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Abstract: Recent advances in the application of semicondutdmocrystals, or quantum
dots, as biochemical sensors are reviewed. Quadtisnhave unique optical properties that
make them promising alternatives to traditional sdy@ many luminescence based
bioanalytical techniques. An overview of the magkevant progresses in the application of
guantum dots as biochemical probes is addressedcigbpfocus will be given to
configurations where the sensing dots are incotpdran solid membranes and immobilized
in optical fibers or planar waveguide platforms.
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1. Introduction

The advent of Nanotechnology, introducing contrekero matter at the nanometer scale, has
produced a new class of materials with novel prigrcreating new possibilities in a diversity of
domains. In particular, biotechnology is alreadkirtg advantage from the versatility of nanoparscle
with a variety of sizes, shapes and compositionstdm polymer, semiconductor,...) [1-3]. The
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reduced dimensions of the particles is a key fatgading to the possibility of enhancement and
tailoring of many of the material properties (efeal, optical, chemical...) which, at such scale,
become size and/or shape dependent. Enhanced nwtharoperties, tunable light scattering or
luminescence due to quantum size effects, are deangd features that can be controlled at the
nanoscale. In addition, the small size of the pladi provides a large interfacial area which ersable
bioconjugation (i.e., combination of the nanopéetiwith biomolecules like antibodies) allowing such
properties to be integrated in biological systenms.this way, the performance of conventional
techniques can be largely improved and an entirely set of exciting applications becomes available
[4-6].

In this context, luminescent semiconductor nandalysor quantum dots (QDs), are particularly
attractive for biochemical sensing and imaging @pgpibns. Fluorescence is the basis of a large
number of bioassays and chemical sensing technidjuéiis regard, the unique optical properties of
QDs are highly favorable when compared to thoseaalitional molecular fluorophores. The ability to
tune their luminescence characteristics by partidde control, combined with relatively high quamtu
yields, narrow fluorescence emission, very broadogition spectrum and an outstanding photo-
stability provide new solutions to many of the perbs associated with traditional luminescence
sensors and are the promise for a completely neof sgplications [7-9].

QDs’ unique features have attracted a considerabdeest and the variety of new applications is
expanding quickly. Although this is a relativelyceat field of research, the synthesis of QDs
associated to their applications in a diversitglofmains has been the subject of several reviews; Ea
reviews focused on synthesis, functionalization araterial properties, and provided a prospective
view of the field [10, 11]. More recently, the usé QDs as labels in biomedical imaging or in
immunoassays has seen several breakthroughs wieieh amalyzed by different authors [8, 12, 13].
Very good reviews have been published on the us@l¥ in new sensing strategies, giving either a
general overview of the field [14], or a more foedgliscussion on biosensing applications and future
trends [15-17]. Other fields of interest such aetaapplications or fundamental physical experiment
have also been reviewed [18-20].

Nevertheless, due to the large research effortscaked to this topic, a number of sensing
applications has recently appeared and this iotlyran expanding field of research. In particulae
immobilization of nanocrystals in solid membranesl és use in combination with optical fiber or
planar platforms has seen some progress. Suclyamamts are a key step towards the development of
advanced analytical instrumentation, aiming smedlles and multiparameter capability. For this, QDs
are very well suited because of their high photokta and multiplexing ability.

In this paper, a brief overview on recent progreassQDs sensing applications is described.
Particular focus will be given to an emerging atea: application of QDs of 1lI/VI materials as sewgi
elements while immobilized in a solid host whicmdae used in combination with optical fiber or
integrated optics sensing technology.
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2. Quantum dots: a brief overview

Quantum Dots are small particles of a semiconductaterial, consisting of a few hundreds to
thousands of atoms. Their small size, ranging fosthof the systems from 1 nm to 10 nm, is mostly
responsible for their unique optical, electricatl @memical properties.

The main procedures by which QDs can be fabricaéidjning 3D confinement of the charge
carriers, include diffusion controlled growth, bidraphy, epitaxy and colloidal chemistry. Combined
lithographic patterning and etching is a possitathway [21], and epitaxial growth over pre-patterne
substrates has also been investigated [22]. Mooently, techniques exploring self-assembly
mechanisms are being successfully explored [20jeNkeless they rely on expensive MBE or
MOCVD systems. In all physical deposition approacttee resulting QDs are embedded in a solid
matrix and are, therefore, more adapted to intedraptoelectronic devices (QD lasers and detectors)
Other techniques have been explored for applicati@guiring further chemical manipulation and
processing.

Alternative approaches include the synthesis of @Eisg colloidal chemistry techniques which are
very often associated to molecular precursor cheynig-or these methods the semiconductor
nanoparticles are homogeneously generated in aioabing solvent or in the presence of a chemical
stabilizer. The synthesis of QDs in high boilingiicsolvents have been particularly successful in
yielding nearly monodispersed QDs with very naremission bands [10, 18]. Because QDs produced
in this way have their surfaces capped with orgdigands, they are compatible with further
(bio)chemical surface modification. So, they aretipalarly suited for sensing applications involgin
luminescence. This review will focus on the sensipglications of QD-based devices.

2.1. Quantum confinement and optical properties

The main differences between the macrocrystallieisonductor and the corresponding
nanocrystalline material arise from two fundameritaltors that are size related. The first one is
associated to the large surface area to volume eétianoparticles and the second one is relatéueto
three-dimensional quantum confinement of their gblarcarriers. In the particular case of
semiconductors, quantum confinement takes placeeves the nanoparticles’ size is smaller than the
exciton Bohr radius of the bulk semiconducty,(typically in the 1 nm to 10 nm range which idl sti
much larger than the semiconductor lattice constdiiim).

A direct consequence of the 3D confinement is that energy levels of the excited carriers
(exciton) will become discrete and approach theeaudhr behavior as the particle size decreases. An
ideal quantum dot can be treated like a sphericantym box, and will display an atomic like
absorption spectrum. The energies of the quanstaes in the conduction and valence “band” can be
calculated using the Schrddinger equation andffeetere mass approximation. However, considering
that both electron and hole are confined into asmaller than the Bohr radius of the excitony the
cannot be considered as mutually independent makangolutions of the equation harder to get. Many
authors have suggested different approaches tgtbldem from which resulted some approximate
analytical expressions or even numerical solutibias are in good agreement with experimental data
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[23]. Brus et al. [24] showed that, for cadmium fisid (CdS) and cadmium selenide (CdSe)
nanocrystals, the size dependence for the fundainelettron-hole state, 15 s can be described by

2 2
Th 1 7865
ap A (1)

EiSls = Eg +

wherea is the particle radiugy the electron-hole reduced massthe electronic charge aralthe
dielectric constant of the bulk semiconductor. Ting term on the rightEg, corresponds to the bulk
bandgap energy, the second term accounts for th&8nement energy and the third term for the
electron-hole Coulomb interaction. Equation (1)webdhat, besides inducing energy quantization,
decreasing the dots size makes the Coulomb terfn tki total energy to lower values withad
dependence. Conversely, the confinement term auldiset total energy with a dependence. This
way, for smaller dot sizes, the confinement terroolbees dominant and the optical spectrum shows a
blue shift in the band edge energy when the Q[¥s & decreased beloag. The smaller the dot the
greater will be the blue shift observed relativétie typicalEy of the bulk semiconductor.

Like in bulk semiconductors, the band edge energierthines the absorption onset and the
luminescence peak emission (near band edge). Tnere®Ds will absorb any photon with energy
hv> E;sisand display an emission peak around the same\eraltge. In this context, Equation (1)
shows that QD technology allows band gap tuningdmtrol of the nanoparticles siza) (or material
type €).

As the nanoparticles size decreases, an increasiadap of the confined charge carriers wave
functions translates into strongly enhanced abswrptoefficients. Because the amount of possible
transitions grows with photon energy, the absorptoefficient increases steadily as the excitation
wavelength is shifted towards the blue. On the rottend, emission processes in QDs result from
electron-hole recombination and are strongly depeha@n the competition between such radiative
processes and non-radiative recombination mechanidton-radiative processes occur mainly at
defects located at the nanocrystal surface. Inatigext, the large surface/volume ratio of QDeval
to obtain enhanced quantum yields by control ofrtearface chemistry and passivation of surface
defects. In a particularly successful strategy,rovating the nanocrystal core (CdSe) with an outer
shell of an higher bandgap semiconductor (ZnS)ltegun quantum yields in the 50% range. Besides
the increased brightness, core-shell systems peavickeased photostability and chemical resistance
[25, 26]. More recently, highly luminescent CdSeecnanocrystals caped with a multi-shell layer (CdS
and ZnS) have been reported, displaying quantuldsyia a 70-85 % range [27].

While an ideal quantum dot displays an atomic tiscrete spectrum, in synthetic nanocrystals the
linewidths are limited by thermal broadening. Thiay, the emission spectrum of a single QD can
have, at room temperature, full widths at half maxn (FWHM) of a few nanometers. However, the
major source of emission broadening in QDs comes ftheir size distribution. In a colloidal
dispersion the solid particles have approximately,not exactly, the same size. Because the emissio
of a QD is related to its size, the slight diffezes in size result in slight variations in the esius
wavelength. As a consequence, the emission spedfuancertain nanocrystal ensemble will be much
broader than the individual QDs spectra. Currerntlys possible to achieve size distributions with
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variation lower than 5%. This translates into a AWIdf approximately 25-30 nm, which is quite
narrow in comparison to the spectral response ofyrhaninescent dyes.

A typical absorption spectrum of a CdSe QD ensensb#hown inFigure 1 (left). In contrast with
traditional dyes, which have broad emission spewith a characteristic long red tail, nanocrystals
present a symmetrical (approximately Gaussian) ratetively narrow emission profile and a very
broad absorption spectrum. These two features cwdballow to obtain a large equivalent Stokes
shift, which can be tuned by setting excitationaaly wavelength lower than the emission peak,
facilitating the discrimination of the QDs’ luminmnt emission. In addition, it also introduces the
possibility of exciting different QDs with the saroetical source. This can be observedrigure 1
(right) where the emission of different CdSe and €@Ds, coated with a ZnS shell, was obtained by
excitation with a single blue LED.

Absorbance (a.u.)
Normalized Intensity

T T T T T T T T T T T T T T T T T T 7T
450 500 550 600 650 700 350 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 1. Left —Typical absorption spectrum of CdSe nanstatyQDs. Right - Normalized emission

spectra of different samples of core-shell QDs irbitied in a sol-gel matrix. Peak emissions from

blue to red are 520nm (CdSe/ZnS), 610nm (CdSe/Zn8%80nm (CdTe/ZnS). The spectrum of the
excitation source, a blue LED (470nm), is also stow

Depending on the particles size, the emission @eéCguantum dots can be continuously tuned from
465 nm to 640 nm, corresponding to a size rangiomf1.9 nm to 6.7 nm (diameter), respectively.
This range can be extended with cadmium-telluriddTe) quantum dots which emit further into the
red (600nm-725nm). Core-shell systems of cadmiusethasemiconductor materials overcoated with
ZnS, provide bright luminescence over the wholéblasrange and are the preferred systems of most
sensing applicationgigure 2 shows typical samples of organically capped Cd$®e/QDs, dispersed
in toluene, under UV irradiation at room temperatudigher-energy emission is possible with CdS
(350nm-470nm). Infrared emission is also availdBBOnm-2000nm) using indium arsenide (InAs), or
lead selenide /sulfide (PbSe/PbS) nanocrystals.

