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New fluorescent sensors have been developed, utilizing the aggregation-induced emission (AIE)

attribute of silole and tetraphenylethene luminogens. In this feature article, we briefly summarize recent

progress in the development of AIE-based bio/chemosensors for assays of nuclease and AChE

activities, screening of inhibitors, and detection of various analytes including charged biopolymers,

ionic species, volatile and explosive organic compounds.
1. Introduction

It is well known that light emissions of many organic and poly-

meric fluorophores are quenched when their solution concen-

trations are increased and when they are aggregated in the solid

state (aggregation-caused quenching or ACQ), due to the

formation of such detrimental species as excimers and exci-

plexes.1 The notorious ACQ effect has greatly limited the scope

of the applications of the fluorophores as sensory materials,

especially in the area of biomolecule assays in the aqueous media

because 1) the fluorophores aggregate in the polar media, which

weakens their light emissions and 2) the fluorophores tend to

aggregate in the hydrophobic pockets of the folding structures of

biopolymers, leading to fluorescence quenching. The fluores-

cence resonance energy transfer (FRET) mechanism has been

widely used to avoid the ACQ effect in the design of new fluo-

rescent biosensors.2 In this approach, however, fluorophore-

labeled biomolecules need to be prepared, which often require
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nontrivial synthetic efforts and involve painstaking isolation and

purification procedures.3

It is interesting to note that some organic molecules behave

‘‘abnormally’’: they are practically non-luminescent in the solu-

tion state but become strongly emissive when aggregated. This

unusual fluorescence phenomenon was referred as to ‘‘aggrega-

tion-induced emission’’ (AIE). In 2001, we observed such AIE

effect in 1-methyl-1,2,3,4,5-pentaphenylsilole (1; Scheme 1).4 We

later found that tetraphenylethene (TPE; 2) and its derivatives

also showed AIE behavior.5

Experimental and theoretical investigations indicated that the

intramolecular rotations in the AIE molecules would deactivate
Scheme 1 Chemical structures of representative examples of silole and

TPE luminogens showing the aggregation-induced emission (AIE)

phenomenon.
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the corresponding excited states, thus making them non-emissive

in the respective solutions.6 The intramolecular rotations are

restricted in the aggregate states and as a result their emissions

are enhanced.6 In silole 1 and its analogues, excimers are unlikely

to form due to their propeller-like molecular conformations and

their emissions are thus not quenched in the aggregate state.

Taking advantage of the unusual fluorescence effect, highly

efficient organic light-emitting diodes (OLEDs) using AIE

molecules as emitters have been fabricated.7

The AIE luminogens have also been utilized for the design and

preparation of sensitive and selective bio/chemosensors. By

proper structural modifications to the AIE molecules, their

aggregation states can be influenced by the analytes through

electrostatic attraction, coordination binding, etc. In this way,

new fluorescence analysis methods can be established for the

detection of biomacromolecules (e.g., protein, heparin and

DNA),8,9 assays of nuclease and acetylcholinesterase (AChE)

activities and screening of inhibitors10–12 as well as probing of
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ionic species.13–15 In this feature article, we give an account of the

recent advances in the constructions of silole- and TPE-based

bio/chemosensors. We demonstrate that AIE offers a new plat-

form for the development of new sensing systems.
2. Detection of charged biomolecules

Silole derivative 3 (Scheme 1) was prepared by attaching two

amino groups to the para-positions of the 1,1-diphenyl rings of

hexaphenylsilole. The possibilities of using 3 as chemo- and

biosensors for monitoring pH changes and detecting biological

macromolecules were explored. Silole 3 is AIE active and shows

strong emission when its nanoaggregates are suspended in a THF

and water mixture. When acid is added to the mixture, the

suspension becomes non-fluorescent again, for the amino groups

in 3 are transformed to ammonium salts in the presence of acid.

We further examined the application of 3 as a biosensor in the

acidic mixture. Silole 3 contains positively charged ammonium

groups and may bind to negatively charged biomolecules via

electrostatic interaction. Whereas the buffer solution (pH ¼ 2.0)

of 3 emits weakly, addition of bovine serum albumin (BSA) or

herring sperm (hs) DNA to the solution causes 3 to resume its

emission, whose intensity is increased with increasing the

concentration of BSA or (hs)DNA.8 Evidently, 3 can be utilized

as a fluorescence ‘‘turn-on ’’ biosensor for protein and DNA.

