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Abstract

Carbazole — Rhodanine conjugate is an effective fluorescent host for silver ions through fluorometric transformation from green
to red color with a hyperchromic emission. An intramolecular charge transfer process derived from carbazole towards rhodanine
favors interaction of thiocarbonyl S and carboxylic acid O of the thodanine moiety towards Ag" ion. Carbazole - thodanine dyad
accomplishes the lowest detection limit of 12.8 x 10~° M and high quantum efficiency. A fluorescence reversibility of the probe
with I” ion surges reutilization of sensor molecule as an Ag* ion probe with minimal loss in the fluorescent efficiency. This
fluorescent ligand is a biocompatible probe and is also a proficient candidate for fluorescent imaging of Ag* ion in live cells.
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Introduction

Silver an indispensable asset for human life, especially from
the ancient times and was widely used as bactericidal and
surgical prosthesis. In medicine, silver was cast as an antibac-
terial agent, used for treating mental illness and epilepsy [1]. It
has potential application in the field of ornamentation, silver-
ware and photographic industries and is used in dietary sup-
plements. However, in contradict silver also impose large
health impacts in the soluble as well as in the solid form of
its existence [1-3]. Exposure to silver causes decreased blood
pressure, diarrhoea, stomach irritation and decreased respira-
tion, degeneration of fat in liver, kidney and causes argyrosis.
Silver accumulates in skin, kidney, gingiva, mucous
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membranes, nails, cornea and spleen. Blood silver and urine
excretion of silver are the indices for silver accumulation in
human body [4, 5]. Also we know that silver has greater af-
finity towards thiols, in liver silver binds with reduced gluta-
thione and depletes the amount of reduced glutathione avail-
able for the biochemical pathway and causes disorderliness of
red blood corpuscles. Silver ion inactivates sulthydryl enzyme
and combines with amine, imidazole, and carboxyl groups of
various metabolites [6—13]. The exploitation of silver nano-
particles for their commercial application has serious impact
on respiratory system as damages the alveolar cell line, A549,
dose dependent cellular toxicity, causes skin carcinoma and
damages to DNA [14-16]. The admissible limits of silver
recommended by the international health agency are,
Permissible Exposure Limit (PEL) is 0.01 mg/m3 (OSHA
and MSHA), Recommended Exposure Limit (REL)
0.01 mg/m3 (NIOSH), Threshold Limit Value (TLV) 0.1 mg/
m® for metallic silver and 0.01 mg/m’for soluble silver
(ACGIH, 1991), Time-Weighted Average (TWA) of 0.1 mg/
m’ (European Commission, 1994) [1, 17, 18]. Recently a
huge concern has been raised among the researchers in liabil-
ity for qualitative and quantitative estimation of the silver and
silver component in environment and environmental suspects.

Although numerous sensors for the detection of silver have
been developed, most of these are based on fluorescent
quenching [19-25] and only a few have fluorescence en-
hancement [9, 26-32]. The fluorescent quenching response
of certain sensor molecules for silver ion detection is due to
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the d'° configuration of silver which is known as fluorescence
quencher via electron transfer, intersystem crossing (spin-orbit
coupling process) and also due to the heavy metal ion effect
[33—40]. In this paper a carbazole - rhodanine dyad receptor
acts as a simple, selective, profound sensor for Ag* with an
good application in cell imaging was developed [41]. We have
opted for carbazole for because of its interesting behavior as a
charge transfer ligand, hole transporting potential, electron
donating nature and moreover, the carbazole derivatives are
significant candidates in antimicrobial activity, dye sensitized
solar cells, OLED, MOFs [42—48], and optochemical/
electrochemical fluorescent sensor [49—58] which can be use-
ful factors in fluorescence enhancement. The Rhodanine mol-
ecule linked to the signaling donor as a spacer unit (transduc-
er), which has conjugative functionalized S, O, and N contain-
ing a pendant receptor serves as a good transducing and
conjugative entity. Also, the Rhodanine molecules are re-
nowned for their greater ability as a spectrophotometric re-
agent for determining heavy metals especially Ag, Au, Pd,
and Cu [59-65]. Since carbazole and rhodanine systems have
a longer excitation/emission wavelength and high fluores-
cence quantum efficiency this could be a most valuable fea-
ture for optical recognition of analytes. Hence, the strong elec-
tron delocalized structure of the probe, provides a remarkable
spot-light for the silver ion, with a bathochromic shift in UV-
Visible and hyperchromic shift in emission wavelength
through Internal Charge transfer (ICT) mechanism. The
bioimaging studies indicate that the probe could be a mem-
brane permeable and a capable detector for Ag” ion in live
cells. The probe harvests a fluorescent enhanced signaling
with lowest limit of detection of range 10~ M and high fluo-
rescent quantum yield.

Experimental
Materials and Reagents

The materials used such as N-Ethyl Carbazole, Rhodanine 3-
acetic acid, Acetic acid were purchased from Sigma Aldrich,
India. Ammonium acetate, acetic anhydride, DCM,
Phosphorous oxy chloride, DCE, Methanol and Hexane were
procured from Central Drug House Ltd., India. Acetonitrile
was bought from Merck, India and DMF was purchased from
SRL, India. All metal nitrates were purchased from Merck,
India. The solvents used for purification and optical analyses
were distilled before usage.

