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Introduction

Biosensors with high specificity have always been desirable for
accurately detecting biological targets of interest in many
research areas, as well as in manufacturing, forensic, and clinical
settings. Lately, aptamers have emerged as intriguing recogni-
tion moieties in the preparation of target-specific biosensors.
Aptamers are single-stranded DNA or RNA oligonucleotides
selected from large oligonucleotide sequence libraries using
an in vitro technique known as ‘systematic evolution of ligands
by exponential enrichment’ (SELEX).[" As each aptamer
assumes distinct secondary and tertiary conformations, they
possess high binding affinity and specificity to a wide variety
of ligands, including metal ions,”! small molecules, ™
peptides,”'% proteins,!''"'*! and even microorganisms.!'* !
Compared with monoclonal antibodies, aptamers offer similar
binding profiles with many additional advantages such as
inexpensive synthesis, better chemical and thermal stability,
reusability, improved tissue penetration, and low immunoge-
nicity."' 7 Indeed, quite a few aptamer-based fluorescent sensors
have been described.!®!'%!'8 2! However, these sensors gener-
ally incorporate conventional dyes that are vulnerable to fluo-
rescence quenching when they form aggregates at overly high
concentration. This phenomenon, known as ‘aggregation-
caused quenching’ (ACQ), is a notorious issue that restricts the
usefulness of conventional dyes in biomolecular applications.
The opposite phenomenon, coined ‘aggregation-induced
emission’ (AIE), has been found in some propeller-shaped
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molecules.”” From a structural perspective, these AIE-active
molecules have a stator moiety attached to several aromatic
rotors. When AIE-active dyes are well solubilised, the rotors can
rotate freely, thus rendering the whole molecule non-emissive
by dissipating the energy via non-radiative pathways. Aggregate
formation greatly restricts the rotors” motion, and the energy in
excess is emitted as fluorescence. In recent years, aptamer-based
fluorescent sensors that incorporate AlE-active dyes have
been developed for targeting mercury ions,””*! adenosine,**!
interfcron-y,[25 T nucleolin,® messenger RNA,? cancer
cells,[zs’z(’] and food toxins.?3?! Although some of these
examples covalently anchored the dye to the selected aptamer
chain,?>?72% others made use of the ‘label-free’ strategy,
non-covalently attaching the dye via electrostatic force or
embedding it into nanoparticles.!?*->+26:28:30-32]

We report herein a simple strategy to detect proteins with
specificity by using a cationic AIEgen with the assistance of an
aptamer. We demonstrate our methodology in two aptamer—
protein pairs and we also investigate the working mechanism by
using hybridisation and the corresponding non-charged peptide
nucleic acid (PNA).

Results and Discussion

1-[3-(Trimethylammonio)propyl]-4-[4-(1,2,2-triphenylvinyl)-
styryl]pyridinium bromide (TPE-2+) was synthesised according
to the route shown in Scheme 1. In short, 4-(1,2,2-triphenylvinyl)
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Scheme 1. Synthesis of TPE-2+.

benzaldehyde (TPE-CHO), which was prepared according to a
previously reported method,”*! underwent Knoevenagel con-
densation with the 4-methylpyridium salt 1 to yield TPE-2+.
Compounds 1 and TPE-2+4 were fully characterised by 'H and
13C NMR and high-resolution mass spectrometry (HRMS),
which gave satisfactory analysis results corresponding to their
chemical structures (Experimental section). Owing to its positive
charges, TPE-2+ is poorly soluble in non-polar solvents such as
DCM and THF, but highly soluble in polar solvents such as water,
DMSO, and methanol. Similarly to other TPE-based fluorogens,
TPE-2+ is emissive in the solid state with an absolute quantum
yield of 17 % measured by integrating sphere, demonstrating its
AIE properties. UV-vis and fluorescence measurement revealed
that the maximum absorbance and emission of TPE-2+ were
located at ~400 and 560nm respectively in water (Fig. SI,
Supplementary Material).

