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Synthesis and characterization of a rhodamine

derivative as a selective switch-on fluorescent

sensor for Cu?* ions in aqueous PBS buffer and
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A novel rhodamine-based receptor molecule (L;) was synthesized via the reaction between rhodamine
hydrazide and acetylacetone. Several spectroscopic methods, viz., FTIR spectroscopy, *H NMR and *C
NMR, and ESI-MS, were used to characterize the receptor molecule (L;). The Ly demonstrated turn-on
response towards Cu?* ions out of 18 different metal ions studied in an aqueous buffer at pH 7.4 with a
minimum detection limit of 3.58 x 1078 M. The binding interaction between L; and Cu®* ions was shown
by absorbance studies, wherein isosbestic points were observed at 286 and 329 nm. Job's plots indicate
the formation of a 1:1 complex between L; and Cu?* ions. Additionally, DFT simulations show a strong
interaction between the Cu?" ions and the receptor Ly, and TD-DFT investigations show an optical
absorption shift in favor of a longer wavelength in the {L; + Cu®"} complex. Further, the biological
applicability of Ly for the in vitro detection of Cu* ions in L929 and Hela living cells was demonstrated.
These findings illustrated that L; could be used to detect Cu?" ions in environmental and biologically

Received 30th October 2023,
Accepted 20th January 2024

DOI: 10.1039/d3sd00291h

Open Access Article. Published on 14 Ginora 2024. Downloaded on 28.01.2026 10:44:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/sensors relevant media.

Introduction

Copper is one of the most prominent transition-metal ions
present in biological systems owing to its diverse functions.'™
Copper is the third most common necessary transition-metal
nutrient in the human body, after zinc and iron. The Cu** ion
is a prerequisite for the synthesis of hemoglobin, and it acts
as an indispensable cofactor for several metalloenzymes,
including superoxide dismutase, tyrosinase, and cytochrome
oxidase.®™® Some of these processes are controlled by the
copper concentration in a particular species. Therefore, the
presence of Cu’" ions in human tissue at its optimal
concentration is crucial for a healthy life. If it is present,
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either at low or high concentrations in human tissue, it would
result in deficiency syndromes and toxicity, respectively. This
can cause a series of diseases such as Menkes disease,
Alzheimer's  disease, anemia, myelodysplasia, and
leukopenia.*™” Thus, considering the deleterious effect of
high levels of Cu®', the United States Environmental
Protection Agency (EPA) prescribed 20 uM as the maximum
contaminant level of Cu®*" in drinking water."® Inductively
coupled plasma-mass spectrometry (ICP-MS), atomic
absorbance, colorimetry, flow injection, and electrochemical
approaches are some of the current methods used for the
measurement of Cu®' ions.'** However, these methods are
expensive, not readily available, and require highly specialized
personnel. Therefore, the development of small-molecular
fluorescent probes with high sensitivity and selective sensing
of Cu®" remain an important area of research.

A chemosensor is a molecule that enables the conversion
of an analyte's information into a detectable signal, which
may appear as a visible colour change or fluorescence signal
changes. Thus, considerable attention has been dedicated to
develop chemosensors that offer effective sensing capabilities
and precise detection of substances,”>?® including high
sensitivity and selectivity, ease of operation, and quick
response. Therefore, the fluorescent sensor approach has
emerged as a practical and prominent method for metal ion
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detection.””*® Hence, there is always a dire need to design
and develop small-molecular receptors that can detect and
image Cu”* selectively using relatively easier techniques such
as absorbance and fluorescence.?** In the past few decades,
a variety of organic molecules such as rhodamine, coumarin-
benzopyrylium, benzothiadiazole, anthracene, phenothiazine,
and squaraine have been synthesized and are being studied
as possible chemosensors that can detect a variety of metal
ions.**° However, high detection limits, significant
interference from other ions and lower wavelengths of
excitation and emission when detecting Cu®" are only a few
of the drawbacks of several fluorescent molecular probes
reported in the literature.

