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Abstract

The present PhD thesis, entitled “Study, development and improvement of MCM-41-type
mesoporous silica nanoparticles (MSN) synthesis oriented to biomedical applications” is focused
on the synthesis, characterisation, study and evaluation of different MCM-41-type MSN samples
to improve the knowledge of MSN as nanomaterials involved in biomedical applications.

The first chapter of this work is a general introduction about the items that are going to be
treated throughout the thesis. On the one hand, the main concepts about the mesoporous silica
nanoparticles, and in particular MCM-41-type MSN, are introduced, such as their discovery, their
properties, advantages, and applications, their synthesis and the chemistry involved, and the
possibility of being functionalised or doped to acquire additional and unique properties. On the
other hand, a wide range of MSN characterisation techniques are presented highlighting their
importance in the current thesis. Finally, the concepts of nanomedicine and nanomaterials are
reviewed, including the set of requirements the nanomaterials must accomplish to be validated,
the types of nanomaterials developed thus far, and the main bottlenecks found in clinical
translation of nanomaterials. In this context, the studies of MSN in nanomedicine are reviewed,
illustrating the challenges of MSN within the nanomedicine and the opportunity their offer to
material science.

Second chapter exposes the general objectives of present PhD thesis, which are addressed in
the following chapters.

Third chapter is based on an in-depth study of the synthesis mechanism of MCM-41-type MSN,
considering the silica templating mechanism, the nucleation, the growth and the aging
processes. Particularly, the early stages of the MSNs synthesis are substantially analysed. In
addition, the different models reported about the silica templating mechanism, which are widely
studied, are reviewed.

Fourth chapter is focused on the investigation of the effect of some disregarded parameters on
the synthesis and formation of MCM-41-type MSN, such as synthesis time, stirring rate, the
magnetic stir bar used, TEOS addition rate and the neutralisation method once nanoparticles
are formed. A review of the influence of the most studied synthesis parameters on MCM-41-
type MSN is also introduced.

Fifth chapter is based on the study of the obtaining, characterisation and manipulation of
colloidal MCM-41-type MSN. First, a critical review of works that report the obtaining of
colloidal, well-suspended or discrete MSN is presented. Second, a methodology to characterise
the colloidal stability of MSN is introduced. Third, the colloidal behaviour of several
nanoparticles under different conditions is studied and compared. And finally, a conceptual and
operational framework about the principles governing the colloidal stability of nanoparticles is
developed.

Sixth chapter is a comprehensive study of the implications of the use of different surfactant
removal procedures on standard MCM-41-type MSN, such as calcination at different
temperatures and solvent extraction. The physicochemical properties of MSN studied are the
surfactant removal efficiency, the silica condensation degree, the mesostructured framework,
the colloidal stability and the surface reactivity. Additionally, the biocompatibility of
nanoparticles was tested regarding their cytotoxicity and their degradation in a simulated
physiological environment, to validate their use in biomedical applications.

Finally, seventh chapter gathers the general conclusions of the current thesis, which summarise
the conclusions obtained in each chapter, but also provide new perspectives and the big picture
of the studied matter.






Resumen

La presente tesis doctoral, titulada "Estudio, desarrollo y mejora de la sintesis de
nanoparticulas mesoporosas de silice (MSN) tipo MCM-41 orientada a aplicaciones
biomédicas" se centra en la sintesis, caracterizacion, estudio y evaluacién de diferentes
MSN tipo MCM-41, con el objetivo de ampliar el conocimiento de las MSN como
nanomateriales implicados en aplicaciones biomédicas.

El primer capitulo de este trabajo es una introduccién general sobre los temas que se
van a tratar a lo largo de la tesis. Por un lado, se introducen los principales conceptos
sobre las nanoparticulas de silice mesoporosas, y en particular las MSN de tipo MCM-
41, como su descubrimiento, sus propiedades, ventajas y aplicaciones, su sintesis y la
quimica implicada, y la posibilidad de ser funcionalizadas o dopadas para adquirir
propiedades adicionales y Unicas. Por otro lado, se presenta un amplio abanico de
técnicas de caracterizacion de MSN, destacando su importancia en la presente tesis. Por
ultimo, se revisan los conceptos de nanomedicina y nanomateriales, incluyendo el
conjunto de requisitos que deben cumplir los nanomateriales para ser validados, los
tipos de nanomateriales desarrollados hasta el momento y los principales cuellos de
botella encontrados en la traslacion clinica de los nanomateriales. En este contexto, se
revisan los estudios de las MSN en nanomedicina, sefialando los retos de las mismas
dentro de esta especialidad y la oportunidad que ofrecen a la ciencia de los materiales.

En el segundo capitulo se exponen los objetivos generales de la presente tesis doctoral,
gue son abordados en los siguientes capitulos.

El tercer capitulo se basa en un estudio en profundidad del mecanismo de sintesis de las
MSN de tipo MCM-41, considerando el mecanismo de estructuracion de la silice, la
nucleacidn, el crecimiento y los procesos de envejecimiento. En particular, se analizan
detalladamente las primeras etapas de la sintesis de MSN. Ademas, se revisan los
diferentes modelos descritos sobre el mecanismo de estructuracion de la silice, que han
sido ampliamente estudiados.

El cuarto capitulo se centra en la investigacion del efecto de algunos pardmetros
tradicionalmente poco estudiados en la sintesis y formacién de MSN de tipo MCM-41,
como el tiempo de sintesis, la velocidad de agitacidn, el nldcleo de agitacion magnética
utilizado, la velocidad de adiciéon del TEOS y el método de neutralizaciéon una vez
formadas las nanoparticulas. También se introduce una revisién de la influencia de los
parametros de sintesis mas estudiados en las MSN tipo MCM-41.

El quinto capitulo se basa en el estudio de la obtencidn, caracterizacién y manipulacion
de MSN de tipo MCM-41 coloidales. En primer lugar, se presenta una revision critica de
los trabajos que informan sobre la obtencion de MSN coloidales, correctamente
suspendidas o discretas. En segundo lugar, se introduce una metodologia para
caracterizar la estabilidad coloidal de las MSN. En tercer lugar, se estudia y compara el
comportamiento coloidal de diferentes nanoparticulas en diferentes condiciones. Y, por



ultimo, se desarrolla un marco conceptual y de trabajo sobre los principios que rigen la
estabilidad coloidal de las nanoparticulas.

El sexto capitulo es un estudio exhaustivo de las implicaciones del uso de diferentes
procedimientos de eliminacién de surfactantes en las MSN de tipo MCM-41, como la
calcinacién a diferentes temperaturas y la extraccion con disolventes. Las propiedades
fisicoquimicas de las MSN estudiadas son la eficiencia de eliminacion de surfactantes, el
grado de condensacion de la silice, la porosidad, la estabilidad coloidal y la reactividad
superficial. Ademas, se comprobd la biocompatibilidad de las nanoparticulas en cuanto
a su citotoxicidad y su degradacion en un entorno fisiolégico simulado, para validar su
uso en aplicaciones biomédicas.

El séptimo capitulo recoge las conclusiones generales de la presente tesis, que resumen
las conclusiones obtenidas en cada capitulo, pero también aportan nuevas perspectivas
y la visidn global del tema estudiado.



Resum

L'actual tesi doctoral, titulada "Estudi, desenvolupament i millora de la sintesi de
nanoparticules mesoporoses de silice (MSN) de tipus MCM-41 orientada cap a
aplicacions biomediques" se centra en la sintesi, caracteritzacio, estudi i avaluacié de
diferents mostres de MSN de tipus MCM-41 amb |'objectiu de millorar el coneixement
de les MSN com nanomaterials implicats en aplicacions biomédiques.

El primer capitol d'aquest treball és una introduccié general sobre els elements que es
tractaran durant tota la tesi. D'una banda, s'introdueixen els conceptes principals sobre
les nanoparticules mesoporoses de silice, i en particular les de tipus MCM-41, com el
seu descobriment, les seues propietats, avantatges i aplicacions, la seua sintesi i la
quimica implicada, i la possibilitat de ser funcionalitzades o dopades per adquirir
propietats addicionals i Uniques. D'altra banda, es presenta una amplia gamma de
técniques de caracteritzacio de MSN destacant la seua importancia en la tesi actual.
Finalment, es revisen els conceptes de nanomedicina i nanomaterials, incloent-hi el
conjunt de requisits que els nanomaterials han d'aconseguir per ser validats, els tipus de
nanomaterials desenvolupats fins ara, i els principals colls d'ampolla trobats en la
translacio clinica de nanomaterials. En aquest context, es revisen els estudis de les MSN
en nanomedicina, assenyalant els seus reptes dins de la nanomedicina i I'oportunitat
que ofereixen a la ciéncia dels materials.

El segon capitol exposa els objectius generals de la tesi doctoral actual, que sén abordats
en els seglients capitols.

El tercer capitol es basa en un estudi en profunditat del mecanisme de sintesi de les MSN
tipus MCM-41, considerant el mecanisme d'estructuracié de la silice, la nucleacio, el
creixement i els processos de maduracid. Particularment, les primeres etapes de la
sintesi de MSNs s'analitzen en detall. A més, es revisen els diferents models reportats
sobre el mecanisme d'estructuracio de silice, que ja han sigut ampliament estudiats.

El quart capitol es centra en la investigacié de l'efecte d'alguns parametres
tradicionalment menys estudiats en la sintesi i formacié de I'MSN de tipus MCM-41,
com: el temps de sintesi, la velocitat d'agitacid, el nucli d'agitacié magnética utilitzat, la
velocitat d'addicio de TEOS i el métode de neutralitzacié una vegada que es formen les
nanoparticules. També s'introdueix una revisié de la influencia dels parametres de
sintesi més estudiats en les MSN de tipus MCM-41.

El cinqué capitol es basa en I'estudi de |I'obtencid, caracteritzacié i manipulacio de les
MSN de tipus MCM-41 col-loidals. En primer lloc, es presenta una revisid critica dels
treballs que descriuen I'obtencié de MSN col-loidals, correctament suspeses o discretes.
En segon lloc, s'introdueix una metodologia per caracteritzar 'estabilitat col-loidal de les
MSN. En tercer lloc, s'estudia i compara el comportament col-loidal de diverses
nanoparticules en diferents condicions. | finalment, es desenvolupa un marc conceptual
i de treball sobre els principis que regeixen |'estabilitat col-loidal de les nanoparticules.



El sisé capitol és un estudi exhaustiu de les implicacions de I'Us de diferents
procediments d'extraccio de surfactants a les MSN de tipus MCM-41, com la calcinacié
a diferents temperatures i I'extraccié de dissolvents. Les propietats fisicoquimiques de
les MSN estudiades sén I'eficieéncia d'extraccié de surfactant, el grau de condensacio de
silice, la mesoporositat, |'estabilitat col-loidal i la reactivitat de la superficie. A més, la
biocompatibilitat de les nanoparticules es va provar pel que fa a la seua citotoxicitat i la
seua degradacié en un entorn fisiologic simulat, per validar el seu Us en aplicacions
biomediques.

El seté capitol recull les conclusions generals de la tesi actual, que resumeix les
conclusions obtingudes en cada capitol, perd també proporciona noves perspectives i
una visio global de la materia estudiada.

Vi
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Abbreviations and Acronyms

ABC accelerated blood clearance
ACN acetonitrile
ADC antibody-drugs conjugated
AgNPs silver nanoparticles
APTES 3-aminopropyltriethoxysilane
AuNPs gold nanoparticles
BBB blood—brain barrier
BET Brunauer-Emmet-Teller
BJH Barrett-Joyner-Halenda
BSA bovine serum albumin
CARPA complement activation—related pseudoallergy
cMmC critical micelle concentration
ChMC Chemistry, Manufacturing, and Controls
CTAB cetyltrimethylammonium bromide
CTAC cetyltrimethylammonium chloride
CTATos cetyltrimethylammonium p-toluenesulfonate
CQA Critical Quality Attributes
DLS dynamic light scattering
DEA diethanolamine
DFT density functional theory
DK degree of condensation
DMEM Dulbecco's Modified Eagle Medium
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
DTA differential thermogravimetric analysis
EA elemental analysis
EDX energy-dispersive X-ray spectroscopy
ELS electrophoretic light scattering
EMA European Medicines Agency
EPR enhanced permeation and retention
EtOH ethanol
FBS fetal bovine serum
FDA Food and Drug Administration
FTIR Fourier-transform infrared spectroscopy
FWHM full width at half maximum
GSH glutathione reduced
HDLs high-density lipoproteins
HPLC-UV high-performance liquid chromatography—ultraviolet
HPLC-MS high-performance liquid chromatography—mass spectrometry
IONP iron oxide nanoparticles
IPTES (3-isocyanatopropyl)triethoxysilane
IUPAC International Union of Pure and Applied Chemistry
KIT-6 ordered mesoporous SiO;
LCT liquid crystal templating
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LDLs
MCM-41
MCM-48
MCM-50
MPS
y-MPS
MPTMS
MSN
MRI
NLDFT
NMR
NPs
NTA
PBS
PDI
PEG
PCL

PEI

PLA
PLGA
PSD
PTFE
PXRD
QDs
RCF
RES
RNA
ROS
SANS
SAS
SAXS
SBA-15
SBF
SEDDSs
SEM
siRNA
SPION
ssNMR
TEA
TEM
TBOS
TGA
TPAB
TEOS
TMOS
TPOS

low-density lipoproteins

Mobile crystalline material 41
Mobile crystalline material 48
Mobile crystalline material 50
mononuclear phagocyte system
3-(methacryloxy)propyl trimethoxy silane
3-mercaptopropyl trimethoxy silane
mesoporous silica nanoparticles
magnetic resonance imaging
nonlocal density functional theory
nuclear magnetic resonance
nanoparticles

nanoparticle tracking analysis
phosphate-buffered saline
polydispersion index

polyethylene glycol
poly(caprolactone)
polyethyleneimine

polylactic acid

poly(lactic-co-glycolic acid)

particle size distribution
polytetrafluoroethylene

powder X-ray diffraction

quantum dots

relative centrifugal force
reticuloendothelial system
ribonucleic acid

reactive oxygen species

small-angle neutron scattering
small-angle scattering

small-angle X-ray scattering

Santa Barbara Amorphous-15
simulated buffer fluid
self-emulsifying drug delivery systems
scanning electron microscopy

small interfering RNA
superparamagnetic iron oxide nanocrystals
solid—state nuclear magnetic resonance
triethanolamine

transmission electron microscopy
tetrabutyl orthosilicate
thermogravimetric analysis
tetrapropylammonium bromide
tetraethyl orthosilicate

tetramethyl orthosilicate
tetrapropyl orthosilicate
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General Introduction

1. MESOPOROUS SILICA NANOPARTICLES AND
NANOMEDICINE

1.1 MESOPOROUS SILICA NANOPARTICLES

Mesoporous silica nanoparticles (MSN), within the mesoporous materials, have been highly
attractive since their discovery in the earlies 2000 thanks to the studies carried out by Lu et al.
in 1999 [1], Cai et al. in 2001 [2], Fowler et al. in 2001 [3], Nooney et al. in 2002 [4] and Suzuki
et al. in 2004 [5], among others. Their unique characteristics have made them highly employed
for a wide range of uses. Their properties come from the combination of several concepts, such
as silica composition, mesoporosity and nanoscale field [6].

On the one hand, the synthesis of silica composed nanoparticles is very simple, low cost,
environmentally friendly and quick [7]. Furthermore, simple modifications in the synthesis allow
the obtaining of tuneable particle size and shape. The manipulation of silica nanoparticles is
based on simple chemistry reaction steps, as well as their easy functionalisation with
alkoxysilanes [8]. Besides, the materials obtained have high transparency, inertness and thermal
stability[9][10]. On the other hand, the presence of mesopores contribute to the obtaining of
high surface area and pore volume capacity. Mesopore size can be variable, according to IUPAC
from 2 to 50 nm [11] (Fig. 1A) and it can be tailored using different long chain surfactants or
swelling agents. This is one of the main differences between mesoporous materials and zeolites,
which are composed of micropores templated by small organic molecules [7]. Mesoporous
structure can follow either ordered or disordered arrangement [12]. Finally, what concerns to
nanoscopic scale, in the order to 100 nm (Fig. 1B), it provides some unique electronic, magnetic,
optical, mechanical, and chemical features [11]. For example, nanoscale maximises the
surface/volume ratio, offers the ability to develop Mie scattering with UV-Visible light [13] and
this is also related to quantum confinement effects when nanoparticles are doped with
semiconductor elements [14]. Furthermore, nanosized features open their use in fields like the
biomedical, nanotechnology and nanoengineering ones [15].

B

Microporous Mesoporous MACroporous.
: !
| ! Glucose Molecule Virus Human Cell
Zeofites
VPI-5
1o0- KA Y _
Mesoporous Sifica
= MCM-41/48 SBA-15 /
% 0.75 1070nm 1042nm 1074nm
=
g < | >
2 o.50-
g
& i 10%-1nm 10ATnm 10A3nm 10A5nm
| Silica gel  controlied . . R
0.25 TN Forous Glass ! W & JEATIOECIEETS
! NN 4 .-
0.00 L s ald UL V— —r""}.i“-—n-.\ \‘-m—.—r. W, BN
00 109 10 17 108 ater Antibody Bacteria Hair

Molecule

Pore Diameter / nm diameter

Figure 1. A) Classification of porous materials into microporous, mesoporous, and macroporous materials according
to their pore diameters. Reprinted from reference [16]. Copyright © 2012 Chemical Society of Japan. B) Biological
and chemical elements on a scale from 0.1 nm to 1 mm. Adapted from reference [17]. Copyright © 2017 MDPI.

Thanks to these characteristics a wide range of applications has been developed. Some
examples of their varied applications described in the literature are sensing [18], catalysis
[19][20], selective adsorption [21][22], gas storage [23] and controlled release systems [24].
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Starting from this point, it was developed a wide set of different nanoparticle types. One of the
most used and studied nanoparticles are MCM-41 type MSN. This type of sieve was launched
by Mobil Oil Corporation scientists for the first time in 1992 as large particles [25][26]. In 1997
and 1999, Grun et al. got MCM-41 type submicrometer-size spheres ca. 0.5 um [27][28], but it
was not until 2001 when Cai et al. [2] and Fowler et al. [3] published practically in parallel the
obtaining of MCM-41 type nanoparticles around 100 nm. MCM-41 materials are the most
investigated within the M41S family materials because the other members in this family are
either thermally unstable or difficult to obtain. As we can see in Figure 2, within M41S family
there are different pore geometries: MCM-41 (hexagonal phase) MCM-48 (cubic phase) or
MCM-50 (lamellar phase)[29][11]. MCM-41 materials can have a pore diameter between 1.5
and 10 nm and, depending on the surfactant used, a relative surface area around 1000 m?/g and
a pore volume in the order 1 cm3 g1, Besides, this geometry gives a narrow pore size distribution
and an ordered porous structure.

Figure 2. M41S family materials (a) MCM-41, (b) MCM-48 and (c) MCM-50. Reprinted from reference [30].
Copyright © 2014 Royal Society of Chemistry.

Specifically, these nanomaterials are extensively used for biomedical applications, due to their
biocompatibility, inertness and high uptake capability in vitro and in vivo, [9], in addition to the
characteristics already mentioned. MSN have been used in drug [31][32], gene [10][33] and RNA
[34][35] delivery, bioimaging [36][37], theragnostic [38] and tissue engineering [39][40]. In
recent years, there has been a rise in in vitro and in vivo studies with MCM-41-type MSN, whose
properties make them especially interesting in controlled release systems.

1.2. SYNTHESIS OF MSN

1.2.1. MSN synthesis

Since MSN discovery, a plenty of different synthesis methods has been developed. Principally,
MSN can be prepared via four approaches [41]: template-directed method, sol-gel method,
chemical etching technique, and microwave assisted technique. Nevertheless, template-
directed method is the most used over the last years and the one that is going to be developed
throughout the document.

Generally, in order to prepare MSN via templated method the use of four components is
required, such as solvent, silica precursor, surfactant and catalyser.

On the one hand, the solvent used can be water or a mixture of water and ethanol. The presence
of ethanol causes a decrease in the hydrolysis rate of the silica precursor [42]. For this reason,
the use of ethanol produces an increase in the nanoparticles size with a narrow distribution and
the formation of accurately smooth spherical and monodisperse nanoparticles
[43][44]1[45][46][471[48][49]. Besides, there is a mesophase transformation from hexagonal to
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cubic and lamellar phase which can drive to radial porous arrangement [43][44]. Both processes
were described by Stober and his method is one of the first standardised procedure that used
ethanol to synthesise mesoporous silica particles [50].

On the other hand, the silica precursor used is normally a tetraalkoxysilane. There are different
types of tetraalkoxysilanes, such as tetrabutyl orthosilicate (TBOS), tetrapropyl orthosilicate
(TPOS), tetraethyl orthosilicate (TEQS) or tetramethyl orthosilicate (TMQS), which have
increasing hydrolysis rate, affecting the nanoparticles size and the number of nucleation sites
[51][52][53][54] (Figure 3). In addition, other sources of silica as sodium silicate solution or
hydrophilic fumed silica, which forms silicate double-four-ring [55], can be used as silica
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Figure 3. Hydrolysis rate variation of different types of tetraalkoxysilanes. Reprinted from reference [52]. Copyright
© 2015 Wiley Online Library.

Regarding the surfactant used, it can be classified into neutral, anionic and cationic. Neutral
surfactants usually are triblock copolymers such as Pluronic [56][57] or detergents as Brij
[58][59], Triton X-100 [60] or Tween [61]. Normally, they are formed by a hydrophilic part
(polyethylene and other polar groups) and alkylic chains in the hydrophobic part. Cationic
surfactants are usually formed by a quaternary ammonium salts as cetyltrimethylammonium
bromide (CTAB) [62][63], chloride (CTAC) [64][65] or p-toluenesulfonate (CTATOS) [66][67], or
tetrapropylammonium bromide (TPAB) [68]. Anionic surfactants generally are formed by a
sulfonic, carboxylate or phosphate hydrophobic head as N-lauroylsarcosine sodium [69]. The
charge of surfactant employed depends on the pH the reaction is performed, which determines
the silica source charge.

Surfactants are used as a template agent to form the mesoporous structure, since they form
supramolecular structures as micelles above certain concentration, which is also known as
critical micelle concentration (CMC). The use of surfactants with different hydrophilic head size
or hydrophobic tail length, even the use of higher or lower concentrations of surfactant, drive
to a specific mesostructured arrangement and pore shape and size [42]. In this context, the
different members of M41S family are obtained by employing increasing amounts of CTAB as
surfactant and temperature, such as Figure 4 shows.
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Figure 4. Phase diagram and schematics of the corresponding surfactant liquid crystal phases of the surfactant CTAB
in water. Reprinted from reference [70]. Copyright © 1996 American Chemical Society.

In addition, some synthesis have been reported without the use of a surfactant as a template,

but using other organic compounds as sugars [71], urea [72] or B-cyclodextrin [73] acting as

structure directing agents.

Finally, acidic or alkaline conditions can also be used as catalyser agent. In case of alkaline
conditions, the compounds most often used are sodium hydroxide (NaOH) [2][3][4][74],
ammonia (NHs) [62][50], triethanolamine (TEA) [75][76][77][78], and diethanolamine (DEA)
[75][79]. Each of them has a different basic strength so they affect differently to hydrolysis and
condensation rate. In case of acidic condition, hydrochloric acid (HCI) [69][80][81] is the most

often used catalyser.

1.2.2. MCM-41-type MSN synthesis

Nevertheless, synthesis of MCM-41 nanoparticles is quite specific. As it is mentioned above, first
synthesis of MCM-41 type MSN was reported by Cai et al. [2] and Fowler et al. [3] in 2001.

In the synthesis developed by Cai, distilled water was used as solvent, TEOS as a silica precursor,
CTAB as surfactant and NaOH as alkaline catalyst. The molar ratio of the reagents added were
1197 H,0 : 0.31 NaOH : 0.125 CTAB : 1 TEOS. The reaction was performed at 80°C, stirring for 2
hours. Then, the resulting product was filtered and washed with distilled water and dried at

room temperature.

On the other hand, the method developed in parallel by Fowler and co-workers employed
similar molar ratios of the same reagents but at lower dilutions in a first step (130 H,O : 0.5
NaOH : 0.12 CTAB : 1 TEOS). In a second step, the reaction was quenched after 40 s of the TEQS
addition by diluting it (adding 918.5 moles of H,0) obtaining a composition similar to previous
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work. After that, the mixture was neutralised with HCl at 60 s and 220 s. Then, solid samples
were obtained by evaporation of the water in air for 24 h.

Practically all reported studies that synthesise MCM-41 type MSN are based on the method
reported by Cai. However, over the time other reported works have introduced some
modifications to the general synthesis to modulate some features of the materials
[4][76][77][84][85][86].

1.2.3. Reaction chemistry

The synthesis of MCM-41 type MSN uses tetraethyl orthosilicate (TEOS) as the silica precursor.
The polymerisation of silica is based on the formation of siloxane bonds (Si — O — Si), which is
divided in two steps: hydrolysis and condensation [78][79], as it is show in Scheme 1.
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Scheme 1. Hydrolysis and condensation reactions in silica polymerisation process.

The hydrolysis reaction means the replacement of an ethoxide group by a hydroxyl group,
leading to the generation of a silanol group (Si — OH), as follows:

Si(0Et), + H,0 — Si(0Et);0H + EtOH (1)

As it can be seen in the equation 1, an ethanol or ethoxide molecule is produced each time the
reaction takes place. The hydrolysis is catalysed under acid or basic conditions, having a low rate
at neutral pH. However, the synthesis of MCM-41 type MSN is mostly performed using basic
conditions conferred by NaOH or NH4OH. The mechanism of hydrolysis is influenced on the
water-alkoxide ratio and the solvent used, since this ratio modifies the silica precursor solubility
[89]. At high pH the number of hydroxide ions (OH’) increases in aqueous solution, acting like
stronger nucleophiles than water molecules do.

The condensation step refers to bond formation among silanol groups to form a siloxane bond:
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In this case, the reaction rate is favoured when the silicates acquire negatively charge,

meaning the silanol groups are deprotonated becoming in silanolate group (Si— O7). The reason
behind this is the nucleophilic strength of the negatively charged oxygen in silanolate is much
bigger than the negative partial charge of oxygen in silanol. As Figure 5 shows, below the
isoelectric point of silica (IEP = 2.0), silica species are positively charged, and the condensation
rate is very low. On the contrary, above silica’s IEP, the silica species are deprotonating
progressively, and the condensation rate increases until slightly alkaline conditions (pH 7.5). It is
reported that over pH 7.5 polymerised silicates become unstable, that is why from pH 7.5 the
condensation rate starts to decrease. Nevertheless, in the template-directed method MSN
synthesis the surfactant—silicate composites can exist in a stable form until higher pH (even
around 12), in spite of silicate dissolving, due to strong interactions between silicates and
cationic surfactants [90]. Therefore, relatively high condensation rates can be found at alkaline
pH in the synthesis of mesoporous materials.
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Figure 5. Diagram of silica condensation rate and charge density of its species at different pH. Reprinted from
reference [90]. Copyright © 2013 Royal Society of Chemistry.

There are small pH changes during these processes. pH decreases when hydrolysis takes place,
since there is a consumption of OH- groups, which promotes the condensation of silica species.
On the contrary, during the condensation reaction OH- groups are formed again, and then pH
tends to slightly increase [4][91].

1.2.4. Surfactant removal

Once the nanoparticles are prepared, surfactant must be removed to obtain empty pores
(Scheme 2). In addition, the presence of surfactant in the nanoparticles is toxic for biomedical
applications [92]. The most often used approaches to eliminate the surfactant are calcination
and extraction.

Calcination is based on burning out the template in an oxygenated and dried atmosphere usually
at 550 °C. This method is able to remove totality the surfactant [93]. However, after calcination,
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material suffers a significant shrinkage due to reorganisation and condensation of some silanols
[94].

Extraction method consists of removing the surfactant by washing the nanoparticles in a
determined solution. These solutions must be able to weaken the bonds between silica surface
and surfactant, and then exchange the surfactant by a cation. HCl/ethanol or methanol solutions
have been used very often for this purpose [95][96] but it is also common the use of ammonium
nitrate [97]. The extraction can be performed in a round bottom flask under reflux or in a Soxhlet
extractor. Extraction causes less shrinkage in the lattice than calcination, since it is less common
the silanol condensation without strong heating [90]. Nevertheless, some template can remain
in the structure using this method [93] and several extraction cycles should be usually
performed.

Hexagonal array

Surfactant micelle Micellar rod

Surfactant
removal

—

Silicate

—

Scheme 2. The surfactant removal must be done after the silica is templated, as the pores must be emptied.
Reprinted from reference [98). Copyright © 2013 Elsevier.

1.3. FUNCTIONALISATION

Most of the named MSN applications, such as controlled drug delivery, sensor technology,
catalysis, imaging, and chemisorption,[99][100] require the covalent incorporation of organic
compounds (functionalisation) onto their surface. This functionalisation of MSN forms a family
of hybrids (organic-inorganic) materials, in which the properties of the organic moiety are as
important as the one of the inorganic mesoporous scaffold.

1.3.1. Functionalisation chemistry

The chemistry of the silica materials has been well studied over the past century. In spite of the
inertness of the silica materials, they are easily functionalised either due to the presence of
silanol groups in their surface or through the addition of organic reagents during the silica
hydrolysis-condensation process. The reagents most often used for silica functionalisation are
organo-trialkoxysilane compounds, i.e., a silicon atom attached to three alkoxy groups and a
fourth specific functional group through a Si-C bond. It can be also used other structures less
common, like organo-dialkoxysilanes, together with they are generally known as organosilanes
[101]. Besides, other types of silanes can be used to functionalise the silica materials, such as Si-
Cl, Si-NR; or Si-NH-Si groups.

The reaction that takes place is an attack of silanol groups of the silica precursor to the silicon
atom of the reagent, with the formation of a siloxane bond and the elimination of an (3)
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alkoxy group of the reagent, which acts as a leaving group (Equation 3). This reaction is favoured
in alkaline conditions because of the stronger nucleophilicity of silanolate group compared to
silanol one. Besides, the ability to get out from the attacking molecule of the leaving group also
influences the substitution rate. In case of alkoxy groups, this ability is related to its length, since
the longer the group, the higher the steric repulsion to form the pentavalent transition states
and, then, the slower the substitution rate [88].

R;SiOH + Si(0OEt);R —  R3SiOSi(OEt),R + EtOH

The amount of functional groups that can be attached to MSN after functionalisation process
varies from 0.1 to 3 mmol g of MSN. The concentration of silanol groups can be around 5 mmol
g for an MSN, which corresponds with around 3 groups per nm? of surface [102].

1.3.2. Methods

MSN can be functionalised either on the external, the internal surface (within the pores) or
inside the silica structure. For that purpose, several methods for functionalizing have been
developed, being the most common ones co-condensation and grafting methods.

1.3.2.1. Grafting

Grafting, or post-synthesis, method consists on performing the functionalisation after
nanoparticles formation (Scheme 3). The specific reaction undertaken is called silylation, and
proceeds through the silanol groups on the nanoparticles surface that act as anchoring points
for the organosilane reactants. For this reason, the organic groups tend to incorporate in an
inhomogeneous manner, being preferably attached onto the external surface, which is more
accessible [101].

—_ —_—
R
Calcination or g
tensoactive g
extraction 7~ I\
MeO | OMe
MeQ

Scheme 3. Post-synthesis functionalisation method.

However, controlled dual functionalisation can been achieved by two different approaches that
use grafting methods. The first approach is based on functionalising the nanoparticles before
removing the surfactant producing a first specific functionalization of the organosilanes on the
external surface. This first step must be followed by solvent extraction to remove the surfactant.
After that, the inner surface of the pores can be selectively functionalised using a general
grafting method as the external surface is already blocked. The second approach lies on
functionalising the external surface with a large compound unable to go into the pores. After
that, a general grafting method with a small compound allows to functionalise the inner surface
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[101]. In either case, functionalizing the inner pores surface requires to choose a compound
small enough to fit in the pores.

The main advantage of this method is the original mesoporous arrangement is maintained after
grafting, since the nanoparticles are previously consolidated [103]. Therefore, it is a simple
method to functionalise the nanoparticles. Besides, this technique is compatible with the
calcination method as previous step for surfactant removal.

1.3.2.2. Co-condensation

Co-condensation is a one-pot method based on the addition of the desired organosilane
compound [104] during the nanoparticle formation mixed with the silica precursor (Scheme 4).
This is the reason why this method tends to give a homogeneous distribution of organic groups
in the whole framework, including the external surface, the inner pore surfaces and even inside
the silica structure [105]. Hence, co-condensation allows the incorporation of a high amount of
functional groups, between 2 and 4 mmol g MSN [106].

In this case, the reaction is made in aqueous medium, and thus, the alkoxy groups hydrolyse.
Therefore, organosilane molecules behave as silica precursors by means of a nucleophilic
bimolecular substitution identical to that of tetralkoxysilanes which leads to the silica
polymerisation.

As a limitation, the use of this method can disturb the original mesostructure (pore size, surface
area, etc.) and the nanoparticles size and morphology, since the interaction between the
surfactant and silica species are altered [105][103]. Furthermore, if large amounts of organic
compound are added, the hexagonal mesophase formation can be inhibited [106].

In addition, co-condensation approach limits the surfactant removal choice to solvent extraction
since calcination will burn the incorporated organic matter.

OMe R
| 5 H20

MeO’Sl"OIVIe + NIeO’SI’"OMe —> y——>
OMe OMe Surfactant

extraction

Scheme 4. Co-condensation functionalisation method.

1.3.3. Properties and applications

Anchoring organic moieties onto the MSN produces hybrid materials that can present a wide
range of new physical and chemical properties. Indeed, hybrid materials present cooperative
and functional behaviour that are not found in their constituents separately. These properties
can be tuned depending on the organic groups attached. For example, functionalisation can
provide a hydrophobic or hydrophilic behaviour, acidity or basicity, specific reactivity, or affinity
with certain molecules, etc. As a result of the new properties acquired by the MSN due to the
addition of organic moieties, some interesting functionalities appear. Even, multifunctionalised
materials can be synthesised (Figure 6).
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On the one hand, it must be mentioned those properties associated with the loading and release
of some cargo. Functionalisation can control the surface affinity and host-guest chemistry by
adding different functional groups, which can be tuned and adapted to the loading requirements
of a particular cargo [99][107]. In this context, MSN can carry both hydrophilic and hydrophobic
drugs [103].

In addition, an important ability of some functionalised MSN is the controlled release of the
payload, associated with the concept of molecular gates [100][41][24][108]. Molecular gates
are switchable single or supramolecular entities, which are capping the pores and are able to
respond to a specific stimulus producing a change in its state from closed to open. Then,
molecular gates are usually blocking the pores entrance and avoiding the release of the payload.
When the stimulus is applied, the entities acting as molecular gates change their conformation
and let the pores entry unblocked, inducing the release of the cargo. A lot of molecular gates
have been developed in the last decade, which are able to be sensitive and respond to a wide
range of chemical, physical, and biochemical stimuli, such as temperature, pH, light, magnetic
and electric fields, redox agents, ultrasounds and biomolecules, among other. In this context, a
plenty of materials have been developed for sensing and biosensing applications, in which the
payload is a reporter molecule such as a fluorophore, a chromophore or a contrast agent [18].

On the other hand, the incorporation of organic moieties confers some mechanical and
chemical functionalities such as higher degradation rate or an improvement of dispersibility of
the MSN [100]. Other interesting feature is the labelling of MSN with fluorescent or absorbent
dyes or isotopes, which is useful for monitoring processes, sensing and bio-imaging. Besides,
some functionalisation provide MSN biocatalytic and catalytic ability [41].

Finally, those functional behaviours related to the interaction of MSN with biological organism
are very useful in the biomedical field. For instance, functionalisation can improve
biocompatibility of MSN [37][90][93][99], by using molecules or polymers such as PEG and
avoiding the direct contact of silanol groups with the organism [100]. Besides, some moieties
such as some charged polymers, peptides or specific ligands, can be used to enhance the cellular
uptake and to improve pharmacokinetics of MSN in terms of biodistribution, cell location and
excretion [37][90][93]. Related to the latter, there is a wide range of ligands developed to confer
targeting abilities [37][90][93][98] to MSN and to improve their bioavailability, principally
peptides and antibodies.

18



General Introduction

/ Molecular valves
Surface
modification

Metallic or
magnetic core

Polymer coating

SLB T Cargo

Targeting ligands — PEG

Figure 6. Scheme of a multifunctional MSN showing multiple types of surface modifications, doping and cargos.
Reprinted from [110]. Copyright © 2013 American Chemical Society.

1.3.4. Doping

Apart from the mentioned use of organic moieties to functionalise the MSN, it can also be
applied the doping or combination with metals or semimetals of MSN (Figure 6). This doping or
combination can be either incorporating the metallic and semimetallic atoms into the silica
network or assembling the silica nanoparticles with metallic and semimetallic nanoparticles. In
the last case, different designs have been used, such as core-shell approach, or decoration or
deposition of the metallic nanoparticles over the MSN [111][112].

Metals and semimetals own and confer excellent physic and chemical properties to MSN, such
as their thermic and electric conductivity, magnetism or absorbance/fluorescence [113][114].
Therefore, doped MSN can be used in several applications [114][115][112][111], mainly in
imaging, magnetic response, catalysis, controlled release and other. Doped MSN with some
metals are highly used in magnetic resonance imaging (MRI) were the metal acts as contrast
agent, but other imaging applications exist with the addition of fluorescent entities. In relation
with the magnetic response, one of the most used application is the hyperthermia therapy, as it
is possible to transform alternating magnetic fields into very localised heat. Also, another
application of the magnetically doped MSN is the possibility of concentrating the particles in a
particular target by applying an external magnetic field. On the catalysis field, dopants can act
as heterogenic catalysers or participate in photocatalysis processes. In addition, the
combination of MSN with metallic entities can confer alternative functionalities in the response
to different stimulus in the field of controlled release. The most employed designs are the
cleavage of a thermosensitive or photosensitive bond mediated by the energy conversion of the
metallic compound, when a specific stimulus such as light, magnetic field or ultrasound, is
applied. Other application can be the facilitation of the storage of different compounds, like
hydrogen, through the formation of coordination complexes.

For these purposes a wide range of metals, metal oxides and semimetals have been used for
MSN functionalisation [91][100][102]-[105], such as superparamagnetic iron oxide nanocrystals
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(SPION), gold nanoparticles (AuNPs), palladium, zinc, aluminium or copper clusters, quantum
dost (QDs), and lanthanides atoms (Gd*3, Er3, Yb™3).

1.4. CHARACTERISATION

MSN can be characterised following standard materials and inorganic chemistry characterisation
techniques. Characterisation is needed not only to check the proper synthesis and
functionalisation of MSN materials, but also to follow the synthesis steps and to understand the
synthesis mechanism.

The most common characterisation techniques include powder X-ray diffraction (PXRD), N2
adsorption-desorption, solid—state nuclear magnetic resonance (ssNMR), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), dynamic light scattering (DLS)
and electrophoretic light scattering (ELS), thermogravimetric analysis (TGA), Fourier-transform
infrared spectroscopy (FTIR), elemental analysis (EA) and UV-visible and fluorescence
spectroscopy.

1.4.1. Powder X-ray diffraction

Powder X-ray diffraction is a technique based on X-ray crystallography and consists of the
analysis of the diffracted X-ray beam after hitting a powder sample. A diffractometer is formed
by an X-ray tube, a small disc-like container to load the powder sample and a detector. X-rays
are filtered and collimated to a single wavelength (A) and direction to obtain clearer results.

The powder diffraction patterns are related to the atomic structure of the material studied, as
predicted by Bragg’s law (Equation 4):

n-A=2d-sinf (4)

where n is an integer number; A is the wavelength used, normally CuKa radiation (A = 1.54 A); d
is the interplanar distance for the family planes in diffraction condition and 8 is the scattering
angle. Figure 7 shows a schematic representation of diffraction phenomenon. The positive
diffraction condition is satisfied only at certain values of the incident 6 angle at which there is a
family of planes of the crystalline structure whose interplanar distance d fulfils the Bragg’s Law.
In this way, each family of crystallographic planes of a crystalline solid produces a peak in the
diffraction pattern. Besides, the intensity of the scattered radiation depends proportionally to
the electron density contained in each family of planes.
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Figure 7. Schematic representation of diffraction phenomenon and Bragg law.

In a crystalline material, atoms are perfectly ordered giving rise to a set of family planes whose
characteristic interplanar distances fall in the order of some A. Then, diffractograms of
crystalline solids appear as a group of narrow peaks with different intensities, located at medium
to high 26 angles. However, mesoporous silica materials are built from amorphous silica and
then no diffraction signal from the internal distribution of silicon and oxygen atoms is obtained.
However, in some cases the pores of the mesoporous material can be ordered in a long-range
basis and this repeated geometry can give rise to diffraction phenomena when interacting with
x-ray radiation. In this case, the corresponding family planes raised by the pore ordering present
quite large d-spacing values and the corresponding diffractograms show peaks only at small 26
angle, and with a wide profile.

Diffractograms obtained in mesoporous silica materials are useful to characterise the ordered
pore structure as the combination of d-spacings and intensities in the diffraction diagram is
characteristic of each structure. Specifically, MCM-41 can be understood as a hexagonal close
packing of two-dimensional pores (hexagonal PEmm symmetry). Hence, the crystallographic
family planes correspond with a two-dimensional hexagonal system and can be represented
with the Miller indices (100), (110), (200) and (210) (Figure 8).

Intensity (a.u.)

d

N 0@ 54

o 1 2 3 4 5 8 71 8 9
20 (degrees)

Figure 8. A) Representation of the main crystallographic family planes of MCM-41 structure. B) Typical diffractogram
observed in MCM-41 materials, where the peaks associated with symmetry planes (100), (110), (200) and (210) are
shown.
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After the assignation of Miller indices to the peaks in the diffraction diagram of a porous
material, the value of the cell parameter in the xy plane, a, can be obtained for a hexagonal
crystalline system as presented in equation 5:

d? 3a2 c2

1 _ 4(h? + hk + k?) N 12 (5)

Considering that the pores in MCM-41 structure present only symmetry in two dimensions and
that the peak relative to (100) plane is the main peak in x-ray diffractogram of MCM-41
materials, the equation 5 can be simplified (equation 6) to calculate the value ap (unit cell
parameter) according to the distance digo.
2
Qo = ﬁdmo (6)

Once we have the value of the cell parameter, it is possible to calculate the wall thickness of the
silica (w) using the value of the pore size (p) that can be obtained from N adsorption-desorption
studies (Equation 7):

ag=p+w (7)

The characterisation by PDXR of this type of materials is useful for different reasons. On the one
hand, the ordering of the mesostructure can be checked and hence, the evolution of the porous
structure along the synthetic procedure, as for example the right drift of the peaks in the
diffractogram after the surfactant removal as a result of unit cell contraction, can be followed.
On the other hand, it is suitable for ascertain the structure is not damaged with the subsequent
functionalisation steps, although the diffraction patterns can suffer some blurring due to the
loss of contrast of electron density as materials are loaded and functionalised.

1.4.2. N, ADSORPTION-DESORPTION

N: adsorption-desorption is a technique employed to study the surface of materials. For that
purpose, it is measured the amount of N, gas adsorbed to the material of interest when is
pumped in different pressures until reaching a certain of relative pressure at a fixed
temperature, and the subsequent amount of N, that desorbs. Hence, adsorption/desorption
isotherms are plotted as the amount of adsorbed/desorbed nitrogen as a function of the partial
pressure applied.

The quantity of N, adsorbed depends on the strength of gas-solid interactions and the
topography solid surface. According to that, isotherm can be grouped into different types,
(Figure 9A).
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Figure 9. Representation of the main types of adsorption isotherms (A) and hysteresis loops (B) according to the
updated IUPAC classification. Reprinted from [117]. Copyright © 2015 De Grutyer.

N2 adsorption-desorption isotherms are very informative in the characterisation of MSN, as the
values of the specific surface area, the specific pore volume, the average of pore size and its
distribution can be obtained from their adjustment to different adsorption models.

Particularly, MCM-41 materials show a type IV (a) isotherm (Figure 10). These isotherms show
at low pressures (from 0 to ca. 0.3 p/po) a quasilinear and progressive rise (Fig. 10, a), whose
slope is related to the specific surface area value according to Brunauer-Emmett-Teller (BET)
theory. This model considers that at low pressures a N, monolayer is formed across the whole
surface, which presents the same energy of adsorption at each point. Subsequently, at ca. 0.35
p/po, a sharp increase in the adsorbed volume is observed (Fig. 10, b). This effect corresponds
to the capillary condensation, namely, the pores filling. The p/po value when the increase occurs
is associated with the pore size and the p/po range width of this increase gives the amplitude of
size distribution. Different models can be used to calculate the size and distribution of the pores,
such as the Barrett-Joyner-Halenda (BJH) model, which is based on the Kelvin equation, or the
Density Functional Theory (DFT) or the nonlocal DFT (NLDFT), both based on molecular
modelling. BJH is greatly used, but DFT and NLDFT are more accurate approximation to materials
similar to MCM-41, since BJH can underestimate small sized pores [118]. On the other hand,
pore volume is calculated from the total amount of gas adsorbed, taking the value where p/po
value is considered the pores are totally filled, i.e. where the isotherm reaches a plateau (Fig.
10, c).
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Figure 10. Typical N, absorption-desorption isotherm of MCMA41-type MSN, in which the marked areas correspond to
(a) N2 monolayer adsorption, (b) capillary condensation, (c) plateau region, and (d) interparticle porosity.

In addition, type IV isotherms can present a hysteresis loop (Figure 9B), indicating the slightly
different behaviour when the N; is added or withdrawn. This difference is due to the capillary
condensation during the filling and emptying of mesopores. The shape of the hysteresis loop in
these materials, when is present, usually follows a H1 type at the capillary condensation region,
which is associated with well-defined cylindrical-like pore channels [7]; and H4 type hysteresis
can also be found at high p/po values, due to the presence of amorphous silica in the surface of
nanoparticles that can be present in the voids between particles when they are close to each
other [119].

Finally, it is common to see in MSN an additional sharp increase in the amount of nitrogen
adsorbed at the highest pressures (close to 1 p/po) (Fig. 10, d), which corresponds to the
presence of interparticle voids, since it indicates pores larger than 50 nm.

1.4.3. Electron microscopy

Electron microscopy allows to obtain images of the nanoparticles. This technique uses a beam
of electrons to hit the samples, collecting either the reflected electrons (SEM, scanning electron
microscopy) or the transmitted ones (TEM, transmission electron microscopy). These techniques
allow to reach high magnification and resolution images, the latter in the order of few
nanometres.

Transmission electron microscopy (TEM) is based on the image formed by a beam of electrons
transmitted through a specimen. The number of electrons which can cross the sample will be
inverse to the electron density of each area, so the contrast is related to this density in each
point of the specimen. Samples must be in the order of at most few microns thick so as to be
able to get some contrast. Bigger samples do not let the electrons through them. Then, this
technique allows to see the internal structure of nanoparticles.

Scanning electron microscopy (SEM) consists of collecting from above the sample the electrons
resulting after the interaction of the beam with the sample. In the SEM mode, the electrons with
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higher possibility of escaping from the sample are those hitting the bigger heights and therefore,
the image formed will be related to the topography of the sample. In this technique bigger and
thicker samples can be used.

Sometimes both techniques can be coupled in order to obtain more information. In addition,
other complementary techniques can be used, such as energy-dispersive X-ray spectroscopy
(EDX), which use the characteristic X-ray emission by the elements of the sample in response to
the internal electrons excitation when the sample is hit by the electron beam. Then, this
technique can be used to analyse the elemental composition of the sample.

TEM and SEM give information about particle size, morphology, and surface coating.
Nevertheless, organic matter does not give as much contrast as silica. TEM can be also used to
verify the presence, size, and geometry of the pores. As is shown in Figure 11, pores can be seen
in hexagonal distribution or like long channels across the nanoparticles, depending on the
orientation of the particles.

~ 100nm

Figure 11. Example of MSN pictures obtained by TEM, where the mesoporosity can be observed like hexagonally
distributed pores or parallel channels.

1.4.4. Dynamic light scattering and related techniques

Dynamic light scattering (DLS) is a technique based on the calculation of the size of the particles
by measuring the Brownian motion when the sample is irradiated by a laser. The technique
analyses the intensity fluctuations over the time in the scattered light by the total amount of
nanoparticles. These fluctuations create a set of scattered speckle patterns and the shifts in
these patterns over the time are a graphic representation of Brownian motion. Considering that
in Brownian motion small particles move quickly and large particles move slowly, according to
Stokes-Einstein equation, the DLS technique associates the size of particles with the shifts in the
speckle pattern over the time. The behaviour of small and large particles plotted versus the
correlation coefficient, meaning the similarity (from 1 to 0) of the speckle patterns over the time,
is shown in Figure 12.
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Figure 12. Typical correlation function, calculated from speckle patterns in DLS measurements, of small and large
particles against time.

After the measurement, a correlation function (also called correlogram) is obtained fitting with
different mathematical approaches the correlation data obtained. These calculations are then
used to calculate the size distribution.

On the other hand, it has to be taken into account that the size measured correspond to the
hydrodynamic diameter, which is defined as the diameter of a hypothetical spherical particle
that diffuses in the same fashion as that of the particle being measured [120][121]. This
phenomenon is due to the hydration layer acquired by the particles in suspension. This
hydration layer is formed mainly by solvent molecules, but also by ions. This is the reason why
measured sizes with DLS are larger than the ones measured with TEM or SEM (Figure 13).
Besides, the hydration layer width depends on the properties of the dissolution and of the
particles surface.

Hydrodynamic diameter

Figure 13. Representation of hydrodynamic diameter measured in DLS in comparison with the nanoparticle diameter
observed at TEM.

Hence, DLS is used in the MSN characterisation to measure the average hydrodynamic diameter
of a sample. Specifically, it is useful to compare the sizes of different MSN synthesis and the size
changes after each functionalisation step.

As a limitation, for DLS to give suitable data, the sample must meet certain conditions as being
well suspended and monodispersed, having a narrow size distribution, having minimal
fluorescence or absorbance behaviour, not having sediments or large aggregates, etc. These
conditions are difficult to achieve with an MSN suspension, making DLS sample preparation a
sensitive issue.
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The development of the DLS technique has given rise to other derived techniques, as for
example the Electrophoretic Light Scattering (ELS). This method is based on determine the Z-
potential, which is the electric potential within the electrical double layer around a particle, with
a stable entity. To do this, it measures the electrophoretic mobility of particles in a sample, which
is the stable movement of charged particles towards the electrode of opposite charge when an
electric potential is applied. In order to measure the electrophoretic mobility ELS uses laser
Doppler velocimetry. This technique associates the velocity of a particle with the rate of
fluctuation in the scattered light intensity that is received in a detector (Figure 14).
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Figure 14. Scheme of ELS cuvette and measurement. When the electric potential is applied, the charged particles
move toward the opposite sign electrode. Reprinted from reference [122].

The electrophoretic mobility in turn depends on the potential applied, the dielectric constant of
the medium, the viscosity of the medium and the z-potential. Only the latter factor is a variable
associated with the sample, since the rest of them are fixed for each measurement or can be
controlled. The z-potential of the particle can thus be obtained by the application of the Henry’s
equation.

Therefore, z-potential is used in MSN characterisation to know the stability of the nanoparticles
suspensions and to check the proper functionalisation steps that involve a change in the surface
charge.

