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We present herein a diformyl phenol based probe, 3-({3-[2,3-dihydroxy-propylimino-methyl]-2-hydroxy-
5-methyl-benzylidene}-amino)-propane-1,2-diol  (Hsdpm), as a and
chemosensor for selective detection of Cu®* in aqueous solution under physiological conditions. This
simple system produces a colorimetric change enabling naked eye detection as well as on-off

colorimetric fluorometric
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Accepted 7th February 2017 fluorescence response towards Cu“" in an aqueous medium with a detection limit of 11.2 nM. To further
demonstrate the utility of Hsdpm, we next explored the application of Hsdpm for imaging Cu?* in Vero

DOI: 10.1039/c6ra27017d cells. The attractive imaging properties of the Hsdpm probe will open up avenues for molecular imaging
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1. Introduction

Cu”" is recognized as the third most abundant metal ion after
Fe** and Zn®* and it plays a vital role in several biological
processes such as hemoglobin biosynthesis, bone develop-
ment and nerve function regulation. However, inadequate
as well as excessive uptake of Cu®" in biological systems can
cause disorders associated with neurodegenerative diseases,
such as Alzheimer's disease, Menke's disease and Wilson's
disease.'*** Moreover, in a natural environment, copper is
also considered as a significant pollutant due to its high
toxicity.*>*

Among the powerful tools available for Cu** detection are
atomic absorption spectrometry, quantum dot based assays,
inductively coupled mass spectrometry (ICPMS), inductively
coupled plasma-atomic emission spectrometry (ICP-AES) and
electrochemical techniques.**** However, these methods have
limitations that require sophisticated instrumentation, large
sample amounts and time consuming techniques. On the
contrary, optical sensors, which involve naked-eye detection
and/or fluorescence intensity change, have attracted great
research interest as these provide quick, non-destructive and
selective results.
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Owing to the significant physiological relevance and
associated biomedical implications, development of selective
and sensitive colorimetric and/or fluorogenic chemosensors
for Cu®" in biological and environmental samples has
captured the attention of many research groups. However, the
challenge lies in the development of sensors which are
biocompatible and functional in the physiological environ-
ment. The versatility of a chemosensor depends upon its
working ability in an aqueous environment and at physio-
logical pH, which enables its utilization in in vivo applica-
tions. A considerable number of fluorescence based
chemosensors have been reported for Cu** in the past few
years.**** However, a couple of them possess disadvantages
such as complicated synthetic procedures, unimpressive
detection limit, use of organic solvents and interference from
other associated metal ions.*****¢*®* Most of the techniques
for accurate and selective detection of Cu®>* are based on
chemosensors that undergo a fluorescence intensity
quenching (turn-OFF) in presence of analyte.>>**2

As part of our interest in designing fluorescence sensors for
cations,® we have decided to target the construction of keto-
enol tautomerism based chemosensors because tautomerism
facilitates electron transfer processes responsible for sensing
and their ability to bind the analyte through a specific tautomer
makes them an interesting class of probes. Diformyl phenol
derivatives have been widely used as fluorescence chemo-
sensors on account of their excellent luminescence proper-
ties.®**® To the best of our knowledge, limited work has been
carried out in the development of diformyl phenol based probes
for selective colorimetric sensing of Cu*>* and only two examples
are there that represent quenching based detection of Cu** (ESI
Chart 17).°** Furthermore, involvement of tautomeric equilib-
rium has not been explored till date.

This journal is © The Royal Society of Chemistry 2017
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Bearing these in mind, we have decided to evaluate a new
diformyl phenol based sensing system, Hsdpm, generated by
condensation of 2,6-diformyl-4-methylphenol and 3-amino-1,2-
propanediol. It can be successfully used for nanomolar sensing
of Cu*" in aqueous solution (Tris buffer, pH = 7.4) via a turn-off
fluorescence response. Furthermore, fluorescence imaging
experiments of Cu** in living Vero cells demonstrated its value
of practical application in biological systems.

2. Experimental section

2.1. Materials and physical methods

3-Amino-1,2-propanediol, Zn(OAc),-2H,0, Cu(NO3),-3H,0 and
high-purity Tris-buffer were purchased from Sigma-Aldrich.
Buffer was prepared using triple distilled water. Solvents used
for spectroscopic studies and for the syntheses were purchased
from commercial sources and used as received. Elemental
analyses for C, H and N were performed on a Perkin-Elmer 2400
II analyzer. The FT-IR spectra were recorded from KBr pellets in
the range of 400-4000 cm ™' on a Perkin-Elmer Spectrum 100
spectrometer. 'H and "*C-NMR spectra were recorded with TMS
as internal standard on a Bruker, AV 300 Supercon Digital NMR
system. The ESI-MS were recorded on Qtof Micro YA263 mass
spectrometer. A Systronics digital pH meter (model 335) was
used to measure the pH of the solution, and the adjustment of
PpH was done using either 50 mM HCI or NaOH solution. The
absorption and emission spectra were recorded on a Hitachi
UV-vis U-3501 spectrophotometer and Perkin-Elmer LS55 fluo-
rimeter, respectively.

