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Abstract

Supramolecular chemistry is a well-known field that, applied to analytical
chemistry gives, as a result, supramolecular analytical chemistry. Based in its
interactions, this field is part of a new area of nanomedicine, called supramolecular
medicine. In order to improve the detection of biological molecules to be applied in cell
tracking, health problems and biological events, supramolecular chemistry has lately been
combined with supra-nanostructures design. In other words, supramolecular systems can
be used as tools in the nano-design of nano-systems for the bio-recognition of biological
events, host of ions and organic molecules with different structures and intrinsic chemical
properties, as enhancer of the solubility, modification of surface properties,
bioconjugation for the nanoparticles design, etc. The versatility of these types of systems
is very wide; specifically their use in the nanosensor design using nanoparticles was not
highly applied. However, in the last years, the bioconjugation of supramolecular systems,
such as macrocycles and antibodies, proteins etc. with metallic and polymeric
nanoparticles has increased, as well as the development of supramolecular nanoparticles
based on host guest interactions of macrocycles. Therefore, this review focuses on the
application of supramolecular systems as signal transducers in the nanosensors design for
bio-recognition events, detection of biological targets, and drug delivery system. These
nanosystems, as transducer hosts and building blocks, are linked to metallic and

polymeric nanoparticles; and organize molecular systems for different applications.
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Supramolecular chemistry® is defined as the chemistry of non covalent
interactions by the 1987 Nobel prix winner Jean Marie Lehn®. These interactions can be
used to form nano assemblies and new nanomaterials applied to biomedical,
pharmaceutical and analytical determinations. Weak interactions, as wander walls and
strong interactions as ion dipole, dipole-dipole, ionics, and hydrogen bonds will have a
great impact over the properties of Nanomaterial. Hence, controlling the building blocks
that are part of the supramolecular system will be the macromolecule architecture,
associated to specified application, as functional supramolecular systems.® Looking for a
signal transducer in the nanosensor architecture, the best known property of
supramolecular hosts is the availability of a defined nanocavity which permits to form
host-guest complexes. These host-guest complexes, can modify the spectroscopic
characteristics of the guest included into the host cavity, increasing the fluorescent signal,
and can contribute in the development of chemosensors, nanosensors and bioprobes.*
Moreover, these supramolecular complexes can increase the solubility of the included
organic guest, acting as drug delivery systems.® Joining these properties to metallic and
polymeric nanoparticles, multifunctional nanoparticles can be designed. For example,
linking supramolecular systems to metallic nanoparticles, the included guest will show an
enhanced signal due to metal enhanced fluorescence (MEF)®, surface raman enhanced
scattering,” modified electrochemical signals,® and other spectroscopic methods,
depending of the guest intrinsic properties. Besides, if these building blocks are part of

the nanostructure core, they could design supramolecular nanoparticles® with application



in nanoimaging,®® cell™® and molecular tracking®? for developments of new analytical
methods.

Supramolecular chemistry is the field where structures, emulated from nature,
should contribute to our society with a huge number of applications in different areas of
science. For this reason, there are a large number of publications about nanomaterial
developments, based on this field.

Moreover it should be mentioned the Nobel Prize in Chemistry 2016 shared
between Jean-Pierre Sauvage®™, J. Fraser Stoddart', and Ben L. Feringa'®, due to their
work on mechanically interlocked molecules, where supramolecular chemistry takes an
important role to build molecular machines.

Due to that organized systems and macrocycles chemistry have a great
development, but they are not the only supramolecular systems applied to Nanosensors
design, it should be also discussed linear supramolecular arrays as the DNA double strand
interactions, specific recognition from antibodies interactions, and non-covalent
interactions from biomolecules for targeted applications.

This review specifically focuses on the application of supramolecular systems as
very important functional building blocks of the whole structure, tools for nano-
architectures, signal enhancers, signal transducers, in nanosensors and nanodevices
designs; joined to the properties of metallic nanoparticles, polymeric nanoparticles,
molecular organized systems like micelles and vesicles, for bio-recognition events,
detection of biological targets, and drug delivery nanosystems. Furthermore, it shows the
importance of the supramolecular systems bioconjugated over metallic surfaces for the

nanoparticle properties tuning, in order to obtain supramolecular, biodegradable,
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multifunctional nanoparticles and new photonic hybrid supramolecular nanomaterials, as
well as the interaction between them, their intrinsic properties, and their final
nanomaterial properties. Moreover, it is showed the importance of the control of
nanoassemblies, nano-aggregation processes and nanoparticle patterns applied as
molecular signal transducers. Finally, future trends are discussed in new nanomaterials

design for multifunctional nanodevices applications.

2. Design of Multifunctional Nanoparticles as sensors and drug delivery

systems.

2.1. Bioconjugation of Supramolecular Systems overMetallic Surfaces

In order to add specific molecular recognition properties, many supramolecular
systems can be applied in the nanosensor design. The challenge is to derivatize
macrocycles, enzymes, proteins, DNA etc. with functional organic groups for covalent
bonding. To link these supramolecular systems as signal transducers on metallic, glass,
polymeric surfaces it should be taken into account the chemical structures, host structures
and the material surface.

To be bioconjugated, the surface chemistry should have the appropriate organic
functional groups: amine, thiol, carboxyl, aldheyde, epoxy, etc., or it can be modified by
different methods.™® Polymeric shells, as the silica ones, applying sol-gel methodologies*’
are very common in literature, as well as organic polymeric shells with micro-emulsion

synthetic methodologies. *® ** All macrocycles can be modified, adding linkers to their



structure, to permit the bioconjugation of macrocycles as cyclodextrins®, cucurbituryls®,
etc.
The cyclodextrin host could be a competitive binding site, as was shown by Kaifer

et al.?2

The competitive binding of ferrocenemethanol and 1-adamantanol to the CD host
immobilized on gold nanoparticles, was studied by electrochemically measurements,
showing the thermodynamic stability of the host guest complexes. This work suggests
that CD modified gold nanoparticles may be useful as multi-site hosts in aqueous media

also applied to analytical applications.

Insert Figure 1

Gold surfaces, grafted with thiolated cyclodextrins were prepared by Kohler et
al.?% Using this gold grafted surface, the inclusion of coumarin nuclei into the
cyclodextrin cavity was determined, using time resolved fluorescence anisotropy,
second-harmonic generation (SHG), and fluorescence in combination with laser-induced
thermal desorption from the surface.

This type of thiolated-cyclodextrin was also linked to other surfaces of metallic
nanoparticles, such as palladium and platinum nanoparticles.?

All these different ways of covalent linking over metallic surfaces can be applied
to electrode surface modification, with macrocycles as molecular recognition sites. Keyes

et al.?®

studied self-assembled monolayers (SAMs): the influence of addition of
alkanethiol on the Pt electrode surfaces, modified with pyridine functionalized -

cyclodextrin in order to control the cyclodextrin orientation over the surface, was



developed. Silva et al.?’” immobilized cyclodextrin on gold surfaces by chemical
derivatization of an 11-amino-1-undecanthiol self assembled monolayer. The redox
response had good correlation to the increasement of the hydroquinone oxidation peak. It
was essayed for dopamine and, in that case, it did not work, but it could be overcome by
improving the design of the device. Willner et al.?®® developed a CdS nanoparticle
[lcyclodextrin-functionalized electrodes for enhanced photoelectrochemistry. This
electrode is able to detect methyl viologen in aqueous solutions and the linking strategy,
was the well-known boronic acid interaction, with sugar molecules from the
cyclodextrins macrocycle.

The adamantane-cyclodextrin complex is a strong and very well known molecular
interaction that could be used, forming part of more complex nanostructures.”® An
example is applied to the challenging goal for the development of 3-D nanostructure on
electrodes surfaces applied to biosensors. Glucose oxidase, modified with cyclodextrins,
was attached on adamantane-pyrrole electrochemically polymerized on single walled
carbon nanotubes frameworks for the glucose oxidase bioconjugation, applied to glucose
detection.®

Other macrocycle receptors as cucurbiturils could also be modified, in order to
link them over glass surfaces. Kim et al.*" 32 published a facile synthesis of Cucurbituril
derivates, with different ring sizes, via direct functionalization on glass surface, modified
with thio-organosylanes. Thereby, fluorescent amino compounds can be detected, using
fluorescence microscopic imaging. The utility of this grafting of macrocycles, is that it
allows the design of patterned fluorescent complexes, linking for sensors and biochip

arrays. Optoelectronic detection was developed for saxitocin sensing by Koh et al.** A



self-assembled calix [4]arene derivative monolayer as recognition - functional interfaces
on gold surface, was fabricated. An interaction study between saxitocin and calix
[4]arene derivative monolayer was performed, using surface plasmon resonance (SPR)
spectroscopy. Moreover, calixarenes are applied for ion detection; Valeur et al. developed
mesoporous  silica  functionalized by a covalently bound calixarene-based
fluoroionophore, for selective optical sensing of mercury (11) in water.**

The combination of optics and supramolecular chemistry allows an enhanced
optical signal for organic molecule detection.

There has lately been a great amount of patterning papers and biofunctionalization
of surfaces looking for nano-arrays, and supramolecular chemistry plays a very important
role in the nano-architecture design. For instance, Huskens et al.*® developed patterning
cyclodextrin monolayers on silicon oxide using nanoimprint lithography and its
application in 3D multilayer nanostructuring. The method is based in the interaction
between the cyclodextrin functionalized nanoparticles (the host), and adamantly
functionalized dendrimers. The method can be used to create various composite
nanosized building blocks, which have a variety of applications as quantum dot devices,
biosensors, and particle based sensors. Metal ions sensing, based on fluorescent SAMs,
was developed by Crego-Calama.®® In this sensor surface, an amino-organo-sylane was
used, to link an ion sensor and a fluorophore (the host-ion interaction modify the
fluorescence collected), sequentially. All these examples from the literature show us the
importance of linking the knowledge of supramolecular chemistry to surfaces of

electrodes, nanoparticles, etc. for the nanodevices development applied to the molecule



recognition. The next section shows application examples of molecule detection and bio-

recognition events, using these types of nano-supra-structure design.