In comparison with conventional molecular dyes, Qbave bright, narrow and stable
photoluminescence, provide larger equivalent Stekéfts, and allow to tune their properties. Thas s
of characteristics gives nanocrystals a great adganin many traditional luminescence applications.
All these features are highly attractive for opitiaer and planar platforms applications.
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In particular, QDs’ wavelength multiplexing abilitg very well suited for many existing optical
fiber or microarray configurations. In this regahnaying identical nanoparticles from the materwhp
of view, but with different optical properties, iatuces the possibility of batch processing
multiparameter/multipoint sensors with much simpbdeocedures. Each set of nanoparticles can be
prepared with similar quantum vyield, surface chémisand set of environmental sensitivities.
Conversely, when using traditional dyes, differentission wavelengths are provided by completely
different chemical species, sometimes presentiagndtically different quantum yields and chemical
properties.

In fiber and planar waveguide platforms, the inseshphotostability of core-shell QDs is a key
feature. In fact, in such devices sensing can d&ee at very small scale and small sample volumes
can be easily exposed to very high excitation gnetgnsities. While most dyes present severe
photodegradation when illuminated by energetic atioln, quantum dots have demonstrated to be
photostable in most situations. Although photobhéag has been reported in bare dots, nanocrystals
with an adequate protective shell are known to rereatremely bright even after several hours of
exposure to moderate to high levels of UV radiation the other hand, the luminescence emission of
common dyes can vanish completely after a few remut

Figure 2. Photoluminescent CdSe/ZnS QDs dispersed in tol(ldwdight irradiation).

In practice, the photostability of nanocrystals elggs on their surface coatings (bare dots, core
shell, or other), and on the surrounding environin{salution or solid matrix). Depending on these
circumstances, different behaviors have been obder8ome authors reported photo-enhancement,
i.e., a gradual increase of the luminescence iittensnder UV irradiation, both in solution and in
solid hosts [28, 29]. Both reversible and non-rel@e photo-enhancements were observed and,
usually, both components can coexist. The incréaaseminescence is explained by a light-induced
rise of the dots potential barrier, preventing &edicarriers from escaping the QDs and favoring
radiative recombination. Photo-induced passivatbsurface defects is another possible mechanism
involved. After enhancement, slow photo-degradatimually follows. The time scales of these
behaviors depend strongly on the power densitieghioh the samples are submitted.
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For CdSe nanocrystals, encapsulated in a glassxmerma and collaborators observed that the
photoluminescence intensity showed a linear depwelavith the excitation optical power up to
moderately high power densities (aprox. 400Wfcniror higher excitation powers, excited carrier
densities dramatically increased and the obserepemtience was no longer linear. In addition, shifts
in the band-edge luminescence could be observedraiue to ‘band-filling’ processes (blue shift) or
to photo-induced heating of the sample (red sBif)[

Much research has been carried out regarding QbDstogtability and apparently contradictory
results are often reported. However, these appa&a@mnttadictions are often caused by differences in
host environments and/or distinct nanocrystalsasa$ chemistry. While QDs surface chemistry is the
key to obtain highly photostable nanocrystalss ilso the way by which the nanoparticles can becom
sensitive to a given analyte, can be rendered vgaleble, or can become biocompatible. This control
is typically achieved by functionalizing the dotgface with different chemical or biological ligand
and will ultimately determine the usefulness of QI3sa sensing tool.

2.1. Chemical synthesis

Long before the popularization of QDs, a theorétfcamework concerning QDs’ properties had
already been established [31]. However, pioneesyrghesis methods failed to provide high quality
QDs. Arrested precipitation in solution generaliglged QDs with a low degree of crystallinity and
broad size distributions, while synthesis in coefirstructured medium, such as in porous materials,
poses problems with the recovery and functionabpabf the QDs. In the literature, there are selvera
reviews on the synthesis of QDs [10, 32] and is ##ction the focus will be on aspects relatedh¢o t
chemistry of QDs of 1lI/VI materials.

It was after the landmark work of Murray, NorrisdaBawendi that high quality QDs became
readily available in reasonable amounts [33]. Thesg¢hors showed that CdE (E=S, Se Te)
semiconductor nanocrystallites, with a close cdrifdheir size, could be obtained by the injectafn
dimethylcadmium and the respective chalcogeniderceounto a hot solvent such as tri-n-
octylphosphine oxide (TOPO). The injection of thpsecursors into the hot solvent (typically between
200-300°C) results in a short burst of nuclei whach generated in homogeneous solution. This rapid
nucleation depletes in a large extent the reactamdslimits the occurrence of further nucleationd a
subsequent growth occurs almost exclusively throOghwald ripening. The molecules of the high
boiling point solvents normally used also havedhpability to coordinate to the nanocrystals s@$ac
hence acting as barriers against the nanopartol@escence into bulk powders. The QDs produced by
this method and similar strategies are of highityale. they consist of nanocrystals with narrsize
distributions and organically capped surfaces. §lee of the nanocrystals can be controlled by
adjusting experimental parameters such as thedfpelvent, reaction temperature and time, with the
size of the particles increasing with increasingctmn temperature. Also control on the injectiater
and temperature on further additions of molecutacprsors to the reacting mixture, allows contrfol o
the shape and type of the polymorph observed ifinhéQDs[34].

The original TOPO method has been successfullyemphted to coat the QDs core with a higher
bandgap semiconductor (typically, ZnS). This caratl@eved by injection of solutions of dimethyl or
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diethylzinc and hexamethyldisilathiane ((TMS) into the hot solvent containing the core CdE
nanocrystallites [26].

The major drawback of the above method is the togitity and difficult manipulation associated
to some of the starting chemicals. For instanceCE#), is extremely toxic and pyrophoric, and these
limitations become more relevant for high tempemtsynthesis. Although maintaining some of the
conceptual characteristics of the original synthetiethod [31], alternatives to this approach have
emerged in the following years. One of these apgres was introduced by Trindade and O’Brien and
involves the thermal decomposition of single-molecprecursors, i.e. a source compound that
contains in the same molecule the elements regfiinethe formation of the semiconductor, such as
alkyldiseleno- or alkyldithiocarbamato metal conxge [35, 36]. This method is particularly attraetiv
when readily available air-stable precursors canebgployed in a one-step process to obtain
nanocrystalline materials; this has been cleadyctiise of the synthesis of several metal sulplirdes
dithiocarbamato or xantate complexes [36, 37]. Hpgroach has also been investigated to coat CdSe
QDs with ZnS and CdS, either by the thermal decasitipm of the respective metal dithiocarbamate
complexes [38] or via sonochemical decompositiomefal xanthates [39].

An important advance on the synthesis of QDs u3i@d§O related methods was carried out by
Peng and Peng during their mechanistic studiesudti sype of reactions to produce semiconductor
nanocrystals [40]. They observed that by introdganstrong ligand in the reacting mixture, such as
hexylphosphonic acid (HPA) or tetradecylphosphoaad (TDPA), Cd(CH), was immediately
converted into Cd(ll) HPA/TDPA complexes which urr could act as the cadmium source. This
observation was of great relevance because thedmiwa complexes can be easily obtained by
dissolving other Cd(Il) compounds, such as CdO d(CGELCH,05),, in a range of organic solvents
(such as a phosphonic acids, fatty acids, or amifiégese cadmium compounds are easier to handle
and less expensive when compared to Cdjj& ithus facilitating the scale-up synthesis of QDH/¥I
materials using diverse types of solvents (e.gg lomain carboxylic and phosphonic acids as well as
amines) [41].

2.2 Surface modification and functionalization

At present, the lyothermal syntheses using higlifgppoint solvents, are the most commonly used
routes to QDs of II/VI materials. Although orgarllgacapped QDs produced by these approaches are
of high quality there has been interest in develgpvater based synthesis of QDs with comparable
quality. In fact, for a number of analytical appliions, in particular biological related, stabitioa of
the QDs in aqueous medium is crucial. Quantum dbtmercury telluride (HgTe) and cadmium
telluride (CdTe) with superior optical propertiesvie been reported as interesting examples [42,Als
aqueous based preparations of thiol-capped Cd$ G48e [44] and CdTe [45-47] have been reported.
These generally involve the reaction between amsakible Cd(ll) salt and a chalcogenide source in
the presence of thiolates which act as stabilizémslarly to the TOPO molecules in the above
methods. However, in this case the capping molscaie amphiphilic molecules containing a thiol
group strongly coordinated to the QDs surfaces armblar group {OH, -COOH and-NHy), that
confers compatibility with aqueous solutions to @PBs. In these methods, the availability of sources
for the chalcogenide (E=S, Se and Te) is limited @@ corresponding acids {B), either directly or
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during its preparation (NaHE), have been used.ig the lack of source alternatives have hampered
fast developments of these aqueous-based methadelmldbgey are promising synthetic strategies to
expand the range of water soluble QDs. For instgmeeursors like (NkJ.Te (obtained from reaction
between Te metal and ammonium hydroxide in thegmes of aluminium) have been introduced
recently for the synthesis of CdTe [48].

Another possibility to obtain water compatible QBt0 promote appropriate chemical reactions at
the surface of organically capped QDs. Phase gan$éfsuch QDs to aqueous solution requires surface
functionalization with hydrophilic ligands. To thénd, two main general routes have been developed:
i) exchange of the native hydrophobic ligands bgrbphilic molecules, commonly designated as ‘cap
exchange’, or ii) encapsulation of QDs in a hetemafional coating, through hydrophobic interaction
with the capping molecules.

In the first approach, the ‘cap exchange’ involtles replacement of native capping molecules (e.g.
TOPO) with ambidentate organic ligands. These dfwnttional molecules that on one hand can
coordinate to the QDs surface trough a soft agydizip (usually a thiol) and on the other hand have
hydrophilic groups (for example carboxylic or angirgroups) which point outwards from the QDs
surfaces to bulk water molecules. Regarding thitenaseveral monothiolated ligands have been used
but decrease of luminescence quantum yields overtiras been reported [49-53]. A possible
explanation relates to the coordination of watetetaes to the QDs surface. In fact substitution of
monothiols by polythiols or phosphines usually ioy@s stability [54, 55]. Improved stability canals
be achieved by “cap exchange” and encapsulatiasheirdron boxes [56, 57]. These supramolecular
structures offer superior protection to the QDs ttuthe cross-linking of the dendron ligands.

The second strategy that can be used to promot®piydicity of capped QDs involves the growth
of amorphous silica shells which can be furthercfiomalized with other molecules or polymers [58].
Silica coating starts with a ‘cap exchange’ reactihere the native ligands are substituted by sfian
e.g. mercaptopropyltris(methyloxy)silane (MPS). @emsation of the methoxysilane groups to the
dots surfaces occurs through hydrolysis reactioalkaline media. Further growth of the Si€hells
can be achieved through hydrolysis of a silicoroxilte (e.g. TEOS) using the Stober method. The
reactivity of amorphous SiOhas wide use in different branches of chemistrg #mis siloxane
chemistry can be employed to anchor a variety gamic molecules to the Sj@urfaces [59].

The exchange of the native capping ligands is naoteeessary condition to tailor hydrophilic
surfaces in QDs. Encapsulation of the QDs is atsssiple by ‘wrapping’ the dots with amphiphilic
macromolecules. The hydrophobic moieties of the ioégract with the native TOPO molecules (or
analogous functional ligands) at the QDs surfadeereas the hydrophilic outer block points to the
aqueous phase. This type of QDs encapsulationders feported for amphiphilic copolymers [60-62],
phospholipids [63-65] and ‘bulky’ molecules such astrahexyl ether derivatives op-
sulfonatocalix[4]arene [66, 67]. However, this nmeths not restricted to amphiphilic molecules. For
instance, QDs can be encapsulated with polymerphase separation in oil-in-water microemulsions
in the presence of a surfactant [68]. Solvent ekatjmn and crosslinking of the polymer structure
results in robust nanostructures of polymer endapesi QDs [68].

