocompatibility, efficient cargo 

transport and stimulus-responsive controlled drug release in cancer cells. In future works, 

it is expected to delve into a more selective delivery of therapeutic payloads to target 

destinations, including specific cellular markers in the nanomotor design, as well as, in 

other therapeutic strategies based on the elimination of hydrogen peroxide by their 

catalytic decomposition. It is widely reported that H2O2 produced by both cancer cells and 

associated fibroblasts, causes DNA damage and inflammation, resulting in cell 

proliferation and metastasis. Besides, some resistance to tumor drugs is also associated 

with the presence of hydrogen peroxide. In accordance to this, our Janus Pt-MSN 

nanomotors would be a useful antioxidant therapeutic tool to prevent development and 

recurrence tumor and overcome drug resistance. We envision that combining the 

versatility of stimuli-responsive gatekeepers and catalytic nanomotors can lead to 

promising advances in nanorobotics and biomedicine in the near future. 

5. Materials and methods 

5.1. Chemicals 

 Dihydrogen hexachloroplatinate (H2PtCl6), polyvinylpyrrolidone (PVP), ascorbic 

acid, 3-mercaptopropionic acid, tetraethyl orthosilicate (TEOS), (3-mercaptopropyl)-

trimethoxysilane, n-cetyltrimethylammonium bromide (CTABr), paraffin wax, tris(2,2′- 

bipyridyl)dichlororuthenium(II) hexahydrate (Ru(bpy)3Cl2), 2,2'-dipyridyl disulfide, O-(2-

mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (PEG-SH), Doxorubicin (C27H29NO11), 2,2′-

azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), fetal bovine serum (FBS), RPMI-

1640 medium, L-glutathione reduced (GSH), Hoechst 33342 and WGA were purchased by 

Sigma-Aldrich. Sodium hydroxide (NaOH), hydrogen peroxide (30%), sodium hydrogen 
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phosphate monohydrate, disodium hydrogen phosphate heptahydrate, absolute ethanol, 

toluene, chloroform, and acetonitrile were provided by Scharlau. 

5.2. General methods 

 Transmission electron microscopy (TEM) images were achieved using a JEOL TEM-

2100F Electron microscope and TEM images of cells were acquired using a microscope FEI 

Tecnai Spirit G2.  Scanning transmission electron microscopy coupled with electronic 

energy dispersive x-ray spectroscopy (STEM-EDX) was performed using a JEM 2100F 

instrument. Powder X-ray diffraction (PXRD) measurements were carried out using a 

Seifert 3000TT diffractometer using CuKα radiation. Dynamic light scattering (DLS) 

experiments were performed using a ZetaSizer Nano ZS (Malvern). N2 adsorption-

desorption isotherms were recorded using a Micromeritics TriStar II Plus automated 

analyzer. Thermal analysis was performed with a TA Instruments SDTQ600 apparatus 

(USA). Nanoparticle tracking experiments were carried out using a Nanosight NS300 

(Malvern). UV-visible measurements were recorded with a JASCO V-650 

Spectrophotometer. Confocal microscopy imaging was recorded with a Leica TCS SP8 

AOBS inverted laser scanning confocal and a microfluidic device XC450 of XonaChip®. 

5.3. Synthesis of mesoporous silica nanoparticles (MSNs) 

 To synthesize mesoporous silica nanoparticles, CTAB (1.00 g, 2.74 mmol), was first 

dissolved in deionized water (480 ml) and the solution was magnetically stirred. Then, to 

increase the pH, NaOH (3.5 ml, 2 M) was added, followed by an adjustment in the 

temperature to 80°C. TEOS, used as inorganic silica precursor, was added dropwise to the 

surfactant solution. The mixture was stirred for 2 h at 80°C giving a white precipitate. 

Finally, the solid was isolated by centrifugation, washed with deionized water until 

reaching neutral pH and dried overnight at 70°C. The nanomaterial, named “as made”, 

was calcined at 550 °C using an oxidant atmosphere for 5 h in order to remove the 

template phase, obtaining the final mesoporous nanomaterial (MSNs). 
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5.4. Synthesis of platinum nanodendrites (PtNds) 

For the preparation of platinum nanodendrites, H2PtCl6 (164 mg) and PVP (20 mg) were 

dissolved in deionized water (20 mL). Then, a solution of ascorbic acid in water (350 mg 

in 10 mL) was added drop by drop to the H2PtCl4 solution. The reaction was heated at 45°C 

for 1 h under magnetic stirring. The initially pale-yellow color change to black when the 

platinum nanoparticles are synthesized 66,67. 

5.5. Synthesis of Janus Pt-MSN nanoparticles (S0) 

Janus Pt-MSN were synthesized following an adapted method previously reported by 

Villalonga et al45. Mesoporous silica nanoparticles (180 mg) were dispersed in an aqueous 

solution (10 ml, 6.7 % ethanol) and CTAB was added (208 μl, 1 µM). The temperature of 

the mixture was increased at 75°C and 1 g of paraffin wax was added. When the paraffin 

was melted, the mixture was homogenized using an Ultra-Turrax T-8 (IKA, Germany) for 

10 minutes. Then, the reaction was further magnetically stirred at 75°C for 1 h, to form a 

Pickering emulsion. The result was cooled to room temperature, diluted with methanol 

(10 ml) and treated with of (3-mercaptopropyl)trimethoxysilane (200 μl). The reaction 

was magnetically stirred for 3 h and the resultant solid, was isolated by centrifugation and 

washed with methanol two times. Afterward, the partially mercapto-functionalized 

mesoporous silica nanoparticles were dispersed into the platinum nanoparticles (30 ml). 

The reaction was stirred overnight at room temperature. Lastly, the solid was filtered, 

washed with chloroform, and dried. This process yielded the Janus Pt-MSN nanoparticles 

(S0). 

5.6. Synthesis of Janus Pt-MSN (Ru)-PEG (S1) 

The platinum face was functionalized with 3-mercaptopropionic acid in order to protect 

it, 50 mg of S0 reacted with 70 µl of this molecule for 1 h, using ethanol as solvent. After 

1 h, the solid was washed with ethanol for 3 times. The next step was loading the pores 
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with the dye, the nanoparticles were resuspended in 3 ml of a concentrated solution of 

[Ru(bpy)3]Cl2·6H2O (30 mg) in anhydrous acetonitrile and stirred for 24 h. Next, we 

proceeded to functionalize the mesoporous face. First, the solid reacted with 93 µl (3-

mercaptopropyl)-trimethoxysilane for 5.5 h. Second, 110 mg of 4,4′-dipyridyl disulfide 

were added to the mixture and the reaction was magnetically stirred 24 h. Third, the 

thiolated-solid reacted overnight with 50 µl of PEG-SH after being washed with 

acetonitrile and resuspended in 3 ml of acetonitrile. Finally, the suspension was 

centrifugated, washed with acetonitrile and dried under vacuum, yielding the final solid 

S1. 

5.7. Synthesis of Janus Pt-MSN (Doxorubicin)-PEG (S2) 

To synthetize this solid, the same procedure used for the preparation of S1 was followed. 

However, in this case the pores were loaded with the anticancer drug Doxorubicin. For 50 

mg of S0 we added 24 mg (0.044 mmol) of Doxorubicin diluted in 50 mM sodium 

phosphate buffer pH 7.5. The filling process was carried out in darkness, under magnetic 

stirring for 24 h. Lastly, once the “molecular gate” was formed, the solid was further 

washed with 50 mM sodium phosphate buffer pH 7.5. The resulting nanoparticles (S2) was 

stored in buffer solution at 4°C. 

5.8. Peroxidase-like activity assay 

To confirm the catalytic activity of our nanomotors, peroxidase activity assays were 

performed68. The method employed is based on the platinum capability to oxidize ABTS 

in the presence of H2O2, mimicking the peroxidase catalytic action. The result is a blue-

green product (ABTS*) that can be detected by UV-visible spectrophotometry (λabs = 405 

nm). This reaction is resumed in the next equation: 

H2O2 + ABTS → ABTS* + H2O 



Chapter II  

126 

 

For this assay, dissolutions of ABTS (9 mM) an H2O2 (from 0 to 30 mM) were prepared in 

100 mM PBS pH 5. Afterwards, 2.9 mL of ABTS and 0.1 mL H2O2 were mixed in a cuvette 

at 25 ºC and 0.05 mL of S1 (0.5 mg · ml-1) were added to them. Finally, the variation in the 

absorbance was recorded for 3 minutes. 

5.9. Motion analysis by MSD calculation 

 To evaluate the nanomotors movement we analyzed the trajectories of single 

nanoparticles by NTA using a Nanosight NS300 device This technique is based on the 

tracking of the light scattered by the nanoparticles when a laser beam falls upon them. 

The device is formed by a sCMOS camera coupled to an optical microscope and a single 

mode laser diode with 55 mW blue light illumination. 

 The samples were diluted in sodium phosphate buffer at a concentration of 0.002 

mg · ml-1, ultrasonicated and introduced into the Nanosight chamber at 25°C using a 1 ml 

syringe. Nanomotors motion was registered in 5 videos of 30 seconds with a speed of 30 

frames · s-1. The x-y coordinates of 20 nanoparticles throughout that time (selected size 

between 100–200 nm to avoid aggregates) were extracted by the NTA 3.0 software.  That 

allows the estimation of the mean square displacement (MSD) for each nanoparticle, 

obtained applying the equation 1 (assuming the motion to be two-dimensional)16. 

Equation 1:  

(N: number of averaged nanoparticles; xi and xt vector positions of particles at different 

times).  

 For the nanoparticles with Brownian motion, the rotational diffusion coefficient 

was gotten from the plot of MSD vs ∆t, through the Stokes-Einstein equation (MSD = 4Dr 

∆t). Whereas, for the nanoparticles that follows a directional motion, the parabolic 

MSD ≡  ⟨(𝑥𝑡− 𝑥0)
2⟩ =

1

𝑁
∑ 𝑥𝑖(𝑡) − 𝑥𝑡(0) 

2
𝑁

𝑖=0
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component of the Stokes-Einstein equation (MSD = 4Dt ∆t + (v ∆t)2) is applied to obtain 

the velocity and translational diffusion coefficient. 

 The time interval used in this study was set below the rotational diffusion time (τr) 

where propulsion movement dominates, theoretically calculated using the following 

equation: 

Equation 2:    r = 
8πηR3

kB·T
 

where η is the viscosity (10-3 Pa · s), kB is the Boltzmann constant, T is the temperature 

(25°C) and R is the radius of the particle (145 nm, assuming a spherical morphology). 

Under these conditions a value of 0.8s was obtained for τr. 

 To calculate the propulsion force (FProp) or the drag force (Fdrag) applied on 

activated nanomotors we employed the drag law of Stokes in fluids, assuming 

nanomotors morphology as spherical. 

Equation 3:     Fdrag= 6πηRV 

where η is the viscosity (10-3 Pa) and R is the radius of the particle (145 nm). Calculated 

Fdrag were 5.6, 8.5, 16 and 53 fN for 0.02, 0.7, 0.2 and 0.35% of fuel concentration, 

respectively. 

5.10. Control release studies 

 Release of Ru(bpy)3Cl2 from S1 was carried out under static and stirring conditions, 

to study the effect of the nanomotor self-propulsion on the delivery of the cargo. In a 

typical stirring experiment, 4 different suspensions of 0.5 mg of S1 in 1 ml of 50 mM PBS 

(pH 7.5) were prepared. Solutions were placed in a shaker (Thermo-shaker HC24N Grant 

Instruments PCMT) 30 minutes at 14000 rpm. After this period, H2O2, GSH or both were 



Chapter II  

128 

 

added at final concentrations of 1% and 10 mM, respectively (registered as zero release 

time). At scheduled times (2, 5, 10, 15, 20 and 30 minutes), 200 µl aliquots were taken 

and centrifugated (3 minutes, 125000 rpm) to isolate the Ru(bpy)3Cl2 released in the 

supernatant from the nanoparticles. Then, fluorescence emission of the dye was 

monitored at 595 nm with a JASCO spectrofluorometer FP-8300. The results of three 

independent experiments are shown in Figure 5.A. In the static experiment, the four 

samples were prepared as previously described (0.5 mg · ml-1 in 50 mM PBS, pH 7.5) but 

remained without external stirring. After 30 minutes, the inputs (H2O2, GSH or both, at 

final concentrations of 0.1% and 10 mM, respectively) were carefully added through the 

wall of the tubes containing the samples. Afterwards, 200 µl aliquots were taken at 

different times (2, 5, 10, 15, 20 and 30 minutes) and centrifuged (3 minutes, 125000 rpm) 

to sediment the nanodevices. Fluorescence of Ru(bpy)3Cl2 delivered to the media was 

measured at 595 nm (λexc= 453 nm), Figure 4.A. The Doxorubicin release from S2 assay was 

further performed in static conditions, following the same procedure than for S1. In this 

case, the Doxorubicin fluorescence emission was monitored at 555 nm (λexc = 470 nm). 

The kinetic curves of four independent experiments are shown in Figure SI-10B. 

5.11. Cell culture conditions 

THP-1, human monocytic cell line derived from an acute monocytic leukemia patient, 

were purchased from ATCC and were grown in RPMI-1640 supplemented with 10% FBS. 

Cells were incubated at 37ºC in an atmosphere of 5 % carbon dioxide.   

5.12. Viability Assay 

THP-1 cells were seeded in 96-well plates at 80,000 cells/well and incubated at 37oC for 

24 h. Then, cells were treated with different reagents concentrations to evaluate their 

toxicity to cells. The reagents analyzed were H2O2, S2 nanomotors and free Doxorubicin. 

Finally, cell viability was evaluated by incubation with the cell proliferation WST-1 reagent 

for 1 hour and measuring the absorbance at 595 nm. 
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5.13. Cell uptake of nanomotors by confocal microscopy 

THP-1 were seeded at 106 cells · ml-1 in a 6-well plate and incubated with S2 nanomotors 

(50 µg · ml-1) in RPMI-1640 buffer supplemented with 10% FBS at 37°C for 30 min in the 

presence and absence of 0.02% (8.5 mM) H2O2. Afterward, uninternalized nanoparticles 

were removed from cells by a washing step and further incubated for 1, 4 and 6 h in a 

fresh media. Next, cells were seeded on glass coverslips and DNA and membrane marker, 

Hoechst 33342, and WGA respectively, were added. Finally, slides were visualized under 

a Leica TCS SP2 AOBS inverted laser scanning confocal microscope (Leica Microsystems 

Heidelberg GmbH, Mannheim, Germany). The images were acquired with an excitation 

wavelength of 405 nm for Hoescht, 480 nm for Doxorubicin and 650 nm for WGA (Wheat 

germ agglutinin). The distribution of fluorescence inside the cells was analyzed using 

ImageJ Software (Figure 6A). 

5.14. Cell uptake of nanomotors by TEM 

THP-1 cells were seeded in a 6-well plate at 800,000 cells/well and incubated at 37°C for 

24 h. Then, cells were treated with Janus nanomotors (100 µg · ml-1) at 37°C for 6 h. After 

this period, cells were washed with phosphate buffer 0.1 M (pH 7.4) and fixed in a 2.5 % 

glutaraldehyde + 2% paraformaldehyde solution for 1 h at room temperature and 72 

hours more at 4°C. Fixed cells were washed with phosphate buffer, dehydrated in ethanol 

and stained with uranyl acetate (1%) and osmium tetroxide (1%). Finally, samples were 

included in epoxy resin (Araldite) and sectioned for TEM analysis. TEM images were 

acquired using a microscope FEI Tecnai Spirit G2 operating at 80 kV with a digital camera 

(Soft Image System, Morada), Figure 6C. 

5.15. Self-propel and drug release capabilities of S2 in microchip device 

Movement and delivery abilities of nanomotors were performed by recording confocal 

microscopy videos using a 4-compartment microchip device (acquired from XonaChips®) 
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with a 150 µm microgroove barrier and a 75 x 25 mm size. This device has 4 wells 

connected two by two (1-2; 3-4) and these were connected to each other by micrometric 

channels (Figure 6). The experiment was carried out by depositing 106 THP-1 cells/ml in 1 

and 2 wells dyed with WGA, 100 µg · ml-1 of S2 nanomotors in position 4 and completing 

the volume with RPMI-1640 buffer in well 3, (final volume 150 µl per well). At this point, 

it was waited few minutes to start the video, in order to eliminate the diffusive movement 

of the nanomotors after their addition to the well. Brownian motion of nanodevices was 

then recorded using a Leica TCS SP2 AOBS confocal microscope during 5 min. Then, the 

same methodology was repeated adding the fuel (H2O2) in position 3 to a total 

concentration of 0.02% in the cuvette (fuel volume added was previously removed from 

the well 3 to maintain a constant total volume). Furthermore, to study the controlled 

Doxorubicin release from S2 in the cells, previous experimental procedure was also 

followed but for a prolonged time of 30 minutes. In recorded videos, assemblies 

nanomotors (up to 350 nm) can be observed through the excitation of the Doxorubicin 

loaded in the silica nanopores because of the confocal microscopy resolution69. Finally, 

nanomotors trajectories were drawn with the plugin Manual Tracking from Image J 

software70 and the intensity of cellular fluorescence was also analyzed using LAS X 

software and the "Line Profile" tool. This tool measures the fluorescence intensity along 

the linear regions of interest (ROI) defined by us and are shown graphically as a curve. 