2.2.Nano-aggregation as Signal Transducer based on Supramolecular

Interactions

Due to the stability of the colloidal systems it is a very important issue for any
application, the challenge it is to control the Nanoaggregation and apply this phenomena
to obtain information about the state of the molecular system from the non-covalent
interactions. Moreover, from these inter-particle interactions modified spectroscopic
properties, enhanced plasmonic properties and energy transfer phenomena can be
measured.

Macrocycles act as molecular receptors based on their host-guest interactions, to
form host guest complexes. Linking macrocycles to metallic and polymeric nanoparticles,
in presence of a guest, allows the formation of nano-aggregates that will be identified by
spectroscopic techniques, and so, will the indirect molecular detection of analytes. For
example, metallic nanoparticles have a characteristic absorption plasmon, depending on
the metal, and the colloidal state shows different spectra compared to the aggregate state.
Plasmon shift and diminution of the absorbance intensity are measured in the case of
aggregation. This phenomenon can be induced and controlled, modifying the nanoparticle
surface and controlling the adding of homo-bifunctional arm guests. Kaifer et al.*’
demonstrate that gold nanoparticles can be modified with molecular receptors, as

cyclodextrins (addition of per-6-thio-p-cyclodextrin)®®. They studied the effect of

addition of a ferrocene®® dimer that strongly interacts with the cyclodextrin host and acts
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as a linker between different gold nanoparticles, leading to the aggregation. Adding the
guest dimmer, a red shift is observed on the surface plasmon resonance absorption of the
colloidal particles, and then, immediately after, a slow precipitation, accompanied by an
attenuation of the intensity. Consequently, this nanosystem could be used as a sensor to

predict the colloidal state.

Insert Figure 2

The same host-guest strategy was used to prepare interactions between
cyclodextrin-gold nanoparticles and ferrocene derivate (alkyldimethyl (ferrocenylmethyl)
ammonium ions) to be used as organic-aqueous solvents phase transfer agent.** The
structure of the aggregate, formed upon transfer of cyclodextrin capped to the chloroform
solution, is postulated to resemble that of reverse micelles. But caused by the polarity of
cyclodextrins, it can be applied for stabilisation of nanoparticles in aqueous media.**
Moreover, the same research group synthesized gold nanoparticles capped with thiolated
dcyclodextrins host that formed large network aggregates in the presence of Cg fullerene
molecules.** This phenomenon is driven by the formation of inclusion complexes
between two cyclodextrins, attached to different nanoparticles and one molecule of Cgo.

Besides, Forster et al.** formed a three dimensional assembly of cyclodextrin gold
grafted nanoparticles, driven by the interaction with adamantine unit of a redox active
metal complex of Osmium. The redox properties and the diffusion, like electron transport
dynamics of this gold nanoparticles multilayer, were studied using voltammetry. The

homogeneous charge transport diffusion coefficient was 40 fold higher than for a solid
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deposit of the cyclodextrin complex alone. The metal nanoparticle appears to promote
charge propagation through the assembly.

Not only metallic nanoparticles are used for these nano-supramolecular
assemblies. Reinhoudt et al.** developed B-cyclodextrin functionalized silica
nanoparticles to form a direct self-assembly, based on multivalent supramolecular
interactions with adamantly terminated dendrimer. A good discrimination between
dendrimer-covered and uncovered areas of cyclodextrin monolayer substrates was
observed, allowing the directed self-assembly of the silica particles onto dendrimer-
patterned areas, created by microcontact printing.

Other host-guest interactions could be applied to proteins, as antibody-antigen
interactions detection. Gold nanoparticles and grafted biotin were synthesised and
aggregation was induced by streptavidin addition.** TEM images and turbidity
measurements were done. Using another biotin linking, Pérez-Luna et al.*® developed
controlled and reversible aggregation of biotinylated gold nanoparticles. The aggregation
process was found to be dependent on the streptavidin and biotinylated concentration. A
red shift was measured by absorption spectroscopy, without precipitation in the
aggregated state. Reversal of nanoparticle aggregation was done by addition of soluble
biotin to the streptavidin-nanoparticle aggregates. Murphy et al.*’ synthesised a
preferential end-to-end assembly of gold nanorods by biotin-streptavidin connectors. This
strong interaction permits the design of different nano-architectures for nanodevices
applications.

There are different metallic nanoparticle functionalization ways to stabilise and

link it to other biomolecules, as sugars, to induce the nanoparticle aggregation. For
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example, Kataoka et al.*® studied a quantitative and reversible lectin induced association
of gold nanoparticles, modified with o-Lactosyl-o-mercapto-poly (ethylene), and

Tomoaia-Cotisel et al.*

studied the self assembly characteristics of gold nanoparticles in
the presence of cysteine.

All this types of approaches can be applied to nanosensor design, to detect organic
and biological molecules, ions, etc. Zhang et al.* developed cyclodextrin functionalized
silver nanoparticles, for the naked eye detection of aromatic isomers. This nanosensor is
based on the cyclodextrin-guest interaction and the isomers structures, which have an
influence in the interaction between nanoparticles, and the plasma absorption change,
depending on the isomer addition. A similar approach for ions detection was developed
by Thomas et al.”* He reported a synthesis of silver and gold nanoparticles using a
bifunctional molecule, namely Gallic acid. This molecule is able to act as a reducer,
stabilizer of nanoparticles, and can interact with anions at the same time. From this
interaction, different absorption plasmons are generated, depending on the ion and on
their concentration.

Biological self assemblies as DNA are used as bio recognition strands that can
detect DNA sequences, related to serious health conditions like HIV. A highly selective
DNA hybridization assay was developed by Yu et al.*?, based on surface enhanced
Ramman scattering (SERS) for DNA sequencing, related to HIV. Silica nanoparticles,
grafted with complementary DNA sequences to HIV gene, were synthesised for this
purpose. Also, Liu et al.> synthesised an assembly of DNA functionalized nanoparticles,

and studied the effect of alcoholic media in the thermodynamic and Kinetic trends for

DNA hybridization. This study shows an opposite effect trend for DNA hybridization.
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Currently, there is a huge development of these DNA-nanoparticles sensors, not focused
in this review, but which should be mentioned. For example, M. Han et al.>* synthesised
DNA oligonucleotides core-shell silver grafted nanoparticles, applied to DNA
quantification, based on colorimetric measurements, permitting detection limits of 100
pM. But even lower LOD by Boudreau et al. was determined by FRET, coupled with
MEF based on ultrafluorescents nanoaggregates of silver core-shell nanoparticles.> And,
Li et al. has recently demonstrated the influence of the control of nanoaggregates on MEF
factor that can arise to 27 times for FITC. *°

This concept of nanoaggregation and supramolecular interactions, is not only
applied to molecular detection, nanoimaging and developments of new analytical

methodologies, but is also applied to the synthesis of supramolecular nanoparticles.

2.3.Nanosensors Based on Supramolecular Interactions

Bioconjugating supramolecular systems, as molecular recognition sites and
nanoparticles is possible, in order to tune new materials, as nanosensors. Each component
of the nanostructure has its properties, producing, as result, a final nanodevice with a
specific targeted application. In this section, different examples of nanosensors based on
supramolecular systems, are shown. More than 60 % of nanosensors existing in literature,
based on linking supramolecular systems on nanoparticles, are done using native and
modified cyclodextrins, and the rest calixarenes, cucurbiturils, phorphirins, crown ether
(20 %) and others supramolecular systems, as antibodies, or other surface modifications,

etc. (20%).
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Different nanoparticles can be used depending on the application. Regarding
metallic nanoparticles; gold nanoparticles are biocompatible and easily grafted via thiol
linkages. Silver nanoparticles show the strongest absorption plasmon, compared to other
noble metallic nanoparticles, and can be bioconjugated using organosylane shells (core
shell nanoparticles); magnetic nanoparticles can be collected or detected by a magnetic
field, etc. Generally, noble metallic nanoparticles can be modified by an organosylane

shell®’

, permitting the incorporation of fluorescent molecules. These nanoparticles can be
easily tracked, as well as quantum dots. Besides, these types of nanoparticles, tuning the
distance between fluorescent silica shell and metallic surfaces, allows measuring metal
enhanced fluorescence (MEF).*® Also, polymeric nanoparticles can be bioconjugated and
can be filled as a cargo for drug delivery applications.>®

The majority of modified noble metallic nanoparticles presented in literature are
with cyclodextrins, due to their easy derivatization.

Silver nanoparticles grafted with per-6-deoxy-(6-thio)-p-cyclodextrin (CD-SH),
were applied for sensing of polycyclic aromatic hydrocarbons (PAHSs). Cyclodextrins-
PAHSs nanoparticle complexes can be detected by surface-enhanced Ramman scattering
(SERS).®® In this nanosensor, the metallic surface is stabilized by the modified
cyclodextrins, but also metallic nanoparticles can be stabilized synthesizing silica core-
shell nanoparticles, thus permitting the biofonctionnalisation of sylanol groups.
Accordingly, X. Gao et al.%! synthesised cyclodextrin, functionalized superparamagnetic

FesO4/amino silane core shell nanoparticles via layer by layer method. These

nanoparticles have recognition sites from the cyclodextrins and respond to an externally
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applied magnetic field, their behaviour in vivo and in vitro can be artificially
manipulated.

Gold nanoparticles grafted onto mono-6-thio-b-cyclodextrin, were synthesized,
and exploiting the cyclodextrin-nitrobenzene recognition, modified the guest
electrochemical signal caused by guest inclusion.®? In order to detect dopamine molecules
by electrochemical detection, cyclodextrin magnetic grafted nanoparticles were
synthesised by Peng et al.®® Cyclodextrin was attached to this nanosensor, by a
polyethylene glycol-tosylate activated, and a magneto was used to capture the magnetic

nanoparticle cyclodextrin-dopamine complex over the surface electrode.