Among several fluorescent probes, rhodamine is used as
one of the most promising fluorophore moieties for
developing fluorescence sensors for ions and molecules. This
is attributed to its unique features including longer excitation
and emission wavelengths, high quantum yields, high
photostability, and easy functionalization. Additionally,
rhodamine conjugates exhibit a visual color change in the
presence of analytes, enabling naked-eye detection.’**?
Furthermore, the fluorescence emission properties of
rhodamine conjugates can be tuned by controlling their
derivatization with appropriate molecules. These modified
rhodamine derivatives have the potential to alter the
selectivity and sensitivity of various analytes. As a result,
rhodamine-based fluorescent probes have emerged as
promising optical sensors due to their exceptional
characteristics, which encompass both physicochemical and
optical properties.**™*’

The search for new receptor molecules that have excellent
selectivity and can detect Cu** ions at very low concentrations
remains an active and difficult task for synthetic chemists.
Another challenging factor for synthetic chemists is the
solubility of the receptor molecule in biological media. The
fluorescence receptor reported in this study is capable of
detecting copper at nanomolar levels in aqueous solutions.
Rhodamine is used as the skeleton to make the derivative have
longer excitation and emission wavelengths, high photostability,
and easy functionalization. In addition, rhodamine conjugates
display a visual color change in the presence of analytes, which
provides an opportunity for naked-eye detection. Therefore, in
this study, we synthesized and characterized a rhodamine-
based receptor linked through an acetylacetone moiety. The
selective recognition of L, towards Cu®* ions in the presence of
several other metal ions in aqueous solutions was studied by
absorption and fluorescence spectroscopy. The 1:1 {L; + Cu*}
complex coordination was supported by a DFT computational
study. The potential applicability of L, in detecting Cu®>" ions
was demonstrated in living cells.

Experimental section
Materials and methods

A Bruker NMR spectrometer was used to record the 'H and
BC NMR spectra, running at frequencies of 600 MHz and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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100 MHz, respectively. Using Q-TOF micro mass (YA-105)
equipment by the electrospray ionization method, ESI-MS
analysis was carried out. A Carry Eclipse fluorescence
spectrophotometer was used to record the fluorescence
spectra and an  IG-27DS Lab-Serve ~ UV-visible
spectrophotometer was used to record the absorbance
spectra. The metal ions used for the fluorescence and
absorbance titrations were purchased from Sigma-Aldrich
and Sisco Research Laboratories Pvt Ltd. as their
corresponding salts. Prior to use, solvents suitable for high-
performance liquid chromatography (HPLC) were dried
according to standard methods. The 1 cm quartz cell used
for the fluorescence titrations has a 5 nm-wide slit. The
phosphate buffer-acetonitrile solution (1:1) used in these
experiments has a pH value of 7.4 and a concentration of 0.1
mM. The metal ion solutions were made in water.
Throughout the trials, the concentration of the stock
solutions of L; remained constant at 1 mM. The solutions in
the quartz cell were excited at 510 nm for fluorescence
titrations, and a final cuvette concentration of L, set at 10
UM in a total volume of 3 mL was reached by dilution with
buffer. The scan speed was maintained at 600 nm min ', and
the excitation and emission slit widths were set at 5 nm each.
For the tests, perchlorate salts of the metals, namely, Li",
Na“, Mg*", AI*", K*, ca*', cr**, Mn**, Fe**, Fe**, Co**, Ni*',
Cu’, Cu®’, Zn*", Cd**, Hg*>", and Pb>" were used. Absorbance
titration details are the same as those performed in
fluorescence studies.

Synthesis and characterization of (L)

In a 50 mL round-bottom flask, a mixture of P, (0.62 g, 1.44
mmol, 1 eq.), acetylacetone (0.59 mL, 8.68 mmol, 6 eq.),
ethanol (15 mL), and a catalytic amount of acetic acid was
added. The reaction was refluxed at 100 °C overnight. When
the reaction was completed and monitored through TLC, the
solvent was removed by evaporation. The crude product was
further purified using neutral alumina in an ethyl acetate:
petroleum ether (20-40%) solvent system. The compound
obtained in good yields was a light pink solid (0.45 g, yield:
60%). FT-IR (ATR, cm™): 3425, 3343, 2921, 2849, 1719, 1609,
1514, 1425, 1344, 1265, 1197, 1013, 808, 733. 'H NMR (600
MHz, CDCl;) MHz 4 (ppm): 7.98 (d, J = 6.78 Hz, 1H), 7.55 (m,
2H), 7.16 (d, J = 7.03 Hz, 1H), 6.34 (s, 2H), 6.25 (s, 2H), 3.52
(s, 2H), 3.19 (dq, J = 7.04; 1.34 Hz, 4H), 1.92 (s, 6H), 1.91 (s,
3H), 1.69 (s, 2H), 1.5 (s, 3H), 1.31 (t, J = 7.23 Hz, 6H); *C
NMR (150 MHz, CDCl;) MHz 6 (ppm): 166.07, 163.38, 152.62,
150.73, 147.74, 133.45, 129.72, 128.55, 128.21, 124.45, 123.40,
117.84, 104.71, 96.84, 66.92, 38.32, 29.70, 28.92, 18.06, 16.74,
14.68. ESI-MS: observed for C3;H3,N,O; m/z = 511.52 [M +
H]', calculated for C3;H3,N,0; = 510.64.