Additionally, other related technic developed is the nanoparticle tracking analysis (NTA). It is
based on the analysis of both light scattering and Brownian motion of suspended nanoparticles.
NTA employs the Stokes-Einstein equation to relate the diffusion coefficient with the particle
diameter. In addition, NTA allows visualising the nanoparticles in real time due to the use of a
digital camera connected to a microscope (Figure 15).

NTA is generally used to analyse the size dispersion and concentration of nanoparticles, as well
as their diffusion coefficient and velocity.

Microscope

Particle Scattering

Laser Beam (B © o

e

Figure 15. Scheme of NTA measurement. The samples are placed into a chamber, where disperse the light emitted
by a laser beam.

Particle Suspension
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1.4.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) consists of measuring the weight of a sample over the time
when controlling temperature of the sample. In other words, this technique collects the changes
in the sample weight when, for instance, the temperature is raised and, as a result of that
heating, some chemical of physical processes take place as evaporation or combustion of some
components of the sample. For this purpose, the technique requires of an equipment that
measures very small weight changes, so it is equipped with a highly precise microbalance and
an anti-vibration system to avoid interferences in the weight measurements.

One of the main applications of TGA is the analysis of the sample composition of the sample as
for example the percentage of solvents, organic matter, or the silanol concentration.

In addition, some complementary techniques can be incorporated to TGA, such as differential
thermogravimetric analysis (DTA). The latter provides information about the
endothermic/exothermic character of the transformations that occur to the sample while the
heating program takes place. It is based on registering the difference in temperature between
the sample and a standard material, giving to positive or negative peaks when the thermally
induced process is exothermic or endothermic, respectively.

The utility of this technique to characterise the MSN is to give information about the organic
matter present in the sample, which can come from surfactant, loaded cargo or functionalised
moieties. It is usually difficult to discern between different organic moieties using this technique,
since decomposing temperatures overlap each other. Therefore, it is used to know the total
amount of organic matter. Nevertheless, some strategies can be used to distinguish the
combustion processes, like plotting the TGA derivative, which resolves the inflexion points in the
curve to minimums. Hence, it makes the processes visual and differentiable. Other strategy can
be running separately every component of the sample to identify the specific behaviour of each
one.

Plotting the mass of the sample against temperature, as it is showed in Figure 16, the loss of
mass can be analysed. It is generally considered that solvents (ethanol, methanol, acetonitrile)
and water are evaporated in the temperature interval from room temperature to 100 °C or 150
°C [3]. However, some works reported the water adsorbed on the surface and deep within the
pore walls remains in the sample until 300 °C [123]. This loss of mass is related to solvent traces
from the synthesis and functionalisation and the moisture of the nanoparticles, which can be
very variable depending on the hygroscopic behaviour of compounds. Organic matter
decomposition starts above 100 °C, depends on the decomposition temperature of each moiety,
and usually are observed up to 600 °C. Silanol condensation to form the stable siloxane bond
starts in the range from 190 °C to 400 °C [3][124], depending on the silanol type and their
position (vicinal, geminal, nearby or spaced silanols, etc.) and can be found until 1000 °C.

Additionally, the first derivative of TGA curve can be represented to help in the separation of
subsequent decomposition processes and the calculation of the corresponding mass loss. On
the other hand, DTA can also provide information to assign the different thermal
decompositions steps to its corresponding process. For example, the evaporation of solvents
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and silanol condensation are endothermic processes, while combustion is an exothermic
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Figure 16. Typical TGA curve of functionalised MSN sample, in which different regions can be distinguished: (a)
solvents and moisture evaporation, (b) organic matter decomposition, and (c) silanols condensation.

1.4.6. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy is a technique used to obtain the infrared spectrum a
specimen, which is related to molecular vibrations. Fourier-transform is needed to convert the
raw data collected as an interferogram into a spectrum, according to the vibration’s frequencies.

Each molecular bond has a particular manner to vibrate when it is excited. Then, irradiating a
sample with infrared light will induce the absorption of those frequencies that coincide with the
energy required to make vibrate each bond within the sample. Therefore, the spectrum
produced is like a fingerprint of the sample. There are some bonds which absorbs in recognisable
frequencies, as C=0, C—C (aromatic bond), C=C, C—N, N-0O, etc.

Silica framework has an associated spectrum due to Si—O-Si, and Si—OR and Si—OH bonds.
Normally, silica infrared spectrum shows as a set of mainly wide bands at 1217, 1056, 954, 795
and 435 (see Figure 17) due to the non-regular arrangement of the silica tetrahedron in the long-
range [124]. Therefore, the additional bands which appear in the sample would indicate the
presence of other functional groups. In this sense, FTIR is used in the characterisation of MSN to
check that the different steps along the functionalisation process are correct, providing every
step adds new bonds absorbing at different frequencies. In addition, the silica condensation
level can be approximated through the signals coming from Si—OH bonds (located at 950 cm™
). Finally, FTIR spectroscopy can be used to confirm the complete template removal more
accurately than thermal analysis, being that even traces of the template can be readily detected
[93].
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Figure 17. Typical FTIR spectrum of calcined MSN, in which the bands associated to the bending and stretching of SI-
O-Si and Si-OH bonds are observed.

1.4.7. Solid state NMR

Solid-state nuclear magnetic resonance (ss-NMR) spectroscopy is based on NMR focussed on
solid samples. NMR elucidate the structure of a molecule measuring the resonance frequency
of specific atoms when the sample is subjected to a magnetic field. This frequency is related on
the strength of the magnetic field that reach the atomic nucleus, which depends on the
electronic density in the proximity of the named atom by means of the electromagnetic
shielding. In case of ss-NMR, most of the interaction of the atom with the surroundings are
anisotropic due to reduced mobility in solid matter. These anisotropic interactions have a
substantial influence on the nuclear spins producing very broad signals in the spectrum.

In the case of MSN characterisation, 2°Si-ss-NMR is generally performed since it gives
information about the nanoparticle siliceous framework. In other words, it allows to determine
the silica condensation level. Mainly in a mesoporous silica nanoparticle a silica tetrahedron can
be linked to 1, 2 or 3 other ones. These silicon connectivity states are called Q2, Q3 and Q4, and
they give differentiable resonance peaks in the Si-ss-NMR spectrum, as can be observed in
Figure 22. Q2, Q3 and Q4 can be observed at ca. -92, -101 and -110 ppm, respectively. Spectra
obtained usually show overlapping peaks, which have to be deconvolved to obtain the
percentage of each population in the sample. Furthermore, the use of ss-NMR to measure other
nuclei, such as the carbon (**C-ss-NMR), can be useful to analyse the functionalisation of the
samples, according to the same reasoning as for silicon. In this case, the carbon resonance peaks
are called T1, T2, T3 regarding the number of silicon tetrahedrons bonded to the silica bonded
to the organic moiety (Figure 18).
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Figure 18. Typical ss-NMR spectra of MSN samples, in which the resonance peaks Q, Qs and Qq are overlapped. They
must be deconvolved to be quantified and analysed. Reprinted from the reference [125]. Copyright © 2013 Springer.

1.5. NANOMEDICINE

1.5.1. Introduction to nanomedicine

In the last decades, the interest in nanomedicine has been increasing within the biomedical field
and there is a growing number of research projects and groups dealing with nanomedicine
challenges. Nanomedicine is based on making use of the knowledge and tools of
nanotechnology in combination with pharmaceutical and biomedical sciences. Then,
nanomedicine works in the development of nanoscale materials, as powerful new tools, whose
aim is the comprehensive monitoring and control, treatment, repair, defence or medical imaging
to achieve a medical benefit in biological systems [126].

Hence, nanomedicine does not focus on obtaining new drugs or active agents, since it is an
expensive and time-consuming procedure, but rather on improving the safety, prolonged
activity and efficacy index of traditional therapeutic or sensing species, i.e the modulation and
improvement of the pharmacokinetic of biomedical species [127]. For instance, the aim of
nanocarriers containing anti-cancer species is to increase their concentration in tumour area
and to decrease the contact with healthy tissues [128]. This is where nanotechnology takes the
main role, through development of supramolecular chemistry, in dosed and monitored titration
or delivery, as well as selective and targeted devices, even in the pursuit of personalised
therapies [129].

Pharmacokinetic is generally based on four stages: absorption, distribution, metabolism, and
elimination, also known as ADME. Besides, in case of compound release systems it can be added
an additional parameter: liberation [130]. Nanomedicine is involved in each one of these stages,
being that the carried agent adopts the carrier’s pharmacokinetics until it is released [127].
Thereby, nanomaterials could offer improvements in a) absorption, like higher membrane
permeability or bioavailability, and versatility to use different administration routes [131]; b)
biodistribution, like the ability to carry poorly water soluble compounds, targetability and avoid
or reduce drug leakage, the capability to cross cell or tissue membranes; c) metabolism, as
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higher metabolic stability due to protection from the outside, avoiding formation of undesirable
by-products; d) elimination, as carrying the drugs to kidney or liver; e) liberation, as the ability
to control, sustain, delay and target the delivery [128], as well as to escape from endosomes and
to reach the nucleus or target compartment [109].

1.5.2. Introduction to nanomaterials

Nanoscaled materials, as FDA defines, are those materials which are designed with at least one
dimension or structure within the interval from one to some hundreds of nanometres [132].
These dimensions confers them a number of features, which make them very interesting to
biomedical purposes and are much less significant in macroscopic materials [93][111]. From a
physical and chemical point of view, these features are the high surface area to volume ratio,
major sensitivity to nanoscale phenomena (Brownian motion, magnetism...), molecular
precision or control, high mechanical stability [107], etc. Therefore, these objects show some
differential properties to micrometre and micrometre ones, which are related to their
biochemical, magnetic, optical and electronic behaviour [133]. On the other hand, from the
biological point of view, nanoscale matches with the dimension in which molecular interactions
take place in the cellular environment. Thus, nanodevices are able to operate at cellular or sub-
cellular level in an accurately manner [126].

The development in nanomedicine field has given rise to a wide range of nanomaterials, which
can also be called in some cases nanotransporters, nanocarriers, nanodevices, among others. It
could be found within this field inorganic nanoscaffolds and nanoparticles, liposomes, lipid-
based nanostructures, micelles, organic polymers, and biological structures, such as virus (Figure
19). Each one of these nanomaterials has some advantages and some limitations, which
condition their applications and their achievement to clinical trials and commercialisation.
Besides, these nanomaterials have been used in a broad range of applications such as drug and
gene delivery, contrast enhancement, biosensing,

imaging and tissue engineering,

hyperthermia, photodynamic therapy, etc. [134]
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Figure 19. Schematic representation of the main developed nanomaterials grouped with regard to their nature: (a)

nanomaterials

lipid-based nanomaterials, (b) organic or biological nanomaterials, and (c) inorganic nanomaterials.

32



General Introduction

1.5.3. Nanomaterials requirements and challenges in biomedicine

An in-depth study and characterisation of the properties of nanomaterials is necessary to
achieve in vivo and clinical trials. In particular, with regard to their interactions with biological
components and their behaviour under physiological conditions which may differ from in vitro
or isolated materials [129]. In this context, the study of the pharmacokinetics of nanomaterials,
taking into account their systemic exposure, acquires considerable importance. This includes the
analysis of absorption rate, circulation in blood, distribution to tissues, metabolism and
decomposition, elimination and accumulation, and toxicity or biocompatibility [135].

Ideal nanomaterials for biomedical applications should be non-cytotoxic and biocompatible,
non-immunogenic or thrombogenic [128]. The toxicity of nanodrugs depends on their size,
shape, physicochemical characteristics, surface properties, etc. Generally, toxicity is associated
with how the nanoscale materials interact and affect biological processes [103], such as the
production of ROS and free radicals, impairment of mitochondrial function, membrane
peroxidation, glutathione depletion, inflammation and formation of apoptotic bodies,
disruption of coagulation process, alternations in gene expression, hemolysis of erythrocytes,
disturbances of cell cycle regulation, etc.[131] In addition to the biocompatibility of
nanodevices, it must be paid attention also to the potential toxicity of degradation products,
and thus, stability studies must be done. In this context, it is recommended to do assays to check
the stability in a biological environment (e.g. 37 °C in foetal bovine serum (FBS)), in which the
size and surface charge as a function of time must be measured [129].

In addition, other properties could be required, as their biodegradability and final removal from
the body once the nanomaterial achieved its function [128]. Then, in most of cases,
bioaccumulation could be not desirable due to the potential and associated toxicity. Oppositely,
in the case of tissue engineering, the permanence of the nanomaterial in the organism may be
a goal.

Besides, a crucial factor is the ability of nanotransporters to penetrate into the desired area and
to interact with cells so they must be internalised by them [129] (if it is required). This ability
depends on their size, the surface properties and the binding activity [128][136]. Nanomaterials
are generally internalised by endocytosis receptor-mediated [129], being caveolar-mediated in
case of materials below 60 nm and clathrin-mediated for those below 120 nm [135]. Coating the
nanomaterials with polymers or surfactants allows to improve the interaction with the cell
surface receptors and ligands, increasing the permeability and uptake of nanomedicines. In
order to follow the cellular uptake and internal location, dyes or contrast agents can be attached
to the nanomaterials [129].

Beyond these prerequisites, nanomaterials have to deal with some biological phenomenon once
they reach in vivo trials. On the one hand, one of the main obstacles is the reticuloendothelial
system (RES) [93][110][111][119], also called mononuclear phagocyte system (MPS). RES is part
of the immune system, which is mainly composed by macrophages, responsible for cleaning by
phagocytosis the blood circulation from colloidal, damaged, or foreign particles. Therefore,
some nanomaterials are fast eliminated from the blood, and thus, their biodistribution is
affected. Once RES captures the nanocarriers, they are mainly accumulated in liver, spleen,
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lungs, kidney, bone marrow and lymph nodes, and subcutaneous tissues, as they are generously
blood irrigated and also are tissue-resident phagocytic cells organs. RES elimination is initiated
by opsonisation, i.e., the adsorption of plasma proteins (as lipoproteins, immunoglobulin,
fibronectin, complement proteins) in the carrier surface. RES uptake occurs principally for
particles larger than 100 nm, meanwhile particles smaller than 10 nm are quickly removed by
the kidneys[130][135]. In order to evade this clearance system, nanotransporters can be
synthesised with elongated shape [129] or decorated in the external surface. For the latter
purpose, the molecule most commonly used is PEG (polyethylene glycol), which slows the
uptake by macrophages [109], but other hydrophilic molecules as carbohydrates or polymers as
monosialoganglioside [135] or sarcosine [138] have a similar effect. Nevertheless, RES can be
favourably used in case of antiparasitic or antimicrobial treatments or inflammatory diseases,
where the pathology is localised in the macrophages and RES associated organs [139].

In addition to the adsorption of opsonisation proteins, when nanomaterials circulate in the
blood, a set of serum proteins and ions attach to them, forming the known protein corona. This
layer is related not only with opsonisation by RES, but also with the alteration of
pharmacokinetics processes, such as the cellular uptake, and with the nanomaterials properties,
such as size, surface charge, toxicity, coating denaturalisation and aggregation of nanocarriers.
Protein corona formation is prevented or minimised by coating the nanomaterial surface by PEG
or other polymeric compounds [108][135]. For this reason, knowing the nanomaterials
interaction with proteins is interesting. Some assays as DLS and ELS, electrophoresis or
immunomethods can be performed to test the interaction with proteins and its consequences
as aggregation [129].

On the other hand, in case of tumour or inflammatory pathologies treatment, another
phenomenon to bear in mind as the enhanced permeation and retention (EPR) effect [140].
This effect is provoked by an increased vascular permeability and angiogenesis development,
alongside the disrupted lymphatic system [130], located in the damaged tissue in some of these
pathologies. Therefore, nanomaterials can show passive targeting because of EPR effect. EPR
effect depends on various factors such as tumour size and type and the size of the nanocarrier,
being mostly active between 40-800 kDa or 20-100 nm [128]. Nevertheless, in spite of that,
nanomaterials also tend to accumulate in organs related to RES. Furthermore, another limitation
around EPR effect is their highly heterogeneity among organisms, even within the same subject.
Consequently predicting the nanomaterials accumulation and pharmacokinetic becomes more
complicated [131]. In addition, all downstream processes as cell uptake and delivery can act as
bottlenecks in the improvement of efficacy [109].

Another important goal in nanomaterials development is the ability to cross many physiological
barriers and reach the desired tissues. Some bioadhesive polymers, permeation accelerators
and chelators can be used to opening reversibly tight junctions and increase the membrane
permeability [135]. Besides, an endosomal escape strategy has to be followed to reach
intracellular environment [103]. In this context, blood—brain barrier (BBB) is one of the hardest
to cross, and its crossing is essential to achieve the brain. Some approaches used to reach the
central nervous system are the addition of ligands that stimulate the receptor-mediated
transcytosis [127].
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As it can be seen along this introduction chapter, nanoparticle size plays an important role in
processes such as particle adhesion, cell uptake, biodistribution and accumulation
[93][118][122]. Generally, it is desired that nanoparticles used in nanomedicine are around 50
to 300 nm, being that smaller nanoparticles are removed by renal clearance and that larger
nanoparticles can be removed by RES, cannot cross physical membranes, can be absorbed by
intestinal cells, penetrate the bloodstream [128][142] and can cause membrane disruption in
the cells [103]. In addition, these sizes maximise the EPR effect.

The strategy chosen to tip the balance toward the accumulation in desired organs or tissues and
then improve the biodistribution is adding some ligands to confer the desired targetability to
nanomaterials. These ligands can be antibodies, peptides, aptamers, carbohydrates, growth
factors or other specific biomolecules.

In addition, other important potential requirement is the ability to control the release, of the
carried agent in the desirable location, tissue or time. Then, stimuli-responsive triggerable
components that can be responsible for this controlled release can be included. There are
components able to react to endogenous stimuli (such as pH, redox potential or enzymatic
activities) or exogenous stimuli (as hyperthermia, light, ultrasound or electromagnetic field)
[143].

As a summary, physical and chemical characteristics such as size, shape, composition, polarity,
charge and other surface properties determine the behaviour and effectiveness of
nanomaterials in nanomedicine field, affecting to their stay time in blood, their renal clearance,
protein absorption, ability to cross membranes, toxicity, uptake into cells, targeting efficiency,
etc.[131][141]

1.5.4. Developed nanomaterials in biomedicine

1.5.4.1. Liposomes

Liposomes are the most common and well-investigated nanocarriers for drug delivery and are
considered by some authors to be the most successful drug-carrier system. Liposomes are
spherical vesicles composed of a phospholipidic bilayer as a central element. Therefore, they are
biocompatible and biodegradable, since they are based on endogenous-like molecules (natural
phospholipids), but some cytotoxicity can be found associated with the surfactant used [135].
Besides, liposomes have a high internal loading capacity [139].

The size of liposomes applied to biomedical field are in the range of 50 to 450 nm. They can be
classified depending on the amount of concentric bilayers, as unilamellar or multilamellar
[127][144], having different release kinetics and properties. For example, unilamellar liposomes
are smaller and enclose higher amount of water, which made them suitable to encapsulate
hydrophilic compounds, including DNA, siRNA and contrast agents[139]. Multilamellar
liposomes are larger and more appropriate to entrap hydrophobic compounds into the
phospholipid bilayer, due to the great amount of lipid bilayers internally. In this sense, liposomes
are inappropriate to carry highly hydrophobic species, since they are hardly retained in the
vesicles, due to their ability to cross the lipid bilayer.

35



Chapter 1

First-generation liposomes, which were firstly developed, are composed basically by lipids and
the loaded molecule. This model has some critical limitation such as the fast elimination from
blood due to their uptake by the RES, and high accumulation in liver and spleen, in spite of EPR
effect. Beside the opsonisation agents, other vesicles like high-density lipoproteins (HDLs) and
low-density lipoproteins (LDLs) can interact with liposomes reducing their stability. Another
main limitation of first-generation liposomes is the cargo leakage due to instability and
insufficient strength of bonds between lipids[139].

In order to minimise these problems, second-generation liposomes were developed modulating
the lipid composition, their size and their surface charge. This allows improving the liposome
characteristics, such as stability, pharmacokinetic properties, and therapeutic efficacy. For
instance, the addition of cholesterol to liposomes increases their stability in vitro and in vivo,
decreases the leakage and minimises the osmotic effect. The decoration with PEG or similar
polymers creates long-circulating liposomes able to escape from RES for extended time
intervals. Then, PEGylated liposomes have shown accumulation in tumour via EPR effect[139].
The addition of some ligands confers them targetability [144]. Other functionality which can be
included is the inclusion of stimuli-responsive triggerable components. In the case of liposomes,
mainly pH-sensitive systems have been developed [127].

Despite all the advances achieved in the development of second-generation liposomes, still
there are some limitations in their use. For instance, repeated treatment with PEGylated
liposomes has been related to accelerated blood clearance (ABC) phenomenon, which is the loss
of long circulating properties. Other liposomal systems have been associated with triggering an
innate immune response through the complement system, as a result of acute hypersensitivity
syndrome called complement activation—-related pseudoallergy (CARPA). This syndrome is
related to immunological and inflammatory processes. Some strategies such as using
desensitisation protocols with empty liposomes or pre-administration of complement inhibitors
have been used to prevent CARPA [137].

The main advantages of liposomes in the biomedical context are the biocompatibility, the
protection they confer to the pharmaceuticals from the external conditions (enzymatic
degradation, immunologic or chemical inactivation, etc.) and their ability for controlled drug
delivery. Furthermore, liposomes can be easily adjusted in size, charge and surface simply by
variations in the preparation methodology [144]. Even, considerable liposomal drug delivery
systems have been approved for their clinical use and their commercialisation, and many others
are found in clinical trials, being the most advanced nanocarrier in this field.[110][119] However,
some drawbacks have been found in their clinical applications, as the size polydispersion,
instability, toxicity or immunogenicity at repeated administration or ACB and CARPA activation
[127], which have also been found in other nanomaterials [145]. In addition, the use of ligand-
targeted liposomes tends to be negligible in the clinical trials.

1.5.4.2. Micelles (lipidic and polymeric)

Micelles are formed by self-assembly of amphipathic molecules in aqueous solutions. Therefore,
it can be composed by lipids or block copolymers. Their size is around 5 to 50 nm. These carriers
are attractive for intravenous delivery of hydrophobic compounds, since they can be physically
entrapped in the core of polymers micelles and be transported at high concentrations surpassing
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their water solubility. Their chemical composition allows an easy control of the size and
morphology by changing their components.

Their hydrophilic heads form hydrogen bonds with surrounding water molecules, which avoid
the intake of aqueous solution in the core, creating an effective protection against hydrolysis
and enzymatic degradation. Furthermore, micelles can be administered into the circulation via
inhalation or transdermally [128]. This type of nanoformulations can be used as a good
alternative to liposomes, since they have an improved passive and active targeting, higher
membrane permeability and larger water solubility. Even, some synthesis are able to avoid
opsonisation and phagocytic clearance by RES, increasing the systemic exposure in the blood
[135]. Due to these properties, some micellar formulations have reached their evaluation in
clinical trials [146].

Nevertheless, as a drawback, some micellar systems are not able to sustain enough the cargo
release. In addition, some cytotoxicity has been described due to the use of surfactants [135].

1.5.4.3. Other lipid-based nanomaterials

Apart from liposomes and lipid-micelles, other lipid-based nanomaterials as emulsions or solid
lipid-based nanoparticles have been developed.

Emulsions, also known as self-emulsifying drug delivery systems (SEDDSs) [128], are mixtures of
oil, surfactant and co-solvent, where drugs are solubilised. In these mixtures, the drug is involved
in the microstructure formation and influence their final properties. The most interesting point
in these systems are the high bioavailability of hydrophobic drugs when are oral administered.
However, this fact may cause a rapid increase of systemic exposure, due to fast gastric emptying,
and could result in toxicity. Some emulsion formulations have reached clinical studies [135].

Solid lipid-based nanoparticles are colloids composed of solid fats such as monoglycerides,
diglycerides, triglycerides, or waxes-surfactant mixtures. The main advantage they have over
liposomes is the improved physical stability. In addition, these nanoparticles possess a great
ability to modulate the drug release. They have a reduced cost and are simple to produce.
Besides, unlike liposomes, they have a versatility to be administered by different routes, such as
orally, intravenously, by inhalation and transdermally. Current preclinical experiments have
been successful but clinical studies have yet to be conducted [128].

1.5.4.4. Organic materials and polymers

Nanodevices based on organic polymers form a wide range of platforms, thanks to the increased
control of polymer reaction and combination [130]. They can be composed by natural (e.g.
proteins or peptides, cellulose, glycans or starches) or synthetic polymers (e.g. polyesters,
polyethylene glycol, polyethyleneimine, polyacrylamide, etc.). [99][111] In addition, the
combination with other components or monomers can improve some properties as flexibility,
degradability, molecular recognition, etc. [109] Normally, organic polymer based nanomaterials
are ranging in size between about 10 and 1000 nm. Their main advantages are their versatile
applications, their low toxicity and biocompatibility due to the mimic ability, their high half-life
and bioavailability [135], their easy biodegradation, whether hydrolytically or enzymatically
[128].
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Amongst polymeric nanodevices it can be found nanoparticles, nanosponges, dendrimers,
nanofibers and nucleic acid nanoformulations, etc. [135]

Organic nanoparticles are solid constructions based on the amalgamation of polymers. These
nanomaterials usually got a stable and prolonged drug release. Although, as disadvantages, in
some cases nanoparticle rupture is early, administration routes are limited and some used
polymers are not biodegradable [135]. Albumin-based nanoparticles [128] are one of the most
used ones. They are generally used to load low aqueous soluble drugs, since albumin contains
hydrophobic moieties to bind vitamins and hormones. Besides, albumin facilitates the
endocytosis of compounds that carries through natural receptors [139]. On the other hand,
apoferritin is also used to form nanoparticles. Apoferritin is a natural nanotransporter and
responsible to storage and transfer iron. As an advantage, apoferritin can provide targetability,
since it binds to transferrin receptors, which are overexpressed in some tumours. Both examples
potentially are undetected by the immune system, owing to the fact that they are common
proteins in the blood circulation [128].

Nanosponges are composed by hyper-crosslinked polymer with colloidal cavities, in which
compounds can be encapsulates. Normally, they reach the size of 500 nm and are administered
topical, parenteral, by aerosol or tablets. B-cyclodextrin and similar molecules are used as
cavities [128].

Dendrimers are highly branched polymers that form spherical structures, from 1 to 100 nm.
Their properties are determined by their tailor-made surface functional groups, which can
coordinate different compounds in a host-guest manner and can be modified with ligands to
acquire other properties (stability, targetability, etc.). Besides, the inner part allows to
encapsulate other molecules.[130] Dendrimers size and functionality can easily be tuned with
precision[109]. Other advantages apart from biocompatibility are the easy removal from the
body and the highly expressed EPR effect. Nevertheless, as drawbacks the high presence of
cationic groups, such as polylysine and poly(amidoamine), and larger dendrimers leads to
immunogenicity and cytotoxicity [128][130][135], although it provides high membrane
permeability, solubility improvement and controlled release ability [135].

Nanofibers are a net based on long filaments with a diameter in the nanometres scale. Normally
they are formed by polymers such as PLA, PLGA or PCL. These compounds are optimal in their
use as drug delivery systems, owing to their high surface-to-volume ratio and their
microporosity. Nanofibers can be used to incorporate and release either hydrophilic or
hydrophobic active agents, since they can be tailored functionalised. Nanofibers have been
tested to be administered topical for local therapy, normally after surgery [128].

Formulations based on nucleic acids can be found as aptamers o DNA origami [147]. For
example, triangle-shaped DNA origami can be an efficient platform to carry and deliver
compounds. Aptamers recognises specific receptors, and thus, they can provide targetability
[113][114].

Other simple nanoformulations have been developed with promising results. On the one hand,
nanocrystals can also be mentioned [115][128]. They are based on the crystallisation and,
sometimes the coating with stabilisers or polymers, of active pharmaceutical ingredients.
Normally this method is used to improve the pharmacokinetics of those drugs which have water
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solubility problems. Giving their simplicity, nanocrystals have been increasing the number of
submissions for clinical trials and approvals processes, being a third of the total nanomedicine
submissions. However, due to their simplicity and carrier-free format, they present some
challenges to be improved such as their manufacturing and stability and their release control,
among others. On the other hand, it could be found the antibody-drugs conjugated (ADC)
complexes [149][130][131], based on the combination of the specific targeting of antibodies
with the therapeutic effect of drug. Due to the simplicity of these nanoformulations, a high
number of ADC have been approved for clinical trials and commercialisation.

1.5.4.5. Viral structures

Viruses and virus-like structures have also been studied as nanoscaffolds in biomedicine field
[109], which are generally used as virus-like particles (VLP). VLP [152] are based on the virus
capsid but lacking o modifying the viral genome, in order to avoid the infection ability. VLP are
dynamic, high ordered and self-assembled, and monodisperse structures. They can also be
functionalised with other molecules to acquire new properties. VLP can be functionalised not
only by chemical addition, but also via genetic fusion, i.e. the genetic information of desired
proteins or peptides [133][134]. Their size is around 20-150 nm and they can be produced
biologically in bacteria, insect cells, plant cells, and yeast.

VLP are used in a variety of applications, such as nanoreactors or enzyme platforms [152], i.e.
loading enzymes to treat pathologies originated by an enzyme deficiency. Even metabolomes or
multi-enzyme systems can also be prepared to simulate whole enzymatic routes. The enzyme
concentration loaded inside the virus can be around mM order. In addition, VLPs are porous
structures that can allow the substrate internalisation and metabolisation, meanwhile it is
conferred enzyme stability and proteolysis resistance. Other important application of VLP is
vaccinology [152] or immunotherapy, i.e. VLPs can be used to stimulate immune response, due
to its strong immunogenicity [153], and then, they can be used to treat infectious diseases or
cancer pathologies, respectively. VLPs are also applied as drug and gene delivery platforms
[155]. In case of the latter is especially interesting, since viral mechanism can easily achieve the
nuclei through transduction. Finally, VLPs have been developed to be used in bioimaging
applications and other innovative fields such as metallisation and formation of nanowires [154].

The advantages of using viruses are the stability of their structure in physiological environment,
the improved ability to load and delivery their cargo, their versatility, high bioavailability, broad
biodistribution and safety. They show a high surface area and reactive groups in their surface to
be decorated easily and contain large empty cavities able to encapsulate high amounts of cargo.
In addition, by their nature they could be simply recognised by specific and endogenous
receptors. This property can be used to target the nanodevices to determined cells and be easily
internalised [152].

As drawbacks, VLPs and other viral structures are not far developed, they need more studies
and improve their stability, functionalisation, biodegradation, and biocompatibility.
Nevertheless, the most important issue to solve is their high immunogenicity when this is not
desired [152]. Another limiting factor of virus in nanomedicine is their labour-intensive
production [154].
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Some other specific virus used in nanomedicine are oncolytic virus, plant viruses and
bacteriophages. Oncolytic viruses [156] are able to infecting and killing cancer cells. This is
achieved due to the inherent ability of some virus to bind and entry selectively to these cells,
and their functionalisation with chemotherapeutic or lytic agents. This action can be combined
with the immunotherapy associated with the activation of inflammation, and both adaptive and
innate immune response. On the other hand, plant viruses are interesting in the development
of nanodevices due to their reduced risks in the medical field [154]. The use of bacteriophage
[155], apart from the safety associated to non-infectivity to mammalian cells, is very interesting
because of their small genome, simple structure, and some attractive properties. For example,
some filamentous bacteriophages can be decorated with on demand peptides, such as cell
binding, cell penetrating or nuclear location ones, via phage display technique.

1.5.4.6. Inorganic nanoparticles

Inorganic nanoparticles are interesting due to their size-dependent unique physical properties
(optical, electromagnetic, thermo-chemical, etc.), which cannot be found in organic
nanomaterials. Besides, inorganic nanoparticles usually are more stable and inert, easier, and
cheaper to synthesise and functionalise, as well as more scalable. In addition, control drug
release and anchoring of targeting ligands are well developed in inorganic nanoplatforms [141].
However, these characteristics are often at the expense of a low biocompatibility, i.e. they can
be more cytotoxic [109], mainly by ROS production [130]. Furthermore, larger NPs than 100 nm
are mostly retained by RES and smaller NPs can easily accumulate in lymph nodes, damaging
these organs [141].

There is a wide variability within the inorganic nanomaterials, such as those derived from metals
and their oxides (gold, silver, hafnium oxide, iron oxide), derived from carbon (carbon dots,
nanotubes, fullerenes and graphene), semiconductors (quantum dots) and semimetallics (silica)
[141][109]. There is a variety of inorganic nanomaterials which are under clinical trials (mostly
for radiotherapy and tumour diagnostics) based on quantum dots, supermagnetic iron oxide,
hafnium and gold oxide nanoparticles, and carbon nanotubes [111][122], but the number is still
limited.

Quantum Dots (QDs) are innate fluorescent and semiconductor inorganic nanoparticles
approximately from 2 to 6 nm. These remarkable optical and electronic properties make them
very promising. Their main application is imaging and diagnosing, but they can also be used for
delivering attached molecules. QDs present some advantages over standard fluorophores, such
as not suffering photobleaching, narrow and tuneable emission wavelengths, and a broad
excitation spectrum [109]. QDs are easily functionalised with organic molecules. The most
commonly used QDs are Cadmium based, but alternative QDs have been developed due to
cadmium toxicity. Cadmium QDs are formed by a metallic core (generally CdSe or CdS), which
imparts the fluorescence, and a protecting coating. The alternative QDs are graphene or carbon
based, which are more biocompatible, and the latter are easier to synthesise on a large scale.
Other metallic biocompatible QDs have been studied as those composed by Indium Phosphide
or Zinc Cuprous Indium Sulphide. These alternative QDs can generate ROS, but their
functionalization with folate and glucosamine improves their biocompatibility [157].
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Metallic-based nanoparticles form stable colloidal and monodisperse suspensions, are generally
easy to synthesise and functionalise, and relatively inert [99][122]. Gold nanoparticles (AuNPs)
are interesting due to its optical and photothermal properties. AuNPs absorb from visible to near
infrared, absorption that can be tailored by size and shape. Then, they are used to photothermal
therapy and imaging. These nanoparticles can be easily functionalised and attached to drugs
due to the Au affinity to thiol groups. Au can be used to synthesise other type of nanostructures
as nanoshells, nanorods or nanocages, which can be employed in different applications. Silver
nanoparticles (AgNPs) are used in molecular diagnostics and different therapies, owing to the
physical properties of silver (toughness, ductility, malleability, high electrical and thermal
conductivity, etc.). AgNPs can be used for treating infections due to their intrinsic antibacterial
activity. Their optical properties, such as visible and near infrared absorption, make AgNPs useful
for photothermal and laser therapies. Hafnium Oxide Nanoparticles (HfO2) is used generally in
radiotherapy. Hafnium, which is chemical stable and non-toxic element, has the ability to create
free radicals and ROS when is beamed with X-rays in absence and presence of O,, respectively.
Magnetic Iron Oxide Nanoparticles (IONP) are the most investigated inorganics NPs. Due to its
innate magnetic responsiveness, IONP can be used for resonance imaging, cell separation,
biosensing and hyperthermia therapy. They are stable (typically below 10 nm), have a long
circulating half-life, are biocompatible and can be easily coated by organic polymers, organic
surfactants, or other metallic materials. Other related magnetic nanomaterials composed by
cobalt or nickel oxides can also be found [109].

Carbon-based nanomaterials as nanotubes, carbon dot, nanodiamonds, fullerenes and
graphene have extraordinary features related to their stability, conductivity, and roughness.
They can be used to encapsulate contrast agents or loading therapeutic agents [109]. However,
it has also been reported that these materials can trigger oxidative stress [131], destroy
macrophages, and thus compromising immune system [130].

1.5.5. Maesoporous silica nanoparticles in biomedical applications

Within the inorganic nanomaterials, silica-based nanoparticles, and, in turn, the mesoporous
silica nanoparticles and hybrid nanomaterials derived from them, can be considered the most
important systems for control of drug delivery [15]. This fact is principally due to the high ability
to encapsulate and control the release of their payload. On the one hand, the high surface area
of MSN lead to a great loading efficiency, which can be 1000 fold higher than that of liposomes
[108]. In addition, MSN can be tuned to encapsulate a wide variety of bioactive molecules, not
only drugs and small organic molecules, but also cytokines, growth factors, enzymes and
different types of nucleic acids, such a siRNA and miRNA or plasmids [158]. On the other hand,
hybrid materials have the ability to respond in front of a wide range of specific stimuli and they
behave as smart devices.

Their properties and principles have been developed throughout the document, but this section
focus on those related to the nanomedicine field.

MSN must fulfil some requirements for their use in biomedical application. For instance, the
particle size must be controlled in the range from 60 and 150 nm to optimise the desired
biodistribution [142] (be leaded by EPR effect, penetration ability, escape from RES, etc.); the
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mesopores must not be degraded until the controlled drug delivery is completed; and the
nanoparticles must be easily dispersible and must not aggregate [86].

MSN revealed no cytotoxicity, including histopathological evaluation, in many in vitro and in
vivo studies where high concentrations were used (more than 100 pg/mL in case of in vitro
assays and 50 mg/kg of mice in vivo studies). Long-term evaluations were performed and no
acute or chronic toxicity [103] or inflammation was observed after a month of the MSN
treatment. In fact, silica is used in some cosmetics and food industry as an additive. FDA
categorise silica as “Generally Recognised as Safe” (GRAS). Therefore, the biocompatibility or
cytotoxicity may depend on the molecules used to functionalise the MSN [108]. For instance,
MSN surface properties are considered greatly crucial to determine some behaviour as the
biocompatibility of nanoparticles [145]. In fact, net surface charge of MSN surface influences on
the interactions with cells and nanoparticles stability. For example, positive charged
nanoparticles have higher binding affinity to phospholipid bilayer of the cell membrane and is
easier to be internalised [98][122], but these induce higher immune response and cytotoxicity
[145]. On the other hand, it has been seen that MSN produce ROS at high concentrations, which
can damage cells and tissues, whether inducing necrosis or apoptosis, but also inflammatory and
mutagenic processes in sublethal concentrations. This ROS production is associated with silanol
abundance [110] and mesoporous structure, being that solid dense silica nanoparticles do not
cause ROS. Nevertheless, solid dense silica nanoparticles tends to be more cytotoxic and have
haemolytic activity [93][139]. This greater cytotoxicity is associated with surface silanol, which
can disrupt the membrane components with hydrogen bonds and electrostatic interactions
when is deprotonated [110]. In addition, nanoparticle morphology can also affect some cell
functions as apoptosis, adhesion, migration, and proliferation, which both are related to
cytoskeleton organisation. For instance, long rod-shaped MSN can disrupt the cell cytoskeleton
[159]. Anyway, it has to be pointed that most of the in vivo studies were performed in
immunodeficient models, where it is not taken into account the potential immune or
inflammatory response [108].

MSN tends to distribute and accumulate in tumours thanks to EPR effect, and RES associated
tissues and organs, especially for larger nanoparticles, such as liver, spleen, kidney, and lung. On
the other hand, MSN are not able to cross the blood-brain barrier and reach the brain by
themselves. As other nanomaterials, attaching some molecules and ligands to MSN, as well as
using controlled and small sized nanoparticles, increases the targeting to the desired location
and the time blood circulation, reducing the RES uptake [103][108]. MSN shape influences on
their interaction with biological systems, and also the cellular uptake or blood circulation time
[103]. For example, rod and sphere-like nanoparticles are most internalised by cells and have
longer blood circulation than long rod-shaped ones [108].

The excretion of MSN from the organism is quick and has a great yield. Some studies determined
that more than 90% of administered nanoparticles were excreted within 4 days, principally by
renal clearance, which represents the 70%, followed by the 20% in faecal excretion [103].
Generally, MSN tends to be degraded in physiological conditions into orthosilicic acid, Si(OH)s,,
or silica oligomers. These species are soluble in water, and then, removed by renal clearance
[103], as well as those particles smaller than 5 nm, where renal cut-off remains. The rate of silica
dissolution depends on the nanoparticles concentration, size, structure, functionalisation, and
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degree of silica condensation. Nevertheless, some in vivo studies showed that nanoparticles and
their remnants were accumulated in RES related tissues. Accumulation increased until
approximately a week, and then it reduced. A month after the treatment, the nanoparticles were
still observable in some of these organs.

MSN are internalised by cells via endocytosis, which leads to endosomal-lysosomal pathway.
Lysosomes exhibit an acidic pH near to 5, reducing environment and a set of hydrolytic enzymes,
by which MSN cargo can be degraded, inactivated, or denatured. Therefore, endosomal escape
before the fusion with the lysosomes is required when the therapeutic compounds are not
permeable to cell membrane, such as hydrophilic drugs, proteins, and other macromolecules,
such as nucleic acids. Different strategies for achieving the endosomal escape have been
developed for MSN systems. The most common option is to use the “proton sponge effect”,
which is based on the increase of proton concentration and thus, the influx of counter-ions
triggers the osmotic swelling and the endosomal burst. This effect is provoked through
decorating the MSN with highly protonable groups, such as poly-ornithine or poly-ethylenimine
(PEI). Other strategies developed for endosomal escape are to use fusogenic peptides, proteins
or polymers [108], peptides to pierce the endosomal membrane (forming toroidal channels or
barrel-stave pores) [160] or photochemical active moieties that form ROS and disrupt the
endosomal membrane [143][144]. However, endosomal escape has some limitations as the
cytotoxicity associated with the lysosomal breakage [108].

1.5.6. Clinical translation of nanomedicine

Nanomaterials that are going to be applied in biomedicine need pre-market authorisation, which
is regulated by the FDA (USA) or EMA (Europe), among others. These regulatory agencies require
pre-clinical and clinical validation, in which the requirements named throughout the document
must be tested and passed.

The number of clinical trials involving nanosized components is increasing. By the year 2020,
more than 200 nanomedicines have being tested in clinical trials [135][163][164]. The first
nanomedicine system which gained FDA approval was the liposome based drug (Doxil®) in 1995
[165]. Since them, the different regulatory agencies have approved around 100 nanodevices
[164][166][1671[163], including antibody-drug conjugated complexes, emulsions and lipid based
systems, inorganic nanoparticles, liposomes, micelles, viral structures, nanocrystals, organic and
polymeric nanoparticles. The number of nanomedicines varies in the literature, being that the
term and limits of concept “nanomedicines”, “nanodrugs” or “nanomaterials” for biomedical
applications are not well stablished. Most of the nanomaterials approved are based on

liposomes, polymers, viral structures and nanocrystals [132][148][167][166].

Despite the advantages of MSN mentioned throughout the document, like the high surface area,
tuneable pore and particle size, and well know chemistry, they have not still overcome clinical
trials, and their clinical use is not approved by FDA [133]. This process is limited due to the
specific complexity of MSN and hybrid materials [139]. In fact, there are only some dye-doped
silica-based nanodevices already approved for clinical use: Cornell Dots (for bioimaging) [168]
and a type of gold nanoparticles-silica composites [169]. On the other hand, currently it has been
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reported the achievement of one study related to MSN in a phase 2 study of clinical trials, based
on targeted nanoparticles applied for imaging in nodal metastases [170].

1.5.6.1. A bottleneck in clinical translation

In spite of the development of a huge number of new biomedical nanodevices and the growing
number of publications about these, it is patent how there is a bottleneck in their translation
to the clinical use and commercialisation [118][120]—-[122][139]. The main limitations found for
nanomaterials to be approved in clinical use can be grouped into two fields: those related to
manufacturing processes and those related to their interaction with the biological organism.

First, the complexity of the nanodevices manufacturing compared to the traditional
pharmaceuticals is a weak point. Nanomedicines are three-dimensional complexes composed
by different components, which possess specific structures, properties, and functions. In this
context, it is difficult to determine a robust manufacturing process for nanomaterials [165]. This
results in elevated cost and a questionable effective capability to assure good quality
formulations, including stability, size uniformity, well-dispersion, scalability and reproducibility
of the final product [111][119][139]. Furthermore, in some cases, the own raw materials are
complex, expensive and limiting for their industrial production [163]. Besides, the development
of a new molecular entity for clinical applications needs Chemistry, Manufacturing, and Controls
(ChMC) assessment, whose standards for nanomedicines are not well established [139], and
Critical Quality Attributes (CQA), in order to improve the manufacturing and to focus on critical
points, which could be helpful to scale the synthesis [165]. In the context of manufacturing, the
encapsulation of sufficient therapeutic agent is also a determinant limitation [145]. On the other
hand, this complexity is not only in the manufacturing process, but also in the characterisation
steps, including those related to in vitro and in vivo assays [163].

On the other hand, the interaction with the biological organism is also a complicated issue that
is not well understood [165]. Some common drawbacks found generally in nanomaterials are
the undesired tissue accumulation [108] and immunogenicity, as well as unknown long-term
exposure consequences, which make the toxicity of some nanodevices still to remain
problematic [145][163]. In this context, it must be taken into consideration the complexity of
organism reality: the huge amount of biomolecules and biological processes present in each
tissue and organ, the intra- and inter-species variability, the change of physico-chemical
properties of exogenous entities in physiological conditions, and the complex
pharmacodynamics and pharmacokinetics derived from that [171]. All these conditions are not
controllable by researchers and remain as permanent hurdles. For example, extrapolation of the
knowledge and results taken from animal assays to human is not a simple process, since it is not
often comparable in terms on quality, safety and efficacy [132][140][130].

Furthermore, an important limitation is that only a small percentage of administered
nanodevices reach the targeted and desired location [145][163]. In case of tumours, in spite of
EPR effect, only the 0.7% reach them, according to Wilhelm et al. [172], less than 1% according
to Bjornmalm [140], meanwhile Dawidczyk et al. [109] reported a range from 0.1% to 35%. This
behaviour is independent from the use of targeting ligands, by which Dawidczyk et al. [109]
reported the percentages from 1% to 15%. This fact is attributed to the presence of different
biological barriers and the sequestration by the RES.
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Last but not least, the regulatory processes can be mentioned as a third factor among those
which hinder the clinical translation of nanomedicine. Up to date, there is still a lack of guidance
and clarity in the standards and regulatory laws, as well as in the examinations and assessments
required specifically for nanomedicines [145][147].

All of these drawbacks provoke that some recent clinical trials with nanomedicines are not
showing an improved survival benefit compared to conventional treatments, in spite of good
results in preclinical studies [140].

1.5.6.2. An opportunity to material science

In this context, nanotechnology devices have to overcome some handicaps as having a higher
efficacy, improving their safety and toxicological profiles, controlling their formation and
synthesis, and escaping from the RES and albumin corona.

Therefore, some authors defend that in order to succeed in the development of nanomaterials
and achieving clinical use, researchers must propose realistic goals, identify the limitations of
nanoparticle approaches and maximizing the capabilities of current nanoscopic systems. They
advocate the idea of “keep it simple”, looking for robustness, and progressing in a stepwise
manner, since in the last years the complexity and sophistication of new nanomaterials were
not correlated with their achievement to clinical studies [140][173]. The more complex
nanodevices are, the more gaps exist in the understanding of the mechanism of action and their
characterisation, as well as the more difficult is to have robust and consistent manufacturing
processes [132]. Besides, the simpler nanomaterials are, the easier is their approval for clinical
use [139]. The aim in nanodevices should be to employ simple, cost-effective and scalable
synthesis methods, which will facilitate the future industrial production and clinical
translocation [145].

Accordingly, it is undeniably true that material science plays an essential role in the
nanomedicine challenges ahead. It is crucial to understand the synthesis mechanism of
nanomaterials and to establish the properties derived from the structure. Therefore, a rational
design of nanodevices allows the optimisation and fine control of physico-chemical properties,
which impacts to feasibility of clinical translation.

In this context, it is important to overcome the gap between the chemist and the medical point
of view [121]. Materials scientists and chemists need to work with and not against biology. Both
disciplines should reach a better understanding and work synergically.

1.5.6.3. Challenges for MSN

In the context mentioned, controlling the features of MSN, such as those related to the size and
morphology reproducibility of nanoparticles and pores, the functionalisation reproducibility, the
dispersion and suspendibility and the biodegradability in physiological conditions, is desirable
for succeeding in biomedical applications and attaining clinical trials [145]. For example, a non-
aggregated MSN dispersion is required to get a suitable biodistribution, cell uptake and
degradation, being that aggregation results in rapid uptake by the RES [174][175]. Precise pore-
size and shape control may allow selective drug loading, as well as an efficient gate coating. The
large pore volume, meaning thin silica wall, would allow better biodegradation. Well-controlled
particle size is needed for a good control in particle—cell interactions (uptake process and
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cytotoxicity derived) [163] and precise quantitative dose in carrying cargos [90]. Obtaining not
only reproducible, but also a scalable manufacturing is also dependent of the good control of
synthesis processes.

In addition, is mandatory to improve and standardise the complicated and multiple
functionalisation steps required for most of MSN applications. These steps usually limit the
industrial scale fabrication, introduce new components that difficult the fine control and
characterisation, and potentially tend to aggregate the final MSN [41].

According to this, the main weaknesses in the synthesis of the MCM-41-type MSN, and their
translation to clinical, are the obtaining of monodisperse, non-aggregated and biodegradable
nanoparticles [142], inasmuch as the pore formation (size and geometry), the nanoparticle
specific surface and the nanoparticle size and shape are well stablished in the methods used
currently, reaching an acceptable reproducibility [2][176][11].
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2. OBIJETIVES

The use of MSN into the nanomedicine field has increased in the last decade due to their unique
properties, such as their high specific surface area, biocompatibility and ease to being
functionalised. Nevertheless, some drawbacks, such as the biodegradability, the colloidal
stability and long-term biocompatibility, hinder MSN achieve clinical trials.

In this context, the PhD thesis has been focused in the study, development and improvement of
MCM-41-type MSN synthesis oriented towards the biomedical applications.

The specific objectives are:

To understand mechanism synthesis of MCM-41-type MSN regarding the silica
templating mechanism, as well as nucleation, growth and condensation processes.

To study the influence of some disregarded parameters in the synthesis of MCM-41-
type MSN.

To control the MCM-41-type MSN synthesis in order to obtain more reproducible and
tailored nanoparticles.

To develop some methodology to characterise the colloidal stability in MSN.

To study the parameters that influence on colloidal stability of MCM-41-type MSN
samples.

To analyse the principles which govern the colloidal stability in MCM-41-type MSN.

To study systematically the implications of the use of different surfactant removal
procedures in MCM-41-type MSN.

To distinguish the main variables and steps that affect to the use of MCM-41-type MSN
in biomedical applications, regard their reproducibility, suspendability and
biodegradability.
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Chapter 3

3. IN-DEPTH STUDY OF THE MCM-41-TYPE MSN FORMATION
MECHANISM

3.1. INTRODUCTION

In the last decade, mesoporous silica nanoparticles have been widely applied to several fields,
including chemistry, biomedicine and environmental science as a result of their unique
properties. In that context, researchers have pursued the control of the characteristics of the
particles since it allows tailoring them according to application requirements. Therefore,
understanding the chemistry involved in the synthesis of MSN becomes an important goal in
order to control their properties [1]. However, in spite of the efforts made by some groups that
shed light on several interesting points, there is no complete understanding of the mechanism
of the synthesis of MSN at a nanoscopic level. The most studied issues around the synthesis
mechanism are the surfactant templating and the silica polymerization process [1][2].

Within the MSN the most studied are MCM-41-type ones, because of their ordered framework,
narrow pore size distribution, cylindrical arrangement of pores and high specific surface area
and volume. In addition, versatility of MCM-41 nanoparticles is demonstrated as their synthesis
is easily tuneable, producing nanoparticles with different structures, morphologies, sizes or
surface features [3][4]. All these properties make MCM-41-type MSN be the most extensively
researched silica particles for biomedical applications [5], such as loading and delivery of active
pharmaceutical ingredients, compared to other mesostructured materials, such as worm-like,
dendrimer-like or disordered pores.