Insert Figure 3

From another point of view, nanoparticles modified with cyclodextrins can be just
platforms to attach natural, and more specific supramolecular systems like enzymes; for
example, the immobilization of redox enzymes on cyclodextrin-coated magnetic
nanoparticles for biosensing applications.®

Likewise, cyclodextrin gold grafted nanoparticles can be used to develop an
electrocatalytic glucose sensor. This sensor is formed by a platinum electrode surface,
modified with cyclodextrin gold nanoparticles embedded in a glucose oxidase film.%
This nano-electrode array acts as an electrode mediator, allowing to shuttle electrons
from the redox center of the enzyme to the surface of the working electrode. It reduces
the operating potential and enhances glucose selectivity and sensitivity, improving the
enzymatic electrochemical detection. As it was shown in the previous example,

multilayer nanostructures are applied to nanosensor developments. Protein folding using

16



metallic nanoparticles can be an interesting field to develop. Uddin et al.®® used
cyclodextrin magnetic grafted nanoparticles as solid phase artificial chaperone, to assist
protein refolding in vitro using carbonic anhydrase bovine as model protein.

A Dbienzymatic supramolecular nanoassembly, containing catalase and Cu, Zn-

superoxide dismutase, was reported by Caballero et al.®’

Catalase was hydrophobically
modified with 1-adamantanecarboxylic acid and then immobilized on B-cyclodextrin
coated gold nanoparticles via supramolecular interactions. The bienzymatic nanocatalyst
was further prepared by co-immobilization of cyclodextrin modified superoxide
dismutase. Superoxide dismutase was 90-fold more resistant to inactivation by 100 mM
H,0,, after bienzymatic immobilization with catalase on metal nanoparticles, showing
the importance of supra-nano-structures in electrochemical sensors.

Nanoparticles grafted with cyclodextrins, are developed and applied not only to
nanosensors, but also to other receptors. Grafted palladium® and platinum®
cyclodextrins are applied as catalyst of reactions, gold nanoparticles cyclodextrin grafted
onto photo-thermal therapy’®, biomedical research studies’ and drug delivery.”
Magnetic nanoparticle-supported crown ethers were developed and evaluated as catalysts
for solid liquid phase transfer reactions, showing an enhanced catalysis effect.”

Noble metallic nanoparticles grafted with other supramolecular systems as
calixarenes, porphyrins, applied to nanosensors design are found in literature, but not so
abundantly as what is found in relation to cyclodextrins. Modified calixarenes as p-
sulfonylcalixarenes are directly linked over the metallic nanoparticle surfaces due to their

electrostatic interactions with silver nanoparticles for organic molecules detection;™ ” or
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they can be modified, appending to the aromatic moiety organic reactive linkers, to be
attached over magnetic nanoparticles for ion detection.”

Fluorescent nanosensors are similarly developed, using modified metallic
nanoparticles, polymeric nanoparticles and quantum dots as solid supports for
biorecognition supramolecular system grafting.

As regards metallic nanoparticles, Tang et al.”’ developed a novel assembly
complex of gold-Bcyclodextrin-fluorescein, for the fluorescent probing of cholesterol and
its application in blood serum. In absence of cholesterol, the gold-Bcyclodextrin-
fluorescein complex shows a fluorescein quenched by the metal that is switched off by
the cholesterol-cyclodextrin complexation. This phenomenon is explained by the guest
induced location change of the fluorescein, from the inside to the outside of the cavity,
suggesting that the assembly of gold-Bcyclodextrin-fluorescein complex is an effective
fluorescent probe for cholesterol recognition. Similarly, gold nanoparticles can be used as
proof of concept of a fluorescent cyclodextrin complex carbonanotube (CNT) nanosensor
for proteins detection, where the surface chemistry plays an important role in the
supramolecular nanostructure.’®

Other supramolecular receptors applied to fluorescent nanosensor design over

gold nanoparticles, are porphyrins. Lemmetynen et al.”

synthesized free-base porphyrins
with thioacetate terminated linkers, in different positions, on the phorphyrin molecule,
and were synthesised and attached to tetraoctylammonium bromide (TOABr) stabilized
gold nanoparticles. Fluorescence of porphyrins is observed to be strongly quenched after

the attachment to nanoparticles. Fluorescence lifetime of porphyrins functionalized gold

nanoparticles was determined to be very short, 3-5 ps, measured by the up conversion
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method. The short fluorescence lifetime indicated an efficient energy transfer to the gold
cores. Future analytical applications can be done, using these types of grafted
nanoparticles supramolecular systems.

DNA oligonucleotides detection can be done using a plasmonic approach as was

developed by Lakowicz et al.®

. Oligonucleotides bound silver nanoparticles were
coupled through hybridization with target complementary oligonucleotides. Fluorescence
images were monitored by scanning confocal microscopy. Shortened fluorescent
lifetimes were measured, indicating that the fluorescence was enhanced via near field
interaction mechanism, between the fluorophore and the metal nanoparticle. Moreover,
fluorescent metallic nanoparticles applied to cell tracking and molecular membrane
surface recognition can be synthesised. Cy5-avidin conjugate bound silver nanoparticles
were prepared as a fluorescence molecular reagent for the cell imaging by the same
research group,®* showing the different applications that can be developed, based on these
nano-supramolecular systems.

In order to improve for real applications, the methods should not be time
consuming, and the biosensing should work with a minimal sample volume. In this way,
fluorescent silver core-shell DNA nanoparticles grafted with a fluorescent polymer was
developed by Boudreau et al., for DNA detection based on MEF, coupled with FRET and
data analysis from nanoimaging, obtained by cytometry and fluorescent detection. With
this nanostructure and instrumental set up, it was possible to direct molecular detection
of SRY gene from unamplified genomic DNA in blood samples.®

Also, the importance of these enhanced fluorescent methods for ion detection,

based on supramolecular interaction, should be mentioned, as for example metal-
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enhanced fluorescence based calcium detection with an increase greater than 100-fold in
signal/noise, using Fluo-3 or Fluo-4 and silver nanostructures.®®

Other nanoparticles as polymeric ones can be synthesized, incorporating
fluorophores or bio-conjugating fluorescent supramolecular systems. Macrocycles as
calixarenes can be derivatized with fluorescent molecules, improving their tracking and
detection. Valeur et al, * synthesized mesoporous silica, functionalized by a covalently
bound calixarene-based fluoroionophore, for selective optical sensing of mercury (Il) in
water. Calixarenes were modified with two dansyl fluorophores, allowing the detection
and enhancing the ion fluorescent detection by the quenching of dansyl moiety, induced
by mercury ions. These Mesopourous silica nanoparticles were used as support for
grafting of the fluoroionophores.

Besides, it should be noted that organized systems, as vesicular surfaces, can also
be engineered to be used as fluorescent sensing platforms. Chemosensors based on self-
assembled vesicle membranes, modified with transition metal complexes with vacant
coordination sites, and luminescent reporter groups, that enable convenient monitoring of
ligand-binding events and dyes, were developed by Konig et al. ® This group also
developed membrane-embedded luminescent receptors that produced an optical response,
based on FRET in the presence of small peptides as external ligands.*® Moreover, based
on changes of the emission properties, self-assembled phospholipid vesicles were
functionalized with binding aptamers for thrombin detection. %

These are nice examples of fluorescent nanobiosensors, but a higher volume of
publications is found in relation to the use of quantum dots compared with metallic and

polymeric nanoparticles and organized systems grafted with supramolecular systems.
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Many grafted cyclodextrins quantum dots (QDs) are developed, exploiting the
host-guest interactions in order to generate FRET,®” quenching and fluorescence
enhanced of QDs applied to biosensors design. Liu et al.®® synthesised p-cyclodextrin
modified CdSe QDs and CdSe-CdS core shell structured. These nanostructures are photo-
activated by room light, and the cyclodextrins cavities allow the formation of host-guest
complexes, with different organic molecules. The fluorescence of these receptor-
modified QDs could be reversible, tuned in two directions, enhanced or quenched by
selectively introducing different redox-active substrates in aqueous media. Willner et al.®°
developed a B-cyclodextrin modified CdSe/ZnS QDs for sensing and chiroselective
analysis based on FRET between the QDs and rhodamine B incorporated into the
cyclodextrin cavity. This FRET phenomenon is used for the competitive analysis of the
following pairs, adamantenecarboxilic acid: p-hydroxytoluene, and D, L-phenylalanine:
D, L-Tyrosine. These functionalized QDs are also implemented for p-nitrophenol, using
an ET quenching route. Another example of biomolecule sensing are nanoassemblies,
combining grafted concanavalin A- quantum dots (Con A, a sugar binding lectin protein
with four sacharides binding sites) and cyclodextrin-gold grafted nanoparticles, which

was developed by Yu et al. for glucose sensing, with high sensitivity and selectivity in

serum samples.*°

Insert Figure 4

Contaminants as polyaromatic compounds (PAHS) were detected by QDs grafted

with cyclodextrins®® and with calixarenes, developed for Hg*%detection.”> These
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examples show the importance and versatility of molecular recognition, joined to
nanoparticle properties, opening new possibilities in nanosensors design.

Other architectures are designed in biosensing for molecular detection using
macrocycles as host, forming part of membranes and films structures that interact with
the targeted molecules. Thus, cyclodextrines,” crown ether,®® calixarenes® and
porphyrines,®® etc. were used. The specificity of the analytical methods, based on
supramolecular interactions is still in discussion, to improve the transduction and
enhancement of the signal of detection and quantification of analytes. The evaluation of
different analytical techniques and the development of new analytical methodologies
should be included.

It must be noted that plasmonic interactions between two nanoparticles generate an
electromagnetic hotspot with a high intensity in the near field, and if the dye target
interacts into this nanoparticle gap, higher signals based on MEF and SERS effects can
be measured. One of the challenges in these nanosystem designs is to put both
nanoparticles and analytes on the right place and distance. For this reason, all studies
related to the different ways to control these distances and interactions, are highly
interesting and of great impact on new analytical developments, as single molecule
detection (SMD).”’

The control of synthetic routes to dimmer and trimmer nanoparticles is not easy,
due to all the variables that affect the chemistry of surfaces into colloidal systems. Then,
in this challenge, supramolecular chemistry is of great importance in the nanostructure
for specific and controlled interactions between nanoparticles. A. V. Veglia, and E. A.

Coronado groups had designed stable small colloidal SERS substrates based on cucurbit

22



[6]uril host guest interactions for Ultrasensitive Detection. They were able to control
structures higher than 1000 nm nanoaggregates to 100 nm dimmers, just modifying the

surface chemistry and host- guest concentration ratios.”