Synthesis and characterization of the {L, + Cu®>'} complex

In a 10 mL round-bottom flask, L, (110 mg, 0.39 mmol, 1
eq.) was added to 5 mL ethanol and CuCl,-2H,0 (66 mg, 0.58
mmol, 1.5 eq.) at room temperature (26 °C) and stirred for 1

Sens. Diagn., 2024, 3, 412-420 | 413


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00291h

Open Access Article. Published on 14 Ginora 2024. Downloaded on 28.01.2026 10:44:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

hour. On the completion of the reaction, solid precipitates
were filtered through the Buchner funnel. The pure product
appeared red (50 mg, yield 47%). FT-IR (ATR, cm'): 3358,
3319, 2983, 2868, 2585, 1653, 1605, 1514, 1307, 1230, 1183,
1009. '"HNMR (400 MHz, CDCl;) & (ppm): 11.3 (s, 1H), 7.87 (s,
1H), 7.61 (b, 2H), 7.1 (s, 1H), 6.78 (m, 1H), 6.21 (s, 1H), 6.1 (s,
1H), 3.40 (b, 1H), 3.1 (s, 3H), 2.0 (s, 2H), 1.84 (m, 4H).

Density functional theory (DFT) computation

DFT calculations were performed using Gaussian 09. The
coordinates for the initial structure used for the DFT
computation were generated using Gauss View 6.0. The
optimization was carried out from PM6 to the DFT, and
finally, the structure was optimized at the CAM-B3LYP level.
The electronic structure calculations for these structures were
modeled along with the mixed basis set using the ‘Gen’
keyword implemented in Gaussian 09. For the Cu atom, we
chose the SDD basis set, while the remaining atoms were
modeled using the 6-31G(d,p) basis set. Following geometry
optimization, frequency calculations were also carried out on
the optimized geometry at the same level of theory to assess
the nature of stationary points, ie., whether they are
transition states (TS) or higher-order saddle points.

Cell imaging study

1929 and HeLa cells were procured from the National Centre
for Cell Science (NCCS), Pune, India. After trypsinization,
cells were seeded into a 12-well plate and incubated at 37 °C
in a humidified atmosphere of 5% CO,. The medium was
removed, cells were washed with PBS buffer, and then 10 uM
concentration of fluorescent probe L, was added to each well
and incubated for another 1 h. The confocal dishes were
washed with PBS to remove excess L; and fixed using 4%
paraformaldehyde at 4 °C. To this, different concentrations
of Cu*" ions were added. The parameters of confocal images
such as the excitation and emission ranges of DAPI and L,
are from 410 to 450 nm and 480 to 560 nm, respectively. For
imaging purposes, the cells were washed with PBS buffer and
then exposed to DAPI (1:100 dilutions) for 10 min to observe
the cell morphology and integrity and further washed with
PBS. The specimen samples were mounted on confocal
dishes, and the images were taken at 63x magnification using
a laser scanning confocal microscope (Zeiss LSM 780,

fo) NH,NH,.H,0
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Germany) at an excitation wavelength of 480 nm and an
emission wavelength of 560 nm.

