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A colorimetric and “off-on” fluorescent Pd®*
chemosensor based on a rhodamine-ampyrone
conjugate: synthesis, experimental and theoretical

studies along with in vitro applicationsf
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We successfully designed and developed a rhodamine based “turn-on” chemosensor L for the detection

of Pd?* ions down to 1.19 x 107> M (11.9 uM). In organo-aqueous solution, probe L displayed highly
selective and sensitive colorimetric and fluorescence responses toward Pd?* based on the ring-opening
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mechanism of the rhodamine spirolactam ring upon complexation with Pd?*. In the presence of Pd*
ions, probe L formed an L-Pd?* complex in 1:1 stoichiometry which was confirmed by the Job plot and
mass spectroscopy. Moreover, we performed DFT (density functional theory) studies to identify the

coordination characteristics and binding nature of L and the L-Pd%* complex. In addition, cell imaging
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Introduction

Palladium as one of the most significant platinum group
metals (PGMs) is extensively utilized in catalytic converters of
automobiles, fuel cells, aircraft spark plugs, blood sugar test
strips, groundwater treatment, photography, electrical equip-
ment, and dental crowns and in the production of several
surgical instruments.'™ Moreover, palladium salts are mostly
used as oxidizing agents and efficient metal catalysts for various
carbon-carbon and carbon-heteroatom coupling reactions such
as the Negishi, Nozaki-Hiyama, Heck, Kumada, Buchwald-
Hartwig, Sonogashira, Stille, Tsuji-Trost transformations and
Suzuki-Miyaura.*® These Pd-catalyzed coupling reactions are
very effective and have found increased popularity for the
synthesis and development of drug molecules.® However, these
reactions present a problem that is even after purification steps,
high amounts of residual palladium can sometimes remain in
the isolated final product which can be consumed along with the
synthesized drugs.” Hence, extensive use of palladium species
in academic circles and industry, which often liberate a huge
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experiments revealed that probe L was able to permeate cells, and able to image Pd%* in living cells.

amount of palladium to the environment, causes an immense
health problem, compromises food safety and also spoils agro-
ecosystems.® Owing to its thiophilic character, palladium can
bind to proteins (silk fibroin, casein, and many enzymes), thiol
containing amino acids, vitamin B6, DNA and other macro-
molecules and thus disturb several cellular processes like
degradation of DNA, damaging cell mitochondria and inhibiting
enzyme activity.”'® Moreover, it is found that excess accumula-
tion of palladium in the human body causes various allergic
reactions as well as stomatitis, contact dermatitis, periodontal
gum disease and lichinoid reactions and hence palladium
species are considered as highly toxic to human health.""™?
Thus, the permitted concentration of palladium in active
pharmaceutical ingredients is strictly limited by governmental
restrictions that state it must not exceed 5-10 ppm and the
recommended utmost dietary intake of palladium ranges from
less than 1.5 pg to 15 ug per person per day.'* These issues raise
the vital need to develop appropriate, highly efficient, selective and
sensitive analytical tools for real-time monitoring of palladium
species in biological and environmental samples. To date, several
conventional analytical methods have been developed for the
detection of palladium ions, such as atomic absorption spectro-
scopy (AAS), solid-phase microextraction high performance liquid
chromatography (SPME-HPLC), inductively coupled plasma atomic
emission spectrometry (ICP-AES), inductively coupled plasma
mass spectrometry, time-of-flight resonance ionisation mass
spectrometry, capillary zone electrophoresis and X-ray fluores-
516 However, these techniques often require large,
costly, sophisticated instrumentation, well-trained workers

cence.
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and time-consuming sample preparation steps, and they cannot
be simply applied in on-line or in-field analysis. Among these
conventional techniques, optical detection (fluorometric and
colorimetric) methods belonging to the spectroscopy field are
more suitable and effective for rapid detection of palladium ions
(Pd*") owing to their easy sample operation, low cost, simplicity,
sensitivity, selectivity, rapid response and nondestructive nature."”
Up to now, several Pd** chemosensors have been reported,;
though, most of these demonstrate a fluorescence quenching
i.e. turn-off response due to its paramagnetic nature.'®'® How-
ever, fluorescence-enhancing i.e. turn-on chemosensors would
be more efficient, sensitive and reliable for Pd*" detection in
solution as well as in living cells.*