Instrumentation and Measurements
The FT-IR analysis was performed in a Perkin Elmer

Spectrometer using KBr pellet (Version 10.03.09), "H NMR
spectra were recorded on a 300 MHz Bruker and the FT-NMR
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spectrometer in DMSO-dg with tetramethylsilane (TMS) as
reference standard. The'?C NMR spectra were recorded in
100 MHz frequency using Bruker FT-NMR spectrometer
(400 MHz) in DMSO-d¢ with tetramethylsilane (TMS) as in-
ternal standard. Chemical shifts were reported in parts per
million (ppm) and all coupling constant (J) are expressed in
Hertz (Hz). The ESI-MS spectral analysis was performed in
positive ion mode on a liquid chromatography-ion trap mass
spectrometer (LCQ Fleet, Thermo Fisher Instruments
Limited, US). The UV-Vis analysis was carried out by UV-
Vis spectrophotometer (ANTECH, AN-UV-7000) with quartz
cuvette of path length of 10 mm, silt width 1.0 nm and emis-
sion spectral studies are done using Spectrofluorometer
(JASCO, FP 8200) with quartz cuvette of path length of
10 mm and silt width 5.0 nm. The surface topographical stud-
ies were done with a Vega3 Tescan model scanning electron
microscope (SEM), The EDAX spectrum was recorded using
Bruker Nano GMBH model. The fluorescence imaging was
performed by Nikon confocal fluorescence microscope.

Synthetic Procedure
Synthesis of 9-Ethyl carbazolyl-3-carboxaldehyde (2)

The precursor 9-ethyl carbazolyl-3-carboxaldehyde 2 was
synthesized by the procedure previously reported [66]. To
DMF (3.74 g, 51.16 mmol) phosphorous oxychloride
(7.85 g, 51.19 mmol) was added slowly with constant stirring
for 30 min at 4 °C under a nitrogen atmosphere. 9-cthyl car-
bazole (1) (1 g, 5.12 mmol) in 10 ml of dichloroethane was
added gradually to the above reaction mixture and refluxed at
90 °C for 10 h; the completion of the reaction was monitored
by TLC with 100% Chloroform eluent. The product N-ethyl
carbazole-3-carbaldehyde was extracted with chloroform, fil-
tered and vacuum dried. This was further purified by column
chromatography (silca gel; eluent CHCl3-Hexane, 1:9) to ob-
tain a pure yellow solid (2), 90% yield. "H NMR (CDCl;,
300 MHz) by (ppm): 10.06 (1H, s), 8.57 (1H, s), 8.12 (1H,
d, J=8.4 Hz), 797 (1H, d, J=8.4 Hz), 7.51 (1H, t, J =
8.4 Hz), 7.43 (2H, m, 8.1 Hz), 7.30 (1H, t, J=8.1 Hz), 4.31
(3H, q, J=7.2 Hz), 1.43 (2H, t, ] = 7.2 Hz). Mass (ESI-MS):
224.1081 m/z.

Synthesis of 2-(5-(9-Ethyl carbazol-3-yl)methylene)
-4-oxo0-2-thioxothiazolidin-3-yl)acetic acid (CR-3)

To a solution of 9-Ethyl carbazole-3-carboxaldehyde (2)
(0.5 g, 2.24 mmol) in 25 ml of acetic acid, rhodanine-3-
acetic acid (0.85 g, 4.40 mmol), ammonium acetate (0.39 g,
5.00 mmol) followed by acetic anhydride (0.411 g,4.00 mmol)
were added. Then the mixture was stirred at 100 °C for about
8 h. The formed residue was allowed to cool at room temper-
ature, filtered, washed three times with distilled water and
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dried. The crude residue was purified by column chromatog-
raphy using the eluent DCM/MeOH (4:1) on silca gel to afford
a pure brick red solid with 95% yield [9, 41, 67]. "H NMR
(DMSO-dg, 300 MHz), 8y (ppm): 8.50 (1H, s); 8.30 (1H, d,
J=9 Hz); 8.05 (1H, s); 7.77 (2H, m);7.54 (2H, t, 9 Hz); 7.30
(2H, t, 9 Hz); 4.72 (2H, s); 4.50 (2H, m); 1.34 (3H, t). °C
NMR (DMSO-dg, 100 MHz), ¢ (ppm): 193.62, 167.87,
166.97, 141.46, 140.72, 136.15, 129.12, 127.33, 124.94,
124.10, 123.56, 122.44, 121.42, 120.54, 117.74, 110.85,
110.34, 45.73, 37.93, 14.24. FTIR (KBr, cm '): 3121, 3050,
2979.32, 2934.98, 1749.55, 1670.27, 1570.21, 1494.17,
1407.29, 1336.38, 1236.91, 1192.94, 1156.68, 1116.80,
1060.16, 806.56, 742.42, 606.81, 561.68, 515.59, 478.88,
439.16, 421.02. Mass (ESI-MS): 396.0698 m/z.