Silole 4 (Scheme 2) possesses an ammonium group and is

positively charged independent of the pH value of the solution. It

is expected that co-aggregation of silole 4 with negatively-

charged biomolecules through electrostatic interactions will

occur and as a result the fluorescence of silole 4 will be enhanced

in the presence of these biomolecules.

Accordingly, 4 can be utilized for detection of negatively

charged biomolecules. Heparin is a highly sulfated linear glyco-

aminoglycan (GAG; Scheme 2). It is crucial to monitor and

control the level and activity of heparin during and after surgery

and to manipulate the amount of heparin for anti-coagulant

therapy in order to avoid the complications such as hemorrhage
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Scheme 2 Chemical structures of silole 4 and heparin and illustration of

the working principle for the detection of heparin with silole 4.

Fig. 2 Variation of the fluorescence intensity of 4 (1.25 � 10�5 M in

HEPES buffer solution, pH ¼ 7.4) after addition of heparin (0–3.0 mM),

followed by addition of protamine (0–5.2 � 10�3 mg mL�1); inset shows

photographs of the solution of 4 (1.25 � 10�5 M) under UV (365 nm)

illumination: (A) in the absence of heparin and protamine; (B) in the

presence of heparin (4.0 mM); (C) in the presence of heparin (4.0 mM) and

protamine (2.8 � 10�2 mg mL�1).

Scheme 3 The chemical structures of TPE compounds 5, 6 and 7.
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or thrombocytopenia induced by overdose of heparin.16 As

anticipated, 4 is weakly emissive in the buffer solution, but its

fluorescence intensity is increased gradually upon addition of

heparin as shown in Fig. 1. The fluorescence enhancement of 4

upon mixing with heparin can be easily distinguished with the

naked eye under UV illumination as shown in the inset of Fig. 1.

Moreover, it is possible to analyze heparin in the serum with 4 as

its emission intensity increases linearly with the concentration of

heparin present in the serum and the interference of other

biomolecules in the serum can be neglected by lowering the pH

value. Therefore, a convenient fluorescence ‘‘turn-on’’ detection

of heparin can be established with silole 4.

Additionally, silole 4 can be a potentially useful fluorescent

probe for investigating the interactions of heparin with specific

proteins.17 Fig. 2 shows the fluorescence change of 4 in the

presence of heparin and protamine. The fluorescence intensity of

4 is increased when heparin is added. However, when protamine

is added into the mixture, the fluorescence intensity starts to

decrease, eventually reaching the intensity of the solution of 4 in

the absence of heparin and protamine. The fluorescence decrease

indicates that the interaction between heparin and protamine

has induced the ensemble of 4 and heparin to deaggregate

(Scheme 2).

Charged TPE derivatives (Scheme 3) are also investigated for

the detection of biomolecules. The luminogen containing two

ammonium groups (5) emits weakly, but its fluorescence is
Fig. 1 Fluorescence spectra of compound 4 (5.0 � 10�5 M in HEPES

buffer solution, pH¼ 7.4) in the presence of different amounts of heparin

(from 0 to 13 mM); inset shows photographs of the solution of 4 in the

absence (A) and presence (B) of heparin (7 mM) under UV (365 nm)

illumination.

1860 | J. Mater. Chem., 2010, 20, 1858–1867
turned on after addition of negatively charged biomolecules such

as calf thymus (ct) DNA and BSA.5 It is believed that the elec-

trostatic and hydrophobic interactions between 5 and the

biomolecules induce the formation of aggregation complexes and

consequently the fluorescence enhancement.

The negatively charged TPE derivative 6 (Scheme 3) can be

utilized to study the unfolding process of BSA in the presence of

surfactants [e.g. sodium dodecyl sulfate (SDS)]. It is found that

addition of BSA to the solution of 6 leads to fluorescence

increase. This is likely due to the entrance of the molecules of 6

into the hydrophobic pockets of the native folding structure of

BSA. The rotation of the s-bands within the TPE unit is frozen,

resulting in the emission enhancement.18 The solution of 6 and

BSA became almost non-fluorescent again after addition of SDS.

SDS induces unfolding of BSA chains and accordingly the

hydrophobic pockets within the folding structure of BSA are not

available for interaction with molecules of 6.

