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ABSTRACT

Starting from the general definition of hybrid nanomaterials, the introductory section will draw the
readers’ attention to the main issues concerning the use of fluorescent probes for in vitro and in vivo
bioimaging and the general requirements for “the optimal probe”. The benefits arising from the use
of hybrid materials will be outlined especially concerning: 1 Non porous Fluorescent Silica
nanoparticles. 2 Mesoporous silica based nanoparticles and Fluorescent Organosilicas. 3 Zeolites. In
this section the recent advances in the preparation and characterization of nanosized zeolite crystals

will be reviewed; different strategies of incorporation of fluorescent compound will be considered.
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17.1. Introduction to hybrid nanomaterials for bioimaging

Hybrid organic—inorganic nanomaterials are not simply physical mixtures but are considered and
defined as the result of their intentional combination, using soft inorganic chemistry, of organic and
inorganic units at molecular/nanoscale level, thereby opening access to a wide spectrum of
multifunctionality not possible with the traditional concepts of materials science. The nanostructure,
degree of organization and properties of such materials do not only depend on the chemical nature
and the synergies between their nano-units, but also strongly rely on the interface they share. The
properties of such hybrid nanomaterials are not only the sum of the individual contributions of each
phase, but also can also result from the role of their interface which can then become predominant.
Since the review by Sanchez et Al. (1) the nature of the interface is used to sort these materials into
two distinct classes. Class I refers to the hybrid materials where organic and inorganic components
exhibit weak interactions where only hydrogen, van der Waals or ionic bonds give cohesion to the
structure. In Class 1l materials, the two phases are linked together through strong covalent or iono-
covalent chemical bonds. Chemists have so far designed, elaborated and processed many functional
hybrid materials with enhanced properties by using soft chemistry routes based on the
polymerization of functional organosilanes, macromonomers and metal alkoxides. They also used
(i) the encapsulation of organic components within sol-gel derived organosilica or hybrid metal
oxides (ii) the organic functionalization of nanofillers, nanoclays or other compounds with lamellar
structures; (iii) the self-assembly or templated growth, (iv) nano-building block approaches, (v)
hydrothermally processed hybrid zeolites or microporous metal organic frameworks, (vi) integrative
synthesis or coupled processes, and (vii) bio-inspired strategies.(2) (3) (4) (5) (6) (7) These
innovative organic—inorganic hybrid nanomaterials have major impacts in many application
domains such as optics, electronics, mechanics, energy, environment, protective coatings, and more
specifically biology, bio-imaging and medicine, the topics of this chapter.

Bio-imaging and clinical imaging modalities include complementary techniques (8) such as: optical
imaging, (9-17) magnetic resonance imaging (MRI), (18-21) computed tomography (CT), (22)
ultrasound imaging (USI) (23-27) positron emission tomography (PET) (28-31) and single photon
emission computed tomography (SPECT) (32-34). Other techniques are also examined, for example
multi-photon plasmon resonance microscopy, (35) optical coherence tomography (OCT), (36)
surface enhanced Raman spectroscopy (SERS), (9, 37-41) as well as diffuse optical spectroscopy
(42). Some techniques enable an entire-organism anatomical imaging (e.g. MRI or PET) while
others provide more specific molecular imaging (e.g., optical fluorescence or USI) at the subcellular

resolution. Combination of these different tools is aimed at a better diagnosis of early-stage cancer,

2



guided stem cell therapies, drug delivery, pathogen detection, gene therapy, image-guided surgery,
and cancer staging. (43)
Among all these techniques used for bio-imaging (44) the fluorescence bio- imaging one is essential
in pre-clinical investigations, and the research of suitable and accurate tools for in vivo
measurements is becoming crucial and raising more and more attention. The use of nanotechnology
allowed solving the encountered limitations, and luminescent nanoparticles (NPs) are one of the
most promising materials proposed for future diagnostic implementation and breakthrough. NPs
constitute also a versatile nanohybrid platform that can allow facile multiple functionalization to
perform multimodal imaging or theranostic (simultaneous diagnosis and therapy).
To help improving these techniques resolution, nanohybrid particles have proved as very powerful
probes for both in vivo imaging in medical and in vitro biological diagnostics. Several types of NPs
have been used to generate breakthroughs as compared to common molecular probes improving
their properties and detection limits, in a broad array of imaging modalities. The specifications of an
ideal probe are numerous. It should exhibit colloidal stability in in vivo biological media, non-
dependence on the solvent polarity, ionic strength, pH, or temperature. Other properties such as
limited nonspecific binding, resistance to the reticulo-endothelial system (RES) uptake, and easy
natural clearance are also required. High sensitivity, good contrast quality (high signal-to-noise
ratio, (SNR)) and long enough blood circulation periods are also compulsory. In other words, this
NP should have the adapted long-term quantitative imaging at low doses and be safely cleared from
the body after imaging completion.
Among these nanohybrid platforms this chapter will more specifically focus on silica-based
luminescent hybrid nanoparticles which exhibit a very rich chemistry and therefore offer very
appealing approaches. For example, compared to Magnetic Resonance Imaging, optical imaging is
much easier to use, cost-effective, and can be applied to cancer diagnosis with high resolution.(39)
(45) NIR dye-doped silica NPs are becoming more and more popular as contrast agents for several
recognized reasons: silica NPs as detailed below, are optically transparent, water dispersible,
biologically inert, nontoxic in the amorphous form, with well-established conjugation strategies to
modify the surface with proteins, peptides, and other ligands for cellular receptors using the well-
known silane chemistry. The use of such a matrix, in which many NIR fluorophores can be
encapsulated, reduces the potential toxicity of these fluorescent probes and shields the NIR emitter
from the aqueous environment, where the dye usually suffers from low fluorescence quantum yield,
degradation, and unsatisfactory photostability. NIR-emitting dyes such as polymethines (Cy5.5,
Cy7), indocyanine green (ICG), Alexa Fluor 750, and IRDye78 have already been incorporated into
silica NPs. Encapsulation of multiple dyes within a single silica NP generates much brighter and
3



more stable probes than those loaded with a single one. Dye-doped silica NPs are usually
synthesized by a sol-gel Stober process or in microemulsion by simply adding the dye (or a
modified form of the dye) to the silica-forming solution.(46) In addition, the use of mesoporous
silica NPs enables the loading of an additional functions into the resulting pores, for example
imaging probes of sentinel lymph nodes (SLNSs) known as the first defense against primary tumor
metastasis, (47) sensing (48) or a therapeutic agent capable of photothermal ablation or a controlled
drug release (49). The covalent chemical grafting of lanthanide complexes on metal oxide
nanoparticles was also recently performed and introduction of two different lanthanides gave

bimodal contrast agents (50-52).

17.2.  Fluorescent Silica nanoparticles

Among the wide variety of hybrid nanomaterials developed for bioimaging purposes, fluorescent
silica nanoparticles (SiNPs) prepared by encapsulation and/or grafting of luminescent moieties (e.g.
fluorescent organic and organometallic dyes, luminescent lanthanides, metallic nanoparticles and
quantum dots)(53-55) in the silica framework represent one of the most versatile and exploited
families (56), being capable of offering all the required features to obtain effective tools for
diagnostic and theranostic applications (57-59). Silica itself exhibits a wide variety of attractive
characteristics that can be beneficial when designing a nanosized probe (60); first of all, SiNPs
possess a well-known and tunable surface chemistry. As a consequence, the surface of SiNPs can be
easily functionalized using conventional silane-based chemistry (56, 61, 62) in order to improve
colloidal stability, biocompatibility, cell-permeation properties, to tune the circulation time and
clearance, as well as to introduce functional groups exploitable to conjugate biomolecules for
specific targeting (e.g. monoclonal antibodies, nucleic acids, small ligands, etc..). Second, silica
matrix is optically transparent, that allows excitation and emission light to efficiently pass through
the silica matrix. Third, amorphous silica appears to be resistant to swelling, biocompatible, non-
toxic and easily excreted (depending on the size). Beside all these features, SiNPs has several
advantages over other luminescent probes; extensive literature on the beneficial effects has been
published in the last decade, including reports about increased photostability, quantum yield and
brightness of organic and organometallic fluorophores upon encapsulation in SiNPs, as well as
gained water solubility and efficient conjugation.