Preparation of Solution Samples for Photophysical
Studies

The Stock solutions of metal ion (Zn>*, Pb**, Ni**, Na**,
Mn2+7 Mg2+, K+, Hg2+, F62+, F63+, Cu2+, C02+, Cd2+, Ca2+’
Ba’*, AI’** and Ag*) and anions (CH;COO ™, CO5>", HSO, ",
[,F,Cl,Br,SCN,CN, H,PO, and S*) were prepared
to 1 mM in HEPES buffer (20 uM, pH 7.5). A stock solution
of CR-3 (1 mM) was prepared with CH;CN, and these stock
solution of 1 mM metal ion, anions and probe CR-3 were
diluted to 10 uM by proper dilution with CH;CN/H,O (1:9)
buffer (pH 7.5, 20 uM HEPES). The metal salts utilized in the
studies were taken as nitrate salt, in account of reducing the
interference of the counter ion. All optical studies were per-
formed in CH5;CN/H,O (1:9 v/v, 20 uM HEPES buffer,
pH 7.5) at room temperature and other analytical conditions.

Hela Cell Culture

The HeLa Cells were cultured as a monolayer in Eagle’s min-
imal essential medium (EMEM) at 37 °C, humidified atmo-
sphere in air; culture medium was nurtured with 10% FBS
(Foetal Bovine Serum). After incubation, the remaining super-
natant medium containing dead cells was aspirated, and then
the culture containing live cells was washed with 2 x 10 ml
aliquots of Phosphate Buffered Saline solution to remove ex-
cess serum. HeLa cells were again dispersed in the medium
for incubation in 3 ml trypsin-PBS solution (0.25% trypsin)
for 5 min at 37 °C. This was followed by the addition of 10%
FBS (5 ml) containing EMEM to inactivate the trypsin. The
solution was then centrifuged for 5 min to remove any remain-
ing dead cells; the resulting supernatant liquid was sucked off
and cell medium were transferred to the remaining cell lines.

MTT Assay Procedure

MTT assay was performed to assess the cyctotoxic effect of
probe CR-3 on the HeLa cell lines. In the dose dependent

MTT assay, the cell lines were first done with control experi-
ments prior to incubation of CR-3 for live cell imaging. After
this, each aliquot of HeLa cells lines were treated with differ-
ent dose concentrations of CR-3 probe say, 0.01 uM, 0.1 uM,
0.5uM, 1 uM, 5 uM, 10 uM, and 20 uM in 1% DMSO, 99%
serum free EMEM and incubated at 37 °C for 1 h. The cell
lines were washed three times with PBS solution to remove
remaining CR-3 probe and dead cells. This was followed by
the addition of 10 uL. MTT solution and the assay medium
was further incubated for 1 h at 37 °C in dark. Thereafter the
medium was washed with PBS and added with 100 uL
DMSO to dissolve the formed formazan crystals. The solution
medium was triturated homogeneously and the absorbance
was recorded at 570 nm using ELISA plate reader.

The time lapse assay was carried out in a similar method to
that described above but with appropriate concentration of
probe CR-3 say 10 uM in 1% DMSO, 99% serum free
EMEM incubated at 37 °C in dark for different time lapse
such that 1, 3, 6,9, 12, 15, 18 and 24 h of incubation period.
After each incubatory period, each plate well was processed
with 10 uL MTT as performed in the dose dependent assay
and the absorbance were recorded at 570 nm.

For determination of half minimal metabolism inhibitory
value (Icsp) by application of MTT assay, the HeLa cell lines
were incubated with varied concentrations of CR-3 solution
such as 1 uM, 10 uM, 50 uM, 100 uM, and 250 uM (in 1%
DMSO, 99% EMEM containing 10% FBS) at 37 °C for 48 h.
After the period of incubation the cells were washed with 3 x
10 uL (10%) PBS solution, followed by incubation for 1 h
with 100 uL of MTT solution (MTT 0.5 mg/mL and a 10%
mixture of PBS and serum free medium). The resulting super-
natant liquid was aspirated, the medium was then dissolve
with 100 uL. DMSO and the absorbance were recorded on
ELISA plate reader.

Fluorescence Cell Imaging

For fluorescence imaging of Ag” ion in HeLa cells, the CR-3
probe was tested for effectiveness of its non-cyctotoxic nature
on HeLa cell lines using MTT assay method. Prior to incuba-
tion with CR-3, the cells were washed with PBS solution to
remove any dead cell matters. The HeLa cell lines were then
added with CR-3 (in aqueous DMSO, serum free medium) to
obtain a final concentration of 10 puM CR-3 in 1% DMSO;
incubated at 37 °C for 30 min in dark. After the incubation, the
cell lines were washed with PBS to remove excess CR-3
samples, dead cells, and the supernatant medium was sucked
off and fresh serum free medium (SFM) was added, immedi-
ately the confocal images were recorded at Aq/Aep, =442 nm/
460—650 nm. The above CR-3 treated cell lines were washed
three times with PBS. The supernatant liquor was aspirated
and added with serum free medium (SFM). Thereafter, the cell
lines were incubated with Ag* ion solution (to final
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concentration of 10 uM Ag" in aqueous medium) for 10 min
at 37 °C. The cell medium was then washed with PBS buffer
and then cells were observed using confocal Fluorescence
microscopy at Aey/Aem = 442 nm/460—650 nm.