We have recently showed that TPE derivative 7 (Scheme 3)

with four positive charges can be used as a fluorescence label-free

DNA conformation sensor.19 It is known that DNA with

a guanine-rich sequence changes its conformation from random-

coil to G-quadruplex structure in the presence of a stabilizer. The

research on G-quadruplex has received great attention since it is

relevant to the elongation of telomeres in immortalized and most

tumor cells.20 Inhibition of telomerase activity through stabili-

zation of the G-quadruplex structure is thus considered to have

potential application in drug design.21 As anticipated, the fluo-

rescence of 7 is turned on when mixed with either random-coil or
This journal is ª The Royal Society of Chemistry 2010
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G-quadruplex DNA. Interestingly, a red shift in the fluorescence

spectrum of 7 is observed when the DNA conformation is

transformed from random-coil to G-quadruplex. This spectral

feature enables 7 to be used to monitor the folding process of

guanine-rich DNA strands and to screen G-quadruplex stabi-

lizers.
3. Nuclease activity assay and inhibitor screening

Nucleases that can catalyze the hydrolysis of DNA into mono- or

oligonucleotide fragments play important roles in biological

processes and show wide applications in biotechnology; thus,

development of simple and convenient fluorescent sensors for

DNA detection and nuclease assay will be of great importance in

diagnosing genetic diseases and monitoring biological processes

in the cell. Various fluorescent probes for DNA detection and

nuclease activity assay have been reported.22,23 Taking advantage

of the AIE feature of silole compounds, a label-free fluorescence

nuclease assay can be constructed with silole 4 (Scheme 2).10

Fig. 3 shows the fluorescence enhancement of silole 4 after the

addition of 15-mer single-strand DNA (ssDNA). For instance,

the fluorescence intensity of the buffer solution of silole 4 was

enhanced by 27 times in the presence of 0.3 mM of ssDNA (15-

mer). It is interesting to note that the fluorescence intensity of

silole 4 increases almost linearly with the concentration of

ssDNA. Thus, a fluorescence turn-on detection of ssDNA can be

achieved with silole 4.10 However, such fluorescence enhance-

ment observed for silole 4 was found to be dependent on the

length of ssDNA; the longer the ssDNA strand, the more

significantly increases the fluorescence of silole 4. These results

are understandable by considering the fact that the longer DNA

strand provides more negative charge sites to interact with the

ammonium group in silole 4, thus leading to strong aggregation

of the molecules of silole 4, while the short DNA can only offer

limited negative sites for interactions with silole 4 and as a result

stable aggregation complex can not be formed. This offers an

attractive possibility to employ 4 to follow the DNA cleavage

process. Indeed, the fluorescence of the ensemble of silole 4 and

ssDNA was rather strong; however, if ssDNA was pre-treated
Fig. 3 The fluorescence spectra of 4 (2.0 � 10�5 M in 20 mM tris buffer

solution, pH ¼ 7.3) in the presence of different amounts of 15-mer

ssDNA (from 0 to 0.3 mM); inset shows the photographs of the solution

of 4 in the absence (A) and presence (B) of ssDNA (0.3 mM) under UV

light (365 nm) illumination.

This journal is ª The Royal Society of Chemistry 2010
with Fenton’s reagent that generates HOc to cleave DNA into

fragments, the fluorescence of ensemble became very weak.

Silole 4 can be employed to study the DNA cleavage catalyzed

by nucleases.10 The ensemble of silole 4 and ssDNA exhibits

rather strong fluorescence before the reaction of DNA with

nuclease. However, as can be seen from Fig. 4 the fluorescence of

the ensemble is reduced after DNA cleavage by nuclease, and the

fluorescence intensity of the ensemble decreases gradually by

prolonging the reaction time. The cleavage reaction was carried

out at different concentrations of the nuclease and ssDNA in the

presence of silole 4. The results show that the fluorescence

intensity of silole 4 decreases rapidly for the cleavage reaction

with high concentration of nuclease. This is indeed in agreement

with the fact that the ssDNA cleavage reaction becomes fast by

increasing the concentration of nuclease. By varying the DNA

concentration in the reaction mixture, the kinetic parameters,

Michaelis constant (Km) and maximum of initial reaction rate

(Vmax) for the nuclease-catalyzed hydrolysis reaction can be

determined by fitting the corresponding fluorescence spectral

data with the Michalis–Menten equation. The values of Km and

Vmax obtained by using silole 4 as a fluorescent probe are

comparable to those obtained with other methods. These results

clearly manifest that a label-free fluorescence nuclease activity

assay can be established with silole 4 and its analogues.