The aim of this project is to shed some more light on the synthesis mechanism of MCM-41-type
MSN. To this purpose, we have reviewed the information reported on the synthesis mechanism,
focusing on the silica templating mechanism, as well as the nucleation, growth and aging
processes. Based on this framework, we have studied the mechanism of the different steps in
the synthesis of MCM-41-type MSN.

3.1.1 Silica templating mechanism

The first important issue that could allow us to control the synthesis of the nanoparticles is to
fully understand the mechanism by which the silica precursor is templated into the
corresponding silica-surfactant mesostructures, i.e. the formation of the surfactant micelles,
their role as structure directing agent and the interaction with the silica precursor [6]. The
importance of this topic is evidenced by the fact that this is one of the most studied processes
around the MSN formation and many mechanisms have been proposed to explain these topics
around MCM-41-type materials.

3.1.1.1. Liquid crystal templating mechanism.

Liquid crystal templating (LCT) was the mechanism used and accepted originally after the
discovery of the M41S materials, inasmuch as the similarities between the geometry of MCM-
41 materials and the behaviour of liquid crystal phases [7][8]. This mechanism is based on the
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assembly of surfactant molecules into a hexagonal arrangement of cylindrical micelles by
themselves prior to the addition of the silica precursors (Scheme 1).

Hexagonal array

Surfactant micelle Micellar red

Surfactant
removal

—>

Silicate

—

Scheme 1. Schematic representation of liquid crystal templating mechanism, in which the formation of supramicellar
hexagonal arrangement of surfactant precedes the addition of silica precursor. Adapted with permission from [7].
Copyright © 1992 American Chemical Society.

However, this liquid crystal templating mechanism has been lately discarded because the
amount of surfactant used is far below the concentration needed [9] for a liquid-crystal phase
formation in an aqueous dispersion [10][11]. As we could observe in Figure 4 in Chapter 1, at 80
degrees surfactant molecules form hexagonal supramicellar structure at concentrations above
40 wt% [12]. This surfactant concentration would produce highly viscous solutions difficult to
manipulate [2]. Besides, the concentration employed in the synthesis of MCM-41 nanoparticles
is only enough to reach the critical micellar concentration to form spherical micelles (CMC1)
[13]. Nevertheless, this is the common model represented due to its simplicity and easy viewing.

3.1.1.2. Cooperative assembly model

The most accepted model for explaining the formation of mesostructured micelles in MCM-41-
type MSN is the cooperative assembly model, widely studied by Stucky and co-workers [14][15],
and Edler [2].

Cooperative assembly Lamellar oh
amellar phase

Phase transition

Micelles and isolated cationic
surfactant molecules

Hexagonal phase

Inorganic silica anions
Scheme 2. Schematic representation of cooperative assembly model, in which the formation of supramicellar

hexagonal arrangement is promoted after the addition of the silica precursor. Adapted from reference [15].
Copyright © 1995 Science.
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This model is based on the interrelation of three processes: i) the oligomeric silicate species bind
with high affinity to the surfactant micelles, positively charged, forming an organic-inorganic
interface, ii) there is a preferential polymerisation and formation of silica at the interface region,
due to the accumulation of silicate species in the boundary, and iii) the interfacial charge-density
formed allows to shield the electrostatic repulsion between the positively-charged micelles,
enabling the self-assembly of silica-coated micelles, which in addition can adopt different
morphologies due to the stabilisation given by this interface (Scheme 2). In first place silica-
surfactant micelles form rod-like quasi spherical structures [16]. Then, sphere-to-cylindrical
transition occurs as silica species are attaching and polymerizing around the interface, through
which the channel framework is created [17]. These processes occur in a dynamic and
cooperative way, and allow to develop silica/surfactant mesostructures at surfactant amounts
below those needed for crystal liquid phase formation [18]. In fact, surfactant amounts generally
used are near but below the critical micelle concentration where the surfactant remains free or
poorly organised as nanoscale spheres or cylinders [19] (Scheme 3).

S: spherical micelles  B: bicontinuous
R: micellar rods L: lamellae
H: hexagonal array

With
Si

l ] | | | | | |
0 10 20 30 40 50 60 70
CTAB concentration (wt%)

Scheme 3. Comparison of the simulated mesophases formed according to the CTAB concentration, in presence and
absence of silica precursor species (dimers or monomers). Reprinted from the reference [18]. Copyright © 2017
American Chemical Society.

Furthermore, it should be noted that the formation of silica-surfactant mesophases, and
therewith, the cooperative assembly process, starts as silica precursor is hydrolysed, i.e. when
silicate species are dissolved and acquire negative charges to interact with surfactant molecules
[20]. Thus, this process is independent from the silica polymerization and reveals the importance
and strength of the binding between silica and surfactant, which drives the cooperative
process.[15] In fact, the manner the surfactant-silica interaction acts upon silica hydrolysis and
condensation is crucial to precisely forecast the structure and geometry the nanoparticles will
adopt [21].

In addition, surfactant-silica micelles can vary their arrangement with some degree of flexibility
once formed. This process is called phase transition and can take place meanwhile the silica is
not completely condensed [22]—[24], being typical the transition from a lamellar to an hexagonal
phase [15]. Hence, when the silica oligomers progressively polymerise, the mesophase begins
to stabilise and the charge density of the silica framework decreases. As a result, the flexibility
disappears and the morphology of the micelles is fixed.
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3.1.1.3. Soft-templating method

Soft-templating method was described by Mann and co-workers in 2002 [25], as an alternative
cooperative and templating behaviour for surfactant-silica micelles in MSN formation. They
suggest the nucleation of MCM-41 was divided in the following steps: i) formation of ellipsoid-
shaped silica-surfactant micelles, in sizes from 5 to 9 nm; ii) aggregation of silica—surfactant
micelles to form disordered spherical or ellipsoid nanoparticles; iii) progressive internal
reorganisation and cylinder elongation of the silica—surfactant micelles, starting in the near
surface regions of the nanoparticles (Scheme 4).

Scheme 4. Schematic representation of mesoporosity formation according to soft-templating method. First, the
silica-surfactant micelles formed are ellipsoid-shaped and disordered. Then, an internal reorganisation and
elongation of the micelles form the hexagonal symmetry of MCM-41 nanoparticles. Reprinted from reference [25].
Copyright © 2002 Wiley online library.

The internal reorganization of micelles is associated with two stages. On the one hand, lateral
arrangement of the surfactant-silica composites produces a nematic-like effect during the
formation of the silica wall between micelles, which is why they are arranged in parallel. On the
other hand, the induced shape anisotropy becomes coupled with the subsequent development
of the hexagonal structural order.

This method has been referenced in different later works, especially for explaining the formation
of ellipsoid nanoparticles [26].

3.1.1.4. Silicate polymerisation model

This theory was suggested from some experimental observations by in situ investigations, which
cannot be explained with previous models. It was first described by Frasch and co-workers in
2000 [6].

The silica polymerisation model takes up some reasoning from cooperative assembly process,
such as the importance of the interaction between silica species and surfactant molecules to
form the mesophase [17]. However, the main statement of this model, and the discussion point,
is that the cooperative assembly behaviour can only take place if the silica precursor polymerises
in oligomers.

They were based on the fact that no organic mesophase involving the surfactant micelles was
observed prior to the addition of the silica precursor. Hence, the presence of silica is necessary
to form the mesophase structure, but it is not enough according to this model. It is just when
the silica monomers form pre-polymers when they are able to bind to surfactant ions strongly.
This ability is bigger as the polymers grow, following a cooperative manner. Before that,
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surfactant only binds to counterions (bromide in this case) because the affinity constant of
surfactant species towards bromide anions is much higher than the one towards hydroxyl groups
belonging to silicate monomers. However, the oligomeric and polymeric silicate ions show
higher affinity towards the surfactant moieties as a result of charge density matching and
multidentate binding (Scheme 5).

What is more, charged silica polymers do not bind to surfactant micelles, but to the free
surfactant cations released from the initial micelles. These micelles just act as reservoirs of
surfactant ions, supplying surfactant ions to the silicate polymers, and are progressively
consumed [27][28]. Nevertheless, the preferential binding of silicate oligomers to individual
surfactant cations remains a controversial subject [17].

To sum up, the mesophase framework formation is due to the condensation of silica in polymers,
which bind to surfactant molecules, forming hybrid silica-surfactant micelles in a cooperative
way. These micelles undergo a shape modification from spheres to cylindrical structures, a
process called sphere-to-rod transition [29]. Micelles can aggregate to form mesostructures
through the charges and repulsion quenching provided by multicharged silica oligomers [30].

Surfactant reservoirs

Silica hydrolisation
and polymerisation

Silica precursor

addition \
Multidendate Silica-surfactant
o~ [solated surfactant molecule binding mesophase structure

< Silica monomer

©  Bromide anion

Surfactant micelle

Scheme 5. Schematic representation of silicate polymerisation model, in which the polymerisation of silica precursors
is required to form silica-surfactant micelles. Adapted from reference [6]. Copyright © 2000 American Chemical
Society.

3.1.1.5. “Swelling=shrinking” model

Another complementary model for explaining the mesostructure formation is called “swelling-
shrinking”, which is based on principles of cooperative assembly model, through which the
formation of a mesophase is explained in a cooperative way. This model was proposed by Kong
and colleagues [21] based on synchrotron time-resolved small-angle X-ray scattering (SAXS)
data, which allowed to analyse in real time the formation of micelles and mesostructures.

In that work they propose that, before adding TEOS, CTAB form ellipsoid micelles. This surfactant
micelles are positively charged by the quaternary ammonium salt in the head groups and the
core is formed by hydrophobic hydrocarbon tails. When TEOS is added, it tends to oil-like
solubilize in the micelle core, since TEOS is also hydrophobic. In fact, in this study it was observed
that vigorous stirring was needed to emulsify the TEOS oil-drops into the CTAB solution. In this
way, CTAB micelles increase their size and change their shape from ellipsoid to spherical. Shortly
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after, due to the stirring, water droplets penetrate in the hydrophobic core and tend to
hydrolyse TEOS molecules, which become hydrophilic thanks to the gain in negative charge.
Thus, silicate species are gradually released into the aqueous solution and binds strongly with
positive head groups by electrostatic forces (Scheme 6).

However, the most interesting phenomenon this model suggest is that the micelles are shrinking
and becoming smaller due to the TEOS consumption inside the CTAB core. So, meanwhile it is
creating a silica shell around micelles, micelles are decreasing their size and realising the TEOS
within them. This process is going on until all the TEOS is hydrolysed and the micelles reach the
size expected.

In parallel, the interface formed helps to coordinate the assembly of the micelles. Therefore, the
neighbouring surfactant-silica micelles start to aggregate and produce the nuclei for the particle
growth.

This model could explain how TEQOS is able to act as a silica precursor in agueous MSN synthesis
(in absence of any other solvent, as ethanol).

e
%&% Addition Hydrolysis 4 :
of TEQS of TEOS
[ ————— - -
(1) % Water (2) @) " & '

Hydrolysis and
condensation
. V
r/-f" CTAB molecules &
+ TEOS molecules Continuous ’
——— |
-4~ Hydrolysed TEOS
*  Ethyl or ethanol 5> ° T - @ "

Scheme 6. Schematic representation of “swelling-shrinking” model, in which the early surfactant micelles act as
silica precursor reservoirs. Reprinted from [21]. Copyright © 2015 American Chemical Society.

3.1.1.6. Conclusions

Currently, cooperative assembly and silica polymerisation are the most accepted models.
However, due to the lack of knowledge about first stages of mesoporous silica materials
formation, it is not clear if silica polymerisation is previous to silica-surfactant micelles and
mesophase formation, remaining as a controversial subject. Jin et al. performed some
computational simulations and found silica polymerisation had to be posterior to silica-
surfactant binding in order to generate mesoscale ordering [17]. On the other hand, Pérez-
Sanchez et al.,, through another simulation method, reported that the presence of silica
oligomers is required to form hexagonal liquid crystals from low-concentration surfactant
solutions [30].

3.1.1. Nanoparticles formation
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The basis of nanoparticles synthesis is the formation of a mesophase structure, but this cannot
explain the whole process. According to the literature and to the most accepted models,
nanoparticles formation is divided in four steps represented in the Scheme 7: silica-surfactant
micelles formation, nucleation, growth and aging. [17][31]

Templating Nucleation Growth Aging

Scheme 7. Schematic representation of the steps involved in the formation of MSN: (a) silica-surfactant micelles
formation, (b) nucleation, (c) growth, and (d) aging.

Silica-surfactant micelles formation has been widely developed in the previous section.
Whichever the model proposed, the silica-surfactant templating requires the hydrolysis of the
silica precursor and the exposure of its negative charges. Then, this step depends on the silica
hydrolysis rate. In addition, for the silicate polymerization model, condensation is also required,
and then, depends on both hydrolysis and condensation rate.

Nucleation is the formation of initial and small cores, due to the aggregation of silica-surfactant
micelles [32]. These aggregations are possible thanks to the shielding of the electrostatic
repulsion between the hydrolysed silica species when they bind to the surfactant micelles [33].
These small cores act as nucleation sites, to which the rest of micelles bind and where a
preferential silica polymerisation occurs [34][29]. Yamamoto et al. [35] suggested that the
nucleation is initiated by condensation and that this process is silica-driven and not a micelle-
initiated mechanism since the increase in the surfactant concentration leads to an increase in
the particle size rather than to an increase in the number of particles. Under the conditions of
their experiments they find that the number of nucleation sites is fixed at an early stage and that
is not related with the amount of precursor. Therefore, the rate-limiting step should be the
hydrolysis and condensation of the silica precursor, which are mainly influenced by the pH and
hence, the addition of higher concentration of silica precursor should lead to the formation of
larger nanoparticles rather than more of them [34].

Growth means the increase of the cores size by the aggregation or coalescence with other small
cores or simple silica-coated micelles, as well as the formation of silica walls. Starting from this
point, silica-coated micelles align along crystal planes, as Cai and co-workers proposed [36]. The
growth rate is also associated with the hydrolysis and condensation rate of the silica precursor,
and then it can be modified by the presence of co-solvents, amines or inorganic compounds
[33]. It has been reported that nanoparticles growth is halted when the charge density reaches
a certain value that prevents the deposition of new silicate species [3] or when the materials are
consumed [20]. Precipitation occurs when the mesostructured complexes reach a certain size
and a neutralized charge, even at relatively low silica polymer concentration [6]. At late stages
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of particle growth, small nanoparticles, whose radius is below a certain value, are dissolved
instead of continuing growing. This tendency generates a mass transfer to larger nanoparticles,
which grow at the expenses of the dissolution of smaller nanoparticles. This phenomenon is
known as Ostwald ripening. [37]

These three first steps are very quick, since it has been reported that nanoparticles formation
starts with a rapid evolution to a hexagonal mesophase. Linden et al. reported that the
hexagonal mesophase was formed within 3 minutes [38]. Other studies reported the emergence
of a white suspension in the range of 1 to 10 min after the addition of the silica precursor
[3][39][40][41][42][43][44]. This indicates the presence of formed nanoparticles and
precipitated nanoparticles, which are big enough to show Rayleigh and Mie scattering effect.
Other studies described a similar behaviour [26][34].

The aging is the formation and reorganisation of silica bonds, which strengthen and consolidate
the nanoparticle skeleton. This process is slower than the previous ones. In fact, some studies
reported that complete silicate condensation takes at least 1 h [3] or 1.5 h [45]. This is the reason
why most of protocols tend to leave the mixture of silica precursor and surfactant at least 2 h.

3.1.2. Conclusions and outlook

According to the reviewed information, we present in this work an in-depth study of the early
stages of the MSNs synthesis to shed some more light on the mechanism involved in their
formation. On the one hand, we have studied silica templating, nucleation and growth processes
by taking aliquots during the first stages of MSN synthesis at different conditions, stopping and
non-stopping the synthesis reaction. We have also studied the relationship between the
hydrolysis and condensation rates and the nucleation process with respect to some reaction
parameters. On the other hand, we have studied the growth and aging processes during the
formation of the MSNs applying increasing synthesis times. According to our observations, both
silica polymerization and cooperative assembly mechanisms are valid models to explain the
initial stages of the MSN formation.
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3.2. MATERIALS AND METHODS

3.2.1. Chemicals

Tetraethylorthosilicate (TEOS), 1-hexadecyltrimethylammonium bromide (CTAB) and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich. Hydrochloric acid 37% (HCl) was
provided by Scharlab.

3.2.2. General techniques

Transmission electron microscopy (TEM), N, adsorption—desorption isotherms, powder X-ray
diffraction (PXRD), dynamic light scattering (DLS), electrophoretic light scattering (ELS) and solid-
state nuclear magnetic resonance (ss-NMR) were used in order to characterise the prepared
materials. The instruments used were the following: JEOL JEM-1010 microscope for TEM images
acquisitions; Bruker D8 Advance diffractometer (Cu Ka radiation) for PXRD measurements;
Micromeritics ASAP 2010 automated analyser for recording of N adsorption—desorption
isotherms, samples were degassed at 120 °C in a vacuum overnight. The specific surface areas
were calculated from the adsorption data within the low-pressure range using the BET
(Brunauer—-Emmett—Teller) model. Pore size was determined following the BJH (Barrett—Joyner—
Halenda) method. Particle size (DLS) and 3 potential (ELS) in solution were measured by ZetaSizer
Nano ZS (Malvern Instruments Ltd.) equipped with a laser of 633 nm and collecting the signal at
173°. ss-NMR were performed in Bruker Avance Il 400 WB spectrophotometer.

3.2.3. Synthesis of nanoparticles

The assays and synthesis performed during the work were based on a standard synthesis. The
modifications carried out throughout were specified in each assay (Results and discussion
section). The standard synthesis was stablished as follows: 1 g of CTAB (2.74 mmol) was mixed
with 480 mL of deionised water in a 1L (10.5 cm of outer diameter) cylindrical beaker. The
mixture was heated at 50 °C to dissolve the surfactant and stirred with a cylindrical and plain
magnetic stir bar (60mm long and 15mm diameter) at 500 rpm. Then, 280 mg of NaOH (7 mmol)
dissolved in 3.5 mL of deionised water were added to reach a pH of 12.16, and the temperature
solution was adjusted to 80 °C. A watch glass was placed to cover the beaker to minimize the
solvent evaporation and therefore to avoid the volume decreasing during the reaction. When
the temperature reached 80 °C, 5 mL of TEOS (25.7 mmol) were added dropwise, using syringe
and needle. Soon after, a white precipitate appeared. The mixture was stirred for 2 h. After this
time, the suspension was cooled at room temperature (measured pH 11.75), and the solid
product was vacuum filtered with a Buchner over a filter paper (Whatman™ Grade 3MM Chr)
and deionised water was added until the suspension reached neutral pH. Then, the solid was
dried under vacuum and grinded to obtain a white powder. After the synthesis, nanoparticles
were calcined at 550 °C using an oxidant atmosphere for 5 h in order to remove the surfactant.

3.2.4. Image analysis

Transmission electron microscopy was performed to acquire a wide representation of each
sample, in order to check size and shape of synthesized nanoparticles. At least 100 particles for
each sample were counted to obtain a representative size distribution of the particles. In the
case of non-spherical nanoparticles the size was measured along the longer direction.
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3.2.5. DLS measurements

DLS measurements coming from aliquots samples were performed directly from aliquots
samples or just diluting them with distilled water. The rest of DLS samples were resuspended
and generously sonicated in distilled water (1 mg NP/ml). After that, they were briefly spunina
centrifuge (a spin pulse to 10,000 rpm) to remove the presence of large aggregates or
sedimentation, which disturbed the DLS measurements. ELS samples were prepared
suspending, then generously sonicating nanoparticles in distilled water (10 mg NP/ml) and
finally spinning briefly (a centrifuge pulse to 10,000 rpm) to remove the presence of large
aggregates or sedimentation, which disturbed the electrophoretic movement measurements of

the particles.
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3.3. RESULTS AND DISCUSSION

As it is mentioned in the introduction, there are plenty of studies and hypothesis about the
templating and nucleation mechanism in the formation of MSN, but there is not consensus
about it. In order to shed some light on the matter, we have conducted four different assays
focused on the first steps of the formation of the MCM-41-type MSN: (i) direct collection of
aliquots, (ii) stirring aliquots collection, (iii) hydrolysis and condensation time variations, and (iv)
qguenched collection of aliquots. Additionally, we have studied the aging process by synthesising
nanoparticles at different reaction times.

3.3.1. Direct collection of aliquots

The first assay performed consisted of taking five aliquots while adding TEOS in a standard
synthesis of MCM-41-type MSN. The aliquots were taken just after the addition of 1 ml, 2 ml, 3
ml, 4ml and 5 ml of TEOS, and they were called DA (direct aliquot): DA1, DA2, DA3, DA4 and
DAS5, respectively. Each one was placed into an Eppendorf tube once taken. In addition, an
aliquot called A0 was taken before starting the TEOS addition, to check the pre-existence of
CTAB micelles. The TEOS addition rate was fixed at 5 ml/min, and then each millilitre took 12
seconds to be added. Each aliquot was prepared and observed in DLS and TEM.

The first issue to point out was the fact that the reaction continued after placing the aliquots in
the tubes, as no action was deliberately taken to stop the reaction. The aliquots were then
observed to become whiter and opaque over time (Figure 1). DA4 and DA5 were already white
at the moment they were taken from the reaction. Then, after 15 minutes, a tendency to form
large agglomerates and flocculates could be observed, although these are not clearly visible in
the photograph (Figure 1). DA3 was translucent at the time it was taken, but this state could not
be recorded because it lasted only a few seconds and then turned white. DA2 turned white after
about 15 minutes and DA1 remained translucent for several hours.

1 min

15 min

Figure 120. Photography of DA samples at 1 min, 15 min and 30 min.
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It is assumed that this evolution is due to the fact that the pH of the aliquots is still very alkaline
(ca. 12) and the temperature is around 80 degrees and it takes a few minutes to reach room
temperature.

DLS measurements and TEM samples were prepared after several hours to assure that the
reactions in the aliquots have finished. In the case of A0 sample, DLS measurement (Figure 2A)
revealed a peak ca. 5.5 nm, corresponding to CTAB micelles, and some noise over 100 nm.
Nevertheless, the intercept of correlogram functions indicated the weak scattering of the
sample, and then, the quality of results could be compromised. Additionally, in spite of the low
electron density of organic matter, CTAB micelles can be observed in TEM images (Figure 2B) of
this sample. They formed worm-like aggregates of small dots of about 5-6 nm. These images are
similar to previously reported TEM observations of CTAB solutions. [46][47][48]

>

—A0

% population (a.u.)

1 10 100
Size (nm)

Figure 2. A) DLS and B) TEM results for A0 (CTAB) sample.

The results DLS measurements and representative TEM images of the other samples are shown
in the Figure 3 and Table 1. DA1 showed in DLS measurement the same peak than A0 sample,
at ca. 5.5 nm, which can be interpreted as that there are still some CTAB micelles which have
not been assembled with silica or that form single silica-surfactant complexes. In addition, other
populations appeared clearly at 43 nm, 82 nm and 310 nm, indicating the presence of some
larger entities. These entities were analysed in TEM images, in which some kind of small silica-
surfactant complexes were observed in the range of 40 to 80 nm (inset in Figure 3B b),
attributable to the peaks observed in DLS measurements. Finally, TEM images also showed some
other larger and irregular particles, mainly made up of polymerised and amorphous silica. In
addition, CTAB crystallisations were observed. Both could be the responsible for the DLS signal
at 310 nm. DA2 and DA3 both showed single and clear populations of nanoparticles at 535 nm
and 262 nm, respectively. TEM pictures of DA2 showed the presence of large nanoparticles, in
the range from 100 to 700 nm (averaged at 380 nm). Some particles are not spherical, but
hexagonal. In the case of TEM images of DA3 the presence of nanoparticles in the range of 80
to 230 nm (averaged at 150 nm) was observed. These nanoparticles have a spherical but
irregular shape. In both cases, nanoparticles are quite fused, even coalesced. Finally, DA4 and
DAS5 were not possible to be measured by DLS due to the presence of large agglomerations and
sediments. TEM images confirmed the presence of large floccules. The dilution and sonication
of these samples (DA4 and DAS5) did not undo the floccules, and then, no DLS measurements
could be taken. The appearance in TEM of the nanoparticles is similar to the common MCM-41-
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type nanoparticles, but they are highly fused, making it difficult to find individual nanoparticles.
The nanoparticles from DA4 were sized in the range of 60 to 120 nm (centred at 90 nm), while
those from DAS did so in the range of 70 to 130 nm (centred at 95 nm). In addition, DA4 formed

less spherical nanoparticles than DAS.
\\‘
DA3
—— DA2
— DA

/\\
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Figure 3. (A) Size distribution of DA1, DA2 and DA3, according to Intensity PSD analysis. (B) TEM images at lower
and higher magnification of DA1 (a, b), DA2 (c, d), DA3 (e, f), DA4 (g, h) and DAS5 (i, j).

Table 1. DLS measurements of DA samples.

SAMPLE | ATTENUATOR SIZE (INTENSITY) PDI
DAl 10 5.5nm, 43 nm, 82 nm and 320 nm 0.552
DA2 5 535 nm 0.121
DA3 3 262 nm 0.208
DA4 3 a a
DAS 3 a a

?Presence of large aggregates and floccules

With these results we can argue that DA1 sample contained silica species able to form silica-
surfactant complexes, but not enough dense to nucleate the formation of mesoporous
nanoparticles. In this context, the larger entities found in DA1 correspond to polymerisation of
amorphous silica, but they were scarcely frequent. These suggestions are additionally supported
by the fact the aliquot did not become white or opaque, and the Attenuator in DLS
measurements was 10.
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The most striking fact in this assay is the great increase in the particles’ size in samples DA2 and
DA3, in comparison with the other samples. While the addition of 1 mL of TEOS (DA1) was not
enough to develop the cooperative assembly and form MSN, the addition of 2 mL of TEOS (DA2)
promoted the condensation, nucleation and growth processes, forming large nanoparticles. This
phenomenon was also observed by other authors [40], but no explanations were found. Thus,
we hypothesise that the larger size of DA2 and DA3 with regard to those samples which have
bigger amount of TEOS (DA4 and DAS5) is based on the formation of a lower number of
nucleation seeds, and then, a bigger number of silica-surfactant complexes per seed [49].
However, it has been described that the number of nucleation sites is not related with the
amount of precursor, but with the hydrolysis and condensation rate of the silica precursor. This
is supported by the argument that the amount of silica available to cooperatively assemble with
CTAB micelles and condensate to form initial seeds is directly related to hydrolysis-condensation
reactions and not to the amount of TEOS added [35]. Then, the number of nucleation centres
should be influenced mainly by the pH [35], the temperature and the solvent. Nevertheless, the
only differential factor in this assay was the amount of TEOS added. Hence, in these conditions,
the low amount of TEOS added acts as bottleneck and limits the amount of silica precursor
available to be hydrolysed and condensed. This phenomenon is especially remarkable at the
high alkaline pH (ca. 12) of the reaction, where the hydrolysis rate is boosted and condensation
rate remains high due to the stability conferred by surfactant. Thus, in highly alkaline conditions
and low concentration of TEOS, the number of seeds formed can be directly related with the
amount of silica precursor.

In addition, it was also observable the quasi-crystalline growth of nanoparticles in DA2, which
formed some hexagonal nanoparticles, repeating the internal arrangement of supra-micellar
hexagonal structures. This process of crystallisation is supposed to be resulting as a consequence
of resting conditions. The low number of seeds formed in DA2 allowed a high deposition of silica
per seed, and then, stimulate this crystalline growth. This phenomenon is also observed in DA3,
although to a lesser extent. In DA4 and DA5 crystallisation was not observed, being that the
number of nucleation sites is higher, the silica available per seed is too low and is rapidly
consumed.

3.3.2. Stirring aliguot collection

In order to evaluate the influence on the growth of nanoparticles by letting the aliquots stand
after the addition of TEOS without having stopped the reaction, a different assay was performed.
It was called “stirring aliquots collection’, since each aliquot was taken from each sample while
stirring for 2 hours in the glass beaker. Then, 4 samples were prepared, in which 1 ml, 2 ml, 3 ml
or 4 ml of TEOS were added. 5 ml sample was not prepared, as it was considered equivalent to
the standard synthesis of MCM-41-type MSN. Aliquots taken were called SA (stirring aliquots):
SA1, SA2, SA3 and SA4, respectively.

DLS measurements and TEM pictures were taken after 2 hours (Figure 4 and Table 2), when the
reaction was considered complete. All the samples except SA1 had to be diluted in order to be
measured in DLS. SA1 showed a unique peak in DLS at ca. 5.6 nm, which is interpreted to
correspond to CTAB micelles, as in AQ, or to individual silica-surfactant micelles. However, it has

78



Chapter 3

to be noted that the Attenuator level was located at 11 in the measurement, and then their
reliability is not ensured (Table 2). TEM images of SA1 showed small particles from 10 to 20 nm,
which can be suggested to correspond with small silica-surfactant micelles. In addition, some
large entities, such as CTAB crystals or amorphous silica aggregates can be observed. Regarding
to SA2, SA3 and SA4 clear and single populations were observed on DLS curves, centred at 309,
135 and 132 nm, correspondingly. In all these samples narrow distribution size curves and
considerably low PDI values were obtained (0.100, 0.060 and 0.077, respectively). TEM pictures
showed that SA2 material consists of spherical and slightly fused MSNs ranging 300 to 500 nm
(centred at 400 nm). Parallel channels corresponding to the mesostructured porosity of these
particles can be observed in the inset of the Fig. 4B d. In case of SA3 and SA4, TEM images
showed standard MCM41-type MSN, being slightly larger in case of SA3 (ca. 110 £ 22 nm in SA3
and 94 = 12 nm in SA4).
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Figure 4. (A) Size distribution of SA1, SA2, SA3 and SA4, according to Intensity PSD analysis. (B) TEM images at lower
and higher magnification of SA1 (a, b), SA2 (c, d), SA3 (e, f) and SA4 (g, h).
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Table 2. DLS measurements of SA samples.

SAMPLE | SIZE (INTENSITY) PDI
SAl 5.6 nm 0.237
SA2 309 nm 0.100
SA3 135 nm 0.060
SA4 132 nm 0.077

The comparison between DA and SA samples shows an analogous tendency. On the one hand,
the addition of 1 mL of TEOS (DA1 and SA1) was not enough to cooperatively assemble with the
surfactant micelles and completely or partially form MSNs. On the other hand, intermediate
volumes of TEOS (DA2, DA3, SA2 and SA3) fall in the range in which the amount of TEOS acts as
rate-limiting step. As it was explained previously, this means that the amount of TEOS directly
influences on the silica availability to assemble with surfactant micelles and, therefore, it limits
the formation of nucleation seeds in the early stages of synthesis. However, in the case of stirring
conditions, unlike the case of direct collection of aliquots, the growth of nanoparticles (SA2 and
SA3) is less pronounced, and the formation of quasi-crystalline nanoparticles is not observed.
Then, two complementary explanations can be hypothesised. First, as some authors have
reported [21], the stirring increases the contact of silica precursor species with water molecules,
thereby improving the rate of hydrolysis. Therefore, the stirring itself causes the increase of
silicate species available to condense and, accordingly, the increase of the initial number of
nucleation seeds. Second, the stirring avoids the crystallization process, which requires resting
conditions, and then limit the accumulation and deposition of silica over the seeds and the
overgrowth of the nanoparticles. Accordingly, the importance of the stirring in this procedure is
crucial, since it is implicated in not only the mixture and dispersion of reactants, but also in the
hydrolysis-condensation regulation and the nucleation process.

Finally, aliquots in which greater amounts of TEOS were added (DA4, DAS5 and SA4) tended to
be similar, since the formation of seeds reach a maximum value for these reaction conditions.
In other words, the amount of TEOS present in this solutions allows the hydrolysis and
condensation rate progressing at their highest value. Therefore, the MSN formed are sized at
the values of the synthesis under standard conditions.

3.3.3. Hydrolysis and condensation time variations

Just as it was observed in other assays, hydrolysis and condensation rates are influenced not
only by pH [50][21][51][20], temperature [52][53] and solvent [54], which is widely reported,
but also by the stirring rate and the amount of silica precursor at some specific conditions (high
alkaline pH and low silica precursor concentrations). An easy way to monitor the condensation
and growth rates of MSN in a synthesis is to observe the changes of the suspension appearance.
First, the hydrolysis of the silica precursor and condensation of the first molecules of
supersaturated silicic acid are indicated by the opalescence that appears in the suspension [44].
After that, the suspension turns cloudy white when the small seeds grow and form nanoparticles
that reach certain threshold [55]. For example, Lin et al. found that when particles grow over 25
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nm the corresponding suspension changes from clear to turbid [56]. In this context, Khlebtsov
et al. stablished the dependence of the turbidity with concentration and particle size using silica
nanoparticles [57]. As we have seen in the previous sections, the growth process is quick, and
then, the turbidity appears soon. In this context, Moller et al. reported that after 1 min they
observed the formation of a white suspension in their synthesis reaction. [40]

Hence, in order to stablish the influence of the amount of TEOS added and the stirring rate on
the hydrolysis and condensation reactions, we have determined the time it takes for the
synthesis reaction mixture to turn turbid white at naked eye, keeping the rest of the parameters
unchanged. Two assays were performed in this context and reported in the Table 3. On the one
hand, the time to get a turbid white suspension was measured when different amounts of TEOS
were added (1 mL, 2 mL, 3 mL, 4 mL and 5 mL). According to previous assays, the white turbidity
was immediately reached when the fourth mL of TEOS was added using an addition rate of 5 mL
mint. With that in mind, we decided to instantly add the precursor to eliminate the TEOS
addition rate as a variable and limiting factor. On the other hand, the influence of the stirring
rate in relation to the time it took to become a white cloudy suspension was also observed.
Therefore, the assays were repeated adjusting different stirring rates (300 rpm, 900 rpm and
1200 rpm) in the case of 3 mL of TEOS addition.

Table 3. Cloudy appearance time measurements as a function of stirring rate and TEOS volume added.

STIRRING RATE
300 rpm 500 rpm 900 rpm 1200 rpm

a

ADDED TEOS (mL)

- 97 s - -
63s 37s 26s
- 45 s - -
- 36s - -
?Cloudy suspension does not appear

u A W N P
[N
[N
(21
(%]

The results obtained showed that the time required to obtain a turbid white suspension, and
then well-formed nanoparticles, decreased as the amount of TEOS increases (from 97 seconds
for 2 mL to 36 seconds for 5 mL). It should also be noted that 1 mL of TEOS was not enough to
obtain nanoparticles (as observed in previous sections). In the case of the stirring rate, the time
required also decreases as the stirring rate increases (from 115 seconds at 300 rpm to 26
seconds at 1200 rpm). This behaviour fits with the observations made previously, which
suggested that lower amounts of TEOS and lower stirring rate decrease the hydrolysis and
condensation rate, and vice versa.

In a standard synthesis, when the TEOS is added at a rate of 5 mL/min, the suspension becomes
white turbid after the fourth ml of TEOS (the 80% of total TEOS), namely, at 48 seconds
approximately. In the only study we have found in which is accurately reported the time that
the white precipitate appears, a TEOS addition rate of 0.5 mL/min was used. In this case,
turbidity occurs at 2.8 mL [58], which corresponds to the 56% of the total TEOS addition and
more than 5 minutes. Therefore, the rate of TEOS addition also influences the time and amount
of TEOS required to form nanoparticles causing the appearance of white turbidity. Therefore, to
study this influence on the hydrolysis and condensation rate, another assay was performed using
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different TEOS addition rates (0.25 mL min?, 0.5 mL min?, 1 mL min, 5 mL min* and instant

addition) (Table 4). TEOS was added in each case until the reaction mixture became cloudy.

Table 4. Time required for the reaction mixture to become cloudy, measured as a function of the rate of TEOS
addition. Also the amount and percentage of TEOS added at that moment is included.

0.25 mLmin? 0.5 mLmin? 1 mLmin? 5mLmin? Instant
Time (s) 630 336 150 48 36
TEOS added (mL) 2.7 2.8 2.5 4 5
% TEOS added 54 56 50 80 100

As it can be seen in our assays, the time required for the reaction suspension to become cloudy
white is also influenced by the rate of TEOS addition. At slower addition rates more time is
needed (from 36 seconds for an instant addition to 630 seconds when TEOS is added at 0.25 mL
mint). This behaviour can be provoked because the addition rate of TEOQS also is associated with
the amount of TEOS available to be hydrolysed-condensed, and therewith, slow addition rates
are analogous to the presence of low concentration of TEOS. Additionally, the amount of TEOS
required to obtain white turbid suspension is lower as TEOS addition rate decreases. This effect
can also be observed focusing on the % of TEOS added to obtain a white turbid suspension.
Hence, the formation of large enough nanoparticles occurs at lower TEOS amount with slower
TEOS addition rates. This phenomenon can be explained considering that at slower addition
rates, the TEOS available to be hydrolysed and condensed is lower, and then, less nucleation
seeds are formed, and less amount of TEOS is needed to grow the seeds over the observable
size. Therefore, in samples where TEOS is not added instantaneously, the rate of addition acts
as a rate-limiting step, as this rate influences the time it takes to see the nanoparticles formation.

3.3.4. Quenched collection of aliquots

Another assay was performed to study the initial stages of MCM-41-type MSN synthesis. In this
case, we decided to “take some shots” along the growing process in a standard synthesis as the
TEOS is being added. Therefore, quenching of the reaction was necessary after aliquots were
taken (‘quenched aliquots collection’) to avoid further reaction in the tubes. The method
employed to quench was to dilute them and apply rapid cooling. Aliquots were taken just after
the addition of 1, 2, 3, 4 and 5 mL of TEOS at 5 mL min%, which were named quenched aliquots
(QA1, QA2, QA3, QA4 and QAS5, respectively). The quenching was performed by diluting 5 times
the aliquots with deionised water and placing them in ice bath immediately.

DLS measurements and representative TEM images are shown in Table 5 and Figure 5. At first
glance, a gradual growth of nanoparticles can be observed. QA1 was too diluted to be measured
with quality by DLS, being that the sample did not scatter enough light. However, two peaks
could still be measured around 5 nm and 370 nm. The first one is suggested to correspond with
CTAB micelles and single silica-surfactant complexes, and the latter to large entities such as CTAB
crystallisations or aggregates of amorphous silica. TEM images showed the presence of CTAB
crystallisations, but no amorphous silica could be seen. Besides, some small dots like those
observed in A0 and SA1 were also present in the TEM images. QA2 was quite polydisperse and

82



Chapter 3

diluted, but DLS was able to resolve a mixture of populations. A peak at ca. 6 nm was observed,
which presumably corresponds to unassembled CTAB micelles, and other wide populations
centred at 32 nm and 155 nm were recorded. In the TEM images, small nanoparticles still in
formation can be seen, with a size ca. 28-30 nm. In addition, some larger particles are
observable, whose sizes varies from 30 to 300 nm, in accordance with DLS results. QA3 showed
two clear populations at 38 nm and 205 nm in DLS measurements. TEM images showed a first
population that correspond to the small mesoporous nanoparticles in formation, which are
highly fused. In addition, there is a scarce population of nanoparticles that have grown much
more than the rest, in the range of 150 to 400 nm, observation that fits with the DLS
measurement. QA4 and QA5, showed in DLS single populations at 114 nm and 132 nm,
respectively. TEM images showed that in QA4 there is still some MSN in formation in a similar
stage to QA3, but most of the population are nanoparticles already formed, in the 80 to 100 nm
range. Pictures of QA5 showed nanoparticles already formed with sizes from 90 to 120 nm. No
larger size populations were seen.
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Figure 5. (A) Size distribution of QA1, QA2, QA3, QA4 and QAS5, according to Intensity PSD analysis. (B) TEM images
at lower and higher magnification of QA1 (a, b), QA2 (c, d), QA3 (e, f), QA4 (g, h) and QA5 (i, j).
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Table 5. DLS measurements of QA samples.

SAMPLE | ATTENUATOR SIZE (INTENSITY) PDI
QA1 11¢ 5nmand 370 nm 0.997
QA2 10 6 nm, 32 nm and 155 nm 0.459
QA3 7 38 nm and 205 nm 0.487
QA4 6 114 nm 0.080
QA5 6 132 nm 0.157

9Sample too diluted

The results showed that the nanoparticles are forming and growing progressively, from the 6
nm CTAB micelles, then seeds of 30 and 40 nm approximately, to finally fully formed
nanoparticles of 115 and 130 nm. Nevertheless, some bigger size populations are formed at first
aliquots (QA2 and QA3), which are not found in following samples, neither by TEM nor by DLS.
This phenomenon could be explained because the reaction is not fully quenched, and therefore,
the existence of a low number of nucleation seeds in the first stages provokes the remaining
silica precursor to develop some large nanoparticles, similar to the process observed in DA and
SA samples.

All of these results suggest that templating, nucleation and growth processes are very quick,
with fully formed nanoparticles being observed after 5 min. According to our experience,
templating mechanism can occur as defined in both silica polymerisation and cooperative
assembly models. Swelling-shrinking model also fits with the obtained results. At initial stages,
we have observed that the CTAB micelles and silica-surfactant complexes had around 6 nm,
which is quite bigger than the final sizes of channels and pores found in standard MCM-41-type
MSN (in the range of 2-3 nm), and even larger than the unit cell of mesostruture, which is usually
in the range of 4-5 nm. Therefore, initial micelles should act as CTAB repositories or suffer a
rearrangement in presence of silica precursor, as silica polymerization and swelling-shrinking
models, on the one side, and cooperative assembly model, on the other, suggest respectively.

Additionally, the results obtained prove the dependence of the hydrolysis and condensation rate
on multiple parameters, some of them not widely studied, such as the amount of TEOS at low
concentration, the TEQOS addition rate and the stirring rate. Our experiences showed a clear
relationship between the hydrolysis and condensation rate versus the nucleation process.
Nucleation process influences strongly on the growth and formation of nanoparticles, and thus,
it is a critical step.

The results obtained also demonstrate that the arrangement and templating of silica occur from
the initial stages, in contrast to the observations made by Sadasivan et al. [25], which described
the formation of disordered silica-surfactant micelles in nanoparticles below 50 nm. Applying
higher magnification in QA2 TEM image, a 2D quasi-hexagonal arrangement of pores can be
observed (Figure 6, red circles).
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Figure 6. TEM images of QA2 at different magnifications, in which the hexagonal arrangement of mesopores can be
observed.

3.3.5. Aging and reaction time

As it was described by Linden [38] and Yi [21], and our assays in previous section, the first steps
in the synthesis of the nanoparticles (surfactant-silica micelles formation, nucleation and
growth) occurs in less than 10 minutes. Then, the additional time the reaction is left should
correspond to aging and rearrangement processes. To study these, we have characterised
several samples after complete addition of TEOS (5 mL), at different reaction times (5 min, 20
min, 1 hour, 2 hours and 4 hours), which were named MSN-5min, MSN-20min, MSN-1hour,
MSN-2hours and MSN-4hours, respectively. TEM images, DLS and ELS measurements, 2Si-
ssNMR, PXRD and N, adsorption-desorption isotherms were performed to characterise the
nanoparticles synthesised. This study is similar to the one performed by Catalano et al. [3], who
analysed samples at 7 min, 30 min, 1 hour, 1.5 hour and 2 hours, and characterised them by
TEM pictures, DLS and ELS, small angle XRD and nitrogen adsorption-desorption isotherms.
Nevertheless, they obtained some different conclusions, as it will be mentioned throughout the
section.

TEM pictures shown in Figure 7 were taken to calcined samples and show that all the samples
were composed by nanoparticles completely formed. However, the first samples (MSN-5min
and MSN-20min) show nanoparticles with irregular surface and higher presence of smaller size
populations. Nanoparticles were in the range of 94 + 18 nm (MSN-5min), 90 + 17 nm (MSN-
20min), 93 = 16 nm (MSN-1hour), 98 + 15 nm (MSN-2hours) and 103 + 21 nm (MSN-4hours). A
slight increase (around a 9%) in the average size over the time is observable, although
nanoparticles synthesised during 5 min are sized in the range of nanoparticles normally used.
These results disagree with Catalano et al. [3] studies, which suggest an increase from 108 nm
at 7 minutes to 159 nm at 2 hours. On the other hand, in our experiments it could be observed
that the size dispersion slightly decreases from 5 min to 2 hours, but increase at 4 hours. Then,
nanoparticles seem to be more homogenous at 2 hours.
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Figure 7. TEM images at lower and higher magnification and histograms with particle size distribution of MSN-5min
(a, b, c), MSN-20min (d, e, f), MSN-1hour (g, h, i), MSN-2hours (j, k, |) and MSN-4hours (m, n, o). Nanoparticles sizes
were measured in TEM images. At least 100 particles for each sample were counted.

Therefore, it could be affirmed that 5 min of synthesis were enough to obtain common MSN in
terms of size and morphology. However, additional time was needed to reduce the
polydispersion of the sample, being optimised at 2 hours. In this context, according to Ostwald
ripening, smaller size populations disappear in favour of larger ones. In our case, it is observable
how the percentage of nanoparticles smaller than 60 nm is decreasing from 5 min to 2 hours,
but they increase at 4 hours (4% at MSN-5min, 6% at MSN-20min, 2% at MSN-1hour, 1% at
MSN-2hours and 3% at MSN-4hours).

DLS and ELS measurements of calcined samples are presented in Figure 8 and summarised in
Table 6. It can be observed in the DLS curves (Fig. 8A) how the size distribution becomes
narrower with time (from 5 min to 2 hours), but increases after 4 hours. This behaviour is also
observable on the PDI value (0.406 in MSN-5min, 0.283 in MSN-20min, 0.260 in MSN-1hour,
0.237 in MSN-2hours and 0.265 in MSN-4hours). Thus, these results fit well with the tendency
observed in the TEM pictures. This result is similar to that observed by Moller and co-workers
[40], where a very broad distribution was observed in the early stages of synthesis; a distribution
that narrowed drastically over time. However, it must be taken into consideration that our
measurements were performed with spun samples and therefore, large aggregates and
sediments were removed. Then, the populations observed in the DLS curves, correspond to the
fraction that is at least moderately suspendable in water. In this context, MSN-5min showed
two populations at 185 and 702 nm, MSN-20min one population at 148 nm, MSN-1hour one at
159 nm, MSN-2hours one at 158 nm and -MSN-4hours one at 174 nm. ELS measurements of
calcined samples (Fig. 8B) showed a decrease in the { Potential of samples over the time (-35.7
mV for MSN-5min, -33.7 mV for MSN-20min, -32,2 mV for MSN-1hour, -29,9 mV for MSN-
2hours and -28.4 mV for MSN-4hours). This indicates that nanoparticles are losing negative
charge on the surface as the reaction progress. The higher negative surface of MSN-5min, and
MSN-20min to a lesser extent, could explain the better suspendibility of larger populations,
which are observed in DLS curves in spite of applying a brief spun. The tendency we observed in
{ potential values is also in conflict with the results of Catalano et al. [3], which did not show a
correlation between the reaction evolution and the Z potential value. This can be explained
regarding the differences observed in the synthesis process (the authors washed the
nanoparticles with ethanol and extracted the surfactant refluxing with ethanol-HCl).
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Figure 8. (A) Size distribution of MSN-5min, MSN-20min, MSN-1hour, MSN-2hours and MSN-4hours, according to
Intensity PSD analysis. Measurement performed in samples resuspended in distilled water at 1 mg/ml and brief spin
pulses were applied to remove the larger aggregates. (B) { potential measurement of MSN-5min, MSN-20min, MSN-
1hour, MSN-2hours and MSN-4hours. Measurement performed in samples resuspended in distilled water at 10
mg/ml and brief spin pulses were applied to remove the larger aggregates.

Table 6. DLS measurements of samples as a function of their reaction time.

SAMPLE SIZE (INTENSITY) PDI Z-POTENTIAL
MSN-5min | 185 nmand 702 nm 0.406 -35,7 mV
MSN-20min 148 nm 0.283 -33,7 mV
MSN-1hour 159 nm 0.260 -32,2 mV
MSN-2hours 158 nm 0.237 -29,9 mV
MSN-4hours 174 nm 0.265 -28,4 mV

DLS results seem to indicate that the aging step after the nanoparticles growth is necessary to
reorganise and level the size between nanoparticles. This can be done by completing the growth
of the nanoparticles with the remaining silica or using some of the silica already condensed into
the smaller nanoparticles. It must be noted that during the synthesis there are continuous
hydrolysis and condensation reactions of silica entities due to the elevated temperature and the
alkaline pH. ELS results allow monitoring the progress of the reaction, since the negative charge
of calcined MSN comes from silanolate groups. Therefore, the decrease in { potential means the
progressive condensation of the silanol groups during this period. Therefore, the degree of
condensation of the nanoparticles is expected to be higher in those samples in which the
reaction time is longer and vice versa.

As-made and calcined nanoparticles were also studied by powder X-ray diffraction techniques
(PXRD), and the results are represented in Figure 9 and Table 7. Diffractograms of the as-made
materials were similar in all the samples (from MSN-5min to MSN-4hours) in terms of both the
position of their peaks and their broadness. Therefore, this fact suggests that the supra-micellar
hexagonal structure is formed already after 5 minutes with the same characteristics as the
standard synthesis ((100), (110), (200) and (210) reflections are present), which was already
reported [38]. The main peak, corresponding to the (100) reflection in these samples falls in the
narrow range of 2.09 to 2.14 degrees, which corresponds to a unit cell ca. 4.76 to 4.88 nm.
Furthermore, the full width at half maximum (FWHM) was calculated for this peak by measuring
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their broadness in x-axis at half their height in y-axis. In this sense, it ranges from 0.22 to 0.24.
In the case of the calcined nanoparticles, the hexagonal porous arrangement is maintained as
the peaks corresponding to the reflections (100), (110), (200) and (210) are still observable. Once
again, these results dissent from the study of Catalano et al. [3], who observed unresolved peaks
in as made early samples, due to a disruption in the structure, which may be provoked by ethanol
washing and surfactant extraction processes. Moreover, our samples showed the typical shift of
the diffractogram peaks to higher 20 values in calcined samples (reduction in d-spacing), which
is related to the unit cell contraction or shrinkage provoked by calcination process. In this
context, some greater variability in the position and the width of the peaks than the ones of the
as-made samples is noticed. On the one hand, the peak [100] was found progressively in lower
diffraction angle with the progression of the reaction (at 2.45, 2.47, 2.41, 2.32 and 2.36 for the
samples MSN-5min, MSN-20min, MSN-1hour, MSN-2hours and MSN-4hours, respectively). On
the other hand, the broadness of the peak [100] (FWHM) is greater in the first samples (0.32 and
0.30 for MSN-5min and MSN-20min, respectively) and smaller when the reaction time increase
(0.28,0.26 and 0.28 for MSN-1hour, MSN-2hours and MSN-4hours, accordingly).

In terms of compared results between as-made and calcined samples, it was observable how
the unit cell contraction appeared to be lower as the reaction synthesis progressed and vice
versa. Then, in MSN-5min and MSN-20min the unit cell shrank 0.65 and 0.68 nm, respectively,
while in MSN-1hour, MSN-2hours and MSN-4hours the unit cell contracted 0.45, 0.49 and 0.49,
correspondingly. Besides, the ratio between the FWHM of the [100] peak after and before
calcination behaved in the same vein, being higher in MSN-5min and MSN-20min samples (1.45
and 1.30) and smaller in MSN-1hour, MSN-2hours and MSN-4hours ones (1.17, 1.18 and 1.27).
This broadening of the peak after the calcination process reflects the partial loss of structural
regularity which is less as the aging time is longer.
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Figure 9. PRXD patterns of as made (A) and calcined (B) samples. Dotted lines signal the position of peak (100) in the
cases of MSN-5 min as-made and calcined.
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Table 7. PXRD measurements of samples as a function of their synthesis time.

