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ABSTRACT: A pyrene-based fluorescent chemosensor APSB [N-
(pyrene-1-ylmethylene) anthracen-2-amine] was designed and
developed by a simple condensation reaction between pyrene
carboxaldehyde and 2-aminoanthracene. The APSB fluorescent
sensor selectively binds Fe®* in the presence of other metal ions.
Apart from this, APSB shows high selectivity and sensitivity toward
Fe®" ion detection. The detection limit for APSB was 1.95 nM, and
the binding constant (K,) was obtained as 8.20 X 10° M
DMSO/water (95/5, v/v) medium. The fluorescence quantum
yields for APSB and APSB—Fe®" were calculated as 0.035 and
0.573, respectively. The function of this fluorescent sensor APSB
can be explained through the photo-induced electron transfer
mechanism which was further proved by density functional theory
studies. Finally, a live-cell image study of APSB in HeLa cells was also carried out to investigate the cell permeability of APSB and its
efficiency for selective detection of Fe*" in living cells.
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B INTRODUCTION

The development of facile and selective chemosensors for
different transition metal ijons has gained considerable
attention due to their potential applications in chemical and
biological streams.' > Chemosensors can be either organic or
inorganic compounds that are capable of selectively detecting
the metal ion of interest with the change of associated
properties. Different types of chemosensors have been
produced till date. Among them, fluorescent chemosensors
display advantages in the sensing of metal ions over other
spectroscopic techniques such as atomic absorption spectros-

deficiency can vary from severe anemia to cognltlve impair-
ment and neurobehavioral disorders in children.'' However,
iron overload can lead to many pathological conditions such as
liver disease, heart disease, cancer, diabetes, development of
abnormal immune system, and neurodegenerative disor-
ders."*™'* Hence, these circumstances demand selective,
sensitive, and facile sensors for the effective detection of Fe3*
ions mainly in drinking water. Different techniques can be
employed to determine iron concentration based on its
chemical properties. Even though many sophisticated instru-
ments are there for determining the iron concentration both
quantitatively and qualitatively, several restrictions are

copy and inductively coupled plasma mass spectroscopy owing
to their precision with high sensitivity and real-time
detection.” Nowadays, the sensors which are active in light
have gained more attraction due to their simple working
mechanism which is based on the interaction between the
chemosensor and the metal ions. In addition, intramolecular
charge transfer, chelation enhanced fluorescence, photo-
induced electron transfer (PET), and charge transfer from
the chelator to the fluorophore are the common mechanisms
associated with metal ion sensing study.®”

Iron is an essential element for cellular physiology.” Iron
intake is very crucial since iron deficiency and iron overload in
the human body can cause potential health disturbances. Iron
deficiency is the most common condition that affects almost
500 million people around the world."” The impact of iron
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associated with them including very high cost, the need for
experts to handle the instruments, maintaining ambient
conditions, and so forth.

Pyrene compounds are comprised of four benzene rings
resulting in a fused aromatic system. Generally, pyrene is a
fluorescent probe whose emission is sensitive to the o polarity
of the solvent or the environment.” Hence, pyrene-based
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Scheme 1. Synthesis of Sensor APSB
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compounds can be considered an ideal template for the
development of novel fluorescent receptors for metal ions due
to their unique photophysical properties such as emission
wavelengths extended to the visible region, a large absorptlon
coefficient, and a high fluorescence quantum yield.'® Similarly,
several fluorescent sensors based on nanomaterials for the
detection of various metal ions are already described in
previous literature. Comparing to organic compound-based
sensors, nanomaterial-based fluorescent sensors have some
limitations such as poor photo stability, stability issues in
aqueous environment, and lack of selectivity of metal ions in
sensing application.'” Apart from this, most of the graphene-
based nanocomposites for metal ion sensing require harsh
chemical synthesis with low yield."® Toxicity and agglomer-
ation of nanoparticles usually make them less preferable in
metal ion sensing based on their fluorescent properties.'” Even
though gold nanoparticles have excellent applications in
various fields, their high cost of preparation make them less
suitable candidates for metal ion sensing. Considering all these
facts into account, in this study, we report a pyrene-based
chemosensor capable of detection of Fe®* ions in an aqueous
medium. The cost of synthesis of the chemosensor is
comparatively low and shows high selectivity and sensitivity
toward Fe*" ions. The preparation method of the chemosensor
is very facile and takes only a couple of hours. Also, this
chemosensor is free from the limitations described above in the
case of fluorescent based nanomaterials which recommends the
use of as-synthesized pyrene-based fluorescent sensors for the
selective recognition of Fe** ions.