Given the vast diversity of fluorescent molecules and their exquisite sensitivity to their local

environment, the encapsulation in SiNPs raises the possibility of developing systems with a broad



range of precisely controlled luminescence characteristics (63) which can be exploited in
fluorescence detection. The term fluorescence does not imply a single spectroscopic method but
rather includes a variety of techniques in which imaging can be obtained by measuring signal
intensity, decay time, polarization, and also by studying effects caused by fluorescence resonance
energy transfer (FRET), up-conversion, quenching, or photo-induced electron transfer (64).
Therefore, the fluorescence properties of different nanotools should be tailored on the basis of the
desired effect; as for example, in the case of SiNPs to be used as imaging probe for signal intensity-
based techniques the overall quantum yields and brightness should be maximized and aggregation
phenomena, which often lead to fluorescence quenching, should be avoided. On the contrary, when
dealing with FRET-based techniques the SiNPs should be engineered in order to ensure optimal
proximity of FRET pairs (65).

In this section, examples of SiNPs engineered in order to fulfil different requirements will be
reviewed, highlighting that SiNPs architecture determines radiative properties of encapsulated
fluorophores.

17.2.1.  Non-covalent entrapment of fluorophores

Fluorescent SiNPs can be obtained using sol-gel processes under various conditions that give rise to
different final materials through the fine tuning of various parameters such as catalytic conditions,
nanoparticles nucleation and growth confinement (57). The main preparation approaches are the
Stober-Van Blaaderen method (66) and the methods involving hydrolysis and condensation
confinement, such as the reverse microemulsion method (67) and direct micelle assisted method
(68). Irrespective of the preparation method and of the fluorescent moiety employed, the
performance of the final nanomaterial is determined to a significant extent by the distribution of the
photoluminescent molecules within the host matrix because intermolecular interactions can occur
modifying the photophysical properties (69).

Seminal works by Santra and co-workers (62, 70) reported that the fluorophore can be simply added
as such to be entrapped into the growing silica matrix. In particular, they synthesized fluorescent
SiNP doped with Tris(2, 28-bipyridyl)dichlororuthenium (11) hexahydrate (Rubpy) by following the
reverse microemulsion approach and adding the fluorophore dissolved in the water pool of the
microemulsion. The authors did not observe any leaking of Rubpy dye from the SiNP, maybe due
to a successful complete encapsulation of the dye into the silica matrix and due to weak interactions
between the silica oxygen atom and the ruthenium ion, which can be also responsible for the red-

shift observed in the emission spectra of the SiINP, when compared to the pure dye in the solid state.
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In order to optimize the performance of the SiNP, the authors investigated different Rubpy loading,
demonstrating that self-quenching occurs above a certain Rubpy concentration. The protective role
of the silica matrix towards the photo-oxidation of the fluorescent guest was confirmed with
photobleaching experiments and pressure dependent emission studies, indicating that the dye
molecules are protected from the surrounding environment and that the silica matrix is impermeable
for oxygen under normal air pressure. Although direct incorporation within the water pool of the
microemulsion, as well as the effective incorporation in SiNPs prepared with the Stéber method, is
working well with hydrophilic dyes, several efforts have been done to promote the incorporation of
hydrophobic dyes which cannot be dissolved in water droplets. To address this problem,
hydrophobic dyes, such as Tetramethylrhodamine (TMR), were converted to hydrophilic molecules
by linking a dextran molecule to TMR. Keeping the TMR-dextran inside the silica matrix was
achieved by making water droplets acidic; with these modifications, uniform and highly fluorescent
SiNPs were synthesized, without leakage of the fluorophore (71). This approach was further
followed for the incorporation of fluorescein molecules into SiNPs (72), whilst a different approach
was proposed by Tapec and co-workers (73) who used a combination of two silica precursors,
tetraethylorthosilicate and phenyltriethoxysilane, to synthesize SiNPs-doped with hydrophobic
dyes. They demonstrated that the hydrophobic nature of phenyltriethoxysilane helps keeping the
organic dye in the silica matrix, whereas the hydrophilic tetraethylorthosilicate-formed silica allows
the resulting nanoparticles to be dispersed in aqueous solutions. Characterization of the so-obtained
SiNPs showed that they could be synthesized in the nanometer range with high photostability and
minimal dye leakage.

17.2.2.  Covalent immobilization of alkoxysilane-derivatized

fluorophores

The first examples of the use of alkoxysilane-derivatized fluorophores for the stable doping of
SiNPs was reported by Van Blaaderen and co-workers (74), who prepared fluorescent SiNPs with
the Stdber method by using a fluorescein isothiocyanate-aminopropyltriethoxysilane (FITC-APTS)
derivative as fluorescent moiety. The authors demonstrated that it is possible to tune the distribution
of the fluorophore in the silica matrix and, then, to have a good control on the photophysical
properties of the system, simply by modifying the reaction procedure and alternating steps of FITC-
APTS and silica precursors addition (Figure 17.1). Since then, a huge volume of literature has been

published about the confinement of fluorescent dyes within SiNPs through either (i) the
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derivatization of the fluorophore with alkoxysilane moieties and subsequent covalent bound to the
growing silica matrix (75-77) or (ii) the chemical functionalization of the silica NPs by a
commercial functional silane (78), followed by a further chemical coupling with the fluorescent

agent. This fluorescent agent can be either an organic dye (79) or a rare earth complex (50, 80, 81).

Wiesner’s group developed highly bright core-shell SiNPs embedding TRITC-APTS moieties
where the TRITC-rich fluorescent core is surrounded by a silica shell (82). The same approach was
later on applied for the preparation of fluorescent SiNPs with tunable color, thus covalently
incorporating various fluorophores, such as AlexaFluor 350, N-(7-dimethylamino-4-
methylcoumarin-3-yl)maleimide, AlexaFluor 488, fluorescein isothiocyanate, AlexaFluor 555,
AlexaFluor 568, Texas Red, AlexaFluor 680 and AlexaFluor 750 (83), thus obtaining a wide variety
of ultrasmall fluorescent SiNPs, called CU Dots (Cornell Dots) which have been tested in the first-
in-human clinical trial in patients with metastatic melanoma for the imaging of cancer (84).
Irrespective of the fluorescent dye used, the authors found that the brightness of the core was
usually actually less than that of free dye, suggesting that the dense dye-rich core was heavily
quenched compared to the free dye. However, upon addition of an outer, dye-free silica shell to the
core, the brightness was increases by a factor of at least 30.

