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I 

Abstract  

 

The present PhD thesis entitled òSilica Hybrid Materials for detection of toxic 

species and clinical diagnosisó is focused on the design and synthesis of new 

hybrid materials, using different silica supports as inorganic scaffolds, with 

applications in recognition, sensing and diagnostic protocols.   

 

The first chapter of the PhD thesis is devoted to the definition  and 

classification of hybrid materials, relying on concepts of Nanotechnology, 

Supramolecular and Material s Chemistry. State of art of this field of  

knowledge is described using numerous  examples of applications for 

molecular recognition, especially about  gated materials. In the second 

chapter, the general and specific objectives of the PhD thesis are presented.  

 

The third chapter shows the synthesis, characterization and sensing 

performances of hybrid silica nanoparticles for the chromogenic detection of  

formaldehyde. Commercially available silica nanoparticles are 

functionalized with thiol and polyamine moieties. These hybrid 

nanoparticles were used for the chromogenic recognition of formaldehyde 

using a blue squaraine indicator. In the absence of formaldehyde, 

suspensions of the functionalized nanoparticles are able to bleach the blue 

squaraine solutions due to a reaction between the grafted thiol moieties and 

the added dye. In the presence of formaldehyde, -SH moieties onto the 

surface reacts with this molecule with the subsequent inhibition of thiol -

squaraine reaction. As a consequence suspension remains blue and 

formaldehyde is detected. These nanoparticles allows detection of 

formaldehyde in a selective and sensitive fashion in aqueous and in gas 

phase. 



II  

The fourth chapter deals with the preparation of acetylcholinesterase 

capped mesoporous silica nanoparticle that are used for the selective and 

sensitive sensing of diisopropylfluorophosphate (DFP), a nerve agent mimi c. 

Mesoporous silica nanoparticles are prepared and the pores loaded with 

rhodamine B dye. Then, the external surface of the loaded nanoparticles is 

functionalized with a pyridostigmine derivative (a reversible inhibitor of 

acetylcholinesterase enzyme). Finally the pores are capped upon 

acetylcholinesterase addition (by coordination with the grafted inhibitor). In 

the absence of DFP nanoparticles are tightly closed whereas in the presence 

of nerve agent simulant pore opening and dye release is observed (due to 

preferential coordination of DFP with the enzyme active sites and 

detachment from the nanoparticles surface). In an extension of the previous 

results, nanoparticles functionalized with a neostigmine derivative are 

prepared and characterized and its controlled release features studied in the 

presence of several acetylcholinesterase inhibitors.  

 

The selective recognition of Mycoplasma fermentans genomic DNA using 

capped mesoporous silica nanoparticles is presented in chapter fifth. Sensing 

nanodevices are based on mesoporous silica nanoparticles loaded with 

rhodamine B and with the external surface functionalized with 

isocyanatopropyl moieties. Then, a short DNA sequence was covalently 

attached to the surface of the nanoparticles through the formation of urea 

linkages. Finally, the pores were capped by adding a single stranded 

oligonucleotide which is a highly conserved sequence of the 16S ribosomal 

subunit of the m ycoplasma species genome. Aqueous suspensions of the 

DNA -capped nanoparticles showed negligible dye release. However, only 

in the presence of Mycoplasma fermentans genomic DNA the pores are opened 

and a marked rhodamine B release is observed. Using these nanoparticles a 

limit of detection as low as 70 DNA copies mL-1 is achieved. 



III  

 

The sixth chapter of this PhD thesis presents the synthesis and 

characterization of mesoporous silica nanoparticles coated with MUC1 

aptamer (able to recognize MUC1 glycoprotenin, presented in certain cancer 

types) and radiolabeled with 99mTc radioisotope. Mesoporous silica 

nanoparticles were loaded with safranine O and its external surface 

functionalized with aminopropyl moieties. Then, the pores are capped upon  

addition of MUC1 aptamer. These MUC1 aptamer capped nanoparticles are 

internalized by MDA -MB-231 cancer cells (which overexpressed MUC1 

glycoprotein) and released the entrapped dye. In a step forward, MUC1 

aptamer capped nanoparticles are radiolabeled with 99mTc and used for 

image cancerous lesions in mice using SPECT. 

 

Finally, in the seventh chapter the conclusions of this PhD thesis are 

exposed and commented.  

  



IV 

Resum 

 

La present tesi doctoral titulada òSilica Hybrid Materials for detection of 

toxic species and clinical diagnosisó està enfocada al disseny i síntesi de nous 

materials híbrids utilitzant diferents suports inorgànics basat en sílice, amb 

aplicacions en protocols de reconeixement, sensat i diagnòstic. 

 

El primer capítol de la tesi està dedicat a la definició i classificació dels 

materials híbrids , basant-se en conceptes de Nanotecnologia, Química 

Supramolecular i Qu²mica dels Materials. Lõestat del art dõaquest camp de 

coneixement es descriu utilitzant nombroses exemples de aplicacions per a 

reconeixement molecular, especialment sobre materials de tipus porta 

molecular. En el segon capítol es presenten els objectius generals i específics 

de la present tesi. 

 

El tercer capítol presenta la síntesi, caracterització i capacitats sensores 

de nanopartícules híbrides de sílice per a la detecció de formaldehid. 

Nanopartícules silícies comercials es funcionalitzen amb grups tiol i 

poliamina. Estes nanopartícules híbrides han sigut utilitzades per al 

reconeixement cromogènic de formaldehid utilitzant un indicador blau de 

escuaridina. En absència de formaldehid, suspensions de nanopartícules son 

capaces de decolorar les dissolucions blaves de escuaridina degut a una 

reacció entre els tiols inserits i el colorant afegit. En presència de formaldehid 

els grups ðSH de la superfície reaccionen amb esta molècula amb la 

conseqüent inhibició de la reacció tiol-escuaridina. Com a conseqüència la 

suspensió roman blava i el formaldehid es detecta. Estes nanopartícules 

permeten la detecció de formaldehid de forma sensitiva i selectiva en 

dissolució i en fase gas. 



V 

El quart capítol de la tesi tracta de la preparació de nanopartícules 

mesoporoses de sílice tapades amv acetilcolinesterasa que són utilitzades per 

al sensat selectiu i sensitiu de diisopropilfluorofosfat (DFP), un simulant de 

gas nerviós. Nanopartícules mesoporoses de sílice es preparen i els seus 

porus es carreguen amb rodamina B. Llavors, la superfície externa de les 

nanopartícules carregades es funcionalitzen amb un derivat de 

piridostigmina (un inhibidor reversible de lõenzim acetilcolinesteras). 

Finalment els porus es tapen amb la addició de acetilcolinesterasa (per 

coordinació del inhibidor inserit). En absència de DFO, les nanopartícules 

romanen tancades mentre que en la pres¯ncia del simulant dõagent nervi·s 

els porus sõobrin i sõobserva lõalliberament del colorant (degut a la 

prefer¯ncia de coordinaci· dels centres actius de lõenzim amb el DFP i el 

desancoratge de la superfície de les nanopartícules). En una extensió dels 

resultats comentats, es preparen nanopartícules funcionalitzades amb un 

derivat de neostigmina per a caracteritzar-les i estudiar els seus processos 

dõalliberaci· controlada en pres¯ncia de diferents inhibidors 

dõacetilcolinesterasa. 

 

El reconeixement selectiu dõADN gen¸mic de Mycoplasma fermentans 

utilitzant nanopartícules mesoporoses de sílice es presenta en el quint 

capítol. Nanodispositius sensors basats en nanopartícules mesoporoses de 

sílice carregades amb rodamina B i amb la superfície externa funcionalitzada 

amb grups propilisocianat. Llavors, una seq¿¯ncia curta dõADN sõancora 

covalentment a trav®s de la formaci· dõenlla­os urea. Finalment, els porus es 

tapen afegint un oligonucleòtid de cadena simple, el qual està composat per 

una seqüència altament conservada de la subunitat ribosomal 16S del 

genoma dõaquesta esp¯cie concreta de micoplasma. Suspensions aquoses de 

nanopartícules tapades amb oligonucleòtids presenten una alliberació 

negligible de colorant. No obstant, solament en pres¯ncia dõADN genòmic 



VI 

de Mycoplasma fermentans  els porus sõobrin i sõobserva una marcada 

lliberació de rodamina B. Utilitzant estes nanopartícules es va aplegar a un 

límit de detecció tan baix com 70 c¸pies dõADN per mL. 

