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A long-range emissive mega-Stokes inorganic—
organic hybrid material with peripheral carboxyl
functionality for As(v) recognition and its
application in bioimaging+
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We demonstrate a strategy for the recognition of As>* in aqueous solution using a red-emissive probe
based on a perylene—Cu?* ensemble decorated with peripheral free carboxyl functionality. Single crystal
analysis helped us to understand the chemical structure of the probe. To the best of our knowledge, this
is the first probe for arsenic detection which emits in the red region (Aem = 600 nm). The perylene—Cu?*
ensemble exhibited a mega-Stokes shift (>100 nm) with a high degree of selectivity upon interaction with
As®*, which indicated that the present probe has the potential to be used as a turn-on optical sensor for
selective detection of As®* with fewer experimental limitations. The detection limit was found to be 26
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nM. Inspired by its good emissive properties, the ensemble was further explored for imaging As>* in live
cells. Because of its long-range emissive nature, no autofluorescence from the cellular species was
observed during the imaging process. The probe was evaluated to be non-toxic and successfully permeated
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Introduction

Among the various factors responsible for water pollution,
arsenic contamination is a global concern.” Substantial
efforts are being devoted by scientists and engineers toward
the development of different tools for arsenic detection® and
innovative technologies for its separation and removal.®
Arsenic is a highly toxic metalloid which is ubiquitous in
natural water resources. Leaching of arsenic containing rocks
into the aquifers is mainly responsible for the contamination.”
Due to its high toxicity, arsenic has been classified as a group
1 human carcinogen by the International Agency for Research
on Cancer.'® Arsenic exists in four different oxidation states
(=3, 0, +3, +5) of which the two toxic inorganic forms, namely,
arsenate (+5) and arsenite (+3), are usually found in water."
Prolonged exposure to even low levels of arsenic causes various
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the cell membrane without the help of any permeabilizing agent to image As>*.

cardiovascular disorders such as atherosclerosis, hypertension,
ischemic heart diseases and ventricular arrhythmias.>'*™
The maximum permissible limit of arsenic in drinking water
as recommended by the World Health Organization (WHO) is
10 pg L7116

Many conventional analytical techniques are often used to
sense arsenic, such as atomic fluorescence spectroscopy
(AFS),""""° cathodic stripping voltammetry (CSV) using a
hanging drop mercury electrode,® anodic stripping voltamme-
try (ASV),>'?* hydride generative inductively coupled plasma
atomic emission spectrometry (HG-ICP-AES),*® etc. However,
many of these techniques are not effective from an economical
point of view and involve complex operational procedures
although they offer very low detection limits. In this regard, in
recent times, absorption and fluorescence spectroscopy
methods have been explored for efficient and quick detection
of different forms of arsenic, particularly As** and As®* using
innovatively designed new optical materials.***° Very
recently, metal-organic ensembles have been reported to be
highly promising emissive materials for detection of arsenic
derivatives at very low concentration.>***

As the arsenic pollution causes several health disorders,
fluorescent probes for its detection are gaining much attention
from researchers as these probes can be utilized for optical
imaging of arsenic in biological systems.*®*?*3> Hence, as a
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Scheme 1 The synthetic route for the PTCA-Cu?* complex.

long-standing need in fluorescence microscopy, emissive
probes with long wavelength emission properties are always
desirable due to reduced photon scattering and the possibility
to obtain sharp contrast images.

In addition, emissive probes with a mega-Stokes shift are
more desirable as they substantially reduce experimental limit-
ations including self-absorption, interference from light
sources etc.*>** To our knowledge, the largest emissive small
molecule probe that has been reported so far (Table S1t) for
arsenic imaging emits in the green region (Aem = 552 nm).>®

In this context, As®* recognition using a perylene-Cu**
ensemble decorated with peripheral carboxyl functionality as a
mega-Stokes red-emissive (dey, = 600 nm) probe has been suc-
cessfully achieved. To the best of our knowledge, this is the
first red-emissive small molecule probe for arsenic recognition
to be reported so far. The probe permeates the cell membrane
easily without any permeabilizing agent and images As®*
inside live cells with no background fluorescence issue.