The combined use of polymers and QDs can producendiess number of nanocomposites with
diverse properties. Additionally to the QDs’ uniqu@perties, there is interest in exploiting symsrg
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effects which might arise from their intimate comdtion with the polymer matrix. For example, the
colloidal stability of organically capped QDs inganic media, provided by the native capping
molecules, can be exploited to prepare polymer c@am@osites byin-situ miniemulsion
polymerization in the presence of the dots. Thehméque was prototyped with a series of inorganic
nanofillers, such as TiK}69-71], SiQ [72] and carbon black powders [73], in which thenafillers
have been dispersed in the monomer without anyiquevsurface treatment. More recently, the
encapsulation of organically capped nanoparticl@®g and nanometals) bp situ miniemulsion
polymerization was demonstrated for PS [74, 75]AHB4, 76] and PS/PMMA [77]. The optical
behavior of the nanocomposites seems to depenchamhber of parameters which include the type of
polymer used. Studies on the luminescence behasiohomogeneous CdSe/PBA show highly
luminescent nanocomposites unlike their polystyrmaogues [78].

Note that in this strategy there is no formationstifong covalent bonds between the capping
molecules and the polymer molecules. In fact, tgeemental conditions need to be optimized in
order to limit migration of the dots to the surfacé the polymer beads. Nevertheless, these
nanocomposites contain functional groups that allewface modification by relatively simple
methods. For example, PBA based nanocompositeaingmblyester groups that can be hydrolyzed to
provide carboxylic functionalities at the surfacedahence, allowing biofunctionalization with anti-
bodies via formation of peptide linkages [76].

The functionalization of QDs with polimerizable gps can induce graft copolymerization with
vinyl monomers, thus leading to a homogeneousibligton of QDs inside polymer latexes. The
introduction of vinyl-functionalized CdSe/ZnS irystne droplets, by exchange of the native capping
by 4-mercaptovinylbenzene, has been investigatedimemulsion polymerization but still migration
of the dots to the surface was observed along thighdeterioration of the photoluminescence of the
final material [75]. An hybrid method that compssi a first step the silica encapsulation of the
CdSe/znS dots, followed by functionalization of thailica at the surface with
methacryloxypropyltrimethoxysilane (MAS) and theraft) copolymerization, gave core-shell QDs-
polymer nanocomposites, but again there was a aeeren the luminescence of the nanomaterials
[79].

Figure 3 summarizes some of the innovative chenstaltegies that have been used to produce
organically capped and/or polymer encapsulated @Bsjiscussed above. However, there is still a
number of practical issues which need improveméhie broad particle size distribution of the
nanocomposites and difficulties to obtain an homeges distribution of QDs inside the polymer
particles, sometimes associated to a detrimentattedbn the optical behavior of the nanocomposites,
led researchers to introduce new polymerizationhoad, such as surface initiated controlled/living
polymerization. This type of approach has beenessgfally demonstrated for the controlled growth of
dense polymer brushes from several inorganic sesfasuch as gold, [80, 81] Si(82, 83] and
magnetic nanoparticles (magnetite/PMMA) [84]. Moeeently, these surface initiated methods have
been investigated to attain the controlled growth polymeric phases from the surface of
functionalized QDs. As such, there is intense mebes using synthetic techniques, such as addition
fragmentation chain transfer polymerization (RAH&%], nitroxide-mediated polymerization (NMP)



Sensor007, 7

3499
[86] and atom-transfer radical polymerization (ATRB7], applied to the functionalization of QDs
surfaces.
Surface modification and functionalization of QD’s
“Cap exchange” TOPO native capping ~ Encapsulation
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Figure 3. Scheme illustrating some of the methods for chelhsiedace modification of QDs.
3. Sensing mechanisms and applications

The combination of appealing optical properties hwihe facility of bioconjugation make
semiconductor nanocrystals an attractive tool farige variety of applications. In the field of ogi
sensors, the ability to tune the QDs optical propgrand to tailor the chemical and biological
characteristics of their surface contribute torareasing number of sensing strategies. An overeiew
the use of QDs in different fields of optical semswill be addressed in the following sections. #oc

will be given to key developments and latest regmbrddvances, particularly those with potential for
future optical fiber sensing applications.

3.1. Physical sensors

While at present, some of the most attractive featwf QDs are being explored in biosensing

applications, their temperature behavior rendezmtixcellent temperature probes with many potential
uses [88-90].
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Walker et al. first characterized the temperatesponse of colloidal quantum dots immobilized in
polymer hosts [91]. In this work, core-shell CdS&Z nanocrystals entrapped in poly(lauryl
methacrylate) - PLMA, were subjected to temperatin@nges while excited with a 488 nm laser line.
Monitoring the photoluminescence of the doped pe@lymembrane revealed that the peak wavelength
(Apeay, the linewidth, and the intensity of this emissiwere all strongly temperature dependent. A
blue shift of 20 nm in the peak emission was olegrwhile the temperature decreased from 42°C
to -173°C. In the same temperature range, the F\ddbdfeased from 26 nm at higher temperatures to
22 nm at lower temperatures. However, the strongiett was observed in the photoluminescence
intensity which increased by a factor of five amperature decreased. In particular, for the near
ambient temperature range (5°C to 40°C), the plwtiolescence intensity change was linear and in the
order of -1.3% per °C. It was shown that, in tsperature range, the wavelength shift was small
(~2nm) and the FWHM variation was negligible (rfn). All the changes were reversible with
temperature. Good reproducibility was observed ewadter 3 hours of continuous irradiation,
demonstrating high photostability of immobilized &1ZnS QDs. This temperature behavior was
essentially identical for QDs excited at differevdvelengths (460, 530, and 580 nm) and in different
host materials (polymer and sol-gel).

This work established the suitability of QDs as pemature references in luminescence based
sensing applications. The fact that sensing waseaett within a solid host opened a pathway for
future works with optical fiber and waveguide pbaiths.

3.2. Chemical sensors

In contrast with the fast widespread use of QDBitimaging and sensing applications, the use of
such semiconductor nanoparticles as chemical sgpsobes had a somewhat slower start [11]. Until
very recently, few reports had been published caricg the application of QDs as luminescent
indicators for detection of chemical species. Nthadess, the luminescence of core QDs can be very
sensitive to the surrounding chemical environmdihis can be the path for using nanocrystals as
chemical sensors, provided that some selectivity loa achieved. The desired selectivity can be
controlled by chemically tailoring the outer sudaaf the semiconductor nanoparticles. The methods
referred to above to control the nanocrystals stityland stability are the starting point from whi
further functionalization will allow QD-based semgiindicators. Presently, a significant number of
chemical sensing strategies using QDs is beingoeagl[14].

Coating the QDs’ surfaces with suitable ligands lcave a strong effect on its luminescent response
to specific chemical species. In fact, the presaridbe analyte can quench or enhance the nanatryst
luminescence, depending on the functionalizatiomtegly. In a representative work, Chen and
Rosenzweig [92] were able to alter the selectigityCdS nanoparticles to respond either té*@n
CU?* ions, simply by changing their capping layer. Teepwed that, while polyphosphate-capped CdS
quantum dots responded to almost all mono and elivahetal cations (showing no ion selectivity),
thioglycerol-capped CdS nanocrystals were sensitiig to Cd* and F&". The QDs luminescence
was quenched by iron(lll) and copper(ll). Howevigrwas not affected by other ions occurring at
similar concentrations. On the other hand, the h&sience emission of L-cysteine-capped CdS
quantum dots was enhanced in the presence of aischiut was not affected by other cations such as
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CUw', C&* and Md". Different mechanisms were responsible for theihescence quenching or
enhancement, ranging from electron-transfer terfitffects. The different processes, depend on the
QD-probe/ion combination and are discussed in detdB2]. Quenching by iron(lll) was observed,
which interfered with the detection of copper amtczhowever, this was attributed to an inner filte
effect, and could be eliminated by adding fluorides to the solutions in order to form a colorless
complex. Using this set of QD probes, the authataldished the selective detection of zinc and
copper in physiological buffer samples, where salvether metal ions were present. Quantitative
measurements were performed where detection Iphils8 UM and 0.1uM were achieved for zinc(ll)
and copper(ll), respectively. This was claimed &tbe first use of semiconductor nanoparticles as
selective ion probes in aqueous samples. More tigcéime detection of copper in physiological buffe
solutions, with a detection limit of 0.1nM, was aaled by using CdSe/ZnS nanocrystals modified
with bovine serum albumin [93].

The same principle was applied for the detectiomofganic anions. The use of surface modified
CdSe quantum dots functionalized wittrt-butyl-N-(2-mercaptoethyl)-carbamate (BMC) groups for
the determination of cyanide was demonstrated by. \lin et a[94]. Surface modification can also
promote sensitivity to other ionic species. Theedibn of a diversity of ions like Fe(lll), Ag(l),
Mn(ll), Ni(ll) or I, by means of a variety of processes such as ifiber effects, non-radiative
recombination pathways, electron-transfer proceasdson-binding interactions, has been reported by
several authors and was adequately reviewed [14].

More complex chemical species have also been detedhusing different cappings at the QDs
surfaces. In a recent work, G. H. Shi et al. dertratedd that QDs coated with oleic acid were readily
quenched by a diversity of nitroaromatic explosiwelecules, such as 2,4,6-trinitrotoluene (TNT) or
nitrobenzene (NB) [95]. Different quenching behasiovere observed for different molecules.
Nevertheless, in most cases, modified Stern-Voleguations could be used to provide linear
calibration curves. Time domain measurements shdhagdstatic quenching was the dominant process
since no change in luminescence lifetime was olesknv the presence of the analyte. Detection limits
of 10° to 10’ M seem poor when compared to previously reportethous [96]. Nevertheless the
detection mechanism is comparatively simpler aredrbam for improvement.

The sensing of gases using polymer embedded nastalsnhas also been demonstrated [97]. The
authors found that photoexcitation of the electritn®Ds could make the ligands monolayer readily
permeable to gas molecules. Under photoirradiatieaPL properties of the nanocrystals responded to
the environment in a reversible, rapid, and spegpesific fashion. The photo-stimulated response wa
thought to be related to photon-phonon couplinghaf optical absorption and emission processes
occurring in the nanocrystals.

Based on the same principle, more recently Potyraild co-workers showed that when different
sized TOPO capped CdSe QDs were incorporated inpolygmer film and photoactivated, CdSe
nanocrystals of different sizes unexpectedly dermatesi distinct photoluminescence response
patterns when expososed to polar and non-polarrsapair [98]. The authors suggested that by using
principal component analyses (PCA) of the spectsphonse of a multi QD doped film, a selective gas
sensor could be obtained, thus introducing theipiisg of multiparameter gas sensing. The prineipl
was demonstrated by submitting a PMMA film dopethwidSe QDs with distinct average sizes (2.8
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nm and 5.6 nm diameter), to different concentratiof methanol and toluene. In order to obtain
selective chemical response from individual respopatterns of the two distinct QD populations,
principal components analysis technique was appgbedifferent wavelength ranges. Plots obtained
demonstrated that responses of the sensor filhedlifferent vapors were well separated in the PCA
space, allowing for easy discrimination. Such wdr&s the potential to complement existing
solvatochromic organic dye sensors with more phiabds and reliable sensor materials.

Uncoated QDs are sensitive to the environment pbhdtheless, they are also prone to oxidation
and photodegradation. While the protective oveingatenders the nanocrystals highly photostable,
their pH sensitivity is very much reduced. Howeviemctionalization of the dots surface with pH
sensitive ligands can render the resulting nanmpest responsive to acidity levels. The
functionalization of CdSe/ZnS QDs with a chromoghahose absorption spectrum shifted according
to the surrounding pH has been reported [99]. Thsoiption shift changed the relative overlap with
the QDs’ emission modulating the fluorescence rasoe energy transfer (FRET) efficiency according
to pH. Using this method the authors demonstrated@proximately linear variation of the QDs’
luminescence intensity within the pH range 3-113(86 intensity change was observed in the full
range). It was suggested that similar organic liigaocould be designed to alter their absorption and
redox properties in response to target analytesrdttan H (or OH), changing the luminescence of
their conjugated QDs. A potential problem of thisategy lies in the fact that purely intensity ldhse
measurements are prone to be affected by sevaratesoof optical power drift. Although the QDs’
luminescence lifetime was shown to be pH dependmrdrage values in the order of 15 ns were
reported. Therefore the implementation of intensitgependent lifetime or frequency domain
interrogation techniques would require very fagbefectronics.

