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Preface

We believe that the development of luminescent sensors will have a strong social
and economical impact. As scientists actively working in this field since many
years, we would like to start by thanking Prof. Vincenzo Balzani, who as a previous
member of the editorial board of Topics in Current Chemistry was the one who
proposed a volume on this subject.

In this volume, through a short but multisided overview, we try to provide the
reader with an understanding of how deeply the merging of the three main scientific
areas sensing, luminescence and nanotechnology can impact on our everyday life.
In this preface, we will give a short introduction to the general fundamental
principles of each, hoping that this will allow an easier and clearer understanding
of the “result of their sum”.

We can say, from a very broad and generalized point of view, that sensing
processes necessarily entail the exploitation of one or more chemical-physical
phenomena to convey information about the external environment (the sensing
domain). What follows this is the conversion of the stimulus of the sensed phenom-
enon/species into a signal or data stream that can be understood and manipulated.

In particular, chemical sensing involves the design of single molecules or of
arrays of molecules that specifically recognize a chemical species in a reversible
manner and in a given concentration range. The need for reversibility is an essential
requirement for continuous or in vivo monitoring, but in the case of once-off
measurements it is not always necessary. Moreover, in recent times, single analyte
sensing has been flanked by new kinds of systems that are able to detect classes or
mixtures of chemicals in a similar manner to which nature has developed human
taste or smell.

As these requirements are rather complex, the advent of luminescent signalling
systems and luminescent-based devices continues to bring about many advantages,
since fluorescence measurements are usually very sensitive, low cost, easily per-
formed and versatile, offering submicron visualisation and submillisecond temporal
resolution. Consequently, luminescent chemical sensors play a major role in key
fields such as industry, diagnostic and therapeutic medicine, and various kinds of
environmental monitoring.

ix



X Preface

Likewise, since molecular nanotechnology is the most advanced frontier of
research in many scientific areas, it is again not surprising how this is also the
framework of the natural evolution and development of sensors. Nanotechnology is
certainly still a science in its infancy, but it is already extensively affecting our daily
lives with many different products that span the widest variety of applications.
There are valid safety concerns about the production and use of nanomaterials, and
increasingly research is still needed to separate speculative risks from real ones.
This is particularly true for nanoparticles. In fact, nanoparticles, among all the
nanostructured materials, not only have the highest number of industrial applica-
tions, but they are also the most extensively studied worldwide. These extremely
versatile nanoobjects are usually described as small spheres with controlled dimen-
sions and a radius in the range of nanometers, but their shape can vary significantly,
as can their constituting material (metals, semiconductors, lipids, polymers, etc.),
and their surface derivatization with different capping agents (receptors, reactive
sites, electroactive or photoactive functionalities, DNA strains, etc.).

Merging nanotechnology and luminescent signalling can therefore lead to the
creation of unique materials that can induce great improvements in the technical
development of many areas. In this volume, leading scientists present comprehen-
sive reviews on modern research trends that accompany the reader on a journey
from optical and luminescent chemosensors and biosensors (cite the contributions
of Prof. A.P. de Silva and Prof. O. Wolfbeis), also exploiting chiral sensing (Prof.
Corradini), to their implementation in more complex structures to yield materials
able to perform signal amplification (contributions of Prof. Rurack and Prof. Prodi)
and to be included in detection devices (contributions of Prof. Rurack, Prof. Prodi,
Prof. O. Wolfbeis and Prof. Paolesse).

We believe that the high impact on different fields and the variety of approaches
to the topic will attract the attention of scientists from different communities such as
chemistry, materials, technology, medicine and industry. We also hope that the
writing style will enable readers from diverse areas of research to fully enjoy the
presentations on this fascinating subject, and we hope to offer at least a taste of its
huge potential.

February 2011 Marco Montalti
Luca Prodi
Nelsi Zaccheroni
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Molecular Logic Gates and Luminescent Sensors
Based on Photoinduced Electron Transfer

A. Prasanna de Silva and Seiichi Uchiyama

Abstract The competition between Photoinduced electron transfer (PET) and other
de-excitation pathways such as fluorescence and phosphorescence can be controlled
within designed molecular structures. Depending on the particular design, the
resulting optical output is thus a function of various inputs such as ion concentration
and excitation light dose. Once digitized into binary code, these input-output
patterns can be interpreted according to Boolean logic. The single-input logic
types of YES and NOT cover simple sensors and the double- (or higher-) input
logic types represent other gates such as AND and OR. The logic-based arithmetic
processors such as half-adders and half-subtractors are also featured. Naturally, a
principal application of the more complex gates is in multi-sensing contexts.

Keywords Fluorescent molecular sensors, Molecular logic, Logic gates,
Molecular computation, Photoinduced electron transfer (PET)
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1 Introduction

In a previous contribution to this series [1], we reviewed the state of the art of
fluorescent photoinduced electron transfer (PET) sensors as it stood in 1993. Much
has happened since then. In particular, the field of luminescent sensors [2, 3] has
given birth to the field of molecular logic gates [4—17] where computing concepts
[18-20] are embedded in molecular structures. In spite of their apparent differ-
ences, the two fields share many ideas because of the historical parent-child
relationship. The two fields of luminescent sensors and molecular logic gates are
now too large to allow comprehensive reviewing in article in a chapter of this
length. So we will adopt an illustrative approach in the present chapter and discuss
some of the recent literature. Furthermore, we will consider conventional sensors as
sub-sets of logic gates where the former are single-input devices with chemical
species as an input and light emission as an output. The Boolean logic type [18-20]
will be our main means of organization. Some Boolean logic types and their truth
tables are shown in Figs. 1 and 2. When needed, the nature of the devices, inputs
and outputs will be a secondary means of organization. We refer the reader to
earlier reviews [1, 2] for foundational material.

2 YES

Fluorescent “off-on” sensors where an analyte causes a fluorescence enhancement
(FE) can be understood as YES logic gates. A YES logic gate is a single-input
device (Fig. 1) and is therefore one of the simplest logic gates.
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Fig. 1 Boolean logic Input Output
operations of 1-input logic 0 0 1
gates. Input and output levels 1 1 0
are represented in binary
digit; O for low and 1 for high Name YES NOT
Symbol —— —o
Inputs Output
(A) (B) (Carry) (Sum)  (Borrow) (Diff.)
0 0 0 0 1 1 0 0 1 0 0 0 0
0 1 0 1 0 1 0 1 0 0 1 1 1
1 0 0 1 0 1 1 1 0 0 1 0 1
1 1 1 1 0 0 0 0 1 1 0 0 0

Name AND OR NOR NAND INHIBIT XOR XNOR Half-adder Half-subtractor

smo DD DD DD TEew Tope

Diff.

Fig. 2 Boolean logic operations of 2-input logic gates. The half-adder is composed of an AND
gate for a carry digit and an XOR gate for a sum digit, whereas the half-subtractor consists of an
INHIBIT gate for a borrow digit and an XOR gate for a difference digit

2.1 Cation Inputs

The earliest successes in fluorescent sensors were achieved with H' [21]. So we
begin our discussion with simple cation inputs.

Adams’ 1 [22] has a “fluorophore-spacer-receptor” format [1, 23-25] since the
imide nitrogen forms a node in the molecular orbital system. Indeed, PET from the
aniline unit to the perylenetetracarboxyl bisimide leads to negligible fluorescence.
Protonation of the aniline unit stops this PET process to give strong fluorescence.
The switching properties of 1 were observed at the single-molecule level by
confocal scanning microscopy. The time trajectory of fluorescence intensity was
similar to that previously seen in a non-PET pH sensor [26]. A newer example
bearing a similar bisimide structure is 2 [27].
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Fahrni’s compound 3 [28, 29] switches “on” its emission when the aniline unit
picks up H". The structure and function of 3 has precedents [30, 31] which were
designed to respond to Na™ and Ca®", but were tested for their response to H' as
well. PET from the aniline unit to the pyrazoline fluorophore carrying an electron-
withdrawing group like a cyano group was first appreciated by Pragst and
co-workers [32].

While noting that early cases [33—35] are available, we feature Nagano’s 4 [36]
which displays a Na™-induced FE factor of 5.3 in water. This is a virtually spaced
PET system [37] aided by the steric effect of the strategically placed methyl group.
Thermodynamic arguments and quantum calculations were offered to support PET
in this case.

Though lanthanide-based PET systems are rare [38, 39], Gunnlaugsson and
Leonard built an efficient “off-on” sensor 5 [40] for alkali cations in water. In
this case, a spacer module is not evident. Similarly, an efficient fluorescence
switching without a clear spacer can be seen in Akkaya’s 6 [41], which targets
Ca”" with relatively long excitation and emission wavelengths (i.e. 760 nm and
782 nm, respectively).

Q o) S
i VaVatve
i e W W A
70 VW,

6} o}

[°0°
o j | |
K/ 0 N0 O N o N
O ~
. Wod G o
O LUJ”
HO (0] 0 ~
4

L)

An environmentally important sensor is 7 [42] which switches “on” fluorescence
in the presence of Hg”" in pH neutral water. This compound successfully measured
total Hg>" levels as low as 0.1 ppm in acid-digested fish samples. The 1,4,7,10-
tetrathia-13-azacyclopentadecane receptor nicely targets the soft cation, Hg**. The
virtually spaced PET system [43] delivers the “off-on” action, as seen in a related
case using a BODIPY (boron dipyrromethene) fluorophore [44] by Rurack et al.
Sensor 8 [45] with a different receptor for Hg> " bears favourable comparison.
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Another excellent example is Qian’s 9 [46] with high selectivity in Hg>"
sensing. This was from a 2,6-bis(aminomethyl)pyridine receptor and also functions
in neutral aqueous solution. Two aminonaphthalimide fluorophores are incor-
porated within this classic PET system.

The origin of the excellent “off-on” Hg**-sensing ability of 10 [47] (though in
mixed aqueous solution) is now analysed further [48]. X-ray crystallography of the
complex, 10/Hg*" clearly showed that the metal is only bound by the pair of
hydroxyquinolines and not by the diazacrown. So the diazacrown structure serves
two important roles: (1) as a scaffold for the ligating groups and (2) as an
intramolecular base to pick up the protons from the phenols upon metal binding.
PET from the amines would be inhibited by this protonation and strong fluores-
cence of the complex 10/Hg”" would be tolerated.

wo o/
NS R
o o_\_ 33 (j;jvg_ _)V©\/j

10

Lippard’s 11 [49] targets Zn>" and has halogen substituents on the fluorophore
to move the inherent pH sensitivity of the sensor away from the physiological
region [50]. Sensor 11 clearly has a “fluorophore-spacer-receptor” system operating
PET from the tertiary amine to the fluorescein fluorophore until Zn*" blocks it. This
sensor permitted high level imaging of neuronal Zn*" which has been associated
with Alzheimer’s disease and other neurological disorders.
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Another PET sensor for Zn’" in water, Gunnlaugsson et al.’s 12 [51], has the
appeal of perhaps the simplest receptor. Nevertheless, an excellent Zn”"- induced

FE factor of 53 was found. This sensory function was pH-independent in the
physiological range.

2.2 Anion Inputs

Kubo’s 13 [52] is a fluorescent “off-on” sensor for AcO™ in acetonitrile. An FE
factor of 4.1 was found because this anion decreases the electron accepting nature
of the thiouronium unit and hence retards PET from the naphthalene.

B®
SN NT N7 N "
| | 0+ _N.__O
s

Pz N N =
HO o) 0 OO (002'
N _
E O / F \/@/ ~~CO, ,g+
€Oy~
C 12
11
3 NOT

Fluorescent “on-off” sensors where an analyte causes a fluorescence decrease can
be understood as NOT logic gates. A NOT logic gate is clearly the inverse of a YES
logic gate (Fig. 1).

3.1 Cation Inputs

Sensor 14 [53] equips a fluorescent “fluorophore-spacer-receptor” system with a
pyridine receptor for H" which becomes more reducible by protonation. So 14
galvanizes fluorescence-quenching PET from the pyrazoline fluorophore to the
pyridine receptor only when H" arrives.

3.2 Anion Inputs

A tris(bipyridyl)Ru(Il) lumophore is connected to the natural siderophore amino-
chelin via a peptide link to produce 15 [54]. It shows clear PET behaviour upon pH
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variation in that the production of the catecholate species at high pH produces
smooth switching “off” of emission. Intramolecular phenolate-tris(bipyridyl)Ru(II)
PET pairs are known in the literature [55]. The MoO42_ detection experiments were
carried out at a suitably acidic pH value of 5.7 when effective emission quenching
was seen. This was also due to PET as unequivocally shown by luminescence
recovery in low temperature glasses (i.e. 77K). Careful pH control gave excellent
selection of MoO4>~ over Fe*™ and many other ionic species. The cationic lumo-
phore also had a role in this pretty story because its charge repels the undesired Fe® "
and attracts the desired MoO427.

Sensor 16 [56] has a urea ligand which can bind to a number of anions in
acetonitrile solution. For instance, AcO™ bound tightly (binding constant: log} = 5.2)
and caused almost complete quenching of fluorescence. This is AcO™ -driven NOT
logic action. The binding of AcO™ to the urea receptor forms the hydrogen-bond
array, resulting in an increase in electron density which enables PET from the
binding site towards the phenanthroline fluorophore, even though a formal covalent
spacer is not present in 16. Sensor 17 [57, 58] uses a thiourea receptor for AcO™.
Acceleration of PET from the thiourea unit to the anthracene fluorophore by the
anionic charge produced an AcO™ -driven NOT operation.

2T

HO N
OH O

3.3 Photon Inputs

Pérez et al. [59] designed a “bead on a string” rotaxane consisting of 18 and 19. The
bead 18 sits on the frans-fumaric diamide station due to a hydrogen-bond array of
high strength in dichloromethane solution. Then the anthracenamide fluorophore is
remote from the electron-acceptor pyridinium units, so that PET is absent and the
fluorescence is switched “on”. However, light irradiation at 312 nm isomerises the
trans-fumaric diamide into the cis-maleic diamide. The hydrogen-bond array is
disrupted in this new station geometry and so the bead moves across to the
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18
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glycylglycine station, which creates a hydrogen-bond array with intermediate
strength. Now PET becomes strong at this small distance of separation between the

anthracenamide and pyridinium units and the fluorescence is switched “off”. This is
light dose-driven NOT logic operation with fluorescence output.

4 AND

An AND logic gate produces a high output (binary 1) only when both inputs are high
(1) simultaneously. From chemical and biochemical viewpoints, the inputs may be
separate species or they may be physically linked in a multifunctional molecule.

4.1 Separate Inputs

The first AND logic gate 20 was constructed using the PET-based “fluorophore-
spacer;-receptor;-spacer,-receptor,” model [4]. A fluorescence signal was output by
the anthracene unit only when both chemical inputs (H" and Na™) were present in a
sufficient concentration, thus satisfying the AND logic truth table (Fig. 2). The
anthracene unit would normally fluoresce blue when it is exposed to ultraviolet
light. In the system of 20, however, the fluorescence was quenched because of a faster
PET process, in which an electron was transferred to the anthracene unit from either
the amine or benzo-15-crown-5 ether unit. The amine can act as a receptor for H and
the benzo-15-crown-5 ether can capture Na™. Even if one of these two receptor sites is
occupied, PET still occurs from the other to the anthracene unit, and no fluorescence
should be observed. If, however, both receptor sites are filled, i.e. H' and Na™ ions are
present, both PET paths are prevented and strong fluorescence should result.
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Related examples are known [60—64], including a case [64] which operates in
nanospaces 3 nm in diameter [65]. The latter were built up from simpler YES gates
which operate in the same small milieu [66].

Just like compound 21 [64] was derived from the early AND gate 22 [60]
by adding a micelle-anchoring unit, so was 23 [67] obtained by attaching a
precursor of 22 to an amino-terminated polymer bead. Gate 23 can be distinguished
by its fluorescence response to chemical stimuli as compared to YES and NOT
gates. Such a molecular AND logic gate serves as an identification tag for small
objects and can be applied to molecular computational identification (MCID)
technique [67].

A way to exploit fluorophores for AND logic action is to use them as compo-
nents of self-assembled systems, e.g. detergent micelles [68]. Aqueous micelles
made from Triton X-100 contained the hydrophobic proton receptor 24 and the
hydrophobic Ca** receptor 25. The hydrophobic fluorophore 26, which shows a
long-lived excited state [69], was also included in the micelle so that it could be
quenched quite efficiently by intermolecular PET from 24 and 25. While it is true
that intramolecular PET is faster, this pseudointramolecular system created within
the micelle of about 5 nm radius [70] limited the separation distances between the
components 24, 25 and 26 to allow significant PET processes. Addition of H' and
Ca”" at sufficient concentration arrested both PET pathways to enhance fluores-
cence of 26 by a factor of 2.4. It has to be noted that this FE factor is quite modest,
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but the avoidance of substantial synthesis is a clear advantage. Such self-assembled
systems will help laboratories without synthesis capabilities to participate in new
developments of molecular logic gates.

The PET-based “receptor;-spacer;-fluorophore-spacer,-receptor,” motif was
also used in an AND logic gate working with ion pairs as chemical inputs.
Incorporating a benzo-15-crown-5 ether to bind Na* and a polyammonium site
(developed by Czarnik [71]) to bind HPO42*, 27 [72] showed increased fluores-
cence only when both species were present to freeze two PET channels that
quenched fluorescence of the anthracene unit (one from the benzo-15-crown-5
ether and the other from the tertiary amine). The polyamine receptor in 27 had
poor selectivity in the aqueous methanol solvent and could bind other anions such
as C1I7, F~ and BF;~ prompting a fluorescence emission. However, there was a
clear fluorescent enhancement of 27 at pH 8 when both Na™ and HPO,*>~ were
present, i.e. Na™, HPO,* -driven AND action.

Gate 28 [73] by James neatly targets K™ and F~ together. 28 has a boronic acid
moiety to capture F~ which facilitates the complexation of the benzocrown ether
with K* due to electrostatic attraction. The binding of each receptor to its target
cuts off a PET process so that strong fluorescence is produced when the K¥F~ ion
pair is encountered.
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Maligaspe and D’Souza used the crown-appended porphyrin-Zn(II) 29 com-
plexed to Cgp-appended imidazole 30 via the metal centre and bound to Cgo-
attached ammonium ion 31 via the crown as the starting state of the device [74].
The fluorescence of the porphyrin-Zn(II) unit was heavily quenched due to PET
from it to the Cgy moieties. If this ternary complex 29/30/31 was treated with
imidazole as input,, 30 was displaced, thus ridding the one PET pathway which
ruined its fluorescence. However, the PET pathway involving 31 was still around
[75]. Similarly, treatment of 29/30/31 with K" as inputy displaced 31 but fluores-
cence was not recovered owing to the continued presence of 30 [76]. It was only
when imidazole and K™ were both simultaneously present that 29 was freed from
the shackles to 30 and to 31. Strong red fluorescence was the upshot.

Magri’s 32 [77] is an AND logic gate with a fluorescence output driven by redox
and H" inputs. Like the amine unit, the tetrathiafulvalene (TTF) unit serves as a
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PET donor to the anthracene fluorophore. The PET process from the amine unit can
be stopped by protonation as usual. Another PET process from the TTF unit stops
after it is selectively oxidized to its dication form. Even then, the PET process from
the anthracene to the dicationic TTF unit is apparently prevented only by the
Marcus inverted region. The redox reactions of the TTF unit can also be induced
by chemical oxidants like Fe(ClO,);.

In the presence of Zn>", the ability of 33 [78] to monitor biochemically vital
phosphorylation reactions of peptides in water is quite rare and is likely to be very
useful. Though the choice of dipicolylamine as a Zn*>" receptor is not surprising,
the availability of the two receptors for the target phosphorylated peptides is
crucial for its success. After the first Zn>" has bound to one receptor, it is much
harder to bind the second Zn”" into the second receptor due to electrostatic
repulsion. Binding of an anion to the first Zn>" is a common behaviour of such
dipicolylamine complexes with incomplete coordination shells. Importantly,
Hamachi and colleagues chose a phosphorylated peptide sequence as this anion.
Phosphates binding to the first Zn>" facilitated the binding of the second Zn*" to
another dipicolylamine receptor by cutting down the aforementioned electrostatic
repulsion. Then both PET channels from the benzylic nitrogens to the anthracene
fluorophore were blocked, and a large FE was seen. The preliminary paper [79]
did not carry this mechanism, however. As has been observed for a long time,
blocking one PET channel out of two is not sufficient to obtain a good FE factor
[80-82]. Crucially, the complex 33/2Zn*" can discriminate between phosphory-
lated and non-phosphorylated peptide sequences since the former possess the all-
important phosphate unit. At a simple level, we can view 33 as an AND logic gate
with Zn>" and phosphate species as inputs.
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4.2 Connected Inputs

The idea of connected inputs would be less useful in a semiconductor device
context but input chemical species for a molecular device can certainly be
connected. These inputs are functional groups which could have existed on sepa-
rated molecules but are now deliberately coupled within a new multifunctional
compound. Such coupling produces a chelate effect where the advantages of higher
effective concentration and reduced entropy loss upon binding are seen. A molecu-
lar device, with the appropriate geometric disposition of “ports”, can accept the
input array presented by the multifunctional compound at lower concentrations than
possible with separate input species. If the geometry is inappropriate, the input
array at the low concentrations cannot be accepted by this type of molecular device
and hence a low output (binary 0) is returned. Thus, the nature of a connector in the
input array plays a critical role.

Imagine glucosammonium being split into glucose and ammonium units which
can then be separately targeted by an aminomethylphenylboronic acid [83] and an
azacrown ether [84] respectively. Indeed, PET has been arrested with these bind-
ings to release fluorescence emission [33, 83]. For instance, sugar binding to
aminomethylphenylboronic acid to produce boronate ester leads to a stronger
B-N bond which stops the PET process. Then 34 [85, 86] with the two receptors
at the appropriate distance of separation could target glucosamine. In this case, the
pH value needs to be chosen so that glucosamine is protonated but not the nitrogen
centre in the azacrown ether. Cooper and James obtained a fluorescence output
signal with 34 in response to glucosamine at the physiological pH. On the other hand,
simple ammonium ions and glucose at similar concentrations did not cause the
fluorescence switching. The two PET processes present in 34 were arrested by the
pair of functional groups binding to their correct receptors. Thus 34 with the hetero-
bireceptor system can be regarded as a glucosammonium-driven AND logic gate.

A previous heterobireceptor system 35 [87] has only one PET process since the
guanidinium unit is not sufficiently electroactive. Therefore, a proper AND action
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could not be expected even though the bifunctional input y-aminobutyric acid
(GABA) was bound adequately. Indeed the selectivity of fluorescence detection
of GABA as compared to related amino acids was not good. Wang’s heterobi-
receptor system 36 [88] uses elements seen in 34 and 35 to target glucarate and
again pays the price of the poor electroactivity of the guanidinium unit with
a reduced selectivity of detection. Nevertheless, 34-36 are the vanguard of fluo-
rescent sensors empowered with an AND logic operation to detect selectively
small multifunctional molecules, many of which are found within cell signalling
pathways.

4.3 All-Photonic Inputs

Chemical species are not essential to drive AND logic gates. We now feature
cases where photons alone do the job. For instance, two nanosheet diodes built
from polymer Langmuir-Blodgett films are operated at different wavelengths to
produce an AND logic gate [89]. One nanosheet is constructed with a phenan-
threne- and an electron-acceptor-based (dinitrobenzene) acrylate-acrylamide
copolymer film and the other with an anthracene- and an electron-donor-based
(dimethylamine) acrylate-acrylamide copolymer film. The input signals are light
doses possessing excitation wavelengths for the two chromophores, phenanthrene
and anthracene, each of which can be selectively excited. When the phenanthrene
layer is excited at 300 nm, PET occurs to the dinitrobenzene-containing film, and
a low photocurrent is observed. When the anthracene layer is excited at 380 nm,
PET occurs from the dimethylamine layer to the anthracene film, giving a low
current again. However, when both chromophore-containing polymers are excited
simultaneously, charge transport occurs from the phenanthrene to the dinitroben-
zene to the dimethylamine to the anthracene layer with a high photocurrent. Thus,
an AND logic operation is demonstrated with two optical inputs and an electrical
output.

Other examples of all-optical AND logic operations at the molecular-level have
become available [90, 91] even though an old claim of this kind in conference
proceedings seems not to have arrived in the refereed literature [92]. Gate 37 [90]
due to the team of Wasielewski achieved his objective by a very different means.
The tetra-chromophore system 37 is held together by m-substituted benzene rings.
The 4-amino-1,8-naphthalimide was initially pumped at 420 nm to cause PET from
it to the 1,4,5,8-naphthalenediimide. The other chromophores became involved
only if the naphthalenediimide radical anion was pumped at 480 nm. Then the
extra electron within the naphthalenediimide was passed to the 1,8-naphthalimide
and then on to the 1,2,4,5-benzenediimide. So the absorption signature of
the benzenediimide radical anion at 720 nm (the output) was only observed if
the two femtosecond laser pulses at 420 nm (input,) and at 480 nm (inputg) were
applied sequentially (2-ns separation). It is notable, however, that conventional
AND logic gates require simultaneous, not sequential, application of inputs and a
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2-ns delay would matter in devices running near GHertz rates. Nevertheless 37 is a
rather fast gate since it resets in 25 ns.

Wasielewski’s previous publication on 38 [93, 94] was the forerunner of the
discussion concerning 37 [90]. The donor-acceptor molecule 38 was capable of a
fast switch with potential logic capabilities. The two terminal porphyrin donor
moieties could independently reduce the central perylene tetracarboxydiimide
acceptor moiety via PET. When only one porphyrin was excited by a femtosecond
laser pulse, the absorption due to the perylene tetracarboxydiimide radical anion
was seen. If both porphyrins were excited simultaneously by a higher intensity laser
pulse, two PET processes to the central acceptor could occur, giving a dianion with
a different absorption band.

It was imagined that 38 could perform the AND logic operation if two light
beams of different wavelengths were used as inputs, and if the dianion absorption
was taken as the output. This would be possible for 38 since excitation of the
perylene tetracarboxydiimide moiety would induce the first PET process, and the
second input light dose should have a wavelength matching the porphyrin
absorption. The speed of such light-driven molecular switches and gates would
be testimony to the lightness of their only “moving part” — the electron. It can
also be imagined how two laser pulses of sub-threshold intensity at the same
wavelength can be combined to create the dianion absorption, i.e. AND logic
operation.
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S OR

Molecular OR logic gates might seem an antithesis since most chemical research
aims for selective sensing. Nevertheless, unselective behaviour of a given receptor
towards, say, two different guests enables us to approach an OR logic gate contain-
ing a single receptor alone, i.e. double-input logic gate with a single port.

While an old example of molecular OR logic gates can be located in 39 [95],
the first deliberately designed gate of this type was 40 [96]. Gate 40 with a
“fluorophore-spacer-receptor” PET system has an aromatic amino acid receptor
which acts as an electron donor towards the excited diarylpyrazoline fluorophore
resulting in negligible emission. This receptor is sufficiently unselective to Ca*" or
Mg*" so that binding of either ion, supplied at high enough concentration, blocks
the electron rich sites of the receptor and prevents PET. Each ion produces
essentially identical extents of switching “on”. This similarity is due to essentially
identical conformational changes by the complexation. Each ion-bound state effec-
tively decouples the amine substituent from the oxybenzene unit so that PET is
similarly suppressed. This also means that the charge density difference between
the two cations is of secondary importance in these conformationally switchable
systems. It is also notable that a single-receptor system is sufficient in this case to
achieve a two-input OR logic gate.

The gate 39 [95] mentioned above gave almost equal fluorescence enhancements
when sufficient quantities of K* or Rb™ were added, probably for a similar reason
as for 40. The relative rigidity of the cryptand moiety exacted a price. Only when
neither input species was present, the fluorescence was seen to be switched “off”
due to fast PET. Compound 41 [33] of the same PET design but without a
conformational switch as in 40, produced less unselective FE due to a charge
density effect.
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Gate 42 [97] is interesting because various transition metal ions serve to switch
“on” fluorescence by more-or-less same amounts. The surprise in this system [97,
98] is that transition metal ions were acting contrary to their normal behaviour.
Transition metal ions have a history of quenching fluorescence very efficiently by
several mechanisms: heavy atom effects, PET, electronic energy transfers and
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paramagnetic effects. The authors of 42 appear to have eliminated the possibility of
artefacts arising from protonation due to hydration shells of highly charged transi-
tion metal ions. Other OR logic gates such as 43 [99, 100] have come from the same
laboratory.
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6 NOR

Although a NOR logic gate is as legitimate as any of the other 15 double-input,
single-output logic gates, common computer literature represents it as a particu-
lar integration of NOT and OR gates (as its name and its symbol also suggest).
A physical integration requires additional molecule-molecule linking that throws
up obstacles towards molecular implementation. On the other hand, a functional
integration of NOT and OR logic gates would be sufficient to achieve this goal
without a physical connection of the two original gates. This idea can be
extended to the design of new switches that integrate a number of logic func-
tions within a single molecular structure [101] so that gates with more complex
logic would emerge.

In a fluorescent photoionic context we can argue as follows. A NOT logic gate
switches “off” fluorescence when an ionic species arrives. A two-input OR logic
gate unselectively switches “on” fluorescence when either of two ionic species
arrives. So a NOR logic gate switches “off” fluorescence when either of two ionic
species arrives. For example, using a “fluorophore-spacer-receptor’” motif consist-
ing of an anthracene fluorophore, a methylene spacer and a 2,2’-bipyridyl receptor
to bind either H' or Zn*", 44 [102] works as a NOR logic gate. When the 2,2’-
bipyridyl unit complexes either H™ or Zn*", it becomes more reducible due to its
cationic nature and increased planarity [103]. This reducibility allows a PET
process to occur from the anthracene fluorophore to the 2,2’-bipyridyl receptor to
quench the fluorescence emission. The non-selectivity of the input-induced fluorescence
response required for NOR logic gates is not as stringent as for OR logic gates
provided that the quenching is efficient enough.

The pyrene-based fluorescence of Fages® 45 [104] was switched “off” by Zn*".
H™ should give a similar result, thereby recognizing 45 as a NOR logic gate.
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45

Fluorescent crown-appended porphyrin-Zn(II) 29 [74], which was introduced in
the former section of AND gates, becomes a representative NOR gate when 29
itself is viewed as a logic gate. Application of Cgy-appended imidazole 30 (input,)
bound it to the Zn(II) centre of 29 and set off a PET process from the porphyrin-Zn
(II) unit to the Cgy moiety which switches the emission “off” [76]. Similarly,
treatment of 29 with Cgp-attached ammonium ion 31 (inputg) bound the latter to
the benzocrown ether of 29 and caused a PET process again [75]. The fluorescence
was quenched as a result. Addition of both inputs formed a ternary complex 29/30/
31 which was lumbered with two possible PET processes and no fluorescence was
seen again.

7 NAND

A NAND logic gate can be understood as an integration of NOT and AND gates
where the output of the AND gate becomes the input to a NOT gate. Nice molecular
examples are now available.

Iwata and Tanaka discussed 46 [105] in terms of an AND logic gate but now it is
interpretable as the first molecular NAND logic gate. The fluorescence of the
heteroaromatic unit was quenched only when Ba®" and SCN ™ ions were simulta-
neously present at suitably high concentrations. Since Ba>" is large in comparison
with the crown ether cavity, the ester carbonyl group probably co-ordinated as in
the lariat ethers [84]. The large residual charge was counteracted by the binding of
SCN™ to the captured Ba*" in an apical fashion. Only when electron rich SCN™ was
held near the fluorophore in this way did the fluorescence-quenching PET process
kick in.

As far back as 1984, Wolfbeis described the fluorescence quenching of dibenzo-
18-crown-6 ether 47 in the presence of K™ and 1™ [106] which can now be
understood to be NAND logic behaviour. It is likely that the oxidizable I is ion-
paired to the crown-bound K™ in much the same way as in the system involving 46,
Ba>" and SCN™.

Fabbrizzi’s 48 [107] first receives Zn>" into the tetraamine cavity and then an
anionic nitrobenzoate guest can be held by coordination of the benzoate to the
Zn*"’s free apical position. Provided Zn®" is present in the binding site, the
electron deficient nitrobenzoate engages in PET with the anthracene fluorophore
of 48 to switch the fluorescence “off”.
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8 INHIBIT

An INHIBIT logic gate is another type which can be viewed as an integration of
NOT and AND gates though in a different connectivity than seen with a NAND
logic gate. The NOT operation is only applied to inputg (Fig. 2). So the inputg is
really a disabling input that kills the output irrespective of the state of inputa,.

A three-input version of INHIBIT logic gates can be demonstrated with 49
[102]. The gate 49 uses Ca’" as input, to the amino acid receptor [108] to block
a PET process from this receptor to the triplet excited state of the bromonaphthalene
phosphor [109]. 49 also uses B-cyclodextrin as inputg which actually encapsulates
the phosphor [110, 111] to protect it from triplet-triplet annihilation which occurs
between the triplet excited state of bromonaphthalene and another copy of itself to
cause mutual de-excitation. It is important to note that B-cyclodextrin is transparent
to the exciting light. The disabling third input is O, which, due to its paramagne-
tism, wrecks the phosphorescence emitted from the bromonaphthalene phosphor
whether it is enveloped by B-cyclodextrin or not. Phosphorescence quenching is a
general disabling process [112—115]. Functional rather than physical integration
succeeds here too.

A newer gate 50 [116] replaces the Ca>" receptor within 49 with an aliphatic
amine unit which binds H*. The nitrogen atom in this amine unit serves as a PET
donor to the triplet excited state of the bromonaphthalene phosphor. Therefore this
is driven by H*, B-cyclodextrin and O, inputs where the last is the disabling input.

A two-input INHIBIT logic gate 51 [117] switches “on” fluorescence by H
but only as long as K* is absent. The 1,3-alternate calixcrown binds K* via
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ion-dipole and cation-r interactions [118]. The bound K™ electrostatically ejects
H" from the anilinium moiety (if it had been previously protonated), but is
apparently incapable of sufficient direct interaction with the lone pair of an
anilino nitrogen and so PET is re-established from the aniline unit to the anthra-
cene fluorophore.

Another gate is 52 [119] where PET unusually produces an observable charge
transfer (CT) emission when the N-oxide attaches onto H™ [120, 121]. In most
cases, PET causes only the loss of the characteristic emission of the fluorophore in a
locally excited (LE) state. However, in the present case, PET was arrested by
attaching K to the benzocrown ether and so the CT emission subsided as well.
K™ is therefore the disabling input of this INHIBIT gate. The fact that 52’s emission
could be observed from the CT or LE state, or even at intermediate wavelengths, is
notable and that it could receive H™ or Zn>" at the N-oxide oxygen centre, besides
receiving K* or Ba®t at the crown ether, is an added distinction. From another
viewpoint, 52 combines PET with an internal charge transfer (ICT) process since
the N-oxide is integrated into the fluorophore. Such combined switching mechan-
isms are rare, too [122].

Fluorescence output from 53 [123] is observed in the presence of Zn>" (or Cd*"
or Pd*™) and in the absence of excess H'. Such high H' level displaces Zn>" from
the bis(2-picolyl)amine receptor and the pyridinium groups so formed encourage
PET from the aminophthalimide fluorophore. In the absence of this problem, Zn**
blocks PET from the tertiary amine to the fluorophore, thus producing fluorescence
emission. So thisisa H, Zn>*-driven INHIBIT logic operation, with high levels of
H™ causing low output in all situations.

Rotaxane from 54 and 55 [124] and a related polymeric rotaxane have also been
converted into INHIBIT gates driven by H" and polar solvents as inputs.
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9 XOR

Though mathematicians give an XOR logic gate equal weight with another 15
two-input logic gates [125, 126], XOR logic gates have received more than
the usual amount of attention since these are an essential part of semiconductor
numeracy. The first XOR logic gate was produced by Balzani’s and Stoddart’s
teams. Pseudorotaxane 56/57 [127] was non-emissive owing to PET-type CT
processes. Either H' or BusN can dissociate the pseudorotaxane components by
binding with 56 or 57, respectively. The protonation of the crown ether oxygens
of 56 succeeded because of the poorly solvating organic medium. Overall,
bright fluorescence was observed from free 56 or protonated 56, both of which
happen to emit in the same wavelength range. Clearly the addition of 1:1 H' and
BusN, a case of acid-base neutralization, gave no change from the original non-
emissive situation. Thus the four rows of the XOR truth table (Fig. 2) were
reproduced.
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Matsui et al. have extended the nanosheet approach discussed in the section of
AND logic gates [89] to a XOR logic gate as well [128].

10 Half-Adder

The first expression of molecular numeracy was special because people become
(and remain) numerate via mysterious, but molecular, processes in their brains. An
electronic half-adder circuit has two inputs and two output channels which is the
basis of number processing in most electronic computers. Addition needs an AND
logic gate for the carry digit and an XOR logic gate for the sum digit (Fig. 2) [129, 130].

In order to demonstrate a first molecular version, we selected the inputs to be Ca**
and H, while the outputs were fluorescence quantum yield for the carry digit and
transmittance at 390 nm for the sum digit. 58 [60] is a PET-based AND logic gate
very much in the mould of the very first example of this kind [4] but when
combined in parallel with the compatible XOR logic gate 59 [60] we had molecu-
lar-scale arithmetic for the first time. Molecular arithmetic had been hampered
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because the available AND and XOR gate molecules were not compatible with each
other to permit their parallel operation. The truth table for the half-adder is indicated
in Fig. 2.

The mechanism of action of the XOR gate 59 does not involve PET but concerns a
push-pull system which has selective receptors at opposite terminals. The energy of
the ICT excited state of 59 is perturbed in opposite directions when each receptor is
blocked by its guest. So the absorption blue-shifts with Ca®" and red-shifts with H'.
When both guests are present, the shifts cancel and the status quo is regained.
Observation of the transmittance of 59 at 390 nm now gives the XOR logic operation.

The system with 58 and 59 is notable because the parallelism is attained by
deliberate mixing of gates. As shown in Fig. 2, the four rows for a half-adder show
binary addition of O (input,) and O (inputg) to give 00 (output), 0 and 1 to give 01, 1
and 0 to give 01, 1 and 1 to give 10. In the more common decimal numbering these
operations become the kindergarten classics: 0 +0=0; 0+ 1=1;14+0=1
and 1 4+ 1 = 2. This also establishes the ascending hierarchy of numbers 0, 1 and
2 from a molecular perspective — something we learned on our mothers’ knee.

An all-optical half-adder was demonstrated by Andreasson et al. [131]. They
employed 60 and 61 that use light at 1,064 and 532 nm as inputs to show both logic
types required for a half-adder. The absorption at 1,000 nm (AND logic) as well as
the fluorescence at 720 nm (XOR logic) were the outputs, making this system a nice
addition to molecular arithmetic. AND logic gate 60 is a triad consisting of a
porphyrin linked to a Cgq electron acceptor and a cyclophanediene photochrome.
XOR logic gate 61 is a molecular dyad containing a porphyrin but coupled to a
betaine photochrome instead.

How did the AND action arise? Since the two inputs were 1,064 nm and 532 nm
laser pulses, their simultaneous presence in an intervening third-harmonic generating
crystal produced 355 nm light via frequency mixing. The light at 355 nm was
absorbed by the cyclophanediene unit of 60 and it was converted to the dihydropyr-
ene via an electrocyclic ring closure to produce 62. When the central porphyrin unit
in 62 was excited by a read laser at 650 nm, PET occurred from it to the Cg unit.
Another thermal ET quickly followed from the dihydropyrene unit to the porphyrin
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radical cation. The resulting dihydropyrene radical cation spaced by the porphyrin
ground state from the Cgq radical anion lasted for microseconds. This long-lived
state’s absorbance at 1,000 nm was the output of the AND gate. Clearly, the laser
power was chosen so that the 1,064 nm pulse alone would not produce 355 nm light
within the third-harmonic generating crystal. The 532 nm pulse could not do this.

The starting state 60 could be recovered by 532-nm irradiation for absorption by
the dihydropyrene unit in 62 and electrocyclic ring opening. Of course, running
photochromic reactions in the presence of photoactive units of lower excited state
energy generally causes excitation energy transfer (EET) and efficiency losses
should be expected.

The XOR gate 61’s action arose as follows. The read laser elicited a low level of
fluorescence from the porphyrin unit since the betaine unit is a PET acceptor. In
addition, 1,064-nm illumination allowed thermal ring closure of the betaine unit to
the dihydroindolizine unit and produced 63. With the betaine unit gone, 63 has a
high level of fluorescence. And 532-nm illumination also produced the same result,
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but by photochemical ring closure. On the other hand, the two inputs of 1,032-nm
and 532-nm pulses mixed together in the third-harmonic generating crystal to
produce the 355 nm light caused photoisomerisation of the dihydroindolizine unit
to the betaine unit to give 61 again.

It is clear that the essential third-harmonic generating crystal brings in a bulk
material component to what is otherwise a molecular-scale experiment. However,
the all-optical nature of inputs, outputs and power supplies are to be applauded even
though quantitative input-output homogeneity was not achieved. A related case is
by Guo et al. [132] which involves PET too.

11 Half-Subtractor

Compound 64 [133] is an ICT fluorophore emitting at 660 nm in THF. The
dimethylamino unit in 64 is an electron pushing component in this push-pull
n-electron system. The addition of ~-BuO™ deprotonates the phenol group and the
emission is switched “off” due to PET across the virtual spacer. Upon addition of
H', 64 gives a blue-shifted emission at 565 nm due to protonation of the



24 A.P. de Silva and S. Uchiyama

dimethylamino unit and the subsequent reduced ICT nature of the n-system. When
equimolar +-BuO~ and H" are added (both inputs “1”), nothing happens due to
neutralization and the original fluorescence at 660 nm is preserved. If we choose
emission at 565 nm as the output, 64 corresponds to an INHIBIT logic gate with #-
BuO™ as the disabling input.

If we reconfigure 64 by choosing emission at 660 nm as the output, this
corresponds to an XNOR logic gate. The latter can be quickly converted to an
XOR logic gate by using a negative logic convention for the output signals, i.e. by
taking “high” output signals as logic state “0” and “low” signals as logic state “1”".

The H"-OH ™ annihilation method introduced by Balzani and Stoddart for
designing XOR logic gates [127] can also be applied to an equimolar mixture of
Cu®" and 65 [134] based on a “fluorophore-spacer-receptor” system. In this
instance, the absorbance at 255 nm drops seriously at pH 7 (where 65 exists as
the protonated form) but not when an equivalent of HY or OH ™ is added. Naturally,
when an equivalent each of H" and OH ™ is added, the pH value remains at 7 and the
absorbance at 255 nm remains low. This is the XOR gate component and suggests
aggregation of electroneutral complex (65),/Cu”" as an underlying mechanism in
these phenomena. Since 65 has a PET system with an amine donor, it is clear that
protonation prevents binding to Cu®" besides stopping PET and releasing fluores-
cence. In the presence of OH ™, Cu®" is precipitated as Cu(OH), and PET within the
freed 65 switches fluorescence “off”. At pH 7, the complex (65),/Cu”" is non-
fluorescent because of EET from the fluorophore to the Cu”" centre as well as PET.
Here is the INHIBIT gate component. Operation of the two gate components in
parallel results in the half-subtractor. Another example arises from a mixture of 66
[135] and Zn*" driven by inputs of H" and OH .

