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Three aminomethylpyrene-based salicyl-imines, viz. L1, L2 and L3 were synthesized and characterized and their recognition of
biologically relevant M™ ions was studied. These three receptors were shown to be selective and sensitive for AI** among the 13 metal
ions studied in HEPES buffer medium by fluorescence, absorption, and visual emission color change with detection limits of 3.60, 2.13
and 2.16 puM, respectively, by L1, L2 and L3. The interaction of AI** with three receptors (L1, L2 and L3) have been further supported
by absorption studies, and the stoichiometry of the complex formed (1:1) has been established on the basis of emission and ESI-MS.
Competitive ion titrations carried out reveal that the AI** can be detected even in the presence of other metal ions of bio importance. The
structure of the aluminium complexes and their mode of interactions were established by DFT calculations. TDDFT calculations were
performed in order to demonstrate the electronic properties of receptors. Microstructural features of L2 and its AI** complex have been
measured by AFM. Moreover, the utility of the receptors L1, L2 and L3 in showing the aluminium recognition in live cells has also been
demonstrated using Vero cells as monitored by fluorescence imaging. In situ prepared [AIL1] and [AIL3] complexes were found to be
sensitive and selective toward phosphate-bearing ions and molecules and in particular to pyrophosphate (PPi) among the other 15 anions
studied; however, [AIL2] was not sensitive toward any of the anions studied.

Introduction AI** hampers plant performance,'® killing fish, algae, bacteria,
and other species in aquatic ecosystems.'' The WHO
ss recommended the average daily human intake of AI** of around

. . -1
and anions in nature has been a recent area of focus due to their 3-10 mg and weekly tolerable dietary intake as 7 mg kg™ body

. .. . . . weight.12 Therefore, the facile detection of AP* is crucial in
potential applications in environmental detection, molecular ¢ c ) . )
catalysis, medicine and the monitoring of biological processes.'” environmental monitoring and biological assays, and remains a

major requirement. However, compared to other transition metal
so ions, limited examples of fluorescence sensors based on small

molecules for AI** have been reported.'

AI** is also associated with various anions, especially with

phosphates, owing to its strong chelation as well as bridging

capability. Phosphate-based inorganic as well as organic
ss molecules play fundamental roles in a wide range of chemical
and biological processes of human life. Among the phosphates
(Pi), inorganic pyrophosphate (PPi) is a particular interest due to
an essential anion for normal cellular functioning and has
numerous other applications in biology as well as in the
environment.'* In addition, PPi has also been used as an additive

The development of fluorescent sensors for ubiquitous cations

In particular, the development of a fluorescent probe for
aluminum ion in the presence of a variety of other metal ions has
received great attention due to widespread application of
aluminum in modern life.* However, excess aluminum can cause
damage to certain human tissues and cells, resulting in diseases
such as Dementia and Encephalopathy, Alzheimer’s’ and
Parkinson’s diseases® and are believed to be attributed to the
toxicity of AI**. Also, AI’** causes neurofibrillary, enzymatic, and
neurotransmitter changes in the central nervous system.
Aluminum accumulation has been shown to cause cancer of the
lung, breast, and bladder.” Aluminum may also directly affect
iron metabolism by influencing the absorption of iron via the

2

in foods."” The accumulation of the PPi complex of Ca®* in the
fluid of joints is indicative of the disease that is popularly known
as calcium pyrophosphate deposition disease (CPDD).'®
Therefore, the selective detection of PPi has been a major

intestine, hindering iron transport in the serum, and displacing
iron by binding to transferring.® The increase of AI**
concentration in the environment due to acidic rain and human
activities is deadly for growing plants.” High concentration of

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 | 1
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research focus. Although traditional methods of anion sensing
such as the use of ion-selective electrodes have already been
discovered, there is an increasing need to find alternative means
of analysis, including the wuse of selective fluorescent
chemosensors.'” In general, sensing of anions in aqueous system
is much more challenging task than cation due to the strong
hydration effects of anions. Recently, metal ion complexes have
been used as receptors for phosphates, and this emerged as one of
the most successful strategies, since it provides specific metal
ion-anion interactions.'® In this regard, metal ion complexes are
ideal binding sites for PPi recognition rather than hydrogen
bonding interaction in aqueous or organo-aqueous solutions. So,
the utilization of a metal ion complex as a binding site for PPi has
been found to be the most successful strategy because the strong
binding affinity between metal ions and PPi allows the detection
of PPi in 100% aqueous solutions. To date, these studies
frequently have adopted the fluorescent complexes containing a
metal cation (such as AI**) chelator coupled with a variety of
chromophores. '’