This new fluorescence label-free nuclease assay method can

also be employed for screening the inhibitors.10 Pyrophosphate,

a typical nuclease S1 inhibitor,23 was used as an example to

demonstrate the usefulness of silole 4 for screening inhibitors of

nucleases. Fig. 5 shows the variation of the fluorescence intensity

of the ensemble of silole 4, ssDNA and nuclease in the absence

and presence of pyrophosphate vs. the reaction time. Obviously,

the decrease in the fluorescence intensity of the ensemble is much

slower in the presence of pyrophosphate, compared to that in the

absence of pyrophosphate. This result implies that pyrophos-

phate can prohibit the hydrolysis reaction catalyzed by nuclease

S1, and this is fully in accordance with the fact that pyrophos-

phate is known as a nuclease S1 inhibitor. It may be concluded

that this method can be extended to other nuclease assays and
Fig. 4 Fluorescence spectrum of 4 (2 � 10�5 M in 20 mM tris buffer

solution, pH ¼ 7.3) containing 15-mer ssDNA (5.0 mM) and those after

cleavage by nuclease S1 for different periods; inset shows the photo-

graphs of the solution of 4 (2� 10�5 M) in the presence of ssDNA (5 mM)

(A) and cleaved ssDNA by nuclease S1 (50 U/mL) for 10 min (B) under

UV light (365 nm) illumination.

J. Mater. Chem., 2010, 20, 1858–1867 | 1861
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Fig. 5 Inhibition effect of pyrophosphate on 15-mer ssDNA cleavage by

nuclease S1 monitored by fluorescence variation of silole 4.

Fig. 7 The plot of the fluorescence intensity at 470 nm of silole 4 [8 �
10�5 M in tris buffer solution (10 mM, pH ¼ 9.0)] containing ATP (5.0

mM) vs. the hydrolysis reaction time for selected concentrations of CIAP.
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high-throughput screening of nuclease inhibitors, given its

simplicity, easy-operation, sensitivity and cost-effectiveness.
4. Selective ATP detection and relevant phosphatase
assay

Adenosine 50-triphosphate (ATP),24 one of the most important

molecules involved in many biological processes, shows close

relations to many diseases such as ischemia, Parkinson’s disease

and hypoglycemia.25 The development of a selective detection

method for ATP is thus of obvious importance. We have found

that the fluorescence of 4 increases after addition of ATP. Of

particular interest is that almost no fluorescence enhancements

are observed for adenosine 50-diphosphate (ADP), adenosine

50-monophosphate (AMP), and inorganic pyrophosphate (PPi),

as shown in Fig. 6. Accordingly, silole 4 can be employed to

selectively detect ATP. Such a fluorescence increase observed for

silole 4 can be understood as follows: 1) ATP possesses more

negative charges compared to ADP and AMP, and less charged

ADP and AMP may not be able to form stable aggregation

complexes with silole 4; 2) although ATP and PPi have the same
Fig. 6 Variation of the relative fluorescence intensity of silole 4 (8� 10�5

M in 10 mM, pH ¼ 9.0 tris buffer solution) vs. the respective concen-

trations of ATP, ADP, AMP and pyrophosphate; the fluorescence was

monitored at 470 nm by excitation at 370 nm.

1862 | J. Mater. Chem., 2010, 20, 1858–1867
negative charges, the hydrophobic interaction between the

adenosine group in ATP and the tetraphenylsilole group in 4 may

also contribute to the formation of an aggregation complex.

The enzyme-catalyzed ATP hydrolysis into ADP/AMP is one

of the most important biological reactions. By making use of the

ability of silole 4 to discriminate ATP, ADP and AMP, silole 4

was utilized as a fluorescence probe for in situ and continuous

monitoring of the ATP hydrolysis.26 As displayed in Fig. 7, the

fluorescence intensity of the ensemble of silole 4 and ATP

decreased gradually after addition of calf intestinal alkaline

phosphatase (CIAP), which can catalyze the ATP hydrolysis;

high concentration of CIAP in the ensemble led to a rapid

fluorescence reduction. As for the DNA nucleases silole 4 can

also be utilized for screening the CIAP inhibitors.
5. Acetylcholinesterase activity assay and inhibitor
screening

Acetylcholine is a central neurotransmitter, whose hydrolysis

catalyzed by AChE is a key process for the regulation of the

neuro-response system. It is accepted that Alzheimer’s disease

(AD) is related to a low level of acetylcholine in the brain.27

Accordingly, current rational pharmacological strategies for AD

are mostly based on cholinergic hypothesis. In addition, nerve

gases and some pesticides28,29 are inhibitors of AChE. An effi-

cient assay method for AChE activity will thus be useful for

detecting these nerve gases and pesticides.