Five regions of interest were defined (ROI 01-05), and the fluorescence intensity 

associated with Doxorubicin was analyzed in each condition. Line profiles were placed 

through the cells and the peak currents were evaluated simultaneously at time 0 and 30 

minutes (Figure 7). 
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7. Supporting information 

SI-Scheme 1. Schematic Illustration of the steps in the preparation of Janus Pt-MSN nanomotors. TEM image 
of representative Janus Pt-MSN nanomotors (S0). 

Table SI-1. Representative published H2O2-fueled nano- and micro-motors. i) Janus Pt-MSN nano and 
micromotors. ii) nanomotors with other designs. Most of the described motors need high amounts of fuel and 
does not achieve directional movement. 
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Table SI-2. Main features and innovation points of the presented nanomotors in comparison to previously 
reported Janus Pt-MSN nanomotors. 

 

7.1. Nanomaterial characterization 

The nanodevices S0, S1 and S2 were characterized using standard procedures. 

Figure SI-1. TEM image of Janus Pt-MSN nanomotors (S0) after catalytic reaction in a 30% of H2O2 solution for 
24 h. 
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7.1.1. Powder X-ray diffraction analysis 

 In the Figure SI-3 are represented the PDRX patterns of the calcined MSNs S0 and 

S1 at low (1.5 < 2θ > 7) and at high angles (35 < 2θ > 80). S0 presents a main peak around 

2.4°, which is typical of mesoporous materials with MCM-41 structure. This low angle 

reflection was preserved in S1, revealing that the processes of cargo loading, and chemical 

functionalization did not transform the mesoporous structure. In addition, at high angles 

S1 shows several diffraction patterns indexed as (111), (200), (220) and (311) Bragg peaks 

of a Pt cubic structure. 

Figure SI-2. PDRX pattern at high-angles (A) and low-angles (B) of calcined MSNs (red curve), S0 (black curve) 
and S1 (blue curve). 

7.1.2. N2 adsorption-desorption isotherms 

 The N2 adsorption-desorption isotherms of S0 and S1 are shown in Figure SI-4. S0 

presents two principal adsorption steps. Between 0.2 and 0.4 P/P0 value shows the first 

step, which is due to the nitrogen condensation inside the mesopores by capillarity and 

reveals the emptiness of the pores. Besides, the lack of hysteresis loop suggest that the 

pores are cylindrical and uniform. The second step at P/P0 value around 0.9 shows a 

typical H1 hysteresis loop. It is considered as textural-like porosity and correspond to the 

space among nanoparticles. In contrast, the N2 adsorption-desorption isotherm of S1 lacks 

the sharp step at low-medium relative pressure, exhibiting an important decrease in the 
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N2 volume adsorbed, which indicates that the loading and capping processes have been 

successful.  

Total pore volume and pore size were estimated by using the Barret, Joyner an Halenda 

(BJH) model on the adsorption branch of the isotherm, for P/P0 < 0.4, which is associated 

to the surfactant generated mesopores. Brunauer, Emmett and Teller (BET) specific values 

are calculated from N2 adsorption-desorption isotherms and show an important reduction 

in MSN (1068 m2·g-1) compared to S0 (432 m2·g-1), which is due to the attachment of non-

porous platinum nanoparticles. Moreover, the surface reduction is even superior in S1 

upon cargo loading and functionalization with the gating system (25 m2·g-1) Both, BJH and 

BET values are shown in Table SI-1. 

Figure SI-3. N2 adsorption-desorption isotherms for calcined MSNs (red curve), starting Janus Pt-MSNs S0 
(black curve) and final Janus Pt-MSNs S1 (blue curve). 
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Table SI-3. Pore diameters, pore volumes and BET specific surface values calculated from the N2 adsorption-
desorption isotherms for prepared nanomaterials. 

 

7.1.3. Thermogravimetric assay 

Thermogravimetric studies of S0 and S1 are shown in Figure SI-4 reveal the organic 

content corresponding to the capping system (S-S-PEG) and the organic content of the 

loaded Ru(bpy)3Cl2. The first thermal decomposition above ~245 ºC corresponds to the 

gatekeeper, while the second one at ~ 320 ºC is attributed to the loaded dye. 

Figure SI-4. Thermogravimetric analysis of S0 (black curve) and S1 (blue curve).  
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7.1.4. DLS analysis 

The hydrodynamic size and zeta potential of S0 and S1 were determined by dynamic light 

scattering studies. To that purpose, the solids were suspended in distilled water at a 

concentration of 0.01 mg · ml-1. The results, shown in Figure SI-5, reveal a decrease in 

negative surface charge as well as an increment in the hydrodynamic diameter, both as a 

consequence of molecular gate (S-S-PEG) attachment and cargo loading in the 

mesoporous face of the nanomotor.  

Figure SI-5. DLS analysis showing the zeta potential (A) and hydrodynamic diameter (B) of calcinated MCM-
41 (red curve), S0 (black curve) and S1 (blue curve) nanomaterials. 

7.2.  Motion analysis  

7.2.1. Peroxidase-like activity assay 

 The nanomotors present a typical Michaelis-Menten kinetic. The values of the 

Michaelis constant (KM) and the maximum velocity (Vmax), defined as the maximum rate 

at which an enzyme can catalyze a reaction, were estimated from the Lineweaver-Burk 

graphs. Data show that the nanomotor owns an intrinsic peroxidase activity. For a variable 

concentration of H2O2, KM was 2.3 mM and Vmax was 0.32 µM · min-1. 

A) B)
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Equation SI-1:  

 

Figure SI-6. Peroxidase-like activity assay: effect of H2O2 concentration on the nanomotor catalyzed reaction 
rate at fixed ABTS dye concentration in 9 mM and temperature at 25°C (A). Lineweaver-Burk plot of H2O2-
catalysed decomposition used to determinate KM applying the equation SI-1 (B). 

 

Figure SI-7. Time-lapse images of bubble growth by H2O2-propelled S1 nanomotors solutions. Bubble 
generation (average diameter: 2 mm) by the catalytic decomposition of H2O2 can be observed after 5 min of 
fuel addition. 
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Figure SI-8. Zoomed trajectories (on y-positions) for two Janus Pt-MSN S1 nanomotors at maximum fuel 

concentration tested (0.35%), where the random reorientations suffered by nanomotors are observed. 

Figure SI-9. Diffusion coefficients determined from the MSD vs Δt equations (lineal and parabolic form) for 
the nanomotors at different fuel concentrations (n= 6). 

 

 



Ultra-Fast Directional Janus Pt-Mesoporous Silica Nanomotors for Smart Drug Delivery 

151 

 

7.3. Control release studies 

Figure SI-10. Normalized cargo release from Janus Pt-MSN nanomotors S1 under stirring conditions 
determined by measuring Ru(bpy)3Cl2 fluorescence (at 595 nm) (A) and normalized cargo release from 
nanomotors S2 in static conditions determined by measuring Doxorubicin fluorescence (at 555 nm) (B) vs time 
in aqueous solution (50 mM PBS pH 7.5), using: (a) nanomotors without GSH and without H2O2 addition, (b) 
0.1% H2O2-propelled nanomotors without GSH addition, (c) nanomotors with 10 mM GSH addition and 
without H2O2, and (d) 0.1% H2O2-propelled nanomotors with 10 mM GSH addition. Values from four 
independent experiments. 

7.4. Cell assays 

Figure SI-11. Viability of THP-1 cells after 24 h of incubation with S2 nanomotors (A), different concentrations 
of H2O2 (from 0 to 0.2%) (B), free Doxorubicin (C). Values from at least three independent experiments.
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 Abstract  

Melanoma is one of the most common types of skin cancer with a bad prognosis and 

limited treatment options, especially in advanced stages. Recently, immunotherapy has 

changed the landscape of oncology. Cancer cells can activate various mechanisms to 

suppress immune responses, such as the immunological checkpoint PD-1/PD-L1, whose 

blockage reactivates immune-killing of melanoma cells. Moreover, exposure to inhibitory 

cytokines such as TGF-β induces T regulatory cell differentiation, which promotes cancer 

immunosuppression. Current advances in this area have provided exciting outcomes in 

the clinical treatment of melanoma, however, there are still limitations, and a 

combination of several treatments is usually needed. Based on the above, inhibition of 

the TGF- β production and the PD-1/PD-L1 checkpoint might be a feasible strategy to 

increase T cell infiltration and cytotoxicity and thus overcome tumor immune escape. In 

this work, mesoporous silica nanoparticles (MSN) loaded with a PD-L1 inhibitor (JQ1) and 

capped with polyethyleneimine (PEI) and a siRNA targeting TGF-β (TGF-β siRNA) are 

reported. An efficient PD-L1 downregulation and TGF-β silencing are achieved using the 

nanoparticles, along with the promotion of cancer death in pre-treated cells. This system 

demonstrates to be a specific and innovative therapeutic approach for the treatment of 

melanoma.  

KEYWORDS: immunotherapy, melanoma, PD-L1, TGF-β, nanoparticles  

 Introduction 

 Melanoma is a malignancy of melanocytes and one of the most common types of 

skin cancer. It has been rated as one of the most aggressive cancers, due to its rapid 

metastasizes, frequently associated with poor clinical outcomes at late stages1,2. Patients 

presenting the most disseminated form of this disease have very low survival rates (15%) 
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and highly restricted therapeutic alternatives. The treatment for advanced melanoma 

includes the use of chemotherapeutic drugs and resistance to antitumoral therapies is 

usually observed2,3. In this scenario, targeted therapies and immunotherapy have arisen 

as promising approaches for the treatment of metastatic melanoma2,4. In comparison with 

traditional therapies, these strategies improve the quality of life of the patient, increase 

the survival rate, and overcome dose-associated toxicity5. Especially, immunotherapy has 

gained tremendous attention as a powerful approach to cancer treatment, with a high 

potential for late-stage melanoma2,6–8. Immunotherapy is based on the interaction 

between the immune system and cancer cells, mainly through surface molecules, to 

promote tumor cell death4,9. Some of these molecules are immune checkpoints, which 

prevent autoimmunity and become essential to control immune system activity, 

especially that of the cytotoxic T cells10. In contrast, the activation of these immune 

checkpoints in cancer triggers the inhibition of immune responses against cancer and 

tumor escape from immunosurveillance barriers, thus favoring cancer progression2,10. 

One of the most clinically relevant checkpoints is the programmed cell death ligand 1 (PD-

L1). Several specific antibodies have been approved and widely used in clinics for patients 

with melanoma11–14. Despite their ability to reactivate anti-tumor immunity, they have 

some disadvantages, such as a high price, instability in the bloodstream, low 

bioavailability, and the need for frequent injections15–17. Hence, small drugs inhibiting PD-

L1 become promising candidates for cancer immunotherapy as well as overcoming 

antibodies-associated instability. One of these molecules is JQ1, a freshly discovered 

specific inhibitor for BET bromodomains, causing a dramatic decline in PD-L1 expression 

(Scheme 1)18–20.  

 Even though the advantages of immunotherapy, not all patients respond to these 

therapies, and most immune treatments involve the combination of different strategies2. 

In the case of melanoma, given its complexity, the influence of the tumor 

microenvironment on both cancer and immune cells must be considered. Melanoma cells 

have been adapted to secrete cytokines and growth factors, favoring an active tumor 



Nanoparticle-mediated tumor microenvironment remodeling favors the communication 
with the immune cells for tumor killing 

159 

 

microenvironment that plays a crucial role in cancer cell survival and immune evasion21,22. 

Under normal conditions, the transforming growth factor beta, TGF-β, is important to 

control T cell homeostasis by inhibiting cell proliferation and activation. However, large 

amounts of TGF-β are produced during tumor progression and act as an 

immunosuppressive cytokine, driving T cell polarization to T regulatory subtypes, which 

contributes to tumor immune escape22–24. The most common strategy to prevent TGF-β 

suppression is the blockage of TGF-β receptors in T cells. However, this could deregulate 

immune homeostasis and have detrimental effects, such as inflammatory complications, 

due to its importance in T-cell development and survival25,26. Bearing all this in mind, the 

downregulation of TGF-β production in tumor cells can be a safer strategy, may restore 

anti-tumor immunity and reduce undesired side effects23. Small interfering RNAs (siRNA) 

have been assessed in clinical trials and seem to be an effective tool for the suppression 

of TGF-β (Scheme 1)22. 

 Here, we propose a combined strategy for modulating the communication 

between tumor cells and their metabolic and immune microenvironment to restore anti-

tumor immunity through nanomedicine (vide infra). In this context, nanotechnology 

offers a variety of tools capable of transporting different therapeutic agents, both alone 

and in combination, and breaking with the immunotherapy limitations related to poor 

bioavailability, dose-limiting toxicity, and immune-mediated side effects2,5,27–29. In this 

scenario, a large variety of delivery systems have been developed from liposomes30, 

polymeric nanoparticles31, inorganic nanoparticles32, and metal-organic frameworks33 to 

achieve cancer elimination by the immune system. Among them, mesoporous silica 

nanoparticles (MSNs) have been extensively explored as a multiplatform and have been 

applied in cancer immunotherapy5,34. MSNs are good candidates for immunotherapy 

considering their unique features, such as stability, large and easily modifiable surface 

area, high porosity, high loading capacity, good biocompatibility, and self-adjuvanticity 

27,35,36. Remarkably, MSNs can hold inside a variety of molecules of different polarities and 
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sizes and their surface can be modified with a range of (bio)molecular ensembles (known 

as gatekeepers or molecular gates) to control drug transport and achieve sustained 

control release35,37–39. Besides, mesoporous gated materials preserve the cargo 

overcoming issues such as poor solubility, instability, frequent injections required, or 

undesired side effects17,40, and its release can be triggered on command and 

spatiotemporally, by chemical41, physical19, and biochemical stimuli42. 

Scheme 4. Design of MSN(JQ1)-PEI-siRNA nanodevice to overcome tumor escape from immune system. MSNs 

were loaded with JQ1 and capped with PEI and TGF-β siRNA. JQ1 is a specific inhibitor that blocks PD-L1 

expression and TGF-β siRNA induces the degradation of TGF-β mRNA. It allows tumor recognition and cancer 

cell death by T cells. 
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From another point of view, MSNs are a versatile platform that can be also coated 

with different molecules to incorporate additional functionalities, such as enhancing 

selectivity to target cells or accomplishing an efficient cargo delivery inside the cells37,43. 

This occurs especially with nucleic acids, such as siRNAs, which are prevented from 

entering cells due to their negative charge and present very poor stability in biofluids21. 

The functionalization of MSNs with positively charged polymers, like polyethyleneimine 

(PEI), has been widely described as an efficient strategy for acid nucleic delivery44–47. 

Further, PEI-coated nanoparticles possess the capability of initiating endosomal escape 

before the degradation of the genetic molecules in endolysosomes, thus achieving 

cytosolic delivery of the nucleic acids46,48. 

Based on the above, we envisioned MSNs as excellent candidates for the synergistic 

delivery of therapeutic agents, necessary to enhance anti-tumor immunity in melanoma. 

In particular, we have developed a mesoporous silica nanodevice capable of 

simultaneously delivering the JQ-1 drug and TGF-β siRNA to restore tumor elimination 

from the immune system. High drug loading and siRNA protection are both achieved with 

nanoparticles while allowing a controlled codelivery in tumor cells. Cell treated with the 

nanoparticles exhibited a PD-L1 expression downregulation, as well as depletion in TGF-β 

production. The combined strategy effectively modulates the tumor microenvironment 

resulting in the defeat of tumor hideout and thus the restoration of anti-tumor immunity, 

evidenced by melanoma/T cell cocultures. Taken together, our findings demonstrate the 

potential of this combined strategy for reversing the immunosuppressive 

microenvironment in melanoma. Besides, this research evidences the use of MSNs as a 

powerful multiplatform for cancer immunotherapy by allowing expression-modifiable 

elements and drug-therapy combinations to overcome common limitations of 

immunotherapy. 
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 Results and discussion 

 Design, synthesis, and characterization of nanodevices 

 MSNs were used as an inorganic scaffold due to their singular properties, 

including a high loading capacity, large surface area, and easily functionalizable surface. 