In a more sophisticated approach, a QD based ratiamprobe was designed by Bawendi's team
[100]. This was achieved by conjugating CdSe/Zn8rowvated with TOPO with a NIR luminescent
squaraine dye. pH modulated FRET resulted in arlestent emission displaying an isobestic point at
640 nm enabling, therefore, the implementatioratibmetric detection schemes. The generalization of
this approach to sensing different biochemical iseis possible as the narrow, size-tunable enrissio
spectrum of QDs, acting as donors, can be matclitbdtive acceptor absorption features of an analyte
sensitive dye, maximizing FRET efficiency.

Overall, the reported different approaches inditagefeasibility of using surface modified QDs as
analytical probes for the determination of biocheahispecies. Nevertheless, most experiments took
place in an aqueous media while fiber sensing unstntation most often requires the sensing dye
immobilization.

Very recently, however, Ruedas-Rama et al. havertep the development of multi-ion sensing
using different combinations of QDs with selecteddphores or organic fluorophores embedded in a
polymeric composite material [101]. In this worketauthors explored the differences in efficienty o
fluorescence resonance energy transfer betweertugonastots and proximal organic dyes in order to
discriminate ion sensitive emission signals, whigéng a single excitation wavelength. In particular
by co-immobilizing in acrylic nanospheres greenténg QDs with lucigenin, or valinomycin and a
selected chromoionophore, ;Qlensitive and K selective sensors could be created, respectively.
Embedding the resulting nanospheres in a commaomasic matrix, dual sensitive ionic sensors with
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no cross talk could be created. In the presené€ @ind C} the fluorescence of lucigenin is quenched,
and QDs act as donors interacting with the depedtmh chromoionophore (acceptor) by FRET.
Because each ion was sensed by a different independechanism, the resulting luminescent
response of the ensemble allowed the authors gpermtiently monitor the presence of each one of the
analytes in different spectral regions (ségure 4).
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Figure 4. Emission spectra of acrylic/QDs nanospheres aetinga) single Ksensors after addition of
KHCOssolutions. (b) Single Ckensors after addition of NaCl solutions. (¢J&,multi-ion sensors
after addition of KCI solutions. Concentrations:M(black), 2 mM(red), 5SmM(green), 10mM (blue),
20 mM (cyan), 50 mM (pink) and 200 mM (yellow). Bhescent signals were recorded between 450
and 750 nmX«= 400 nm) with a spectrofluorimeter (Cary Eclipgarian) in a 96-well microplate.
For all samples the pH was fixed at 7.0 by usingsphate buffer. [L01] - Reproduced by permission

of The Royal Society of Chemistry.

A similar strategy was used in order to develogleaive Na sensor. This was achieved by co-
doping polymer microspheres with TOPO capped CdDs,@a sodium ionophore X, a Nile Blue
derivative ETH 2439 and a lipophilic tetraphenyhiter cation exchanger. These probes were shown to
respond to Nain the 10° to 0.1 M range, at pH 4.8 with excellent seletyiviowards common
interferences [102]. The microspheres were prepasedonic particle casting, a method that was
shown to enable the implementation of dual dopeatighes having precisely controlled amounts of
two types of nanocrystals.

The fabrication of composite materials such asehés a very versatile technology that can be
explored for simultaneous sensing of a diversitgloémical species, both in solution based assays or
in solid platforms.

In a different approach, molecular imprinting teclogy was used to render the photoluminescence
of semiconductor nanocrystals sensitive to speaifaiecules [103]. If the synthesis of a polymer is
made in the presence of an imprint or template oubde cavities will be produced in the polymer,
which are highly selective for the imprint. C.I. nLiet al. prepared molecular imprinted
photoluminescent polymers (MIP) using CdSe nanapest functionalized with 4-vinylpyridine.
Several polymers containing the QDs were imprintéti different template molecules (caffeine, uric
acid, L-cysteine). The resulting solid polymers evground to a fine powder and sieved. The template
molecules were then extracted from the obtaineddeow
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The detection of the analytes was performed bylkiatan of the MIPs with the corresponding
template molecules in agueous solutions. It wagmesl that the photoluminescence emission of the
MIPs was strongly quenched in the presence of tineegponding templates. However, no quenching
occurred in the presence of other molecules. Stguegching was observed for the caffeine imprinted
polymer in the presence of caffeine while the pneseof similar molecular structures like theopmgli
and theobromine had no effect on the photolumimeszeAlso, a control polymer, with no imprint,
showed no change in the QDs photoluminescence.eTressllts demonstrated that it is possible to
couple nanocrystals with the selective recognitiapability of MIPs, opening several possibilities f
the application of semiconductor nanoparticlesptical chemical sensing.

The fact that these sensing principles were demaest in solid hosts, where the sensing indicators
were hydrophobically, or covalently retained, iolmoes the possibility of transposing these
technologies to optical fiber or planar waveguitifprms.

3.3. Biosensors

The unique optical properties of QDs establisheginthas appealing alternatives to traditional
organic dyes in the context of biotechnology, offgrpotentially greater performance in fluorescence
based immunoassays and bio-imaging applications1f3,2104]. The introduction of QD technology in
the biological domain involves its chemical statation, the control of its hydrophobic/hydrophilic
properties and, finally, its conjugation with a miolecule of interest, which will define its bio-
functionality. All these processes will influencleet luminescence properties of the original QDs.
Nevertheless, several successful strategies hame teveloped with covalently (or non-covalently)
bound biomolecules to the surfaces of QDs, and sofmthese bioconjugated QDs are already
commercially available [105, 106]. The size of e@ib, which is much larger than that of a single dye
molecule, is compatible with the simultaneous cgajion with more than one biomolecule. This
provides QDs with the potential for an increasedsgeity, multi-analyte detection with single QD
species, and other new functionalities. On therdtlaed, the increased size also brings some concern
about interference with the biomolecules mobilitg dunctionality [12].

In one of the first reported bio-assay applicatioh€dSe/ZnS QDs, these were covalently coupled
to a protein and exhibited 20 times more lumineseantensity when compared to Rhodamine [107].
Additionally, the QDs were reported to be 100 timesre resistant to photobleaching. This allowed
the authors to perform ultrasensitive detectiothatsingle-dot level. However, an on/off behaviér o
single dot emission was observed. This fluoresceitieking’, also observable in some dye
molecules, can have off-periods of several secand€§Ds which can compromise single dot
measurements. Nevertheless, when QD ensemblesbasgved, this effect goes unnoticed due to
averaging of their luminescence emission [108]. /breserving the optical properties of the QDs,
the authors also demonstrated that the attacheddtecules were still active and able to recognize
specific analytes. The first example of a nanoatyistvitro immuno-assay was the case of quantum
dots labeled with IgG antibodies, which were rec¢bgth and agglutinated by polyclonal anti-igG. The
authors also demonstrated cell labeling by trarispprQD-transferrin bioconjugates into cultured
Hela cells via receptor-mediated endocytosis.
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The potential of QDs for multicolor assays wastfuemonstrated by Bruchez et. al. when two
different sized CdSe/CdS QDs, emitting green ardl lteninescence, were specifically bound to
different parts of 3T3 mouse fibroblast cells, amete excited by a single optical source [7]. Irsthi
pioneer experiment, some nonspecific binding waseoked. Higher degrees of specificity are required
in in-vivo applications where background biomolecules careigea false positives. Stabilization and
conjugation techniques rapidly evolved and higkeegels of specificity have been achieved by differen
authors [60, 63, 109].

In a pioneer work, Mattoussi and coworkers [10%pared CdSe/ZnS QDs with mixed protein
adaptors to provide nanocrystals with the speo#faognition capability of antibodies. A represeintat
example of such labeling/sensing platform is ilasdd inFigure 5. Positively charged avidin and
maltose-binding protein, with a positively chargied (MBPzb), self assembled on the negatively
charged surface of QDs capped with dihydrolipoid dDHLA), was bind to biotinylated antibodies
specific for Pgp. These QD probes were selectiveetts that expressed detectable levels of labelled
PgP-GFP (green fluorescent protein). The approsch generic strategy since different QDs can be
conjugated to a wide range of antibodies, thus idmg a whole new set of highly specific probes
capable of very specific labeling target molecuhesnaging and sensing applications.

Since this seminal work, many similar strategiesehbeen reported for highly specific vivo
applications. Xiaohu Gao et al. have developed ifoalitional QD probes rendering them into
efficient cancer markers in living organisms [6€]dSe/ZnS protected by TOPO ligands were first
encapsulated with an amphiphilic triblock copolymfer further protection against enzymatic
degradation, thus avoiding particle aggregation @gtdmental luminescence effects as well. Différen
labeling solutions were then explored by coating tbsulting nanoparticles with polyethylene glycol
(PEG) and a variety of tumor-targeting ligands, hsus peptides, antibodies or small molecule
inhibitors. The developed luminescent tags weravshto be extremely photostable preserving their
luminescence characteristics even in a pH range ftdo 14 or in different salt conditions (0.01 M t
1 M). In vivo tumor labeling was then demonstrated in live mitere the QD probes were delivered
to tumors by both passive and active targeting meisims exploring the enhanced permeability and
retention effect of cancer cells, or the speciict antibodies (in particular QDs tags were coajed
with a prostate-specific membrane antigen -PSMBecause many copies of the same labelling ligand
can be linked to single dots, binding affinitiesultb be increased by ten orders of magnitude as
compared to single ligand markers. The authors @esented detailed studies on iheivo behavior
of the developed QD probes, including their biatdisttion, nonspecific uptake, cellular toxicity and
pharmacokinetics. The simultaneous imaging of roolltir QD-encoded microbeads in living animals
was also demonstrated and compared with greeneigent protein (GFP). QDs showed a much
higher performance offering high contrast againstue autofluorescence and long term imaging
capabilities.

Many other possibilities have been reported by oththors, from QD stained polymer beads for
multiple color-code cell labeling, to the use ofihicontrast non-specific vascular imaging and the
clear imaging and delineation of sentinel nodeagigype Il QDs (emission 700-800 nm) (this enables
the possibility of providingin situ visual aid for surgical removal of small lesionhetwise
unnoticeable)[110-112]. Presently, QDs based praesalready established tools in many medical
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imaging applications. However, concerns have beésed over the nanocrystals’ toxicity that may
hinder their clinical use. Although cadmium ionsra can be highly toxic to cells, coating the core-
shell dots with polymer and lipid layers minimizése risk of contamination. However, while
adequately coated QDs showed little or no toxiaitya variety of a cells and living animals, when
exposed to UV excitation for long periods of tintlkkey can become toxic to cells [113]. UV light
seems to induce semiconductor degradation by pjsitoleading to the release of highly toxic
cadmium ions. Because the unique features of QBPgslecidedly attractive for clinical use, lately a
growing number studies regarding toxic effect ah&®nductor nanocrystals and ways to circumvent
them, such as the use of QDs without heavy metalpplication of lower energy excitation, have
been reported [114, 115]. Nevertheless, in a naard, research on the clinical use of QDs will be
certainly directed forin vitro applications, although toxicity concerns shouldoabe taken into
account.