12 Conclusion

We hope that the evidence gathered in this review, though nowhere near compre-
hensive, is sufficient to indicate how far the fields of molecular logic and lumines-
cent sensing have come over the recent past. What will the near future bring? The
answer lies in the hands and minds of the new generation of sensor and logic gate
designers. If this review manages to attract a few bright people to swell the ranks of
that new generation, we can rest happy.
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Luminescent Chemical Sensing, Biosensing,
and Screening Using Upconverting
Nanoparticles

Daniela E. Achatz, Reham Ali, and Otto S. Wolfbeis

Abstract Upconverting nanoparticles (UCNPs) display the unique property of
converting near-infrared light (with wavelengths of typically 800—1,000 nm) into
visible luminescence. Following a short introduction into the mechanisms leading
to the effect, the main classes of materials used are discussed. We then review the
state of the art of using UCNPs: (1) to label biomolecules such as antibodies and
(synthetic) oligomers for use in affinity assay and flow assays; (2) to act as
nanolamps whose emission intensity is modulated by chemical indicators, thus
leading to a novel kind of chemical sensors; and (3), to act as donors in lumines-
cence resonance energy transfer in chemical sensors and biosensors.

Keywords Biosensor, Chemical sensor, Luminescence, Nanoparticles,
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1 Introduction

The term upconversion describes an effect [1] related to the emission of anti-
Stokes fluorescence in the visible spectral range following excitation of certain
(doped) luminophores in the near infrared (NIR). It mainly occurs with rare-earth
doped solids, but also with doped transition-metal systems and combinations of
both [2, 3], and relies on the sequential absorption of two or more NIR photons by
the dopants. Following its discovery [1] it has been extensively studied for bulk
materials both theoretically and in context with uses in solid-state lasers, infrared
quantum counters, lighting or displays, and physical sensors, for example [4, 5].
Substantial efforts also have been made to prepare nanoscale materials that show
more efficient upconversion emission. Meanwhile, numerous protocols are avail-
able for making nanoparticles, nanorods, nanoplates, and nanotubes. These
include thermal decomposition, co-precipitation, solvothermal synthesis, combus-
tion, and sol-gel processes [6], synthesis in liquid-solid-solutions [7, 8], and
ionothermal synthesis [9]. Nanocrystal materials include oxides of zirconium
and titanium, the fluorides, oxides, phosphates, oxysulfates, and oxyfluorides of
the trivalent lanthanides (Ln*"), and similar compounds that may additionally
contain alkaline earth ions. Wang and Liu [6] have recently reviewed the theory of
upconversion and the common materials and methods used.

The choice of the material is critical in terms of the color and intensity of the
emission. For example, upconverting nanoparticles (UCNPs) doped with Er’* emit
mainly green light (510-570 nm) and red light (630-680 nm), but the peak maxima
and relative intensities of the bands depend on the host lattice. The green emission
is dominant in fluoride-based lattices, while in oxide-based lattices it is the red
emission. Dopants such as Tm”" result in mainly blue upconversion fluorescence
(450-500 nm) that is accompanied by a weak red fluorescence in certain host
crystals. Lattices doped with Ho’ " also show a green and red luminescence that
is comparable to that of Er*".

NaYF, is the host lattice recognized to be one of the most efficient ones both for
bulk phosphors and nanocrystals [2]. The upconversion efficiency of colloidal
solutions of lanthanide-doped NaYF, is about eight orders of magnitude higher
than for lanthanide-doped phosphate nanocrystals, for example [10]. In addition,
the upconversion efficiency can be increased by a factor of up to 2.5 by coating
UCNPs with gold nanoparticles [11]. Coatings with silica [12, 13] or an undoped
shell of host lattice [14] were also found to be beneficial in terms of efficiency. One
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general drawback of nanosized upconversion materials is their decreased upconver-
sion efficiency when compared to the corresponding bulk (um-sized) materials.
This is due to the large surface-to-volume ratio of nanosized particles so that
dopants located near the surface of the particles are more easily quenched by
external perturbators [15, 16].

UCNPs (also termed upconversion nanophosphors; UNPs) have found appli-
cations in security and brand protection [17, 18], and in photodynamic therapy
[19, 20]. It was soon recognized that their outstanding features also make them
highly interesting for bioanalytical and biophysical studies. Since photoexcita-
tion of UCNPs occurs in the NIR, the background fluorescence that often
interferes in conventional fluorometry of biological samples is minimized, if
not zero. This results in high sensitivity and high contrast imaging. Emission
bands are narrow. This allows for a good signal separation and — conceivably —
multicolor labeling and multiple sensing. UCNPs do not suffer at all from
photobleaching. Their brightness usually is lower than that of quantum dots
but, unlike those, they do not blink [10], nor are they toxic which is important
with respect to in vivo applications. Finally, NIR light penetrates tissue much
deeper than more shortwave light, and the laser intensities usually applied
(0.1-1.0 W cw) do not substantially damage tissue.

Various kinds of surface chemistries for solubilization, functionalization, and
bioconjugation of UCNPs have been reported [6]. However, routine instrumenta-
tion for this technology is not readily available. Most fluorometers still need to be
adapted to NIR laser excitation, and respective microplate readers have not yet been
commercialized. However, instrumentation for fluorescence microscopy of UCNPs
has recently become available (www.leica.com).

Given these properties, it does not come as a surprise that UCNPs have also
found interest in terms of chemical sensing, biosensing, and screening. Sensitivity
is one important criterion in this context. Upconversion materials have the potential
for enormous improvement of today’s performance of optical sensors and assays for
the reasons outlined before. Their photostability enables long operational lifetimes
without fading. Readily available low-cost excitation sources will allow cost sav-
ings. Furthermore, there is a trend in sensing and screening towards multi-analyte
detection without the need for further separation steps. Various types of UCNPs are
known that have the same excitation wavelength (980 nm) but show well separated
and narrow band emissions depending on the type of dopant. Therefore, simulta-
neous detection of more than one analyte in a complex sample will become possible
using appropriate UCNPs.

This review focuses on methods of chemical sensing, biosensing, and screening
of chemical and biological analytes and parameters using UCNPs. It covers sensors
and assays based on upconversion nanomaterials with a size below 500 nm, but not
on technologies using bulk (e.g., micro-sized) phosphors. We first give an intro-
duction into the processes leading to upconversion emission in rare earth doped
solids, then review affinity-based assays, and finally cover general sensing schemes
of chemical sensors and biosensors based on UCNPs.
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2 The Process of (Photonic) Upconversion

There are three main processes causing upconversion emission in rare earth doped
materials, viz. excited state absorption (ESA), energy transfer upconversion (ETU),
and photon avalanche (PA) processes. All are based on the sequential absorption of
two or more photons. ESA occurs in one single ion that successively absorbs two
photons (Fig. 1a). The first absorption process occurs at the energetic ground state
(G) and is induced by a resonant photon (ground state absorption/GSA). It leads to
the population of the metastable and long-lived level E1. The second resonant
absorption promotes the ion from El to the higher level E2, from which the
emission corresponding to the transition E2 — G occurs. The principle of ETU is
similar, but energy transfer occurs between two adjacent ions (Fig. 1b). Each ion is
excited via GSA to its E1 level. Thereafter, the excited state energy is transferred
(by resonant energy transfer) to an adjacent one (also in the E1 state). The donor ion
relaxes to its ground state G while the acceptor ion is promoted to the excited state
E2. This is followed by an emissive transition E2 — G again. The third main
process (PA) is based on an unconventional mechanism that only occurs at certain
pump intensity. In the first step, weak non-resonant GSA occurs, followed by a
resonant ESA at one ion which thus is promoted to energy level E2 (Fig. 1c).
A cross-relaxation energy transfer to an adjacent ion in its ground state results in
both ions occupying E1. Further resonant ESA and cross-relaxation energy trans-
fers exponentially increase the population of E2 and therefore upconversion emis-
sion intensity.

The efficiency of upconversion of the three processes varies strongly. ESA
generates the weakest emission. PA is the most efficient process but depends on
the pump power and has a slow (up to several seconds) response to excitation due to
the number of ESA and cross relaxation looping cycles. ETU is independent of
pump power and occurs without delay after excitation.

Upconversion in single-doped host lattices is mainly accomplished by ESA
(Fig. 1a). Co-doping with a second lanthanide, a so-called sensitizer, can signifi-
cantly increase the upconversion efficiency by exploiting the more efficient ETU
process (Fig. 1b). Yb*" is a common sensitizer ion since it has a high absorption

a b c
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Fig. 1 Schematic representation of the three main types of processes causing upconversion in rare
earth doped materials: (a) excited state absorption; (b) energy transfer upconversion; (c¢) photon
avalanche. The dotted lines refer to photon excitation, dashed lines to non-radiative energy
transfer, and full arrows to emissive processes, respectively
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Fig. 2 Energy transfer and upconversion emission mechanisms in a NaYF, nanocrystal doped
with Yb**, Er**, and Tm®* doped under 980-nm excitation. The dashed-dotted, dotted, curly, and
full arrows refer to photon excitation, energy transfer, multi-photon relaxation, and upconversion
emission. The >5*'L; notation applied to label the f energy states represent the spin (S), orbital (L),
and angular (J) momentum quantum numbers according to the Russel-Saunders notation

cross-section and only one excited 4f state that is well resonant with the f—f transitions
of Er*", Tm*", or Ho** (called activators). Hence, Yb> " itself contributes no visible
emission to the overall spectrum. Figure 2 gives an example for the transitions
and energy transfers between Yb>" acting as the sensitizer, and Er’*/Tm>" as the
activators.

Multiple luminescence emissions and varying intensity ratios of single peaks are
obtained by varying the concentrations and combining more than two emissive
lanthanide ions in one host material. The corresponding colloidal solutions cover
the whole spectral range from the visible to the NIR as was demonstrated [21-23]
for NaYF,-based UCNPs (Fig. 3). Continuous efforts have been made to improve
the shape, size, and upconversion efficiency of UCNPs by exploiting various kinds
of host materials, dopant concentrations, dopant ratios, and coatings [13, 24, 25].

3 Upconverting Nanophosphors in Bioanalytical Assays

3.1 The Upconversion Phosphor Technology

The term upconversion phosphor technology (UPT) was introduced by Tanke et al.
[26] back in 1999. They used luminescent reporters [27] for the sensitive detection
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Fig. 3 Room temperature upconversion emission spectra of NaYF, nanocrystals doped with (a)
Yb/Er (18/2 mol %), (b) Yb/Tm (20/0.2 mol %), (¢) Yb/Er (25-60/2 mol %), and (d) Yb/Tm/Er
(20/0.2/0.2—-1.5 mol %) particles in ethanol solutions (10 mM). The spectra in (c¢) and (d) were
normalized to Er** (650-nm) and Tm>** (480-nm emissions), respectively. The photos on the
bottom show corresponding colloidal solutions of NaYF, nanoparticles doped with (e) Yb/Tm (20/
0.2 mol %), (f—j) Yb/Tm/Er (20/0.2/0.2-1.5 mol %), and (k-n) Yb/Er (18-60/2 mol %). The
samples were excited at 980-nm with a 600-mW diode laser [21]

of antigens in tissue sections and on cell membranes. The reporters consisted of
nanophosphors (lanthanide-doped yttrium oxysulfides, 200-400 nm in diameter)
first coated with silica, then amino-functionalized, and then surface-labeled with
avidin or antibodies. The resulting UCNPs have a core-shell structure and possess
surface functional groups that make them suitable for bioconjugations. In being
resistant to photobleaching and displaying unmatched contrast in biological speci-
mens, they are representing a powerful tool in detection technologies. The UPT
reporters were used in assays like in microarrays, lateral flow assays, and flow
cytometry as will be described in the following. Unlike in the biosensing schemes
described in Sect. 5, the UCNPs used in UPT act as labels only, but do not directly
interact with the (otherwise labeled) biomolecule, for example via FRET, LRET, or

the like.
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3.2 Upconversion Phosphor Technology Reporters in DNA
Microarrays

Nucleic acid microarrays are generally limited by low hybridization efficiency and
the moderate sensitivity provided by conventional luminescent labels. Van de Rijke
et al. [28] designed an experimental setup for the direct comparison of UPT and
the conventional fluorophore Cy5 (Fig. 4a). Microarrays were hybridized with
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Hybridization of Binding of Cy5-tagged Binding of bio-PEG-
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Fig. 4 (a) Schematic representation of the experiment designed to compare the detection sensi-
tivity provided by conventional Cy5 fluorescence (microarray laser scanner) and upconverting
phosphor particles (two-photon IR wide-field excitation for visible fluorescence). (b) Model low-
complexity microarray hybridization with biotinylated DNA detected with avidin-Cy5 and laser
scanning (right panel) and subsequent detection with bio-PEG UPT (left panel). Concentrations of
DNA solutions used for spotting are given next to the spots (500 to 0.25 ng/uL). Concentrations
along the left side refer to the first and third columns, whereas those on the right refer to the second
and fourth columns. Arrows indicate detection sensitivity. (¢) Complex cDNA microarray using
avidin-Cy5 (fop) and UPT (bottom) as reporter molecules, respectively; white lines indicate spots
of very low expression not detected against the background of reporter Cy5 but visible with
UPT [28]
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biotinylated target-DNA (step 1), and the biotin afterwards was detected with Cy5-
labeled avidin (step 2). Subsequently, the avidin was labeled with biotinylated
UCNPs (bio-PEG-UPT; step 3). A microarray fluorescence scanner was used to
detect the biotinylated target-DNA and avidin-Cy5 and a wide-field digital micro-
scope to detect the biotinylated UCNPs. In this low-complexity model system, the
UPT reporters showed a linear relationship between phosphor luminescence and
target concentration over two orders of magnitude. A comparison between the UPT
reporters and the label CyS5 resulted in an excellent correlation for variable target
concentrations. UPT turned out to give a fourfold lower limit of detection (Fig. 4b).
The same results were obtained with a complex microarray for hybridization of
mixtures of various cDNAs (Fig. 4c).

3.3 Upconversion Phosphor Technology in Lateral Flow Assays

Given the costs of the health care system, there is a major interest in low-cost assays
that are also rapid, highly sensitive, specific, reproducible, and based on affordable
instrumentation. Point-of-care and on-site testing are extremely promising in that
respect, not the least because it can be performed by rather unskilled personnel.
Lateral flow (LF) assays (“test strips”) meet these requirements and UPT has the
potential for enhanced sensitivity. Extensive research on UPT-LF bioassays was
performed in the groups of Tanke, Corstjens, and Niedbala and has resulted in
methods for the detection of several pathogenic microorganisms [29, 30], nucleic
acids [31-33], drugs of abuse [34], cytokines [35], and antibodies [34, 36]. Screening
is based on an UPT-LF assay either in a competitive format or as a sandwich-
hybridization assay. The LF platform typically consists of a sample pad, a nitrocellu-
lose membrane, and an absorbent pad. The nitrocellulose membrane provides one or
more test lines for target capture, depending on whether one analyte is detected or a
multiplex test is performed. These test lines contain antibodies specific to the target
analyte of interest that is adsorbed onto the membrane. If the analyte is present in the
sample it will be captured and subsequently labeled by UPT reporters (phosphor
reagent) at this position. At least one additional control line captures any free UPT
reporter in order to confirm correct performance. An exemplary format is schemati-
cally shown in Fig. 5.

These test strips were employed for the detection of human papilloma virus
(amongst others) [32]. Haptenized DNA molecules (PCR amplicons from DNA
samples of cervix carcinomas) were immuno-labeled with UCNPs. Subsequently,
an LF assay was performed that resulted in a 100-fold improved sensitivity com-
pared to established assays using gold nanoparticles. Improved sensitivity
for amplified nucleic acid targets compared to immuno-gold and Cy5 detection-
systems was also found in tests for Vibrio cholerae where attomole quantities of
DNA could be detected [37].

The results indicate that UPT-based LF assays for nucleic acids are also possible
without amplification. This is advantageous since amplification may lead to artifacts
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Fig. 5 Typical platform for an affinity-based UPT-LF assay consisting of a sample absorbent pad,
a nitrocellulose membrane providing one or more test lines, and at least one control line, and an
absorbent pad [34]

which in turn can lead to false positives. Moreover, complex equipment and expen-
sive enzymes are needed. Zuiderwijk et al. [31] demonstrated this amplification-free
method to be applicable to the detection of Streptococcus pneumoniae with less than
1 ng of genomic DNA. This is equivalent to the quantity of DNA extracted from 10
to 10° bacterial cells. Further work by Hampl et al. [38] demonstrated the potential of
UPT for the detection of the pregnancy hormone human chorionic gonodotrophin
(hCQG). Li et al. [39] used UPT in an LF assay for the detection of hepatitis B surface
antibody in standard positive sera and clinical sera. Again, distinctly higher sensitiv-
ities were obtained compared to conventional reporter systems.

Multiplex detection using UPT was performed by Corstjens et al. [36] for the
simultaneous detection of human antibodies against human immunodeficiency
virus, Myobacterium tuberculosis and hepatitis C virus by using different anti-
bodies adsorbed on adjacent test lines and one type of UCNPs. Hampl et al.
[38] used two different types of particles (a thulium oxysulfide phosphor with
blue emission and an erbium oxysulfide phosphor with green emission, both
after being excited at 980 nm) for simultaneous detection of mouse IgG and
ovalbumin.

An important step towards point-of-care and on-site monitoring using UPT-LF
assays was accomplished [40] by the development of a portable UPT reader (called
Uplink) for scanning LF strips. Originally developed for on-site testing of drugs of
abuse in oral samples [41], the LF strip is integrated in a disposable plastic cassette,
a self-contained immunoassay device that subsequently is inserted into the Uplink
reader. A bar code scanner identifies the unique assay associated with each cassette.
Cooper et al. [42] developed a similar (and battery-operated) handheld biosensor
that reads LF assays primarily to detect biological warfare agents. Additionally, a
rapid two-dimensional optical scanner for imaging and quantification of UPT repor-
ters was presented [43] that was also used to perform a microfluidic chip immunoassay
for the cytokine y-interferon.
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3.4 Upconversion Phosphor Technology in Flow Cytometry

Cooper et al. [42] also developed flow cytometric assays based on UPT for the
detection of proteins (mouse IgG, ovalbumin), viruses (MS2 coliphage), bacterial
cells (Erwinia herbicola), and spores (Bacillus anthracis). They used polystyrene or
magnetic beads to capture the target of interest in a sandwich assay format and an
antibody-functionalized UPT reporter for detection. Alternatively, detection was
performed indirectly by first detecting the target with a biotinylated antibody
followed by neutravidin-coated UCNP. Assay sensitivities of about 250 pg/mL
were demonstrated for mouse IgG, and multiplexing was shown to work by using
latex beads labeled with different lanthanides and thus having different emission
colors.

4 Upconverting Nanophosphors in Chemical Sensors

The assays described so far utilize UCNPs simply as labels but they can also be used
for sensing chemical and biological parameters or analytes. According to [44],
chemical sensors “are miniaturized analytical devices that can deliver real-time and
on-line information on the presence of specific compounds or ions in complex
samples.” Similar definitions do exist for biosensors [45]. There are additional
definitions for sensors that also include more specific details like handiness, small
size, operational and storage stability. One common criterion is the option of
performing continuous and reversible measurements. However, this requirement
is not always fulfilled, particular in the case of biosensors where binding constants
are very high [46, 47].

The upconversion effect of lanthanide-doped materials is not directly related to
any chemical property of a system that can be of (bio-)analytical interest except for
temperature. Therefore, in order to be useful in a chemical recognition process (the
fundamental process in chemical sensing), UCNPs have to be used in combination
with suitable recognition elements. These can be crown ethers or indicator dyes, for
example. The recognition element of a biosensor may consist of an enzyme, an
antibody, a polynucleotide, or even living cells. Next, the process of (bio)chemical
recognition has to be transduced into a signal given by the UCNPs. In the following,
UCNP-based sensing schemes are presented along with examples to demonstrate
their feasibility.

4.1 Sensors for pH, Carbon Dioxide, and Ammonia

One simple way to modulate the intensity of the emission(s) of UCNPs is to link them
to classical indicator chemistry (such as for pH, ions) or chromogenic reactions.
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One basic requirement is an overlap of the emission of the UCNPs and the absor-
bance of the indicator probe that need not be fluorescent. Its absorbance has to change
with the concentration of the analyte of interest. A color change results in a stronger
or weaker quenching (absorption) of the upconversion emission depending on the
actual maximum of absorbance of the indicator.

The first sensor of that kind was presented by Sun et al. [48] who reported on a
pH sensor based on the upconversion luminescence of NaYF,:Yb,Er nanorods (see
inset Fig. 6b) that were embedded in a matrix of hydrogel along with the longwave
absorbing pH probe (bromothymol blue; BTB) that causes a pH dependent inner
filter effect (Fig. 6a). The emission spectrum of the nanorods at NIR excitation and
the pH dependent absorption spectrum of BTB for three pH values are shown in
Fig. 6b.

The absorbance spectra partially overlap the visible emissions of the nanocrys-
tals. BTB is not fluorescent by itself and its color changes from yellow at pH values
of <5 via green (pH 6-7) to blue at pHs above 9. Depending on whether BTB is
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Fig. 6 (a) Schematic representation of the sensing scheme of the pH sensor using UCNPs based on
an inner filter effect. The nanocrystals are excited in the NIR giving an emission in the visible
spectral range. Dye molecules in the surrounding of the nanocrystal that are changing their
characteristic absorbance in presence of an analyte have a filtering effect on the upconversion
luminescence depending on the concentration of the analyte. (b) Absorption spectra of BTB in
aqueous solutions of pH 5, 7, and 9, respectively (a, b, ¢); and luminescence emission (red and
green) of the nanorods in cyclohexane solution following photo-excitation with a 980-nm laser.
The inset shows a TEM image of the nanorods used. (¢) Upconversion luminescence spectra of the
sensor film as a function of pH upon diode laser excitation at 980-nm [48]
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present in its blue base form or in its yellow acidic form, the dye either exerts a strong
or an insignificant inner filter effect on both the red and green emission of the
UCNPs. The upconversion luminescence spectra of the sensor film at different pH
values are shown in Fig. 6¢, demonstrating the applicability of the system as pH
sensor. The sensor membrane responds to pH values between 6 and 10 with a
response time of less than 30 s and is fully reversibly. Sensors for pH and other
species that operate in the longwave part of the visible spectrum [49] offer consider-
able advantages over sensors using shortwave wavelengths (i.e., below 450 nm)
where the fluorescence of biological matter such as serum [50] is particularly strong.

The method for sensing pH can be extended to sense (dissolved) acidic gases
such as carbon dioxide or (dissolved) ammonia. Usually, the sensor material in such
sensors is composed of a gas-permeable but proton-impermeable polymer to make
sensors insensitive to external pH values. Depending on whether acidic or basic
gases are to be sensed, indicators of appropriate pK, value need to be found. Ali
et al. [51] have embedded NaYF,:Yb,Er nanoparticles along with the pH probe
BTB in a matrix of polystyrene. Polystyrene was used as matrix since it is
impermeable to protons but highly permeable to carbon dioxide. The organic
base tetraoctylammonium hydroxide was added in order to convert BTB into its
blue (anionic) form. Under pure argon atmosphere, the green and red emission of
the UCNPs is filtered off by the blue form of BTB (left part of Fig. 6a). If exposed to
carbon dioxide, the pH value inside the film is lowered and the indicator dye turns
yellow. As a result, the inner filter effect is strongly diminished (right part of
Fig. 6a) which results in an increased emission of the UCNPs. The film is capable
of continuous sensing of carbon dioxide in the range of 0-3% (Fig. 7). Its limit of
detection is small enough to detect carbon dioxide in air (Fig. 7).

Mader et al. [52] have developed a similar method to sense ammonia. UCNPs of
the type NaYF,:Yb,Er along with the pH probe Phenol Red (PR) were placed in a
polystyrene film to obtain a sensor film responsive to dissolved and gaseous
ammonia. It is also based on an inner filter effect on the luminescence of the
UCNPs. The pH probe used has a lower pK, value (to better match the requirements
of a sensor for ammonia). Its color changes from yellow at pH < 5 to pink at
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Fig. 8 Upconversion luminescence spectra of the ammonia sensor film at various concentrations
of dissolved ammonia. Excitation wavelength 980 nm; spectra are normalized to the peak at
655 nm [52]

pH > 8. The pink (base) form strongly overlaps the green emission of the UCNPs
and causes an inner filter effect and decreased green emission at pH > 6 (Fig. 8).
Unlike the sensor for carbon dioxide (see above), the second band of this sensor (at
around 660 nm) is not affected by the indicator dye so that it can serve as a reference
band and thus enable referenced (i.e., more robust) sensing.

Dissolved ammonia (1-20 nM) can penetrate the polystyrene matrix and thus
causes an increase of the local pH so that the color of the indicator changes from
yellow to pink. Hence, the green emission decreases with increasing ammonia
concentration which is shown in Fig. 8. The red emission of the UCNPs may
serve as an internal reference signal for ratiometric measurements because it is
not affected by ammonia. Ratiometric sensing makes measurements independent of
inhomogeneities in the sensor membrane and fluctuations of the excitation source.

The sensing schemes described in this section may also be used for sensing other
analytes that cause a change in pH. The preparation of nanosensors also is conceiv-
able by coating single UCNPs with respective sensor chemistry.

4.2 Sensors for Oxygen

Sensing oxygen is extremely important given the significance of this species in
physiology, clinical diagnosis, marine (and environmental) research, and clinical
technology. Oxygen exerts a quenching effect on many fluorophores [44], and this
forms the basis for numerous respective sensing schemes [53]. Oxygen sensors are
also widely used in enzyme-based biosensors [54] and in biotechnology [55]. The
emission of UCNPs is not affected by oxygen although the emission of certain
transition metal complexes is known to be effectively quenched by oxygen. Recently
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Fig. 9 Sensing oxygen via the quenching of the luminescence of a luminescent probe that is
photoexcited by UCNPs. The spectra show the emission spectra of a sensor film (made from ethyl
cellulose) containing the upconverting nanoparticles (UCNPs) of the type NaYF,:Yb,Tm and the
oxygen probe Ir(Cg),(acac) following photoexcitation at 980 nm with a diode laser. (a) Spectrum
under nitrogen; (b) spectrum under air; (c) spectrum under oxygen. The green emission of the
oxygen probe peaks at 567 nm. erbium!

[65], a method was developed that makes use of UCNPs and an iridium(III) complex
both embedded in a thin film of ethyl cellulose (a highly gas-permeable polymer). A
sensor foil was prepared where the visible blue emission of NaYF,:Yb,Tm nanopar-
ticles contained in the foil acts as the light source for photoexciting a quenchable
iridium(III) complex that absorbs blue light [56].

Two mechanisms are conceivable. The first is a luminescence resonance energy
transfer (LRET) from the UCNPs to nearby molecules of the iridium (or other) probe
for oxygen. Alternatively (or in addition), the UCNPs may act as nanolamps whose
blue emission leads to the photoexcitation of the iridium complex. The applicability
and full reversibility was demonstrated on alternately exposing the sensor film to
argon and oxygen, which resulted in a fully reversible increase and decrease of the
emission of the iridium(IIT) complex, respectively, as shown in Fig. 9

5 Biosensors

5.1 Biosensors for Oligonucleotides

In the sensors described in this section, the UCNPs not only act as labels to render a
system fluorescent (as in Sect. 3). Rather, their emission is modulated as a result of
the biochemical recognition process, for example due to more or less efficient
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LRET. Zhang et al. [57] have presented a simple and versatile design for a
nucleotide sensor based on a sandwich-type hybridization format shown in
Fig. 10a. Two short oligonucleotides with designed sequences were used to
capture a longer target nucleotide. One of the short sequences was labeled with
green emitting NaYF,:Yb,Er nanoparticles, and the other one with the common
fluorescent label TAMRA. The excitation spectrum of the latter overlaps the
green emission of the UCNPs, and this led to efficient LRET between the
UCNPs and the fluorophore. Conjugation of the UCNPs to the nucleic acid
sequence was accomplished by coating the nanocrystals with a silica shell that
was further functionalized with amino groups allowing for common conjugation
chemistry. The viability of the detection scheme was proven by measuring the
emission of the fluorophore in presence of a 26-base target oligonucleotide
following NIR-excitation of the UCNPs. A detection limit of 1.3 nM was
achieved for the perfectly matched target DNA, and also single-nucleotide mis-
matches could be discriminated.

UCNPs

|

—>

LRET
Upconversion

Fig. 10 Schematic of a oligonucleotide sensor design based on a sandwich-type-hybridization
using an LRET between UCNPs and a second label [57]

This scheme was recently applied to the detection of point mutation associated
with sickle cell disease [58]. The detection limit for the perfectly matched target
was found to be 0.6 nM. The same group also demonstrated an even simpler
detection scheme with a simpler capturing probe and making use of an intercalator
[59] rather than of a labeled second capture probe. The method is schematically
shown in Fig. 11. In essence, the capture probe is labeled with a UCNP. On addition
of the target probe and an intercalator, a duplex will be formed where the inter-
calating dye comes into close (though varying) proximity to the UCNP. As a result,
LRET (of varying efficiency due to its inverse sixth power dependence) can occur
which serves as the analytical information. The detection limit for this sensor
format is 0.1 nM, and single-mismatches are detectable.



44 D.E. Achatz et al.

Oligo target
m .
--
Intercalator LRET
UCNPs NIR laser |
coated with silica >

Fig. 11 Schematic of the oligonucleotide sensor design based on one UCNP-labeled capturing
probe using an LRET between UCNPs and an intercalating dye

The group of Soukka et al. [60] utilized the dual (green and red) emission of
NaYF,:YDb,Er in a sandwich-type hybridization for the simultaneous detection of
two different target oligonucleotides, a B-actin sequence and an HLA-B27 sequence
(both 32-mers). The corresponding capture sequences were immobilized on the red/
green emitting UCNPs. Corresponding capture sequences were labeled with Alexa
fluorophores overlapping the emission of the nanoparticles. This enables an LRET
upon sandwich hybridization of the target with the capture and the probe sequence
(Fig. 10). The multiplexed assay enabled a limit of detection of a quantity as small
as 28 fmol (which is equal to a concentration of 0.35 nM) for both target sequences.

5.2 Biosensors for Proteins, Ligand-Receptor Interactions,
and Enzyme Activities

The group of Wang et al. [61] exploited the LRET between UCNPs and gold
nanoparticles to detect goat antihuman immunoglobulin (IgG). UCNPs of the
type NaYF,:Yb,Er and gold nanoparticles were conjugated respectively to human
IgG and rabbit antigoat IgG. This resulted in formation of an LRET system when
goat antihuman IgG was added (Fig. 12a). The quenching (absorption) of the NIR-
excited fluorescence of the UCNPs (Fig. 12b) by the gold nanoparticles was found
to be linearly correlated to the concentration of the goat antihuman IgG. The
detection limit is quite low (0.88 pg/mL), thus making the method applicable to
trace detection of protein.

Previously, the same group developed another LRET system using gold and
UCNPs on the basis of the binding of avidin and biotin [62]. Both UCNPs and gold
nanoparticles were conjugated to biotin. This resulted in quenching of the green
upconversion emission in the presence of avidin caused by the close proximity of
the two biotinylated species.
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Fig. 12 (a) Schematic Illustration for the LRET process between NaYF4:Yb,Er UCNPs (donor)
and gold nanoparticles (acceptor). (b) Upconversion fluorescence spectra of the LRET system at
various concentrations of goat antihuman IgG and the relationship between the concentration of
goat antihuman IgG and the upconversion fluorescence intensity at 542 nm [61]
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Fig. 13 Left: Schematic representation of the binding of biotinylated gold nanoparticles to
avidinylated upconverting nanoparticles (UCNP-Av). On binding, the green emission of the
UCNPs at 545 nm is absorbed by the pink biotinylated gold nanoparticles (Au-NPs-Bt). The red
emission of the UCNPs at ~660 nm, in contrast, is not absorbed and may serve as a reference
signal. Photographs: (a) colorless suspension of UCNP under visible light; (b) UCNPs with green
luminescence following 980-nm laser excitation; (c¢) red Au-NPs under visible light. Right:
Luminescence of the UCNPs (photo-excited at 980 nm) after addition of varying concentrations
of biotinylated gold nanoparticles [62]

Saleh et al. [66] used a similar approach. Direct binding of avidin to biotin was
optically detected by using (1) UCNPs that carry avidin on their surface and (2)
biotinylated gold nanoparticles. The spectral overlap between the green upconver-
sion emission and the absorption of the red gold nanoparticles results in a quench-
ing of the UCNP fluorescence upon avidin—biotin interaction (Fig. 13b).

The group of Soukka et al. also demonstrated a UCNP-based method for the
quantification of enzyme activities. The activity of benzonase endonuclease as
model enzyme was determined in a quenching-based format employing UCNPs
[63]. In common sensing formats without UCNPs, an oligonucleotide is labeled
with both a fluorophore and a quencher, i.e., a donor and an acceptor that undergo
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Fig. 14 Principle of the homogeneous enzyme-activity assay based on an internally quenched
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LRET because they are in close proximity (Fig. 14a). The enzyme cleaves the
substrate. LRET is interrupted as a result and leads to the recovery of the fluores-
cence of the donor fluorophore. The background luminescence from biomatter is
one major drawback of this method and reduces sensitivity.

In order to overcome this, Soukka et al. employed UCNPs in a sensor format
based on sequential LRET: UCNPs, excited in the NIR, transfer their visible
upconversion luminescence to a fluorophore which acts as the donor in a conven-
tional FRET with another acceptor fluorophore (Fig. 14b). In the system tested
(benzonase endonuclease), an activity of 0.01 U was detectable, which is superior
to the conventional fluorescence-based system.

6 Conclusions

This review shows that UCNPs have substantial merits and unique features in
terms of chemical sensing, biosensing, and screening. The choice of the nano-
particles, the proper adjustment of spectra, size, and surface chemistry are critical.
UCNPs can be used (1) as labels to render a (bio)molecule luminescent; (2) to
report interactions over short distances (e.g., via resonance energy transfer
between two labels), or (3) to convert indicator chemistry into a new kind of
chemical sensing schemes as exemplified in sensors for pH and oxygen.
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Current activities and needs include optimization of UCNPs and their surface,
and a better control of their size. Large (>100 nm) particles can be disadvantageous
in terms of sensitivity, kinetics, and dynamic range [37, 64]. Standardized protocols
for reproducible preparation, coating, and functionalization of UCNPs are badly
missing. Compromises will have to be made since upconversion efficiency
decreases with the size of the nanophosphors. If current limitations can be over-
come, techniques based on upconversion luminescence will represent a highly
attractive alternative to existing optical methods and may set new standards not
only in bioanalytical sensing but also in imaging, microscopy, and high-throughput-
screening.
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Abstract The amplification of luminescence signals is often the key to sensitive and
powerful detection protocols. Besides optimized fluorescent probes and labels, func-
tionalized nano- and microparticles have received strongly increasing attention in this
context during the past decade. This contribution introduces the main signalling
concepts for particle-based amplification strategies and stresses, especially the
important role that metal and semiconductor nanoparticles play in this field. Besides
resonance energy transfer, metal-enhanced emission and the catalytic generation of
luminescence, the impact of multi-chromophoric objects such as dye nanocrystals,
dendrimers, conjugated polymers or mesoporous hybrid materials is assessed. The
representative examples discussed cover a broad range of analytes from metal ions
and small organic molecules to oligonucleotides and enzyme activity.
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1 Introduction

Fluorescence spectroscopy is becoming an ever more valuable and popular tool in
analytical and bioanalytical chemistry [1-3]. Its outstanding sensitivity and versa-
tility as well as the fact that fluorescence inherently allows the exploitation of
several different parameters all contribute to this ongoing success. Luminescence
measurements provide information on the spectral, intensity, lifetime and polariza-
tion features of the fluorescing species. It is a non-destructive and non-invasive
technique and when adequate fluorophores and equipment are employed it allows
the measurement against a zero-background. Today, under the influence of modern
analytical trends for miniaturized detection protocols, whether in combination with
laboratory-based and sophisticated instrumentation for high-throughput analysis
and screening in clinical diagnostics or pharmaceutical screening or for implemen-
tation into mobile, handheld devices in point-of-care-testing or homeland security
applications, fluorescent probe or sensor systems have to become more and more
powerful [4—7]. The detection volume or the active area or spot sampled in such
miniaturized protocols is often much smaller than in conventional fluorescence
applications so that the amount of luminescence generated by a single probe should
be as high as possible. To go beyond the signal provided by a single fluorescent tag
such as for instance a single Cy3 or FITC (fluorescein isothiocyanate) molecule, the
development of fluorescence amplification strategies has received increasing atten-
tion. However, the amplification features of single fluorophore molecules are
intrinsically limited. Even if the fluorophore’s photoluminescence quantum yield
(PLQY) amounts to 1, absorption of a single photon can only generate a single
emitted photon. For fluorescent molecules as tags or labels, this limit cannot be
surpassed. For fluorescent indicators or probes which indicate a certain target
species by a specific change in fluorescence, strong signals are commonly only
achieved when the PLQY of bound and unbound form differ as much as possible,
i.e. when analyte-binding leads to a “switching on” of the fluorescence [8]. During
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the last decade, several strategies have thus been proposed and realized to
generate amplified fluorescence signals, many of them relying on nano- or micro-
particulate or -structured objects, surfaces of interfaces. These concepts range
from the improvement of the signal-to-noise ratio over the suppression of unspe-
cific signals and the collective response of more than one fluorophore unit on the
binding event to the catalytic production of fluorophores and the direct amplifica-
tion of photophysical processes. The present contribution will give an overview of
the most prominent approaches and will highlight representative examples in this
exciting area of research. (Bio)molecular amplification techniques that are very
powerful yet only lead to an increased signal by the catalytic amplification of an
analyte, which is then conventionally treated, like the polymerase chain reaction
(PCR), will not be covered here [9]. In addition, the discussion of enzymatic
approaches like the rolling-circle amplification (RCA) would also go beyond the
scope of the present chapter [9]. For a more general introduction of signal
amplification involving molecular indicators and detection schemes, the reader
is referred to [10].

2 Resonance Energy Transfer

The first section deals with a concept that is in most cases not a true amplification
strategy in the sense that one analyte as input generates an output from a larger
number of fluorophores, but the advantageous features here are based on the
uniqueness of the signalling system. The latter involves two chromophores and a
distance-dependent process and enables one to separate the excitation wavelength
significantly from the emission spectrum, creating a system with a very large
pseudo-Stokes shift. The concept is called resonance energy transfer or RET and
the mechanism can be rationalized as follows. After photo-excitation, the energy
absorbed by a molecule (the RET donor, Dgrgt) can be transferred over a certain
distance to another molecule (the RET acceptor, Aggr) through resonance energy
transfer. In the ideal case, exclusive donor excitation thus leads to exclusive
acceptor emission. The pronounced pseudo-Stokes shift which is especially impor-
tant for experimental reasons such as the suppression of scattering and background
signals is based on the fact that the experimentally relevant spectra are the absorp-
tion spectrum of the donor and the emission spectrum of the acceptor (1), while the
mechanistically important spectra create the spectral overlap necessary for RET
(Fig. 1) [11].

1 1
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Resonance energy transfer can occur when the emission spectrum of the donor
overlaps to a sufficient degree with the absorption spectrum of the acceptor (Fig. 1)
and when the distance between the excited donor and the acceptor in the ground
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Fig. 1 Spectral characteristics of a RET system. The highlighted area corresponds to the mecha-
nistically important overlap between emission spectrum of the donor and absorption spectrum of
the acceptor. (Reprinted with permission from [11]. Copyright 2009 Springer)

state lies between 1-10 nm. In addition, it is important to keep in mind that the
energy is transferred through a non-radiative process and that no fluorescence (of
the donor) is involved. Nowadays, RET is a widely used and popular approach in
several areas of analytical, life and materials sciences [12].

According to Forster’s theory [13], the efficiency of the resonance energy
transfer (Egrgr) is inversely proportional to the sixth-power of the distance (r)
between donor and acceptor (2). In (2), Ry is the so-called Forster distance at
which the transfer efficiency is 50%. Forster RET is therefore a very sensitive
process and can transduce small conformational changes into large intensity mod-
ulations. R is characteristic for a particular donor—acceptor pair and depends on the
overlap integral J between Drgt emission and Argt absorption, the PLQY of Dggr
in its unperturbed state @, and the mutual orientation of the two partners expressed
as geometry factor «* which equals 2/3 for random orientation of the partners (3).
For a more detailed discussion of the mechanistics of RET, the reader is referred to
the literature [12].

R§
E = . 2
RET RS + o (2)
2dpJ
Ro® = 8875 x 1025 with = / Fo(A)ea(2)74di. 3)

Depending on the donor chosen, RET systems can be divided into fluorescence
resonance energy transfer (FRET) systems for which the donor is a fluorescent
molecule, nanocrystal or an object such as a dye-doped particle, bioluminescence
resonance energy transfer (BRET) systems for which the donor is a bioluminescent
molecule and chemiluminescence RET (CRET) systems, the chemical equivalent
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of BRET, for which the donor is a chemiluminescent molecule, respectively [14].l
Whereas FRET is unique in generating a fluorescence signal after photo-excitation
of the donor, BRET and CRET measurements do not require an external light
source and do not have to account for autofluorescence background signals because
excitation occurs through a chemical reaction. Besides a zero-background, the main
importance of BRET and CRET is that photo-damaging, especially of biological
samples, is avoided. A comparison of FRET and BRET is summarized in Fig. 2 and
the different advantages and disadvantages of the two strategies are discussed for
instance in [15, 16].

RET in conjunction with nano- or microparticles can be principally divided into
three different categories. First, dye-doped particles can be used as RET partner,
usually as Drgt, and mostly a dye attached to the target analyte serves as the RET
acceptor. The particles employed here are mainly polymer and silica particles and
their size commonly lies between 20 nm and 2 pm. Moreover, this approach can be
further divided into three strategies.