In our recent publication, we have demonstrated the selective
detection of anions wusing Cs-symmetry tri-arm 8-
hydroxyquinoline based conjugates bearing metal ion ensemble.”
Therefore, it is of prime interest to develop chelating ligand-
based molecular systems to provide better sensitivity and
selectivity toward ions and molecules. Thus, in present paper, the
synthesis and characterization of imino-phenolic-pyrene
conjugates L1, L2 and L3, and their chemoensembles that
formed upon binding of AP* to L1, L2 and L3, viz., [AIL1],
[AIL2] and [AIL3], have been explored extensively to sense PPi
selectively among common biological phosphates. The selection
of salicyl-OH and imine moieties in the designed chemosensor
are based on the considerations that it can function both as a
fluorescent quencher and as the potential binding unit for metal
ions.?! For a sensor based on the phenolic Schiff base molecular
systems, fluorescence is quenched via owing to the isomerization
of the imine (C=N bond) as well as to the excited-state proton
transfer (ESPT) from salicyl (—OH) to the imine nitrogen in the
excited state. Upon complexation with a suitable metal ion, a
large chelation-enhanced-fluorescence (CHEF) effect is observed.
In the mean time, when a fluorophore contains an electron-
donating group (often an amino group) e.g. L2 conjugating to a
fluorophore, it undergoes ICT from the donor to the fluorophore
upon light excitation. If a cation promotes the electron-donating
character of the electron donor group, the absorption and
s fluorescence spectra  should  be  red-shifted. The
extended—conjugation enhanced the intramolecular charge
transfer (ICT), which is expected to be highly sensitive towards
external perturbations such as metal ion proximity resulting into
optical and spectral changes. So, we expected that the
combination of these two parts donor and binding moieties in
common platform would generate a novel sensor with high
selectivity and sensitivity for aluminium and PPi ions.
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Experimental Section

General Information and Materials. The 'H and “C NMR
spectra were recorded on a Bruker AM-400 spectrometer using
Me,Si as the internal standard. The 'H NMR chemical shift
values are expressed in ppm (J) relative to CHCl; (6 = 7.26 ppm).
Mass spectra were carried out using Water’s QTOF Micro YA
263 mass spectrometer. UV—visible and fluorescence spectra
measurements were performed on a SHIMADZU UV-1800 and a
PerkinElmer LS-55 spectrofluorimeter respectively. DMSO of
analytical grade was purchased from Spectrochem. All other
materials for synthesis were purchased from Aldrich Chemical
Co. and used without further purification. The solutions of anions
were prepared from their tetrabutylammonium salts of analytical
grade, and then subsequently diluted to prepare working
solutions.

Vero cells (very thin endothelial cell) (Vero 76, ATCC No CRL-
1587) were used as models. Vero cells were incubated in PBS
buffer (pH 7.4) containing 10 uM of the probe (L.2) for 20 min at
37 °C, followed by washing the cells with the same buffer to
remove the excess of the probes. At this stage, the fluorescence
microscopy image of Vero cells displayed weak intracellular
fluorescence. However, upon the addition of exogenous AI** into
the cells for 20 min at 37 °C.

The AFM samples of L2, [L2+Al3+] were prepared at 5x10°M
concentration in ethanol. The receptor L2 was initially dissolved
in 100 uL of CHCl; and then made up with ethanol to the desired
concentration. The stock solutions of these were sonicated for 20
mins. Then 50-100 pL of aliquot was taken from this stock
solution to spread over mica sheet using the drop cast method.
The samples were then dried and analyzed by AFM technique.

Preparation of Test solution for UV-vis and fluorescence
study. A stock solution of the probe L1, L2 and L3 (2.0x107° M)
were prepared in DMSO:H,0 (2:1). In titration experiments, each
time a 2 x10° M solution of L1, L2 and L3 were filled in a
quartz optical cell of 1 cm optical path length, and the ion stock
solutions were added into the quartz optical cell gradually by
using a micropipette. Spectral data were recorded at 1 min after
the addition of the ions. In selectivity experiments, the test
samples were prepared by placing appropriate amounts of the
ions (4x 107 M) stock into 2 mL of solution of L (2 x 107> M).

Computational Studies. All geometries for L1, L2, L3 and
[AIL1], [AIL2], [AIL3] were optimized by density functional
theory (DFT) calculations using Gaussian 09 [B3LYP/6-31G(d)]
software package.

10 Synthesis and characterization of L1:

The synthetic route of L1, L2 and L3 is shown in (schemel). An
ethanolic solution (3 mL) of pyrenemethylamine ( 250 mg,1.0
mmol) was added to another ethanolic solution (3 mL) of
salicylaldehyde (122.0 mg, 1.0 mmol). The mixed solution was

105 refluxed for 4 hrs and then cooled to room temperature. A yellow
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precipitate was appeared, filtered, washed with EtOH for several
times and then dried under vacuum. Then we got target product
salicylaldehyde pyrenemethylamine schiff-base (1) which was
dried under vacuum. The conjugate L2 and L3 were synthesized
by adopting the similar procedure.