(a) Avidin
DHLA cap /

Anti-Pgp
antibody

QD core

Fluorescence

Figure 5. Specific labelling of live cells with QDs. (a) Sahatic representation of the QD antibody
conjugation strategy. (b) Labelling of cell memleanvith the QD bioconjugates: only cells expressing
detectable levels of Pgp—GFP were labelled, thosedid not express Pgp—GFP (marked with arrows)
did not bind with QD probes. Yellow coloring in tHaorescence image indicates an overlap of green
(Pgp—GFP) and red (QDs bioconjugate) fluorescemisston. (See Ref. [109, 116] for further details)
Reproduced from Trends in Cell Biology, 14, JaiswaK. and Simon, S. M., Potentials and pitfafls o

fluorescent quantum dots for biological imaging7-4&D4, Copyright (2004), with permission from

Elsevier
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The strategies developed for specific labelingnraging applications were quickly adapted to the
improvement of biosensors. The CdSe/ZnS QD-antitmmhjugates developed by Matoussi et al. [8]
were used in several direct, sandwich and comepetiluorescence based immunoassays, in order to
detect different toxins (staphylococcal enteroxincBolera toxin) and small molecule explosives like
TNT. In the several assays performed, limits oedgbn were achieved that were, at least, as low as
the ones obtained with dye-based assays. The satiora performed the first study about
fluorescence resonance energy transfer in QD-pratenjugates. Nanocrystals were used as energy
donors to acceptor dye molecules that were attathd@tle conjugated proteins. This configuration
enabled the exploration of the influence of paramesuch as donor-acceptor spectral overlap and
donor-acceptor ratio on the FRET efficiency [11The resultant FRET enhancement contributes for
increased assay sensitivity. These studies weended to evaluate the possibility of quantifying
analyte concentrations by fluorescence quenchingetjuence of the results obtained, a prototye of
QD FRET sensor for sugar detection was presentetth BEQD was conjugated, via His-Zn
coordination, with 15 to 20 maltose binding progeiiMBP) and with further processing a QSY-9
quencher was bounded to each MBP. The concentrdéipandent quenching of the QD emission was
obtained for two reasons: (1) the QSY-9 absorptieerlapped perfectly with the emission of the 555
nm emitting QDs, and (2) its separation distanocenfthe QD center was within the range of FRET
critical radius. When maltose was added to thetmwiuthe quencher was displaced and FRET was
interrupted. An apparent binding constant of @M was found from the titration curve with maltose.
A response was obtained when only certain sugave leen used, showing that the QD-MBP
conjugate kept its specificity. These results coméid QDs as excellent FRET donors, thus
establishing a new tool for sensitive and spedtifasensing.

These seminal studies and applications on QD baR&I mechanisms were widely explored in a
diversity of configurations where the nanocrystatted either as donors or acceptors. This later
approach is not very effective because the widerglisn spectra of QDs makes it very difficult to
avoid direct excitation of the QDs by the excitateource. The different schemes for biosensinggusin
QD FRET were recently reviewed by Rebecca C. Soreeral. [17] and include nucleic acid
recognition by hybridization with DNA labeled acteqs, nanocrystal to nanocrystal FRET,
conjugation with analyte sensitive chromophoresluminophores, among others. Such variety of
solutions makes FRET-based schemes the main meoh&mi QD-based biosensing.

While early works were very generic proof of priplei assays, more recently, systematic approaches
to sensing important chemical or biological spetiase been addressed. In particular, a diversity of
strategies was reported for detection of diffenertteins and virus species (eg. H9 avian influenza
virus) [9, 118, 119]. While in most works describsgnsing is made with the QDs dispersed in a
solvent, recent works have reported the use of Qiped polymer beads for immunodetection [120,
121]. In a particular example, the surface of payrheads was functionalized with human 1gG and
used to detect goat antihuman-IgG labled with aim@phore [121]. In this particular case, the dual
QDs emission was used to univocally identify a ipatar group of beads, making way to
multiparameter immuno-sensing.

A particular important biosensing application of Ds the case of glucose sensing via
luminescence. In the first reported QD glucose @ensanocrystals functionalized with carboxylic
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groups at their surfaces showed a decrease ineBuaence upon the introduction of a viologen
quencher [122]. The author then observed a strecgvery of the luminescence intensity as increasing
amounts of glucose were added to the solution. @3eicbinding to the boronic acid substituted
viologen quencher/receptor introduced electronit steric changes that reduced the quenching ability
Non-linear Stern Volmer plots were obtained allogvior sensor calibration. In a different approach,
MSA (D,L-mercaptosuccinic acid), caped QDs wereduseprobe the change in acidity resulting from
the oxidation of glucose by the enzyme glucose asag thus allowing for glucose quantification [123]

The unique features of QDs have established themefasence tools in imaging and sensing
applications. Although most of the works reporteder to ‘in solution’ assays, some important
progresses were described where biosensing toate plaing polymer encapsulated QDs. Such
strategies have a strong application potentialaneguide based instrumentation.

4. Optical fiber Sensing

Optical fiber technology can introduce some intiingsfeatures in optical sensing applications.
Real-time remote detection, miniaturization, imntynito electromagnetic interference and
multiplexing ability are some of the most importaries. This has long been recognized by the
scientific community and, presently, optical ficggnsing is already an established technology with
many applications in industry, environmental monitg and in the medical field [124, 125]. Currently
this technology has already a considerable comalentarket with a growing number of companies
making its appearance. This is especially truettiermeasurement of physical parameters like strain
temperature or pressure. Nevertheless, as a m@saltstrong research effort and many technological
advances in areas like materials science, immalbilim chemistry and optoelectronics, the use of
optical fibers in a wide range of chemical and dgital sensing applications has been enabled[126,
127]. In this context, luminescence based sengerbwfar the most representative. In fact, in néce
years, some examples of optical fiber analyticatruiments for the determination of biochemical
parameters by luminescent methods became comnigraialilable (e.g. Oxygen and pH sensitive).
However, in spite of great advances, some sensffex rom limitations. Among others, leaching and
photo-bleaching of the sensing dyes usually areoitapt problems that limit long term stability and,
therefore, the reliability and commercial viabil@fthe sensing device [128, 129].

In this context, the unique features of QDs ardnljigttractive for guided wave sensing platforms
such as integrated optics and optical fiber. Ini, feeir unsurpassed photostability and multiplgxin
capability can provide new interesting solutionsg fiber sensing. In spite of this, to date, the
application of QDs in optical fiber technology remslargely unexplored. Nevertheless, very recent
progresses have been reported that will be addtdsdew.

4.1. QDs’ immobilization at solid surfaces

A key step in luminescence based sensing applicatising a solid platform, such as an optical
fiber, is to immobilize the sensing indicators la¢ tsurface. In an ideal membrane, the sensing dyes
should be encapsulated while retaining their sgngioperties, avoiding leaching into the solution a
simultaneously allowing a chemical equilibrium te bstablished with the probed media. This is a
challenging task and very often some compromise=dne be considered. In this context, the
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immobilization of colloidal QDs in solid hosts isn@cessary step towards the development of guided
wave QD sensing devices.

Sol-gel methods are extremely versatile becausedhable the encapsulation of sensing dyes in a
porous matrix by addition of the dyes prior to fmymerization stage. Choosing the right precursors
allows to obtain materials with different propestién particular, by using diverse Si alkoxides;qus
SiO, glasses membranes can be obtained that are lugimgatible with guided wave devices.

Different sol-gel procedures have been proposedbfie materials with QDs ([14] and references
therein). However, achieving immobilization whileamtaining the QDs unique optical properties is
not an easy task. In early attempts the sensitofitDs to the surrounding environment often led to
broad size distributions and poor stability [130fran et al. have reported the preparation of GiS/
xerogel composites using a sonocatalytic methodllXCdoped monoliths were first prepared by
ultrasound-promoted hydrolysis and were subsequemtposed to an #$ atmosphere, at high
temperature in order to induce the formation of G@®ocrystals within the solid host. The authors
showed that this technique led to matrices witlerfiporosity allowing to obtain narrower QDs size
distribution. In addition, thermal annealing athhiigmperature allowed to obtain long term stabuity
the optical properties. Nevertheless, at high cotmaéon the aggregation of semiconductor particles
lead to loss of quantum confinement effects andsequent spectral broadening [131, 132]. In
addition, the high temperature that is necessargifaultaneous synthesis and immobilization led to
the formation of dense glasses. While these glasmedind application in optoelectronic devices or
solar cell implementation, its use in most sengplieations is precluded. Several approaches have
been investigated aiming to overcome these linoitgti Recent progresses include the use of
supercritical CQ@ drying allowing to obtain highly porous aerogetustures amenable to further
functionalization and liquid phase interactions3JL3

An efficient process to obtain concentrated and ed@persed quantum dots in a solid host is to
prepare QDs in a previous step and then adding thetime sol before the aging or deposition steps.
This enables proper passivation and functionabnatf the dots to be performed in advance, thus
resulting in highly photostable doped glasses [1®l}llen and co-workers, for instances, have
reported the successful immobilization of previguysiepared QDs using colloidal methods [135]. In a
second stage, the nanoparticles were capped withinoathylaminopropyltrimethoxysilane
(AEAPTMS) enabling their dissolution in polar salte (such as propanol or ethanol). The capped
nanoparticles were then added to the reacting mextielding a sol that could be used for deposition
of thin films on different substrates (Si@lass, soda-lime glass, silicon, polymers) by spindip-
coating techniques. The reported procedure allothechomogenous dispersion of QDs in thin films
without affecting their intrinsic emission propedi The authors also showed that the final films
presented some waveguiding properties that depeoniéige type of immobilized nanocrystals. As the
refractive index of the host matrix can be adjusted method is compatible with the realization of
QD doped planar waveguide structures.

Although highly luminescent materials can be olgdiby doping a sol-gel host with QDs, most of
the reported applications are related with QD laeices. To date the implementation of a chemical
or biochemical sensor using sol-gel QD doped maltehias been limited. Nevertheless, considering
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the variety of chemical and biological sensing agplons using sol-gel immobilized organic dyes,
such implementation would be realistic.

Conversely, a considerable number of polymer endapesi QD sensing applications has been
reported. A variety of materials and strategiesehaeen addressed for chemical and biological sgnsin
with polymer encapsulated QDs. Some of the moreesgmtative approaches were addressed in
previous sections and include PMMA CdSe films @mperature sensing [91], acrylic nanospheres for
QD ion sensing [101], a variety of polymer beadsifitaging and labeling applications [121], QD MIP
based polymers for selective sensing [103], amathgre. A summary of the most representative
immobilized-QD sensing applications is given Table 1 While a significant number of these
applications used QD doped polymer micro- or naauigles, and not bulk thin films, the application
of the former can certainly be explored in compmosilaterials amenable with coating techniques. This
introduces the possibility of use in solid platf@rsuch as fibers or planar waveguides.

Alternative immobilization approaches include thepdsition of nanocrystals onto hydrophilic
substrates using the Langmuir-Blodgett techniqug6]lor use of layer-by-layer (LbL) electrostatic
self-assembly. The later technique is particulatityactive as it allows a very fine control of film
thickness and deposition in surfaces of compleysht addition, it is compatible with nanocrystal
functionalization and combination with further siexgsdyes. Crisp and coworkers [137] have reported
the coating of optical fibers and the inner surfamie glass capillary with CdTe/ PDDA -
poly(diallyldimethyl-ammoniumchloride) - using LblConfocal microscopy data showed that the
prepared coatings were found to be uniform, cowtisuiand highly luminescent.

4.2. Optical fiber sensing applications

There are several techniques able to immobilize ,QlRss allowing the preparation of thin films
displaying QDs’ luminescent properties. While it sgaight forward to obtain such luminescent
materials, the type of solutions where QDs are Kaneously immobilized and allowed to interact
with the environment for sensing purposes is gétly limited.