Some recent ‘“turn-on” fluorescent chemosensors and
chemodosimeters for Pd** ions have been developed, but still
highly selective, sensitive and ‘“turn-on” type systems are
needed.”"”*” It is noteworthy that Pd** turn on sensors are not
extensively available in the literature. Moreover, most of the
reported Pd>" organic sensors were synthesized using complex
multistep processes which are quite time consuming and not
economical (Table S3, ESIf). In this regard, the rhodamine
framework has been commonly utilized for the construction of
“off-on” fluorescence probes since rhodamine displays a non-
fluorescent spirocyclic form to fluorescent ring-open amide
equilibrium during the detection of metal ions.*>** Additionally,
another benefit of such rhodamine-based sensing platforms is
that the ring opening reaction in the presence of metal ions is
also accompanied by a color change from colorless to pink
which allows metal ion detection with the naked eye. Our
method also utilizes only three easily attainable steps in the
synthesis with high yield at each step and is relatively much less
time demanding.

Keeping the above-mentioned criteria in mind, herein, we
designed and synthesized a new rhodamine B based probe L
which acts as a highly competent colorimetric and ‘“turn-on”
fluorescent chemosensor towards Pd>" in CH;CN-water (4: 1, v/v,
10 mM HEPES buffer, pH 7.4) solution. Probe L demonstrated
tremendous sensitivity and selectivity for Pd** ions over other
competing metal ions. Moreover, probe L can also be used to
image Pd”" in living cells.

Results and discussion

Probe L was synthesized in two steps following the route
outlined in Scheme 1. Initially, compound 1 was prepared by a
condensation reaction between 4-amino antipyrine (ampyrone)
and glyoxal with 91% yield.

Finally, chemosensor L was synthesized in 84% yield as a
yellow solid from rhodamine B by amination with hydrazine
hydrate followed by a Schiff base condensation with compound 1
in ethanol solution under reflux conditions. The chemical struc-
ture of probe L was well characterized by 'H NMR, **C NMR, and
mass spectroscopy as illustrated in the Experimental section.

The chemosensing behavior of probe L toward different
metal cations (Na*, K', Mg*", Ca*', sr**, Ba*", Cr*", Mn*",
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Scheme 1 The synthetic route of chemosensor L.

Fe2+, Fe3+, C02+, Ni2+, Cu2+, Zn2+, Cd%, Pb%, Hg2+, sz+’ Pdo,
Pt”*, Ru*", AI** and Ag") and its preferential selectivity and
sensitivity toward Pd>" over the other metal ions was examined
by absorption and fluorescence titrations.

All the photophysical properties were tested in CH;CN/H,O
(4:1, v/v, 10 mM HEPES buffer, pH 7.4) solution. As shown in
Fig. 1, the probe L only was colorless and showed almost no
absorbance in the visible range 480-620 nm, which was attributed
to the closed spirolactam form of L in organo aqueous solution.
Upon gradual addition of Pd** to the organo-aqueous solution of
probe L, a new visible absorption band appeared at 555 nm and
increased progressively, along with an obvious color change from
colorless to pink, which may be due to the formation of the
spirolactam ring-open amide form of L on Pd** ion coordination.
Moreover, color changes in the presence of Pd*>" suggested that
probe L can serve as a ‘naked-eye’ indicator for Pd*" ions. Under
similar experimental conditions, no noteworthy spectral changes
were found in the presence of other competitive metal cations
except AP*" and Cu™" (Fig. S5, ESI%). Both AI** and Cu** induced a
small enhancement in absorption, suggesting probe L can act as a
selective and sensitive chemosensor for Pd*" ions.