Results and Discussion
Synthesis
9-Ethyl carbazolyl-3-carbaldehyde (2)

The precursor 9-ethyl carbazolyl-3-carbaldehyde (2) was suc-
cessfully synthesized by Vilsmeier — Hack formylation of 9-
Ethyl carbazole (1) with POCIl; and DMF in DCE. 9-
ethylcarbazolyl-3-carbaldehyde (2), a yellow solid, 90%
yield. The product was characterized and confirmed by 'H
NMR and ESI- Mass spectrometry. (See supporting
information).

2-(5-((9-Ethyl carbazol-3-yl)methylene)
-4-oxo0-2-thioxothiazolidin-3-yl)acetic acid (CR-3)

The probe CR-3 was synthesized by treating 9-Ethyl
carbazolyl-3-carbaldehyde (2) with rhodanine-3-acetic acid
in presence of ammonium acetate and acetic anhydride in
acetic acid as shown in Scheme 1. 2-(5-((9-Ethyl-carbazol-
3-yl)methylene)-4-oxo-2-thioxothiazolidin-3-yl)acetic acid
(CR-3), a brick red powder, 95% yield. The probe CR-3
was characterized by NMR, FTIR and ESI- Mass spectrosco-
py. (See supporting information).

Optical Analysis of Probe CR-3 Sensing Ag” lon

The selectivity of CR-3 probe for Ag* ion was established by
photophysical studies of the probe with various metal ions and
the sensitivity of the probe CR-3 was also monitored by titra-
tion analysis. The absorbance spectra for the probe CR-3
(10 uM) was done with various competitive metal ions say,
Zl’l2+, Pb2+, Ni2+, Na2+’ Mn2+, Mg2+, K+, Hg2+, F€2+, FG3+,
Cu?*, Co?, Cd**, Ca**, Ba**, AP’* and Ag" ions (10 uM) in
CH;CN/H,0 (1:9) buffer (pH 7.5, 20 uM HEPES) (Fig. 1a).

Scheme 1 Synthesis of probe
CR-3

\

The UV-Vis spectrum of the free probe CR-3 showing two
absorption bands at 289 nm and 442 nm, where the weak
absorption peak at 289 nm corresponds to 7t-7t* transition of
the conjugated system and the strong band over 442 nm was
assigned to the ICT process between carbazole unit and the
rhodanine-3-acetic acid of the probe with efficient charge sep-
aration. Consequently, on the addition of 10 uM Ag(I) solu-
tion, the probe shows a strong ICT enhanced red shift from
442 nm to 466 nm whilst the other competing ions have no
significant remarks on the absorbance of the probe. Also, the
change in absorbance of the probe towards variable equiva-
lence of silver ion was studied in acquiring the binding nature
of the CR-3 with Ag" ion. A gradual drop in the intensity to
extent of about 500 nm and thenceforth a raise in height were
notified, this shows a 1:1 binding nature was thus involved
(Fig. 1b). Thus a charge transfer electron delocalization takes
place from carbazole to the sulphur and oxygen atom of
rhodanine moiety led to large electron density favouring a
possible ground state formation. These results state that an
intramolecular charge transfer (ICT) mechanism was involved
in CR-3 detection of Ag" ion.

The emission spectra of sensor CR-3 (10 uM) with distin-
guished metal ions (10 uM) in CH3CN/H,O (1:9) mixture
buffered with 20 uM HEPES (pH 7.5) has been performed.
The Fig. S5, shows intramolecular charge transfer enhanced
red shift in emission at 548 nm of the probe CR-3 in the Free
State with excitation at 442 nm absorbance, while on exposure
of silver ion (10 uM) the emission profile shows a specific
enhancement in the emission intensity around 548 nm for
silver ion; additionally, almost all the other interfering metal
ions has no apparent variation in the fluorescence emission of
CR-3. Similarly, the fluorescence titration was carried out
with different concentration of silver ions (Fig. 2), and shows
a subsequent gradual increase in fluorescence intensity with
increase in equivalence of Ag" ions solution, providing an
fluorescence turn-ON behavior by formation of an strong
ICT process for selective detection of Ag* ion.

The probe also could be a colorimetric sensor for silver
ion in visible light to approximate limit of 10™* M range.
The Fig. 3 shows the photo images of fluorescent and
colorimetric detection of silver ion in UV-lamp and visi-
ble light respectively at increasing concentration levels at
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Fig. 1 Absorption spectra of (a) CR-3 with different metal ions in CH;CN/H,O (1:9) buffer (pH 7.5, 20 uM, (b) CR-3 with an increasing concentration

of Ag* ions in CH3CN/H,O (1:9) buffer (pH 7.5, 20 uM HEPES)

10™* M, with increasing color change from fluorescent
green to fluorescent red in UV-light and yellow to red in
visible light, which reveals the possibility of naked eye
detection of silver ions.

By using Fluorescein (®,.¢=0.95) in aqueous NaOH at
room temperature, as a standard fluorescence reference, the
relative fluorescence quantum yields at Ao /Aq, =442 nm/
548 nm was calculated using the formula shown in
Calculation 1.1. (See supporting information). The relative
quantum yield of the free probe CR-3 (Pcgr_3) was found to
be 0.06 and while on addition of 1 equiv. Ag* ion to CR-3, the
fluorescence intensity increases with a quantum yield of metal
complex CR-3 + Ag" (Pcr3 4+ ag) reaches to 0.53, which in-
dicates a high fluorescence quantum efficiency yield of CR-3
for Ag" ion.