Similarly, Rampazzo et al. (85) demonstrated the spontaneous accumulation of dye molecules in
the core of SiNPs. Pyrene was chosen because its fluorescence properties (quantum yield and
fluorescence lifetime) are highly affected by quenching by molecular oxygen, furthermore pyrene
molecules tend to form excimers at high concentration. Both features were exploited in order to
monitor the dispersion of the dye into the silica matrix and to highlight its beneficial shielding effect
towards to photooxidation and quenching. A strong enhancement of pyrene fluorescence and a
corresponding increase of its excited-state lifetime was observed upon its inclusion, as a result of
the shielding effect from molecular oxygen due to the silica matrix. Furthermore, in the case of high
loading a heavily doped core showing an excimer-like emission is first formed. Further growth
leads to the formation of layers where the concentration of pyrene gradually decreases and the

monomeric emission becomes relevant (Figure 17-1).



Figure 17 - 1. Schematic representation of the different ways FITC-APTS is distributed through the SiNP matrix. (a-f).
The dark region stands for FITC-APTS-modified areas and white means “ordinary” silica. (Reprinted with permission
from ref (74). Copyright 1992 American Chemical Society). B. Pictorial representation of the growing of SiNPs doped
with pyrene-alkoxysilane derivatives (Reprinted with permission from ref. (85). Copyright 2007 American Chemical
Society).

Another interesting example of manipulation of the photophysical properties of dye molecules upon
encapsulation within nanometric SiNPs was proposed by Larson et al. (63); the control of the
photophysical properties was accomplished through changes in silica architecture on the nanometer
size scale and results in enhanced fluorescence quantum efficiency. The authors prepared a
rhodamine-alkoxysilane precursor by reacting tetramethylrhodamine isothiocyanate (TRITC) with
APTS and they used the resulting adduct as the fluorescent precursor for the preparation of core-
shell SINPs characterized by different architectures. Three architectural variations on the basic core-
shell morphology were developed in order to achieve the desired enhancement/maximization of the
fluorescence properties. These three architectures were (i) a compact core of dye surrounded by a
silica shell, (ii) an expanded core containing the dye surrounded by a silica shell and (iii) a
homogenous particle where the dye is homogeneously distributed within the silica matrix. All three
systems were characterized by approximately the same size and composition, but the constituent
dyes exhibited different photophysical properties. By optimizing the nanoparticle structure the
authors achieved greater than 3-fold increase in the quantum efficiency of TRITC, mainly due to the
reduction of non-radiative rates; such a reduction is related to the restricted rotational mobility of
the fluorophore covalently bound within the particles: the more restricted is the mobility, the

smaller the non-radiative rate.



Much higher quantum vyield enhancement was obtained when an alkoxy-modified trimethine
indocyanine dye was employed in the preparation of SiNPs via the reverse microemulsion method
(86, 87). The combination of steady-state and time-resolved fluorescence revealed that almost all
the fluorophore molecules exhibited the same photophysical behavior, suggesting that they should
be dispersed in a monomeric form within the silica matrix. This results in a significant brightness
enhancement and in an increased photostability with respect to the fluorophore in solution. The so
obtained fluorescent SiNPs were tested as imaging probes in in vitro tests in highly differentiated
neuronal cells (GT1-7), showing that the prepared nanoparticles can be incorporated with no
apparent toxicity. Interestingly, the trimethine indocyanine dye used was not significantly soluble in
water, which is apparently in contrast with the general idea that the microemulsion method could be
more effective for the encapsulation of hydrophilic molecules (88). Indeed, it has to be noted that
reverse microemulsion is a multiphasic system where the surfactant “palisade”, along with the co-
surfactant, is separating the water pool from the bulk oil phase. As a consequence, the partition of
the molecular species involved in the formation of fluorescence SiNPs among the different phases
of the microemulsion system can play a fundamental role in the final architecture of the hybrid
material. In order to investigate the role of hydrophilicity/hydrophobicity of a fluorophore in
determining its dispersion in SiNPs prepared in reverse microemulsion, Alberto et al. (69) carried
out a systematic study based on the preparation of fluorescent SiNPs by the incorporation of three
indocyanine-APTS derivatives differing only in the number of sulfonic groups and, hence, in their
hydrophilicity (Figure 17.2). The goal of the research was the identification of molecular
parameters that could effectively help tailoring the photophysical properties of the hybrid SiNPs.
The evolution of the photophysical properties of the three indocyanine dyes was followed by means
of spectroscopic techniques (UV-Vis absorption spectroscopy, steady-state and time-resolved
photoluminescence) from the starting microemulsion to the final nanoparticles, providing evidence
of the key role of the hydrophilicity of the fluorophore in ruling the dispersion within the silica
matrix. In particular, hydrophilic indocyanine molecules (namely I13BS) were found to be present in
the water pool from the early stages of the reaction, resulting in the heavy formation of non-

luminescent aggregates within the silica matrix (Figure 17-2).
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Figure 17 - 2. A. Structure of the three indocyanine dyes used by Alberto et al. B. Pictorial representation of the
distribution of the indocyanine dyes within the final fluorescent SiNPs (Adapted with permission from ref. (69).

Copyright 2012 American Chemical Society)

The indocyanine molecules characterized by an intermediate hydrophilicity value (namely 13MS)
are preferentially located in an environment characterized by an intermediate polarity with respect
to water and n-hexanol, present as a co-surfactant that is at the interface between the water pool and
the inner side of the surfactant layer. As a consequence, in this case the formation of non-
luminescent aggregates is somewhat reduced and a fraction of the luminescent molecules are
located on the eternal surface of the SiNPs. Finally, I3NS molecules, due to their lower
hydrophilicity, at the early stages of the reaction should be preferentially located near the outer side
of the surfactant palisade, toward the oil phase. This induces a slow migration of the fluorophores in
the water pool where the silica phase is growing, as soon as the trimethoxysilane moieties are
hydrolyzed. As a consequence, I3NS molecules were found to be homogenously distributed both
within the silica matrix and on the external surface, without evidence of non-luminescent aggregates
formation.

Although most of the efforts widely reviewed in literature are devoted to the enhancement of
luminescence properties through inhibition of aggregation of the fluorophores, recently, increasing
attention has been focused on a new class of fluorophores which behavior upon aggregation is the
opposite of traditional organic fluorophores (89), the so-called Aggregation-induced emission (AIE)

fluorophores. AIE fluorophores are non-emissive in dilute solutions and are induced to emit intense
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fluorescence upon aggregation; their confinement within nanosystems of different architecture and
composition is emerging as a powerful technique for the control and enhancement of aggregation
properties of AIE fluorophores (90, 91). This aggregation-enhanced effect offers an opportunity to
produce a novel kind of dye-concentrated nanoparticles, where dye-aggregation is not detrimental
but rather enhances fluorescence efficiency. In contrast to nanoparticles encapsulating common
fluorophores, one can expect that the fluorescence output from such nanoparticles can be increased
readily by raising the loading, because the interdependency between fluorescence efficiency and
loading density is no more governed by concentration quenching. Several examples are present in
literature about AIE fluorophores both embedded and covalently bound to SiNPs, which is not
possible to exhaustively review here. Kim et al (92) developed an anthracene derivative which has
been shown to enhance one- and two-photon fluorescence without any intermolecular quenching
effect, which enabled remarkable signal improvement by raising its loading density in the
composite nanoparticles. The so obtained nanosystems were successfully applied in in vitro
experiments, highlighting they are promising candidates as two-photon fluorescence probes for
biomedical applications. Furthermore, energy-transferring organically modified silica nanoparticles
for two-photon photodynamic therapy (PDT) were developed (93) by co-encapsulating two-photon
fluorescent dye nanoaggregates as an energy up-converting donor and a photosensitizing drug for
PDT as an acceptor. The authors successfully combined the aggregation-enhanced two-photon
absorption and emission properties of the AIE fluorophore and the nanoscopic FRET between the
aggregated AIE fluorophore and the photosensitizer; the preliminary in vitro tests showed that
singlet oxygen generation in cancer cells by photosensitization can be observed under two-photon
irradiation. In order to avoid dye leakage, Faisal and coworkers (94) proposed a surfactant-free sol-
gel process to obtain core-shell structures where the AIE fluorophore was chemically bound to,
rather than simply embedded within, the forming silica networks. The resultant SINPs were mono-
dispersed, with smooth surface, high surface charge and excellent colloidal stability and emission
intensities could be tunable by changing the reaction conditions and the fluorophore loading.
Another example of successful covalent immobilization of AIE fluorophores in SiNPs was
proposed by Mahtab et al. (95) who reported about the fabrication of fluorescent SiNPs with
efficient light emission, colloidal stability and size tenability by one-pot, two-step Stober and

reverse microemulsion methods. Tetraphenylethene (TPE) and silole! functionalized siloxanes were