In this context, it is no wonder that most optiddder sensing schemes involving QDs are
thermometry applications, where the only interactrequirement is the establishment of thermal
equilibrium between the sensing membrane and thiecement

Barmenkov et al. reported the first thermometryli@pgion using optical fibers and semiconductor
nanocrystals [138]. In this work, the temperatuepaehdence of the absorption band edge of CdSe QD-
doped phosphate glass was used as the sensing nisechdhe CdSe doped glass plate (6 mm
thickness) was submitted to temperature changds vihvas illuminated trough a standard multimode
optical fiber using a white light source. The temgpere dependent absorption spectra was then
monitored using a second fiber and an optical spectinalyzer. A spectral shift of the band edge of
0.12 K/nm was reported. Using an HeNe laser tonihate the sensor, the authors could translate the
spectral shift into temperature dependent transthititensity, which was linear in the observed eang
The operation range was of 0-150 °C due to limitemal resistance of the polymeric fiber coating
but could be extended up to 350 °C using speckwrdi Because intensity measurements were
performed, the application of this sensor in a ficatapplication would be severely compromised by
any source of optical power drift.
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Table 1.Some representative examples of optical sensitig@IDs immobilized in solid hosts.

QD-coating | Matrix measurand Mechanism Features pldbrm REF

CdSe SiGSol-gel, Temperature luminescence quenching &nt00-315 K, glass slides [91]
PLMA bandgap shift; 0.1 nm/K

CdSe PMMA Methanol  and luminescence quenching arndSelectivity, PCA | glass slides | [98]

toluene enhancement

CdSe-ZnS Acrylic K*, Cr FRET with chromophores and Dual sensing latex [101]
(nanospheres) luminophores microspheres

CdSe-CdS PVC/DOS N& lon exchange and energy transfer ~ Selectivity miuneses [102]

CdSe-ZnS MIP Caffeine luminescence quenching; Beigc grinded [103]

polymer
CdSe-ZnS polystyrene IgG affinity binding with Idbd | QDs used for| polymer [121]
goat antihuman IgG color coding microbeads

Later on, a similar principle was used to provigeoxygen sensor with a temperature reference
[139]. In this case, a colored glass filter (GG4%bit-off 455nm) from Schott was placed at the dlista
end of one of the fiber tips of a 50/50 fiber carpimultimode fiber with 550/60Qm core/cladding
diameters). The filter cut-off wavelength was detieiled from the observed optical bandedge of CdSe
QDs and it was shifted to higher wavelengths wittréasing temperature by 0.08 nm/°C. The filter
was chosen in order to maximize sensitivity by caling the cut-off wavelength with the spectral
emission peak of the excitation source, a blue LBDen the blue radiation crossed the filter at the
distal end of the fiber, it was possible to obseavéemperature dependence on the back reflected
intensity. In this case, a ratiometric scheme waslemented to avoid error induced by optical power
drift. Because a fiber taper doped with an oxygemsgive sol-gel glass was connected to the other
fiber output of the coupler, this system enableduianeous oxygen and temperature measurements.

In the works mentioned above, the semiconductorocigstals have not been passivated and,
therefore, the resulting composite material sholegdluminescence at room temperature. In a recent
work the use of luminescent colloidal nanocrystals optical fiber temperature sensing has been
reported [140]; distinct sized core-shell CdSe/ZzaBd CdTe/ZnS QDs, with peak emission
wavelengths at 520 nm, 600 nm and 680 nm QM Dsos, QDsgg) Were immobilized using a non-
hydrolytic sol-gel matrix [141]. The temperaturéhbeior of different doped sol-gel samples was teste
using an optical fiber bundle to excite and colkbet nanocrystals’ luminescent emission. A blue LED
was used to excite all samples which were intetembaising a CCD spectrometer. The observed
response was in accordance with the observatiddadker et al.[91]: as the temperature of the sansin
samples was increased, the luminescence intersiteased, the peak wavelength shifted towards the
red and the spectral width increased. In the teatper range investigated, the changes were limehr a
reversible.

In Figure 6a the spectral response of a sample doped witgpd2n be observed. The temperature
of the sample was increased from 14°C to 43°C. Riosdata, it was possible to estimate that the
luminescence intensity was decreased, as temperatreased, with a rate of -1.6% per °C. A similar
behavior was obtained with other nanocrystals @iedint sizes with intensity decrease rates ranging
between -0.7% and -1.6% per °C.
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Figure 6. Temperature response of the luminescence emis$®mi-gel immobilized CdSe/ZnS
nanocrystals for a range of 11°C to 48°C: a) Spksponse of Qf)y ; b) Peak emission wavelength
of QDsoo as a function of temperature.

The peak wavelength of all sampl@sgeax increased in a linear way as the temperature wasda
This is shown in Figure 6b for a sample doped Wihsoo. The experimental data was well fitted to the
Varshni relation which describes the temperaturgeddence of the band gap energy in the bulk
semiconductor [142]. This indicates that the dominarocess behind the temperature dependence of
the luminescence peak in QDs is the same as ibuhesemiconductor and, therefore, it should be
independent of the dot’s size. In fact, as tempegaincreases, the band gap energy decreases becaus
the crystal lattice expands and the inter-atomidscare weakened. As a consequence, less enetgy wil
be necessary to excite a charge carrier. On thex b#nd, it can be calculated that the changeeimth
size due to thermal expansion has a negligibleceffethe confinement energy. In addition, because
the energy gap of both core and shell material ghaalthough at different rates, the confinement
energy change is still small when compared to theeoved shift [143].

Comparing the wavelength shift in different samptegas concluded that for all the cases, the rate
of change of\peak towards longer wavelengths, as the temperatumeased, was approximately 0.2
nm/°C.

Both luminescence intensity variation and the wawgth shift could be used to obtain temperature
information. However, simple intensity measuremearts prone to error due to optical power source
fluctuations, detector drift, changing coupling ddions, etc. Therefore, the system susceptibitlity
optical power changes was evaluated. For this @marploe luminescent intensity response of§M
temperature was recorded for three different lee€ltED output power (100%, 90% and 80%). In
Figure 7a, it is clearly shown that the luminescence intgrmesponse depended strongly on the LED
output. Additionally, in each individual curve, @amlinearity was observed at lower temperatures,
which was ascribed to water condensation at thiaciof the sample which consequently changed the
coupling conditions.

A simple detection scheme was implemented in orttertake self-referenced temperature
measurements. This was achieved by taking two Eigisa and $, corresponding to two narrow
spectral windows on opposite sides of the spectruvhich were normalized according to
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Sop=(S1-S)/(S1+S,). Due to the presence of a temperature dependawvelength shift, the resulting
output was proportional to temperature and independf the optical power level in the system. With
the application of this scheme, the temperaturesoreanents were rendered independent of the optical
power level (shown irFigure 7b). An accuracy of approximately 0.3 °C was estatdby linear
regression analysis.
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Figure 7.a) Luminescent intensity of @By as a function of temperature for three levels BDL
optical power (100%, 90%, and 80%); b) Correspogdiormalized outputs 6B).

These results demonstrated that QDs can be usesklbseferenced temperature probes. The
ratiometric processing is made possible by thegues of a wavelength shift and can be a valuable
tool in many applications since, most of the timesnperature is an important parameter for any
biological system.

The same detection scheme was used to simultayemasiitor two samples doped with distinct
QDs using the same optical fiber system. Both trassion and reflection topologies were successfully
tested, using optical fiber bundles (shown Rigure 8), demonstrating the QDs’ potential for
multiplexed optical fiber sensindzigure 9a shows the spectral response of two different sssnp
(QDes0oo and QRgp) displaying well discriminated emission spectrahwindependent temperature
responses. This can be further confirmed obsemviagimultaneous response of both samples as their
temperature changed independenflig(re 9b). To the best of our knowledge this was the figtical
fiber multiplexing application using QDs [140].

In a different approach, De Bastida et al. usedLthle technique to coat a tapered optical fibre tip
with CdTe QDs of different sizes [144]. The produidéder probes were then used as luminescent
thermometers. The behaviour of the dots luminese@émensity and wavelength was very similar to
those reported by other authors, which demonstithg@reservation of the QDs’ luminescent features.
Nevertheless, because no core-shell QDs were tiseanal annealing under a nitrogen atmosphere
was carried out in order to increase the resistah€Ds towards oxidation. In another work, the sam
authors demonstrated the feasibility of coating itheer surface of hollow core fibers with a film
composed of QDs [145]. The fiber inner diameter wAum demonstrating the ability of the LbL
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technique for coating morphological complex surfacéreduced dimensions. The produced tips were
used as a temperature sensor.

While this was the first reported LbL QDs sensbe Yersatility of this technique will contributerfo
the feasibility of further biochemical optical fib€D-based sensing applications. A representative
example of the versatility of a QD-LbL combinatieras reported by Ruan et al.. In this work, the
authors took advantage of the semiconductor priggedf CdSe/ZnS QDs in order to assemble a
photodetector on the surface of an optical fibgrusing the LbL technique [146]. This demonstration
allows one to envision future applications wheres@an simultaneously fulfill the role of an optical
source, a detector and the sensing layer.
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Figure 8. Reflection (a) and transmission (b) configuratiossd to interrogate simultaneously two
different samples of sol-gel glass doped with semilcictor nanocrystals.

Temperature is of paramount importance in manyH#otdcal sensing applications because the
luminescent response of organic dyes always depe&mdghis working parameter. Therefore,
combining nanocrystals with a sensing dye, it isgilde to obtain simultaneous information about a
chemical parameter and temperature. Due to théyatul tune their optical properties, QDs with no
spectral overlap with a particular sensing dye baneasily chosen allowing this technique to be
implemented in a variety of applications.

Recently, the application of QDs in a dual sensimgfiguration was demonstrated in the context of
an oxygen sensor [147]. Temperature has a doulidztebn the sensor calibration function. It
introduces higher probability of non-radiative dions, thus decreasing the luminescence yield and
the lifetime of the excited state, and it changes oxygen diffusion coefficient into the sensing
membranes. In order to obtain an univocal measurerok oxygen concentration by luminescent
methods the simultaneous determination of temperat required. CdSe/ZnS QDs were used to
provide such independent measurement. The nanalsysére immobilized in a dense non-hydrolytic
SiO2 sol-gel material, with low oxygen permeabijlipyesenting an oxygen independent luminescence
output. Also, QDs emitting at 520 nm were used toimize any spectral overlap with the excitation
source (a blue LED — 473 nm) or the oxygen sergsitinminescence signal (600 nm emission from
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Tris(4,7-diphenyl-1,10-phenanthrolin) ruthenium) (dhloride -Ru(dpp)-). An optical fiber coupler
(600/550um silica fiber) was used to excite and interroghte QDs sample together with an oxygen
sensing sample (sol-gel doped with Ru(dpp)).
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Figure 9.a) Spectral response of two distinct QD sampld3s(@and QRsg) to independent changes
of temperature (inserted: NormalizegbSignals for both samples as function of the aplplie
temperature — only the temperature oféfas changed); b) Normalized responsesss and
SQbsso during a time interval in which alternate indepentdtemperature changes were applied to each
sample.

Each of the sensing elements was individually catédl and it was shown that oxygen
measurements could be made with an uncertainty @f % for oxygen concentration, while for
temperature this range was = 1°C. This poor perdoca, as compared to previous reports using single
parameter sensing, was mainly due to a reducedalsigmoise-ratio (SNR). LED excitation together
with the low efficiency of extrinsic sensing elengemrontributed to this problem. Moreover, it was
possible to demonstrate dual parameter sensing tisis scheme. Ifrigure 10, the response of the
two sensors to applied temperature and oxygen esacan be observed. The sensors were submitted
to alternate atmospheres of air and pure nitrogateva temperature step was applied.

Figure 10a shows the oxygen measurements obtained direotty the Ru(dpp) luminescent output.

It is shown that the luminescence intensity folldwike changes in oxygen content. However, while at
ambient temperature it accurately yielded concéntra of nearly 0% (in nitrogen) and 21% (in a&),

an higher temperature the retrieved values werB0&6 (in nitrogen) and 30% (in air). The increased
concentration values resulted from a temperatuteded error.