Absorbance

Wavelength (nm)

Fig.1 The UV-vis spectral changes of probe L (c = 4 x 10~% M) in the
presence of Pd?* (c = 4 x 107> M) ions in CH3CN/H,0 (4:1, v/v, 10 mM
HEPES buffer, pH 7.4) solution. Inset: Photographic images of L and L—Pd?*.
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Fig. 2 Fluorescence emission spectra of L (c = 4 x 107> M) in ag. CHzCN
(CH3CN/H,0 = 4:1, v/v, 10 pM HEPES buffer, pH = 7.4) upon addition of
Pd?* (c = 4 x 107° M) ions. Aexe = 555 nm. Inset: Photographic fluores-
cence images of L and L—Pd?*. Change of emission intensity at 575 nm
with incremental addition of Pd?* (lex = 555 nm).

After that, we performed fluorescence titrations of probe L
with Pd*" ions in aqueous acetonitrile (4: 1, v/v, 10 mM HEPES
buffer, pH 7.4) solution. Free probe L showed very weak fluo-
rescence emission upon excitation at 555 nm, indicating that
the spirocyclic structure of probe L was predominant. However,
upon addition of Pd** to the organo aqueous solution of L, the
emission intensity at 575 nm was enhanced markedly, accom-
panied by visual emission color changes from colorless to orange
when excited with a hand-held 365 nm UV lamp (Fig. 2). The
fluorescence intensity reached its maximum after the addition
of 1 equivalent of Pd** with a ca. 17-fold increment, which was
attributed to the Pd** induced spirolactum ring opening of probe
L to form an amide (Scheme 2).

Moreover, probe L displayed a good linear relationship
between the emission intensity at 575 nm and the concentra-
tion of Pd*" ranging from 0.02 to 0.104 mM (Fig. 2b), signifying
that probe L is very much useful for quantitative analysis of
Pd** with a wide dynamic range. Notably, the limit of detection
is a critical parameter in sensor applications. From the fluores-
cence titration curve, the limit of detection for Pd*" using the
probe L was calculated to be 1.19 x 107> M (11.9 uM),>®
demonstrating that the limit of detection of L for Pd>* is below
the threshold limit for palladium content of WHO guidelines for
drug chemicals [4.7 x 107> M (5 ppm) to 9.4 x 10> M (10 ppm)].>®
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View Article Online

Paper

Q.
oftS e
OSSN

Jov o/

Colorless, Non-Fluorescent

L-Pd?* complex

Pink Color, Orange Fluorescent

Scheme 2 Proposed sensing mechanism for the detection of Pd?* by
probe L.

To establish the stoichiometry of the complex between L and
Pd>*, a Job plot was employed and it was revealed that L binds
with Pd>" with a 1:1 stoichiometry (probe : metal) (Fig. 6, ESIt).
The formation of a 1:1 complex was further confirmed by mass
spectral analysis. A clear peak at m/z 788.4716 (calculated for
C,41H43N,0;Pd = 787.2462) in the ESI-MS spectrum, assigned to
[L-Pd**], established the formation of the 1:1 complex. Hence,
we suggested that L coordinates with Pd*" in a 1:1 manner and
formed a tetracoordinate complex with the most likely binding
pocket via carbonyl O, imino N atoms of rhodamine and anti-
pyrene carbonyl O and inamine N. Now, from the fluorescence
emission titration data, the binding constant of L for Pd>* has
been determined using the Benesi-Hildebrand equation,”” and it
was found to be K, = 8.36 x 10> M~" (R*> = 0.985). The binding
mechanism was also verified by FTIR spectra of L and the L-Pd**
complex. The peak at 1691 cm ™, corresponding to the character-
istic stretching frequency for the C—=O amide bond of probe L
(rhodamine unit), was shifted to 1648 cm™ " in the presence of
1 equivalent Pd**, showing that the amide carbonyl group is
engaged in the binding event with Pd*>" ions (Fig. $10, ESI).