L Siloles, also called silacyclopentadienes, are the silicon analogs of cyclopentadienes.
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prepared by click reactions and used along with the precursor TEOS to generate fluorescent SiNPs.
UV irradiation of the so obtained nanosystems results in strong blue and green light, thanks to the
novel aggregation-induced emission features of the TPE and silole aggregates in the hybrid
nanoparticles.

Another field of application where fluorophore should not be homogeneously dispersed in a silica
matrix as isolated molecules is the design of fluorescence probes for FRET-based imaging
techniques. FRET is a process in which energy is transferred from an excited donor to an acceptor
molecule, leading to a reduction in the donor’s fluorescence emission and an increase in the
acceptor’s fluorescence emission intensities. Since the energy transfer efficiency is distance
dependent, it can only occur over distances smaller than a critical radius, known as the Forster
radius (65). Although the most efficient silica nanosystems for the hosting of FRET systems are
mainly represented by mesoporous systems where the dyes can be arranged in an ordered fashion,
some interesting examples of non-porous SiNPs engineered for FRET applications should be
reviewed. Wang and Tan reported the preparation of multicolor FRET SiNPs (96); triple-dye-doped
FRET SiNPs were prepared via a Stober modified method. The three tandem dyes were carefully
chosen in order to allow an efficient FRET. FITC, Rhodamine 6G (R6G), and carboxy-rhodamine
(ROX) were selected because of their good spectral overlapping, which is one of the requirements
for and effective FRET pairing. In the triple-dye-doped NPs, FITC was used as a common donor
for R6G and ROX, while R6G acted as both an acceptor for FITC and a donor for ROX. Slight
variations in the doping ratio of the three tandem dyes results in fine tuning of the FRET-mediated
emission and the different SiNPs exhibit different colors under one single wavelength excitation, as
reported in Figure 17.3.

Figure 17 - 3 FRET-SiNP samples with different doping dye combinations under 300-nm UV illumination. Dye doping
ratio (from left to right) FITC:R6G:ROX = 1:0:0, 0:1:0,1:0:1, 4:1.5:3, 0.5:0.5:0.5, 2:2:2, 0:1:1, 0.5:0.5:4. (Reprinted
with permission from ref. (96) . Copyright 2006 American Chemical Society)

Using a similar strategy, Xu and coworkers (97) developed two-dyes doped FRET SiNPs by
incorporating two dyes, fluorescein isothiocyanate, FITC, as the donor and an organometallic
complex (tris(1,10-phenanthroline) ruthenium, Ru(phen)s®*) as the phosphorescent acceptor. In
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order to investigate the effect of dyes distribution and donor-acceptor distance on the photoemission
properties of the resulting SiNPs, the two dyes were incorporated within the silica nanoparticles by
two different strategies, step-wise doping and co-doping. The latter consists in the incorporation of
the two dyes into the same silica layer, whilst in the stepwise doping the two dyes were
incorporated in successive layers, separated from each other by a silica layer of variable thickness
(from 2 to 12 nm). Final colour of the nanoparticles resulted to be tuneable by changing both the
ration between donor and acceptor doping rate, and by changing the doping strategy.

The ability to control the photophysical properties through nanoparticles architecture enables both
the development of next generation of fluorescent probes and the tailoring of their properties in
order to fulfil the particular requirements related to each particular application; in addition, further
engineering of silica surface allows the incorporation of several functionalities within the same
nanoparticle, which is the starting point for the development of effective multifunctional smart

materials.

17.3.  Mesoporous silica based nanoparticles

17.3.1.  Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSN) have been widely studied in recent years due to their
unique structure and ease with which the surface can be functionalized, allowing to develop a
multifunctional platform that can be used for drug delivery (98-100) and as a novel gene
transfection system (101-104). The development of advanced hybrid materials based on MSN has
been mostly focused in the field of cancer therapy (104-110), often coupled to nucleic acid delivery
(siRNA) to overcome cancer cells resistance to one or more chemotherapeutic agents (103). Fewer
reports focused on the employ of MSN as drug delivery systems (DDS) for topical/dermatological
applications (111-114).
The success of this material is testified by the impressive literature proliferation on the subject,
which cannot be comprehensively reviewed in this contribution. Among the many relevant
publications, interested readers can delve into the concept of ‘pharmaceutically adapted MSN
platform’ by Meng et al. (109). Similarly, the drawing by Prof. Lindén and coauthors reproduced in
Figure 17.4 summarizes the numerous cargo loading possibilities of MSNs (98, 110). MSNs have
indeed all the peculiar properties of silica-based mesoporous materials (high surface area, ordered
and tunable porosity, huge pore volume to accommodate and deliver large amounts of molecules,
biocompatibility, etc.) (115), coupled to nanosize, which can be tuned in the range 50-200 nm.
13



These features allow to develop multifunctional nanocarriers, which can be targeted to cancer cells
by both passive and active transport (specific cell targeting) in physiological fluids. Surface
functionalization is employed to tune the surface charge, which influences the interaction with cell
membranes and can decrease aggregation in water and biological media. MSN can thus carry drugs,
nucleic acids, proteins, etc. coupled to magnetic materials to enable the particles to be used for T2
magnetic resonance imaging (MRI) and/or molecules for optical imaging (98, 99, 109).
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Figure 17 - 4 Pictorial representation of the many cargo loading possibilities of MSNs (Reproduced from Ref (98) with
permission of The Royal Society of Chemistry).

From what mentioned above, it is clear that most reports about MSNs are not simply focused on
their application for bioimaging, since agents for magnetic or optical imaging are often coupled to
bioactive molecules, resulting in theranostic (therapy + diagnostics) systems (99, 116). Moreover,
highly fluorescent molecules are often chosen as a cargo, since release from the pores can be
tracked by fluorescence spectroscopy and microscopy (99, 109, 117-120). These includes either
fluorescent dyes (that is without any therapeutic effect, only employed to check the material
performance in terms of loading, release and cell internalization) or fluorescent drugs. Concerning
the latter, doxorubicin (an anthracycline antibiotic) is a well-known anti-cancer (‘antineoplastic’ or
‘cytotoxic’) chemotherapy drug, widely employed as case study for DDS proof-of-concept (100,
104, 109, 121-124). For instance, doxorubicin was loaded into the pores of folate-functionalized

MSNs, encapsulating highly sensitive **F MRI contrast agents, for active targeting of theranostic
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systems (125). In another work, doxorubicin was employed on intrinsically fluorescent MSNs,
doped with photosensitizing molecules, chlorin e6. This was aimed at designing imaging-guided
combination therapy of cancer, including photodynamic and chemotherapy, achieving synergistic

anti-tumor effects both in vitro and in vivo (126).