The pores of nanoparticles were loaded with the JQ1 drug, which is a BET bromodomain 

inhibitor that downregulates PD-L1 expression at the transcriptional level. Then 

nanoparticles were capped with a polyethyleneimine (PEI) layer through electrostatic 

interactions, yielding MSN-PEI and MSN(JQ1)-PEI. PEI is a positive polymer composed of 

repeating units with an amine and two carbon aliphatic spacers that interacts with the 

negatively charged surface of the nanoparticles. Finally, a second layer of a predesigned 

TGF-β siRNA was included on the MSN(JQ1)-PEI surface to obtain the final nanoparticles 

MSN(JQ1)-PEI-siRNA (Figure 1A). PEI polymer was used because (1) it is known to provide 

a suitable strong positive layer to coordinate negative nucleic acids, including RNAs, and 

(2) in cells leads to endosomal rupture and release of RNAs to the cytoplasm49. Similar 

nanoparticles containing a fluorescent siRNA not binding to any known gene, BlockiT, 

were also prepared as a control (MSN(JQ1)-PEI-BlockiT) as well as unloaded nanoparticles 

containing the TGF-β siRNA (MSN-PEI-siRNA). A scheme showing the structure of the 

nanodevices synthesized is represented in Table S1 in the Supplementary Information.  

 Nanoparticles were characterized by standard procedures, powder X-ray 

diffraction (PXRD), TEM, N2 adsorption-desorption curves, DLS, and zeta potential. PXRD 

patterns of as-made MSNs show four low angles reflections of typical Bragg peaks of 

mesoporous materials with a hexagonal arrangement of pores, indexed as (100), (110), 

(200), and (210). As a result of calcination and surfactant elimination, a displacement and 

widening of the peaks owing to silanol groups’ condensation and unit cell contraction can 

be appreciated (Figure S1). TEM images (Figure 1B) show the presence of spherical 

nanoparticles with an average size of ca. 100 nm containing mesopores as white channels. 
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The porous structure was also confirmed by N2 adsorption-desorption isotherms of empty 

MSNs and JQ1-loaded and capped MSNs (MSN(JQ1)-PEI) (Figure S2). For the starting 

calcined MSNs, type IV isotherms with a BET-specific surface area of 906.68 m²/g, pore 

volume of 0.65 cm³/g, and pore size of 2.86 nm, typical of mesoporous silica materials, 

was determined. In contrast, no absorption step was observed for MSN(JQ1)-PEI, that 

showed a BET-specific surface area of 27.71 m²/g, which confirmed that the mesopores 

were filled and capped. The JQ1 content was determined by HPLC studies in four 

independent experiments, resulting in a loading amount of 53.09 ± 7.59 μg JQ-1/mg MSNs 

(loading efficiency of 42.8%).  

 Subsequently, the siRNA binding capacity of the nanoparticles was studied. 

Hence, TGF-β siRNA was incubated with PEI-coated MSNs and the supernatants of the 

reaction were subjected to an electrophoretic assay. The most optimal ratio turned out 

to be 1:25 (siRNA/PEI-coated MSNs) since no siRNA was detected in the gel, supporting 

that all siRNA molecules had been attached to MSNs (Figure 1. C). The proper assembly 

of TGF-β siRNA in the final nanodevices MSN-PEI-siRNA and MSN(JQ1)-PEI-siRNA, was also 

confirmed by the same method. Figure 1.D shows an electrophoretic assay in which free 

TGF-β siRNA is detectable in lane 1, while it is practically undetectable in the supernatants 

from mixtures of TGF-β siRNA with MSN-PEI and MSN(JQ1)-PEI (Figure 1.D). 

 In addition, the different steps in the synthesis of the final nanoparticles were 

monitored by DLS and zeta potential (Figure 1). The presence of a distinct peak in the size 

distribution curves, as well as values of polydispersity index (PDI) ranging from 0.1-0.3, 

confirmed the monodisperisty of our nanoparticles in aqueous solutions (Figure 1.E). The 

hydrodynamic diameter of MSNs started in 146.73 ± 0.55 nm and increased by 30-40 nm 

after PEI assembly. The siRNA attachment also expanded the diameter, up to 285.9 ± 4.78 

nm in the case of MSN(JQ1)-PEI-siRNA. Zeta potential changed from a negative value of -
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41.12 ± 1.54 mV, characteristic of MSNs, to 39.58 ± 1.76 mV for MSN(JQ1)-PEI and to 30.67 

± 0.92 for MSN(JQ1)-PEI-siRNA (Figure 1. F). 

Figure 1. A) Schematic representation of MSN(JQ1)-PEI-siRNA synthesis. B) TEM images of MCM-41 type 
calcined nanoparticles (MSN). The dispersion of the particles along with their typical hexagonal porosity and 
pore arrangement is displayed. The size of MCM-41 can also be appreciated, which is around 100 nm. C) Gel 
electrophoresis assay of supernatant from siRNA/MSN-PEI reaction optimization at different siRNA/MSN-PEI 
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ratios. D) Gel electrophoresis assay of supernatant from different solids and siRNA reaction at 25:1 ratio (lane 
1: free TGF-β siRNA, lane 2: MSN(JQ1)-PEI-siRNA, lane 3: MSN-PEI-siRNA, lane 4: MSN(JQ1)-PEI, lane 5: MSN-
PEI). E) Hydrodynamic size distribution and PdI values determined by dynamic light scattering. F) Zeta 
potential of different solids. Values are expressed as mean ± SEM (n=3). (Figure 1.A. was created by the 

authors on Biorender). 

 MSN(JQ1)-PEI-siRNA nanoparticles are efficiently internalized with the 

subsequent siRNA delivery  

 It is widely described that MSNs are internalized by cells through endocytosis 

being the clathrin-mediated endocytosis the main pathway. This process involves the 

formation of clathrin-coated vesicles able to fuse with endosomes that are finally 

transferred into lysosomes50,51. Moreover, to achieve siRNA delivery to the cytosol the 

nanoparticles must scape from the endosomes. To achieve endosomal escape, the 

nanoparticles were coated with PEI, which is known to acts as a “proton sponge” due to 

protonation at acidic pH resulting in endosome breakdown and siRNA delivery into the 

cytosol (Figure 2. A). To demonstrate the endosomal escape and thus siRNA delivery, 

MSN(JQ1)-PEI nanoparticles were linked to BlockiT, an Alexa red fluorescent RNA 

molecule that is not homologous to any known gene (to give MSN(JQ1)-PEI-BlockiT). Then, 

cells were treated with MSN(JQ1)-PEI-BlockiT at 15 µg/ml for 48 h and with a lysosomal 

marker (LysoTracker Green DND-26) for 1 h. A red fluorescent signal (associated with RNA 

BlockiT) near the lysosomes (in green) was only observed in cells treated with the 

nanoparticles. The confocal microscopy images barely showed overlapping signals 

between lysosomes and the red fluorescent RNA, which is preferentially situated in the 

cytoplasm (white arrows) (Figure 2. B), with Pearson’s correlation coefficients (Rr) of 

0.4863 ± 0.0464. The results confirmed the proper uptake of the nanoparticles by 

melanoma cells, PEI-mediated endosomal escape, and siRNA delivery into the cytoplasm.  
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Figure 2. A) Scheme of fluorescent Block-iT Alexa Fluor Red release by MSN(JQ1)-PEI-BlockiT. B) 
Representative confocal images of control vs. intracellular MSN(JQ1)-PEI-BlockiT localization and endosomal 
escape after 48h (top images). Enlargement of inset area from M(JQ1)-PEI-BlockiT treated cells in the different 
channels showing the colocalization (bottom images). Pearson’s colocalization coefficient (Rr), provided in the 
column of two-dimensional intensity, represents a correlation between pixel intensities between trimers and 
tracker channels in the close-up image. Nanoparticles in red, Lysosomes marker (Lysotracke Green DND-26) 
in green, and nuclei marker (Hoechst) in blue. Nanoparticles inside the cells in which endosomal escape 
occurred were pointed by white arrows. Scale bar: 20 µm; enlargements 10µm. (Figure 2. A was created by 
the authors on BioRender.com). 
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 MSNs as a versatile nanosystem for the codelivery of JQ-1 and TGF- β   RN  

 Several works reported the range of JQ-1 concentration which achieves a 

significant reduction in PD-L119,20,52–54. In order to prove it, two concentrations of JQ-1 (1 

and 2µM) were tested in A375, and PD-L1 expression was evaluated by western blot 

(Figure S3). The results were as expected; a significant decrease in PD-L1 with both 

concentrations. Then, to assess the ability of nanoparticles containing JQ1 to reduce PD-

L1 expression, A375 cells were treated for 48h with 1μM free JQ1 or JQ1 encapsulated in 

MSN(JQ1)-PEI or MSN(JQ1)-PEI-siRNA at an equivalent JQ1 concentration (8.62 µg/mL of 

nanoparticles) and PD-L1 expression was evaluated (Figure 3). Western blot results 

showed that PD-L1 expression is significantly reduced (4-fold) in cells when they were 

treated with JQ1, both alone and encapsulated on MSNs (Figure 3. A, and 3. B). Further, 

the reduction was similar in MSN(JQ1)-PEI and MSN(JQ1)-PEI-siRNA, which demonstrates 

that TGF-β siRNA has no effect in PD-L1 expression and confirms that the responsible for 

PD-L1 reduction is JQ1. Besides, these findings were confirmed by flow cytometry, which 

shows 30% fewer positive PD-L1 cells upon treatment with JQ-1 (Figure 3. C) and a 

decrease in fluorescence intensity (corresponding to PD-L1 expression per cell) (Figure 

3.D). No significant differences were observed when cells were treated with nanoparticles 

without JQ1 (MSN-PEI and MSN-PEI-siRNA) compared to control group. Overall, the 

results confirmed that JQ-1 drug is responsible of PD-L1 decreased expression and 

otherwise, levels of PD-L1 are maintained at the same order when it is absent. 
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Figure 5. A) Western Blot analysis of PD-L1 expression in A375 cells with different treatments for 48h 

(expected band 45 kDa). GAPDH (37 kDa) was included as a loading control. B) Quantification of ratio protein 

expression versus internal reference (GAPDH). The results show a decrease in PD-L1 expression only with free 

JQ1 and solids loaded with JQ1 (MSN(JQ1)-PEI and MSN(JQ1)-PEI-siRNA). C) Percentage of PD-L1 positive cells 

after a 48h treatment determined by flow cytometry. D) Fluorescence intensity of PD-L1 positive cells. 

Decreased PD-L1 expression induced by JQ1 was confirmed. Values are expressed as mean ± SEM (n≥3). and 

statistical significance was assessed by One-way ANOVA followed by Tukey’s post-tests were performed to 

calculate the statistical significance of the results: *p<0.05;**p<0.01;***p<0.001 (n≥3). 
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 On the other hand, the ability of siRNA-bearing nanoparticles to silence TGF-β in 

A375 was also studied. Cells were incubated with three different concentrations of MSN-

PEI-siRNA and MSN(JQ1)-PEI-siRNA nanoparticles (4.31, 8.62, and 17.24 μg/mL) 

corresponding to different TGF-β siRNA concentrations (12.96, 25.92, and 51.84 nM 

respectively) for 48 h and TGF-β production was analyzed in the supernatant by ELISA. 

Besides, TGF-β siRNA transfection was carried out with lipofectamine, widely used for the 

in vitro delivery of nucleic acids, as a control (named TGF-β siRNA). The results show a 

significant reduction of TGF-β levels with all the tested concentrations of MSN-PEI-siRNA 

or MSN(JQ1)-PEI-siRNA nanoparticles (Figure 4). In addition, we confirmed a remarkable 

knockdown in TGF-β expression (up to 50%) with nanoparticles at the previously tested 

JQ-1 concentration of 1 µM (corresponding to condition 1 in Figure 4)19,20. Thereby, 

MSN(JQ1)-PEI-siRNA is an effective nanocarrier to achieve siRNA transport and effectively 

achieving cytoplasm delivery to develop its function. 

Figure 6. TGF-β levels (pg/ml) in A375 cells supernatant after transfection with free siRNA (concentrations 
12.96 nM (0.5), 25.92 nM (1) and 52.84 nM (2)) or treatment with MSN-PEI-siRNA or MSN(JQ1)-PEI-siRNA at 
equivalent concentrations of nanoparticles (4.31 μg/ml, 8.62 μg/ml and 17.24 μg/ml respectively). These 
concentrations correspond to 0.5, 1 and 2 μM of JQ1 encapsulated respectively. Values are expressed as mean 
± SEM from at least three independent experiments, and statistical significance was assessed by Two-way 
ANOVA followed by Tukey’s post-tests were performed to calculate the statistical significance of the results: 
**p<0.01;***p<0.001;****p>0.0001 (n≥3). 
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 The codelivery of JQ-1 and TGF-β                      d   h 

 Before moving to study the effect of the final nanoparticles MSN(JQ1)-PEI-siRNA, 

we tested the possible toxic effect of the combined therapy and nanoparticles in 

melanoma cells. The A375 cells were treated with free JQ1 at 1µM, MSN-PEI or MSN(JQ1)-

PEI-siRNA at 8.62 µg/mL (equivalent to 1µM of JQ1 and 25.92 nM of siRNA). After 48 h, 

cell viability was studied by WST-1 (Figure 7. B) or by the CellTitler assay (Figure S4). In all 

cases cell viability remained at 100%, thus discarding any toxic effect of the treatments 

and confirming the suitability of the proposed combined therapy using MSNs.  

 In a second step, considering the well-known role of PD-L1 expression and TGF-β 

production in immune evasion of tumor cells and the effective modulation of both by 

MSN(JQ1)-PEI-siRNA, we attempted to discover how this nanodevice would affect T-cell-

triggered tumor cell death. For this purpose, a co-culture assay was carried out using A375 

melanoma cells and Jurkat T cells as a model of T lymphocytes. Cultured A375 cells were 

treated with free or encapsulated JQ-1 and TGF-β siRNA, before being co-cultured with 

activated Jurkat T cells (15-fold excess in A375 cell number) and cell viability was assessed 

by Cell proliferating reagent WST-1. As Figure 7. C reveals, when Jurkat T cells were 

incubated with untreated melanoma cells any cytotoxic effect was observed, which can 

be ascribed to the immunosuppressive environment developed by cancer cells. Similarly, 

no effect was found when cells were treated with TGF-β siRNA or MSN-PEI. In the case of 

JQ1 administered free a slight reduction of cancer cell viability (75%) was observed. In 

addition, this effect was reinforced with the use of MSN(JQ1)-PEI-siRNA which reduces 

cell viability to values lower than 50%. This suggests that efficient PD-L1 downregulation 

and TGF-β silencing by using MSN(JQ1)-PEI-siRNA restores tumor cell recognition by T cells 

along with the promotion of cancer death. The observations support the potential of MSN 

as a scaffold for carrying and delivering TGF-β siRNA and JQ1 drug as a combined therapy. 

Further, this combination has been demonstrated to be the most effective in promoting 

efficient T-cell killing of melanoma cells.   
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Figure 7. A) Schematic representation of coculture experiment to evaluate cancer immunogenic cell death. B) 
Cytotoxicity profile of free JQ1 (1 µM) and equivalent concentration of different solids (8,62 μg/ml) in A375 
cells at 48h using WST-1 cell viability assay. The data represent the mean ± SEM. C) Cell viability assay in A375 
cells pretreated with free siRNA (25.92 nM), JQ1 (1μM) or different solids (8.62 μg/ml) for 48h and then, 
cocultured with Jurkat cells at a ratio 1:15 for 72h. Data show the mean ± SEM (n=3). The statistical 
significance was studied by One-way ANOVA followed by Tukey’s post-tests to calculate the statistical 
significance of the results: *p<0.05; **p<0.01 (n≥3). (Figure 7.A.. was created by the authors on Biorender). 
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 Conclusions 

 In summary, we report herein a mesoporous silica-based nanodevice for 

efficiently co-delivering a payload and a siRNA in cells as a novel immunotherapeutic 

approach in melanoma. In particular, the nanodevice consists of MSNs loaded with the 

PD-L1 inhibitor JQ1 and capped with the polymer PEI and TGF-β siRNA (MSN(JQ1)-PEI-

siRNA). The nanoparticles are characterized using well-known standard techniques. PEI in 

the nanoparticles induces endosomal escape and effective siRNA delivery in melanoma 

cells. Besides, MSN(JQ1)-PEI-siRNA effectively achieves a reduction in PD-L1 expression 

and TGF-β production in melanoma cells. Finally, T-cell-mediated killing assays reveal the 

potential of the combined strategy to eliminate melanoma cells. The effective modulation 

in tumor plasticity allows to avoid immune escape mechanisms as well as to restore the 

recognition and attack by T-cells, which finally elicits tumor cell death. 