Upon the addition of AI’* to a solution of L1, L2 and L3
separately in DMSO-water brought changes absorption spectra
with common three absorption bands observed at ~278, ~330 and
~350 nm. When L1 (Figure.1b) and L2 (Figure.la) were titrated
against AI**(0-10 equiv), a significant decrease in the bands at

278, 330 and 350 nm and a new band was observed at ~383 nm in

(a) C case of L2, and its absorbance increases with observation of an
isosbestic point at 372 nm. The band at ~383 nm could be
L ( attributed to the intramolecular charge transfer transition from the
n—/ 5 donating diethylamino group to the imino-phenolic binding zone
which acts as an acceptor during complexation, indicating the

formation of the [AlL2] ensemble. The low energy (LE) band for
13+

EtOH,AcOH (b)
HoN OO‘O Reﬂu: 80
O

T e

Scheme 1. Synthesis of the probe L1, L2 and L3.

L2 at 350 nm was gradually decreases, upon addition of A
ions, which is responsible for the change of colour from yellow to
colourless. This fact can be used for a ‘naked-eye’ detection of
AI** jons.

2

The chemosensors L1, L2 and L3 exhibit very weak emission in
the range 350-500 nm when excited at 330, 351 and 330 nm
respectively. All of the studies were carried out in
DMSO-H,0 (2:1) mixture at pH 7.4 to have an effective HEPES
buffer concentration of 0.4 mM by maintaining the ligand
concentration of 20 uM throughout the experiment and varying
the mole ratio of the added metal ion. Titration of L1 (Figure.2a),
L2 (Figure.2b) and L3 (Figure.S19, 1) with AP* results in the
enhancement of fluorescence intensity as a function of the added
AI** concentration.

Reagents: (a) Salicylaldehyde; (b) 4-N,N-diethyl amino

salicylaldehyde; (c) 1-hydroxy-2-naphthaldehyde. o

%

Results and discussion

15 The chemosensing ensembles were prepared by mixing a 1:2 mol
ratio of chemosensors L1/L2/L3 and AI** in the 1 : 2 v/v HEPES
at pH = 7.4 (referred to hereafter as

2

buffer/ethanol mixture
“aqueous buffer solution), and these are used for all the studies

. . . . a) 910’ 377 nm b) 416 nm =
with anions reported in this paper. oxt0] e 1010, oo - AR
20 Prior to being applied in the fluorescence sensing of anions, the 0 : - ’ A |.
binding interaction of chemosensors L1, L2 and L3 with metal 2 s0x10' {375 —
ions were first studied by UV-vis absorption and fluorescence 75 \ j oeq
spectroscopy. The sensitivity of L1, L2 and L3 toward different i,\/’\
metal ions and their preferential selectivity toward AI** over the = P ——
25 other ions has been studied by fluorescence titrations. R ’ 400 450 500 55
Wavelength (nm) Wavelength (nm)

The absorption spectra of free L1, L2 and L3 in aqueous DMSO
(1:2; v/v) HEPES buffer (pH 7.4) exhibited different bands from
200 to 400 nm and these spectra are typical of a poly aromatic

Figure 2. (a) Fluorescence changes of L1 (2.0 x10° M) in
DMSO-H,0 (2:1; v/v; pH 7.4) upon addition of AI**
(4.0 x10™* M ).The inset shows naked eye color change of L1 and
addition of AI* in DMSO-H,O (2:1, v/v ; pH 7.4). (b)

ss Fluorescence changes of L2 (2.0 x107> M) in DMSO-H,0 (2:1,
v/v ; pH 7.4) upon addition of AI** (4.0 x10™* M ). The inset
shows naked eye color change of L2 and addition of AI’* in
DMSO-H,0 (2:1, v/v ; pH 7.4).

compound, the absorption arises mainly due to m—rt" transitions of

30 the signaling subunit.

15

b
(=3
~
o

=)

3 However, upon the progressive additions of AI** (0-5 equiv.) to

o the solution of L1 distinct fluorescent enhancement with dual

Absorbance
Absorbamce

emission bands centred at 377 and 394 nm were observed and a
third weak band was observed at ~416 nm (Figure. 2a). On the

other hand L2 also showed dual emission bands at 375 and 398
13+

400 450 400

30

o 350
Wavelength (nm) Wavelength(nm)

nm upon similar additions of Al’* along with a strong third

9s emission band at 416 nm was observed (Figure. 2b). As for L3, it
exhibits similar fluorescence responses as good as for L1 during
the interaction with AI** (Figure.S19, ).

Figure 1. (a) UV-vis spectral changes of L2 (2.0 x10° M) in
DMSO-H,0 (2:1, v/v; pH 7.4) upon addition of AI’* (4.0 x10™
M ).The inset shows naked eye color change of L2 and addition
of AI** in DMSO-H,0 (2:1; V/V; pH 7.4). (b) UV-vis spectral
changes of L1 (2.0 x10° M) in DMSO-H,O (2:1, v/v; pH 7.4)
45 upon addition of AI’* (4.0 x107*M ).