A number of methods have been described for AChE activity

assay. These include a colorimetric method based on Ellman’s

reagent, fluorescence approaches and chemiluminescent

probes.30 Colorimetric gold nanoparticles31 and fluorometric

CdS quantum dots32 are also successfully employed for inhibition

studies of AChE. However, drawbacks are found for these assay

methods. Therefore, it is still highly desirable to develop conve-

nient, fast, and continuous analytical methods for AChE activity

assay and inhibitor screening.

We have recently reported a new, convenient, continuous

fluorometric assay method for AChE based on an AIE dye.11

TPE luminogen 6 (Scheme 3) is a sodium salt carrying two

sulfonate (–SO3
�) units, and it is expected that it emits weakly in
This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 Fluorescence spectra of 6 [20 mM in PBS (10 mM) buffer solution,

pH ¼ 8.0] in the presence of different amounts of myristoylcholine (from

0 to 32 mM); inset shows the photographs of the corresponding buffer

solutions of 6 (20 mM) in the absence (A) and presence (B) of

myristoylcholine (32 mM) under UV light (365 nm) illumination.

Fig. 9 Fluorescence spectra of the ensemble of 6 (20 mM in PBS buffer

solution, pH ¼ 8.0) and myristoylcholine (25 mM) in the presence of

AChE (0.5 U mL�1) incubated for different periods; inset shows the

photographs of the corresponding solutions of 6 and myristoylcholine

without (A) and with (B) AChE (0.5 U mL�1) after 15 min incubation

under UV light (365 nm) illumination.
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aqueous solution. Addition of myristoylcholine, an amphiphilic

compound, to the solution of 6 induces emission enhancement as

shown in Fig. 8. Fluorescence confocal microscopic and dynamic

light scattering (DLS) studies reveal the formation of fluorescent

aggregates which are assumed to be supramolecular hetero-

aggregation complexes formed between 6 and myristoylcholine

via electrostatic interactions as illustrated in Scheme 4.

It is known that myristoylcholine can easily be hydrolyzed into

myristic acid and choline in the presence of AChE.33 Addition of

AChE to the ensemble of 6 and myristoylcholine led to fluores-

cence reduction as shown in Fig. 9. This is probably due to the

disassembly of the aggregative complexes of compound 6 and

myristoylcholine formed because of the coulombic repulsive

interaction between 6 and the hydrolysis product of myr-

istoylcholine as schematically shown in Scheme 4. The fluores-

cence variation of the ensemble of 6, myristoylcholine and AChE

is found to be dependent on the concentrations of myr-

istoylcholine and AChE. Based on these fluorescent spectral data

the kinetic parameters, Michaelis constant (Km) and maximum of

initial reaction rate (Vmax) for AChE-catalyzed hydrolysis of

myristoylcholine, were determined to be 24.4 mM and 7.66 mM

min�1, respectively. It should be noted that the Km value
Scheme 4 Illustration of a new fluorometric AChE assay method based

on the AIE feature of TPE luminogen 6.

This journal is ª The Royal Society of Chemistry 2010
determined herein using the AIE-based assay method and myr-

istoylcholine as substrate is close to those reported earlier by

using a microfluidic assay method and Ellman assay in which

acetylthiocholine was chosen as AChE substrate.34

In addition, this AIE-based AChE assay method can also be

utilized for AChE inhibitor screening.11 9-Amino-1,2,3,4-tetra-

hydroacridine (tacrine), a typical inhibitor for AChE,35 is

selected as an example to demonstrate the usefulness of 6 for

AChE inhibitor screening. As expected, the fluorescence reduc-

tion for the ensemble of 6 and myristoylcholine after addition of

AChE becomes small in the presence of tacrine, since tacrine can

inhibit the AChE activity. Using this AIE assay method, the IC50

of tarcine toward AChE is estimated to be 159 nM, being close to

that obtained with commonly used Ellman’s reagent (IC50 ¼
108 nM).34

An alternative fluorescence turn-on assay method for AChE

activity and the inhibitor screening is based on the ensemble of 6

and 8 (Scheme 5).12 This assay is designed on the basis of the
Scheme 5 Illustration of fluorescence turn-on assay method for acetyl-

cholinesterase activity using TPE luminogen 6.