0-1 equiv. Ag’

FL Intensity (a.u.)

750
Wavelength (nm)

Fig.2 Emission spectrum of CR-3 titrated with 0—1 equiv. of 10 uM Ag"*
solutions in CH;CN/H,O (1:9) buffer (pH 7.5, 20 pM HEPES)

Influence of Physicochemical Factors and Conditions
on Fluorescence Response of CR-3 with Ag™ lon

Interference of Co-Existing lons

A Bar diagram was plotted for the fluorescence response of
the probe CR-3 with varied metal ion added with Ag" ion
solution maintained at pH 7.5 at A.,, 548 nm. The plot shown
in Fig. 4 reveals the sensitivity and selectivity towards the
silver (I) ion in competing with the other interfering ions.
The blue bar corresponds to the fluorescence probe CR-3 with
Ag* ion in presence of other metal ions, that renders a very
minimal percentage fluorescence quenching to about ~2% in
coexistence with other metal ions. This evidence reveals the
sensitivity and selectivity of probe with very finite grade of
emission variation and good stability of the CR-3 + Ag* com-
plex in co-existence with interfering metal ions.

Effect of pH

The influence of pH on fluorescence response of CR-3 to Ag”
detection was done at A.,, =548 nm at varying pH values
ranging from 1 to 14 at room temperature regulated with
HEPES buffer solution. The Fig. 5a replicate that at an acidic
pH (0 to 5) the fluorescence of the both CR-3 and CR-3 + Ag"
complex was quenched, this might be due to the partial pro-
tonation of the thiocarbonyl sulfur atom, that inturn restrict the
interaction of Ag* ion with sulfur. While around a pH value of
6.0-9.0, the fluorescence was enhanced to the higher quotient
with stable and steady emission profile.

On increasing the pH to 9.0 the fluorescence intensity
slightly get reduces and on further increasing the pH of the
solution, the intensity drops down gradually this might be
pertain to the formation of AgOH or the partial base hydroly-
sis of carboxylic acid group. From this observation it is
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Fig. 3 Photography of
Fluorescent and Colorimetric
Images of CR-3 and CR-3 + Ag*
complex

Fig. 4 Fluorescence response of
CR-3 with Ag" ion in co-
existence of other metal ions at
Aem = 548 nm
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Fig. 5 a Fluorescence response CR-3 and CR-3+Ag" complex to
variable pH range at A., = 548 nm. b Fluorescence response time CR-3
with Ag" at Ao, =548 nm in CH;CN/H,O (1:9) buffer (pH 7.5, 20 uM
HEPES). ¢ Standing time fluorescence of CR-3 and CR-3 + Ag* at

evident that the pH range around 6 to 9 is favorable for CR-3
and Ag" ion bounding with enhanced fluorescent emission.
Hence a pH of 7.5 was chosen as the optimum condition for
the photophysical and physiological studies, since the neutral
pH range is a more acceptable medium for the cell imaging in
biological application.

Response Time and Standing Time Fluorescence

For real time applications, the fluorescence response of CR-3
and CR-3+ Ag" complex was correlated with a time course
fluorescence experiment at an emission wavelength of 548 nm
in room temperature, the time dependent plot (Fig. 5b), shows
that CR-3 fetch a very rapid response to Ag* ions a time of
less than 2 s in forming CR-3+Ag" complex with sharp
hyperchromic shift in fluorescence intensity.
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548 nm in CH3CN/H,0 (1:9) buffer (pH 7.5, 20 uM HEPES). d
Temperature dependent fluorescence response of CR-3 and CR-3 +
Ag" at 7.5 pH 20 uM HEPES buffer (CH;CN: H,0, 1:9) at Ay, = 548 nm

Subsequently, the standing time fluorescence analysis was
performed for the time dependent influence on the fluores-
cence of the probe and the complex at room temperature.
From the Fig. 5c, it can be noticed that a steady emission for
about 24 h and thereafter a stable fluorescence with minimum
deviation for about a period of 48 h was noted. From these
studies, it was clear that the probe could provide a spontane-
ous response to the silver (I) ion which is a potential gradient
for application of CR-3 sensor in environment and biological
systems with a quiet stable fluorescence emission over 48 h of
standing at room temperature.

Effect of Temperature

A temperature dependent fluorescence assay of the probe CR-
3 and the CR-3+Ag" complex in CH;CN: H,O (v/v, 1:9)
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buffer (20 uM HEPES, pH 7.5) was carried out from 30 °C to
100 °C temperature at A, 548 nm. The bar diagram represen-
tation in Fig. 5d demonstrates the violet bar, which describes
the fluorescence of CR-3 and the ash colored bar for the fluo-
rescence response of CR-3+Ag" complex on effect of in-
creasing temperature.

From the Fig. 5d, it was noticed that to about 70 °C the
fluorescence of the probe as well as the complex was relevant-
ly stable and besides the 70 °C the fluorescence of the CR-3 +
Ag" complex and CR-3 was filtered downward, this might be
due to the distortion or larger polarization of the bonds be-
tween S, O of rthodanine moiety and Ag™ ion.