3. Syntheses and characterisation

3.1. Synthesis of probe 3-({3-[2,3-dihydroxy-propylimino)-
methyl]-2-hydroxy-5-methyl-benzylidene}-amino)-propane-
1,2-diol (Hsdpm)

The synthesis of 4-methyl-2,6-diformylphenol(2-hydroxy-5-
methyl-benzene-1,3-dicarbaldehyde) accomplished by
a method adapted from literature procedure.”” A methanol (15
mL) solution of 4-methyl-2,6-diformylphenol (0.328 g, 2 mmol)
was taken and 3-amino-1,2-propanediol (0.375 g, 4 mmol) in 15
mL methanol solution was added to it dropwise with contin-
uous stirring at room temperature. Then the resulting reaction
mixture was refluxed for 6.0 h. The solution was filtered,
concentrated on a rota-evaporator to get (92%) an oily orange
liquid compound which was recrystallised from methanol for
purification and was used throughout the experiment and
characterisation. Anal. caled for C,5H,,N,O5: C, 58.05; H, 7.15;
N, 9.03; found: C, 58.03; H, 7.16; N, 9.02; '"H-NMR (300 MHz,
DMSO-d;) 6y 14.3 (1H), 8.59 (s, 2H), 7.56 (s, 2H), 4.83 (d, J =
5.2 Hz, 4H), 3.82 (m, 4H), 3.54 (m, 6H), 3.31 (3H); "*C-NMR (300
MHz, DMSO-dg) 6¢: 161.19, 160.0, 131.76, 125.34, 120.56, 70.54,
63.40, 62.08, 48.12, 39.84, 19.41 (ESI Fig. S11); selected FT-IR
data (KBr, em ") yiom) = 3413 cm™ ', yc—n) = 1646 cm ™' (ESI
Fig. S31). ESI-MS m/z, ion: 311.1676, [Hsdpm + H]*, C;5H,3N,05
(ESI Fig. s4+).
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3.2. Synthesis of complex [Zn-Hsdpm] (1)

A methanolic solution (10 mL) of Zn(OAc),-2H,0 (0.439 g, 2
mmol) was added drop wise to a methanolic solution (10 mL) of
Hsdpm (0.310 g, 1 mmol) with constant stirring and continued
for further 2 h. Then, a methanolic solution (5 mL) of NH,SCN
(0.076 g, 1 mmol) was added, and the resulting solution was
stirred for 4 h. The greenish yellow solution was filtered and
kept for slow evaporation. Crystals of complex 1, suitable for X-
ray structure, were obtained at ambient temperature within 3
days. Yield: 81%. Anal. caled for C,yH,,N304SZn,: C, 38.98; H,
4.42; N, 6.82. Found: C, 38.97; H, 4.41; N, 6.80. Selected FT-IR
data (KBr, cm '), (ESI Fig. S31) rom) = 3367.84 cm ', vc—n)
= 1638.44 cm ', yscn) = 2078.62 cm ', ESI-MS m/z, ion:
557.0260, [Hydpm + Zn,(OAC),]", C1oH,,N,0Zn, (ESI Fig. S4+).

3.3. Synthesis of complex [Cu-Hsdpm] (2)

To a solution of Cu(NOj3),-3H,0 (0.483 g, 2 mmol) in methanol
(10 mL) was added drop wise a methanol solution of Hsdpm
(0.310 g, 1 mmol) with constant stirring for further 1 h. The
mixture was refluxed for 2 h. The green solution was filtered and
kept for slow evaporation. After a few days, green crystalline
compound were obtained. Yield: 78%. Anal. caled for
C15H,9N,05Cu,: C, 41.47; H, 4.41; N, 6.45; found: C, 41.45; H,
4.39; N, 6.43. "H-NMR (300 MHz, DMSO-dg) &33: 15.25 (1H, CH;3-
OH), 11.89 (2H), 7.94 (2H), 5.60 (4H), 3.34 (4H), 3.20 (6H), 3.31
(3H) (ESI Fig. S21); selected FT-IR data (KBr, cm ), vion) =
3367.19 em ™!, yc—n) = 1634.26 cm ', y(no,) = 1462 cm ' (ESI
Fig. S31); ESI-MS m/z, ion: 435.19, {{Hsdpm — 3H] + 2Cu”>*}",
C15HoN,05Cu, (ESI Fig. S47).