As TPE-2+ carries two positive charges, we postulated that
it will interact with negatively charged aptamers via electro-
static interaction. Two model aptamers were chosen for our
study: AL40, a 40-nucleotide aptamer with affinity to lyso-
zyme,** and ATh, a 15-nucleotide aptamer with affinity to
thrombin.[*>! To determine the optimal dye concentration for
sensing, we measured the fluorescence intensity of TPE-2+
with and without the aptamer. Owing to its amphiphilic nature,
the dye at high concentration can aggregate in aqueous solu-
tion, which leads to higher fluorescence (Fig. S2, Supplemen-
tary Material). In the presence of the aptamer, dye fluorescence
increased owing to the formation of a dye—aptamer complex
through electrostatic interaction, which restricted the intramo-
lecular rotation of the dye molecules (Fig. S3, Supplementary
Material). By subtracting the fluorescence intensity of the dye—
aptamer complex from that of the free dye at the same concentra-
tion, we obtained the spectra and fluorescence enhancement on
aptamer interaction. In the presence of AL40 (1 pM), the emission
of TPE-2+4 progressively intensified as its concentration
increased up to 15 uM, then declined at higher concentrations,
implying the binding ratio of dye to AL40 is 15:1 (Fig. 1a, b).
Using the same strategy, the binding ratio of dye to ATh was
estimated to be ~10:1 (Fig. 1c, d). Excess amounts of dye
molecule at higher concentration resulted in a higher background
and thus negative values in the emission spectra of dye—ATh
complex were observed when subtracting the dye-only spectra at
higher dye concentration.

After confirming the optimal dye-to-aptamer molar ratio,
in which we assumed all the dye molecules had bound to
the aptamer, we then used the dye—aptamer complex as an entity
for sensing the corresponding aptamer binding partner. In the
case of the dye-AL40 complex, different concentrations of
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lysozyme were titrated into the solution. The fluorescence of
the dye—AL40 complex decreased with increase of lysozyme
concentration up to 1 uM and then increased when the lysozyme
concentration further increased (Fig. 2a). The lowest intensity
was observed when the protein concentration was the same as
the aptamer concentration (Fig. 2b, where 1 uM indicatesa 1: 1
binding ratio). The same trend was observed in the case of ATh
binding to thrombin (Fig. 2¢, d). These results suggest that when
the aptamer bound to the protein, the dye molecules on the
aptamer were released, resulting in the lower fluorescence
corresponding to the free dye in solution. However, owing to
the amphiphilic nature of the dye, it could interact with large
molecules such as proteins with hydrophobic regions. There-
fore, when the protein concentration further increased, the freed
dye molecules could interact with the free, non-aptamer bound
proteins and generate fluorescence.

The above results demonstrated that the aptamer binding
partner (i.e. protein) could replace the dye molecules when
binding to the target aptamer. We then investigated the selec-
tivity of this displacement process. A variety of proteins of
different sizes were mixed with the dye—aptamer complex
and the resultant fluorescence was then measured (Fig. 3).
Although non-specific proteins such as ubiquitin caused a
certain degree of fluorescence quenching, maximum decrease
of fluorescence was observed in the presence of the correct
binding partner, lysozyme for AL40 and thrombin for ATh.
These results indicate the potential of using the dye—aptamer
complex for selective detection of the aptamer-binding
analytes.

Understanding the binding mechanism of the dye—aptamer
complex is important for us to further optimise the sensing
strategy. First, we investigated the role of charge in the dye—
aptamer binding event. In the presence of 1 M NaCl, the
fluorescence of dye—aptamer complex was reduced to the same
level as dye only, indicating electrostatic interaction is the main
driving force for the dye—aptamer interaction (Fig. 4). Second,
the role of the bases of the aptamer was investigated. To mask
the bases, hybridisation of the aptamer with the respective
complementary oligonucleotide, the anti-aptamer, was con-
ducted. In the case of AL40, the dye fluoresced when complex-
ing with either the aptamer or anti-aptamer (Fig. 5a). However,
when the aptamer was hybridised with the anti-aptamer, dye
fluorescence decreased to the same level as the background dye-
only signal. In the case of ATh, however, both the dye—anti-ATh
complex and hybridisation induced reduction in fluorescence
(Fig. 5b). These results indicate that the base residues of the
nucleotides were also involved in dye binding. Masking the
bases by forming double-helical strands weakened dye binding,
resulting in weaker fluorescence. Furthermore, the dye may
exhibit higher selectivity towards certain bases, such as guanine.
Therefore, it did not favour binding to the anti-ATh strand,
which contains no guanine. Last, to further understand the
interactions between the aptamer and the dye, PNA was used.
PNA is the same as an aptamer except the negatively charged
phosphate backbone is replaced with a neutral peptide back-
bone. TPE-2+4 did not show any fluorescence enhancement
when mixed with either PNA Th or PNA anti-Th, owing to the
absence of negative charges on the backbone (Fig. 6). Hybridi-
sation of ATh with PNA anti-Th also led to a reduction of
dye-ATh fluorescence, similarly to the results obtained from
hybridisation of ATh with anti-ATh. Incubation of PNA Th with
thrombin did not induce any fluorescence change when com-
pared with dye only in the solution. This observation indicated
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Fig. 1. (a) Photoluminescent (PL) spectra of dye—AL40 complex after subtracting the intensity of dye only at different concentrations.
(b) Plot of the fluorescence of dye—AL40 complex versus dye concentration. (c) PL spectra of dye—ATh complex after subtracting the
intensity of dye only at different dye concentrations. (d) Plot of the fluorescence of dye—~ATh complex versus dye concentration. Aptamer