In the prevalent case, the particles are doped with a high amount of one
particular dye (Fig. 3a). The main advantage is that such particles are generally
highly fluorescent and, because of the large number of dyes incorporated, possess a
statistical advantage of yielding a FRET signal once an adequately labelled target is
bound (or a labelled probe is displaced). In addition, the incorporation of many dyes
into a single particle and the equipment of the particle’s surface with many binding
sites allow the detection of many analytes on a single particle [17]. The second
strategy uses the favourable features of RET as a tuning element, i.e. for the tuning
of the pseudo-Stokes shift. Several dyes with matched absorption and emission
bands are integrated into a single particle, creating one or more “tandem” FRET
pairs within the particle (Fig. 3b). If properly tailored, such a cascade of dyes allows
for efficient excitation energy transfer — efficiencies of >90% can be reached — and
can yield pseudo-Stokes shifts of >200 nm [18], potentially shifting the emission
bands far into the “biological window”, i.e. into the spectral range of 650-900 nm
[19]. However, up to now, such particles have been mainly used for bar-coding and
multiplexing applications, allowing the tracking and identification of certain
particles or analytes [20, 21]. A combination of such FRET-tandem dye-doped
particles, for instance as Dggr partner in a classical FRET assay with a conven-
tional dye as ArgT, has not yet been realized (for one of the few examples of

" The IUPAC-approved term for FRET is Forster RET [14]. ‘Fluorescence resonance energy
transfer’ is commented on as the: Term frequently and inappropriately applied to resonance
energy transfer in the sense of Forster-resonance energy transfer (FRET), which does not involve
the emission of radiation. In contrast, the literature uses both terms Forster RET and fluorescence
RET with the latter even dominating in the biochemical and bioanalytical communities. Despite
the correct classification by the IUPAC, the scientist is in a dilemma when trying to distinguish
between FRET, BRET and CRET, all Forster-type processes which differ only in the properties of
the donor. Interestingly, BRET and CRET are not included in the IUPAC Photochemistry
Commission’s recommendations. In the present case, it seems more appropriate for us to use
FRET for a RET involving a potentially fluorescent donor and BRET (CRET) for a RET involving
a potentially bioluminescent (chemiluminescent) donor here.
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Fig. 3 Three different RET approaches involving polymer or silica particles as described in the
text. (a) Particles doped with a large amount of a single dye for multiple FRET detection on a
single particle; common case: excitation in the visible yields strong visible emission and red-
visible FRET signals. (b) Particles with different receptors are doped with different ratios of
FRET-tandem dyes yielding different emission colours for bar-coding or multiplexed detection;
common case: excitation in the visible yields different emission colours in the red-visible and near
infrared (NIR) range. (c¢) Particles doped with a rare earth—antenna ligand complex for multiple
FRET detection on a single particle; common case: excitation in the UV yields strong red-visible
emission through intra-complex energy transfer (not indicated in the sketch) and NIR FRET
signals

FRET-tandems in a FRET assay, see Sect. 2.3 below). In a step further, the third
strategy relies on rare earth emitters as Drgt. Because of the formally forbidden
f—f transitions which are involved in rare earth luminescence and which possess
only very low absorption coefficients, emitters such as Eu** or Tb>* are usually
complexed with an organic ligand which shows a sizeable absorption in the
UV/vis region and is able to efficiently transfer its energy to the metal ion, i.e.
to sensitize it. In the case of Eu’*, for instance, such antenna ligands usually
absorb in the 300-400 nm range while the strongest emission line of Eu®" is found
at 614 nm [22]. The ensemble antenna—rare earth cation thus intrinsically shows
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the same features as the (multi-)tandem dye systems in the previous approach, i.e.
pronounced pseudo-Stokes shifts, and can be doped into particles used as Dgrgr in
a classical FRET approach (Fig. 3c). However, since the decay of the rare earth
luminescence is quite slow, on the micro- to millisecond timescale again due to
the f—f transitions involved, employment of particles doped with rare earth
antenna chelates makes time-gated detection possible. Observation of the lumi-
nescence signal at a strongly pseudo-Stokes shifted wavelength with a time delay
of several microseconds suppresses any background or autofluorescence signals
most efficiently. Ultrasensitive assays can thus emerge [23].

The second category of particle-based RET systems utilizes inorganic particles
such as gold nanoparticles (AuNPs), quantum dots (or semiconductor nanocrystals,
QDs) or so-called up-conversion phosphor nanoparticles (or nanophosphors, UCPs)
as one (or both) of the RET partners. These inorganic species are employed because
of their unique and partly very favourable optical properties. AuNPs mainly
function as efficient RET quenchers, QDs are basically employed as Dgrgr with
high molar absorption coefficients and possible broad-band excitation and UCPs
are particularly interesting because they can be excited with near infrared (NIR)
light, show high PLQYs and very good chemical and photostability. Examples of
these systems will be discussed in detail in the following sections.

The third category comprises metal NPs able to host surface plasmons that
absorb in the visible spectral range and can therefore modulate intrinsic photophy-
sical properties of organic dye molecules (and semiconductor nanocrystals), thus
generating amplified signals. This last approach is discussed below in Sect. 5.2.3
together with other features of surface plasmon resonance (SPR) and metal-
enhanced fluorescence (MEF). Due to this versatility in system design and the
partly strong signal enhancement that can be achieved, micro- and nanoparticles are
very popular building blocks in resonance energy transfer systems with improved
performance in chemical and biochemical analytical applications.

2.1 Gold Nanoparticles

Gold nanoparticles (AuNPs) have several distinct advantages which qualify them as
suitable RET partners in enhanced signalling applications. With respect to experi-
mental issues, AuNPs are chemically and photochemically stable, do not show
fluctuating signals and possess a very versatile functionalization chemistry. In
addition, their synthesis in sizes that are still appropriate for RET applications,
i.e. usually ca. 1-100 nm, is straightforward. Moreover, especially in this size
range, they show intense (and size-dependent) SPR bands in the experimentally
important visible wavelength range [24, 25].

AuNPs are almost exclusively used as potent quenchers in traditional RET
applications. This is due to the fact that AuNPs of lower nanometric size efficiently
quench the fluorescence of dyes because of a strong reduction of the radiative rate
constant of the dye in close vicinity of the particle. In addition, the non-radiative
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rate constant is increased when the fluorophore approaches the gold surface,
however, with a much less dramatic effect. If the overall reduction in PLQY is
considered, recent studies by Klar and Parak have shown that quenching is very
efficient for AuNP—dye distances <4 nm but sizeable quenching is still found up to
ca. 12 nm [26]. RET assays relying on AuNP are thus commonly designed in such a
way that a non-luminescent FRET pair is formed between a potentially (highly)
fluorescent Drgt dye and an AuNP as Aggt in the absence of the analyte. Binding of
the target then liberates Dggr, reviving (strong) donor emission. For instance, an
AuNP-based sensor for the detection of Hg>" ions in aqueous solution has thus been
developed, showing a strong modulation of the photoluminescence in the presence
of the heavy metal ion. The assay is very potent and results in a 400-fold fluores-
cence enhancement in aqueous solution with analysis times of less than 10 min [27].
In a similar fashion, a FRET assay using a perylene bisimide (PBI) chromophore
and AuNPs has been designed for Cu?t [28]. The PBI chromophore carries two
remote pyridine groups which coordinate to two AulNPs, invoking efficient quench-
ing. Cu®" complexation to the pyridine moieties unlocks the dye from the quench-
ers and revives emission. Because AuNP-mediated quenching is very efficient and
considerably far reaching, the pyridine groups can be placed sufficiently far from
the chromophore so that binding of the paramagnetic target does not result in
fluorescence quenching in the liberated dye—Cu®" complex. These examples
show that FRET signalling can also elegantly accomplish the turn-on detection of
notoriously quenching analytes such as Hg>" and Cu’™.

Besides metal ions, AuNPs are also popular quenchers in small-molecule and
biomolecule RET assays. For example, a homogeneous sandwich immunoassay
utilizing AuNPs as quenching acceptors has been reported for the detection of the
protein cardiac troponin T (cTnT). As depicted in Fig. 4a, one of the antibodies
(M11.7) is coupled to AuNPs and the other antibody (M7) is labelled with fluores-
cent Cy3B dyes [29]. In the absence of ¢TnT, the dyes emit their characteristic
fluorescence. In the presence of ¢cTnT, however, the two antibodies conjugate in
sandwich arrangement and the fluorescence of the dyes is quenched by the AuNPs.
Upon addition of analytes, the number of sandwich conjugates first increases,
reaches a maximum, and then decreases again (Fig. 4a, bottom). The latter effect
is measured above a certain threshold concentration of ¢cTnT, when two antibodies
do not bind in a sandwich fashion but individually to two analytes. Consequently,
the fluorescence intensity decreases first, reaches a minimum, and increases again.
For unambiguous quantification, careful system adjustment is thus necessary.

A popular field for AuNP-based FRET systems is DNA analysis. In an exem-
plary assay to monitor DNA cleavage, AuNPs have been functionalized with a Cy3-
labelled oligonucleotide probe through a thiol-gold bond. Since the single-stranded
probe wraps around the NP, the dye is close to the AuNP’s surface and its
fluorescence is strongly quenched. In the presence of the complementary target
oligonucleotide, a double strand is formed, and the probe is moved away from the
surface yet, in this design, is still within the quenching distance of the AuNP. Only
after cleavage of the double strand from the particle by a single-strand specific
nuclease is the Cy3 fluorescence revived. This assay is much faster and shows a
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Fig. 4 (a) Schematic illustration of sandwich immunoassay for cTnT (fop) and fluorescence
intensity reading versus cTnT concentration (bottom). (b) Schematic illustration of the monitoring
of DNA cleavage from AuNPs by a single-strand nuclease. (Reprinted and adapted with permis-
sion from [29, 30]. Copyright 2009, 2006 American Chemical Society)

sensitivity increase by several orders of magnitude compared to the traditional
HPLC methods in assessing DNA cleavage (Fig. 4b) [30].

2.2  Quantum Dots

Quantum dots (QDs) or semiconductor nanocrystals have recently received strong
attention in analytical chemistry because of their narrow emission bands, tuneable
size-dependent emission spectra, spanning from the UV to the NIR, high PLQYs
and high photostability [31, 32], including applications from fibre-optic sensing to
multiplexed detection [33, 34]. Due to their broad excitation and narrow emission
bands, QDs are ideal donors in FRET systems [35, 36]. Until recently, applications
of QD-based RET probes have mainly used one of the following two approaches:
(1) aQD as Dgrgt and a dye as Agrgr, €.g. attached to a protein or DNA strand and (2)
a QD as Dgrgr and a gold nanoparticle as Aggr quencher [37]. The scenario
employing a QD as Drgr and a fluorescent protein as Agrgr is less frequent [38]
as is the case that uses a QD as Drgr and a conjugated polymer (CP) as Argt (see
below). Furthermore, approaches with two differently coloured QDs do not play a
significant role yet in analytical chemistry [39], but are more important in the
context of luminescent thin films and layer-by-layer architectures for various
materials chemistry applications [40].

An elegant establishment of case (1) has been realized in conjunction with an
aptamer-based recognition motif [41]. Here, a core-shell-type CdSe/ZnS QD is
used as Drgr and an Atto 590 dye as Aggr, yielding enhanced red emission upon
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Fig. 5 (a) QD-based sensing of cocaine by the formation of a cocaine—aptamer supramolecular
structure that triggers FRET. (b) Time-dependent luminescence spectra of the system in the
presence of cocaine. The inset shows a calibration curve for variable concentrations of cocaine
and a fixed observation time of 15 min. (Reprinted with permission from [41]. Copyright 2009
Royal Society of Chemistry)
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Fig. 6 Schematic illustration of a QD-based FRET competition assay for TNT detection. (Rep-
rinted with permission from [42]. Copyright 2005 American Chemical Society)

binding in the presence of the analyte cocaine (Fig. 5). Another example utilizing
a FRET-quencher design has been realized for the detection of 2,4,6-trinitrotolu-
ene (TNT). The system consists of a QD (CdSe/ZnS core-shell) and a quencher
dye (Black Hole Quencher-10) as the FRET pair (Fig. 6). The QD is coupled with
an anti-TNT antibody, and the quencher conjugated with the TNT analogue. The
competition assay induces the inhibition of the FRET quenching process and thus
enhances the fluorescence signal upon displacement of the quenching conjugate
in the presence of a TNT molecule that can successfully compete for the binding
site [42].

A representative example for case (2) introduced above consists of positively
charged CdTe QDs capped with cysteamine (CA-CdTe QDs) and negatively
charged AuNPs capped with 11-mercaptoundecanoic acid (MUA-AuNP) as
FRET pair based on electrostatic attraction. In the absence of the target, the QD
luminescence is effectively quenched in the FRET ensemble. The presence of Pb>"
then leads to a displacement of the CA-CdTe QDs and Pb*"-mediated aggregation
of the MUA-AuNPs, thus inhibiting the FRET process. An interesting aspect of this
approach is that indication of the analyte is transduced by an enhancement of the
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QD luminescence and a shift in the plasmon absorption band because of AuNP
aggregation [43]. An example for the detection of a small-molecule analyte has
been realized in a similar fashion as a nanobiosensor for glucose in serum. The QDs
are conjugated with concanavalin A (ConA) and the AuNPs are coupled with
thiolated B-cyclodextrins (B-SH-CDs), respectively. In the presence of glucose,
the AuNP—B-SH-CD segment is displaced by the sugar which competes with 3-CD
for the binding sites of ConA, resulting in luminescence recovery of the quenched
QDs [44].

Electrostatic complex formation between a fluorescent CP and CdTe QDs is
another promising way to generate strong FRET signals. The example shown in
Fig. 7 has been developed for the detection of target DNA hybridization. In the
complex, the cationic polymer poly[9,9-bis(3’-((N,N-dimethyl)-N-ethylammo-
nium)propyl)-2,7-fluorene-alt-1,4-phenylene]dibromide (PDFD) is used for both
light-harvesting and assembling of the negatively charged QDs and DNA mole-
cules [45]. This is one of the few cases where QDs act at the same time as Argr(1)
and Dggr(). (For selected examples of CP-based FRET assays, see Sect. 3.1.)

Owing to the broad absorption/excitation spectra of QDs, they can be excited by
nearly all the bioluminescent proteins available and are thus suitable Agg in BRET
systems, taking advantage of the virtual absence of background fluorescence. For
instance, a QD-based BRET assay has been developed by coupling carboxylate-
functionalized QDs to a mutant of the bioluminescent protein Renilla reniformis
luciferase (Fig. 8). Once stimulated, the ensemble emits long-wavelength biolumi-
nescence light in cells and deep tissues. This advantage distinguishes biolumines-
cent QD probes as a very promising approach toward sensitive in vivo imaging,
in vitro assays and multiplexing analysis [46].

Besides BRET, there is another less frequent RET method called chemilumines-
cence resonance energy transfer (CRET). CRET is closely related to BRET, utiliz-
ing a chemiluminescent (CL) instead of a bioluminescent Dgrgr, i.e. CRET
commonly relies on the oxidation of a potentially luminescent substrate. Like
BRET, CRET can dispense with an excitation source and thus shows excellent
background suppression. A model CRET assay has been realized with bovine
serum albumin- (BSA) coupled CdTe QDs and anti-BSA antibodies conjugated
to horseradish peroxidise (HRP). Together with luminol as the substrate, HRP

PDFD
n
<) Yi
| - -t

Fig. 7 Chemical structure of PDFD, schematics of a thioglycolic acid (TGA)-capped CdTe QD
and of the PDFD/QD/dye-labelled DNA complex for detecting DNA hybridization. (Reprinted
with permission from [45]. Copyright 2009 American Chemical Society)
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constitutes a classical CL system and continuously catalyzes the production of
chemiluminescence with, for instance (and like in this case), hydrogen peroxide
as the oxidant. Once the QD-labelled BSA binds to the antibody, CL production
occurs close enough in space to trigger red-shifted CRET emission from the QD as
Aggr [47]. This method has significant potential for applications in immunoassays
of various types. Recently, Zhao et al. also showed that CRET systems can be used
in a rather unspecific manner as a very sensitive detection scheme in microfluidic
separation techniques [48].

2.3 Up-Conversion Nanoparticles

As mentioned above, recent research has seen the introduction of another alterna-
tive RET partner, the so-called up-conversion (nano)particles (UCPs). UCPs are
excited in the NIR region and emit in the visible range through the sequential
absorption of two or more low-energy photons [49]. UCPs basically consist of a
host material doped with lanthanide ions. Although they have only a short history in
(bio)chemical signalling, they hold great potential for analytical applications
because of their favourable characteristics such as high PLQYs, tuneable optical
properties, high chemical stability and low toxicity [50, 51].

Until today, up-conversion particles have mainly been used as donors in RET
assays. For instance, they have been employed in combination with AuNPs as Aggr
for the detection of trace amounts of avidin [52]. In the sandwich-type assay,
emission of biotinylated UCPs is recorded prior to conjugation of biotinylated
AuNPs in the presence of avidin. The AuNP-mediated quenching of the UCP
luminescence then shows a linear relationship with avidin concentration. An attrac-
tive homogeneous assay format based on up-conversion RET has been established
in a competitive immunoassay for estradiol (E2). Whereas the UCPs coated with
an anti-E2 antibody serve as Drgt, E2-conjugated Oyster-556 dyes are employed
as Aggr (Fig. 9) [53]. Since here Drgr can be excited well in the NIR, autofluor-
escence and scattered light are successfully eliminated and do not perturb the Aggt
signals in the visible range. Furthermore, the introduction of tandem dyes in
conjunction with UCPs can dramatically enhance the acceptor emission [54].

3 Nanoscopic Objects with Inherent Signal Amplification

Whereas the implementation of specific photophysical processes to generate
well-separated and strongly distance-dependent signals has been the focus of the
previous section, the examples presented in the following will show how the
encapsulation of chromophores in nanoscopic systems can lead to amplified signals
when compared with the respective molecular systems. Signal enhancement can be
a consequence of different factors. For example, in a similar manner as briefly
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Fig. 9 Schematic illustration of UCP-based homogeneous FRET immunoassay for E2. (Adapted
with permission from [53]. Copyright 2006 American Chemical Society)

Fig. 10 (a) Representative scheme for the signal amplification concept by increasing the number
of fluorophores per binding site in an antigen—antibody sandwich assay. Binding of a labelled
antibody to the target yields an only moderate fluorescence signal because the antibody can be
labelled with only a few fluorophores at maximum (1). Use of an antibody which is labelled with a
nanoscopic object that contains a large number of fluorophores dramatically enhances the signal
(2). (b) Effect of analyte coordination in (3) a traditional molecular indicator, (4) a fluorescent
dendrimer and (5) receptors wired in series in a conjugated polymer. The curved arrows indicate
the active processes, e.g. quenching

discussed in Sect. 2 (cf. Fig. 3a), the increase of the number of luminophores per
binding site (i.e. the L/B ratio) can lead to an enhanced luminescence signal when
dendrimers, fluorescent nanocrystals or liposomes are used as labels in binding
assays, because every binding event is signalled by several tens, hundreds or
thousands of fluorophores (Fig. 10). Collective energy migration or energy transfer
processes, the latter closely related to the processes presented above, can also entail
signal amplification, because, in contrast to conventional fluorescent indicator
molecules, for which the recognition of the target by the receptor unit only affects
the fluorescence properties of the single, covalently coupled fluorophore residue, in
multi-fluorophore/multi- or single-binding site systems, more than one fluorophore
unit can experience a modulation through a single binding event in its immediate
neighbourhood. The underlying basis here is inter-fluorophore communication
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which can occur in systems such as fluorescently doped dendrimers when the local
concentration of fluorophores is comparatively high. Alternatively, analyte binding
at a single receptor unit can influence multiple fluorescent repeat units of a CP
because of the electronically delocalized structure of CPs which facilitates energy
migration over large distances to the analyte—receptor complex as a “sink”. The net
effect in all of these cases is the transduction of a single binding event by an
amplified response of several fluorophores.

Representative examples of signal amplification in CPs, fluorescent dendrimers,
encapsulated dye microcrystals as well as dye-loaded liposomes and mesoporous
silica hybrids will be discussed below. For examples involving luminescently
doped silica or polymer particles, which are very similar in nature, the reader is
referred to [55].

3.1 Conjugated Polymers

The dominant attribute that has driven interest in fluorescent CP sensory materials
is their ability to produce signal gain in response to interaction with analytes. The
increased sensitivity (amplification) is derived from the ability of the CP’s deloca-
lized electronic structure (i.e. energy bands) to facilitate efficient energy migration
over large distances. To rationalize how energy migration can amplify fluores-
cence-based sensory events, consider a CP with a receptor attached to every
repeating unit. If energy migration is rapid with respect to the fluorescence lifetime,
then the excited state can sample every receptor in the polymer, thereby allowing
the occupation of a single binding site to change dramatically the entire emission of
the system (Fig. 10b).

A first proof-of-principle for the signal amplification phenomenon in CPs has
been reported by Zhou and Swager in 1995. By using poly(propylene ethynylene)
as CP with 34-crown-10 groups attached to the CP as receptors for the recognition
of the well-known quencher paraquat (PQ2+), the authors could observe how PQ2+
binding produced a trapping site for excitons, which were effectively deactivated by
electron transfer [56]. CPs have been employed in different formats like in homo-
geneous solution, as thin films or as molecularly imprinted polymers. A compre-
hensive overview of further examples and mechanistic descriptions of CP-based
signalling systems can be found in [57].

CPs can also be prepared in nanoparticulate form [58—62]. The interesting aspect
of such a formulation is that first reports have appeared which discuss how CP NPs
can yield even stronger signal amplification. For example, silica NPs covered with
layers of CPs have been employed for the detection of nitroaromatic quenchers with
sensitivity enhancement factors of up to 200 with respect to the corresponding neat
polymers in solution. Interestingly, in all cases, the microspheres coated with two
layer pairs of CPs show larger Stern—Volmer quenching values than those coated
with only one layer pair, which was ascribed to an energy migration effect [63].
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Fig. 11 Signal amplification with CPs via FRET in a DNA hybridization assay on silica NPs. First,
the silica NPs are functionalized with the capture DNA. After DNA hybridization with a comple-
mentary dye-labelled DNA strand and subsequent washing and separation, CP is added, resulting
in a 110-fold fluorescence increase. (Reprinted with permission from [67]. Copyright 2007 Royal
Society of Chemistry)

CPs have also been successfully employed as energy harvesting systems in FRET
based assays [64, 65] (for an introduction to resonance energy transfer, see Sect. 2).
For instance, Liu et al. have used this property for amplifying fluorescence signals in
silica NP-based FRET immunoassays [66] and DNA hybridization assays [67, 68], in
a way resembling the enhanced excitation intensities at metal surfaces discussed in
Sect. 5.1. The amplified emission by excitation of the CP relative to direct excitation
of the dye label originates from the electron-delocalized backbone of the CP that
allows rapid intrachain and interchain exciton migration via RET (Fig. 11) [67].
In a later work, the same authors have reported the surface functionalization of
polyhedral oligomeric silsesquioxane (POSS) nanoparticles of 3.6 nm diameter
with cationic oligofluorene for fluorescence amplification in cellular imaging. The
cationic oligofluorene substituted POSS (OFP) possesses outstanding light har-
vesting properties for efficient RET. As a result, the fluorescence of intercalated
ethidium bromide is amplified 52-fold upon excitation of OFP in buffer [69].

3.2 Dendrimers

A unique concept that can be employed when aiming to install energy funnelling
processes and at the same time aspiring to increase the L/B ratio relies on dendrimers.
Dendrimers are highly branched, tree-like polymers that possess a precise size and
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shape and defined surface groups. They are multifunctional macromolecules which
can bear multiple dyes and biomolecules. Fluorescent dendrimers have been used
for instance for signal amplification in DNA assays using flow cytometry techni-
ques. With the dendrimer assay, the minimum detectable amount of analyte DNA
has been lowered from hundreds to tens of attomoles [70]. Dendrimers labelled with
different families of organic dyes can also serve as strongly fluorescent probes for
the detection of biomacromolecules [71].

Regarding energy migration in nanoscopic systems, dendrimers containing
photoactive components can exhibit particularly interesting properties since co-
operation among the photoactive units can allow the dendrimer to perform specific
functions, e.g. light harvesting through antenna effects. Properly designed dendritic
materials can show efficient migration of energy from the dendrons or peripheral
groups to the more conjugated units or core, leading to dramatically enhanced
fluorescence intensity changes (Fig. 10b). One of the first works realizing the
application of dendrimers in optical sensing and signal amplification has been
conducted by Vogtle, Balzani et al. [72]. They have used a fourth generation
(4D) poly(propylene amine) dendrimer with 32 dansyl units at the periphery and
containing 30 aliphatic amine units in the core for the detection of Co®". The
fluorescence of all dansyl units is quenched when a single Co®" ion coordinates to
the aliphatic amine units. In a further work, another sensory dendrimer and a mono-
dansylated reference compound have been investigated for comparison. Addition of
Ni** or Co*" to a basic solution of the mono-dansyl compound did not cause any
effect in the absorption or emission properties of the molecule. However, in the case
of the dendrimer — now a polylysin dendrimer branched at the 1,3,5-positions with
eight fluorescent dansyl units in the periphery and six aliphatic amide units in the
interior of each branch — a strong quenching of the dansyl emission at 514 nm has
been observed [73]. At low metal ion concentration, each metal quenches ca. nine
dansyl units. Interestingly, the authors have also observed an influence of the
dendrimer size on the response, i.e. quenching of the signal is amplified with
increasing dendrimer generation, n [74].

Optically active dendrimers have also been described for fluorescence detection
of chiral compounds, like those based on chiral 1,1’-bi-2-naphthol (BINOL) [75].
The light harvesting antennas of the dendrimer funnel energy to the central BINOL
unit, whose hydroxyl groups lead to fluorescence quenching upon interaction with a
chiral amino alcohol. This mechanism renders the dendrimers’ fluorescence
responses much more sensitive than those of the corresponding small-molecule
sensors. The enantioselective fluorescence recognition of mandelic acid, a chiral
a-hydroxycarboxylic acid, has also been realized in such a way [76]. This last
example is particularly interesting because, in contrast to the majority of systems,
the light-harvesting effect in this case entails fluorescence enhancement instead of
quenching.

Mechanistically, exciton migration phenomena seem to be responsible for the
enhanced fluorescence quenching in dendrimers. Investigations of Guo et al. have
shown that the quenching constant for a fluorescent dendrimer in the presence of
TNT increases with the dendrimer generation number. They have also shown that
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excitons can migrate over the dendrimer surface to the quenching site, the ability
for exciton migration being the main contributor to the observed dynamic fluores-
cence quenching [77].

3.3 Encapsulated Dye Nanocrystals

Leaving specifically tailored photophysical processes aside, the simplest way to
increase the number of emitters per binding site is perhaps to use fluorescent
nanocrystals instead of a molecular label. Renneberg et al. have introduced this
concept in 2002 and encapsulated crystalline fluorescein diacetate (FDA) with an
average size of 500 nm in ultrathin polyelectrolyte layers of poly(allylamine
hydrochloride) and poly(sodium 4-styrene sulphonate) via layer-by-layer (LbL)
techniques [78]. The polyelectrolyte coating is subsequently used as an interface
for the attachment of antibodies through adsorption. The L/B ratio, ranging from
5% 10% to 2 x 105, yields amplification rates of 70- to 2,000-fold for the nano-
crystal label-based assay compared with the corresponding immunoassay per-
formed with conventional, directly fluorophore-labelled antibodies. After the
immunological reaction, the nanocrystals are dissolved by a release reagent and
the dissolved molecules are released into the surrounding medium (Fig. 12). In
subsequent works, the authors have optimized the performance of the assay by
simplifying the preparation of the fluorescent conjugates. Assessing the analytical
performance of the nanocrystal-based label system with a model sandwich
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Fig. 12 (a) Principle of a sandwich immunoassay using FDA particulate labels. The analyte is first
immobilized by the capture antibody pre-adsorbed on the solid phase (a) and then exposed to
antibody-coated microparticle labels (b). Every microparticle contains ~10% FDA molecules.
High signal amplification is achieved after dissolution, release and conversion of the precursor
FDA into fluorescein molecules by the addition of DMSO and NaOH (c). (b) Calibration curves
of IgG-FDA microcrystal labels with increasing surface coverage of detector antibody (a—d)
compared with direct FITC-labelled detector antibody (e). The fluorescence signals increase
with increasing IgG concentration. FDA microcrystals with a high IgG surface coverage (c,d)
perform better than those with lower surface coverage (a,b). (Reprinted with permission from [78].
Copyright 2002 American Chemical Society)
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immunoassay for the detection of mouse IgG, the authors could lower the LOD by a
factor of 5-28 and increase the sensitivity 400- to 2,700-fold compared with
conventional fluorescein isothiocyanate (FITC) conjugates [79]. The method has
also been employed for avidin—biotin protocols [80] and for the quantitative
detection of a PCR product [81].

3.4 Functionalized Liposomes

In a similar sense as discussed in the previous section, functionalized liposomes can
be utilized as labels showing increased L/B ratios. Liposomes are synthetic spheri-
cal structures composed of one or more phospholipid bilayers in which soluble
markers of interest can be encapsulated. This is commonly accomplished in two
different ways. In the first approach, the dyes are embedded in the aqueous inner
volume. For instance, Truneh et al. have included several hundreds of carboxy-
fluorescein and sulforhodamine fluorophores in a single liposome, which is then
used to label an antibody [82]. Alternatively, if the dyes possess a more hydropho-
bic character like, e.g. perylene dyes, they can also be incorporated into the bilayer
membrane [83]. A 500-fold signal enhancement with dye-encapsulating liposomes
over single fluorophore labels has been demonstrated by Edwards and Bacumner
for the detection of specific DNA oligonucleotide sequences [84].

Liposomes can be detected either directly or through release of their cargo,
e.g. after detergent-induced degradation once the analyte has been traced. The
signal is then generated by the fluorophores which are liberated into the solution
[85]. Although this approach is attractive, the preparation of microcapsules with
liposomes 1is rather elaborate and the stability of the systems is often critical.
Analogues of liposomes are nanosome systems which are prepared with amphi-
philic block-copolymers. These vesicles can also encapsulate water-soluble fluor-
ophores in the inner aqueous phase. Cross-linking of the vesicle membrane allows
tuning of permeability, enhanced stability under physiological conditions and
preservation of size and structure [86].

3.5 Gated and Dye-Loaded Mesoporous Particles

The liberation of a large number of indicator dyes by a distinctly smaller number of
analytes can also be accomplished with another type of nanoscopic amplification
system that utilizes mesoporous particles and various gating chemistries for locking
and unlocking of the pore openings. The materials commonly employed here are
organic-inorganic hybrid mesoporous silica nanoparticles. The basic concept
includes the simple steric loading of a large number of dye molecules into the
pores of the nanoparticle and the closing of the pore openings by attachment of a
comparatively small number of sufficiently large molecules on the particle surface
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Fig. 13 Enzyme-mediated opening and dye release mechanism with selectivity for ester bond
cleavage. (Reprinted and adapted with permission from [88]. Copyright 2008 American Chemical
Society)

that block the pores. In contrast to drug delivery applications for which various
gating mechanisms including redox and photo-switchable processes have been
designed [87], the few systems developed for luminescence sensing rely on the
oldest chemical technique for pore opening, a chemical reaction in the presence of
the analyte that leads to the cleavage of the stopper. An inherent feature of this
gating strategy is its nature as a truly amplifying process.

Although not yet established for analyte sensing, the enzyme-mediated
release of dyes from porous silica particles as it has been recently developed
to model nanocontainer-based, site-selective drug delivery can serve well as a
representative example to illustrate the concept (Fig. 13) [88]. Rhodamine B
which has been used as the model indicator dye is loaded into the mesopores of
the silica material and entrapped by capping with a rotaxane, consisting of an
ethylene glycol thread encircled by an a-cyclodextrin torus. The latter is fixed in
the rotaxane state by a cleavable adamantane stopper at the terminal end of the
ethylene glycol thread. If the stopper is connected through an ester bond, it will
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be cleaved upon exposure to porcine liver esterase. Once the terminal stopper is
dissociated, the torus of the rotaxane is free to be liberated, the pores can be
opened and the dye can be released. The versatility of the approach and the
promise it holds for sensing is evident from a look at an analogous system that
has been realized a year later. Here, Ru(bpy);>" (bpy = bipyridine) has been
employed as the entrapped fluorescent indicator, lactose molecules have been
used instead of the rotaxane as the caps and B-p-galactosidase as the uncapping
enzyme [89].

A true sensing system for the detection of methylmercury has been designed in
a similar fashion as follows [90]. Again, a mesoporous silica material with a
homogeneous pore size distribution (2-3 nm) and large specific surface area
(>1,000 m?g ") is used as the scaffold. This host is loaded with a large amount
of the indicator dye safranine O by simple entrapment. The pores of the hybrid
material are then coated with thiol groups and closed through a reaction with
squaraine dyes which are sensitive to nucleophilic attack by the thiol groups, for-
ming 2,4-bis(4-dialkylaminophenyl)-3-hydroxy-4-alkylsulfanylcyclobut-2-enone
(APC) derivatives as pore blockers. This reaction converts the deep-blue coloured
squaraine into its UV-absorbing leuko form (Fig. 14) [91]. Besides closing the
pores, the sulfanyl-blocked APC leuko form of the squaraine is sensitive to
thiophilic ionic mercury species, attack of which leads to a cleavage of the
thiol-squaraine bond and restoration of the highly fluorescent squaraine fluoro-
phore [92]. Since the aim of this study has been to target selectively methylmer-
cury, an extraction step has been included in the protocol to discriminate against
inorganic mercury species. In the final detection reaction, the presence of
CH;Hg " leads to the release of the squaraine dye, which entails the release of
ca. 200 safranine O molecules per squaraine molecule from the uncapped pores
[90]. Besides dramatic signal amplification, a unique feature of this system is that
liberation of the safranine O molecules and restoration of the squaraine dyes,
both absorbing and emitting in a different wavelength range, can be used for
ratiometric signal assessment, a very useful aspect for self-calibrated analytical
protocols.

Mechanistically, the gating reaction of this system involves the chemodosi-
metric production of a fluorophore. “Chemodosimetric” here means that the reac-
tion of an analyte with a dye molecule precursor (or leuko dye) yields a fluorescent
dye molecule and that these reaction events can be counted in a fashion that is
similar to counting statistics in radiation measurements. An additional gain in
signal enhancement is immanent to this increasingly popular technique: a non-
fluorescent precursor, and thus a virtually zero-background, is converted into a
fluorophore, the PLQY of which then determines the sensitivity of this reaction.
Although this chemodosimetric approach gained rapidly in popularity for molecu-
lar indicators during the last decade [93], its implementation with nanoparticulate
sensing systems has only been realized in a few examples so far. The reason for
the latter is perhaps related to the fact that the reaction-based detection usually
relies on a very selective reaction and thus does not require a supramolecularly
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a

Fig. 14 (a) Synthetic scheme for the preparation of the safranine-entrapped and APC-capped
material, (b) sensing mechanism and (c) molecular basis of the synthesis and sensing reaction.
(Reprinted with permission from [90]. Copyright 2009 Wiley-VCH)

enhanced specificity. However, as the example above has shown, true massive
signal amplification can arise from adequately designed systems.

4 Nanoparticles as Catalysts and Activity Enhancers

Chemical reactions in combination with nanoparticles can not only be used to
unblock a large number of confined dyes and thus trigger the release of many
more signalling units per binding event — they can also be used in a catalytic manner
to produce directly light in a chemiluminescence (CL) reaction. CL detection in
combination with particles has been realized in various ways. Whereas most of
these approaches rely on a particle-based extraction step with subsequent CL
detection, i.e. on a protocol in which no direct particle-mediated amplification
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step is involved, only few strategies directly utilize nanoparticles in a catalytic
fashion. Herein, we will focus on the latter cases; for a recent discussion of the
others examples the reader is referred to [94].

4.1 Gold Nanoparticles as Catalysts in Chemiluminescence
Reactions

Until today, systems that utilize metal nanoparticles as the catalysts in chemilumi-
nescence reactions have been investigated mainly from a fundamental research
point of view, most often employing gold nanoparticles (AuNPs) as the catalytic
element [95-98]. AuNPs are known for their strongly size-dependent properties
such as redox and photodynamic activity [24, 25]. For chemiluminescence systems
involving luminol as the chemiluminescent reactant, various examples with differ-
ent oxidants have been investigated and revealed a remarkable dependence on the
particle size of AuNPs. If hydrogen peroxide is used as the oxidant, AuNPs with a
diameter of 38 nm yield the highest chemiluminescence intensity [98]. In contrast,
for ferrocyanide [Fe(CN)¢]*~ 25-nm AuNPs show optimum performance [96].
Mechanistically, the oxidation of luminol is catalyzed in these cases by AuNPs as
shown in Fig. 15.
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Fig. 15 AuNP-catalyzed oxidation of luminol with ferrocyanide (the AuNP-catalyzed step is more
or less the same in the other systems mentioned). (Adapted from [96])
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Fig. 16 Amplification effect of AuNPs on the HRP/GOD/luminol-based glucose detection.
(Reprinted with permission from [100]. Copyright 2008 Elsevier)

In a recent example, Safavi et al. have shown that smaller AuNPs of
15 nm diameter yield the highest CL intensity in a AuNP-catalyzed luminol-
hydrazine system. Here, the AuNPs play a double role as they first catalyze
the formation of hydrogen peroxide and nitrogen from hydrazine and dis-
solved oxygen and secondly the subsequent oxidation of luminol by hydrogen
peroxide [97].

4.2 Gold Nanoparticles as Activity Enhancers of Enzymes

It is well-known that gold nanoparticles can provide a suitable environment for
redox active proteins to retain an activity like in their native environment [99].
Thus, the incorporation of AuNPs in enzyme-based chemiluminescence sensing
systems is an obvious strategy and first examples have been recently published. For
instance, Lan et al. could show that AuNPs greatly enhance the activity of a flow
sensor for glucose based on glucose oxidase (GOD) and horseradish peroxidase
(HRP) when the enzymes are co-immobilized on the gold particles via a sol-gel
process [100]. The detection is based on the oxidation of glucose to p-gluconic acid
and hydrogen peroxide by GOD and subsequent reaction of the peroxide with
luminol under HRP-mediated catalysis, producing the well-known 2-amino-phthalic
acid in its excited state (see Fig. 15). As Fig. 16 illustrates, the electron withdrawing
effect of the gold nanoparticles amplifies the reaction about 20 times. Because the
optimum size of the AuNPs for this reaction is 8 nm, it is unlikely that the AuNPs
directly catalyze the oxidation of luminol with hydrogen peroxide; as mentioned
above, the optimum size for this direct catalytic involvement has been determined
to 38 nm.
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4.3 Particle-Mediated Enhancement
of Electrochemiluminescence

Because electrochemiluminscence (or electrogenerated chemiluminescence, ECL)
is a valuable detection technique in analytical and especially bioanalytical chemis-
try [101], it is not surprising that nanoparticles have also been applied as enhancers
in this context. Again, as for CL, the catalytic effect of AuNPs is also exploited in
ECL applications. For instance, generation of ECL by luminol in an alkaline
aqueous solution could be dramatically increased by up to three orders of magni-
tude when using a nanoparticle self-assembled electrode instead of a bulk electrode
[102]. In this case, not only is the ECL signal directly assigned to the oxidation of
luminol amplified, but the authors have found a new ECL signal at more negative
potentials (vs SCE) which is not visible with the bulk electrode, indicating that
AuNPs are necessary for the generation of this signal. The nanoparticle self-
assembled electrode has also been shown to be stable for at least 1 month when
stored in deionized water, even if it has been applied to cyclovoltammetric scans
ranging from 1.52 to —1.49 V (vs SCE).

In a different approach not relying on AuNP—luminol redox chemistry, it has
been shown that the incorporation of the well-known ECL-active dye Ru(bpy);>"
into silica nanoparticles can increase the ECL intensity about three orders of
magnitude compared to the free dye by limiting self-quenching phenomena [103].
However, the mechanism of ECL in silica particles is rather complex and presum-
ably depends on parameters such as the concentration and diffusion properties of a
co-reactant (e.g. tripropylamine). For instance, the co-reactant is crucial to activate
ECL if the Ru(bpy);*"-containing core is completely passivated by the silica shell
and resistant to direct oxidation or reduction, i.e. if the distance from the electrode is
too large [104].

5 Plasmonic Strategies to Luminescence Amplification

Besides chemical amplification concepts and the quest for ultimately reducing
background and autofluorescence signals or increasing the number of fluorophores
that are affected by the binding event, a physical strategy to pronounced modulation
of luminescence signals involving particles has received increasing attention in
recent years, i.e. enhancement through coupling of luminescence with SPR phe-
nomena [105, 106]. After early theoretical treatments [107, 108] and first experi-
mental verifications [109, 110] of the changes in the fluorescence behaviour of dye
molecules in closer vicinity to metal surfaces, especially Lakowicz and co-workers
have developed a new technique they called radiative decay engineering (RDE)
and have utilized it in the context relevant within this article [111]. In contrast to
the classic strategy of tuning fluorescent indicator molecules toward “light-up”
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applications, i.e. to install an efficient quenching (or RET) process which is revived
(altered) after target binding and thus to modulate the non-radiative decay rate [10],
RDE basically operates with a change of the radiative decay rate. This effect results
in (often) dramatically reduced fluorescence lifetimes and increased radiative rate
constants which both lead to a (greatly) enhanced fluorescence quantum yield of the
fluorophore [112]. This unusual increase in PLQY is supposed to originate from the
enhancement of the local electromagnetic field near the metal particles under SPR
conditions. Today, the main analytical applications of RDE lie in the fields of DNA
hybridization and immunoassay research.

5.1 Surface Plasmon Resonance and Fluorescence

Before discussing the implications of a metal particle environment on a chromo-
phore or a RET pair in the context of sensing, a brief introduction to SPR and
fluorescence is necessary. Surface plasmons can be considered as propagating
electron density waves, i.e. collective charge-density oscillations, occurring at the
interface between two materials, commonly a metal and a dielectric. If excited at a
certain angle of incidence by an electromagnetic wave, electromagnetic coupling
between the interfaces can occur and give rise to SPR [112]. When a dye molecule
is present at an adequate distance from this plasmon source it can experience a
strong enhancement of its fluorescence output as sketched in the following [113].

5.1.1 Fluorescence Enhancement at a Metal Surface

Amplified fluorescence near a metal surface depends first of all on the strength of
the local electromagnetic field in close vicinity to the surface and is usually
quantified for a fluorophore near a metal surface relative to the same fluorophore
near an inert, metal-free surface under identical illumination conditions by the so-
called apparent quantum yield Y according to (4) [114, 115].
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Here, L(wex.) corresponds to the excitation intensity acting on the fluorophore.
This quantity is enhanced by the presence of a local field, for instance, as a
consequence of particle surface plasmon excitation. The possible enhancement
features are determined by object and surface properties such as the particle size
and shape or the roughness of a surface layer and the nature of the metallic material.
For example, Kiimmerlen et al. have reported that a sizeable enhancement of the
local field of ca. 140 times can be found for spheroids or rods (of ca. 3:1 aspect
ratio) at the tips of these objects [116]. Since the intensity is proportional to the
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squared field strength, these effects can result in a 10*-fold or larger increase in the
rate of excitation.