Effect of Counter lon

The sensor complex CR-3 + Ag* was also tested for the fluo-
rescent reversibility with various counter anions like
CH;COO™, CO5*", HSO, , I, F, CI', Br, SCN, CN",
H,PO, and S*. From the Fig. 6a & b, it can be culminated
that 1 equivalent addition of I brought about an appreciable
restoration in fluorescence of CR-3 probe in CR-3 + Ag"* en-
semble, while all other anions showed least variation in
fluorescence.

The effect of T ion on the complex (CR-3 + Ag") intensity
was almost reached that of the free probe CR-3, as since it is
well known that I” bind strongly to Ag™ ion and possibly forms
Agl in solution. Thus it proves that the fluorescence of CR-3
with Ag* ion can be reversible in presence of I ions. A cyclic
reversibility assay was conducted with CR-3 towards cyclic
addition of Ag* and I in countering way (Fig. 7), this shows a
fluorescence enhancement with Ag* and relaxation with next
cycle of I ion; and this pattern was continued to five cycles of
alternative addition of Ag* and I" ions with a little loss of
fluorescent efficiency at each cycle. Hence, it is firm that the
probe CR-3 could be considered as “dual” fluorescent probe.
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Fig. 7 Emission Reversibility Cycle of CR-3 with cyclic addition of Ag*
and I ion at Aem = 548 nm in CH;CN:H,O (1:9), (7.5 pH, 20 uM HEPES
buffered)

Binding Mode Analysis
Binding Properties

To confirm the stoichiometry of the binding of probe CR-3
with Ag" ion the Job’s plots analysis was carried out. By a
continuous variation method of absorbance and fluorescence
spectra, the Job’s plots were obtained from the absorbance
variation at 466 nm against mole fraction of Ag* ion and plot
of fluorescence difference at 548 nm to mole fraction of Ag*
ion clearly showed the maxima at mole fraction of 0.5 indicate
that the formed complex was a 1:1 stoichiometric ensemble
(Fig. S7).

The binding constant of CR-3 with Ag* was calculated
from the fluorescence titration spectra using the formula
shown in Calculation 1.3. (See supporting information) and
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Fig. 6 Fluorescence Reversibility Assay of CR-3 + Ag+ complex in HEPES buffer (at 7.5 pH, CH;3CN: H,O (1:9)) (a) with addition of distinct counter

anion, (b) with increasing concentration of I ion
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K, value was found to be 3.8 x 10* M™' [68]. A linear re-
sponse of the fluorescence intensity as a function of [Ag*]
was observed from 30 nM to 1 uM (R* = 0.9985) shown in
Fig. S8 (See supporting information). From the slope of the
linear fit (Fig. S8), the Limit of Detection (LOD) of the probe
CR-3 for Ag* ion was determined using the formula shown in
Calculation 1.4. (See supporting information) and was found
to be 12.8x 10~ M [69]. The finding of photophysical param-
eters were summarised in the following table (Table 1).

A comparison on detection limits of the present work with
formerly reported fluorescent probes was carried out as shown
in Table S1 (See supporting information). The Table S1 re-
veals that the probe CR-3 might be a good sensor for silver (I)
ion with fluorescent enhancement and a lowest detection
limits in 90% of water solubility with HEPES buffered.

Sensing Mechanism

In order to understand the binding nature and plausible inter-
action of the probe CR-3 and Ag" ion the following analytical
studies were conducted.

The "HNMR was performed for free probe CR-3 and CR-
3 after addition of 1 equiv. Ag" ion in DMSO-d¢ solvent.
From the Fig. 8, it was noticed that the complex peaks of
CR-3+ Ag" are doesn’t seem to be as sharp as the free probe
peaks and almost all the peaks are slightly deviate in chemical
shift from that of the free probe.

However, the proton (H,) peak of O-H group at 8.50 ppm
of free probe CR-3 shifts downfield to 8.77 ppm on complex-
ation with Ag"* ion, this might be due to the binding of the
oxygen atom of hydroxyl group to Ag* ion. Hence, the intra-
molecular electron potential experienced by the rhodanine
moiety, might cause disturbance in the electronic spin charac-
ter of the hydroxyl oxygen atom and the possible spatial elec-
tronic delocalisation due to the anisotropic moment over [—
C=S] group might also be the reason for downfield shift of
hydroxyl proton.

The FTIR analysis of the free probe CR-3 and CR-3 with
Ag* were performed, and spectrum is shown in the Fig. 9. The
Fig. 9 shows a characteristic change in the O-H stretching
region of the carboxylic acid group, as bands at
3121.10 cm™ " and 3050.90 cm ' get disappeared for CR-
3+Ag* complex and a new stretching bands at 3407 cm ',
3214.19 cm™' was appeared for 1:1 composition.
Consecutively, the O-H bending vibration of the probe CR-3
vanished at 1441.49 cm™' on complexation.

Due to the highly conjugated electron charge resonating
system of the probe and also the strong affinity nature of silver
towards sulphur, the silver ion get attracted to S atom (-C=S).
Thus, when the silver ion approaches the thiocarbonyl group,
the sulphur atom suffers charge deficiency; this charge defi-
ciency was simultaneously stabilized by the delocalization of
electronic charge by ICT process, hence the thiocarbonyl sul-
phur atom forms a strong bond with silver. In addition, owing
to ICT process and the anisotropic moment over [-C=S] group
have imposed a partial charge separation of —O-H group and
this charge separation inturn leads to the interaction of oxygen
atom (—O-H group) with silver ion.