We then proceeded to study the selectivity of probe L toward
several metal ions (Na*, K", Mg?*, Ca*", sr**, Ba*>", Cr**, Mn*",
F62+’ Fe3+, C02+, Ni2+, Cu2+, Zn“, Cd2+, Pb2+’ Hg2+’ Pd2+, Pdo,
Pt**, Ru**, AI>* and Ag") under the same conditions as selectivity
is a very essential characteristic of an ion-selective chemosensor.

As shown in Fig. 3, only the addition of Pd*" to the solution
of L was found to display a strong fluorescence emission band
centered at 574 nm, whereas no noticeable emission enhance-
ment was caused by the other metal ions excluding Cu®>" and
AI**, which demonstrated slight interference. Furthermore,
competitive experiments were conducted by adding Pd*" ions
to the solution of probe L in the presence of various competi-
tive metal ions and the results revealed that Pd*"-induced
fluorescence enhancement was unaffected by other common
metal ions (Fig. S7, ESIt). From such experimental observations
we can conclude that the probe L acts as a colorimetric and
“turn-on” fluorescent probe for Pd** with remarkable sensitivity
and selectivity.

To examine the binding interaction of L with Pd**, the
optimized geometries and HOMO/LUMO energy levels of L and
L-Pd**complexes, we performed density functional theory (DFT)
calculations using the Gaussian09 program.>®*® The optimized
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Fig. 3 Fluorescence emission spectra of L (c = 4 x 10~* M) in the
presence of different metal ions such as Na*, K*, Mg?*, Ca®*, Sr?*, Ba2",
CI’3+, Mﬂ2+, Feer, Feer, C02+, Ni2+, Cu2+, ZI"I2+, Cd2+, Pb2+, H92+, Pd2+, pdo'
Pt2*, Ru®*, A®" and Ag™ in ag. CHsCN (CH3CN/H,O = 4:1, v/v, 10 uM
HEPES buffer, pH = 7.4) solution.

Fig. 4 The energy optimized structures of (a) L and (b) the L—Pd?* complex
(atom colors: gray = C, red = O, blue = N, white = H, teal blue = Pd).

geometry of L-Pd*" is shown in Fig. 4, which illustrates that
Pd*" binds with L in a 1:1 fashion via four coordination sites
(carbonyl O, imino N atoms of rhodamine and anti-pyrene
carbonyl O and inamine N) and forms a tetracoordinate com-
plex (ESIY).

The spatial distributions and orbital energies of the HOMO
and LUMO of L and L-Pd** were also calculated. As depicted in
Fig. 5, the n electron density on the HOMO of the L-Pd**
complex is mostly distributed on the xanthene ring of the
rhodamine platform, but the electron density on the LUMO is
mainly concentrated at the centre of the guest Pd** ion. In
addition, the HOMO-LUMO energy gap of the L-Pd*" complex
(1.39 eV) becomes smaller than that of the probe L (3.40 eV),
signifying that probe L formed a stable palladium complex
(L-Pd**) through four coordination sites as shown in Fig. 5.

Due to the excellent sensing properties of L for Pd*", the
probe was then successfully applied for in vitro detection of
Pd** jons in living MDA-MB-468 cells. However, to attain this
goal, it is a prerequisite to primarily assess the cytotoxicity of
probe L and L-Pd** on these living cells. The well-known MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay confirmed that both L and L-Pd>* were unable to exhibit
any adverse effect on the cell viability of MDA-MB-468 cells,
even at concentrations as high as 50 uM (ESIt). This cytotoxicity
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L-Pd?* complex
Fig. 5 HOMO and LUMO distributions of (a) L and (b) the L—Pd?* complex.