 

El sisè capítol de este tesi presenta la síntesi i caracterització de 

nanopartícules mesoporoses de sílice recobertes amb aptámers de MUC1 

(capaços de reconèixer la glicoproteïna MUC1, present en cert tipus de 

càncer) i marcades amb radioisòtops de 99mTc. Nanopartícules mesoporoses 

de sílice es carregaren amb safranina O i la seua superfície externa es 

funcionalitza amb grups amina. Llavors, els porus es tapen mitjançant 

lõaddici· de lõapt§mer MUC1. Aquestes nanopart²cules tapades amb 

lõapt§mer varen ser internalitzades per cèl·lules canceroses MDA-MB-231 

(les quals sobrexpressen glicoproteµna MUC1) i lõalliberaci· del colorant. 

Anant un pas m®s enll¨, les nanopart²cules tapades amv lõapt¨mer de MUC 

1 es radiomarquen amb 99mTC i són utilitzades per a la imatge de lesions 

canceroses en ratolins utilitzant SPECT. 

 

Finalment, en el set® cap²tol sõexposen les conclusions de la tesi. 
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Resumen 

 

La presente tesis doctoral titulada òSilica Hybrid Materials for detection of 

toxic species and clinical diagnosisó est§ enfocada al diseño y síntesis de nuevos 

materiales hibridos usando diferentes soportes inorgánicos basados en sílice, 

con aplicaciones en protocolos de reconocimiento, sensado y diagnóstico. 

 

El primer capítulo de la tesis está dedicado a la definic ión y clasificación 

de los materiales híbridos, basándose en conceptos de Nanotecnología, 

Química Supramolecular y Química de Materiales . El estado del arte de este 

campo de conocimiento se describe usando numerosas aplicaciones para 

reconocimiento molecular, especialmente sobre materiales de tipo puerta 

molecular. En el segundo capítulo se presentan los objetivos generales y 

específicos de la presente tesis. 

 

El tercer capítulo presenta la síntesis, caracterización y capacidades 

sensoras de nanopartículas híbridas de sílice para la detección de 

formaldehído. Nanopartículas silíceas comerciales se funcionalizan con 

grupos tiol y poliamina. E stas nanopartículas híbridas han sido usadas para 

el reconocimiento cromogénico de formaldehído usando un indicador azul 

de escuaridina.  En ausencia de formaldehído, suspensiones de 

nanopartículas son capaces de decolorar las disoluciones azules de 

escuaridina debido a una reacción entre los tioles insertados y el colorante 

añadido. En presencia de formaldehído, los grupos -SH de la superficie 

reaccionan con esta molécula con la consiguiente inhibición de la reacción 

tiol -escuaridina. Como consecuencia la suspensión permanece azul y el 

formaldehído es detectado. Estas nanopartículas permiten la detección de 

formaldehído de manera sensitiva y selectiva en disolución y fase gas. 
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El cuarto capítulo trata de la preparación de nanopartículas mesoporosas 

de sílice tapadas con acetilcolinesterasa que son usadas para el sensado 

selectivo y sensitivo de diisopropilfluorofosfato (DFP), un simulante de gas 

nervioso. Nanopartículas mesoporosas de sílice se preparan y sus poros se 

cargan con rodamina B. Entonces, la superficie externa de las nanopartículas 

cargadas se funcionalizan con un derivado de piridostigmina (un inhibidor 

reversible de la enzima acetilcolinesterasa). Finalmente los poros se tapan 

con la adición de acetilcolinesterasa (por coordinación con el inhibidor 

insertado). En ausencia de DFP, las nanopartículas permanecen cerradas 

mientras que en la presencia del simulante de agente nervioso los poros se 

abren y se observa la liberación del colorante (debido a la preferencia de 

coordinación de los sitios activos de la enzima con el DFP y el desanclaje de 

la superficie de las nanopartículas). En una extensión de los resultados 

comentados, se preparan nanopartículas funcionalizadas con un derivado de 

neostigmina para caracterizarlas y estudiar sus procesos de liberación 

controlada en presencia de distintos inhibidores de acetilcolinesterasa. 

 

El reconocimiento selectivo de ADN genómico de Mycoplasma fermentans 

usando nanopartículas mesoporosas de sílice se presenta en el quinto 

capítulo. Nanodispositivos sensores basados en nanopartículas de sílice 

mesoporosa cargadas con rodamina B y con la superficie externa 

funcionalizada con grupos isocianatopropilo. Entonces, una secuencia corta 

de ADN se ancla covalentemente a la superficie de las nanopartículas a 

través de la formación de enlaces urea. Finalmente, los poros se tapan 

añadiendo un oligonucleótido de cadena simple el cuál está formado por una 

secuencia altamente conservada de la subunidad ribosomal 16S del genoma 

de esta especie concreta de micoplasma. Suspensiones acuosas de 

nanopartículas tapadas con oligonucleótido presentan una liberación 

insignificante de colorante. Sin embargo, sólo en presencia de ADN 
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genómico de Mycoplasma fermentans los poros se abren y se observa una 

marcada liberación de rodamina B. Usando estas nanopartículas se llegó a 

un límite de detección tan bajo como 70 copias de ADN por mL. 

 

El sexto capítulo de esta tesis presenta la síntesis y caracterización de 

nanopartículas mesoporosas de sílice recubiertas con aptámeros de MUC1 

(capaces de reconocer la glicoproteína MUC1, presente en ciertos tipos de 

cáncer) y marcadas con radioisótopos de 99mTc. Nanopartículas mesoporosas 

de sílice se cargaron con safranina O y su superficie externa se funcionaliza 

con grupos amino. Entonces, los poros se tapan mediante la adición del 

aptámero MUC1. Estas nanopartículas tapadas con el aptámero son 

internalizadas por células cancerosa MDA-MB-231 (las cuáles sobreexpresan 

glicoproteína MUC1) y liberación del colorante cargado. Dándo un paso más 

adelante, las nanopartículas tapadas con el aptámero de MUC1 se 

radiomarcan con 99mTc y son usadas para la imagen de lesiones cancerosas 

en ratones usando SPECT. 

  

Finalmente, en el séptimo capítulo se exponen las conclusiones de la 

tesis. 

  



X 

  



XI 

Publications  

This thesis and other collaboration have resulted in the following 

scientific publications:  

 

Pascual, L.; Baroja, I.; Aznar, E.; Sancenón, F.; Marcos, M. D.; Murguía, J. 

R.; Amorós, P.; Rurack, K.; Martínez-Máñez, R. Oligonucleotide-Capped 

Mesoporous Silica Nanoparticles as DNA-Responsive Dye Delivery 

Systems for Genomic DNA Detection. Chem. Commun. 2015, 51 (8), 1414ð

1416. 

 

El Sayed, S.; Pascual, L.; Licchelli, M.; Martínez-Máñez, R.; Gil, S.; 

Costero, A. M.; Sancenón, F. Chromogenic Detection of Aqueous 

Formaldehyde Using Functionalized Silica Nanoparticles. ACS Appl. 

Mater. Interfaces 2016, 8 (23), 14318ð14322. 

 

Pascual, L.; Sayed, S. El; Martínez-Máñez, R.; Costero, A. M.; Gil, S.; 

Gaviña, P.; Sancenón, F. Acetylcholinesterase-Capped Mesoporous Silica 

Nanoparticles That Open in the Presence of Diisopropylfluorophosphate 

(a Sarin or Soman Simulant). Org. Lett. 2016, 18 (21), 5548ð5551. 

 

Agostini, A.; Mondragón, L.; Pascual, L.; Aznar, E.; Coll, C.; Martínez-

Máñez, R.; Sancenón, F.; Soto, J.; Marcos, M. D.; Amorós, P.; et al. Design 

of Enzyme-Mediated Controlled Release Systems Based on Silica 

Mesoporous Supports Capped with Ester-Glycol Groups. Langmuir 2012, 

28 (41), 14766ð14776. 

 

Bataller, R.; Campos, I.; Alcañiz, M.; Gil-Sánchez, L.; García-Breijo, E.; 

Martínez -Máñez, R.; Pascual, L.; Soto, J.; Vivancos, J.-L. A Humid 



XII 

Electronic Nose Based on Pulse Voltammetry: A Proof-of-Concept 

Design. Sensors Actuators B Chem. 2013, 186, 666ð673. 

