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Supramolecular aggregation/disaggregation-
based molecular sensing: a review focused on
investigations from China
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ABSTRACT: Supramolecular aggregation and disaggregation induced by external stimuli can impact the optical or electrical
signals of the aggregates/constituting units (receptors). Therefore, manipulating supramolecular aggregation/disaggregation
has recently been employed to construct novel and promising photoluminescence (PL)-based sensing and recognition
systems. The sensing systems were capable of substantially enhancing the sensitivity, relying on cooperative interactions
occurring in the assembly/disassembly processes (mostly operating in emission turned-on or emission-enhanced mode).
This review focuses mainly on recent advances in the new emerging PL-based sensing platforms, based on manipulating
the behaviours of supramolecular aggregation/disaggregation, including aggregation-induced emission (AIE), metallophilic
interactions-related sensing (metallophilic interactions-induced aggregation/disaggregation), metal coordination polymers-
related sensing, and other sensing systems involving supramolecular aggregation/disaggregation. In particular, those sensing
systems developed by scientists in China are summarized and highlighted. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction
Supramolecular aggregation and disaggregation, constitute one
class of important phenomena occurring in nature, and are
mainly driven by various weak non-covalent interactions, such
as van der Waals’, p–p stacking, hydrogen bonding, metal coor-
dination, electrostatic and even metallophilic interactions. The
supramolecular behaviours are of significance for maintaining
or weakening the biological functions in living organisms. For
example, the aggregation and disaggregation of erythrocytes
is believed to be related to the pathological states of human
body (1); the aggregation of certain proteins is associated with
amyloid diseases, including Alzheimer’s and Parkinson’s disease
(2). With regard to supramolecular chemistry, external stimuli
inducing small receptor molecules to assemble or inducing
aggregates to disassemble can generally produce an impact on
optical or electrical signals of the aggregates/constituting units
(receptors) by means of specific interactions, including coordi-
nation and hydrogen-bonding interactions. In particular, the
behaviour of ordered supramolecular aggregation and disaggre-
gation involves cooperative interaction(s) in some cases. There-
fore, manipulating the behaviour of supramolecular aggregation/
disaggregation is expected to open a great opportunity to employ
observable changes of optical or electrical signals, especially
changes of photoluminescence (PL) signals due to their outstand-
ing sensitivity, to signal the targets (or interacting events). With
this idea inmind, by employing PL spectral changes resulting from
the behaviour of supramolecular aggregation/disaggregation, a
series of novel sensing and recognition systems operating by
various mechanisms for important target molecules/ions,
Luminescence 2012; 27: 317–327 Copyright © 2011 John
including metal ions, proteins, DNA, sugar and even anions, have
recently been developed and have received considerably interest.
It should be pointed out that these reported supramolecular
aggregation/disaggregation-based sensing systems can be classi-
fied in several categories, including aggregation-induced emission
(AIE), metallophilic interactions-related sensing (metallophilic
interactions-induced aggregation/disaggregation), metal coordina-
tion polymers-related sensing, and other sensing systems involv-
ing supramolecular aggregation/disaggregation, according to
sensing mechanisms and/or sensing modes. Particularly, PL-based
sensing, mainly relying on cooperative interactions occurring in
the assembly processes (two or even several weak non-covalent
interactions), was suggested to achieve signal amplification to
Wiley & Sons, Ltd.
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afford excellent signaling sensitivity. Although some of the aggre-
gation- and disaggregation-related sensing mechanisms are
still not fully understood these sensing systems can provide us
with some important guidelines for constructing new PL-based
sensing/recognition platforms, in order to achieve high sensitivity
and selectivity capable of meeting the requirements of analytical
chemistry.

In this review, we summarize these new emerging PL-based
sensing and recognition platforms based on manipulation the
behaviours of supramolecular aggregation/disaggregation to
generate observable reporting signals, particularly those that
have been developed by scientists in China. We offer a general
view of the categories of these sensing platforms and afford
new insights into the design of these receptor molecules. The
current trends in this rapidly growing area are also discussed.

Aggregation-induced emission (AIE)
It is well known that light emission is quenched if the aggrega-
tion of traditional organic luminophores occurs. The aggrega-
tion-caused quenching (ACQ) effect is usually unfavourable for
practical applications, including chemosensors. However, aggrega-
tion-induced emission (AIE), primarily observed by Tang’s group in
2001 from a solution of 1-methyl-1,2,3,4,5-pentaphenylsilole (3), is
an abnormal photoluminescence phenomenon, compared to the
notorious ACQ effect of traditional organic luminophores. Since
then, a cascade of AIE phenomena has been observed, mainly in
silole and tetraphenlyethylene (TPE) derivatives. On the basis of a
series of experimental investigations and theoretical calculations,
Tang’s group believed that the unique AIE effect is mainly caused
by the restriction of the intramolecular rotation in the aggregates
(3–6). The intramolecular rotation of AIE-active molecules is consid-
ered to be capable of promoting the excited state’s non-radiative
decay, resulting in these AIE-active molecules being non-
emissive. The occurrence of aggregation of AIE-active mole-
cules can cause intramolecular rotation to be restricted and
light emission is thus turned on or enhanced substantially. In-
spired by the intriguing light emission phenomenon, the AIE
effect has been widely exploited to fabricate various functional
materials, in particular to create bio-/chemosensors, expected
to greatly broaden the application scope of organic lumino-
phores (7–27). In principle, the aggregation of AIE-active mole-
cules can be induced by introducing guest molecules/ions to
bind with the AIE-active molecules via various weak non-
covalent interactions, such as electrostatic, coordination and
hydrophobic interactions, and even some specific interactions,
which can afford a promising entry to constructing powerful
new sensing platforms expected to substantially enhance the
sensitivity to overcome the limitations of traditional organic
luminophores (see the following reviews 4,6,28,29). In this
section we focus on recent advances of molecules/ions sensing,
based on the AIE effect, particularly as developed by scientists
in China. The sensing systems were chosen and classified
according to the sensing species.
Figure 1. Molecular structure of 1 (7).
Neutral biomolecules