2.4.Supramolecular Nanopatrticles

In all the examples above mentioned the supramolecular interactions were applied
to molecular recognition but it is not the only application. In order to design new
Nanoarchitectures based on the supramolecular interactions as building blocks, it could
be obtained Supramolecular nanoparticles. These nanoparticles are synthesized from the
combination of polymer chemistry, supramolecular chemistry and their interaction,
applied to the design of new nanostructures with different applications. The combination
of different properties from plasmonics, fluorescence, antibodies interactions, and
polymer chemistry, smart nanoparticles with many properties can be designed, to give a
final material applied to biodetection.

Fluorescent silica core Nanoparticles modified with supramolecular systems,
antibodies and specific biomolecules for targeted applications, as tracking cells and
biological events, are of high interest for developments of new Bioanalytical methods.

Most of the current bacterial detection methods are time-consuming and laborious
and can detect only one bacterial pathogen at a time. Tan et al. designed fluorescent
nanoparticles for multiplexed bacteria monitoring.”. These nanoparticles are based on
multicolored FRET (fluorescence resonance energy transfer) silica nanoparticles,
modified with monoclonal antibodies specific for pathogenic bacteria species Escherichia

coli, Salmonella typhimurium, and Staphylococcus aureus. These nanoparticles are rapid,
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sensitive, and selective for pathogenic bacteria detection, which is extremely important
for proper containment, diagnosis, and treatment of diseases like food borne illness,
sepsis, and bioterrorism.

Another nanoarchitecture combining plasmonic, supramolecular, and polymeric
properties could be mentioned: optical detection of antibody using silica-silver core-shell
nanoparticles.’® These nanoparticles are formed by a silica core decorated with silver
nanoparticles, conjugated with antibodies. The silver grafted nanoparticles show a strong
surface plasmon resonance peak at 453 nm that is red shifted in the presence of anti-
antibody interactions. In this case, the silica nanoparticle is a solid support for the
plasmonics from the supramolecular modified metallic nanoparticles.

Supramolecular systems, as cyclodextrins and cucurbiturils macrocycles can form
different material 3-D structures, as shells, based on their host-guest strong interaction,
permitting the surface derivatization applied to bioconjugation, nanoparticles
stabilisation, etc. Using grafted gold nanoparticles thio-PEG and cyclodextrins
hydrophobic interactions, permits adding a crosslinker agent to the core shell

nanoparticles synthesis.'

Insert Figure 5

Similarly, an approach to the design and fabrication of mechanized mesoporous
silica nanoparticles is demonstrated in the proof of the principle level based cyclodextrins
and cucurbiturils, leading to cargo release from the inside of the nanoparticles,'* based

on supramolecular architectures.
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Insert Figure 6

Other example of the importance of the cyclodextrin complex are the micro-
aggregates, based on inclusion complexes between methyl orange and cyclodextrins
forms vesicle-like particles which have pH responsive properties.'®® Moreover, the first
experimental therapeutic with cyclodextrins self-assemblies, was developed and applied
in humans to provide targeted delivery of RNA (SiRN A).* In a similar manner, novel
quaternary ammonium Bcyclodextrin (QABCD) nanoparticles were developed, as drug
delivery carriers for doxorubicin (DOX), a hydrophobic anticancer drug, across the blood
brain barrier. These nanoparticles enhance 2.2 times the permeability of DOX across the
bovine brain microvessel endothelial monolayers.'®

A recent supramolecular nanoarchitecture and the concept of this type of
nanoparticles, is very well shown by J. Huskens et al (2015).°® This supramolecular
nanoparticle was based on the hetero-ternary host—guest complexation between cucurbit
[8]Juril (CB[8]), methyl viologen (MV), and azobenzene (Azo), while using the
monovalent, small-molecule, non-fouling Azo-carboxybetaine analog (Azo-Zwit) as the
shell forming component. In this nanostructure, the importance of the supramolecular

interactions with the pH changes on the nanoparticle stability is shown.

Insert Figure 7
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Many developments have been done in this field in the last years, and there are
many applications in drug delivery and nanoimaging in progress, not as many in
molecular detection, though, or within the supramolecular analytical chemistry area.
Then, new studies and developments are open in this field. For example, by specific
small molecules interactions, chiral supramolecular nanoparticles were developed.'®’
Supramolecular chirality at metal nanoparticle surfaces by cysteine and its derivatives
was studied. Self-assembly layers of several ligands, namely L-cysteine, L-penicillamine
and o-methyl-L-cysteine, on different silver nanoparticles were studied, by means of

absorption and electronic circular dichroism spectroscopy in UV-vis range and surface

enhanced Raman scattering spectroscopy.

2.5.Biodegradable Nanoparticles

In order to develop drug delivery systems, biodegradable Nanoparticles are
developed based on the combination of polymer and supramolecular chemistry joined to
Organic and Inorganic Nanoparticles. By this way it is possible to tune the flexibility of
the polymeric chains and interaction between them to get Nanoparticles with different
porosities, densities and functionalities. By this manner it is possible to design different
types of nanoparticles, applied to bioanalytical chemistry, clinical chemistry,
nanoimaging and nanomedicine. These materials should be biocompatible, and they are
used for detection of biological events, nano-imaging, cell tracking, drug delivery, cancer
treatments, etc. Polymeric nanoparticles, core-shell nanoparticles, and Nano
supramolecular nanoparticles provide many possibilities to tune and optimize their

targeted application.
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Biodegradable nanoparticles made by monomers poly-lactic acid (PLA), poly-

109, 110

glycolid acid (PGA), and co-polymers, formed by both monomers (PLGA) are

found in literature, and are the most biocompatible materials'** for drug delivery as well

as other applications, such as poly-lactic malic co-polymers (PLMA)**?

synthesised,
applied as shells in nanostructures. For this reason, many researchers are studying the
application of biodegradable nanoparticles for drug delivery. For example, preparation of
PLGA nanoparticles, containing estrogen as drug model loaded for controlled delivery
was synthesised,**® and these types of synthetic methods of drug loaded nanoparticles,
can be applied to develop cancer detection and treatment, like the synthesis and
characterisation of tamoxinfen-loaded magnetite/poly (L-lactic acid) composite
nanoparticles (TMCN), and its in vitro anti-cancer activity against MCF-7 breast cancer
cells.*™ Another example, it was targeting cancer cells, using PLGA nanoparticle surface,

115 Moreover, studies of surface functionalization of

modified with monoclonal antibody.
PLGA nanoparticles, by heparin or chitosan conjugated pluronic on tumor targeting, were
done in order to enhance tumor imaging and therapy.'® And, due to Photodynamic
Therapy (PDT), a novel therapeutic method for the treatment of many tumors, zinc
phtalocyanine loaded PLGA biodegradable nanoparticles for photodynamic therapy in
tumor-bearing mice were designed."” Tuning of the polymer chemical properties with
polyethylene glycol (PEG) chains was used to modify these polymers, avoiding protein

118, 119

and peptide adsorption, improvements in cellular uptake® and biodistribution,*?*

and controlled drug delivery.?* 1%
There are many other examples, from polymers to biodegradable nanoparticles,"**

membranes, films, etc., such as cyanoacrylate polyester polymers,*?® that did not show
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the best biocompatibility in nanomedicine applications, compared to PLA, PLGA
polymers absorbed through natural pathways'? and approved by the FDA.'*® Thus, with
the recent applications of nanoscience in nanoscale materials and biomedical research,
the importance of nanotoxical studies are shown in recent publications.*?’

The current interest to improve the still existing controlled drug delivery and new
nanostructures is still developing. Supramolecular nanoparticles based on polymers and
supramolecular systems, can be applied to drug delivery application as well as stimuli
responsive multifunctional nanodevices.’?® '* Consequently, polymeric chains give
flexible branches that can be chemically modified with macrocycles and by non-covalent
interaction, form polymeric-supramolecular nanoparticles that encapsulate drugs of
pharmaceutical interest. These drugs can be delivered, modifying the media. From the
combination of hyperbranched ~ poly (ethylene glycol)-based supramolecular
nanoparticles, pH-sensitive properties were designed and used for targeted drug delivery.
Via host—guest recognition between benzimidazole anchored poly (ethylene glycol)-
hyperbranched polyglycerol (PEG-HPG-BM) and folic acid modified CD (FA-CD),
supramolecular nanoparticles (SNs) were fabricated. **° In neutral aqueous conditions,
SNs could load the model drug DOX. While under intracellular acidic conditions, the
loaded-drug would be released due to the protonation of BM. This protonation allows
supramolecular nanoparticles to expand or even disassemble, which shows the pH-
dependent property.

Supramolecular nanoparticles, based on polyacrylates, were functionalized with
adamantane and B-cyclodextrin strong host—guest interactions self-assemble, to form

supramolecular nanoparticles for tumor-targeted drug delivery. Folic acid was

28



incorporated into the nanostructure, in order to impart the targeting specificity towards
selected cancerous cell lines. The in vivo drug delivery study, using DOX-loaded
supramolecular nanoparticles was performed. Tumor-bearing nude mice were treated
with DOX-loaded supramolecular nanoparticles, and the analysis results indicate DOX-
loaded supramolecular nanoparticles have the capability to enhance the therapeutic
effects of DOX for effectively inhibiting tumor growth. *! Similarly, new cavitands such
as Water-Soluble Pillar[6]arenes, cargo DOX-Based Prodrug Supramolecular
Nanoparticles for Self-Catalyzed Rapid Drug Release, were synthesized. **?

The relevance of chemistry nanoparticles surface modification not only referred to
aggregation issues, like overcoming the use of PEG linkers in cellular media, ** but also
showed the enhanced effect that it could ideally have, compared with non modified
nanoparticles. In this way, supramolecular nanoassembly with L-a-phosphatidylcholine
and DSPE-PEG [1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polythylene glycol)] were developed, and the efficacy was further increased just
by decorating the nanoparticle surface with tumor-homing peptides. ***

In addition to biocompatibility, targeted specificity, and enhanced drug delivery
of these nanostructures new form of data analysis from nanoimaging, is in progress. As
an example, we could mention a pretargeted Positron Emission Tomography Imaging that
employs supramolecular nanoparticles with in vivo bioorthogonal chemistry.**

In general, based on all these supramolecular concepts shown, it was not difficult
to achieve the right sizes of nanoparticles, which is a very important parameter to control,
depending on future applications™*®. However, there are no exhaustive studies,

considering the needs of applications in biological media. It should be noted, that

29



organized systems, such as polymeric vesicles, can be engineered in order to be used as

targeted drug delivery systems and nanoimaging platforms as well.**’

2.6.Photonic Hybrid Supramolecular Nanostructures

This last part of the review shows the importance of the interdisciplinarity of
different chemistry fields.

