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(Abstract: A new visible-light-excitable fluorescence ratio-
metric probe for OCI™ has been developed based on a triphe-
nylamine-diamiomaleonitrile (TAM) moiety. The structure of
the dye was confirmed by single-crystal X-ray analysis. It be-
haves as a highly selective and sensitive probe for OCI~ over
other analytes with a fast response time (~100s). OCI~
reacts with the probe leading to the formation of the corre-
sponding aldehyde in a mixed-aqueous system. The detec-
tion limit of the probe is in the 107®m range. The probe

N

\

(TAM) also exhibits solvatofluorochromism. Changing the
solvent from non-polar to polar, the emission band of TAM
largely red-shifted. Moreover, the probe shows an excellent
performance in real-life application in detecting OCI™ in
human blood cells. The experimentally observed changes in
the structure and electronic properties of the probe after re-
action with OCl~ were studied by DFT and TDDFT computa-
tional calculations.

/

Introduction

Hypochlorous acid is one of the most potent toxic chemicals
in biology." The highly active free acid gets dissociated at the
biological pH as hypochlorite ion.” Unlike most of the other
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), the hypochlorite anion (OCI7) is widely used in our daily
life. Hypochlorite has been extensively used as a bleaching
agent, disinfectant in water purification, cooling-water treat-
ment as well as in the removal of cyanide. Hypochlorite is en-
dogenously produced in the body by peroxidation of chloride
ions catalyzed by myeloperoxidase (MPO)® in neutrophils.
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However, the excessive accumulation of this strong oxidative
OCI™ inside the human body is harmful as it can damage host
tissue, ultimately causing a wide range of diseases, such as
kidney failure, arthritis,”™ cancer,”® cardiovascular disease,”
lung injury,”® renal disease,” etc.

Therefore, the development of an easy and affordable detec-
tion procedure for hypochlorite/OCI™ is of great importance to
understanding the role of OCI™ in immunization and diseases.
In this regard, fluorescence techniques are regarded as a prom-
ising tool for the detection of various analytes. To date,
a number of fluorescence probes has been reported for the se-
lective detection of OCI~.'” Several probes have been demon-
strated to possess a reasonable selectivity of OCI~ over other
ROS, but still they have few limitations which may hamper
their practical applicability, such as low solubility in water, poor
detection limit, and excitation and emission wavelengths in
the UV region. For in-vivo imaging, the excitability of the
probe in the visible or NIR (near infrared) region is most appro-
priate to suppress autofluorescence, photobleaching and pho-
todamage of the biological samples. Therefore, there is a critical
demand to develop probes that can easily be synthesized, pro-
vide a ratiometric response, and have long excitation and
emission wavelengths to facilitate in-vivo imaging.!'”

In continuation of our work on developing new probe mate-
rials"? we herein report the synthesis as well as photophysical
and sensing properties of a Schiff base based on triphenyla-
mine bearing a diaminomaleononitrile moiety. The structure of
the probe was supported by single-crystal X-ray study. The
probe (TAM) exhibits a ratiometric response in its emission pro-
file after interaction with OCI~ and displayed solvatofluoro-
chromism with varying solvent polarity. Density functional
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theory (DFT) and time-dependent DFT (TDDFT) studies have
been performed to understand the sensing mechanism. More-
over, we show that TAM can be used for bio-imaging in
human blood cells.

Results and Discussion
Synthesis of the Probe

The synthetic procedure of TAM is shown in Scheme 1. Com-
pound (E)-4(4-diphenylamino)styrlyl)benzaldehyde was synthe-
sized according to a literature procedure.™ In the final step,
(E)-4(4-diphenylamino)styrlyl)benzaldehyde was refluxed with

Q o fronn . o
@ j“Q

NC
NH,
TAM

Scheme 1. Reagents and conditions: (i) diaminomaleonitrile, EtOH, reflux,
12 h.

diamminomaleononitrile in ethanol. The product (TAM) was
obtained as a yellow powder, which was characterized by
'H NMR, "®C NMR, HRMS (Supporting Information, Figures S5-
S9) and single-crystal X-ray structure.