3.4. Cell culture

Vero cell (Vero 76, ATCC no. CRL-1587) lines were prepared
from continuous culture in Dulbecco's modified Eagle's
medium (DMEM, Sigma Chemical Co., St. Louis, MO) supple-
mented with 10% fetal bovine serum (Invitrogen), penicillin
(100 pg mL "), and streptomycin (100 ug mL~'). The Vero 76
were obtained from the American Type Culture Collection
(Rockville, MD) and maintained in DMEM containing 10% (v/v)
fetal bovine serum and antibiotics in a CO, incubator. Cells
were initially propagated in 75 cm? polystyrene, filter-capped
tissue culture flask in an atmosphere of 5% CO, and 95% air
at 37 °C in CO, incubator. When the cells reached the loga-
rithmic phase, the cell density was adjusted to 1.0 x 10° per well
in culture media. The cells were then used to inoculate in a glass
bottom dish, with 1.0 mL (1.0 x 10 cells) of cell suspension in
each dish. After cell adhesion, culture medium was removed.
The cell layer was rinsed twice with phosphate buffered saline
(PBS), and then treated according to the experimental need.

3.5. Cell imaging study

For fluorescence imaging studies Vero cells, 1 x 10* cells in
1000 pL of medium, were seeded on sterile 35 mm dish, glass
bottom culture dish (ibidi GmbH, Germany), and incubated at
37 °C in a CO, incubator for 10 hours. Then cells were washed
with 500 pL PBS followed by incubation with final concentration

RSC Adv., 2017, 7, 11312-11321 | 11313
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of 0.4 mM Hsdpm dissolved in 1000 L DMEM at 37 °C for
30 min in a CO, incubator and washed with 500 pL phosphate
buffered saline PBS (pH 7.4) to remove any free Hsdpm. Again
1000 pL PBS was added and observed under an Olympus IX71
microscope. Images were analyzed by Image-pro plus (version
6.3) with excitation at nearby 433 nm Enhanced Cyan FP (ECFP)-
specific filter, and emit at nearby 510 nm. The cells were incu-
bated in PBS with metal solution [Cu(NOj;),-3H,0] to a final
concentrations of 4 mM, incubated for 30 min and images were
captured.

3.6. Theoretical methods

The geometrical structures in their singlet ground state (S,) and
excited state (S;) were optimized by DFT and time-dependent
DFT (TDDFT)"*” methods with the BP86 functional™
approach associated with the conductor-like polarizable
continuum model (CPCM).”>”” The geometries of the complex
in their ground S, were optimized in solution phase. For the
complex and ligand keto and enol forms) we calculated 60
singlet-singlet transition using their ground S, state geometries
and using the conductor-like polarizable continuum model. For
all atoms we have used 6-311+G* as the basis set. The calculated
electronic density plots for the frontier molecular orbitals were
prepared by using the GaussView 5.0 software. All the calcula-
tions were performed with the Gaussian 09 software package.”

3.7. Sample preparation for UV-vis and fluorescence spectral
studies

Stock solutions of various metal ions were prepared in deion-
ized water and a stock solution of Hsdpm was prepared in Tris-
buffer solution (25 mM, pH = 7.4) with deionized water. In UV-
visible titration experiment, aqueous solution of Hsdpm 103
(M) was filled in a quartz optical cell of 1.0 cm optical path
length to achieve a final concentration of solution of Hsdpm 5 X
10~° (M) in 2000 pL and metal ions were added using a micro-
pipette to a solution of Hsdpm. For emission titration experi-
ment, 10~ % (M) solution of Hsdpm 10 pL was taken in a quartz
optical cell of 1.0 cm optical path length in 2000 pL and then
stock solutions of metal ions were added gradually to it by using
micropipette. Spectral data were recorded at 1 min after the
addition of the metal ions for both titration. For fluorescence
measurements, excitation was provided at 434 nm in Tris-buffer
solution (25 mM, pH = 7.4), and a strong emission peak was
observed at 510 nm.

3.8. Evaluation of fluorescence quantum yield in aqueous
Tris-buffer solution

Fluorescence quantum yield was determined using quinine
sulphate (®x = 0.546 in 0.1 M H,SO,) as standard at an exci-
tation wavelength of 434 nm. The quantum yield is calculated
using the following equation.