The challenge of the Photonics Nanomaterials developments, it is to tune the
plasmonic properties depending of the application. From the interactions of
Supramolecular systems, molecular spacers, and polymers adsorbed or covalent bonded
with the metallic surface, can be modified the electronic properties in the near filed.

Hybrid supramolecular nanostructures of organic and inorganic molecules have a
promising potential in the enhancement of electronic and energy transduction for
nanomedicine, nanosensors and technological applications.

Core-shell nanoparticles are designed in order to add different functionalities on
their nanostructure, as fluorescent,**® drug loaded,*** magnetic,**° and metallic,*** cores,
while their shells can be used as fluorescent containers'*? or cargo shells and surface to
be chemically modified,*** activated, bioconjugated*** for tracking applications and drug

145

delivery,”™ to add to the whole nanostructure a final specific targeted application.

Magnetic core-shell nanoparticles were applied to magnetic resonance imaging,**

147 148

targeting cells™" and drug delivery applications for cancer treatments.

Insert Figure 8
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Another similar design concept is the development of nanoparticles, based on a
metallic core, modified by molecular spacer as, for example, gold nanoparticles
containing multiple long, flexible linkers, decorated with lactose, B-cyclodextrin for site
specific drug delivery systems.**® As an example of the tuning of material properties,
from the combination of supramolecular chemistry like Cyclodextrins, conductive
nanomaterials like grapheme, and metallic nanoparticles like gold ones, it was possible to
develop strong supramolecular capability for electrochemical thrombin aptasensor by
Guo et al.™

The importance of surface chemistry in nanoparticles is not shown only in the
molecular recognition field in nanodevices; with the huge nanomaterial developments, it
IS necessary, in many cases, to modify the surface chemistry to avoid their possible
toxicological problems in cells. It is know that core-shell nanoparticles as QDs are
toxic,™®! and coating their surface could modify their effect. CdSe QDs toxicological
effect was diminished with (poly-ethylene glycol) PEG coated surfaces on Caco-2

cells.*®

The inclusion of metallic nanoparticles into polymeric nanoparticles and
supramolecular nanoparticles, add the intrinsic properties of each component in order to
design the nanoarchitecture wanted. Therefore, it could improve final properties,
combining and tuning them. In this way, self-assembled gold nanoclusters for Bright
Fluorescence Imaging and Enhanced Drug Delivery were developed, combining

plasmonic and polymeric properties, only modifying the pH of the medium. **3

Insert Figure 9
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Another example of nanoarchitecture tuning for versatile application was shown
by Boudreau et al., where FRET Enhancement in Multilayer Core—Shell Nanoparticles™
was developed. This proof of concept was applied in a first step for a non specific
molecular recognition. The nanoarchitecture was based on a silver core, modified with
fluorescent energy acceptor silica shell and a cationic polythiophene polymer as
fluorescent donor, adsorbed over the nanoparticle surface by electrostatic interactions;
allowing the short polythiophene polymeric chains enhanced detection via a FRET
pathway coupled to metal enhanced fluorescence (MEF).'*® After that, a DNA sensing
nanoarquitecture was designed, combining the molecular recognition capabilities of the
cationic conjugated polymer as signal transducer of the double strand DNA specific
interaction event, over a highly fluorescent bioconjugated core-shell nanoparticle, for an
ultrasensitive unamplified DNA detection.™® This biophotonic nanoarchitecture was
applied to the rapid and simple genotyping of blood group antigens from unamplified
genomic DNA measured using standard flow cytometers. This PCR-free approach could

be applied to any known genetic polymorphism. **’

Insert Figure 10

Finally, it is important to mention that a new field within the nanomedicine is
developing, such as supramolecular diagnostics and nanomedicine, opening different
studies related to synthesis, characterisation, applications, and toxicity evaluations, which
will allow development of new methods of diagnostics and therapies. A proof of concept

was developed recently by Bracamonte et al. about a Switch on/off enhanced
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fluorescence control for detection and molecular release, using a simple chemistry

reaction based on nanosupramolecular architecture.*®

3. Future Perspectives

The future perspectives should be discussed from different points of view and at a
chemical level, for the different applications of this review. From supramolecular
systems, based on non covalent interactions as antigen-antibodies, specific recognition
and bioconjugation techniques, based on organic chemical reaction, joined to the
knowledge of Molecular Biology, it is possible to get targeted biomolecular recognitions,
controlled molecular linking over nano-platform surfaces. These nano-platforms could be
based on inorganic and organic materials, combining different properties. Developments
of new nanostructures will be applied for research in different fields of high impact in
Nanoscience and Nanotechnology as new Nanomaterials, Nanophotonics, Biophotonics,
Nanoimaging, Nanofluidics and Nanomedicine. From these different fields,
developments promising new tools will be available for different areas of science, such as
Biology and Medicine. Nanoimaging for biomedical imaging applications, Diagnostics
with Ultrasensitive detection, Optical Biosensors, Fiber Optics Biosensors; Drug
Delivery Systems for new and specific targeted clinical therapies and more. The future
perspectives of all these developments come from multidisciplinary fields, especially
from advanced new nanomaterials with particular electronic and plasmonic properties.

The electronic conduction is very important for signal transductions. In the last
years, many developments of plasmonics were done for the next generation, integrating

circuitry based on coupling between surface plasmon polaritons and nanostructures in the
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near-field"®. Moreover, new supramolecular assemblies with intrinsic electronic
properties showed to be applied as supramolecular nanowires for optoelectronic
devices™®.

New materials are currently being developed from the combination of organic
chemistry and plasmonics, for many applications. The surface modification of infrared
metallic nanoparticles by conductive polymers gives as result Plasmonic Nanoantenas,
which are able to photogenerate charge carriers'®’, These new materials developed with
particular electronic properties can be applied for signal enhancement and signal

amplification for biochips, and Lab on-chip applications'®?

. As an interesting example,
we could mention the individual bacteria detection based on the bacteria interaction with
the gap of two gold nanorods with two-photon-induced Iuminescence (TPL)
measurements by optical trapping™®.

Other examples of multidisciplinary developments in Nanomedicine, joining the
knowledge of microbiology and supramolecular chemistry are the tuned, organized
systems as nanorobots formed by Magneto-aerotactic bacteria and nanoliposomes for
controlled drug delivery on tumour hypoxic regions*®*.

In all the advance trends, when a combination of properties for a specific target
was needed like specificity, signal amplification, signal transduction for detection or
tracking, it was necessary to tune the different parts of the whole nanostructure. There are
examples of colloidal dispersions, as core shell nanoparticles, where their Luminescent
properties were tuned for optimal enhancements and detection of molecular events via

MEF and FRET mechanisms, incorporating, by covalent and no-covalent interactions,

fluorophores,  polymers, and  DNA  over  their  nanostructure'®.
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Figures

Figure 1. Competitive binding of ferrocenemethanol and 1-adamantanol to the CD
Hosts immobilized on gold nanospheres.Reprinted with permission from Ref 22 (Kaifer

group). Copyright 2000 Am. Chem. Soc.
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Figure 2. Cyclodextrins gold nanoparticles grafted. Reprinted with permission from Ref

37 (Kaifer group). Copyright 1999 Am. Chem. Soc.
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Figure 3. Schematic illustration of magnet controlled electrochemical detection of
dopamine. Reprinted with permission from Ref 63 (Peng et al. group). Copyright 2009

Springer.
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Figure 4. Chemical structure of the QDs-Concanavalin A-Au-CDs-AuNPs
nanobiosensor and schematic illustration of its FRET-based operating principles (It is
known that concanavalin A is a lecitin protein that can bind glucose). Reprinted with

permission from Ref 90 (Yu et al. group). Copyright 2008 Wiley-VCH.
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structures of the nanocapsules and precursors. Reprinted with permission from Ref 101
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Figure 6. Synthesis of the Alkyne-Terminated Stopper and Assembly of Disulfide
Based Snap-Top Nanocarriers. Mesoporous silica nanoparticles as delivery vehicle,
cyclodextrins or cucurbiturils as capping agent, and Rhodamine B as cargo. Reprinted

with permission from Ref 102 (Stoddart et al. group). Copyright 2010 ACS.
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Figure 7. Zwitterionic supramolecular nanoparticles: self-assembly and responsive
properties. Reprinted with permission from Ref 106 (J. Huskens et al. group). Copyright

2015 RSC.
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Figure 8. a) Schematic illustration of magnetic PLGA nanoparticles for diagnosis and
treatment of cancer. b) Fluorescence microscopy image of cells incubated with PLGA
Nanoparticles. Reprinted with permission from Ref 148 (Haam et al. group). Copyright

2007 RSC.
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Figure 9. Schematic illustration of Supramolecular Nanoparticles applied for
Nanoimaging and Drug delivery application. Reprinted with permission from Ref 153

(Niko Hildebrandt and Xavier Le Guével et al. group). Copyright 2016 ACS.
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Figure 10. Fluorescent multilayer core-shell NPs architecture for DNA detection in
three steps. 1) target-ready NPs are prepared by complexing ssDNA probe-grafted NPs
with a fluorescent polymer transducer; 2) hybridization of target DNA with ssDNA
probes activates the polymer transducer as energy donor toward dye-doped silica shell
and excitation at 410 nm generates fluorescence emission by acceptor molecules at 550

nm. . Reprinted with permission from Ref 156 (Denis Boudreau et al.). Copyright 2011

ACS.

45



Literature

LE. V. Anslyn; J. Org. Chem., 72 (2007) 687-699.

2J. Lehn M., Angew. Chem., Int. Ed. Engl; 2, 71 (1988) 89-112.

% H. Ringsdorf; Supramolecular Science, 1, 1 (1994) 5-6.