 Considering the need for combined therapeutic strategies to overcome tumor 

escape mechanisms from immunosurveillance, MSNs are a potential platform for a one-

shot treatment capable of protecting siRNAs, increasing bioavailability, and generating 

self-adjuvant. Despite the complex tumor microenvironment, the combination of two 

therapeutic agents in a single nanoparticle enables the reactivation of the anti-tumor 

immune response and is a boost for cancer immunotherapy55,56. The field of cancer 

immunotherapy is still in the early stage and there are still many challenges and questions 

to elucidate. It is expected that nanotechnology will provide insight into the development 

of new advanced cancer immunotherapy in a near future with the potential for clinical 

application5,56. 
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 Materials and methods 

 General methods 

 For materials characterization, we used transmission electron microscopy (TEM), 

powder X-ray diffraction (PXRD), N2 adsorption-desorption isotherms, Zeta potential, 

dynamic light scattering (DLS), and 1/MSD Triple Quadrupole system (Agilent 

Technologies, USA). PXRD measurements were performed on a Seifert 3000TT 

diffractometer using Cu Kα radiation. TEM images were acquired using an FEI Tecnai Spirit 

G2 microscope operating at 80 kV with a digital camera. The N2 adsorption-desorption 

isotherms were captured using an automated analyzer Micromeritics TriStar II Plus. A 

Zetasizer Nano ZS device (Malvern Instruments, Malvern) was employed to measure the 

zeta potential and it was calculated from the particle mobility values by applying the 

Smoluchowski model. Dynamic light scattering (DLS) studies to assess particle size were 

performed in a Malvern Zetasizer Nano ZS instrument. Cell viability and ELISA 

measurements were taken with a Wallac 1420 workstation. Confocal microscopy imaging 

was performed with a Leica TCS SP8 HyVolution II (Leica Microsystems Heidelberg GmbH, 

Heidelberg, Germany) inverted laser scanning confocal microscope. 

 Synthesis of MSNs MCM-41 type 

 Mesoporous silica nanoparticles were synthesized using CTAB as a templating 

agent57. 2.74 mmol of CTAB (Sigma) dissolved in deionized water (480 ml) was 

magnetically stirred and mixed with 3.5 ml of NaOH (Scharlab) 2M. The temperature was 

increased to 80 oC and 5 ml of the silica precursor, tetraethylorthosilicate, TEOS (Sigma), 

was added drop by drop. This solution was maintained under agitation for 2h at 80 oC. 

After that, centrifugation at 10,000 rpm for 20 min was used to isolate the white solid, 

and the pH solution was neutralized by washing it with deionized water. Finally, the white 

solid was dried overnight, referred to as MSNs “as made”, and then, to obtain the final 
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mesoporous nanoparticles (MSNs), the CTAB was removed by calcining the material at 

550 oC under an oxidant atmosphere for 5 h.  

 Preparation of MSN(JQ1)-PEI and MSN-PEI nanoparticles 

 To load the pores with the JQ1 drug (Eurodiagnostico), an impregnation method 

was employed19,58. First, JQ1 was dissolved in ethanol (Scharlab) (12.4 mg in 1 ml) and 

then, added to calcined nanoparticles. The MSNs (100 mg) were spread out on a plate and 

500 µL of JQ-1 solution was added dropwise. The plate was placed in the heater and MSNs 

dried at 37 oC. Once dried, the protocol of impregnation was repeated with the rest of the 

JQ-1 solution. Afterward, JQ1-loaded MSNs (MSN(JQ1)) or empty MSNs (MSN) were 

suspended in PBS (1 ml) and 50 mg of polyethyleneimine (PEI) dissolved in PBS (4 ml) 

(Sigma) was added. The mixture was stirred at room temperature for 3 h and then, the 

nanoparticles were separated by centrifugation and rinsed twice with PBS. Finally, the 

solid MSN(JQ1)-PEI or MSN-PEI was dried at 37 oC. 

 Quantification of JQ1 delivered 

 To quantify the encapsulated drug, 5 mg of MSN(JQ1)-PEI were suspended in 0.5 

mL of 100 mM PBS at pH 4. Mixtures were stirred in a shaker at 30 °C and 900 rpm for 1 

h. Then, the samples were centrifuged to remove the unanchored molecular gate in the 

supernatant. Afterward, 0.5 ml of acetonitrile were added and incubated for 1 h at 900 

rpm. The supernatant was collected and diluted 1:100 in acetonitrile. LC/MSD analysis 

was carried out with a mobile phase of acetonitrile:water (70:30) at a flow rate of 0.3 

ml/min. Linearity was obtained from 0.5 to 10 µg/ml with a limit of detection of 0.149 

µg/ml and a limit of quantification of 0.453 µg/ml.  
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 Assembly optimization of TGF-β   RN        -coated MSNs 

 To assess the optimal ratio of siRNA binding to MSNs, TGF-β siRNA (Sigma, 

NM_000660) and MSN-PEI at different ratios (1:0, 1:10, 1:25, 1:50, 1:100, 1:200) were 

mixed in DNAse free H2O (Invitrogen, 11538646) and stirring for 30 min at 37 oC. Next, 

nanoparticles were centrifuged, and supernatants were collected and loaded in agarose 

gel to assess the binding efficiency. The siRNA was detected via ethidium bromide 

staining. The TGF-β siRNA was created using the proprietary Rosetta Inpharmatics siRNA 

Design algorithm (Seq.5’-3’: GCAACAAUUCCUGGCGAUA).  

 Synthesis of MSN(JQ1)-PEI-siRNA, MSN-PEI-siRNA, and MSN(JQ1)-PEI-

BlockiT 

 Once the optimal ratio has been determined, we proceed to obtain the final 

MSN(JQ1)-PEI-siRNA. Besides, empty nanoparticles (without JQ1 cargo), MSN-PEI-siRNA, 

and nanoparticles containing a fluorescent siRNA not homologous to any known gene, 

MSN(JQ1)-PEI-BlockiT, were also prepared. In all cases, 1 mg of PEI-coated nanoparticles 

were dispersed into DNAse-free H2O (1 ml) and 30 µL of TGF-β siRNA stock (100μM) or 

BlockiT Alexa Fluor Red (Sigma, 14750100) stock were added. The mixtures were 

incubated at 12,000 rpm and 37 oC for 30 min. Last, siRNA-bearing nanoparticles were 

collected via centrifugation, and supernatants were saved to confirm the absence of 

siRNA and the correct binding to nanoparticles.  

 Cell culture conditions 

 The A375 malignant melanoma cell line was purchased from ATCC. Cells were 

maintained in DMEM (Sigma, D6429), supplemented with 10% FBS (Sigma), and incubated 

in 5% CO2 at 37 oC. The human Jurkat T lymphocyte cell line was acquired from ATCC. Cells 
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were maintained in RPMI (Sigma, R8758), supplemented with 10% FBS, and incubated in 

5% CO2 at 37 oC. 

 Toxicity studies 

 A375 cells were seeded at a cellular density of 30,000 cells/well in a 96-well plate 

and subjected to various treatments, free JQ1 at 1µM, MSN-PEI and MSN(JQ1)-PEI-siRNA 

at 8.62 µg/ml (equivalent to 1μM of free JQ1). These concentrations correspond to those 

used in the rest of the experiments. After 48h of incubation, the cell viability was 

determined using the cell proliferation reagent WST-1 (Sigma, 11644807001) for 1 h and 

measuring the absorbance at 595 nm in a Wallac 1420 workstation. In parallel, the same 

experiment was performed, and the viability was determined by measuring ATP using the 

CellTiter-Glo Cell (Promega, G7571) Viability Assay. The substrate was added and 

incubated for 10 min and the cell viability signal was determined by luminescence.  

 Endosomal escape 

 To verify PEI-induced endosomal escape, the A375 cells were harvested on glass 

coverslips in 6-well plates and allowed to attach for 24h at 37 oC. Then, MSN(JQ1)-PEI-

BlockiT were added and incubated for 48h. After that, cells were incubated in the 

presence of a green lysotracker (LysoTracker Green DND-26 from Thermo Fisher, L7256) 

for 1h and in the presence of the DNA marker Hoechst 34580 (Fisher, 11584876) for 20 

min before being analyzed. siRNA delivery inside the cells was followed through BlockiT-

associated fluorescence (Alexa Fluor Red) in a confocal Leica TCS SP8 HyVolution II 

microscope. The images, Pearson’s co-localization coefficient (Rr) and 2D scatterplot of 

colocalization were acquired and analyzed with Leica Application Suite X software. 
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 Evaluation of PD-L1 expression by Western Blot 

 First, A375 cells were cultured in a 6-well plate at a cellular density of 500,000 

cells/well in the presence of IFN-ɣ (20 ng/ml) (Sigma, SRP3058) for 24h to attach to the 

plate. The next day, the medium was removed, and cells were incubated with free JQ1 at 

1µM and 2µM for 48h in to determine the optimal drug concentration to reduce PD-L1 

expression. To generate whole-cell extracts, cells were lysed in a buffer containing 25 mM 

Tris-HCl, pH 7.4, 1mM EGTA, 1% SDS and protease and phosphatase inhibitors. The 

protein concentration was quantified by using the Pierce BCA Protein Assay Kit (Thermo 

Fisher, 10741395). SDS-Page was used to separate the proteins in the cell lysates were, 

they were transferred to nitrocellulose membranes, blocked with 5% non-fat milk, 

washed with 0.1% Tween/PBS, and incubated overnight with the specific primary 

antibody. Membranes were washed and incubated with the secondary antibody 

conjugated to horseradish peroxidase for 1h. The primary antibodies, anti-PD-L1 antibody 

(Cell Signaling, 13684) and anti-GAPDH antibody (Fisher, 11335232), were prepared at 

1:1000 dilutions in 5% non-fat milk. The secondary antibodies, anti-rabbit IgG antibody 

(Abcam, ab205718) and anti-mouse IgG antibody (Sigma, A4416) were prepared at 1:3000 

dilutions in 5% non-fat milk. Chemiluminescence was detected after Lumi-Light Western 

Blotting Substrate (Amersham Pharmacia Biotech) incubation. The procedure was 

repeated with the rest of the treatments, MSN-PEI, MSN-PEI-siRNA, MSN(JQ1)-PEI, and 

MSN(JQ1)-PEI-siRNA at 8,62 µg/ml which corresponds to the optimal concentration 

previously reported.  

 Flow cytometric determination of PD-L1 expression 

 Cells were seeded at 500,000 cells/well in a 6-well plate in the presence of IFN-ɣ 

(20ng/ml) for 24h. Subsequently, the medium was changed, and the treatments were 

added, free JQ1 at 1µM or MSN-PEI, MSN-PEI-siRNA, MSN(JQ1)-PEI, and MSN(JQ1)-PEI-

siRNA at 8.62 µg/ml. After 48h, cells were washed with PBS and detached from the plate 
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using 0.5% Trypsin-EDTA (Gibco). They were transferred into an eppendorf and washed 

twice with PBS 2% BSA. Cells were incubated for 1h with anti-PD-L1-PE (Thermo Fisher, 

12-5983-41) according to manufacturer’s instructions in PBS 2% BSA at 4 oC. After that, 

cells were washed three times with PBS 2% BSA and resuspended in 200 μl of PBS 2% BSA. 

Finally, PE-positive cells were assessed by flow cytometry on a CytoFlex S device (Beckman 

Coulter) followed by data analysis with CytoExpert software. 

 Silencing assay 

 To determine the effectiveness of TGF-β siRNA-loaded nanoparticles, A375 cells 

were seeded in a 12-well plate at 80,000 cells per well in DMEM supplemented with 10% 

FBS and incubated for 24h. After that, the medium was removed and a new medium with 

the appropriate treatment was added to the wells. Cells were treated with 12.96, 25.92, 

and 51.84 nM of free siRNA and Lipofectamine 2000 (Thermo Fisher, 11668019) in a 

reduced serum Opti-MEM medium, or with different amounts of MSN(JQ1)-PEI-siRNA or 

MSN-PEI-siRNA (4.31, 8.62 and 17.24 μg/ml respectively), equivalent to free siRNA 

concentration in DMEM 1%FBS. After 6 hours, lipofectamine was removed and the 

medium was replaced by DMEM 1%FBS. The plate was incubated for 48 h and then, the 

supernatants were collected and TGF-β expression was assessed by a Quantikine ELISA 

test (Biogen, RND-DB100C) following the instructions of the provider. 

 Evaluation of T-cell-mediated killing of melanoma cells 

 A375 cells were plated in a 12-well plate at 250,000 cells/well and incubated for 

24h for achieving cell adherence. Cells were treated with free JQ1 (1μM) and TGF-β siRNA 

(25.92 nM) (same as silencing assay), and with nanoparticles, MSN-PEI, and MSN(JQ1)-

PEI-siRNA (8.62 μg/ml) in DMEM 1% FBS for 48h. In parallel, Jurkat cells were activated 

with anti-CD3 and anti-CD28 antibodies (Palex Medical, 480684 and 452103 respectively). 

For Jurkat T cell activation, a 6-well plate was coated with 1 μg/ml of anti-CD3 antibody in 

PBS at 37 oC for 2h. Then PBS was removed and Jurkat cells were seeded into the wells at 
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a density of 700,000 cell/well in RPMI 10% FBS plus anti-CD28 antibody (5μg/ml). Jurkat 

cells were incubated in the presence of antibodies for 72 h. Once T cells were activated, 

the medium of A375 cells was replaced by RPMI 10% FBS containing Jurkat cells at 1:15 

and incubated for 72 h. After that, medium with Jurkat cells was removed, and the plate 

was washed to remove cells in suspension. Finally, cell viability was assessed by the cell 

proliferation reagent WST-1 by absorbance measure at 595 nm in a Wallac 1420 

Workstation. Absorbance values were normalized, and viability percentages calculated 

establishing control wells values as 100%.   

 Statistical analysis 

 The values represent the mean ± SEM of at least three separate experiments. 

Significance was determined by one-way or two-way ANOVA followed by a Tukey test 

using GraphPad Prism software. p<0.05 was considered statistically significant. 
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 Supporting Information 

Table S1. Schematic representation of nanodevices’ structure. (Schemes were created by the authors on 
Biorender) 

Abbreviation Description Scheme 

MSN calcined MSNs 

 

MSN(JQ1) MSNs loaded with JQ-1 drug 

 

MSN(JQ1)-

PEI 

MSNs loaded with JQ-1 drug and 

capped in the external surface with 

polyethyleneimine molecules 
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Abbreviation Description Scheme 

MSN(JQ1)-

PEI-siRNA 

MSNs loaded with JQ-1 drug, capped 

in the external surface with 

polyethyleneimine molecules and 

finally coated with a siRNA targeting 

TGF-β 
 

 

MSN-PEI MSNs capped in the external surface 

with polyethyleneimine molecules 

 

 

MSN-PEI-

siRNA 

MSNs capped in the external surface 

with polyethyleneimine molecules and 

finally coated with a siRNA targeting 

TGF-β 
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Abbreviation Description Scheme 

MSN(JQ1)-

PEI-BlockiT 

MSNs loaded with JQ-1 drug, capped 

in the external surface with 

polyethyleneimine molecules and 

finally coated with BlockiT siRNA 
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Figure S1. Powder X-ray patterns of A. MCM-41 nanoparticles as made and B. calcined MSNs (MSN), showing 
the typical reflections of MCM-41 hexagonal structure. 

Figure S2. Nitrogen adsorption-desorption isotherm for A. calcined MSNs (MSN) and B. MSN(JQ1)-PEI (inset: 
pore size distribution for calcined MSNs). 
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Figure S3. A. Western Blot analysis of PD-L1 expression in A375 cells with different concentrations of JQ-1 for 

48h (expected band 45 kDa). GAPDH (37 kDa) was included as a loading control. B. Quantification of ratio 

protein expression versus internal reference (GAPDH). The results show a decrease in PD-L1 expression with 

the smallest concentration, 1µM of JQ1.  

 



Nanoparticle-mediated tumor microenvironment remodeling favors the communication 
with the immune cells for tumor killing 

193 

 

Figure S4. Cytotoxicity profile of free JQ1 (1 µM) and different solids at 8,62µg/ml (equivalent to JQ1 
concentration) in A375 cells at 48 h using ATP CellTiter-Glo viability assay. The data represent the mean ± SEM 
(n=3). 
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 Abstract 

 Recently, cancer immunotherapy has emerged as a promising alternative 

treatment approach, enabling the body’s immune system to fight cancer. Cytotoxic T cells 

play a pivotal role in recognizing and eliminating tumor cells and their effectiveness relies 

on establishing a physical interaction (immunological synapse) and developing efficient 

communication. This required communication is often disrupted by immune escape 

mechanisms developed by tumors, allowing cancer progression. In this scenario, we 

envisioned the development of a versatile nanoplatform able to restore compromised 

immunological synapses, restoring cellular connection and communication between 

cancer cells and cytotoxic T cells. Here, we report a Janus mesoporous silica-Au 

nanoparticle (J-pHLIP-PD1) including specific binding sites in opposite faces for 

simultaneous binding cancer cells and T cells. The gold face is functionalized with the PD-

1 antibody that interacts with PD-1 receptor in T-cells, while the silica face carries the 

pHLIP peptide which undergoes specific insertion into the tumor cell membrane. J-pHLIP-

PD1 nanoparticles effectively decorate the surface of tumour cells and capture T-

lymphocytes via the PD-1 antibody, resulting in reduced cancer cell viability. Treatment 

with J-pHLIP-PD1 produces a significant decrease in metastatic burden accompanied by 

an increased presence of cytotoxic lymphocytes in a melanoma metastatic mouse model. 