The QDs output, on the other hand, allowed to ately retrieve the applied temperature step,
showing no sensitivity to the changes in oxygenceotration Figure 10b). Since the temperature
response of Ru(dpp) was known, using the temperatdormation from the QDs, it was possible to
correct the oxygen measuremenBgure 10c shows that the corrected response was accurate
throughout the whole temperature range. Theretofd€% error in oxygen concentration, induced by a
temperature variation of a few degrees, could bg dompensated using the dual sensing scheme.
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Figure 10. Sensor output when subjected to simultaneous ehaihgxygen and temperature: (g O
measured by Ru(dpp); (b) temperature measured hyl§)Bemperature compensateg O
measurement.

While the results obtained where not impressivenfithe accuracy point of view, there is much
room for improvement. Using intrinsic fiber probesssociated with laser excitation, can allow to
increase the SNR and, therefore, the precisiohefrieasurements. The QDs’ tuneability, on the other
hand, will enable the application of this schemeittually any luminescence based sensor.

Other possibilities of QDs improving the performaraf oxygen sensors were recently addressed
[148]. By using a sol-gel prepared Si@ample doped with CdSe/zZnS QDs, with low oxygen
permeability, combined with an oxygen sensing filinwas possible to implement a ratiometric
reference scheme. In this particular case, temperatas kept constant and the luminescent output of
QDsyo was used as an intensity reference. The oxygesosavas obtained by doping sol-gel glasses
with the complex [Ru(bpy)** (bpy: 2,2-bipyridine). Only wavelengths lower th@&20 nm are
absorbed by these nanocrystals. Therefore, itsnescent intensity was affected by the excitation
radiation but not by the emission of ruthenium dy&s a consequence, oxygen had no effect on the
QDs’ emission, which was proportional only to thecigng optical power. From these conditions it
resulted that the ratiometric detection of the lnesicence emissions of QDs and a [Ru(pigoped
sensor were proportional to oxygen and independénihe optical source intensity. This is clearly
shown inFigure 11a where the ratiometric output is compared with & [Ru(bpy)]?‘emission
while the luminescence output of the excitationreeus slowly modulated.

Using this scheme it was possible to compensa@nsity changes of the excitation source up to
80%. In principle, it would be possible to use tlsisheme even with changing temperatures.
Temperature would be given by the wavelength smnff used to correct the intensities of both QDs
and the oxygen sensor. The corrected QDs intepsityd then be used as an intensity reference. In
spite of all, the scheme does not eliminate thibiclon drift due to photobleaching.
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Figure 11.a) Sensor response te/N, saturation cycles while excitation optical powerssslowly
changed from 100% to 70%. Both the raw luminesoeiyut signal of Ru(bpy), and the ratiometric
signal obtained using the QDs luminescence are shioya picture of the luminescent QD and oxygen
sensing samples excited using a fiber bundle.

Using QDs with an emission wavelength shorter tthamh of an associated sensing dye, will provide
a variety of luminescence based biochemical sensdtls very stable intensity or temperature
references. Conversely, if the QD’s emission istatiitowards the red, using an emission wavelength
higher than that of the sensing dye will introdtice possibility of transforming the QDs in a segsin
indicator.

The possibility of obtaining oxygen sensors witlifatent spectral signatures was investigated.
CdTe/znS, with emission peak at 680 nm, were imiigdd in sol-gel glass and sandwiched together
with a Ru(dpp) doped sol-gel sample, as shownenirikert ofFigure 12b, and placed inside a closed
chamber. To avoid direct excitation of the QDs frthra LED, a long pass (600 nm cut-off) filter was
placed between the two samples. Excitation andctietewere performed using fiber bundles.

Figure 12b shows the spectral response of the sandwich gema@ent to atmospheres of pure
oxygen and pure nitrogen. The response of a filnjRef(bpy)]®*alone is shown irFigure 12a for
comparison purposes. The emission peak correspgidithe nanocrystals emission is clearly visible
in Figure 12b. In addition, some features appear in the sge&gion of 650-675 nm , looking like a
secondary peak or a depression in the dye emisstuoh could be due to some wavelength dependent
absorption of the dye radiation by the QDs. Thessmn of the nanocrystals is clearly oxygen
dependent.

A careful comparison between the spectral respongbasand without the QDs allowed to confirm
an increase in the sensitivity to oxygen in thecspé region between 700-800 nm. Maximum
enhancement took place at approximately 760nm. g particular wavelength, the quenching
efficiency was improved by a factor of 2.4.

These results demonstrate that it is possible taimlmxygen sensitivity in different spectral regso
using QDs. The ideal situation would be to haveogaystals emitting in the near infrared with no
spectral overlap with the ruthenium dyes. The aagilbn of this principle using nanocrystals with
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different emission peaks, combined with the adexjs&insing dye, would allow to obtain a set of
oxygen sensors with different spectral signatusegable for wavelength multiplexing. Nanocrystals
with longer emission wavelengths would greatly ewea the performance of this sandwich
configuration since their emission spectra woultlowverlap with that of the sensing dye. In prineipl
this could be achieved using InAs or PbSe QDs, ighog interesting solutions for near infrared
wavelength multiplexed chemical sensing. In a nmewphisticated approach, FRET could be used if
the QDs and the indicator were adequately conjagalewever, the major problem of avoiding direct
excitation of the sensing dye by the QDs would ktilit the sensor performance.
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Figure 12. Spectral responses in saturated atmospheres ar i (Inserted: a scheme of the sensing
configuration): (a) Ru(bpy); (b) Ru(bpy) + long pdster (600 nm) + Qlgso

In what was probably the first QD-based opticakfilbiosensor, a reagentless, regenerable and
portable immunosensor was developed by Aoyagi andoK[149]. Qdot658" —labeled proteinA,
purchased from Quantum Dot Corporation, were imiizdd on the surface of a 1 mm diameter glass
slide. The functionalized glass membrane was thiawed on top of an Y fiber bundle through which
excitation and detection of luminescent signalddte performed using a fluoromet&idure 13a).

The sensing probe was then used to selectivelgdi@enunoglobulin G (IgG) in standard solutions
containing other proteins. It was shown that thedirig of IgG to proteinA caused quenching of the
QDs luminescence intensity due to FRET betweem#meacrystals and the bound sample protein. The
quenching rate was proportional to the immunoglwbabncentration in the 0.0 to 6.0 mg/mL as it can
be seen irFigure 13b. The measuring range could be modified by changarameters such as the
amount of immobilized protein A on the glass platel the diameter of the detecting optical fiber.
Although 20 min were necessary for luminescencattain the steady state, the authors observed the
dynamics of the quenching process and concludddrtbat of the quenching events took place within
the first minute of reaction, allowing for nearlgat time detection. The sensing probes could be
regenerated as the IgG bonds to protein A can dleehrin a low pH solution (pH 2—4). This pioneer
work demonstrated that QDs can be used to developemsing probes with very attractive
characteristics such as selectivity, reversibaity in-situ operation with no need to add extrgeess
to the probed solutions.
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Besides the LbL configurations, all the sensingesobs reported so far were extrinsic probe
configurations. Microstructured optical fibers (MPBuch as photonic crystal fibers (PCF) or holey
fibers, promise to be excellent platforms for thevelopment of intrinsic fiber probes. Particularly,
some of these fibers typically rely on an arrawioffilled tubular structures surrounding the rewd to
provide guiding with an high index contrast. Besidgving the fiber superior guiding properties,she
holes can be filled with doping materials which daevanescently excited. These holey structures
have a great potential for sensing applicationsithjaist starting to unveil.
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Figure 13.a) Schematic diagram of the reagent-less fibeicdlpiorescent immunosensor. b) Typical
relationship between the IgG concentration andltlirescence intensity change of QD-protein A on a
glass plate [149]. Reproduced from Biosensors aondl&ctronics, 20, Satoka Aoyagi and Masahiro
Kudo, Development of fluorescence change-basedergdess optic immunosensor, 1680-1684,
Copyright (2005), with permission from Elsevier.

In what concerns combination of MOF with QDs, someports have been made where the
nanocrystals were used to dope the fiber's voidkil&\the aim in these particular works was to use
QDs as a gain medium for optical fiber lasers, tdahniques that were developed can be applied in
sensing devices. Meissner et al. have recentlyediutie behavior of CdSe-ZnS nanocrystals entrained
in an array of 14.¢um holes surrounding the 12.um core of a MOF [150]. Pieces of approximately 10
cm length were immersed in a colloidal suspensio7@ nm emitting nanocrystals in heptane. A 5
min immersion was enough to fill the holey struetwith the QDs solution by capillarity. The doped
fibers were then pumped with a 488 nm argon ling iobed with a 594 nm HeNe laser propagating
through the fiber core.

Using this method, the authors were able to exbigeQDs luminescence which was then coupled
into the fiber core and guided. In addition, it wasserved that the amount of probe light observed
from the end of the fiber was increased when thegpand probe were both present. The authors
suggested that the extra light appearing in blthfiber core as well as the outer, solid cladaegi
could be caused by optical gain. This claim, howewas a subject of debate because, typically, high
rate pulsed pumping is necessary for QD gain te p#ice [151, 152].

In short term observations the QDs’ emission waewsh to be preserved, however, slow
degradation of the entrapped solution in the l@rgtis a concern. In a more fundamental approach,
Yu and coworkers have developed a versatile mefoodloping polymer MOF [153]. The authors
where able to dope the core of micro-structuredstmaoptical fiber (POF) with CdSe-ZnS
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nanocrystals. This was achieved by acting priotheodrawing process. A polymeric rod doped with
QDs was inserted into the central hole of an inegti@te perform with an 11 mm external diameter.
After the drawing process a suspended-core fib#r @iter and core diameters of 400 and 13Qum,
respectively, was obtained. Because the QDs wetbdrfiber core a more efficient excitation and
guiding capability could be obtained. The autharggested that due to the relatively low processing
temperatures employed (~ 200 °C) this method withlde the incorporation of both organic and
inorganic materials. In this context, although gmemary goal of the authors was the development of
QD based optical sources and switches, this metiaslan important step towards the feasibility of
MOF based biochemical sensors.

The possibility of implementing intrinsic fiber sars using PCF was investigated using organic
luminescent dyes and QDs as doping agents [154].fiber used was an endlessly single mode PCF
type ESM-12-01 with 54 microchannels of & diameter separated by 8ién spacing. The holey
structure of small pieces of PCF (typically 20 mmere filled, by capillarity, with different quantu
dots, dissolved in toluene or mesitylene at micriamooncentrations.

The fluorescence emission of the QDs inside the R@§ then observed using a microscope with
adequate filtering to reject the excitation lighB&5 nm. The cross section of the doped fibehs
in Figure 14A where the QDs green luminescence is clearly hasib

In order to evaluate the possibility of detectingef radical species, the doped fiber tips were
exposed to a 0.5 M toluene solution of TEMPO @g&tetramethylpiperidine-N-oxide free radical).
This oxidative species was shown to strongly queheHuminescence of the QDs in solutiémglre
14C). The addition of the TEMPO solution to the filigr lead to an almost immediate quenching of
the observed luminescence in the immersed tip, ewntiie opposite end (20 mm away) remained
fluorescent with little immediate change of emissimtensity. As shown inFigure 14B, the
fluorescence intensity of the sensing tip was tlaémost totally recovered after a few minutes,
remaining practically unchanged for at least a wddie recovery of the luminescence was attributed
to the high non-linearity of the quenching of Q@shission by paramagnetic species combined with
the diffusion/dilution of the analyte into the fib&his was confirmed by observing that larger QDs,
emitting in the red, displayed a more linear quémghbehavior, because of their lower diffusion
coefficient. This way, the recovery of luminescemaes very poor and much slower when using larger
nanoparticles.