Crystallographic Studies

A summary of the crystallographic data is given in Table S2 in
the Supporting Information. The compound TAM exists in
trans-trans-cis conformations (Figure 1a) with respect to the
C19=C20 [1.357(7) Al, N2=C27 [1.304(6) A] and C28=C29 bonds
[1.388(7) Al. The dihedral angles between the benzene rings
[C1-C6 (A), C7-C12 (B), C13-C18 (C) and C21-C26 (D)] are
62.1(3)° [A/B], 68.6(3)° [A/C], 74.9(3)° [A/D], 60.2(3)° [B/C],
67.0(3)° [B/D] and 7.9(3)° [C/D]. In the crystal packing, adjacent
molecules are linked via intermolecular ‘head-to-tail’ N5-
H2N5--N3 hydrogen bonds (Table S3, Supporting Information)
into chains propagating in [101] (Figure 1b), forming C(8)
motifs which were stacked along [010] (Figure S12a, Support-
ing Information). These chains (excluding the two terminal
benzene rings) model a sheet-like arrangement of molecules
(Figure S12b, Supporting Information) and were separated by
an interlayer distance of 3.37 A. The crystal structure is further
consolidated by weak C—H--mt (Cgl) interactions (Table S3)
where Cg1 is the centroid of the C1-C6 benzene ring.

Solvatofluorochromic Behavior

The electronic absorption and emission properties of TAM
demonstrate a strong solvent dependence, which can be visu-
ally observed. We have used commonly used organic solvents
like n-hexane, toluene, THF, CH,Cl, and CH;CN to check such
an effect. Fluorescence emission spectra of TAM exhibit a prom-
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Figure 1. (a) The crystal structure of TAM, showing 50% probability displace-
ment ellipsoids for non-H atoms and the atom-numbering scheme. (b) View
showing the C(6) chain motifs running along the [010].

inent solvatofluorochromism (Figure 2a). It was observed that
with changing solvent polarity from n-hexane to CH,CN, TAM
exhibits changes in fluorescence color under UV light illumina-
tion from blue to red (Figure 2b). From non-polar n-hexane to
polar CH;CN the emission peak of TAM largely red-shifted from
492 nm to 682 nm. Such color change may be attributed to
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Figure 2. (a) Solvent-dependent emission spectra of TAM (5 um,

Aex=430 nm); (b) Photos of TAM solution (5 pm) in different solvents under
irradiation with UV light (from left to right: n-hexane, toluene, THF, CH,Cl,
and CH,CN).
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the presence of a D-m-A structure as the photophysical behav-
ior of D-mt-A conjugates depends solely on the solvent polarity.
Thus, this probe can be used as a sensitive probe of solvent
polarity, and the data obtained are listed in Table S1.

Sensing of OCI~
UV/Vis studies

In the absence of any guest analytes TAM (10 um) showed two
absorption bands at 430 nm and 305 nm in its electronic spec-
trum measured in THF/H,O (2:3, v/v, 25°C) solvent. An initial
test titration of the receptor TAM with OCl~ showed an imme-
diate change in color from yellow to colorless which was de-
tectable even by the naked eye (Figure 3a). No abrupt change
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Figure 3. UV/Vis spectra of TAM (10 pum) in THF/H,O (2:3, v/v, pH 7.1) in the
presence of (a) OCI~ (0-5 equivalents) and (b) different analytes (5 equiva-
lents). Inset: visible color change of TAM upon addition of 2 equivalents of
OCI™ in ambient light.

in color was noticed in case of other analytes, such as CI~, Br~,
I-, AcO~, NO;~, H,PO,~, ClO,~, N;~, NO,™, S*~, HSO,~ (as their
sodium salt), H,0, and O, (Figure 3b). These results suggest
that the attack at the target center is caused by OCI™ only. The
UV/Vis study suggests that TAM can selectively detect OCI™ col-
orimetrically even in the presence of other competitive ana-
lytes as stated above. Upon gradual addition of OCI~ solution
(0 to 50 um) into the solution of TAM (10 um, THF/H,0, 2:3,
25°C), a new absorption peak slowly appears at 380 nm and
the peak at 430 nm gradually decreases with an isosbestic
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point at 394 nm. A large blue shift of 100 nm in the absorption
spectrum was observed. An intense color change (from yellow
to colorless) was observed with the emergence of a new band
around at 380 nm in the electronic spectrum, which may be at-
tributed to the formation of a new species.

Fluorescence studies

In the fluorescence spectrum, the free probe TAM (10 pum, THF/
H,O, 2:3, v/v, pH 7.1, ®=0.28) exhibits an emission peak at
630 nm when excited at 430 nm, and no noticeable variations
are observed under the assay conditions, suggesting that TAM
is a stable molecule. Upon introduction of OCI™ into the solu-
tion of TAM, a ratiometric fluorescence change was observed.
The peak at 630 nm gradually decreases and a new peak at
485 nm gradually increases (Figure 4a).
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Figure 4. Emission spectra of TAM (10 um) in (THF/H,0, 2:3, v/v, pH 7.1) in
the presence of (a) OCI~(0-5 equivalents) and (b) different analytes (5 equiva-
lents); =430 nm. Inset: emission color change of TAM upon addition of

2 equivalents of OCI™ after illumination with UV light.