In (4), Z(wey) is the relative radiation yield and corresponds to the PLQY of a
dye in the presence of metal particles @™ relative to its unperturbed or intrinsic
PLQY @°. Without going too far into theoretical details (see, e.g. [116]), two cases
of fluorophores can be distinguished. For a fluorophore with a high intrinsic ¢°, the
achievable enhancement is weak. However, for a dye with a low 450, high enhance-
ment (with a limiting Z(®e,) factor of [@°]") can result when the fluorophore can
efficiently couple with the metal and the latter can act as an antenna to radiate a
photon before the excitation is dissipated by non-radiative pathways within the dye
molecule, corresponding to an enhancement of the radiative rate.

However, in contrast to surface enhanced Raman scattering (SERS), maxi-
mal enhancement of fluorescence is not observed from molecules that are
directly adsorbed on the surface, but from those that are located at a short
distance away from the metal surface. The reasons are two counterbalancing
effects and can be deduced from Fig. 17a [117]. First, if positioned too close to
the metal surface, Forster-type energy transfer can set in and Z(w.,) is rapidly
reduced because of the onset of non-radiative quenching (Fig. 17a, dotted line;
for the influence on the radiative rate constant, see Sect. 2.1) [118]. Second, if
the dye is placed too far from the metal surface, coupling is inefficient because
the induced field is an evanescent field and its intensity decays exponentially
with the distance from the surface (Fig. 17a, solid line). For instance, consid-
ering a gold surface and water as the dielectric, the field has decayed to 1/e at
ca. 150 nm. Thus, a maximum enhancement Z(w.,,) exists only in a small zone
at an optimum distance from the metal surface. For the Au/water system in

prism metal water

optical field—
fluorescence intensity - -
fluorescence farb.u.
)

z/nm wavelength /nm

Fig. 17 (a) Schematic comparison of the distance dependence of the optical field of a surface
plasmon mode, resonantly excited at a prism/50 nm Au/water interface (solid line) and the
distance-dependent energy transfer-type quenching mechanism above the metal/water inter-
face expressed as the relative fluorescence intensity (dashed line). (b) Emission spectra of
biotin-FITC conjugates bound to the top avidin layer of six (1), four (2) and two (3)
monolayers of an alternating BSA-biotin/avidin layer-by-layer (LbL) assembly on the surface
of non-aggregated colloidal metal films. Trace (4) shows the characteristic emission spectrum
obtained from a multi-LbL assembly adsorbed on bare glass slides (dashed line: background).
(Adapted with permission from [113, 118]. Copyright 2000 Elsevier and 1998 American
Chemical Society)
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Fig. 17a, the surface electromagnetic field can be ca. 17 times as high as that in
free space and the fluorescence intensity can be enhanced up to eightfold
[119]. With regard to silver as the other metal substrate that plays a major
role in SPR-based fluorescence applications and a bovine serum albumin-
(BSA-) biotin/avidin multilayer system for distance adjustment, Cotton and
co-workers could show that a monolayer yields only an 8-fold enhancement of
the fluorescence while 6 layers increased the intensity gain to 15-fold
(Fig. 17b) [118].

5.1.2 Radiative Decay Engineering

Taking a closer look at the photophysical processes that are active in an excited
fluorophore, the concept of RDE becomes evident. The two parameters that are
important here are the PLQY @ and lifetime t. The latter is a measure for the
average time a fluorophore spends in the excited state before returning to the ground
state by emitting a photon. It is an important criterion for the photostability of a
fluorophore because photo-decomposition occurs during the lifetime of the excited
state, i.e. a short lifetime or high decay rate commonly guarantees a low photo-
bleaching rate.

In an inert environment, ®° and 7° of a fluorophore are determined by the
radiative (I') and non-radiative (k) decay rates according to (5) and (6).

0

I
o0 = . 5
i 5)

W = (T + ko) (6)

Because I' depends on the oscillator strength of an electronic transition and is
largely independent of the dye’s environment, for the classical case of a fluorophore
as mentioned above in the introduction of Sect. 5, the only way to increase " is to
reduce k,;. According to (6), however, this will also entail an increase in . A gain
in both intensity and photostability thus cannot be achieved at the same time by the
conventional strategy.

The RDE concept of placing the fluorophore in the presence of a metal surface
(either metal nanoparticles or a thin, roughened metal layer) now takes advantage of
the fact that the interaction can be described by the introduction of a new decay path
I'™. PLQY and lifetime are then given by (7) and (8). As I Mincreases, @ increases
but ™ decreases, i.e. both PLQY and photostability are gained. The RDE concept is
often also referred to as the concept of metal-enhanced fluorescence (MEF).
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5.2 MEF-Based Signalling Applications

In an exemplary work, Lakowicz and co-workers have used the MEF strategy to
increase the detectability of Cy3- and Cy5-labeled DNA on solid substrates covered
with silver island films (SIFs) and have found a five- to tenfold increase in intensity
from the silver particle-coated quartz substrate compared with uncoated quartz
(Fig. 18) [120]. As one would expect from the aforementioned, these enhanced
intensities have been accompanied by dramatically shortened fluorescence life-
times, which in turn has led to a significantly higher photostability of Cy3 and
Cys5 in the presence of the silver nanoparticles (AgNPs). In this study, the SIFs have
been composed of silver nanoparticles with a diameter of 100-300 nm.

From the point of view of label-free luminescence detection, the MEF concept
also harbours a certain potential. If small silver nanoparticles are produced in the
SIF deposition process for which the surface plasmon absorption band is close to
the short wavelength limit (ca. 420 nm; the practical limit in solution for AgNPs of
ca. 10 nm diameter is ~400 nm [121]), direct amplification of the native DNA
fluorescence is possible (Fig. 19) [122]. In this study, a remarkable 80-fold intensity
enhancement has been observed. However, the authors have pointed out that only 1/
25th of the DNA molecules dissolved in solution resides in the active MEF region,
potentially making it possible to increase the enhancement to >1,000 when the
localization of the target with respect to the SIF is better controlled. Again, as
shown in Fig. 19, the increase in intensity is accompanied by a reduction of the
fluorescence lifetime. Such strong amplification would render this method very
interesting for DNA sequencing applications without extrinsic labelling.
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Fig. 18 (a) Emission spectra, (b) photographs and (c¢) fluorescence decays of the labelled DNA
oligomers on neat quartz and SIF-coated quartz substrates. The quartz was treated with amino-
propyltriethoxysilane (APS). (d) Photostability of Cy3-DNA and Cy5-DNA on APS-treated slides
with and without SIFs. The excitation intensity was adjusted to yield the same emission intensities
on neat and SIF-quartz. (Reprinted with permission from [120]. Copyright 2003 BioTechniques)
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Fig. 19 (a) Emission spectrum of a buffered solution containing calf thymus DNA in a cuvette
(top) and between quartz plates in the absence (labelled “No Silver”) and the presence of a SIF
(labelled “with Silver”; bottom). (b) Decay of the fluorescence of calf thymus DNA in the absence
(dashed line) and presence of a SIF (solid line). (Reprinted with permission from [122]. Copyright
2001 Academic Press/Elsevier)

5.2.1 MEF and Multiphoton Excitation

Two-photon or multi-photon excitation is a nonlinear absorption process in
which fluorophores are excited with several photons of low energy. This
technique offers the possibility to excite a fluorophore with rather long wave-
lengths, often in the NIR spectral region, which is especially attractive in
bioimaging applications [123]; see also Sect. 2.3. At long wavelengths, scatter-
ing is significantly reduced, penetration of tissue enhanced and autofluorescence
commonly negligible. However, the excitation rate is highly dependent on the
excitation intensity and proportional to its square, i.e. usually comparatively
strong laser excitation is required. Nonetheless, the employment of metal
nanoparticles for which the above-mentioned field enhancement is operative
can also lead to strong enhancement factors for multi-photon excitation pro-
cesses of up to 108 [124].
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Fig. 20 Two-photon-excited emission spectra of Cy5-DNA on neat and SIF-coated quartz. The
brightness of Cy5-DNA on SIFs is approximately 100-fold higher than on quartz. The top panel
shows a sketch of the Cy5 deposited on SIFs. (Reprinted with permission from [125]. Copyright
2005 Academic Press/Elsevier)

As shown in Fig. 20, Lukomska et al. could realize a ca. 100-times amplified
fluorescence signal with Cy5 by using a Ti-Sapphire laser and NIR excitation
[125]. The authors have found that the average fluorescence lifetimes <7> of Cy5
on the SIF substrates are considerably reduced compared with the dye on a neat
quartz support. In addition, they could show that <7> for one- and two-photon
excitation were rather similar, <t> = 0.108 and 0.117 ns, respectively, indicating
that the intensity enhancement is mainly due to a stronger local field near the metal
surface.

5.2.2 Metal Enhanced Phosphorescence

Besides fluorescence, another radiative decay path of an excited molecule is
phosphorescence, which occurs from the lowest triplet state T; to the ground state
So- Such intersystem crossing is a highly forbidden process and therefore phospho-
rescence decay is significantly slower compared with fluorescence, commonly in
the micro- to millisecond time regime. As mentioned above for the rare earth
emitters as RET donors in Sect. 2, long lifetimes harbour the advantage of sensitive
detection by time-resolved or time-gated spectroscopic methods. Provided that
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Fig. 21 Phosphorescence 600
spectra of Rose Bengal
immobilized on an organic
glass with and without SIFs at
77 K (Aexe = 532 nm).
(Reprinted with permission
from [129]. Copyright 2006
American Chemical Society)
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adequate probes are available, these features can also yield valuable information on
rotational motions of proteins or particles on the micro- to millisecond time-scale
through time-resolved phosphorescence anisotropy measurements [126—128].

To enhance the often weak phosphorescence signals, SPR-based coupling techni-
ques can also be employed. For instance, Zhang et al. have reported a five times
amplified phosphorescence emission for the dye Rose Bengal close to a SIF-covered
glass surface compared with neat glass (Fig. 21) [129]. Detailed investigations as a
function of temperature have revealed that the phosphorescence enhancement factor
is temperature-dependent, increasing from 3.2 at room temperature to 5.7 at 77 K.
The authors could further detect both, MEP and MEF, and explained this coexistence
by enhanced absorption and reverse intersystem crossing involving a ST path.

5.2.3 Metal Nanoparticle-Enhanced RET

In the 1980s, first theoretical works have been published which described how the
vicinity of metal particles could increase the RET efficiency in donor—acceptor
systems [130, 131]. Instead of increased rates of radiative decay as found for
fluorophores close to a metal surface, see above, the effect here is based on
increased rates of resonance energy transfer. This enhancement of the RET rate
has been predicted to increase by 100-fold at distances up to 700 A ie. covering
distances that are ca. tenfold larger than the Forster distances commonly achieved
in bulk solution. Early studies on the calf thymus model DNA system (see Fig. 19)
employing the minor groove-binding dye DAPI (4’,6-diamidino-2-phenylindole)
and the intercalating dye propidium iodide (PI) in the presence of SIFs have shown
that the effective interaction distance R, of such non-covalently interacting systems
can be increased fivefold [132]. For instance, for covalently labelled model systems
FRET rates can increase by >20-fold for the Cy5/Cy5.5 pair conjugated to com-
plementary oligonucleotides [133]. In a subsequent study employing silver particles
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of 15, 40 and 80 nm diameter and varying the distances between the FRET dye pair
and the particle surface (and not the distance between Drgt and Aggr), it has been
found that the amplification of FRET increases with increasing nanoparticle size
and that FRET is more efficient if the Drgr/AreT pair is located 10 nm above the
surface instead of 2 nm [134].

Another interesting example of using modified AgNPs instead of SIFs to detect
donor—acceptor proximity over a longer distance than the standard Forster range
has been published recently. Lessard-Viger et al. have employed novel multilayer
core-shell nanoparticles featuring a silver core surrounded by silica layers contain-
ing FRET donor and acceptor positioned at a precise distance from the core [135].
The presence of silver results in an increase in Forster efficiency by a factor of 4 and
an increase in Forster range of ~30%.

Finally, we conclude this section with first approaches toward plasmonically
enhanced RET systems using QDs. In 2007, Govorov et al. have investigated
theoretically the possibilities of how RET between pairs of CdTe QDs, InGaN
QDs and PbSe QDs can be enhanced by the presence of AgNPs and AuNPs [136]. A
year later, Komarala et al. have experimentally investigated CdTe QD RET pairs,
i.e. CdTe QDs of different size acting as Drgr and Argr, and the enhancement of
the energy transfer processes by AuNPs [137]. In contrast to the QD luminophore—
AuNP quencher-type RET systems introduced in Sect. 2.2, the present approach
shows true aspects of amplification yet requires more careful control.

In conclusion, all the examples discussed in this section require more attention
with respect to architectural control when aiming at high (amplified) performance.
At the same time, the nanoparticle chemistry used in most of these cases is quite
simple, basically due to the physical nature of the processes responsible for
amplification and a great variety of conventional chromophore systems can be
employed in these MEF-based applications.

6 Conclusion

The present contribution has shown how versatile and manifold the application of
luminescent nano- and microparticles in analytical and bioanalytical contexts that
rely on signal amplification strategies is already today. The different applications
range from utilizing mainly the particles’ size, by doping particles with a large
amount of emitters or by storing a large number of emitters in a porous particle
network, over the catalytic (chemical) properties of NPs and physical enhancement
effects to particular physical properties such as multi-photon excitation. The nature
of the particles itself has been rather diverse and their combination with organic or
bioorganic entities is almost limitless. The examples presented here have shown
that today, amplification factors of more than three orders of magnitude can be
readily accomplished.

In the last 10—15 years of research which showed the utmost activity in the field,
so many different approaches have been realized that it is difficult to say where the
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journey will lead to next. One approach that we believe will receive increasing
interest is the combination of gold nanoparticles with QDs in applications where the
AuNPs do not act as simple quenchers, but where the AuNPs amplify the lumines-
cence of their semiconductor twins. First approaches have been realized recently,
for instance, with CdSe QDs [138]. Alternatively, luminescence enhancement in 3D
arrays of QDs in lamellar objects of micrometric size is possible by integrating
small AuNPs [139]. Since these lamellae are also permeable for small molecules or
ions, such structures are potentially suitable as sensory (micro)membranes.

With respect to efficiency and amplification, nature has created some of the best
performing ensembles. Gated systems relying on the liberation of many indicators
from a reservoir once the gate is unlocked resemble gated membrane channels in
natural systems. Their development is also only at the beginning so far. For
instance, if such gated systems are not only loaded with many indicators but are
also equipped with a catalytic indication system on the outside, the arrival of one
analyte can trigger the formation of many “catalytic keys”, unlocking many of the
gates and liberating a very large number of the doped cargo. Truly massive
amplification might thus arise. In the field of improving the optical properties of
photosynthetic systems, a combination of coupling with QDs and invoking RET
processes has already achieved promising results [140]. With respect to RET and
metal nanoparticle-based enhancement, the introduction of electrochemilumines-
cent systems besides BRET and CRET offers another degree of flexibility and
performance for “dark” excitation and first QD-based approaches have been rea-
lized lately [141].

Finally, when talking about amplifying nanoparticles, the applications are of
course not only limited to spherical particles as mainly employed today and
discussed here, but aspherical objects like cages, rods or wires offer a wealth of
additional tuning modes and will presumably receive pronounced attention in the
future [142].
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Luminescent Chemosensors Based on Silica
Nanoparticles

Sara Bonacchi, Damiano Genovese, Riccardo Juris, Marco Montalti,
Luca Prodi, Enrico Rampazzo, Massimo Sgarzi, and Nelsi Zaccheroni

Abstract The field of nanoparticles is amazingly many-sided and consequently their
applications range between many different areas from industry to bio-analysis and
catalysis. In particular, luminescent nanoparticles attract close attention in the areas
of biology, medical diagnosis and therapy, where they already find many applica-
tions. In this so fascinating and wide framework we have focussed our attention on
luminescent silica nanoparticles able to act as sensing materials. We highlight here
the importance, especially with the aim of sensing, of gaining precise knowledge and
control of their structures; the performance of a chemosensor is, in fact, totally
dependent on its design. We then briefly present the state of the art and the progress
both in the synthetic protocols and in the application of luminescent silica nanopar-
ticles as chemosensors. We present many recent examples, organized into two main
sections, the first dealing with systems presenting the signalling units on the surface
(dye coated silica nanoparticles, DCSNs) and the second with systems entrapping the
dyes inside the silica matrix (dye doped silica nanoparticles, DDSN).

Keywords Chemical sensors, Fluorescence, Luminescence, Signal amplification,
Silica nanoparticles
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Abbreviations
AOT Bis(2-ethylhexyl) sulfosuccinate sodium salt
APTES 3-Aminopropyltriethoxysilane
AuNPs Gold colloids

BODIPY Dye class containing boron-dipyrromethene (4,4-difluoro-4-bora-3a,
4a-diaza-s-indacene) as core

CHEF Chelation-enhanced fluorescence

CpP Conjugated polymers

DCSN Dye coated silica nanoparticle

DDSN Dye doped silica nanoparticle

DEDMS Diethoxydimethylsilane

DETA N'-[3-(Trimethoxysilyl)-propyl]diethylenetriamine
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPA Dipicolinc acid

EDTA Ethylenediaminetetraacetic acid
EDTAD Ethylenediaminetetraacetic dianhydride
FITC Fluoresceine isothiocyanate

FIFFF Flow field flow fractionation

FRET Fluorescence resonance energy transfer
ICT Internal charge transfer

MPS Mercaptopropyltriethoxylsilane

MRI Magnetic resonance imaging

NBD Nitrobenzoxadiazole

NIR Near infrared spectral region

NP Nanoparticle

ORMOSIL Organic-modified silica

PBS Phosphate buffered saline

PDT Photodynamic therapy

PEG Polyethylene glycol

PET Photoinduced electron transfer

PPS Diethynylbenzene and diiodo-dipropyloxysulphonate benzene units
PVP Polyvinylpyrrolidone

QDs Quantum dots

RES Reticulo-endothelial system

RNA Ribonucleic acid

SNP Silica nanoparticle
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SPB Surface plasmon band

TEM Transmission electron microscopy
TEOS Tetraethoxysilane tetraethyl orthosilicate
TMSCI Trimethylsilylchloride

TNT Trinitrotoluene

TSQ 6-Methoxy-8-p-toluensulfonamide
VTES Triethoxyvinylsilane

€ Molar extinction coefficient

® Fluorescence quantum yield

1 Introduction

Photochemistry, which deals with the fundamental interactions of light with matter,
is attracting the interest of researchers from many different fields, both in funda-
mental and applied studies, spanning from investigations on processes involved in
the origin of life on earth to design and engineering of new solutions useful for
everyday life such as energy production, medical diagnosis and therapeutics, data
storage, material and environmental sciences [1]. It is therefore not surprising that
photochemistry is still undergoing tremendous development. In particular, interest
is shifting from purely molecular systems to supramolecular architectures [1] and,
more recently, nanostructures [2—5], where intermolecular interactions can result in
novel photochemical and photophysical properties. Such architectures are in fact an
ideal platform to couple elementary processes (light absorption and emission,
energy and electron transfer) to give rise to more complex ones (directional
excitation energy migration or multi electron photo injection) in order to design
nanosized functional photochemical devices [1].

An extensive description of the theoretical bases of all the principles and processes
typical of photochemistry is beyond the scope of this introduction, but can be found
in the literature [6]. However, it is worth noting that all fluorescence parameters such
as Stokes shift, fluorescence intensity and anisotropy, emission and excitation spectra,
and fluorescence lifetime can be used to encode what is happening in the
close neighbourhood of the monitored species. The versatility of fluorescence-based
methods of analysis derives indeed from the wide number of variables that can be
tuned and coupled to get the required information, allowing one to overcome even
very complex analytical problems.

Fluorescent chemosensors in particular [7, 8] have already found wide applica-
tions in many fields, such as environmental monitoring, process control, food and
beverage analysis, and also represent one of the most rapidly developing fields in
biology and medicine [9]. The design of fluorescent chemosensors has been contin-
uously evolving in the last decades and numerous are the reviews on this topic [10]
and see, for example, [11, 12]. The classical design of a fluorescent probe includes
two fundamental moieties, a receptor responsible for the molecular recognition of
the analyte and a fluorophore responsible to signal the recognition event. There are
three main strategies to approach the design of fluorescent molecular indicators for
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Fig. 1 Schematic representation of a chemosensor

chemical sensing in solution. The first is based on intrinsic fluorescent probes [7],
which are fluorescent molecules where the signal transduction mechanism involves
the interaction of the analyte with a ligand site that is part of the n-system of the
dye. The second involves extrinsic fluorescent probes, in which the receptor moiety
and the fluorophore are covalently linked but are electronically independent
[13—-15] (Fig. 1). The third strategy is called chemosensing ensemble, based on a
competitive assay in which a receptor-fluorophore ensemble is selectively disso-
ciated by the addition of an appropriate competitive analyte for the ligand, resulting
in a detectable response of the fluorophore [16—18].

Very recently, the use of more complex architectures has allowed one to overcome
many of the typical limitations of conventional fluorophores (organic dyes) such as
poor photostability, low quantum yield, unsuitability for physiological conditions and
therefore for in vitro and in vivo applications. These systems include, for example,
conjugated polymers (CP), QDs, gold nanoparticles and silica nanoparticles doped
with luminescent species [19-21].

The performances of such photophysical multi-component devices are essentially
dependent on the possibility of controlling the mutual interactions between the
molecular components in the assembly, and hence their spatial organization. This
condition is fundamental to optimize the efficiency by minimizing the occurrence
of undesired processes leading to energy loss and photo-degradation. A rigorous
traditional synthetic approach surely allows very good control of the geometry,
yielding fascinating, outstandingly efficient devices. However, in many cases, the
performance is also related to the number of molecular units and the covalent
interconnection of hundreds or thousands of molecules would require a tremendous
effort. Self-assembling and self-organization [10] provide a lower degree of control
of the electronic interactions between active moieties compared to traditional synthe-
sis. Nonetheless, a much longer-range spatial control and organization is achievable
with these methods, allowing a much higher level of complexity to be reached.
However, such methods provide non-covalent systems, which are not always
appropriate for applications in complex matrices such as cells and tissues, since
they do not guarantee the necessary robustness to ensure long-run lifetimes. In
these cases a bottom-up approach, which allows the design of nanometric systems
based on molecular units held together by covalent bonds, is one of the possible
solutions.
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Fig.2 Comparison between the signals arising from a molecular chemosensor and a nanoparticle-
based one

Nanotechnology is an emerging science that exploits the characteristic and
unique properties of these materials at the nanoscale level. An inventory of the
nanotechnology-based consumer products currently on the market can be found in
some specialized websites and, though not comprehensive, it includes more than
1,000 items, which are the fruit of more than 20 years of basic and applied research.
In this context nanoparticles represent one of the main subjects of interest [22].
These systems have, in fact, rapidly found many industrial uses in a wide range
of fields such as electronic, optoelectronic, biomedical, pharmaceutical, cosmetic,
catalytic and materials areas. Among all these applications, one of the cut-edge
research topics in the field of photoactive nanoparticles is the development
of innovative nanosystems for biological imaging, medical diagnostics and
therapeutics (Fig. 2).

In this chapter we will focus our attention on properly modified silica nanopar-
ticles that are able to conjugate unique photophysical and photochemical properties
to simple and low-cost preparation. Moreover, the versatility of the chemistry of
silica offers the possibility to obtain easily sophisticated, but robust, multifunctional
systems [23, 24].

In the following sections different families of nanoparticles will be compared to
emphasize the unique features of doped luminescent silica nanostructures, and to
underline the challenges that these systems are expected to face, mainly in the field
of sensing.

1.1 Nanoparticles in Bioimaging and Sensing

Luminescent organic or metallorganic species, polymers and proteins are the most
commonly used moieties for imaging and sensing. It has to be noted, however, that
in these applications dye molecules are exposed to a variety of harsh environments
and often suffer from photobleaching and quenching due to interactions with
solvent molecules and reactive species, such as oxygen or ions, dissolved in
solution. Furthermore, m—n stacking can occur at high local concentrations, e.g.
when the dyes are deposited on surfaces or interfaces, leading to energy transfer and
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self-quenching. All this has greatly limited the use of fluorophores for in vitro
assays and in vivo cellular imaging and sensing, and much effort is devoted to
improve their stability and sensitivity.

Nanoparticles often provide a protected environment where active species are
not affected by external and unforeseeable triggers (such as the case of silica,
titania, latex nanoparticles) [25], or are intrinsically less sensitive to the environ-
ment than molecular dyes (QDs, metal nanoparticles) [26, 27]. Moreover, unique
features arise from their particular size-dependent opto-electronic properties, their
size — similar to biomolecules such as proteins and polynucleic acids — and their
high surface-to-volume ratio. With proper engineering and surface modification,
nanoparticle probes can also be obtained featuring enhanced fluorescence signals,
increased sensitivities, a prolonged detection time and a better reproducibility.
Figure 3 schematizes the versatility of these systems, summarizing a few important
desirable properties of multifunctional nanoparticles [28].

There are several classes of nanoparticles such as organic, inorganic and metal-
lic, all of them currently employed as fluorescent emitters, present pros and cons,
and are more or less suitable for each particular application. Hereafter we present a
brief overview of each of these classes to introduce this fascinating field, while in
Sect. 3 we will discuss in much more in detail silica nanoparticles that are the focus
of this contribution.

1.1.1 Quantum Dots

Quantum dots (QDs) were developed in the early 1970s. These atomic clusters are
luminescent nanometer-scale (1.5—12 nm) heterostructures, containing from a few
hundred to a few thousand atoms of a semiconductor material (CdSe, CdS or InP
and InAs). They can be coated with an additional semiconductor shell (e.g. zinc
sulphide) to improve their optical properties such as their brightness, and the photo-
stability of the material since, in the core—shell QDs, photobleaching effects are
strongly reduced [29].

The optical properties of QDs are very characteristic [30]. The energy of their
excited states depends not only on the constituent material but also upon the particle
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Fig. 4 Right: absorption and emission of six different QD dispersions. Left: photo demonstrating
the size-tuneable fluorescence properties and spectral range of the dispersions plotted on the right
vs CdSe core size (excited with a 365 nm UV lamp). Adapted with permission from [29]

size (Fig. 4) and this tunability has been widely exploited for designing multicolour
assays, thanks also to the narrow emission spectra of homogeneously sized QDs
solutions. They also present a broad absorption spectrum, large molar extinction
coefficients (), high fluorescence quantum yields (@), very long emission lifetimes
(up to the range of ps) and a much higher photostability than traditional fluorescent
molecules.

QDs do not disperse well in water, but by modifying their coating it is possible to
make them water soluble, facilitating their conjugation to biomolecules and making
them useful for biological imaging [31]. Several different methods are used to make
them biocompatible and to introduce binding specificity [32, 33]. Many reports
have appeared regarding applications of QDs as in vitro or in vivo diagnostic tools.
However, they present many drawbacks, the most significant being cytotoxicity:
the toxicity of elements such as cadmium, which is present in many of these
nanocrystals, is well known, and thus it is critical to know whether these cytotoxic
substances can leak out of the QD particles over time, upon illumination or
oxidation. It has to be said that this is still a controversial point since there are
reports in the literature that provide evidence of cytotoxicity of QDs [34], and
others in which no cytotoxicity is observed [35]. Recently much progress has
been reported toward overcoming their limitations [36—39] and several appealing
examples of QDs bio-sensors based on FRET [40] have appeared.

1.1.2 Gold Nanoparticles

In the twentieth century, various methods for the preparation of gold colloids
(AuNPs) were reported and reviewed [41]; among them, the Brust—Schiffrin
method for AuNPs synthesis [42], published in 1994, has had considerable impact
on the field since it allowed, for the first time, the facile synthesis of thermally stable
and air-stable AuNPs of reduced dispersity and controlled size.
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As far as physical properties are concerned, the deep red colour of AuNPs
solutions or glasses is due to the so-called surface plasmon band (SPB), a broad
absorption band in the visible region. The SPB arises from the collective oscilla-
tions of the mobile electrons at the surface of the nanoparticles induced by the
electromagnetic field of the incoming light, and has been theoretically described
by the Mie theory [43] and studied by many authors. This band is negligible in
AuNPs with a diameter of less than 2 nm, as well as bulk gold, while for AuNPs of a
diameter below 100 nm, the SPB maximum 4,,,, was observed in aqueous media in
the 510-580 nm range. The SPB maximum and bandwidth are indeed influenced by
a number of factors, such as particle size, shape, solvent, dielectric properties and
temperature, and also by aggregate morphology, surface functionalization and
the refractive index of the surrounding medium (for a more detailed account on
the photophysics of AuNPs see Daniel and Astruc [44]) [45, 46].

In the field of sensors and labels, interesting applications can be found based on
SPB shift [47].

As schematized in Fig. 5, the binding of a target analyte can induce NPs
aggregation. Since the plasmon-resonance spectrum of free single particles differs
significantly from that of aggregated ones, it is possible to obtain quantitative
measurements of the aggregating species present in solution by measuring the
SPB shift caused by the recognition event [48, 49].

As far as luminescence is concerned, gold nanoparticles [50] generally quench
the emission of fluorophores adsorbed or bound at their surface but it has to be said
that both radiative and nonradiative rates critically depend on the size and shape of
the AuNPs, the distance between the dye molecules on the surface, the orientation
of the dipole with respect to the dye-nanoparticle axis and the overlap of the
molecule’s emission with the nanoparticles absorption spectrum [51]. It has also
been observed that very small gold nanoparticles (with a diameter smaller than
1.5-2 nm) can present an intrinsic luminescence that is centred in the NIR spectral
region [52, 53].

Finally, colloidal gold offers some unique advantages over other labelling agents,
e.g. QDs or organic dyes. For instance, it does not undergo any photodecomposition,

Fig. 5 Aggregation of gold nanoparticles induced by coordination leads to a red-shift of the
surface plasmon resonance band
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which is a common problem encountered while using fluorescent dyes. Second, it is
not intrinsically toxic (gold, in fact, is one of the few metals that is not rejected by
our body), it is reasonably stable and it can also be stored in a dry state.

1.1.3 Luminescent Silica Nanoparticles

In the past few years, many reports have described the distinct advantages of
luminescent silica nanoparticles over traditional dye molecules [54, 55]. These
advantages allow their convenient use as fluorescent probes for applications
ranging from biosensors [56, 57] to interfacial interaction studies such as immu-
noassays [58], multiplexed bio-analysis [59—61], nucleic acid analysis [62] and
drug delivery [63] to name but a few (Fig. 6).

There are many different synthetic methods to prepare silica nanoparticles and in
particular dye doped silica nanoparticles (DDSNs), all characterized by simplicity,
low costs, versatility and great control over the architecture of the resulting
materials. We will discuss in detail the most common procedures in the next
section, with some emphasis on a new synthetic strategy that we have developed
and patented [64, 65] that affords monodisperse silica nanoparticles with a particu-
larly versatile and readily obtained core—shell architecture.

The ability to control the spatial organization of the molecular components of
complex architectures, in fact, is an essential condition to design systems able to
perform specific functions with high efficiency without losing excitation energy
into parasite processes. Speaking more generally about efficient photochemical
devices (that also include luminescent sensors), they are required to be (photo)
chemically stable, to be compatible with the milieu of use and to present photo-
physical properties that are not dependent on the environment, or only from a
specific analyte. Moreover, ease of synthesis and low cost starting materials are

Fig. 6 An overview of the -
versatility of the fluorescent ‘ " L
core—shell silica nanoparticle
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permission from [55]
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also obviously desirable if the product is intended to be marketed. Finally, if the
systems are prepared to be used for diagnosis or therapeutics (or both), they should
be biocompatible and non-toxic, raising no concern about their disposal.

Luminescent silica nanoparticles are, in our opinion, the most promising and
valuable of all the species presented till now in this brief introduction; they are
potentially interesting for many applications like energy production and storage,
catalysis and in particular sensing. After a description of the most common prepa-
ration methods in Sect. 2, we will present the state of the art for these particles as far
as their application as chemosensors is concerned.

2 Synthesis of Fluorescent Silica Nanoparticles

The controlled preparation of monodispersed and stable colloidal silica was pro-
posed for the first time by Stober [66] and developed in the following years by many
other scientists. They improved the method and increased the complexity of the
resulting nanomaterial, with a consequential proliferation of possible applications,
which proved once more the versatility of this kind of nanostructured scaffold. The
concept of chemical functionalization was a crucial point in the design of new
materials for practical applications. Van Blaaderen’s idea of condensing fluorescent
molecules with the monomeric tetraethoxysilane precursor (TEOS) during the
growing step in the nanoparticles synthesis allowed the preparation of the first
fluorescent silica nanoparticles containing an organic dye covalently linked to the
silica matrix [67, 68] Besides the methodology presented by Stober and modified by
van Blaaderen, other strategies have recently been developed, mainly based on the
reverse microemulsion method [69, 70] or on the use of direct micelles as templates
[71-72]. In addition to all these methods, our research group has recently developed
a synthetic strategy that affords not only monodispersed but also ordered core—shell
silica nanoparticles. We will discuss in detail in this section all these preparation
approaches, in order to show the pros of each methodology as a function of the
specific aim or application that the researcher has in mind.

2.1 Stober Method

The chemical process at the basis of the silica formation is the controlled hydrolysis
of tetraethoxysilane (TEOS) molecules and their ammonia catalysed condensation
in ethanol/water/ammonia solution. This method allows the continuous and easy
control of the nanoparticle dimensions by a suitable choice of the concentrations
and ratios of the components of the reaction mixture (TEOS, water and ammonia).
Several optimized synthetic protocols with well defined experimental conditions
allow one to obtain nanoparticle samples in a dimensional range of about
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15-200 nm (up to ca. 800 nm with one pot procedure), that useful for bio-analytical
applications.

Although the colloidal silica suspensions obtained with this method are already
strongly stabilized in water solutions by electrostatic repulsion, controlling the
properties of NPs surface is fundamental to tune their solubility and adhesion
properties and to avoid irreversible aggregation. Moreover, exterior functionaliza-
tion is often essential for many applications. Triethoxysilane groups are suitable for
surface modifications and properly silanized molecules can be grafted onto the
silica surface to modify its functionalities. Such reagents anyway do not guarantee
complete passivation: the residual undesirable reactivity due to the external Si-OH
sites may require further treatment with end-capping reactants such as (CH3)3SiCl
or monoalkoxysilanes.

Such a covalent approach also allows one to obtain luminescent silica nanopar-
ticles capping the surface with fluorophores. These emitting systems are usually
indicated as dye coated silica nanoparticles (DCSNs) (Fig. 7).

The main synthetic procedures leading to alkoxy-functionalized fluorophores
include the hydrosilylation reaction and especially the use of commercial alkox-
ysilanes bearing a useful reactive functional group. Among these reagents we often
find triethoxy(3-isocyanatopropyl)silane as one of the most useful. Belonging to the
click chemistry family, its reaction with fluorophore derivatives bearing an amine
group is fast and quantitative. Furthermore, the formation of the ureidic group in the
adduct often increases the solubility of lipophilic organic dyes in polar solvent
(ethanol, water) to concentrations useful for the nanoparticle preparation.

During the synthesis the condensation of trialkoxysilane derivative is almost
quantitative, but sometimes the separation of the nanoparticles from the unreacted
silane derivatives could be necessary and can be achieved by centrifugation,
ultrafiltration or dialysis. Centrifugation/re-dispersion cycles are generally of use
when nanoparticles are sufficiently heavy (in term of size, 100-200 nm of diameter
and more) [73], and if their surfaces are tightly passivated/stabilized to prevent
irreversible aggregation via condensation between the outer siloxanic groups.
However, as nanoparticles re-dispersion is often obtained by sonication or vigorous
stirring, this strategy is not generally applicable to delicate systems like nanopar-
ticles/biomolecule conjugates. Ultrafiltration and dialysis are the best techniques
to purify solutions of small nanoparticles; they in fact allow one to maintain the
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Fig. 7 Stober synthesis of dye coated silica nanoparticles (DCSNs)
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Fig. 8 Left: TEM picture of the fluorescent silica nanoparticles. Right: size distribution of the
nanoparticles obtained from TEM images (bars); absorbance at 500 nm during the FIFFF elution
of the nanoparticles (dashed line); numerical size distribution curve calculated from FIFFF
(continuous curve); fluorescence intensities of the fraction n with a diameter between 3n — 1
and 3n (squares). Adapted with permission from [74]
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Fig. 9 Van Blaaderen modification of the Stober method for the synthesis of dye doped silica
nanoparticles

monodispersity of the samples and, when required, to replace the alcoholic envi-
ronment with aqueous solutions. We recently also showed that FIFFF (Flow Field
Flow Fractionation) is a powerful technique to size sort and purify fluorescent
colloids of nanometric dimension [74] (Fig. 8).

The Stober method was brilliantly modified by van Blaaderen who had the idea
of co-condensing fluorescent molecules with the monomeric tetracthoxysilane
(TEOS) precursor during the growing step in the nanoparticles synthesis, yielding
systems in which organic dyes are covalently linked to the silica matrix [67, 68].
These architectures are commonly addressed as DDSN and present a high versatil-
ity since different species can be inserted inside the nanoparticles and, moreover,
the surface is still available for further functionalization (Fig. 9).

The photophysical properties of dye molecule in DDSNs can also be tuned by
exploiting plasmonic effects, that is by growing the silica nanoparticle around a
metal core. Experimentally, such sophisticated structures are achieved by carrying
out the Stober synthesis in the presence of preformed metal nanoparticles stabilized
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by polyvinylpyrrolidone (PVP) [75]. The reaction condition can be tuned to control
the thickness of the resulting silica shell (Fig. 10).

2.2 Reverse Microemulsion Method

The reverse microemulsion method is based on the controlled hydrolysis of tetra-
ethoxysilane (TEOS) molecules and their ammonia catalysed condensation like the
Stober method, but the reaction milieu is in this case a stable and macroscopically
isotropic dispersion of a surfactant and water in a hydrocarbon. In this system the
hydrolysis is confined inside the aqueous nuclei where precursors condense to form
the nanoparticles. Optimized synthetic protocols and experimental conditions allow
one to obtain nanoparticle samples in the dimensional range of about 15-200 nm
[70, 76] (Fig. 11).

The main discriminating parameters to control the nanoparticle dimensions in
the microemulsion method are the kind of surfactant and the surfactant to water
molar ratio [77]. An advantage of this method is that it often does not require the
functionalization of the fluorophores (when hydrophilic) that can be physically
trapped inside the matrix or via non-covalent interactions. Derivatization of the dye
molecules with a trialkoxysilane group is anyway preferable in order to avoid the
leaching of the doping material, especially when small particles (with a diameter
close to 20 nm) and a high level of doping (which usually varies between 0.1% and
1% but can be as high as 10% vs moles of TEOS) is required.

Also, in this case, the condensation of trialkoxysilane derivative is generally
almost quantitative, but the separation of the nanoparticles from the unreacted
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Fig. 11 Schematic representation of the reverse microemulsion method for the synthesis of dye
doped silica nanoparticles

silane derivatives, and from the reaction media (surfactant, etc.) is necessary and
can be obtained by precipitating the particles with an organic solvent. In this case
the surface derivatization can be obtained through addition of silanized molecules
before the purification step.

Microemulsion based methods can also allow one to prepare species that com-
bine interesting optical and magnetic properties, thanks to the inclusion of an iron
oxide magnetic nucleus (especially magnetite, Fe;O,). The resulting hybrid
materials, if properly synthesized, can merge a high biocompatibility and hydro-
philicity with a magnetic behaviour suitable for several medical and technological
applications. Precursor magnetic nanoparticles with a narrow size distribution and
with tuneable diameter (4-20 nm) are prepared by reverse microemulsion based
methods [78, 79] or thermal decomposition of iron precursors in organic media
[80-83]. Silica shell formation may be based either on modified Stober methods
(as seen for metal cores) or reverse microemulsion methods. Interestingly, the
presence of a magnetic core, which is advantageous for dual imaging and for a
specific positioning in a controlled magnetic field, can also be exploited for the
recovery and hence for the purification of these hybrid materials.

2.3 Direct Micelles as Template

This approach is probably the most recent within those described so far. It is based on
the use of a surfactant in water solution (sometimes together with a co-surfactant) in
which the micellar aggregates (or co-aggregates) behave as templates, where the
formation of the nanoparticle structure takes place. The strong point of the strategy
is the use of cheap reagents in aqueous solution, for a reaction which provides
extremely mono-disperse water soluble nanoparticles, with diameters within quite a
narrow range (10-50 nm), these being the most desirable dimensions in most in vivo
and in vitro bio-analytical applications.

Within the examples appearing in the literature, the synthetic strategy used by
Prasad and coworkers to obtain the so-called ORMOSIL (ORganic-MOdified
SILica) nanoparticles stands out for versatility and simplicity. It is based on an
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oil in water method utilising a surfactant/1-butanol/DMSO and water mixture.
The surfactants normally used are AOT [bis(2-ethylhexyl) sulfosuccinate sodium
salt] or Tween 80, while the silica precursor is VTES (triethoxyvinylsilane). The
oganosilane condensation is promoted using APTES (3-aminopropyltriethoxysi-
lane) or ammonia, and is followed by two purification steps, dialysis and ultrafil-
tration. The method provides highly monodisperse and stable aqueous suspensions
of nanoparticles in the 20-30 nm range that exhibit some degree of mesoporosity.
The multimodality of the nanoparticles, that is the ability to carry out multiple
functions, is conferred mainly through surface functionalization and encapsulation.
The introduction of functional groups on the nanoparticles surface (-NH2, -COOH,
—SH) together with PEG chains [84] allow for targeting through the coupling with
bioactive molecules such as transferrin, monoclonal antibodies [85] or DNA
[86, 87], while the encapsulation of imaging or therapeutic agents such as single
and two photon fluorophores [88], PDT agents [89, 90], QDs and magnetic nano-
particles (Fe;Oy4) [91] address the ORMOSIL particles as imaging and therapeutic
agents. Due to the porosity of the organo-silica matrix, in many cases the conjuga-
tion of the fluorophore and/or of the PDT agent with the silica matrix is required to
avoid the possibilities of leakage [92] (Fig. 12).