As AbSR T]sz

Dy = P — X
S RAR

X
Absg nR>

where A terms denote the integrated area under the fluores-
cence curve, Abs denotes absorbance, 7 is the refractive index of
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the medium and @ is the fluorescence quantum yield.
Subscripts S and R denote the respective parameters for the
studied sample and reference, respectively.

3.9. Determination of Cu®* in aqueous Tris-buffer solution

The limit of detection (LOD) was calculated from the fluores-
cence titration data based on a reported and broadly used
method.”®" In ESI Fig. S117 reveals a good linear correlation
between the value of relative fluorescence (AF = F, — F) and the
concentration of Cu®" ions with a correlation coefficient (R*) of
0.9986. A linear regression curve was then fitted to these
normalized ratio data, and the point at which this line crossed
the ordinate axis was considered as the detection limit. The
detection limit was calculated using the following equation.

ag

DL=Kx —

s
where K = 2 or 3 (we take 3 in this case), ¢ is the standard
deviation of the blank solution and S is the slope of the cali-

bration curve.

4. Results and discussion

4.1. Syntheses and general characterization

A new water soluble sensor Hsdpm was designed and synthe-
sized through one step condensation of 4-methyl-2,6-
diformylphenol and 3-amino-1,2-propanediol in a 1:2 molar
ratio in methanol medium and isolated as a yellow oily
compound as shown in Scheme 1 and characterized by FT-IR,
'"H-NMR, "“C-NMR and ESI-MS method. ESI-MS study of
Hsdpm in methanol solution exhibits an intense peak at m/z =
311.16, which can be assigned to [Hsdpm + H]', C;5H,3N,05
(ESI Fig. S47). The FT-IR spectra clearly indicate the C=N and
O-H stretching band of the chemosensor Hsdpm appears at
1646 cm™ " and 3413 cm ™' (ESI Fig. S31). To explore the coor-
dinating behavior of Hsdpm toward 3d metal ions, Hsdpm was
allowed to react with zinc metal ions using Zn(OAc),-2H,0 and
NH,SCN, in 1:2:1 molar ratio, in methanol solution. The
reaction mixture was kept for slow evaporation method and
yellow colored single crystals of complex 1 was separated out
and the structure was authenticated using single crystal X-ray
diffraction analyses. Hsdpm was further made to react with
Cu(NO3),-3H,0 in methanol solution, to afford deep green
crystalline complex 2 in reasonably good yield but single crys-
tals suitable for X-ray diffraction were not obtained even after
several attempts. Besides elemental analysis, all the complexes
were initially characterized by FT-IR spectra. A strong and sharp
band due to the azomethine v(c—x) group appears at 1638.44
and 1634.26 cm™ ' for complexes 1 and 2, respectively. The sharp
peak at 2078.62 cm ™" for complex 1 is due to the presence of
thiocyanate ion. In order to establish the identity of the species
present in solution, the electrospray ionization mass spectra
(ESI-MS positive) of complexes 1 and 2 were recorded in meth-
anol solution. The complex 1 exhibited the base peak at m/z =
557.02, which can be assigned to the cationic species [H,dpm +
Zn,(0AC),]", C1oH,,N,00Zn,. The appearance of peak at m/z =

This journal is © The Royal Society of Chemistry 2017
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435.19, may be attributed to the presence of {{Hsdpm — 3H] +
2Cu”"}, C15H19N,05Cu,.

4.2. UV-vis spectroscopic features of H;dpm

The UV-vis absorption spectrum of Hsdpm was investigated in
aqueous solution of 25 mM Tris-buffer at pH 7.4 which revealed
a strong band with a maximum absorbance peak at 434 nm. To
pinpoint the selectivity of Hsdpm, chloride salts of (20 equiv.)
Na“, K, Ca®>", Mg*>*, Mn**, Ba*>", Fe*", Fe*", zn*", Cd*", Hg*",
Ni**, sr**, Cu®", Co®" and AI*" in Tris-buffer solution (25 mM,
pH = 7.4) were selected (ESI Fig. S67). As evident from Fig. 1,
a conspicuous change in UV-vis spectral pattern was manifested
only in presence of Cu®" in the absorption spectra of Hsdpm. In
order to gain a quantitative insight regarding the specific
interaction of Cu®>" and Hsdpm, a sequential titration of H;dpm
with increasing Cu®* (0-10 equiv. of Cu®") was pursued. As can
be seen from Fig. 1, the maximum absorption intensity at
434 nm gradually decreased and another new absorption band
at 375 nm is gradually generated with solution color turning
from yellowish to sky blue after addition of 10 equiv. of Cu**
(Fig. 2). The binding stoichiometry between Hsdpm and Cu®*
has been investigated using the Job's method by varying
concentrations of Hsdpm and Cu®" and monitoring the change
in absorption at 375 nm. The experimental results are fitted
considering 2 : 1 complex formation between Cu** and Hsdpm
(ESI Fig. S107). The goodness of the linear fit of the Benesi-
Hildebrand (B-H) plot® (R*> = 0.998) of 1/(4¢ — A) vs. 1/[Cu®>']?
for 2 : 1 complex formation (ESI Fig. S81) confirms the binding
stoichiometry between Cu®" and Hsdpm with binding constant
value 5.90 x 10" M % To characterize the Hsdpm-Cu>*
complex more intensely, ESI-MS experiment was performed
which is in line with the existence 2 : 1 complexes H;dpm-Cu>".
In ESI-MS spectra the base line peak is for the {{Hsdpm — 3H] +

