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Grafting of glucosamine hydrochloride moieties to tetraphenyl-

ethylene (TPE) motif furnished a novel cationic water-soluble

tetraphenylethylene derivative (GH-TPE). With aggregation-

induced emission properties, GH-TPE was used for fluorometric

detection to alkaline phosphatase through enzyme-triggered

de-aggregation of the ensemble of GH-TPE and substrate.

In clinical practice, enzymatic reactions are usually used in the

diagnosis of disease. Alkaline phosphatase (ALP, EC 3.1.3.1),

as one of the most commonly assayed enzymes, is capable

of catalyzing hydrolysis of a wide variety of phosphate

compounds and has broad substrate specificity in vitro.1 Several

diseases, such as bone disease,2 liver dysfunction,3 breast and

prostatic cancer,4 and diabetes,5 can be preliminarily diagnosed

in light of an abnormal level of alkaline phosphatase in

serum.6

Among various methods for alkaline phosphatase assays,

fluorescence-based assays have drawn much attention, because

they are high sensitive, convenient, cost-effective, and easy to

scale-up to a high-throughput screening format.7 However,

aggregation-caused fluorescence quenching of traditional dyes

often takes place when dispersed in aqueous media or inter-

acted with biomacromolecules, resulting in drastically negative

effects on efficiencies and sensitivities of biosensors or

bioprobes.8 To overcome this problem, in this work, a novel

cationic water-soluble tetraphenylethylene (TPE) derivative,

GH-TPE, was prepared as a fluorescent probe for alkaline

phosphatase assay based on the aggregation-induced emission

effect.

Recently, molecules with aggregation-induced emission

(AIE) characteristics provide a unique platform for exploiting

novel optical materials 9 and sensors,10 due to their enhanced

emission in aggregate form or solid state.11 Especially, since

Tang’s group reported the facile preparation of TPE-based

luminophors by a one-step reaction in a one-pot procedure,9a

TPE-based AIE active materials have already shown practical

applications in OLEDs,9a chem-sensors,12 and bio-probes.8b,13

For example, TPE motif containing charged groups such as a

sulfonate group or ammonium group was used in the

establishment of a fluorometric assay method for acetyl-

cholinesterase13c or studies of label-free DNA assay systems.13b

To extend the potential applications of the TPE-based AIE

active materials in biomacromolecule detection, we designed a

glucosamine hydrochloride functionalized TPE, considering

introduction of glucosamine hydrochloride moieties into a

fluorescent dye molecule can not only improve its water-

solubility and bio-compatibility, but also provide many positive-

charged ammonium binding sites for the electrostatic interaction

between the dyes and other artificial or natural polyanions.14

The design rationale for the ALP assay is schematically

illustrated in Scheme 1. GH-TPE, possessing two units of

glucosamine hydrochloride, is expected to display a weak

photoluminescence (PL) in aqueous media. According to

previous studies,13c monododecylphosphate, as an amphiphilic

compound, can form a heteroaggregation complex with

positively charged GH-TPEs based on the electrostatic binding

when the concentration of monododecylphosphate is much

lower than its critical micelle concentration.15 As a result, the

fluorescence of the ensemble would increase significantly,

which is induced by the aggregation of GH-TPE. When

treated with ALP, the aggregated complex would disassemble

after loss of phosphate groups, resulting in a significant

emission reduction of the system. Thus, the purpose to use

GH-TPE as a fluorescent probe for alkaline phosphatase

detection would be achieved.

The synthetic route to GH-TPE is shown in Scheme 2.

Propargylation of the known TPE derivative 1
13a afforded

Scheme 1 Illustration of fluorometric assay for alkaline phosphatase

using GH-TPE as a fluorescent probe based on AIE feature.
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propargyl-attached TPE 2 under a basic condition. Cu(I)-

catalyzed ‘‘click’’ ligation16 between 2 and azido-functionalized

glucosamine derivative 314 furnished a sugar-bearing TPE 5

smoothly in 96% yield. Formation of the triazole ring is

confirmed by the chemical shift at 7.93 ppm (single peak) on

the 1H NMR spectrum and two peaks at 122.2 and 144.3 ppm

on the 13C NMR spectrum (Fig. S1 in the ESIw). After

removing all the acetyl groups with MeONa/MeOH and

deprotecting the N-Boc groups in aqueous HCl-THF solution

(4 M), the desired water-soluble GH-TPE was obtained in an

excellent yield (90% in two steps) by a one-pot procedure.

Similarly, a glucopyranosyl-bearing TPE (Glu-TPE) was also

prepared for the control studies. Compared with the 1H NMR

spectrum of protected precursor 5, we can find that the peak

intensities of Boc (d = 1.24 ppm), Ac (d = 2.05 ppm), and

NH-Boc (dN�H = 5.98 ppm) groups in 5 disappear after final

efficient global deprotection and the peak of NH3
+ group

(d = 8.61 ppm) in GH-TPE appears clearly (Fig. S1 in the

ESIw), which confirms the successful preparation of the hydro-

chloride salt.

The protected dye 5 is soluble in common organic solvents

such as acetonitrile, chloroform, and THF, but insoluble in

water. GH-TPE, on the other hand, is soluble in polar solvents

including water, DMF, and DMSO. In dilute aqueous solution,

GH-TPE, as expected, does show a very limited luminescence.