Results and discussion
Synthesis and characterization of probe L,

As illustrated in Scheme 1, the receptor molecule (L;) was
synthesized via the well-known Schiff-base reaction, which
involves combining rhodamine hydrazide with acetylacetone
in the presence of a catalytic quantity of acetic acid in
ethanol. P, synthesized by a previously reported
method*® via the condensation of P; with hydrazine hydrate
in an ethanol solvent. The receptor molecule (L,) and
precursor were confirmed by various techniques such as 'H
3C NMR, FTIR and ESI-MS. The
corresponding details of the synthesis and characterization
data are given in the experimental section and the ESIT (Fig.
S1 and S2).

was

and spectroscopy,

Absorption titration of L, with metal ions

The metal ion binding nature of L, was studied based on
absorption titration in a 1 mM PBS buffer in an ACN/PBS
mixture (v/v, 1:1%) at pH = 7.4. In the absence of metal ions,
the receptor molecule (L,) exhibits a characteristic absorbance
band of rhodamine positioned at 304 nm corresponding to the
n-n* transition due to the closed spirolactam ring. The
absorbance spectra of probe L, (10 uM) was measured in the
presence of various metal ions such as Li*, Na*, Mg**, AI**, K,
ca*', cr*', Mn*", Fe*', Fe**, Co*', Ni**, cu', cu*", Zn**, cd*",
Hg?*, and Pb>" (concentration up to 0-20 equivalents).
However, the presence of Cu®" ions only showed a significant
change in the absorbance spectrum of L;, and a new band
appeared in the UV-vis spectrum of L; at 525 nm, as shown in
Fig. 1a and b. The newly generated bands became more intense
with the increase in the concentrations of Cu®" metal ions in
the solutions and attained a saturation point when the
concentration was eight equivalents of Cu®" ions. The
emergence of the peak at 525 nm is likely attributed to the
spirolactam ring of L, opening up in the presence of Cu®* ions
and forming the {L, + Cu®} complex. Additionally, the
absorbance of the 300 nm band decreases while that of the 350
nm band increases, resulting in the isosbestic points at 286
and 329 nm. These points signify that L; has been converted to
its bound {L, + Cu®'} complex. From the obtained result, it can

0 (0]

Cl 7 1

O O EtOH, reflux 3h O O Ethanol, AcOH,
65 % 100 °C, 24 h.
N 0 N N 0 NN v TN 0 NN
60%
H H H H H H
1)1 P2 Ll

Scheme 1 Design and synthesis of chemoreceptor L;.
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Fig. 1 Absorption spectra were obtained during the titration of L; against Cu?* in a 0.1 mM PBS: ACN solvent system. (a) Ly (10 uM) vs. Cu?* (0-10
eq.), (b) plot of absorbance vs. {ICu?*]/[L;]}mole ratio as a function of wavelength change at different absorption bands, and (c) plot of the change

in absorbance at 525 nm (A,-A) AA vs. metal ions.

be concluded that L, binds selectively to Cu*". The absorbance
spectra of L; were not significantly altered by the presence of
other metal ions (Fig. 1c and S4t). Furthermore, L, showed a
visible color change and a fluorescent color change under UV
light at 365 nm in the presence of Cu®*" ions at different
concentrations. The interaction between L, and Cu*"
in an association constant (K,) of 0.2 x 107> M, which was
derived using the Benesi-Hildebrand equation (Fig. S5). Job's
plots based on absorption data found a 1:1 complex between
L, and Cu*" (Fig. S61).

resulted

ions, fluorescence titrations were carried out against 18
different metal ions in aqueous solutions. The receptor L,
molecule was excited at 510 nm and showed weak
fluorescence at 550 nm due to a closed spirolactam ring.
the presence of Cu®" ions showed a gradual
increase in fluorescence intensity at 550 nm band and finally
attained a ~28-fold fluorescence enhancement, as shown in
Fig. 2a. The quantum yield of L, is 0.021, which is enhanced
by more than twenty times to 0.46 in the presence Cu®" ions
in fluorescence study using quinine bisulfate as the standard.