+ HO/\|/\ NH,

OH
|

2
= A —

”O\)iou HOl/OH HO\):OH HOl/OH “O\): OH Hol/OH

Keto | Enol

IZn(CH C00),.2H,0

Cu(NO,),.3H; ol

;‘\(7

Scheme 1 Synthetic scheme for the synthesis of chemosensor
(Hsdpm), zinc complex 1 and copper complex 2.
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Fig. 1 Left: UV-vis spectra of Hsdpm (5 x 107® M) in Tris-buffer
solution (25 mM, pH = 7.4) in the presence of various concentration of
Cu?*(0,05,1,15,2,25,3,35,4,45,5,6,7,8,9,10, 12, 14, 16, 18, 20,
25, 30, 40 and 50 (x107%) M. Upward arrow indicates gradual increase
of absorption at 375 nm wavelength while downward arrow indicates
gradual decrease in absorption at 434 nm wavelength with increasing
concentration of Cu®*. Right: The absorption of Hsdpm at 434 nm as
a function of [Cu?*] in Tris buffer solution (25 mM, pH = 7.4).

2Cu**}". Although X-ray quality single crystals of the Hsdpm-
Cu** complex were not obtained, we were able to obtain crystals
of a dimeric Zn®>" complex [H,dpm + Zn,(OAc),]",
(C19H,7N,00Zn,) (ESI Fig. S5, Tables S1 and S2) which rein-
forces the binding modes of Hsdpm.

Thus, application of the probe Hsdpm renders naked eye
detection of Cu®*' in aqueous solution (Tris-buffer, pH 7.4)

(Fig. 2).

4.3. Fluorescence spectroscopic response of H;dpm

The fluorescence spectrum of Hsdpm shows a strong emission
band at 510 nm (Aex = 434 nm) with a high quantum yield (¢ =
0.248). To explore the utility of Hsdpm as a simple sensing
system for metal ions in aqueous solution (25 mM Tris-buffer at
PH 7.4), nitrate/chloride salts of various cations (20 equiv.) were
used and fluorescence spectra were recorded. No change in
emission is observed for Na*, K, Ca®*, Mg?*, Mn**, Ba>", Fe*",
Fe*’, zn**, cd**, Hg**, Ni**, sr**, Cu®**, Co®>" and AI’" (ESI
Fig. S14}). However, a significant quenching (® = 0.035) is
evident for Cu** with an insignificant interference from Co®*. To
get further insight into the sensing characteristics of Hsdpm
toward Cu®", the fluorescence titration experiments were per-
formed by incremental addition of Cu®* (0-50 uM) to Hsdpm (5
uM) (Fig. 3). The fluorescence intensity decreased gradually
with the addition of increasing amount of Cu®*".*> Competitive
studies were also carried out for mixtures of Cu>" and 20 equiv.
of other metal ions, and the predominating quenching

Hsdpm cuz Na*  K*  Ca® Wg* um+ Ba® Fe* zn» Cg Ho* N+ S’ Co*

‘ =

Fig.2 Visual color change from yellow to sky blue on addition of Cu®*
ion in the aqueous solution of Hsdpm among different cations.