4

S

This fluorescence enhancement could be explained by an excited
state intramolecular proton transfer (ESIPT) mechanism, C=N

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 | 3
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isomerization, and chelation enhanced fluorescence (CHEF)
(Scheme 2).

Al3+
03N

LA
MeHO™ T/ .
HO OHp\ R

C=N Isomerization and ESPT allowed

C=N Isomerization and ESPT inhibited NA\

10

Weak Fluorescence Strong Fluorescence

Scheme 2. Schematic presentation of Al**binding mode with L2.

When chemosensors L1, L2 and L3 exists as an unbound form,
they exhibit weak fluorescence owing to the isomerization of the

15 imine (C=N bond) as well as to the excited-state intramolecular
proton transfer (ESIPT) from salicyl =OH to the imine nitrogen.”
In the excited state, which has been well documented in the
literature in the case of Schiff base molecular systems.” By
contrast, upon addition of AI** to chemosensors, a stable

 chelation by AI** to the imine nitrogen and phenolic oxygen
brings rigidity to the conjugates and generating efficient chelation
enhanced fluorescence (CHEF).?* Plot of relative fluorescence
intensity (I/Iy) versus [APF*)/[L] mole ratio suggests the formation
of a 1:1 complex in each case and hence is stoichiometric.

a) ™ D
25 ponmn—E-tE
A 3.0 .’./l—l
el
¢ 254
g Z 20]
= 4 =
] s 15
Z-I. 1.04w
! T T T T v .
’ ! 1 2 3 4 H 1 2 3 4 H s
Al'|/[L2 le rati
[AI"}/[L3] mole ratio [AI")/[L2] mole ratio

Figure 3. (a) Change in fluorescence intensity (A.,= 331 nm)

ratio (FI/FIy) (at 377 nm) vs [AP*]/[L3] mole ratio. (b) Change in

fluorescence intensity (A.,= 351 nm) ratio (FI/FI,) (at 416 nm) vs
35 [AP*V/[L2] mole ratio.

The binding affinities of AI** toward L1, L2 and L3 have been
calculated from the Benesi—Hildebrand equation and found to
have binding constants 2.0 x 10* M, 4.1x 10* M and 1.9 x 10° M
(Figure. S15, S16, S17 respectively and Table S1, 1) respectively.

40 Higher binding constant observed in the case of L2 as compared
to L1 and L3 speaks for the stronger binding of AI** with L2, as
explained on the basis of the tight coordination due to enhanced
intramolecular charge transfer (ICT) from electron donor
diethylamino group to binding zone.

45 In order to check whether L1, L2 and L3 are sensitive to only
Al
out in the presence of other biologically and ecologically relevant

or even to the other ions, competitive titrations were carried

metal ions. In the fluorescence titration, the result found, none of
these metal ions significantly affect the emission intensities of L1
so (Figure. S21, 1), L2 (Figure.3a) and L3 (Figure.4b) upon the
addition of AI**, to have only marginal changes in the emission

intensity, suggesting that none of these ions interfere in the
fluorescence emission of the AI** complex. Therefore, it can be
concluded that L1, L2 and L3 recognizes AI** even in the

ss presence of other metal ions. Fluorescence titrations were carried
out in the same medium for L2 with 12 different metal ions, viz.
Mg2+, Cu2+, Zn2+, Ni2+, C02+, F63+, Ca2+, Hg2+, Cd2+, AU.3+, Mn2+,
Cr*, found no significant fluorescence enhancement except Au**,
Cr’* and Fe* revealed relatively insignificant fluorescence ON

e responses in this region (Figure.4). This might be due to their
paramagnetic properties which promote dissipation of the excited
state energy in a non-radiative process as a result of spin—orbital
coupling.

a)mgg b)suu
~
65 :i a0
q W % m
N @
z = 0
'Em 2w
4] g:sn
[
8w gm
= 2 150
=] =1
- 20 - 100
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o o v Y EEEYF]
pug:nnyunnnﬂw DENE OO0 ZEQ 4
heEa ForE 8 EaS bR R Pd2gdews Eaz
R ey ey Py ey
" 3 i

Figure 4. (a) Competitive graph; green bar: L2 + cations (5

equiv.), red bar: L2 + cations (5 equiv.) + A*3 equiv.).

(b)Competitive graph; black bar: L3 + cations(5 equiv.), red bar:
75 L3 + cations(5 equiv.) + A*G equiv.).