concentration 1 uM; excitation wavelength 400 nm.

the primary role of electrostatic interaction as the driving force
that allowed the dye molecules to approach the aptamer.
The hydrophobicity of the base also played a secondary role
in reinforcing the dye—aptamer interaction.

In summary, we demonstrated a proof of concept of using
aptamers to improve the selectivity of protein detection based
on AlEgens. Our strategy is summarised in Scheme 2. Cationic
AIE fluorogen interacts with the negatively charged aptamer
through electrostatic interaction and becomes fluorescent
owing to the restriction of intramolecular motions of the dye
on the dye—aptamer complex. Specific interaction of aptamer
with its binding partner, e.g. a particular protein, leads to dye
being released from the dye—aptamer complex and subsequent
fluorescence quenching. Hybridisation of the aptamer with
the complementary anti-aptamer or PNA also dissociates the
dye molecules from the aptamer and causes fluorescence
quenching. Further optimisation of the sensing process can
be achieved by immobilising the dye—aptamer complex on a
matrix with analytes in the mobile phase to eliminate non-
specific interactions and reduce the background. Such a plat-
form will find applications not only in protein detection but
also in the detection of DNA, microRNA, metabolites, and
many others.

Experimental
Materials

Aptamers were purchased from Integrated DNA Technologies
and used without further purification. PNAs were purchased
from PANAGENE and used without further purification.
Thrombin, bovine serum albumin (BSA), acetylcholinesterase,
B-lactoglobulin, ubiquitin, and lysozyme were purchased from
Sigma—Aldrich and were used without further purification.
4-Methylpyridine, piperidine, and (3-bromopropyl)trimethyl-
ammonium bromide were purchased from Sigma—Aldrich.
4-(1,2,2-Triphenylvinyl)benzaldehyde was synthesised follow-
ing a previously reported literature method.”**”1 THF was
purified by simple distillation before use. Phosphate buffered
saline (PBS) was prepared using Sigma—Aldrich PBS tablets to
make 0.01 M phosphate buffer. Other chemicals and solvents
were all purchased from Sigma—Aldrich and used as received.
Distilled water was used throughout the experiments.

Aptamer Sequences

Aptamer sequences used in our work are as follows:

AL40:"'1 5" GCA GCT AAG CAG GCG GCT CAC AAA
ACC ATT CGC ATG CGG C 3, melting temperature (7y,)
72.0°C
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Fig. 2. (a) Photoluminescent (PL) spectra of dye—AL40 complex on titration with lysozyme at different concentrations. Dye
concentration 15 uM; AL40 concentration 1 puM; excitation wavelength 400 nm. (b) Plot of fluorescence intensity of dye—AL40 complex
versus lysozyme at different concentrations. Emission wavelength 560 nm. (c) PL Spectra of dye—~ATh complex on titration with thrombin
at different concentrations. Dye concentration 10 uM; ATh concentration 1 uM; excitation wavelength 400 nm. (d) Plot of fluorescence
intensity of dye—~ATh complex versus thrombin at different concentrations. Emission wavelength 560 nm.