The carboxylic acid functionalized perylene moiety
(H4PTCA) served as a ligand for the stabilization of Cu®" in the
presence of ethylenediamine. The PTCA-Cu”" platform was
synthesized following an easy accessible synthetic method and
fully characterized using various analytical techniques such as
FT-IR, NMR, HRMS and SCXRD (Fig. S1-S57). This integrated
system of Cu”" linked with a carboxyl group decorated perylene
moiety was investigated (Scheme 1) as an optical tool for the
detection of As®* in an aqueous medium in the presence of
several cations and anions. Various spectroscopic techniques
have been employed to evaluate the selective affinity of PTCA-
Cu®" towards As™".

Experimental methods and materials
Materials and instruments

All reagents and solvents were purchased from Alfa Aesar and
Sigma-Aldrich. Freshly prepared standard solutions of tetra-
butylammonium salts of all anions and nitrate salts of
all cations (1 mM) in deionized (DI) H,O buffered with
HEPES (1 mM), pH = 7.2, were used for UV-vis and fluo-
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rescence spectral studies. PerkinElmer Spectrum 2 spectro-
photometer was used to record FT-IR spectra. Jeol-
ECX-500 MHz spectrometer (tetramethylsilane as an internal
standard) was used to record 'H and *C NMR spectra in
D,0-d,. Bruker impact-HD spectrometer (quadrupole-time-of-
flight mass analyser) was used to record HRMS spectra.
SHIMADZU UV-2450 spectrophotometer and Cary Eclipse
spectrophotometer were used to record absorption and fluo-
rescence spectra respectively.

Single-crystal X-ray diffraction studies (SCXRD)

A suitable single crystal of PTCA-Cu®" complex was grown in a
glass tube by slow diffusion method for X-ray diffraction ana-
lysis. The SCXRD data of the complex were recorded using Cu
Ko, A = 1.5406 A at 298(2) K source in Agilent Technologies
X-ray diffractometer system. The SCXRD data revealed that the
PTCA-Cu>" complex crystalized in monoclinic crystals with the
P21/c space group. CrysalisPro’ Software (online version) was
used for data collection and CrysalisPro’ Software (offline
version)*® was used for data reduction. The structure of the
complex was solved using OLEX” software and the full-matrix
least-squares (F”) method in SHELXL-97°"® was used for
structure refinement. All hydrogen atoms were obtained after
refined anisotropically located non-hydrogen atoms. The
detailed complex crystal structure parameters have been given
in Table S2.7

UV-vis and fluorescence titrations

UV-vis and fluorescence experiments were performed in H,O
buffered with HEPES (1 mM, pH = 7.2). All fluorescence titra-
tions were performed using a 10 uM complex/ligand solution
and a 1 mM solution of anions/cations. The fluorescence exci-
tation and emission wavelengths were 497 nm and 600 nm
with 5/10 slit widths, respectively. For every titration, 3 mL of a
freshly prepared 10 uM complex/ligand solution was taken in a
3.5 mL quartz cuvette (path length 1 cm), and titrated with the
desired amount of anions/cations. The stock solutions of
complex/ligand and all anions/cations for UV-vis and fluo-
rescence titrations were used in high concentrations to avoid
dilution errors.

DFT calculations

Additionally, the geometries of the ligand (H,PTCA) its copper
complex (PTCA-Cu**) and ensemble with arsenate (PTCA-As>")
were optimized with the help of density functional theory
(DFT) using the B3LYP/6-31G(d,p) basis set*>* for the ligand
and PTCA-As’" system. Similarly, the B3LYP/LANL2DZ basis
set was used for PTCA-Cu”>* with no symmetry constraints
using the Gaussian 09 suite of programs.*' Frequency calcu-
lations at the same level with the same basis set were carried
out to ensure that the geometries correspond to real minima.
Meanwhile, geometry optimization and time dependent-DFT
(TD-DFT) calculations were examined in the gas phase.*?
Gaussview 03 and Chemcraft software were used for visualiza-
tion purposes.*?

This journal is © The Royal Society of Chemistry 2017
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Cell culture

Human hepatocellular carcinoma cells (HepG2) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
10% fetal bovine serum and 1% penicillin-streptomycin. Cells
were maintained in an incubator at 37 °C in a 5% CO,/air
environment.