Therefore, L1, L2 and L3 can be used for the selective
recognition of AI** among the 12 different metal ions studied.
Minimum detectable concentrations of L1, L2 and L3 are
3.6 uM, 2.0l pM and 2.16 pM (Figure. S11, S12, S13

so respectively and Table S1, 1) respectively, has been detected by
the fluorescence titrations carried out by keeping the receptor to
AI** mole ratio as 1:1.

To be useful in biological applications, it is necessary for a
fluorescent probe to operate over a suitable range of pH,

ss especially at physiological pH. A series of buffers with pH values
ranging from 1 to 13 was prepared by mixing sodium hydroxide
solution and hydrochloric acid in HEPES buffer.

&)™ : tommer] [P
® L3+pH+AI" 900 ® Lirpu+al’|
600+
- 4
3 . ) . . . . . 8001 o L) . L . . 0
S 5001
< . 700
= 400 =
z & 600
£ 3004 £ 500
90 |= £
= =
= 2004 & 400
=
= 300
1004 =
= = = =2 = § u 200
0
24 s 0ozou . i. -6.5.10.1'2.14
H
P pH

Figure 5. (a)Change in fluorescence intensity (A.,= 331 nm) of
L3 (at 377 nm) with different pH (black dots) and with the

o5 addition of AI** in to it(red dots). (b) Change in fluorescence
intensity (A= 331 nm) of L1 (at 377 nm) with different pH
(black dots) and with the addition of AI** in to it(red dots).
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Thus, we proceeded to investigate the effect of pH on the
fluorescence intensity of the probe L1 (Figure. 5b) in absence or
presence of AI**. The results showed that fluorescence intensity
(Iz77 nm) of L1 showed no apparent changes in the pH range from

5 1.0 to 13.0 no matter with or without Al*, indicating that L1 is
stable and its response towards Al** was also almost invariable in
this pH range .Similar effect of pH was observed in case of L2
(Figure. S18, 1) and L3 (Figure. 5a).

ESI mass spectra obtained for in situ complexes of L1, L2 and
10 L3 with AI** resulted in molecular ion peaks at (m/z) 536.1729
(calc. 536.1713), 563.0363 (calc. 564.2639) and 541.1962
(Calc.541.1964) respectively (Fig. S3, S7,
S10 respectively, T). The mass spectra are assignable to the mass
of [L1+AI+(NO;),+MeOH+H,0]", [L2+Al+(NO;)+MeOH+H,0
i5s +OH]* and [L3+AI+NO;+MeOH+H,0+OH]* supports the
presence of aluminium. Therefore, we suggest that probes L1, L2

and

and L3 coordinates with AI** with 1:1 stoichiometry.

In addition, we investigated the '"H NMR spectra of L2 in the
presence of AI**. The addition reaction of AI** to L2 was

2 confirmed by the comparison of "H NMR spectra of L2 with and
without the addition of Al** in DMSO-d6 (Figure. 6).

. 3+
1.5 equiv. Al || .j“i [

25
AP
i 0.5 equiv. Al | h“] (0| ‘

Phenolic -OH

Imine NH J.| |
7 L20nly ~ it ]

3 Figure 6. '"H NMR chart (400 MHz, DMSO-d; , 0.5 ml) of L2
(10 mg) measured with different equivalent of AI**.

From NMR titration it is found that the peak corresponding to
phenolic-OH proton gets broadened and both the phenolic-OH
and imine-CH at 13.76 ppm and 8.56 ppm respectively get shifted

3s downfield with the gradual addition of AI** ion. This clearly
indicates that AI** is being coordinately bound with both phenolic
oxygen and imine nitrogen atom.

To verify the structural features of the probes L1, L2 and L3,
their aluminium complexes [AIL1], [AIL2], [AIL3] were
w addressed by computational studies.®®* The geometry
optimizations for probes (L1, L2 and L3) (Figure.S28a, S26a,
and S30a, ) and their complexes (Figure.7) were done in a
cascade fashion starting from semiempirical PM2 followed by ab
initio HF to DFT B3LYP by using various basis sets, viz., PM2
s — HF/STO-3G — HF/3-21G — HF/ 6-31G — B3LYP/ 6-
31G(d). For optimization of the complexes, a starting model was

generated by taking the DFT optimized probes (L1, L2 and L3)
and placing the AI** ion well in the core of the pyrene enamine
nitrogen and phenolic (-OH) as donors moieties at a non-

%3
=

interacting distance. The optimized complexes were mainly
formed through the interaction of imine nitrogen and phenolic
oxygen atom of probes (L1, L2 or L3) leads to distorted
geometries by exhibiting coordination bond length in the range
with N;—Al = 1.90 A and O,-Al = 2.10 A (for L1), N,-Al = 1.92
ss A and 0,-Al = 2.14 A (for L2), N;-Al = 1.91A and O;-Al =
2.09 A (for L3), (Figure.S28b, S26b, and S30b, +)

The spatial distributions and orbital energies of HOMO and
LUMO of probes (L1, L2 and L3) and their corresponding
aluminium complexes [AIL1], [AIL2] and [AIL3] were also
determined to explain the change of electronic properties of these
complexes in their ground and excited states. The vertical
transitions calculated by TDDFT (Table S5, S3, S7, f) were
compared with the UV—vis spectra of [AIL1], [AIL2] and [AIL3]
were found to have good agreement with the experimental data.