J. Mater. Chem., 2010, 20, 1858–1867 | 1863
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following considerations. 1) Acetylthiocholine iodide (ATC) is

a good substrate of AChE. In other words, ATC can be hydro-

lyzed into thiocholine in the presence of AChE. Michael reaction

of thiocholine with the maleimide group in 8 would lead to the

formation of an amphiphilic compound 9. 2) Such an amphi-

philic compound would induce the molecules of 6 to aggregate

and accordingly the fluorescence of the ensemble would increase

significantly.

The fluorescence of the ensemble of molecules of 6, 8 and ATC

increases gradually after introducing AChE, as shown in Fig. 10.

Moreover, the fluorescence of the ensemble increases more

significantly when the concentration of AChE is high in the

ensemble. Similarly, the ensemble of 6, 8 and ATC can be utilized

for screening the inhibitors of AChE. Addition of neostigmine/

tacrine/donepezil, which are inhibitors of AChE, to the ensemble

of 6, 8 and ATC induces a small fluorescence enhancement after

introducing AChE to the ensemble. Their IC50 values are esti-

mated with this fluorescence turn-on method, which are similar

to those obtained with other assay methods. Therefore, by

making use of the AIE feature of 6 and the cascade reactions

among acetylthiocholine, AChE and 8, another new fluorescence

‘‘turn-on’’ method is developed for AChE assay and inhibitor

screening.
6. Selective detection of specific anions and metal
cations

Cyanide is one of the most toxic anions and harmful to human

health and the environment.36 By making use of the coordination

ability and nucleophilic reactivity of cyanide, a number of

chemical sensors for cyanide have been developed.37 For

instance, Sessler et al. have recently described a selective cyanide

indicator based on the benzyl-cyanide reaction.37a However,

drawbacks exist for these cyanide sensors. These include poor

selectivity, and the fact that the detection of cyanide cannot be

performed in aqueous solution in some cases. Fluorescent probes
Fig. 10 Fluorescence spectra of the ensemble of 6 [20 mM in HEPES (10

mM) buffer solution, pH¼ 7.35], compound 8 (30 mM) and ATC (30 mM)

in the presence of AChE (0.1 U mL�1) incubated at room temperature for

different periods; inset shows the photographs of the corresponding

mixed buffer solution in the absence (A) and presence (B) of AChE (0.1 U

mL�1) after incubation for 15.0 min under UV light (365 nm) illumina-

tion.

1864 | J. Mater. Chem., 2010, 20, 1858–1867
for cyanide are reported,37b,7c but fluorescence turn-on detection

still remains rare.

We have recently developed a fluorescence turn-on sensing

ensemble for cyanide in aqueous solution by making use of the

AIE feature of silole luminogens. The working mechanism for

this cyanide sensor is illustrated in Scheme 6. Briefly, the nucle-

ophilic addition of cyanide to the trifluoroacetylamino group in

10 yields an amphiphilic species37 that would induce the aggre-

gation of silole 4, and as a result the fluorescence of the ensemble

increases greatly. As anticipated, the ensemble of 4 and 10 dis-

played rather weak fluorescence, which is increased gradually

after addition of cyanide, as shown in Fig. 11. The detection limit

of cyanide using with this ensemble was estimated to be 7.74 mM,

which is lower than the concentration of cyanide in the blood of

fire victims. Interference experiments with other anions including

AcO�, Br�, Cl�, F�, H2PO4
�, HSO4

�, N3
� and NO3

� reveal that

the ensemble of 4 and 10 is selective toward cyanide anions over

other common inorganic anions.
Scheme 6 Illustration of the design rationale for the fluorescent cyanide

sensor based on the AIE feature of silole 4.

Fig. 11 Fluorescence spectra of the ensemble of silole 4 (7.5 � 10�5 M)

and compound 10 (4.0 � 10�4 M) in DMSO/H2O (1/75, v/v) in the

presence of different concentrations of sodium cyanide (from 0 to 14 �
10�5 M).