In order to develop promising and sensitive systems for sensing
D-glucose (D-Glu) with high selectivity and a favourable ’turn on’
PL-based sensing mode operating in the AIE mechanism,
AIE-active receptor 1 (Fig. 1) (TPE derivative containing two bo-
ronic acid units) was designed and synthesized (7). It was expected
Copyright © 201wileyonlinelibrary.com/journal/luminescence
that 1 could become highly emissive if D-Glu interacts with 1
to form aggregates via the well-known reaction mechanism
between phenylboronic acid (PBA) with diols. Detailed spec-
tral experiments revealed that, when small amount of Glu
(< 0.2mmol/L) was added to the carbonate buffer solution con-
taining 1 (pH 10.5), changes in emission spectra of 1 were hardly
observed; when the concentration of Glu was increased to
0.2mmol/L, however, the emission was found to be substantially
enhanced with increasing [Glu]; intriguingly, the emission
strength of 1 was observed to be hardly enhanced even when
large amounts (10mmol/L) of D-fructose (Fru), D-galactose (Gal)
and D-mannose (Man) were respectively added. An assumed
working principle for the specific emission response of 1 towards
Glu was proposed by the authors: at high pH (10.5), 1 can be
transformed to non-emissive 1-(OH)2, likely assigned to the en-
hancement of dissolution resulting from electrostatic repulsive
interactions due to the two boronate groups with the same neg-
ative charges in 1; when [Glu] is relatively low (< 0.2mmol/L), the
binding of 1 with Glu occurs to form a 1:1 mono-adduct, i.e. 1-Glu.
The intramolecular rotations of the resulting 1-Glu adduct are
maintained, also leading to the absence of emission; when [Glu]
is relatively high (0.2mmol/L), the bisadduct 1-Glu2 could be
formed. The intramolecular rotations of the aromatic rings in
1-Glu2 are hindered compared to that of free 1 or 1-Glu, thus
leading to 1-Glu2 being somewhat emissive. However, if much
higher [Glu] is employed, one Glu molecule will interact with
two boronic acid groups in 1, which can cause the occurrence
of the polymerization reaction of the two cis-diol units in Glu with
the boronic acid groups in 1 to create polymerized (1-Glu)n. This
polymerization reaction could result in the greatly suppressed in-
tramolecular rotation of the oligomer, thereby turning on the
emission of 1.
Anions

Cationic 2 of silole derivative (Fig. 2) bearing a positively charged
ammonium moiety was designed and synthesized to afford a
novel sensing platform based on the AIE effect for cyanide,
one of the most toxic ions (anions), by means of its binding to
hydrophobic 3 (Fig. 2) (8). The working principle was an intermo-
lecular assembly mode. Hydrophobic 3 can be transformed into
an amphiphilic species via the nucleophilic addition reaction of
cyanide to the trifluoroacetylamino group in 3, leading to the
aggregation of 3 combined with amphiphilic species 2, thanks to
both hydrophobic and electrostatic attraction, to form an ensem-
ble in aqueous solution, facilitating the occurrence of the AIE
effect. As a result, upon addition of cyanide, the original weak
emission of the ensemble system of 2 and 3 was found to be
enhanced and to be linearly related to the concentration of added
cyanide, thereby affording a promising method for sensing cya-
nide with high selectivity and sensitivity.
Luminescence 2012; 27: 317–3271 John Wiley & Sons, Ltd.
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Also, cationic silole 2 has been successfully applied to signal
the presence of adenosine triphosphate (ATP), a linear polyanion
containing four negative charges, with high selectivity (9). In
principle, cationic silole 2 can attach on the ATP template via
electrostatic attractive interactions, resulting in the aggregation
of the silole groups and thereby activating the AIE effect of 2.
This sensing platform can be further developed to continuously
and monitor the ATP hydrolysis process in situ, because the
hydrolysis products (ADP, AMP and adenosine) do not interfere
with sensing of ATP. PL-based sensing of other polyanions, such
as heparin, have also been achieved by employing this
AIE-active receptor molecule (10).
Biomacromolecules (charged biomolecules)

The silole 2 has also been employed to develop a new optical
probe for the detection of DNA and for label-free fluorescence
nuclease assay with a fluorescence turn-on mode, based on
the similar AIE mechanism (11).