The fluorescence quantum vyield calculated at this stage is
0.86, using fluorescein as a reference (@ =0.97 in basic etha-
nol). A plot of the fluorescent emission ratio (lg;0//455) as a func-
tion of OCI~ concentration (0-26 um) showed a linear relation-
ship with an R* value of 0.9935 (Figure S2, Supporting Informa-
tion).

The detection limit of TAM for OCI™ is determined from the
emission spectral change, using the equation DL=KxSb,/S,
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where K=3, Sb, is the standard deviation of the blank solu-
tion, and S is the slope of the calibration curve.'"” The detec-
tion limit was evaluated to be 7x107®wm, indicating that TAM
has a very good sensitivity for the detection of OCI™.

Next, the sensitivity and the selectivity of the receptor TAM
towards OCI~ were examined by employing different analytes
in aqueous THF solution. TAM shows an strong increase in
emission at 485 nm upon addition of OCI~, whereas no observ-
able change was detected upon addition of other competing
anions, thus establishing the selectivity of TAM towards OCI~
(Figure 4b).

The efficiency of a receptor to determine a particular analyte
in the presence of other analytes is determined by competition
experiments. Here, the interference of other competing anions
was also investigated by competition experiments (Figure S4,
Supporting Information). When TAM was treated with 2.0 equiv
of OCI™ in the presence of other anions at the same concentra-
tion, the detection of OCI~ was not hampered, that is, no inter-
ference for the detection of OCI~ was observed. Hence, TAM
can be used as a selective and sensitive colorimetric as well as
fluorogenic ratiometric probe for OCI™.

In aqueous THF solution, the reaction-based product was hy-
drolyzed and finally the corresponding aldehyde was pro-
duced, whose identity was established by 'H NMR and HRMS
spectroscopic analyses (Figure 5 and Figure S10, Supporting In-
formation). The proposed product (TA) was isolated, and it was
observed that the product was formed simultaneously. The
plausible mechanism of the interaction between TAM and OCI~
is presented in Scheme 2. TAM is first oxidatively attacked by
OCI™ to the imino group, which later may lose the diaminome-
leonitrile unit. This is facilitated by the nucleophilic electron-
donating effect of the lone pair on the N atom through ex-
tended conjugation that follows the nucleophilic attack by
H,O with the elimination of HOCI forming the TA molecule
(Scheme 2).

In the case of chemodosimet-
ric approach, the reaction time
plays an important role; there-
fore, the reaction time required
for the interaction between TAM

NaOCl
and OCl~ was monitored using Q - = Q
similar experimental conditions
after the addition of 2 equiva- @'N @“N
lents of OCI~. As shown in Fig- @ @
ure S1, the fluorescence intensity
increased rapidly with the reac- TAM
tion time and then leveled off in H o

less than 2 min (~100 s). We can
conclude from this experiment
that our probe is suitable for the —
rapid detection of OCI~. A good
linear relationship was observed
between fluorescence intensity
ratio (l4ss/ls30) and reaction time
from 0-100 s (Figure S1).

CN /\
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Figure 5. Partial 'H NMR (500 MHz) spectra of (a) TAM, (b) [TAM + OCI"] and
(c) [TA] in [Dg]DMSO. [TAM] =[TA]=2.5x10"? m; [OCI"]=1.5%x10"" m.

pH study

To examine the pH sensitivity of the probe, we have performed
an acid-base titration experiment. TAM does not undergo any
notable change in the fluorescence profile within the pH range
from 2-10.5. From this observation, we can conclude that the
molecule is stable in this pH range. The fluorescence change
with different pH is depicted in Figure S16. Now from the
above observation we can conclude that TAM can be em-
ployed for the detection of OCI™ in a broad pH range.
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Scheme 2. Possible mechanism of the response of TAM towards hypochlorite (OCI").
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Sensing of OCI™ using TLC plates

Efforts were made to examine the binding of OCI~ with the re-
ceptor TAM in the solid state. In order to investigate a practical
application of this probe, so-called “dip-stick” experiments
were performed. This simple but very important approach pro-

Figure 6. Emission color changes of TAM on a TLC plate in the absence and
presence of OCI~ under irradiation with UV light.