Inspired by the work of Liu and co-workers who have described a new kind
of core—shell (silica-PEG) nanoparticles as platform for drug-delivery [71], we
have very recently proposed [93] a synthetic strategy that affords monodispersed
and ordered core—shell silica nanoparticles. Such systems allow the irreversible
inclusion of dye molecules in the silica core and present a stable biocompatible and
water soluble polymeric protective shell. For these reasons these materials appear
particularly promising in the development of luminescent probes for in vitro and,
hopefully, in vivo medical and bio-analytical applications.
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Fig. 12 Synthetic scheme for the preparation of functionalized ORMOSIL nanoparticles.
Adapted with permission from [85]
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This synthetic strategy is based on the formation of direct micelles of Pluronic®
F127 in water. Pluronic F127® is a non-ionic triblock copolymer surfactant termi-
nating in primary hydroxyl groups, and presenting a poly(ethylene glycol)-poly
(propylene oxide)-poly(ethylene glycol) structure (PEG-PPO-PEG, MW 12600),
that is relatively non-toxic.

The subsequent addition of tetralkoxysilane (TEOS) in acidic (or even neutral)
conditions leads to the formation of a silica core, due to the fact that, especially
before hydrolysis, alkoxysilane are rather apolar species and tend to migrate and
accumulate in the central part of the polymeric micelles, the more hydrophobic area
where the silicate condensation is promoted. This induces the formation of the silica
nanoparticles only inside the micelles, as the condensation proceeds, leading to the
entrapment of the surfactants molecules and to the final silica core-PEG shell
architecture (Fig. 13).

As already mentioned for other synthetic strategies, the silicate condensation
needs to be controlled in order to avoid the inclusion in the matrix of the whole
PEG segments, or the aggregation through inter-particles polymerization. This can
be achieved by adding to the reaction mixture, in due time, DEDMS (diethoxydi-
methylsilane) or TMSCI (trimethylsilylchloride) that are capping agents able to
stop the silica condensation.

The addition of dyes in the initial reaction mixture affords dye-doped silica cores.
According to their solubility, in fact, they partition between water and hydrophobic
micelles, the latter fraction remaining physically entrapped in the silica network.
Derivatizing the dye with a trialkoxysilane group leads to its co-condensation with
TEOS, resulting in robust luminescent systems. Thus, this method allows the physical
or covalent entrapment of dozens of molecules to a small silica core, providing very
bright nanosystems.

Targeting moieties exposed on the surface of silica nanoparticles would account
for bio-recognition and bio-specificity, opening up a number of possibilities in
biomedical and analytical applications. We are currently exploring the possibility
of linking such targeting moieties to the surface with a versatile procedure: through
either standard conjugation protocols or more recent click chemistry strategies, we
have substituted the terminal —OH groups of the triblock copolymers by proper
functional groups (-COOH, -NH,, —SH, —Nj, alkynes...). The co-micelles of
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Fig. 13 Schematic representation of the Pluronic® assisted method for the synthesis of dye doped
silica nanoparticles
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Fig. 14 Diagram showing some features of the silica core-PEG shell nanoparticles

original and modified Pluronic® F127 afford nanoparticles that, as prepared, exhibit
functional groups on the surface that can subsequently link the particle to a variety
of targeting moieties (Fig. 14).

Transmission electron microscopy (TEM) images show very uniform spherical
particles d = (10 = 1) nm. This is the image of the more dense silica cores, the
polymeric shell being too soft to be observed with this technique. Light scattering
measurements on the same samples provide a hydrodynamic diameter in the
20-30 nm range, very close to that measured for pure F127 surfactant solutions
[94-96]. This larger hydrodynamic diameter also takes into account the contribu-
tion of the flexible PEG chains in solution.

These core—shell nanoparticles are extremely soluble and stable (up to several
month) in water (or phosphate buffered saline solutions, PBS) in which they
maintain an outstanding monodispersity. The strength of this strategy is mainly
being a one-pot method, in which very cheap and basically non-toxic components
are used even if the synthesis pertains to functionalized nanoparticles. Moreover,
the PEG shell boosts the performances of the colloidal system looking at in vivo and
in vitro bio-analytical applications. The PEG shell provides a stabilizing stealth
layer [97] and as a matter of fact in simulated physiological or bio-analytical
protocols work-up conditions (PBS 1x, bovine serum albumin up to 10 wt%)
these colloidal systems retain their stability and mono-dispersion.

Another feature is the ability to host in the outer PEG shell water insoluble materials
such as dyes [98] or chemosensors. In perspective these systems seem to be good
candidates for the development in an easy and rapid fashion of chemosensors present-
ing valuable features like signal amplification due to light harvesting properties.

3 Luminescent Silica Nanoparticles as Chemosensors

3.1 Introduction

Introducing this chapter, we have demonstrated the advantages in passing from
conventional luminophores to complex architectures, and in particular why in our
opinion luminescent silica nanoparticles are the most interesting and promising
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nanosystems to be exploited in many fields like energy production and storage,
catalysis, and, in particular, sensing for medical or environmental applications.

To obtain sensitive luminescent chemosensors, many requirements must be met.
In particular the material should be (photo)chemically stable, compatible with the
milieu of use, should present photophysical properties that do not depend on the
environment or on a specific analyte; for marketing in general it should be obtained
with an easy synthesis and low cost starting materials, and for their use in the
medical field they should be biocompatible, non toxic and environmental friendly
as far as their disposal is concerned.

Hereafter we discuss in more detail how luminescent silica nanoparticles can
potentially fulfil all of these crucial features:

1. Silica is photophysically inert, i.e. it is transparent to visible light and is not
involved in energy- and electron-transfer processes. For this reason, all the
photochemical properties of the luminescent silica nanoparticles are mainly
conferred by the doping material and, when present, by the capping agents.
Photoactive matrices, in contrast, can be involved in photodecomposition pro-
cesses (titania) [99] or simply cause quenching of the luminescence (gold) [100].

2. Silica does not present intrinsic toxicity, and for this reason silica NPs are
environmentally friendly and can be suitable for in vivo applications because
they do not undergo microbial attack. Although a deeper investigation is still
necessary in this context, preliminary experiments are in favour of the benign
nature of silica nanoparticles, also supporting their use for in vivo diagnosis and
therapy [101]. From this point of view, QDs suggest much bigger concerns about
their use in clinical applications [102—104] and their disposal, because of their
constituting elements such as cadmium and selenium.

3. Each silica nanoparticle can contain a large number of photochemically active
species; for example, a nanoparticle with a diameter of 60 nm used for labelling
purposes can contain as much as 10°~10° fluorophores. Thanks to these large
amounts of dyes incorporated in a small volume, the goal of obtaining a particle
with brighter luminescence can easily be fulfilled [105] since its extinction
coefficient is equal to the sum of those of the single chromophores.

4. The silica matrix has the capability to protect the active material segregated
inside the nanoparticle from external chemicals. Large species cannot, in fact,
permeate inside the nanoparticle, while small ones can but with a much reduced
diffusion coefficient. This feature still allows, on one hand, the use of NPs as
chemosensors for analytes of small dimensions (the dye interacts in its ground
state), and on the other hand it decreases the possibility of undesired photoreac-
tions (the excited state of the dye cannot undergo bimolecular reactions), thus
increasing the photostability of the fluorophores inside the nanoparticle. The
inclusion in this kind of matrix also helps to provide the active species with an
almost constant environment in chemical terms.

5. There are many different methods to synthesize luminescent silica NPs, as
reported in detail in Sect. 2, but they share valuable common features: they
usually require inexpensive reagents and mild conditions, they are rather simple
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and do not involve complicated separation procedures. Furthermore, the versa-
tility of the synthesis allows one to design luminescent nanoparticles with
chemical properties suitable for the desired applications, including in vivo
ones. Surface modification with well known chemical procedures [76] allows
one to optimize their already good compatibility with water, the solvent of
choice for the largest part of purposes, and with the biological microenviron-
ment (cellular membranes, biomolecules, etc.). A simple tuning of the diameter
is also possible through the control of the condition of growth of the nanopar-
ticles. A fine control of these two variables (size and functionalization) often has
a synergic action to obtain long-life systems in which the nanoparticle head off
by RES (Reticulo-Endothelial System) is delayed. RES is a mechanism by
which foreign particles are removed from blood or lymph by macrophages in
vertebrate organisms. In addition to this, the great versatility of the synthetic
strategies opens also up the possibility to adapt these materials for very different
applications without requiring each time the design of the synthesis from
scratch. This is also facilitate by the ability to realize onion-like multilayer
structures, i.e. formed by a core, as many layers as desired, and an external
modifiable surface (in case one or more of these parts might be of a different
material if the application should require it) (Fig. 15).

These five points make clear how luminescent silica nanoparticles are particu-
larly suitable to be used to engineer efficient fluorescent chemosensors, due both to
their intrinsic properties and to their versatility. It has to be underlined again,
anyway, how all the photophysical properties of luminescent silica nanoparticles
are conferred by the doping species, and therefore the photophysical properties of
the dyes are the first determining point of the performance of these systems in
sensing and imaging fields. This is not a trivial point since, besides their own
characteristics, in the final objects their possible cross-interactions can also play a
major role. Numerous works in literature highlight that FRET, steady-state and
time-resolved fluorescence and fluorescence anisotropy measurements are powerful
tools to provide information on the rotational mobility of the photoactive dyes, on
the distance and communication between them and on signal amplification effects
[106]. In DDSNs homo-energy transfer processes are very important, since they
can, on the one hand, lead to undesired self-quenching phenomena, while, on the
other hand, in more complex systems such as multilayered onion-like structures,
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they are essential to convey all the energy gathered in a single shell to an adjacent
one, favouring directional energy transfer from the core to the periphery or vice
versa.

As far as hetero-energy transfer processes are concerned, when DDSNs are
loaded with different dyes, they can be intentionally avoided with a structure design
able to prevent all electronic interactions, thus yielding ratiometric systems for
quantitative measurements [107, 108]. On the other hand, it is also possible to take
great advantage from interchromophoric interactions in DDSNs to optimize
internal FRET to yield high fluorescence intensity, large Stokes shift and wide
absorption with multiple emission colours for applications in multiplex FRET
bioassays [109]. Nowadays, numerous papers show appealing results in this field
[61, 73], and have shown that, by precisely controlling and varying the concentra-
tions of the dyes within the NP, excitation with a single wavelength can lead to
different emission signals, permitting the simultaneous and sensitive detection of
multiple targets.

To summarize, energy transfer processes can induce in luminescent silica
nanoparticles very valuable collective properties, yielding species that can be
gathered in three main classes:

1. Antenna systems, which present an enhanced light-sensitivity obtained by an
increase in the overall cross-section for light absorption.

2. Systems that present spectral senmsitization, very important when the light
absorption properties of a potentially photoactive (generally, luminescent)
species does not permit efficient excitation in the desired wavelength range.
This kind of phenomenon is crucial for many applications in different fields,
such as, for example, the spectral sensitization of semiconductor electrodes in
solar energy conversion.

3. Systems performing light-energy up-conversion, that is to say showing anti-
Stokes luminescence, a very particular and precious function [110].

Within this very wide panorama we will discuss in this section DDSNs designed
to work as sensors and that can be included in one or more of these classes. Efficient
nanosensors, in fact, can exploit the antenna effect to obtain signal amplification
[111] that leads to a large increase of the sensitivity, and, as a consequence, to
lower detection limits.

It is clear at this stage that, to obtain any of these photophysical devices able
to perform valuable functions, it is of great importance to know how the different
dyes are located and distributed inside the nanoparticle. Such information is not
easy to obtain, and we have spent much research effort in recent years in this
direction [112].

They can also take advantage of spectral sensitization to obtain remarkable
Stokes shifts that typically allow a dramatic increase of the signal to noise ratio
for more sensitive and precise photoluminescence measurements.

There are two main approaches possible for the design of these innovative
nanostructured sensors, in which the receptor and luminescent units can — or can
not — be covalently linked together to form a chemosensor. These groups should be
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Fig. 16 Different approaches in the design of nanostructured sensors

successively derivatized with a triethoxysilane group, which permits their further
condensation inside the nanoparticle (if this is porous or small enough to allow the
interaction of the sensor with the target) [25] or on its surface (if the final solubility
of the system results suitable for the analysis milieu) [113]. This will enable one to
develop four different kinds of multichromophoric nanostructures, in which (1) the
chemosensor is included in the core of the nanoparticle (Fig. 16a), (2) the chemo-
sensor is linked to the surface of the nanoparticle (Fig. 16b), (3) the separate
luminescent and receptor units are condensed in the core of the nanoparticle
(Fig. 16c) and (4) the separate luminescent and receptor units are linked to the
surface of the nanoparticle (Fig. 16d).

It is very important to note that all these structures do not show equivalent
properties and performances. They present different pros and cons; for example
when the active species are segregated inside, they are more stable and the water
solubility of the matrix is maintained, but they can be much less accessible to the
target. On the other hand, when the sensing species decorate the surface they are
readily available for binding but this can also result in less stable and soluble systems.
Moreover, from our recent studies, we have shown that the packing of the moieties on
the surface of the nanoparticles is more efficient than that obtainable in the core.
Therefore, on the surface the bound species are closer and their mobility is much
higher, and this can cause an increase in electronic interactions that could, in some
cases, yield the desired signal amplification effect [23, 114] and an increase of the
complexation constants caused by synergic effects of more neighbouring receptors
[115]. It is therefore very important to be able to optimize these structures in view
of the application of interest, that is to say taking into account the environment,
the mobility and steric hindrance of the target and the desired communication
level between the various units. This does not sound like — and actually is not — an
easy task.

We will discuss hereafter many recent examples of chemosensors based only on
luminescent silica nanoparticles but, even if this can appear to be a narrow field, the
scenario is instead very wide. Therefore, with the aim of clarity, we have divided
them in two main sections, one dealing with systems presenting the signalling units
on the surface (dye coated silica nanoparticles, DCSNs) and the other with systems
presenting it segregated inside the silica matrix (DDSNs). Moreover, for both
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architectures, as we have already mentioned, we have distinguished between
species presenting the chemosensor directly bound to the matrix as such or self-
assembled starting from separated receptor and luminescent signalling units.

3.1.1 Silica Nanoparticles with Chromophores on Their Surface
Directly Bound Sensing Subunits

With the aim of sensing applications, multichromophoric systems obtained by the
organization of active units on the surface of silica nanoparticles sound more
promising than those resulting from silica doping, since they allow a higher local
density of molecules and hence a stronger electronic communication.

Following the synthetic strategy of the DCSNs, we have demonstrated the
possibility to take advantage of the spatial organization and electronic communica-
tion between chromophoric units on the surface of silica nanoparticles for the
development of a self-organized Zn(II) fluorescent chemosensor [116]. We used a
triethoxysilane derivative of TSQ (6-methoxy-(8-p-toluenesulfonamido)quinoline)
to realize a multichromophoric network on the surface of preformed silica nano-
particles. TSQ is a widely used fluorescent chemosensor able to bind Zn(II) ions
with good selectivity. It is characterized by an off—on response due to an internal
charge transfer (ICT) in the Zn(I)TSQ and Zn(I)(TSQ), complexes (Fig. 17).

In our system the off—on fluorescence signal was amplified by the energy transfer
process from the uncomplexed non-fluorescent TSQ units to the neighbouring lumi-
nescent Zn(II) complexes. In a low Zn(II) concentration regime, these self-organized
chemosensors showed a 50% increase of the response with respect to the reference
system TSQ in the same conditions. Even if the total sensitivity gain is quite
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Fig. 17 Left: changes in the photophysical properties of TSQ upon complexation. Right: sche-
matization of the processes occurring in silica nanoparticles coated with TSQ at low zinc
concentration. Reproduced with permission from [24]
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Fig. 18 Fluorescence spectra of a solution of nanoparticles coated with TSQ before (a) and
after (b) the addition of zinc (1 x 10~® M). The same addition to a solution of TSQ with the
same concentration of dye cause very small changes (from ¢ to d). Reproduced with permission
from [24]

limited, this is, to our knowledge, the first example of an amplification effect in an
off—on system (Fig. 18).

These phenomena, together with the enhanced affinity toward the substrate (the
association constant increases of almost four orders of magnitude in the NPs),
induced by the self-organized network on the surface of the nanoparticles, lead to
a great increase in the sensitivity of the system, and provide interesting hints for the
development of new fluorescent chemosensors. The same TSQ derivative was
included in the silica matrix by Mancin and coworkers [25] that reported how its
fluorescence was still sensitive to the presence of zinc ions but no amplification
effect could be observed, as we will discuss more in detail in Sect. 3.1.2.

Another two nanosensors for copper ions proposed by Jong Hwa Jung and
coworkers are based on the use of preformed silica nanoparticles 15 nm in diameter
capped with silane derivatives of luminescent chemosensors. The first [117]
presents a phenanthroline based sensing unit covalently bound to silica supporting
structures of three different morphologies, including nanoparticles. They compared
the fluorescent response and found that all the systems were very selective for
copper, which was the only metal to induce a significant fluorescence quenching
even in the presence of excess of other metal cations. The same group has recently
published [118] a similarly selective but more efficient system to detect Cu?* in
living cells. They bound a fluorescein derivative bearing a trialkoxysilane moiety
and two coordinating sites to the surface of commercial silica nanoparticles,
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Fig. 19 Left: fluorescence spectra of 10-uM silica nanoparticles without (@) and with (b) 100 eq.
of Cu®* and after treatment with EDTA in water (c). Right: proposed structure of Cu**-bound
nanoparticles before and after treatment with EDTA. Adapted with permission from [118]

yielding a selective and reversible (upon addition of EDTA) nanosensor for copper
in water at pH 7.4, with a detection limit of 0.5 uM. The incubation of human
cancer cells (Hela cells) with the sensitive nanoparticles showed that they are cell
permeable, and still able to signal the presence of Cu>* (Fig. 19).

Besides selectivity, another very valuable characteristic of nanosensors is certainly
the possibility of use to perform quantitative analysis, such as ratiometric measure-
ments. Xi Chen and coworkers have reported a quite elaborate ratiometric fluorescent
system for the detection of mercury ions in aqueous solution [119]. The nano-sensor
architecture presents a silica core with a diameter of 100 nm surrounded by a shell of
CdTe QDs embedded in silica, these nanospheres then being capped with a silane
derivative of thodamine 6G. This system presents a well-resolved dual fluorescence
emission centred at 545 nm (thodamine) and at 625 nm (QDs), but while the intensity
of the second is unaffected by pH variations the first is pH dependent. In PBS
buffered solution the rhodamine is present in the lactam form (cyclic amide) so that
its fluorescence is quenched. Adding increasing amounts of Hg”" a strong enhance-
ment can be observed, since the interaction with mercury induces the same effect of
protonation: ring opening of the lactam form of rhodamine. The high selectivity
toward Hg2+, together with the low detection limit (of the order of nanomolar),
precision, reversibility and reproducibility, induced the author to envisage potential
application to the monitoring and analysis of waters.

The same ratiometric approach is also the basis of another nanosensor proposed by
Tristan Doussineau and coworkers [107]. In this case the rthodamine is segregated
inside silica nanoparticles of diameter about 100 nm, prepared following the Stober
method, and then functionalized at the surface with a fluorescent naphthalimide
derivative using bridges of different length. The two nanosensors do not show drastic
differences in performance, but the one bearing the external fluorophore in close
proximity of the surface was more dimensionally polydispersed, and slightly less
stable towards aggregation. Both two-dye nanosystems revealed an interesting pH
sensitivity in a physiologically relevant pH range. In particular, while the naphtha-
limide fluorescence intensity at 525-535 nm decreases with increasing pH, the
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rhodamine emission at 585 nm remains unaffected, making these tools potentially
non-invasive and selective systems for monitoring pH in biosamples, a field of
general huge interest.

The great demand for suitable materials to be used in medical and biological
analysis in the last few years has, unfortunately, been pared by the urge for sensors
able to detect species relevant to security, such as spores and explosives.

Wenbin Lin and K. M. L. Taylor have proposed an interesting system for spore
detection based again on a ratiometric approach. Dipicolinc acid (DPA) is a major
component of endospores (for example B anthracis spores) [120]. It is already known
that there is an affinity of this species for Tb(IIl) ions, extensively used in fluores-
cence methods to detect DPA: when the complex is formed the ligand gives rise to an
efficient energy transfer to the metal excited states that results in an enhanced
luminescence. The authors present here a system that gathers many terbium EDTA
complexes on the surface of silica nanoparticles prepared via a well-established
water-in-oil reverse microemulsion procedure, and doped with a ruthenium trisbipyr-
idyl complex, yielding quite monodispersed spheres about 37 nm in diameter. The
terbium complex was covalently bound on the surface via one or even two silane
bridging chains, and the metal complex luminescence intensity was found to be
linearly enhanced by the addition of increasing amounts of DPA in solution, while
it did not change in the presence of even large excesses of potentially competing
ligands. As expected, the luminescence of the ruthenium complex was totally unaf-
fected by the DPA presence acting as an internal standard, also allowing for ratio-
metric detection at nanomolar concentrations of the analyte (Fig. 20).

Fig. 20 Schematic representation and TEM images of silica nanoparticles coated with three
different modified EDTA-Tb complexes. Adapted with permission from [120]
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As mentioned above, the other important class that causes civil and military
security concerns is that of explosives, and within them the nitroaromatics are
particularly common. Conjugated polymers have been widely explored as chemo-
sensors for the fluorescence detection of trinitrotoluene (TNT), as has their incor-
poration into organic-inorganic hybrid materials in order to tune their photophysical
properties and to improve their stability. One very recent example in this direction
is described by Yang Li and coworkers [121]. The binding of a conjugated polymer
containing diethynylbenzene and diiodo-dipropyloxysulphonate benzene units
(PPS) on silica nanoparticles has been brought to a stable system showing an
intense fluorescence that is efficiently quenched in the presence of TNT. The
authors found that the fluorescence of the material and its detection performance
are strongly dependent on both the solvent and the nanoparticle dimensions, but in
all cases it demonstrated a high sensitivity toward the analyte in solution.

Non-Directly Bound Sensing Subunits

As already stressed in the introduction, silica nanoparticles can be used for an
uncommon approach to the preparation of chemosensors. As suggested by Tonellato
et al. [122], they can act as a template for the self-organization of the key subunits of
a sensor, the fluorescent moiety and the receptor. Even if the components are
not previously mutually connected, and therefore they do not directly interact,
the self-assembly itself induces their spatial closeness that consequently ensures the
electronic communication between the bound substrate and the dye. The appropriate
transduction mechanism must be envisaged in the sensor design in order to have
a sufficient electronic communication to make possible energy- and/or electron-
transfer processes converting the recognition event in a drastic change of the photo-
physical properties of the signalling dye.

The same authors proposed this strategy to prepare a selective copper chemo-
sensor self-assembling the receptor, a picolinamide, and the signalling unit, a
dansylamide, on the surface of preformed silica nanoparticles (20 nm in diameter)
[115]. The grafting via the silanization of the sensor components ensured their
spatial proximity and yielded a nanomaterial able to detect selectively Cu®* ions
down to micromolar concentrations via dansyl fluorescence quenching. Moreover,
the affinity of the ligand for the target ions increased, and this was ascribed to
the organization of the picolinamide moieties on the surface that can induce
cooperative effects among the neighbouring binding sites (Fig. 21).

These authors successively proved the versatility of the new approach, preparing
different nanoparticles by varying the signalling units and/or the ligands grafted
onto the silica nanoparticles [113]. With careful choice of the components and
of their ratio, they were able to obtain an amplified quenching response in which
each single copper binding event was able to quench up to ten surrounding dyes,
a particularly important demonstration of collective effects in nanomaterials
(Fig. 22).
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Fig. 21 Coated silica nanoparticles based self-organized fluorescence chemosensor. Adapted
with permission from [113]
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Fig. 22 Ligands and fluorescent dyes used for the coating of silica nanoparticles (where X can be
—Si(OEt)3 or —H)

Ramoén Martinez-Maiiez et al. followed the identical approach to prepare anion
sensors self-assembling anthracene and different thiourea silane derivatives on
commercial silica nanoparticles (18 nm in diameter) [123]. Different methods of
grafting were compared and particularly the consecutive and simultaneous grafting
of the two sensing subunits. The authors prepared a batch of coated nanoparticles
differing in the nature of the ligand and the ratio of the components and they carried
out a systematic study on their fluorescence in solution in presence of organic
(acetate, benzoate) and inorganic (phosphates, sulphates and halogenides) anions.
All the materials were non-particularly selective and the fluorescence of the hybrid
nanoparticles underwent only moderate changes, but the relatively low synthetic
effort and the modular procedure were proved, opening up the possibility for great
improvements of the performance.

They then focused they attention on polyanions and in particular on charged
polysaccharides, proposing a new hybrid nanosensor for heparin [124]. In this case,
the system presents only amine and thiol binding sites grafted onto the surface of
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the commercial silica nanoparticles, and the mechanism of detection is based on the
chemosensing ensemble strategy [17]. The signalling unit is now a squaraine free in
solution that, in the absence of heparin, interacts with the thiols on the surface of the
nanoparticles. This binding causes changes in the squaraine absorbance at 643 nm
and quenching of its emission at 679 nm. The presence of heparin restores the
typical values of the free dye in solution. The interactions of the polysaccharide
with the amines on the surface of the nanoparticles in fact drives their wrapping by
the heparin, making them no longer accessible to the signalling reporter that
recovers its fluorescence. This system is therefore a sensitive (down to 2 uM) and
selective chromo-fluorogenic hybrid nanosensor for heparin, even in the presence
of large amounts of inorganic anions, monosaccharides, charged disaccharides and
other charged polysaccharides.

The research group led by Zhongping Zhang is also extensively exploring
the same modular approach, that is to say the silica nanoparticle template self-
assembly, but in this case for the preparation of chemosensors for explosives (TNT)
and herbicides (2,4-dichlorophenoxyacetic acid) [125]. They used nitrobenzoxa-
diazole (NBD) and organic amines as dye and receptor to decorate the surface of
silica nanoparticles (150 nm in diameter) where they experience special proximity.
Their reciprocal distance is short enough to allow photoinduced electron transfer
(PET) from the amines to the NBD that causes the quenching of the dye fluores-
cence. Protonation of the amino ligands leads to fluorescence enhancement due to
inhibition of PET, making this system a good, reversible and stable pH nanosensor.
The herbicide 2,4-dichlorophenoxyacetic acid, being able to exchange protons, can
be effectively detected by taking advantage of the same mechanism (Fig. 23).

This hybrid nanomaterial also proved to be sensitive to TNT, but in this case the
recognition event causes a quenching of the fluorescence of the system. This can be
explained since in the presence of this analyte FRET from the dye to the complex
formed between the primary amine and TNT becomes predominant on PET. The
authors have also assembled these nanoparticles in etched microwells on a silicon
chips to prepare inexpensive solid state sensing materials for protons, herbicide and
TNT that could be detected down to micromolar concentrations (Fig. 24).

They have also used the same approach to detect TNT using capping silica
nanoparticles (200 nm in diameter) with primary amine receptors and fluorescein or
rhodamine dyes [126]. The analyte brings about induced quenching of the fluores-
cence for both species again via a FRET mechanism. Nanoparticle assembled chips
were able to detect TNT in solution down to nanomolar concentrations while when
deposited as a thin film could sense nitroaromatic vapours down to 4 ppb in air.

There is another interesting system that exploits the same FRET mechanism,
to obtain in this case fluorescence amplification, but based on the addition of a
non-bound second fluorophore. Bin Liu and Yusong Wang [127] have immobilized
a DNA strand on monodispersed silica nanoparticles (100 nm in diameter) and then
hybridized it with a fluorescein labelled complementary DNA engineered to induce
in the final double strand three pairs of T-T mismatches that are specific coordina-
tion sites for mercury ions. After incubation with metal ions and thermal washing, a
cationic conjugated polymer was added. This last component was selected in order
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Fig. 23 Above: schematic diagram of the reversible fluorescence switch by sequential titration of
HCI and NaOH into the suspension of NBD—(NH,)-silica nanoparticles. Below: reversible fluo-
rescence switch effect of NBD—(NH,)-silica nanoparticles in ethanol with sequential addition of
1 mM HCI (a), NaOH (b), and HCI (c), with corresponding visual fluorescence changes, excited
with a 365 nm UV lamp (d). Adapted with permission from [125]
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Fig. 24 Left: evolution of the fluorescence spectra of NBD—(NH,)-silica nanoparticles with
increasing TNT concentrations (the inset shows the fluorescence images before and after addition
of TNT with excitation by a 365 nm UV lamp). Right: variation in fluorescence intensity with
increasing TNT concentrations for NBD—(NH,)-silica nanoparticles with different ratios of NBD
to amino groups: 1:40 (a), 1:10 (b), 3:1 (c), and free NBD—APTES conjugates (d). Adapted with

permission from [125]
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to present good spectral overlap with fluorescein so that energy transfer could
occur, and the initial low fluorescence intensity of the labelled complex system
was enhanced via sensitization. The system becomes very selective for Hg?* ions
since the formation of this complex induces a significant increase in the melting
temperature of the material. Therefore, with careful thermal washing, it was
possible to denature all the double strands containing metal ions different from
mercury. The photoluminescence enhancement is linear in low concentration
regimes both of metal ions and nanoparticles.

3.1.2 Silica Nanoparticles Containing Chromophores

As we have already mentioned, the trapping or co-condensation of luminophores
(or luminescent chemosensors) within the silica matrix yields dye doped nanopar-
ticles (DDSN5s) that contain the photoactive units and present an unreacted surface.
This opens up two different strategies to exploit these systems as luminescent
chemosensors. The signalling units and the receptors (as a whole or as separate
moieties) can be inserted inside the particle and the target analyte must diffuse
through the silica matrix in order to interact with the ligand and be detected. This is
obviously possible only for small species such as protons or metal ions. For bigger
analytes another architecture can assure better performance, a setting with the
signalling units located inside the particle and the receptor components bound on
the surface.

It is fundamental to highlight that, for both assemblies, the particle size is a very
important parameter that influences the efficiency of the sensors. We have, in fact,
shown experimentally that the particles are accessible to the solvent and the analyte
only up to a certain depth [128]. When the particle is small, the solvent permeable
layer is deep enough to make the whole body of the particle accessible to the
analyte. On the other hand, the luminophores contained close enough to the surface
are able to sense the state of the receptors so that all the fluorophores are effectively
responding to the external signal. These two features are not guaranteed as the
diameters of the colloid increases. It is therefore self-evident that many parameters
have to be taken into account when designing a chemosensor and each architecture
presents pros and cons. For example, we have already discussed the interesting
results obtained binding TSQ [6-methoxy-(8-p-toluensulfonamide)quinoline] to the
surface of silica nanoparticles: the proximity of the chemosensors induced and
enhancement of the binding constant and a 50% increase in the response with
respect to the reference system TSQ in the same conditions. These very positive
results are unfortunately accompanied by a substantial change in the solubility of
the system that, after TSQ grafting, could be efficiently dissolved only in DMSO.

An elegant way to overcome this solubility problem is to include the same TSQ
derivative in the silica matrix, preserving the hydrophilicity typical of this material.
Mancin and co-workers [25] reported the preparation of SiO, nanoparticles (15 nm
in diameter) doped with covalently bound TSQ. This system is soluble in water/
ethanol 1:1 and is also porous enough to allow the diffusion of zinc ions inside the
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silica matrix. This was proved by the fact that the chemosensor fluorescence is still
sensitive to the presence of zinc ions in solution. The drawback, in this case, is that
the initial quantum yield of TSQ doped nanoparticles is higher than that of
molecular TSQ in the same conditions, probably due to a partial protonation of
the dyes by the acidic silanol groups. This has a negative consequence on the
sensitivity of the material since the relative variation of the fluorescence caused by
ion complexation is lower and the binding ability suffers a certain decrease. This
could not be counterbalanced by the expected possible amplification effect due to
chemosensors proximity, since no amplification could be observed in this case,
probably because of the excessive distance between the receptor molecules. Mancin
and coworkers have also prepared a totally similar system differing only in the
addition of another dye in the particle. They used a coumarin derivative, indifferent
to the analyte, that presents an emission band centred at 410 nm that remains
constant in intensity and position during the whole titration with Zn>* acting as
an internal reference and validating the particles as ratiometric chemosensors.

The same authors had, shortly before, already proposed an even simpler and
more versatile strategy to obtain silica nanosensors for metal cations [129]. They
noticed that the silica itself provides a certain metal adsorption ability and they
thought it could have been possible to exploit directly this feature to avoid the
addition of a receptor moiety. They prepared silica particles doped with the
dansylamide dye by co-polymerization of tetracthoxysilane (TEOS) and a dansyl
triethoxysilane derivative by following the Stober/van Blaaderen method. The
resulting DDSNs showed a high sensitivity to the presence of Cu* ions that caused
a strong fluorescence quenching, allowing the metal detection down to micromolar
range. In this case, the silica itself or, better, the acidic silanol groups network on
the particles surface are the receptor unit of the sensor. The small diameter of the
spheres (about 15 nm) assures enough proximity of the Cu®* ions bound on the
particle and the fluorescent units segregated inside the core to quench their emis-
sion. Therefore the simple formation of the nanoparticles led to the straightforward
conversion of fluorescent dyes into chemosensors. As mentioned above, the effi-
ciency of sensors presenting architectures of this kind is greatly influenced by the
particle size, and the authors have experimentally demonstrated this point, inves-
tigating the response to copper ions of analogous DDSNs with different diameters.
Smaller particles show an almost complete quenching of the emission, while the
larger ones present only a much smaller variation.

Even if the described system demonstrated an unexpected selectivity for Cu**
ions, it is obvious that the modification of the outer shell of silica with other
functional groups could increase the affinity of the system toward the desired
metal ion, as the same authors have demonstrated for another self-organized
fluorescent nanosensor able to detect Pb>* jons [108]. Mancin et al. prepared in
this case three different batches of DDSNs always following the Stober/van
Blaaderen procedure. The first ones (about 50 nm in diameter) presented dansyl
units covalently bound inside and a surface coated with (mercaptopropyl)triethoxy-
Isilane (MPS). These particles are soluble in polar solvents (including water) and
their photophysical properties are typical of the dansyl dye. The presence of thiols
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Fig. 25 Schematic representation of dye-doped silica nanoparticles with corresponding TEM
images and structures of the dyes employed as sensors for Pb>* ions. Adapted with permission
from [108]

makes the system more selective for lead ions and their addition to a buffered
(pH 7) solution of the nanoparticles causes a substantial quenching, even if in
saturation conditions the system still presents a residual fluorescence of 60% with
respect to the initial one (Fig. 25).

This can again be explained by the inaccessibility of the particle core: a second
set of core—shell systems where a 50 nm diameter sphere of pure silica was coated
with an approximately 5-nm dansyl doped silica shell capped with MPS showed in
fact a remarkable sensitivity with only a 30% residual fluorescence. Mancin and
coworkers have then designed a last batch of particles to obtain lead ratiometric
detection. This was made by a multishell system with a silica core doped with a
reference coumarin derivative surrounded by a 7-nm insulating pure silica layer and
an outer 3-nm dansyl doped silica shell capped with MPS. The behaviour of this last
system was analogous to the previous one but in this case ratiometric detection
and calibration were possible thanks to the presence of the reference coumarin
emission.

All the examples discussed till now make clear many advantages of using
DDSNs to design sensors instead of dye capped silica nanoparticles or single
dyes, but still no examples of signal amplification has been shown.
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Our research group is indeed very interested in this phenomenon and, in order to
demonstrate the possibility of amplifying the response of a fluorescence chemo-
sensor by inclusion in SNPs, we synthesized a proof of principle system based
on the dansylated 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane
commercial receptor [23] (Fig. 26).

The nanoparticles were synthesized with the Stober method, maximizing the
density of the fluorophores with the aim of allowing the occurrence of multicom-
ponent cooperative photophysical processes. Interestingly, the addition of copper,
cobalt and nickel ions induced a strong quenching of the fluorescence intensity even
at nanomolar concentrations (Fig. 27).

The ability of Cu®*, Ni** and Co”* to quench the fluorescence of this dye had
already been reported for polyaminic dansylated systems and had been explained
on the basis of energy transfer processes involving the dansyl excited state and the

Fig. 26 Fluorescence spectra 12
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Fig. 27 Schematization of the energy transfer processes occurring in silica nanoparticles doped with
3-[2-(2-aminoethylamino)ethylamino]propyltrimethoxysilane. Complexation of a single Cu®* ion
causes the average quenching of 13 fluorophores (only five are reported in the picture for simplicity).
Reproduced with permission from [24]
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metal ion. The results obtained with our system, however, suggest that each copper
ion, the species having the highest affinity, could quench up to 13 dansyl units,
leading to strong signal amplification. This fluorescence response to complexation
showed by the nanoparticles is in our opinion extremely interesting since, not only
does it prove that they are porous enough to let in small cations, as already reported
by other authors, but also that the proximity of the chemosensor units allows the
communication of each receptor moiety with all the neighbouring fluorophores.

If silica matrices are permeable to small cations, they will be even more
permeable to protons, and many authors have thought to take advantage of this
property to design silica nanoparticles for pH sensing [130-132]. Most interest-
ingly, Kemin Wang and coworkers [130] have described a ratiometric system able
to sense pH variations in a range between 4 and 7 in murine macrophages and in
living human cancer cells (Hela cells) during apoptosis. The authors have synthe-
sized DDSNs (average 42 nm in diameter) containing both a silane fluorescein
derivative, the luminescent sensing species, and the tris(2,2’-bipyridyl)ruthenium
(IT) as an internal standard reference. After investigating the stability and photo-
stability of the system they incubated the nanosensors with murine macrophages
and then monitored the changes in lysosomal pH in real time after exposure to
chloroquine, an antimalarian drug. The comparison of the variations in the ratio
between the fluorescein fluorescence intensity and the ruthenium complex lumines-
cence intensity in time for reference samples and for different amounts of added
drug showed how chloroquine stimulates lysosomal pH changes that can be
revealed with high sensitivity using this method. The results obtained with Hela
cells also demonstrated that intracellular acidification in apoptotic cancer cells,
after treatment with dexametasone, a glucocorticoid commonly used in medicine,
could be monitored in real time with a response of less than 1 s. The system also
presented good reversibility, high stability and excellent quantification perfor-
mance also thanks to its ratiometric nature.

The same fluorescein isothiocyanate (FITC) silanized via its reaction with
(3-aminopropil)triethoxysilane (APTES) was used in dye doped silica nanoparti-
cles with a diameter of about 100 nm by Feng Gao and coworkers to prepare stable
water soluble species for hydrogen peroxide indirect sensing [133]. The reverse
microemulsion method was used to synthesize the doped nanospheres that had then
been aminated at the surface. They used the same strategy to obtain analogous
species for glucose detection but with a europium(III) complex as dye doping unit
[134]. The authors also performed the analysis of blood glucose in human serum
samples with this fluorescence-based approach, and the results were in good agree-
ment with the data obtained via other common clinical methods.

In general, lanthanide-based sensors have strongly attracted the attention of the
scientific community worldwide for some decades due to their unique and outstand-
ing photophysical characteristics such as long emission lifetimes, very narrow
emission bands and large Stoke shifts. These spectroscopic features allow time
resolved detection that is the most elegant way to clear measurements from
background fluorescence with a consequent remarkable sensitivity enhancement.
As already mentioned in Sect. 3.1.1.1 [120], DPA or better calcium dipicolinate
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(CaDPA) has a high affinity for lanthanide ions and in particular terbium(III)
complexes are considered the best probes for the detection of this species which
is a unique biomarker for bacillus spores such as B. anthracis, known as a potential
agent for biological terroristic attacks.

Lehui Lu and coworkers have recently published a very interesting study on a
new nanosensor based on DDSNs for CaDPA that for the first time uses a europium
complex as chemosensor [135]. The use of europium can offer some advantages
over terbium such as a larger Stoke shift and a red emission. They have prepared
fluorescein doped silica nanoparticles (65 nm in diameter) and then grafted onto
their surface silanized ethylenediaminetetraacetic dianhydride (EDTAD) that was
directly converted into its europium derivative via reaction with EuCl;. In this
complex, three of the coordinating positions of the lanthanide are occupied by water
molecules that enhance non-radiative quenching of the metal excited state, the
system in fact being non-emitting (Fig 28).

On the other hand, these water molecules are only weakly bound to the metal
centre and they are readily substituted by DPA when present in solution, resulting in
a significant enhancement of the complex emission intensity. The authors showed a
linear correlation between the maximum emission intensity of the nanosensor and
the concentration of CaDPA in solution in the range 0.6-600 nM with a detection
limit down to 0.2 nM. Therefore it was very sensitive but also very selective over
other aromatic ligands. The rapid and ultrasensitive detection of B. anthracis spores
in water was also helped by the ratiometric nature of the material since the
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fluorescein emission of the nanoparticle core is totally unaffected by the presence of
the CaDPA substrate.

3.1.3 Luminescent Silica Core-Shell Nanoparticles

In the previous section we have already described some multilayered systems [108]
constituted by differently doped silica strata, but here we will report on a few
examples of core—shell nanoparticles that combine the properties of different
materials. Silica is a key component in this area since it offers unique characteristics
of ease of synthesis, biocompatibility and a ductile chemistry able to merge many
different substances including biomolecules, therefore opening up the possibility of
using these new tools in the fields of biology and medicine [136, 137].

On the other hand, silica is often used as an insulating layer when direct commu-
nication between different components of a complex systems has to be avoided. For
example, for a few years an unprecedented method has been proposed for increasing
the efficiency of energy transfer exploiting the effect of plasmonic nanostructures
[138—140]. In this systems contact of the fluorophores with the metal (usually silver)
must be prevented since it would result in excitation energy dissipation and,
most importantly, the increase in the efficiency of the energy transfer can be
obtained only if the metal nanostructure is localized at a optimal distance.

It is now clear how these hybrid core—shell materials present a very complex
structure but also how, at the same time, they can assure the possibility of obtaining
a great richness in functionalities, properties and performance [141].

In particular, magnetic silica nanoparticles are of great interest for research and
applications in a variety of fields because they are stable and biocompatible. With
the use of an external magnet they can be isolated, treated and repeatedly utilized.
In biomedical and environmental applications they have been studied and used for
bio-separation, enzyme immobilization, protein purification, as magnetic resonance
imaging (MRI) contrast agents, and to remove toxins or pollutants different samples.

In this last area of sensing and separation, Weihong Tan and coworkers had
proposed some years ago a very interesting genomagnetic nanocapturer for the
collection of trace amounts of DNA/mRNA in cancer cells [142]. They prepared
magnetic cores with a silica shell covalently functionalized at the surface with
molecular beacons as a DNA probe for gene recognition and collection. These
complex nano-objects presented a diameter of about 30 nm and some valuable
features such as the possibility of monitoring the process in real-time, a very low
limit of detection and collection (down to femtomolar) and an excellent specificity
due to the use of molecular beacons.