Grafting glucosamine moieties to TPE, 4 (Fig. 3) creates a
cationic AIE-active molecule of TPE derivative that forms an en-
semble by combining with amphiphilic monododecylphosphate
operating in both electrostatic attractive and hydrophobic inter-
actions, when the concentration of monododecylphosphate is
somewhat lower than its critical micelle concentration (12). The
ensemble was found to be highly emissive, due to the AIE effect.
Upon the addition of alkaline phosphatase, the emission of the
ensemble was found to be significantly weakened, due to the
disassembly resulting from the absence of phosphate groups
caused by the enzyme-induced cleavage reaction. The substan-
tial PL changes were thus expected to be capable of signalling
the presence of alkaline phosphatase.

Anionic disulphonated 5 of the TPE derivative (Fig. 4) was syn-
thesized to demonstrate that 5 could work as an excellent pro-
tein probe with high sensitivity and selectivity via binding of
anionic 5 to protein molecules, such as bovine serum albumin,
in which light emission was turned on due to the restriction of
Figure 2. Molecular structures of 2 and 3 (8), and illustration of the design ratio-
nale for the emission turn-on detection of cyanide by making use of the AIE feature
of silole compounds.

Figure 3. Molecular structure of 4 (12).

Luminescence 2012; 27: 317–327 Copyright © 2011 John Wiley
intramolecular rotation induced by the formation of aggregates
(13). This AIE-active molecule has also been employed to signal
human serum albumin and to monitor its conformational transi-
tions, revealing a multistep transition with the involvement of
globule intermediates (14).
By combining with cationic myristoylcholine, an amphiphilic

compound acting as a substrate of acetylcholinesterase (AChE),
anionic 5 can be employed to construct an ensemble for sensing
AChE and screening its inhibitors by means of the aggregation-
induced emission originating from TPE (15). If the concentration
of myristoylcholine is lower than its critical micelle concentra-
tion, cationic myristoylcholine could form premicellar aggrega-
tions or heteroaggregations combining with negatively charged
5 because of both the electrostatic attractive and hydrophobic
interactions, leading to weakly emissive 5 becoming highly
emissive. Upon addition of AChE, myristoylcholine can easily
be hydrolysed to generate anionic myristic acid and cationic
choline, which would cause the disassembly of the ensemble
of 5 and myristoylcholine, owing to the electrostatic repulsion
interactions. As a result, the emission intensity of the ensemble
would be decreased, indicating the presence of AChE and also
the AChE inhibitors.
Other molecules/ions

Attaching isopropyl (iPr) groups to the phenyl rings of
hexaphenylsilole (HPS), the intramolecular rotation process of HPS
would be internally hindered (16). Therefore, a series of silole regio-
isomers, 6x,y (Fig. 5), were synthesized to test whether the photo-
luminescence could be varied with its regiostructures. It was
found that the steric effect of the bulky iPr groups enabled the
dynamics of the singlet excited states of the HPS derivatives to
be suppressed, and 63,4, with a high intramolecular rotations
barrier, accordingly became highly emissive in solution. Experi-
ments further revealed that 63,4 was a sensitive chemosensor
capable of optically discriminating nitroaromatic regioisomers of
p-, o-, and m-nitroanilines.
Hexaphenylsilole (HPS) 7 (Fig. 6) was found to be non-emissive

in diluted solution but to be highly emissive in its aggre-
gates, due to the AIE effect caused by the restriction of the in-
tramolecular rotation (17). By combining 7 with dipropylamine
Figure 4. Molecular structure of 5 (13).

Figure 5. Molecular structure of 6x,y (16).
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Figure 6. Molecular structure of 7 and the formation of carbamate ionic liquid by
reaction of CO2 gas with dipropylamine (17).
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(DPA), a novel sensing strategy for quantifying CO2 has been
developed, based on the AIE effect. The sensing mechanism re-
lied on the finding that the polarity and viscosity of 7 solution
could be greatly enhanced because of forming carbamate ionic
liquid (CIL), achieved easily by means of bubbling CO2 gas
through DPA, which turned on the light emission of HPS. This
was because the HPS molecule could be clustered, and thus
the intramolecular rotation process was inactivated. Therefore,
the presence of CO2 could be detected and quantified over
the concentration range 0–100% using this PL-based sensing
platform. Other gas-sensing chemodosimeters based on
AIE-active molecules have also been developed (18).