Overall, our nanosystem represents an attractive platform to artificially link T-cells and 

tumor cells restoring cell-cell communication with the goal of cancer elimination. 

KEYWORDS. Immunotherapy, communication, pHLIP, PD-1, nanoparticles 

 Introduction 

 The immune system’s primary task is to distinguish the antigens that belong to 

the body from those of foreign or damaged cells, to eliminate them1. One example is 
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tumorigenic mutant cells whose elimination involves several types of immune cells that 

coordinate their actions and prevent cancer development. However, this process is 

sometimes defective, and the immune system fails in the removal, allowing the tumor to 

progress2,3. Recently, cancer immunotherapy has become a potent strategy to take 

advantage of the immune system’s ability to identify and eliminate cancer cells. 

Compared to conventional therapies (such as chemotherapy, radiotherapy, and surgery), 

these treatments have significantly improved patients' quality of life and survival rates4,5. 

However, despite the progress with cancer nanovaccines6, checkpoint therapies7 and T-

cell therapy (i.e. CAR-T)8, the translation into patients remains challenging and raises 

concerns related to low response and adverse effects9–11. In most cases, tumors escape 

from the immune system due to disrupting immune cell-tumor cell connections, which 

are not restored by the current methods described above10,12. 

 The immune cells responsible for tumor cell recognition and elimination are 

mainly cytotoxic T cells and their activity against tumor cells requires physical interaction 

through the formation of immunological synapses12–14. These synapses are specialized 

structures formed when the plasma membrane of two cells comes into close contact to 

facilitate communication13–15. In fact, synapse disruption has been related to 

abnormalities that compromise anti-tumor immunity and let cancers bypass the immune 

system11–13. Therefore, recognition between cancer and cytotoxic T cells must happen to 

develop an immunological response against cancer cells15–18. In this scenario, we 

envisioned the development of a versatile nanoplatform capable of restore cell-cell 

communication by creating an artificial link between T-cells and tumor cells with the 

objective of cancer cell elimination.  

 From another point of view, nanotechnology has undergone important growth in 

recent years and has demonstrated unlimited applications in different areas such as 

cancer therapy19. Since a few years ago, nano-immunotherapies have been incorporated 

into the field using liposomes, polymer conjugates, solid NPs, and other 
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nanomaterials20,21. These NPs are often employed to protect immunotherapeutic drugs 

(antibodies22, antigens23, cytokines24, small molecules25, etc.) and enhance their targeted 

delivery to generate a more regulated immune response, hence lowering the possibility 

of immunological overreaction or systemic side effects26,27. In contrast, our approach 

follows a different concept based on designing nanoparticles including specific binding 

sites in opposite faces enabling the simultaneous binding of T-cell and cancer cells to 

induce the activation of the cytotoxic T lymphocytes with the subsequent tumor cell lysis.  

 Particularly, nanoparticles with two different chemical faces, called Janus 

nanoparticles, are good candidates for the construction of nanodevices through the stable 

immobilization of diverse biological molecules in their different surfaces19,28-30, and we 

focused on the use of Janus Au-mesoporous silica (Janus Au-MS) nanoparticles. To drive 

the NPs to the tumor cells, the mesoporous face is decorated with the pHLIP peptide. This 

peptide has been used for tumor-targeted therapy due to its ability to insert into the 

tumor cell membrane at the characteristic acidic pH of the tumor cell environment19,31–33. 

On the other hand, the gold face is functionalized with the PD-1 antibody to attach T-cells 

and overcome immune evasion. PD-1 is expressed on tumor-infiltrating lymphocytes and 

appears to be concentrated in immunological synapses34,35. When PD-1 interacts with its 

ligand in tumor cells, PD-L1, delivers an inhibitory signal responsible for defective synapse 

and immune escape14,36–38.  Many blocking antibodies against PD-1 or its ligands have 

been developed and they have revolutionized cancer immunotherapy13,38.  

 Considering the importance of optimal synapse formation combined with 

communication at both levels to accomplish T cell recognition and killing of tumor cells, 

we report herein a new immunotherapeutic approach based on nanoparticles for cellular 

synapse and communication restoration between cancer cells and the immune system. 

Although new nanodevices are reported every year, engineering NPs to reestablish 

communication in living systems is a barely studied field that can expand the capabilities 
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of nanoparticles39,40. The pHILP peptide inserts specifically into the tumor cell membrane, 

decorating cells’ surface with nanoparticles and allowing PD-1 antibody to retain 

circulating lymphocytes and trigger tumor cell death (Scheme 1). The strategy results in a 

highly effective restoration of immune-triggered cancer cell death both in vitro in 

melanoma cells and in vivo in a metastatic mouse model. Overall, our nanosystem 

provides an appealing platform for restoring cell-cell communication between tumor cells 

and T-cells to eradicate cancer. 

Scheme 1. A nanodevice able of restoring cell-cell contact with the goal of cancer elimination was developed. 

A Janus nanoparticle functionalized with pHLIP peptide and αPD-1 antibody has been designed to act as a 

linker between tumor cells and T-lymphocytes. This allows PD-1 checkpoint blockage and immune-mediated 

cancer cell death.   

 Results and discussion 

 Design, synthesis, and characterization of nanoparticles 

 Given our objective, we employed Janus Au-MSNs (J) that contain two different 

surfaces having different functionalization chemistries. Additionally, these nanoparticles 
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have aroused special attention because of their unique features such as stability, good 

biocompatibility, self-adjuvanticity, and large and easily modifiable surface area, among 

others41–43. Janus Au-MSNs were synthesized by the toposelective combination of gold 

nanoparticles and MSNs (see experimental section for details) providing specific surfaces 

in opposite faces. The gold face acts as scaffold for the immobilization of the antibody 

αPD1 that should interact with PD-1 receptor in lymphocytes as well as overcome immune 

suppression from tumor cells. On the opposite side, MSN face is used for grafting the 

peptide pHLIP able to interact with cancer cell membranes. pHLIPs are moderately 

hydrophobic with a special behavior depending on the pH. Whereas at physiological pH 

the peptide is in equilibrium between soluble and membrane-bound unstructured forms, 

at acidic pH (characteristic of tumor cell environment) pHLIP inserts across the lipid bilayer 

forming a stable transmembrane helix and is not taken up by endocytosis31,32. 

 For this purpose, the pHLIP peptide was covalently anchored to MSN 

functionalised with 3-(triethoxysilyl)propyl isocyanate. Moreover, the MSN face was also 

labelled with fluorophore rhodamine B modified with APTES for imaging purposes. In 

addition, the αPD1 antibody was reacted with the Traut’s reactive to introduce sulfhydryl 

groups that were attached to gold face by the formation Au-S bonds (Figure 1.A). We also 

prepared different control nanoparticles, in which one of the essential components was 

eliminated: (i) control nanoparticles lacking the αPD1 antibody unable to link T-cells (J-

pHLIP); and (ii) control nanoparticles lacking the pHLIP peptide unable to target tumor 

cells (J-PD1). The labelled nanoparticles were referred as (J-pHLIP*-PD1). All the prepared 

nanoparticles are summarized in Table S1 (Supporting Information). 

 J-pHLIP-PD1 was characterized using standard procedures; TEM, dynamic light 

scattering, zeta potential, energy dispersive X-ray spectroscopy (STEM-EDX), powder X-

ray diffraction (PXRD) and reducing SDS-Page. The crystalline structure and morphology 

of nanoparticles were confirmed by transmission electron microscopy (TEM), Figure 1.B 
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shows the hybrid anisotropic nanostructure of Janus nanoparticles (J), with Au 

nanoparticles (diameter of ca. 20 nm), and MSNs (diameter of ca. 100 nm) on opposite 

faces. The crystalline structure was confirmed by PXRD (Figure S.1). At low-angles the 

characteristic Bragg peaks of the hexagonal mesoporous silica matrix, indexed as planes 

(100), (110), (200) and (210), was observed. Moreover, the Janus nanoparticles also 

displayed four gold characteristic Bragg peaks, planes (111), (200), (220) and (311), at high 

angles. Additionally, STEM-EDX analysis allowed the construction of a map showing the 

atomic composition (wt %) of J-pHLIP-PD1 (Figure 1C). The figure exhibits the presence of 

Si, O and Au atoms corresponding to the scaffold along with N atoms assigned to peptide 

and antibody immobilization, S atoms (assigned to disulfide-linked chains from the 

anchored antibody) and P atoms (attributed to the peptide pHLIP   and the antibody αPD1) 

were also detected (Figure S.2). Finally, to complete the characterization, the 

nanoparticles were evaluated by dynamic light scattering analysis (DLS) and zeta 

potential. The average hydrodynamic diameter increased from 172.4 ± 11.6 nm to 288.4 

± 5.3 nm and the zeta potential decreased from −37.6 ± 0.7 mV to -26.8 ± 0.2 mV for J and 

J-pHLIP-PD1, respectively (Figure 1.E and 1.F). Similar values were also observed for J-

pHLIP and J-PD1 nanoparticles. These changes from J to J-pHLIP-PD1 are in agreement 

with the proper immobilization of the peptide and/or the antibody on the nanoparticles’ 

surface. 

 Besides, the proper immobilization of the antibody and peptide was corroborated 

in all prepared nanoparticles. The nanoparticles were incubated in lysis buffer for 10 min 

at 95 oC to separate the antibody and the peptide and the supernatants were evaluated 

in SDS-Page gel (Figure 1.D). The gel revealed four lanes for the J-pHLIP-PD1 sample at 150 

kDa, 50 kDa and 25 kDa attributed to the antibody PD-1 and to the heavy (HC) and light 

chain (LC) of the antibody, respectively. Besides a broad line at 4-5 kDa corresponds to 

the pHLIP peptide. In the J-pHLIP and J-PD1 samples, only lanes of the peptide and of the 

PD-1 antibody were observed, respectively. Different concentrations of pHLIP or PD-1 

were loaded into the SDS-Page gel to obtain a standard curve together with the antibody 
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and peptide from J-pHLIP-PD1 (Figure S3). Coomassie images were quantified with ImageJ 

and loading values of 16.44 μg of pHLIP/mg J-pHLIP-PD1 and 7.42 μg of PD-1/mg J-pHLIP-

PD1 were found by extrapolation. 

Figure 1. A. Schematic representation of J-pHLIP-PD1 synthesis. B. TEM images of Janus MSN-Au nanoparticles 

(J) (a) and the final device J-pHLIP-PD1 (b). C. STEM-EDX elemental mapping of Si atoms, O atoms and Au 

atoms. D. SDS-Page gel electrophoresis assay of the different nanoparticles: protein ladder (1), J-pHLIP (2), J-

PD1 (3) and J-pHLIP-PD1 (4). E. Hydrodynamic size distribution and. F. Zeta potential of different solids. Values 

are expressed as mean ± SEM (n=3). (Figure 1.A was created by the authors on Biorender). 
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  J-pHLIP-PD1 nanoparticles attach to cancer cell membrane and capture of 

T-lymphocytes 

 The next step was to confirm the preferential attachment of the nanoparticles on 

the cancer cell membrane versus internalization. The proposed cancer cell membrane 

retention strategy is based on the fact that tumor cells regulate the acidity and stabilize 

their cytoplasmic pH which translates into an extracellular pH significantly lower than 

physiological pH. Taking advantage of this phenomenon, the pHLIP peptide (derived from 

the bacteriorhodopsin C helix) changes its conformation and inserts itself into the cell 

membrane through the C-terminal extreme with the amine terminus outward when the 

pH is acidic (Figure 2.A). This is due to the protonation of negatively charged residues 

which enhances peptide hydrophobicity31,32. To study nanoparticles behaviour, Sk-Mel-

103 melanoma cells were treated with the fluorescent-labelled nanoparticles J*-pHLIP at 

pH 6.5 or 7.5 for 30 min and after 1 hour, nanoparticles localization was evaluated by 

confocal and electronic microscopy. Figure 2. B. shows representative Z-stacks images 

from treated cells obtained by confocal microscopy. It can be appreciated that J*-pHLIP 

(shown in red) is located through cell membrane (displayed in green) and colocalize with 

it at pH 6.5, but the nanoparticles are inside the cell, and surrounded by membrane at 

physiological pH. Furthermore, TEM images of cell sections confirm these results (Figure 

2.C). Images of cells treated with J*-pHLIP at pH 6.5 show that most of the nanoparticles 

are not internalized and are located close to or in contact with the external part of the cell 

membrane. In contrast, TEM images at pH 7.5 show the presence of nanoparticles inside 

the cell, while virtually no non-internalised nanoparticles are visible. Our results confirm 

that the pHLIP peptide-functionalised nanoparticles avoid being endocytosed at pH 6.5, 

yet they remain mainly on the outside of the cell membrane. 
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Figure 2. A) Schematic representation of pHLIP peptide behavior attached to the prepared nanoparticles 

depending on the pH of the microenvironment. B) Z-stack confocal microscopy images and C) electronic 

microscopy images of melanoma cells pretreated with 50 μg of J*-pHLIP nanoparticles for 30 minutes and 

incubation for 1h in DMEM pH 7.5 (above) and 6.5 (below) respectively.  

 In a second step, the ability of J*-pHLIP-PD1 to capture T-lymphocytes was 

evaluated. First, PD-1 expression was confirmed in our model based on Jurkat T-cells. PD-

1 expression was corroborated in Jurkat cells, in activated Jurkat cells (αCD3/αCD28) 

(therapeutic purpose) and in Jurkat green cells (imaging purposes) by western blot and 

flow cytometry (Figure S4). Finally, the ability of J*-pHLIP-PD1 to capture and bind T-

lymphocytes to tumor cells was evaluated in co-culture system (Figure 3.A). Tumor cells 

were seeded on the bottom of the transwell and pretreated with J*-pHLIP-PD1 or J*-pHLIP 

at acidic pH to simulate the tumor or metastasis microenvironment. Then, Jurkat T cells 

were incorporated into the top of the system and let them migrate. The bottom of the 

transwell was then observed in a fluorescence confocal microscope. As can be 

appreciated in the Figure 3.B, a significant number of Jurkat T cells (green cells) are 
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retained in the tumor cell layer on the bottom of the transwell when tumor cells (in blue) 

were pretreated with J*-pHLIP-PD1 (in red). In contrast, the lymphocytes migrate and pass 

through the transwell insert when tumor cells were pretreated with J*-pHLIP (lacking the 

PD-1 antibody). The number of Jurkat T cells per field was quantified and represented in 

Figure 3.C. Moreover, Figure 3.D display a representative image showing nanoparticles 

acting as “linkers” between tumor (in blue) and lymphocyte (in green) cells. 
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Figure 3. A) Schematic representation of Jurkat cells (T-lymphocytes) migration assay. Sk-Mel-103 were 

seeded in a drop on the bottom of the insert. After 24h, the drop was aspirated, and a new drop with 50 

µg/mL of J*-pHLIP-PD1 was added to the insert for 30 minutes. After that, Jurkat cells were seeded on the top 

of the insert and let migrate for 4h. Jurkat migration was analyzed by confocal microscopy. B) Confocal 

microscopy images of Jurkat (green) migration and retention in transwell seeded with melanoma cells (blue), 

pretreated with nanoparticles (in red). C) Quantification of the number of Jurkat cells retained per field. Data 

represents mean±SEM (n=3). Statistical analysis was carried out by one-way ANOVA test (***p<0.001; 

****p<0.0001). D) 3D enlargement showing how J*-pHLIP-pD1 acts as a link between tumor and T-cells.  
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 Cellular communication and therapeutic effect of J-pHLIP-PD1  

 The final objective of restoring communication between tumor cells and T-cells is 

to achieve cancer cell death. To demonstrate this, tumor cells were seeded and treated 

with J-pHLIP or J-pHLIP-PD1, then Jurkat T cells were added, and viability was measured 

after 72 hours (Figure 4.A). A significant reduction in cell viability was only observed for 

tumor cells pretreated with J-pHLIP-PD1 in the presence of Jurkat cells. In contrast, no 

significant reduction in cell viability was found for control nanoparticles. Further, no effect 

in cell viability was observed from nanoparticles in T-cells or melanoma cells, individually 

(Figure 4.B). Obtained results manifest the nanosystem’s ability to bring tumor cells and 

lymphocytes closer and develop anti-tumor immune response. 