This journal is ª The Royal Society of Chemistry 2010
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Scheme 7 Silole and tetraphenylethylene compounds 11, 12 and 13 for

the detection of CrO4
2�, AsO4

3�, Hg2+ and Ag+.

Fig. 12 Fluorescence spectra of compound 12 (1.34 � 10�4 M in H2O–

CH3CN (2 : 1, v/v) in the presence of increasing amounts of Hg(ClO4)2

(from 0 to 214 mM); inset shows (1) the plot of the fluorescence intensity

(I467nm) vs. the concentration of Hg(ClO4)2; (2) the photographs of the

solution of 12 before and after addition of 1.0 equiv of Hg(ClO4)2 under

UV light illumination (365 nm).

Pu
bl

is
he

d 
on

 2
1 

Ja
nu

ar
y 

20
10

. D
ow

nl
oa

de
d 

by
 H

K
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

on
 2

8/
08

/2
01

7 
09

:2
5:

16
. 

View Article Online
CrO4
2� and AsO4

3� anions are also harmful to environment

and human health. Trogler et al.14 utilized nanoparticles of 11

(Scheme 7) for sensing CrO4
2�/AsO4

3�. The nanoparticles are

formed by injection of water into the THF solution of 11. The

nanoparticles show strong fluorescence due to the AIE feature of

11. The fluorescence of the nanoparticles is gradually quenched

by addition of CrO4
2�/AsO4

3�. Such quenching is ascribed to the

electron transfer from the excited state of 11 to CrO4
2�/AsO4

3�.

As low as 0.1 ppm of CrO4
2� can be detected with the nano-

particles of 11. Common anions such as NO3
�, NO2

�, SO4
2� and

ClO4
� do not interfere with the detection.

Hg2+ and its compounds are severe environmental pollutants

and several diseases are known to be associated with mercury

contamination. Ag+ and its compounds also have adverse bio-

logical effects and there are many reports on silver bio-

accumulation and toxicity. Thus, the development of sensitive

and selective chemosensors for Hg2+ and Ag+ in various media is

of considerable importance for environment protection and

human health. Traditional quantitative approaches to Hg2+ and

Ag+ detection are expensive and time-consuming in practice.38 In

comparison, sensitive and selective optical sensors for Hg2+ and

Ag+ with simple instrumental implementation and easy opera-

tion have received a lot of attention. Up to now, only a few

fluorescence ‘‘turn on’’ chemosensors for Hg2+ and Ag+ have been

described39 as both Hg2+ and Ag+ as heavy transition metal

(HTM) ions are known as fluorescence quenchers.

We have developed fluorescence ‘‘turn on’’ chemosensors for

Ag+ and Hg2+ by making use of the unique AIE feature of the

TPE motif and the selective binding abilities of thymine (with

Hg2+) and adenine (with Ag+).15 The design rationale is illus-

trated in Scheme 8. In brief, 12 and 13 contain two thymine and

adenine units, respectively. The coordination of thymine and

adenine with Hg2+ and Ag+, respectively, would induce the

formation of extended coordination complexes and as a result,

the aggregation of TPE units in 12 and 13 would occur. As shown
Scheme 8 Illustration of the design rationale for the Ag+ and Hg2+

fluorescence turn-on chemosensors based on TPE luminogens containing

thymine (12) and adenine (13) units.

This journal is ª The Royal Society of Chemistry 2010
in Fig. 12, addition of Hg(ClO4)2 to the solution of 12 leads to the

emergence of the emission around 467 nm and its intensity is

increased linearly with the concentration of Hg2+ in the range of

0–125 mM. Hg2+ with concentration as low as 0.37 mM can be

detected with 12. Other metal ions including Ba2+, Ca2+, Cd2+,

Co2+, Cu2+, Fe3+, Fe2+, Mg2+, Mn2+, Ni2+, Pb2+, Zn2+, Ag+, Cs+

and K+ exert no interference with the detection of Hg2+ with 12.