Besides the silole and TPE derivatives, other AIE-active mole-
cules were also successfully employed to construct novel
PL-based sensing platforms (19–27). For example, Tong’s group
has found that a series of salicylaldehyde azine (SA) derivatives
linked by N–N single bonds could demonstrate an aggrega-
tion-induced enhanced emission (AIEE) effect. These SAs have
also been used to signal biomolecules, such as cationic prot-
amine protein, and small molecules, including hydrazine, with
good sensitivity and selectivity (19).
Figure 7. Molecular structures of 8 and 9, and proposed floppy and sandwich-
binding modes of 8 and 9 in the absence (I) and presence (II) of potassium ion,
respectively (39).
Metallophilic interactions-related sensing
Numerous experiments have observed that attractive metallo-
philic interactions, mainly referred to d10. . .d10 and d8. . .d8 inter-
actions, as a new class of weak non-covalent interactions, will
occur if the distance of between two identical metal ions with
the same charge is shorter than the sum of the van der Waals’
radii of the corresponding metal ions. This is an abnormal phe-
nomenon compared to the traditional view involving the repul-
sive interactions between two cations that are the same. The
metal-to-metal distances, therefore, are considered to be able
to provide an indicator for these attractive interactions. It should
be pointed out that, in particular, aurophilic interactions have
attracted extensive and increasing attention, compared to its
counterparts; for example, the attractive interactions have been
effectively employed in numerous fields, including crystal en-
gineering (30–33), supramolecular chemistry (34), nanostruc-
tures (35–38), molecular devices (39–42) and metal ion sensing
(43). This is because gold exhibits a maximum relativistic effect
among all other local neighbours in the elemental periodic table,
which also leads to the attractive aurophilic interactions having
an order-of-magnitude strength similar to that of hydrogen bond-
ing, thus accelerating the development of the chemistry of gold
over the past two decades (44,45). The attractive aurophilic inter-
actions can lead to a strong tendency for the Au(I) complexes to
associate into dimers, oligomers or even uni- and multidimen-
sional polymers. The Au(I). . .Au(I) interactions are thought to arise
from the stabilization of the filled 5 d-orbital-based molecular
orbital with the empty molecular orbitals of appropriate symmetry
Copyright © 201wileyonlinelibrary.com/journal/luminescence
derived from the 6 s and 6p orbitals by configuration mixing
(46–48). In view of the unique photochemical and photophysical
properties (49), the metallophilic interactions-related complexes
have also been employed to develop novel PL-based sensing/
recognition platforms for various analytes in recent years, by
means of manipulating the attractive interactions to achieve
’on’ or ’off’ states of metallophilicity, resulting in the occurrence
of the ’aggregation/disaggregation’ of the d10 or d8 complexes.
It should be pointed out that the mechanisms of metallophilic
interactions-related PL are still not fully understood at present.
In this section, we focus on the recently related advances on
the sensing/recognition systems based on manipulating the
metallophilic interactions (referring to d10 and d8 systems), devel-
oped by scientists in China. All highlighted examples are classified
into two categories, according to the elemental group of metal
ions.
d10. . .d10 interactions systems

A pioneering work for the PL-based sensing systems based on
modulating the aurophilic interactions reported by Yam’s group
is that the addition of K+ could induce the occurrence of the
Au(I). . .Au(I) interactions in Au(I) complexes 8 and 9 bearing
two benzo(15)crown-5 moieties (Fig. 7) (39). In the absence of
K+, the two benzo(15)crown-5 moieties of 8 are in the floppy
state in solution; however, the addition of K+ is suggested to co-
ordinate with the benzo(15)crown-5 moieties of 8 to sandwich
between the two crown rings according to induced absorption
spectral changes, thereby bringing the two Au(I) centres into
close proximity to facilitate the occurrence of Au(I). . .Au(I) inter-
actions. The aurophilic interactions could promote the ’aggre-
gation’ state of 8, leading to the appearance of a long-lived,
low-energy emission band at 720 nm. The newly emerging emis-
sion was considered to originate from ligand-to-metal charge-
transfer transition, mixed with the metal-centred state that is
modified by metallophilic interactions (LMMCT), accompanied
by a decrease in luminescence intensity at 502 nm assigned to
ligand-to-metal charge-transfer transitions mixed without metal-
lophilic interactions (LMCT), with a clear isoemissive point
located at 600 nm. A reversal of the emission trend could also
be observed upon successive addition of free benzo(15)crown-
5 to the mixture of 8 and K+, since that the sandwiched K+ could
be extracted from 8 by free benzo(15)crown-5, leading to weak-
ening of or even the disappearance of aurophilic interactions.
Addition of Na+ to 8 did not give rise to the growth of a new
emission band at 720 nm, despite the well-known high affinity
Luminescence 2012; 27: 317–3271 John Wiley & Sons, Ltd.
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of benzo(15)crown-5 for Na+, indicative of the importance of a
sandwiched structure formed from K+ and 8. Similar spectral
behaviours could be observed in the case of 9. This work is
believed to demonstrate a new concept of utilization of the
on/off switching of the Au(I). . .Au(I) interactions for sensing
molecules/ions.

To extend this sensing concept, Yam’s group has subse-
quently developed a series of luminescent Au(I) complexes con-
taining crown ether pendants of different ring sizes to show that
the Au(I). . .Au(I) interactions can be on/off switched upon the
binding of specific metal ions to form a sandwich-binding mode,
with the capacity of sensing metal ions (40–42). Recently, a tripo-
dal alkynylgold(I) complex 10 bearing three oligoether pendants
(Fig. 8) has also been designed and synthesized to serve as a se-
lective luminescent probe for Mg2+, based on the similar switch
on of the Au(I). . .Au(I) interactions (50). Encapsulating Mg2+ in
among the three intramolecular oligoether pendant units of
10, the rigid and linear arylalkynylgold(I) units with a given
floppy nature could be forced into close proximity, leading to
turning on of the Au(I). . .Au(I) interactions, evidenced by the
appearance of the low-energy emission band at 675 nm. Other
alkaline earth and alkaline metal ions were found to hardly induce
changes of the absorption spectra of 10, indicative of high sens-
ing selectivity towards Mg2+. These investigations opened up a
promising entry for developing new PL-based sensing platforms
for molecules/ions via sophisticatedly manipulating metallophilic
interactions.