The fluorescent chemosensor has been synthesized by
condensing pyrene carboxaldehyde with 2-amino anthracene
leading to a new pyrene-anthracene hybrid system [N-(pyrene-
I-ylmethylene) anthracen-2-amine (APSB)]. The chemo-
sensor APSB can selectively detect Fe** ions in DMSO/
water media (95/5, v/v) over the presence of other 14 metal
ions. The chemosensor was well characterized by UV—vis,
nuclear magnetic resonance (NMR), and ESI-MS techniques.
The sensing mechanism of the chemosensor APSB—Fe®"
complex was further confirmed by density functional theory
(DFT) and FT-IR spectral studies. The live-cell imaging
studies of the chemosensor APSB in HeLa cells were also
carried out to investigate the practical application of the
chemosensor.

B EXPERIMENTAL SECTION

Synthesis of Chemosensor APSB. The chemosensor
APSB has been synthesized by adopting and modifying a
reported procedure.”’ The synthetic procedure and NMR,
high-resolution mass spectroscopy, and other related spectra
(Figures S1—S3) which confirm the structure of the compound
are discussed in the Supporting Information.

Preparation of Stock Solution of APSB and Metal
lons. All desired metal ion solutions were prepared in freshly
double-distilled water which was free from other metal ions
and any other impurities. The stock solution was prepared by

dissolving 0.0041 g of APSB (1 X 107> M) in a DMSO/water
solvent system (95/5, v/v). To conduct fluorescence spectral
studies, all metal ion solutions were further diluted to 1 X 107>
M concentration. Chloride salts of all metal ions have been
chosen for this study. The metal ion selective study was carried
out using APSB (1 L, 1 X 107 M in 3 mL of DMSO/water
solvent) and different chloride salts of metal ions (1 uL, 1 X
107 M in 3 mL of DMSO/water solvent) at a pH of 8. All
experiments were conducted at room temperature.

Detection Limit and Binding Constant Calculations.
The formula 36/K, where o is the standard deviation of the
blank measurement and K is the slope derived from the plot of
fluorescence intensity versus Fe** ion concentrations, was used
to calculate the detection limit.”" A better linear relationship of
the fluorescence intensity versus Fe** concentration at 520 nm
was found in the 4—10.5 X 1077 M range (R* = 0.9892, Figure
S4). The detection limit of Fe** was found to be 1.95 nM. The
K, value was determined from the plot of 1/(I — I,) against 1/
[Fe>.2

Cell Imaging Studies. To investigate the use of the sensor
APSB to detect Fe*" ions in biological systems, fluorescence
imaging study was carried out. Before this study, cell toxicity
study was performed using a general method known as the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide) assay technique.””~>> The test was conducted
after incubating the HeLa cells with the sensor APSB at
different concentrations (0—50 M) for 12 h. HeLa cells were
seeded in 12-well plates in complete media and cultured for 12
h under 5% CO, at 37 °C. The cells were slowly washed three
times with phosphate-buffered solution (PBS) to eliminate
excess Fe®*. After that, the cells were treated with APSB (10
uM) for 10 min. In the next step, the cells were gently washed
three times with PBS to eliminate traces of APSB and culture
media. Formaldehyde solution (3.7%, pH 7.0) was used to fix
the cells, and images of cells were recorded by a fluorescence
microscope.

Theoretical DFT Studies. Computational DFT calcula-
tions of the sensor APSB and APSB—Fe®" complex have been
performed to investigate and analyze the electronic properties
of the individual atoms using B3LYP/6-311G(d,p), LANL2DZ
level theories. Also, a molecular electrostatic potential (MEP)
map study was carried out to predict the chemical reactivity
and energy levels [highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO)] associated with this reaction.