The authors suggested that QDs could alternativelincorporated in a polymer matrix coating the
inner surface of the micro channels. This wouldbémaotentially reversible sensing tips to probe
different sample solutions without loosing the oator. Although the potential of MOFs for
biosensors is being explored by different authofsirmlamental difficulty arises from the need for
analyte solution to flow through the fiber micrastiure. This precludes the fusion of the MOF tips i
standard fiber interrogation systems. Neverthelesgnt works have been presented that demonstrated
the possibility of incorporating MOF into microftlic circuits for use in biochip applications [155,
156].
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Figure 14.(A) Fluorescence photograph of the PCF end comtgigreen QDs (2.4 nm) after addition
of TEMPO and recovery. (B) Time lapse fluoresceploetographs (from left to right) before adding
TEMPO, immediately after, 5, 10, and 17 minutesradiddition. Photographs were taken in normal
(A) and transverse (B) mode. Small color differenaéth angle are common in photonic crystals. (C)

Stern Volmer plot for quenching of green QD by TEMP he numbers in (C) indicate approximately

the delay following addition, with ‘1’ correspondjno data before TEMPO addition. [154] -
Reproduced by permission of The Royal Society cfr@istry.

A summary of the applications where QDs were apglheoptical fiber sensors is givenTable 2

Although, to date, very few applications on the wéenanocrystals in fiber sensors have been
reported, some of the works presented were ke stepards the development of new sensing tools.
QDs immobilized in different matrix were used indeersity of applications from thermometry to
biosensing demonstrating that the unique featur€¥Ds together with its physicochemical versatility

will soon introduce a new class of advanced arajtools.
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4.3. Applications of QDs in planar structures

Planar structures using waveguide or microarrayfigorations are very appealing platforms that,
when combined with microfluidics and electronican configure Lab-on-a-Chip (LOC) devices. LOC
systems offer the possibility to carry out differémnctions, such as sample preparation, concéorrat
and detection in a single miniaturized platformtthas strong potential for batch analysis purposes.
While LOC technologies have seen some impressiggrpsses [157-159], the application of QDs in
this field is still small. Nevertheless, QD propest are very appealing for such applications,
particularly because of their high photostabilitgulticolor ability and increased equivalent Stokes
shift as these characteristics allow high denstyction with increased noise rejection.

Besides the immobilization methods previously désgd, some patterning and manipulation
techniques need to be developed for the feasilmfityD based LOC devices.

In a very interesting approach, QD encoded polymierobeads where manipulated trough the use
of a microfluidic Lab-on-a-disk structure [160]. &ltombination of centrifugal forces together with
microfluidic channels and a geometrical barrieowkd to aggregate the color-encoded beads in a
monolayer within a disk-based detection chamberpakallel read out scheme could then be
implemented using a color CCD-camera. The autamn#&bealization, color identification, and
fluorescent detection aiming for color-multiplexigbrescence immunoassays was made possible by a
dedicated image processing software. The autharkl uccessfully identify three distinct encoded
microbeads, using two types of QDs and an orgamgophore, thus demonstrating multiplexing
ability. In a practical situation, each color-codan identify polymer beads functionalized with
different antibodies, allowing for multiplexed imoohetection using standard fluorescence
immunoassay techniques. The viability of the dédecsystem was successfully demonstrated by
performing a hepatitis A and a tetanus assays@mibrofluidic lab-on-a-disk platform.

In order to avoid systems with moving parts andloed schemes with complex signal processing,
the nanocrystals should be immobilized on a salibtract. In such cases, patterning strategies are
necessary for the implementation of multiparameéestices.

Lithographic techniques have been adapted to imghierapatially separated patterns of different
colloidal nanocrystals in an aminofunctionalizedsuate [161]. By using masks and exposure with
UV light, different sites could be bounded to thébstrate surface in a selective mode allowing to
obtain well defined pixilated microarrays. Simifgatterning could be obtained using contact masking
and ion implantation techniques [162]. Also by fiimealizing the nanocrystals surfaces with either
hydrophobic or hydrophilic ligands, as discusseévimusly, they can bind to selected sites on the
substrate forming dual color arrays [163]. Moreerdty, using the sol-gel technique, QDs patterns
were formed by using UV assisted photosynthesig][18sing this method a precursor solution was
spin coated on a subtract and illuminated by aepatd UV beam. Because the photochemical
reactions only took place on the illuminated sitesordered array of QD pixels with diameters of fe
microns could be formed. Reshaping the curing Uslnbepatterns could be made in a range of sizes
up to hundreds of microns.
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Table 2.— QD applications in optical fiber sensing.
QD-coating Matrix Measurand Mechanism Features Fibe probe REF
platform
CdSe Phosphate | Temperature bandgap shift - absorption 0-150°C, 12 (. multimode extrinsic [138]
glass nm/K
CdSe Schott glass Temperature bandgap shift - absorption Simultaneous multimode extrinsic [139]
filter detection @ and
temperature
CdSe-ZnS-TOPO; | Sol-gel Temperature luminescence quenching pi8klf referenced | fiber bundle extrinsic [140]
CdTe-ZnS bandgap shift; Multiplexed
CdTe- PDDA LbL Temperature luminescence quenching; 30-100°C, 0,2| Multimode/ intrinsic [144]
nm/°C tapered
CdTe- PDDA LbL Temperature luminescence quenching; 30-100C, 0,2| hollow core intrinsic [145]
nm/°C
CdSe-ZnS-TOPO | Sol-gel Q ratiometric detection QD as intensityfiber bundle extrinsic [148]
+ Ru(dpp) reference
CdSe-ZnS-TOPO | Sol-gel Q & temperature luminescence quenching an8iimultaneous multimode extrinsic [147]
bandgap shift; detection @ and
+ Ru(dpp) temperature
CdTe-ZnS Sol-gel Q QD excited by @sensing dye. @©sensitivity at| fiber bundle extrinsic [148]
+Ru(dpp) higherA
CdSe solution in| Oxidative species| luminescence quenching partially PCF intrinsic [154]
PCF holes reversible
Qdot655-ProteinA |  Glass plate [s]€; FRET quenching ast freagent less fiber bundle extrinsic [149]
imunodetection

In most of these techniques very bright luminesqasiterns could be obtained indicating the
preservation of the nanocrystals properties aftenabilization. In a recent approach, however, the
nanocrystals luminescent emission could be stroeghanced by coating them over substrates where
highly ordered triangular-shaped gold nanopattéyscal dimensions 200 nm) have been fabricated
by electron beam lithography [165]. The enhancernseoaused by the interaction between the surface
plasmon resonances of the metallic structure aadutininescent radiation of the nanocrystals. Serfac
plasmons are a promising tool for LOC technolodiesause it enables the control of the quantum
yield and the radiation emission pattern of lumased indicators.

All the described techniques introduce interestiogsibilities of using QDs in microarray based
configurations. However, sensing applications ussBurh devices is yet to be demonstrated.
Nevertheless, an important step towards the raalizaof QD based micro-arrays biosensors was
reported by Sapsford et al.[166]. The authors wgasks slides coated with a monolayer of neutravidin
as the template. QDs functionalized with maltosadinig protein (MBP) and avidin coordinated to
their surface were then attached to the glasssslidéiscrete patterns using an intermediary brigige
biotinylated MBP or antibody linkers. This metholoaed to control the surface location and
concentration of the QD-protein-based structuresixAchannel patterning PDMS flow cell, was used
to define waveguide patterns with the biotin-labdgbeoteins. Exposure of this biotin-protein patesin
waveguides to MBP-QD-avidin then allowed to funntibze the waveguides with the QD probes.
Surface FRET events were demonstrated using thieedidédd arrays and CCD imaging indicating the
feasibility of implementing surface immobilized Qilbsensors.

The use of QDs as a gain material in the impleniemeof laser sources is an highly studied
subject. Recently, the possibility of using QD domavities as highly sensitive sensors was disdusse
by Sommers et. al [17]. Distributed feedback (DEBY ‘whispering gallery modes’ spherical lasing
platforms doped with environmentally responsive auaystals can configure extremely sensitive
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biochemical sensors due to the non-linear behaviothe lasing process. In particular, the FRET
mechanisms discussed before may be used to ineoahalyte induced modulation of the laser gain
coefficient.

A striking example of the variety of bio-applicat® where QDs can introduced significant
improvements is the case where CdSe/CdS nanocrystal used to label a cantilever post array to
study cellular microforces [167]. Passive bed aflsn@oN) arrays are used to study the forces exlert
on the cell surface. The cells are cultured ondbpn array of micropilarsFigure 15B) and, since
each micropilar behaves like a miniature cantiletlee deformation induced by the forces exerted on
the cell walls can be optically monitored. This da@m achieved by standard optical microscopy,
however, because the refractive index of a ceatlase to that of the surrounding aqueous media, it
difficult to identify the borders of the cell undéright field microscopy. Techniques to increase
contrast include differential interference contmastroscopy or confocal microcopy. Alternativetlye
posts can be labeled with luminescent proteins. él@n proteins tend to be dissolved in buffers or
ingested by cells. In this context, the use of @Idswed to obtain a much better contrast and longer
experimental observation times without photobleaghthus improving the tracking of posts.

Figure 15.A) Overlay of traction forces on a HASM cell fixatd stained on quantum dot labeled
posts. B) SEM of profile of section of BoNu@ in diameter, fm spacing andpin tall [167].
Reproduced from Sensors and Actuators A, 136, Aditixesah et al., A flexible, quantum dot-labeled
cantilever post array for studying cellular micnafes, 385-397, Copyright (2007), with permission
from Elsevier.

The tops of the posts were coated using a very ldyar of PDMS in which a suspension of
guantum dots was previously mixed. The lumines®&oitl was then used to obtain the map of the
traction forces acting on a human airway smoothaleudHASM) cell Figure 15A).

Even though virtually no sensing configuration gs@Ds in planar platforms has been reported, the
fundamental techniques for the implementation ekéhdevices are presently well developed. In this
context, it is expected that a burst on the us@@fbased sensing devices in biosensing applicaion
to be expected soon.
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5. Concluding remarks

Quantum dots are the basis for well establishedstao biomedical imaging applications. In
addition, its use in sensing configurations hasnseensiderable progress with a wide range of
chemical and biosensing configurations already destmated. However, the application of these
sensing principles in practical devices requiresithmobilization of functionalized QDs in standard
sensing platforms, such as optical fibers and mateg optical chips. Although there have been few
reports on the use of QDs to obtain optical fibet,®C configurations, some important steps were
given towards the feasibility of these technologies

In particular, several versatile immobilization hacues are currently available ranging from LbL
to sol-gel or polymer encapsulation that allow teserve the unique optical properties of QDs. In
addition, the use of QD-based sensors while imnmsall in such membranes has been reported in
many different applications, ranging from multi-idetection to FRET based immunodetection. Few
but representative examples of such sensors wenerddrated at the tip of an optical fiber or in a
planar platform. A strong research effort is prélyestedicated to QD technology which will contrileut
for the increasing quality of the available semubactor nanoparticles, in particular increasing rthei
photostability and limiting their potential toxigitThe same is true for the sensitivity and selégtof
many functionalization strategies.

In this context, a considerable increase in the bemof solid platform based QD sensors is to be
expected soon. In particular, the convergence ofymaf the reported techniques will allow to
implement high performance instruments: using Lthk, inner surface of microstrucured optical fibers
can be functionalized with highly selective QD-antly conjugates allowing for sensitive FRET
detection of different species in simultaneous yss&oupling such devices with microfluidic
capabilities will enable the design of high thropghsensing tools. QDs will also play differenta®l
either as an optical source, as detectors or aosenSltimately, QDs sources themselves can be
transformed into extremely sensitive sensing devi€®nsidering current developments, it is expected
that in the near future QD based devices will pty important role in a new generation of
nanotechnological instruments.
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