Although the strength of the Ag(I). . .Ag(I) interactions is in
general considered to be less than that of the Au(I). . .Au(I) inter-
actions, manipulating the Ag(I). . .Ag(I) interactions have recently
been employed to construct novel sensing systems for metal
ions and biomolecules (51,52). It was found that when Ag(I)
was mixed with cysteine (Cys) in aqueous solution, Ag(I)–Cys
coordination polymers could be immediately generated in situ,
which was facilitated by both the Ag(I). . .Ag(I) and electrostatic
attractive interactions among the side-chains along the poly-
meric backbone (Fig. 9) (51). The coordination polymers formed
could be featured by argentophilicity-related absorption and
Figure 8. Molecular structure of 10 and proposed binding mode for 10 and Mg2+

(50).

Figure 9. Proposed switching of argentophilic attraction via pH-modulating electrostat
and a2 are the Ag–S–Ag angles at low and high pH, respectively. a1< a2 (51).

Luminescence 2012; 27: 317–327 Copyright © 2011 John Wiley
circular dichroism (CD) spectra, with practically no spectral back-
ground because both Ag(I) and Cys are spectrally transparent in
these spectral windows. Therefore, the ensemble was expected
to afford high sensitivity and selectivity for sensing Cys by
employing the absorption and CD spectra, in particular featured
by the Cys enantiomeric discrimination capacity. It should be
pointed out that the electrostatic interactions (electrostatic at-
tractive or electrostatic repulsion) among the side-chains along
the polymeric backbone were of crucial importance for enhanc-
ing or weakening the argentophilicity in the Ag(I)–Cys or Ag(I)–
GSH cases. Indeed, experiments showed that, at the low pH of
5.0, hardly any absorption or CD signals were observed from
Ag(I)–GSH, whereas appreciable optical signals were found in
Ag(I)–Cys solution, which can be attributed to the differed iso-
electric points of GSH and Cys. The Ag(I)–GSH or Ag(I)–Cys coor-
dination polymers, however, are weakly luminescent or even
non-luminescent. Therefore, it can be envisioned that replacing
the electrostatic interactions among the side-chains of Ag(I)–SR
polymers via introducing p–p stacking interactions by including
an aromatic fluorophore into the RSH ligand, the formed coordi-
nation polymers might also be luminescent. It will be useful if
the emission of these ensembles can also be manipulated by in-
troduced p–p stacking interactions. To succeed in this regard, a
novel –SH- containing receptor 11 (Fig. 10), NCys, was designed,
in which the amine group in the Cys moiety was derivatized with
2-(1-naphthyl)-acetamide (52). The aromatic fluorophore is
expected to afford the p–p stacking interactions when the Ag
(I)–NCys coordination polymers are formed in aqueous solution,
making the polymers luminescent. Therefore, a ratiometric lumi-
nescent sensing ensemble for Ag+ ions in aqueous solution was
successfully established, evidenced by the fact that, upon
addition of Ag+, the strong emission at 337 nm of NCys in the
aqueous buffer solution originating from its naphthyl moiety
was substantially quenched, while a new emission appeared
and developed at 441 nm, together with an isoemissive point
at 399 nm considered to originate from the LMMCT state. Such
coordination polymers have also been used to construct supra-
molecular hydrogels facilitated by cooperative interactions of
ic interaction between adjacent ligands along the Ag(I)–Cys polymeric backbone. a1

Figure 10. Molecular structure of 11 (52).
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the metallophilicity, electrostatic and hydrogen-bonding interac-
tions, providing a novel visual sensing platform for iodide with
high selectivity based on iodide-triggered gel–sol state transi-
tion (53). It should be noted that signal amplification was also
suggested in these cases, considering the involvement of coop-
erative interactions.
d8. . .d8 interactions systems

Due to the properties of coordinate-unsaturation and square-
planar geometry of platinum(II) complexes, Pt(II). . .Pt(II) interac-
tions, believed to have a strong tendency to aggregate in solid
states into linear chains or oligomeric structures, have in partic-
ular attracted considerable attentions in the d8. . .d8 systems
over the past few decades, with intriguing spectroscopic and
photophysical behaviours. Understanding of and applications
of the Pt(II). . .Pt(II) interactions are also expected to promote
rapid development of other d10. . .d10 systems. However, most
of the investigations of Pt(II). . .Pt(II) interactions have focused
on Pt(II) complex crystals in their solid states, due to the strong
aggregation tendency, resulting in poor solubility in common
solvents; related studies on the aggregation behaviours involv-
ing the Pt(II). . .Pt(II) interactions in solution states remain largely
unexplored, whereas introducing long alkynyl groups into plati-
num(II) complexes was suggested to be able to significantly
enhance solubility, affording a promising entry to investigating
metal. . .metal interactions-induced aggregation in solution
states accompanied by corresponding spectral changes related
to the metal. . .metal interactions.