Cell viability assay

Cell were seeded into 96 well plates (1 x 10* cells per well per
100 pL of culture medium) and grown overnight. Cells were
then treated with the vehicle (DMSO) and increasing concen-
trations of probes: PTCA-Cu®" (0, 1, 5, 10, 25, 50, 75, 100 pM)
in a fresh medium and incubated for 24 h. Cell viability was
measured using MTT (4,5-dimethylthiazol-2-yl-2,5-diphenyl-
tetrazolium bromide) assay following the standard protocol.**
Percent of viability was calculated relative to vehicle treated
cells vs. probe treated cells.

Cellular imaging

HepG2 cells were seeded and cultured in confocal imaging
chamber slides. On confluence, cells were switched to serum
free DMEM with arsenic (5 uM) and incubated for 30 min.
After 30 min, a PTCA-Cu*" probe (5 uM and 10 pM) was added
to the designated wells and incubated for another 30 min.
Finally, cells were washed three times for 5 min each with PBS
buffer. The cells were then stained with DAPI mounting
medium and images were captured using confocal laser scan-
ning microscopy upon excitation at 458 nm and collection of
fluorescence signals at 600 nm.

Synthesis of the ligand (H,PTCA)

A solution of perylene-3,4,9,10-tetracarboxylic dianhydride
(1 g, 2.6 mmol) and KOH (0.85 g, 15.1 mmol) in 150 ml water
was stirred at room temperature for 6 hours until the colour of
the solution changed from yellow to green. The pH (~7.0) of
the resultant solution was adjusted using dilute HCI. The pre-
cipitates thus obtained were filtered, washed with DI water and
dried under vacuum.*** Yield: 80% (650 mg); melting point:
92-96 °C; FT-IR (KBr, v in cm™): 2361, 2181, 2153, 1980, 1746,
1092. 'H NMR (500 MHz, water-d,): 5 8.32 (d, J = 7.6 Hz, 2H),
7.72 (d, J = 7.55 Hz, 2H); >C NMR (water-d,): § 177.02,
137.73, 131.29, 128.43, 127.95, 127.72, 120.86; HRMS: m/z
calculated for C,4H;3Na,05>" [M + H + 2Na]": 475.3331, found
475.3319.

Synthesis of the [PTCA-Cu,(en),(H,0),EtOH] complex

Ethylenediamine (2 mL) was added slowly to a suspension of
H,PTCA (500 mg, 1.16 mmol) and CuNO;-3H,O (140 mg,
0.58 mmol) in H,O (8 mL) and stirred at room temperature for
30 minutes. A clear solution was obtained, which was then
kept under the diffusion of ethanol as a solvent in a glass
tube. Brown colour crystals of the [PTCA-Cu,(en),(H,0),EtOH]
complex were obtained after standing for 6-7 days at room
temperature.*”” Yield: 72% (450 mg). FT-IR (KBr, v in cm™):
3061, 2890, 2771, 2360, 2181, 2157, 1967, 1716, 1589, 1355,
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1091; HRMS: m/z calculated for Cs3,H,;oCu,LiNgO4; " (845.1357),
C3,H,;Cu,LiNaNgO; " (869.1545), C34H45Cu,LiNaNgO,>"
(897.1858).

