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An aggregation-induced emission (AIE) active probe (L)
displayed TURN-ON fluorescence response toward AI** in
physiological condition and in HeLa cells. The L-AI**
ensemble could subsequently facilitate tracking of interaction
with DNA in solution.

Aluminium is the third most abundant metal in the earth’s crust and is
widely acknowledged as a neurotoxic agent. Aluminium-associated
toxicity has been implicated in impairment of the central nervous
system and neurodegenerative diseases such as Alzheimer’s.”™ Owing
to its significant impact on the biosphere and human health,
development of sensors for rapid and sensitive detection of A" has
stimulated great scientific interest amongst chemists at large.
Fluorescence-based systems are considered to be pertinent in the
context of sensing of biological and environmentally relevant metal
ions as they can afford rapid, convenient and sensitive detection of
target analytes. *™*°
TURN-ON
mechanism of sensing has been largely attributed to internal charge
transfer (ICT),
induced electron transfer (PET) or fluorescent resonance energy

In the domain of aluminium sensing, fluorescence
chemosensors have been described, wherein the

chelation-enhanced fluorescence (CHEF), photo-
transfer (FRET). ™® In recent years, fluorescent probes that display
aggregation-induced emission (AIE) have come to limelight. These
probes display a weak emission in dilute solution, which is
subsequently enhanced manifold as a consequence of aggregation of
the fluorophore species driven by probe-target interaction in solution
or solid state and thus AIE active probes are perceived to be attractive
candidates for robust and quantitative sensing of various target
analytes. ™ It is also conceivable that the emission of an AIE-based
system is likely to be responsive to an additional competing species
that can modulate the probe-target interaction, thereby enabling the
probe to render dual sensing. Based on this rationale, here in we
describe an AIE- active Schiff base probe L (Scheme 1), which displays
a selective fluorescence TURN-ON response toward AP and

interestingly the subsequent interaction of L-Al ensemble with DNA

This journal is © The Royal Society of Chemistry 2012

could be captured through a systematic fluorescence TURN-OFF
response of the highly emissive ensemble.
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Scheme 1. (a) Molecular structure, (b) ORTEP plot and (c) packing diagram of L.

UV-Vis spectra of L revealed two absorption maxima at 334 nm
(m-1*) and 384 nm (n-m*) in CH;OH/aqueous HEPES buffer (5 mM,
pH 7.3; 9:1, v/v). The selectivity of L was checked with chloride or
nitrate salts of various metal ions which included Na*, K*, Ca*, Mg™,
Cr¥*, Hg™, Cu™, Pb™, zZn*, Fe*', AI¥, Co™, Ni*’, Cd*" and Ag". The
presence of Cu™ could be detected by UV-visible absorbance
spectroscopy (Figure 1A and ESIt, Figure Ss5) with a detection limit of
1.095 nM, (ESIt, Figure S7). Amongst the metals tested, A" and Co™
were also able to induce colorimetric changes (Figure 1A).
Fluorescence spectra of L revealed a weak emission band at 506 nm
on excitation at 400 nm in CH;OH/aqueous HEPES buffer (5 mM, pH
7.3; 9:1, V/v). Interestingly amongst all tested metal ions only AP*
rendered a remarkable TURN-ON fluorescence response with a 31 nm
red shifted new peak emerging at 537 nm along with a manifold
increase in fluorescence intensity (Figure 1B, ESIt, Figure Sg).
Furthermore, naked eye detection of this selective TURN-ON
response of L toward AP* was also feasible under UV light, which
rendered a bright yellowish green fluorescence (Figure 1B INSET).
Interestingly no other metal ions interfered with the TURN-ON
fluorescence response of L in presence of AP (ESIt, Figure S10), which
expands the scope of the sensor for specific detection of A",
Incremental addition of AP ions resulted in a systematic increase in
the emission intensity of L with a gradual red shift in emission maxima
(Figure 1C). Mass spectrum analysis (ESIt, Figure S11) confirmed the
formation of 1:1 L-AP* complex with the generation of molecular ion

peak at m/z=391.2 ([Al+L+H,0+2ClI]"). Detection limit
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Figure 1. (A) UV-Visible spectra of L (10 uM) in presence of different metal ions in mixed solvent. (B) Fluorescence spectra of L in presence of 10 equivalents of various

metal ions. INSET: Visual changes observed for L in absence and in presence of A
AP, Aex= 400 nm. INSET: Emission intensity change at 537 nm with concentration of AP,

3+
|

under UV light. (C) Fluorescence spectra of L (10 uM) with varying concentration of

for AP* was found to be ~2.8 uM (ESIt, Figure S12), which is well
below the permissible level of AP
the USEPA.

Interestingly it was observed that the weakly emissive L in

in drinking water according to

pure methanol became highly emissive when a suspension was
Figure Si13). This
observation suggested that L is an AlE-active compound. It may be

formed in methanol-water mixture (ESIT,
mentioned here that the crystal structure of the compound also
supports the propensity of the ligand to form aggregation via non-
covalent interaction (Scheme 1, ESIt, Figure Si4). Presumably,
metal chelation is involved in the selective turn on fluorescence.
However, fluorescence titration experiment failed to indicate the
1:1 complex formation as the fluorescence intensity increased
linearly up to addition of 30 equivalents of AP" (Figure 1C). Thus it
may be assumed that along with formation of complex, APF" also
helped to form aggregates in the solution when added in excess,

which in turn triggered the AIE activity of L (Scheme 2).
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Scheme 2. Plausible mechanism of complexation and AP induced

aggregation of L.