The aggregation behaviours will occur if positively charged
alkynylplatinum(II) terpyridyl complexes with a square planar
structure are employed to interact with some polyanionic spe-
cies, such as nucleic acids and polyelectrolytes, due to both
Pt(II). . .Pt(II) and electrostatic attractive interactions. Yam’s group
has reported that the self-assembly of [Pt(terpy)(C�C-C�C-
CH2-OH)]OTf 12 and [Pt(terpy)(C�C-C�CH)]OTf 13 (Fig. 11)
could be achieved in the presence of various single-stranded oli-
gonucleotides, including poly(dT)25, poly(dC)25, poly(dG)25 and
poly(dA)25, via modulating the metal. . .metal and p–p stacking
interactions (54). The investigation demonstrated that, electro-
static binding of the designed platinum(II) complexes to the
single-stranded nucleic acids in buffer solutions could induce
the aggregation and self-assembly of the platinum(II) com-
plexes, featured by the newly formed UV-vis absorption and
emission bands at labs> 520 nm and at ca. 760–800 nm, respec-
tively, upon the addition of nucleic acids. The newly formed
Figure 11. Molecular structures of 12 and 13 (54).

Copyright © 201wileyonlinelibrary.com/journal/luminescence
spectral signals indicated the formation of aggregates of 12
and 13 by means of metal. . .metal and p–p interactions, and
could be tentatively attributed to the transitions of metal–
metal-to-ligand charge-transfer (MMLCT). Observed evolution
of the intensity and change of pattern of CD spectra also sup-
ported the assembly of the platinum(II) complexes into helical
structures. These self-assembly properties could be employed
for monitoring the formation of DNA G-quadruplex and the ac-
tivity of nuclease, based on the platinum(II) indicators being
bound to DNA via non-covalent interactions. The excellent sen-
sitivity shown by this strategy is thereby capable of providing
a new sensing platform for indicating micro-environmental and
conformational changes of biomolecules.

As a class of artificial DNAs, aptamers are employed in the
design of biosensors, thanks to their remarkable selectivity
and binding capacity towards specific targets. Based on the
aforementioned metal. . .metal and electrostatic interactions, a
’proof-of-principle’ concept for quantifying lysozyme and throm-
bin has been achieved bymeans of the aggregation of platinum(II)
complexes-induced spectral changes (55). A 42-mer lysozyme
aptamer (LA), a 15-mer thrombin binding aptamer (TBA) and a
water-soluble platinum(II) complex 14 (Fig. 12) were designed
to check this sensing concept. The spectral changes of 14 in
the presence of each aptamer were examined. It was found that,
upon addition of LA and TBA, a broad absorption shoulder with
no clear band maximum emerged at ca. 538 and 512nm, respec-
tively, and the emission intensity at longer wavelength has also
been observed to be significantly enhanced. These induced spec-
tral signals were suggested to be related with the Pt(II). . .Pt(II)
interactions, since electrostatic attractive interactions between
the positively chargedmetal complexes and polyanionic aptamers
could result in the close proximity of 14, facilitating the aggrega-
tion of 14 via both metal. . .metal and p–p stacking interactions.
It was also observed that adding various concentrations of target
proteins, lysozyme or thrombin, could cause a gradual decrease
in both the intensities of absorption and of emission related to
the Pt(II). . .Pt(II) interactions, owing to the high binding affinity
of aptamers towards lysozyme or thrombin. This system can pro-
vide a new PL-based sensing strategy for label- and immobiliza-
tion-free probing lysozyme or thrombin with good selectivity
and specificity.

Similar aggregation-induced sensing mechanisms based on
metal. . .metal and p–p stacking interactions have also been
employed to probe glucose and a-glucosidase activity by means
of the assembly of alkynylplatinum(II) terpyridyl complexes (56).

Metal coordination polymers-related sensing
Metal coordination polymers, also known as metal–organic
frameworks, generally contain metal cation centres with selected
Figure 12. Molecular structure of 14 (55).
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Figure 13. Molecular structure of 15 (63).

Figure 14. Molecular structures of 16 and 17 (64).
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different coordination geometries as connectors linked by suit-
able organic ligands with certain spacers, infinitely extending in
an array (57). These supramolecular architectures can also be
described as polymers possessing one-, two- and even three-
dimensional structures, with the coordination-based complexes
as repeat units, depending on the type, oxidation state and
coordination number of the metal ions. The intermolecular
driving forces maintaining the architectures include coordina-
tion bonding, van der Waals’ forces, p–p stacking and hydro-
gen bonding. Applications of metal coordination polymers
have been a focus in various fields (58–62), including crystal
engineering, molecular devices, luminescent materials, catalysis
and sensors. Particularly, developing chemo-/biosensors based
on metal coordination polymers is a current topic of consider-
able interest (63–69). It should be pointed out that a preorga-
nized process between receptor molecules and metal ions is
expected to occur to afford cooperative interactions, facilitating
the formation of the supramolecular polymeric structure that is
an ’aggregation’ state in solution.