While due to the ICT process, the rhodanine N atom is not
involved in the interaction with silver ion, this because since a
higher affinity of Ag" ion binding to sulphur atom [S=C-N]
unit and the larger electronegativity of oxygen atom (-COOH)
reduces the electron density on N atom. Also, the existence of
the methylene (-CH,) group further reduces the acidity of the
amide nitrogen of the ring, this makes the ring nitrogen atom
less available for coordination [&, 59, 60, 63, 64, 70-74]. As a
result an intense band for [C-N]g, at 1391.20 cm™ ', and a
comparative reduction in peak intensity of the [C=S],, with
a slight shift from 1336.38 cm ' (C=S) was noticed. In addi-
tion, due to the most stable ICT resonating system, the band at
1192.94 cm™ !, 1156.68 cm™', and 1116.80 cm™ ' of [-C=S]
stretching get slightly shifted and decreased in height on
complexation.

Further, the mass spectrum of the complex shows a pre-
dominant 1:1 complex peak at 501.9612 m/z and also estab-
lishes a minor peak at 899.1286 m/z which express the mini-
mal opportunity for formation of 2:1 stoichiometry. Thus in
compliment to the other spectral evidence, the mass spectra
also enumerate the formed CR-3-Ag complex is a 1:1 binding
proportionate sensor (Figs. S4 and S6). (See supporting infor-
mation). Thus with the countenance of above analytical evi-
dence, we proposed a 1:1 binding mode mechanism of the
probe CR-3 with Ag* ion shown in Scheme 2.

DFT Analysis

The geometries of the probe CR-3 and the complex CR-3 +
Ag" were optimized using DFT calculations by a Gaussian 09
program with B3LYP and 6-311G/LANL2DZ basis sets [75].
From the optimized geometries the 7t electrons distribution
and orbital energies of HOMO and LUMO of CR-3 and
[CR-3-Ag] were also determined (Fig. 10). The HOMO-

Table 1 Measured and calculated

parameters of CR-3 and CR-3 + Aex (nm) Ay, (nm)  Association Detection Limit (M)  Quantum Yield ()
Ag" complex Constant (M 1)
CR-3 (@CRg) CR-3+ Ag+ (q)CR—:i +Ag)
442 548 3.8x 10 12.8x 107° 0.06 0.53
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Fig. 8 'HNMR (300 MHz) titration spectrum of CR-3 and CR-3-Ag" in DMSO-ds

LUMO excitation of FMO’s of CR-3 and CR-3+Ag" com-
plex moves the electron crowd from the carbazole to
rhodanine-3-acetic acid unit through the intramolecular charge
transfer process. From the Fig. 10, it is visible that the FMOs
at excitation the 7t electrons cloud on the HOMO of CR-3 is

highly positioned on the carbazole moiety and slightly on the
rhodanine moiety where the LUMO of CR-3 mostly mounted
on the rhodanine and slightly over the carbazole unit that
intimating the ICT process involved in the excitation level.
Whereas, in the excited state FMOs of CR-3+ Ag" complex

Fig. 9 Partial FTIR spectrum of
CR-3 and CR-3-Ag": a
comparative FTIR spectrum from
3750 to 2600 cm ', b
comparative FTIR spectrum from
1800 to 500 cm™
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Scheme 2 Proposed sensing
mechanism of probe CR-3
towards Ag" ion

the 7t electrons density on HOMO is mainly located on the
whole 7t-conjugated rhodanine framework, the LUMO largely
positioned at the center of the guest Ag* ion, this confirms
strong ICT process that took place on interaction of CR-3
probe with Ag™ ion.

Moreover, the HOMO-LUMO energy gap of the complex
becomes much smaller relative to that of probe CR-3_ hence
the energy gaps between HOMO and LUMO in the probe
CR-3 and [CR-3-Ag] complex was found to be 3.17 eV and
2.77 eV respectively. The optimized geometries shown in the
Fig. S9 clearly exposes that the Ag* ion binds through two
coordination sites of the probe. Hence, the interaction of the

Fig. 10 Calculated (B3LYP/6-
31G*) structure for CR-3 and
CR-3+Ag" complex

LUmMo

Weak ICT

Rhodanine S atom (thiocarbonyl sulphur, [-C=S]) and O atom
(hydroxyl oxygen atom, [-COOH]) with Ag" reflects on the
FMOs and accompanied change in the orbital energy level,
revealing the optical detection.

Morphological and Elemental Analysis

The Scanning Electron Microscopic (SEM) images of CR-3
and CR-3+ Ag" differ dramatically in surface topography as
shown in Fig. 11. The probe CR-3 shows a random needle
like structural projection in Free State, whilst the complex
CR-3-Ag" exhibits a closely packed and spherically crowded

CR-3 CR-3-Ag
\”é 4 3 2’{
\r‘ o
005" 'Y
s Y
= 5
3.1752 eV 2.7766 eV
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Fig. 11 SEM images of CR-3
and complex CR-3-Ag; a at
10 um b at 20 um
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structures. This spherical morphological change is due the
formation of a self assembling that exposed between the
CR-3 and Ag" ion. The steric hindrance effect of the bulkier
carbazole unit and carbon-carbon single bond rotation of car-
bazole and rhodanine acetic acid groups pushed the acid end
and sulphur to twist out of the plane of the CR-3 probe, which
restrict the formation of stacking model but rather forms a 1:1
CR-3-Ag" complex, which was also ascertained by the opti-
mized geometries of probe and metal complex represented in
Fig. S9 [76].