*T.Vo-Dinh, G. D. Griffin, J. P. Alarie, B. Cullum, B. Cullum, B. Sumpter, D. Noid; J.
of Nanoparticle Research, 2 (2000) 17-27.

> A. Vyas, S. Saraf, S. Saraf; J. Incl. Phenom. Macrocycl. Chem., 62 (2008) 23-42.

® J. R. Lackowicz, K. Ray, M. Chowdhury, H. Szmacinski, Y. Fu, J. Zhang, K.
Nowaczyk; Analyst, 133 (2008) 1308-1346.

" R.F. Aroca, R.A. Alvarez-Puebla , N. Pieczonka, S. Sanchez-Cortez, J.V. Garcia-
Ramos; Adv. in Coll. and Interf. Sci.; 116 (2005) 45-61.

8 L. Peng, A. Feng, M. Huo, J. Yuan; Chem. Commun., 50 (2014) 13005-13014.

% C. Stoffelena, J. Huskens; Nanoscale; 7 (2015) 7915-79109.

195 Ho, J. Choi, M. Andre Garcia, Y. Xing, K.-J.Chen, Yi-Ming Chen, Z. K. Jiang,T.
Ro, L. Wu, D. B. Stout, J. S. Tomlinson, H. Wang, K. Chen, H.-R. Tseng, W.-Y. Lin,
ACS Nano, 10. 1 (2016) 1417-1424.

1'W. Jiang, B. Y. S. Kim, J. T. Rutka, and W. C. W. Chan, Nat. Nanotechnol., 3 (2008)
145-150.

12 F Stellacci, C. A. Bauer, T. Meyer Friedrichsen , W. Wenseleers , S. R. Marder , J.
W. Perry, J. Am. Chem. Soc., 125, 2 (2003) 328-329.

133.-P. Collin, C. D.-Buchecker , P. Gavifia , M. C. Jimenez-Molero, and J.-P. Sauvage,

Acc. Chem. Res., 34, 6 (2001) 477-487.

143, Fraser Stoddart Chem. Soc. Rev., 38 (2009) 1521-1529.

46


http://pubs.acs.org/action/doSearch?text1=Stellacci+Francesco&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Bauer+Christina+A&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Meyer-Friedrichsen+Timo&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Wenseleers+Wim&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Marder+Seth+R&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Perry+Joseph+W&field1=Contrib
http://pubs.acs.org/action/doSearch?text1=Perry+Joseph+W&field1=Contrib
http://pubs.acs.org/author/Collin%2C+Jean-Paul
http://pubs.acs.org/author/Dietrich-Buchecker%2C+Christiane
http://pubs.acs.org/author/Gavi%C3%B1a%2C+Pablo
http://pubs.acs.org/author/Jimenez-Molero%2C+Maria+Consuelo
http://pubs.acs.org/author/Sauvage%2C+Jean-Pierre
http://pubs.rsc.org/en/results?searchtext=Author%3AJ.%20Fraser%20Stoddart

> N. Koumura, R. W. J. Zijlstra, R. A. van Delden, N. Harada & Ben L. Feringa, Nature
401 (1999) 152-155.

18 G. T. Hermanson, Bioconjugate Techniques, 2nd Edition , 2008.

7C. J. Brinker, G. W. Scherer, Sol gel science. The physics and chemistry of the sol-gel
processing, Academic press Inc., 1990.

8 H. Murakami, M. Kobayashi, H. Takeuchi, Y. Kawashima, International Journal of
Pharmaceutics; 187 (1999) 143-152.

9°S. Desgouilles, C. Vauthier, D. Bazile, J. Vacus, J. L. Grossiord, M. Veillard, P.
Couvreur, Langmuir, 19 (2003) 9504-9510.

% A. R. Khan, P. Forgo, K. J. Stine, V. T. D’Souza, Chem. Rev., 98 (1998) 1977-1996.
21 K. Kim, N. Selvapalam, Y. H. Ko, K. Min Park, D. Kim, J. Kim; Chem. Soc. Rev., 36
(2007) 267-279.

22 ], Liu, W. Ong, E. Roman, M. J. Lynn, A. E. Kaifer, Langmuir, 16 (2000) 3000-3002.
22 D. Velic, G. Kohler, Chemical Physics Letters, 371 (2003) 483-489.

24 D. Velic, M. Knapp, G. Kohler, J. of Mol. Structure, 598 (2001) 49-56.

2% J. Alvarez, J. Liu, E. roman, A. E. Kaifer, Chem. Comm., 13 (2000) 1151-1152.

26 C. T. Mallon, R. J. Forster, A. McNally, E. Campagnoli, Z. Pikramenou, T. E. Keyes,
Langmuir, 23 (2007) 6997-7002.

213, M. Campifia, A. Martins, F. silva, Electrochimica Acta, 55 (2009) 90-103.

%8 H. B. ILDIS, R. Tel-Vered, I. Willner, Angewandte chemie, 120 (2008) 6731-6735.
2% D. Granadero, J. Bordello, M. J. Perez-Alvite, M. Novo, W. Al-Soufi; Int. J. Mol.
Sci., 11 (2010) 173-188.

%0 M. Holzinger, L. Bouffier, R. Villalonga, S. Cosnier; Biosensors and Bioelectronics;

24 (2009) 1128-1134.

47



31’3, Y. Jon, N. Selvapalam, D. Hyun Oh, J. Kang, S. Kim, Y. J. Jeon, J. W. Lee, K.
Kim, J. Am. Chem. Soc., 125 (2003) 10186-10187.

%2 E. R. Nagarajan, D. H. Oh, N. Selvapalam, Y. H. Ko, K. Min Park, K. Kim,
Tetrahedron Letters, 47 (2006) 2073-2075.

% H. Chen, Y. S. Kim, S. R. Keum, S. H. Kim, H. J. Choi, J. Lee, W. G.An, K. Koh,
Sensors, 7 (2007) 1216-1223.

%% R. Métivier, I. Leray, B. Lebeau, B. Valeur, J. Mater. Chem., 15 (2005) 2965-2973.
% p. Maury, M. Péter, O. Crespo-Biel, X. Y. Ling, D. N. Reinhoudt, J. Huskens,
Nanotechnology, 18 (2007) 044007-9.

% |. Basabe-Desmonts, F. van der Baan, R. S. Zimmerman, D. N. Reinhoudt, M.
Crego-Calama, Sensors, 7 (2007) 1731-1746.

7 J. Liu, S. Mendoza, E. Romn, M. J. Lynn, R. Xu, A. E. Kaifer, J. Am. Chem. Soc.,
121, 17 (1999) 4304-4305.

%% M. T. Rojas, R. Koninger, J. F. Stoddart, A. E. Kaifer; J. Am. Chem. Soc., 117 (1995)
336-343.

% R. Isnin, C. Salam, A. E. Kaifer; J. Org. Chem., 56 (1991) 35-41.

0.3, Liu, J. Alvarez, W. Ong, E. Roman, A. E. Kaifer, J. Am. Chem. Soc., 123 (2001)
11148-11154.

*1 C. H. Bernard Ng, J. Yang, W. Y. Fan, J. Phys. Chem. C., 112 (2008) 4141-4145.

2. J. Liu, J. Alvarez, W. Ong, A. E. Kaifer, Nanolett., 1, 2 (2001) 57-60.

* Q. Zeng, R. Marthi, A. Mc Nally, C. Dickinson, T. E. Keyes, R. J. Foster, Lagmuir,
26, 2 (2010) 1325-1333.

* V. Mahalingam, S. Onclin, M. Péter, B. J. Ravoo, J. Huskens, D. N. Reinhoudt,
Langmuir, 20 (2004) 11756-11762.

% M. Li, K. K. W. Wong, S. Mann, Chem. Mater, 11 (1999) 23-26.

48



% K. Aslan, C. C. Luhrs, V. H. Pérez-Luna, J. Phys. Chem. B., 108 (2004) 15631-
15639.

K. K. Caswell, J. N. Wilson, U. F. Bunz, C. J. Murphy, J. Am. Chem. Soc., 125
(2003) 13914-13915.

* H. Otsuka, Y. Akyama, Y. Nagasaki, K. Kataoka, J. Am. Chem. Soc., 123 (2001)
8226-8230.

*® A. Mocanu, I. Cernica, G. Tomoaia, L. D. Bobos, O. Horovitz, M. Tomoaia-Cotisel.,
Colloidal and surfaces A: Physicochem. Eng. Aspects, 338 (2009) 93-101.

%0 X. Chen, S. G. Parker, G. Zou, W. Su, Q. Zhang, ACS NANO, 4, 11 (2010) 6387-
6394.

1 K. Yoosaf, B. I. Ipe, C. H. Suresh, K. G. Thomas, J. Phys. Chem. C, 111 (2007)
12839-12847.

52 L. Sun, C. Yu, J. Irudayaraj, Anal. Chem. 79 (2007) 3981-3988.

5 B.D. Smith, J. Liu, J. Am. Chem. Soc., 132 (2010) 6300-6301.

>*S. Liu, Z. Zhang, M. Han, Anal. Chem., 77 (2005) 2595-2600.

> D. Brouard, M. Lessard Viger, A.G. Bracamonte, D. Boudreau, ACS Nano, 5 (2011)
1888-1896.

% B. Xia, F. He, L. Li; Coll. and Surf. A: Physicoch. Eng. Aspects 444 (2014) 9-14.

" C. Graf, D. L. J. Vossen, A. Imhof, A. Van Blaaderen, Langmuir, 19 (2003) 6693-
6700.

*8 C. D. Geddes, J. R. Lakowicz, J. Of Fluorescence, 12, 2 (2002) 121-129.

> R. A. Jain, Biomaterials, 21 (2000) 2475-2490.

%0 v. Xie,X. Wang, X. Han, X. Xue, W. Ji, Z. Qi, J. Liu, B. Zhao, Y. Ozaki, Analyst,
135 (2010) 1389-1394.

®1 H. Cao, J. He, L. Deng, X. Gao, Applied surface Science, 255 (2009) 7974-7980.