An early fluorescent sensor for Cu(II), involving the forma-
tion of coordination polymers, is 5,10,15,20-tetra{[p-N,N-bis(2-
pyridyl)amino]phenyl}porphyrin zinc 15 bearing two functional
moieties (Fig. 13), in which one is porphyrin containing Zn(II),
serving as a fluorophore, and another is 2,2′-dipyridylamine
(dpa), acting as the recognition and binding site for metal ions,
which has been synthesized to provide an ’on–off’ fluorescent
sensing system for Cu2+ with excellent selectivity (63). In this
case, Cu(II) was believed to be coordinated by two dpa groups
from two 15 molecules to create coordination polymeric struc-
tures featured by four-coordination of 15 and two-coordination
of Cu(II). Such a coordination mode was supported by Job’s plot,
ESI–MS spectra and fluorescence spectra titration, respectively. In
general, the metal coordination-induced supramolecular aggrega-
tion is suggested to be capable of facilitating PL quenching or
enhancing in the reported cases, providing observable analyte-
dependent changes in PL signals (or in absorption signals) to allow
a new class of chemosensors to be developed.

Considering the high selectivity of coordination interactions
between thymine (T) and Hg2+ or adenine (A) and Ag+, Zhang’s
group has designed and synthesized a series of novel PL-based
receptors with favourable luminescence ’turn-on’ or ratiometric
emission mode, to construct novel sensing platforms for Ag+

and Hg2+ (64,65).
Taking advantage of formed metal coordination polymers to

obtain aggregation-induced emission, PL-based receptors 16
and 17 of TPE derivatives bearing adenine and thymine moieties
(Fig. 14), were synthesized to probe Ag+ and Hg2+, respectively
(64). Experiments revealed that intrinsic weakly emissive 16
could become highly emissive, with a maximum at 470 nm upon
addition of Ag+. This suggests that the coordination of adenine
moieties of 16 with Ag+ to form rigid coordination polymeric
structures leads to substantially restricting the intramolecular
rotations of 16, thus causing AIE effect originating from the TPE
units. Similar emission spectral responses were also observed in
the case of weakly emissive 17 towards Hg2+, with quite good
selectivity because of the specific binding of T with Hg2+ to form
supramolecular aggregates by extended complexation.

Based on chromophore (excimer) interactions, the same re-
search group has further developed a ratiometric fluorescence
sensing system for Ag+ by means of coordination of receptor
18 of pyrene derivative bearing adenine moieties (Fig. 15) with
Ag+ (65). Upon the addition of Ag+, 18 could be coordinated
Luminescence 2012; 27: 317–327 Copyright © 2011 John Wiley
with Ag+ to generate extended coordination polymeric struc-
tures bringing the pyrene moieties of 18 close together, facili-
tating the occurrence of excimer emission of pyrene and the
disappearance of original emission resulting from pyrene
monomers featured by a ratiometric emission mode, which is
favourable for sensing Ag+.
Such T–Hg–T interactions could also be employed to construct

other chemosensing platforms for Hg2+ with high sensitivity and
selectivity, by means of other PL-based receptor molecules
containing thymine groups (66,67). For example, by integrating
phthalocyanine and thymine into the backbone of receptor 19
(Fig. 16), a novel strategy of fluorescence-sensing Hg2+ could also
be achieved (66). In the presence of Hg2+, analyte concentration-
dependent fluorescence quenchingwas observed for 19, assigned
to the aggregation-induced self-quenching via coordination of
& Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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Figure 15. Molecular structure of 18 (65).

Figure 16. Molecular structure of 19 (66).

Figure 17. Molecular structure of 20 (67).

Figure 18. Molecular structure of 21 (68).
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thymine moieties in 19 with Hg2+ to offer a T–Hg–T binding
motif. Thymine-containing PL-based receptor 20 of perylene
derivate, possessing a favourable zigzag structure (Fig. 17), has
also been fabricated to afford a novel basis for chemosensing
Hg2+ with extremely high selectivity and sensitivity operating
by a fluorescence quenching mechanism, believed to be caused
by metal coordination-induced aggregation originating from the
formation of the T–Hg–T binding motif (67).

Considering that thymine contains an imide moiety acting as
a coordination site for the formation of T–Hg–T interactions
when the imide loses a proton from –NH, a pioneering study
has been performed to determine if thymine in the traditional
T–Hg–T binding mode could be replaced by other receptors also
containing imide moieties to create a T–Hg–T-like binding motif
(68). Since perylene bisimide (PBI) 21 (Fig. 18) contains two
imide groups and serves as a robust class of fluorophores with
quite high quantum yield, good photostability and strong
aggregation tendency, PBI was chosen to substitute for thymine,
(expected to produce a T–Hg–T-like binding motif), to construct
novel fluorescence sensing platforms for Hg2+ and Cys. As
monomers are arranged in a face-to-face fashion to form
H-aggregates, an efficient fluorescence quenching would occur,
accompanied by a hypsochromic shift of the absorption band.
Indeed, it was observed that, with increasing concentration of
Hg2+, emission at 532 nm originating from the PBI monomers
gradually decreased and was almost completely quenched,
featured by a superquenching effect. The spectral changes
could be assigned to Hg2+-induced H-aggregation of PBI. The
excellent binding selectivity towards Hg2+ has been verified
by testing other metal ions and metal ions competition experi-
ments, supporting PBI with imide groups as being able to
retain the excellent selectivity, of its counterpart thymine, to
form a T–Hg–T-like binding motif via specific interaction with
Hg2+. In fact, Hill plot experiments showed a cooperative inter-
action of Hg2+ with PBI to support the observed superquench-
ing effect. Introducing Cys or other thiol species into the
PBI–Hg2+ ensemble, the original emission was found to be
gradually restored, because of the much stronger Hg–S inter-
action than that of Hg–N causing the Hg–imide interactions
to be replaced by the interactions of Hg–S, facilitating the
dissociation of ’PBI–Hg’ aggregates. The disassembly could
thus regenerate the radiative channels and restore the original
emission. This study is expected to substantially extend the
structural diversity of selective chemosensors for Hg2+, in which
the imide group may at large be considered as a selective
binding site for Hg2+.
Copyright © 201wileyonlinelibrary.com/journal/luminescence
Other sensing systems involving supramolecular
aggregation/disaggregation
Other PL-based sensing systems relying upon modulating the
behaviours of supramolecular aggregation/disaggregation have
also been developed to probe target molecules/ions (70–81).
For example, compound 22, a water-soluble (> 30mmol/L)
perylene derivative, bearing two positively charged groups
(Fig. 19), has been designed and synthesized. There is an equilib-
rium between aggregated and monomeric forms, therefore,
strong emission originating from free monomers is observed in
aqueous solution (70). An anti-lysozyme aptamer (5′-ATC AGG
GCT AAA GAG TGC AGA GTTACT TAG-3′) was designed to signal
lysozyme by employing cationic 22 to interact with the
designed aptamer. When the polyanionic aptamer was added
to an aqueous solution of 22, strong electrostatic attractive
interactions between the dye monomers/aggregates and the
Luminescence 2012; 27: 317–3271 John Wiley & Sons, Ltd.