 

Campos, I.; Pascual, L.; Soto, J.; Gil-Sánchez, L.; Martínez-Máez, R. An 

Electronic Tongue Designed to Detect Ammonium Nitrate in Aqueous 

Solutions. Sensors 2013, 13 (10), 14064ð14078. 

 

Agostini, A.; Campos, I.; Milani, M.; Elsayed, S.; Pascual, L.; Martínez-

Máñez, R.; Licchelli, M.; Sancenón, F. A Surfactant-Assisted Probe for the 

Chromo-Fluorogenic Selective Recognition of GSH in Water. Org. Biomol. 

Chem. 2014, 12 (12), 1871-1874. 

 

El Sayed, S.; Pascual, L.; Agostini, A.; Martínez-Máñez, R.; Sancenón, F.; 

Costero, A. M.; Parra, M.; Gil, S. A Chromogenic Probe for the Selective 

Recognition of Sarin and Soman Mimic DFP. ChemistryOpen 2014, 3 (4), 

142ð145. 

 

Olguín, C.; Laguarda-Miró, N.; Pascual, L.; García-Breijo, E.; Martínez-

Mañez, R.; Soto, J. An Electronic Nose for the Detection of Sarin, Soman 

and Tabun Mimics and Interfering Agents. Sensors Actuators B Chem. 

2014, 202, 31ð37. 

 

Pascual, L.; Campos, I.; Bataller, R.; Olguín, C.; García-Breijo, E.; 

Martínez -Ma¶ez, R.; Soto, J. A òhumid Electronic Noseó for the Detection 

of Nerve Agent Mimics; a Case of Selective Sensing of DCNP (a Tabun 

Mimic). Sensors Actuators B Chem. 2014, 192, 134ð142. 

 



XIII 

Sancenón, F.; Pascual, L.; Oroval, M.; Aznar, E.; Martínez-Máñez, R. 

Gated Silica Mesoporous Materials in Sensing Applications. 

ChemistryOpen 2015, 4 (4), 418ð437. 

 

Aznar, E.; Oroval, M.; Pascual, L.; Murguía, J. R.; Martínez-Máñez, R.; 

Sancenón, F. Gated Materials for On-Command Release of Guest 

Molecules. Chem. Rev. 2016, 116 (2), 561ð718. 

 

Pascual, L.; Campos, I.; Vivancos, J.-L.; Quintás, G.; Loras, A.; Martínez-

Bisbal, M. C.; Martínez-Máñez, R.; Boronat, F.; Ruiz-Cerdà, J. L. Detection 

of Prostate Cancer Using a Voltammetric Electronic Tongue. Analyst 

2016, 141 (15), 4562ð4567. 

 

Cerqueira-Coutinho, C.; Vidal, L. P.; Pinto, S. R.; Santos-Oliveira, R. Drug 

Metabolism: Comparison of Biodistribution Profile of Holmium in Three 

Different Compositions in Healthy Wistar Rats . Applied Radiation and 

Isotopes  2016, 112, 27-30. 

 

Pascual, L.; Sancenón, F.; Martínez-Máñez, R.; Barja-Fidalgo, T. C.; da 

Silva, S. V.; Sousa-Batista, A. de J.; Cerqueira-Coutinho, C.; Santos-

Oliveira, R. Mesoporous Silica as Multiple Nanoparticles Systems for 

Inflammation Imaging as Nano -Radiopharmaceuticals. Microporous 

Mesoporous Mater. 2017, 239, 426ð431. 

 

  



XIV 

  



XV 

Abbreviations and Acronyms  

 

AChE Acetylcholinesterase 

AFM  Atomic force microscope 

AMF  Alternating magnetic field 

APC 2,4-bis-(4-dialkylaminophenyl)-3-hydroxy-4-

alkylsulfanylcyclobut-2-one groups 

APTES (3-aminopropyl)triethoxysilane (APTES) 

ATP Adenosine 5õ-triphosphate (ATP) 

AuNPs  Gold nanoparticles 

BET Brunauer, Emmett and Teller 

BJH Barret, Joyner and Halenda 

BSA Bovine serum albumin 

CBPQT4+ Cyclobis(paraquat-p-phenylene) 

CD Cyclodextrin 

CLSM  Confocal laser scanning microscopy 

COLO 205 Human Caucasian colon adenocarcinoma 

CP[5]A Carboxylatopillar[5]arene 

CTAB  Hexadecyltrimethylammonium bromide 

DCNP  Diethyl cyanophophonate 

DCP Diethyl chlorophosphate 

DFP Diisiopropyl fluorophosphate 

DNA  Deoxyribonucleic acid 

DNP  Dinitrophenyl 

dsDNA  Double stranded DNA 

DTNB  5,5õ-dithiobis(2-nitro)benzoic acid 

DTT  Dithiothreitol 

EDX Energy dispersive X-ray spectroscopy 

FA Folic acid 

FITC Fluorescein isothiocyanate 

GFP Green fluorescent protein 

GOS Galacto-oligosaccharide polymer 

Gox Glucose oxidase 

GSH Glutathione 

GTP Guanosine 5Ź-triphosphate 

H640 Hypotriploid human cell line 



XVI 

Hep G2 Human liver cancer cell line 

Hep2 Human epithelial type 2 cell line 

HIFU  High intensity focused ultrasound 

ICS Ion-channel sensors 

IUPAC  International Union of Pure and Applied Chemistry 

L929 L929 mouse fibroblast cell line 

LCST Lower critical solution temperature 

LOD  Limit of detection 

MCF-10-A Michigan Cancer Foundation - 10 (human breast epithelial) 

cell line 

MCF-7 Michigan Cancer Foundation - 7 cells 

MCM  Mobil Composition of Matter 

MDA -MB -231 Invasive ductal carcinoma breast cancer cells 

MES 2-(N-morpholino)ethanesulfonic acid 

MPTS 3-(mercaptopropyl) trimethoxysilane 

MRI  Magnetic resonance imaging 

MSNs  Mesoporous silica nanoparticles 

MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide) 

MUC1  Mucin 1 glycoprotein 

NIR  Near infrared 

NMR  Nuclear magnetic resonance 

NOTA  1,4,7-triazacyclononane-triacetic acid 

OP-1 Dimethylmethyl phosphonate 

OP-2 Diethyl (2-cyanoethyl) phosphonate 

OP-3 Diethyl (methylthiomethyl) phosphonate 

OP-4 Dimethyl chlorothiophosphate 

OP-5 Ethyl dichlorophosphate 

PBS Phosphate buffer saline 

PDAC  Pancreatic ductal adenocarcinoma 

PEG Polyethylene glycol 

PEI Polyethyleneimine 

PET Positron emission tomography 

PETE Polyethylene terephthalate 

PFH Perfluorohexane 

PMOs Periodic mesoporous organosilicas 

PVPON  Polyvinyl pyrollidone 



XVII 

PXRD Powder X-ray diffraction 

RNA  Ribonucleic acid 

SC[4]A Sulfonatocalix[4]arene 

SKOV3  Ovarian carcinoma cells 

SNTs Silica nanotubes 

SPECT Single emission photon computed tomography 

SPIONPs Superparamagnetic iron oxide nanoparticles 

SQ Squaraine dye 

ssDNA  Single stranded DNA 

STM  Scanning tunneling microscope 

sulfo -EMCS N-(Ȅ-maleimidocaproyloxy) sulfosuccinimide ester 

TATP  Triacetone triperoxide 

TEM  Transmission electron microscopy 

TEOS Tetraethylorthosilica 

Tetryl  2,4,6-trinitrophenyl methylnitramine 

TGA  Thermogravimetric analysis 

TGF-ȁ Transforming growth factor beta 

TLCT  True liquid-crystal templating 

TMOS  Tetramethylorthosilica 

TNF-Ȁ Tumor necrosis factor Ȁ 

TNT  2,4,6-trinitrotoluene 

TRIS Tris(hidroxymethyl)aminomethane 

TTF Tetrathiafulvalene 

US Ultrasound 

US EPA Us environmental protection agency 

UV  Ultraviolet 

UV -Vis  Ultraviolet-visible 

VX2 Rabbit tumor cell line 

X-DC X-linked Dyskeratosis Congenita 

 