As fluorescent not-bioactive cargos are concerned, rhodamine B has been often employed, being
one of the most readily available dye with a high absorption coefficient and quantum yield (117,
119, 127-129). For instance, rhodamine B was employed as cargo to test the potentiality of a redox-
responsive release system based on hybrid copolymer/MSNs, with cleavable sulfide bonds.
Moreover, the material was designed as a sensitive pH probe for cell/tissue imaging and clinical
diagnosis, by further grafting of a fluorescent pH sensing monomer (1,8-naphthalimide) (129). In a
different work, sulforhodamine B, hydrophobically modified sulforhodamine B, and Cascade Blue
hydrazide were employed to obtain stable fluorescent MSNs, binding specific antibodies for
diagnostic applications (130). Finally, rhodamine B as a fluorescent contrast agent was coupled in
MSNSs to verteporfin as a photosensitizer for PDT application. Specific attention was devoted to
increase the fluorescence quantum vyield and singlet oxygen delivery efficiency by controlling the

dye dispersion and location within MSNs (131).

On the other hand, the release of rhodamine 6G from bare and amine-coated MSN has been studied
at different pH values. This allowed the authors to demonstrate the effect of the electrostatic
interactions between entrapped molecules and MSN charged surface on release kinetics (118). A
similar pH dependent study was based on anionic molecules, namely fluorescent Orange Il and
sulfasalazine (an anti-inflammatory prodrug used for bowel disease), to study the application of

MSNs as an oral delivery drug systems targeting at intestine (120).

One of the most commonly employed substances to fluorescently label MSNs for in vitro
biocompatibility and trafficking studies is fluorescein isothiocyanate (FITC), which is a fluorescein
molecule functionalized with an isothiocyanate group (-N=C=S). This derivative is reactive towards
primary amine groups, and can be thus exploited to covalently link FITC to any kind of hybrid
material bearing an amino group (122, 132-134). In an interesting work by Chen et al. a
fluorescence ratiometric pH-sensor was developed loading on MSNs a pH sentitive dye (FITC) and
rhodamine B isothiocyanate (RITC) as a reference one. This allowed to map the location of the
MSNs through the site pH in HeLa cells, showing a charge mediated membrane-nanoparticle
interaction mechanism (135). On the other hand, fluorescein was covalently linked to lipid bilayer
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MSNs (LB-MSNs) with a double aim. First, biocompatibility and cell internalization of the
nanocarriers could be investigated by fluorescence confocal spectroscopy and flow cytometry.
Secondly, the controlled release of the fluorescent cargo was followed under disulfide reducing
conditions (136). Similarly, fluorescein-based compounds were used as a cargo to investigate their
stimulus-induced release from MSNs capped with poly(propylene imine) dendrimers, covalently
linked to MSNs through cleavable disulfide bonds (137). In a very interesting report by Qian et al.,
fluorescein (hosted within MSN pores together with a black hole fluorescence quencher) was
employed to test a MSN-based system for "off-on" switchable imaging. Intracellular activity could
be checked by the design of wrapping DNA as a ‘biogate’ for a telomerase-responsive bioimaging
system (138).

Another commercially available dye, Texas Red was employed to visualize cell internalization of
polyamidoamine dendrimer-capped MSNs employed as novel for gene transfection systems (101).
The same dye was covalently linked to MSNs, trapping cadmium sulfide (CdS) nanoparticles
within their pores. The release of the photoluminescent quantum dots was followed by examining
the fluorescence resonance energy transfer between the two species (139). In this context it is also
worth to mention the report about enhanced green fluorescent protein (eGFP), coupled to
fluorescently labeled bovine serum albumin (BSA), loaded in gold nanoparticle functionalized
MSNSs. These were employed as a proof-of-concept to test the co-delivery of active, non-denatured

proteins and plasmid DNA to plant tissues (140).

From what is described above, it is clear that the development of MSNs in the field of optical
imaging is often coupled to other aspects, such as the design of stimuli-responsive, ‘off-on’
systems, coupling advanced diagnostics to innovative therapeutic approaches. This means that in
most of the works mentioned above the properties of the fluorescent dyes, their optimization in
terms of structure, emission intensity/wavelength, and their incorporation into the silica based
material were often in the background. Some of these aspects were explored in other works,
including the exploration of new and improved fluorescent agents in hybrid MSN-based
nanomaterials, or their optimization for specific applications. Some of the more interesting works

will be shortly reviewed in the following.

Concerning specific applications, poly-(lactic acid)-coated MSNs (PLA-MSN) were proposed as a
fluorescent probe for the selective detection of extracellular amino acid-based neurotransmitters
(e.g. dopamine, tyrosine and glutamic acid). PLA was employed as a gatekeeper, to control the
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neurotransmitter molecules diffusion in and out of the pores. Fluorescence-sensing properties were
obtained by grafting of o-phthalic hemithioacetal groups (OPTA), reacting with the primary amines
of the neurotransmitters to form fluorescent isoindole products (Fig. 17.5) (141). In another work, a
fluorescent nanosensor for real-time imaging of the fluctuations of mitochondrial hydrogen
peroxide (H202) and pH in living cells was developed, since these parameters are closely related
with important mitochondrial dysfunctions. The MSN-based material design included
functionalization with triphenylphosphonium for mitochondria targeting, and loading of two
fluorescent probes, namely Cy-O-she - a specifically synthesized NIR fluorescent probe - and
fluorescein. Loading of the two molecules in a single targeting nanocarries allowed for

simultaneous monitoring of H>O, and pH changes using a single fluorescent probe (142).
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Figure 17 - 5 Schematic representation of PLA-coated MSNs functioning as selective fluorescent sensor for amino-

based neurotransmitters. (Adapted with permission from ref. (141). Copyright 2004 American Chemical Society).

The high accessible volume and versatility of MSN-based nanocarriers to host different
functionalities was exploited by Zhang et al. for dual-modality imaging (in vivo fluorescence and
MRI). Ru/Gd-AI@MSNs systems were prepared by loading through simple ion-exchange the
fluorescent tris(bipyridine)ruthenium(I1) cation into Gd** and AI** doped MSN. The material was
tested with a mouse model, showing good biocompatibility, intense red fluorescence and enhanced
MR imaging efficiency with respect to commercial contrast agents (143). A very promising
approach was proposed by Zeng et al. for intraoperative fluorescence molecular imaging,

specifically applied to liver cancer surgical intervention. An arginine-glycine-aspartic acid (RCG)
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conjugated MSN was loaded with NIR emitting indocyanine green dye. This new probe allowed to
detect microtumors and satellite lesions measuring less than 1 mm in living mice, with an excellent
tumor-to-normal tissue contrast. This excellent result was ascribed to the high loading of dye into
the MSN nanocarrier coupled to the RCG-mediated tumor specificity (144). An improved NIR
emitting fluorescent dye, ATTO647N, was found to be twice as bright as Cy5.5 in aqueous
solutions and stable enough to be employed in the co-condensation synthesis of MSNs. This was
the basis to develop a multifunctional theranostic system coupling fluorescence imaging, therapy
(loading a palladium-porphyrin based photosensitizer for photodynamic therapy) and targeting,

employing cRGDyK peptides for cancer cells internalization (107).