RSC Adv., 2017, 7, 11312-11321 | 11315
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Fig.3 (a) Fluorescence spectra of Hsdpm (5 x 10~ M) with addition of increasing amount of Cu?* (0,0.5,1,1.5,2,2.5,3,3.5,4,45,5,5.5, 6, 6.5,
7,8,9,10, 11, 13, 15, 20, 25, 30, 35, 40, 45 and 50 uM) in Tris-buffer (25 mM, pH = 7.4) solution. (b) Fluorescence emission intensity of Hsdpm as
a function of [Cu?*] at 510 NM (Aex = 434 NM, Ao = 510 Nm, slit: 5 nm/5 nm). (c) Colour change in the emission intensity addition of Cu?* ionin

the Hsdpm solution under a UV lamp (366 nm).

response was again seen only for Cu®" (Fig. 4). The fluorescence
responses of Hsdpm toward Cu®* were pH-dependent, and the
maximal signal was observed in the pH range of 5-11 (ESI
Fig. S167). This indicated that Hsdpm could be employed to
detect Cu®" in quite a wide pH range.

The binding constant between Hsdpm and Cu®* derived from
the fluorescence titration data using B-H equation® (R* = 0.997)
was found to be 4.99 x 10'" M2 (ESI Fig. S91) and the limit of
detection (LOD) was estimated to be 11.2 nM for Cu** ion in
solution (ESI Fig. S11%). Noticeably, we also observed anion
independency of selective Cu** detection by experimenting with
Cu(NOg3),, CuCl,, Cu(CH3CO0),, Cu(SO,), and Cu(ClO,), (ESI
Fig. S7 and S15%). Both the absorption (434 and 375 nm) and
emission (510 nm) intensities of Hsdpm can be reversibly
switched by alternating addition of Cu®*/Na,H,EDTA, enabling
H;dpm a reversible Cu®>" sensor (ESI Fig. $12 and S137).

The fluorescence quenching phenomenon may be attributed
to the reverse photo-induced electron transfer (reverse PET)

[(F,- F)/ F,1x 100
5 3 8 B8

8

Cu(f) Na(l) K() Ca(ll) Mg(l) Mn(Il) Ba(l) Fe(l) Fe(Il) Zn(I) Cd(I) Hg() Ni(l) Sr(I) Co(Il) AI(III)

Fig. 4 Fluorescence Quenching Efficiency (FQE) of Hsdpm (5 x 1076
M) in Tris buffer solution (25 mM, pH = 7.4) in the presence of 100 uM
of different types of metal ions except Cu?* (50 uM) as a bar graph [the
red bar portion]. Fluorescence Quenching Efficiency (FQE) of
a mixture of Hsdpm (5 x 10~° M) solution with other metal ions (100
uM) followed by addition of 50 pM Cu?* to the solution [the green bar
portion] (Aex = 434 NM, Aem = 510 Nm, slit: 5 nm/5 nm).
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from 4-methylphenyl moiety to the phenolic-OH and imine
nitrogen because of the decrease in electron density upon
complexation with Cu®* (Scheme 2).7%°84

As evident from Schemes 1 and 2, the probe Hsdpm contains
abundant hydroxyl and imino groups making the probe
susceptible to hydrogen bonding interactions. Therefore, we
can presume that the spectral signature would be significantly
affected by solvent polarity. Thus, we have studied the whole
phenomenon in different media by varying the polarity of the
solvent used (DMSO, DMF, acetonitrile, THF, ethanol, meth-
anol and H,O) to rationalize the solvent-solute interactions.
Linear Solvation Energy Relationships (LSERSs) are used in order

V o

EDTA

Scheme 2 Schematic illustration of proposed mechanism for the
fluorescence changes of chemosensor (Hsdpm) upon addition of
Ccu?t.
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Fig. 5 Frontier orbitals of the enol form of Hsdpm.

LUMO 9
-2.827 eV 9

HOMO
-5.485 eV

to quantify the importance of specific and non-specific inter-
actions®*® (ESI Fig. S17, S18 and S197). From ESI Fig. S17,7 it is
clear that blue shift occurs with increasing solvent polarity. We
have further employed Kamlet-Taft-Abboud® equation and
calculated the relative contributions of each of the parameters
(ESI Fig. S18 and S19t) which indicates significant hydrogen
bonding interactions with hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA) solvents as expected from the
structure of the probe. ESI Fig. S191 corresponds to blue shift
with increasing HBA basicity of solvents. This means that the
energy difference between the ground and excited state of the
Hsdpm increases when the HBA strength of the solvents
increases.

?  LUMO
-3.019 eV
"
f=0.1841
Aex =443 nm

So — S2

> HOMO-1
-5.300 eV

“ HOMO-2

Fig. 6 Frontier molecular orbitals involved in the UV-vis absorption of
the keto form of Hsdpm in two representative electronic transitions.
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4.4. Computational studies of chemosensor (Hsdpm) and
H;dpm-Cu”* complex

To understand the keto-enol switching mechanism prevalent in
Hsdpm, we have theoretically investigated the phenomenon
using density functional theory (DFT) method and time-
dependent DFT (TDDFT) methods with the BP86 functional
approach associated with the conductor-like polarizable
continuum model (CPCM).