  



XVIII 

  



XIX 

Table of Contents 

Preamble ........................................................................................................................................... I 

Abstract ...................................................................................................... I 

Resum ..................................................................................................... III  

Resumen ................................................................................................. VI  

Publications ................................................................................................................ XI 

Abbreviations and acronyms ............................................................................. XV 

Table of Contents.................................................................................................... XIX 

Chapter 1:Elemental Concepts  ........................................................................................ 21 

1.1 Nanotechnology and nanomaterials  .............................................. 2 

1.2 Hybrid materials  ............................................................................... 8 

1.3 2D Silica-based hybrid materials ............................................................... 5 

1.4 3D Silica-based hybrid materials  ............................................................ 19 

1.5 Gated Materials ............................................................................... 29 

Chapter 2: Objectives  ........................................................................................................... 73 

Chapter 3: Chromogenic detection of aqueous formaldehyde using 

functionalized silica nanoparticles  ............................................................................... 79 

3.1 Manuscript  ....................................................................................... 81 

3.2 Supporting Information  ................................................................. 95 

Chapter 4: Acetylcholinesterase -capped Mesoporous Silica Nanoparticle 

for detecting its inhibitors  ............................................................................................... 107 

4.1 Acetylcholinesterase cappe d mesoporous silica nanoparticles that 

open in the presence of diisopropylfluorophosphate (a Sarin or 

Soman simulant)  ............................................................................... 109 

4.1.1 Manuscript  .................................................................................. 111 



XX 

4.1.2 Supporting Information  ............................................................ 127 

4.2 Acetylcholinesterase -capped mesoporous silica nanoparticles 

controlled by the presence of inhibitors  ....................................... 145 

4.2.1 Introduction  ................................................................................ 147 

4.2.2 Results and discussion .............................................................. 151 

4.2.3 Conclusions ................................................................................. 168 

4.2.4 Experimental section ................................................................. 169 

Chapter 5: Oligonucleotide -capped mesoporous silica nanoparticles as  

DNA -responsive dye delivery systems for genomic DNA detection  ...... 179 

5.1Manuscript  ...................................................................................... 181 

5.2 Supporting Information  ............................................................................ 191 

Chapter 6: MUC1 aptamer -capped mesoporous silica nanoparticles for 

controlled drug delivery and radio -imaging applications  ............................. 205 

6.1 Introduction  ................................................................................... 207 

6.2 Results and discussion ................................................................. 212 

6.3 Conclusions .................................................................................... 224 

6.4 Materials and methods ................................................................. 225 

6.5 Supporting Information  ............................................................... 235 

Chapter 7: Conclusions and Future Perspectives  ................................................ 241 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1:  

Elemental concepts  

 

 



 

  
 

 

 



Chapter 1: Elemental concepts 

 

1 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction  

 

This thesis is based on the development of functional mesoporous silica -

based hybrid nanomaterials. In this general introduction,  fundaments of 

nanotechnology will be briefly described to further focus on the description 

of mesoporous silica-based supports, their classification and a picture of 

selected examples to illustrate their unique features and technological 

potential.  
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1.1 Nanotechnology and nanomaterials  

 

29th December 1959, annual meeting of the American Physical Society at 

Caltech: òThereõs plenty room at the bottomó. Under this title, Nobel laureate 

physicist Richard Feynman gave a premonitory talk where he defined the 

conceptual principles of this not yet d iscovered revolutionary field of 

knowledge. In his own words:  

  òNature has been working at the level of atoms and molecules for 

millions of years, so why do we not?[é] The principles of physics,  as far as 

I can see,  do not speak against the possibility of maneuvering things atom  

by atom.  It is not an attempt to violate any laws; it is  something, in principle, 

that can be done; but in practice, it has not been done because we are too 

big.ó1  

The first known use of the term of nanotechnology  is attributed  to 

Professor Norio Taniguchi, that defined it in 1974   as: òproduction 

technology to get extra high accuracy and ultra-fine dimensions, that is, the 

preciseness and fineness on the order of 1 nm, 10ĭ9 m, in length.ó2 In the 

following years prodfessor Eric  Drexler developed a deeper therotical 

corpus that was eventually summarized in its book Engines of creation: the 

coming era of nanotechnology. These theoretical contributions were reinforced 

in a dialectical way with the impact of incoming new technologie s able to act 

at a molecular or atomic level, specially scanning tunneling microscopy  

(STM) and the atomic force microscopy (AFM)  developed by the Nobel prize 

winner Gerd Binnig .3  

                                                             
1 Feynman, R. Caltech Engineering & Science 1960 , 23, 22. 
2 Taniguchi, N. in Proc. Intl. Conf. Prod. Eng. Tokyo, Part II, Japan Society of Precision 

Engineering.; 1974 . 
3 Wilson, Mick; Kannangara, Kamali; Smith, Geoff; Simmons, Michelle; Raguse, B. 

NANOTECHNOLOGY: Basic Science and Emerging Technologies; Chapman & Hall/CRC, 2002 . 
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Nowadays, our knowledge on nanotechnology has been hugely 

improved and now  the term is commonly defined as òthe construction and 

use of functional structures designed from atomic or molecular scale with at 

least one characteristic dimension measured in nanometers. Their size allows 

them to exhibit new and significantly improved physical, chemical, and 

biological properties,  phenomena, and processes. Thus, nanotechnology can 

be defined as research and development that involves measuring and 

manipulating matter at the atomic, molecular, and supramolecular levels at  

scales measured in approximately 1ð100 nm in at least one dimension.ó4 

Figure 1 instructs in what means this range. 

Figure 1. Scale illustration to compare range of sizes of objects, biomolecules and 

nanomaterials. 

Nanotechnology literally means any technology performed  on nanoscale 

range that has applications in the real world  and we can found several of 

them being developed on almost every research field and industrial area 

such as materials science, electrical and electronic engineering, surface 

                                                             
4 Narendra, K.; Kumbhat, S. Essentials in Nanoscience and Nanotechnology; John Wiley & Sons, 

2016. 
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science, catalysis, colloid science, ceramic and chemical engineering, 

coatings and adsorbents, drug delivery, polymer science and engineering, 

nanomedicine, metallurgy and  powder technology, device and chip 

engineering, biomimetics, pharmacy, biotechnol ogy, etc. 

In the basis of every nanotechnology definition, relies an essential 

concept: development of nanomaterials . To prepare devices able to operate 

in a range of nanometers, development and characterization of materials and 

supporting structures of th at size, namely nanomaterials, is needed. These 

can be definded as òa set of substances where at least one dimension is 

approximately less than 100 nm. However, organizations in some areas such 

as environment, health, and consumer protection favor a larger  size range 

from 0.3 to 300 nm to define nanomaterials. This larger size range allows 

more research and a better understanding of all nanomaterials and also 

allows to know whether any particular nanomaterial shows concerns for  

human health or not and in wh at size range.ó4  

A large amount of nanomaterials  are already applied for several 

purposes in different fields such as biotechnology, medicine, electronics, 

chemistry or photonics among others. Carbon nanomaterials as fullerene or 

graphene structures; nanoparticles or nanorods composed of silica, metals or 

metal oxides; quantum dots; dendrimers;  metallic or organic nanowires and 

natural nanomaterials as cellulose fibers, wax crystals on lotus leaf or the 

coloured structure of butterfly wings are only a sma ll taste of these 

revolutionary materials. 5  

 

 

 

                                                             
5 Rurack, K., Martínez-Máñez, R. The Supramolecular Chemistry of Organic-Inorganic Hybrid 

Materials; John Wiley & Sons, 2010 . 
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1.2 Hybrid  materials  

 

Hybrid materials are composed by two constituents (within  a size in the 

range of nanometers or even angstroms) in a synergetic way. One of the 

components tends to be inorganic and the other organic so we can refer to 

them as organic-inorganic hybrid materials . Oftentimes, these materials are 

obtained by the anchoring of functional  (organic) groups into nanoscopic 

inorganic materials as supporting platforms.   