Similar results are obtained when 13 is used to detect Ag+. In this

case, however, Hg2+ interferes slightly with the detection of Ag+

by 13.
Detection of volatile and explosive organic compounds

There are several reports about the application of AIE-active

silole and TPE luminogens in the detection of volatile organic

compounds (VOCs) and explosives. We have found that 14

(Scheme 9) can be used for VOC detection.40 A deposit of 14 on

a thin-layer chromatography (TLC) plate is strongly emissive,

but the light emission is turned off after exposure of the TLC

plate to chloroform vapor. The emission can be recovered after

the vapor is removed. Such fluorescence switching can be

attributed to the liquid formation of the solvent on the TLC plate

and as a result the thin layer coating of 14 on the TLC plate is

dissolved, leading to fluorescence quenching. Similar fluores-

cence variation for 14 is observed for other VOCs such as

acetone, dichloromethane, acetonitrile and THF.

Silole and TPE luminogens have also been explored as che-

mosensors for explosives such as 2,4-dinitrotoluene (DNT),

2,4,6-trinitrotoluene (TNT) and picric acid (PA). We have

recently reported the synthesis of polymers 15 containing TPE
Scheme 9 AIE luminogen 14 and polymer 15 containing TPE units for

the detections of VOCs and explosives.
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units (Scheme 9) and their applications in detection of PA.41 The

polymers are still AIE active: they are non-fluorescent in solution

but become strongly emissive after aggregation. The strong

fluorescence of the nanoaggregates of 15 can be quenched by

addition of PA. Both energy transfer and super-quenching have

contributed to the fluorescence reduction after addition of PA.

Moreover, a prototype device for the detection of explosives has

been demonstrated based on thin films of 15. Apart from the

TPE luminogens, silole and its oligomers have also been inves-

tigated for detection of explosives.42
Conclusion and perspective

Since the discovery of the AIE phenomenon of 1 in 2001,4

extensive research has been devoted to the syntheses of AIE-

active luminogens and exploration of their applications. As

a result, a large number of new AIE luminogens have been

designed and synthesized, and the restriction of intramolecular

rotation has been identified as the main cause for the AIE effect.

The abnormal emissive feature of the AIE luminogens differen-

tiates them from ‘‘conventional’’ luminophores. Many applica-

tion possibilities can be imaged for the AIE systems. Among

them, the utilization of AIE luminogens to fabricate efficient

OLEDs and to develop new bio/chemosensors has already

offered promising results. In this short review, we mainly

summarized the recent progress in the development of AIE-based

bio/chemosensors. These include: 1) detection of charged bio-

macromolecules, 2) nuclease and AChE activity assay as well as

inhibitor screening, 3) selective detection of specific anions and

metal cations, and 4) detection of VOCs and explosives.

Traditional fluorophores experience emission quenching in

concentrated solutions and solid aggregates, and accordingly

fluorescent sensors based on these fluorophores usually suffer

from the following limitations: 1) fluorophores can be used only

at low concentrations, which may reduce their sensitivities and 2)

most of these sensors cannot be used in aqueous solutions as the

fluorophores would aggregate in water, leading to fluorescence

quenching. In sharp contrast, fluorescent sensors based on AIE

molecules can overcome these limitations: 1) the AIE feature

permits the use of concentrated solutions and aggregate

suspensions in the aqueous media for sensing applications, 2) the

solutions of AIE molecules are strongly emissive, sensitive and

photobleaching-resistant, and 3) label-free biosensors can be

established with AIE molecules. These advantages will enable us

to realize fluorescence turn-on detection of biomolecules and on-

site, label-free enzyme assays as well as high-throughout inhib-

itor screening that has important implications for drug discovery.

Apart from silole and TPE derivatives, other AIE-active

molecules such as a lambda-shaped pyridinium salt43 and

a phosphorus compound44 have been also investigated for the

detection of proteins and explosive compounds, chiral recogni-

tion45 and as probes for sugar-protein interaction. Application of

AIE-active starburst triarylamine fluorophores for gas sensing

has also been described.46

It should be noted that the AIE effect is also relevant to

bioluminescence systems. For instance, the steric hindrance

experienced by the chromophore within the native green fluo-

rescent protein (GFP) prevents the cis-trans rotational isomeri-

zation, which confers strong emissive behavior on the protein.47
1866 | J. Mater. Chem., 2010, 20, 1858–1867
Also, aggregation occurs in many biological processes. There-

fore, it may be concluded that application of AIE luminogens as

biosensors is just a beginning and many possibilities await

exploration. Bioimaging with AIE molecules may deserve

particular attention. In these regards, the development of new

AIE luminogens that emit at long wavelengths (e.g. in the near-

infrared region) and new strategies for linking specific recogni-

tion groups to the AIE luminogens should be the key points for

further research in this area.
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