Results and discussion
Description of the solid state PTCA-Cu®>* complex

Single crystals of the PTCA-Cu®" complex were grown and ana-
lysed to explain the structure and coordination environment of
the copper complex. The structural parameters of the complex
are given in Table S2.f The PTCA-Cu** complex crystalized in
the monoclinic P21/c space group. The ORTEP diagram and
the perspective ball and stick view of the complex are depicted
in Fig. 1 and S5, respectively.f The binuclear Cu**-system
showed a distorted octahedral geometry in which two ethylene-
diamine molecules satisfied the equatorial coordination sites
and the axial sites were coordinated through one water mole-
cule (H,O---Cu) and one carboxylate (C-O---Cu) unit from the
perylene moiety as shown in Fig. 1b and c. Here, ethylene-
diamine plays a key role in the formation of the PTCA-Cu(u)
complex due to its chelation through bidentate donor sites.
Moreover, the strong inter- and intra-molecular H-bonds
between either a coordinated or an uncoordinated carboxylic
group with a water molecule (H,0) and the amine group (NH,)
play a significant role in the formation of the PTCA-Cu>*
complex system. Interestingly, among the four carboxylate
groups of the H,PTCA moiety, only two carboxylate groups
were participating in coordinating two different Cu®>' units
axially whereas the other two carboxylate groups remained in an
uncoordinated form (Fig. S5t). The bond angle [O(1)-Cu-O(2) =
170.79°] as well as bond lengths (O(2)--Cu = 2.41 A and
O(1)--Cu = 2.55 A) between the central copper ions and two
oxygen atoms resemble the ideal octahedral geometries
(Fig. 1b).**>® In the crystal system, the perylene moiety acts as
a bridge between the two Cu®" centres. In the crystal lattice,
both the water molecules (axial sites) were engaged in
H-bonding with the uncoordinated carboxylate oxygen atoms

Fig. 1 (a) ORTEP diagram of the PTCA—Cu?* complex. (b) and (c) The
coordination environment of the central Cu®* ion. (d) Packing capped
stick model view of PTCA—Cu?* along the a axis.
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of different units (Fig. S6-S9f). Apart from the coordination
sites, one uncoordinated water molecule in the crystal lattice
was involved in strong H-bonding with the uncoordinated car-
boxylate group and NH, group of two different neighbouring
units (Fig. S67). In addition, other uncoordinated water mole-
cules were bonded with the ethanol molecule (the nearby
uncoordinated carboxylate) through O---HO (2.70 A), OH---O
(2.77 A) and O--HO (2.80 A) interactions, respectively
(Fig. S9%). Finally, all such H-bonding interactions played an
important role in forming the two-dimensional layered struc-
ture along the g-axis in the solid state (Fig. 1d).

Photophysical studies

The structural analysis revealed that the synthesized PTCA-
Cu*" complex contains uncoordinated carboxylate groups
which can act as an anchoring group while interacting with
other analytes through H-bonding. To check the photophysical
properties of the developed PTCA-Cu** complex in comparison
with PTCA, UV-vis and fluorescence spectroscopy studies were
performed in H,O (buffered with HEPES, 1 mM, pH = 7.2). The
PTCA showed two distinct high energy absorption bands
centred at 447 nm and 471 nm, respectively, and one broad
low energy absorption band centred at 509 nm (Fig. S107).
These bands arose mainly due to strong n-n* and n-n* tran-
sitions, respectively.”” Similar absorption behaviour with a
decrease in absorption intensities was observed in the case of
the PTCA-Cu** complex (Fig. S107). This envisioned the strong
interaction of Cu®>" with PTCA in the ground state. Meanwhile,
the fluorescence behaviour of the PTCA-Cu®>" complex was
investigated under similar conditions. Excitation at 497 nm
resulted in a very weak fluorescence signal (quantum yield (@)
= 0.032) in the red region (600 nm) (Fig. S117) due to photo-
induced electron transfer (PET) from the excited perylene to
Cu*".*® The paramagnetic nature of Cu®>" and electron transfer
(PET) from the excited perylene fluorophore to the strong
electron-withdrawing Cu®** were mainly responsible for the
weak fluorescence of the PTCA-Cu®" system.*™*

To check the optical response of the PTCA-Cu®" complex
toward relevant analytes, both absorption and fluorescence

Normalized absorbance
Normalized intensity

T T T T T T £
350 400 450 500 550 600 650 700 750

Wavelength(nm)

Fig. 2 The absorption and emission spectra of PTCA-Cu?* (10 uM)
upon the addition of As>* (166 pM).
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were recorded under similar conditions (Fig. 2 and Fig. S127).
Interestingly, no significant changes were observed in the
absorption profile upon the addition of various analytes
(166 pM) such as anions (F~, Cl~, Br~, 1", N;~, SO,>7, AcO™,
HCO;~, HSO;™ and CN~; 1 mM) and cations (AI**, Fe*”, Cu®",
Cd2+’ Ni2+, Ag+, Mn”, Zn2+’ Na*, Mg2+’ Hg2+’ C02+, Pb2+’ Cr3+’
and As**; 1 mM) (Fig. S127). But unlike other metal ions, the
addition of the As®* ion (166 uM) to the PTCA-Cu*" solution
enhanced the absorption intensity (10 pM) (Fig. S12a, S137),
which indicated strong interaction of As®* with the PTCA-Cu**
system.