In words of professor Cl®ment Sanchez òhybrid organic inorganic 

materials are not simply physical mixtures. They can be broadly defined as 

nano-composites with (bio)organic and inorganic components, intimately 

mixed where at least one of the component domains has a dimension ranging 

from a few Å to several nanometers. Consequently the properties of hybrid 

materials are not only the sum of the individual contri butions of both phases, 

but the role of their inner interfaces could be predominant. ó 6    

A usual division of these materials separes them into two different 

classes: materials where both components are embedded only using non-

covalent interactions (class I) or materials where both phases are linked by 

covalent bonds (class II). In the face of a better understanding of the materials 

presented on this PhD thesis all the examples described will correspond to 

class II hybrid materials.  

Hybrid materials offer interesting features for molecular recognition 

applications. Several examples of these kind of systems can be found on 

literature. 7 Some of the principal advantages of these systems are 

summarized herein:  

 

                                                             
6 Sanchez, C. J. Mater. Chem. 2005 , 15, 3557. 
7 a) Kim, H. J.; Lee, M. H.; Mutihac, L.; Vicens, J.; Kim, J. S. Chem. Soc. Rev. 2012 , 41, 1173. 
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 Receptors can be organized in a more or less compact monolayer 

(depending on the degree of the surface functionalization). D ue 

to this, the movement of the different molecular units  is reduced 

and this generates new collective proceses that improve the 

features of the recognition  process, such as "surface chelate effect" 

with monodentate ligands or an  increase on the "effective 

concentration" on the solids. 

 It is possible to carry out  subsequent anchoring processes to 

obtain a solid surface functionalized with different organic 

molecules and modulate their properties according to the nature 

of the anchored functional groups . 

 Leaching processes involving the receptor are avoided. 

 If the solid support is functionalized with a receptor that could 

give reversible coordination processes it can be reused several 

times without lost of their recognition  features. 
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1.2.1  Silica - based hyb rid materials  

 

Among others, silica is one of the most popular scaffold used for the 

development of organic -inorganic hybrid materials for sensing and 

recognition protocols. 8 There are plenty of forms of silica nanomaterials 

useful for the development of t hese nanodevices, thus we will broadly 

classify these supports in two groups: 

 

 2D silica -based hybrid materials : Involving all solids in which 

the recognition process occurs over a planar surface (i.e. solid 

nanoparticles,9 nanotubes,10 thin layers,11 etc.) 

 

 3D silica based hybrid materials : Involving all solids in which 

the recognition process is affected by other effects depending on 

the material shape such as the diffusion rate or the accessibility to 

receptors (i.e. mesoporous nanoparticles,12 mesoporous thin 

films, 13 mesoporous nanorods,14 hollow nanoparticles, 15 etc.). 

  

                                                             
8 a) Han, W. S.; Lee, H. Y.; Jung, S. H.; Lee, S. J.; Jung, J. H. Chem. Soc. Rev. 2009 , 38,1904. b) 

Nicole, L.; Boissière, C.; Grosso, D.; Quach, A.; Sanchez, C. J. Mater. Chem. 2005 , 15, 3598. 
9 Brasola, E.; Mancin, F.; Rampazzo, E.; Tecilla, P.; Tonellato, U. Chem. Commun. 2003 , 2, 3026. 
10 Lee, S. J.; Lee, S. S.; Lee, J. Y.; Jung, J. H. Chem. Mater. 2006 , 18, 4713. 
11 a)Ding, L.; Cui, X.; Han, Y.; Lü, F.; Fang, Y. J. Photochem. Photobiol. A Chem. 2007 , 186, 143.b) 

Marques, M. E.; Mansur, A. A. P.; Mansur, H. S. Appl. Surf. Sci. 2013 , 275, 347. 
12 Descalzo, A. B.; Jiménez, D.; el Haskouri, J.; Beltrán, D.; Amorós, P.; Marcos, M. D.; Martínez-

Máñez, R.; Soto, J. Chem. Commun. 2002 , 562. 
13 Nicole, L.; Boissière, C.; Grosso, D.; Hesemann, P.; Moreau, J.; Sanchez, C. Chem. Commun. 

2004 , 20, 2312. 
14 Yang, X.; He, D.; He, X.; Wang, K.; Tang, J.; Zou, Z.; He, X.; Xiong, J.; Li, L.; Shangguan, J. ACS 

Appl. Mater. Interfaces 2016 , 8, 20558. 
15 Guardado-Alvarez, T. M.; Chen, W.; Norton, A. E.; Russell, M. M.; Connick, W. B.; Zink, J. I. 

Nanoscale 2016 , 8, 18296. 
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1. 3  2D silica - based hybrid materials  

  

The easiest way to obtain a functional hybrid material is using the planar 

surface of the inorganic scaffold and anchor onto the surface organic 

moieties. In the case of silica these inorganic supports usually are the surface 

of nanoparticles or thin layer s.  

Organic modification of silica materials have been reported using 

differents methodologies and procedures depending on the solid used. 

However, referring to planar silica hybrid materials the most common 

strategy to orderly functionalize their surface is using trialkoxysilane 

derivatives. Surface of silica materials contains a great concentration of 

structural defects in form of silanol (Si -OH) groups. These silanols can easily 

react with trialkoxysilane derivatives ((RõO)3-Si-R) by nucleofilic substitution  

reaction providing new organic functionalities to the prepared hybrid 

material. In the case of planar hybrid supports this condensation is generally 

produced once the silica scaffold is prepared (post-functionalization) in a 

procedure known as grafting . In this grafting procedure  a suspension of the 

required quantity of the solid in an anhydrous solvent  is reacted with the 

functional silane precursor (see figure 2). The presence of the silanol groups 

on the silica scaffold surface guarantees the formation of a covalent bond 

between the trialkoxysilane precursors and the solid surface. 

Functionalization techniques of silica materials will be deeply described in 

the next section refered to 3D silica-based hybrid materials. 
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 Figure 2. Schematic representation of silica surface functionalization by grafting 

procedure. 

 

1.3.1 2D Hybrid materials for molecular 

recognition  

 

As commented before, anchoring certain functional organic molecules 

onto the surface of an inorganic scaffold is one of the main ways to obtain 

hybrid materials, whic h can be used for sensing and molecular recognition 

purposes. Preorganization of the receptors over a surface induce an 

enhancement of the local concentration in a dense monoloyer of binding sites 

in a specific orientation maximizing the capability of interaction with the 

analyte. Simpliest way for that strategy is to anchor the organic receptors in 

a planar area as the surface of a nanoparticle or over a film of material. 

In this way, an interesting example was provided by Dubertret and 

coworkers using cluster gold nanoparticles (AuNPs),  single -stranded DNA 

molecules (ssDNA) and a collection of commonly used fluorophores. 16 The 

material prepared consisted on a ssDNA with a hairpin -loop structure 

connected through the 5õ- end side to AuNPs. Besides, the 3õ-end side is 

                                                             
16 Dubertret, B.; Calame, M.; Libchaber,  a J. Nat. Biotechnol. 2001 , 19, 365. 
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functionalzed with a fluorophore ( fluorescein, rhodamine  6G, Texas red, or 

cyanine-5). Due to the hairpin conformation fluorophore and AuNPs remain 

very near in space activating a distance-depending quenching process of the 

fluorescence (primarily from a nonradiative energy transfer). No significant 

differences of the quenching efficiencies were observed for the fluorophores 

tested. In presence of a complementary DNA strand the conformation of this 

hybrid material changes due to DNA hybridization. In this final 

conformation the fluorophore is displaced away from the gold nanoparticle 

deactivating the quenching process and increasing the fluorescence over 

several thousands (see figure 3). Also the capability of the system to detect a 

single nucleotide mismatch was also proof. 

 

 Figure 3. Recognition of a DNA complementary strand using a hybrid material 

based on AuNPs  derivatized  on its surface with a DNA hairpin.  
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Beating with hybrid materials using solid silica supports, some 

interesting examples were reported by Montaltiõs group. In a first work silica 

nanoparticles, covered with dansyl moieties on its surface, were applied for 

pH determination. 17 Authors demonstrated that protonation of dansyl units 

not only quenched its own fluorescence but also the surrounding 

unprotonated ones. In this case, the preorganization of functional uni ts over 

the surface of the hybrid material resulted in a signal amplification effect not 

observable on the isolated components. Taking a step further Montalti and 

coworkers developed another silica hybrid material for sensing metal ions. 