Initial complexation resulted in the enhanced fluorescence
intensity along with red shift in maxima as the chelation inhibited
the free rotation and increased the delocalization of the ligand.
However, further addition of APF" from 2.0 to 30 equivalents

initiated the aggregation of already formed complex, a

This journal is © The Royal Society of Chemistry 2013

phenomenon which manifested as a dramatic enhancement in
fluorescence intensity due to AIE activation.

Dynamic light scattering (DLS) studies of L in a mixed aqueous
media suggested that the average particle size increased from 333
nm to 1140 nm on changing the AP’ concentration from 1.0
equivalent to 10 equivalents, which also supports the observed
AP*-triggered AIE activity of the compound (Figure 2A). Atomic
force microscope (AFM) and field emission scanning electron
microscope (FESEM) analysis provided additional evidences for
the formation of aggregates of L-Al complex (Figure 2B-2C). It is
significant to mention here that AIE was observable only when the
water fraction in the medium reached the threshold of 80% and
above (Figure 2D, ESIt, Figure S13). Addition of appropriate
amount of EDTA solution restored the native fluorescence of L
when added to the highly fluorescent AP’-treated L, which
substantiated the role of AP in triggering aggregation and that
aggregation was initiated after complex formation (ESIt, Figure
Sis). Detailed theoretical calculations also supported this premise.
Density functional calculation(s) of L, L-AP* complex and L-Cu**
complex were carried out to ascertain the effect of chelation on
spectroscopic signatures. The substantial decrease in the HOMO
to LUMO energy gap on chelation of L with AP* clearly testified
the theoretical basis of the observed red shift in emission maxima
of L when treated with A" (ESI*, Figure S16). A similar decrease in
HOMO to LUMO energy gap in the case of Cu*"
compared to L alone (ESIt, Figure S17) also explains the prominent

complex of L

red shift in UV-visible maxima (ESIt, Figure S5). All the optimized
structures and their energy levels, which are directly influencing
the spectral outcome, are indicated in the supporting information
(ESIt, Figure Sa8, Table S1).
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Figure 2. (A) DLS-based particle size analysis upon addition of 1.0 equivalent
of AP* (green) and 10 equivalent of A®* (red) to L in mixed aqueous media.
(B) AFM image and (C) FESEM image of the aggregates obtained after
addition of AI** (10 equivalent) to L. (D) Visual change observed with increase
in percentage of water (0-100%) to a 10 uM solution of L as seen under UV
light.

The selective sensing property of L towards AI** was encouraging

and it indicated that the ligand could perhaps be exploited as a
fluorescence-based probe for intracellular sensing of AP
However, to pursue this objective it was paramount to initially
verify the cytotoxic effect of L and its AP* complex on cells. To this
end, an MTT assay revealed that the ligand L, AP as well as the L-
AP* complex did not influence the viability of cultured HelLa cells
even at the highest tested concentration of g6 uM (ESI+, Figure
S1g9). Given the non-toxic nature of L and L-AP’ complex,
intracellular detection of AP* was pursued. Fluorescence
microscopic analysis indicated that HeLa cells treated with ligand
L alone did not exhibit any intracellular fluorescence emission
(Figure 3A). Furthermore, retention of the distinctive morphology
of Hela cells treated with the ligand was observed in the bright
field image (Figure 3A), which validated the non-toxic nature of
the ligand established earlier in MTT assay (ESIt, Figure Sig).
Interestingly, when ligand-pretreated HelLa cells were incubated
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Figure 3. (A) Fluorescence microscope images of Hela cells (under blue light)
for (i) cells treated with 5.0 uM of L, (ii) cells pre-treated with 5.0 uM of L
followed by addition of 50 uM AI** solutions. Scale bar for the images is 100
um. (B) Change in emission spectra of L+ AP ensemble with varying
concentration of ctDNA, A = 400 nm. INSET: Changes in the emission
intensity at 537 nm with incremental addition of ctDNA.
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with hydrated AI” salt, a significant TURN-ON fluorescence
emission was manifested (Figure. 3A). This suggested that the
ligand L could translocate across the membrane and render
selective sensing of A" within HelLa cells. Given the neurotoxic
implications of A", this finding is significant and it enhances the
analytical merit of the ligand as a non-invasive probe for
intracellular sensing of AP’. Studies on the interaction between
AP* and DNA hold significant interest as reports suggest that the
potential toxicity of A" may be associated with its DNA binding
property. *** We envisaged that the L-A** ensemble is likely to
interact with DNA, given the high affinity of AP for phosphate
groups and this event could be tracked through the change in the
emissive response of the AIE active probe. Interestingly,
incremental addition of calf-thymus DNA (ctDNA) to the highly
fluorescent L-AP" ensemble solution resulted in a dose-dependent
fluorescence  quenching (Figure 3B), which suggested
disaggregation of L-A** ensemble. It is plausible that given the
high affinity of AP" for phosphate groups present in ctDNA,
interaction of L-AP" ensemble with ctDNA and subsequent
sequestration of A"
the metal chelator EDTA with L-AP* ensemble (ESI, Fig. Si5). This
phenomenon perhaps manifests as disaggregation of the L-AP"

may ensue, analogous to the interaction of

ensemble upon interaction with ctDNA and reduction in AIE
activity of L.

In summary we developed a new AlE-active fluorophore that
selectively exhibited a TURN-ON fluorescence response towards
AP" in solution and rendered non-invasive detection of AP" in live
HeLa cells. The assimilation of facile AP sensing and subsequent
tracking of DNA interaction in a single AlE-active system
significantly enhances the scope of the developed chemosensor to
probe the cellular and molecular basis of AP’ toxicity in future
investigations.
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