Fig. 6 Fluorescence microscopy images of MDA-MB-468 cells: (a) image
of MDA-MB-468 cells treated with only PdCl, (control); (b) image of MDA-
MB-468 cells treated with only probe L; (c) image of MDA-MB-468 cells
treated with PdCl, and probe L.

assay revealed that probe concentrations up to 50 pM can be
used for fluorescence-based bio imaging experiments of L and
L-Pd*" in living cells. To test the ability of L to image intra-
cellular Pd*" in living cells, MDA-MB-468 cells were treated with
20 pM PdCl, for 1 h followed by addition and incubation with
10 pM probe L solution and then imaged using a fluorescence
microscope. Upon treatment with either L or PdCl,, MDA-MB-
468 cells failed to show any fluorescence, whereas a bright red
fluorescence signal was observed in the cells when incubated
with both L and Pd**, indicating the formation of the L-Pd**
complex as already observed in solution studies. Hence, cell
imaging inside the live cells suggests that probe L is able to
permeate cell membranes and can be effectively employed for
intracellular imaging of Pd*" in living cells (ESIY) (Fig. 6).

Conclusions

In conclusion, we have devised a simple rhodamine derivative
based chemosensor L for selective and sensitive detection of
Pd*" ions in CH;CN-water (4 : 1, v/v, 10 mM HEPES buffer, pH 7.4)
solution. Probe L displayed a colorimetric and “turn-on” fluores-
cence response towards Pd** ions resulting from the Pd** induced
successive ring-opening of the spirolactum moiety, thereby pro-
viding a suitable and simple way for visual detection of Pd>" ions.
This newly developed probe L selectively detects Pd*" over other
commonly coexistent metal ions with a limit of detection down

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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to the micromolar range (11.9 puM). From fluorescence studies,
the association constant for L with Pd*" was found to be 8.36 x
10® M~" indicating strong binding for Pd*". The sensitivity and
selectivity of probe L were determined on the basis of absorp-
tion, fluorescence, FTIR and mass spectroscopy data. The Pd>*
binding features of probe L have been studied by theoretical
calculations at the DFT level. Moreover, cell imaging studies
revealed that probe L is able to permeate cells and can be
employed to image intracellular Pd*>" ions in living MDA-MB-
468 cells with low cytotoxicity.

Experimental section
Materials and equipment

All the reagents, solvents and all cationic compounds such as
perchlorates of Mg>*, Cu**, Fe**, Co**, Ni**, and Mn*", chlorides
of Na*, K', Ca**, sr**, Ba*>", Cr*", cd**, Fe*", zn**, Hg**, Pb*",
Pd*", and Ru®", nitrate salts of Ag", and AI**, potassium salts of
Pt**, and Pd(PPh;), were purchased from commercial sources,
stored in desiccators under a vacuum containing self-indicating
silica, and used without any additional purification. For NMR
spectra, CDCl; was used as a solvent with TMS as an internal
standard. Chemical shifts are expressed in ppm (6) units.
UV-visible spectra were measured on a SHIMADZU UV-1800
spectrophometer. Fluorescence spectra were recorded on a
PerkinElmer LS-55 spectrofluorometer. "H NMR and *C NMR
spectra were recorded on a Bruker 300 MHz instrument. Mass
spectra were obtained with a HRMS QTOF Micro YA263 mass
spectrometer. The following abbreviations are used to describe
spin multiplicities in "H NMR spectra: s = singlet; d = doublet;
t = triplet; and m = multiplet.

General technique of UV-vis and fluorescence titration studies

All experiments were carried out in CH3;CN/H,0O (CH3;CN/H,0 =
4:1, v/v, 10 uM HEPES buffer, pH = 7.4) solution. Solutions of
4 x 107" M salts of the respective cations were prepared in
Millipore water. During titration, chemosensor solutions
(4 x 107> M) were placed each time in a quartz optical cell of
1.00 cm optical path length and the metal ion stock solutions
were added to the quartz optical cell progressively by using
a micropipette. Spectral data were recorded 1 min after the
addition of the metal ions.

Calculations for the limit of detection

The limit of detection of L for Pd** was determined using the
following equation:

limit of detection = 3Sb1/S (1)

where Sb1 is the standard deviation of the blank solution and
S is the slope of the calibration curve.