AS MADE CALCINED COMPARED DATA
SAMPLE Peak [100] Unit cell FWHM peak|Peak [100] Unit cellFWHM peak| Peak [100] Unit cell FWHM

(20) (nm) [100] (20) (nm) [100] shift (20) |contraction (hm) ratio
MSN-5min 2.12 4.81 0.22 2.45 4.16 0.32 0.33 0.65 1.45
MSN-20min 2.12 4.81 0.23 2.47 413 0.30 0.38 0.68 1.30
MSN-1hour 2.14 4.76 0.24 2.41 4.24 0.28 0.27 0.52 1.17
MSN-2hours 2.09 4.88 0.22 2.32 4.39 0.26 0.16 0.49 1.18
MSN-4hours 2.12 4.81 0.22 2.36 4.32 0.28 0.24 0.49 1.27

Therefore, these results suggest that the cell contraction and structure disruption have an
inverse correlation with reaction time and then, with the aging. In this sense, when weak
structures such as MSN-5min and MSN-20min are calcined, they tend to suffer greater
contraction and disorder of the mesostructure [59][60], which is reflected in greater peaks shifts
(unit cell contraction) and broadening (FWHM ratio). By contrast, the samples MSN-1hour,
MSN-2hours and MSN-4hours are more consolidated and suffer less shrinkage and structure
disruption.

Measurement of isothermal adsorption-desorption of nitrogen were also performed to
characterise the pore size, pore volume, and surface area (Table 8 and Figure 10). The isotherms
obtained were similar in all the samples studied. They all exhibited a type IV isotherm typical of
mesoporous materials. The main difference observed was that the sharp jump at intermediate
partial pressures, corresponding to the capillary condensation region, shifted to the right as the
synthesis time increased (from 0.28 p/po, in MSN-5min to 0.32 p/p, in MSN-4hours). This
tendency was observed in Table 8, in which the pore size increases progressively with the
reaction time (from 2.65 p/p, in MSN-5min to 2.88 p/p, in MSN-4hours). On the other hand, in
case of specific surface area, it was observable a decrease oppositely to the reaction time (from
1157 m? g! in MSN-5min to 1082 m? g in MSN-4hours). Regarding the pore volume, no clear
tendency was observed and it seemed to be constant in the different samples (in the range from
0.97to 1.01 cm3g?).

Taking into account the PXRD and N; isotherms results, we have calculated the wall thickness
for the different materials. In the hexagonal mesoporous materials unit cell correspond to the
sum of the pore size and wall thickness. Therefore, the wall thickness was obtained by
subtracting the pore size value from the unit cell value but no clear tendency was observed as a
function of synthesis time (Table 8).
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Table 8. Mesoporosity of samples as a function of their synthesis time.

BET SURFACE PORE VOLUME PORE SIZE WALL THICKNESS
SAMPLE
(m?g?) (cm?g?) (nm) (nm)
MSN-5min 1157 0.97 2.65 1.51
MSN-20min 1131 0.98 2.73 1.40
MSN-1hour 1134 1.01 2.71 1.53
MSN-2hours 1101 0.98 2.84 1.55
MSN-4hours 1082 0.98 2.88 1.44
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Figure 10. N, absorption-desorption isotherms of (a) MSN-5min, (b) MSN-20min, (c) MSN-1hour, (d) MSN-2hours,
and (e) MSN-4hours. Inset: capillary condensation region magnified.

The results observed in N, absorption-desorption isotherms fit with the expected tendency in
accordance with PXRD data. Then, the consolidation of the structure over reaction time reduces
the shrinkage of the mesostructure. As a consequence of that, we found that the pore size is
higher as the synthesis time increases. Additionally, the decrease in specific surface area in the
samples with longer aging can be also produced by a greater consolidation of their structure,
which suffer fewer defects and nooks in the surface, in contrast to those samples stirred only
for 5 or 20 minutes. On the other hand, the smalls variation in the wall thickness calculated for
the different materials suggest the reaction time is not affecting the to this parameter, and the
changes in the unit cell measured in the PXRD analysis correspond with the decrease in pore size
obtained with the N, adsorption measurements.

In order to reliably verify the degree of condensation of the samples, they were analysed by Si?*-
ss-NMR. The Figure 11 shows the obtained spectra and the Table 9 collects the area under the
curve (AUC) for each peak obtained by deconvolution of the spectra, fitting them by Gaussian
method. The NMR spectra of the samples (Figure 11) showed 3 peaks at ca. -90, -100 and -110
ppm, corresponding to (HO),Si-(0Si), (Qz), (HO)Si-(0Si)s (Qz) and Si(0Si)s (Qa) silicon species.
Nevertheless, the measurement of the sample MSN-20min was ignored for the analysis, since
the obtained spectra presented only two peaks (Qs and Qa), maybe due to some experimental
or measurement error. Additionally, it was observed that some peaks of measured samples
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showed a very narrow appearance, which we cannot able to explain and which can disturb the
calculation of AUC. Taking this into account, at first glance the spectra showed a progressive
decrease in of the Q; signal and an increase of Qs and Q4 ones. Regarding the AUC calculated
from spectra deconvolution and Gaussian fitting (Table 9), it was observed a decreasing
tendency in the AUC of Q; with the progression of reaction time (32.8 > 17.1 > 10.2 > 4.6) with
a concomitant increase of the AUC of Q3 (41.7 < 47.4 < 48.6 < 74.0) and Qu, except for MSN-
4dhours (25.5 < 35.6 < 41.2 > 21.4). In this sense, the peak corresponding to Qs of MSN-4hours
showed a higher height than the other samples, but its narrowness leads to a low AUC. Besides,
the degree of condensation (DK) calculated according to the equation reported by Barczak [61]
(eq. 1) has also been included in Table 9.

_4Q,+3:Q03+2:-Q2+1-0, (1)
B 400

DK

The variation of the DK parameter reflects that the connectivity of silica in the lattice increases
progressively with the reaction time, except for MSN-4hours (73.2 < 79.6 < 82.8 > 79.2). This
agrees with previous reports in which a partial condensation was reported for a solid obtained
after 3 minutes stirring [17].
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Figure 11. Si?%-ss-NMR spectra of (a) MSN-5min, (b) MSN-20min, (c) MSN-1hour, (d) MSN-2hours, and (e) MSN-
4hours.

Table 9. Peak areas obtained from the deconvolution of the Si?>-NMR spectra shown in Figure 12. The peaks were
fitted to a pseudo-Voigt function. The degree of silica condensation of samples as a function of their synthesis time is
given as the “DK” (degree of condensation) parameter.

Si%%-ss-NMR
SAMPLE

%02 %Q3 %Q4 DK

MSN-5min 32.8 41.7 255 73.2
MSN-20min 0 64.1 35.9 84.0
MSN-1hour 17.1 47.4 35.6 79.6
MSN-2hours 10.2 48.6 41.2 82.8
MSN-4hours 4.6 74.0 21.4 79.2
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The result obtained suggest that there is an increase in the silica condensation degree as the
aging time increases. In addition, it can be affirmed that once nanoparticles are formed the silica
condensation inside the material is a slow process which can take several hours. Nevertheless,
further assays are required to obtain consistent measurements.
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3.4. CONCLUSIONS

This chapter presents a systematic study of the MCM-41-type MSN mechanism of formation.
Hydrolysis and condensation rate have been found to play a central role in the development of
MSN. In this sense, the formation of MSN has been found to be not only affected by the pH and
temperature, as it has been widely studied, but also by the amount of TEOS added, the stirring
rate and the TEOS addition rate. We demonstrated that these parameters influence on the silica
available to be hydrolysed, and then, affect the hydrolysis and condensation rates. In this
context, when the hydrolysis rate decrease, the number of initial seeds decrease and larger
nanoparticles are formed, and vice versa.

Additionally, the initial stages of MSN formation have been observed and characterised by TEM
and DLS, concluding that both silica polymerization and cooperative assembly models are valid
according to our observations. Even, swelling-shrinking model fits with the obtained results. We
can affirm that since silica-surfactant micelles analysed in the first stages of MSN formation are
larger than the mesostructures formed posteriorly, they can act as CTAB repositories or suffer a
rearrangement in presence of silica precursor.

Besides, the rapid formation of MCM-41-type MSN has been demonstrated, as 5 min synthesis
has been sufficient to prepare MSN with similar characteristics to the ones prepared following
standard synthesis. This is possible because the templating, nucleation and growth steps are
very quick in the conditions used in a standard synthesis. The evolution and aging of MSN over
time was also recorded and characterized. We observed in TEM and DLS that the aging of
nanoparticles from 5 minutes does not increase considerably their size, but reduces the size
dispersion until certain time, in which the dispersion increase again, being 2 hours the best time.
The consolidation of the structure over time, and then, their increased resistance to the
shrinkage provoked after calcination was also observed analysing the PXRD spectra and N>
adsorption-desorption isotherms. In this context, the consolidation of the structure minimise
the shrinkage of pores, but barely affects the wall thickness. In addition, ELS and NMR data
suggested the increase of silica condensation degree over time, since the T potential decrease
(indicating the loss of silanol/silanolate groups) and the condensation degree (DK) tends to
increase.

To sum up, after 5 minutes the reaction works mainly towards the increasing of the silica
condensation degree inside the nanoparticles, the consolidation of the structure, the
rearrangement of some siloxane bonds to minimize energy and the redistribution of silica
between nanoparticles, from the smallest nanoparticles to the largest ones, ending in a more
homogeneous suspension at 2 hours.

On account of the studies performed here, a deeper knowledge about the synthesis mechanism
of MCM-41-type MSN has been obtained. A clear understanding of this matter could provide a
strong basis to improve the control of the synthesis of nanoparticles, which is essential in their
development on different applications, especially what concerns to nanomedicine.
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Chapter 4

4. STUDYING DISREGARDED PARAMETERS IN MCM-41-TYPE
MSN SYNTHESIS

4.1. INTRODUCTION

Giving the importance of MSN in a wide range of applications, acquiring a better knowledge
about the MSN synthesis mechanism is necessary to know and control their properties. Knowing
how each parameter can influence their synthesis is also crucial for tailoring the final properties
and structure of the nanoparticles [1][2]. Some of the most commonly studied parameters in
the MCM-41-type MSN are the pH value, the silica/surfactant ratio, the reaction time and
temperature, the silica precursor used, the concentration of additive alcohols or cosurfactants,
etc. Generally, the most observed properties are pore size distribution, mesostructured
arrangement (e.g. wormhole-like, dendrimer-like, disordered, hexagonal, lamellar or cubic
mesophases), silica condensation degree, particle size (from few nanometres to several
microns), morphology (e.g. spheres, hollow spheres, irregular, worm-like, oval or rods) and
aggregation [3][4].

Particularly, regarding to MCM-41-type MSN, as it has been mentioned in Chapter 3, the
synthesis procedure is quite standardised and based on the conditions employed by Cai et al. in
2001 [5]. Nevertheless, from this starting point, some modifications to this procedure, such as
the temperature reaction, pH and time, the surfactant-silica ratio, or the reagents dilution, have
been studied in order to introduce variations to some features of the nanoparticles, as it can be
read below. However, in spite of the developments and knowledge acquired in the following
years, the original protocol remains the most widely used owing to its facile implementation [6],
as well as the reasonable quality of the nanoparticles obtained. Yet, this protocol leaves some
poorly defined parameters that have been freely interpreted over the last years and whose
modification is not always well studied. Variables such as the stirring rate, the magnetic stirrer
bar, the container used or the TEOS addition rate among others can be mentioned.

In this work we summarise the influence of the most studied synthesis parameters on MCM-41-
type MSN properties. Starting from the state of the art, we present here the study of the effect
of some disregarded parameters on the synthesis of MCM-41-type MSN. Therefore, more
reproducible, and tailored MCM-41-type MSN can be obtained.

4.1.1. Main variables controlling the nanoparticles formation

Some of the most studied and influent factors involved in control of MCM-41-type MSN
synthesis are the reaction pH, temperature, and time, as well as the stirring rate and the
surfactant/silica precursor ratio.

41.1.1. pH

pH is quite determinant in the nanoparticles formation mainly by controlling the charge density
of the species involved in the synthesis. This parameter has a great influence on the particles
growth step [4]. Charge density of silica increases as pH value moves away from its isoelectric
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point (IEP = 2). Hence, higher pH conditions result in an increase in silicate solubility in water, as
well as in an increase in the intensity of nucleophilic attack due to the presence of a larger
number of hydroxide anions resulting then in higher silica hydrolysis rate [7][8][9][10]. On the
other hand, condensation rate reaches the maximum value at neutral pH or softly alkaline
(maximum at pH 8.4 [10]), decreasing at acid pH, when silicates are close to the isoelectric point
and their density charge decrease, and also decreasing at alkaline pH due to the instability of
silica species and the increased repulsions due to their high negative density charge [10].
However, in MSN synthesis, surfactant molecules interact and stabilise the silica precursor at
high pH, maintaining relatively high silica condensation rates at pH around 12. This interaction
between silica precursor and surfactant is strengthen due to alkaline conditions [3], specifically
over pH 11 [4].

Therefore, at higher pH great hydrolysis rates are provoked, but silica condensation is rate-
limiting, generating fewer but larger nuclei, which gives as a result the formation of large MSN
[10][11][4]. On the contrary, at lower pH, hydrolysis acts as the rate-limiting, and then greater
number of nuclei but smaller are formed, since condensation reaction is faster. Then, low
hydrolysis rate could lead to long delay time in forming the silica precipitate.[10] Hence, the size
of MSN can be tuned modifying the reaction pH, obtaining nanoparticles from few tens of
nanometres to almost a micron [3][7][12] [13][14].

Changes in pH also affect the shape of the nanoparticles as well as the ordering of the pores
[10]B!7142] particularly, Varache et al. [6] made a detailed study about the effects of changing
the pH in the MCM-41-type MSN. Using low NaOH concentrations a worm-like mesostructure
highly connected forming aggregates of several hundreds of nanometres was obtained. The
structure found was disordered since the condensation rate prevailed over that of the
cooperative templating process. Besides, at these conditions the condensation rate was
dominant, and therewith, a highly condensed structure was obtained. When the amount of
NaOH was increased, reaching a pH around 12, spherical nanoparticles ca. 100 nm with well-
defined MCMA41 structure were obtained. Some fusions between nanoparticles could be found
but not large aggregates. The MCM41 mesostructure could be formed due to the lower
condensation degree, which allowed the reorganisation of the hybrid micelles as cylindrical
structures and also their hexagonal arrangement. Higher alkaline solutions gave independent
and larger nanoparticles with a broad range of sizes. Furthermore, the structure was
supermicroporous, with a type 1 isotherm in nitrogen adsorption measurements, due to the
shrinkage of pores. The condensation degree is lower due to the low condensation rate at the
highest pH.

4.1.1.2. Stirring rate

Stirring rate affects the nanoparticle formation in different ways. Firstly, it modulates the
neighbouring silica-surfactant micelles aggregation. At low stirring speed, the formation of large
sized nanoparticles is promoted [16][17], meanwhile the increase of stirring speed improves the
mixing and thus the contact between silica precursor emulsions and aqueous solution, leading
to the formation of smaller nanoparticles [18][19][20][16][21]. On the other hand, a
combination of high stirring rate and the presence of ethanol lead to a transformation phase
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from hexagonal (2D) to cubic (3D), even at low surfactant concentrations [18][22][23]. In
addition, strong stirring rates provokes the deterioration of the morphological regularity due to
shearing forces originated [1].

4.1.1.3. Temperature

Temperature of the reaction is related to the solubility of silica and surfactant and to the
chemical reaction course (both hydrolysis and condensation) [24][25]. High temperatures
facilitate the solubility of silica precursor in aqueous solution, which increases its hydrolysis rate,
which is also favoured by temperature. In addition, silica condensation rate is also favoured,
boosting the nuclei growth [16][4], rather than producing a higher amount of nuclei. Hence,
larger nanoparticles are formed [26][1]. Higher temperatures also favour a better arrangement
of mesostructures [1].

In contrast, at low temperatures reaction rate decreases and smaller and more fused
nanoparticles are formed. Besides, in these conditions, the mesoporous structure is less
ordered, due to the low solubility of silica and surfactant [4]. Furthermore, after calcination
there is a great shrinkage due to the low condensation degree and low consistency of the
nanoparticles formed. On the other hand, it has also been described how the reaction
temperature can determine the structure adopted by the silica-surfactant micelles, such as
tubular, lamellar, spherical, hexagonal, etc.[27][28]

4.1.1.4. Time

According to our studies (in Chapter 3) and as some authors reported [4][29], some hours are
required to complete the silicate condensation. On the other hand, some studies has been
reported that an increase in the reaction time, which is also called aging, produces larger
nanoparticles 408 due to the greater silica oligomers deposition. However, it has been
reported that the aging reaction over 4 hours results in the production of smaller nanoparticles
[4]. In this sense, Chiang et al. [15] reported that increasing the reaction time in alkaline
conditions causes an erosion of silica structure, producing a decrease in the size of the
nanoparticles. Nevertheless, size variations reported derived from different reaction times are
minor in comparison to those provoked by pH and temperature changes. Conversely, our studies
showed that aging barely increase the size of the nanoparticles.

In addition, aging time results in more stable and well-ordered MCM-41 structure P457, due to
a gradual increase in the degree of condensation, which confers the nanoparticles greater
resistance to the shrinkage caused by calcination [18]. These processes can be also associated
with a growth of pore wall thickness, and then a decrease in pore size, as it was observed in a
synthesis at room temperature [31], although our experiments at 80 degrees suggested that
pore wall thickness is not affected.

4.1.1.5. Surfactant/silica precursor ratio
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The amount of surfactant used in relation to the silica precursor added is another important
variable in the MSN formation. It has been reported that increasing the silica/surfactant ratio
results in a larger unit cell framework. This increment is not a consequence of bigger pore size,
but thicker pore wall. Then, MSN acquire more stability and endurance. The opposite behaviour
is seen when the silica/surfactant ratio is reduced [31].

On the other hand, some textural modifications in the MCM-41-type MSN have been reported.
An increase in the surfactant amount from certain value is associated with a mesophase
transformation from 2D hexagonal to 3D tubular. In addition, this structural modification is also
accompanied by significant morphological and size changes in the nanoparticles obtained, which
are irregular in shape and smaller in size [2].

4.1.2. Objectives

According to the reviewed information, we focus on the study some disregarded parameters in
the synthesis of MCM-41-type MSN such as the synthesis time, the stirring rate, the magnetic
stir bar used, the TEOS addition rate and the neutralisation method once nanoparticles are
formed.
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4.2. MATERIALS AND METHODS

4.2.1. Chemicals

Tetraethylorthosilicate (TEOS), 1-hexadecyltrimethylammonium bromide (CTAB) and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich. Hydrochloric acid 37% (HCl) was
provided by Scharlab.

4.2.2. General techniques

Transmission electron microscopy (TEM), N, adsorption—desorption isotherms, powder X-ray
diffraction (PXRD) and dynamic light scattering (DLS), were used in order to characterise the
prepared materials. The instruments used were the following: JEOL JEM-1010 microscope for
TEM images acquisitions; Bruker D8 Advance diffractometer (Cu Ka radiation) for PXRD
measurements; Micromeritics ASAP 2010 automated analyser for recording of N, adsorption—
desorption isotherms, samples were degassed at 120 °C in a vacuum overnight. The specific
surface areas were calculated from the adsorption data within the low-pressure range using the
BET (Brunauer—Emmett—Teller) model. Pore size was determined following the BJH (Barrett—
Joyner—Halenda) method. Particle size were measured by ZetaSizer Nano ZS (Malvern
Instruments Ltd.) equipped with a laser of 633 nm and collecting the signal at 173°. All samples
were prepared at 1 mg/mL in distilled water and they spun in a centrifuge at 10,000 rpm to
remove the large aggregates and sediments before being measured.

4.2.3. Synthesis of nhanoparticles

Different conditions were used to synthesize MCM-41-type nanoparticles and these are
specified in each assay. However, a general protocol was stablished. 1 g of CTAB (2.74 mmol)
was mixed with 480 mL of deionised water ina 1L (10.5 cm of outer diameter) cylindrical beaker.
The mixture was heated at 50 °C to dissolve the surfactant and stirred with a cylindrical and plain
magnetic stir bar (60mm long and 15mm diameter) at 500 rpm. Then, 280 mg of NaOH (7 mmol)
dissolved in 3.5 mL of deionised water were added to reach a pH of 12.16, and the temperature
solution was adjusted to 80 °C. A watch glass was placed to cover the beaker to minimize the
solvent evaporation and therefore to prevent the volume from decreasing during the reaction.
When the temperature reached 80 °C, 5 mL of TEOS (25.7 mmol) were added dropwise (5
mL/min), using syringe and needle. Soon after, a white precipitate appeared. The mixture was
stirred for 2 h. After this time, the suspension was cooled at room temperature (measured pH
11.75). The solid product was then vacuum filtered with a Buchner over a filter paper
(Whatman™ Grade 3MM Chr) and deionised water was added until the suspension reached
neutral pH. Finally, the solid was dried under vacuum and grinded to obtain a white powder.
After the synthesis, nanoparticles were calcined at 550 °C using an oxidant atmosphere for 5 h
in order to remove the surfactant.

4.2.4. Image analysis

Transmission electron microscopy was performed to acquire a wide representation of each
sample, in order to check size and shape of synthesized nanoparticles, as well as the fusion
formed between them. Size: At least 100 particles for each sample were counted to obtain a
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representative size distribution of the particles. In the case of non-spherical nanoparticles, the
size was measured along the longer direction. Fusions: Interparticle fusion was studied on at
least 200 particles per sample and only those with a clear silica bridge were counted.
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4.3. RESULTS AND DISCUSSION

4.3.1. The importance of the stirring control

The results obtained in Chapter 3 suggest that the stirring plays an important role in the
nanoparticles formation, especially in nucleation and growing process. Then, different issues
around the stirring were studied.

4.3.1.1. Stirring rate

The influence of the stirring rate in the synthesis reaction of MCM-41-type MSN with respect to
the size [16][17] or the morphological changes of the nanoparticles [1] has been studied by other
authors, but the analysis of their relationship was superficial. In the following study, we bring
out the importance of not only the stirring rate, but also the shape and surface of the magnetic
stirrer bar. In addition, stirring is not only related to size and morphology as it has already been
reported, but also to the fusion between nanoparticles.

Different samples were prepared modifying the stirring rate (350 rpm, 500 rpm, 900 rpm and
1200 rpm) during the whole reaction on a combined hot-plate magnetic-stirrer device and a
plain cylindrical magnetic stir bar. The samples, which were named MSN-350rpm, MSN-500rpm
(corresponding to the standard synthesis), MSN-900rpm and MSN-1200rpm were characterized
by TEM and DLS.

TEM and DLS data were represented in Table 1. According to TEM pictures (Figure 1), the
nanoparticles diameter decreased with increasing stirring rates until reaching a minimum value
of around 80 nm from 900rpm (MSN-350rpm averaged at 112 nm, MSN-500rpm at 89 nm, MSN-
900rpm at 80 nm and MSN-1200rpm at 80 nm). The size dispersion in the samples was around
a 15% for MSN-350rpm, MSN-500rpm and MSN-900rpm samples, but higher (21%) for the solid
obtained at the highest stirring speed (MSN-1200rpm). In addition, it is also observable that the
nanoparticles morphology is becoming more irregular with the increase of the stirring speed.
Thus, MSN-350rpm and MSN-500rpm tend to have smooth surface and spherical-shape, but at
MSN-900rpm and especially MSN-1200rpm are poorly formed and their surface is rough. We
have also used TEM pictures to study the interconnectivity between nanoparticles (ticks on
Figure 1). It can be seen that a higher stirring rate leads to a higher number of visible fusions
between nanoparticles. In case of MSN-350rpm, the population of nanoparticles shows visible
silica bridges in ca. 30% of the nanoparticles. This percentage increases to ca. 45% in MSN-
500rpm, 90% in MSN-900rpm and 95% in MSN-1200rpm.
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Figure 1. TEM images and histograms with particle size distribution of MSN-350rpm (a, e), MSN-500rpm (b, f), MSN-
900rpm (c, g), and MSN-1200rpm (d, h). Arrows indicate the distinguishable fusions.

Table 1. TEM and DLS measurement data of samples as a function of the stirring rate.

TEM DATA DLS DATA

% FUSED HYDRODYNAMIC
SAMPLE SIZE PDI FWHM

NANOPARTICLES | SIZE (INTENSITY)
MSN-350rpm 112 £ 18 nm (16%) 30% 175 nm 0.215 156 nm
MSN-500rpm 89+ 14 nm (15%) 45% 162 nm 0.203 147 nm
MSN-900rpm 80+ 12 nm (15%) 90% 147 nm 0.242 166 nm
MSN-1200rpm 80+ 16 nm (21%) 95% 168 nm 0.231 234 nm

DLS measurements were used to obtain the hydrodynamic diameter. All the samples measured
were briefly spun in order to remove large aggregates and sediments, whose presence would
prevent a quality measurement. The tendency observed in DLS curves (Figure 2) did not exactly
match the observations in the TEM pictures. MSN-350rpm (175 nm), MSN-500rpm (162 nm)
and MSN-900rpm (147 nm) samples show a decreasing tendency of the hydrodynamic diameter
with the increase of the stirring rate, as it happens in TEM images. However, in MSN-1200rpm
(168 nm) the tendency changes from the one observed in TEM images, and the diameter
increases a little bit. This phenomenon may be related to a greater presence of small aggregates
in this sample. Additionally, the size dispersion was analysed taking into consideration the width
of the DLS curves (FWHM in intensity PSD). Then, from the data in Table 1, it can be seen that
the FWHM increased with the stirring rate (MSN-350rpm (156 nm), MSN-500rpm (147 nm),
MSN-900rpm (166 nm) and MSN-1200rpm (234 nm)). In addition to the increase in dispersion
of the size of the nanoparticles, the increase of FWHM of DLS curves with the stirring rate is also
caused by an increase in the number of fused nanoparticles that forms dimers, trimers, and
larger ones.
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Figure 2. Size distribution of MSN-350rpm, MSN-500rpm, MSN-900rpm, and MSN-1200rpm according to Intensity
PSD analysis. Measurements were performed in samples resuspended in distilled water at 1 mg/ml and brief spin
pulses were applied to remove the larger aggregates. Note that the x-axis is linear.

In order to explain the influence of the stirring on the size and morphology of the MSN, it is
necessary to understand the mechanism of stirring. In this type of reaction and stirring setup,
the axial flow is minimum since the magnetic stirrer bar does not have a propeller configuration.
Therefore, the main flow involved in the stirring is the radial flow, which is perpendicular to
rotation and follows a uniform angular motion. Radial flow is related to the stirring rate, the
longitudinal surface of magnetic stirrer bar and its similarity to a radial impeller or a paddle, i.e.,
the amount of perpendicular surface to rotation axis, which impose a shear stress to the fluid.
Tangential flow is also produced as a result of centrifugal force created by the radial flow. As a
consequence of this mixed forces a vortex appears in the centre of the axis, where downward
flow domains and tangential flow is almost zero, and which creates a funnel on the surface
[32][33]. Figure 3 represents an analysis of simulated flow velocities in cylindrical baker stirred
with cylindrical magnetic stir bar. Therefore, an adequate stirring rate is important to obtain
MSN with regular morphology, size, and distribution.

A B

radial-velocity  axial-velocity tangential-velocity

! higher velocity

~ 7

A ;
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Figure 3. A) Simulated flow velocities and B) flow patterns in cylindrical baker stirred with cylindrical magnetic stir. A)
is adapted from reference [32]. Copyright 2015 © IWA publishing. B) is reprinted from reference [33]. Copyright ©
2007 American Journal of Physics.

Hence, the size reduction of nanoparticles due to the increment of the stirring rate could be
mainly explained by the influence of the stirring on the hydrolysis and condensation rate. At
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higher stirring speeds, the oil-drops of TEOS formed after being added to the aqueous solution
are split due to the high radial flow and the shearing forces derived. This provokes an increase
of the surface of TEOS oil-drops in contact with water molecules. Additionally, the mixing
between both phases (organic and aqueous ones) is higher as the stirring rate increases. As a
result of this effect, the amount of TEOS exposed to the solution is increased and thus more
TEOS can be hydrolysed. Therewith, it influences in the number of nucleation seeds formed in
the initial stages and the nanoparticles size, as is observed in previous chapter.

On the other hand, the increase in fusions between nanoparticles and the deformation of their
shape with increasing stirring speed (especially in MSN-900rpm and MSN-1200rpm) could be
the consequence of turbulence and chaotic behaviour from which collisions between cores are
more common, the fluid dynamics becomes inhomogeneous and phenomena such as swirling,
and cavitation appear. Cavitation can affect mesoporous geometry and order [17]. Besides, high
stirring rates can provoke less controllable hydrolysis and condensation steps, and then increase
the fusions and irregular nanoparticles growth.

4.3.1.2. Magnetic stirring bar shape

Following this reasoning, the radial flow depends not only on stirring speed, but also on the
shape of the magnetic stirrer. A sample called MSN-egg was synthesised using an egg-shaped
stir bar at 500 rpm (Fig. 4B) and was characterised and compared with MSN-500rpm
(synthesised with cylindrical-shaped stir bar (Fig. 4A). As can be observed in Figure 4C, the
stirring force achieved with the egg-shaped magnetic stirrer is less than with the cylindrical-
shaped one.
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Figure 4. General set up of MSN synthesis according to the shape of the magnetic stirring bar. (A) Cylindrical-shaped
magnetic stir bar. (B) Egg-shaped magnetic stir bar. (C) Comparison of the flow produced by cylindrical-shaped and
egg-shaped magnetic stir bars at 500 rom. (D) TEM image (a) and size distribution histogram (b) of MSN-egg.

As expected, the samples stirred with egg-shaped magnetic stirrer are larger than those stirred
with the same speed (MSN-500rpm) and like those stirred at lower speed (MSN-350rpm) when
using a cylindrical stirrer. The average diameter measured for MSN-egg using TEM images was
112 + 19 nm (Fig. 4D), and the hydrodynamic diameter using DLS measurements was 183 nm
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(data not shown). Furthermore, the percentage of nanoparticles in which visible silica bridges
could be seen was around the 32% of the total nanoparticles. All these values are quite similar
to the ones obtained for MSN-350rpm.

4.3.1.3. Magnetic stirring bar surface

Another issue studied with respect to the stirring in the synthesis of MCM-41-type MSN was the
surface of magnetic stir bar, that is, the roughness or flatness of its surface. A sample named
MSN-rough was synthesised at 500 rpm with a cylindrical magnetic stirrer bar with pivot ring
and burrs (Fig. 5A). The magnetic stir bar had the same dimensions as the cylindrical one. Then,
it was characterised with DLS and TEM, and compared with MSN-500rpm.

A representative TEM image can be seen in Figure 5B. The average diameter for MSN-rough
measured using TEM pictures was 100 £ 24 nm, which is slightly higher than the one measured
for MSN-500 rpm; and the hydrodynamic diameter using DLS was 167 nm, which is similar to
the value obtained for the MSN-1200rpm sample. Besides, MSN-rough showed in TEM images
a higher number of fused particles, even some coalescence, compared to MSN-500rpm.
Approximately 85% of the nanoparticles in MSN-rough are fused together, whose percentage is
similar to that of MSN-900rpm and MSN-1200rpm. Furthermore, the morphology of the
nanoparticles is more irregular (less spherical and rougher surface) than that shown by MSN-
500rpm, being again comparable to the morphology of MSN-900rpm and MSN-1200rpm.
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Figure 5. (A) Cylindrical magnetic stirrer bar with pivot ring and burrs. (B) TEM picture (a) and distribution size
histogram (b) of MSN-rough.

The different size and morphology of this sample when compared with MSN-500rpm (obtained
at the same speed but with the smooth cylindrical bar) can be explain with the idea that the
irregularities of the stirring bar can provoke the formation of irregular flows. The presence of
pivot ring and burrs could form easily chaotic flow, swirling and cavitation, which are related to
the fusion and coalescence of nanoparticles. In this context, it is a process similar to that which
occurs at high stirring rates.

In summary, it can be pointed out that the control of the stirring during the MCM-41-type MSN
synthesis is crucial for the control of the MSN features. On the one hand, the stirring rate affects
the MSN formation in fourfold manner: a) changing the nanoparticles size, b) altering the size
dispersion of nanoparticles, c) driving to different regularity of their morphology and surface,
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and d) modifying the fusion proportion between nanoparticles. On the other hand, the size,
shape, and surface of the magnetic stir bar must be taken into account as they influence the
stirring force. Depending on the longitudinal surface and the roughness or plainness of the stir
bar the shear stress ability and the presence of irregular flows can be modulated and hence, the
morphology, the fusion and the size dispersion of nanoparticles can also be controlled. At this
point it is important to note that stir bar features or stirring details have not been usually
reported despite their proved importance.

4.3.2. TEOS addition speed/rate

Some studies have reported a specific addition rate such as 0.1 mL/min [26], 0.25 mL/min [34],
0.38 mL/min [35][9], 0.5 mL/min [15], 1 mL/min [30][6][16][17] or 1.45 mL/min [24] of TEQOS,
however, they did not take into account the consequences of choosing these specifics rates and
they did not explain the criteria to establish this choice. Furthermore, most of the studies do not
set a specific TEOS addition rate, but some of them note that TEOS have to be added dropwise
or slowly. In fact, Chiang et al. considered the adding rates of TEOS to have a neglected effect
on the morphology and structure of MSN [15]. On the contrary, Moongraksathum et al. defend
that the rate of TEOS addition, along with the stirring speed and concentration of surfactant,
influence on the characteristics of MSN [36]. Oliveira et al. [37] reported a synthesis in which
they add the TEOS in two steps, and they test the second addition in controlled dropwise or not
controlled. They observed differences when controlling the second addition, such as the
formation of a bimodal distribution in particles size, variations in relative surface area and
differences concerning agglomeration of nanoparticles. Nevertheless, they did not indicate the
TEOS addition rate, and their conclusions are not clear. In other study, even though they did not
relate the results and the TEOS addition rate, Lechevallier et al. [34] obtained a quite
polydispersed sample (almost a 40% of dispersion), in whose preparation the TEOS is added at
0.25 mL/min. In case of He et al. study [35], they add the TEOS at 0.38 mL/min, and no high
dispersion was observed, although the nanoparticles were highly fused and the relative surface
area was low (ca. 860 m? g!) in comparison with standard synthesis.

In order to improve the understanding of the implications of the TEOS addition rate, we have
synthesized samples adding the TEOS at 0.25 mL/min, 1 mL/min, 5 mL/min (corresponding to
the standard condition) and also with an instant addition. The samples were named MSN-0.25,
MSN-1, MSN-5 (standard sample) and MSN-instant, respectively. The rest of the parameters
were fixed at standard conditions (500 rpm of stirring rate). The samples were characterised by
DLS and TEM.

The first noticeable effect was observed directly in the synthesis reaction mixture. In those
samples in which TEOS was added slowly (MSN-0.25 and MSN-1) the supernatant of the reaction
mixture once filtered or centrifuged was cloudy white (Fig. 6A), and the amount of sediment
obtained was quite less than in a standard synthesis. Therefore, some colloidal behaviour is
suggested in the reaction mixture obtained in these samples. A couple of hours later, the
nanoparticles end up precipitating from the supernatant (Fig. 6B) and can be collected by
filtration.
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Figure 6. Photographs of the MSN-0.25 supernatant after being filtered (a) and two hours after that (b).

TEM images of the synthesised samples are shown in Figure 7. MSN-0.25 shows a very broad
size distribution for the MSN. Specifically, three differentiable populations of MSN are observed:
i) spherical nanoparticles in the range from 70 to 120 nm, being equivalent to the MSN obtained
in a standard synthesis; ii) rod-like nanoparticles with the diameter of long axis ranging from 140
nm to 250 nm approximately and the diameter of short axis from 90 nm to 130 nm; and iii) bean-
like nanoparticles, which were a kind of bended rods, whose diameters were from 250 nm to
more than 400 nm. MSN-1 shows two different populations: i) spherical nanoparticles from 70
to 120 nm, analogues to the spherical ones in MSN-0.25, and ii) rod-like nanoparticles, whose
long axis ranges from 140 to 230 nm (a little bit smaller than rods found on MSN-0.25), and the
diameter of short axis was similar to spherical nanoparticles dimensions (from 90 to 120 nm). In
the case of MSN-5 and MSN-instant, only one population of spherical nanoparticles was found,
in the range from 60 nm to 130 nm (centred at 94 + 15 nm) and 50 nm to 120 nm (centred at 85
+ 16 nm), respectively. Besides, MSN-5 has a more regular and smoother surface than MSM-
instant, in which some roughness can be seen. All the populations present visible mesoporosity.
Considering fusions between nanoparticles, MSN-0.25 and MSN-1 materials show fewer visible
linkages than the other samples, and MSM-instant shows a more and wider silica bridges and
coalescing nanoparticles.
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Figure 7. TEM images of MSN-0.25 (a), MSN-1 (c), MSN-5 (e), and MSN-intant (g). In addition, histograms with particle
size distribution and MSN morphology indications are showed on (b),(d),(f), and (h), respectively.

113



Chapter 4

DLS curves were represented in Figure 8. All the samples were measured after a brief spun in
order to remove large sediments. MSN-0.25 shows a unique peak centred at 220 nm, whose
distribution is comprised between 100 and 1000 nm, which included the different populations
observed in the TEM pictures. Additionally, the DLS peak is centred in the range of rod-like
nanoparticles, which is the most abundant population in the sample according to TEM images.
MSN-1 curve includes a unique population of sizes in the range of 60 to 1000 nm (centred at 170
nm). In this case, both spherical and rod-like nanoparticles are abundant, and the size dispersion
is broad. MSN-5 shows a narrower distribution, centred at 165 nm, which comprise a range of
sizes from 70 to 500 nm. In this sample, the main population is composed of spherical
nanoparticles, and the signal at higher sizes can be due to the presence of small aggregates.
Finally, MSN-instant presents a broadly dispersed (from 60 nm to 600 nm) peak, which is centred
at 166 nm, with some basal signal above 600 nm. This type of curve can be related with the
presence of the higher percentage of aggregates in the sample.
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Figure 8. Size distribution of MSN-0.25, MSN-1, MSN-5, and MSN-instant according to Intensity PSD analysis.
Measurements were performed in samples resuspended in distilled water at 1 mg/ml and brief spin pulses were
applied to remove the larger aggregates.

As it was discussed in Chapter 3, the TEOS addition rate influences on the hydrolysis and
condensation time, and hence on the number of initial seeds formed in the reaction. This has a
strong influence in the case of lower addition rates, especially in MSN-0.25, in which the three
populations observed correspond to three different stages of growth. A similar phenomenon
was described in other studies in the case of increasing the amount of TEOS available [25][38].
The mechanism to explain the formation of these populations is suggested as follows. Firstly,
spherical nanoparticles are formed as a result of an initial seed formation. Secondly, when
spheres are formed and the silica continues depositing over them, the nanoparticles grow
mainly in the axis parallel to the channels, forming rod-like nanoparticles. These can be defined
as extended spheres, being that the small axis is like the diameter of the spheres and the long
axis always coincides with the direction of the CTAB templated channels. In parallel, the
aggregation of new surfactant-silica complexes as TEOS is being added leads to a second
nucleation step, which forms additional spherical nanoparticles. Thirdly, as the reaction goes by,
rod-like nanoparticles coming from previous step can still accumulate more silica and grow.
When they reach approximately 250 nm on the long axis, their structure begins to bend, as it is
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not strong enough to keep the long axis straight and such an anisotropic morphology. Therewith
bean-shaped nanoparticles appear. The sphere nanoparticles formed at second nucleation seed
formation can also suffer additional growth and acquire rod morphology. In this latter stage, a
third additional formation of seeds takes place being that new silica precursor molecules are
added to the suspension. Thus, new spherical nanoparticles are formed.

The mechanism proposed supposes the initiation of three differentiated nucleation cycles,
which can be explained according to the Lamer-based growth mechanism [39]. This suggest that
a homogenous nucleation takes place when a minimum amount of silica precursor is
accumulated in the solution (nucleation threshold). In contrast, when the concentration of silica
precursor monomers is below this threshold due to their consumption in the nucleation process
silica are preferentially deposited into already existing nuclei, that is, growing process is
predominant.

Regarding MSN-1, the process can be seen as similar to the one observed in MSN-0.25, but the
third nucleation does not occur. In this case, the addition rate was faster and the availability of
TEOS is higher from the beginning. At initial stages, a greater amount of nucleation seeds is
formed and hence, the silica precursor added is not enough to grow bean-shaped nanoparticles.
Since most of the TEOS has already been used to grow the higher number of nuclei, this new
nucleation cycle does not take place, as nucleation threshold is not reached. MSN-5 and MSN-
instant only produce the spherical population as the addition rate of silica precursor is fast
enough to form a sufficient number of nucleation seeds to use all the silica available. Since no
additional TEOS is added once the nanoparticles are formed, the hydrolysed silica species are
distributed homogeneously among the nuclei to form monodisperse nanoparticles.

Bean-shaped nanoparticles formation was also reported by Beltran-Osuna et al. [17] when they
applied very low stirring speed (250 rpm) in their synthesis and a TEOS addition rate of 1 mL min°
! In order to check the influence of low stirring speed in the formation of bean-shaped
nanoparticles, we synthesised and characterised a standard sample (5 mL min*) but applying
250 rpm (MSN-250rpm). Firstly, it has to be mentioned that the suspension obtained once
stirred for 2 hours had a colloidal behaviour and a homogeneous milky appearance (Fig. 9A),
being impossible to separate the solid from the solvent by filtration or centrifugation, which was
similar to the observed in case of MSN-0.25 and MSN-1. TEM and DLS samples were prepared
from this suspension. However, when the suspension was left for more than 1 hour, flocs
appeared and the solid began to settle (Fig. 9B). Then, it was filtered.

Figure 9. Photographs of MSN-250rpm sample just after being synthesised (a) and two hours after that (b).
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MSN-250rpm was observed with TEM (Fig. 10) and measured by DLS (Fig. 11). TEM images of
MSN-250rpm showed a similar aspect than MSN-0.25, namely the presence of three
populations: spherical nanoparticles, rod-shaped nanoparticles, and bean-shaped
nanoparticles. Nevertheless, in MSN-250rpm the corresponding nanoparticles present different
proportions and dimensions. Spherical nanoparticles, which were considerably more frequent
in this sample, were in the range from 70 to 160 nm. They were slightly larger than spheres in
MSN-0.25, but equivalent to those found in MSN-350rpm. Rod-shaped nanoparticles were also
larger than those measured in MSN-0.25. They had the diameter of long axis ranging from 170
nm to 300 nm approximately and the diameter of short axis from 120 nm to 180 nm. Bean-
shaped nanoparticles were much bigger than previous ones, and their diameters were from 350

nm to more than 600 nm.

% nanoparticles

0+
0 50 100 150 200 250 300 350 400 450 500 550 600
Size (nm)

Figure 10. TEM images at lower and higher magnification of MSN-250rpm (a, b), and histogram with particle size
distribution and MISN morphology indications (c).

DLS measurements of MSN-250rpm showed a unique but broad population, ranging from 100
nm to 1000 nm (centred at 267 nm) (Fig. 11), which fits with observed on TEM images and is
similar to the curve from MSN-0.25.
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Figure 11. Size distribution of MSN-250rpm according to Intensity PSD analysis. Measurement was performed in the
sample resuspended in distilled water at 1 mg/ml and brief spin pulses were applied to remove the larger
aggregates.
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Therefore, both stirring rate and TEOS addition rate influence in the amount of TEOS available
to be hydrolysed and then in the number of nuclei formed. The formation of few numbers of
nuclei in the initial stages leads to the formation of large nanoparticles, but in addition, the
progressive emergence of new silica precursor monomers coming from hydrolysed TEOS, both
by the slow addition rate of TEOS or the low stirring rate, can provoke new nucleation cycles and
then multimodal population of nanoparticles.

4.3.3. Influence of synthesis neutralisation

Some authors have reported the neutralization of “as-made MSN” by adding a HCI solution to
quench the synthesis reaction in a controlled manner[30][40][41][42] [14][43]. Nevertheless,
they did not take into account the consequences on the mesostructure of using this method of
stopping the reaction instead of neutralising the synthesis mixture by washing with deionised
water, which is most common employed. Hence, we decided to synthesize and characterise
samples produced by neutralisation at 2 hours with 7 mL of HCI 1 M, called MSN-HCI. The
amount of HCl added was chosen to equal the amount of NaOH added previously. The rest of
the parameters were fixed at standard conditions (500 rpm of stirring rate, TEOS addition rate
of 5mL/min). These nanoparticles were compared to the standard sample (named in this section
as MSN-H,0) regarding N, adsorption-desorption isotherms, PXRD diffractograms, and TEM.

The N; adsorption and desorption isotherms of both samples were observed and compared
(Figure 12A). Both samples showed type IV isotherms, which are typical for mesoporous
materials, but had significant differences from each other. On the one hand, the MSN-HCI
isotherm presents in the monolayer adsorption step (lower p/po values, Figure 12A, a) a lower
slope than MSN-H,0, which indicates that this sample has a smaller relative surface area. Thus,
by applying the BET model to calculate the specific surface of these two materials, we have
obtained a the BET surface of 1110 + 30 m? g* for MSN-H,0 and 900 + 60 m? g* for MSN-HCI,
which represents a difference between them of more than 200 m? g. On the other hand, the
capillary condensation step (Figure 12A, b) occurred at different at p/po values (MSN-HCl at 0.21
and MSN-H,0 at 0.30). This indicates that the pore size in MSN-HCI (2.70 + 0.16 nm) is smaller
than MSN-H,0 (2.26 + 0.17 nm) (Figure 12B and Table 2, BJH model). Furthermore, the amount
of N, capable to be adsorbed in the central zone of the isotherm (plateau, Figure 23A, c) within
the mesopores of both samples was quite contrasting, on the order of 150 cm?® g* lower in MSN-
HCl mesopores than in those of MSN-H;0. This parameter reveals that the pore volume of the
MSN-HCI material (0.76 + 0.11 cm3 g1) is therefore lower than that of the MSN-H,O one (0.98 *
0.04 cm? g1). Finally, differences were also observed with respect to condensation due to
interparticle porosity (Figure 23A, d). In the case of MSN-H,O0, the value of the interparticle pore
volume is 670 = 70 cm?3 g, and in the case of MSN-HCl is 400 + 90 cm3 g
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Figure 12. (A) N, absorption-desorption isotherm of MSN-HCI and MSN-H,0. (a) N, monolayer adsorption, (b)
capillary condensation, (c) plateau region, and (d) interparticle porosity. (B) Pore distribution size of MSN-HCI and
MSN-H,0 according to BJH model.

Table 2. Textural properties of samples as a function of the method employed to neutralise them.

SAMPLE | BET SURFACE (m?g?) PORE VOLUME (cm®g?) PORE SIZE (nm)

MSN-H.0 1107.85+£32.25 0.98 £0.04 2.70+£0.16
MSN-HCI 900.24 +55.01 0.76 £0.11 2.26+0.17

According to the results obtained with the analysis of the N, adsorption-desorption isotherms,
it can be suggested that the nanoparticles in MSN-HCI suffered a shrinkage of the structure
during the neutralisation process. Thus, a constriction occurs in the pores, reducing their size
and volume, and consequently reducing the specific surface area of the material. This shrinkage
can be caused by the ion exchange between the CTA* (from the CTAB) and the H* (from the HCI),
which is considerably smaller than the first. In this context, the nanoparticles newly formed are
quite weak and sensitive to changes in the environment and are not strong enough to endure
the exchange of the large template molecules for small ions, leading to a great contraction.
Hence, the presence of the template molecules is still important in the maintenance of the
mesostructured at these stages. This same shrinkage process can occur under other conditions,
such as during the addition of ethanol or other organic solvents, which tend to wash off a
significant amount of template since the surfactant is more soluble in this type of solvents. In
fact, some authors have already reported the weakness of the MSN structure when it is newly
synthesised and subjected to external stresses, such as the drying process [29][44].

MSN-HCI and MSN-H-0, as-made and calcined, samples were analysed by PXR diffraction (Fig.
13). The diffraction diagram of each sample shows the typical diffractrogram of 2-dimensional
hexagonal symmetry (P6mm), the peaks corresponding to the (100), (110), (220) and (210)
planes. Nevertheless, both calcined and as-made MSN-HCI present their peaks shifted to the
right compared to their counterparts in MSN-H,0. This shift, related to the shrinkage observed
in the N isotherms, did not involve the loss of the hexagonal symmetry of the porous structure.
The unit cell calculated for MSN-HCI and MSN-H,O (as-made and calcined samples) from the
value of the dig distance are included in Table 3. Also in Table 3, unit cell contractions due to
the different neutralisation and to the calcination processes are included. It can be observed in
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this table that not only a contraction appears when MSN is neutralised with HCl (0.20 nm), but
also that the corresponding contraction due to calcination is bigger in the case of MSN-HCI (0.79
nm) than in the case of MSN-H,0 (0.52nm). This different behaviour shows that the structure of
MSN-HCl is weaker than the standard one, being the mesostructure more affected by calcination
process when the as-made material is washed with HCl than just with water. Finally, the
differences of unit cell of the final solids (once calcined) is 0.47 nm, which again shows the lower
condensation of the mesostructure of the MSN-HCI material.

3
-
> —_ MSN-HCI
- N
/1]
c
D
e
£
)_(200)  (210) MSN-H,0
1 2 3 4 5 6 7 8

20 (degrees)

Figure 13. PRXD patterns of as made (solid lines) and calcined (dashed lines) samples of MSN-H,0 and MSN-HCI.

Table 3. PXRD measurements of samples as a function of the method employed to neutralise them.

MSN-H.0 MSN-HCI

SAMPLE Peak [100] Unit cell |Peak [100] Unit cell | Unit cell contraction due
(20) (nm) (20) (nm) |to HCl neutralisation (nm)

As made 2.08 4.90 2.17 4.70 0.20

Calcined 2.32 4.38 2.61 3.91 0.47

Unit cell contraction due
o - 0.52 - 0.79
to calcination (nm)

According to PXRD and N; isotherms results, the wall thickness was calculated simply by taking
the pore size out of the unit cell value. The value of wall thickness was similar in both samples
(1.65 in case of MSN-HCI and 1.68 in case of MSN-H,0), indicating than the neutralisation did
not affect to the wall, and hence, the unit cell decrease in calcined MSN-HCI is mostly provoked
by a decrease in pore size, which is in accordance with BET analysis.

TEM images of calcined MSN-HCI showed standard nanoparticles (Figure 14), namely spherical
nanoparticles sized at ca. 90 nm. Nevertheless, they had a rough surface. This phenomenon may
be provoked by the shrinkage process, already demonstrated in previous paragraphs. Regarding
the literature, other authors which used similar protocols did not see this effect on the
nanoparticles [30][45].
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Figure 14. TEM images at lower and higher magnification of MSN-HCI.
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4.4. CONCLUSIONS

This chapter presents a solid study of the influence of disregarded synthesis parameters on the
MCM-41-type MSN properties.