Concerning less conventional fluorescent agents, we report about the incorporation of a fluorescent
conjugated polymer, poly(p-phenylenevinylene) (PPV) in MSNs. Core shell systems were obtained
by growing a further shell of MSNs on the fluorescent hybrid PPVV-MSNs. The material showed
good performance in drug loading/release, high luminescence stability and nontoxicity in
bioimaging studies on Hela cells (145). Another example is represented by aggregation induced
emission (AIE) materials, which, contrarily to conventional organic dyes, emit more efficiently
while in aggregated state than in dispersed one. A MSNs-based nanocarrier incorporating an
example of AIE (Anl8, a derivative of 9,10-distyrylanthracene) showed uniform morphology, a
strong green-yellow fluorescence and an excellent biocompatibility with A549 cells (146). Other
interesting works report on the use of grafted fluorescent graphene quantum dots (GQDs) (147), or
photoluminescent nanodiamond (ND) cores in MSN-based core-shell systems (148, 149). Even if
this review is not exhaustive, it is sufficient to demonstrate the huge research efforts in the field,

coupled to the great versatility and potential of the MSN-based nanoplatforms.

17.3.2.  Fluorescent Organosilicas

Mesoporous organosilicas doped with fluorescent moieties are attracting hybrid materials for
bioimaging applications due to the combination of the unique textural features of mesoporous
ordered silica (high surface area and uniform pore sizes) with the tunable surface polarity due to the
presence of the organic groups, that can be luminescent, incorporated in the silica framework. In
particular, periodic mesoporous organosilicas (PMOs) synthesized at the end of last century (150,
151), represent a new class of functional or multifunctional materials having an organic-inorganic
hybrid framework and ordered mesopores. The incorporation of luminescent organic molecules in

such a type of materials guarantees a high dispersion of the organic functionalities avoiding the
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presence of non-emissive aggregates (152). PMOs are synthesized from 100% or less organic-
bridged alkoxysilane precursors [(R’0)3Si-R-Si(OR”)s] allowing the introduction of a huge variety
of organic functionalities by changing the R group (153). For application in nanomedicine, it is
necessary to synthesize PMOs in the nanometric range (154). Great scientific efforts have been
done recently in the synthesis of nanosized PMOs, in fact the nanoparticle size governs their
biological interactions and lifespan with parameters such as good suspension in solution, cellular

uptake, blood circulation, tumor accumulation (Fig. 17-6) (155).

Figure 17 - 6 TEM images of (a) ethenylene—PMO nanoparticle at low magnification, (b) phenylene—PMO nanoparticle
at low magnification, (c) ethenylene-PMO nanoparticle along the channel direction and (d) phenylene—PMO

nanoparticle at high magnification. (Adapted from Ref. (155) with permission of the Royal Society of Chemistry).

Nanometer-sized fluorescent PMOs represent nowadays a viable alternative to the use of MSNs, in
fact the fluorophores can be located simultaneously in the silica framework and in the mesochannels
promoting excitation energy transfer from the framework donors to the acceptors in the channels. In
addition, the possibility to densely pack the fluorescent moieties in the PMO framework enhances
both light absorption and luminescence intensities (156). Tani et al. reviewed the synthetic
pathways of luminescent PMOs following two approaches: co-condensation of fluorophores having
alkoxysilyl groups and a large quantity of silica precursors such as tetraethylorthosilicate (Fig.17-
7a) and 100% fluorophore-bridged organosilane precursors (Fig.17-7b) (152).
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Figure 17 - 7 Different synthetic strategies to prepare fluorescent PMOs: a) co-condensation of fluorophores having
alkoxysilyl groups; b) 100% fluorophore-bridged organosilane precursor (Adapted from Ref. (152) with permission of
the Royal Society of Chemistry).

Between the two synthesis procedures, the co-condensation is the most followed due to the
production of highly ordered mesostructures and a high dispersion of the fluorophore molecules
into the PMO network avoiding self-quenching. One of the first reports of the use of 100%
fluorophore precursors approach is the synthesis of luminescent-PMO using bis(propyl
iminomethyl)phenol-bridged organosilane reported by Chandra et al. (157). Other examples of a
different luminescence behavior when the fluorophore molecules are inserted into the PMO
framework is represented by the fluorescence properties of benzene, biphenyl, naphthalene and
anthracene in PMOs investigated by Goto et al. (156). In particular, the fluorescence spectra of the
solids were red-shifted as compared to those of the precursors and the fluorescence quantum yields
were lower with the exception of biphenyl-PMO. This fluorescence enhancement has been
attributed to a restriction of the intramolecular rotational vibration of the biphenyl groups present in
the dense packing structure. In addition the absorption coefficient was found to be considerably
higher than for dye doped mesoporous silica. Despite the great scientific efforts in the optimization
of the synthetic procedures to produce highly luminescent organosilicas, only recently these new
luminescent systems were applied in the field of nanomedicine for optical imaging and drug
delivery; nevertheless in contrast to the conventional silica-based materials, the cytotoxicity and
bio-safety of PMOs nanoparticles are not yet deeply investigated through extensive and detailed in

vitro and in vivo research (158).
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The peculiar physical-chemical properties of PMOs nanoparticles allow hosting simultaneously
more than one fluorophore. Three types of fluorophores at various ratios and with a good dispersion
have been embedded within the PMO framework by D. Lu et al. to obtain a multicolor emission
nanosystem by a single wavelength excitation (159). Bis-silylated biphenyl (Biph), anthracene
(Anth) and naphthalimide (Naph) were used as energy donor, intermediate and terminal acceptor to
build fluorescence resonance energy transfer (FRET) cascades. These dyes were chosen due to a
good overlap between the emission spectra of energy donor and the excitation spectra of the
acceptor. The tunable fluorescence property of the triple-dye doped PMO nanoparticles was studied
by varying the dye ratio between FRET tandems. When the ratio of the three dyes was 1:1:1, the
emission spectrum of the system showed three peaks centered at 320 (Biph), 460 (Anth) and 520
(Naph) nm by using the absorption wavelength of Biph at 280 nm (Fig. 17-8). The FRET occurs
due to the short distance between energy donor and acceptor in the nanometer-size thick framework
wall (Fig.17.8D). The particular arrangement of the dyes inside the framework wall preserves the
pore accessibility allowing the use of such nanoplatforms not only as bio-imaging agents but also as
drug carriers. The multi-fluorescent PMO nanoparticles were also tested in vitro using living HeLa
cells as colorful bioimaging agents that benefit from the FRET mechanism. The cell viability was

also monitored indicating a good biocompatibility of PMO nanoparticles.
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Figure 17 - 8 Representation (A), emission spectrum (B), TEM image (C) and FRET by a single wavelength excitation
(D) of triple-dye PMO nanoparticles with 1:1:1 ratio. (Adapted with permission from ref. (159). Copyright 2012

American Chemical Society).
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Another paper highlighting the potential role of mesostructured organosilicas in bioimaging
applications reports the coupling of ACQ (aggregation-caused quenching) dye with fluorophores
that have aggregation-induced emission (AIE) (160). The ACQ dyes are conventional fluorophores
such as fluorescein, rhodamine and cyanine derivatives that suffer from concentration quenching
due to the aggregation when they are present in concentrated solutions or in the solid state. For this
reason, a careful control of the dye loading, avoiding aggregation, is necessary to obtain a system
with high quantum yield and high emission efficiency. In contrast, AIE dyes represent a novel class
of fluorophores with an enhanced emission in the solid state due to the effective restriction of
intramolecular rotations (89). Generally, due to their opposite luminescent behaviors, AIE and ACQ
systems are not easily coupled to build an efficient fluorescent material. The PMO nanoparticles
offer the possibility to host concomitantly AIE and ACQ fluorophores located in different positions;
the coupling of AIE and ACQ dyes is important to produce new donor-acceptor systems based on
FRET with multicolor emission (Fig. 17-.9). Blue-emitting TPE-bridged organosilane (AIE
fluorophore) was used as precursor to synthesize PMO nanoparticles; the AIE-PMOs represent the
energy donors. As energy acceptor, ACQ dyes as rhodamine B (RhB) and rhodamine 6G (R6G)

were used and were encapsulated in the mesopores of AIE-PMO.
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Figure 17 - 9 Schematic illustration of the synthesis of ACQ@AIE-PMO with tuneable multicolour emission. AIE-
PMO nanospheres are prepared by using AlE-active TPE-Si as a precursor, where TPE units are covalently embedded
within the framework forming the pore walls; ACQ molecules (RhB) are then encapsulated in the mesoporous channels
of the AIE-PMO. Note that the TPE-Si precursor is nonemissive in solution but luminesces intensively upon molecular
aggregation, while RhB dye is emissive in solution but suffers from aggregation-caused fluorescence quenching.