Bl RESULTS AND DISCUSSION

Synthesis of APSB. The sensor APSB was synthesized via
a simple Schiff base reaction, which is described in Scheme 1.
In brief, an imine (compound 3) was obtained by the
condensation reaction between pyrene carboxaldehyde and 2-
aminoanthracene in a DMSO/water solvent system (95/5, v/
v) in the presence of a couple of drops of glacial acetic acid as
the catalyst. The sensor APSB was prepared with an excellent
yield (92%).
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Figure 1. Fluorescence emission spectra of APSB (1 X 107> M) with
the incremental addition of Fe’* in DMSO/water (95/5, v/v)
solution (4., = 520 nm).
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Figure 2. Fluorescence emission pattern of sensor APSB (1 X 1075
M) in DMSO/water (95/5, v/v) with different metal ions (1 X 1073
M), Aym = 520 nm; inset: APSB with Fe** under xenon lamp in the
dark atmosphere.

Solvatochromism. The synthesized sensor APSB is
completely soluble in DMSO and DMEF solvents. Hence, the
sensor was diluted into DMSO and DMF solvents (solvent/
H,0:95/5, v/v), and the UV—vis spectral studies were studied
at room temperature. The spectra described major absorption
peaks around 265—295 and 365—430 nm (Figure SS). Due to
the polarity difference in the solvent systems, a bathochromic
shift of absorption peaks was observed. The intensity of the
absorption peak of APSB is maximum in a polar aprotic solvent
DMSO/water (95/5, v/v), and this solvent system was
selected for further studies. The absorption wavelength of
413 nm was chosen for further fluorescence investigation.

Time-Dependence Study. Time-dependence study was
also carried out using fluorescence spectrophotometry to use
the sensor APSB for practical application toward the sensing of
Fe®* ions. To perform this study, the sensor APSB was added
to Fe®" ions, and fluorescence spectra were recorded at regular
intervals of time (0—20 min) (Figure S6). The results
described that there was no significant variation in the

fluorescence intensity over various time intervals, suggesting
APSB as a rapid tool for the detection of Fe** ions with a
response time of 3 min.

pH Study. To investigate the effect of pH on Fe’' ion
sensing, a pH study was carried out within the range of 1 to 14.
The pH of the medium was adjusted by hydrochloric acid and
sodium hydroxide solutions. The fluorescence emission
intensity of the sensor APSB (1 X 107> M) was almost
constant in the range from pH = 1 to pH = 14, revealing its
consistency. The fluorescence emission intensity of the APSB—
Fe’* complex in an acidic medium was low and gradually
increases when the pH of the medium shifts from acidic to
neutral, and the intensity reaches a maximum at the pH of 8, as
shown in Figure S7. Also, the fluorescence intensity of the
APSB—Fe** complex decreases gradually after pH 10. Hence,
the overall outputs of the pH study describe that the sensor
APSB acts as a selective detector for Fe®* jons under
physiological pH, which reveals the compatibility of the sensor
toward biological applications.

Fluorescence Spectral Studies of Sensor APSB. To
investigate the selectivity of the synthesized compound, first,
we examined the sensing ability of sensor APSB. The excitation
wavelength was fixed at 413 nm based on the maximum
absorption wavelength of the sensor before starting the
fluorescent measurements. The binding ability of the sensor
APSB with different metal ions was studied in DMSQO/water
and DMF /water (95/5, v/v) solvent systems. The fluorescence
emission of the sensor APSB in the DMF/water (95/5, v/v)
medium was weak compared to its emission in DMSO/water
(95/5, v/v) system. Also, the solvent DMF itself can form a
complex with Fe** ions,”® which can further interfere in the
fluorescent studies of the sensor APSB. Their results described
that the detection of Fe** ions by the sensor APSB was solvent-
dependent. From the structure of the sensor APSB, it was
predicted that the imine nitrogen attracts Fe** ions. Therefore,
the sensor APSB was studied for its sensing property toward
different metal ions (Co?*, Cr**, Cu®*, Fe*, Hg**, Pb*", Ga*",
Ni**, Mg, Cd**, Ca*", Mn?*, AI**, Zn**, Sn**, and Sn*') in
DMSO/water (95/5, v/v) medium. The fluorescence spectral
changes of the sensor APSB in the presence of different metal
ions are described in Figure 2. The sensor APSB shows a
characteristic emission peak at a wavelength of 520 nm, which
corresponds to the monomer emission intensity of APSB. After
the addition of various metal ions (1 X 107> M) in APSB (1 X
107> M), the fluorescence emission was not affected
significantly. However, the addition of Fe*" ions to the sensor
APSB introduced a drastic enhancement in the emission
intensity. The fluorescence emission intensity was 17-fold
higher than that of bare APSB at 520 nm. The color change
observed upon addition of Fe** ions to the sensor APSB under
a xenon lamp (75 W) in a dark atmosphere is shown as an
inset in Figure 2. The UV—vis absorption studies of the sensor
APSB revealed similar spectral changes (Figure S8). These
results suggested that the sensor APSB has a good binding
affinity toward Fe*" and the least binding affinity toward other
studied metal ions.