4.4.1. Chemosensor (Hsdpm). The UV-vis absorption
spectrum of the Hsdpm used in this present work was studied at
room temperature in MeOH. Experimentally Hsdpm shows an
intense peak centered at 430 nm. The absorption energies
associated with the oscillator strengths, the main configura-
tions and the assignments calculated using the TDDFT method
using the S, geometry for Hydpm was studied using the two
possible tautomeric forms (Scheme 1), since the experimental
UV spectrum of the ligand may be a mixture of the absorption
bands of both tautomers at room temperature because the
difference in energy is small (the keto form is 1.1 kcal mol ™"
more stable in MeOH). The results are given in ESI Tables S3
and S47 (vide infra).

4.4.2. Enol form of chemosensor (Hsdpm). In the ground
state (So) the HOMO is basically composed by the phenolic
aromatic moiety and the conjugated C=N bond that does not
participates in the intramolecular H-bond. The LUMO is basi-
cally composed by the phenolic aromatic moiety and the
conjugated C=N bond that participates in the intramolecular
H-bond (Fig. 5). The energy difference between the HOMO and
LUMO is 2.658 eV. The theoretical absorption band (TD-DFT
calculations) is located at 387 nm (f = 0.1114) that is assigned
tothe So — S; transition. This band does not agree well with the
experimental one (A.x, = 430 nm), which likely suggests that the
enol form is not dominant in solution.

4.4.3. Keto form of chemosensor (Hsdpm). In the ground
state (So) the HOMO is basically composed by the six-membered
keto ring, the conjugated exocyclic C=C bond, the lone pair of

Fig. 7 BP86-D3/def2-TZVP optimized structure of [Cu,(H,dpm)
MeOH]* complex. Distances are in A.

RSC Adv., 2017, 7, 11312-11321 | 11317
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9
a-HOMO -8.029 eV

Fig. 8 Molecular orbital and spin density plots obtained for complex 2.

the sp>-nitrogen atom and the oxygen atom of the keto group.
The HOMO—-1 and HOMO-2, are stabilized by 0.175 and
0.365 eV compared to the HOMO, respectively. Similarly the
LUMO is basically composed by the six-membered keto ring, the
exocyclic C=C bond, the lone pair of the sp*-nitrogen atom and
the oxygen atom of the keto group. The energy difference
between the HOMO and LUMO is 2.106 eV. The first calculated
absorption band (S, — S;) is located at 489 nm for the keto
form of Hsdpm (Fig. 6 and ESI Table S31) and is composed by
HOMO — LUMO and HOMO—1 — LUMO transitions. However
this absorption band has a negligible oscillator strength (f =
0.0028) in agreement with the experimental UV spectrum. A
strong absorption band (S, — S,) is found in the theoretical
spectrum at 443 nm, which is in reasonable agreement with the

a-orbitals B-orbitals
LUMO LUMO+2
—6.209 eV -6.180 eV
[N [}
f=0.0576
T —+ ok Aex = 387 nm -
ILCT = —>F
So — S43 ILCT
HOMO-4 HOM(;Z
-9.042 eV -8.984 eV

Fig. 9 Molecular orbitals involved in the lowest lying observable UV-
vis absorption of the complex 2.
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a-HOMO-1
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-8.316 eV spin density

experimental absorption value (430 nm). Therefore, the keto
form is likely dominant in solution, in agreement with the keto-
enol energetic difference (vide supra). This absorption band (S,
— S, transition) is the result of three excitations (HOMO —
LUMO, HOMO—1 — LUMO, and HOMO—-2 — LUMO, see ESI
Table S3t and Fig. 6).

4.4.4. H;dpm-Cu”* complex. We have optimized the Cu®*
complex of Hsdpm using M : L = 2 : 1 stoichiometry, since it
has been evidenced experimentally by the ESI-MS experiment. A
coordinated MeOH molecule (bridging ligand) has been also
included in the calculation to fulfill the coordination sphere of
both copper centers as indicated by the "H-NMR output (ESI
Fig. S2t1). The minimum energy structure along with some
geometric features is shown in Fig. 7. The O-Cu distances
involving the MeOH are longer than those involving the alkox-
ido and phenoxido groups. Since the UV-vis absorption experi-
ments have been performed in water, we have also considered
the possibility of having a water molecule instead of a MeOH as
a bridging ligand. Both the geometry of the complex and orbital/
spin density plots are almost identical, thus supporting the
theoretical discussion (ESI Fig. S20 and S217).