The system was quite efficient and was probably an inspiration for Jong Hwa
Jung et al. [143] who, more recently, have proposed a similarly engineered system
for the sensing and separation of toxic species like lead and mercury in different
matrices. They have synthesized nickel nanoparticles coated with a silica shell
(3040 nm in diameter), then grafted with a di-silanized 4,4-difluoro-4-bora-3a,-
4a-diaza-s-indacene (BODIPY) derivative (Fig. 29). This dye, buffered at pH 7, is
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almost nonfluorescent due to an internal PET, but in the presence of lead ions it
shows an about eightfold chelation-enhanced fluorescence CHEF at 510 nm, that is
reversible with the addition of a strong base.

Titration experiments with Pb* revealed the formation of a 1:1 complex and a
detection limit lower than 15 ppb that is the maximum limit allowed for lead in
drinking water. Moreover, the preorganization on the silica surface of the chemo-
sensors led to a high selectivity for Pb>* over the other possible interfering cations,
and this suggested to the authors that it could have been a promising candidate for
the separation of this toxic ion. They performed pilot experiments to remove lead
cations, using a small external magnet, from water and human blood, where they
could separate 96% of the total contain (100 ppb) selected as the lower unsafe limit
of Pb* content in children blood (Fig. 30).

The analogous experiment in water allowed them to remove the 97% of the initial
15 ppb of Pb**, validating the potentialities of this new type of magnetic biocom-
patible systems to detect and separate heavy metal toxins from different matrices.

The same authors, further developing this idea, prepared another core—shell
nanosystem presenting an Fe;O,4 nucleus with a silica coating superficially functio-
nalized with aminonaphthalimide units [144]. In this case the material proved to be
sensitive and selective for mercury and methylmercury ions in the pH range 4-11,
and the experiments to test its ability to remove these toxic agents from drinking
water containing 100 ppb of both of them showed 100% efficiency.

The sensing of mercury ions in water was also the aim of Enrique Garcia-Espafia,
Javier Alarcon and coworkers [145] who have reported on a core—shell material
modified with a fluorescent chemosensor based on anthracene and simple secondary
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Fig. 30 (a) Illustration of the removal of Pb>" from human blood. (b) Photograph of a magnet
attracting Pb>*-bound nanoparticles in water. Adapted from [143]

amines as receptors. The aluminosilicate nucleus is surrounded by a silica shell that
allows the covalent bounding of the active units on the surface of the nanosystem
(5-10 nm in diameter). In aqueous solutions with a pH in the range 3.5-5.5, the
presence of Hg>* caused a significant decrease of the luminescence of the nanosensor,
allowing a detection limit in pure water of 0.2 ppb and very selective detection.
A further advantage, in this case, is that the gelification at pH 11 of the material
allows its recovery by simple centrifugation.

4 Some General Remarks

Nanofunctional materials in general, and nanoparticles in particular, are the basic
constituents of the nanosciences, a field characterized by an unprecedented inter-
disciplinarity that merges chemistry with engineering, physics with material
sciences and medicine. The importance of this topic is definitely substantial, as
testified by the astonishing and increasing number of related publications. This
lively research indicates not only that a certain degree of maturity in the know-how
has been reached, but also that the development of nanotechnological products,
even if more and more extensive, is only in its infancy.

The world of nanoparticles is amazingly many-sided and manifold with huge
versatility in exploitation from industrial areas to bio-analysis and catalysis.
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In particular, luminescent and magnetic nanoparticles attract the utmost attention in
biology, medical diagnosis and therapy, where they already find many applications.

In this so fascinating and wide framework we have focused our attention
particularly on luminescent silica nanoparticles able to act as sensing materials.
After highlighting the first important aim to gain very precise knowledge and
control of their structures, we have briefly presented the state of the art and progress
in the synthetic protocols that allow one to prepare differently organized and
precise architectures. This is of fundamental importance for the aim of sensing; in
fact, the performance of a chemosensor is totally dependent on its design.

Among the different possible signalling methods, luminescence offers great
advantages and is therefore the preferred one in many kinds of applications. In
particular, fluorescent chemosensors grafted or self-assembled and self-organized
on/in nanoparticles find wide applications in two major areas: (1) the detection of
analytes in bulk biological or environmental solutions, and (2) the intracellular
measurement of pH, oxygen, and reactive oxygen species, cations, etc. In this last
case, silica nanoparticles are particularly suitable not only for their intrinsic low
cytotoxicity but also because the gathering of the signalling molecules inside them,
or on their surface, brings down their toxicity in comparison with the use of the
same species as free indicators.

With the examples reported we have tried to show how luminescent silica based
nanosensors can be seen as very promising systems offering many advantages
such as solubility and stability in aqueous solvents and in physiological conditions,
the possibility to insert targeting moieties for bio-conjugation and an intrinsic
multichromophoric nature. This last point also allows, with a suitable choice of
dyes and close control of the structure, signal amplification effects via collective
energy and electron transfer processes.

All these features make luminescent silica nanosensors unique platforms. Their
versatility, in fact, opens up the possibility to implement them in so many ways and
different approaches that it is impossible to predict now the potentialities of the
resulting final materials and of their applications.

We are convinced that the field of nanoscience will quickly make substantial steps
forward and that, in this framework, silica nanoparticles will be one of the main
characters with a fundamental role in the new ambitious applications, probably now
difficult to envisage, that will surely have a great impact on the quality of our lives.
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Fluorescence Based Sensor Arrays

Roberto Paolesse, Donato Monti, Francesca Dini, and Corrado Di Natale

Abstract Fluorescence-based cross reactive sensor arrays have experienced signif-
icant development in the last decade because of the advantages that they can offer
with respect to other transduction mechanisms, in terms of the usual performance
parameters such as sensitivity, selectivity and so on. From this point of view, a great
impulse to this development has been due to the realization of novel transduction
platforms, which has also taken advantage of the development of consumer elec-
tronics such as digital scanners, cameras, and screens, allowing the realization of low
cost sensing layers suitable for many practical applications. This possibility, com-
bined with continuous optimization of sensing material properties, the possible
preparation of arrays with a high number of individual sensing elements and pattern
recognition data analysis, has led to novel opportunities for the creation of lumines-
cence based sensor arrays with improved capabilities. Herein we report on the
development of these devices witnessed in the last decade, dividing the developed
devices according to their exploitation in gaseous or in solution phase.

Keywords Electronic nose, Fluorescence, Ion sensors, Optical sensors, Sensor arrays
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1 Introduction

Chemical sensors have assumed an important role in life nowadays because these
devices can supplement analytical instrumentation for the detection of target
analytes, an urgent requirement for security and safety reasons. The instruments
exploited in analytical chemistry protocols can in fact guarantee the highest level of
sensitivity and accuracy necessary for the control of different matrices, but their
inherent drawbacks are usually long response times and cost, which preclude a
continuous control of the target matrix. Chemical sensors are the solutions of choice
that can also satisfy these requirements in remote mode. The sensor performances
necessary to fulfil their tasks are mostly guaranteed by the sensing materials, the
sensor component that interacts with the target analyte modifies some physico-
chemical property as a consequence of such an interaction. This in turn will be
transduced into a readable signal by the transducer, the second component of the
device [1]. From this point of view, optical transducers represent one of the most
widely used mechanisms and, among them, luminescence is probably the most
useful in terms of sensitivity and selectivity properties [2]. Furthermore, there are
several ways to measure fluorescence variation, so increasing the transduction
mechanism versatility.

For this reason much effort has been devoted to the preparation of highly
selective receptors, which can signal the target analytes upon selective binding
through luminescence variation [3]. From this point of view the supramolecular
chemistry concepts have revolutionized the synthesis of such a species, giving a
rational approach to the preparation of receptors inspired by the “key-lock” mecha-
nism that drives the selectivity of biological systems [4]. Several elegant examples
of the rational preparation of such a species, usually called chemosensors, have
been reported in the literature [5], although it is important to note that realization of
a sensor needs a further step, the coupling of these receptors with a transducer. The
binding interaction observed in solution should be matched with the transducer
mechanism and the deposition of the chemosensor in a solid film should also
preserve the selectivity observed in solution. This step is of paramount importance
for device realization and it should be noted that the high selectivity observed in
solution has rarely been reflected in the development of highly selective chemical
Sensors.

This feature has been considered for long time the most serious drawback of
these devices that has hampered their exploitation in real applications. On the other
hand, their low selectivity, which was initially considered a drawback, later became
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one of the useful characteristics of chemical sensors for several application fields
[6]. In the case of complex chemical environments, where the analytes characteriz-
ing the target matrix are numerous, the exploitation of highly selective sensors
could be on one hand complicated and on the other detrimental to the analysis. The
complication is derived from the fact that it is difficult, and sometimes a tantalising
task, to develop highly selective chemical sensors for a large number of analytes,
while the inherent drawback is due to the fact that the exploitation of a limited set of
sensors could drastically reduce the chemical information contained in the
measured environments. However, in this case, nature is a wonderful teacher,
because the olfaction and taste receptors, the sensor analogues in these “chemical”
perception senses, are not highly selective but are able to interact with almost all the
chemical compounds present in the sample matrix, although with different inten-
sities [7]. The attempt to mimic such an approach has led to the development of
sensing platforms, based on an array of chemical sensors coupled with a suitable
data analysis system, which have been called electronic noses or tongues to
underline the attempt to imitate their biological counterparts [8].

While a variety of different transduction mechanisms have been used to develop
these arrays, those based on fluorescence have been exploited more recently,
although their potentials in terms of sensitivity and selectivity are particularly
appealing for these applications.

The field has advanced a lot in the last decade and now several examples of
luminescence based cross-reactive sensor arrays have been reported in the litera-
ture, for the analysis of both gaseous and liquid phases. Furthermore, the develop-
ment of consumer electronics has allowed the possibility of using these devices,
originally conceived for different applications, to develop optical based sensor
arrays. In this chapter we will review the progress of the luminescence based
cross reactive sensor arrays reported in this first decade of the new century.

2 Fluorescence Based Sensor Arrays for Gas Detection

2.1 Fibre Optics Sensor Arrays

Walt and coworkers reported the first example of an optical sensor array based on
the fluorescence change of a single chromophore, the commercially available Nile
Red dye [9, 10]. This fluorophore shows significant shifts in the emission peak
depending on the chemical environment wherein the dye is dissolved. Different
sensing materials can be obtained by dispersing the Nile Red in polymeric matrices
selected in order to modulate the polarity media, so inducing different fluorescence
responses of the dye. The good solubility and stability of the Nile Red resulted in a
series of sensing materials, which were deposited onto the fibre optic tips. The
deposition of the polymeric matrix was performed by photopolymerization or by
simple dip coating, depending on the polymer type. The functionalized fibre optics
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Fig. 1 Set-up of the fibre optic sensor array. Reprinted with permission from [10]

were bundled together and then exposed to the volatile organic compound (VOC)
vapours by the sensing apparatus described in Fig. 1. The fluorescence changes
were recorded by a CCD video camera; the responses of the individual fibres upon
exposure to VOCs showed different shapes in both amplitude and temporal beha-
viours, depending on both the analyte and the related concentration. The response
patterns also depended on other parameters, such as dye concentration, polymer
thickness and so on, opening the combinatorial fabrication of a wide range of
sensors based on the same dyes. The individual sensors are obviously broadly
selective towards chemical species detection, but the complexity of the response
patterns contains the information for analyte recognition, achieved by pattern
recognition analysis.

Other than the selectivity, the sensors developed showed a sensitivity in the
range of hundreds of ppm for the tested analytes, with a variable lifetime, which
depended on the polymer composition. Another important problem was the repro-
ducibility of the sensor preparation, which was very low, as expected, in consider-
ation of the various parameters affecting the sensor preparation.

Some important modifications to this sensor array offered a solution to these
initial drawbacks. The first was the exploitation of polymer or porous silica micro-
spheres as support for the deposition of the Nile Red fluorescent dye [11, 12]; in the
case of polymeric beads, the adsorption of VOCs induced a swelling of the
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polymeric structure, with a change of the dye chemical environment and a conse-
quent fluorescence variation; the silica microspheres were removed from HPLC
columns and they differed with regard to the surface substituents, which resulted in
environment of different polarities. These microspheres were stained with Nile Red
dyes and their different surface polarity induced different photophysical properties
of the chromophore, as observed in the case of polymers. These silica nanoparticles
were later chosen for the development of the sensor array, because of the several
advantages that allowed significant improvements in sensor performances. The first
advantage is related to the high number of individual sensor units obtained using
such an approach: each single silica microsphere is in fact a sensor element and in
this way it is possible to overcome the reproducible production of sensor units.

These microspheres could be deposited into etched microwells positioned at the
distal tip of fibre optics, so allowing the simultaneous imaging of a large number of
individual sensing units, also obtaining reproducible responses for those functio-
nalized in the same way (Fig. 2a).

This feature also offered the advantage of obtaining an averaged sensor
response, which increases the signal to noise ratio, with a dramatic improvement
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of the related sensor detection limits [11, 12]. The functionalities of the developed
array were tested in the case of fluorescence detection of analytes simulating
explosives, such as dinitrobenzene or even TNT vapours (see Fig. 3) [12]. These
compounds are known to be fluorescence quenchers and this property was exploited
for the detection of wide ranges of nitroaromatics, as a simulation of explosives.
The luminescence sensor array showed promising features for explosive-like
vapour detection because of the short response time, the high sensitivities and the
reproducible responses obtained.

The reproducible preparation of a large number of sensing elements also opened up
their possible exploitation as disposable units, so solving the lifetime problems due to
photobleaching of the dye upon illumination [12]. In this case, however, it is necessary
to ensure the possible transfer of the training data from the initial array to the new ones;
this possibility was proven to be viable by using the discrimination of nitroaromatic
compounds in the presence of high concentration of other VOCs as a study case [13].
The training was performed on one array and the data set obtained was then used for
two subsequent arrays prepared up to 6 months after the first training. In this case a
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correct classification higher than 93% was obtained, giving evidence of the possibility
of transferring the training data from one array to others freshly prepared.

The fibre optic sensor array was also tested in a classic electronic nose applica-
tion, showing the ability to discriminate between pure analytes and more complex
odours, such as those of coffee beans [14].

Another important characteristic of these fibre optic luminescent sensor arrays
that has been investigated is related to their preparation. The simplest route for the
fabrication of fibre optic arrays is related to depositing each fibre with the same kind
of functionalized silica microspheres. The sensor array is then obtained with the
different fibre optics bundled together and coupled with the microscope imaging
system, a CCD detector and the vapour delivery system. Although simple, this
approach has inherent complications when the number of different sensing ele-
ments increases, due to the decrease in resolution. An interesting alternative is the
random deposition of different functionalized silica microspheres onto the same
fibre optic (Fig. 2b) [15]. These randomized arrays are of simple preparation,
although it is obviously necessary to recognize the different sensors in categories
to obtain valuable results for their applications. The optical decoding procedure of
course requires that identical sensors should behave in a reproducible way, a
requirement that was already demonstrated for silica microspheres. Two different
optical decoding methods were possible, supervised or unsupervised, both of them
demonstrating that these luminescence based sensor arrays can be positionally
registered simply by using the sensor response profiles.

However, the optical decoding of the sensor array was a costly procedure in
terms of resources for data analysis. A second procedure explored was related to the
exploitation of the collective sensor responses upon VOC exposure, where all the
sensor responses were combined to give one signal for analyte [16]. While this
approach resulted in a drastic reduction of response data, it did not significantly
affect the array discriminant performances, showing that the chemical information
was preserved even with the data reduction. Although the decoded sensor array
worked better, this simplified data collection showed the possibility of saving time
and resources without compromising the array performances.

A common problem of optical sensor arrays is related to the photobleaching of
the dyes over time. To investigate the possibility of extending the lifetime of
luminescent microsphere sensor arrays, Walt and coworkers followed two differ-
ent approaches [17]; on the one hand they modulated the excitation light power,
with a gradual increase aimed to compensate the dye photobleaching and on the
other they illuminated only a section of the array area. The huge number of
individual sensing elements and their reproducible properties allowed the exploi-
tation of a limited area of the sensor array without decrease of array perfor-
mances. This strategy optimized the lifetime of the sensor array, enabling a
continuous light exposure for over 160 h. Under operative conditions, the lon-
gevity of the sensor array could be predicted to be in the order of the years, by
optimizing the array light exposure.

The developed sensing platform was also modified to be exploited for the
detection of organophosphate simulant of chemical warfare agents [18]. In this
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Fig. 4 Molecular structures of vapoluminescent Pt salts

case a different dye was used to obtain the sensitivity towards diethyl chloropho-
sphate, chosen as reactive simulant of nerve agents such as Sarin or Soman. The
same group had already demonstrated that fluoresceinamine, a commercial dye,
shows fluorescence turn-on behaviour upon interaction with acyl and phosphoryl
halides. Although in this case the interaction is not reversible, this is not a serious
drawback for the particular application, where it is important to have a detector
signalling the alert for nerve agent detection.

Metal complexes have also been exploited as sensing materials in fluorescence
based sensor arrays. Vapoluminescent platinum complexes have been reported in
the literature [19]. In these complexes the vapour inclusion induces changes in their
optical properties derived from a combination of dielectric constant, hydrogen
bonds and expansion or contraction of the crystal lattice variations, which can be
exploited in the solid state. Vapoluminescent Pt(II) salts (Fig. 4) were exploited in a
three-channel array for the recognition of organic solvent vapours. The device was
constructed by using blue-light emitting diodes as a light source, bifurcated fibre
optics for transmission and a CCD spectrophotometer as detector; the sensing layers
were deposited onto a measurement cell connected to a gas delivering system,
where saturated vapours were diluted by mass flow controllers using nitrogen as
carrier gas. Ten solvents have been tested and the luminescence spectra obtained
upon exposure of diluted vapours to the sensor array were analyzed by PCA,
showing good discrimination between the different solvents. Although the array
suffered low reversibility and reproducibility responses after solvent vapour expo-
sures, thermal treatment, consisting in a cycle of heating and cooling of the array
elements in nitrogen atmosphere, significantly improved the array sensing perfor-
mances. Significant interference was due to humidity, as expected, due to the salt
nature of the Pt(II) complexes.
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Fig. 5 Response of the Pt(II) terpyridyl complexes sensor array to different VOCs. Reprinted with
permission from [20]

2.2 Micro Arrays

Pt(II) terpyridyl complexes have been used as sensing materials in cross-reactive
sensor arrays and tested for the discrimination of VOCs [20]. In this case Pt(II)
complexes were deposited onto microplates and they were imaged before and after
VOC exposure by a flatbed scanner. Data analysis of the digitalized images
afforded red, green and blue (RGB) pictures, showing the array responses to the
different VOCs (Fig. 5). A different pattern related to the particular VOC was
clearly evident. The interaction was reversible, although freshly prepared micro-
plates were used for each solvent test. Both colorimetric and luminometric varia-
tions were used for the analyte discrimination. The luminescence properties
strongly depended on the Pt(Il) terpyridyl counter ion, with the chloride salts the
least emissive of the compounds tested.

The combinatorial possibility to synthesize a large number of different receptors
based on DNA structure has been exploited for the development of luminescent-
based sensor arrays [21]. In this case DNA is particularly attractive, because it
offers the stability and the versatility as a biopolymer to allow the preparation of a
wide range of different structures, which can also be tailored to the particular
application. The DNA structure should be functionalized with a fluorescent dye,
which acts as the unit signalling the interaction with the analyte. Initially both
single and double stranded DNAs have been tested for sensing application, but only
the single-stranded DNAs showed different responses to the VOCs tested, which
can be related to the DNA sequences exploited. In these preliminary studies DNA
oligomers were first stained in solution with two different dyes, both of them
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commercially available, before spotting and drying the receptor onto a solid sub-
strate. To investigate better the sensing performances of DNA based receptors,
labelled oligonucleotides were synthesized with the fluorescent dye Cy3 covalently
attached to the 5" end. These Cy3-labelled oligonucleotides were spotted onto cover
slips and inserted into a measurement chamber to be exposed to VOCs. Filtered
LEDs were used as light sources and photodiodes as detectors of the developed
sensor arrays: VOC vapours were injected into the measurement chamber by a
syringe and the fluorescence changes of the different DNA spots were recorded.
The result obtained showed that, in the solid state, DNA sequences were able to
interact with the different analytes in different ways, confirming their suitability for
sensor array applications. It is interesting to note that a wide library of cross-reactive
receptors can be obtained with these DNA based sensors, which differ from other
nucleotide based sensing materials, such as aptamers. Aptamers, in fact, are selected
to optimize highly selective interaction with target analytes, while these DNA
sensing materials are broadly selective, as requested for electronic nose applications.

A chemical nose dedicated to the detection of alkylating agents has been
reported in the literature [22]. These compounds are interesting for practical
applications because they are used as chemical warfare agents and the detection
mechanism exploited is based on the fluorescence changes that m-conjugated
oligomers (or polymers) undergo upon interaction with alkylating agent vapours.
The recognition of the different analytes was based on the response pattern of an
array of fluorophores, although in this case we should talk in terms of detectors and
not of sensors, because the interaction is not reversible. A simple seven spot
chemical nose was able to discriminate between a series of different alkylating
agents, showing saturation at very low concentrations, lower than 50 ppb.

2.3 Computer Screen Photoassisted Technique

The advantages of optical sensor arrays may be badly balanced by the fact that
standard image sensors of high quality are usually bulky and expensive. On the
other hand, in the last decade we have seen a fast growth of performance in fields
such as consumer electronics, giving rise to a range of low-cost advanced optical
equipment such as digital scanners, cameras and screens whose characteristics
largely fit the requirements necessary to capture changes in optical properties of
sensitive layers in many practical applications.

Digital cameras and flatbed scanners are devices for colour measurement.
Colour is the human visual perception of a narrow bandwidth of the electromag-
netic radiation spectrum, approximately between 400 and 700 nm. Human sight is
founded on three wide-band detectors whose action provides a synthesis of the
incoming radiation spectrum into three colour channels corresponding to the
primary colours red, green and blue. The spectral sensitivity of human sight
detectors can be technically reproduced and devices able to provide a digital
measure of colour are available and, besides the obvious use in photography, they
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are found as embedded in a number of worldwide diffused devices such as portable
computers and mobile phones.

The measuring of colour, if compared with the spectra measured by a spectro-
photometer, is expected to be highly ambiguous, in the sense that different spectra
can give rise to the same triplet of primary colour (metamerism). Nonetheless,
Suslick and his coworkers demonstrated that simple and inexpensive devices, such
as digital scanners, can capture the subtle changes occurring in dye indicators when
they are exposed to guest molecules either in air or in liquid. The application of
conventional image processing tools (such as Adobe Photoshop™) amplifies these
colour changes and their differences are made visible in an appealing colour code
[23-25]. The analytical properties of digital flatbed scanners were also demon-
strated for biological investigation such as the detection of DNA hybridization in a
DNA array replacing the fluorophore with gold nanoparticles colour indicators [26].
Besides scanners, the optical properties of DVD or CD drives have also been
investigated, considering that a CD drive is based on a laser diode and a photode-
tector scanning the CD-ROM surface with high spatial resolution [27].

In contrast to traditional instrumentation approaches, regular consumer opto-
electronic devices transformed into measuring platforms are affordable alternatives
that are being increasingly explored. A non-negligible added value behind this
approach is that successful sensing applications can be as pervasive as the devices
supporting them.

All the systems described so far are characterized by a fixed light source, for
instance in a digital scanner a fluorescence light source produces the “white” light
that is used to illuminate the sample.

The trivial observation that computer monitors can be programmed to display
millions of different colours has led to the development of an experimental tech-
nique based on the simultaneous use of a standard computer screen as a controlled
light source, and a digital camera, such as a web camera, as an imaging detector for
the evaluation of diverse optical properties of chemically sensitive substances. The
first demonstration of this concept was published back in 2003 [28], and the
technique was nicknamed as Computer Screen Photo-assisted Technique (CSPT).

Currently most computer screens are liquid crystal displays (LCD). The screen
illumination unit controlled by the computer is a pixel, and in an LCD screen each
cell of the screen contains a liquid crystal between two crossed linear polarizers. If a
voltage is applied to the cell the liquid crystals rotate the direction of polarization of
the light, allowing the regulation of the intensity escaping from the second polar-
izer. A large area white backlight completes the screen. Colour screens are pro-
duced by the repetition of groups of cells with RGB filters. These filters are band
limited emitters of visible light corresponding to the perception of RGB colours
(R(A), G(4) and B(4)). Since the size of the three emitting regions is smaller than
the eye’s spatial resolution, the emitted radiance is perceived as the sum of the
primaries [29]. Any other colour can be composed by the weighted combination of
these screen primary spectral radiances according to

6(2) = rR(2) + &G (2) + biB(2),



150 R. Paolesse et al.

where c;(4) is the spectral radiance of any particular colour i, defined by the triplet
of weights {r;, g, b;}. Conventional true colour displays, have a resolution of 8 bits
(0255 values) for each colour channel.

With respect to conventional illumination sources, computer screens can be used
as large area light sources [30], illuminating entire assays at the same time, such as
in the case of microtiterplates [31]. Furthermore, one of the most useful features of
the screens, regarding CSPT determinations, is the possibility of modulating the
spectral composition of the illumination, highlighting spectral features of tested
substances. In particular, if fluorescence is excited at wavelengths greater than
400 nm, the computer screen can be used as a light source in fluorescence measure-
ment. More interestingly, it has been demonstrated that a polychromatic light
source, such as a computer screen, can efficiently replace the usual monochromator
in excitation emission matrix (EEM) spectroscopy [32]. EEM is a valuable method
providing highly distinctive signatures of fluorescent substances and it is also a
powerful method for the analysis of complex mixtures [33].

Computer screens as light sources are naturally complemented by image detec-
tors. Web cameras are perhaps the most affordable colour-imaging devices, and are
still representative of a number of other digital imaging recorders. They use
imaging detectors that can be either based in CMOS sensors or charge-coupled
devices (CCD sensors) [34]. Typical spatial resolutions are 640 pixels x 480 pixels
but also allowing different sub-resolutions, and 8 bits intensity levels. Then 24 bits
colour resolutions are obtained by filtering the light that reaches the detector in
three partially overlapped bands, corresponding to the perception of RGB colours.

The implementation of these filters consists of a checker pattern where some
image elements have a red filter, others green and others blue. They are arranged in
a repetitive pattern (Bayer filter) with 50% of the elements covered by green filters
and the other 50% equally covered by red and blue areas. Accordingly, the spatial
resolution in colour mode is lower than that of the image detector, and the reported
result of each pixel is the average of neighbours (demosaicing algorithms) [35].

In CSPT spectral fingerprinting experiments, part of the computer screen is used
as a light source displaying a sequence of colours that illuminate a target substance,
while the web camera captures the image of the substance under these particular
illuminations.

One of the most interesting features of CSPT is the separation of absorption and
emission phenomena. This capability is based on the wavelength profile of the three
filters defining the red, green and blue colours. Indeed, these are partially over-
lapped, and red and blue channels are completely separated in wavelength by a
band gap of about 50 nm centred approximately at 550 nm [36]. Intuitively,
excitations occurring at wavelengths between 400 nm and 500 nm and emissions
at wavelengths between 600 nm and 700 nm can be easily detected illuminating the
sample with the screen showing a full a blue colour and reading the signal of the
camera red channel.

A proper modulation of the screen colour can capture the fluorescence even in
more subtle cases when excitation and emission do not fall in separate colour
channels. A thorough calculation of the relationship between Excitation Emission
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Matrix and CSPT fingerprint is available, providing the means to evaluate the
applicability of CSPT to measure fluorescence of spectrally characterized com-
pounds [37].

A first example of the sensing capabilities of CSPT was provided considering an
array of sensing spots on a glass slide. The sensing materials in this example were
two metalloporphyrins complexes (zinc and iron), and biladiene. They were
blended with PVC and spotted on a glass slide placed in between the optical path
connecting the computer screen with the web camera [38].

Upon exposure to controlled concentrations in gas nitrogen of NH3, NO,, CO and
triethylamine (TEA), distinctive optical changes in the absorption and emission
spectra of these substances can be captured and identified using CSPT. In these
experiments, part of the screen displays a sequence of 50 colours, from violet to red,
at a rate of 1 colour/s with the web camera in synchronism with the illumination. In
order to illustrate the principle of measurement the case of a layer of biladiene
exposed to 750 ppm of triethylamine is discussed here. Biladienes are linear tetra-
pyrroles usually met in the synthetic pathway to porphyrinoids. The interest in using
these molecules as a chemical indicator is their colour signature that is related to the
degree of protonation from red (dication), to orange (monocation) and finally to
green (neutral free base) [39]. The molecular structure of the biladiene used is shown
in Fig. 6a, this particular compound having been previously synthesised as an
intermediate step for corrole preparation [40]. Figure 6b shows the indicator spots
on the glass substrate; in the same figure, two regions of interests (ROI) are
indicated. They are centred on the biladiene spot and on a nearby free glass region
used as a reference background. The average intensities of all pixels within each ROI
(~150 pixels), are collected along the different illumination sequences, resulting in
an intensity profile in the RGB camera channels for each ROI and measuring
condition. The intensity profiles of the ROIs are composed by concatenating the
RGB signals. Finally, the fingerprint for the indicator is calculated by subtracting the
intensity profile of the background (ROI 2) and the indicator (ROI 1).

Figure 6¢ shows the fingerprints of the biladiene spot measured during the
exposure to pure nitrogen gas and after the addition of 750 ppm of vapours of
triethylamine. It is worth observing that, during the exposure to pure nitrogen gas,
two negative peaks are visible in the red channel. A negative value of the fingerprint
indicates that in correspondence of that illumination the red component of the light
collected through the indicator is larger than the red component emitted by the
computer screen. This phenomenon is attributed to the biladiene fluorescence
excited by the blue component of the screen light. This feature disappears during
the exposure to triethylamine as a result of the quenching effect of triethylamine on
biladiene, as observed with a standard spectrofluorimeter.

A comparison of fingerprints illustrates the colour change with an increase of
absorbance in correspondence of the red channel and a decrease of absorbance in
green and blue channels. This behaviour reveals the colour transition of biladiene
due to the change of protonation state as previously discussed.

Finally, in Fig. 6d the difference between the fingerprints recorded during the
exposure to reference and reference plus triethylamine is shown.



152 R. Paolesse et al.

a !
R
\ NH HN==
+
+
=NH HN i\
N Ay A
\
C 200 d 4
Reference
TEA 20
150 o
2 z O
zZ =)
£ 100 2
2 £ 20
o L
w =
s 50 < -40
< o
(@]
o -60
RED CHANNEL GREEN CHANNEL BLUE CHANNEL —80 | RED CHANNEL GREEN CHANNEL BLUE CHANNEL
_5() m— - - HE X A A 4z
50 100 150 0 50 100 150
ILLUMINATION SEQUENCE ILLUMINATION SEQUENCE

Fig. 6 Example of application of CSPT as a transducer for chemical sensor. (a) Sensing molecule:
1,19-dideoxy-2,3,17,18-tetraethyl-7,8,12,13-tetramethyl-a,c-biladiene. (b) Image of the sensing
molecules spotted on a glass slide. Circles indicate the region of interest (ROI) considered in this
example. ROI 1 is the biladiene spot and ROI 2 is a bare glass region used as reference. (c)
Biladiene CSPT fingerprint measured in a reference internal gas (nitrogen) and after the addition of
750 ppm of triethylamine (TEA). Noteworthy, the negative portion of the fingerprint captures the
fluorescence of biladiene; this feature, present in the reference fingerprint, disappears during
the exposure to TEA as a consequence of the quenching effect of this molecule on biladiene. (d) The
difference between the fingerprints of Fig. 6¢ puts in evidence the colours at which the largest
response can be observed. This information may be used to optimize the illumination sequence

The nature of CSPT arrangement to measure simultaneously the optical proper-
ties of a number of indicators makes this system particularly suitable for the
development of artificial olfaction and an indicator arrangement similar to that
shown in Fig. 6b was used, for instance, to study the freshness decay of fish [41].
More interestingly, CSPT offers the opportunity to reconsider the work of Walt and
Kauer that used optical imaging as a mean to obtain arrays of hundreds of sensors.
On this basis, an artificial olfaction system based on the imaging of a continuous
layer of chemical indicators was recently introduced [42]. In this situation, an
image sensor provides a segmentation of the whole sensing layer in a number of
elementary units corresponding to the pixels of the image. Eventually, since it is
possible to evaluate the optical properties of every single pixel, each pixel of the
image may correspond to an individual sensor. In this regard, even low-resolution
images may easily result in thousands of independent sensing units.
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In this system, a collection of arbitrarily shaped regions of colour indicators is
illuminated by a controlled source; the optical characteristics of each pixel of the
image are measured by a camera providing the intensity of light in the three
channels: red, green and blue. The combination of illumination sequence and
camera read-out results in a fingerprint encoding the optical properties of the
sensing layer portioned in image pixels. A simple classification of these fingerprints
assigns each pixel to a class, and each class contains pixels carrying the same colour
indicator. This arrangement resembles the association between olfactory receptor
neurons carrying the same chemical receptor into the same glomerulus [43]. On the
basis of this analogy it is straightforward to describe the layer of indicators as an
artificial epithelium, pixels of the image as artificial olfactory neurons and the
classes provided by the classifier as an abstract representation of artificial glomeruli.

Furthermore, in this system it is also possible to follow the dynamic diffusion of
airborne molecules through the sensing layer, giving rise to spatio-temporal
response patterns resembling those observed in the olfaction of animal models.
This feature can be adequately exploited to develop a sort of artificial olfactory
mucosa [44].

Finally, the surprising sensitivity of CSPT based sensors when compared with
the performance of the most common transducers used as chemical sensors must be
commented upon. For instance, with a standard CSPT set up, the minimum detect-
able amount of triethylamine absorbed in a layer of Zn-TPP is 33 femtomoles per
pixel; the correspondent value for the same sensing layer on a 20-MHz Quartz
Microbalance is about 5 picomoles [45]. In this regard, a caveat is necessary to
indicate that these figures are the resolution in terms of absorbed mass and not in
terms of the concentration in air and that this also turns out to depend on the active
sensor area.

3 Fluorescence Arrays for Analytes in Solution

3.1 Cation Sensing

The rational design of fluorescent sensor arrays for the detection of ions in aqueous
solution relies on the addressed utilisation of conjugated chromophores (fluoro-
phores), linked to a recognition site (selective receptor). The binding step results in
a change of the fluorescence state (ON or OFF, or variation of the intensity) of the
fluorophore reporter, so signalling the detection event [46, 47].

These systems are of striking importance for the detection of water contami-
nants, either from natural or anthropogenic sources, such as heavy metal ions and
likes. This approach has been successfully exploited for the detection of anions, a
difficult task to be accomplished in water, with a high degree of selectivity.

In this section, some fluorescent systems based on sensor arrays, particularly
addressed to the detection of these ions, will be presented.
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Fig. 7 Structures of the sensing materials based on 8HQs. R = rac-2-ethylhexyl, R’ = n-hexyl.
The extended conjugated chromophores are shown in blue

In this regard, Anzenbacher and coworkers reported on the realization of a
simple system constituted by an 8-hydroxyquinoline receptor (8HQ, Fig. 7) coupled
to a conjugated fluorophore, a pyrene or a fluorene derivative, emitting in the blue
region [48].

The 8HQ unit does not show appreciable emission above 300 nm. Its emission
can be turned on by cation coordination of the quinolinolate form. Importantly, the
relative contribution of the two “emitters” to the fluorescence output (quantum
yield, intensity and wavelength maximum) is dependent on the type of interacting
ion, in terms of electropositivity, spin—orbit coupling and excitation wavelength, as
indicated in Fig. 8. This allows for discrimination with high accuracy between
complex mixtures, constituted by up to ten species, namely Ca**, Mg®*, Cd**, Hg>",
Co®*, Zn**, Cu®*, Ni**, AI’* and Ga™, by the usual principal component and linear
discriminating analysis (PCA, and LDA).

The same approach has been extended to the successful identification of com-
mercial soft drinks. The selectivity toward different ions can be modulated by
changing the nature of the “turning-on” chromophores, so realizing a system for
useful application for discriminating between different mineral water brands [49].

Recently, David Reinhoudt and coworkers prepared a sensor array, based on the
deposition of fluorescent self-assembled monolayers (SAMs) on glass, for the
detection of several ions [50]. The ease of preparation, due to the preorganisation
of the receptor molecules induced by the surface, allowed for a combinatorial
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Fig. 9 (a) Picture of the 140 well glass microtiter plate (MTP) with a schematic representation of
the well substitution (enlargement). Schematic representation of (b) single MTP well and (¢) SAM
formed in each well of MTP. Reprinted with permission from [50]

T

approach to sensing systems. This technique relies on the random sequential
attachment of different fluorophores and ligands on a SAM on glass. This results
in a close proximity of these effectors, for an efficient receptor (ligand) to signalling
unit (fluorophore) communication (i.e. modulation of the emission intensity). The
intrinsic feasibility of SAM’s preparation, jointly with their high response rates,
renders their use preferable to, for example, that of polymer-based optical sensors,
which, although featuring a higher degree of sensitivity, are often characterised by a
low physical and chemical permeability, and slow response time.

The sensing arrays were prepared by parallel synthesis of aminoterminated
SAMs on glass, functionalised by different fluorophores, rhodamine derivatives
(Fig. 9).

The library was confined to a microtiter plate, and was exploited for the
detection of various metal ions such as Cu®*, Co>*, Ca®*, Pb>* and Zn”".
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Fig. 10 Left: Fluorescence microscopy images of MTP walls after incubation with selected ions
(10~* M, MeCN). Each square represents an individual signal of the whole response pattern arrays.
Right: Plot of the normalised fluorescence emission intensity changes in each sensing system of the
arrays upon metal ion complexation. Negative values indicate a quenching of fluorescence, while
positive values indicate increase of fluorescence intensity. Reprinted with permission from [50]

The microarrays produced a fingerprint type response, characteristic for each
investigated analyte (Fig. 10).

A related microarray system, based on a microtiter plate containing proper
fluorescent indicators, was formerly reported [51, 52]. With this simple system an
efficient analysis of mixtures of ions (e.g. Ca®*, Na*, Mg?*, Hg**, SO,*~ and Cl")
has been carried out. The procedure followed entailed the excitation of the fluor-
ophores (indicator) by an LED source (An.x =~ 470 nm). The presence of ions
varied the emission responses with respect to those of the reference solutions.
The analyses were accomplished by quantitative imaging of the emission patterns
by using a Charge Coupled Device (CCD) camera. The unselective responses of the
indicators have been analysed by chemometric tools, based on their time-dependent
decays (dual lifetime referencing process). The CCD has been widely used in
analytical chemistry as it represents a useful tool for simultaneous detection, with
fast image capturing, along with stable background, and consequent high S/N ratio
and good linearity (for a recent example see [53]).

Ruiz-Molina and Maspoch reported on the construction of pH responsive fluo-
rescent nanoarrays by Dip-Pen nanolithography (DPN) [54]. This technique has
emerged among other related techniques owing to the capacity of direct structuring
of a wide range of highly ordered arrays of substances on surfaces, on a nanometric
scale and with excellent resolution [55]. The authors chose fluorescein as a
pH-dependent probe, as it presents negligible quantum yield under acidic condition
(¢" ~ 0, pH < 4), but it features high fluorescence intensities under alkaline
conditions (¢" ~ 1, pH > 8). Fluorescein-based nanoarrays were fabricated by
direct-write DPN, and the obtained systems were exploited as pH-sensors, upon ex-
position to environments of different acidity. The direct-write procedure consisted
of the patterning of a surface by commercially available nano-pen array, with the
aid of Atomic Force Microscopy (AFM) devices, by traversing the tips over the
chosen surface, and by tuning the contact time, to form the desired pattern.
The optical imaging was subsequently acquired, by using a confocal scanning
fluorescence microscope.
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Fig. 11 Left: Confocal fluorescence microscopy images of fluorescein dot array (15 x 15 dots,
30 um x 30 pm, scale bar = 4 pm) showing emission changes (Zexc 532 nm; I,;, = 0 kilocounts
s I ax = 600 kilocounts sfl) upon pH variation (pH ~ 4, top; pH ~ 6, middle; pH ~ 12,
bottom). Chemical structures indicate predominant molecular forms at corresponding pH range.
Right: Mean intensity cross-section of the fluorescence images (Aexc 532 nm) exposed to four
consecutive acid-base cycles (a). Reversible averaged emission profiles upon pH variation
(b). Reprinted with permission from [54]

The protonated-deprotonated form of fluorescein was generated by exposing the
samples to acid/N, or amine/N, gas flows. Figure 11 depicts the most important
topics of the system.

Capitan-Vallvey and coworkers reported on a multisensor system based on
ionophore-chromoionophore for optical monitoring of potassium, magnesium
ions and hardness of waters [56]. The analytical procedure relies on the use of a
black and white CCD camera. In optimised experimental conditions the procedure
applied gave a large linear concentration range, up to six orders of magnitude, and
good detection limits. Moreover, the protocol has been successfully applied to real
systems, such as natural water and beverages of different origins.

Crego-Calama et al. reported on the construction of a new type of sensor array
based on a microfluidic chip (Fig. 12) [57]. This technique has recently been
developed and exploited in broad analytical applications [58] and clinical diagnos-
tics [59], as it provides convenient small platforms, and usually requires small
sample volumes, in a continuous flow, for real-time measurements. In particular the
authors developed a microfluidic chip, with the microchannel walls combinatorial-
based functionalised by SAMs of five fluorescence-responsive receptors, as sche-
matically depicted in Fig. 7. The detection of analytes, namely Ca** and Cu*, has
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Fig. 12 (a) Schematic representation of five-channel chip and the channel walls functionalised
with fluorescence SAM. (b) Schematic procedure applied for the functionalisation of the walls of
the microchannels, and chemical structures of the fluorophores employed (F) in the studies.
Reprinted with permission from [57]
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Fig. 13 Top: Overlay image of the multichannel chip with an array of five different sensing
fluorescent sensing reporters filled with: (a) MeCN, (b) Ca>" (perchlorate salt 10~* M in MeCN),
(¢) Cu** (perchlorate salt 10~* M in MeCN). Bottom: Corresponding fluorescence intensity
profiles. Red and green traces correspond to the above imaged red and green channel, respec-
tively. Reprinted with permission from [57]

been performed by fluorescence microscopy based apparatus, equipped with a CCD
camera. The characteristic fluorescence responses have been reported in Fig. 13.

Mesoporous silicas have been widely employed as supporting material for
optical sensors due to their high porosity, large surface area, robustness and facile
preparation and functionalisation [60, 61]. A fluorescent sensor array, based on ion-
imprinted mesoporous silica, has been developed by Yan and coworkers [62].