However,

This is due to L; consisting of a five-membered spirolactam
ring conjugated with acetylacetone suitable binding groups
that participate in metal binding. In the presence of Cu**
ions, spiro-ring opening through C-N bond cleavage followed

Fluorescence titration of L, with metal ions

In order to explore the selectivity of the receptor system (L;)

towards biologically and environmentally important metal by metal coordination through amide oxygen ‘O’, imine
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Fig. 2 Fluorescence spectral traces for the titration of L; against different metal ions in a 1 mM PBS:ACN solvent system. (a) Intensity vs.
wavelength plot for Ly (lex = 510 nm) (10 pM) against Cu?* (0-10 eq.) linset: fluorescence intensity at 558 nm as a function of Cu?* ion
concentration], (b) relative fluorescence intensity (//lp) vs. wavelength plot for Ly (10 pM) with different metal ions (100 pM), (c) histogram shows
emission intensity of L; with different metal ions at 558 nm and (d) photos of the visible color change (top) and fluorescent changes (bottom) of L
in the presence of metal ions under UV light at 365 nm.
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nitrogen ‘N’ and acetyl enol oxygen ‘O’ atoms result in
observable color and fluorescence changes. Furthermore,
other metal ions exhibited no significant change in the
emission intensity of L, (Fig. 2b). The relative fluorescence
intensity (I,/I) vs. metal ion plot also demonstrates the
selectivity of L; towards Cu®** ions (Fig. 2c). The limit of
detection was found to be 3.58 x 10°® M and this was enough
to detect Cu®" ions present in drinking water (20 uM set by
the US EPA) (Fig. S77). L, showed a lower detection limit than
other fluorescent probes reported in the literature for Cu*"
ions (Table S8f). The detection of Cu®>" by L, was further
demonstrated by observing a distinct naked eye color change
from colorless to light pink only in the presence of Cu*" ions
in daylight. Additionally, under a hand-held UV lamp with a
wavelength of 365 nm, L; exhibited a greenish-yellow
fluorescence (Fig. 2d). The other metal ions showed no
recognizable color change, except that a very marginal color
change was observed in case of Hg>" ions, as shown in
Fig. 2d.

In order to check the selective detection of Ly by Cu®" ions
in the presence of other interference metal ions, comparative
fluorescence titrations were carried out. From the result (Fig.
S9t), we found that fluorescence intensity returns to that {L,
+ Cu*} and no fluorescence quenching was observed,
indicating specific binding of L; towards Cu®* even in the
presence of other metal ions. To determine the optimal pH
for {L;y + Cu®>"}, complexation fluorescence titration was
performed at different pH values, and it was found that in
both cases, L; and complex {L; + Cu®"} exhibited high
fluorescence in an acidic medium at pH up to 4. However,
the {L; + Cu’'} complex showed high and unaltered
fluorescence emission at pH 5 to 12, whereas in the case of
L,, low intensity and weak emission were observed in the pH
range of 5-12 (Fig. S10t). These results indicated that probe
L, can be used for the detection of Cu®>" ions in the pH range
of 5-12.

Synthesis of complex {L, + Cu®'} and its isolation and
characterization

The {L; + Cu®'} complex was synthesized from a reaction
between L; and CuCl,-2H,0 in methanol at room temperature.
After 1 h, a precipitate was formed, which was filtered and
subsequently dried under vacuum (Scheme 2). The isolated
copper complex {L; + Cu®*} was characterized using various
techniques such as absorbance, emission, *H and *C NMR,

o (0]
O 0~ 0.
CuCly.2H,0 ;_N/jj/
—_—

N-N
O O MeOH, RT, 2 hour
N 0 NS N SN
H H H H
L, {Ly+Cu?*}Complex
Scheme 2 Synthesis and probable reaction mechanism of the {L; +

Cu?*} complex.
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Fig. 3 Characterization of the {L; + Cu®'} complex. (a) UV-visible
spectra of the {Ly + Cu?*} complex, (b) fluorescence spectra of the {L;
+ Cu®"} complex, (c) FTIR spectra of L, (black) and {Ly + Cu?*} (red)
complex, and (d) powder-XRD pattern of L, (black) and {L; + Cu®*}
complex (red).

powder XRD, FTIR spectroscopy, and ESI-MS. The isolated {L;
+ Cu”*} complex spectral features, such as absorbance peaks at
~525 nm and emission at 558 nm, are comparable with those
of the in situ-generated complex species in solutions
(Fig. 3a and b). This was further confirmed by comparing the
L, and {L; + Cu®*"} complex NMR spectra. The proton NMR
signals corresponding to aromatic and aliphatic protons
experience considerable broadening due to the complexation
of Cu*" ions, as can be noticed in Fig. S3.f The infrared spectra
of L, showed significant shifts in the vibrational frequencies of
2989 and 1635 upon binding to Cu** (Fig. 3c). The
crystallization of L, and {L; + Cu*'} complex did not yield a
single crystal appropriate for X-ray diffraction. Powder-XRD
studies of both L; and {L; + Cu*} complex indicated good
crystallinity (Fig. 3d).