“3)) )

2

65

70

Figure 7. Energy minimization structure of (a) [AIL2], (b)[AIL3]
and (c) [AIL1].

The TDDFT calculations performed at the B3LYP/6-31G (d)
s0 level of theory revealed the absorption bands in the region of A,
250-400 nm. These study suggest that the vertical transitions
observed at ~344 and ~331 nm, ~372 and ~350 nm, ~330 nm and
~345 are comparable with those from experimental data for
[AIL1], [AIL2] and [AIL3] respectively. In all cases, the highest
ss observed oscillator strengths (F) correspond to the experimental
Amax (at ~351, ~347 and ~331 nm), that results from 7=—n* of the
salicylimine and pyrene fragments of the probes . The n electrons
on the relevant HOMOs and LUMOs of [AIL1], [AIL2] and
[AIL3] complex are essentially distributed in the entire
90 salicylimine and pyrene backbone respectively. By contrast, in
the case of L1, the n electrons on HOMO and HOMO-1 are
primarily resided on the m-conjugated pyrene moiety.
Corresponding molecular orbitals (MOs) of the three complexes
for one electron excitations are shown in (Figure. S29, S27,
os S31,7) Moreover, the HOMO-LUMO energy gaps of
complexes [AIL1], [AIL2] and [AIL3] becomes much smaller

This journal is © The Royal Society of Chemistry [year]
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relative to their probes L1, L2 and L3. The energy gaps between
HOMO and LUMO in the probes and their complexes were
shown in the supplementary information portion (Table S4, S2
and S6, ).

s In order to understand how the microscopic structural features of
the probe L2 changes from its in situ complexes [AIL2], the
atomic force microscopy (AFM) technique was used. L1, L2, and
L3 exhibit very similar recognition properties towards AI**.
Hence it was postulated that the microstructure of a

10 representative sample [AIL2] would provide a reliable indication
of the change in physical properties experienced by L1 and L3

due to interaction with AI**.

Ti423)

(a)

Number of Events
Number of Events

I..ll“lll" |||| ||||I||||II
20 oo 1227

1 000 Heighim)

0
0

Heighi{rm)

Figure 8. AFM micrographs of (a) L2 and (b) [AP¥*=L2]. Few
representative lumps are encircled on (b). RMS roughness
observed in AFM for L2 in the absence (c) and in the presence
(d) of AI** ion.

»s The AFM images of the probes L2 and its complexes show that
the particles were well spread over the mica sheet. The
morphological feature of L2 is quite different from their
respective complexes. While complexes forms large lumps, like
aggregates of size 150 to 240 nm, such aggregation is not present

50 in the probes L2 only. However, the probes L2 is uniformly
distributed over the mica sheet with an average size of 90 to 140
nm. The formation of larger particles in [AIL2] is attributable to
the Al** induced agglomerations of the probes (Figure. 8).

Owing to the strong affinity of AI**

toward the phosphate, the
35 highly switch on fluorescence with large fold enhancement of
A" complexes [AIL1] and [AIL3] have been studied for their
secondary sensing property toward phosphate-based anions.
Therefore, the in-situ prepared aluminium complexes in aqueous
buffer solution have been used as chemo-sensing ensembles for

40 anions.

The recognition behavior of the in situ prepared ensemble AI**
complexes [AIL1] and [AIL3] have been evaluated by carrying
out the fluorescence titrations of [AlL1] and [AIL3] in aqueous
buffer solution at pH 7.4 with different anions, viz., F~, CI7, Br",
s T, NO5, SO, AcO™, HSO,”, H,PO,”, (Pi), P,0,*, (PPi) as
well as nucleotides. Fluorescence of [AIL3] has been quenched
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gradually in the case of inorganic pyrophosphate (PPi), and the
complete quenching was observed at ~10 equivalent owing to its
strong binding nature toward AI**. The fluorescence intensity of
[AIL3] complex was decreases regularly with increasing
concentration of PPi as shown in the inset of (Figure.9a). Unlike
the strong fluorescence decrease observed upon the addition of
PPi, the other phosphate based anions such as Pi showed
moderate fluorescence changes that too at higher mole ratios.
This clearly suggests that the [AIL1] (Figure.S33, 1) and [AIL3]
(Figure. 9b) are sensitive chemo-sensing ensemble for phosphate
based anions, particularly, to the PPi, among the different anions
studied in aqueous buffer solution (Figure. 9b). The selectivity
for PPi over other anions can be attributed to a strong
coordination of AI** to the phosphate unit, which was also
explained by Yoon and Hong.?