49



%2 G. Diao, C. Qian, M. Chen, Y. Huang, Supramolecular Chem., 18, 2 (2005) 117-123.
% Y. Wu, F. Zuo, Z. Zheng, X. Ding, Y. Peng, Nanoscale Res. Lett, 4 (2009) 738-747.
% P. Diez, R. Villalonga, M. L. Villalonga, J. M. Pingaron, J. of Coll. and Interface Sci.,

386 (2012) 181-188.

% M. Chen, G. Diao, Talanta, 80 (2009) 815-820.

% A. Z. M. Badruddoza, K. Hidajat, M. S. Uddin, J. of Colloid and Interface Science,
346 (2010) 337-346.

" R. Villalonga, R. Cao, A. Fragoso, A. E. Damiao, P. D. Ortiz, J. Caballero, J. of
Molecular Ctalyst B: Enzymatic, 35 (2005) 79-85.

%8 J. Liu, J. Alvarez, W. Ong, E. Roman, A. Kaifer, Langmuir, 17 (2001) 6762-6764.

% L. Strimbu, J. Liu, A. E. Kaifer, Langmuir, 19 (2003) 483-485.

" A. Mazzaglia, M. Trapani, V. Villari, N. Micali, F. M. Merlo, D. Zaccaria, M. T.
Sciortino, F. Previti, S. Patane, L. M. Scolaro, J. Phys. Chem. C, 112 (2008) 6764-67609.
™" N. Kandoth, E. Vittorino, S. Sortino, New J. Chem., 35 (2011) 52-56.

2 C. Park, H. Youn, H. Kim, T. Noh, Y. H. Kook, E. T. Oh, H. J. Park, C. Kim, J.
Mater. Chem., 19 (2009) 2310-2315.

* M. Kawamura, K. Sato, Chem. Commun., 32 (2007) 3404-3405.

™ D. Xiong, M. Chen, H. Li, Chem. Commun., 7 (2008) 880-882.

> D. Xiong, H. Li, Nanotechnology, 19 (2008) 465502, 1-6.

’®'s. Sayin, F. Ozcan, M. Yilmaz, Journal of Hazardous Materials, 178 (2010) 312-319.

" N. Zhang, Y. Liu, L. Tong, K. Xu, L. Zhuo, B. Tang, Analyst, 133 (2008) 1176-
1181.

8 C. Park, M. S. Im, S. Lee, J. Lim, C. Kim; Angew. Chem. Int. Ed., 47 (2008) 9922-

9926.

50



® A. Kotiaho, R. Lahtinen, A. Efimov, H. Lehtivuori, N. V. Tkachenko, T. Kanerva, H.
Lemmetynen, J. of Photochemistry and Photobiology A: Chemistry, 212 (2010) 129-
134.

80 3. Zhang, Y. Fu, J. R. Lakowicz, Langmuir, 23, 23 (2007) 11734-11739.

81 3. Zhang, Y. Fu, D. Liang, R. Y. Zhao, J. R. Lackowicz, Anal. Chem., 81 (2009) 883-
8809.

82 D. Brouard, O. Ratelle, A. Guillermo Bracamonte, M. St-Louis, D. Boudreau,
Anal. Methods, 5 (2013) 6896-6899.

8 N. Bondre, Y. Zhang, C. D.Geddes, Sensors and Actuators B, 152 (2011) 82-87.

8 B. Gruber, S. Stadlbauer, A. Spaeth, S. Weiss, M. Kalinina, B. Koenig, Angew.
Chem. Int. Ed. 49 (2010) 7125 —-7128.

8 B. Gruber, S. Balk, S. Stadlbauer, B. Koenig, Angew. Chem. Int. Ed., 51 (2012)
10060 —10063.

8 A. Mueller, B. Koenig, Chem. Commun., 50 (2014) 12665-12668.

8 D. Dorokhin, S-'H. Hsu, N. Tomczak, C. Blum, V. Subramaniam, J. Huskens, D. N.
Reinhoudt, A. H. Velders, G. J. Vancso, Small, 6, 24 (2010) 2870-2876.

8 K. Palaniappan, C. Xue, G. Arumugam, S. A. Hackney, J. Liu, Chem. Mater., 18
(2006) 1275-1280.

% R. Freeman, T. Zinder, L. Bahshi, I. Willner, Nanoletters, 9, 5 (2009) 2073-2076.

% B Tang, L. Cao, K. Xu, L. Zhuo, J. Ge, Q. Li, L. Yu, Chem. Eur. J. , 14 (2008)
3637-3644.

%L E. Qu, H. Li, Sensors and Actuators B, 135 (2009) 499-505.

% H. Li, Y. Zhang, X. Wang, D. Xiong, Y. Bai, Materials Letters, 61 (2007) 1474-
1477.

% G. Zhang, X. Wang, X. Shi, T. Sun, Talanta, 53 (2000) 1019-1025.

51


http://pubs.rsc.org/en/results?searchtext=Author%3ADanny%20Brouard
http://pubs.rsc.org/en/results?searchtext=Author%3AOlivier%20Ratelle
http://pubs.rsc.org/en/results?searchtext=Author%3AA.%20Guillermo%20Bracamonte
http://pubs.rsc.org/en/results?searchtext=Author%3AMaryse%20St-Louis
http://pubs.rsc.org/en/results?searchtext=Author%3ADenis%20Boudreau

%Y. Shibutani, H. Yoshinaga, K. Yakabe, T. Shono, M. Tanaka, J. Inclus. Phenom., 19
(1994) 333-342.

% y.D. Kim, H. Jeong, S.0. Kang, K.C. Nam, S. Jeon, Bull. Korean Chem. Soc., 22
(2001) 405-408.

% 3. Lei, H. Ju, O. Ikeda; Sensors, 5 (2005) 171-184.

% A. Puchkova, C. Vietz, E. Pibiri, B. Wullnsch, M. Sanz Paz, G. P. Acuna, P.
Tinnefeld, Nanoletters; Nano Lett., 15 (2015) 8354—8359.

% J. C. Fraire, V. N. Sueldo Ocello, L. G. Allende, A. V. Veglia, E. A. Coronado, J.
Phys. Chem. C, 119, 16 (2015) 8876-8888.

®, Wang, W. Zhao, M. B. O’Donoghue, W. Tan, Bioconjugate Chem., 18 (2007) 297-
301.

100 5 A. Kalele, S.S. Ashtaputre, N.Y. Hebalkar, S.W. Gosavi, D.N. Deobagkar, D.D.
Deobagkar, S.K. Kulkarni, Chemical Physics Letters 404 (2005) 136-141.

101 v L. Wu, J. Li, Angew. Chem. Int. Ed., 48 (2009) 3842-3845.

12 M. W. Ambrogio, T. A. Pecorelli, K. Patel, N. M. Khashab, A. Trabolsi, H. A.
Khatib, Y. Y. Botros, J. I. Zink, F. Stoddart, Organic Letters, 12, 15 (2010) 3304-3307.
103 1. Zhang, L. Sun, Z. Liu, W. An, A. Hao, F. Xin, J. Shen; Colloids and Surfaces A:
Physicochem. Eng. Aspects, 358 (2010) 115-121.

104 M. E. Davis, J. E. Zuckerman, C. H. J. Choi; Nature, 464 (2010) 1067.

15 E 3. Gil, J. Li, H. Xiao, T. L. Lowe; Biomacromolecules, 10 (2009) 505-5186.

106 ¢ Stoffelen, J. Huskens; Nanoscale, 7 (2015) 7915-7919.

197 3. Koktana, H. Sedlackova, I. Osante, C. Cativiela, D. Diaz Diaz, P. Rezankaa,
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 470 (2015) 142-
148.

108 3. of Polymer Science: Part A: Polymer Chemistry, 38 (2000) 1673-1679.

52



109 M. L. Hans, A. M. Lowman, Current Opinién in Solid State and Materials Science, 6
(2002) 319-327.

1105 1. Moon, C. W. Lee, M. Miyamoto, Y. Kimura; R. A. Jain, Biomaterials, 21
(2000) 2475-2490.

111 B Semete, L. Booysen, Y. Lemmer, L. Kalombo, L. Katata, J. Verschoor, H. S.
Swai, Nanomedicine: Nanotech.., Biology, and Medicine, 6 (2010) 662-671.

112) 'Wang, K. G. Neoh, E. T. Kang, B. Shuter, S. C. Wang,; Biomaterials, 31 (2010)
3502-3511.

13 H. Y. Kwon, J. Y. Lee, S. W. Choi, Y. Jang, J. H. Kim, Colloids and surfaces A:
Physicochemical and Engineering Aspects, 182 (2001) 123-130.

14 E X. Hu, K. G. Neoh, E. T. Kang; Biomaterials, 27 (2006) 5725-5733.

115 p Kochek, N. Obermajer, M. Cegnar, J. Kos, J. Kristl; J. Of Controlled Release, 120
(2007) 18-26.

118y 1. Cheng, J. C. Kim, Y. H. Kim, G. Tae, S. Y. Lee, K. Kim, I. C. Kwon, J. of
Controlled Release; 143 (2010) 374-382.

117 M. Fadel, K. Kassab, D. A. Fadeel, Lasers Med. Sci., 25 (2010) 283-292.

118 3. H. Lee, P. Kopeckova, J. Kopecek, J. D. Andrade, Biomaterials, 11 (1990) 455-
464.

1193 H. Jeong, D. W. Lim, D. K. Han, T. G. Park; Colloids and Surfaces B:
Biointerfaces, 18 (2000) 371-379.

120 H.S. Yoo, T. G. Park; Journal of Controlled Release; 70 (2001) 63-70.

2y, Yi, J. H. Kim, H. W. Kang, H. S. Oh, S. W. Kim, M. H. Seo; Pharmaceutical
Research, 22, 2 (2005) 200-208.

122 A, Beletsi, L. Leontiadis, P. Klepetsanis, D. S. lIthakissios, K. Avgoustakis;

International Journal of Pharmaceutics; 182 (1999) 187-197.

53



122 A. Yang, L. Yang, W. Liu, Z. Li, H. Xu, X. Yang; International Journal of
Pharmaceutics, 331 (2007) 123-132.

124 C. Pinto Reis, R. J. Neufeld, A. J. Ribeiro, F. Veiga; Nanomedicine:
Nanotechnology, Biology, and Medecine, 2 (2006) 8-21.