Coordination features of the {L; +
Cu®*} complex by DFT computation

The experimental study unequivocally supported the
development of a 1:1 complex when Cu®*' ions bind to
receptor L. In order to delineate the coordination features of
the {L, + Cu®>"} complex, DFT calculations were performed by
Gaussian 09 using the MO6L level of theory. The structure of
L, was used as the initial input and optimized at the CAM-
B3LYP level of theory using the 6-31G(d,p) basis set and the
corresponding optimized structure and highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). Later, Cu®" ions were positioned close to the
binding arms of the -C=0 and -N sites of L, and relaxed to
explain the Cu®" ion binding capability towards both of these
structures (Fig. 4a). The HOMO and LUMO of the
corresponding Cu®' ion addition complex {L, + Cu*'} are
shown in Fig. 4(b) and (c), respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sd00291h

Open Access Article. Published on 14 Ginora 2024. Downloaded on 28.01.2026 10:44:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

11

12,000 0.08
0.07
10,000
0.06
000 4
i 0.05 2
£
= 6,000 0.04 i
H
0.03
4,000 é
0.02
2,000
| 0.01
0 0
0 100 200 600

300
Wavelength (nm)

@

View Article Online

Paper

2,500 0.03
2,000 9
(=]
0.02 2
1,500 F
“ 00153
2
1,000 2
0.01 2
=
500 ’ 0.005
’ |1 , i
0 200 400 600 800 1,000 1,200 1,400

Wavelength (nm)

(e

Fig. 4 (a) CAM-B3LYP/Gen (6-31G(d,p) + SDD) optimized structure of {L; + Cu®'} along with (b) HOMO and (c) LUMO orbitals, (d) TD-DFT
absorption spectra of receptor Ly, and (e) absorption spectra of {L; + Cu?*} complex.

In the complex {L; + Cu®>'}, the corresponding metal ion
is bound to the conjugate through two oxygen centers (Cu-
O1 and Cu-02), a nitrogen center (Cu-N), and a chloride
center (Cu-Cl), resulting in a four-coordinated complex. The
Cu-0O1 and Cu-02 distances in these complexes are 1.85 A
and 1.96 A, and the Cu-N and Cu-Cl distances in these
complexes are 1.99 A and 2.08 A for Cu®', respectively,
indicating a substantially greater binding for Cu®*. The O1-
Cu**-02 and Cl1-Cu-N1 angles (170° and 172°) in both
situations deviate slightly from the anticipated square
planar geometry despite the fact that the coordination
number is four. It is clear from a comparison with the ideal
geometry that the fitting to square planar geometry is
preferable for Cu®' centers. Therefore, the coordination
cores in the {L; + Cu®"} complex fit to a slightly warped
square planar.

The HOMO-LUMO energy gaps are used to characterize
the kinetic stability and chemical reactivity of the
compounds. The HOMO and LUMO of receptor L, are —5.09
eV and —0.86 eV, respectively, and the corresponding energy
gap (AEy.p) is 4.23 eV. The HOMO and LUMO energies of the
complex {L; + Cu®*'} formed upon the entry of Cu®>" into
conjugation with receptor L; are -10.38 eV and -9.93 eV,
respectively, and the corresponding energy gap (AEy.p) is
0.45 eV. The low energy gap value denotes an easier charge
transfer, which affects the sensor activity of the compounds.
Due to the ease of donating an electron to the acceptor, soft

© 2024 The Author(s). Published by the Royal Society of Chemistry

receptors with small HOMO-LUMO gaps are more reactive
and polarized than those with greater HOMO-LUMO gaps.