For this purpose, silica nanoparticles were functionalized with a dansyl 

derivative bearing a polyamine receptor unit.  18  Addition of Cu 2+, Co2+ or 

Ni 2+ at nanomolar concentrations produced a strong quenching of the 

fluorescence due to coordination with metal ions (see figu re 4). Each ion was 

capable of quenching the emission of several fluorophores. At this respect, a 

single Cu2+ cation induces an emission decrease equivalent  to deactivation 

of 13 dansyl moieties. A similar sys tem was designed by Ding and coworkers 

for sensing Cu2+ with the same components but using glass slides as 

supports.11a Also Brasola et al. reported a system based on the same principle 

but with the organic units (dansylamide as fluorophore and picolinamide as 

receptor unit) grafted separately onto  the surface of silica nanoparticles.9 

                                                             
17 Montalti, M.; Prodi, L.; Zaccheroni, N.; Falini, G. J. Am. Chem. Soc. 2002 , 124, 13540. 
18 Montalti, M.; Prodi, L.; Zaccheroni, N. J. Mater. Chem. 2005 , 15, 2810. 
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Figure 4. Detection of Cu2+, Co2+ and Ni 2+ divalent metal ions using silica nanoparticles 

functionalized with dansyl moieties.  

Several examples of hybrid materials for the colorimetric detection of 

surfactants can be also found on the literature. In a first example, Martínez -

Máñez and coworkers developed silica nanoparticles grafted with a 

merocyanine derivative and thiourea as anion receptor. Interaction between 

thiourea moieties and long chain carboxylates induced a change on the 

polarity of the nanoparticles surface (due to the hydrophobic tails of these 

organic targets). This hydrophobic environment induces the cyclization of 

merocyanine units to the spirocyclic form. As a result , a modulation of color 

from pink to  pale yellow was observed and monitorized. In a more advanced 

system the same authors applied a similar hybrid material for anionic 

surfactants detection using a two-step recognition protocol. 19 In this case 

silica nanoparticles were functionalized with an imidazolium derivative 

(obtained by reaction of N-methylimidazole with 

triethoxysilylchloropropane ). In a first step, suspended nanoparticles were 

able to selectively coordinate lauryl sulfate by electrostatic interaction 

between their sulfate moieties and the imidazolium receptors.  Consequently 

                                                             
19 Coll, C.; Martínez-Máñez, R.; Marcos, M. D.; Sancenón, F.; Soto, J. Angew. Chemie - Int. Ed. 

2007 , 46, 1675. 
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surfactants remained attached to the surface forming a self-assembled 

monolayer with a remarkable hydrophobic character. Due to this 

hydrophobicity in a second step methylene blue was added to the 

suspension and adsorbed on this monolayer colouring the solid and 

bleaching the suspension (see figure 5). In a further work, the authors 

extended this strategy to also detect cationic surfactants using sulfonate units 

as receptors grafted onto the silica surface.  

 

Figure 5. Detection of lauryl sulfate in a two -step procedure using silica nanoparticles 

functionalized with imidazolium groups (for surfactant recognition) and methylene blue 

(for reveal). 
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1.3 .2  Ion - channel sensors (ICS)  

 

Ion-channel sensors is a term coined by Suwagara and Umezawa and 

largely applied in electrochemical sensing. Main principles of these systems 

consisted in mimicking natural transmembrane and intracellular signaling  

processes. The binding of signaling ions and molecules to their receptors in 

bilayer membranes is reproduced onto the electrode surface by forming lipid 

bilayers, self-assembled monolayers or even some polymeric coatings with 

the specific molecular receptors incorporated.20 Flux of a concrete 

electroactive marker to the electrode surface is controlled by the 

coordination of the target analyte with these receptors.  

First ion-channel sensor described uses a glassy carbon electrode coated 

by synthetic lipid mono - and multilayers  by means of the Langmuir -Blodgett 

technique. Voltammetry studies determined the permeability of this thin 

layers to electroactive marker ions depending on the polarity of the bilayer 

headgroup.21 For instance, using didodecyl phosphate lipid bilayers (that 

contains a phosphate head group) an electronegative marker (as [Fe(CN)6]4ĭ) 

was not able to penetrate into the bilayer and do not reach the electrode 

surface. But if certain cations such as Ca2+, Mg2+ or Ba2+ were added 

[Fe(CN)6]4ĭ becomes able to diffuse reaching the electrode surface (see figure 

6). Thus this technique can be applied for the electrochemical determination 

of the mentioned cations. The opposite result was observed when using  

positevely charged dimethyldioctadecylam monium bromide  bilayer and 

                                                             
20 Sugawara, M.; Hirano, A.; Bühlmann, P.; Umezawa, Y. Bull. Chem. Soc. Jpn. 2002 , 75, 187. b) 

Bühlmann, P.; Aoki, H.; Xiao, K. P.; Amemiya, S.; Tohda, K.; Umezawa, Y. Electroanalysis 1998 , 10, 

1149. 
21 Sugawara, M.; Kojima, K.; Sazawa, H.; Umezawa, Y. Anal. Chem. 1987 , 59, 2842. 
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Ru(bpy)2+ marker. In this case, perchlorate anion was succesfully determined 

by the same procedure.  

Figure 6. Glassy carbon electrode ICS for the detection of certain cations (for  a better 

understanding only the upper par t of the lipid bilayer was drawn).  

In the example described above, channel opening was achieved by 

modifying the electrostatic character of the electrode surface allowing the 

electrochemical marker to diffuse along the intermolecular voids formed in 

the molecular receptors layer. Other ICS systems use macrocyclic molecular 

receptors (such as cyclodextrins (CDs), crown-ethers or calixarenes) which 

provide intramolecular channels that can be blocked when the target analyte 

forms a coordination complex.  Furthermor e some ICS have been applied for 

detecting biomolecules like  antibodies, nucleotides or even specific DNA 

strands.22  

 

 

 

                                                             
22 a) Aoki, H.; Bühlmann, P.; Umezawa, Y. Electroanalysis 2000 , 12, 1272. b)Bühlmann, P.; 

Amemiya, S.; Xiao, K. P.; Umezawa, Y.; Nishizawa, S. J. Incl. Phenom. Mol. Recognit. Chem. 1998 , 32, 

151. c) Willner, I.; Blonder, R.; Dagan, A. J. Am. Chem. Soc. 1994 , 116, 9365. d) Sugawara, M.; 

Hirano, A.; Buhlmann, P.; Umezawa, Y. Bull. Chem. Soc. Jpn. 2002 , 75, 187. 
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1.3 .3  Optical ICS based on silica nanoparticles  

 

The research group of professor Martínez-Màñez developed a strategy 

to translate the principles of electrochemical ion-channel sensors for 

colorimetric sensing of different compounds. 23 In a general approach, the 

surface of silica nanoparticles is bifunctionalized with a nucleophilic unit 

(thiol moieties) and a receptor agent able to coordinate with the analyte . This 

receptor controls the acces of a chromogenic marker to the reactive thiolated 

surface. As chromogenic marker a water-soluble derivative of squaraine 

sensitive to thiols was selected. This chromogenic marker produce an intense 

blue color in solution but when react with thiols th e colour is rapidly 

bleached. First material and sample were mixed and the analyte (when 

present) is anchored to the receptor unit preventing flow of the chromogenic 

marker to thiols. Persistance of the blue color in solution indicates a positive 

presence of the targeted analyte. Bleaching of the solution, on the contrary, 

indicates a negative presence of the analyte. 

In a first example, silica nanoparticles were bifunctionalized using an 

imidazolium containin g trialkoxysilane derivative and 3 -(mercaptopropyl) 

trimethoxysilane (MPTS) .24 Imidazolium groups over the surface are able to 

coordinate anionics surfactants (such as lauryl sulfate) blocking the acces of 

the chromogenic marker (a squaraine derivative) to the thiol reactive surface 

(see figure 7). If there is not any anionic surfactant, when the squaraine 

derivative is added to the nanoparticle s suspension, a quickly bleaching of 

the solution was observed. On the contrary when anionic  surfactants are 

                                                             
23 a) Climent, E.; Calero, P.; Marcos, M. D.; Martínez-Máñez, R.; Sancenón, F.; Soto, J. Chem. - A 

Eur. J. 2009 , 15, 1816. b) Climent, E.; Casasús, R.; Marcos, M. D.; Martínez-Máñez, R.; Sancenón, F.; 

Soto, J. Chem. Commun. 2008 , 45, 6531. 
24 Climent, E.; Giménez, C.; Marcos, M. D.; Martínez-Máñez, R.; Sancenón, F.; Soto, J. Chem. 