Similarly, the emission profile of the PTCA-Cu®** complex
system remained unaffected upon the addition of other rele-
vant analytes (Fig. S12bt). In contrast, upon the addition of
As®" a remarkable fluorescence enhancement was observed at
different slit widths (lex = 497 nm, ey, = 600 nm) (Fig. S14a-
dt) in the emission profile of the PTCA-Cu** complex system
with a ~900% increase in fluorescence quantum yield
(quantum yield (@) = 0.344) (Fig. S14et). It is worth mention-
ing that the probe also showed similar emissive properties
when excited at 441 and 471 nm (Fig. S15at). However, given
that for biological studies higher wavelength excitation is pre-
ferred to reduce photon absorption, the fluorescence studies
were performed at 497 nm.

The better affinity of As®* towards the PTCA-Cu** complex
system was attributed to the formation of a PTCA-As®" ensem-
ble (Scheme 2) through chelation via intermolecular H-bonds
between hydrogens associated with As species and ionized/
non-ionized carboxyl groups of H,PTCA that led to H-bonded
chelation enhanced fluorescence.? To support this phenom-
enon, the fluorescence behaviour of H,PTCA was examined
in the presence of As®* in similar way, which displayed a
slight enhancement of fluorescence signal with similar
optical properties (dex 497 nm and Ae, 600 nm) and emission
profiles (Fig. S15bf). This experiment clearly revealed the
affinity of H,PTCA towards As". Also, it established that in
the presence of As®*, the PTCA-Cu®** complex undergoes
decomplexation and forms a PTCA-As®* emissive integrated
system.

Furthermore, HRMS analysis was performed to support the
decomplexation mechanism. The HRMS analysis revealed
strong peaks at m/z 845.0566, 869.5054 and 897.5420 which
correspond to PTCA-Cu®’, as shown in Fig. S4. Furthermore,
an As®" solution (such as H,AsO,") was added to the PTCA-
Cu®" complex system and stirred for five minutes.

0 hydrogen ' oxygen arsenate

nnmin hydrogen bonds

Scheme 2 Depiction of bonding in PTCA—As®*.

This journal is © The Royal Society of Chemistry 2017
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The resulting mixture was then subjected to HRMS analysis,
which showed a strong peak at m/z 713.6299, corresponding to
the expected mass of the [PTCA-2(AsH;0,) + 2H'] ensemble.
Moreover, another strong peak at m/z 257.0596 corresponding
to [Cu(en),(CH;CN)(H,0),-2H]" was also observed, which indi-
cated that Cu(un) leaves perylene carboxylate, leading to
decomposition of the complex and formation of a new Cu(u)
complex with ethylenediamine (Fig. S16f). These results
strongly supported our proposed mechanism that the
PTCA-As®" ensemble was developed upon addition of As®>" to the
PTCA-Cu®* system. In order to strengthen the proposed mech-
anism, the binding constants of PTCA-Cu®*" and PTCA-As®
were calculated and found to be 0.377 x 10° M2 and 8.50 x 10°
M2, respectively. The higher binding constant of PTCA-As”*
also demonstrated the disassembly process (Fig. $17-187).%>>3

Next, pH dependent studies have been carried out to inves-
tigate the sensing ability of PTCA-Cu®" towards As”* in a wider
range of pH (Fig. S197). It was observed that pH had a negli-
gible influence on the fluorescence profile of PTCA-Cu** upon
the addition of As®*. The system is stable enough in both
acidic and basic media. This may be attributed to the poly-
protic nature of the As®* oxo-anion that led to different oxyanion
species, H,AsO,” and HAsO,>” in slightly acidic and basic
media, respectively. Both the oxo-anions participated in
H-bonding for the formation of the PTCA-As’* ensemble.>*

Furthermore, the sensitivity and selectivity of the PTCA-
Cu”" complex toward As®* in the presence of various other
anions were studied. The fluorescence profile of PTCA-Cu”*
remained unaffected upon the addition of an excess amount
of different anions except the As®" ion. Hence, these experi-
mental outcomes strongly supported the excellent selectivity of
the PTCA-Cu®" complex toward As®" as compared to other
competitive analytes (Fig. 3).