(Reproduced from Ref. (160) with permission of the Royal Society of Chemistry).

The resulting ACQ@AIE-PMOs shows multicolor emission over a wide range of the visible
spectrum with high quantum vyields. The red-emitting RhB has a good spectral overlap with the
emission band of the AIE-PMOs. The energy transfer from the AIE-PMO framework and the

encapsulated RhB was demonstrated by fluorescence spectroscopy coupled with emission lifetimes
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that are strictly dependent on the RhB loading. The emission color of the composite PMO changes
from blue to red via white light under UV irradiation. Moreover, the quantum vyield of the
RhB@AIE-PMO system showed an enhancement due to the direct energy transfer from the AIE
unit to the ACQ dye present in the mesochannels without a radiation-reabsorption process. These
new systems were also evaluated with HelLa cells for in vitro cellular imaging. These studies
evidenced that the luminescent nanoparticles were successfully internalized into the cells and strong

blue, white and red light emissions were observed under the confocal microscope.

The PMO nanoparticles merge efficiently the advantages of inorganic silica, of the mesopores and
organic molecules and represent a potential nanoplatform to produce advanced theranostic delivery

nanosystems for biomedical applications.

17.4. Zeolites

Zeolites are crystalline microporous alluminosilicates which are extremely exploited as catalysts for
oil refining, petrolchemistry and organic synthesis of fine and specialty chemicals, particularly
pharmaceuticals intermediates (161). The key properties which make these materials particularly
appealing for catalysis applications are (i) high surface area and adsorption capacity (ii) the
possibility of tuning the adsorption properties by changing the hydrophilicity/hydrophobicity
balance of the framework and (iii) the possibility of tailoring strength and concentration of active
sites. Furthermore, the size of their channels and cavities well fits with many small molecules of
interest and the intricate channel structure provides to zeolite an excellent shape selectivity (162).
All these features, which are of paramount importance in catalysis, are as well interesting for their
application in the design and preparation of optical materials. The ability to host various organic
and inorganic species while being transparent in the UV-Vis-NIR makes zeolites ideal host
materials for supramolecular organization and in many cases the confinement of molecules in
zeolites leads to interesting photophysical and photochemical phenomena which are not observable
in solution (163). As a consequence, in recent years they have attracted attention for the preparation
of novel materials designed at the nanoscale level, in particular in the area of the development of
optical materials where pre-defined distances or a specific spatial pattern of the guests is required in
order to obtain a particular optical response (164). Most of the examples reported in the literature
concern the supramolecular organization of dyes within the channels of zeolites with the aim of
producing highly efficient antenna materials to be used as luminescence solar concentrators (165).

Although the design, preparation and characterization of this kind of materials is very interesting
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and can offer useful hints for the optimization of fluorescence performances of hybrid materials,
these applications cannot be reviewed in this contribution as they are referred to micrometer-sized
zeolite crystals which rarely fit with bioimaging applications. The interested reader can refer to
extensive literature on the topic (166-168). 1D nanochannel systems are more studied than 2D and
3D systems as it is relatively easier to control fluorophores loading and diffusion in simpler
systems. Among the most exploited 1D nanochannel hosts for the preparation of host-guest
composites, ALPO-5, zeolite L (ZL), MFI silicalite-1 and ZSM-5 have been the most successful
(167); MFIs are actually not 1D channels host but have often been handled as such because of the
different diameters of the two arrays of perpendicularly oriented channels. The largest variety of
1D-guest zeolite composites with interesting and controllable optical properties has been prepared
by using ZL as host, mainly because of the possibility of adjusting size of the particles in the range
30 Nnm-10 um and the morphology from elongated barrel-shaped crystals to discs (167, 169, 170).
The general structure of ZL crystal is reported in Fig. 17-10. The primary building unit of the
hexagonal ZL framework consists of TO4 tetrahedrons (T= Al or Si) which form 1D channels
running parallel to the crystal ¢ axis. The negative charge caused by the Al atoms is compensated by
monovalent cations (M*, usually K* or Na*). It is useful to imagine a single ZL crystal as a bunch of
parallel channels having apertures of 0.71 nm and the largest diameter inside the channel being 1.26
nm. Composites synthesized by embedding molecules, complexes, and clusters into the one-
dimensional channels of ZL (165) have been reported, showing a large variety of different
properties which make these systems promising objects for use in analytics, biology, diagnostics

and drug delivery.

0.71 nm
1.26 nm
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Figure 17 - 10 Representation of a single crystal as a cylinder with a system of 1D parallel channels (depicted as gray
tubes). B. Schematic representation of the basal surface of ZL crystals (solid lines represent pore openings; dashed lines
show the largest channel diameter). C. Side view of one ZL channel. (Adapted with permission from Ref. (165).

Copyright 2013 American Chemical Society).

De Cola and coworkers (171) prepared disc-shaped ZL crystals smaller than 200 nm, loaded with a
green-emitting fluorophore, namely N,N’-bis(2,6-dimethylphenyl)perylene-3,4,9,10-
tetracarboxylic diimide (DXP), and functionalized on the external surface with Anti-DIG
(digoxygenin) antibodies, to be employed in microarray fluorescence immunoassays. DXP was
selected because of its molecular size, which is comparable with the channel size, thus limiting the
possibility of aggregation inside the channels. Furthermore, DXP is strongly hydrophobic, so it can
be inserted in the ZL channels by gas-phase insertion methods and no leakage is expected in buffer
solutions during conjugation, storage and assays performing. The authors proved that ZL
nanoparticles with encapsulated DXP molecules have bright fluorescence properties which can be
used for immunoassay quantifications. Furthermore, the external surface of the nanocrystals is
available for further modification and immobilization of antibodies, which retained their binding

ability ensuring high-sensitivity performances.