However, when methanol, acetonitrile, THF, or dioxane is

added to its aqueous solution, the emission of GH-TPE in the

mixture still remains as faint as it is in the aqueous solution,

which means these organic solvents can not induce aggregation

of the salt. Similar phenomenon was observed for studies of

TPE derivatives containing other ammonium groups by

Tang’s group and was ascribed possibly to the amphiphilic

nature of those TPE derivatives.13b Further investigation

demonstrated that GH-TPE in the DCM/DMSO mixture with

high DCM fractions was highly emissive, implying that GH-TPE

is AIE-active (Fig. S2 in the ESIw).
With GH-TPE in hand, the investigation into electrostatic

interactions between sodium dodecyl sulfonate (SDS) and

TPE salt was first performed as model studies for GH-TPE/

monododecylphosphate interactions, due to the similar chemical

structure and amphiphilic property for SDS and mono-

dodecylphosphate. In dilute aqueous solution, GH-TPE is

non-luminescent to the aforementioned. After treatment with

SDS, the aqueous mixture is highly emmissive, due to formation

of the GH-TPE/SDS ensemble. From the free state in aqueous

solution to the aggregating state with SDS, the fluorescence

intensity of GH-TPE at 469 nm increased by 9 fold (Fig. S3

in the ESIw). The non-emissive nature of free state and

emissive nature of the aggregates were clearly indicated in the

photographs given in Fig. S3 (ESIw), respectively.
Heteroaggregate complexation of the water-soluble

GH-TPE with monododecylphosphate was studied by spectro-

metric titrations in aqueous phosphate buffer solution (PBS,

10 mM, pH = 8.0) at 25 1C. With addition of the mono-

dodecylphosphate [the concentration of monododecylphosphate

(0–30 mM) is much lower than its critical micelle concentration,

nearly 2.0 mM], the fluorescence intensity of GH-TPE gradually

increased by 11 fold (Fig. 1). Meanwhile, a red shift as large as

90 nm (from 377 nm to 467 nm) of its emission maximum was

observed. The absorption band around 312 nm also red-

shifted by 16 nm in the presence of monododecylphosphate

(30 mM) as shown in Fig. S4 (ESIw). These results are in

agreement with the formation of the heteroaggregate complex.

Photographs of GH-TPE and the ensemble GH-TPE/

monododecylphosphate in PBS taken under illumination of

a UV lamp are displayed in Fig. 1. To prove the NH3
+ group

of glucosamine is critical for the fluorescence change caused by

the electrostatic interaction, Glu-TPE was also treated identically

with monododecylphosphate (30 mM) and no significant

fluorescence change was observed (Fig. S5 in the ESIw).
As aforementioned, ALP is able to catalyze the hydrolysis of

monododecylphosphate into dodecyl alcohol and phosphic

acid. Therefore, it is expected that the fluorescence of the

ensemble of GH-TPE/monododecylphosphate would reduce

after addition of ALP, because the interaction between

GH-TPE and monododecylphosphate was weakened after loss

of phosphate group, leading to disassembly of GH-TPE/

monododecylphosphate heteroaggregate complexes and fluore-

scence reduction. Fig. 2 shows the fluorescence spectra of the

ensemble of GH-TPE [20 mM in PBS (10 mM), pH = 8.0] and

Scheme 2 Synthetic route to GH-TPE and Glu-TPE.

Fig. 1 Fluorescence spectra of GH-TPE [20 mM in PBS (10 mM)

buffer solution, pH = 8.0] in the presence of different amounts of

monododecylphosphate (from 0 to 30 mM); the inset displays the

photos of the corresponding buffer solutions of GH-TPE (20 mM) in

the absence (A) and presence (B) of monododecylphosphate (30 mM)

under UV light (365 nm) illumination.
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monododecylphosphate (30 mM) in the presence of ALP

(1.5 U/mL) after a different reaction time. Apparently, the

fluorescence intensity of the ensemble started to decrease

gradually upon treatment with ALP. By prolonging the

hydrolysis time, significant reduction of the fluorescence intensity

was observed. The fluorescence variation of the ensemble

solution and the disassemble solution upon addition of ALP

can be distinguished with the naked eye under UV illumination as

shown in the inset of Fig. 2. Therefore, GH-TPE could be a

potentially useful fluorescent probe for detection of ALP.

In summary, a novel cationic water-soluble tetraphenyl-

ethylene derivative, GH-TPE, was designed and efficiently

synthesized. Grafting of glucosamine hydrochloride moieties

into TPE can not only improve its water-solubility and bio-

compatibility, but also provide positive-charged ammonium

binding sites towards other artificial or natural polyanions

through electrostatic interaction. By taking advantage of the

aggregation-induced enhanced emission feature, a convenient

fluorescence-based assay for alkaline phosphatase has been

developed. Heteroaggregate complexation of the GH-TPE

with monododecylphosphate can ‘‘turn on’’ the photo-

luminescence. After addition of alkaline phosphatase, the

fluorescence gradually reduced through enzyme-triggered

de-aggregation of the ensemble of GH-TPE/monododecyl-

phosphate. These results reveal that GH-TPE possesses

potential applications in biomacromolecule detections and

related inhibitor screening.
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Fig. 2 Fluorescence spectra of the ensemble of GH-TPE [20 mM in

PBS (10 mM), pH = 8.0] and monododecylphosphate (30 mM) in the

presence of ALP (1.5 U/mL) incubated at 25 1C for different periods;

the inset displays the photos of the corresponding solutions of

GH-TPE and monododecylphosphate in the absence (A) and presence

(B) of ALP (1.5 U/mL) after 30 min of incubation at 25 1C under UV

light (365 nm) illumination.
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