The chemical composition of the probe CR-3 and the com-
plex CR-3-Ag" was enumerated from EDX analysis (Fig.
S10), which clearly indicates the presence of the carbon (C),
oxygen (O), nitrogen (N) and sulphur (S) in the free probe
CR-3; while in the complex form along with other element
the presence of silver (Ag) shows the association of silver with
the probe. In comparison it can be noted that the intensity of
spectral lines of sulphur at 2.3 keV and oxygen at 0.5 keV has
a speculative decrease from that of the free probe CR-3, and
this may be affirmed that the thiocarbonyl sulphur atom and
the hydroxyl oxygen atom have involved in oordination with
Ag" ion. Hence, from the EDX analysis of the probe and the
complex a consistent result was attained in agreement with the
formerly illustrated analytical evidences.
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Cytotoxicity and Cell Imaging

The MTT assay was adopted to reveal the cytotoxicity of
the probe CR-3 on HeLa cells through determination of
cell validation at varying dose of CR-3 incubated and as
time dependent assay. The dose dependent cytotoxic assay
was done with different dose of CR-3 in HeLa cell lines
for 1 h of incubation period as shown in Fig. S11, where
it was noticed that to the extent of 20 uM dose of CR-3
probe, only very small percentage of cells were degraded,
this shows the non-cytotoxic nature of the probe to a
admissible concentration level. Also, the cell viability as-
say of HeLa cell lines incubated with 10 uM CR-3 at
various time lapses as presented in Fig. S12, which dem-
onstrates that to a time course of 24 h the cell viability
rate is quite stable and only a small percentage loss of cell
lines were noted. Also, the half maximal inhibitory con-
centration value of CR-3 (Icsq) in HeLa cell lines for 48 h
of incubation at concentration of 1 uM, 10 uM, 50 uM,
100 uM, and 250 uM (1% DMSO, 99% serum free
EMEM), was performed and Ics, value was determined
to be 49.69 pumol).

Hence, the MTT assay illustrates that the probe CR-3
doesn’t produce any adverse effect on cell viability.
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Fig. 12 Live imaging of Ag (I)
ions in HeLa cells by CR-3. a
Bright field image of HeLa cells
incubated with CR-3. (10 uM)
for 30 min at 37 °C. b
Fluorescence image of HeLa cells
incubated with CR-3 (10 uM). ¢
Bright field images of CR-3

(10 uM) treated HeLa cells with
Ag" (10 uM). d Fluorescence
image of CR-3 (10 uM) treated
HeLa cells with Ag* (10 uM). e
Overlay image of (a) and (b). f
Overlay image of (c) and (d)

Thus, an optimal concentration of 10 uM of CR-3 with
an incubation period below 1 h was followed in all the
confocal imaging studies.

The fluorescence surface imaging of HeLa cell lines was
performed for detection of Ag* ion in HeLa cells by intrusion
of CR-3 probe in the cell line. About 10 uM of CR-3 in
phosphate buffered saline (pH 7.5) and DMSO/H,0 (1:9)
with EMEM was incubated in the cell lines for period of
30 min, and after washing with buffer solution the cells were
monitored with confocal microscope. The surface
morphograph of probe CR-3 alone incubated cell lines shown
in Fig. 12a, b depicts the bright field images with clear cell
morphology and in the florescence field images were blurred
and darken.

However, when the cells lines were further incubated with
10 uM Ag* ions in aqueous solution, the cell lines were dull in
the Bright field, whilst in the fluorescent light the HeLa cell
micrographs were labelled in fluorescent red (Fig. 12c, d), this
shows the CR-3+Ag" complex formation in the cell lines.
Also, the overlay images (Fig. 12e & d) clearly show the
distinguishable fluorescent detection of Ag* ions in cells.
These observations demonstrates that the probe CR-3 were
cell permeable and can be efficiently used for in-vitro imaging
of Ag" ions in living cells. Moreover, there were least indica-
tions of cell damages, cells were intact and showed adherent
morphology during and after the labelling process with probe
CR-3, indicating the least cytotoxic effects.

Conclusions

The developed carbazole — rhodanine sensor (CR-3) is highly
selective, sensitive towards silver ion through strong intramo-
lecular charge transfer from carbazole (donor) to rhodanine-3-
acetic acid (receptor) with a lowest detection limit of 12.8 x
10~° M and high quantum efficiency. The fluorescent probe-
metal (CR-3+ Ag") complex was reversible with 1 equivalent
of I ion that ascertained the reutilization of probe with min-
imal efficiency loss. Also the influencing magnitude of factors
such that the interfering metal ion, fluorescence standing time,
and temperature effect on the optical detection of Ag* ion of
CR-3 was appreciable and less indeed. In compliment, the
carbazole — rhodanine based sensor was proven to be biocom-
patible, non-cytotoxic and capable of fluorescence detection
of Ag” ion in live cells.
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