Taking into account the knowledge acquired in Chapter 3, the stirring rate and dynamics have
been correlated with the development and growing of nanoparticles. Then, a relationship has
been found between the stirring rate and the size, the shape, and the fusions between
nanoparticles. On the first place, the stirring rate influences on the size of nanoparticles by the
modulation of hydrolysis rate and nucleation since the mixing of TEOS in the aqueous solution
and their contact with water molecules is necessary to be hydrolysed. Hence, low stirring rates
lead to large nanoparticles and high stirring rates to smaller ones. In addition, the importance
of control the stirring has been indicated not only regarding the stirring speed, but also the
magnetic stirrer bar morphology and surface, just as the stirring set up. It has been seen to
strongly affect the MSN features, such as the shape of nanoparticles or the fusions among them.
In this context, high stirring rates leads to the formation of cavitation phenomenon, strong
shearing forces and irregular flows. Similar effects can be found when magnetic stir bars used
have burrs and pivot rings. In summary, the control of the stirring during the MCM-41-type MSN
synthesis is crucial for the control of the MSN synthesis.

On the other hand, the TEOS addition rate has been found to be quite important in the
nanoparticles formation, being possible to modulate the nanoparticles populations both in size
and homogeneity. This phenomenon has been found to be related with the availability of silica
species, and to affect the rate of hydrolysis and condensation and the formation of nucleation
seeds. Furthermore, this behaviour has also been found if extremely low stirring rates are used,
even at standard rates of TEOS addition. Therefore, both stirring rate and TEOS addition rate
influence in the amount of TEOS available to be hydrolysed and then in the number of nuclei
formed.

Finally, it has been demonstrated the weakness and instability of the structure of the MSN when
they are just formed, in spite of having been aged four 2 hours. In this sense, it is important to
focus on the cooling step, the neutralisation process, and the separation of the solid from the
reaction media. On the one hand, the forced neutralisation with HCl 1M affects to the structure
and provokes a notable shrinkage of the pores. On the other hand, the control of the stirring
rate and the TEOS addition rate allows to observe a transition of the reaction mixture from
colloid to floc and sedimentation during the cooling step and shortly after.

On account of the studies performed, more reproducible and controlled MCM-41-type MSN can
be produced. This matter has special importance on nanomedicine applications, since size,
shape or fusions of the nanoparticles, as well as the polydispersity of the samples strongly affects
to the biological properties of the MSN, such as the targeting, biocompatibility, drug release
efficiency and clearance [46][37].
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Chapter 5

5. THE OBTAINING OF COLLOIDAL MCM-41-TYPE MSN

5.1. INTRODUCTION

Obtaining discrete, monodisperse and colloidal MSN, along with controllable particle and pore
size, is highly attractive to researchers due to promising applications in fields such as
chromatography, cosmetics, catalysis and adsorption [1]. Specifically, colloidal MSN preparation
is especially important in biomedical applications, such as drug and gene delivery or biosensors
[2], because of the need to control the physical, hydrodynamic, and chemical properties of the
nanodevices. This is because the use of non-colloidal nanoparticles may provoke toxicity,
vascular and lymphatic blocking [3], and the worsening of the efficacy of cellular uptake and
other pharmacokinetic processes, such as the blood circulation time and biodistribution, which
are related to the capture by reticuloendothelial system (RES) [4]. In addition, achieving colloidal
properties in nanoparticles is helpful to fine control the functionalisation and drug loading and
release [5]. Thus, the suspendability of MSN has been pursued by a plenty of research groups.

In this context, the goal is not only to obtain discrete MSN, but also to form stable colloidal
suspensions in aqueous and, more important, in physiological media. This remains as a great
challenge, due to the ionic interactions among the particles in the nanoscale [6][7], as well as
the presence of salts and proteins in the physiological fluids [8], which both tend to aggregate
the MSN.

The aim of this work is to improve the knowledge about the obtaining, characterisation, and
manipulation of colloidal MCM-41-type MSN. For this purpose, in this work we start from a
critical review of the studies that report the obtaining of colloidal, well-suspended or discrete
MSN, especially MCM-41-type ones. Considering the state of the art and the knowledge
obtained in the previous chapters, the colloidal behaviour of several nanoparticles under
different conditions is studied and compared. In addition, we present a methodology to
characterise the colloidal stability of MSN. Finally, applying the colloidal physics theory, the
knowledge reported in the literature, as well as our own research, a conceptual and operational
framework is developed. It is made up of considerations in terms of understanding not only the
principles governing the colloidal stability of MSN, but also some rules for reducing the
nanoparticles aggregation and sedimentation, and for manipulating and characterizing the
colloidal MSN.

5.1.1. Colloidal suspensions

5.1.1.1. Introduction to colloids

A colloidal suspension or colloid is defined as an intrinsically complex system or mixture which
contains microscopically dispersed insoluble particles (ranging from 1 to 1000 nm in diameter)
suspended and evenly distributed throughout another substance, which is called solvent and it
is formed by smaller molecules (generally, in atomic dimensions) [9][10][11]. There are several
types of colloid mixtures, depending on the nature and state (solid, liquid or gas) of the dispersed
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molecule and the solution. The colloidal systems most common are sol (solid particles in a liquid
phase), emulsion (liquid dispersed in other liquid phase), foam (gas dispersed in a liquid or solid
phase), and aerosol (liquid or solid particles in a gas phase). In the context of colloidal
mesoporous silica nanoparticles, we refer to a sol mixture.

It has to be remarked that colloids, unlike solutions, do not constitute a dissolved solute in a
solvent. Then colloidal properties differ from solutions properties. Colloids have a
heterogeneous nature since they are formed by two differentiable phases. However, they have
a homogeneous appearance, being that they appear as a homogeneous solution and suspended
particles are so tiny that are not visible to the naked eye.

For a mixture to be classified as a colloid, its suspended particles must not settle down, i.e., the
suspension must be stable over the time. This stability is largely associated with the continuous
motion of particles in the suspension, called Brownian movement, which opposes the
gravitational force. This movement is based on the intrinsic fluctuations of particles due to
temperature and the collisions between them [12], which provokes a random zigzag movement.
Stability of a suspension is compromised when particles tend to aggregate and sediment, which
can be a reversible phenomenon, or they can irreversibly coagulate or flocculate [9] (Scheme 1).

s

Aggregation

Good colloidal \
dispersion

Sedimentation

Scheme 1. Schematic representation of stable colloids and different behaviours of unstable colloids.

5.1.1.2. Colloids properties

Therefore, due to the stability of a colloidal suspension and the minute size of particles, phases
cannot be separated by ordinary filtering or centrifugation. For this purpose, ultracentrifugation
and ultrafiltration have to be used. However, another method such as dialysis can be used to
separate the colloidal suspensions, being that the membrane used has very small pores. Since
dialysis is a slow process, it can be improved by applying electrical force, resulting in the method
known as electrodialysis.

Secondly, colloidal suspensions exhibit specific optical properties. The main property that they
show is the scattering or dispersion of light, whose typology depends on the size of the particles
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(Figure 1) [13]. On the one hand, when the colloids are in the same size order or slightly larger
than the wavelength of the incident light, the interaction between the light and the colloidal
particles follows the Tyndall scattering. The intensity of light scattered due to Tyndall effect
strongly depends on the size of the particles, but it is independent of the light wavelength. As a
result of the Tyndall effect, when a laser passes through a colloidal suspension, an illuminated
path called Tyndall cone is formed. It has to be noted that solutions do not exhibit Tyndall effect
and hence, the formation of this cone can be used as experimental manner to distinguish them.
Additionally, for colloidal suspensions formed by homogeneous spheres in the range of the light
wavelength Mie theory can be applied to mathematically describe the Tyndall scattering and
then, it is called Mie scattering [14]. The intensity of light scattered by Mie scattering depends
strongly on the light wavelength and on the size of the nanoparticles, and for this reason is
mainly applicable to homogeneous colloids. Finally, in case of suspensions of the smallest
colloids the dispersed light is described by the Rayleigh scattering. This last type is highly
dependent on the wavelength of the incident light, being more intense at higher
electromagnetic radiation frequency. Besides, the intensity of the light scattered by Rayleigh
model is much less intense than Tyndall scattering or Mie scattering [13].

5 T T T T
Tyndall | Mie I Mie | Rayleigh
a4k scattering | scattering | scattering | scattering i
(typeIl) (typeD)
&
b 2 M .
1 = -
(@)
o RN IR PO (N~ .
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Figure 1. Calculated curve of the relative scattering cross section against the parameter 6. The parameter &
represents a ratio between the wavelength and the nanoparticle size. The wavelength is fixed at 500 nm. The sample
studied consisted of polystyrene microspheres in water. The Tyndall scattering is assigned to larger particles, the Mie

scattering to intermediate sizes and Rayleigh scattering to smaller nanoparticles. Reprinted with permission from
reference [13]. Copyright © 2009 American Institute of Physics.

5.1.1.3. Physics of colloids

According to the physical principles of colloids, their behaviour depends on the thermodynamics
of the system, including the enthalpic and entropic contributions to the total free or potential
energy [15]. The tendency of any system is to minimise this energy if there is no external force
acting. The free energy in a colloidal suspension depends on the sum of the total interaction
forces that are present in the suspension [11][16].

First, the Brownian force is the main inner force in a colloid. It is caused by the thermal agitation
and the consequent bombardment by the surrounding fluid molecules, which act as a
randomising effect. Such as is mentioned above, colloids particles are in the range of a few
nanometres up to a few micrometres. These particles are called Brownian particles, being that
the Brownian motion has a notable effect over them. The distribution of Brownian particles is
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described by diffusion motion. Colloidal particles possess an upper size limit, from which
Brownian motion is not strong enough to move the particles in an erratic manner. These
particles are known as non-Brownian particles, which are passive entities acted only by external
forces or flows to drive their dynamics. Apart from non-Brownian particles, Brownian motion is
small or negligible when particles are moving in an imposed flow (inertial force), or they are
active swimmers or sedimenting colloids. In general, the gravitational force, opposite to
Brownian motion, is precisely the force that tends to sediment non-Brownian particles.

Other different external forces can be found acting in a colloid. For example, the colloidal
particles experience internal dipole fluctuations, which give rise to formal charges and then,
relative weak attraction forces, also known as van der Waals interactions or dispersion forces.
These interactions are always attractive, producing colloidal aggregation if they prevail.
Dispersion forces can be strong at short distances and high contact surface, but they decrease
dramatically with distance (in a quadratic manner) and slightly with increasing salt level.

Double layer or ionic interactions are also important in the colloidal behaviour. This effect is
caused by the existence of permanent charges in the colloidal particles. In case of colloids with
identical particles, these interactions are always repulsive, because they possess the same
charge with the same sign. In case with different populations of particles, interactions can be
repulsive or attractive depending on the sign of the charge. lonic interactions increase with the
charge densities per unit area of particles but decrease mainly with the dielectric permittivity of
solvent and the presence of salts, since these screen the ionic interaction between colloids. In
addition, double layer forces decrease exponentially with the distance between particles.

As mentioned above, other force implied in the colloids dynamics is the inertial force, which is
caused by the movement of the fluid in which the colloidal particles are suspended.
Nevertheless, the colloidal dispersion studied in this context occurs at low Reynolds numbers,
namely at rest conditions or low laminar flow. Then, particles are quasi-inertia-free and viscous
forces dominate over inertial ones. Viscous force, which depends on the solvent and the
presence of solutes, hinder the movement of the colloids, and then decrease the number of
collisions and the aggregation in a colloidal dispersion.

Despite the variety of forces that interact in a colloidal system, for Brownian particles the free
energy can be approximated simply by taking and adding the Van der Waals interactions, acting
as the main attractive force, and the double layer interactions, resulting from electric charges,
which act as the main repulsive force. The Figure 2 shows the energy evolution in a
homogeneous colloidal suspension of Brownian particles as a function of the distance among
the particles. At shorter distances, there is a deep attractive well, in which Van der Waals forces
dominate. This well is referred to as the primary minimum and is related to the aggregation
between particles. At in-between distances, the energy profile rises to a maximum, where
double layer force dominates. Subsequently there is a secondary minimum, in which Van der
Waals forces prevail again. This secondary minimum is not generally associated with the
aggregation kinetics, but in larger particles it can be relatively deep and makes it easier to
overcome the primary minimum.
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Primary Minimum
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Figure 2. Representation of the potential energy of a colloidal suspension (green), which is mainly calculated from
the contributions of van der Waals (red) and double layer (blue) interactions.

In this context, it can be inferred that the concentration of the colloidal suspension influences
on their stability, since the concentrated suspensions will have a greater tendency to sediment
because their particles are closer to each other, and vice versa. On the other hand, the
concentration of salts in the solvent also influences on the interactions forces between particles.
At high salt levels and high ionic charges, van der Waals forces prevail over ionic forces, being
that the screening caused by ions in solution affects the surface charge to a greater extent. At
low salt levels and low ionic charges, the double layer contribution dominates, because in
absence of high screening ionic forces are higher than dispersion ones. Finally, surface charge
densities are involved in the evolution of the energy curve too. At high surface charge densities,
the repulsion between nanoparticles increases and then the double layer force dominates;
meanwhile at lower surface charge densities, the ionic force decreases and van der Waals
interactions become pervasive. In this context, small changes in composition can drastically
affect the stability and properties of colloids.

The aggregation of particles in a colloidal dispersion corresponds to the deep primary energy
minimum. Generally, particles experience diffusional motion in the fluid. Within this stochastic
movement, the particles can come close enough and stick to each other, forming aggregates if
they overcome the energy barrier caused by double layer force, either because the electrostatic
repulsion is weak or because inertial force is high due to a strong stirring causing more and
stronger collisions between particles. Initially, when particles aggregate, they form dimers and
trimers and other oligomers; as the aggregation proceeds, they can form larger flocs or clusters.
Once particles are aggregated, they could sometimes be resuspended by adding external forces,
but this process hardly occurs spontaneously.

The aggregation rate can be studied and determined by analysing some variables. This
parameter is increased by increasing the temperature, the concentration of colloids, the salinity,
and the valence of salts (the ionic strength); and it is decreased with a major viscosity of samples
and higher surface charge density. When the conditions of the suspension are favourable to
aggregation, the aggregation rate is constant and fast, and the sample follows a behaviour called
diffusion-controlled aggregation, namely, aggregation is driven by the inner diffusion of
particles. In those cases in which colloidal suspension is stable, the aggregation rate is slowed
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down, since particles needs to cross the energy barrier, in a similar way to the activation energy
in a chemical reaction. This behaviour is named reaction-controlled aggregation. The transition
between a behaviour to another is relatively sharp and is known as critical coagulation
concentration. This point is important and characteristic of the aggregation process in each
colloidal system. In this context, this provides a stability threshold of the colloidal dispersion
[17][28][19].

Sedimentation can occur when Van der Waals or attractive forces dominate the system and
tend to aggregate the nanoparticles, forming large flocs unable to have colloidal stability.
Moreover, in presence of already non-Brownian particles, the Brownian motion is negligible and
then, they tend to sediment [16]. Generally, in a colloidal suspension sedimentation is partially
hindered as the downward flow of descending particles move a volume of fluid that must be
compensated for by a back flow of fluid. Nevertheless, once sedimentation starts, it is favoured
by intrinsic convection if the void left by moving fluid is filled by other sedimenting particles.
Therefore, the sedimentation velocity is larger in the case of neutral spheres, due to the
attractive pair potential contributions, and lower in charge-stabilised spheres, owing to the
longer-range electric repulsion to each other. In essence, sedimentation occurs because it
reduces the interfacial tension between the colloidal particles and the solvent.

In order to guarantee the stability of the colloidal suspensions, they can be provided with
stabilisers, whose approaches most employed are charge and steric stabilisation. Therefore,
colloidal nanoparticles can be functionalised with ionisable chemical groups on their surface or
with self-avoiding polymer chains, respectively. The interactions among the nanoparticles can
be also altered by modifying the dispersive solvent. For example, the addition of salts screens
the electrostatic repulsions and tends to agglomerate the nanoparticles. Nevertheless, the
presence of non-adsorbing polymer reduces the attractive forces. In addition, the interactions
can be modified by applying external energy such as electric or magnetic fields, heat source,
movement, ultrasounds, gravity, etc.

5.1.2. Dynamic light scattering (DLS)

Such as it was described in the general introduction, dynamic light scattering (DLS) is used to
calculate the size of the particles and molecules in a sample. DLS registers over the time the
fluctuations of the particles and compounds in a sample that follow the Brownian motion.

Therefore, working with stable colloidal suspensions or dissolutions is a requirement for the
proper operation of DLS measurements. In case of MSN preparations, large agglomerates,
sediments, and particles that settling down do not follow the Brownian motion. This provokes
irregular and complex shifts in the speckle pattern and correlation data that cannot be fitted
with the different mathematical approaches the technic uses. Another limitation the method
can encounter is the high polydispersity in a MSN sample. The measurement of this type of
samples results in the formation of a mix of speckle patterns belonging to different sizes of
nanoparticles that sometimes cannot be isolated from each other and therewith, they are fitted
as a wide range of size populations or are unable to be measured.
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Usually, DLS analysis will try to give us a result, but it is not always reliable. In this context, it is
useful to have a deep knowledge about the DLS functioning in order to analyse and interpret the
data obtained when a DLS sample is measured, and to discriminate the quality and reliability of
results.

5.1.2.1. Count rate

The count rate shows the number of photons detected per time. This data can give us a first
approach to determine the sample quality and concentration. A proper count rate function
exhibits stable peaks and valleys, with similar amplitude and height (Fig. 3A, a). On the other
hand, if sharp and wider spikes are observed at the same time, it means there is dust or
aggregates in the sample. These aggregates can also provoke a decreasing and increasing in the
count rate, which modifies the height of peaks (Fig. 3A, b). Other phenomenon such as wild
fluctuations in count rate could be found due to thermal gradients (Fig. 3A, c). Additionally, if
count rate is too high or too low may be due to inadequate sample concentrations, presence of
absorbance or fluorescence, the instability of sample during the measurement and the presence
of large aggregates.

In this context, the use of the derived count rate (DCR), which is a value calculated from count
rate function, can be a sensitive tool to study the stability and sedimentation of MSN over time.
If the DCR of a sample remains constant over time, their scattering is constant too and it can be
assumed their stability. On the contrary, if the DCR decreased over time, it can be suggested
that the sample is decanting [20].
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Figure 3. (A) Examples of count rates display in case of (a) stable suspension, (b) presence of dust or large aggregates,
and (c) thermal gradients. (B) Examples of correlation function display in case of (a) monomodal, (b) bimodal and (c)
unstable suspension.
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5.1.2.2. Correlation function

The correlation function is one of the outputs the technic shows us when a measurement is
performed, and through which size distribution is calculated. This function is useful to interpret
some problems in the sample or measurement [21]. On the one hand, the y-intercept of
correlation function can be used to evaluate the signal-to-noise ratio in a sample. This must be
between 0.85 and 0.95. Lower values mean we are measuring a weak scattering sample or a
turbid sample, which have a high background scattering. Higher values occur when count rate
of sample fluctuate wildly and background is not stable, for example, in sample with high
content of dust. When correlation function y-intercept is out of range, it can also mean that
sample is too concentrated or too diluted, or that absorbance and/or fluorescence are present.
If the y-intercept values are out of the range, the results obtained are not invalid, but the results
are less robust and reliable.

Regarding the correlation curve, it must be able to be fitted to a smooth n-modal curve (Fig. 3B,
a,b). In the presence of agglomerates or impurities, non-smooth and irregular curves are
obtained, which cannot be reliably fitted (Fig. 3B, c). Finally, correlation function must be fitted
to a single exponential decay in a single-size MSN dispersion. For n-size samples, the curve will
be n-modal, namely, the sum of exponential decays. However, this technique is not always able
to fit this type of samples. Besides, the measurement of highly polydispersed samples or the
presence of agglomerates do not exhibit a smooth and exponential decay and cannot be fitted
as such.

Therefore, the quality of the correlation function, following the criteria discussed, is directly
related to the reliability of the measurement performed.

5.1.2.3. Attenuator

The intensity of scattered and collected light must be within a range in which the detector
operates successfully. Then, DLS instruments use an attenuator, which automatically controls
the light intensity emitted by the laser. Attenuator values are set from 1 to 11, corresponding a
setting of 1 to a maximum attenuation, and 11 to no attenuation. Hence, more concentrated
samples correspond to lower attenuator values and diluted sample to higher ones. In case of
MSN dispersions, proper measurements are usually those that have an attenuator from 6 to 9,
since the corresponding samples are found more stable. Therefore, samples set to lower
attenuator than 6 are too concentrated, which can lead to a great aggregation and
sedimentation of nanoparticles and disturb the measurement. On the other hand, those
samples in which the attenuator is higher than 9 can be too diluted. In the case of MSN with an
attenuation of 10, errors and noise in the correlation function tend to lead to unreliable results.

5.1.2.4. Cumulants and distribution analysis

DLS method can analyse the correlation function considering two methods: cumulants and
distribution analysis. The data obtained by means of both methods can be used if a good fitting
of the correlation function is observed for each one.
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5.1.2.4.1. Cumulants analysis

Cumulants analysis is the simplest method to analyse the correlation function, based on fitting
the logarithm of the correlation function to a polynomial function, and then, giving the size
dispersion as a simple Gaussian distribution. The mean of this Gaussian is known as Z-average
and the width as Polydispersion index (PDI).

Z-average: is the most reliable and stable number produced by the technique and is used for
quality control purposes provided some quality criteria are met. These requirements are: i) the
sample must be monomodal, ii) the particles must be spherical, and iii) the samples must have
a narrow distribution size (PDI below or slightly greater than 0.1). For broader distributions, it
starts to be unwise to rely on the Z-average mean. Furthermore, Z-average can only be used to
compare results obtained in the same dispersant. This number is intensity-based value, so it is
very sensitive to small changes in the sample or the presence of small populations of aggregates.

Polydispersion index (PDI): indicates the broadness of the size distribution in the calculated

Gaussian function. PDI is a dimensionless number, which goes from 0 to 1. For homogeneous
samples, such as MSN suspensions, the smaller the value of the PDI parameter, the narrower
the size distribution, and then, the greater the reliability of the results obtained. It is rare to find
smaller PDI values than 0.05 in other samples than high monodisperse standards, and much less
in MSN dispersions. On the other side, MSN suspensions with PDI values as of 0.5-0.7 indicate a
too broad size distribution or a high presence of sediments and aggregates and, therefore, the
sample is not suitable to be measured by DLS. PDI values from 0.1 to 0.3 indicate an acceptable
MSN suspension.

5.1.2.4.2. Distribution analysis

Distribution analysis is based on considering the function as the sum of different contribution
from different particle sizes and is therefore also called particle size distribution (PSD) analysis.
Therefore, this method is more appropriate for those samples with broader distribution size or
with different populations. Regarding this method, several data can be obtained: intensity PSD,
volume PSD and number PSD.

The intensity PSD is the fundamental size distribution generated by DLS and is related to the
amount of light scattered by the populations in the sample. In that context, intensity distribution
can be somewhat misleading, as smaller populations of aggregated or large particles result in
high signals because the larger particles scatter at a sixth power their size. The intensity of light
scattered can be calculated by the Rayleigh approximation equation (Equation 1).

r= 125 () () @) 2

The intensity data can be converted using Mie theory to the volume distribution or the number

distribution. The volume PSD represents the total volume of each population of particles, and
the number PSD shows the number of particles in each population. Intensity to volume and
number conversions are valid if the sample meets the following requirements: the particles are
spherical and homogeneous, the optical properties of particles are known, and there is no error
in the intensity distribution. The last requisite is important, because small errors in the intensity
distribution are over-amplified in the volume and number distributions. Then, volume and
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number PSD are generally used for comparative and estimative purposes and not for absolute

values consideration.

Therefore, distributions calculated in terms of intensity, volume and number are often quite
different. On the one hand, intensity distributions emphasise the larger populations, and on the
other hand, number distribution emphasise the smaller ones. It is explained by the different
contribution of each size population to the whole distribution, as the equations 2-4 shows,

where a and b are the sizes of two nanoparticles populations.
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5.2. THE OBTAINING OF COLLOIDAL MSN: A CRITICAL REVIEW

Getting colloidal MSN suppose a step forward in nanomaterials and nanomedicine fields. To
date, there are quite studies that report the obtaining of discrete and colloidal MSN, although
most of these results are still far from being reproducible or scaled, and they are also inadequate
to be applied in nanomedicine. In addition, only a few of them talk about MCM-41-type MSN.
The synthesis of suspendable MSN is indeed a challenge, as some authors stated in 2018 [22].
Proof of this is that even when researchers are still working on it, the synthesis reported by Cai
etal.in 2001 [23] is one of the most widely used procedures for obtaining of MCM-41-type MSN,
and it has not been replaced by any other improved protocol in most studies. Then, a critical
review of the literature about obtaining discrete and colloidal mesoporous silica nanoparticles
is developed below.

5.2.1. MCM-41-type MSN

In case of MCM-41-type MSN the number of reported studies about the obtaining of discrete
and colloidal suspensions are scarce.

One of the works in this context was carried out by Lu et al. in 2009, in which the obtaining of
well-suspended and uniform MCM-41-type MSN [24] was reported for the first time. These MSN
were prepared by a two-step method, namely separating nucleation step from growth step. For
this reason, they used diluted conditions for TEOS and surfactant. The catalyser used was
NH4OH, which has less alkaline strength than NaOH. They obtained nanoparticles with high
surface area (ca. 1000-1300 m? g!) and pore volume values of ca. 0.9-1.1 cm? g'*. However, the
TEM images show clear interparticle aggregation in most of samples, even though they indicate
that the particles did not aggregate. Therefore, the presence of these clear bridges between
nanoparticles contrast with the DLS results, which show just a slight increase in particles
diameter compared with TEM measurements.

Other work described by Begum et al. in 2010 affirmed that the preparation of monodisperse
and stable colloidal MCM-41-type MSN by using a bioinspired route, which was based on
polyamine-catalysed silicification and the use of mild conditions [25]. They used polyallylamine
or poly(L-lysine) as co-surfactant and basic catalyser. The synthesis was performed in citrate
buffer solution and silicic acid was used as the silica precursor, which was added to a mixture of
CTAB, citrate and polyamine. The nanoparticles obtained have suitable parameters for
biomedical and drug delivery applications, since they have a size of 40 to 250 nm, have a surface
area ca. 700-1000 m? g and pore volume ca. 0.6-0.9 cm?® g*. Besides, DLS assays showed a
narrow distribution size. Nevertheless, TEM images showed fusions between nanoparticles in
most samples. In addition, DLS assays were performed with as-made nanoparticles directly
taken from the reaction suspension. In this way, the measured samples contained an excess of
CTAB, which usually acts as nanoparticles dispersant [26][27].

Lechevallier et al. [28] also claimed to obtain spherical shape and non-agglomerated MCM-41-
type nanoparticles. They followed the standard synthesis established by Cai et al. including some
modifications, such as setting the TEOS addition in a slower rate (0.25 mL/min); allowing the
reaction to stir for 20 hours, instead of 2 hours; and calcining the sample at 500 degrees, rather

139



Chapter 5

than 550 degrees. They managed to prepare nanoparticles with high surface area (1018 m?g™)
and high pore volume (1.397 cm3 g™1). Nevertheless, TEM pictures showed nanoparticles with a
broad size dispersion, being the average of Feret’s diameter 116 nm with a standard deviation
of 45 nm (almost a 40%). Moreover, some fusions between nanoparticles can be observed in
the images. No further assays were performed in this study to check the colloidal behaviour,
such as DLS or colloidal appearance in different solvents.

Some studies suggest that the aggregation and formation of mesoporous bridges between
nanoparticles might be owing to the presence of carbonates and ethanol in the reaction mixture,
which are formed as side-products during the synthesis reaction. Carbonates are derived from
carbonation of the NaOH in contact with the atmospheric CO, and ethanol from the hydrolysis
of TEOS. Varache and coworkers [29] studied the effect of both compounds and reported the
synthesis of stable colloidal MCM-41 nanoparticles. On the one hand, they verified the obtaining
of highly fused MCM-41-type nanoparticles when the MSN were prepared using a NaOH solution
aged several days in ambient air that, therefore, was greatly carbonated. The authors explained
this behaviour because the interactions of carbonate anions with the surfactant micelles
enhance the silica polymerisation rate, as was previously described [30], and interfere the
mesophase arrangement. Nevertheless, in this assay extreme conditions were used such as
leaving the NaOH solution aging for a few days and reaching a 41% of carbonation. Generally,
MSN synthesis use fresh NaOH solutions, which are prepared just before being added to the
CTAB solution and do not show significant carbonation. On the other hand, they asserted that
the higher presence of ethanol tended to aggregate slightly the nanoparticles. They compared
the standard synthesis and one in which the presence of ethanol is reduced and observed that
the standard nanoparticles had larger hydrodynamic sizes but without an increase in the
nanoparticle size, identifying a greater aggregation in it. The authors argue that the presence of
ethanol increase the miscibility of TEOS oil droplets in water, which in turn increases the rates
of hydrolysis and condensation, making the reaction faster and presumably less controllable. In
addition, ethanol facilitates the matter transfer between the nuclei during the formation of
nanoparticles, which could generate bonds between them. Nevertheless, this reasoning clash
with previous knowledge, which asserts that the use of ethanol as co-solvent helps to the
formation of circular and discrete nanoparticles, as is extensively reported in the Stober method
and derived protocols [31][32]—-[35][36]. As a result, Varache et al. claim to have obtained non-
aggregated and stable nanoparticles by using inert atmosphere with N; flow. This not only would
protect the NaOH from carbonation, but also would reduce the formation of ethanol during the
MSN synthesis. The results were validated with TEM analysis and DLS measurements. However,
no representative TEM images are shown at the work. In addition, DLS analysis were performed
on as-made nanoparticles directly taken from the reaction suspension.

Carbonaro et al. described the preparation of stable colloidal MCM-41-type MSN doped with a
dye for imaging applications [37]. The synthesis was performed at room temperature and using
TEOS as silica precursor, CTAB as surfactant, NH,OH as catalytic base, ethyl acetate as growth
inhibitor or co-surfactant, and water as solvent. The samples prepared, such as MCM-41-type
MSN, had a high surface area (1268 m? g™) and high pore volume (ca. 1 cm? g™!) once surfactant
was removed. The nanoparticles obtained showed the appearance of stable dispersions in water
over time for months. Nevertheless, these measurements were performed on as-made samples,
which will not be used in a realistic context. In addition, TEM images let observe some fusions
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between nanoparticles and, therefore, the nanoparticles are not discrete. On the other hand,
DLS measurements were not performed to ensure the colloidal stability of the samples.

5.2.2. Other MSN frameworks

In the literature, studies that report obtaining of well-suspended or colloidal MSN with other
frameworks are quite common. They can be classified according to the method or approach
used for this purpose.

5.2.2.1. Stober-like synthesis

One of the most common approach to prepare monodisperse particles is the Stober-like
synthesis, where ethanol is included as co-solvent and the catalytic base used is ammonium
hydroxide. Nevertheless, studies reporting the obtaining of effective non-aggregated-
monodispersed mesoporous silica materials following a Stober-like procedure give spheres in
the micron and sub-micron scale, mostly above 300 nm. It could be said that there is a
compromise between the synthesis of monodisperse particles and reducing their size to
nanoscale.

Some studies follow this strategy, such as those led by professor Golubev [38][39][40][41][42].
Other authors, such as Tao [43] and Balis [44], follow similar procedures. Nonetheless, most of
these works do not carry out suspension stability assays, far less in physiological conditions.

Sun et al. synthesised monodisperse and colloidal stable silicate “nanoscintillators” on a large-
scale for their application in photodynamic therapy [45]. These nanoscintillators were prepared
with MSN synthesised through a Stober-like synthesis (ethanol as co-solvent and NH4OH as
catalyser), doped with different metals and whose surface was functionalised with targeting
agents. These nanoparticles had uniform size, with a diameter of 80.8 + 3.5 nm calculated using
TEM images and hydrodynamic diameter of 101.2 + 2.7 nm measured by DLS. In addition,
nanoparticles obtained had excellent colloidal stability in water, PBS (pH 7.4), 10% FBS and
DMEM over two weeks, being one of the few studies that measure the suspendibility properties
in physiological media. However, although they claim to have synthesised mesoporous silica
nanoparticles, in their work there is not information or characterisation on porosity, surface
area, pore volume or size.

Paula et al. broadly studied the colloidal stability of different samples of MSN as a function of
their topology and functionalisation in the presence of several physiological-like medium (BSA
or alginate in PBS, human blood plasma) [6]. The synthesis performed was derived from the
Stéber method combined with co-condensation in order to add different organosilanes. Two
types of nanoparticles were synthesised, spherical ones and irregular ones. Both were
functionalised either with amino-groups or phosponate-groups. The spherical samples showed
surface area ca. 700 m? g'! and a pore volume ca. 1 cm® gt. Meanwhile, irregular samples had
higher surface area (ca. 930 m? g!) and pore volume (ca. 2 cm3 gt). Both samples are considered
to be suitable for cargo delivery. The nanoparticles obtained were observed by TEM, showing
they were highly aggregated. Therefore, even though the diameter measured in TEM images is
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ranged from 40 to 80 nm, DLS assays showed quite larger diameters in all the samples. In fact,
it was not possible to perform DLS measurements in PBS since the suspensions were unstable
and settled down. In the case of DLS analyses performed in deionized water, diameters
measured were around 120 nm (PDI = 0.1), between two and three times the diameter obtained
by TEM. These results seem to indicate that the nanoparticles are effectively fused and
agglomerated. In addition, the presence of biomolecules (BSA or alginate) provokes, on the one
hand, that some samples multiply by twice their average size (diameters in the ranging from 200
to 300 nm) and, on the other hand, that the suspensions become unstable and sediment.
Authors claimed that all the MSN samples were colloidal stabilised in human blood plasma
(55%), however, they did not show DLS or stability assays.

5.2.2.2. High dilution method

High dilution method is based on diluting the silica precursor in the synthesis by means of
increasing the amount of solvent or decreasing the amount of precursor, in order to keep the
particles formed separately [7]. In fact, dilution method was the strategy chosen by Cai et al.
[23], Fowler et al. [46], Nooney et al. [47] and Rathousky et al. [48] in the first studies performed
to synthesise mesoporous silica nanoparticles from microparticles synthesis protocols. None of
these methods obtained non-aggregated and colloidal nanoparticles. Cai et al. did not report
that the nanoparticles synthesised were stable colloidal or monodisperse. In the case of Fowler
and co-workers, they asserted the obtaining of colloidal suspensions of MSN. Nevertheless, the
suspensions obtained were a mix of two differentiable populations (10 nm and 100 nm), which
are difficult to separate from each other. Besides, the authors did not show DLS measurements
or proved the colloidal behaviour of surfactant removed samples. Nooney and co-workers
reported that they had obtained colloidal nanoparticles ca. 60 nm and 190 nm using a derived
Stoéber synthesis, but it is unclear whether the observations were made on as-made or calcined
nanoparticles and which was the solvent used to suspend them. No DLS assays were reported.
Synthesis made by Rathousky et al. obtained highly fused nanoparticles.

Furthermore, there are some major limitations around this method. Collecting and isolating the
MSNs from a highly diluted solution requires considerable time and energy and has a low yield
[46][29][49][7]. In addition, these samples are often difficult to be scaled to larger quantities [7].

5.2.2.3. Binary surfactant mixture

The use of binary surfactant mixture is based on the addition of a steric stabiliser as a secondary
surfactant, which remains in the external side of micelles, where silicate groups are
polymerising. This procedure makes possible to control the growth of nanoparticles and to
reduce the contact between silanol groups of different micelles, since the secondary surfactant
hinder the micelles from fusing with each other. Some of steric stabiliser used are Pluronic F127
[50], PEG [51], triethanolamine (TEA) [7] or I-lysine [52].

In spite of the extended use of this method, most of the reported nanomaterials synthesised by
binary surfactant mixture have important limitations in the obtaining of discrete, monodisperse

142



Chapter 5

and colloidal MSN. In some cases, the surface area decreases considerably, obtaining non-
suitable nanoparticles for drug delivery applications. For example, Pan et al. [53] used TEA to
prepared nanoparticles that possessed a surface area of 390-560 m? g. Sun et al. [54]
synthesised monodisperse MSN by biphase stratification approach. In this system, an aqueous
phase contains the surfactant template and the stabiliser (TEA), meanwhile an organic phase is
prepared with the silica precursor which is released progressively to the aqueous phase with the
stirring. The authors obtained samples highly monodispersed and stable MSN ca. 100 nm in a
TRIS derived buffer for 24 hours, obtaining a polydispersity index below 0.1. Nevertheless, the
BET surface area calculated was 262.4 m? g%, In other cases, such as in the studies developed by
professor Imai [46][47], the addition of a co-surfactant causes the structure of the nanoparticles
to be poorly formed or the nanoparticles be highly fused.

Undoubtedly, TEA is the most widely used stabiliser in binary surfactant mixture protocols. This
molecule possesses chelating properties for silicate species that influence the hydrolysis and
condensation rate, that limits the growth and aggregation of seeds or silica-surfactant nuclei,
especially when high dilution conditions are not used. Therefore, TEA acts as a hydrolysis-
retarding agent, leading to better control of nucleation, growth, and formation of nanoparticles.
In addition, TEA can act as basic catalyser in some cases, replacing NaOH or NH4OH, due to its
alkaline nature. When TEA is used as a base, the synthesis is conducted at lower pH (ca. 8.5-10)
due to its lower basic strength. In this context, it has been reported that the substitution of other
alkaline agents for TEA is critical to obtain well-dispersed nanoparticles [7][57].

The use of TEA as a complementary surfactant and catalytic agent for the obtaining of
monodisperse and non-aggregated MSN was broadly studied by Kuroda and co-workers. In
2012, they reported the preparation of colloidal MSN [58] with diameter from 20 to 80 nm by
using TEA as catalyser and co-surfactant. The size of nanoparticles was verified by TEM and DLS.
The nanoparticles had a BET surface area ca. 900 m? g* and a colloidal appearance at naked eye.
In 2015, they used TEA as catalyser in a seed-growth method with the hydrolysis rate variation
method (SH method) to obtain colloidal MSN [59]. This method is based on the fine control and
separation of nucleation and particle growth, which allows to control the nanoparticles size and
to reduce the fusions between the nanoparticles. This control was achieved by dosing the
addition of silica precursor, the use of different silica precursor concentrations and types and
the use of a moderate alkaline pH. The particles obtained were in the range of 40 to 150 nm,
have a BET surface area ca. 900 m? g! and have a colloidal appearance at naked eye.
Nevertheless, in both studies, TEM images showed some fusions between nanoparticles and a
mixture of different populations. Besides, DLS measurement were only performed in as-made
nanoparticles. Just several months later, they published the obtaining of colloidal MSN by using
similar protocols but adding different trialkylbenzenes as pore size modulators [60]. The
nanoparticles obtained show a colloidal appearance. DLS measurements performed in as-made
and dialysed samples showed colloidal and stable behaviour. However, according to
supplementary data, DLS results contrast with the high number of fusions among nanoparticles
observed in TEM images. In addition, there was not any information reported about the surface
obtained or pore volume.
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In addition to limitations indicated above, studies developed by Kuroda and co-workers are
time-consuming procedures (the whole synthesis took almost a week, including the surfactant
extraction, since the dialysis is a very slow process).

The group of professor Bein also performed several studies including TEA as a co-surfactant and
alkaline agent as an approach to synthesise colloidal MSN. In 2006, they reported to obtain
colloidal suspensions of MSN ca. 100 nm, which were functionalised by co-condensation with
mercapto groups [61]. Thus, they combine the binary surfactant method with the surface
modification in order to avoid the fusion and aggregation between nanoparticles. The synthesis
performed followed a biphase stratification approach as other authors reported in the case of
binary surfactant systems. In 2007, they published the obtaining of colloidal bare MSN [7]. The
synthesis was performed using the seed-based mechanism. In 2008, they described the
obtaining of colloidal suspensions of particles between 40 and 150 nm functionalised by co-
condensation with different organotriethoxysilanes, which introduced different functional
groups [62]. In 2010, they published other study using TEA as catalyser and combining with co-
condensation method to obtain colloidal MSN [63]. Generally, in all these studies, the
nanoparticles prepared showed a high surface area in the range of 900 to 1200 m? g%, which is
suitable for delivery applications. They obtained colloidal solutions stable in ethanol, even over
several months or a year. DLS measurements in ethanol or water showed narrow size
distributions, in some case with a PDI ca. 0.1. Nevertheless, in each of these works interparticle
fusions, and even coalescence, are observable. These aggregations were confirmed by analysing
DLS assays, since the size calculated is two or three times that observed in TEM images. In 2010,
professor Bein and co-workers also reported a study similar to the previous ones, in which the
organosilane was added through delayed co-condensation approach [64]. Organosilane added
was attached to a PEG tail, conferring the nanoparticles suspension stability. Although the
nanoparticles obtained have a high surface area (ca. 1440 m? g') when they are uncapped, this
value is reduced to a range between 750 and 1000 m? g* when PEG is added. In addition, the
presence PEG hinders the cargo loading, being that pores entrance are not available.
Unfortunately, DLS measurements showed that capped nanoparticles are well dispersed, but
uncapped nanoparticles tend to aggregate. On the other hand, nanoparticles observed in TEM
images are highly fused, coalesced and not well formed.

None of the studies reported by Bein and co-workers performed DLS assays in physiological
media or derived one, being one of the most restrictive assays regarding the colloidal stability.
In addition, the fact that these particles do not have highly ordered mesopores prevents a fine
control of compound loading and release behaviour, an important limitation in control release
applications [29].

Yu and co-workers used TEAHs as soft base catalyst instead of TEA, in a binary surfactant mixture
synthesis. They reported the obtaining of reproducible, facile, large-scale, monodisperse and
colloidal MSN samples [1]. They synthesised MSN using dendritic-like pore using CTATos as
surfactant, and Pluronic F127 as non-ionic co-surfactant and inhibitor of particle growth, in some
cases, or imidazolium ionic liquids as co-surfactant, in others. They obtain nanoparticles from 40
to 300 nm, with a low surface area (values from 300 to 450 m? g!) and an averaged pore volume
(from 0.6 to 0.9 cm® g1), which are much less efficient than MCM-41-type for delivery
application. Although dendritic pores allow loading larger cargos due to a bigger pore size, this
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fact makes difficult to block the pores to achieve the control of the release. TEM images do not
allow in most cases to distinguish fusions between neighbouring nanoparticles, although some
fusions are observed. On the other hand, they did not show any other stability or colloidal
assays, such as DLS.

Finally, professor Kleitz, professor Fortin and co-workers reported the development of a
synthesis protocol to obtain well-dispersed and colloidal MCM-48 type MSN. They used a binary
surfactant mixture, formed by CTAB and Pluronic F127, in combination with Stober-like
procedure (water and EtOH as solvent and co-solvent, and NH4OH as alkaline catalyser) and the
silica precursor used was TEOS. The reaction was performed at room temperature, and it was
only stirred for 1 min, and then aged during 24 h under static conditions. The first study of this
group related to this issue was developed in 2011 [65], where MCM-48 and MCM-41 types MSN
were synthesised. Nevertheless, in this study they reported some limitations. On the one hand,
clear fusions between nanoparticles can be seen in the TEM images. On the other hand, DLS
measurements were performed with suspensions previously centrifuged at low force (500 rfc
for 10 min), in order to remove the aggregates and sediments. In spite of limitations observed
in this initial study, other publications of Kleitz and Fortin group were able to reproduce the
production of colloidal and stable MCM-48 type MSN [66] [57][58][59][69], with similar features
concerning the nanoparticles size, the surface area and pore volume, among others. However,
some limitations are detected in most of these studies, either some aggregations or fusions are
observed on TEM pictures, no representative or distinguishable pictures were showed, or DLS
measurements were only performed in water. However, some solid results can be remarked in
the study performed in 2016 [57], where they reported the obtaining of different spherical
nanoparticles in the range of 45 to 500 nm, including 90 and 150 nm. The samples possessed
high surface area (ca. 1200 m? g') and large total pore volume (ca. 1 cm? g™%). TEM images do
not have sufficient magnification to distinguish the presence of fusions, but there is no visible
evidence of them. DLS monitoring shows narrow hydrodynamic particle size distributions (PDI
between 0.02 and 0.15), slightly larger than sizes observed by TEM, as it is expected in non-
aggregated nanoparticles. During the measurements, performed in water and saline solutions,
no aggregates or flocculates were detected. Furthermore, the suspensions prepared were stable
at least a week. The authors remarked that these assays were performed with nanoparticles
after drying and calcination, which are normally bottlenecks found in other works. Considering
these reported evidences, it is confirmed the excellent colloidal stability of these nanoparticles.

In addition, this procedure has been repeated or modified by other groups, especially in the last
years. Some of the publications have been able to adequately reproduce properly the same
characteristics in terms of colloidal stability, mesoporosity and size. However, in most cases the
DLS studies or other assays to check the colloidal stability were not so complete and detailed,
and then, some information useful to validate them is missed [70][71][721[73][74][75]. In this
context, in some studies the nanoparticles obtained are quite fused or with a tendency to
agglomerate, and there is not information about DLS assays [76][77](78].

5.2.2.4. Synthesis without surfactant
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Other studies were developed using a non-surfactant method, but other organic molecule was
used as templating agent in order to synthesise non-aggregated MSN.

Mukherjee et al. [79] described a synthesis in which surfactants were not used as a template,
but monosaccharides. They claimed to obtain monodisperse and colloidal mesoporous silica
nanospheres. Hence, using different conditions and templates, they obtain particles from 50 to
1000 nm. Nevertheless, the nanoparticles prepared below 200 nm barely achieve 400 m? g* of
surface area. In addition, DLS measurements were performed directly from the reaction mixture,
including ethanol, monosaccharides' excess and mildly alkaline pH. These conditions are
mentioned to facilitate the suspension of MSN and far from physiological ones.

Qiao et al. reported in 2018 a synthesis of monodispersed and colloidal stable nanometric
organosilica particles [22]. The authors employed a surfactant-free method to obtain the
nanoparticles using the so-called waterborne sol-gel process. In the study, L-arginine was used
as alkaline catalyser and y-MPS as organo-silane source and template agent. A liquid-liquid
biphase was formed by organic compounds (TEOS and y-MPS) and aqueous solution (water and
L-arginine), where organic precursor is delivered to the latter. DLS assays showed sizes slightly
larger than TEM images, in the range of 30 to 800 nm, and the PDI values are lower than 0.1,
which support the colloidal stability of samples. Nevertheless, the samples had a low surface
area, which was calculated in the range of 475 to 680 m? g! and whose pore volume
corresponded to 0.1to 0.3 cm3 g.

Hartlen et al. reported a similar synthesis of highly monodisperse and colloidal small silica
spheres [80]. They separated the seed step from the growth process. In the first one, they used
as co-solvents cyclohexane and water, and L-arginine as template agent and soft base catalyser.
The first growth step is based on diluting the seeds and adding the same compounds to the
dilution. The second growth step was based on Stober method. They reported the obtaining of
nanoparticles ranging 15 to 200 nm. TEM images showed monodispersed and arranged
nanoparticles, and no fusions between them were visible. Nevertheless, they did not reported
information about the nanoparticles mesoporosity and surface area, nor the colloidal stability.

Yokoi and his co-workers reported some studies about the obtaining of colloidal MSN employing
lysine as template and soft base catalyser [52][81]. The nanoparticles were obtained in the range
of 10 to 50 nm. Nevertheless, TEM images were not clear enough to distinguish if the
nanoparticles were not aggregated. Furthermore, the authors did not perform any assay to
confirm the colloidal stability. In addition, the surface area obtained was very low (ca. 230 m? g°

1,

5.2.2.5. Other approaches

Yu et al. reported the synthesis of uniform, spherical shape, monodisperse and non-aggregated
MSN by using a sodium acetate solution like a weak base [49]. They obtained MSN in the range
of 50 to 110 nm, adjusting the size using different temperatures. They performed a post-
synthesis thermal treatment in acidic or basic conditions to increase the surface area and pore
volume. TEM images showed non-aggregated nanoparticles and DLS measurements indicated a
narrow size dispersion and stable solution. Nevertheless, DLS measurements gave smaller
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diameter values than those calculated from TEM images, which is controversial. This result
suggests the inconsistence of DLS results being that hydrodynamic diameter must be a bit larger
than nanoparticle diameter. Besides, DLS assays were carried out in ethanol solutions, which is
not representative of the colloidal behaviour in aqueous or physiological conditions. On the
other hand, the surface area and pore volume obtained were very low, with values around 200
m? gt and 0.2 cm?® g respectively, which were increased to ca. 500 m? g and 0.5 cm? g after
thermal treatment. However, it seems that thermal treatment was associated with the
appearance of fusion between some nanoparticles.

5.2.3. Conclusions and outlook

In general, to the best of our knowledge it can be concluded that regardless of the method
employed to synthesise the nanoparticles, they have a constant propensity to fuse,
agglomerate, or sediment, at least in physiological conditions. In addition, there seems to be a
compromise between obtaining colloidal nanoparticles and, on the one hand, achieving sizes in
the nanoscale, that is, below 200-300 nm; and, on the other hand, maintaining the appropriate
mesoporosity, such as high surface area and high pore volume. However, it must be mentioned
the step forward developed by the Kleitz and Fortin group, who have achieved the production
and characterisation of quite reproducible MSN with high stability and colloidal behaviour, even
in quasi-physiological conditions.
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5.3. MATERIALS AND METHODS

5.3.1. Chemicals

Tetraethylorthosilicate (TEOS), 1-hexadecyltrimethylammonium bromide (CTAB), sodium
hydroxide (NaOH), 3-mercaptopropyltrimetoxysilane (MPTMS), (3-aminopropyl)triethoxysilane
(APTES), (3-isocyanatopropyl)triethoxysilane (IPTES), 2,2'-Dipyridyl disulphide,
methoxypolyethylene glycol thiol average Mn 800 (SH-PEG), methoxypolyethylene glycol amine
average Mn 750 (NH,-PEG), triethylamine (TEA), Dulbecco's Modified Eagle Medium (DMEM),
Fetal Bovine Serum (FBS) and Dulbecco’s Phosphate Buffered Saline (PBS) were purchased from
Sigma-Aldrich. Hydrochloric acid 37% (HCI), dichloromethane (DCM) and acetonitrile (ACN) were
provided by Scharlab. Succinic anhydride, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Thermo Fisher
Scientific.

5.3.2. General techniques

Transmission electron microscopy (TEM), N; adsorption—desorption isotherms, powder X-ray
diffraction (PXRD), dynamic light scattering (DLS), nanoparticle tracking analysis (NTA) and UV-
Visible spectrophotometry were used in order to characterise the prepared materials. The
instruments used were the following: JEOL JEM-1010 microscope for TEM images acquisitions;
Bruker D8 Advance diffractometer (Cu Ka radiation) for PXRD measurements; Micromeritics
ASAP 2010 automated analyser for recording of N, adsorption—desorption isotherms, samples
were degassed at 120 °C in a vacuum overnight. The specific surface areas were calculated from
the adsorption data within the low-pressure range using the BET (Brunauer—-Emmett—Teller)
model. Pore size was determined following the BJH (Barrett—Joyner—Halenda) method. Particle
size and 3 potential in solution were measured by ZetaSizer Nano ZS (Malvern Instruments Ltd.)
equipped with a laser of 633 nm and collecting the signal at 173°. The NTA were performed in
Nanosight NS300 (Malvern Instruments Ltd.). UV-Visible measurements were recorded with a
JASCO V-650 Spectrophotometer.