(a)

(b)LUMO

(c)HOMO

Figure 7. Optimized structures, HOMO and LUMO orbitals of TAM calculated
at the DFT level using the B3LYP/6-311G + (d,p) basis set.
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vides instant qualitative information without resorting to in-
strumental analysis. To this end, a TLC plate was dipped into
a solution of TAM (2x107*m) in THF and then dried in air. To
detect OCI~, we then immersed the TLC plate into OCI~ (2%
10~*m) solution, followed again by drying in air to evaporate
the solvent. The color of the TLC plates changed from yellow-
ish green to deep bluish green (Figure 6). Hence, the feasibility
of real-time monitoring of OCI™ in a qualitative manner with-
out any instrumental analysis but visualization through the
naked eye has been demonstrated here.

Computational study

To understand the relationship between the structural changes
of TAM to TAM-OCI~ (TA) on addition of OCI~ and their elec-
tronic spectra, density functional theory (DFT) and time-depen-
dent density functional theory (TDDFT) calculations with the
B3LYP/6-311G+d,p method basis set using the Gaussian 03W,
Revision D.0T program was carried out and visualized using
Gauss view program. The optimized geometry and the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of TAM are shown in Figure 7.

For the TD-DFT calculation, solvent correction was incorpo-
rated by CPCM model and a 1:1 mixture of water and THF was
chosen as the solvent. The calculated absorption spectra show
peaks at 432.90 nm (f=1.0113) and 329.29 nm (f=0.0569) for
TAM, which are due to HOMO-1 to LUMO+2 and HOMO to
LUMO + 2 transitions, respectively. However, for TA, HOMO to
LUMO transition is responsible for the absorption at 389.42 nm
(f=1.0089). The possible interaction between TAM and OCI~
has been investigated using DFT calculation, and each of the
probable intermediate state was optimized; the proposed in-
termediates are listed in Figure 8.

Bioimaging study

TAM is particularly useful for imaging of biological samples
owing to its permeability as well as stability. This fluorescent

i 439.3 kcal/mol

A 151.21 kcal/mol

3 |ntermediate

Figure 8. Reaction mechanism with energy changes calculated at the DFT level using the B3LYP/6-311G +(d,p) basis set.
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probe is easily taken up by the cells without causing any dam-
ages such as lysis or swelling. Figure 9a,b depicts the bioimag-
ing of human peripheral blood mononuclear cells (PBMCs) by
TAM without external addition of OCI™. Here, cells show signifi-

Green channel
(490-550 nm)

Red channel
(620-650 nm)

-0ClI-

+0CI-

Figure 9. Confocal fluorescence images of human PBMCs treated with 10 um
TAM in the absence (a,b) and presence (c,d) 0of20 um NaOCl solution;
Aex =430 nm.

cant red fluorescence with little or no green fluorescence. The
small green autofluorescence may be due to the endogenous
OCI~ present within the cells as a reactive oxygen species. Fig-
ure 9¢,d shows the green fluorescent signals obtained after ad-
dition of OCI™, indicating the interactions between TAM and
ocl.

The average fluorescence intensity has been calculated by
using the Olympus Fluoview FV1000 software, and the result is
provided in Table S4 in the Supporting Information. The green/
red ratio is significantly lower in samples without added OCI~
(0.233) as compared to that with externally added OCI™ (2.983),
thus implicating a shift from red fluorescence to green fluores-
cence. Accordingly, TAM has been shown to be a successful
probe for bioimaging.

Conclusions

In summary, we have demonstrated a novel ratiometric fluores-
cent probe capable of selective detection of hypochlorite in
a mixed aqueous medium. The structure of the probe was con-
firmed by single-crystal X-ray analysis. The reaction mechanism
between the probe and OCI™ has been established by 'H NMR
spectroscopic and mass spectral data. Moreover, this fluores-
cent dye exhibits a solvatofluorochromic effect in different
polar solvents. The spectroscopic studies were further support-
ed by DFT and TDDFT calculations. The detection limit of our
probe is in the 107®m range. The potential of the probe for
practical application was confirmed by employing it for fluores-
cence bioimaging in human blood cells.
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Experimental Section
General

Unless otherwise mentioned, materials were obtained from com-
mercial suppliers and were used without further purification. Thin
layer chromatography (TLC) was carried out using Merck 60 F,,
plates with a thickness of 0.25 mm. Melting points were deter-
mined on a hot-plate melting point apparatus in an open-mouth
capillary and are uncorrected. 'H and "*C NMR spectra were record-
ed on Bruker 500 MHz and 125 MHz instruments, respectively. For
NMR spectra, CDCl; and [Dg]DMSO were used as solvent using TMS
as an internal standard. Chemical shifts are expressed in 0 units
and 'H-"H and 'H-C coupling constants in Hz. Fluorescence spectra
were recorded on a PerkinElmer LS55 spectrophotometer and UV-
vis titration experiments were performed on a JASCO V-630 spec-
trophotometer.