122 R. F. Storey, S. C. Warren, C. J. Allison, J. S. Wiggins; Polymer, 34 (1993) 4365-
4375.

126D, Lemoine, C. Francois, F. Kedzierewicz, V. Preat, M. Hoffman, P. Maincent,
Biomaterials, 17 (1996) 2191- 2197.

127 W. H. Suh, K. S. Suslick, G. D. Stucky, Y. H. Suh, Progress in neurobiology, 87
(2009) 133-170.

128 X. Yan, F. Wang, B. Zhenga, F. Huang; Chem. Soc. Rev., 41 (2012) 6042-6065.

129 E Busseron, Y. Ruff, E. Moulin, N. Giuseppone; Nanoscale; 5 (2013) 7098-7140.
130 % Chen, X. Yao, C. Wang, L. Chen, X. Chenb; Biomater. Sci.; 3 (2015) 870-878.
B1C.Y. Ang, S. Y. Tan, X. Wang, Q. Zhang, M. Khan, L. Bai, S. T. Selvan, X. Ma, L.
Zhu, K. T. Nguyen, N. S. Tan, Y. Zhao; J. Mater. Chem. B, 2 (2014) 1879-1890.

132y, Cao, Y. Li, X.-Y. Hu, X. Zou, S. Xiong, C. Lin, L. Wang; Chem. Mater.; 27, 3
(2015) 1110-1119.

133 \W.-C. Huang, P.-A. Burnouf, Y.-C. Su, B.-M. Chen, K.-H. Chuang, C.-W. Lee,P.-K.
Wei, T.-L. Cheng, S. R. Roffler; ACS Nano, 10, 1 (2016) 648-662.

3% A. A. Kulkarni, B. Roy1, P. S. Raol, G. A. Wyant, A. Mahmoud, M. Ramachandran,
P. Sengupta, A. Goldman, V. R. Kotamraju, S. Basul, R. A. Mashelkar, E. Ruoslahti,
D. M. Dinulescu, S. Sengupta; Cancer Res; , 73, 23 (2013) 6987-6997.

13 3. Hou, J.-S.Choi, M. A. Garcia, Y. Xing, K.-J. Chen, Y.-M. Chen, Z. K. Jiang,T.
Ro, L. Wu, D. B. Stout, J. S. Tomlinson, H. Wang, K. Chen, H.-R. Tseng,, W.-Y. Lin;

ACS Nano, 10, 1 (2016)1417-1424.

54



138 M. Gaumet, A. Vargas, R. Gurny, F. Delie, European Journal of Pharmaceutics and
Biopharmeceutics, 69 (2008) 1-9.

137 X. Yang, J. J. Grailer, S. Pilla, D. A. Steeber, S. Gong, X. Shuai, Biofabrication, 2,
025004 (2010) 1-8.

138 X Pan, J. Ju, Y. Zhan, D. Wu; Macromol. Chem. Phys., 211 (2010) 2347-2355.

139 X. Wang, Y. Du, J. Luo, B. Lin, J. F. Kennedy; Carbohydrate Polymer, 69 (2007)
41-49.

140 C. E. Astete, C. M. Sabliov; Particulate Science and Technology; 24 (2006) 321-328.
113, H. Liu, R. Guo; Ad. Func. Mater., 19 (2009) 1112-1117.

142 3. Zhang, Y. Fu, F. Jiang, J. R. Lakowicz, J. Phys. Chem. C; 114 (2010) 7653-7659.
¥ D. P. Go, S. L. Gras, D. Mitra, T. H. Nguyen, G. W. Stevens, J. J. Cooper-White, A.
J. O"Connor; Biomacromolecules, 12, 5 (2011) 1494-1503.

144 X. Mao, J. Huang, M. F. Leung, Z. Du, L. Ma, Z. Huang, P. Li, L. Gu; Applied
Biochem. And Biotech.; 135 (2006) 229-240.

%5 C. Y. Huang, Y. D. Lee; International Journal of Pharmaceutics; 325 (2006) 132-
139.

146 5. J. Lee, J. R. Jeong, S. C. Shin, J. C. Kim, Y. H. Chang, Y. M. Chang, J. D. Kim,
J. Of Magnetism and Magnetic Materials; 272-276 (2004) 2432-2433.

147 C. Huang, K. G. Neoh, L. Wang, E. T. Kang, B. Shuter; J. Mater. Chem., 20 (2010)
8512-8520.

148 3. Yang, C. H. Lee, J. Park, S. Seo, E. K. Lim, Y. J. Song, J. S. Suh, H. G. Yoon, Y.
M. Huh, S. Haam; J. Mater. Chem., 17 (2007) 2695-2699.

9 A. Aykac[1, M. C. Martos-Maldonado, J. M. Casas-Solvas, |. Quesada-Soriano, F.

Garcia-Maroto, L. Garcia-Fuentes, A. Vargas-Berengue; Langmuir; 30 (2014) 234—-242.

55



0. Xue, Z. Liu, Y. Guo, S. Guo, Biosensors and Bioelectronics 68 (2015) 429-436.

LA, M. Derfus, W. C. W. Chan, S. N. Bhatia; Nano Lett., 4 (2004) 11-18.

152 | Wang, D. K. Nagesha, S. Selvarasah, M. R. Dokmeci, R. L. Carrier; Journal of
Nanobiotechnology, 6, 11 (2008) 1-15.

53 A. Yahia-Ammar, D. Sierra, F. Mérola, N. Hildebrandt, X. Le Guével, ACS Nano,
10, 2 (2016) 2591-2599.

14 M. Lessard-Viger, M. Rioux, L. Rainville, D. Boudreau, Nano Lett.,9, 8, , (2009)

3066-3071.

155 M. Lessard-Viger, D. Brouard, D. Boudreau, J. Phys. Chem. C, 115, 7 (2011) 2974

2981.

58 D, Brouard, M. Lessard-Viger, A. Guillermo Bracamonte, D. Boudreau, ACS Nano,

5, 3 (2011) 1888-1896.

37D, Brouard, O. Ratelle, J. Perreault, D. Boudreau & M. St-Louis, Vox Sanguinis,
2014 (2014) 1-8.

158 A. Guillermo Bracamonte, D. Brouard, M. Lessard-Viger, D. Boudreau, A. V.
Veglia, Microchem. J., 28 (2016) 297-304.

159 K. M. Goodfellow, C. Chakraborty, R. Beams, L. Novotny, A. N. Vamivakas, Nano
Lett. 15 (2015) 5477—-548]1.

160)  Zhang, X. Zhong, E. Pavlica, S. Li, A. Klekachev, G. Bratina, T. W. Ebbesen, E.
Orgiu, P. Samori, Nature Nanotechnology 125 (2016) 1-8.

161 Zilong Wang, J. Zhao, B. Frank, Q. Ran, G. Adamo, H. Giessen, C. Soci, Nano Lett.
15 (2015) 5382—-5387.

6z g, Reithmaier, M. Kaniber, F. Flassig, S. Lichtmannecker, K. Mullller, A.

Andrejew, J. Vuclkovi¢, R. Gross, J. J. Finley, Nano Lett. 15 (2015) 5208—5213.

56


http://pubs.acs.org/author/Yahia-Ammar%2C+Akram
http://pubs.acs.org/author/Sierra%2C+Daniel
http://pubs.acs.org/author/M%C3%A9rola%2C+Fabienne
http://pubs.acs.org/author/Hildebrandt%2C+Niko
http://pubs.acs.org/author/le+Gu%C3%A9vel%2C+Xavier
http://pubs.acs.org/author/Lessard-Viger%2C+Mathieu
http://pubs.acs.org/author/Rioux%2C+Maxime
http://pubs.acs.org/author/Rainville%2C+Luc
http://pubs.acs.org/author/Boudreau%2C+Denis
http://pubs.acs.org/author/L-Viger%2C+Mathieu
http://pubs.acs.org/author/L-Viger%2C+Mathieu
http://pubs.acs.org/author/Brouard%2C+Danny
http://pubs.acs.org/author/Brouard%2C+Danny
http://pubs.acs.org/author/Boudreau%2C+Denis
http://pubs.acs.org/author/Brouard%2C+Danny
http://pubs.acs.org/author/Viger%2C+Mathieu+L
http://pubs.acs.org/author/Bracamonte%2C+A+Guillermo
http://pubs.acs.org/author/Boudreau%2C+Denis
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/article/pii/S0026265X16300613
http://www.sciencedirect.com/science/journal/0026265X
http://www.sciencedirect.com/science/journal/0026265X/128/supp/C

163 M. Righini, P. Ghenuche, S. Cherukulappurath, V. Myroshnychenko, F. J. Garcia de
Abajo, R. Quidant, Nano Lett. 9, 10 (2009) 3387-3391.

14°0. Felfoul, M. Mohammadi, S. Taherkhani, D. de Lanauze, Y. Zhong Xu, D.
Loghin, S. Essa, S Jancik, D. Houle, M. La fleur, L. Gaboury, M. Tabrizian, N. Kaou,
M. Atkin, T. Vuong, G. Batist, N. Beauchemin, D. Radzioch, S. Martel, Nature
Nanotechnology, 137 (2016) 1-9.

165 3. Asselin, M. L.Viger, D. Boudreau, Hindawi. Advances in Chemistry 2014 (2014)

1-16.

57



Graphical Abstract

Multifunctional Nanostructures

S
o
o  DNA
C! age
A Recognition
A «
0\0
O e
. z‘}'o
‘5‘;0\\\\
FRET
Biodegradable

Polymeric shell

S <
Supramolecular Bioconjugation \3
sites
Fluorophores
Metallic
Nanoparticles
H(_/
Metal enhanced fluorescence (MEF) Core-shell Plasmonics

Nanoparticles

Forster Reaction Energy Transfer (FRET)

58



Research highlights

- Design of New Smart Nanostructures applied to Nanosensors and Drug delivery
systems.

- Nanoparticles based on Supramolecular Chemistry.

- Photonic Hybrid Nanomaterials.

- Enhanced Signals based on Supramolecular interactions, plasmonic effects and energy
transfer processes applied to molecular and biological structures tracking for detection
diagnostics and developments in Nanomedicine.
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