5.3.3. Synthesis of nhanoparticles

Different conditions were used to synthesise MCM-41-type nanoparticles. A standard protocol
was stablished. 1 g of CTAB (2.74 mmol) was mixed with 480 mL of deionised water ina 1L (10.5
cm of outer diameter) cylindrical beaker. The mixture was heated at 50 °C to dissolve the
surfactant and stirred with a cylindrical and plain magnetic stir bar (60mm long and 15mm
diameter) at 500 rpm. Then, 280 mg of NaOH (7 mmol) dissolved in 3.5 mL of deionised water
were added, and the solution temperature was adjusted to 80 °C. A watch glass was placed to
cover the beaker to minimise the solvent evaporation and therefore to avoid the volume from
decreasing during the reaction. When the temperature reached (80 °C), 5 mL of TEOS (25.7
mmol) were added dropwise (5 ml min?), using syringe and needle. Soon after, a white
precipitate appeared. The mixture was stirred for 2 h. After this time, the suspension was cooled
at room temperature, and the solid product was vacuum filtered on Buchner on a filter paper
(Whatman™ Grade 3MM Chr, pore size of 6 um) and deionised water was added until neutralise
the suspension. Then, the solid was dried under vacuum and grinded to obtain a white powder.
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After the synthesis, nanoparticles were calcined at 550 °C using an oxidant atmosphere for 5 h
in order to remove the surfactant.

Some parameters were tuned one by one, such as the stirring rate (350 rpm, 500 rpm, 900 rpm
and 1200 rpm), the magnetic stir bar morphology (plain or with pivots and ring), the reaction
time (5 min, 20 min, 1 hour, 2 hours or 4 hours), the TEOS addition rate (0.25, 1 or 5 ml min* or
instant addition) or the neutralisation step (neutralisation with water or with HCI 0.1M before
the filtration of solid product).

5.3.4. Functionalisation of nanoparticles

Nanoparticles were functionalised with MPTMS, APTES and IPTES, posteriorly PEGylated. Briefly,
150 mg of standard calcined samples were suspended in 15 mL of ACN and they were generously
sonicated. They were divided in three vials, adding 5 mL to each one (50 mg of nanoparticles).
47 pL of MPTMS were added to the first suspension, 53 pL of APTES were added to the second
suspension and 59 uL of IPTES were added to the third one. The suspensions were stirred for 5.5
hours at room temperature. After that, the solids were centrifuged and washed three times with
ACN and dried under vacuum. Then, MSN-SH, MSN-NH, and MSN-NCO were obtained
respectively.

In order to PEGylate each solid, the next steps were followed.

30 mg of MSN-SH were suspended in 3 mL of ACN and sonicated generously. 66 mg of 2,2'-
dipyridyl disulphide were added to the suspension and the mixture was stirred overnight at
room temperature. The suspension became yellowish some minutes after the addition of the
disulphide. Next day, the yellowish solid was centrifuged and washed with ACN several times
until obtaining an uncoloured solid and then, it was dried under vacuum. 25 mg of resulting solid
were suspended in 3mL of ACN and sonicated generously. 60 mg of SH-PEG were added to the
suspension and the mixture was stirred overnight at room temperature. After that, the solid was
centrifuged and washed with ACN five times and dried under vacuum. The solid obtained was
called MSN-SH-PEG.

30 mg of MSN-NH; were suspended in 3 mL of DCM and sonicated briefly. 15 mg of succinic
anhydride and 15 pL of TEA were added to the mixture and the mixture was stirred overnight.
After that, the solid was centrifuged and washed twice with DCM and twice with ACN and dried
under vacuum. 15 mg of the resultant solid (MSN-COOH) were suspended in 3 mL of MES Buffer
(1M at pH 6) and sonicated generously. 10 mg of EDC and 10 mg of NHS were added to the
suspension. The mixture was stirred 30 minutes and then, the solid was centrifuged and washed
three times with PBS. The activated solid was suspended in 3 mL of PBS and briefly sonicated.
30 mg of NH,-PEG were added to the suspension and stirred overnight at room temperature.
Then, the solid was centrifuged and washed five times with distilled water and dried under
vacuum.

30 mg of MSN-NCO were suspended in 3 mL of ACN and sonicated generously. 60 mg of NH,-
PEG and 11.15 pL of TEA (1 eq.) were added to the suspension. The mixture was stirred overnight
at room temperature. After that, the solid was centrifuged and washed five times with ACN and
dried under vacuum. The solid obtained was called MSN-NCO-PEG.

149



Chapter 5

5.3.5. Spin pulses

The centrifuge employed had a radius of 6.026 cm. The equation 5 can be used to convert rpm
with a known radius r to relative centrifugal force (rcf).

rcf =1.118-107° -7 - rpm? (5)
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5.4. METHODOLOGY OF CHARACTERISATION OF COLLOIDAL
PROPERTIES IN MSN SUSPENSIONS

Before addressing the obtaining of discrete and colloidal MSN, an evaluation and
characterisation methodology must be developed in this field. Hence, several methods were
studied, tested, and developed in order to study the colloidal stability of the evaluated
nanoparticles. These methods are described down below.

5.4.1. Colloidal appearance

The appearance of a concentrated colloidal suspension formed by MSN has a homogeneous and
milky appearance, that is, no sediments or flocs should be observed in it. Therefore, the
observation at a naked eye of particles or specks in a suspension is illustrative of the presence
of large aggregates, being that the entities in the nanoparticle range cannot be distinguished. In
this context, the milky and homogeneous appearance must be sustained over time in an MSN
suspension to be considered as a stable colloid.

Considering this, some suspensions were observed and analysed. Similar observations were
reported in other studies [29][82][83][84], although they were not focused on the detection of
small specks in the suspension. Some examples are showed in Figure 4. In Fig. 4A the different
aliquots obtained in Chapter 3 called DA were showed. It can be observed that samples DA2,
DA3 and DA4 (Fig. 4A, c,d,e) showed a colloidal appearance, namely milky and homogeneous.
Nevertheless, DAS5 (Fig. 4A, f) showed the formation of flocs, the most likely cause being the
aggregation between the nanoparticles. In Figure 4B, it is captured the evolution of just
synthesised MSN-250rpm, which were described in Chapter 4. The suspension obtained just
after the synthesis of MSN-250rpm presented colloidal appearance (Fig. 4B a), but with time it
began to flocculate and sediment (Fig 4B, b,c). In Figure 4C two suspensions of MSN were
compared. Fig. 4C.a corresponds to a suspension of MSN-NH,-PEG at 5 mg/ml after being
generously sonicated and briefly spun to remove the presence of aggregates. It can be observed
that the suspension does not show any speck or particle and is completely homogeneous,
confirming its colloidal appearance. Fig. 4C.b represents the suspension of bare standard MSN
at 5 mg/ml prepared following the same procedure. In this second sample, the presence of
aggregates which exceed the nanoscale is fairly visible. When the light pathway inside the
suspension is large, the high turbidity does not allow correctly seeing the suspended objects.
However, by decreasing the light pathway (see inset in Figure 4C) the aggregates can be
discovered. Additionally, shaking this kind of suspension can facilitate the observation of the
aggregates.
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Figure 421. Colloidal appearance of different MSN samples. A) Photograph of (a) A0 and (b-f) DA (1-5) samples from
Chapter 3. B) Photograph of MSN-250rpm sample (a) just synthesised, (b) after 2 hours and (c) after 4 hours. C)
Photograph of (a) sonicated and spun MSN-NH»-PEG preparation and (b) sonicated and spun bare MSN preparation.

5.4.2. Decantation and fraction weighing

Continuing with a similar reasoning to previous section, a step forward was quantifying the
percentage of nanoparticles that remained suspended and the percentage which sedimented
over time, when a suspension was left settling down. For this purpose, the pellet resulting from
the decantation process was collect and weighed after being dried.

Thus, the method was implemented with a standard sample of MCM-41-type MSN suspended
in distilled H20 (5 mg/mL) and sonicated during 1 hour prior to the assays. The suspensions were
left to stand, and the supernatants were collected at different times (1, 5, 12, 24, 48 and 72
hours). The pellets left in the vials were dried in an oven at 70 degrees and weighed.

The results are represented in Figure 5. It can be observed a sharp decrease in the percentage
of nanoparticles suspended (from 100% to 35%) at the first minutes and hours (up to 5 hours),
which posteriorly (from 5 hours to 72 hours) are stabilised at ca. 30%. Therefore, it can be
suggested that the decantation process is faster at first stages, where larger aggregates of
nanoparticles, which behaves as non-Brownian entities, sediment quickly due to the
predominance of gravity on them. After the sedimentation of these large entities, which seem
to correspond to the 70% in weight of the MSN suspension, the nanoparticles that remain
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suspended are stabilised and the sedimentation rate considerably decrease. It can be suggested
that the suspension remaining is stable for a couple of days.

With regard to this method employed to measure the colloidal stability, it has to be signalled
that a considerable variability was observed between the different assays, which was in the
order of a 20% of relative deviation.

100 =
80
60 |

404 |\ .

Nanoparticles suspended (%)

Time (hours)

Figure 5. Decantation and fraction weighing of standard MSN sample (5 mg/ml in distilled water, sonicated 1 hour).
The percentage of nanoparticles is measured by weighting the pellet decanted.

In summary, the main limitation of this method is the considerable experimental mistake related
with the difficult separation between the decanted and suspended MSN. Namely, when the
suspended nanoparticles are collected, it is possible to also take a decanted portion of
nanoparticles and collect them. In addition, in order to minimise the error in the weight of
pellets, the technic requires the use of relatively high amounts of MSN (15 mg per vial). Finally,
to obtain useful results, the time required to decant the samples and dry the pellets is usually
over one day. Therefore, it is not and immediate technic to determine the stability of the colloid.

5.4.3. Dynamic light scattering

Dynamic light scattering is a standard technic to characterise MSN, resulting in the
hydrodynamic diameter of the nanoparticles. Nevertheless, a common sample of bare MSN is
usually integrated by large aggregations of nanoparticles that tend to sediment both in water
and in other aqueous solutions such as PBS. The presence of these big aggregates and sediments
precludes to obtain good quality measurements, since these large entities do not follow the
Brownian motion and, therefore, disturb the acquisition of correlated speckling patterns of
dispersed light.

Given that context and according to our observations and the procedures applied in some
studies [65][85], it is considered that decanting (overnight, 24 hours or 48 hours) or briefly
spinning the samples in a centrifuge are possible methods to remove the large aggregates and
sediments. Needless to say that the aliquot collected from the suspended fraction will not
correspond to the entire sample, but it will at least facilitate to measure the hydrodynamic
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diameter of the basic and single entities, that is, the hydrodynamic diameter of the individual
nanoparticles. Therefore, these measurements should be closer to the size obtained by
measuring the nanoparticles using TEM images.

Both methods to prepare the samples were used (decantation and centrifugation), but it is
considered that pulse centrifugation had advantages over decantation, being that it allowed
controlling and tuning the strength applied to the samples, which made more reproducible and

comparable assays. In addition, this methodology is faster, in contrast to decantation, which
takes at least one day.

In order to check the procedure, DLS measurements were performed from a standard sample
of MCM-41-type MSN at 1 mg/ml, previously sonicated, subjected to spin pulses of increasing
strength (at O rpm, 2500 rpm, 5000 rpm, 7500 rpm, 10000 rpm, 12000 rpm and 13500 rpm)
(Figure 6). When the sample were not spun or spun at 2500 rpm it contained large sediments
and the DLS measurements did not meet good quality criteria. The sample spun at 5000 rpm
showed three peaks centred at 135 nm, 850 nm, and 5300 nm. The rest of the samples presented
only two populations. The main population was found at 180 nm, 167 nm, 180 nm, and 158 nm
when the sample was spun at 7500 rpm, 10000 rpm, 12000 rpm and 13500 rpm, respectively.
In all these samples a secondary peak corresponding to large particles, from 3000 to 6000 nm

(centred at 3500 nm), was obtained, but it always represented a small proportion in comparison
to the main peak.
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Figure 6. Size distribution of standard MSN sample (1 mg/ml in distilled water and sonicated 1 hour) according to

Intensity PSD analysis, when it is subjected to increasing spin pulses (5000 rpm, 7500 rpm, 10000 rpm, 12000 rpm

and 13500 rpm). Non-spun and sample spun at 2500 rpm did not meet good quality criteria due to the presence of
large aggregates.

The tendency observed was that the populations corresponding to large aggregates were
decreasing in the sample as the strength of the spin pulse increases, as expected. The main peak
observed in all the samples, which was centred at ca. 180 nm, corresponded to the populations
with the smallest sizes. This peak was defining and narrowing with the increase of spin pulses
strength. In this sense, the main peak of the sample spun at 7500 rpm showed a size distribution
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from 60 nm to 1000 nm, but when the samples were spun at 10000 rpm, 12000 rpm and 13500
rpm, the distribution was in the range of approximately 60 to 500 nm.

On the other hand, the expected size for individual nanoparticles in DLS measurements must be
some larger (few tens of nanometres) than the value of the size for single MSN measured in the
TEM images (from 50 to 130 nm), considering DLS measures the hydrodynamic diameter.
Nevertheless, it cannot explain the main peak includes populations up to 600 nm. Accordingly,
it is undeniable that the main population also contained dimers, trimers, and other oligomers.
In this sense, it can be said that these small and aggregated entities had a colloidal behaviour
similar to that of the individual nanoparticles under the conditions studied since they remain
suspended once high spin pulses were applied.

Furthermore, it is observable that the peak maximum of the main population had moderated
variations from one sample to the other (+ 45 nm). Then, it is hypothesised that depending on
the strength of pulse spins the presence of small oligomers changes and the peak maximum is
shifted. It can be also explained considering the measurement of a polydispersed sample, in
which small and large aggregates are present, moderately disturbs the speckle pattern and
therewith the mathematical calculations involved in the analysis. Therefore, the preparation of
the MSN samples to be measured in DLS is quite important in order to obtain precise results.

Finally, it must be remarked that although larger populations were observed in the DLS curves
regardless the strength of the spin pulse, their real proportion in the samples were quite small.
The size distribution was analysed by Intensity PSD, which is a more reliable approach, but it
overestimates the larger size populations. Considering the Rayleigh approximation equation (eq.
1), which relate the number of particles of a specific size and the intensity of light scattered, the
larger size populations, those observed above 3000 nm in Figure 6, could be neglected.

5.4.4. UV light attenuation

DLS measurements presents some advantages in the characterisation of the colloidal behaviour,
such as the determination of the existent populations and the dispersion of their sizes, as well
as the high sensitivity to the presence of aggregates and sedimentation. Nevertheless, the DLS
technique is not the most suitable to quantify the concentration of the samples and each of their
populations.

Therefore, another method has been used to quantify the amount of MSN suspended in a
sample according to the light scattered by the sample, measured with the UV
spectrophotometer. Previously, Khlebtsov et al. reported the quantification of silica
nanoparticles on spectrophotometer by using the technique called spectroturbidimetry (STT)
[86]. As Khlebtsov and He [13] propose, the scattering cross section, which is the intrinsic
parameter of turbidity for a determined particle, is related to the size and shape of the scattering
bodies. Then, turbidity is proportional through the scattering cross section to the concentration
of nanoparticles. In addition, larger particles disperse higher amounts of light, just as it is
expressed in the Rayleigh equation showed previously. Furthermore, the scattering cross section
is also dependent on the wavelength used. Other authors also used the UV-Visible absorption
to quantify the amount of MSN in a suspension [87][88].
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In our case, the characterization of the colloidal properties of the samples was carried out by
measuring the attenuation that can be described as the loss of light between the light source
and the detector due to both scattering and absorption. For bare MSN samples, this attenuation
can be attributed just to the light dispersion as the absorption phenomenon can be neglected in
the range studied (300-800 nm) [89][90][91]. Hence, a 5 mg/ml MSN suspension in distilled
water was prepared and generously sonicated (1 hour) and its attenuation from 300 to 800 nm
was studied at different spin pulses. The clear dependence of the attenuation spectrum with the
nanoparticles size and the wavelength used was observed (Figure 7). The spectra analysed were
normalised regarding their maximum at 300 nm. The spectra measurements showed that the
non-spun sample attenuated the light approximately a 60% at 800 nm as compared to the
attenuation at 300 nm. In contrast, when the sample was briefly spun, the difference between
the attenuation at 300 nm and that at higher wavelengths was much wider. As the strength of
the spin pulse applied increased, the attenuation at 800 nm decay to ca. 25% when the sample
was spun at 2500 rpm, ca. 15% in case of spinning at 5000 rpm and in the range of 9 to 13% at
7500, 1000 and 12500 rpm.
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Figure 7. UV light attenuation spectra behaviour of standard MSN sample (5 mg/ml, in distilled water, sonicated 1
hour) when it is subjected to increasing spin pulses. The attenuation is normalised form the value at 300 nm in each
sample.

Therefore, the standard and non-spun sample, which consists of a mixture of large and small
aggregates, oligomers, and individual nanoparticles according to DLS results (Figure 6), showed
large relative attenuation at higher wavelengths. In this sense, the presence of some particles
above 500 nm increases sharply the relative light attenuation at wavelengths above 300 nm
[13][92], and therewith, an spectrum with a lower decay was observed. On the other hand, the
spun samples, in which the percentage of oligomers and individual nanoparticles is progressively
predominating over the larger aggregates as the strength of the spin pulse increases, present a
steep decay in the attenuation at higher wavelengths. Besides, the decay is steeper with the
increasing strength of the spin pulse, indicating the reduction of aggregated populations.

Taking into account these reasoning, according to the attenuation spectra and DLS results (Fig.
6 and Fig. 7), when the sample is non-spun, spun at 2500 rpm or 5000 rpm, the presence of large
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aggregates (over 500 nm) is still quite significant. Nevertheless, from 7500 rpm this presence is
highly reduced, finding nanoparticles mainly up to 500 nm.

Despite the dependence of the attenuation on the presence of populations of nanoparticles of
different sizes, in terms of simplify the calculations some approximations were applied in the
performed UV light attenuation assays. It was considered that the scattering cross section in
MSN suspensions was constant at 800 nm regardless the presence of aggregates, and then the
attenuation only depends on the concentration of the suspended nanoparticles. Hence, some
sub-estimation in the concentration calculation of spun samples could occur. In this context, it
was quantified the amount of suspended MSN when different pulse spins where applied, by
measuring the attenuation at 800nm (Figure 8). A similar method was developed by Paula and
co-workers [6], where they evaluated the colloidal stability by quantify the MSN suspended
regarding the measured light absorption after centrifuge the samples at different centrifugal
forces. Figure 8 showed how the percentage of suspended nanoparticles, from the total amount
of nanoparticles prepared, decreased with the increasing pulse spin strength. Then, at 1200 rpm,
the suspended nanoparticles represented around the 56% of total sample, and decrease to the
37%, 21%, 12%, 9% and 7% when it was applied 2500 rpm, 5000 rpm, 7500 rpm, 10000 rpm and
12500 rpm, respectively. The decay can be fitted to an exponential equation.
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Figure 8. UV light attenuation at 800 nm of standard MSN sample (5 mg/ml, in distilled water, sonicated 1 hour)
when it is subjected to increasing spin pulses. The percentage of suspended nanoparticles against the spin pulse
strength was fitted to an asymptotic exponential decay.

In this sense, it was established a rapid and simple method to quantify the number of suspended
nanoparticles, by means of their light attenuation, in a sample that is exposed to different
conditions in comparison to the original sample. The variability of results between the assays
performed was quite small, considering the methodology got considerable reproducibility,
especially if it is compared with the decantation and weighting process. Moreover, the
procedure was quite rapid, obtaining the results after some minutes.

5.4.5. Nanoparticles tracking analysis
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Like DLS, nanoparticle tracking analysis (NTA) is a technique highly sensitive to each population
found in the sample, including the presence of some aggregates, and therefore, it can be used
to study the colloidal stability of the MSN samples. In spite to that, it has to be noted that the
analysis software usually removes from the analysis the signals coming from larger populations
and artefacts through several thresholds [93]. In the case of MSN analysis, the particles above
500 nm are usually removed, and then, some of the information on the presence of aggregates
is lost. Bearing in mind this, different MSN samples were prepared to be analysed in NTA (Figure
9). The nanoparticles used were MSN-SH-PEG, in order to minimise a priori predominant
populations of large aggregates.

First, the distilled water in the laboratory was measured as a control sample (Fig. 9a). Some
particles were detected in this sample in the range from 50 to 500 nm, indicating the presence
of artefacts like dust or other contaminants, although their concentration was low (1.04 - 107
particles/ml). Then, several samples of untreated MSN-SH-PEG were measured, in which no
centrifugation, decantation or filtration was applied. The optimal concentration found to
analyse by NTA this type of sample was 10 pug/ml, and the representative tendency can be seen
in Fig. 9b. The size dispersion graph shows different populations ranging from 50 to 400 nm,
although most of them were located up to 250 nm. Several maximums and peaks were observed
from 100 to 200 nm. Then, Figure 9c and Figure 9d show the NTA analysis of a sample containing
1 mg/ml of MSN-SH-PEG that has been filtered using 0.45 and 0.22 um pore size filters,
respectively. In these cases, it can be observed that when the samples were filtered, the size
distribution of nanoparticles measured became narrower and a single predominant population
centred at ca. 145 nm can be identified. In the case of the filtration with 0.45 um pore size filter,
the number of nanoparticles which cross the filter are higher (1.20 - 10° particles/ml) and then
the noise due to artefacts is reduced. In contrast, when the sample is filtered using a pore of
0.22 um, the population able to cross the filter is an order of magnitude lower (1.28 - 108
particles/ml). As a result of that, the peak corresponding to the main population is less defined
and some noise is observed. Finally, another 1 mg/ml sample of MSN-SH-PEG was decanted for
24 hours. After that, the resulting supernatant was diluted 100, 40 and 10 times and measured
in NTA, and the results are shown in Fig. 9e, Fig. 9f and Fig. 9g, respectively. These samples
showed a size distribution ranging from 50 to 400 nm, but a predominant population is clearly
visible at ca. 145 nm. In addition, as seen in Figure 9c and 9d, the measurement of more
concentrated samples showed less noise and better definition of the main population peak.
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Figure 9. NTA measurements of (a) distilled water, (b) untreated MSN-SH-PEG at 10 ug/mi, (c) filtered MSN-SH-PEG
using 0.45 um pore size, (d) filtered MSN-SH-PEG using 0.22 um pore size, and decanted MSN-SH-PEG and diluted
(e) 100, (f) 40, and (g) 10 times.

Additionally, some frames of the videos recorded during the NTA are shown in Figure 10. The
images were taken in a 3-d chamber, and then, the sizes of nanoparticles are different,
depending on their position in z-axis. In the control sample (distilled water) (Fig. 10a) some
particles corresponding to artefacts can be observed. In the case of the untreated sample large
flashes of light can be observed corresponding to the presence of aggregates (Fig. 10b). Finally,
the samples corresponding to filtered (Fig. 10c) and decanted preparations (Fig. 10d) showed
the presence of mostly single nanoparticles.
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Figure 10. NTA video frames of (a) distilled water, (b) untreated sample, (c) sample filtered at 0.45 um, and (d)
sample decanted and diluted 10 times.

According to the results obtained in NTA, a hydrodynamic size of ca. 145 nm was precisely and
repeatedly obtained for MSN-SH-PEG sample. Nevertheless, the technique showed some
limitations. On the one hand, the range of concentration in which it worked was quite narrow,
and highly diluted samples had to be prepared. On the other hand, the sensitivity of the
technique towards small aggregates and artefacts required the use of filtration or decantation
to obtain narrow dispersions that showed a clear value corresponding to the individual
nanoparticles.

5.4.6. Conclusions and outlook

After reviewing the methods that can be used to determine the colloidal stability of
nanoparticles suspensions some remarks can be done. First, the UV light attenuation is a
qguantitative method in contrast to DLS and colloidal appearance. Additionally, UV light
attenuation has not restrictions in terms of the amount MSN needed to perform the
measurements. In case of decantation and fraction weighing method, the samples should start
from high amounts of nanoparticles in order to minimise the error when the pellet is weighted.
For NTA, the concentration range in which the technique works is too limiting, and many
artefacts can be detected at low concentrations, as it also happens in DLS measurements. Finally,
UV light attenuation it is a simple, rapid, and cost-effective method, which does not require
specialised personnel. Consequently, the UV light attenuation technique is method chosen in
combination with the application of increasing spin pulses to determine the colloidal stability of
our MSN samples, although other complementary assays and methods will be also performed.
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5.5. RESULTS AND DISCUSSION

5.5.1. Transition from colloidal to agglomerated samples

In both Fig. 4A and Fig. 4B in the colloidal appearance section, it is possible to see a transition
from colloidal to agglomerated MSN suspension. This transition was also observed in previous
chapters, in both aliquots and parameters tuning assays, which was produced from some
minutes to few hours after the MSN synthesis.

These changes in the colloidal properties of MSN were also studied by DLS measurements,
observing the correlation function and Intensity PSD analysis. A standard synthesised sample of
MSN was measured both directly from the reaction just after being synthesised (MSN-direct)
and then after being filtered and dried (MSN-dried). No spin pulses were applied in order to
measure the whole sample and detect the presence of aggregates. The correlation function and
Intensity PSD analysis are shown in Figure 11. It can be observed that the correlation function
of MSN-direct is mono-modal and presents a clear and smooth exponential decay (Fig. 11A, top).
Therefore, the correlogram can be fitted precisely according to cumulant and distribution
analysis. In this case, the Intensity PSD curve shows a single peak with a narrow distribution,
which is centred at 123.3 nm and presents a PDI value of 0.062 (Fig. 11A, bottom). In contrast,
the MSN-dried shows a floundering decay (Fig. 11B, top), which cannot be properly fitted in
terms of performing either cumulant or distribution analysis. The result is the obtaining of an
unreliable Intensity PSD curve, which shows two main populations around 50 nm and 190 nm
(Fig. 11B, bottom). Both measurements are representative of the data normally obtained.
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Figure 11. DLS data of MSN-direct (A) and MSN-dried (B). Correlation function (top) and size distribution according
to Intensity PSD analysis (bottom) were shown.

The drying of MSN has been reported to be involved in the aggregation of the sample
[20][51][57][94] [95]. It has been described that this can occur either by the large surface tension
and capillarity of the aqueous solutions [15], the formation of Si—-O-Si bonds [2], the collapse of
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silica-surfactant structures and silica rearrangement [96][97][98], or the attractive forces due to
the proximity of nanoparticles [99] during the drying process.

Furthermore, it has been suggested that the transition from colloidal to agglomerated MSN is
partially irreversible, since a colloidal suspension of MSN can only be obtained later by sonicating
and then decanting, filtering or spinning the MSN suspension, in order to remove the large
amount of aggregates.

5.5.2. Tuning synthesis parameters and their influence on colloidal stability

The effect of tuning different parameters on MCM41-type MSN synthesis has been also studied
regarding the colloidal stability. In this context, the nanoparticles used were those synthesised
in the Chapter 4, in accordance with the reaction time, stirring rate or magnetic stir bar used,
TEOS addition rate or neutralisation step. The behaviour of different MSN suspensions when
they are spun at increasing spin pulses are shown in Figure 12. All the samples follow the
tendency of an exponential asymptotic curve when the percentage of light attenuation are
represented as a function of spin pulse strength. The percentage of light attenuation can be
considered as the percentage of suspended nanoparticles after the spin pulse, and then,
describes their colloidal stability, as it was proposed in the previous section (3.4.).

According to the reaction time (Fig. 12A), MSN-2hours sample, which corresponds to the
standard synthesis, presents the best colloidal stability throughout the different spin pulses. In
case of MSN-5min, MSN-20min, MSN-1hour and MSN-4hours the percentage of nanoparticles
suspended after the spin pulses are worsened. Nevertheless, the differences between them
reach a 10% at most. On the other hand, in relation with the variation of the stirring rate and
magnetic stir bar (Fig. 12B), the better stability is registered for lower stirring rates (MSN-
350rpm and MSN-500rpm), but the differences with the rest of samples (MSN-900rpm and
MSN-1200rpm) do not reach the 10%. Regarding the sample MSN-rough, it showed worse
stability than MSN-500rpm, in spite of using the same stirring rate in both samples, but the
differences are minor too. On the other hand, what regards to the TEOS addition rate (Fig. 12C),
the results show that the nanoparticles present more sedimentation or decantation when the
TEOS is added quicker (MSN-5 and MSN-quick), and then, MSN-0.25 and MSN-1 are more
stable. Finally, concerning the neutralisation step (Fig. 12D), larger differences can be observed
when comparing the MSN-HCI sample with the standard one (MSN-H,0). The MSN-HCI sample
reaches a stability improvement of ca. 15% at low and intermediate spin pulses and over a 5%
at high pulses.

162



Chapter 5

100*\ B 100
§ \ =  MSN-5min 3? = MSN-350rpm
= 80 \ s MSN-20min < 80 MSN-500rpm
8 MSN-1hour 8 MSN-900rpm
*g‘ 604 MSN-2hour 5 604 v MSN-1200rpm
= ¢ MSN-4hour 2 ¢ MSN-rough
£ 401 N\ £ 40
© N 4]
= -
=
D 201 \ S 20-
- =
ol 3 o
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
C Spin pulse (rpm) Spin pulse (rpm)
100 D 1004
s = MSN-0.25 = [\
S 80 MSN-1 O‘E' 80 = MSN-H20
= MSN-5 8 W e MSN-HCI
3 60 v MSN-quick s s .
c =3 - \\.
® 40- £ 4l N
- © u .
£ £ AN
o 204 D 204 . e
4 L S —
0+ : T T : T T 0+ r T . . : -
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Spin pulse (rpm) Spin pulse (rpm)

Figure 12. UV light attenuation at 800 nm of different MSN samples synthesised in Chapter 4 when they are
subjected to increasing spin pulses. They were prepared at 5 mg/ml, in distilled water and sonicated for 1 hour. A)
Samples as a function of the reaction time (MSN-5min, MSN-20min, MSN-1hour, MSN-2hours and MSN-4hours). B)
Samples as a function of the stirring method (MSN-350rpm, MSN-500rpm, MSN-900rpm, MSN-1200rpm and MSN-
rough). C) Samples as a function of the TEOS addition rate (MSN-0.25, MSN-1, MSN-5 and MSN-quick). D) Samples
as a function of the neutralisation step (MSN-HCI and MSN-H;0). The percentage of suspended nanoparticles
against the spin pulse strength was fitted to an asymptotic exponential decay.

It should be noted that the differences observed in the colloidal stability of MSN suspensions in
compared to the one obtained at standard conditions were not very large for the parameters
studied: reaction time, stirring rate and TEOS addition rate. The difference observed is as high
as a 10% at low and intermediate spin pulses, but around the 5% or less at high spin pulses,
where the percentage of suspended nanoparticles tended to be similar. These values are slightly
increased in case of the neutralisation with HCI, which led to differences up to 15% and over 5%
respectively. In this sense, it should be remarked that the conditions used in the study (high
nanoparticles concentration, bare MSN, distilled water as dispersant fluid) can be very restrictive
in terms of colloidal stability and this fact can reduce the differences that can be observed.

However, a clear trend can be determined in each assay with respect to colloidal stability and
parameters fit. Firstly, it can be affirmed that stirring during 2 hours are the optimal reaction
time in the MCM-41-type MSN synthesis, since shorter or longer times lead to worse stability,
such as it was described by Catalano et al. [100] and firstly reported by Cai et al. [23]. Secondly,
the use of high stirring rates leads to less stable samples, such as it was expected according to
TEM observations in Chapter 4. Thus, the optimal stirring rate can be adjusted between 350 and
500 rpm. Besides, the presence of burs and pivot in the magnetic stirring bar worsens the
suspendability, in accordance with the fusions observed on TEM images at Chapter 4 too.
Thirdly, it is observed that the instability of nanoparticles increases with the TEOS addition rate.
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However, this observation can be an artefact produced by the large differences regarding the
nanoparticles size, which strongly affects to the light attenuation at longest wavelengths. Finally,
the neutralisation with HCl offers a better colloidal stability.

5.5.3. The effect of MSN preparation

The preparation of MSN suspensions was analysed by using this decantation and fraction
weighting technique. Three samples were prepared according to the different process employed
to suspend the MSN: a) sonicating briefly (few tens of seconds) to disperse the large aggregates
seen at naked eye, b) sonicating 1 hour and c) sonicating 1 hour and stirring 1 hour.

Figure 13 shows how the nanoparticles settled over time for the three preparations. Fig. 13A
displays pictures of the samples taken at different times and represents visually the behaviour
of the three MSN suspensions. Fig. 13B shows the quantification of the percentage of suspended
nanoparticles as a function of the weighting of decanted pellet. These results indicate that the
sample that was only briefly sonicated mostly sediment in one hour. The pictures taken of this
sample (a) show as the cloudy suspension turns mostly clear at few hours and almost all the
nanoparticles are settled down in the bottom of vial. In contrast, when the nanoparticles were
sonicated during 1 hour or sonicated and stirred during 1 hour, the sedimentation of MSN was
reduced and around a 30% of nanoparticles remained suspended after 72 h. The pictures of
these samples (b and c) show the cloudy suspension remain even at 72 hours and the pellet
formed is smaller. This fact means that prolonged sonication achieved a difference greater than

30% respect to nanoparticles in suspension. On the other hand, no significant differences were
observed between the samples b) and c). Thus, the stirring process during 1 hour did not
improve the stability of MSN suspension after being generously sonicated.

804 \ Sonicating briefly
| Sonicating 1 hour
| —a— Sonicating 1 hour and stirring 1 hour
60 |
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Figure 13. A) Photographs of decanting standard MSN samples (5 mg/ml in distilled water) a) sonicated briefly, b)
sonicated during 1 hour and c) sonicated during 1 hour and stirred during 1 hour. Pictures were taken at 0, 1, 5, 24
and 72 hours. B) Decantation and fraction weighing of the previous standard MSN samples preparations. The
percentage of nanoparticles is measured by weighting the pellet decanted.

According to the results, the importance of sonicating generously a MSN suspension is evident
and necessary to obtain a moderately stable suspension. It is considered that the sonication is
involved in the disagglomeration of nanoparticles bound by physic interactions. In the early
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stages of the sonication, the larger aggregates, most of them visible at naked eye, are broken
apart. Nevertheless, further time is required to disagglomerate the nanoparticles below the
micron range, which is required to obtain Brownian entities. Besides, the sonication during 1
hour causes the temperature to rise to 40-45°C, which can also contribute to the
disagglomeration process. However, about a 60% of nanoparticles in a naked MSN suspension
in distilled water sediment up to 5 hours and the 70% at 72 hours. This can be produced due to
the presence of intermediate and large aggregates bound chemically, and the slow but
continuous reagglomeration of nanoparticles in the suspension. Finally, the stirring process does
not provide additional dispersibility in the nanoparticles after being generously sonicated. In this
sense, it is considered a less aggressive process compared to sonication.

Additionally, the effect of the sonicating time, in combination with the application of spin pulses,
was also analysed by UV light attenuation (Figure 14). As it was expected, the sample sonicated
during 1 hour shows higher attenuation and then a higher amount of nanoparticles suspended
than the sample only briefly sonicated. The improvement remained above the 5% of suspended
nanoparticles regardless the strength of spin pulse applied, and it reached the 10% at
intermediate spin pulses.
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Figure 14. UV light attenuation at 800 nm of a standard MSN sample (5 mg/ml, in distilled water) when it is
sonicated briefly or sonicated during 1 hour and subjected to increasing spin pulses. The samples were fitted to
asymptotic exponential curve.

5.5.4. The influence of solvent in colloidal stability

The influence of the dispersant medium was studied using UV light attenuation methodology.
Therefore, MSN were suspended in distilled water, PBS and supplemented DMEM, and were
subjected to different spin pulses (Figure 15). In comparison with the distilled water, the
dispersion of MSN in PBS reduces the stability, especially al low pulse spins. For example, there
is a 10% reduction of nanoparticles suspended at 1200 rpm in PBS compared to distilled H,0.
However, at higher spin pulses the percentage of suspended nanoparticles levels off in both
cases. In case of nanoparticles suspended in DMEM, their stability is higher, especially at
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intermediate spin pulses. The sample suspended in DMEM shows an increase of between 5 to
10% of nanoparticles suspended compared to those suspended in distilled in water.
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Figure 15. UV light attenuation at 800 nm of standard MSN sample (5 mg/ml, sonicated 1 hour) when is suspended
in different media (distilled water, PBS or DMIEM) and subjected to increasing spin pulses. The samples were fitted to
asymptotic exponential curve.

The behaviour of MSN suspensions can be explained according to the colloidal physics theory.
The presence of salts coming from PBS buffer worsen the colloidal stability of MSN. The
reduction of stability is explained since the ionic strength, which is related with the presence of
salts, screens the electrostatic repulsions between bare MSN, which are essential to the
dispersion of nanoparticles. Nevertheless, at high spin pulses this effect becomes less relevant.
On the other hand, the composition of supplemented DMEM seems to improve the colloidal
stability of MSN. This can occur because the proteins and other compounds in the medium form
a protein crown that sterically hinders the agglomeration and sedimentation of the
nanoparticles. This effect can counteract the shielding of electrostatic repulsions provoked by
the presence of large amount of salts in the medium.

On the other hand, the influence of different solvents in the behaviour of the suspension was
also analysed by the decanting and fraction weighting method. The solvents chosen were the
most used in terms of synthesis and functionalisation of MSN (ACN and EtOH), and the aqueous
media used in the in vitro assays (H.O and PBS). The pellets were weighed after overnight
decantation. The results obtained are shown in Figure 16. The amount of suspended
nanoparticles was about the 38% in the case of the suspension in water, which fits quite well
with the behaviour observed in the previous assay after 1 hour sonication and 15 hours settling
(Fig. 13B). The percentage of nanoparticles suspended was reduced in the rest of the solvents.
In PBS was around 20%, in ACN below 20% and close to 25% in the case of EtOH.
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Figure 16. Decantation and fraction weighing method applied on standard MSN samples suspended in different
media (distilled water, PBS, ACN and EtOH). Pellets were collected after settling during 15 hours.

The results show the expected tendency, in accordance to previous results and colloids physical
theory. On the one hand, the sedimentation in PBS sample is higher than the one obtained in
distilled water. However, apart from to the effect of ionic strength on the destabilization of the
suspension, the method employed could overestimate the amount of decanted nanoparticles
when using PBS (10 mg/ml of salts) since some amount of salts can be weighed along with the
MSN in the pellet. On the other hand, the influence of organic solvents is variable. Although ACN
is quite hydrophilic solvent, the stability of MSN in ACN is quite impaired. This is explained by
the fact that the ACN is an aprotic solvent, which cannot form hydrogen bonds with the silanol
groups on the MSN surface [99]. In contrast, the stability of MSN suspended in EtOH is greater
precisely due to the ability of EtOH to form these bonds, even though the polarity of EtOH is
lower than that of ACN.

5.5.5. The influence of MSN concentration in colloidal stability

Another assay was performed to determine the effect of the concentration of MSN suspensions
on their stability. Hence, four different concentrations were prepared (0.1 mg/ml, 0.5 mg/ml, 1
mg/ml and 5 mg/ml) and their stability analysed as a function of the intensity of the spin pulse
applied (Figure 17). As it can be observed in Fig. 17, the concentration of MSN suspensions
strongly affects their colloidal stability. The more diluted the suspension, the more stability was
found. The difference between the most diluted (0.1 mg/ml) and most concentrated (5 mg/ml)
sample was greater than the 20% in low and intermediate spin pulses, but it was reduced in high
ones.
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Figure 17. UV light attenuation at 800 nm of standard MSN sample (in distilled water, sonicated 1 hour) for
suspensions prepared at different concentrations (0.1 mg/ml, 0.5 mg/ml, 1 mg/ml and 5 mg/ml) and subjected to
increasing spin pulses. The samples were fitted to asymptotic exponential curve.

Therefore, the concentration of MSN preparations can be suggested as highly influent on the
nanoparticles stability. The higher amount nanoparticles in a suspension implies higher number
of collisions and agglomeration between them, leading to sedimentation. This effect is greater
at low spin pulses, but at higher ones, the concentration effect becomes less relevant, since the
centrifugal force tends to agglomerate the nanoparticles regardless the concentration.

5.5.6. Functionalisation and its implications on colloidal stability

Finally, the implications of functionalising the nanoparticles in terms of colloidal behaviour were
studied. According to the literature, the MSN functionalisation can either avoid or promote their
agglomeration. Hoang Thi et al. reported that the synthesis of functionalised MSN, especially on
an industrial scale, is limited inter alia due to their potential aggregation [101]. Paula et al.
described that functionalisation with amine groups promotes the sedimentation of MSN, but
other types of functionalisation such as phosphonate groups stabilise nanoparticles suspensions
in the long term [6]. Bagwe et al. reported the effect of functionalising with different groups and
their effect on MSN aggregation, suggesting a similar behaviour to that of Paula’s study [102].
Many other studies reported the improvement of colloidal stability of MSN after their
PEGylation [64][83][103][104][105].

In our study, bare MSN have been functionalised with different groups in order to characterise
the effect on their colloidal stability. The functional groups chosen are some of the most used in
the functionalisation of MSN for biological applications: amino (-NH,), thiol (-SH) and isocyanate
(-NCO). Thus, the samples obtained were called MSN-NH;, MSN-SH and MSN-NCO, respectively.
In addition, all the samples have been PEGlyated to compare the effect of this additional
functionalization on different nanoparticles, obtaining the samples MSN-NH,-PEG, MSN-SH-PEG
and MSN-NCO-PEG. The UV light attenuation was measured for each of these samples after the
application of different spin pulses.
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The results obtained are shown in Figure 18. It can be seen in this figure that the
functionalisation with thiol groups (MSN-SH) (Fig. 18A) has a negative effect on dispersibility of
MSN both at low and high spin pulses. A constant 10% reduction of suspended nanoparticles
can be observed with respect to bare MSN. Nevertheless, when these nanoparticles were
PEGylated (MSN-SH-PEG) their suspendability is fairly improved, especially at low and
intermediate spin pulse strengths. In this sense, the percentage of nanoparticles suspended at
1200 rpm and 2500 rpm is 96% and 78%, respectively. This means up to a 45% improvement of
suspended nanoparticles compared to the non-functionalised sample. However, as spin pulses
increase, the difference is reduced reaching almost equal values when using a 12500 rpm pulse.
The functionalisation with amine groups (MSN-NH;) (Fig. 18B) tends to stabilise the MSN
suspension, although this stabilization only occurs for low spin pulses, overcoming a 25% of
suspended nanoparticles in comparison with bare MSN. In contrast, at high spin pulses, the
colloidal stability is strongly reduced, even reaching values below bare MSN (around a 10%). The
PEGylation of these nanoparticles (MSN-NH»-PEG) largely stabilises the MSN suspension,
reaching high values of nanoparticles in suspension at low spin pulses. For example, at 1200 rpm
and 2500 rpm, we have measured a 97% and 87% of suspended nanoparticles, respectively.
Besides, at high spin pulses the stabilisation remained at least a 10% improved with respect to
bare MSN. Finally, the functionalisation with isocyanate groups (MSN-NCO) (Fig. 18C) had a
similar effect to that of thiol groups, that is, to lead to greater sedimentation regardless the
strength of spin pulses. The percentage of suspended nanoparticles was reduced by at least a
10% compared to bare MSN. In addition, the PEGylation of MSN-NCO (MSN-NCO-PEG) induced
an improved stability in the same vein that MSN-SH-PEG. This means that we have obtained
huge differences in dispersibility at low spin pulses (about a 40%), but the amount of suspended
nanoparticles tends to be equal to, and even lower, than bare MSN at high spin pulses.
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Figure 18. UV light attenuation at 800 nm for functionalised MSN samples (5 mg/ml, in distilled water, sonicated 1
hour) when they are subjected to increasing spin pulses: A) MSN-SH and MSN-SH-PEG, B) MSN-NH; and MSN-NH-
PEG and C) MSN-NCO and MSN-NCO-PEG. PEGylated and aminated MSN behaviour were fitted to sigmoid curve,
the rest of samples were fitted to asymptotic exponential curve.

According to these results, it can be considered that generally the functionalisation of MSN with
trialkoxysilanes worsens the suspensability of nanoparticles. It is hypothesised to be caused by
three main reasons. First, the functionalisation with some trialkoxysilanes (i.e. MPTMS and
IPTES) leads to the reduction of the charge on the nanoparticles surface, since the
silanol/silanolate groups are substituted by the organic ones. Second, the substitution of silanols
by organic moieties can increase the attraction between nanoparticles and their aggregation
and sedimentation. This can be produced either by the reduction of the polarity of nanoparticles
surface, as in the case of propyl chain, which worsens the solvation of nanoparticles, which
prefer to stablish dispersion bonds to each other instead of be close to water molecules; or by
the inclusion of chemical groups which can be attracted to each other by hydrogen or polar
bonds (-NCO, -NH,, -SH, -OH, -CHO, etc.). Third, the functionalisation process is an additional
step in which interparticle covalent bonds can be easily formed (Scheme 2). This fact can result
in the irreversible aggregation of nanoparticles, forming clusters from tens to hundreds of
nanoparticles (from oligomers to large aggregates). Exceptionally, some of these considerations
are not valid for MSN-NH,, which shows at low spin pulses an improved suspendability. This
phenomenon is explained because the amine groups confer high positive charge density to the
MSN (working at neutral or slightly acidic pH). Then, the positive charge on the surface of MSN-
NH; produces electrostatic repulsion between the nanoparticles. This effect is only seen at low
spin pulses values, where the repulsion between ammonium groups is able to counteract the
aggregation effects produced by chemical properties (surface polarity and charge) and
interparticle bonds formation. At high spin pulses, the repulsion provoked by charged amine
groups becomes less relevant.
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Scheme 2. Schematic representation of the formation of interparticle bonds in the MSN functionalisation process.

As widely reported, our assays have also demonstrated the effect of PEGylation, which acts as
colloidal stabiliser and improves the percentage of suspended nanoparticles when different spin
pulses are applied. This effect is found even though the previous step (addition of
trialkoxysilanes) provokes the formation of irreversible aggregates. Then, the PEGylation of MSN
can confer colloidal stability to oligomers and nanoparticles aggregates, which in the non-
PEGylated state would decant. Nevertheless, at high spin pulses the stabilisation effect is
reduced, even suppressed in case of MSN-SH-PEG and MSN-NCO-PEG. Therefore, we suggested
that the colloidal behaviour of nanoparticles that is stabilised through steric (PEGylation) or
electrostatic (-NHz) hindrance can be fitted to a sigmoid function, namely, this behaviour
describes a significant stabilisation at low spin pulses, which is strongly affected above a certain
threshold of centrifugal force. For most of these samples the stabilisation threshold was around
5,000 rpm.

According to the results obtained, it can be concluded that the PEGylation step is crucial in order
to obtain a final preparation with stable colloidal properties. Moreover, even the application of
spin pulses to PEGylated MSN allows some larger aggregates to be removed without losing large
amounts of nanoparticles, which is useful for some applications, such as biomedicine.
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5.6. CONCEPTUAL AND OPERATIONAL FRAMEWORK OF MSN
SUSPENDABILITY

As a result of mesoporous silica nanoparticles synthesis, a mixture of products is obtained
(Scheme 3). The mixture is formed by a) isolated and discrete nanoparticles, b) agglomerated
nanoparticles by physical interactions and c) fused nanoparticles by chemical bonds. In this
context, the entities found in a MSN sample are large aggregates, from hundreds of nanometres
to several microns; small aggregates or oligomers, in the nanoscale range, such as dimers and
trimers; and single or isolated nanoparticles. Regardless the modifications made in the synthesis
or the protocol used, all three components are obtained to a greater or lesser extent. However,
the percentage of each population can be adjusted by optimising the MSN synthesis and
manipulation.

Scheme 3. Schematic representation of the existent populations in a MSN sample. A) Isolated and discrete
nanoparticles, B) agglomerated nanoparticles by physical interactions and C) aggregated nanoparticles by chemical
bonds.

5.6.1. Aggregation by means of chemical bonding

During the synthesis process, it is common that nanoparticles tend to form aggregates as a result
of particle or seeds coalescence during the formation of the nanoparticles, fusion of formed
nanoparticles or covalent bonding of chemical groups on the MSN surface, that is form Si—O-Si
bridging bonds between nanoparticles.

5.6.1.1. Coalescence

The most severe irreversible aggregation type is coalescence [25], which consists in the collapse
of two premature nanoparticles (Figure 19). According to the observations obtained in the
previous chapters and in the literature [50], this phenomenon is probably caused by high and
hard collisions between forming nanoparticles when the stirring conditions lead to turbulent
flow. Furthermore, it can be related to the presence of heterogeneous nucleation conditions
due to the presence of dust, burs or solid contaminants in the synthesis reaction medium. Then,
controlled stirring conditions, and the use of plain magnetic stir bar and clean materials, are
necessary to avoid or limit the coalescence.
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Figure 19. TEM pictures of coalesced nanopatrticles.

5.6.1.2. Silica bridges

The formation of silica bridges or necks between nanoparticles is also very common [7][29]. It
is the result of the extension of condensation process through adjacent nanoparticles once they
are almost formed (Figure 20). These bridges can appear as an elongation of silica-surfactant
mesostructures between nanoparticles. They can also be caused by the dissolution and
reprecipitation of silica species, because the solubility of silica on the surface of a spherical
particle with a positive curvature is greater than the solubility of a neck region with negative
curvature. Thus, during the nanoparticles formation, it can take place a net migration of silica
towards the bridges between nanoparticles, where silica tends to condensate [49].

Figure 20. Different TEM pictures of silica necks. Amorphous silica neck (a, b), templated silica neck (c, d), templated
silica neck parallel to pores of both adjacent nanoparticles (e, f). Arrows point the silica necks under consideration.

These interpretations justify that the formation of both bridges and coalescence between
nanoparticles take place during the synthesis reaction. In addition, it is remarkable that they are
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observable from samples taken directly from the reaction process by TEM characterisation.
Therefore, these phenomena seem to be independent from the surfactant removal process, the
storage and even the drying process.

As mentioned, the presence of coalesced or silica-necked nanoparticles is observable in TEM
images, being that a continuous matter of condensed silica network can be distinguished that
connects nanoparticles to each other. In addition, occasionally the silica bridge can be formed
by templated silica (with observable channels or pores), and even formed by channels that
connect two nanoparticles (Fig. 20).

The development of silica bridges is less avoidable than coalescence since they are produced by
softer conditions and intrinsic features of system, such as solubility of silica, stochastic collisions
due to Brownian motion and van der Waals interactions between nanoparticles. According to
the literature, there are some resources to avoid or minimise this aggregation between
nanoparticles. Most of the reported studies are based on preventing the direct contact between
nanoparticles [2] such as high dilution method, binary surfactant method, and modification of
silanol surface by co-condensation synthesis, among others, just as it is described in the review.

On the other hand, it has been reported the importance of understanding and controlling both
nucleation and growth steps. Some studies propose to separate and control these two steps to
improve the production of discrete, size-controlled and uniform nanoparticles, being that the
production of controlled and dispersed seeds or nuclei is crucial for the obtaining of discrete
MSN [24][106][107]. In fact, it has been observed that nanoparticles which are synthesised with
an initial core of metal has a narrower size distribution and less aggregation [2][108][109][110].
Some authors developed the so called seed-growth method that monitors the nucleation and
growth of nanoparticles by controlled attenuation of the reaction [59]. It is based, for instance,
on adding small portions of TEOS successively, and therewith, the silica hydrolysis rate is
regulated by changing the reaction environment.

However, as we showed in the previous review, most of the methods employed are not able to
eliminate in a significant way the formation of silica necks, being almost idiosyncratic in MSN
samples, especially for MCM-41-type MSN.