Computational methods

All geometries for L and L-Pd** were optimized by density
functional theory (DFT) calculations using the B3LYP func-
tional with the 6-311G (d,p) basis set for L and the LanL2DZ
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basis set for L-Pd**. All calculations were carried out with the
Gaussian09 software package.

Cell imaging experiments

Minimum inhibitory concentration (MIC). The antibacterial
activity of compound (L) was affirmed through determination of
the minimum inhibitory concentration (MIC). The MIC is defined
as the lowest concentration of an antimicrobial agent at which no
growth is observed in broth medium. Test tubes containing 3 ml
of LB broth were inoculated with overnight cultures of the bacteria
and then various concentrations of compound L (0-150 uM) were
added to each tube. The tubes were left shaking at 37 °C for 24 h.
Absorbances of each solution were then measured at 600 nm for
the determination of bacterial growth.

Cell survivability assay. The inhibition of cell growth was
measured by MTT assay. In brief, cells were seeded in 96 well
plates at 1 x 10* cells per well and exposed to probe L at
different concentrations for 24 h. After incubation, cells were
washed twice with 1x PBS and incubated with MTT solution
(450 ug ml ™) for 3-4 h at 37 °C. The resulting formazan crystals
were dissolved in a MTT solubilization buffer and the absor-
bances were measured at 570 nm by using a microplate reader
(Biotek, USA). Each point was assessed in triplicate.

Cellular imaging. To show the intracellular uptake in MDA-MB-
468, the cells were grown on a cover slip for over 24 h following the
reported procedure.*® These cells and Pd-contaminated cells were
then separately treated with 5 pg ml~" of L for 24 h at 37 °C. The
cells were then washed with 1x PBS. Finally, the cells were
mounted on a glass slide and fluorescence images were collected
from the fluorescence microscope (Leica).

Preparation of compound 1. 4-Amino antipyrine (ampyrone)
(0.400 g, 1 mmol) was dissolved in 25 ml ethanol in a 50 ml
flask and then 2 ml excess aqueous glyoxal (40%) was added
dropwise with continuous stirring at room temperature for 6 h.
The resulting precipitate was filtered, washed with ethanol, and
dried in a vacuum to give the yellow solid 1 (437 mg, yield: 91%),
m.p. > 200 °C.

Preparation of L. Rhodamine B hydrazide (0.40 g, 0.88 mmol)
was dissolved in 5 ml ethanol with continuous stirring and then
0.213 g compound 1 (0.88 mmol) in 15 ml ethanol was added to
the solution and heated to reflux for 12 h. After that, the reaction
mixture was cooled to room temperature, the solvent was evapo-
rated and the residue left was crystallized from ethanol to give
yellow colored compound L with 84% yield (502 mg); m.p. >
250 °C. "H NMR (DMSO-ds, 300 MHz) § (ppm):§ 7.88 (s, 1H), 7.77
(d,J=7.2 Hz, 1H), 7.16-7.36 (m, 8H), 6.93 (d, J = 7.5 Hz, 1H), 6.30-
6.34 (m, 4H), 6.06 (m, 2H), 3.22 (q, /; = 5.7 Hz, ], = 12.6 Hz, 8H,
4 CH, of ethyl groups), 2.74 (s, 3H, N-CHj; of the pyrazole ring) 2.05
(s, 3H, CH; of the pyrazole ring), 1.07 (t, J = 6.6 Hz, 12H, 4 CH; of
ethyl groups). *C NMR (CDCl;, 75 MHz) § (ppm): 10.11, 12.61,
37.79, 44.26, 66.14, 98.81, 105.56, 107.73, 122.77, 123.37, 125.79,
126.91, 127.92, 128.95, 133.58, 147.39, 148.87, 152.68, 165.59. MS
(LCMS), m/z = 682.7 [M + H]’; calculated for C4Hy3N,0; = 681.3.

+ The proton signals observed in the region from 7.88 to 6.06 ppm are assigned to
aromatic and imine hydrogens (total 17H) of probe L.
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