General method of UV/Vis and fluorescence titration

UV/Vis method

For UV/Vis titrations, a stock solution of the receptor (10 um) was
prepared in THF/water (2:3, v/v, at 25°C) using HEPES-buffered so-
lution. The solution of the guest analytes (2x 10 *m) was prepared
in deionized water using HEPES buffer at pH 7.1. Solutions of vari-
ous concentrations containing the probe and increasing concentra-
tions of analytes were prepared separately. The spectra of these
solutions were recorded by means of UV-vis method.

Fluorescence method

For fluorescence titrations, stock solution of the probe (10 um) was
prepared same as UV-vis titration. The solution of the guest ana-
lytes (2x 10~*m) was prepared in deionized water. Solutions of vari-
ous concentrations containing probe and increasing concentra-
tions of analytes were prepared separately. The spectra of these
solutions were recorded by means of fluorescence method.

Synthesis of the probe

(E)-4(4-diphenylamino)styrlyl)benzaldehyde (0.2 g, 0.53 mmol) was
added to a stirred solution of diaminomaleonitrile (0.06 g,
0.53 mmol) in dry ethanol (6 mL). The reaction mixture was re-
fluxed under nitrogen atmosphere for 12 h. The formed brownish-
red precipitates were filtered and washed with cold ethanol
(2 mLx2). The crude residue was purified by column chromatogra-
phy (EtOAc/petroleum ether, 1:9) to afford pure probe as a yellow
solid (0.2 g). Yield=80%; m.p.>300°C (dec); 'HNMR (500 MHz,
CDCly): 6=5.17 (s, 2H), 7.00 (d, J=10 Hz, 1H), 7.06 (t, /=7 Hz, 4H),
7.12 (d, J=10Hz, 4H), 7.20 (d, 10 Hz, 1H), 7.28 (d, J=10 Hz, 5H),
7.40 (d, J=10Hz, 2H), 7.56 (d, J=8 Hz, 1H), 7.79 (d, J=10 Hz, 2H),
8.40 ppm (s, 1H); *C NMR (125 MHz, CDCl,): §=108.9, 112.4, 113.7,
123.2, 123. 5, 124.2, 125.0, 125.7, 126.9, 127.9, 129.5, 129.8, 130.6,
131.1, 133.6, 142.2, 147.5, 148.3, 158.7 ppm; HRMS (ESI, positive):
caled. for C5,H,5Ng [IM]™ (m/2): 465.1953; found: 465.4649.

Computational details

DFT calculations were performed using the Gaussian 03 (Revi-
sion B.04) package."™ “Gauss View” was used for visualization of
molecular orbital. The methods used were Becke’s three parameter
hybrid-exchange functional, the nonlocal correlation provided by
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the Lee, Yang, and Parr expression, and the Vosko, Wilk, and
Nuair 1980 local correlation functional(lll) (B3LYP)."® The 6-311+
G(d,p) basis set was used for calculations. Single-point calculations
were done in the gas phase. Molecular orbitals were analysed
using the AOMix"” program. All the structures were optimized with
B3LYP functional and B3LYP/6-311G+(d,p) basis with no symmetry
constrain. Time-dependent DFT calculations were also carried out
using the same functional. For these calculations, singlet excited
states were calculated based on the singlet ground state geome-
try.

Method of crystallization

TAM (20 mg) was dissolved in CH,Cl,/CH;CN (1/1, v/v) in a conical
flask and it was allowed to stand in a cool place without any per-
turbation. After three days, diffraction-quality red crystals were sep-
arated out and these were collected for X-ray crystallographic anal-
ysis.

Cell biological study

Venous blood (3 mL) was obtained from volunteer donors (age
> 50 years) with their informed consent. Peripheral blood mononu-
clear cells (PBMCs) were isolated by density gradient centrifugation
using histopaque-1077 obtained from SIGMA. PBMCs were washed
and suspended in PBS and divided into two sets. In one set, 20 pm
of NaOCl solution was added as a source of OCI~. TAM samples
were prepared in PBS buffer. Both the PBMCs samples (with and
without OCI™) were separately incubated with 10 um of TAM solu-
tion for 15 min at 37°C. Finally, the cells were observed under
a confocal fluorescence microscope (Olympus IX81 microscope)
using fluorescence emissions at green channel (490-550 nm) and
red channel (620-650 nm), respectively.
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ly detects OCI™ in a ratiometric manner
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