To check the potential of the system, the limit of detection
was calculated using 3sigma/slope.”® It was found that the
developed system can detect as low as 26 nM As>" (Fig. S207).
Therefore, the PTCA-Cu®>* platform could be strongly rec-
ommended as a potential optical material for trace amount
detection of As®>" through turn-on signalling.**

Given that arsenic contaminated water is a global concern,
we explored the PTCA-Cu®" platform for the detection of the

160

140
120 4

100 4

LCu +Br+HAsO,

80 4
60

40

Emission intensity(a.u)

Fig. 3 Selectivity of PTCA—Cu?* (10 pM) towards As®* (166 pM) in the
presence of an excess amount (332 pM) of different anions (Cl™, F~, Br~,
HSO,~, CN~, NO3~, PO45~, ClO4~ and CH3zCOO™) in H,O buffered with
HEPES (1 mM), pH = 7.2 (1ex 497 nm and A, 600 nm).
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As® ion in real water samples. Groundwater and river water
samples were collected and filtered to remove larger particles
using a 0.2 pM syringe filter. Next, different concentrations of
As® solutions were prepared using real water samples and
examined through fluorescence titrations of the PTCA-Cu®*
ensemble in the presence of the As®" ion in real water samples
(the same method as that described above). As expected,
different concentrations of As®>" ions were efficiently detected
using a PTCA-Cu®" ensemble (Fig. $21-S227).

Theoretical studies

Theoretical investigations have been performed for a better
understanding of the geometry of the H,PTCA ligand and its
complexation mechanism with Cu®>" and As®* in the gas phase.
Geometry optimizations and frontier molecular orbital calcu-
lations were carried out using LANL2DZ for the Cu®* complex
and the 6-31G(d,p) basis set for C, H, 0*>*° of density func-
tional theory using the Gaussian 09 suite of programs.*'
Single-crystal X-ray diffraction studies predicted the solid state
geometry of the Cu®>* complex, which was further optimized in
the gaseous state to confirm whether the geometries corres-
pond to real minima or not. Frequency calculations at the
same level with the same basis set were carried out. The opti-
mized geometry of H,PTCA is shown in Fig. S23.1

The optimized structure strongly suggests the possibility of
hydrogen bonding between the ~-COOH proton and the carbo-
nyl oxygen (O-H distance is 2.26 A). The frontier molecular
orbitals of H,PTCA are depicted in Fig. S24.1 The HOMO and
LUMOs are mainly located on the perylene ring. The HOMO-
LUMO energy gap is 2.77 eV. The current probe is found to
form a 1:2 ligand-metal complex with Cu®" in the presence of
ethylenediamine in the solid state. The same was verified by
mass spectra analysis in the liquid state. To support the data
obtained from crystal data and mass spectral studies, theore-
tical studies have been carried out. From the optimized struc-
ture it is evident that the Cu®" ions coordinate with one of the
carboxyl groups of the ligand (Fig. 4) in the presence of ethylene-
diamine. In addition, Cu®" also interacts with one water
molecule. The optimized structure suggests the possibility of
hydrogen bonding between the NH hydrogen and carbonyl
functionality of the COOH group (O-H distance is 1.63 A).
Moreover, there is a possibility of hydrogen bonding between
the -NH proton and the water molecule oxygen (O-H distance

. 13
gﬁ/‘%

's
!
Fig. 4 Ground state optimized geometry of PTCA—Cu?*.
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is 1.72 A). The frontier molecular orbitals of the PTCA-Cu*"
complex are depicted in Fig. S25.F