Figure 4. A) Co-culture cell viability assay diagram. Sk-Mel-103 cells were seeded in a 96-Wells plate. After 

24h, cells were treated with J-pHLIP and J-pHLIP-pD1 nanoparticles at pH 6.5 for 30 min. Finally, medium was 

changed to pH 7.5 and Jurkat cells were added to the plate at a 1:10 ratio and incubated for 72h. B) WST-1 

cell viability assay (S:Sk-Mel-103cells, J:Jurkatcells). Data represents mean±SEM (n=3). Statistical analysis was 

carried out using GraphPad Prism 8, and results were compared by two-way ANOVA test (**p<0.01). 
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 J-pHLP-PD1 reduces metastatic clusters in a B16-F10-Luc mouse metastatic 

model 

 To assess and compare the cytotoxic effects in vivo with our previous results in 

vitro, we selected a metastatic melanoma model to evaluate the therapeutic impact of J-

pHLIP-PD1 to capture circulating cancer cells and communicate with immune cells 44-46. 

For that purpose, healthy BALB/cOlaHsd mice were first intravenously injected via the tail 

vein with 5 · 105 B16-F10-Luc cells and after 30 minutes with J-pHLIP, J-PD1, J-pHLIP-PD1 

or vehicle (25 mg/Kg in PBS) (Figure 5.A). The metastatic spread of cancer cells was 

monitored in vivo by IVIS measuring luminescence. As expected, luminescence associated 

with metastases was developed in the lungs in all the animals after tail vein injection of 

the B16-F10-Luc melanoma cell line (Figure 5C and S5). While lung luminescence 

(metastatic burden) increased along time in the animals treated with the vehicle and 

control nanoparticles (J-pHLIP and J-PD1), the treatment with J-pHLIP-PD1 resulted in a 

drastic mitigation of lung metastases progression. The metastatic burden at the end point 

was significantly reduced (5.8-fold) compared to vehicle group (Figure 5B). As expected, 

J-pHILP did no exhibit any effect and similar luminescence values to that of the vehicle 

group were obtained. A moderate effect at the endpoint with the J-PD1 treatment, 

attributed to the therapeutic effect described for PD-1 antibody, was found. Nevertheless, 

the superiority of the J-pHILP-PD1 system was also demonstrated compared to J-PD1 

treatment. (Figure 5.B and C). These findings were in accordance with the in vitro results 

shown above. Additionally, systemic administration of J-pHLIP-PD1 did not show apparent 

toxicity. No significant differences were observed in mice body weight after the 

nanoparticle treatment. Hemograms and biochemistry blood analysis showed values in 

the expected interval with no significant differences compared to vehicle group. Besides, 

histological analysis of major organs did not reveal pathological alterations. (Figure S6). 
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Figure 5. A) Schematic representation of the in vivo B16-F10-Luc Metastatic Model. Balb/c mice intravenously 

injected with B116-F10-Luc melanoma cancer cells. Then, NPs  were intravenously administered (25 mg/Kg in 

PBS). The luminescence from melanoma cells was monitored for 9 days (n = 5 mice/group). B) Quantification 

of luminescence by IVIS in mice for 9 days. C) Representative IVIS images at endpoint (day 9). Data represents 

as mean±SEM. Statistical analysis determined by two-way ANOVA with post Tukey test for multiple 

comparisons (**p<0.01). D) Representative H&E–stained lung sections. Scale bar: 2 mm.  E) Quantification of 

cluster metastatic area at day 9. Values are expressed as mean±SEM. Statistical significance determined by 

two-way ANOVA followed by Tukey’s post-tests (****p<0.0001). 
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 Additionally, the analyses of histological hematoxylin and eosin (H&E) stained 

lung sections were performed. Histological sections clearly revealed much fewer 

metastatic nodules in the animals treated with J-pHLIP-PD1 in comparison with the 

control groups (Figure 5.D). The metastatic areas were measured in representative 

histological sections, showing a wide significant difference between groups (Figure 5.E). 

Only after treatment with J-pHLIP-PD1, the size of metastatic lesions decreased versus 

those found in the vehicle (4.5-fold higher), and J-pHLIP or J-PD1 (3.7-fold higher) groups. 

These differences support those observed in B16-F10-Luc associated luminescence. 

Remarkably, J-pHLIP-PD1 was found to be the most efficacious with significant metastasis 

suppression and reduction, indicating the importance of the combination of the peptide 

pHLIP and the antibody PD-1 in the same particle to facilitate cellular connection between 

tumor and immune system. All data together show a significant therapeutic effect of the 

bifunctionalised J-pHLIP-PD1. 

 Since the treatment aims to restore the immune antitumor response by capturing 

cytotoxic lymphocytes through PD-1 antibody, we additionally evaluated the presence of 

cytotoxic CD8+ and helper CD4+ T lymphocytes in the metastatic areas (lungs in this case). 

Figure 7.A. shows the procedure developed; plasma cells from lungs were isolated and 

immunophenotyping by flow cytometry and cells were stained with anti-CD3 lymphocyte 

marker, anti-CD4 and/or anti-CD8. An enhanced percentage of CD4+ and CD8+ T cells 

were found in the group treated with J-pHLIP-PD1 (Figure 7.B and 7.C), being higher in the 

case of cytotoxic CD8+ lymphocytes. As expected, CD8+/CD4+ ratio was greater with the 

complete nanorparticle (J-pHLIP-PD1) in comparison with other groups (Vehicle, J-pHLIP, 

and J-PD1), which is related with antitumoral (more cytotoxic) activity. These results 

suggest the implication of cytotoxic lymphocytes in cancer cell elimination when animals 

were treated with J-pHLIP-PD1. 
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Figure 6. A) Representation of immunophenotyping assay of lymphocyte infiltration in lungs. B) 

Representative flow cytometry contour plots of mice samples to identify CD4 (up) and CD8 T cells (below). C) 

Percentage of CD3/CD4 positive cells and D) CD3/CD8 positive cells detected by flow cytometry. Values are 

expressed as mean±SEM. Each data point represents one mouse (n=5). Statistical significance determined by 

one-way ANOVA followed by Tukey’s post-tests (*p<0.05). 
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 Conclusions 

 We report herein an efficient platform (J-pHLIP-PD1) as an immunotherapeutic 

treatment by (1) promoting the retention of cytotoxic T cell at close proximity to tumor 

cells, (2) restoring the communication between the tumor and immune system by PD-1 

antibody, (3) triggering a significant decline in cancer cell viability, resulting in a reduction 

of the spread of cancer cells limiting metastasis. The proposed concept is new compared 

to traditional NPs which usually use a single ligand to target tumor cells or are aimed to 

improve current immunotherapeutic agents' therapeutic profile. The J-pHLIP-PD1 

platform uses nanotechnology to favour tumor cell recognition by facilitating cellular 

connection between tumor and immune system19. This solution takes advantage of the 

well-established PD-1 checkpoint immunotherapy and circumvents the major limitations 

of the current immunotherapy technologies. A metastatic model has been used for 

validation as a particularly challenging application scenario. Cancer metastasis causes 

more than 90% of cancer-related fatalities being most of the treatments ineffective due 

to the difficult to specifically target these tiny, delocalized tumors. Our system also holds 

promise as an effective means to neutralize circulating tumor cells with the potential to 

form new metastases. Lung metastatic clusters suffered a significant reduction when mice 

were treated with J-pHLIP-PD1 accompanied with the increase of CD8+/CD4+ ratio in 

metastatic lungs. These results successfully stand the proof-of-concept of redirecting T 

cells to cancer cells and restoring communication between them using double 

topospecific functionalized nanoparticles.  

 Despite the progress, immunotherapies, including cytokines, immune checkpoint 

therapies, and CAR-T cell treatments, often lead to significant autoimmunity and side 

effects, needing frequent high-dose. These treatments also face challenges like antigen 

loss on tumor cells, poor T-cell infiltration, and resistance in the tumor microenvironment. 

Cancer nanovaccines encounter difficulties in crossing physiological barriers and achieving 
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adequate antigen targeting, limiting their effectiveness by reducing immune cell 

infiltration into tumors. The successful demonstration of the proposed strategy paves the 

way for a new class of immunotherapies based in nanoparticles and engineered to 

improve the proximity of distinct cell populations with key roles in complex patterns of 

progression of various types of cancer. In this instance, it would not be difficult to develop 

new tumor-immune cells binding nanosystems. Our technology is easily adaptable to each 

cell type and situation and thus overcoming tumor heterogeneity and possible acquired 

resistance expecting stronger responses than the one caused by current therapies or 

nanotherapies. This endows the nanoparticle based immune-engaging technology with a 

great versatility and flexibility and it provides a general platform with groundbreaking 

translational potential of developing easy-to-make, specific and efficacious 

immunotherapy for cancers treatment47-48. 

 Materials and methods 

 General Techniques 

 For nanoparticles characterization, we used transmission electron microscopy 

(TEM), dynamic light scattering (DLS), zeta potential, scanning transmission electron 

microscopy coupled with electronic energy dispersive x-ray spectroscopy (STEM-EDX) and 

powder X-ray diffraction (PXRD). TEM images were acquired with a FEI Tecnai Spirit G2 

microscope operating at 80 kV. Dynamic light scattering (DLS) studies was performed to 

determine particle size in a Malvern Zetasizer Nano ZS instrument. Zeta potential was 

calculated by Smoluchowski model. STEM-EDX was performed using a JEM 2100F 

instrument. PXRD measurements were performed on a Seifert 3000TT diffractometer 

using Cu Kα radiation.  

 To ascertain the correct binding of pHLIP and PD-1 to the nanoparticle, a reducing 

SDS-Page gel was performed. 200 μg of synthesized nanoparticles were suspended in lysis 
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buffer (1M TrisHCl, 0,5M EDTA, 0,5M EGTA and 10% SDS) (40 μL) and boiled at 95 oC for 

10 minutes. The supernatant was recovered after centrifugating 6 minutes at 17000 g, 

resuspended in 1X sample buffer (62.5 mM Tris-HCl, 10% Glycerol, 2% SDS, 0.3 M β-

mercaptoethanol and 0.1% Bromophenol blue) (45μL), and boiled at 95 oC for 10 minutes. 

Samples were loaded into an acrylamide gel and subjected to electrophoresis. Finally, 

acrylamide gels were stained with Comassie Blue. Similarly, the pHLIP and PD-1 binding 

quantification was accomplished by the same procedure. Different quantities of peptide 

(100, 50, 25, 12.5 and 6.25 μg) or antibody (12.5, 6.25, 3.13 and 1.56 μg) were prepared 

in sample buffer and subjected to electrophoresis in parallel with 500μg of the 

corresponding nanoparticles. Finally, gel images were analyzed using Image J software.  

 Synthesis of mesoporous silica nanoparticles 

 To prepare MSNs (type MCM-41), 1.0 g of CTAB was dissolved in 0.48 L of 

deionized water under sonication and mix with 3.5 ml of 2.0 M NaOH solution. The 

temperature of the mixture was adjusted to 80 oC and then, 5 ml of silica precursor, 

Tetraethyl orthosolicate (TEOS), was added dropwise under vigorous stirring. This blend 

was agitated for 2 hours at a constant temperature, and the obtained white solid was 

washed with water through centrifugation and dried. The final solid was calcined at 550 

oC for 5 hours under an oxidant atmosphere.  

 Synthesis of gold nanoparticles 

 Gold nanoparticles (20 nm) were prepared according to the Frens method49. 100 

ml of 0.3 mM HAuCl4 solution were boiled and then, 5 ml of 39 mM trisodium citrate 

solution were added. The reaction mixture was heated for 10 min and cooled to room 

temperature. This procedure was repeated 4 times.  
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 Synthesis of Janus MSN-Au nanoparticles  

 Janus MSN-Au nanoparticles (J) were prepared according to the previously 

reported method49. 200 mg of MSN were dispersed in 10 ml of CTAB (1μM in 6.7% ethanol 

aqueous solution) and heated at 75 oC. Then, one gram of paraffin wax was added and 

melted. After melting the paraffin wax, the blend was stirred at 25000 rpm for 10 min 

using an Ultra Turrax T-10 homogenizer (IKA, Germany). After that, the resulting Pickering 

emulsion was stirred at 4000 rpm and 75 oC for 1 hour, and finally, cooled to room 

temperature and mixed with 10 ml of methanol. To introduce thiol groups on the MSNs, 

200 μl of (3-mercaptopropyl)trimethoxysilane (MPTS) were added and incubated for 3 

hours at room temperature under magnetic stirring. The thiolated emulsion was filtered, 

washed with methanol, and dispersed in 400 ml of freshly prepared gold nanoparticles 

aqueous solution. The reaction was stirred overnight, then filtered and washed two-times 

with methanol and three-times with chloroform until the complete removal of the 

paraffin wax. After drying at 70 oC overnight, Janus nanoparticles were kept in desiccator 

until use.  

 Synthesis of RBITC-APTES dye derivative 

 RBITC dye functionalized with a triethoxysilane anchor group synthesis was 

slightly modified from a reported procedure50. A solution of 25.4 mg of RBITC (0.047 

mmol, 1.1 eq.) in 6 ml of ethanol were mixed with 10.18 µl of (3-

aminopropyl)triethoxysilane (APTES) (0.043 mmol, 1.0 eq) and 3.03 µl Triethylamine (TEA) 

(0.022 mmol, 0.5 eq). The reaction vessel was purged with argon and the mixture was 

stirred in the dark at room temperature overnight. The solvent was removed under 

reduced pressure to obtain RBITC-APTES as a dark pink solid (33,4 mg, 0.046 mmol) and it 

was stored in a freezer for later usage. 
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 Synthesis of J*-pHLIP and J-pHLIP 

 First, a mixture of 15 mg of Janus MSN-Au nanoparticles and 15.64 µl of (3-

isocyanatopropyl)-triethoxysilane (0.06 mmol, 4 mmol/g Janus) were suspended in 2 ml 

of anhydrous CH3CN and purged with argon. The suspension was stirred at room 

temperature for 5.5 h to partially functionalize the mesoporous side with isocyanate 

groups, and the solid was isolated by centrifugation and washed with CH3CN, EtOH, and 

distilled water (1 x 2 ml). Then, the modified Janus MSN-Au nanoparticles were suspended 

in 1 ml of CH3CN, and 15 mg of pHLIP peptide (Seq. 

ACEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT) dissolved in distilled water added to the 

mixture. Then 30 µL of triethylamine (TEA) were added. The mixture was stirred at room 

temperature 2h to form the covalent urea bond between the isocyanate group and the 

N-terminal amine group of the peptide. After that, the solid was washed with distilled 

water several times. The suspension was stirred at room temperature for 5.5 h, and the 

solid was isolated by centrifugation and washed with DMSO and distilled water several 

times to obtain J-pHLIP. On the other hand, to attach the RBITC to the surface, the 

nanoparticles were suspended in 2 ml of anhydrous CH3CN and 11.4 mg of RBITC-APTES 

(0.015 mmol, 1 mmol/g Janus MSN-Au) was added. The suspension was stirred at room 

temperature for 5.5 h, and the solid was isolated by centrifugation and washed with 

DMSO and distilled water several times to obtain J*-pHLIP. 

 Preparation of J-PD1, J*-pHLIP-PD1 and J-pHLIP-PD1 nanoparticles 

 To synthetize the different nanoparticles with the antibody, αPD1 (CD279 (PD-1) 

Monoclonal Antibody eBioJ105 (J105) (14-2799-37) from Life technologies or InVivoMab 

anti-mouse PD-1 RMP1-14 (BE0273) from Abyntek) was thiolated using the Traut’s 

reactive, which reacts with primary amines to introduce sulfhydryl groups. First, 50μg of 

αPD1 was mixed with 50μl of PB 0.1M pH 8 EDTA 2mM and 0.5 μl of Traut’s Reagent (14 

mM in PB 0.1M pH 8 EDTA 2mM) was added to the antibody solution. The solution was 
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incubated for 1 hour at 300 rpm and room temperature. Next, to separate the thiolated 

antibody from excess Traut’s reagent, a desalting column was used. The thiolated 

antibody was incubated with J, J*-pHLIP or J-pHLIP nanoparticles in a ratio 25 μg/mg 

respectively for 1h at 1200 rpm.  Finally, J-PD1, J*-pHLIP-PD1 or J-pHLIP-PD1 were washed 

with PBS and stored with PBS at 4 oC. 

 Cell culture conditions 

 The Sk-Mel-103 human melanoma and Jurkat cell line was obtained from ATCC. 

Cells were maintained in DMEM and RPMI respectively, supplemented with 10% FBS. 

Green fluorescent Jurkat cell line were purchased from Innoprot and maintained in RPMI 

supplemented with 10% heat-inactivated FBS and 250μg/ml of G-418. All cell lines were 

incubated in 5% CO2 at 37 oC.  