Finally, in order to minimise the formation of silica bridges it is possible to focus on optimising
the standard conditions for the synthesis of MSN. For example, Catalano et al. [100] studied the
influence of temperature, pH and reaction time in MCM-41-type MSN synthesis. They describe
that optimal temperature in the MSN synthesis for obtaining the best morphological and
mesoporosity properties and good dispersion in aqueous solution is 80 °C, the same as it was
previously reported by Cai et al. [23]. In fact, in relation with the reported effect by which higher
reaction temperature achieves less aggregation compared to low temperatures [7][111], it has
been found that the use of lower temperatures (60 or 70 °C) results in more aggregated
nanoparticles. Regarding the pH, Cai et al. used NaOH to produce a theoretical pH of ca. 12.2.
According to Catalano studies, this pH has been found to be the optimum value in the case of
MCM-41-type MSN to obtain well-formed nanoparticles in terms of size and dispersion. Lower
pH leads to smaller, less formed and more fused nanoparticles. Higher pH values produce larger
nanoparticles not so suitable for biomedical applications. About the reaction time, according to
Cai and Catalano, a value between 1 and 2 hours is optimal in terms of mesoporosity,
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nanoparticle size distribution and good dispersion properties. Our experiments in Chapter 3
showed that the optimal reaction time was 2 hours. Finally, what concerns to stirring rate, as we
observed and suggested above, extremely fast stirring speeds are related to particle aggregation
[50], finding an optimal stirring rate between 350 rpm and 500 rpm. Smaller stirring rates lead
to too low hydrolysis reaction and then large size and bean-shaped nanoparticles are formed.

5.6.1.3. Covalent bonds

Other type of irreversible aggregation that the nanoparticles can suffer is the formation of
covalent bonds between them once they are completely formed, namely, the formation of
siloxane bonds due to the condensation of silanol groups of different nanoparticles (Scheme 4).
These bonds are not observable by TEM characterisation and then, they are not distinguishable
from nanoparticles aggregated by physic interactions. It can be caused in the last stages of
nanoparticles synthesis reaction, but especially during the template removal, the subsequent
manipulation steps, and even during the storage in dried conditions. Then, measures to avoid
them are necessary both in synthesis reaction and in post-synthesis conditions. For all these
reasons, this type of aggregation is the most difficult one to evade and monitor.

el Bl

S

Scheme 4. Schematic representation of the formation of interparticle siloxane bonds.

The formation of any type of irreversible aggregation can be observed indirectly in the N,
adsorption-desorption isotherms. At high p/po values, the condensation due to the interparticle
porosity associated with the aggregation between nanoparticles can be observed. Thus, the
height of the sharp rise at these values is closely related to the aggregation. However, in dried
conditions, this value is also related with the disposition of nanoparticles to each other and the
space they create among them.

Concerning the precautions and resources for avoiding interparticle covalent bonds, they should
be the same as the ones used in the reaction synthesis for avoiding silica bridges. Nevertheless,
it must be taken into account that covalent bonds can be formed after the synthesis reaction.
Then, it is important to heed the conditions used in the subsequent steps, such as cooling down
process, pH neutralisation, isolation method (centrifugation, filtration, precipitation, or
evaporation) and drying approach (evaporation of water by high temperatures, vacuum, room
atmosphere or avoiding the nanoparticles drying). As we have suggested, during the mentioned
processes there is an irreversible transition from colloidal to agglomerated suspension and
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sedimentation, being the most probable cause of this transformation the formation of covalent
bonds between nanoparticles. Unfortunately, most of these steps are not well studied, tend to
be less standardised and are quite difficult to be controlled.

On the other hand, surfactant removal is considered to be a crucial step in the aggregation of
nanoparticles [49], particularly those related to the formation of covalent bonds between
silanols. For instance, calcination process is reported to lead to non-suspendible and aggregated
nanoparticles due to interparticle silanol groups condensation [24][2][112]. Even the solvent
extraction method is reported to affect to the colloidal stability of MSN, since the increase of
surfactant in the solvent can counteract the electrostatic repulsion between nanoparticles and
provoke their aggregation [20].

Finally, storage approach is also important for the preservation of unbound nanoparticles.
Several authors have described the importance of keeping the MSN samples always in a liquid
suspension and not drying them [61][113], being that the drying process facilitate the
aggregation of particles, maybe by the formation of interparticle siloxane bonds.

5.6.2. Sedimentation by physical agglomeration

Apart from the formation of irreversible or quasi-irreversible aggregates by chemical bonds,
MSN suspensions can also tend to agglomerate and sediment due to the formation of physical
and, a priori, reversible agglomerations. As it was described in the introduction, the
agglomeration between MSN depend on the forces acting over them, mainly the double layer
force, as a repulsive interaction, and the Van der Waals interactions, as an attractive one. Other
secondary forces can be found. For example, steric impediments act as repulsive forces, and
electrostatic forces can also produce attractive interaction in the case of opposite sign charges.
In addition, other attractive forces such as specific molecular affinity or molecular bridging can
be found [15]. In essence, the nanoparticles suspension systems will tend to minimise the
potential energy, and thus, going to an energy minimum. Depending on the parameters of the
corresponding MSN sample, the graph which describes their behaviour will be closer to
aggregated state (Figure 21A) or colloidal state (Figure 21B).

A Aggregated state B Colloidal state
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Figure 21. Potential energy calculations for different MSN samples in the (A) aggregated and (B) colloidal states as a
function of the attractive and repulsive forces acting over them. Adapted from reference [114]. Copyright © 2018
Elsevier.
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The stability of a MSN suspension can also be expressed as the difference between the energy
resulting from the contact between the nanoparticles and the solvent (in Fig. 21, larger distance
between nanoparticles), and the energy when the nanoparticles are in close contact (in Fig. 21,
distance between nanoparticles below 1 nm) [5][99]. This difference is associated with various
parameters, such as the size of the nanoparticles, their surface and surface charge and the
solvent employed [9]. It should be noted that some systems which have a maximum similar to
the one in the colloidal state graph but lower (Figure 21B), in some conditions can surpassed it
due to external forces and fall into the primary minimum, leading to the agglomeration of
nanoparticles.

It has to be noted that the bulk density of MCM-41-type MSN is 0.34 g/mL, according to some
suppliers (i.e. Sigma Aldrich). Therefore, the initial premise is that the MSN should not sink in
water or aqueous solutions and thus, their propensity should be to float, or at least not sink.
Nevertheless, the Archimedes principle is violated at the nanoscale, where in addition to the
difference in density, other parameters intervene in the suspendability of the particles, such as
Brownian motion, the size and morphology of the particles and the interactions with the fluid
[11]{215]{116].

5.6.2.1. Nanoparticles size

Regarding size of the nanoparticles, the smaller particle size gives rise to in more intense
attractive interactions between particles (van der Waals) and therefore, when the size of the
particles decreases, the agglomeration of particles is promoted [3]. In this context, some authors
report that small particles have a tendency to aggregate and form larger nanoparticles if their
size is smaller than 50 nm, resulting in polydispersed samples [117].

In this context, it seems to be clear that the obtaining of discrete and colloidal MSN in the micron
and sub-micron scale is more common, for example, using Stéber-like synthesis protocols.
Nevertheless, it has to be remarked that particles over micron range are not usually Brownian
particles, and therewith, they tend to sediment.

5.6.2.2. Dispersant medium

The medium in which the MSN are suspended plays an important role in their physicochemical
behaviour and, therefore, in their colloidal stability. The fluid determines the pH, the ionic
strength, and the possible presence of molecules that can interact with the nanoparticles.

In this sense, the increase of the amount of salts, and then, the increase of the ionic strength in
a MSN suspension tends to shield the electrostatic repulsion between nanoparticles, and then
favour the aggregation among them.

The presence of small molecules, proteins or polymers can affect in the same vein [6] or facilitate
the dispersion. Therefore, the suspendibility of nanoparticles in physiological media should be
studied taking into account these multifactorial implications.
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In case of organic solvents, we observe that is quite influent the presence of proton donors to
form hydrogen bonds with the nanoparticles. Then, aprotic solvents will suspended much worst
the MSN than protic ones. In this sense, some functionalisation with hydrophobic organosilanes
must to be done to stabilise a MSN suspension in nonprotic solvents [118].

5.6.2.3. Nanoparticles surface

Among the characteristics of the surface of nanoparticles that influence in their stability it can
be included the charge, the topography and the presence of steric hindrance on the surface.

The surface charge is the main repulsive force that keeps the nanoparticles dispersed. Some
authors report that nanoparticles must have a highly negative or positive { potential (< -30 mV
or >+30 mV) to be stable [119][120]. Nevertheless, the precise value depends on the size of the
nanoparticles and the medium in which the nanoparticles are going to be suspended. In this
context, one of the parameters that influences on the zeta potential is the pH. At acidic pH the
{ potential of MSN shifts towards positive values and at alkaline pH towards negative values. At
a certain pH value, the T potential becomes neutral (isoelectric point) and corresponds to the
conditions in which the nanoparticles are less stable. In consequence, neutral, and especially
hydrophobic surfaces on MSN result in very unstable suspensions if they are suspended in polar
or aqueous solvents. In the case of bare MSN, below pH 5 they will be mostly neutral, and
therefore more oriented to aggregate and sediment (Figure 22). In this sense, it should be noted
that the physiological pH varies from 4 to 7.5, in which range the bare MSN present a { potential
from neutral to moderately negative (with a maximum of ca. -25 mV). In addition, distilled and
deionised water usually present a pH around 5-6, since the dissolution of atmospheric CO;
produces a slight acidification. Therefore, bare MSN tend to be only slightly dispersible at these
conditions. The functionalisation with charged groups can shift the { potential to higher values,
either negatives or positives. For example, the functionalisation with amine groups confers to
the { potential of the MSN higher values than +40 mV at pH 6, but it is sharply reduced above
pH 7. The functionalisation with carboxylate groups provides values lower than -30 mV above
pH 5 [121]. On the other hand, as-made MSN possess a positive { potential in distilled water ca.
40 mV, and for this reason, they can be more stable in suspension. This fact is observed in
bibliography, where DLS measurements of as-made MSN usually indicate the colloidal behaviour
of samples.
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Figure 22. { potential curves as a function of pH at constant ionic strength of MSN (black squares), amino-MSN (blue
triangles) and carboxy-MSN (red circles). Reprinted from reference [121]. Copyright © 2015 Royal Society of
Chemistry.

Regarding the topography of MSN surface, it can be smoother or rougher. In case of a rough
surface, the interaction between the nanoparticles can be reduced and therefore, the Van der
Waals forces will also decrease, increasing the stability of the suspension. However, accordingly
to the observations reported by Paula et al. [6] this influence is variable, and depends on many
other parameters.

Additionally, the presence of steric hindrance provided by polymers such as PEG or entities as
lipid bilayer confers to the MSN suspensions greater stability. This is the result of the obstruction
the polymers provoke, which reduce the interaction between the nanoparticles [122]. In
addition, these steric agents are usually highly solvated with a considerable thick layer of water,
which acts as a hindrance too. Our experimental assays in this chapter support this fact.

5.6.2.4. Nanoparticles concentration

The amount of MSN in a suspension determines the number of collisions and the distance
between them. Thus, higher concentrations lead to a higher amount of collisions and shorter
distances. According to the potential energy graph, at very short distances (below 5 nm) the
energy is minimised in the so called primary minimum, which provokes the aggregation of
nanoparticles. Similarly, the increase of collisions causes the agglomeration between them. We
observed the same tendency experimentally.

Therefore, limiting the concentration of nanoparticles in the different steps of synthesis and
functionalisation can be recommended to avoid their agglomeration, the formation of
interparticle bonds, etc.

5.6.2.5. Characterisation

The physical agglomeration of MSN can be characterised by several methods [15] but it is not
always easy to be distinguished from the chemical aggregation.

179



Chapter 5

Throughout this chapter we have developed some methodologies to determine the colloidal
stability of the nanoparticles in suspension, as well as the presence of aggregates. In the
literature we can find some of them and many others, such as dynamic light scattering,
nanoparticles tracking analysis or conventional light scattering [123], as well as small-angle
scattering of light, neutrons, or X-rays. Even some studies propose the use of atomic force
microscopy (AFM) for the characterisation of the aggregation of nanoparticles. The advantage
of these methods is that they are compatible with suspended samples, and it is not necessary
to isolate or dry the sample.

On the other hand, electron microscopy, particularly transmission method, is a widely reported
technique as used for that purpose. Nevertheless, some limitations can be found, such as
obtaining 2D-images of 3D-objects, so the information is not complete. In this context, the
agglomerated but not fused nanoparticles can be sometimes distinguished in TEM images due
to the presence of perceptible silica bridges. However, agglomerated nanoparticles cannot be
discriminated from particles attached by covalent bonds. Another limitation of the methodology
is that nanoparticles suspensions must be dried in order to be observed in electron microscopy,
which can induce additional aggregation due to capillary forces.

5.6.3. From physical interactions to chemical aggregation

It must be mentioned that, in general, colloidal suspensions can suffer a transition from physical
interactions to chemical aggregation, also known as sintering [15]. Thus, both interaction types
cannot be treated as two perfectly separated and isolated pockets. In this sense, albeit the
formation of interparticle covalent bonds over the life of MSN can be common, this process is
promoted if the van der Waals and other attractive interactions dominate, being that there is
an increased contact between the nanoparticles, in both dried and suspended ones.

In addition, this process can explain the transition from colloidal to agglomerated nanoparticles,
which is especially observed after nanoparticles synthesis, where flocs are formed, or after
drying step, in which abundant populations of large aggregates appear.

5.6.4. Colloidal MSN manipulation

In relationship with the previously mentioned issues, the obtaining of colloidal and stable MSN
leads to the appearance of other obstacles associated with their manipulation. There are mainly
two processes associated with this, the isolation and collection of the nanoparticles from the
suspension, and the storage and stability of the suspension.

5.6.4.1. Colloidal MSN isolation

It must be understood that through the MSN synthesis and functionalisation steps some washing
steps or solvents changes are needed. Thus, the isolation of nanoparticles from their dispersant
is required. Taking into account that colloidal suspensions cannot be filtrated or centrifuged by
conventional methods, some alternatives must be found.
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In case of centrifugation, high centrifugal forces must be applied, being that a low centrifugation
will only decant the most unstable particles of the suspension. Some authors described the
application of relative centrifugal force above 40,000 to decant colloidal MSN [7][49][63], for
which ultracentrifugation equipment is needed. However, common MSN samples can be pellet
just applying relatively low relative centrifugal force (around 10,000 rcf), since their colloidal
stability is not so strong. In those cases, the fraction of perfectly stable and dispersed particles
present in MSN suspension will remain in the supernatant if sufficient centrifugal force is not
applied to make them decant. Indeed, this fact produces that, in the progressive steps of
synthesis and functionalisation of MSN, the more stable and dispersed nanoparticles population
is washed and thrown with the supernatant.

In case of filtration, other obstacles can appear. First, the filter must have a small enough pore
to retain the nanoparticles on it (generally below micron scale); otherwise, the nanoparticles
will cross the filter and be lost in the supernatant or cannot be separated from the dispersant.
Secondly, considering that the pores of the filters must be below the micron range, it is quite
probable that the suspension seals the filter by accumulation of the sample on the filtering
matrix. This phenomenon is intensified with the presence of small aggregates or artefacts, such
as dust or salt crystals. Some filters used in this context are membrane circles with a pore size
0.2 or 0.45 um of different materials (nylon, PTFE, etc.) [79]; filtering paper n2 5, which a slightly
larger pore size, around 2.5 um [58]; or fritted filter funnels n25, with pore sizes in the range
from 1to 1.6 um.

On the other hand, alternative isolation methods have been reported. Yamada et al. [60]
described that they dried the sample by heating the colloidal MSN at 120 °C for 12 h, that is, by
evaporating the solvent. Nevertheless, as it was mentioned throughout the text, the drying
process has been suggested to be associated with the aggregation of MSN. In this context, some
studies are focused on finding alternative drying methods to reduce their effect on the MSN
stability and structure, such as freeze-drying [15][20][58].

In summary, the centrifugation, filtration or evaporation processes can provoke the loss of
colloidal stability, either by sintering (meaning, the formation of irreversible bonds between
nanoparticles) or due to the changes in the dispersant conditions, in terms of pH, salt and
molecules composition, temperature, etc. In this sense, the more aggressive conditions used for
the nanoparticles isolation, the more possibility to lose the colloidal properties.

5.6.4.2. Colloidal MSN storage

An additional important step to focus on in this context is the storage of MSN, either at short-
term and long-term. In terms of avoiding the loss of colloidal behaviour derived from drying the
MSN, some of authors described the storage of colloidal MSN in ethanolic suspension
[6][631[99]. It has to be remarked that the suspension of MSN in ethanolic suspension is limited
to the storage of bare MSN or those MSN whose functionalisation is compatible with ethanol
dispersion. In case of the systems prepared to operate in aqueous solution, such as the
molecular gates or targeting agents, a conformational change can occur in the presence of
ethanol. Thus, they can unspecifically release the cargo inside the pores over time, or simply,
inactivate the function of the present organic molecules. This is especially problematic in case
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of the functionalisation with biomolecules, which are highly employed in biomedical
applications and are usually incompatible with ethanol or other organic solvents.

Other authors suggest storing the nanoparticles in suspension by adding repulsive or steric
stabilisers, and only dry them after that [15]. For example, Schneid et al. [20] proposed the use
of BSA to protect the MSN during the drying process and guarantee the redispersibility of MSN
after that.

In contrast, the protocol used by Bouchoucha and co-workers [57] and derived studies, can
produce robust colloidal MSN avoiding the storage of the nanoparticles in suspension. They
reported the colloidal behaviour of their nanoparticles suspensions even after drying and
calcination of the samples. Therefore, the implications of drying the nanoparticles are not very
clear, and can be fairly influenced by the nanoparticles type.
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5.7. CONCLUSIONS

The obtaining of colloidal MSN is highly sought after by researches, especially for biomedical
applications. However, despite the efforts made in this regard, the state of the art is still far from
preparing discrete, monodisperse, colloidal, reproducible and scalable synthesis of MSN,
necessary requirements for conducting clinical trials.

We can affirm that every step in the synthesis and manipulation of nanoparticles influences the
obtaining of discrete and colloidal nanoparticles. On the one hand, it can be necessary to achieve
a fine control of the synthesis processes, such as the silica-surfactant templating, the nucleation
and the nanoparticle growth. Generally, these processes are related to large fusions and
coalescence. The literature is full of studies to optimise these processes, but they are not always
effective. On the other hand, other steps that normally are not on the focus have been
demonstrated to reasonably influence in this issue. Some of these steps are the manner to stop
the reaction synthesis (diluting or washing with distilled water, adding acid to neutralise the pH),
the way to separate de solid from the reaction media (filtration, centrifugation, evaporation),
the drying method applied (heat, vacuum or avoiding drying the nanoparticles), and the storage
employed (in dry, ethanol suspension, dried atmosphere). Particularly, they can be involved in
the formation of interparticle covalent bonds and physic agglomeration, which could be related
to the transition from colloidal to agglomerated samples. Furthermore, functionalisation is liable
to cause aggregation of nanoparticles and loss of colloidal properties or, on the contrary,
improve the colloidal stability, mainly through the addition of steric and electrostatic hindrance,
especially in case of PEGylation. Finally, the sample preparation (grinding and sonication), the
properties of the suspension media (the ionic strength, the presence of stabilising molecules,
the presence of H to form hydrogen bonds, the polarity, etc.) and the concentration of
nanoparticles have been found to have a crucial role in the colloidal stability of MSN, even
greater than synthesis modifications.

With all of that in mind, one of the approaches to deal with the obtaining of colloidal MSN is
following the maxima “keep it simple”. According to the literature and the experimental and
theoretical observations, the use of complex protocols, the addition of co-surfactants, the
ageing, the high dilution and other resources do not suppose important improvements in the
obtaining of colloidal MSN. The limitations in the nanoscale materials manufacturing, the silica
chemistry, and especially, the scalable and cost-effective production, are barriers hardly to
overcome if the strategy consists in find the perfect protocol to prepare stable, colloidal and
monodisperse MSN. On the contrary, the approach to go on the safe side is to know the
limitations the MSN employed and starting from them to find the way to reduce them or deal
with them. In this sense, drawing from the standard synthesis of MCM-41-type MSN [23] final
preparations of colloidal suspensions of functionalised nanoparticles can be obtained. The more
efficient action is based on optimising the functionalisation in terms of surface charge or steric
hindrance to limit the agglomeration and sedimentation of nanoparticles, as well as applying
centrifuge pulses or decantation processes to remove from the sample those large sediments
and aggregates formed in each step of the MSN synthesis and functionalisation. Additionally,
some studied parameters (dispersant medium, nanoparticles concentration and sonication
time) are quite important in terms of working with stable suspensions of MSN, either in case of
their functionalisation or their use in biological applications. They do not require an
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overexertion, neither they are cost-effective nor time-consuming, becoming simple measures
to work with suspended nanoparticles. Finally, bearing in mind this strategy, it is reasonably that
the final and colloidal suspensions obtained will include not only single nanoparticles, but also
dimers, trimers and other small oligomers, which achieve similar behaviour than single ones in
terms of colloidal properties.
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Chapter 6

6. THE IMPLICATIONS OF CALCINATION AND EXTRACTION OF
THE SURFACTANT IN MCM-41-TYPE MSN

6.1. INTRODUCTION

6.1.1. Surfactant removal of MSN

Surfactant is an essential agent to synthesise MSN by a template-directed method.
Nevertheless, once MSN are formed, the elimination of the surfactant from the pores is
mandatory in almost all the cases. In this sense, the pores must be emptied to host inside them
other compounds, such as active pharmaceutical ingredients or dyes. On the other hand, the
presence of surfactant can cause cytotoxicity when the particles are used in biomedical
applications. In case of CTAB, which is the main surfactant used in the synthesis of MCM-41-type
MSN, their toxicity is found even at residual concentrations [1][2][3].

In the last decades, different methods to eliminate the surfactant have been developed, such as
calcination, extraction, or dialysis. Regarding the procedure employed, the properties of the
nanoparticles can be strongly affected. Some parameters influenced by the elimination
procedure are the surfactant elimination efficiency [4][3], the silica condensation degree [5], the
mesoporosity [4][6] and the aggregation between nanoparticles [7][8][9]. Therefore, the
removal of the surfactant plays an important role in the preparation of MSN, whose implications
must be studied in a systematic manner.

According to that, the elimination of surfactant is not a trivial issue and presents some
limitations. In this context, even some groups decided to use of non-surfactant templates in the
synthesis of MSN [10].

6.1.1.1. Calcination

Calcination is the most frequently applied method to remove the surfactant, due to its simplicity
and effectivity [11]. It is based on the thermal treatment of samples in order to provoke the
combustion and oxidation of the organic compounds. The temperature and time required to
eliminate the surfactant depends on the surfactant employed. In case of non-ionic co-polymer
surfactants, the temperature employed is in the range of 300 to 350 °C [5][12]. However, the
cationic surfactants, such as the CTAB, are more difficult to be removed due to the strong
interactions between the silica framework and the surfactant molecules. Hence, higher
temperatures in the range of 450 °C to 600 °C are required, as lower ones lead to incomplete
decomposition [3][10][12]. The most frequently reported calcination temperature to remove
the CTAB in MSN is 550 °C ([13][14][15][16][17]). Additionally, during the calcination process,
the silicate framework is consolidated via thermal condensation of non-bound silanol groups
and elimination of structural defects [11][18]. This consolidation gives rise to strengthened and
more stable materials [5].

Nevertheless, the calcination and the derived consolidation of the framework has also negative
implications, as an strong condensation of the silanols on the surface [5][19], which reduces the
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number of silanol groups compared to the as-made samples [11]. This reduction affects to the
reactivity of MSN surface, since its functionalisation capacity is minimised [5]. Besides, the
calcination process is incompatible with the co-condensation synthesis method or the
functionalisation prior to the surfactant elimination [11].

Furthermore, high condensation of silanols provokes significant network shrinkage, which can
impair the mesostructured framework of MSN [5][20][21]. Apart from this, it is also reported
that calcination induces significant agglomeration of nanoparticles due to the formation of
interparticle bonds [7][8][9][11][19].

In this context, some authors reported the application of calcination at lower temperatures [5],
such as 500 °C [22][23][24][25], but they did not explain the implications in the silica framework
with respect to the temperature chosen. In fact, most of them belong to the first studies on
mesoporous materials in the 90s.

6.1.1.2. Solvent extraction

The solvent extraction procedure was developed to avoid the disadvantages the calcination
presents [26]. It consists of the elimination of surfactant by washing it with specific solutions.
The solutions employed must be able to weaken the bonds between the silica surface and the
surfactant. Generally, the process is facilitated using refluxing conditions. In case of ionic
surfactants, ionic exchange is required to replace the electrostatic bonds between the silica and
the surfactant. For this purpose, the solutions prepared to wash the CTAB include a cation by
which the cation CTA" is substituted. Some examples are the use of HCI [2][3][27][28][29][30],
NaCl [31][32] or NH4NOs [33][34][1]. On the other hand, the solubilisation of the surfactant is
important in this process, so the solvents used are those in which the CTAB is strongly soluble.
The most commonly used are ethanol [35] and methanol [27][34], but other solvents can be
used, such as 1,4-dioxane [29]. Regarding the effectiveness of complete template removal, some
studies report the extraction with NH4sNOs5 or HCl remove completely the FTIR bands associated
to CTA" [3][14][34][36][37], although other studies differ [2][29].

In the case of the use of an extraction method, the silanol condensation is much lower than that
provoked by calcination [9]. Consequently, the amount of silanol groups on the surface is higher,
obtaining suitable materials to be functionalised. In this sense, extraction is a less aggressive
method that provokes less shrinkage in the network. In addition, the method is compatible with
co-condensed materials and its prior functionalisation [11]. Although, as a counterpart,
extracted materials are less consolidated and lack of hydrothermal stability [18].

Another advantage found in the reported extraction procedures is its compatibility with the
suspendability of nanoparticles. When extraction procedures are used the suspended
nanoparticles do not need to be dried, and that is the reason why this method can be
transferable to colloidal MSN [19]. Additionally, the use of extraction method is also reported to
be involved in the dissociation of interparticle silanol bonds [11].

Nevertheless, the main limitation that can be found in extraction method is that some template
usually remains in the inside of the mesopores due to strong electrostatic or hydrogen bonding
interactions [2][4] [11][18], which can be associated with the materials cytotoxicity [6]. In
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addition, the template elimination by solvent extraction is usually time consuming, it requires
large volume of solvents, which, in spite of the possibility of being recycled, present difficulties
in the scalability of the process and environmental implications [10][11][18]. It is also reported
that the repeated exposure to organic solvents during extraction may result in possible
accumulation of free radicals in the MSN and unexpected negative consequences toward cells

[6].

6.1.1.3. Other methods

Alternative methods have been developed in order to find suitable surfactant removal
procedures according to the applications of the materials. For example, some authors have
applied dialysis to remove the template. This procedure is mainly based on the same principles
as solvent extraction. However, it uses a dialysis membrane to retain the nanoparticles and
facilitate the sequential renewal of the solvent in order to shift the equilibrium and force the
exchange and removal of the surfactant. The solution most commonly employed is acetic acid
in ethanol [38][39][40][41], but other salts such as NaCl [42] or solvents such as 2-propanol [43]
are also used. The method is reported to be effective in the complete elimination of surfactant
[39][44][45]. Other advantages of using this method are that the silica framework barely varies
after being dialysed and the silanol condensation is quite limited [40], although the main benefit
is its compatible use with colloidal and disperse MSN, since it avoids the dry-resuspension cycles
and the sharp changes in solvent or solutions [9][41][44][46]. Nevertheless, the dialysis process
is steeply time-consuming, in the range of several days to weeks. Moreover, it requires a large
amount of solvents, which provokes limitations in the field of natural environment and costs for
a scalable production [34].

The treatment of MSN with hydrogen peroxide was also developed to remove polymeric
templates [11][47]. It is based on advanced oxidation process, via reactive oxygen species (such
as OH’), which are able to completely degrade the organic compounds into CO, and H,0.
Compared to calcination and extraction methods, the shrinkage is reduced, and high relative
surface and pore volumes are obtained. Additionally, the number of silanol groups in the surface
are large. Nevertheless, the procedure is time consuming and requires the use of an iron
catalyst, which can lead to the presence of iron residues.

Other less common methods have been developed, such as ether cleavage [11], pyrolysis in N,
flow [12], methanol-enhanced supercritical CO, extraction [48], non-thermal plasma oxidation
[20][49] and methods derived from calcination, such as rapid calcination or microwave-assisted
calcination [11] or liquid-phase calcination [7].

6.1.2. Silanol groups in MSN

The proportion of silanol groups in the MSN is closely related to the method employed for the
surfactant removal. These silanol groups play an important role in some properties of the MSN
such as their surface reactivity [6]. Also, the surface charge is associated with the presence of
the silanol groups since they can be deprotonated to form silanolates, which are negatively
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charged. The negative charge that the surface of the MSN acquires can be determinant in the
formation of electrostatic repulsive forces that hinder the aggregation and sedimentation of
particles. Furthermore, the silanol groups give the surface of the nanoparticles certain polarity
and ability to form hydrogen bonds with aqueous or protic solvents. The siloxane bonds on the
surface can lead to increased hydrophobicity and reduced negative charge on the surface, for
example [47]. In this sense, the chemistry of the MSN surface, determined mainly by the
presence of silanol groups, influences the adsorption capacity of some molecules, such as gases
[50], as well as the interaction with specific molecules, such as drugs, dyes or other active
pharmaceutical ingredients [6][51]. Even, it has be reported the relation between the amount
of silanol groups and the toxicity or haemolytic activity of nanoparticles [52][53].

The silanol groups found in MSN can be classified into different types according to their position
in the nanoparticle, their connectivity with silica tetrahedron and the proximity to each other
[50][54]. In Figure 1 a schematic representation of the types of silanol groups are shown. On the
one hand, regarding their position in the nanoparticles, they can be found in the external
surface, the mesopores surface or the internal framework of the nanoparticles. In this sense, it
is estimated that the external silanol groups represent only the 6% of the total silanol groups in
a particle [55]. On the other hand, in respect of their connectivity with silica atoms, they can be
isolated silanol groups when silicon is Qs type (=Si-OH), or geminal silanol groups in case of Q,
silicon (=Si-(OH),), namely, a silicon atom that is bonded to two “OH” groups. Finally, with regard
to their proximity to each other, they can be isolated or vicinal, that is, if they are close enough
to interact and form hydrogen bonds among them. By contrast, if silanol groups are condensed
and they form siloxane bonds, the silicon state is Q4 (=Si-O-Si=).

Isolated silanol J-| \ Geminal silanol
Qz o) O Q2
| o-H
0

i — O,
\H Vicinal silanol

5i —O @

\

H

Siloxane bonds
Qa

Figure 1. Schematic representation of silanols types in MSN. Adapted from reference [50]. Copyright © 2005
Springer.

The formation of silanol groups usually occurs during the course of MSN synthesis, due to the
incomplete condensation of the silica obtained from the hydrolysed precursor molecules. This
can be because the silanol groups are not close enough to react and/or the reaction is not
thermodynamically or cinematically favoured due to temperature, pH, or time conditions. It
should be noted that hydrolysis and condensation of silica occur in a dynamic equilibrium during
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the MSN synthesis. On the other hand, the silanol groups can also be formed through
rehydroxylation of condensed siloxane groups in favourable conditions (acidic or alkaline pH,
high temperature, aqueous solutions) [50]. For example, this can be produced by solvent
extraction method or hydrothermal treatments [11].

6.1.3. Biodegradation of MSN

The presence of silanol groups and, ultimately, the silica polymerisation degree of MSN is closely
related to their ability to be degraded in determined conditions. This is particularly relevant
within the biomedical applications, in which the MSN must be biodegraded in physiological fluids
and in an in vivo context. Therefore, many researchers in the field of nanomaterials and
nanomedicine have focused on this topic in recent years.

In order to develop safe nanomaterials and achieve clinical trials, MSN must be eliminated from
the body. The organism has excretion systems that are able to remove soluble molecules and
very small particles (< 5 nm) mainly by renal clearance. To that end, MSN must be degraded into
orthosilicic acid, Si(OH),, or derived silica oligomers, which are solubilised in aqueous solutions
[6]. This degradation process consists of the breakage, through the hydrolysis, of siloxane bonds
(Si-0-Si) by the nucleophilic attack of H,O molecules, but specially OH" anions [56][57].

Therefore, two challenges appear in the development of safe and effective MSN in the
biomedical context. On the one hand, the obtaining of stable MSN for a period of time that
allows the efficient drug loading and functionalisation, as well as their distribution in the
organism, the reach to the target organs and the effective release in them [58]. On the other
hand, these nanomaterials must be degraded and cleared after their biomedical mission, and
they must not accumulate in the body in the long term.

In several in vitro and in vivo assays MSN have been demonstrated to be biodegradable materials
in physiological conditions [56][59]. Nevertheless, they tend to accumulate in the
reticuloendothelial (RES)-related organs, such as liver and spleen, where their clearance can take
several weeks or even months due to their low degradation rate [60][61][62]. In fact, some
toxicity associated with the long-term accumulation has been found [63][64][65]. In this sense,
the mechanism and kinetics of MSN degradation are complex processes that depend on the
specific properties of the nanoparticles themselves and the surrounding environment [66].

6.1.3.1. Parameters which influence the degradation rate

The rate of silica dissolution or degradation depends on different parameters, such as the
concentration of nanoparticles, their structure and surface, the functionalisation, and the
degree of condensation of the silica.

The concentration of nanoparticles has been considered very influent on their degradation,
since the dissolution of silica, via formation of Si(OH)4, is limited to its solubility constant. Hence,
over determined silica concentration, the solubilisation of Si(OH)s molecules is saturated and
the degradation rate is hindered. Consequently, huge differences in degradation rates have
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been observed when low or high MSN concentrations are compared [59][67]. In this context,
the diffusion of the nanoparticles throughout an organism may help to their degradation, while
the concentration in specific organs in higher concentrations may provoke the opposite effect.

On the other hand, some authors demonstrated that the degradation of MSN is independent of
the nanoparticles size, but it is highly dependent of the specific surface area and porosity
[40][67][68][69]. In particular, the degradation rate can be associated with the amount of
surface which is in contact with water molecules. Hence, it has been also observed that colloidal
MSN had higher degradation behaviour than aggregated ones, whose surface was partially
impeded [40].

As it was mentioned, the silica condensation degree and the presence of silanol groups are also
quite influent on the nanoparticles degradation rate [56][70]. In fact, it has been reported that
the silanol groups are the initial point for the silica degradation when MSN are suspended in
biological fluids [71]. The condensation of silica framework can be determined by the synthesis
method, and especially, the surfactant removal procedure. Some synthesis approaches such as
low temperature sol-gel synthesis [56], biphasic stratification [64] or free-surfactant method
[72] have been used to reduce the silica condensation degree and favour the degradation.
Regarding the surfactant elimination method, calcined samples are highly consolidated, and
therewith, tend to show remarkably low degradation percentages [67][73][59][74] in
comparison with extracted MSN, which present low structural consolidation [75]. However,
Bhavsar et al. [76] reported the complete degradation of MSN calcined at 540 °C, in both in vitro
and in vivo studies in less than a week. On the other hand, dialysed MSN presents very low
consolidation, similar to extracted ones, which leads to the obtaining of highly degradable MSN
[40][77].

The surface functionalisation of MSN has also been demonstrated to promote their hydration
and hydrolysis progress, as the functional groups can act as sites to initiate the hydrolysis of the
silica [77].

Finally, the surrounding media and environment are also involved in the biodegradation of
nanoparticles. The presence of ions in the fluid, such as in the physiological one, favours the
degradation process [66] . The pH of the solution can facilitate or slow down the degradation,
due to the dependence of the hydrolysis rate with the pH, being higher at alkaline and acidic pH
[9]. In this context, the media that generally are used for in vitro assays try to simulate the
physiological conditions in terms of pH and saline composition and hence, should facilitate the
degradation of the nanoparticles. Some media used are PBS at pH 5 and 7.4, simulated buffer
fluid (SBF) or cell culture media (like DMEM). Additionally, some complementary components
such as foetal bovine serum (FBS) or glutathione reduced (GSH) can be added. The temperature
is also influent in the kinetics of the degradation [78] and it has to be set at a physiological value
(37 °C).

6.1.3.2. Strategies for promoting the degradation rate
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Some effective strategies to improve the MSN degradation have been attempted in the last
years [56]. These approaches include modifying the nanoparticles composition or surface as well
as including stimuli-responsive bonds within the silica framework [79].

On the one hand, there are many studies that report the improvement of degradation behaviour
from doping with metal oxides. The coordination bonds the metals stablish inside the silica
network facilitates its degradability in the physiological fluids [32]. In this context, degradability
has been successfully achieved with the introduction of metals like calcium [74][80], iron [81],
copper [82][83], magnesium and zinc [84], and manganese [32].

On the other hand, the incorporation of organo-bridged alkoxysilanes can help the degradation
of MSN framework under specific and controlled conditions, as they can be formed by different
organic functional groups [85][62]. They can be prepared by adding organosilanes during the
MSN synthesis, which intercalate within the silica framework. Thus, both diselenide [86] and
disulphide [64] bridges have been added to MSN in order to promote the degradation through
the bio-reducing cellular environment. Carbon dots have also been incorporated into MSN,
conferring them swelling and hydrolysable Si-C bonds [87].

6.1.4. Conclusions and outlook

In this context, the objective we have set for the present work has been to carry out a systematic
study on the implications of the use of different surfactant removal procedures on standard
MCM-41-type MSN. The methods tested have been the calcination at different temperatures
(400, 450, 500 and 550 °C) and the solvent extraction by using HCl-ethanol and NH4NOs-ethanol
mixtures. Then, some physicochemical properties of the calcined and extracted samples such as
the surfactant presence after the elimination step, the silica condensation degree, the
mesostructured framework, the colloidal stability, and the surface reactivity, were analysed. In
addition, the biocompatibility of nanoparticles was tested, as well as their degradation in a
simulated physiological environment, to validate their use in biomedical applications.
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6.2. MATERIALS AND METHODS

6.2.1. Chemicals

The compounds tetraethylorthosilicate (TEQOS), 1-hexadecyltrimethylammonium bromide
(CTAB), sodium hydroxide (NaOH), Dulbecco’s Phosphate Buffered Saline (PBS), ammonium
nitrate (NH4NO3), (3-aminopropyl)triethoxysilane (APTES) and (3-
isocyanatopropyl)triethoxysilane (IPTES) were purchased from Sigma-Aldrich. Hydrochloric acid
37% (HCl), acetonitrile, and absolute ethanol were purchased from Scharlab.

6.2.2. General techniques

Transmission electron microscopy (TEM), N; adsorption—desorption isotherms, powder X-ray
diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), solid-state nuclear magnetic
resonance (NMR), thermogravimetric analysis (TGA), dynamic light scattering (DLS),
electrophoretic light scattering (ELS) and UV-Visible spectroscopy were used in order to
characterize the prepared materials. The instruments used were the following: JEOL JEM-1010
microscope for TEM images acquisitions; Bruker D8 Advance diffractometer (Cu Ka radiation)
for PXRD measurements; Micromeritics ASAP 2010 automated analyser for recording of
N, adsorption—desorption isotherms, samples were degassed at 120 °C in vacuum overnight.
The specific surface areas were calculated from the adsorption data within the low-pressure
range using the BET (Brunauer—Emmett-Teller) model. Pore size distribution was determined
following the BJH (Barrett—Joyner—Halenda) method. A Bruker Tensor 27 instrument was used
to record infrared spectra. ss-NMR were performed in Bruker Avance Il 400 WB
spectrophotometer. Particle size and 3 potential in solution were measured by ZetaSizer Nano
ZS (Malvern Instruments Ltd.) equipped with a laser of 633 nm and collecting the signal at
173°. FTIR measurements were taken by Bruker Tensor 27 spectrometer. UV-visible
measurements were recorded with a JASCO V-650 Spectrophotometer.

6.2.3. Synthesis of nanoparticles

1 g of CTAB (2.74 mmol) was mixed with 480 mL of deionised water in a 1L (10.5 cm of outer
diameter) cylindrical beaker. The mixture was heated at 50 °C and stirred with a cylindrical and
plain magnetic stir bar (60mm long and 15mm diameter) at 500 rpm to dissolve the surfactant.
Then, 280 mg of NaOH (7 mmol) dissolved in 3.5 mL of deionised water were added, and the
temperature solution was adjusted to 80 °C. A watch glass was placed to cover the beaker to
minimize the evaporation solvent and therefore to avoid the volume decreasing during the
reaction. When the temperature reached 80 °C, 5 mL of TEOS (25.7 mmol) were added dropwise,
using syringe and needle. Soon after, a white precipitate appeared. The mixture was stirred for
2 h. After this time, the suspension was cooled at room temperature, and the solid product was
vacuum filtered in a Buchner filtering device over a filter paper (Whatman™ Grade 3MM Chr)
and deionised water was added until neutralising the suspension. Then, the solid was dried
under vacuum and grinded to obtain a white powder, named MSN-as made.

6.2.4. Surfactant removal

After the synthesis, different methods were employed to remove the surfactant. Calcination:
MSN-as made was calcined in an oxidant atmosphere for 5 hours at 400, 450, 500 and 550 °C,
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to obtain respectively MSN-400, MSN-450, MSN-500 and MSN-550. Extraction: the solid was
extracted using different solvents. First, 300 mg of the MSN-as made solid were suspended and
briefly sonicated in 6 ml of fuming HCl in 100 ml ethanol. The suspension was refluxed for 2
hours and washed with ethanol three times. Three cycles of refluxing-washing were performed.
The solid was dried during 24 hours at 37°C and finally ground. The obtained material was called
MSN-extHCI. A similar procedure was followed for the surfactant extraction with ammonium
nitrate, but the extracting solution was prepared with 2 mg of NHsNOs in 100 ml of ethanol. The
solid obtained was called MSN-extNH4NOs.

6.2.5. DLS measurements

DLS samples were prepared suspending and sonicating generously the nanoparticles in distilled
water (1 mg NP/ml) and spinning them briefly (at 10,000 rpm) to remove the presence of large
aggregates or sedimentation and get quality measurements. ELS samples were prepared
suspending and sonicating generously the nanoparticles in distilled water (10 mg NP/ml) and
spinning them briefly (at 10,000 rpm) to remove the presence of large aggregates or
sedimentation, which would have disturbed the electrophoretic movement measurements.

6.2.6. Suspendability assays

The nanoparticles were suspended at 5 mg/ml concentration in distilled water and sonicated for
1 hour. The samples were subjected to increasing spin pulses (at 1200, 2500, 5000, 7500, 10000
and 12500 rpm) and the UV light attenuation at 800 nm was measured. The procedure is
developed in Chapter 2.

6.2.7. MSN functionalisation

Calcined samples were functionalised with APTES and IPTES. 100 mg of each sample (MSN-
temp) were suspended and briefly sonicated in 6 mL of acetonitrile. Every sample was split in
two vials (3 mL per vial) and 53 pL of APTES or 59 pL IPTES were respectively added to each
suspension. The mixtures were stirred for 5.5 hours at room temperature. Then, the samples
were centrifuged and washed with acetonitrile three times. Finally, the solids were dried at 70
°C. The solids obtained were called MSN-temp-NH; and MSN-temp-NCO, where ‘temp’
corresponded to the calcination temperature of each sample.

6.2.8. Biocompatibility assays

The in vitro cytotoxicity assays were performed on human brain glioblastoma cells (LN-18). Cell
culture was incubated in Dulbecco's Modified Eagle Medium (DMEM) high glucose
supplemented (Sigma-Aldrich) with 10% of serum foetal bovine (SFB) (Sigma-Aldrich) and in 5%
CO; at 37 °Cand underwent passage twice a week. The nanoparticles used to treat the cells were
suspended and generously sonicated in DMEM-SFB. Cells were treated for 4 hours and
incubated with fresh media. At 72 hours, 10 pL of WST-1 reagent (Roche Applied Science) were
added to each well (in a 96-well microtiter plate) and were incubated for 1 hour at 37 °C. The
absorbance, directly related with cell activity, was read at 440 nm. Cell viability measurements
were taken in a Wallac 1420 Victor2 Microplate Reader (Perkin Elmer).

6.2.9. Degradation assays
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Nanoparticles were suspended at 1 mg/mL concentration in PBS and generously sonicated.
Then, the suspension was stirred with a magnetic stirrer for 2 weeks at room temperature. Small
aliquots (50uL) were collected after 1, 4, 7 and 14 days, and studied by transmission electron
microscopy. After collecting each aliquot, the nanoparticles suspension was centrifuged and
then resuspended in fresh PBS to avoid saturation on silicic acid of the media and facilitate the
degradation process.

6.2.10. Image analysis

TEM images were used to analyse the properties of MSN, such as their size or mesoporosity. At
least 200 particles for each sample were counted to obtain the diameter data and the
percentage of nanoparticles with mesoporosity. Nanoparticles were considered to possess
mesoporosity only if clear hexagonal ordering of the pores or parallel channels could be
observed.
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6.3. RESULTS AND DISCUSSION

6.3.1. Synthesis and surfactant removal

The MCM-41-type MSN were synthesised according to the protocol described in the
experimental section. After that, 1.85 g of the as-made solid (MSN-as made) were obtained.
MSN-as made was characterised by PDXR before the surfactant was removed. 50 mg of MSN-
as made were kept for posterior comparison with the modified samples using ELS, TGA and
cytotoxicity techniques. The remaining material was divided into six vials (300 mg each one) and
a different method were used on each one to remove the surfactant. Then, the nanoparticles of
four of the vials were calcined using different temperatures (400 °C, 450 °C, 500 °C and 550 °C)
and then MSN-400, MSN-450, MSN-500 and MSN-550 samples were respectively obtained.
Additionally, the nanoparticles of the two remaining vials were suspended in the corresponding
extraction solutions, ethanol:HCl and ethanol:NH4NOs, leading to MSN-extHClI and MSN-
extNHisNOs samples, accordingly. All the obtained samples were characterised using the
mentioned procedures.

The calcination temperatures employed were chosen in order to compare the standard
calcination (at 550 °C) with less aggressive temperatures, in terms of studying the differences in
their biodegradation and condensation degree, among other. The lower limit was set at 400 °C
according to the reported temperature in which the CTA*, when acting as a template, appears
to be mostly calcined [88][89][90][91][51] as has been stablished by DSC, DTA or TGA assays.

At naked eye, some differences were observable between the samples (Figure 2). On the one
hand, the solid calcined at 400 °C (MSN-400) showed a beige colour, indicating the presence of
some thermal decomposition products from CTA*. All the samples calcined at temperatures
above 400 °C were obtained in the form of a white powder. However, a small percentage of
MSN-450 also showed a light beige appearance (not observed on Figure 2). This effect could be
produced by a heterogeneous distribution of temperature inside the oven. On the other hand,
both extracted solids (MSN-extHCl and MSN-extNH;NOs) were also obtained in the form of a
white powder, and these powders were finer than the ones obtained by calcination (not
showed).

! ? t

MSN-soo MSN-sso

Figure 2. Photograph of calcined samples.

6.3.2. Surfactant removal efficiency
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First, the different methods to remove the surfactant template were compared in terms of their
efficiency. For this purpose, both thermogravimetric analysis (TGA) and Fourier-transform
infrared spectroscopy (FTIR) were used. The analysis comprised the samples calcined at different
temperatures (MSN-400, MSN-450, MSN-500 and MSN-550) and the solids whose surfactant
was eliminated by extraction (MSN-extHCl and MSN-extNH,NOs).

The TGA curves (Figure 3A) and FTIR spectra (Figure 3B) of calcined solids are represented in
comparison with the MSN-as made. The TGA results (Fig. 3A) are shown according to the
percentage of the dry solid (removing from the initial weight the contribution of moisture and
other solvents) as a function of temperature, according to considerations previously reported
[92][93]. Therefore, the loss of weight observed is associated with the sum of the decomposition
of organic matter and the silanol condensation. MSN-as made had a weight loss of 45.9%. The
tendency observed in the curve was a sharp drop from 180 °C to 360 °C (Fig. 3A, dashed lines),
which is roughly the region where CTA* has been reported to decompose [94][95][31]. This
decay represents a weight loss of 39%. After that, a second weight loss is observed with a less
steep slope from 360 °C to 550 °C, which represents the 4.5% of weight and that can be
associated with the combustion of CTA* residues and the condensation of first silanol groups.
Finally, above 550 °C (until 1000 °C) the weight loss is much less pronounced, in which only a
reduction of the 2.5% of weight that can be attributed to silanol condensation. In contrast, the
percentage of weight loss in the calcined samples is highly reduced, and this percentage
decreases with calcination temperature. Hence, calcined samples showed a total weight loss of
5.6%, 4.1%, 3.8% and 3.4%, in the case of MSN-400, MSN-450, MSN-500 and MSN-550,
respectively, which are in the range reported in the literature [90][92]. The difference between
the three latter samples (MSN-450, MSN-500 and MSN-550) is below 1% and their curves are
barely distinguishable in the Figure 3A (yellow, orange, and red lines, respectively). In the case
of MSN-400, the difference is higher (a 1.5% compared to MSN-450) and its curve is more visible
(Figure 3A, light green line). Additionally, MSN-400 presents a decay more pronounced in the
interval from 360 °C to 550 °C, from which the curve separates from the rest.

FTIR spectroscopy of MSN-as made was used to check the presence of bands associated with
the CTA* molecules (Fig 3B, dotted lines). According to the literature and our observations in
MSN-as made spectra, these bands are located approximately at 2959, 2918 and 2850 cm™
(stretching bands from methylene (-CH,-) and methyl groups (-CHs)), 1470 and 1400 cm?
(bending bands from -CH,- and -CHs) and 724 cm™ (rocking band from -CH,-) [96]. Only alkane
related peaks of CTA* can be observed in FTIR spectroscopy, as tertiary amines lack of signal. In
the case of the calcined samples (MSN-400, MSN-450, MSN-500 and MSN-550), their spectra
only show the bands associated with the silica matrix and no bands related to the CTA* molecules
are appreciated, regardless of the calcination temperature used.
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Figure 3. Surfactant removal efficiency of calcination at different temperatures. (A) TGA curves of calcined and as-
made samples. Dashed lines indicate the three differentiable stages in weight loss. The values of weight were
expressed according to the percentage of the dry solid (removing from the initial weight the contribution of moisture
and other solvents). (B) FTIR spectra of calcined and as-made samples. Dotted lines indicate the CTA* associated FTIR
bands. Dashed lines indicate the Si-OH and flexibility associated lines. The colors used in both graphs are correlated.

According to the observations made at naked eye, in which the beige appearance of MSN-400,
and MSN-450 to a lesser extent, the presence of some CTA* residues is proposed. Nevertheless,
FTIR results showed the disappearance of signals associated with CTA* in the four calcined
samples. We hypothesise, then, that the residues remaining in MSN-400 and MSN-450 are coke
residues, whose FTIR signals are negligible and therefore, their presence is compatible with the
experimental observations [97][98]. Coke residues are reported to remain in the MSN when the
calcination process is not complete [10][24][99], and the presence of even 1% in weight of coke
residues may explain the colour found in MSN-400 and MSN-450 solids. Hence, we can only
claim to totally eliminate the CTA* and their residues as of 500 °C. In this context, there is not
consensus about the minimum temperature necessary to remove completely the CTA* from the
mesopores in the literature, which varies from 350 °C to 600 °C [12][100][101][102].