Figure 19. Molecular structure of 22 (70).

Figure 20. Molecular structure of 23 (72).
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aptamer would occur, leading to rapid binding of the dye to the
DNA and enhancing the aggregation of 22. This behaviour could
result in a significant decrease in the intensity of the original
emission originating from perylene monomers, in view of the
ACQ effect. This also indicated that electrostatic repulsive inter-
actions among the dye molecules were greatly suppressed,
since the positive charges on the dye were largely neutralized
by negative charges of added DNA. Upon the addition of
lysozyme to the solution of 22 and aptamer, specific binding
of lysozyme to aptamer would weaken the binding between
the aptamer and the dye monomers/aggregates. As a result,
many more dye–monomer molecules were released; thus, an
observable emission signal was turned on and the recovered
luminescence intensity was directly proportional to the concen-
tration of the added protein.

Compound 22 has also been employed to probe toxic Hg2+,
by means of forming T–Hg–T binding interactions to induce
the disaggregation of the ensemble of 22 and a thymine-rich
oligonucleotide (oligo-M) (71). When oligo-M was added to 22
aqueous solutions, 22 could be induced to aggregate, leading
to significant quenching of the original emission originating
from the perylene monomers. In the presence of Hg2+, the spe-
cific binding interactions between oligo-M and Hg2+ operating
in the well-known T–Hg–T binding motif could induce oligo-M
to generate a hairpin structure, resulting in disaggregation of
the ensemble of 22 and oligo-M. Therefore, enhanced emission
originating from perylene monomers could be observed, since
free dye monomers were released, obtaining considerably high
sensitivity towards Hg2+ (LOD� 1 nmol/L).

A similar receptor (23) based on a pyrene derivative bearing
only one positively charged group (Fig. 20) has also been
synthesized to probe nucleic acids by means of electrostatic
attractive interactions between polyanionic nucleic acid and 23
induced aggregation of pyrene, leading to the formation of an
excimer (72). This receptor molecule was also employed to con-
struct a ratiometric fluorescence sensing system for glucose, via
glucose binding to an artificial polymer containing boronic acid
functional groups, facilitating the polymer to form a polyanion,
resulting in the occurrence of strong pyrene excimer emission
because of the aggregation of 23 (73).

Conclusions and perspectives
Tremendous numbers of PL-based sensing and recognition sys-
tems have been explored and successfully applied in a versatile
range of applications, operating in various sensing mechanisms,
during the past 30 years. Developing novel and promising
PL-based sensitive and selective sensing systems for various tar-
get molecules is an important research aim. Supramolecular ag-
gregation and disaggregation can modulate optical or electrical
signals of the aggregates/constituting units (receptors) to differ-
ent extents upon the addition of external stimuli. Therefore,
Luminescence 2012; 27: 317–327 Copyright © 2011 John Wiley
manipulating the behaviours of supramolecular aggregation/
disaggregation has recently been employed to construct novel
sensing systems to signal the targets (or interacting events). It
is expected to substantially enhance the sensitivity in general
given cooperative interactions appearing in the supramolecular
assembly/disassembly processes (mostly operating in emission
turned-on or emission-enhanced mode).
In this review, we have highlighted the recent advances in

PL-based sensing and recognition platforms, based on manipulat-
ing the behaviours of supramolecular aggregation/disaggregation
to generate observable reporting signals, particularly those de-
veloped by scientists in China. These reported sensing systems
can be classified in several categories, including AIE, metallophi-
lic interactions-related sensing (metallophilic interactions-induced
aggregation/disaggregation), metal coordination polymers-related
sensing, and other sensing systems involving supramolecular
aggregation/disaggregation, according to sensing mechanisms
and/or sensing modes. This review offers a general view of the
categories of sensing platforms and affords new insights into
designing these receptor molecules.
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