The imprinted materials were prepared via a co-condensation method with
aminopropyltriethoxysilane (TEOS), and monomers containing 8-hydroxyquino-
line (8-HQ) moieties, in the presence of proper metal ion (Zn2+ or Cd2+).

The presence of the ions is necessary to freeze the embedded fluorophores in a
favourable “frozen” proximal arrangement. The system was assayed as reporter
fluorophores for the above cations in water, and compared to those prepared in
the absence of metal ions, which present a random (non-templated) fluorophore
distribution.

The binding of cations caused an increase of the emission of the fluorophores, as
reported in Fig. 14.
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Fig. 14 (a) Molecular structures of receptors employed in the work. (b) Schematic representation
of fluorescent ion-imprinted mesoporous silica. Reprinted with permission from [62]

A sensor array was composed by assembling three different sensors consisting of
Zn-, Cd- and non-imprinted materials, and it allowed for discrimination of the title
ions, within the range of 10-100 uM concentration, against non-templated ions
such as Mg?*, Ca®* and AI**. The principal component analysis (PCA) showed a
clear discriminative and reproducible pattern (Fig. 15).

A prototype device based on concomitant photo- and ion-sensing was realised by
Sawada and coworkers [63]. In this system a photo-sensor is fused with an ion-
sensor allowing simultaneous detection of photo-signals and ion density in the same
chosen area. The sensing region is composed by layers of SizN,4 and SiO,, on a
p-type Si substrate. The photo-sensing is based on a fluorescence sensitive detector.
The system offers attractive features for possible application in bio-imaging.

A sensor array, in which a single entity acts as both host and indicator for several
metal ions, has been produced by Anslyn and coworkers [64]. The system, a
chemodosimeter, is based on a squaraine derivative as a signalling unit. Squaraines
(SQ) are a class of zwitterionic dyes, in which a central squaric acid ring is
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Fig. 15 (a) Plot of fluorescence intensity responses (4exe = 340 nm) of an array composed of NIM,
ZnIM and CdIM to five metal ions at two different concentrations, tested in five replicates. (b)
Corresponding two-dimensional PCA plot of the above array. Metal ions: (1) Zn>* 10~* M; (2) Cd**
1074 M; (3) Mg®* 107* M; (4) Ca®* 107* M; (5) AI** 107 M; (6) Zn** 5 x 107> M; (7) Cd**
5 x 107°M; (8) Mg®* 5 x 1075 M; (9) Ca®* 5 x 107> M; (10) AI’*5 x 107> M. Reprinted with

permission from [62]
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Fig. 16 Schematic representation of the chemodosimeter function. Blue star: receptor with blue
colour; pink square: thiol; green triangle: metal ion. Reprinted with permission from [64]

stabilised by resonance with two aniline units in a donor-acceptor-donor arrange-
ment (D-A-D). These molecules are strongly fluorescent, and the intensities can be
effectively chemically changed. In the specific case, the emission of the moiety is
quenched upon covalent linking to a thiol group (a pink box showed in the Fig. 16).
The interaction with a metal ion (green triangle) restores the initial fluorescence
emission, restoring the “unthiolated” SQ form, according to the scheme reported
in Fig. 17.

Palladium, mercury, copper and iron were chosen in the construction of an array,
differing in degree of thiophilicity. An array system consisting in SQ, the five
different thiols, and the title ions in DMSO, was arranged in a 96-well plate, and the
change of emission intensity was recorded and analysed by PCA. A good differen-
tiation between the ions investigated was achieved with ACM group, as shown in
Fig. 18.

A related thiol- functionalised rhodamine-based chemodosimeter selective for
Cu** ions, and with promising exploitation in microarray devices, has been recently
proposed by Kim and coworkers [65].

The Cu-sensing mechanism is based on structural changes of the rhodamine
derivative, i.e. spirolactam (OFF) to open ring (ON) form, upon ion coordination
(Fig. 19).



162 R. Paolesse et al.

R S—M(Il) M)
M(1l) = Pd(ll), Hg(ll), Ni(ll), Cu(l), Fe(ll)
)
HS/\HI\O/

SH
ooy Ry
HS ™ HS/\)]\OH j/ HO HS

Propane-1-thiol ~ 3-Mercapto- 2-Acetylamino-3  2,3-Dimercapto-  Naphthalene-
propionic acid  -mercapto-propionic  propan-1-ol 2-thiol
acid methyl ester
PT MPA ACM DMP NT

Fig. 17 Molecular structures of the detected thiols. Reprinted with permission from [64]
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Fig. 18 Left: Fluorescence spectral pattern changes (a), and corresponding binding isotherm (b) of
titration of a solution of Hg(OAc), 4 x 1073 M in DMSO into a solution of SQ/MPA complex
2 x 107° M in DMSO. Right: Pattern-based recognition of five metals with 2-acethylamino-
3-mercaptopropionic acid methyl ester. Reprinted with permission from [64]

The sensing material consists of a SAM immobilised on platinum by simple
dipping the solid substrate into a proper solution of receptors. The use of platinum
circumvents the problem arising from the use of other metal surfaces, such as Au,
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Fig. 19 Pt film-immobilised rhodamine system for Cu*-induced ring-opening of spirolactam.
Reprinted with permission from [65]

which usually act as quenchers, hampering the efficiency of the systems. The
ultrathin Pt layer (10 nm thickness) was prepared by argon sputtering on glass
slides as solid inert supports. Fluorescence images (emission wavelength at
573 nm) were obtained via confocal laser-scanning microscopy, at an excitation
wavelength of 488 nm.

3.2 Anion Sensing

The quest for sensor devices for selective detection of anions is a more challenging
task, with respect to the recognition of cations, due to their peculiar physico-chemical
properties [66]. For example, anions are in general coordinatively saturated species,
and bind to designed hosts only by weak and aspecific interactions. Many anions exist
only in a relatively narrow pH window, are generally large and with higher free
energy of solvation, with respect to cations with similar size. Moreover, they differ
widely in shape, being spherical (halides), linear (CN ", N3 ), planar (CO5*7,NO; "),
tetrahedral (SO42_, PO43_), octahedral (PFg ) and so on. For these reasons reliable
sensing of anions in water is a very intriguing problem, and analytical means,
including sensor devices, for selective sensing of multiple anions are still very rare.

Some recent advancement in this field, based on sensor arrays, is reported. An
early report by Reinhoudt and Crego-Calama entailed the construction of a self-
assembled library of addressed anion receptors on glass, which could be of potential
use in the development of microarray systems [67].

More recently, Anzenbacher et al. developed a supramolecular-based sensor
array for detection of complex matrices of anions [68]. The arrays were prepared
by implementing colorimetric sensors in polyurethane hydrogel. The sensor ele-
ments are reported in Fig. 20, based on calyxpyrrole, and anthraquinine moieties.

These structures have been chosen on the basis of their affinity toward investi-
gating anions, by independently measured binding affinities.

The synergy between these two systems would mimic the cooperative mechan-
isms operating in biological machineries (apoenzyme and cofactors). The role of
the host hydrogel, besides that of supporting the molecular receptor, is to extract the
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Fig. 20 Molecular structures of the sensing materials exploited in [68]

ion from the bulk solution stripping the solvating water. The sensible material was
prepared by simply casting a proper THF solution of polyurethane hydrogel and
receptor in microwell array. The colour responses were recorded by RGB scanner,
and the images deconvoluted into RGB channels, and referenced against the images
taken before anion exposures (blank).

An eight sensor-array was produced, showing selectivity for fluoride and pyro-
phosphate ions, and concomitant cross-reactivity for carboxylate, phosphate, and
chloride. This was used to differentiate between 10 anions (Fig. 21).

The statistical evaluation of the array response to aqueous solutions of ions was
determined by PCA and by Hierarchical Clustering Analysis, as reported in Fig. 22.

This protocol was effectively exploited in the analysis of very complex real
matrices, such as toothpaste brands.

3.3 Other Analytes

One of the first examples of a sensing platform operating in solution and devoted
to the pattern recognition of different analytes, is the “electronic tongue” developed
at the University of Texas, Austin [69]. In this system, a Si/SiN wafer was
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Fig. 21 Left: Typical eight-sensor array response to anion aqueous solution (200 nL, 5 mM; NO; ™~
and HSO,™ concentration was 20 mM). Centre: Net response profile of sensors 1-8 to the addition
of aqueous AcO™~ (200 nL). Right: Pattern generated by the array in the green channel in the
presence in the same conditions used in the left panel. Reprinted with permission from [68]
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Fig. 22 Left: Typical array responses to aqueous anion solutions. Centre: PCA score plot of the
first three PCs for 100 samples (10 anions each) showing clear clustering of the trials. Right:
Corresponding HCA dendrogram, showing Euclidean distance between the trials. Reprinted with
permission from [68]

micromachined to create cavities holding polymeric beads, functionalized with
different broadly selective colorimetric or fluorescent dyes. The device was tested
for the recognition of analytes, such ATP, pH and more recently small peptides,
although colorimetric variations were mostly exploited in these applications [70].

The pattern recognition of peptides and proteins has received increasing
attention, due to the potential applications in the fields of proteomic, diagnostic
or bioclinical analyses, of paramount importance in biological and medical
research [71].

Hamilton and coworkers took advantage of the interaction of functionalized
tetraphenylporphyrins with the protein surfaces [72, 73].

The hydrophobic core of the porphyrin is the most important in driving the
binding to the proteins, while the peripheral functionalization can orient the selec-
tivity towards different proteins (Fig. 23). The detection of metal ion containing
proteins was based on the fluorescence quenching of porphyrin upon protein
binding; porphyrins are highly fluorescent compounds, ensuring the necessary
sensitivity, and furthermore this feature avoids the functionalization of the protein
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Fig. 23 Molecular structures of the functionalised porphyrins exploited for protein recognition

backbone. The recognition could also be performed in the case of proteins not
bearing metal ions; while the much smaller responses did not allow naked eye
recognition, the exploitation of simple data analysis, such as PCA, afforded clear
discrimination between the proteins studied.

A cross-reactive sensor array based on luminescence changes has been reported
by Severin and coworkers [74]. In this case no synthetic modifications were
operated, but the sensing elements were created by mixing some metal complexes
with fluorescent dyes. The complex formation between metal ions, such as Rh, Ru
or Pd, quenches the dye fluorescence; the peptide competes with the dye for metal
ion complexation, removing it from the complex. The fluorescence turn on is the
signal of the peptide interaction. The activation of fluorescence is also an indication
of the equilibrium reported in Fig. 24 and it is the basis of the peptides discrimina-
tion. The sensor array was able to differentiate between several dipeptides at 20—
50 x 10~° M concentration; higher oligopeptides, such as bradykinin and kallidin
were also discriminated and the system was also able to differentiate between two
dipeptides, carnosine and homocarnosine, in a more complex environment such as
human serum.
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Fig. 24 Sensing mechanism of the metal-dye array for peptide recognition. Reprinted with
permission from [74]
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Fig. 25 Molecular structures of the Zn(salicylaldimine) complexes

As observed for the gaseous phase, one of the most pursued applications of
luminescence based sensor arrays is related to the security field, in particular for the
detection of nitroaromatics as mimics of explosives. Also, in this case, the sensing
mechanism takes advantage of the characteristics of fluorescence quenchers of the
nitro groups. For example, Germain and Knapp used different Zn(salicylaldimine)
complexes for the detection of nitroaromatics and explosive mimics in acetonitrile
solution (Fig. 25) [75]. Samples were measured in polypropylene microplates, with
Jexc at 400 nm and A.,, at 520 nm. The array was able to differentiate between
different nitroaromatics, showing better discrimination performances than those of
semiconducting polymers. In the case of Zn (salicylaldimine) complexes, the
quenching mechanism is both static and dynamic and for this reason the lumines-
cence quenching depends on the nature of the nitroaromatic and also on the steric
requirements of the complex, so improving the discriminative properties among
structurally similar compounds.

Molecular imprinting technique was exploited to prepare a sensor array based on
phenylboronic acid functionalized mesoporous silica [76]. The phenylboronic acid,
chosen as the saccharide receptor, was used to functionalize triethoxysilane, which
was then used to prepare the mesoporous silica by the sol gel technique.
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Fig. 26 Sensing mechanism of the molecularly imprinted sensor array. Reprinted with permission
from [76]

The molecular imprinting was done during this step, which was carried out in the
presence of D-fructose or pb-xylose. The saccharides were removed after the sol gel
process to furnish two different imprinted silica powders. The molecular imprinting
was coupled with the indicator-displacement strategy, using a commercially avail-
able fluorescent dye, Alizarin Red S. The sensing mechanism of these materials is
represented in Fig. 26.

Although only two saccharides were used for the imprinting technique, the
imprinted silica obtained was exploited to develop a sensor array devoted to the
discrimination between several saccharides; the concept is that the imprinting is
done with p-fructose and p-xylose, two saccharides having very different molecular
size and binding affinity with phenylboronic acid, so the templating process could
allow different responses toward saccharides and creating a series of cross reactive
sensors. The discriminative properties of the system were studied towards a series
of saccharides and also successfully tested to discriminate between real samples,
such as orange juice beverages.

Moczko and coworkers followed a different approach to develop a sensing
platform for the determination of some analytes of physical parameters, such as
pH, temperature, ionic strength and dissolved oxygen [77]. Instead of the exploita-
tion of different spatially distributed sensing elements, they used a mixture of dyes,
whose fluorescence was sensitive to the target parameters, dissolved in solution.
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The fluorescence changes were recorded and visualized by a 3D spectrofluorimeter;
because the dyes were broadly selective and they gave responses to the physical and
chemical parameters under investigation, pattern recognition should be exploited to
analyze the results. This approach has the advantage of simple realization and low
cost, although its potential should be tested with a wider range of analytes.

The exploitation of a luminescence sensor array for the detection of cancerous
cell was studied by Rotello and coworkers [78]. The sensing mechanism is based
on the composition of the surface of the cell membrane, where phospholipids,
carbohydrates and proteins are present, characteristic for the different cell types.
A difference in the cell membrane surface composition is expected in the case of a
cancerous cell; the sensing mechanism is based on the interaction of cationic gold
nanoparticles with a conjugated polymer, the poly(p-phenyleneethynylene). The
interaction between the polymer and the gold nanoparticles are mainly electrostatic
and the binding quenches the polymer fluorescence; different cationic gold nano-
particle-polymer complexes were prepared, depending on the particular cationic
substituent covalently linked to the gold nanoparticle surface. When these nanopar-
ticle—polymer complexes were incubated with cells, cationic nanoparticles were
expected to interact with the anionic charge of the cell surface because of electro-
static and hydrophobic interaction, so inducing the detachment of the polymer,
turning on its fluorescence (Fig. 27). This fluorescence was the sensor signal
detected; due to the different cell membrane composition, the fluorescence was

edocrestalic polymedparticle conjugates

Fluosescence “OFF”
Fluceescence “"ON"

Fig. 27 Sensing mechanism of the nanoparticle-polymer sensor array for cell discrimination.
Reprinted with permission from [78]
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different depending on the particular type of cells analyzed. The different patterns
in the fluorescence responses were analyzed by Linear Discrimination Analysis,
which showed the ability of the sensor array to discriminate between different cell
types and, more interesting, between normal, cancerous and metastatic cells of two
different kind of tumour (human breast and murin epithelial cell lines).

A sensor array based on chemiluminescence has been reported by Zhang and
coworkers [79]; in this case, catalytic nanomaterials of different types are the
sensing elements of the array. When a gaseous analyte interacted with the sensing
elements, the chemiluminescence produced by a catalytic reaction was the signal
used as the sensor response. The nanomaterials were cross reactive and different
response patterns were obtained by the analytes studied. The clear advantage of
such an array is related to the long-term stability of the sensing elements, because
the emission was due to a catalytic reaction, so excluding the photobleaching that
usually affects luminescent dyes. Furthermore, because the sensing mechanism
depends on a catalytic reaction, the responses depended on the working temperature
and this information enriched the discrimination power of the array, making this
system promising for sample recognition. The sensing platform was tested for the
discrimination of real samples, such as cigarettes of different brands.

4 Conclusions

Fluorescence based cross reactive sensor arrays nowadays represent a versatile and
powerful tool for applications in the real field. The high sensitivity, characteristic of
fluorescence transduction, coupled with the possibility of measuring simulta-
neously the fluorescence of a large number of indicators, is the basis of the
development of these devices witnessed in the last decade.

The increasing sophistication of consumer electronic devices has further
enhanced the application opportunities of these arrays; this strategy co-opts the
technical and optical capabilities of devices originally conceived for different
purposes, turning them into chemical sensing platforms, by adding functional
sensing materials. The rationale behind this approach is that successful sensing
applications can be as ubiquitous as the devices supporting them, which in some
cases means a globally disseminated (and interconnected) infrastructure at a scale
not available just for chemical sensing purposes.
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Enantioselective Sensing by Luminescence

Alessandro Accetta, Roberto Corradini, and Rosangela Marchelli

Abstract Enantiomeric analysis is one of the crucial points for the sensor technol-
ogy, due to the increasing importance that enantiomerically pure compounds and
drugs have in pharmaceutic and agrochemical applications. Enantiomeric lumines-
cent sensors give different responses by interaction or reaction with chiral mole-
cules, allowing one to assess their optical purity by spectroscopic measurements.
Moreover, chemosensors have been developed to perform enantiomeric analysis of
both luminescent and non-luminescent organic compounds. In the present chapter
we focus on the recent advances in the sensing of chiral molecules by luminescent
sensory systems, with the aim of outlining different mechanisms: fluorescence
quenching by metal complexes, photoinduced electron transfer (PET) quenching,
fluorescence enhancement by PET inhibition, analyte induced sensor conforma-
tional changes, modulation of excimer and exciplex formation, and aggregation
induced emission enhancement (AIEE). Recent advances in the use of more
elaborate techniques such as anisotropy measurements, gated detection, circularly
polarized luminescence (CPL) and perspectives in the field are also discussed.
Emphasis is given to the methods which have provided high enantioselectivity
and which are amenable to fast screening procedures.
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1 Introduction

Enantioselectivity remains a very important long-standing goal for sensor science
[1, 2], since biological activity is strictly correlated with stereochemistry. Enantio-
mers of drugs can have different effects [3] and are subjected to specific regulations
[4]. Very efficient enantioselective reaction schemes and catalysts are needed to
produce enantiomerically pure compounds, since the market for single-enantiomer
drugs is increasing in importance (in 2009, estimates suggest $15 billion in reve-
nue) [5]. Enantiomeric characterization is also increasingly important in the agro-
chemical area [6, 7] and in food analysis [8, 9]. Therefore, fast and easily performed
tests for the assessment of the enantiomeric composition are needed in both process
development and quality control.

Application of chemosensors as components of an “artificial tongue” to the
parallel detection of organic molecules in solution has also been proposed [10-12].
Analogs of natural sensory systems should have the ability to discriminate between
enantiomers [13, 14], such as L-amino acids, which are mostly bitter, from p-amino
acids which are generally sweet.

Optical sensing methods, which have been successfully used for ions and
organic compounds, have been demonstrated to be efficient tools for fast analytical
procedures [15—17], and fluorescence sensors are particularly good performers, due
to the high sensitivity and selectivity of the detection methods [18].

Enantioselectivity of fluorescent organic molecules were reviewed several years
ago by Pu [19]; therefore this review will mainly discuss recent developments and
applications of enantioselective luminescence sensing.

The development of a combinatorial approach to chemical synthesis [20] and
catalysis [21] has created new needs for fast, reliable, and time-effective high-
throughput enantiomeric analytical methods allowing one to screen the properties
of the enormous number of new structures developed [22, 23]. Thus, new enan-
tioselective catalysts have been developed using a combinatorial approach com-
bined with fast screening of the enantiomeric excess generated [24, 25]. In the last
few years, research has focused on the quest for high enantioselectivity of the
fluorescence response, and on the application of luminescent sensors to the actual
determination of enantiomeric excess (ee) with fast, parallel and high-throughput
techniques. Important features for the successful development of enantioselective
sensors, and some examples recently described, will be highlighted.

2 Enantio-Discriminating Effects in Luminescence

Although many optical techniques can be used for the discrimination of enan-
tiomers in a simple read-out format like UV-measurements, colorimetric, or
even “naked eye” detection [26], the use of luminescence (mostly fluorimetric)
detection has several advantages in terms of sensitivity and selectivity of the
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Fig. 1 Different schemes for inducing an enantioselective fluorescence response: (a) interaction of
a chiral fluorescent molecule with a chiral receptor; (b) kinetic resolution using fluorescent
pseudoenantiomers; (c) discrimination of non-fluorescent molecules by fluorescent sensors

signal, due to the lower background. Thus, micromolar concentrations of the
sensor and very little amounts of the analyte can be used. Common modern
instrumentations allow very fast and parallel analysis of fluorescence and fluo-
rescence lifetimes.

Luminescence can be used in different contexts to evaluate enantioselectivity
(Fig. 1). Chiral analytes containing a luminescent group can interact with one
enantiomer of a given chiral selector, thus forming diastereomeric complexes of
different stability and structure. If the luminophore experiences a different environ-
ment in the complex, a change in the luminescence is observed (Fig. 1a).

Some remarkable examples are given by inclusion of a variety of fluorescent
guests into toroidal-shaped hosts such as cyclodextrins [27, 28]. The inclusion
process protects the fluorophore from collisional quenching by the solvent and
changes the polarity of the microenvironment, thus inducing both enhancement and
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wavelength changes. An interesting example of this approach is the enantioselec-
tive fluorescence response of the drug Zolmitriptan, for which small impurities of
the (R)-enantiomer can significantly alter the clinical profile of the (S)-enantiomer
active drug [29]. Phosphorescence can also be observed in inclusion complexes of
compounds which in solution are non-phosphorescent, and this process can also be
enantioselective, as reported in several examples from the literature [30-32].
Differences in fluorescence anisotropy and anisotropy decay can also be observed
[33, 34].

Another example is given by the interaction of chiral metal complexes with
fluorescent chiral analyte bearing metal binding sites. Enantioselective quenching
of fluorescence can be observed in such cases as a result of coordination or ligand
exchange processes [35-37].

Interaction of fluorophores with natural biopolymers such as proteins, poly-
saccharides, or DNA is also an enantioselective process and can be used to
discriminate between two enantiomers of a specific compound. A remarkable
example is the differential interaction of A and A isomers of luminescent
octahedric metal complexes with DNA (metallointercalators), which generate
a fluorescent signal and was shown to be dependent on the DNA helicity, as was
reversed for right-handed B-DNA and left-handed Z-DNA [38]. However, in
most studies, the main interest has usually been to probe the biopolymer
conformation and not to generate an enantioselective fluorescence response of
the probe.

Adsorption of fluorescent molecules on chirally modified surfaces and sol-gel
films can also generate enantioselective effects [39].

A second strategy which is reported in the literature is that of using kinetic
diastereoselectivity by fluorescently labeled pseudoenantiomeric reactants (Fig. 1b),
in combination with automated instrumentation and microarray technology derived
from genomic research [40]. In this approach, two enantiomers of a reactant (D- or
L-proline) were labeled differently using either cyanine Cy3 or Cy5 fluorophores,
(pseudoenantiomers or quasi-enantiomers) [41]. These molecules were then reacted
and the analyte (another amino acid) linked to a microarray surface to form a
covalent amide bond; due to the diastereoselectivity of the reaction, the prevalence
of the Cy3 or Cy5 fluorophore (opportunely calibrated) indicated the enantiomeric
composition of the specific sample. In this way, a very high number of samples per
day could be analyzed by fluorescence read-out of the microarray in both Cy3 and
Cy5 channels. Pseudoenantiomers can also be used as substrates for enzymatic
reactions, thus leading to a direct read-out of enantioselectivity [42].

Though the above reported selected examples show that enantioselectivity in
fluorescence response can be achieved, and can be used for the detection of
enantiomeric excess, they do not strictly belong to the field of luminescent sensor
molecules and therefore will not be discussed in detail here. We will for the rest of
this review focus on the use of fluorescent molecules as general sensors (Fig. 1c)
able to produce enantioselective response in the presence of both fluorescent and
non-fluorescent analytes.
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3 Fluorescent Chemosensors

The generation of an enantioselective signal by a sensor molecule in the presence of
enantiomers can be obtained according to several schemes, which are depicted in
Figs. 2 and 11. A molecular (in particular enantio-discriminating) recognition event
should occur, either dynamically (by collision or chemical reaction) or statically
(by formation of a sensor—analyte complex at equilibrium). Using only one enan-
tiomer of the chiral sensor will lead to the formation of transient or permanent
diastereomers, with different chemical or physical properties. Obtaining enantios-
electivity in this event is the first difficulty when designing enantioselective fluo-
rescence sensors, since the two enantiomers differ only in the spatial distribution of
functional groups, but can in principle give rise to the same type of interactions.
Supramolecular chemistry can now provide a variety of models for obtaining strong
binding and strongly discriminating interactions.

The parameters which are mostly used for describing the enantioselectivity of
this process are the chiral recognition factor o = Kr/Kg where Ky and Kg are the
stability constants of the fluorophore—analyte complex containing the R- or the S-
enantiomer respectively, and the enantiomeric fluorescence difference ratio ef =

AFg/AFg = (Fr — Fo)/(Fs — Fy), where Fy, F, and Fs represent the fluorescence
intensity displayed by the sensors under certain conditions alone or in the presence
of the R- or S-enantiomer respectively. The order in which R and S are placed in the
definitions above can be reversed in some cases, depending on the enantioselec-
tivity observed. An enantioselective response can be generated by differences in the
o value for two diastereomeric complexes having the same emission properties,
although cases are also reported of complexes showing o ~ 1, but still with good ef
value, due to specific local conformational properties.

In principle, the luminescent (mainly fluorescent) sensor can be any luminescent
chiral molecule which can interact with the analyte. It is a generally accepted rule

a Dynamic Quenching b Static Quenching
A+F*— [A-F*]> [A-F]+ hv A+ F*S [A-F]
\

[A—F]
C Energy Transfer d PET Quenching
O > — @)&" 0¥ =0 —OF
A-F*
e PET suppression f PET d-PET
T
)+*' ¥ by
-
AF* A FF A F

Fig. 2 Principal mechanisms of enantioselective sensing involving quenching processes
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that rigid moieties can enhance enantioselectivity by imposing a stereochemical
constraint to the interacting counterpart. Therefore, cyclic or rigid scaffolds are
often used as components of enantioselective sensors; the chiral moiety can either
be fluorescent itself or can be covalently linked to a fluorescent group. The
binaphthyl unit, which has shown good discriminating properties in the develop-
ment of enantioselective catalysts [43] and transport [44], and in particular the 1,1’-
bi-2-naphthol (BINOL) group, has been the most widely used [19]. Other chiral
inherently fluorescent molecules such as helicenes or 1,8-diacridylnaphthalene
moiety (see Sects. 3.3 and 3.6) have been used. Non-fluorescent rigid scaffolds
such as cyclodextrins or calixarenes have been opportunely equipped with func-
tional groups and fluorophores in order to produce enantioselective sensors. These
molecules have the advantage of presenting a well defined cavity as a recognition
element, which can be used in order to bind aromatic groups by inclusion. Cyclo-
dextrins, cyclic glucose oligomers with «-glycosidic linkages, able to discriminate
between the two enantiomers of analytes in separation science [45], are particularly
interesting since they can perform enantiomeric recognition in water, unlike most
of the sensors based on organic molecules described in the literature. Other mole-
cules from the chiral pool have been reported as scaffolds for the synthesis of
enantioselective sensors, such as cholic acid, substituted cyclohexanes, amino
acids, and peptides. Chiral polymers and molecularly imprinted polymers (MIP)
can also be used as enantioselective elements in sensor technology [46, 47].

The presence of suitable binding groups able to form very stable bonds with the
analyte is necessary in order to obtain strong complexation and enantioselectivity.
Among these, ion-pair froming moieties has been used for acids and bases, while the
boronic acid group has been widely used in order to bind diols, and in particular
proximal hydroxylic groups in sugars [48]. Transition metal or lanthanide complexes
have also been used as strong binding elements to which donor atoms can be bound,
thus enforcing the analyte—sensor interaction. Hydrogen bonding has been used
extensively as a binding element, in particular for anions (and thus for anionic organic
molecules, including chiral ones) using the thiourea group, which undergo modifica-
tion of their electronic properties and their ability to interact with neighboring groups
upon hydrogen bonding formation. Hydrophobic effects (in water), and other specific
interactions such as 1 — 1 (stacking), or CH-nt can be used to bind apolar groups.

The other key point is that the recognition event should then produce differences
in the fluorescence properties of the sensor molecule in the presence of the two
enantiomers of the analyte. Several mechanisms can be used to generate the
fluorescence response (Figs. 2 and 11) by changing the electronic properties and
the conformation of the sensor. Aggregation induced emission enhancement
(AIEE) [49] was recently shown to be able to generate an enantioselective fluores-
cence response. Special optical techniques such as circularly polarized lumines-
cence (CPL) are now available to detect enantioselective interactions occurring in
the excited state or in the second coordination—sphere interactions [49].

In order to help the readers who are interested in the detection of enantiomeric
excess of a specific class of analytes, an overview of the classes of molecules which
have been reported in the recent literature is reported in Table 1. In the following
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parts of this review, we will present the fundamentals and recent specific examples
of different type of mechanisms used for obtaining enantioselective sensing, with
particular emphasis on the effects suitable for enantiomeric excess determination
and high-throughput screening.

3.1 Enantioselective Fluorescence Quenching

Fluorescence quenching is due to non-radiative loss of energy from the excited state
as a consequence of either collision with a quencher ion (or molecule) in solution or
by formation of a non-fluorescent or poorly fluorescent fluorophore—quencher
complex. In both cases the quenching process follows the Stern—Volmer equation:

Fo/F =1+ Ksv[Q], (D

where F and F are the fluorescence in the absence and in the presence of the
quencher, respectively, [Q] is the concentration of quencher, and Kgy is the Stern—
Volmer constant, which is a measure of the efficiency of quenching and can be
obtained by a simple linear regression. In the case of collisional (dynamic) quench-
ing (Fig. 2a), the quantity [Q] corresponds to the actual total concentration of the
quencher, while in the case of static quenching, the equilibrium described in Fig. 2b
should be considered. Therefore, the quantity [Q] in this case represents the
concentration of the free quencher, and Kgy corresponds to the stability constant
of the FQ complex. Deviation from linearity of the Stern—Volmer plot (F/F vs [Q])
indicates the presence of both static and collisional quenching or can be the result of
a different stoichiometry of the fluorophore—quencher complex. It should be noted
that the equilibrium in Fig. 2b for certain quencher—fluorophore combinations
might involve protonation or deprotonation of one of the two components; thus
the Kgv in this case can be considered to be a conditional stability constant at a
given pH, but it would change with the pH of the solution. If enantioselective
fluorescence quenching is present, the Stern—Volmer equation for a mixture of a
given analyte can be used in the following form [13]:

Fo/F =14 Ks[Qs] + Kr[Or] = 1 + [Ks + (Ks — Kr)xs][0], 2

where F is the fluorescence intensity of the fluorophore without quencher, F is the
fluorescence observed after addition of the quencher molecule, x5 and xg are the
molar fraction of the two enantiomers of the quencher molecule Qg and Qg, [Q] is
the total quencher concentration, and Kr and Kg are the Stern—Volmer constants.
If the total quencher concentration is kept constant in a series of measurements, Fo/
F varies linearly with the enantiomer molar fraction xs. This approach can be useful
when the pure compounds are present, since a mixture of different compounds
would give rise to a combination of effects. However, if this system is used for the
measurement of the enantioselectivity of the reactions producing only one chiral
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compound able to bind to the sensors, it can allow rapid screening of best
performing reaction conditions. It should be noted that, according to this model,
only the quantity F/F is linearly dependent on the enantiomeric composition.

3.2 Sensing by Collisional Fluorescence Quenching

Chiral amines have been shown to be able to quench the fluorescence of several
fluorophores. The first cases were reported by Irie and coworkers, who described
that the collisional quenching of (R)-binaphthyl by N,N-dimethyl-1-phenylethyl-
amine was dependent on the stereochemistry of the latter [50]. The mechanism of
this process corresponds to a series of subsequent events: formation of an encounter
complex between the excited fluorophore and the quencher, which can then give
rise to a tight exciplex ([A-F*] in Fig. 2a) or to an electron transfer ion pair [A™-F"]
(Fig. 2a). This can explain the strong dependence of both quenching and enantios-
electivity upon the polarity of the solvent observed in these studies [126].

The low fluorescence in the FQ complex can be derived from non-radiative
decay due to the occurrence of either energy or electron transfer. These processes
are difficult to demonstrate, and even more difficult to design. Therefore in the
recent literature this approach has not been extensively used for the design of enan-
tioselective sensors, though combination of static and dynamic quenching has been
documented in some cases.

3.3 Enantioselective Quenching Involving Metal Complexes

Chiral fluorescent molecule bearing binding sites for metal ions are commonly used
to obtain metal ion sensors [127], but can also be an efficient tool to induce
enantiomeric recognition, since the ion can behave as a strong binding site for
very polar analytes containing donor atoms. Furthermore, several metal ions, such
as copper(Il) or nickel(Il) quench the fluorescence of many fluorophores, thus
providing the signaling process needed for sensing. Copper(Il) is a very efficient
quencher, as it is able to quench the fluorescence of groups not directly linked in its
proximity [128]. If the fluorescent sensor is a copper(I) complex of a chiral ligand,
metal binding molecules, such as amino acids or hydroxy acids, can undergo chiral
discrimination since they form ternary diastereomeric complexes with the ligand,
with different stabilities and different physical properties, as in the case of ligand
exchange chromatography (LEC) [129]. Cyclodextrins bearing a metal binding site
can be used in this context as ditopic receptors able to combine the coordination
properties of a metal ion and inclusion of apolar moieties in the cyclodextrin cavity
[130, 131], thus obtaining high enantioselectivity [36, 37].

Cyclodextrins modified with dansyl (5-dimethylamino-1-naphthalenesulfonyl)
fluorophore were used by us for generating enantioselective fluorescence response
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using copper(Il) quenching. The modified cyclodextrins bearing the fluorophore
linked to the upper rim (C6 atom of one glucose unit), reported in Fig. 3, are highly
fluorescent, if compared to the free fluorophore in solution, due to the self inclusion
of the dansyl moiety within the cyclodextrin cavity [132].

Since donor atoms are present in the linking moiety connecting the cyclodex-
trin to the dansyl group, they are able to interact with copper(Il) ions giving rise to
a non-fluorescent binary complex. The fluorescence of the cyclodextrin is recov-
ered enantioselectively by addition of enantiomers of amino acids (Fig. 3b) [87].
Cyclodextrins bearing an L-amino acid derivatives as linker (S)-1-4 gave the best
enantioselectivity. If the quenching experiment is carried out using the copper(Il)
complex of the analyte (instead of the analyte itself) on the free cyclodextrin
(Fig. 3c), ternary diastereomeric complexes of different stabilities can be
obtained [88]:

()1
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CH,-CHx-NH Metal sensing
(5)-3 (5)-4
b 520 L .l
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Fig. 3 (a) Fluorescent cyclodextrins used for enantioselective sensing of amino acids; (b)
enhancement of fluorescence by addition of proline to Cu((S)-1) (reprinted with permission
from Elsevier from [87]); (¢) quenching of fluorescence by addition of Cu(AA), to the free
cyclodextrin (S)-1; in box A the signal is strongly dependent on the concentration of Cu(AA),
and in box B it is mainly dependent on the stereochemistry of the analyte. (reprinted from [90] with
permission by the Royal Society of Chemistry)
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K
Cu(L—A),+F = L—A+Cu(F)(L-A),

K
Cu(D—A),+F = D—A+Cu(F)[D—A),

where L-A and p-A are the p- and L-amino acid (in the anionic form), F is the
fluorescent sensor, and Cu(L-A), or Cu(p-A), are the binary copper(Il) complexes
and Cu(F)(L-A) and Cu(F)(p-A) are the ternary copper(Il)/sensor/amino acid. Since
the two constants for the formation of the diastereomeric ternary complexes K; and Kp
are different, the amount of the free sensor is different when the two enantiomers of the
same amino acid are used. Mechanistic studies showed that chiral discrimination is
indeed due to the formation of diastereomeric non-fluorescent ternary complexes. The
enantioselective effect was carefully evaluated, from the point of view of analytical
applications, by performing statistical analysis and z-test for the significance of the
differences observed [89]. We strongly recommend this approach in the evaluation of
enantioselectivity, especially in the case of very small differences [89].

These chiral sensors were used for the determination of enantiomeric excess using
a fast, simple, and low cost technique, such as fluorescence on microplate readers
(Fig. 4a). It was possible to perform calibration experiments at low sensor concentra-
tion (60 uM) using cyclodextrin (§)-1-3 and adding Cu(A), complexes of proline and
valine. The fluorescence measured was a function of the enantiomeric composition of
each sample, as reported in Fig. 4a, for cyclodextrin S-2 and valine [90].

Quantitative data were obtained with a 6% accuracy. The entire process (dupli-
cate calibration curves and five samples in triplicate) was performed in 2 min, thus
showing that a large number of samples can be analyzed in 1 day using this
approach. This was one of the first examples in which the enantiomeric composition
was evaluated by very rapid techniques using appropriate calibration curves. The
cyclodextrin (S)-4 was also found to be very enantioselective, allowing one to
perform calibration of the enantiomeric excess of valine and proline by fluorimetry
at a very low (1 uM) sensor concentration [91]. Amino acids were found to be best
recognized in terms of both response and enantioselectivity. Good enantioselec-
tivity was observed for N-alkyl amino acids and for amino acid amides [92]. The
enantiomers of 2-aminocaprolactam 10 (Fig. 4c), which is an important amide
intermediate for the synthesis of lysine and can be processed by very enantiospe-
cific enzymes, were analyzed in a similar way using cyclodextrin (S)-2 [91].

This approach is particularly interesting because it requires very low concentra-
tions of the sensor, and it allows one to perform enantioselective sensing in water on
very low quantity of unmodified amino acids, which are insoluble in most organic
solvents used in the vast majority of sensory systems described in the literature.

A conceptually similar approach was reported recently by Wolf and coworkers.
1,8-Diacridylnaphthalene N,N’-dioxide derivative 11, described in Fig. 5a, was
found to bind selectively scandium(III) ions, giving rise to fluorescence enhance-
ment [64]. The addition of amino alcohols induced a quenching of the fluorescence
of this complex, which was found to be due to ternary scandium-ligand—analyte
complex formation, followed by scandium(IIl) scavenging by the analyte, thus



188 A. Accetta et al.

Qhigh o low b 45
T T )W Fluorescence
7\ (intensity encoded as color)
o s
12 3 45 6 . Cyclodextrin alone
A - (triplicate) 3.5
o Capratn e g
%D
D
E Samples
3 (triplicate) 25
G
H %D of the samples

%D ——

c d 28
oy | y=01436x+ 12727
NHa o} NHz 06 R2 = 0.9891
NH. H
m ’ We— m° 25
o] HaN? 0
> 24
w
5 6 7 > 23
. 22
A
KHg CI NH; Q Q  NH, o1
WNHZ ©Mo- H& 20
o) 19
18
8 9 10 50 60 70 80 90 100

%L

Fig. 4 (a) Enantioselective analysis of valine performed using (S)-2 in 2 min time in a microplate
reader; (b) calibration curve of enantiomeric composition obtained for valine using cyclodextrin
(S)-2 (a,b: [90]. Reproduced by permission of The Royal Society of Chemistry); (c) analytes
(5-10) enantiomerically discriminated using fluorescent cyclodextrins in this type of analysis; (d)
calibration curve obtained for the 2-aminocaprolactam using cyclodextrin (S)-2 (from [91] with
kind permission from Springer Science 4 Business)

producing quenching. Using the optically pure scandium complex, high enantios-
electivity of the quenching process was observed (e.g., reported in Fig. 5b). Thus
using the racemic sensor, the total amino alcohol concentration could be calculated,
while by using the optically pure form of the sensor the actual enantiomeric excess
was evaluated with about 5% maximum deviation from real values.

Copper(Il) complexes of a glutamic acid derived diamido-diamino ligands 12
(Fig. 5¢) containing anthracene units were also used as enantioselective sensors for
a-hydroxy acids (in particular mandelate) and amino acids [68]. The ligand fluo-
rescence was quenched by copper(Il) and recovered by addition of the analytes.
A mechanism involving photoinduced electron transfer (PET) was proposed, and
the conditional stability constants of the ternary complexes was found to be
different for the two mandelate enantiomers (with K /Kp = 15.2) in this study.

A chiral zinc(II) complex containing a terpyridine fluorophore with C2 symme-
try 13 (Fig. 5c) and a crown ether residue was recently reported as fluorescent
sensor for amino acids, using the metal ion and the crown ether unit as binding sites
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Fig. 5 Examples of quenching enantioselective sensors involving metal ions: (a) N,N'-dioxide of
the 1,8-diacridylnaphtalene units which can form a scandium(III) complex; (b) high enantiose-
lective quenching obtained by the scandium complex of 11 for 2-aminopropanol (reprinted with
permission from [64]. Copyright 2008 American Chemical Society); (¢) triamino-diamido copper
(II) complex (12); (d) Zn (II) complex with terpyridine based chiral ligand (13); (e) chiral
oxazoline containing maleimido polymers (14)

for the carboxylate and the ammonium ion, respectively. This compound was
quenched by addition of phenylglycine, but not of other amino acids, in an enan-
tioselective manner, [93].

Recently, poly(N-phenylmaleimides) 14a—c (Fig. 5d) bearing a chiral oxazolinyl
pendant were shown to bind zinc(II) and copper(Il) ions with moderate and intense
quenching respectively. The zinc ion could be used as a coordinating groups for
enhancing the interactions with analyte molecules. The addition of enantiomers of
BINOL or of 2-amino-1-propanol was shown to modulate the fluorescence intensity
with quenching for the former and enhancement of the latter [57].

3.4 Enantioselective Quenching by PET and Related Mechanisms

The interactions of luminescent sensors with analytes can generate or inhibit
PET (Fig. 2d). If there is a suitably positioned occupied state at higher energy,
the electronic hole generated by the excitation process can be filled by transfer of
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one electron to the ground state of the fluorophore, thus inhibiting the radiative
decay. This process is strongly dependent on the electron donor—fluorophore
distance and, unlike energy transfer (ET), can be slowed down by lowering the
temperature. Amino groups are particularly suited as electron donors in PET,
although other groups such as amides and thiourea have been reported to be
responsible for PET.