 Evaluation of PD-1 expression by Western Blot 

 For Jurkat and Jurkat green, cells were cultured in a 6-well plate at a cellular 

density of 700,000 cel/well for 24 hours. In the case of activated Jurkat T cells, a 6-well 

plate was coated with αCD3 (1 μg/ml) in PBS for 2h. Afterwards, 700,000 cel/ml of Jurkat 

cells and αCD28 (5μg/ml) were incorporated in RPMI 10% FBS. The plate was incubated 

72h. To generate whole-cell extracts, cells were lysed in a buffer containing 25 mM Tris-

HCl, pH 7.4, 1mM EGTA, 1% SDS and protease and phosphatase inhibitors. The protein 

concentration was quantified by using the Pierce BCA Protein Assay Kit (Thermo Fisher, 

10741395). SDS-Page was used to separate the proteins in the cell lysates, they were 

transferred to nitrocellulose membranes, blocked with 5% non-fat milk, washed with 0.1% 

Tween/PBS, and incubated overnight with the specific primary antibody. Membranes 

were washed and incubated with the secondary antibody conjugated to horseradish 

peroxidase for 1h. The primary antibodies, anti-PD-1 antibody and anti-GAPDH antibody, 

were prepared at 1:1000 dilutions in 5% non-fat milk. The secondary antibodies, anti-

mouse IgG antibody (Sigma, A4416) and anti-rabbit IgG antibody were prepared at 1:3000 
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dilutions in 5% non-fat milk. Chemiluminescence was detected after Lumi-Light Western 

Blotting Substrate (Amersham Pharmacia Biotech) incubation. 

 Flow cytometric determination of PD-1 expression 

 Cells were counted and transferred into an eppendorf at density of 300,000 

cells/eppendorf. They were wash twice with PBS 2% BSA and incubated for 1h with anti-

PD1-APC according to the manufacturer’s instructions in PBS 2% BSA at 4ºC. After that, 

cells were washed three times with PBS 2% BSA and resuspended in 200 μl of PBS 2% BSA. 

Finally, APC-positive cells were assessed by flow cytometry on a CytoFlex S device 

(Beckman Coulter) followed by data analysis with CytoExpert software. 

 Evaluation of nanoparticle attachment to cell membrane 

 To evaluate cellular localization of J*-pHLIP, we employed fluorescence confocal 

microscopy and transmission electronic microscopy. In the case of fluorescence, Sk-Mel-

103 were seeded on glass coverslip in a 6-well plate at density of 300,000 cel/ml and 

allowed to attach overnight. Next day, cells were treated with 50 μg/ml of J*-pHLIP in 

DMEM pH 7.5 and 6.5 for 30 min. Then, the corresponding medium was changed and 

incubated for another 30 min. Cells were incubated in the presence of the DNA marker 

Hoechst 34580 for 20 min and in the presence of membrane marker WGA 647 conjugate 

for 5 min before being analyzed in Z-stakcs by a confocal Leica TCS SP8 HyVolution II 

microscope.  

 For transmission electronic microscopy, Sk-Mel-103 were seeded in a chamber 

slide at 20,000 cel/well and incubated overnight. Then, 50 ug/mL of J*-pHLIP were 

incorporated to the wells in DMEM pH 7.5 and 6.5 for 30 min and after, medium was 

changed and plates incubates for a total of 1h. Chamber slides were washed and fixed 

with 3% of glutaraldehyde in phosphate buffer 0.1 M, dehydrated in ethanol and stained 
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with uranyl acetate (1%) and osmium tetroxide (1%). Samples were included in epoxy 

resin (Araldite), sectioned, and analyzed using a microscope FEI Tecnai Spirit G2 operating 

at 80 kV with a digital camera (Soft Image System, Morada). 

 Lymphocytes migration and retention assay 

 First, 8μm pore PET permeable inserts (GBO, 662638) were coated with 10μg/cm3 

of fibronectin diluted in PBS at 37 oC to allow the adhesion of suspension Jurkat cells. After 

1h, inserts were washed and dried in the hood. In parallel, Sk-Mel-103 melanoma cells 

were stained using the Cell tracker deep red (Fisher, C34565) and DragQ5 (Thermo Fisher, 

62251) for 40 min. Then, cells were seeded at a confluency of 100,000 cel/insert in a drop 

on the bottom of the insert and incubated overnight for attachment. After, the drop was 

aspirated and a new drop containing 50µg/ml of J*-pHLIP or J*-pHLIP-PD1 in DMEM pH 

6.5 was incorporated, using parafilm on the top of the insert to prevent liquid filtration. 

This was incubated at 37 oC for 30 min and after that, inserts were washed with medium 

and Jurkat Green was incorporated at a density of 150,000 cell/insert on the top and let 

them migrate for 4h. Jurkat migration and retention were analyzed by confocal 

microscopy and images were quantified using Image J.  

 Evaluation of therapeutic effect in cocultures 

 First, Jurkat cells should be stimulated. For this purpose, a 6-well plate was coated 

with αCD3 (1 μg/ml) in PBS for 2h. Afterwards, 700,000 cells/ml of Jurkat cells and αCD28 

(5μg/ml) were incorporated in RPMI 10% FBS and the plate was incubated 72h. Then, to 

evaluate the effect in cocultures, Sk-Mel-103 were seeded at density of 10,000 cells/well 

in 96-well plate and incubated overnight. Cells were treated with 50μg/ml of J-pHLIP or J-

pHLIP-PD1 in DMEM pH 6.5 for 30 min. Then, medium was removed and stimulated Jurkat 

cells were added in RPMI (pH 7.5) at 1:10 ratio. After a 72h incubation, medium with 

Jurkat cells was removed, and the plate was washed to remove cells in suspension. Finally, 

viability was determined using WST-1 viability reagent by absorbance measure at 595 nm 
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in a Wallac 1420 Workstation. Absorbance values were normalized, and viability 

percentages calculated establishing control wells values as 100%.   

 B16-F10-Luc Metastatic Model 

 Animal procedures were approved by Ethical Committee for Research and Animal 

Welfare Generalitat Valenciana, Conselleria d’Àgricultura, Medi ambient, Canvi climàtic i 

Desenvolupament Rural (license number 2022 VSC PEA 280). Female Balb/cOlaHsd wild 

type mice (37 days old) (Envigo) were intravenously injected in the tail with 5 · 105 B16-

F10-Luc cells (melanoma cell line that express constitutively the luciferase gene) in a 

volume of 100 μl. After 30 minutes, 0.5 mg of J-pHLIP, J-PD1 or J-pHLIP-PD1 were 

intravenously injected in the tail of each mouse (100 ul, PBS) (25 mg/Kg). Mice were 

monitored on an IVIS spectrum imaging system. D-luciferin (15 mg/ml, 200 µl) was 

administered via subcutaneous injection, 10 min prior to image acquisition and 

bioluminescence signal was analyzed by using the Living Imaging software from Caliper 

Life Sciences. Mice were sacrificed at day 9 and organs were obtained for ex vivo 

evaluation.  

 Histological analysis of lungs for metastasis evaluation  

 To evaluate the presence of metastatic nodules, one lung from each mouse was 

fixed in 4% PFA. After that, lungs were embedded in paraffin for tissue sections (5 µm) 

and hematoxylin-eosin staining (H&E). Stained sections were scanned in Leica Aperio 

Versa at 20x magnification. Metastatic B16-F10 cell clusters were microscopically 

counted, and metastatic areas quantified in different lung sections from three animals per 

group using ImageScope. 
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 Isolation and immunophenotyping of plasma cells from ex vivo lungs of 

mice 

 The other lung of each mouse was disintegrated and suspended in RPMI-1640 

medium (1.5 ml) and digestion buffer (2 mg Collagenase type IV (MERK C5138), 50 units 

type IV DNase I from bovine pancreas (DN25 SIGMA-ALDRICH) and 2 ml of RPMI- 1640 

medium) (1.5 ml) and incubate for 45 min at 37 oC (200 rpm). Then 2 ml of RPMI-1640 

were added and the mixture transferred to a 50 ml conical tube through a 70 μm cell 

strainer followed by a second filtration through 40 μm cell strainer. The samples were 

centrifuged at 300 g for 5 minutes, resuspended in erythrocyte lysis buffer 1X and 

incubated at room temperature for 1 minute to remove erythrocytes. Then 10 ml of PBS 

were added, and cells were isolated by centrifugation at 300 g for 5 minutes and counted. 

To proceed to immunophenotyping, 3 · 105 cells were stained with 2 μg/ml of anti-CD3-

APC-Cy7 in combination with 2 µg/ml of anti-CD8-PE or anti-CD4-PE in PBS 5% FBS at room 

temperature. After 20 minutes, samples were washed three times with PBS 5% FBS and 

resuspended in 200 μl of PBS. Finally, positive cells were assessed by flow cytometry on a 

CytoFlex S device (Beckman Coulter) followed by data analysis with CytoExpert software. 

 Statistical analysis 

 All of the values represent the mean ± SEM of at least three independent 

experiments. In the case of animal studies (n=5 mice/group), mice were randomly 

assigned to treatment groups. Significance from the different experiments was mainly 

determined by one-way or two-way ANOVA followed by Tukey post-tests for multiple 

comparisons 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 < 0.001 and ****p < 0.0001). 

 



Nanoparticles to re-establish communication between cancer and immune cells as a 
new immunotherapeutic strategy 

225 

 

 References  

1. Daneshpour, H. & Youk, H. Modeling cell–cell communication for immune systems 

across space and time. Curr Opin Syst Biol 18, 44–52 (2019). 

 

2. Escriche-Navarro, B. et al. Mesoporous Silica Materials as an Emerging Tool for Cancer 

Immunotherapy. Advanced Science 9, 1-24 (2022). 

 

3. Vinay, D. S. et al. Immune evasion in cancer: Mechanistic basis and therapeutic 

strategies. Semin Cancer Biol 35, S185–S198 (2015). 

 

4. Schuster, M., Nechansky, A., Loibner, H. & Kircheis, R. Cancer immunotherapy. 

Biotechnol J 1, 138–147 (2006). 

 

5. Dillman, R. O. Cancer immunotherapy. Cancer Biother Radiopharm 26, 1–64 (2011). 

 

6. Ahmad, M. Z. et al. Emerging advances in synthetic cancer nano-vaccines: 

opportunities and challenges. Expert Rev Vaccines 19, 1053–1071 (2020). 

 

7. Marin-Acevedo, J. A. et al. Next generation of immune checkpoint therapy in cancer: 

New developments and challenges. J Hematol Oncol 11 (39), 1-20 (2018). 

 

8. Ahmed, M. M. E. Car-T Cell Therapy: Current Advances and Future Research 

Possibilities. Journal of Scientific Research in Medical and Biological Sciences 2, 86–

116 (2021). 

 



Chapter IV 

226 

 

9. Yu, M., Yang, W., Yue, W. & Chen, Y. Targeted Cancer Immunotherapy: 

Nanoformulation Engineering and Clinical Translation. Advanced Science 9, 1-37 

(2022). 

 

10. Guo, Q., Huang, F., Goncalves, C., del Rincón, S. V. & Miller, W. H. Translation of cancer 

immunotherapy from the bench to the bedside in Advances in Cancer Research. 

Elsevier 143, 1–62 (2019). 

 

11. Shi, Y. Clinical Translation of Nanomedicine and Biomaterials for Cancer 

Immunotherapy: Progress and Perspectives. Adv Ther) 3, 1-9 (2020). 

 

12. Rivoltini, L. et al. Immunity to cancer: Attack and escape in T lymphocyte-tumor cell 

interaction. Immunol Rev, 188, 97–113 (2002). 

 

13. Díaz, L. R. et al. Imbalance of immunological synapse-kinapse states reflects tumor 

escape to immunity in glioblastoma. JCI Insight 3, 1-17 (2018). 

 

14. Kearney, C. J., Brennan, A. J., Darcy, P. K. & Oliaro, J. The Role of the Immunological 

Synapse Formed by Cytotoxic Lymphocytes in Immunodeficiency and Anti-Tumor 

Immunity. Crit Rev Immunol 35, 325–347 (2015). 

 

15. Stephan, M. T., Stephan, S. B., Bak, P., Chen, J. & Irvine, D. J. Synapse-directed delivery 

of immunomodulators using T-cell-conjugated nanoparticles. Biomaterials 33, 5776–

5787 (2012). 

 

16. González, P. A. et al. Modulation of tumor immunity by soluble and membrane-bound 

molecules at the immunological synapse. Clin Dev Immunol, 2013, 1-19 (2013). 

 



Nanoparticles to re-establish communication between cancer and immune cells as a 
new immunotherapeutic strategy 

227 

 

17. Stephan, M. T., Stephan, S. B., Bak, P., Chen, J. & Irvine, D. J. Synapse-directed delivery 

of immunomodulators using T-cell-conjugated nanoparticles. Biomaterials 33, 5776–

5787 (2012). 

 

18. Im, S. et al. Harnessing the Formation of Natural Killer–Tumor Cell Immunological 

Synapses for Enhanced Therapeutic Effect in Solid Tumors. Advanced Materials 32, 1-

8 (2020). 

 

19. Llopis-Lorente, A. et al. Interactive models of communication at the nanoscale using 

nanoparticles that talk to one another. Nat Commun 8, 1-7 (2017). 

 

20. Goldberg, M. S. Improving cancer immunotherapy through nanotechnology. Nat Rev 

Cancer 19, 587–602 (2019). 

 

21. Yang, Z., Ma, Y., Zhao, H., Yuan, Y. & Kim, B. Y. S. Nanotechnology platforms for cancer 

immunotherapy. Wiley Interdiscip Rev Nanomed Nanobiotechnol 12, 1-28 (2020). 

 

22. Francis, D. M. et al. Drug-eluting immune checkpoint blockade antibody-nanoparticle 

conjugate enhances locoregional and systemic combination cancer immunotherapy 

through T lymphocyte targeting. Biomaterials 279, 1-27 (2021). 

 

23. Fang, R. H., Kroll, A. V. & Zhang, L. Nanoparticle-Based Manipulation of Antigen-

Presenting Cells for Cancer Immunotherapy. Small 11, 5483–5496 (2015). 

 

24. Zhuang, J. et al. Nanoparticle delivery of immunostimulatory agents for cancer 

immunotherapy. Theranostics 9, 7826–7848 (2019). 

 



Chapter IV 

228 

 

25. Yang, Y. S. S. et al. Targeting small molecule drugs to T cells with antibody-directed 

cell-penetrating gold nanoparticles. Biomater Sci 7, 113–124 (2019). 

 

26. Riley, R. S., June, C. H., Langer, R. & Mitchell, M. J. Delivery technologies for cancer 

immunotherapy. Nat Rev Drug Discov 18, 175–196 (2019). 

 

27. Le, Q. V., Choi, J. & Oh, Y. K. Nano delivery systems and cancer immunotherapy. J 

Pharm Investig 48, 527–539 (2018). 

 

28. Pérez-Calabuig, A. M. et al. An enzyme-controlled Janus nanomachine for on-

command dual and sequential release. Chemical Communications 56, 6440–6443 

(2020). 

 

29. Llopis-Lorente, A. et al. Stimulus-responsive nanomotors based on gated enzyme-

powered Janus Au-mesoporous silica nanoparticles for enhanced cargo delivery. 

Chemical Communications 55, 13164–13167 (2019). 

 

30. Villalonga, R. et al. Enzyme-controlled sensing-actuating nanomachine based on janus 

au-mesoporous silica nanoparticles. Chemistry - A European Journal 19, 7889–7894 

(2013). 

 

31. Wyatt, L. C. et al. Peptides of pHLIP family for targeted intracellular and extracellular 

delivery of cargo molecules to tumors. Proc Natl Acad Sci U S A 115, E2811–E2818 

(2018). 

 

32. Yao, L. et al. pHLIP peptide targets nanogold particles to tumors. Proc Natl Acad Sci U 

S A 110, 465–470 (2013). 

 



Nanoparticles to re-establish communication between cancer and immune cells as a 
new immunotherapeutic strategy 

229 

 

33. Andreev, O. A., Engelman, D. M. & Reshetnyak, Y. K. PH-sensitive membrane peptides 

(pHLIPs) as a novel class of delivery agents. Mol Membr Biol 27, 341–352 (2010). 

 

34. Pentcheva-Hoang, T., Chen, L., Pardoll, D. M. & Allison, J. P. Programmed death-1 

concentration at the immunological synapse is determined by ligand affinity and 

availability. Proc Natl Acad Sci U S A 104, 17765–17770 (2007). 

 

35. Jang, J. H. et al. Imaging of Cell–Cell Communication in a Vertical Orientation Reveals 

High-Resolution Structure of Immunological Synapse and Novel PD-1 Dynamics. The 

Journal of Immunology 195, 1320–1330 (2015). 

 

36. Ribas, A. Tumor Immunotherapy Directed at PD-1. New England Journal of Medicine 

366, 2517–2519 (2012). 

 

37. Salmaninejad, A. et al. PD-1/PD-L1 pathway: Basic biology and role in cancer 

immunotherapy. J Cell Physiol 234, 16824–16837 (2019). 

 

38. Wolchok, J. D. PD-1 Blockers. Cell 162, 937 (2015). 

 

39. De Luis, B., Llopis-Lorente, A., Sancenón, F. & Martínez-Máñez, R. Engineering 

chemical communication between micro/nanosystems. Chem Soc Rev 50, 8829–8856 

(2021). 