Commun. 2011 , 47 , 6873. 
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present, the squaraine-thiol reaction is inhibited and the solution remains 

with an intense blue colour. Using this procedure determination of lauryl 

sulfate was comparable to the results obtained using a standard analytical 

methodology (methylene blue met hod).  

 

Figure 7. Detection of lauryl sulfate using optical ICS based on silica nanoparticles 

functionalized with thiol groups and imidazolium receptors.  

In another work, the same authors designed silica nanoparticles based 

on the same principles for the optical detection of nerve agents.25 For this 

purpose silica nanoparticles were functionalized with (3 -

mercaptopropyl)triethoxysilane and 3-[bis-(2-hydroxyethyl)amino]  

propyltriethoxysilane . Hydroxyl moieties are able to react with the 

organophoshate-type nerve agent mimics and, when this occurred, the acces 

of the optical marker to the thiol reactive surface was blocked (see figure 8). 

This procedure was successfully applied in 1:1 acetonitrile water solutions 

for the chromo-fluorogenic recognition of dieth yl cyanophophonate 

                                                             
25 Climent, E.; Martí, A.; Royo, S.; Martínez-Máñez, R.; Marcos, M. D.; Sancenón, F.; Soto, J.; 

Costero, A. M.; Gil, S.; Parra, M. Angew. Chemie Int. Ed. 2010 , 49, 5945. 
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(DCNP), diethyl chlorophosphate (DCP)  or diisiopropyl fluorophosphate 

(DFP). Also the detection of DFP in the vapor phase was successfully 

achieved using silica dipsticks containing the functionalized nanoparticles 

onto a polyethylene terephthalate (PETE) film.  In a more recent work, also 

using optical ICS, the same authors achieved the detection of carbon dioxide 

in gas phase.26 

 

 
Figure 8. Detection of nerve agent mimics using optical ICS based on silica nanoparticles 

functionalized with thiol groups and hydroxyl moieties.  

 

 

 

                                                             
26 Climent, E.; Agostini, A.; Moragues, M. E.; Martínez-Máñez, R.; Sancenón, F.; Pardo, T.; 

Marcos, M. D. Chem. - A Eur. J. 2013 , 19, 17301. 
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1. 4  3D silica - based hybrid materials  

 

Using 3D-architectured inorganic supports improves exponentially the 

repository of possibilities to design  new functional nanodevices. Exists a 

wide range of silica materials structures able to incorporate novel potential 

features onto hybrid materials (i.e. control of special acces to certain region, 

flux control inside channels, double functionalization in t he inner and outer 

regions of the material, etc.) with respect to the possibilities of planar silica 

materials. The next sections will focus on the use of mesoporous silica 

scafolds which are the most vastly used nowadays despite the existence of 

other 3D materials applied or applic able in this area.  

 

1.4.1  Mesoporous Silica Materials  

 

Mesoporous materials are refered to those containing regular pores of an 

intermediate size. International Union of Pure and Applied Chemistry 

(IUPAC) classifies pore sizes into three main categories:  micro- pores, meso-

pores and macro-pores. Characterized by pore sizes smaller than 2 nm, 

between 2 and 50 nm, and larger than 50 nm respectively (see table 1).27 

Among them, thanks to their large internal s urface area, microporous and 

mesoporous materials are attracting considerable research attention for 

applications in catalysis,28 filtration and separation, 29 gas adsorption and 

                                                             
27a) Yuan, Z.-Y.; Su, B.-L.; Zeng, H. C.; Mueller, U.; Pastre, J.; Puetter, H.; Schubert, M.; Schierle-

Arndt, K.; Teich, F. J. Mater. Chem. 2006 , 16, 623. b) Murray, R.; Gill, M. MRS Bull. 1994 , 19, 1122. 
28 De Vos, D. E.; Dams, M.; Sels, B. F.; Jacobs, P. A Chem. Rev. 2002 , 102, 3615ɀ3640. 
29 Cavenati, S.; Grande, C. A.; Lopes, F. V. S.; Rodrigues, A. E. Microporous Mesoporous Mater. 

2009 , 121, 114. 
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storage,30 enzyme immobilization, 31 biomedical tissue regeneration,32 drug 

delivery 33 and chemical/biochemical sensing. 34 Some emblematic 

microporous materials are crystalline framework solids  (such as zeolites, 

pore size about 3-10 Å),35 particular metallophosphates  (pore size about 10-

12 Å)36or cacoxenite (pore size of 14 Å).37  

Table 1. IUPAC classification of pore size 

 

 

In 1992 Mobil Oil co. developed some of the most well-kown meso-

structured materials. 38 In particular they gave birth to a new family of 

mesoporous silica based materials known as M41S phases. The best-known 

representatives of this class of materials include the silica solid MCM -41 

(Mobile Crystalline Material with a hexagonal arrangement of the 

mesopores), MCM -48 (with a cubic arrangement of mesopores) and MCM -

                                                             
30 a) Kruk, M.; Jaroniec, M. Chem. Mater. 2001 , 13, 3169. b) Corma, A.; Moliner, M.; Díaz-

Cabañas, M. J.; Serna, P.; Femenia, B.; Primo, J.; García, H. New J. Chem. 2008 , 32, 1338. c) Ispas, C.; 

Sokolov, I.; Andreescu, S. Anal. Bioanal. Chem. 2009 , 393, 543. 
31 Carlsson, N.; Gustafsson, H.; Thörn, C.; Olsson, L.; Holmberg, K.; Åkerman, B. Adv. Colloid 

Interface Sci. 2014 , 205, 339. 
32 Vallet-Regí, María; Colilla, Montserrat; Izquierdo-Barba, I. J. Biomed. Nanotechnol. 2008 , 4, 

1. 
33 Slowing, I. I.; Trewyn, B. G.; Giri, S.; Lin, V. S.-Y. Adv. Funct. Mater. 2007 , 17,1225. 
34 a) Kilian, K. A.; Böcking, T.; Gaus, K.; Gal, M.; Gooding, J. J. ACS Nano 2007 , 1 (4), 355. b) 

Jane, A.; Dronov, R.; Hodges, A.; Voelcker, N. H. Trends Biotechnol. 2009 , 27 (4), 230. 
35 Davis, M. E.; Saldarriaga, C.; Montes, C.; Garces, J.; Crowdert, C. Nature 1988 , 331, 698. 
36 Estermann, M.; McCusker, L. B.; Baerlocher, C.; Merrouche, A.; Kessler, H. Nature 1991 , 

352, 320. 
37 Moore, P. B.; Shen, J. Nature 1983 , 306, 356. 
38 Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. Nature 1992 , 359, 710. 

Pore deifintion Pore Diameter (nm) 

Macropores > 50 

Mesopores 2-50 

Micropores  ̓2 
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50 (with a lamellar structure). 39 Among this family of materials, MCM -41 and 

analogues are the most used for developing hybrid materials. The unique 

characteristics of MCM -41 such as homogeneous pore size (ranging from 

approximately 2 to 10 nm), a high pore volume (in the order of 1 cm 3 g-1 ) and 

a very high specific surface area (between 500 and 1000 m2 g-1) brought to its 

use in wide range of applications . Moreover, those materials are featured by 

high chemical inertness and thermal stability. It is worth noting  that the 

synthetic procedure to obtain MCM -41 is quite simple and requires 

inexpensive and nonhazardous precursors.  

The peculiarity of presenting all the  characteristics mentioned above 

makes these materials ideal supports for adsorption processes of relatively 

small molecules and enables them to be suitable platforms for the 

preparation of molecular recognition or switching systems for controlled 

release protocols and sensing applications (vide infra). 

 

1.4.1.1  Synthesis of mesoporous silica materials  

 

Silica (as well as alumina) mesoporous materials have been widely 

investigated with the aim of obtaining ordered materials with larger pores 

than those found in microporous zeolites . The usual method for building up  

a system that presents a high ordered mesoporous structure with 

homogeneous pore dimensions required two main  components:  

 

 A template acting as structure-directing agent  of the porous 

network.  

                                                             
39 Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. D.; Chu, C. T. 

W.; Olson, D. H.; Sheppard, E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. J. Am. Chem. Soc. 