Additionally, the optical absorption spectra computed
using the TD-DFT/CAM-B3LYP technique and performed in
the gas phase are shown in Fig. 4d and e. The TD-DFT
electronic absorption spectra of receptor L; and the {L; +
Cu*'} complex are well featured. L, exhibits an absorption
band at 300 nm, and the enol form of {L; + Cu®'} results in a
band at ~592.07 nm. The altered spectral characteristics of
the complex {L; + Cu®*} demonstrate the impact of
intramolecular charge transfer and subsequent absorption at
higher wavelengths. As a result, the {L; + Cu®*"} complex has
a longer wavelength according to TD-DFT studies, which is in
agreement with the experimental observations.

Intracellular sensing of Cu®* by fluorescence microscopy

The biological applicability of L, to detect Cu** in 1929 and
HelLa living cells was investigated using confocal fluorescence
microscopy. The cytotoxic and optimal concentrations of L,
on HeLa and L292 cells were determined by the MTT assay.
The cells were incubated with different doses of L, (5-100
uM) for 24 h. Notably, it was observed that cells maintained
their metabolism at all doses after 24 h of treatment. The
metabolically formed formazan was dissolved in dimethyl
sulfoxide, and the absorbance was measured at 570 nm. The
cell viability is expressed as a percentage relative to the

Sens. Diagn., 2024, 3, 412-420 | 417
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Fig. 5 Confocal fluorescence microscopy images of L929 cells. (a) DIC image, (c) cells incubated only with L; (10 uM), (d) cells treated with L,
followed by Cu?* addition (20 pM) exhibiting green color and (e) red color, and (f) merged image of b-e.

untreated control (100% cell viability). L; exhibited 85% cell
viability rate even at a concentration of 50 pM, whereas at higher
concentrations, marginal cell death was observed (Fig. S11t).
The 1929 and HeLa cells were incubated in a buffer containing
5 uM of receptor probe L; for 30 min. They displayed weak
intracellular fluorescence due to the spirolactam ring being in
the closed form as can be seen from Fig. 5. Upon addition of
exogenous Cu”" ion into cells through incubation with varying
concentrations of Cu*" ion (0 to 50 uM). At this stage, the cells
were visualized using a fluorescence microscope with a DAPI
filter and bright intracellular green fluorescence was observed in
the cytoplasm and around the nucleus (Fig. 5). Even when L,
was incubated with HeLa cells followed by Cu®" ion addition,
cells exhibited intracellular green fluorescence emissions (Fig.
S117). The DIC image for each conducted experiment confirmed
that cells were viable throughout the imaging study and the
merged image provided evidence that the fluorescence is
displayed through cells. These results indicated that L; can
permeate into cells and effective intracellular Cu®" ion imaging
revealed that L, exhibits strong fluorescence.

Conclusions

A novel and simple rhodamine-based receptor molecule (L,)
was synthesized via the Schiff base reaction and characterized
spectroscopic techniques, including FTIR
spectroscopy, 'H and '>C NMR, and ESI-MS. In an aqueous
buffer with a pH of 7.4, L; demonstrates selectivity to Cu>" ions
among the different metal ions examined, indicating a 28-fold

using various

increase in fluorescence intensity. The receptor molecule
exhibits a pink fluorescence color when Cu®" is present among
the other metal ions investigated under UV light at 365 nm.

418 | Sens. Diagn., 2024, 3, 412-420

The L, can detect Cu®>* ions up to the lowest concentration of
3.58 x 10 M in an aqueous buffer, which is well below the
limit of 20 mM set by EPA for the Cu®" concentration in
drinking water. The interaction between L, and Cu®*" was
studied by absorbance spectra, wherein isosbestic points at 286
and 329 nm were observed. Job's plot absorption spectra
corroborated the 1:1 complex formation between L, and Cu**
ions. DFT simulations provide more evidence for the formation
of the {L, + Cu®"} complex and the coordination cores in the
{L; + Cu*'} complex fit to a slightly distorted square planar.
The computed HOMO-LUMO reduced energy gap value
indicates a simpler charge transfer, which influences the
activity of the compound's sensors. Longer wavelengths are
absorbed into the visible area when Cu®" ions are added to
receptor L;, according to TD-DFT simulations. Further, the
biological property of L1 was used to detect Cu”" ions in living
cells (L929 and HeLa) in biologically relevant media. As a
result, the use of molecular receptor L; may be extended to
detect Cu”" ions in biological tissues and in vivo.
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