For their part, TGA curves show a progressive decrease of weight loss with increasing calcination
temperature. This can be produced by a double phenomenon when calcination temperature
increase. On the one hand, the elimination of coke residues, which are still present when
samples are calcined at 400 °C to 450 °C. On the other hand, the progressive condensation of
silanols, which is reported to occur even from 400 °C by some authors [5][20]. In this context,
Potapov et al. [50] analysed the silanol condensation as a function of the temperature applied
on precipitated amorphous silica, and reported silanol condensation at even lower
temperatures. They described that silanol condensation occurs in three stages depending on the
type of the silanols involved, their location inside the silica framework and the proximity
between them: 1) from 190 to 400 °C the vicinal and geminal -OH groups are decomposed, 2)
from 400 to 780 °C the main contribution is due to condensation of free nearby individual -OH
groups and 3) above 780 °C the condensation is limited to the widely spaced -OH groups. In this
respect, the weight loss values of calcined samples are in the range of the reported values for
silanol condensation (about the 5% [93]). In fact, the amount of silanols in MSN prior to
surfactant extraction has been reported to be quite high, in accordance with the percentage of
Q, and Qz [14] silicon centres.
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Considering that the standard calcination temperature (550 °C) totally removes the surfactant,
the percentage of weight decrease in MSN-550 (3.4%) is associated with the presence of silanol
groups. The rest of the samples, MSN-400, MSN-450 and MSN-500, exceed the weight loss of
the standard sample in a 2.2%, 0.7% and 0.4% in weight lost, respectively. These percentages
can be assumed to correspond to the presence of additional silanol groups in these samples in
comparison with MSN-550, in addition to some coke residues in case of MSN-450, and specially,
MSN-400.

In summary, it can be concluded the efficiency of surfactant removal is optimal calcining above
500 °C, since some coke residues can remain in MCM-41-type MSN at conditions studied
(calcination for 5 hours at oxidant atmosphere). In addition, a progressive condensation of
silanols is supposed to take place above 400 °C, according to the observations and the reported
literature. Nevertheless, further assays such as the determination of silica condensation degree,
elemental analysis and cytotoxicity must be done to validate these results.

On the other hand, the TGA curves (Figure 4A) and FTIR spectra (Figure 4B) of extracted solids
(MSN-extHCl and MSN-extNHiNOs) were also studied in comparison with the MSN-as made.

The TGA results (Fig. 4A) showed a weight loss of 13.1% for MSN-extHCl and a 12.6% for MSN-
extNHsNOs. Even though these percentages are quite lower than those observed for the MSN-
as made, they are higher than those measured for the calcined samples. Similar behaviours were
observed in other studies, which reported a weight loss of 10% in TGA curves for extracted MSN
with NH4NOs, NaCl or HCl in ethanol or methanol [1][31][36]. The TGA curves for both extracted
samples show the most significant weight reduction in the range from 420 °C to 570 °C. In this
region (Fig. 4A, dotted lines), both extracted solids lose around a 7% of matter.

Regarding the FTIR spectra (Fig. 4B), both extracted samples, MSN-extHCl and MSN-extNH;NO;,
showed the disappearance of most of the CTA" associated FTIR bands (Fig. 4B, dotted bands),
such as the signals at 720, 1470, 2850 and 2918 cm™. Nevertheless, the bands at 1400 cm*
(bending bands from -CH,- and -CHs) of and 2959 cm™ (stretching bands from -CH- and -CHs)
were present in both samples. In addition, other peaks in the 3000 cm™ region appears, such as
those at 2918 and 2850 cm™.
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Figure 4. Surfactant removal efficiency of extraction methods. (A) TGA curves of extracted and as-made samples.
Dashed lines indicate the region in which the thermal decomposition is greater in extracted samples. The values of
weight were expressed according to the percentage of the dry solid (removing from the initial weight the
contribution of moisture and other solvents). (B) FTIR spectra of extracted and as-made samples. Dotted lines
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indicate the CTA* associated FTIR bands. Dashed lines indicate the Si-OH and flexibility associated lines. The colors
used in both graphs are correlated.

TGA curves seem to suggest that the weight loss observed over 425 °C is not mainly due to
surfactant presence, since the surfactant elimination is principally found at lower temperatures
(since 180 °C). On the other hand, the high percentage of weight loss (above 10%) cannot be
produced only by the higher amount of silanol groups remaining in extracted samples, since the
reported weight of silanol groups in as-made samples is close to the 5% of the nanoparticles
weight [93]. This suggests the presence of other residues in the extracted samples.

These considerations fit also with the FTIR spectra. FTIR bands found in extracted samples
cannot correspond to CTA*, as some of its associated bands are not present in the spectra and
other peaks do not fit exactly in wavenumber. In concert with that, it can be hypothesised that
the observed bands may be better assigned to ethanol traces (whose bands appear at 1384 and
2980 cm™). However, this cannot explain the main weight decrease found in TGA, since their
evaporation is located even below 100 °C. Thus, it is suggested that the bands at 2980 cm™, 2900
cm™ and 1400 cm™ can be attributed to the presence of ethoxy groups, which are formed during
the solvent extraction by esterification of some silanol groups [11][19], which can be produced
in acidic ethanol suspension at refluxing conditions [103].

Consequently, it can be suggested that the extraction methods employed remove completely
the CTA* from MSN. Nevertheless, both extraction with HCl/ethanol and NH4NOs/ethanol lead
to the obtaining of nanoparticles with ethoxy groups attached to the surface.

6.3.3. Condensation degree and Si-OH on surface

The condensation degree was evaluated in order to know the effect on the condensation degree
of the silica matrix of the different methods applied to remove the surfactant. For this purpose,
FTIR spectra above mentioned were again analysed focusing on the bands related to the silica
framework. Additionally, Si?>-ss-NMR measurements (Table 1) were performed to study the
silica connectivity. Third, ELS measurements were analysed to study the T potential of samples
(Table 1), considering that the negative charge of MSN comes from the deprotonated silanols
(silanolates, Si-O’) on the surface.

Starting with the FTIR spectra, the bands of interest in relation to the condensation degree of
the MSN silica matrix are those associated with Si-OH group (stretching wide band at 3400 cm?
of O-H bond and bending band at 954 cm™ of Si-OH bond) and the one associated with Si-O-Si
bonds (the shoulder at 1217 cm™ due to bending vibrations) (Fig. 3B and 4B, dashed lines)
[12][104][105]. In the case of the calcined samples, it can be observed (Fig. 3B, dashed lines)
that the bands associated with the Si-OH bonds (at 3400 and 954 cm™) decrease progressively
as the calcination temperature increases compared with MSN-as made, especially above 500 °C.
On the same vein, the shoulder at 1217 cm™, which is quite sharp in MSN-as made, is highly
reduced in all the calcined samples. This decrease in the intensity of the shoulder at 1217 cm?
can be related with the condensation increase of MSN provoked by the calcination that must
produce an increment of the framework rigidity, which interferes in the stretching and bending
Si-O-Si vibrations. On the other hand, the extracted samples were analysed on the same vein.

The FTIR spectra (Fig. 4B, dashed lines) revealed that the bands associated with the Si-OH and
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O-H vibrations (3400 cm™, 954 cm™) were not so reduced in comparison with calcined samples,
neither the stretching nor bending Si-O-Si vibrations (1217 cm™).

On the other hand, NMR spectroscopy was used to quantify the connectivity of silica, namely
the percentage of the Q,, Qs and Qg signals in each spectrum since these signals are closely
related to the silica condensation degree. In this sense, the measured spectra showed a
correlation between the temperature of calcination and the increase of silica condensation
degree (Table 1), with exception of the samples MSN-400 and MSN-450, which showed spectra
with narrow and unresolved bands, which did not allow to fit them to a Gaussian function and,
therefore, no consistent data were obtained for these samples. For this reason, these samples
were not included in the analysis. In case of MSN-500 and MSN-550, their Q; signal is reduced
from 10.2% in MSN-as made to 5.1% and 4.2% respectively. The same can be applied to the Qs
signal (48.6% > 43.5% > 28.5%). Oppositely, the calcination process increases progressively the
value of Qq signal in the samples (41.2 < 51.4 < 67.3). In summary, the degree of condensation
(DK) (Table 1), calculated according to the equation reported by Barczak [11] (equation 1 from
Chapter 3), increased with the calcination temperature (84.5 < 86.6 < 90.8 in MSN-as made,
MSN-500 and MSN-550, respectively). The results were consistent with the data previously
reported [5][11][24][47][106]. In the same way, the NMR spectra of extracted samples showed
a decrease of the intensity of the Q; band from 10.2% in the MSN-as made to 5.9% and 6.8% in
MSN-extHCl and MSN-extNHsNOs, accordingly, a slight decrease of the Qs band from 48.6% to
43.1% and 43.6%, respectively, and a relatively low increase of the Qs band from 41.2% to 51%
and 49.6% were experimentally found. Following these tendencies, the calculated DK of MSN-
extHCl and MSN-extNHsNO; was 86.3 and 85.7, respectively, a little bit higher than the one of
the as-made sample.

Table 1. Data related with the silica condensation degree ({ potential and percentage of the Q,, Qs, Q4 peaks respect
to the total ss-NMR signal) for the samples obtained using different surfactant removal methods.

SiZ°-ss-NMR
(4
Degree of
SAMPLE POTENTIAL .
%Q2 %Qs %Qs condensation
(mV)

(DK)

MSN-400 -338+14 - - - -

MSN-450 -355+24 - - - -
MSN-500 -36.8+1.5 51 435 514 86.6
MSN-550 -329+1.7 42 285 674 90.8
MSN-extHCI -38.1+0.9 59 43.1 51.0 86.3
MSN-extNH;NO; | -37.6+1.2 6.8 436 496 85.7
MSN-as made +33.5+3.2 | 10.2 48.6 41.2 84.5

Regarding the T potential (Table 1), it can be observed that the negative charge increases when
increasing the calcination temperature from 400 to 500 °C (- 33.8 < - 35.5 < - 37.6 mV) but
decreases at 550 °C (- 35.8 mV). It can be explained due to the sum of two variables. On the one
hand, the presence of surfactant residues (coke) in the nanoparticles may soften the negative
charge that MSN-400 and MSN-450 should have due to silanol/silanolate groups. On the other
hand, raising the calcination temperature increases the condensation of silanol/silanolate
groups and, therefore, the negative charge is reduced. Then, only over 500 °C it can be observed
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the T potential reduction due to silanol condensation. For their part, the { potential values for
extracted samples were -38.1 and -37.3 mV for MSN-extHCl and MSN-extNH,NOs, respectively.
These values were more negative than any calcined sample, indicating the higher number of
silanol/silanolate groups, at least compared with MSN-550 and MSN-500.

According to the data obtained in FTIR, Si?>-ss-NMR and ELS it can be said that the use of
increasing calcination temperatures leads to the increase of the silica condensation degree and
to the reduction of silanol groups. In addition, the extraction method produces a lower
condensation degree compared with calcination, and their framework flexibility is less affected
by extraction procedures than calcination ones. Hence, the use of extraction methods is much
less aggressive than the use of calcination even at low temperatures. Nevertheless, further
assays must be done in order to obtain more consistent results in Si**-ss-NMR spectra.

6.3.4. Mesostructured framework shrinkage

The framework shrinkage was also mentioned as one of the more affected parameters in
relation with the surfactant removal method. Hence, the porosity of calcined and extracted
samples was studied.

First, PXRD was performed and analysed (Figure 5 and Table 2). The diffraction pattern of both
calcined and extracted samples (Fig. 5) present the peaks observed in typical MCM-41 material,
corresponding to crystallographic planes (100), (110), (200) and (210), though the peak that can
be assigned to the (210) planes is not always visible in the patterns due to its small intensity and
the loss of long-range order after surfactant removal. Focusing on the main peak (100), the
interplanar distance digo was calculated by applying the Bragg’s law (equation 4 from the
Chapter 1), and the unit cell for a hexagonal structure was also calculated (equation 6 from the
Chapter 1) (Table 2). A considerable reduction in digo When nanoparticles are calcined can be
calculated. MSN-as made presents a digo of ca. 4.23 nm, while in calcined samples the digo value
is in the range from 3.68 to 3.82. No clear correlation was found between the calcination
temperature and the peak shift. Similar observation was reported by Basso et al. [5]. In contrast,
in extracted samples the dioo value barely change from as-made sample, being 4.19 and 4.10 nm
in MSN-extHCl and MSN-extNH4NOs, respectively. To make easier the comparison between the
structural shrinkage suffered for the different samples, the unit cell contraction has been
calculated and a clear different behaviour can be observed. Calcined samples present a
contraction in the range of 0.4-0.5 nm and extracted samples 0.05-0.15 nm.
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Figure 5. PRXD patterns of calcined (A) and extracted (B) samples in comparison to as-made sample. Dotted lines
indicate the position of (100) in MSN-as made. Miller index of symmetry planes are indicated in parenthesis.

On the other hand, the FWHM of peak (100) (FWHM;q0) was calculated for each sample, as well
as the FWHM ratio as the width of the (100) peak in calcined and extracted samples related to
the width of this same peak in the as-made sample (Table 2). The data show an increase of the
FWHM;o after the surfactant removal, regardless the extraction method employed.
Nevertheless, the FWHM1qo ratio was higher in the case of the calcined samples (ranging from
1.23 to 1.41) than in the extracted ones (ranging from 1.14 to 1.18).

Table 2. Crystallography data of samples obtained with the different surfactant removal methods. (FWHM ratio:
width of the (100) peak in calcined and extracted samples related to the width of this same peak in the as-made

sample).
Peak (100) Unit cell Unit cell FWHMa100
SAMPLE di00 (nm) contraction FWHMg .
(26) (nm) ratio
(nm)

MSN-As made 2.09 4.23 4.88 - 0.22 -
MSN-400 2.31 3.82 441 0.47 0.28 1.27
MSN-450 2.40 3.68 4.25 0.63 0.27 1.23
MSN-500 2.38 3.71 4.28 0.60 0.31 1.41
MSN-550 2.34 3.77 4.35 0.53 0.28 1.27

MSN-ExtHCI 2.11 4.19 4.84 0.04 0.25 1.14
MSN-ExtNHsNO3 2.15 4.10 4.74 0.14 0.26 1.18

According to these results, it can be suggested that the structure shrinkage is more pronounced
in calcined samples than in extracted ones, even at lower calcination temperatures, as it has
been widely reported [11][19][20]. Therefore, the use of temperatures above 400 °C affects the
silica framework to a greater extent than the exposure to an organic solvent and refluxing
temperatures (ca. 80 °C), in case of MSN-extNH4;NO3; sample, or even to additional highly acidic
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conditions, in case of MSN-extHCI. This phenomenon is also observed in the increment of the
structure disturbance and symmetry defects, which can be also found in the literature [107] and
is indicated by the value of the FWHM;0. This was found to be greater in calcined samples than
in extracted ones, although the difference between them was less pronounced.

The N, absorption-desorption isotherms were also employed to study the mesoporosity of
calcined and extracted samples. The results are shown on Figure 6 and Table 3. In the Figure 6A
the isotherms of calcined samples are shown. Both showed the typical isotherm of MCM-41
material. It is observable how the slope of the isotherms in the interval of the N, monolayer
formation, which is related to the BET surface area, increases slightly as higher calcination
temperatures are used. The capillary condensation, which represents the filling of the pores, is
found at the same pressure in all the cases (p/po = 0.31). Nevertheless, the quantity of N
adsorbed at average pressures increases progressively with the rise of the calcination
temperature, which suggest an increase in pore volumes. In the Figure 6B the isotherms of
extracted samples are shown in comparison to standard calcined sample (calcined at 550 °C).
The extracted samples show quite similar isotherms. They show lower slope in N, monolayer
adsorption region and lower amount of N, adsorbed at average pressures than the standard
calcined sample. In the case of the capillary condensation, the extracted samples show the jump
slightly shifted to higher pressures (p/po = 0.32). The calculated data from the isotherms
according to BET and BJH methods are shown in Table 3.
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Figure 6. N, absorption-desorption isotherms of A) calcined samples and B) extracted samples compared to MSN-
550.

The specific surface area of calcined samples is slightly higher with increasing the calcination
temperature (1096 < 1097 < 1115 < 1208 m?/g), as it is also the pore volume (0.97 < 1.00 < 1.01
< 1.09 cm?3/g). In contrast, the pore size remains similar in the calcined samples (in the range
from 2.83 to 2.85 nm), and no correlation was found between the calcination temperature and
the shrinkage extent, as shown by PXRD data. Therefore, the increase in specific surface area
appears to be related to the increase in pore volume, rather than to the increase of the pore
size. Regarding the extracted samples, the surface area is smaller than the one of the calcined
ones, 1079 and 1086 m?/g for MSN-extHCl and MSN-extNH4NOs, respectively, just as is the pore
volume (lower than 1.00 cm3/g in both cases). The pore size is similar to the one of calcined ones
(in the range from 2.80 to 2.86 nm).
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Table 3. Mesoporosity of samples as a function of surfactant removal method.

SAMPLE BET surface  Pore size Pore volume Wall thickness
(m?/g) (nm) (cm®/g) (nm)
MSN-400 1096 2.83 0.97 1.58
MSN-450 1097 2.85 1.00 1.40
MSN-500 1115 2.83 1.01 1.45
MSN-550 1208 2.84 1.09 1.51
MSN-ExtHCI 1079 2.86 0.99 1.98
MSN-ExtNHsNO3 1086 2.80 0.97 1.94

The wall thickness was also calculated according to the equation 7 in the Chapter 1. In case of
calcined samples, this value ranges from 1.40 to 1.58 nm. There was not a clear correlation
between the wall thickness and the calcination temperature. In the case of extracted samples,
the calculated wall thickness is quite bigger (in the range from 1.94 to 1.98 nm).

In order to analyse the results, it must be considered that mesoporosity, especially the pore
volume value, depends on two parameters: the lattice shrinkage and the removal efficiency. In
other words, the pore volume can be reduced not only by shrinkage process, but also by the
presence of surfactant residues, or even, the presence of residues derived from the template
removal method chosen. Nevertheless, no agreement is found in the literature with respect to
the effect of surfactant removal in mesostructured framework. There are previous studies that
applied different calcination temperatures in KIT-6 and SBA-15 materials and they reported that
the specific surface area and pore volume were optimised at intermediate temperatures, where
the surfactant was completely removed, but the shrinkage was less pronounced [5]. On the
other hand, other studies reported that the calcination process lead to smaller pore size and
volume in comparison with extraction method, due to the sharp shrinkage provoked by
calcination [11][19][108]. Conversely, He et al. [35] reported the obtaining of a specific surface
area ca. 863 m?/g, which is quite low, in MCM-41-type MSN extracted with ethanol and HCl
reflux. In this case, it can be hypothesised that the surface reduction is not provoked by the
extraction method by itself but to the application of the ethanol washing immediately after the
formation of the nanoparticles. We suggest that because, based on our observations, silica
framework is still weak just after their synthesis. This is especially true before the formed solid
is dried, from which is assumed that a considerable fraction of silanol groups are condensed,
and the framework is consolidated. Considering that, the ethanol washing can dissolve a part of
the CTA* molecules that are inside the pores and provoke a strong shrinkage of the
unconsolidated silica framework. In another study, Hudon et al. [3] reported that the extraction
with ethanol-HCl leads to lower surface area in comparison with calcined sample, but they did
not justify these results.

According to the results obtained some considerations can be suggested. On the one hand, there
is a progressive elimination of surfactant as the calcination temperature increases that is
emptying the pores, and therefore, provokes that the pore volume and BET surface increase also
progressively. Nevertheless, the average pore size remains constant since its measurement is
not affected by the small amount of residues present in the pores, which can be located in the
inner part of them. In case of extracted samples, the presence of some residues, such as alkoxy
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groups in the mesopores can also provoke the obtaining of smaller pore volumes and specific
surface areas. On the other hand, the shrinkage observed in PRXD data in calcined samples
compared with those extracted, which hardly suffer this phenomenon, is not mainly due to
differences in pore size, which is similar in all samples, but rather to differences in wall thickness.
In fact, the differences in wall thickness between extracted and calcined samples and the
differences in unit cell contraction are in the same range (close to 0.5 nm). Therefore, the
shrinkage of calcined samples is not produced by a pore size contraction, in contrast to the effect
observed when the aging of the nanoparticles is studied (Chapter 4), but by a decrease in the
thickness of the wall if we compare with that of extracted samples. This decrease in pore wall
thickness can be provoked by the increase of silica connectivity and structure sintering due to
calcination conditions.

6.3.5. Colloidal behaviour

The influence of surfactant removal method was analysed according to the UV light attenuation
when increasing spin pulses were applied (method developed in Chapter 5) (Figure 7).

The behaviour of calcined samples is shown in Figure 7A. The curves in this picture show a better
colloidal behaviour when lower calcination temperatures are applied (MSN-400 > MSN-450 >
MSN-500 > MSN-550). The difference between the samples is not very wide, ranging between
10 and 15% of nanoparticles in suspension for lower spin pulses. However, the curves equalise
when the spin pulses exceed 7,500 rpm. On the other hand, the behaviour of extracted samples
is shown in Figure 7B. The colloidal stability of both extracted samples at low spin pulses are
quite improved in comparison to the standard calcined sample (MSN-550). At 1,200 rpm, the
percentage of suspended nanoparticles reaches the 80%, being more than a 25% higher than
MSN-550 and a 15% over the more suspendable calcined sample (MSN-400).
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Figure 7. UV light attenuation at 800 nm of (A) calcined and (B) extracted samples (compared to standard
calcination) when they are spun at different pulses strength. The nanoparticles were suspended at 5 mg/ml
concentration in distilled water and sonicated during 1 hour before the colloidal stability assay.

According to the data, our hypothesis is that the improvement of colloidal stability in both,
calcined samples at lower temperatures and extracted samples, are mainly caused by the higher
amount of silanol groups in the surface. In case of calcined samples, the percentage of

217



Chapter 6

suspended nanoparticles is not directly correlated by the T potential value. Nevertheless, as it
was suggested previously, although the T potential of MSN-400 and MSN-450 is less negative
than the one of MSN-500, due to the supposed presence of decomposition residues of
surfactant, it can be assured that the amount of silanolate groups, and therewith, the repulsion
between nanoparticles, decrease as the temperature of calcination increase. Consequently, the
stability of nanoparticles suspensions decreases with the calcination temperature. In this sense,
both extracted samples, which presented a more negative { potential value and a demonstrated
higher percentage of silanols groups on the surface, reasonably show higher stability in
suspension.

Nevertheless, the differences observed in relation to the colloidal stability of the different
samples are not so great compared those observed in case of functionalisation or sample
preparation (in Chapter 5). In this sense, the similarities in the curves of calcined and extracted
samples question the negative effect of standard calcination in the suspendability of MSN by
formation of interparticle bonds or fusions [7][9][26][109]. On the contrary, this effect seems to
be produced after nanoparticles synthesis and during the drying process, such as it was
mentioned in Chapter 5, in the section “transition from colloidal to agglomerated samples”.
These conclusions could provide new insights in the study of calcination or extraction
implications in the suspendability of MSN.

6.3.6. Functionalisation effectiveness

The functionalisation effectiveness was evaluated given its relationship with the silica
condensation degree and the amount of available silanols, and therefore, the surfactant removal
method [6][110]. For this purpose, the calcined samples (MSN-400, MSN-450, MSN-500 and
MSN-550) were functionalised with APTES and IPTES, obtaining the solids MSN-temp-NH; and
MSN-temp-NCO.

The samples were characterised by TGA, and the decomposition curves are shown in Figure 8.
The solids MSN-temp-NH; (Fig. 8A) showed a sharp decrease of weight in the temperature range
from 300 to 600 °C, in which the APTES has been described to decompose when is attached to
MSN [111][112]. The percentage of weight loss in MSN-400-NH;, MSN-450-NH,, MSN-500-NH,
and MSN-550-NH; were respectively 17.6, 18.3, 19.9 and 16.1%. In the case of MSN-temp-NCO
(Fig. 8B), the TGA curves showed a weight decrease more gradual and sustained, but also can
be observed a higher weight loss in the range from 300 to 600 °C. The percentages of weight
loss found in MSN-temp-NCO samples were quite smaller than those observed in MSN-temp-
NH,. The values measured were 10.1, 9.6, 9.1 and 8.2% in MSN-400-NCO, MSN-450-NCO, MSN-
500-NCO, and MSN-550-NCO, respectively.
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Figure 8. TGA curves of (A) MSN-temp-NH; and (B) MSN-temp-NCO samples. The values of weight were expressed
according to the percentage of the dry solid (removing from the initial weight the contribution of moisture and other
solvents).

Itis assumable that the observed decomposed matter mainly corresponds with the organosilane
groups attached to the nanoparticles surface, and to a lesser extent, some silanol groups which
still remain in the nanoparticles, or even coke residues in case of functionalised MSN-400 (whose
appearance remained beige) and MSN-450. According to these results, the functionalisation
with APTES tends to be much greater than the functionalisation with IPTES. This can be explained
by the alkaline nature of APTES, which acts as their own reaction catalyser, giving that the
hydrolysis rate of ethoxy groups is promoted at alkaline pH. Moreover, in these conditions, a
multilayer functionalisation can be produced due to horizontal and vertical polymerisation of
APTES [113]. In the case of the functionalisation with IPTES, it can be supposed that the reaction
of silanisation is more controlled, and it leads to mostly a monolayer, due to the main horizontal
polymerisation of the organosilane.

Regarding the tendency of the functionalisation effectiveness observed in MSN-temp-NH; it
does not correlate perfectly with the calcination temperature, finding more functionalisation in
MSN-500-NH; than in MSN-400-NH, and MSN-450-NH,. This can be explained because the
samples calcined at lower temperatures possess less relative surface area and pore volume to
be functionalised, such as the N, isotherms showed, due to the presence of surfactant residues,
which limit the functionalisation. In the case of MSN-550-NH,, a lower functionalisation than in
the samples calcined at lower temperatures is observed, which suggest that both MSN-500-NH,
and MSN-550-NH; have their surface practically clean and the main difference among them is
the loss of silanol groups due to condensation from 500 to 550 °C during the calcination.
Nevertheless, the nanoparticles functionalised with IPTES (MSN-temp-NCO) did show a
correlation between the calcination temperature and the functionalisation effectiveness. This
can be explained because of the small differences in the weight loss between this samples (e.g.,
a 1% between MSN-400-NH; and MSN-500-NH:) can be considerably affected by experimental
variability.

In this sense, the modulation of surface reactivity is studied by adjusting the calcination
temperature. The heat employed in the calcination process influences not only on the amount
of silanol groups available in the surface to form siloxane bonds with organosilanes, but also on
the surface cleaning and its availability to be silanised considering the presence or absence of
surfactant residues.
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6.3.7. Biocompatibility of NPs

The biocompatibility of synthesised samples was tested in vitro. Some studies in the literature
reported similar studies with different calcined or extracted MSN samples.

To the best of our knowledge, there are not reported studies in which the biocompatibility of
bare MSN calcined at lower temperatures than the one of the standard synthesis has been
tested. Concerning the bare MSN extracted, the literature shows some examples. Some of them
showed that the extracted MSN presented cytotoxicity in viability assays. For example, He et al.
[2] as one of the first studies in which the extraction was applied to MSN, reported a high toxicity
in their preparations. Nevertheless, the method employed was unable to totally remove the
surfactant. For their part, Yildirim et al. [1] described low cytotoxicity at high nanoparticles
concentrations. In the same vein, Hudon et al. [3] reported some cytotoxicity in extracted
nanoparticles, especially at high concentrations over 100 pug/ml, in spite of showing a complete
removal of surfactant. Oppositely, most of the studies with extracted samples, especially in the
last years, showed no toxicity due to an improved surfactant removal efficiency, such as the
ones in references [14][35].

In this context, cytotoxicity assays dose-response curves were performed (Figure 9). In this figure
it can be observed that none of the samples calcined or extracted presented cytotoxicity, even
at high concentrations, up to 250 pg/ml. Only MSN-as made sample provoked toxicity over the
cells, even at the lowest MSN concentration (10 pg/ml). This data demonstrates the high toxicity
of CTAY, even at low concentrations.
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Figure 9. Cell viability assay. Dose-response curves of LN-18 cells treated with different concentrations of calcined
and extracted samples. Cell viability was measured with WST-1 reagent after 72 hours of the addition of
nanoparticles.

These results reinforce the idea that the elimination of surfactant by calcination and extraction
employed methods has been complete, or that the presence of some CTA* residues are non-
cytotoxic. Regarding the last reasoning it can be hypothesised that the decomposition residues
are not toxic in the concentrations they are present; or that they are strongly attached to the
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inner pores surface and therewith, they cannot achieve their biological target to produce the
toxic effects.

6.3.8. Biodegradability of calcined and extracted samples

The degradability of some of the synthesised solids, particularly MSN-400, MSN-500, MSN-550
and MSN-extHCI, was studied. For this purpose, they were suspended on PBS at pH 7.4 in terms
of simulating a physiological fluid, at 1 mg/ml. The solids were stirred for two weeks at room
temperature, and the aliquots were taken at different times (0, 1, 4, 7 and 14 days). The aliquots
were characterised by TEM and DLS.

TEM images are shown in Figure 10. All the samples present evidence of progressive degradation
over time. On the one hand, the degradation was more remarkable as lower temperatures were
used for calcination, and therefore, MSN-400 presents the highest degradation level among the
calcined samples. MSN-550 shows high stability and low degradation in the time recorded. On
the other hand, the extracted sample (MSN-extHCl) shows signs of degradation even greater
than MSN-400.
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Figure 10. Biodegradability assay. TEM images of MSN-400, MSN-500, MSN-500 and MSN-extHCl over time (0, 1, 4,
7 and 14 days). Nanoparticles were prepared at 1 mg/mlL concentration in PBS and generously sonicated before start
the biodegradation assay. The

As a consequence of degradation, several processes were observable. First, the nanoparticles
surface becomes very rough even from the initial stages. This is provoked by the hydrolysis of
silica starting at the surface and progressing towards the centre of the nanoparticle [68].
Consequently, a decrease in the size of the nanoparticles was observed by TEM measurements,
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whose average was represented in Figure 11. In this, it can be seen that the nanoparticles size
decreases for all samples, even after the first day of assay. In fact, nanoparticles size tends to be
degraded faster in the first day and slower after that. This behaviour is compatible with that
described by He et al. [67] and other authors [75], in which the degradation is faster during the
first hours but then stabilises. The downsizing in MSN-550 nanoparticles is lower than the one
in other samples (from 89 nm to ca. 71 nm after 14 days). In the case of MSN-500, the decrease
in nanoparticles size is slightly higher, reaching 66 nm at 14 days. On the other hand, a greater
size reduction in the case of MSN-400 and MSN-extHCl was observed, but the formation of
amorphous and aggregated mass after 1 and 4 days, respectively, difficult to distinguish the
nanoparticles, and thus, their measurement.
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Figure 11. Biodegradability assay. Evolution of nanoparticles (MSN-400, MSN-500, MSN-550 and MSN-extHCl)
average size over time (0, 1, 4, 7 and 14 days). * From this day the nanoparticles cannot be distinguished properly
and their size cannot be measured.

The size evolution was also monitored by DLS measurements (Figure 12). The data show that
size distribution over time did not show a decrease in the mean size, but rather an increase and,
more important, a widening of the size distribution curves. This effect has also been observed
in other studies [32], and it has been hypothesised to be related to the increase of fusion degree
between nanoparticles as the degradation process progresses. In this context, the samples MSN-
550 and MSN-500 showed less changes in DLS curves over time and less formation of aggregates
due to particle fusion. In contrast, MSN-400 and MSN-extHCl showed a shift in their distribution
size to larger sizes, due to the formation of a high number of fused clusters of nanoparticles,
which were also observed in the TEM images, especially in MSN-extHCI material.
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Figure 12. Biodegradability assay. DLS curves, by Intensity PSD analysis, over time. *The curve of the sample MSN-
extHCl is not showed since it did not meet the quality criteria due to the high number of large aggregates.

Regarding the degradation phenomena, Table 4 summarise the qualitative state of each MSN
sample over time according to the appearance of nanoparticles, namely, the regularity of shape,
the mesostructured silica framework and the formation of fusions between nanoparticles.

Table 4. Nanoparticles appearance as a function of removal surfactant method over time.

SAMPLE MSN-400 MSN-500 MSN-550 MSN-ExtHCI
Day 0 ++ ++ ++ ++
Day 1 ++ ++ ++ +
Day 4 + + ++ -
Day 7 - + ++ -
Day 14 - + + -

++ Mostly spherical-shaped MSN, surface distinguishable from each other.

+ Mostly spherical-shaped and highly fused MSN, surfaces not clearly distinguishable from each
other.

- Highly aggregated MSN, formation of amorphous mass, difficult to distinguish them.

Another visible phenomenon associated with the nanoparticles degradation was the loss of
ordered mesoporosity, which has been widely reported [59][75]. Although changes in the
mesoporosity can be analysed by N, adsorption-desorption isotherms, large amounts of MSN
are required for using this technique and therefore, the mesoporous structure was qualitatively
analysed and based on the observation of TEM images (Figure 9). According to that, the
percentage of nanoparticles which possess visible and ordered mesoporosity (parallel channels
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or hexagonally arranged pores) was quantified (Table 5). No results were extracted from
samples that form amorphous silica and in which nanoparticles cannot be distinguished (-). The
percentage of nanoparticles which presented ordered mesoporosity over time decreases in all
the samples. In the extracted sample (MSN-extHCI) the process was extremely fast, and only
less than 20% of nanoparticles preserve the ordered mesoporosity after the first day. In the
following days, the nanoparticles cannot be distinguished from each other. Conversely, calcined
samples show great toughness, and the percentages fell slower. The robustness of
mesostructure followed the same tendency than that observed throughout the chapter, namely,
the higher the calcination temperature, the greater the robustness. In this sense, after two
weeks, the percentage of nanoparticles which remains with their ordered mesoporosity is ca.
70% in MSN-550 and ca. 40% in MSN-500. In the case of MSN-400 this percentage is ca. 60%
after 4 only days and, after that, their nanoparticles cannot be distinguished any more.

Table 5. Percentage of nanoparticles showing ordered mesoporosity over time as a function of the method employed

to remove the surfactant.

SAMPLE MSN-400 MSN-500 MSN-550 MSN-ExtHCI
Day 0 100% 100% 100% 100%
Day 1 87% 92% 96% 17%
Day 4 62% 75% 84% -

Day 7 - 46% 81% -
Day 14 - 38% 73% -

According to the results obtained, it can be suggested that both the calcined and the extracted
samples showed evidence of degradation at the conditions used. In this vein, the degradation
rate was higher as the condensation degree of silica framework was smaller, such as it is
observable in MSN-400 and MSN-ExtHCI. Therefore, the degradation rate is correlated with the
surfactant removal method and the calcination temperature, being for example, lower in MSN-
500 and MSN-550. Furthermore, the degradation process is associated with several effects over
the nanoparticles: 1) the nanoparticles surface becomes rough; 2) the nanoparticles size
decreases over the days, especially at the beginning during the first day; 3) the nanoparticles are
fusing and form aggregated clusters; 4) amorphous silica agglomerates appears and the ordered
mesoporosity of remaining nanoparticles decreases. In this sense, we suggest that the fusions,
the loss of mesoporositiy and the precipitation of amorhopus silica are provoked because the
hydrolysis process is accompanied by condensation reactions that in the absence of the
template produces the breakdown of the mesoporous structure [114].
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6.4. CONCLUSIONS

In this chapter, we present a systematic study of the implications of the surfactant removal
method in MCM-41-type MSN. In particular, different calcined and extracted samples are
compared, using calcination at different temperatures (400, 450, 500 and 550 °C) and two
different mixtures for the extraction of the surfactant (HCl-ethanol and NH4NOs-ethanol).

The template removal efficiency has been studied by FTIR spectroscopy and TGA curves. In the
case of calcination method, we observed that only from 500 °C the surfactant and their coke
residues are completely eliminated. Coke residues cannot be identified in FTIR spectra because
their main bond is single C-C, although the beige appearance of MSN calcined at 400 and 450 °C
suggest their presence. For their part, the extraction method used showed the complete
elimination of CTA* as their associated FTIR bands disappear in extracted samples and their
appearance is white. However, in these cases the presence of some organic compound such as
ethoxy- groups, in addition to silanol ones, may be present in the extracted samples as some
ethoxy-specific bands are distinguishable in FTIR spectra and TGA curves showed a high decrease
(greater to 10%) of weight over 400 °C. We presume that these ethoxy- groups are formed
mainly during the extraction process by esterification of silanol groups in acidic and ethanolic
environment under reflux.

The silica condensation degree, which has been reported to be closely associated with the
method employed to remove the surfactant, has also been studied by FTIR spectroscopy, NMR
and ELS. All calcined samples significantly increase their silica condensation degree compared
with the as-made sample. This can be observed in the decrease the bands associated with Si-OH
bonds in the FTIR spectra. Additionally, the increase in condensation and the reduction of silanol
groups with calcination temperature and can also be observed in the NMR spectra (DK values9.
However, the extracted samples suffer a lesser decrease of this signals in comparison with
calcined samples regardless the temperature, and therefore, they show a lower condensation
degree of silica, as can be seen by comparing the intensity of the Si-OH bands in FTIR and the DK
values. In addition, the calcination consolidates the silica framework, increasing its rigidity to a
greater extent than extraction, since Si-O-Si bending vibrations are mainly disturbed in calcined
FTIR spectra.

Another parameter that can be correlated with the silica condensation is the T potential
measured in ELS technic, as this parameter is related with the surface charge of the
nanoparticles, which depends, among other things, on the amount of silanol/silanolate in the
nanoparticles surface. However, we have not been able to correlate the T potential with the
calcination temperature as this parameter can also be influenced by the presence of CTA*
residues, such as coke residues, which can counteract the negative charges. In the case of the
extraction method, nanoparticles with lower T potential were produced due to the absence of
CTA* residues and the high amount of silanol groups on their surface.

The effect over the silica framework was studied by PXRD and N, absorption-desorption. It has
been demonstrated that the surfactant removal is associated with the shrinkage of the silica
framework. Calcined samples present a stronger shrinkage than extracted samples, which is
observed in the higher unit cell contraction. In this context, conversely to the expected results,
the higher shrinkage in calcination process is not provoked by an extra reduction of the pore
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size, but a decrease in pore wall thickness in comparison with the extracted solids. Additionally,
according to the FWHM o values we can see that calcined samples showed greater disorder of
the silica framework.

On the other hand, the specific surface area and pore volume increased with increasing
calcination temperature, which suggests the progressive removal of surfactant residues as
calcination temperature increases. In the case of extraction, samples with smaller surface area
and pore volumes are obtained, which supports the presence of organic compounds, as ethoxy
groups, in the surface of the extracted nanoparticles.

Colloidal stability was analysed by measuring the attenuation light of samples when they were
spun at different strength pulses. We observed an improved colloidal stability in samples
calcined at lower temperatures and in those extracted. This behaviour can be understood as
that the gentler removal methods allow an extra negative charge on the MSN due to the
presence of a greater quantity of silanol groups, which gives rise to higher repulsive forces that
stabilise the nanoparticles in suspension.

The reactivity of nanoparticles surface was studied in TGA curves after the functionalisation of
calcined samples with diverse organosilanes, since the degree of functionalisation is supposed
to be related with the amount of silanol groups on the nanoparticles surface. First, the
functionalisation with APTES was greater than the functionalisation with IPTES, due to horizontal
and vertical polymerisation provoked by the alkaline behaviour of the APTES itself. Concerning
the reactivity of nanoparticles that have been calcined at different temperatures, two different
tendencies were observed. On the one hand, the nanoparticles functionalised with APTES did
not show a higher reactivity when calcination temperatures were lower (at 400 or 450 °C). This
was explained by the presence of coke residues when nanoparticles are calcined below 500 °C,
which can impede the complete functionalisation of the surface. The optimal temperature was
found to be 500 °C, when the surface was clean of residues and the amount of silanol groups is
still greater than that in the sample calcined at 550 °C. By contrast, the nanoparticles
functionalised with IPTES showed a correlation between the reactivity and the calcination
temperature. Nevertheless, the differences between the samples are quite small and may be
affected by experimental variability.

In addition, the samples were studied regarding their compatibility in biomedical applications.
On the one hand, all prepared nanoparticles showed no cytotoxicity in cell cultures, in spite of
the presence of coke residues or ethoxy groups. Then, all calcined and extracted samples,
including their variations, seemed to be compatible within biomedical context, or at least, in in
vitro assays. On the other hand, the degradation of prepared samples was studied simulating
physiological conditions. Although all studied samples show signs of degradation after 14 days,
the degradability is higher for samples calcined at lower temperatures, and especially high in
extracted samples. Then, the degradation rate is clearly related to the silica condensation
degree. In addition, different phenomena associated with nanoparticles degradation have been
stablished, such as the emergence of surface roughness, the nanoparticles size decrease, the
fusion between nanoparticles, the formation of aggregated clusters, and the appearing of
amorphous silica agglomerates and the decreasing of mesoporosity in remaining nanoparticles.

On account of the performed studies, it can be affirmed that the method employed to remove
the surfactant is quite influent on the physicochemical properties of MSN, and therefore, on
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their use in the chemical and biomedical field. In this context, we can suggest that the use of
calcination method at 500 °C can be better than the standard calcination at 550 °C in terms of
functionalisation effectiveness, colloidal stability and biodegradability. In the same vein, the use
of extracted samples can be an interesting alternative regarding the same features.
Nevertheless, if the concrete application of MSN requires long-term use, higher calcination
temperatures can be more suitable considering the longer lifetime which confers the higher
silica condensation degree.
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7. GENERAL CONCLUSIONS

In the last decade, mesoporous silica nanoparticles have been widely applied to several fields,
and particularly, in biomedicine and nanomedicine. This is result of their unique properties and
advantages such as their simple, low cost, tuneable, environmentally friendly and quick
synthesis; their easy and versatile functionalisation; their thermal and psychochemical stability;
their high surface area and pore volume capacity for loading active pharmaceutical ingredients;
their high uptake capability in vitro and in vivo, and their, in principle, biocompatibility and
inertness, etc. Among the MSN developed for biomedical application, the MCM-41-type MSN
are one of the most studied and promising materials.

Nevertheless, in spite of the development of a huge number of new biomedical nanodevices, in
general, and MSN, in particular, there is a patent bottleneck in their translation to the clinical
use and commercialisation. The main limitations that nanomaterials find in overcoming the
approval requirements for clinical use are those related to manufacturing processes and those
related to the complexity of their interaction with the biological organism. Regarding the
nanodevices manufacturing, the development of robust manufacturing processes that assure
good quality formulations, including stability, size uniformity, well-dispersion, scalability and
reproducibility of the final product, is still an unresolved issue, especially in the case of MSN. On
the other hand, concerning to the interaction of the nanomaterials with the biological organism,
important issues remains unsettled. For example, the undesired tissue accumulation and
immunogenicity, the long-term exposure consequences, the escape from the RES, the formation
of albumin corona or the targeting to desired location still remain problematic.

Starting from this point, researchers must propose realistic goals, identify the limitations of
current nanoparticles and maximising the capabilities of current nanoscopic systems. In other
words, they must follow the idea of “keep it simple”, looking for robustness, and progressing in
a stepwise manner. In this context, material science plays an essential role, since it is crucial to
understand the synthesis mechanism of nanomaterials, to establish the properties derived from
the structure, to design nanodevices rationally and to finely control their physico-chemical
properties.

As for the MCM-41-type MSN development, their main weaknesses in the biomedical context
are the achievement of reproducibility in their size, morphology and functionalisation, as well
as the obtaining of monodisperse, non-aggregated and biodegradable nanoparticles. The
control of these parameters is required to get a suitable biodistribution, to escape from RES, to
have good particle—cell interactions and cell uptake, to avoid their accumulation in the organism
and to promote their degradation.

Therefore, throughout the current thesis we focused on studying the different weaknesses of
MCM-41-type MSN synthesis. Thanks to that, we have obtained a comprehensive knowledge
about them and have contributed to solve some of the main obstacles that researches found
when are working with this type of nanoparticles.

In Chapter 3, the main objective we set was to understand mechanism synthesis of MCM-41-
type MSN regarding the silica templating mechanism, as well as nucleation, growth and
condensation processes, as the main steps involving in the formation of these nanoparticles.
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First, we observed that in the first stages of MCM-41-type MSN formation the silica precursor
and CTAB formed micellar complexes larger than the posterior mesostructured micelles. These
observations can fit with silica polymerization model and swelling-shrinking model, by which
these micelles can act as CTAB repositories meanwhile other mesostructured micelles are
forming; or with cooperative assembly model, based on the rearrangement of micelles in
presence of increasing amount of silica precursor, which produces smaller mesostructured
micelles.

Second, we showed that the nucleation and growth processes are greatly influenced by the silica
hydrolysis and condensation rates, and then, a decrease in the hydrolysis rate produces less
number of initial seeds that form larger nanoparticles, and vice versa. We demonstrated that
the hydrolysis and condensation rate are not only affected by the pH and temperature, as it has
been widely studied, but also by the amount of TEOS added, the stirring rate and the TEOS
addition rate. This influence is mediated by the following mechanism: the amount of silica
available to be hydrolysed acts as limiting step at low concentrations; and low hydrolysis rate
acts as limiting step downstream, namely, to the condensation step.

Third, we demonstrated that templating, nucleation and growth occur in the range from seconds
to few minutes, observing well-formed nanoparticles from aliquots taken at few seconds from
the reaction mixture and obtaining nanoparticles with similar characteristics to the standard
ones when aging for 5 minutes.

Fourth, we showed that the aging step is required for consolidating the nanoparticles structure
by increasing the percentage of siloxane bonds, and reducing the nanoparticles size dispersion
by Ostwald ripening, and it is optimal at 2 hours. This consolidation strengthen the silica
framework and minimise the shrinkage produced by calcination step.

In Chapter 4, the main objective was to study the influence of some disregarded parameters in
the synthesis of MCM-41-type MSN.

First, we have shown and explained that the stirring mechanism and the flow dynamics are
correlated with the nucleation, development and growth of nanoparticles. We also observed
that stirring rate not only affects to the nanoparticles size, but also shape of nanoparticles or the
fusions among them. Additionally, we also observed that the magnetic stirrer bar morphology
and their surface, just as stirring set up are greatly influent on this issue.

Second, we studied and explained for the first time the effects of the TEOS addition rate in the
nanoparticles formation. This parameter influence on the amount of silica available to be
hydrolysed over time, and thus, it not only affects the size of nanoparticles, but also to their
homogeneity, since different cycles of nucleation and growth are provoked if low TEOS addition
rates are employed, appearing spherical, rod-like and bean-like nanoparticles. We showed the
same effect when extremely low stirring rates are used, as the mixing of aqueous and organic
phases is extremely slow.

Third, we demonstrated the weakness of the silica framework of the MSN when they are just
formed, even after aging for 2 hours. Thus, the processes subsequent to nanoparticles
formation, such as the cooling step, the neutralisation process and the separation of the solid

240



General Conclusions

from the reaction media can be quite influent on MSN silica framework. In this sense, the forced
neutralisation with HCI provokes a notable shrinkage of the pores.

On account of the studies performed in previous chapters, we shed some light to help to control
the MCM-41-type MSN synthesis in order to obtain more reproducible and tailored
nanoparticles.

In Chapter 5, different objectives were set relative to the obtaining of colloidal MSN.

First, we reviewed critically the reported literature about the obtaining of colloidal MSN
suspensions. This review allows us to demonstrate that this issue is still unresolved. In addition,
we showed that most of researchers claim to obtain colloidal MSN, but they do not apply a
proper methodology to validate it.

Second, taking into account the state or the art, we get to develop some methodologies to
characterise the colloidal stability in MSN. We compared different methods and presented
their pros and cons. We decided to mostly use the measurement of light attenuation when
different pulse spins are applied due to their advantages, such as their simplicity, the low time
required, the capacity of quantify the percentage of suspended nanoparticles and their
reproducibility.

Third, we studied the main parameters that influence on colloidal stability of MCM-41-type
MSN samples. We observed that tuning the parameters of synthesis can explain some
improvement or worsening of colloidal stability, but the main influence is obtained when tuning
the sample preparation, the solvent, the nanoparticles concentration, and especially, the
nanoparticles functionalisation and PEGylation.

Fourth, we analysed the principles which govern the colloidal stability in MCM-41-type MSN
and we presented a conceptual and operational framework of MSN suspendability based on the
colloidal physics principles, the reported literature and our own experience. In this context, we
analyse that normally a MSN preparation are composed by three populations: a) isolated or
discrete nanoparticles, b) nanoparticles agglomerated by physical interactions and c)
nanoparticles fused by chemical bonds. Besides, we explained the formation of each population,
how are influenced by the synthesis and manipulation parameters, and we proposed some tips
to reduce the agglomerations and fusions.

In Chapter 6, the main objective was to study systematically the implications of the use of
different surfactant removal procedures in MCM-41-type MSN. We observed that the method
employed to eliminate the template is quite influent on the physicochemical properties of MSN
as is listed below:

First, the efficiency in the removal of the template was demonstrated for calcined samples when
the calcination temperature was at least 500 °C (finding coke residuals in those samples calcined
at lower temperatures). In the case of extracted samples, though the removal of the surfactant
was also efficient, we have observed the presence of ethoxy- groups after the extraction
procedure, due to esterification of silanol groups.

Second, the silica condensation degree increase considerably in all calcined samples in
compared with extracted samples. In the same vein, the silica structure becomes more rigid
after calcination and remains more flexible after the solvent extraction.
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Third, we demonstrated that independently the temperature used the calcination provokes a
great shrinkage of the silica framework, which is much lower when the surfactant is removed by
solvent extraction. In addition, we observed that this shrinkage is not provoked by an extra
reduction of pore size, but a decrease in pore wall thickness.

Fourth, we observed that the colloidal stability of MSN improves when lower calcination
temperature are used or when solvent extraction method is applied. This improvement is mainly
mediated by the higher repulsion forces between nanoparticles giving that extra negative charge
belonging to silanol/silanolate groups.

Fifth, the reactivity of nanoparticles was demonstrated to be greater when lower calcination
temperatures are applied. Nevertheless, this effect can be counteracted for temperatures below
500 °C, because the presence of surfactant residues can disturb a subsequent functionalisation.

Sixth, the compatibility of prepared MSN for biomedical applications was analysed regarding
their cytotoxicity and biodegradation. On the one hand, we demonstrated that both calcination
(from 400 to 550 °C) and solvent extraction produce non-toxic nanoparticles. On the other hand,
we showed that all studied samples presented signs of degradation at few weeks, such as
surface roughness, decrease in size, fusion between nanoparticles and appearing of amorphous
silica agglomerates. The degradation rate was found to be higher in case of calcining at lower
temperatures, and even higher when surfactant was extracted.

On account of the knowledge obtained in the present thesis, we get to distinguish the main
variables and steps that affect to the use of MCM-41-type MSN in biomedical applications,
regard their reproducibility, suspendability and biodegradability. In this context, and as a final
conclusion, we can suggest that the best option to obtain MSN oriented toward biomedical
applications are the fine control of each step in synthesis and manipulation, following the next
recommendations:

a) in the nanoparticles synthesis, to use 500 rpm as stirring rate and a plain and cylindrical
magnetic bar, to add the TEOS dropwise at 5 mL min’, to age the nanoparticles for 2 hours;

b) in the surfactant removal, to use calcination method at 500 °C or solvent extraction (both
with HCl-ethanol or NH4;NOs-ethanol) in terms of functionalisation effectiveness, colloidal
stability and biodegradability; nevertheless, if the concrete application of MSN requires long-
term use, to use standard calcination at 550 °C for obtain particles with longer lifetime;

c) in the sample preparation, to sonicate the samples at least 1 hour to remove the higher
agglomerates, which is useful in each functionalisation step, to avoid the use of high
nanoparticles concentration in step susceptible to aggregate, to avoid the use of aprotic or
highly saline solvents to suspend the nanoparticles;

d) in the obtaining colloidal suspension of MSN, to functionalise them with PEG or similar
molecules in terms of steric hindrance, to apply spin pulses as a rapid, reproducible, cost-
effective, and monitoring-enabled method to remove the higher aggregates.
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