ATh:''9 5 GGT TGG TGT GGT TGG 3, T, 50.3°C

Anti-AL40: 5 GCC GCA TGC GAA TGG TTT TGT GAG
CCG CCT GCT TAG CTG C 3/, T,, 72.0°C

Anti-ATh: 5 CCA ACC ACA CCA ACC 3/, T, 50.3°C

PNA Sequences

PNA sequences used in our work are as follows:
PNA Th: 5 GGT TGG TGT GGT TGG 3’
PNA Anti-Th: 5 CCA ACC ACA CCA ACC 3’

Analyte Preparation

Thrombin was dissolved in PBS buffer to yield 1 mM solutions.
These standards were stored at —80 °C in a freezer. Prior to use,
the protein was diluted with PBS buffer to the required con-
centration. Other proteins used were also prepared in the same
way.

Hybridisation Preparation

For hybridisation, a solution of TPE-2+—aptamer complex was
heated to the aptamer’s melting temperature; then, the target
protein or complementary aptamer or PNA was added in.

The solution was cooled to room temperature before fluores-
cence measurement.

Instruments

UV-vis absorption spectra were recorded on a Cary 300 UV-vis
spectrophotometer. Fluorescence emission and excitation
spectra were recorded on a Cary Eclipse fluorescence spectro-
photometer. 'H and '*C NMR spectra were measured on a Bruker
ARX 400 NMR spectrometer using chloroform-d or methanol-d,
as solvents. High-resolution mass spectra were recorded on a
Finnigan MAT TSQ 7000 mass spectrometer system operating in
MALDI-TOF (matrix-assisted laser desorption—ionisation time-
of-flight) mode.

Chemical Synthesis
1-(3-Trimethylammoniopropyl)-4-methylpyridinium
Dibromide (1)

To a solution of 4-methylpyridine (50.0 mmol) in acetonitrile
(60.0 ml) was added (3-bromopropyl)trimethylammonium bro-
mide (10.4 g, 40.0 mmol). The mixture was stirred under reflux
for 24 h. After cooling to room temperature, the mixture was
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and the mixture was stirred under reflux overnight. After cooling to
precipitated in ethyl acetate (200 mL). The solid residue was room temperature, the solvent was evaporated under reduced
filtered and washed with excess ethyl acetate, then dried in a pressure. The residue was purified by column chromatography
vacuum oven. Yield 86 %. oy (400 MHz, methanol-d,) 8.98 using DCM/MeOH (2 : 1) to obtain a yellow solid (0.56 g, isolated
(d, 2H, J 6.8), 7.99 (d, 2H, J 6.4), 4.74 (t, 2H, J 15.6), 3.63 yield 57 %). 6y (400 MHz, methanol-dys) 8.91 (d, 2H, J 6.8), 8.18
(m, 2H), 3.24 (s, 9H), 2.70 (s, 3H), 2.61 (m, 2H). 6 (100 MHz, (d, 2H,J 6.8),7.88 (d, 1H, J 16.0), 7.50 (d, 2H, J 8.4), 7.35 (d, 1H,
methanol-d;) 157.91, 143.12, 128.13, 61.76, 61.73, 61.69,  J 16.4), 7.12-6.99 (m, 17H), 4.68 (t, 2H, J 12.4), 3.61 (t, 2H,
56.30, 52.10, 52.06, 52.02, 24.21, 20.11. m/z (HRMS MALDI-  J 16.8), 3.22 (s, 9H), 2.60 (m, 2H). 6 (100 MHz, methanol-d,)

TOF) 193.1702 [M — HBr — Br ]*; calc. 193.1694. 153.99, 146.06, 143.36, 142.76, 142.67, 142.54, 141.71, 141.08,

139.58, 132.60, 131.12, 130.34, 130.26, 126.91, 126.74, 125.90,

1-[3-(Trimethylammonio)propyl]-4-[4-(1,2,2- 125.79, 123.37, 121.56, 61.78, 55.94, 52.02, 24.14. m/z (HRMS
triphenylvinyl)styryl]pyridinium Bromide (TPE-2+) MALDI-TOF) 537.3263 [M — HBr — Br ] calc. 535.3102.

To a 100-mL round bottom flask was added compound 1 (0.5 g, .
1.4mmol) and 4-(1,2,2-triphenylvinyl)benzaldehyde (1.01 g, Supplementary Material
2.8 mmol). The system was fitted with a reflux condenser, sealed, UV-vis and emission spectra of TPE-2+-, emission spectra of
and charged with nitrogen three times. Anhydrous ethanol (20 mL) dye—aptamer complex without background subtraction, and
and a catalytic amount of piperidine were injected into the vessel, NMR spectra are available on the Journal’s website.
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