lon-exchange procedure, instead of gas-phase insertion, was used for the loading of water soluble
dye pyronine within the channels of barrel-shaped ZL crystals (172). The loaded dye maintained
the absorption and emission features, without occurring of quenching or aggregation phenomena.
The authors were then able to functionalize the channel entrance (173) with thousand molecules of
amino-derivatives, which are protonated under physiological conditions, leading therefore to
positively charged systems. Amino-functionalized fluorescent ZL crystals were then incubated with
E. coli bacteria in phosphate buffer, leading to the stable formation of ZL-bacteria assembly, most
probably owing to electrostatic interactions. As expected, non-functionalized ZL crystals do not
form stable assemblies with bacteria. Formation and evolution of assemblies was easily followed by
fluorescence microscopy thanks to the green emission of the pyronine guest. The authors
demonstrated that the self-assembly of living systems and functional materials is possible by a
detailed design of the materials and further engineering of the nanosystems can lead to couple self-
assembly with the exchange of specific information between the zeolite and the bacteria (small
molecules, ions, etc.). Another interesting example of self-assembly of ZL on living systems, even
if obtained with micrometer-sized zeolites, is reported by Bossart (174) who observed that when the
petals of different flowers were immersed into a suspension containing dye-loaded ZL crystals, the
latter align into patterns which are distinct for each flower species. The possibility of monitoring

alignment pattern arises from the peculiar arrangement of fluorophores within the channels of ZL
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crystals. Methincyanine (Mc") and oxonine (Ox") were loaded into the ZL; the blue fluorescent Mc*
is aligned parallel to the zeolite channels, whilst Ox*, being smaller in size, is aligned almost
perpendicular with respect to the channels (175). In both cases polarized microscopy analyses
allowed to investigate the alignment pattern of the ZL crystals, which is really interesting as the
visualization of surface patterns by means of optical microscopy methods, which are less
destructive than other tools such as electron microscopy, may also be applied to living organisms.
The phenomenon may also contribute to the application of drugs at specific places, and we can
learn from these observations how to pattern a surface in order to realize self-organization of micro-
or nano-objects. Barrel-shaped 30 nm-long ZL crystals have been engineered in order to act as two-
component FRET systems (176). Pyronine (Py) and Texas Red (TR) were chosen as the donor and
acceptor, respectively, because of the favorable spectral overlap between the fluorescence spectrum
of Py and the absorption spectrum of TR. Furthermore, the fluorescence maximum of TR (612 nm)
is well separated from that of Py (510 nm), ensuring no interference and good spectra resolution. Py
was loaded into the ZL channels by ionic exchange to a loading level of about 10%, which was
optimized on the basis of previous experiment. Due to its bulky structure which cannot enter the
channels, TR, if properly modified, can be used as a stopcock molecule, both acting as FRET
acceptor and preventing Py leakage. Stopcock molecules, in fact, consist of a head, a spacer and a
label; only the spacer and the label can enter the channels, while the head part is too bulky to enter
the pore opening. Depending on the reactivity of the label. The stopcock molecule can be attached
either reversibly or irreversibly. In order to use TR molecule both as a FRET acceptor and as a
stopcock molecule, the authors modified the channel entrance of Py-loaded ZL by grafting with
aminopropyltriethoxysilane followed by a reaction with methyl-3-isothiocyanopropionate, leading
exposed carboxyester groups. TR, in the form of Texas red hydrazide, was then coupled to the
carboxyester functionalized zeolite. In such architecture, as shown in Fig. 17.11, excitation energy
is funneled from Py dyes inside the ZL channels to TR acceptor located at the outside. Due to the
very large number of fluorescent molecules which can be loaded into ZL channels and used as
FRET pairs, this approach can be considered very versatile and can lead to highly tunable organized
materials, offering the opportunity of exploring energy transfer phenomena and developing new

fluorescent probes.
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Figure 17 - 11 A. Representation of a ZL crystal loaded with Py donor molecules and modified with TR acceptor
stopcocks at the channel openings. B. Enlargement showing details of the channel and of a stopcock molecule. Only
the spacer and the label are small enough to enter the channel. (Reproduced with permission from Ref.(176). Copyright

2006 Elsevier Inc.).
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CAPTION TO FIGURES:

Figure 17 - 1. Schematic representation of the different ways FITC-APTS is distributed through the
SINP matrix. (a-f). The dark region stands for FITC-APTS-modified areas and white means
“ordinary” silica. (Reprinted with permission from ref (74). Copyright 1992 American Chemical
Society). B. Pictorial representation of the growing of SiNPs doped with pyrene-alkoxysilane
derivatives (Reprinted with permission from ref. (85). Copyright 2007 American Chemical

Y0 To3 =] 1) TR OSSP 8

Figure 17 - 2. A. Structure of the three indocyanine dyes used by Alberto et al. B. Pictorial
representation of the distribution of the indocyanine dyes within the final fluorescent SiNPs
(Adapted with permission from ref. (69). Copyright 2012 American Chemical Society)................. 10

Figure 17 - 3 FRET-SINP samples with different doping dye combinations under 300-nm UV
illumination. Dye doping ratio (from left to right) FITC:R6G:ROX = 1:0:0, 0:1:0,1:0:1, 4:1.5:3,
0.5:0.5:0.5, 2:2:2, 0:1:1, 0.5:0.5:4. (Reprinted with permission from ref. (96) . Copyright 2006
AMErican ChemMICal SOCIELY) .......oiiiiiiiieiee bbb 12

Figure 17 - 4 Pictorial representation of the many cargo loading possibilities of MSNs (Reproduced
from Ref (98) with permission of The Royal Society of Chemistry). .......c.ccocovviiieiiieicieiiiens 14

Figure 17 - 5 Schematic representation of PLA-coated MSNs functioning as selective fluorescent
sensor for amino-based neurotransmitters. (Adapted with permission from ref. (141). Copyright
2004 American ChemiCal SOCIELY). ......coiiiiiieii ettt te e sreenas 17

Figure 17 - 6 TEM images of (a) ethenylene-PMO nanoparticle at low magnification, (b)
phenylene-PMO nanoparticle at low magnification, (c) ethenylene-PMO nanoparticle along the
channel direction and (d) phenylene—-PMO nanoparticle at high magnification. (Adapted from Ref.
(155) with permission of the Royal Society of ChemiStry). ........ccooeieieiiieiiiiieee e 19

Figure 17 - 7 Different synthetic strategies to prepare fluorescent PMOs: a) co-condensation of
fluorophores having alkoxysilyl groups; b) 100% fluorophore-bridged organosilane precursor

(Adapted from Ref. (152) with permission of the Royal Society of Chemistry)...........cccceoveviiinnnns 20

Figure 17 - 8 Representation (A), emission spectrum (B), TEM image (C) and FRET by a single
wavelength excitation (D) of triple-dye PMO nanoparticles with 1:1:1 ratio. (Adapted with
permission from ref. (159). Copyright 2012 American Chemical SOCIEtY).........cccocvrvvviveresiierinennnns 21



Figure 17 - 9 Schematic illustration of the synthesis of ACQ@AIE-PMO with tuneable multicolour
emission. AIE-PMO nanospheres are prepared by using AlE-active TPE-Si as a precursor, where
TPE units are covalently embedded within the framework forming the pore walls; ACQ molecules
(RhB) are then encapsulated in the mesoporous channels of the AIE-PMO. Note that the TPE-Si
precursor is nonemissive in solution but luminesces intensively upon molecular aggregation, while
RhB dye is emissive in solution but suffers from aggregation-caused fluorescence quenching.
(Reproduced from Ref. (160) with permission of the Royal Society of Chemistry). ............ccceu... 22

Figure 17 - 10 Representation of a single crystal as a cylinder with a system of 1D parallel channels
(depicted as gray tubes). B. Schematic representation of the basal surface of ZL crystals (solid lines
represent pore openings; dashed lines show the largest channel diameter). C. Side view of one ZL
channel. (Adapted with permission from Ref. (165). Copyright 2013 American Chemical Society).

Figure 17 - 11 A. Representation of a ZL crystal loaded with Py donor molecules and modified with
TR acceptor stopcocks at the channel openings. B. Enlargement showing details of the channel and
of a stopcock molecule. Only the spacer and the label are small enough to enter the channel.

(Reproduced with permission from Ref.(176). Copyright 2006 Elsevier INC.). .....cccoceveriiiicnnnnnn 27

39