The HOMOs are mainly located on the perylene ring and its
intimate neighbours, while the LUMOSs are concentrated on one
of the ethylenediamine-Cu** ensembles of the whole complex.
The HOMO-LUMO energy gap is 0.86 eV. The PTCA is found to
form a 1:2 ligand-metal ensemble with As®" through inter-
molecular hydrogen bonding, while mass spectral studies gave
strong evidence of 1:2 ligand-metal ensemble formation. To
support the data obtained from mass spectral studies, theore-
tical studies have been carried out. From the optimized struc-
ture it is evident that the two As®" ions form an ensemble
through H-bonding with the carboxyl group of the ligand
(Fig. S261). The frontier molecular orbitals of the PTCA-As™
complex are depicted in Fig. S27.f The HOMOs mainly lie on
the perylene ring and its intimate neighbours, while the
LUMOs are concentrated on one of the As®" units of the whole
complex. The HOMO-LUMO gap is 2.01 eV. Additionally,
TD-DFT calculations have been performed to correlate theore-
tical absorption spectra of H,PTCA, PTCA-Cu®" and PTCA-As>"
ensembles with the experimental observations. This analysis
reveals absorption bands at 488.56 nm for H,PTCA, 492.07 nm,
499.84 nm for PTCA-Cu®" and 477.88 nm for the PTCA-As®"
ensemble (Fig. S28, S29 and S307%). These values are in close
proximity to the experimental absorption values.

Imaging of intracellular arsenic with the PTCA-Cu”" probe

The highly selective binding affinities of PTCA-Cu®" towards
arsenic made us interested in determining its suitability for
intracellular arsenic imaging. For this purpose, 5 M arsenic

Fig. 5 Confocal images of HepG2 cells after incubation with PTCA-
Cu?* in the absence and presence of As®*. (a—c) Images with PTCA—
Cu?* without As®*, (d—f) HepG2 cells were incubated with the As®* in
the absence of PTCA-Cu?*, (g—i) cells were pre-treated with As>* and
then incubated with the probe PTCA-Cu?* (5 uM), and (j—-1) cells were
pre-treated with As®* and then incubated with the probe PTCA-Cu?*
(10 pM). The cell nuclei were stained with DAPI. Cell images were
obtained using an excitation wavelength of 458 nm and collection of
the fluorescence at 600 nm. Scale bar = 50 ym.
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pre-treated HepG2 cells were incubated with the PTCA-Cu®*
probe (5 pM and 10 pM) for 30 min. Fig. 5 shows an observ-
able orange fluorescence in the cytoplasm of HepG2 cells. It is
noted that no detectable fluorescence is observed from the
cells when HepG2 cells were incubated with the probe alone
without arsenic treatment under the same imaging conditions.

These data clearly revealed that the PTCA-Cu®" was highly
permeable to cells and the fluorescence intensity of the probe
was reflected in the levels of cellular arsenic present in the
cytoplasm.

Most important, the data illustrated in Fig. S317 reveal that
the cell viability remains more than 99% post 24 h even at a
probe concentration of 20 pM (4 times higher than the concen-
tration used for cellular imaging), implying that PTCA-Cu*" is
totally safe and non-toxic up to 20 pM. These results suggest
that PTCA-Cu”" can be used as a selective endogenous cellular
arsenic sensor.

Conclusions

To conclude, an organic-inorganic hybrid system based on the
perylene-Cu®** complex bearing free carboxyl functionality as a
mega-Stokes optical probe has been explored for the recognition
of As®" in aqueous solution. To our knowledge, this the first
red-emissive small molecule optical material for arsenic recog-
nition with detection limits at the nanomolar level. It is worth
mentioning that the probe is water soluble and responds well
with good optical signals in aqueous solution. In addition, the
background fluorescence issue was not a concern as the probe
is almost non-fluorescent in nature. Because of its encouraging
emissive properties, the ensemble was further explored for fluo-
rescence imaging of As®" inside live cells. The probe was found
to be cell permeable and successfully imaged As®" inside cellu-
lar milieu without any background fluorescence issue. Owing to
the long range emissive nature of the perylene-As>" complex, no
autofluorescence was observed from the cellular species during
intracellular imaging of As®". Also, the non-toxic nature of the
present probe ensures its potential to be used for biological
applications.
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