Enantioselective quenching of p-tert-butyl-calix[4]arenes linked to a chiral resi-
due containing a fluorophore by chiral amines (phenylethylamine and norephedrine)
was reported earlier; in particular the (S)-di-2-naphthylprolinol-containing receptor
15a (Fig. 6) was found to give rise to enantioselectivity in fluorescence, though
differences between the two enantiomers were rather low, but still sufficient to allow
one to obtain calibration curves of the enantiomeric composition [58]. Host—guest
interactions were found to be responsible for quenching, with a possible PET effect.
More recently, a 1,4-disubstituted calyx[4]arene containing aminoacylhydrazide and
dansyl groups 15b (Fig. 6) has been shown to undergo enantioselective quenching by
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Fig. 6 Examples of sensors based on PET-mediated quenching
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N-protected alanine or phenylalanine anions in chloroform; the interaction occurred
through hydrogen bonding, as demonstrated by NMR. The quenching effect was
attributed to facilitated receptor—fluorophore PET [59]. A similar design was used
with the anthracene fluorophore 15¢ (Fig. 6), showing enantioselective sensory
properties towards malate anions in CDCl;, with selectivity Kp/Ky up to 10.41
[60]. Using tryptophan as fluorophore, fluorescent sensors showing enantioselectivity
for a wide range of biologically relevant molecules, including free and N-Boc-
protected amino acids, amino alcohols, and tartaric and malic acid, were reported
in DMSO, with selectivity (Kp/Kp) up to 7.2 [61].

Binding of a molecule containing an amino group held in a position vicinal
to a binaphthyl fluorophore is the basic mechanism of a series of studies carried
out by Pu and coworkers for enantioselective sensing of compounds containing
an amino group [19]. These authors showed that BINOL derivatives are partic-
ularly suited for the enantioselective sensing of amino alcohols in organic
solvents, due to hydrogen bond formation between the naphthol hydroxyl
group and the hydroxyl group of the analyte. This approach was extended to
highly conjugated binaphthyl fluorophores with aromatic groups linked through
alkyne spacers 16 (Fig. 6) with an enhancement of the fluorescence intensity
through intramolecular energy transfer; these molecules were also more steri-
cally demanding sensors for achieving enantioselectivity. An extension of this
approach led to the use of binaphthol-based dendrimers 17 (Fig. 6), which
showed high fluorescence intensity, increasing with the number of external
chromophores. More recently, tetrahydroxy 1,1’-binaphthyl compounds were
proposed within the same scheme, though with weak enantioselectivity for
amino alcohols and diamines [133]. A binaphthyl core conjugated with other
aromatic moieties and fluorophores, such as boron-dipyrromethene (BODIPY)
18 (Fig. 6) was shown to exhibit an enantioselective response [134]. Helicene-
diol based sensors 19 (Fig. 6) also showed enantioselectivity in quenching by
chiral amines and amino alcohols [51].

More recently, binaphthyl fused with a furane ring ((R)-(—)[9,9']-bi[naphtho
(2,1-b)furanyl]-8,8’-diol) linked to a crown ether residue 20 was shown to be able to
discriminate between enantiomers of phenylethylamine and valine ethyl ester by
quenching, allowing calibration of the quenching effect as a function of enantio-
meric composition [52].

BINOL derivatives substituted at the phenolic oxygen by a carboxymethyl group
linked to amino acids methyl esters 21 (Fig. 6) performed as dicarboxylic acid-
responsive sensors, showing enantiodiscrimination for dibenzoyl tartrate (as tetrabu-
tylammonium salt) in DMSO solutions. A facilitated PET process from the amide to
the BINOL moiety was proposed to be occurring also in this case, leading to fluores-
cence quenching, with a Kp/Ky, = 17.35 for the alanine containing sensor [107].

Simple sensors such as 3,3'-dibenzoyl-BINOL 22 and its dimethylated analog
(Fig. 6) were recently reported to give enantioselective quenching by a variety of
molecules, namely Boc-protected amino acids, hydroxy acids, and amino alcohols,
with a maximum selectivity Kr/Kg of 7.72 for Boc-Phe [62]. A PET process was
also proposed in this case, in analogy with previous studies on anion binding.
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BINOL derivatives containing two thiourea residues (binding site for anions)
have recently been used to obtain PET enantioselective quenching with a-hydroxy
as well as o-amino acids [63].

Cholic acid amidothiourea derivatives containing an anthracene unit were shown
to be selective fluorescent sensors for different anions (Br—, F~, acetate, benzoate,
and phosphate) due to the modulation of PET from the sulfur atom to the anthracene
moiety [135]. The presence of a chiral cholic acid residue suggested that enantio-
meric sensing could also be achieved. Therefore, two receptors of this type, 24,
containing an additional chiral diaminocyclohexane group were used for enantio-
selective sensing of tetrabutylammonium salts of amino acids in acetonitrile by
quenching. Since these molecules are ditopic receptors, best results were obtained
with amino acids containing polar groups, such as Ser, Thr, Lys, Tyr, with a
reversed selectivity as a function of the diaminocyclohexane stereochemistry.
Structural studies carried out by NMR provided evidence for the interaction of
the analyte with both the thiourea and the diaminocyclohexane groups. Calibration
of the fluorescence intensity vs D-Ser percentage (using 50 equivalent excess) was
shown to be linear [94].

The thiourea units were also used by Hyun and coworkers for the design of
an anthracene containing chiral cleft molecule 25 including two glucopyranosyl
groups (Fig. 7). These compounds were shown to undergo enantioselective quench-
ing in the presence of Boc- and dinitrobenzoyl (DNB)-protected amino acids in
acetonitrile, with o values up to 10.4. Both quenching efficiency and stereoselec-
tivity were found to be dependent on the type of linker between anthracene and the
thiourea units [100].

The combination of enantioselective selectors with fluorophore residues allowed
one to use other preorganized scaffolds for enantioselective sensing. For example,
using diamine-9,9-dimethylxanthenes modified with dansyl-leucine (26 Fig. 7) it
was possible to obtain the enantioselective quenching of carbamoyl lactic acid,
which was attributed to a PET mechanism [83].

(RR)-24a n=0, 25a 26 a 26 b
(S,S)-24b n=1, 25b

Fig. 7 Cleft-like molecules showing PET enantioselective quenching
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3.5 Fluorescence Enhancement by PET Inhibition

Intramolecular PET processes can also be exploited for inducing a fluorescence
enhancement in the presence of the analyte, which is a highly desirable effect in
sensor technology. The proximity of a suitable fluorophore to an unprotonated
amino group can generate low fluorescence of the sensor in its unbound state, due
to the PET from the nitrogen lone pair to the excited state of the fluorophore. This
effect was extensively utilized by several groups to generate metal ion sensors,
since coordination of the lone pair prevents PET, thus “switching on” the fluores-
cence signal [136]. Organic molecules can produce a similar effect by protonation
of the amino group with formation of an ion pair [137].

One of the most important classes of “switching on” fluorescent sensors was
proposed by James and Shinkai several years ago and is based on the combination
of the binaphthyl unit with boronic acid binding sites 27 (Fig. 8), which were shown
to undergo fluorescence enhancement upon addition of sugars, giving an enantio-
selective response with p- or L-glucose [48]. The mechanism for carbohydrate
sensing has been shown to be due to the substitution reaction of the OH groups of
the boronic acid with the hydroxyl groups of the sugar. This substitution enhances
the Lewis acidity of boron, and enforces its interaction with the nitrogen lone pair
(Fig. 8b), thus suppressing the PET process to the fluorophore, and allowing the
fluorescence to switch on. Enantioselective “to be switched on” was observed for
the enantiomers of fructose, glucose, and galactose, with the p-enantiomer being
more effectively bound [116].

Other bifunctional molecules such as hydroxy acids can bind to the boronic acid
residue; following this model, an anthracene derived chiral monoboronic acid
sensor 28 was recently described by James [69] (Fig. 8) and fluorescence enhance-
ment due to PET suppression was observed, with enantioselectivity for lactic,
mandelic, and tartaric acids. In a more recent study, a 3,6-disubstituted carbazole-
derived bis-boronic acid 29 (Fig. 8) was described [112], showing very interesting
fluorescent properties. A reversed PET mechanism, i.e., quenching of fluorescence
due to transfer of one electron from the fluorophore excited state (d-PET), has been
proposed for these molecules. Calculation of the frontier molecular orbitals by
density functional theory (DFT) indicated that this mechanism is likely to occur and
can be rationally designed [138]. When a positively charged ammonium group is
generated in the proximity of carbazole, fluorescence quenching is observed due to
transfer of one electron from the fluorophore to the ammonium group (as evaluated
by electron density in the LUMO). Thus these molecules exhibit a fluorescence
which is a function of both pH and of the presence of guests, which might stabilize
the positive charge by ion-pair formation. By opportunely tuning the pH at which
the analyte is added, an enhancement or a quenching can be obtained. (Fig. 8b, c).
At pH 7.4 a high fluorescence enhancement was observed for L-tartaric acid and a
very weak one for p-tartaric acid, whereas at pH 5.4 the L-enantiomer induced
enhancement, while the p- was found to produce quenching. Cyclic peptides
containing two boronic acid units 30 (Fig. 8) were also employed for sensing of
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Fig. 8 (a) Enantioselective sensors based on boronic acid units for PET suppression. (b,c)
Fluorescence response of the sensor 29 in the presence of either p- or L-tartaric acid at pH 5.6
(b) and 7.4 (c) (reprinted with permission from [112]. Copyright 2008 American Chemical
Society)

carbohydrates, with enantioselectivity demonstrated for p- and L-glucose, attributed
to enhanced PET [117].

The incorporation of amines into binaphthyl-based sensors can also be used in
order to induce intramolecular PET on the sensor, which is then inhibited by
binding to acidic compounds, thus enabling one to discriminate between enantio-
mers of organic acids. Additional binding sites and hydrogen bonding groups can
enhance both binding and enantioselectivity (Fig. 9).
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Fig. 9 (a) BINOL-based enantioselective sensors showing PET inhibition; (b) fluorescence
response of (§)-33 for (R)- and (S)-mandelic acid, an example of efficient “yes or no” response
(reproduced with permission from [77]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA)

Coupling of the chiral BINOL unit with two chiral arms containing an amino
group was found to give rise to enantioselective fluorescence “switch on” in the
presence of organic acids. a-Hydroxy acids and benzyloxycarbonyl (Z)-protected
amino acid derivatives were shown to produce enantioselective “switch on” in
binaphthyl-derived sensors containing an N-alkylaminomethyl moiety, with good
enantioselectivity [70]. Similar compounds were subsequently found to have good
enantioselectivity in the fluorescence enhancement for Boc-amino acids, with AF/
AF g of 10.4 for the proline derivative [71].

The use of a disubstituted amino alcohol in cleft-like derivatives 32 (Fig. 9) was
recently described as an efficient strategy for obtaining very high enantioselectivity
(ef = 11.2 for mandelic acid enantiomers) [72]. This system was shown to act with
different mechanisms according to its stereochemistry, since one of the two enan-
tiomers induced recovery of fluorescence of the binaphthyl group, while the other
was shown to induce exciplex formation, quenching the fluorescence of the mono-
meric fluorophore.

BINOL derivatives with pendant thiourea residues were also described, with
some enantioselectivity for mandelic acid enantiomers [73].

Chiral constrained amines, such as 1,2-diaminocyclohexane, were used to
induce higher enantioselectivity. 1,2-Diphenylethylenediamine was initially used
by Pu and coworkers, showing that a macrocyclic structure could produce enantio-
selective response for amino acid derivatives and hydroxy acids [74, 75]. In a recent
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35a n=2 36 37

Fig. 10 Enantioselective cleft-like sensors showing fluorescence enhancement due to PET
suppression

and very efficient example, hydroxy acids were shown to be sensed in a “yes or no”
fashion using the cyclic derivative 33 (Fig. 9) containing two 1,2-diaminocyclo-
hexane units: an ef of up to 46 was achieved in these studies (Fig. 9b) [76, 77].
On account of the good enantioselectivity shown by these systems, it was possible to
use fluorescence measurements to monitor the enantioselectivity of formation
of para-substituted mandelic acids from benzaldehyde in the presence of chiral
catalysts, with results comparable to those obtained with a chiral HPLC method [78].

A similar cyclic system with an achiral flexible spacer 34 was also described
(Fig. 9), but the enantioselectivity in this case was not as high as that observed for
the more rigid sensors [79].

Naphthalene based chiral cleft-like molecules were also used, such as the
tetraamidic compounds 35 (Fig. 10) which were shown to be able to discriminate
between enantiomers of dibenzoyl tartrate. Inhibition of the PET from neighboring
amide groups was proposed as a possible sensing mechanism, with an observed
binding enantioselectivity of Kp/K; =~ 6.2 [115]. Cleft-like molecules containing a
proline linker and two anthryl moieties 36 (Fig. 10) were described by He with
enantioselective fluorescence enhancement demonstrated for mandelic acid in
DMSO [80]. Enhancement of the fluorescence intensity was also reported for a
tryptophan derivative 37 (Fig. 10) bearing a linking amide group and a thiourea
moiety: this compound was shown to undergo fluorescence enhancement upon
addition of Boc-amino acids in DMSO, with some enantioselectivity for Ala and
Glu derivatives. A suppression of a PET induced effect was suggested in the case of
Ala, while a new excimer emission appeared for Glu [101].

3.6 Fluorescence Response Due to Changes in the Sensor
Structure

The formation of the sensor—analyte complex can lead to changes in the structure of
the emitting species such as change of conformation, excimer formation, and
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Fig. 11 Mechanism of sensing due to changes in the conformation/aggregation of emitting species

aggregation. If these changes are able to affect the fluorescence emission properties,
changes in intensity and in wavelength can be observed (Fig. 11).

One model which has been largely used in sensory systems is the change of
conformation in modified cyclodextrins (CD) containing a lipophilic fluorescent
group. The self inclusion process is dependent on the size of the cavity (therefore it
depends upon the use of o, B, or y-cyclodextrins) and for larger cavities inclusion of
two fluorophores with excimer formation was observed. The mechanism of sensing
is reported in Fig. 12a. The inclusion of a chiral guest can displace the fluorophore
from the cavity, thus inducing different fluorescent properties. For example, the p-
dimethylaminobenzoyl unit showed a twisted intramolecular charge transfer
(TICT) when included in the B-cyclodextrin cavity, whereas an emission typical
of a planar excited state was observed upon addition of organic guests, with
enantioselectivity for p- and L-menthol [118]. In general, cyclodextrins have been
shown to give rise to good chemoselectivity and usually weak enantioselectivity
[119, 120] due to their relatively symmetric cavity, which allows inclusion of both
enantiomers of lipophilic guests. In order to increase enantioselectivity, a success-
ful strategy was that of inserting binding sites (such as for metal ions as discussed
before) or additional chiral residues on the cyclodextrin rim, as demonstrated for a
series of dansylamino acid derived B-cyclodextrins, which were able to discrimi-
nate between a series of organic molecules by enantioselective inclusion [121].

Macrocyclic receptors containing two binaphthol groups with imidazolium-
based linkers 38, 39 (Fig. 12) were shown to undergo enantioselective fluorescence
enhancement in the presence of b- and L-Trp in water, due to a rearrangement of the
receptor conformation upon complexation [95].
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Fig. 12 Enantioselective sensing by conformational changes in the sensors. (a) Mechanism of
sensing in fluorophore-bearing cyclodextrins by interaction with a guest; (b) water soluble
imidazolium containing BINOL macrocycles 38, 39; (c) tris- and bis(oxazolinyl)phenols (40,
41); (d) 1,8-bis(9,9’-diacridyl)naphthalene derivative 42; (e) Stern—Volmer plot of 42 upon
interaction with enantiomers of o-halo acids (left 2-chloropropanoic acid, right 2-bromo-3-
methylbutanoic acid), showing nonlinear response (from [85]; reproduced by permission of The
Royal Society of Chemistry)

Tripodal cleft-like molecules such as 40 were shown to act as fluorescence
sensors for ammonium ions; starting from this model bis(oxazolinyl)phenols (41)
were developed and were shown to undergo conformational changes, due to the
interaction with amine guests, leading in some cases to fluorescence enhancement
and in others to fluorescence sensing. Enantioselective fluorescence sensing of
phenylethylamine was observed. The steric interactions between the oxazolinyl



Enantioselective Sensing by Luminescence 199

phenyl substituents and the guest’s a-substituents were thought to be responsible
for the observed differential binding [53].

Even more selective molecular clefts are those based on the 1,8-biarylnaphtha-
lene scaffold developed by Wolf and coworkers. The 1,8-diarylnaphthalene unit has
a high rotational energy barrier, which allowed these authors to obtain stable enan-
tiomeric atropoisomers and create a very narrow lipophilic pocket [139]. Using
monosubstituted acridine residues, this barrier is very high, and stable enantiomers
are obtained which can be separated by chiral HPLC. For example, 1,8-bis(3,3'-(3,5-
dimethylphenyl)-9,9’-diacridyl)naphthalene enantiomers were resolved. This mole-
cule has a C2 symmetric cleft and was used as a fluorescent sensor for a broad variety
of carboxylic acids, including protected amino acids, aliphatic acids, arylalkanoic
acids, and a-halogenated carboxylic acids, all giving rise to enantioselectivity due to
complex formation (static quenching), with Kz/Kg up to 4.5 for the most sterically
hindered acid, for which an enantiomeric purity was calculated by fluorescence
measurements with £3% accuracy [84]. A similar sensor with tert-butyl substituents
on the acridine rings 42 was shown to be able to discriminate between enantiomers
of carboxylic acids and protected amino acids. A method for the analysis of
a-chloropropionic acid was thus developed, enabling these authors to calculate
both the total analyte concentration, using the racemic mixture of the sensor (with
3% maximum deviation) and the enantiomeric excess using a single-enantiomer
(with 2% maximum deviation) [85]. Nonlinearity of the Stern—Volmer plot was
observed (Fig. 12e), attributed to the presence of both static and dynamic quenching,
as demonstrated by fluorescence lifetime measurements [140]. Due to this nonlinear
effect, enantioselectivity in fluorescence response increased as the concentration of
the analyte increased.

The N,N-dioxide of this compound 11 (Fig. 5) showed changes in fluorescence
upon addition of guest molecules, with opposite effects for N-protected amino acids
(showing quenching) and diamines (showing fluorescence enhancement), both
effects being the result of the formation of a complex [54]. The enantiomeric
discrimination of trans-1,2-diaminocyclohexane by this type of sensor was used
as a screening method for the evaluation of enantioselectivity in Candida antarctica
lipase catalyzed acylation reactions: results, compared with HPLC chiral analysis,
gave 8% maximum deviation [55]. The fluorescent sensor offered the advantage of
direct read-out without laborious sample treatment. Subsequent work involving
chiral carboxylic acids showed that the total analyte concentration and the enantio-
meric excess (both with about 10% maximum deviation) could be calculated [86].

Differences in the fluorescent intensities upon induction of conformational
changes are observed in the case of fluorescently labeled biopolymers such as
protein or DNA, though these scaffolds have not been extensively used so far for
the synthesis of enantioselective luminescent sensors. An advantage of using these
natural scaffolds is that high enantiomeric recognition is one of their intrinsic
properties [141].

In a study aimed at obtaining enantioselective quartz crystal microbalance
(QCM) sensors, it was found that bovine serum albumin (BSA) and human serum
albumin (HSA) bind enantioselectively amines, alcohols, and esters with a decrease
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Fig. 13 Biomolecules used as enantioselective fluorescence sensors. (a) Blue fluorescent antibody
43 interacting with stilbene derivatives (structure from protein data bank, entry:1FL3 [124];
(b) sensing of adenosine enantiomers by the DNA aptamer 44

in fluorescence, attributed to static quenching [56]. A blue fluorescent antibody 43
(19G2), which emits blue fluorescence upon binding to stilbene tags (Fig. 13), was
developed as fluorescent sensor by Matsushita, Janda and coworkers. It was found
that each of the chiral frans-stilbene amino acid esters (R) and (S) could bind to
19G2, but that only the (S)-19G2 complex gave a blue fluorescent emission (Ley. 327
and 410 nm) [105]. This property was used to screen enantioselectivity in a chiral
phase transfer catalyst library and with Jacobsen’s chiral catalysts in the asymmetric
epoxide opening reaction by azide in stilbene-linked substrates [106].

Aptamers are functional oligonucleotides which are obtained by a feedback driven
selection scheme in order to be able to give strong and selective interactions for a
given target molecule. Fluorescence labeling of aptamers can lead to sensory systems
of remarkable specificity. The use of this strategy for enantioselective sensing has,
however, been explored only recently. One of the possible designs is of the “molecu-
lar beacon” type, in which a fluorophore and a quencher are linked to the opposite
ends of an oligonucleotide. The interaction between these two residues by energy
transfer (ET) causes quenching of the fluorophore. If a conformational change occurs,
the two residues can either be separated, giving rise to a recovery of the fluorescence
signal, or be enforced in a close position, causing a more efficient quenching. DNA
aptamers 44 targeted against ATP were synthesized with a beacon design (Fig. 13b)
and were shown to undergo a quenching process in the presence of adenosine, while
they were not affected by other nucleosides. b- and L-adenosine were found to give
different quenching, but with a weak difference between them [124].

3.7 Modulation of Excimer or Exciplex Formation

Since excimers and exciplexes give rise to distinct emission bands from monomeric
fluorophores, the conformational changes of a given sensor bearing two identical
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Fig. 14 Examples of enantioselective sensors based on excimer formation. (a) Dimeric pyrene-
containing y-cyclodextrins and their mechanism of enantioselective sensing upon interaction with
a guest molecule; (b) cleft-like sensors based on excimer modulation; (¢) naphthol containing
calixarene derivative 49

fluorophores can in some cases be easily detected by the appearance or disappear-
ance of the exciton band at longer wavelength (Fig. 11b).

The disruption of a dimeric form of cyclodextrins containing an appended
pyrene unit (Fig. 14a) as a result of the inclusion of a guest compound was the
rationale of the observed quenching of the pyrene excimer band observed by Ueno
and coworkers [122]. Small differences in the inclusion of the two fenchone
enantiomers (4)- and (—)-46 were reported.

The cholic acid derived sensors containing two pyrene units 47 (Fig. 14) showed
excimer emission. The presence of two thiourea units allowed one to form stable
complexes with dicarboxylic acids (with K, in the range of 10°-10’ M~ ! in
acetonitrile), with a decrease of the fluorescence of the excimer band. This interac-
tion was attributed to the enhancement of the PET effect and to a decrease of the t—n
stacking interaction of the two pyrene units, which was found to be different for the
two tetrabutylammonium salts of p- and L-glutamic acid [108]. Similarly, enantio-
selective quenching of bands due to both the monomeric fluorophore and the
excimer emission was observed for the mandelate anion in a related sensor contain-
ing only one thiourea unit [109].

In an interesting case, the naphthalene containing sensors 48 were reported to
have little or no enantioselectivity as far as the formation constants were concerned,
although significant differences in both absorbance and fluorescence spectra were
observed upon addition of pD- and L-aspartate, glutamate, and tartrate [110], arising
from enhanced preferential boat-like conformation of the selector, which induced
excimer formation. When the ethoxycarbonyl units were removed (48b), this



202 A. Accetta et al.

conformational preference changed and a 2:1 complex was observed by addition of
the enantiomer of dicarboxylic acids such as Asp, Glu, and camphoric acid in a
DMSO solutions, leading to weaker differences in the fluorescence spectra [111].

Enhancement of the excimer band was observed for the interaction of the (R)-
enantiomer of phenylalaninol (PA) with the substituted calyx[4]arene 49, which
was demonstrated to be due to a change in the calixarene conformation induced by
complexation of the guest molecule. The monomeric band was instead quenched by
both enantiomers, suggesting that complexation occurred also in the case of the (S)-
enantiomer. The enantioselectivity was found to be solvent dependent, being
present in the case of chloroform but absent in methanol [65].

The appearance of a new fluorescence band was also observed in the case of the
macrocyclic receptors containing naphthalene and valine 50 (Fig. 15), as a conse-
quence of an unusual intramolecular exciplex with the amino groups [102]. Binding
of protected amino acids in dichloromethane led to a quenching of the exciplex
band (390 nm) and enhancement of the monomer band (340 nm). This process was
found to be enantioselective and dependent on the size of the macrocycle. Mea-
surement of the ratio between the monomer and exciplex emission allowed one to
measure differences in fluorescence with a higher precision [103]. A detailed study
based on ESI-MS and NMR allowed these authors to propose a proton transfer
mechanism from the acidic moiety of the amino acid to the amino group of the
receptor, followed by the formation of an intimate ion pair stabilized by aromatic—
aromatic interactions. This process competes with the exciplex formation, thus
leading to enhancement of the naphthalene emission [104].

NH ] m 51a + L-phenylalanilol
\ w 13 ® 51a + D-phenylalanilol
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Fig. 15 Examples of macrocyclic receptors showing exciplex formation. (a) Valine derived
macrocyclic sensor; (b) complex sensors bearing ferrocene and anthracene units; (c) fluorescence
enhancement at 414 nm of the sensor 51a upon addition of phenylalaninol, showing a high
enantioselective response (reprinted from [66]. Copyright (2009) with permission from Elsevier)
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Ferrocenyl containing macrocycles 51 (Fig. 15), using as chiral source a D-
glutamic acid residue, showed specific complexation for phenylglycinol and phe-
nylalaninol, due to favorable n—r stacking interactions, and was accompanied by an
increase of the fluorescent intensity, which was different for the different emission
bands with high enantioselectivity (Fig. 15¢). This was interpreted as the occur-
rence of an exciplex between the selector and the analyte, and a corresponding
inhibition of energy transfer between the anthracene residue and the ferrocenyl
quencher [66].

4 Enantioselectivity in Aggregation/Precipitation Induced
Fluorescence Emission

Aggregation of molecules into homo- and hetero-oligomeric supramolecular enti-
ties is a process which can modulate electronic properties of the monomeric units,
including fluorescence. This effect has been also exploited in several recent appli-
cations in the field of enantioselective sensing. Some selectors designed to perform
simple host—guest interactions with a specific analyte turned out to have peculiar
properties due to the formation of high molecular weight aggregates.

The Schiff bases obtained by reaction of 4-methyl-2,6-diformylphenol with L- or
D-phenylglycinol 52 (Fig. 16) were found to interact enantioselectively with the two
enantiomers of mandelic acid on account of the appearance of a fluorescent
component with a longer lifetime. A job plot of the complex formation, however,
revealed a 2:3 guest: host stoichiometry of the complex formed, thus suggesting an
oligomeric form of the type reported in Fig. 16b. The good enantioselectivity
observed (Ks/Kr = 4 for the (R,R)-sensor) also allowed these authors to calibrate
the fluorescence response vs the enantiomeric compositions of mandelic acid in
benzene solutions containing 10~* M of the sensor [81].

Aggregation induced emission enhancement (AIEE) is a property displayed by
organic compounds which are non- or poorly fluorescent in solution, but that form
highly fluorescent solids and/or suspensions. By combining moieties of organic
compounds able to produce AIEE with chiral units, it is possible to modulate the
aggregation process by enantioselective interactions. Zheng and coworkers linked a
dibenzoyl tartrate residue to the AIEE moiety 2-phenyl-3-(p-aminophenyl)acrylo-
nitrile: the acidic sensor 53 obtained (Fig. 16c) was found to undergo AIEE upon
interaction with chiral amines; the precipitation process turned out to be nonlinearly
dependent on the enantiomeric composition of the analyte and of the receptor. 2-
Amino,1,2-diphenylethanol enantiomers were found to produce a remarkably high
difference, with the (1R,2S)-enantiomer producing an enhancement 262 times
higher than its (1S,2R) enantiomer when using the L-tartrate derivative. Very high
ratios were also observed for other amino alcohols and amines [67].

The same moiety was linked to the (IR,2S)- and (1S,2R)-enantiomers of 2-
amino-1,2-diphenylethanol through a carboxymethyl spacer, obtaining the chiral
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Fig. 16 Sensors used in enantioselective aggregation induced enhancement. (a) Phenylglycinol-
derived Schiff base 52; (b) proposed mechanism of oligomeric interaction of 52 with mandelic acid
enantiomers; (c¢) chiral derivatives of 2-phenyl-3-(p-aminophenyl)acrylonitrile 53, 54 showing an
AIEE effect in the presence of bases and acids respectively; (d) fluorescence response as a function
of enantiomeric excess of dibenzoyl tartrate observed using the amine 54 (adapted from [113].
Copyright (2010) with permission from Elsevier); (e) AIEE sensor 55, based on BINOL

compound 54 (Fig. 16). Precipitation of this compound was observed in 10 mM
solutions of the (1S,2R)-sensor and p-dibenzoyl tartrate (equimolar amounts) 30 min
after mixing, while it did not occur under the same conditions for the L-enantiomer.
The fluorescence intensity ratio was also very high in this case with Fp/F; = 196.
The dependence of the fluorescence intensity upon the enantiomeric composition
changed abruptly after 50% b was reached (Fig. 16e), suggesting the presence of a
large cooperative effect. The same held true for the L-enantiomer using the opposite
chirality of the AIEE sensor. Thus this system seems to be particularly suited to
detecting very small enantiomeric excesses [113].

Pu and coworkers described the same type of effect on the BINOL derivative
containing enantiomers of the 2-amino-1,2-diphenylethanol unit 55 upon interaction
with enantiomers of mandelic acid in benzene. By using the (S)-sensor, (§)-mandelic
acid induced precipitation and formation of a highly fluorescent suspension with an
enhanced fluorescence intensity of 950 times. In contrast, (R)-mandelic acid did not
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induce precipitation and the fluorescence remained almost unchanged [82]. Thus,
the differences in fluorescent intensity observed with this strategy are among the
highest observed in enantioselective sensing.

5 Displacement and Non-Covalent Sensory Systems

Sensory systems can also be produced using supramolecular (i.e., non-covalent)
assemblies. Using this idea, a fluorophore can be non-covalently associated with a
chiral molecule and be displaced by interaction of the latter with the chiral analyte.
The advantage of this approach is that complicated synthesis can be avoided and a
large variety of existing chiral molecules and fluorophores, including biopolymers,
can in principle be used.

A poly-L-lysine coating of a TiO, gel film, was used to bind anionic fluorophores
(sulforhodamine-B or carboxyfluorescein) by electrostatic interactions. Enantiose-
lective anion exchange was observed when this solid material was exposed to a
solution containing D- or L-glutamic acid (10 pM), with a fluorescence increase, due
to the release of the fluorophore in the solution, which was found to be higher when
using D-Glu [96].

A series of work exploiting the concept of non-covalent assembly has been
reported by Anslyn and coworkers for the development of the colorimetric detec-
tion of enantiomers [142, 143] according to the following indicator-displacement
equilibria:

H :1+Gs = H : Gs +1,
H :1+Gr = H : Gy +1,

where H" is a chiral receptor, I is an indicator, and Gy and Gg are the two
enantiomers of the guest analyte. This method is based on the different absorbance
and fluorescence properties of the free indicator and of its H:I complex.

The same concept was used for sensing o-hydroxycarboxylic acids and diols
using chiral boronate 56 (Fig. 17a) containing a displaceable fluorescent group
[144]. Formation of the boronate resulted in an increased fluorescence of a couma-
rin derived fluorophore, while displacement by the hydroxy acid restored the
weaker emission of the free fluorophore. The enantioselective fluorescent response
was sufficient for the determination of the enantiomeric excess of phenyllactic acid
with a 0.13 (13%) maximum deviation from the actual values. A mathematical
algorithm has recently been proposed for the calculation of both stability constants
and enantiomeric excess in these indicator-displacement assays [145].

In a more elaborate non-covalent scheme, a -cyclodextrin unit was recently
linked to a CdSe/ZnS quantum dot (QD) surface via formation of a boronate with
the glucose secondary hydroxyls, bearing a fluorophore included in the cyclodextrin
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Fig. 17 Fluorescent sensors based on displacement of fluorophores. (a) Chiral boronate 56
containing a fluorophore which is quenched upon displacement; (b) CdSe/ZnS quantum dot
(QD) modified with a spacer and a boronic acid unit bound to a fluorophore-containing -
cyclodextrin 57, which, upon interaction with the analyte, releases the fluorophore, thus preventing
energy transfer (ET) from QD; (c) guest-induced phosphorescence of CD-1-bromonaphthalene
complex

cavity (87) (Fig. 17b); an energy transfer process can occur and excitation of the
quantum dot results in the emission of the fluorophore included. Thus, the displace-
ment of these groups by a guest can bring about changes in the fluorescence
observed. This was demonstrated using a rhodamine B as the fluorophore included,
which was displaced by guests able to interact with the cyclodextrin cavity such as
adamantane carboxylic acid, a process which restored the QD fluorescence at
around 530 nm and quenched the longer wavelength (ca. 580 nm) emission due
to energy transfer. This process was found to be enantioselective for phenylalanine
and tyrosine as guests [97].

A non-covalent sensory system based on phosphorescence was also described
recently. The inclusion complex of 1-bromonaphthalene with B-cyclodextrin (58)
shows room temperature phosphorescence in the presence of menthol enantiomers,
due to the formation of ternary complexes with both menthol and 1-bromonaphtha-
lene included. The phosphorescence lifetime was found to be different for the
two enantiomers (4.28 4+ 0.06 and 3.71 4+ 0.06 ms for (—)-menthol and (+)-
menthol, respectively) due to the higher exposure to dissolved oxygen of the latter
complex [123].
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6 Advanced Luminescence Techniques

It is worth mentioning that other techniques can show even more subtle differences
in the luminescence properties of the sensor generated by enantioselective interac-
tions, thus providing more potent tools for this type of analysis.

Fluorescence anisotropy is one of the properties which can be used in the study
of biomolecules and their association. Fluorescence anisotropy () which can be
measured on normal spectrofluorimeters and microplate readers using a polarizing
filter in the excitation and another in the emission beam is defined as

_hi=n
R

in which [ and I, are the fluorescence intensity observed when the two polarizing
filters are parallel and perpendicular, respectively. Diastereomeric fluorophore/
analyte complexes can in principle have different anisotropies due to the differ-
ences in the molecular structure. However, since anisotropy is higher for com-
pounds which tumble slowly in solution, differences readily observed with this
technique are those produced for rapidly tumbling small fluorophores upon associ-
ation with a large biomolecule (proteins, DNA or polysaccharides), while tiny
differences in the structure of two diastereomeric complexes of small molecules
are more difficult to observe. Therefore, small enantioselectivity in anisotropy
change (increase) was reported only for the interaction of a DNA aptamer with
the enantiomers of adenosine, due to opening of the biomolecule by binding to the
analyte [125].

For chiral complexes of luminescent lanthanide ions, significantly different
distribution of excited state lifetimes (usually in the range of microseconds or
more) can be detected upon interaction with two enantiomers of a molecule bearing
donor groups. For example, the complex of europium with tetracycline has an
emission at 618-619 nm which is strongly enhanced by formation of a ternary
complex with L-malate, and not with the p-enantiomer. The presence of three
different components for the two diastereomeric complexes was demonstrated
using single photon counting measurements, with average decay times of 84 and
48 ps for L- and p-malate, respectively. This effect could be exploited using time-
resolved (“gated”) fluorescence (TRF). In this technique, the fluorophore is excited
with a pulsed lamp and the emitted light is detected only after a delay. Since one of
the two enantiomers shows a faster decay, by using a 120 s delay, the ratio between
the intensities of the two enantiomers could be maximized [114]. This technique can
be performed by common multi-well benchtop spectrofluorimeters, thus allowing
one to detect enantiomeric excess in a parallel way. Time-resolved imaging is also
possible using these measurements [114].

The peculiar properties of lanthanide luminescence also make these ions attrac-
tive in the generation of CPL. In this technique, a pulse of light is used for excitation
and circular polarization of the emitted light is measured using a photomodulator,
allowing one to select alternatively left- and right-handed circularly polarized light.



208 A. Accetta et al.

Therefore, this technique is able to report differences in the chirality of the excited
state.

It is common to report the degree of CPL in terms of emission dissymmetry
factor g

glum(;“) = Zg =2 (IL [R) )
1 IL +Ir

where 1 and Ix indicate, respectively, the intensity of left and right circularly
polarized emissions. A value of O for g,,, corresponds to no circular polarization,
while the absolute maximum value is 2. Complexes of lanthanide(III) ions have
been extensively studied in connection with CPL, since their electronic structures
allow circularly polarized electronic transitions involving f orbitals. These ions can
give rise to large g, values (up to 1.38), while for most organic molecules this
value is less than 1 x 1072

A large variety of chiral molecules was found to discriminate between the two
enantiomers of lanthanide chelates when acting as acceptor, thus creating non-zero
CPL signals [146]. Enantioselectivity in the quenching (with different rates for the
A and A enantiomer) of excited states of racemic pyridine-2,6-dicarboxylate (dpa)
complexes Eu(dpa)33_ and Tb(dpa)33_ were observed using this technique and
cyanocobalamine or related compounds as quenchers, though in the ground state no
interaction could be detected by circular dichroism. Thus, using CPL, both coordi-
nation and outer-sphere interactions involving chiral species can be detected using
racemic sensors. Interaction with either a chiral biological molecule or with enan-
tiomeric analytes would give rise to CPL signals at specific wavelengths depending
on the molecular environment, without disturbance of the free probe luminescence.
This offers the possibility of probes able to report signatures of multiple interactions
at the same time. Therefore, great effort for the characterization of luminescent
lanthanide complexes as bioprobes has been made in the last decade [147—-149] and
dedicated instrumentation has been developed to exploit this type of measurements
in biological systems [98].

The addition of chiral amino acids to a racemic mixture of lanthanide(III)
complexes may lead to a perturbation of the ground state equilibrium without
changing the local structure of the complexes involved (Pfeiffer effect), thus gen-
erating an enantiomeric excess in the ground state. It should be noted that, if
enantioselective excited state quenching is not present, the enantiomeric excesses
in the excited and ground states are equal. Muller and coworkers used this effect to
show that by addition of p- and L-serine to the Tb(dpa);’~ complex, the CPL
intensity observed varied linearly going from negative to positive values as a
function of the enantiomeric excess [98].

Chemiluminescent reactions have been used for signal generation both in flow
injection systems and in separation techniques such as HPLC or CE, often in
combination with chiral analysis. Detection by chemiluminescence of enantiose-
lective capture of fluorescent analytes such as dansyl-phenylalanine by molecularly
imprinted polymers was also reported [150]. Electrochemiluminescence (ECL) is
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one of the techniques which can be used for combining electrochemical stimuli
with sensitive optical read-out in biochip technology. Tris(2,2'bipyridine)ruthe-
nium(II), Ru(bipy)s>", is one of the best ECL species as it gives strong emission
and can be used repeatedly. Using this complex, an enantioselective electrochemi-
cal reaction was reported to be enantioselective both in intensity and in applied
potential, and the determination of the p-proline concentration in synthetic samples
was performed [99].

7 Conclusions and Perspectives

The occurrence of enantioselectivity in fluorescence and other luminescence-based
techniques has undergone rapid development using advances from sensor techno-
logy and other fast developing areas, such as DNA and genomic technology,
supramolecular chemistry, and polymer science. In recent years this has been
enriched with new tools and fluorescent antibodies, aptamers, and molecularly
imprinted polymers have been included in the list of potential enantioselective
scaffolds. Thus the aim of most studies has now become to develop and optimize
systems for enantioselective sensing which are applicable to the analysis of a large
number of samples in support of chemical synthesis of enantiomeric compound and
in asymmetric reaction optimization procedures. Several works have shown very
high enantioselectivity in fluorescence responses, which makes them suitable for
precise analytical performances. Sensors showing broad applicability to several
classes of chiral molecules have been described in the last few years. Fluorescence
sensing is now one very efficient, time-effective, and economic method for asses-
sing the enantiomeric composition of samples to be screened in large scale studies.
Several examples have been mentioned in this review of fast parallel read-out of
enantiomeric composition using fluorescent methods. However, several challenges
are still ahead, even with the present performances of sensors.

The use of combinatorial chemistry, which has proved to be effective for the
design of very specific beacon-like sensors [151], has not been fully exploited for
enantioselective sensors.

The combination of molecular sensors with devices able to perform repetitive
measurements of enantiomeric analysis is also another challenge for the present
technology. Studies on the development of sensor technologies allowing reuse of
the sensing molecules, such as immobilized or surface-supported fluorescent sen-
sors, are needed to accomplish such a goal.

Finally, a series of enantioselective methods based on advanced instrumentation
(such as CPL or ECL) has become increasingly important. Integration of these
technologies within the enantioselective tool-kit would allow even faster and more
selective devices to be obtained. In this way, a fast, careful, and easy to perform
control of the enantiomeric composition can become available in all steps of drug
development and of quality control, as well as for the study of the role of enantio-
mers in biological systems.
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Pseudorotaxane, 20

Pyridine-2,6-dicarboxylate, 208

Pyrophosphate ions, 164

Q
Quantum dots, 58, 60, 98, 205

Quartz crystal microbalance (QCM)
sensors, 199

R

Radiative decay engineering (RDE),
76, 79

Rare earth doped solids, 31

Renilla reniformis luciferase, 62

Resonance energy transfer, 51, 53, 83

Rhodamine B, 71

Rotaxane, 19

S
Saccharides, 168
Safranine O, 72

221

Sarin, 146
Scandium(III), 189
Sensitizer, 32
Sensor arrays, 139
Sensory systems, noncovalent, 205
Separate inputs, 8
Signal amplification, 51, 93
Silica core-shell nanoparticles,
luminescent, 128
Silica nanoparticles, 93
fluorescent, 102
luminescent, 101
Silver island films (SIFs), 80
Silver nanoparticles (AgNPs), 80
Soman, 146
Squaraines, 72, 160
Stern-Volmer equation, 184
Stober method, 102
Streptococcus pneumoniae, 37
Sulforhodamine-B, 205
Surface plasmon resonance (SPR),
58,77

T

Tartaric acid, 193

Terbium, 117, 127

Tetracycline, 207

Tetraethoxysilane (TEOS), 102, 123

Tetraphenylporphyrins, 165

Tetrathia-13-azacyclopentadecane, 4

Tetrathiafulvalene (TTF), 10

Thiols, 162

Time-resolved (“gated”) fluorescence
(TRF), 207

TMSCI (trimethylsilylchloride), 108

TNT, 61, 68, 118, 120, 144

QD-based FRET competition

assay, 61

Triethoxyvinylsilane, 107, 159

Tris(bipyridyl)ruthenium, 6, 126, 209

TSQ (6-methoxy-(8-p-toluenesulfonamido)
quinoline), 114, 122

Tunability, 99

Twisted intramolecular charge transfer
(TICT), 197
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U

Upconversion, 29
nanoparticles (UCNPs), 30, 58, 64
phosphor technology, 33
photonic, 32

A\

Vibrio cholerae, 36

Viruses, 36, 38

Volatile organic compounds (VOC), 142

w
Web camera, 150

XOR, 20

Y
YES, 2
Yttrium oxysulfides, 34

Z

Zinc(1l), 114, 122, 189
Zn(salicylaldimine), 167
Zolmitriptan, 179
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