In the ground state (S,) of the complex the HOMO and
HOMO-1 are mainly composed by the Cu”* magnetic orbitals
(d,>—)2) and some contribution of the atoms of the ligand that are
directly bonded to the metal centers (Fig. 8). In fact the spin
density plot for the high spin configuration (ferromagnetic
coupling) clearly indicates that the spin is located in the Cu
metal centers and the atoms directly bonded to them (Fig. 8C).

The a-LUMO (Fig. 9) is basically composed by the phenolic
aromatic moiety and both conjugated C=N exocyclic bonds.
The energy difference between the a-HOMO and o-LUMO is
1.820 eV. To get better insight into the experimental UV-
absorption value TDDFT calculations were done for the
complex on the basis of the optimized geometry. The calculated
absorption energy associated with its oscillator strength, the
main configurations and their assignments of the complex are
given in ESI Table S4.f Only one distinguishable singlet —
singlet absorption band is found at 387 nm (3.1992 eV and f =

This journal is © The Royal Society of Chemistry 2017
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0.0576), which can be mainly attributed (only those contribu-
tions higher than 10% are listed in ESI Table S47) to a combi-
nation of the HOMO—4 — LUMO (alpha) and HOMO—13 —
LUMO (beta) and HOMO—2 — LUMO+2 (beta) transitions. The
HOMO—4 — LUMO (alpha) and HOMO—2 — LUMO+2 (beta)
transition are formally equivalent (since the high spin config-
uration for the Cu(u) complex is used) and can be assigned to
7(L) — w*L) transitions with ILCT character, (Fig. 9). The
experimental value is in reasonable agreement with the theo-
retical one (overestimated in 12 nm), giving reliability to the
proposed structure of the complex with the bridging MeOH
molecule. For completeness, we have also performed the
calculations of the absorption bands using water as solvent. The
results are given in ESI Table S47 and they are very similar to
those given for the MeOH complex.

4.5. Application of Hydpm for Cu®* detection in Vero cells

In vitro fluorescence imaging of biological systems is at the
forefront of research on optical imaging techniques for
biomedical applications. As Hsdpm interacts with Cu®*, and the
resulting stable complex shows switch-off fluorescence in
visible region, it became crucial to assess the effectiveness of
H;dpm as a probe for intracellular presence of Cu®** by fluo-
rescence microscopy. Fluorescence microscopic studies
revealed fluorescence for Vero cells when treated with Hsdpm
(Fig. 10). Upon incubation with Hsdpm followed by Cu®" solu-
tion, a switch-off fluorescence was observed inside Vero cells.
The fluorescence microscopic analysis strongly suggested that
both Hsdpm and Cu®" could readily cross the membrane barrier
of the Vero cells. It is significant to mention here that bright

Fig. 10 Fluorescence microscopic images in Vero 76 cells: (A) image
of the cells, pretreated with Hsdpm at 0.4 mM concentration, (B) bright
field with Hsdpm at 0.4 mM concentration, (C) image of the cells
treated with Hsdpm followed by metal [Cu(NO3),-3H,0] at concen-
tration 4 mM, (D) bright field image of the cells treated with Hsdpm
followed by metal [Cu(NOs),-3H,0O] at concentration 4 mM, and
switch-off fluorescence signal is observed. All images were acquired
with a 40x objective lens.
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field images of treated cells did not reveal any gross morpho-
logical changes, which suggested that Vero cells were viable.
These findings open up a new avenue for future in vitro
biomedical applications of Hsdpm.

5. Conclusion

In conclusion, we have developed a new chemosensor, Hsdpm,
based on simple condensation of 4-methyl-2,6-diformylphenol
and 3-amino-1,2-propanediol which enables selective colori-
metric naked eye detection of Cu®" in aqueous solution. In the
absence of Cu®', Hsdpm displays fluorescence emission at
510 nm, and on addition of Cu**, Hsdpm shows significant
fluorescence quenching as a result of reverse PET effect. Hsdpm
demonstrated remarkable selectivity and specificity towards
Cu”" in aqueous solution under physiological conditions with
detection limit of 11.2 nM. The reported probe is only the third
diformyl phenol based system in literature that exhibits selec-
tive colorimetric and fluorometric detection of Cu®". Theoretical
studies were performed to establish the underlying keto-enol
tautomerism. Hsdpm also allowed for in vitro imaging of Cu”®" in
Vero cells. Hence, Hsdpm represents a highly promising and
biomedically applicable probe for colorimetric, fluorometric
and rapid detection of Cu®" in aqueous solution and its moni-
toring in vitro.
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