1992 , 114, 10834. 
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 A polymeric precursor able to self-organize around the template 

and, upon polymerization, build up the final rigid structure . 

 

In the case of silica based scaffolds generally a surfactant (able to form a 

micellar structure) is used as template and tetraethyl - (TEOS) or 

tetramethylorthosilica (TMOS)  are usually used as silica precursors. As 

reported above, the adjective mesoporous refers to a pore diameter between 

2-50 nanometers and does not consider the phase of the final mesoporous 

ordered network . Depending on factors such as concentration and 

dimensions of the surfactant, temperature, pH solution, ionic force, etc. 

different shaped materials can be obtained according to the aggregation of 

the micelles. The second aspect that can be controlled deals with the 

dimensions of the final pores. In this case the longer the hydrophobic 

surfactant cue the bigger the final pore, because the intermediate micelle will 

present bigger size. This last statement has some limitation because if the 

surfactant hydrophobic cue is too long a bilayer or a vesicle could be formed 

and this does not allow s obtaining the desired template for the preparation 

of a mesoporous material. Once obtained the surfactant-based template the 

silica precursor is added to the reaction mixture. In t he correct conditions of 

pH and temperature the polymerization reaction take s place around the 

template giving origin to a high ordered periodic porous net. The final step is the 

elimination of the surfactant by aerobic calcinations or adequate solvent 

extraction.  

Researchers have described two different mechanisms, involved on the 

formation process of these composite materials. In the first one, named as 

True Liquid -Crystal Templating (TLCT) mechanism, the concentration of the 

surfactant is very high and,  as a consequence, a lyotropic liquid-crystalline 

phase is formed without requiring the presence of the precurs or of the 
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inorganic framework .40 The other mechanism considers that liquid -

crystalline phase is formed even at lower concentrations of surfactant 

molecules, for example, in a cooperative self-assembly of the template 

molecules and the added inorganic species.41  

Using this procedure , the original approach has been extended by a 

number of variations. As an example, the use of tri-block copolymer 

templates under acidic conditions was employed to prepare the so-called 

SBA (Santa Barbara Amorphous) silica phases,42 whereas the use of cationic 

surfactants, such as hexadecyltrimethylammonium bromide (CTAB) was 

originally used in the synthesis of the first M4 1S materials, obtaining the 

hexagonal (MCM-41), the cubic (MCM-48) and lamellar (MCM -50) forms 

cited above.  

Perhaps, the most famous, widely -studied and best known silica -based 

mesoporous inorganic scaffold is MCM -41. The first step of the synthesis 

consists in the preparation of the template for the attainment of the final 

hexagonal mesoporous phase (see figure 9). To obtain this template a water 

solution of CTAB is prepared. Thus, as reported above, in the correct 

conditions of temperature, pH and c oncentration the surfactant firstly self -

organizes into micelles and secondly micelles give origin to hexagonal 

shaped supra-micellar aggregates. Once obtained the required template, the 

polymeric precursor (TEOS) is added to the solution and, at basic pH, it 

polymerizes around the template giving rise to the final mesoporous scaffold 

with its pores full of surfactant. This is a critical step, because depending on 

certain reaction parameters (temperature, polymeric precursor 

                                                             
40 Attard, G. S.; Glyde, J. C.; Göltner, C. G. Nature 1995 , 378, 366. 
41 Monnier, A.; Schuth, F.; Huo, Q.; Kumar, D.; Margolese, D.; Maxwell, R. S.; Stucky, G. D.; 

Krishnamurty, M.; Petroff, P.; Firouzi, A.; Janicke, M.; Chmelka, B. F. Science 1993 , 261 , 1299. 
42 a) Zhao, D. Science 1998 , 279, 548. b) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. 

D. J. Am. Chem. Soc. 1998 , 120, 6024. 
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concentration and reaction time) the particle morphology can be tuned from 

micrometric and heterogeneous particles to create various forms, including 

thin films, spherical nanoparticles or monoliths. 43 Final step consists in, as 

explained before, removal of surfactant by aerobic calcination or by 

extraction with adequate solvents obtaining the final mesoporous inorganic 

scaffold. The obtained material presents cylindrical unidirectional empty 

channels arranged in a hexagonal distribution . Using CTAB as template a 

pore size of approximately  2-3 nm of diameter is obtained.  

 

Figure 9. Schematic representation of MCM-41 template synthesis: a) true liquid -crystal 

template mechanism: the liquid crystal phase is intact before the inorganic precursor is 

added. b) cooperative liquid -crystal mechanism, where addition of the inorganic precursor 

mediates the ordering of the surfactant micelles. 

The principal advantage of this synthetic method is that the high grade 

of homogeneity of the initial elements is transmit ted to the final material, 

showing a system of pores not only homogeneous in size but also in form 

and regularity.  

  

                                                             
43 a) Chan, H. B. S.; Budd, P. M.; Naylor, T. deV. J. Mater. Chem. 2001 , 11, 951. b) Cai, Q.; Luo, 

Z.-S.; Pang, W.-Q.; Fan, Y.-W.; Chen, X.-H.; Cui, F.-Z. Chem. Mater. 2001 , 13, 258. c) Huh, S.; Wiench, 

J. W.; Yoo, J.-C.; Pruski, M.; Lin, V. S.-Y. Chem. Mater. 2003 , 15, 4247. d) Naik, S. P.; Fan, W.; Yokoi, 

T.; Okubo, T. Langmuir 2006 , 22, 6391. e) Kobler, J.; Möller, K.; Bein, T. ACS Nano 2008 , 2, 791. 
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1.4.1.2  Functionalization of mesoporous silica materials  

 

The further step toward the preparation  of organic-inorganic hybrid 

materials is the functionalization of the inorganic silica -based mesoporous 

scaffold. As commented before, silica can be easily functionalized taking 

advantage of the high concentration of structural defects in the form of 

silanol (Si-OH) groups present in its surface. These silanols can easily react 

with trialkoxysilane derivatives  ((RõO)3-Si-R) to give a nucleophilic  

substitution reaction and generate organicĭinorganic nanocomposites. The 

features of these hybrid materials can be finely tuned taking into account  the 

chemical nature of the functional groups contained on the selected 

tri talkoxyslane. This functionalization endow the hybrid materials with  

specific capabilities. In addition, the anchored  groups can contain one or 

more reactive atoms, which can be later chemically modified on the surface 

of the scaffold. Three main procedures for the synthesis of the organic-

inorganic mesoporous hybrid materials have been described: 44  

 

 grafting procedure : This procedure was briefly described for the 

functionalization of planar silica surfaces in the past section. As a 

postsynthetic method requires the surfactant to be removed before 

functionalization. By the way, this technique present the potential 

advantage (depending on the application seeked) of functionalizing 

preferentlly the outer surface of the material and the pore entrances 

(see figure 10). In fact, bearing in mind the distribution of the reactive 

silanols group in the mesoporous scaffold, the tr ialkoxysilane 

derivatives  have a preference to react with the silanol (Si-OH) groups  

most accessible. Therefore, the organosilanes react preferentially at 

                                                             
44 Vinu, A.; Hossain, K. Z.; Ariga, K. J. Nanosci. Nanotechnol. 2005 , 5, 347. 
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the pore openings during the initial stages of the synthetic process, 

and the diffusion of further mo lecules into the inner surface of the 

pores can be impaired. This lead to a non-homogeneous distribution 

of the organic groups with the pores having a lower degree of 

functionalization.  

 

 

Figure 10. Schematic representation of functionalization of MCM -41 skeleton through 

grafting procedure  

 

 co-condensation procedure : This procedure consists in the 

simultaneous condensation of silica and organosilica precursors. 

Stein and coworkers achieved the formation of an organic monolayer 

of 3-mercaptopropyl groups inside of the pores of MCM -41, as shown 

in figure 11, in a work considered the first example of co -

condensation functionalization of the MCM -41 inorganic scaffold.45 

In this case, in basic hydrolytic conditions, trialkoxysilane precursors 

react rapidly with  the oligomeric silane (TEOS) to form the final 

frame structure, in which the organic groups R are bonded to silicon 

atoms of the inorganic scaffold wall and can therefore interact with 

                                                             
45 Lim, M. H.; Blanford, C. F.; Stein, A. Chem. Mater. 1998 , 10, 467. 
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