=

) s004 ~ 1AIL3] Other anions
500 pi
400 b
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Figure 9. (a) Fluorescence spectral change of [AIL3] in DMSO-
H,0 (2:1,v/v) in HEPES buffer (20 mM, pH 7.4) with the gradual
addition of PPi. Inset shows the fluorescence color change of
[AIL3] with the addition of PPi. (b) Competitive fluorescence
spectra of [AIL3] with different anions in DMSO-H,O (2:1, v/v)
in HEPES buffer (20 mM, pH 7.4)

The visual color changes from blue fluorescent to nonfluorescent
in the presence of PPi that is similar to that of the L3, while all
the other anions show no change in the color (Figure. 9a inset).
The sensitivity of [AIL3] for PPi has been evaluated by
measuring the detectable lowest concentration. The fluorescence
titration carried out between [AIL3] and [PPi] by maintaining a
1:1 ratio resulted in 6.4 uM of PPi as the lowest detectable
concentration in aqueous buffer medium (Figure.S15, ). The
[AIL2], which is contained of one electron donating NEt, moiety
in the phenyl ring as compared to [AIL3], does not show any
significant fluorescence change toward any of these anion;
however, [AlL2] shows small quenching of fluorescence intensity
in the case of almost all the phosphate ions due to electron
donating character of -NEt, group increases electron density in
the binding core. This is attributable to the binding of phosphate
due to interaction between PPi and [AIL3] followed by the
removal of AI** in the form of [Al*PPi], thus releasing the free
L3. Thus the [AIL3] complex acts as a secondary recognition
ensemble toward PPi. Removal of AI** bound to the Schiff’s base

core by the phosphate has been reported in the literature.”’

In general, molecules can undergo changes in the ground or
excited states, in response to modulators which can be guest

s molecules, ions, or light of a certain wavelength. In most cases,

these changes could then be signaled by changes in the emission
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intensity, or wavelength shift. Due to similar sensing behaviours
of L1 and L3, it is safe to assert that the logic functions
characteristic of one of the chemosensors will be faithfully
reproduced by the other. So, the fluorescence result describe
above for L1 by monitoring one output at 377 or 394 nm, we
used our system for the construction of logic gate INHIBIT (INH)
logic functions by using two sets of input signals, while one is

[

AP’* and the other is PPi. Without any chemical input, free
compound L1 did not show any strong emissions at 377 nm. With
respect to inputs, the presence and absence of Al**and PPi are
defined as “‘1’” and “‘0’’, respectively. Additionally, we define
the fluorescence high and low signal as outputs ‘‘1’’ and “‘0”’,

respectively. From the logic gate functions, the emission of L1 is
observed only in the presence of single input, viz., AI** and not
with PPi and Pi as these phosphates are insensitive to L1. This
indicates that L1 is switched on only in the presence of AI’* at

@

377 nm.

1377

Al (1I0).
7/

~ = -I377

5 (PPi

Figure 10. Truth table and symbolisation of a complementary
output INH circuit.

25 Similarly, in the presence of PPi fluorescence emission of [AIL1]
was quenched and no significant output signal was observed.
From these studies, it has been found that L1 can be used as INH
logic gate toward AI’* in the absence of PPi by observing
emission at 377 nm. The two-input AI** and PPi mimics the

30 performance of INH logic gate by observing emission at 377 nm.
The truth table and the pictorial representation for the
corresponding INH logic gate are given in Figure 10.

PPi i L1
L1 C——) [AleL1] [AleLL) f—n ) .
Weak Strong + PPi Aleppi .
Fluorescent Fluorescent
35 3 3 3
Alrf Al Al
</ </ </

7

Pi

\Z7
© PPi ) '

&
€

Figure 11. Fluorescence experiment showing on—off reversible
visual fluorescence color changes of L1 after each addition of
AP** and PPi sequentially.

The reversibility is an important aspect of any receptor to be
4s employed as a chemical sensor for detection of specific metal
ions. Both L1 and L3 showed similar behavior towards PPi, it is
safe to assert that the reusability and reversibility of one of the
chemosensors will be faithfully reproduced by the other.

So, the reusability of the probe L1 for sensing AI** has been
demonstrated by carrying out four alternative cycles of the
titration of L1 with AI** followed by PPi. AI’* shows remarkable
switch-on fluorescence changes through formation of [AIL1], and
further the titration of this fluorescent complex with PPi quenches
the same by removing the AP* from [AIL1] in DMSO-H,0 (2:1,
ss v/v) in HEPES buffer (20 mM, pH 7.4) (Figure.11). The bright
bluish fluorescence is immediately turned off. Titration of [AIL1]
with PPi shows significant switch off fluorescence, and the
fluorescence is regained when AI** is added to result in the switch
on mode. Hence, L1 is a reversible and reusable sensor for AlI**

2

and its complex [AIL1] as a secondary sensor for PPi.