 

40. de Luis, B. et al. Nanoprogrammed Cross-Kingdom Communication Between Living 

Microorganisms. Nano Lett 22, 1836–1844 (2022). 

 

41. Zhang, X., Fu, Q., Duan, H., Song, J. & Yang, H. Janus Nanoparticles: From Fabrication 

to (Bio)Applications. ACS Nano 15, 6147–6191 (2021). 



Chapter IV 

230 

 

 

42. Khoee, S. & Nouri, A. Preparation of Janus nanoparticles and its application in drug 

delivery in Design and Development of New Nanocarriers. Elsevier Inc. 2018, 145–180 

(2018). 

 

43. Agrawal, G. & Agrawal, R. Janus Nanoparticles: Recent Advances in Their Interfacial 

and Biomedical Applications. ACS Appl Nano Mater 2, 1738–1757 (2019). 

 

44. Mitchell, M. J., Wayne, E., Rana, K., Schaffer, C. B. & King, M. R. Trail-coated leukocytes 

that kill cancer cells in the circulation. Proc Natl Acad Sci USA 111, 930–935 (2014). 

 

45. Mitchell, M. J., Wayne, E. C., Rana, K., Schaffer, C. B. & King, M. R. Unnatural killer 

cells: TRAIL-coated leukocytes that kill cancer cells in the circulation. in IEEE Annual 

Northeast Bioengineering Conference, NEBEC vol. 306 1–6 (2014). 

 

46. Wayne, E. C. et al. TRAIL-coated leukocytes that prevent the bloodborne metastasis 

of prostate cancer. Journal of Controlled Release 223, 215–223 (2016). 

 

47. Zhang, L. et al. Programmable Bispecific Nano-immunoengager That Captures T Cells 

and Reprograms Tumor Microenvironment. Nano Lett 22, 6866–6876 (2022). 

 

48. Alhallak, K. et al. Nanoparticle T-cell engagers as a modular platform for cancer 

immunotherapy. Leukemia 35, 2346–2357 (2021). 

 

49. Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse 

Gold Suspensions. Nature Physical Science 241, 20–22 (1973). 

 



Nanoparticles to re-establish communication between cancer and immune cells as a 
new immunotherapeutic strategy 

231 

 

50. Klippel, N., Jung, G. & Kickelbick, G. Hybrid inorganic-organic fluorescent silica 

nanoparticles—influence of dye binding modes on dye leaching. J Solgel Sci Technol 

107, 2-19 (2023). 

Acknowledgements 

This work was supported by the European Research Council (ERC) via Advanced Grant 

(101052997, EDISON). The authors thank the Spanish Government (project PID2021-

126304OB-C41 by MCIN/ AEI /10.13039/501100011033/ and by European Regional 

Development Fund - A way of doing Europe. This study was also supported by the 

Generalitat Valenciana (project PROMETEO CIPROM/2021/007). This study forms part of 

the Advanced Materials program (MFA/2022/049) and was supported by MCIN with 

funding from European Union NextGenerationEU (PRTR-C17.I1) and by Generalitat 

Valenciana. This work was supported by the European Research Council (ERC) via 

Advanced Grant (101052997, EDISON) and by CIBER -Consorcio Centro de Investigación 

Biomédica en Red- (CB06/01/2012), Instituto de Salud Carlos III, Ministerio de Ciencia e 

Innovación. E.L-S is grateful for her FPU fellowship funded by MINECO (FPU18/06539). 

F.J.H thanks MIU for his FPU grant (FPU20/06021). Graphical images and schemes were 

created with BioRender.com. 

Author contributions 

E.L.-S.: Experimental design, performing in vitro experiments, data analysis, 

discussion, and writing. F.J.H.: Nanoparticle development and characterization. A. O.-B: 

Contributed to in vitro experiments and ex vivo sample processing. A. E.: Contributed to 

in vivo experiments and ex vivo sample processing. N.J.-A.: Contributed to in vivo 

experiments. P. D-S. Nanoparticle development and characterization. A.G.-F.: 

Experimental design, in vivo experiments, analysis, experiments discussion, 

Conceptualization, Writing – review & editing, Supervision. R.M.-M.: Conceptualization, 



Chapter IV 

232 

 

Project administration, Writing – review & editing, Supervision. All authors have approved 

the final version of the manuscript. 

Competing interests 

The authors declare no competing financial interests.  



Nanoparticles to re-establish communication between cancer and immune cells as a 
new immunotherapeutic strategy 

233 

 

 Supporting information 

Supplementary Table 1. Schematic representation of nanodevices’ structure. (Schemes were created by the 

authors on Biorender) 
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kSupplementary Figure 2. STEM image and STEM-EDX elemental mapping of Si atoms, O atoms, Au atoms, S 

atoms (attributed to the disulfide bonds functionalized to gold surface and the peptide), N and P atoms 

(attributed to antibody and peptide) in J-pHLIP-PD1.  
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Supplementary Figure 3. Powder X-ray patterns at A. low angles and B. high angles of MSNs (A) and Janus 

MSN-Au nanoparticles (B).  
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Supplementary Figure 4. SDS-Page gel electrophoresis assay. A. Quantification of αPD-1 and B. pHLIP peptide.  

Supplementary Figure 5. A. Western Blot analysis of PD-1 expression in Jurkat cells, unstimulated or 

stimulated with anti-CD3 and anti-CD28 for 72h and in Jurkat green cells (expected band 32 kDa). GAPDH (37 

kDa) was included as a loading control. B. Percentage of PD-1 positive cells (left) and fluorescence intensity of 

PD-1 positive cells (right) determined by flow cytometry. Data represent means ± SEM (n=3). Statistical 

analysis was carried out using GraphPad Prism 8, and results were compared by One-Way ANOVA tests 

(**p<0.01). 
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Supplementary Figure 6. A. Representative IVIS images of luminescence monitoring at day 3, 6 and 9 

(luminescence intensity is represented according to the min-max. range detected each day). B. Quantification 

of photon flux (photons per second) from IVIS images. Data represent means ± SEM (n=5 mice/group).       
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Supplementary Figure 7. A) Weight changes from each group of mice treated with the different nanoparticles 

and the B16-F10-Luc cells. Data represents means ± SEM (n=5). B) H&E–staining of main organs from 

metastatic mice model. Main organs from vehicle groups and mice treated with the complete nanoparticle (J-

pHLIP-PD1). Scale Bar, 200 µm. C) Hemogram and biochemistry blood analyses of B16-F10-Luc cells injected 

mice treated with vehicle or the complete nanoparticle. Data represents means ± SEM (n=5 mice/group). 

Statistically significant determined by t-test. 
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The research performed in this PhD thesis has aimed the development of new 

versatile and innovative advanced nanodevices for anti-tumor therapy. All described 

systems share a general characteristic in their structure; they are based on mesoporous 

support accurately functionalized with other inorganic materials and/or with biological 

structures. We decided to use mesoporous silica according to its versatility and intrinsic 

characteristics, such as high stability, biocompatibility, or the possibility to be 

functionalized, making it an appealing material for biomedical applications. 

The purpose of the design of these systems is to get over the current limitations of 

traditional and new modalities of cancer treatments. In the last years, nanomedicine has 

undergone growth in the number of nanodevices applied to cancer treatment. This area 

is under continuous research because of the ineffectiveness of the actual treatments. 

Many of the nanodevices developed allow surpassing limitations like drug resistance or 

associated off-target toxicity and are currently in the market or in clinical trials. However, 

despite the improvements in this area, there are still challenges to overcome, thus limiting 

the nanomedicine-based tumor therapies translation to clinics. Between the traditional 

treatment obstacles found in clinics, there is a reduced penetrability in tumor tissue due 

to transvascular pressure gradient which can be solved by using recently designed self-

moving nanoparticles. We have contributed to this field in this thesis by designing two 

systems based on “two-face” Janus nanoparticles that convert chemical energy into 

mechanical movement. Besides, the silica face can act as a drug container and deliver the 

cargo via specific stimulus.  

In a first example, Janus Au-MSNs have been designed as nanomotors, with self-

propulsion provided by the enzyme catalase in the gold face and drug release capabilities 

in the mesoporous face controlled in response to GSH (high levels of GSH are found in 

cells). To date, there are not too many reports of gated materials combined with chemical-

powered nanomotors. Besides, this system employs catalase as strategy to achieve self-

movemen, which is commonly present in living organisms1. Movement only in the 
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presence of fuel (H2O2) was proved along with the effect of movement on drug delivery 

efficiency; Doxorubicin delivery suffers a significant upturn when the nanobot is being 

propelled. Cargo release occurs only when the GSH is present (as inside the cells) via the 

reduction of the disulfide bonds in the gatekeeper. Moreover, propelled nanoparticles 

improved drug release in cells. Despite this, a high amount of fuel was required propulse 

the nanoparticles which limits its biomedical application. Thereby, new designs are 

required to improve fuel catalysis and driving efficiency, thus increasing biocompatibility. 

Despite obtaining promising results in tumor cell culture, this design is still a proof of 

concept and further investigations are necessary to validate its behavior, for example in 

microfluidic devices, simulating penetration in capillary vessels, as well as in more realistic 

scenarios such as spheroids or in vivo conditions.  

Following with the interest in the use of propelled nanodevices for enhanced drug 

delivery, an innovative platinum-mesoporous silica nanomotor has been described in 

chapter 2.  In this case, the nanomotor is composed of MSN anchored to a platinum 

nanodendrite. Janus Pt-MSNs were prepared by the conjugation of two different 

nanoparticles in a single nanodevice by the described Pickering emulsion method, instead 

of chemical or physical deposition of Pt onto the silica support reported in most reported 

designs2. This synthesis procedure provides a feasible and novel way to obtain Janus Pt-

MSNs. Moreover, the mesoporous silica nanoparticle face was loaded with a drug and a 

disulfide-containing oligo(ethylene glycol) chains was used as a gating system. These 

Janus-type nanomotors present an ultra-fast self-propelled motion. Likewise, nanomotors 

exhibited a directional movement and enhanced internalization and cargo delivery in THP-

1 cells, as demonstrated using a microchip device that mimics penetration from capillary 

to post-capillary vessels. The nanosystem shows many suitable characteristics for 

biomedical applications, such as rapid autonomous motion, versatility, and stimuli-

responsive controlled drug release. Given the number of stimuli-responsive gatekeepers 

available that can be tested in combination with different materials and enzymes, this is 

a promising and versatile strategy that can be applied to cancer cells to overcome therapy 
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limitations. Future improvements in nanomotor design should involve the use of more 

selective drug delivery, the use of more biocompatible fuels as well as the validation of 

enhancend penetrability and thus therapeutic activity in 3D and in vivo models. 

Neverthless our system represents a powerful tool in the field, with superior capabilities 

compared to conventional nanocarriers, making possible an easier transport of drugs to 

specific targeted organs to provide maximum therapeutic efficacy. 

Analogous to traditional treatments, novel approaches, such as immunotherapy, can 

be favored by the use of nanotechnology. In this regard, some aspects to be improved 

with the use of nanoparticles include the combination of several therapeutic strategies in 

a single treatment and the recruitment of a significant number of effective cytotoxic T 

cells responsible for triggering tumor cell death.  

Based on the above, we designed MSN loaded with a PD-L1 inhibitor (JQ1) and 

capped with polyethyleneimine (PEI) and a siRNA targeting TGF-β (TGF-β siRNA). We 

believed that inhibition of the TGF- β production and the PD-1/PD-L1 checkpoint might be 

a feasible strategy to increase T cell infiltration and cytotoxicity and thus overcome tumor 

immune escape. Our aim was to create a novel platform for integrating two established 

immune-based anti-tumor approaches to improve their effectiveness. Although these 

approaches, PD-L1 checkpoint and TGF-β inhibition, have been extensively exploited 

alone and in combination3, our system offers a unique aspect of novelty. The unique 

characteristics of MSN allow the design of milliards of combined synergistic therapies in a 

unique nanodevice. On the other hand, PD-L1 blockage is usually accomplished using 

antibodies that are unstable in the fluids, have low bioavailability, and require multiple 

doses. Instead of antibodies we have used the newly discovered JQ-1 PD-L1 inhibitor that 

acts at the transcriptional level, is still under research having promising preliminary 

results, yet its use limited by its very short half-life and its poor water solubility4,5. Besides, 

TGF-β effect is mostly controlled by acting on its receptor. In contrats, we attempted to 

inhibit TGF- β production by using siRNA targeting TGF-β. For this, we incorporated into 
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the nanoparticle the positively charged polymer PEI for efficient endosomal escape and 

siRNA delivery. According to the results, PD-L1 and TGF-β are dramatically dismissed using 

the designed system, thus achieving in combination efficient immunogenic tumor cell 

death. While the objective of this work was accomplished, there are still some crucial 

aspects that can be improved. For instance, there is a need to enhance transfection 

efficiency, and significant efforts are currently underway to address this issue. 

Furthermore, the reduction in viability observed in the co-culture system provides a 

representative approximation, but it still falls short of accurately replicating what occurs 

in a biological system. For this reason, more advanced assays such as co-culture systems 

utilizing real blood lymphocytes or validation in living animals. A higher response in animal 

models according to drug and siRNA protection by MSNs, increased bioavailability, and 

self-adjuvanticity would be exepcted.  

One important limitation of immunotherapies is the fact that many tumors are 

characterized by an immunosuppressive microenvironment where there are no sufficient 

tumor-infiltration of lymphocytes to ensure the effectiveness of the treatment. Cytotoxic 

T cells play a principal role in recognizing tumor cells; however their effectiveness relies 

on establishing a physical interaction with the cancer cells and developing efficient 

communication. This required communication is often disrupted by immune escape 

mechanisms developed by tumors, allowing cancer progression. In this scenario, in 

chapter 4 we developed nanoparticles able to restore cellular connection and 

communication between cancer cells and cytotoxic T cells by using a Janus mesoporous 

silica-Au nanoparticle including specific binding sites (a pHLIP peptide and PD-1 antibody) 

in opposite faces for simultaneous binding cancer cells and T cells. The pHLIP peptide 

allows decorate tumor cells with the nanoparticles without internalization, whereas the 

PD-1 antibody is used to attach lymphocytes to tumor cells and to restore the 

communication disrupted. The afficacy of this new approach has been tested in a 

metastatic mouse model with promising results. The successful demonstration of this 

proof-of-concept strategy paves the way for a new class of immunotyherapies based in 



Discussion 

245 

 

nanoparticles. The immune system is very complex, and more efforts are needed for 

further applications of tumor-immune cells binding nanosystems. Further testing with our 

nanoparticles in other cancer models will be developed in due course.  

 In summary, the work presented in this thesis is the result of a multidisciplinary 

project that covers aspects of material science, chemistry and biology.  The nanosystems 

developed aim to provide new ideas to the complex issue of cancer treatment, settling 

down alternatives to solve some of the narrow limitations and endowing nanoparticles 

with new and promising functionalities. It is expected that the performance and feasibility 

of our designs could be validated in other tumors and that these or similar nanomaterials 

will advance towards reaching the bedside to improve the outcomes of cancer patients in 

the near future. Nevertheless, as stated before, more validation studies are needed to 

ensure effectiveness and to avoid potential side effects, and to assess their benefit-to-risk 

ratio and impacts on the organisms. Future research should focus on improving our 

understanding of the biodistribution, pharmacokinetics, persistence, and clearance in 

living organisms. It is hoped that the results derived from this doctoral thesis may inspire 

new research projects that combine nanotechnology and medicine with the aim of 

advancing towards clinical translation. 
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This Ph.D. thesis has contributed to the biomedical field by designing new hybrid 

nanodevices to overcome some of the main limitations in cancer treatment.  Specifically, 

the conclusions acquired from this work are: 

1. Enzyme-powered Janus Au-mesoporous silica nanoparticles have been developed 

with an enhanced stimulus-responsive doxorubicin delivery and improved cellular 

internalization.  

 

2. Ultra-fast Janus Pt-mesoporous silica nanodevices are able to pass through 

physical barriers and reach cells, obtaining a higher drug delivery at reduced fuel 

concentrations.   

 

3. MSNs-based nanosystems for combined delivery of JQ-1 drug and TGF-β siRNA 

efficiently reverse immunosuppressive microenvironment in melanoma and 

promote cancer immunogenic cell death. 

 

4. The lymphocyte recruitment and recovery of cytotoxic synapse with tumor cells 

by a pHLIP and αPD-1 modified Janus Au-mesoporous silica nanoparticle achieve 

an efficient tumor cell death and reduced metastatic burden in a murine 

melanoma cancer model.   

Taken together, the results evidence the potential of using nanotherapies to address 

unmet medical needs, such as overcoming biological barriers and immune stimulation, 

in cancer therapy.   

 

 

 



 

 

 

 

 

 

 

 

  

 

 

 