2

To further demonstrate the practical application of the probes, we
carried out experiments in living cells. In vitro studies established
the ability of L2 to detect AI** in biological system with excellent
selectivity. L2 is an obvious choice for cellular imaging study

es due to the presence of the electron donating NEt, moiety which
helps achieve the strongest analyte binding in case of L2 among
the three sensors studied. This is evident from the binding
constants [2x10* (M), 4.1x10* (M), 1.9x10* (M) for L1, L2, L3
respectively].Vero cells (very thin endothelial cell) (Vero 76,

70 ATCC No CRL-1587) were used as models (Experimental
Section). However, objective it is a
prerequisite to assess the cytotoxic effect of probe L2, AI** and
the complex on live cells.

to materialize this

ss Figure 12. Confocal microscopic images of probe (L2) in Vero
76 cells pretreated with AI’* : (a) bright field image of the cells of
controlled set. (b) Only AP* at 1.0 x 10™ M concentration, nuclei
counterstained with DAPI (1 pg mL™" ). (¢) bright field image of
the cells treated with probe L2 (1.0 x 107 M) and AI** (d) Image

o0 scan of probe L2(1.0 x 107 M) and AI’*. All images were
acquired with a 60x objective lens. Scale bar represents 20 um.

The well-established MTT assay (Figure. S32, ), which is based
on mitochondrial dehydrogenase activity of viable cells were

This journal is © The Royal Society of Chemistry [year]
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adopted to study cytotoxicity of above mentioned compounds at
varying concentrations mentioned in method section.
Cytotoxicity measurements for each experiment shows that
probes L2 does not exert any adverse effect on cell viability,
same are the cases when cells were treated with varying
concentrations of Al**. Now, Vero cells were incubated in PBS
buffer (pH 7.4) containing 10 uM of the probe L2 for 20 min at
37 °C, followed by washing the cells with the same buffer to
remove the excess of the probes. At this stage, the fluorescence
microscopy image of Vero cells displayed weak intracellular
fluorescence. However, upon the addition of exogenous AI** into
the cells for 20 min at 37 °C, the cells exhibited highly intense
blue fluorescence (Figure 12d). The control experiments carried
out with AI** solution alone do not show any fluorescence
(Figure 12b). Thus, Vero cells incubated with L2 in the presence
of AI** showed much greater fluorescence emission as compared
to the cells which were not incubated. With this, suggesting that
AP** is responsible for enhancing the fluorescence of L2 in the
cells, as it has also been shown to exhibit fluorescence
enhancement in the solution medium. These results clearly
indicate that the imino—phenolic—pyrene probe L2 is effective
intracellular AI** imaging agents with cell permeability.

Conclusion

The imino-phenolic-pyrene probes of L1, L2 and L3 have been
synthesized and characterized. These were found to be sensitive
and selective receptors for AI** in HEPES buffer medium. Their
selectivity and sensitivity were demonstrated on the basis of
fluorescence, absorption, 'H NMR spectroscopy, ESI mass
spectrometry, and visual fluorescent color changes. L1, L2 and
L3 can detect AI** up to 3.6 uM, 2.13uM, 2.16 uM respectively
by switch-on fluorescence, suggesting its applicability to detect
AP** ions in aqueous HEPES buffer medium. TDDFT calculations
were performed to demonstrate the electronic properties of L1,
L2, L3 and their corresponding aluminium complexes. We have
found significant similarities with the experimental results. In
solution, [AIL2] shows strong fluorescence emission at 416 nm
when excited at 351 nm through exhibition of an intense blue
color fluorescence under UV light. To know the supramolecular
microstructural features of L2 and [AIL2] complex, AFM studies
were carried out in which the discrete shaped particles of L2 was
found aggregated form in the complex. L2 was demonstrated as
potential live-cell fluorescence imaging agents under microscopy
using Vero cells. Weak fluorescent images were observed when
Vero cells were incubated with these probes alone. However,
strong fluorescence was observed in Vero cells in the presence of
AP’*. Hence, these result clearly indicate that the imino-phenolic-
pyrene probe, viz., L2, is effective intracellular AI** imaging
agents with cell permeability. The in situ prepared fluorescent
chemo-ensembles aluminium complexes, viz., [AIL1] and
[AIL3], have been subjected to studies of their secondary sensing
properties toward various anions. Owing to this unique features
of these complexes have been used as a chemo-ensemble sensor
for phosphate based anions in general and PPi in particular
among the twelve different anions. These observed fluorescence
ss responses at appropriate monitoring wavelengths could be used as

&

a output signals to demonstrate in principle a basic INH logic
gate properties using two inputs. These results will be useful for
further molecular design to mimic the function of complex logic
gates.
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