Fluorescence titration experiments were carried out to have
a better understanding of the interaction of the sensor APSB
and Fe’" ions at the molecular level. The fluorescence emission
intensity gradually increased upon the incremental addition of
Fe* ions to APSB in a DMSO/water (95/5, v/v) medium as
depicted in Figure 1. Upon the addition of Fe** from 0 to 1.5
equiv to APSB solution, the fluorescence emission intensity
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Figure 3. Competitive study of APSB—Fe* sensor over various metal ions in DMSO/water (95/5, v/v) solution, Aem = 520 nm.
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1:1 stoichiometry between the sensor APSB—Fe** complex, A, = 520
nm.

increased gradually without affecting the peak position. UV/vis
absorption spectrum showed a decrease in absorption peaks on
the successive addition of Fe** (Figures S9 and S10, R* =
0.9923). The hypochromic shift was noticed from 375 to 430
nm, and the hyperchromic shift was observed at 270—285 nm
in the absorption spectra. Besides, 7 nm of the hypochromic
shift was also observed from 375 to 368 nm. These changes
observed in the spectra suggested that the PET process was
blocked in the complex. At a higher concentration of Fe*
(above 1.5 equiv), the increase in absorption and emission
intensities was stopped due to the saturation of complexation
with the Fe®* ion.
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Figure 5. Reversibility in fluorescence emission spectra of APSB (1 X
10~ M) DMSO/water (95/5, v/v) solution with Fe3* (1 x 1073 M)
and EDTA (2 X 1073 M), 4., = 520 nm.

The fluorescent quantum yield calculations were performed
for both APSB and APSB—Fe’* using the relative quantum
yield method which involves the use of a well characterized
standard with a known quantum yield value. For this purpose,
rhodamine 6G was used as the standard whose quantum yield
value is 0.95 in ethanol. The quantum yields for APSB and
APSB—Fe3* have been calculated as 0.035 and 0.573,
respectively, based on the equation given below.

Q. Yy = Q Y(Iy/R)I(1 = 1074%) /(1 = 107%)](ng/ng)*

where the subscripts S and R denote the sample and
reference, respectively. Q.Y is the known quantum yield (0.95
in ethanol) of the reference standard, I is the integral

33251 https://doi.org/10.1021/acsomega.2c03718

ACS Omega 2022, 7, 33248-33257


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03718/suppl_file/ao2c03718_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03718?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

APSB+ Fe3* / |
2994 cm”

—_ -1
e\e 1422 cm
N’
D
)
=
]
h=
£ v,
w
=
«
™
o

APSB

’/.1 -1
3037 cm 1577 em

v T v T v T v T v T v T v

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

Figure 6. FT-IR spectra of APSB and APSB—Fe** (1:1) complex.
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Figure 8. MEP of sensor APSB calculated using the B3LYP/6-
311G(d,p) basis set.

fluorescence spectrum intensity, A is the absorbance of the
solution at the excitation wavelength, and n is the refractive
index of the solution solvent.”’”

33252

Metal lon Selectivity Study. To explore the metal ion
selectivity of the sensor APSB over other different coexisting
metal ions, a competitive study was carried out (Figure 2). The
sensor APSB (1 X 107> M) and Fe** (1 X 107 M) with
different metal ions including Co®*, Cr’*, Cu’*, Fe**, Hg"',
Pb*, Ga**, Ni**, Mg**, Cd**, Ca**, Mn**, AI**, Zn**, Sn**, and
Sn** (1 x 1073 M) in DMSO/water (95/5, v/v) medium were
used for the fluorescence spectral studies. The results described
that all selected metal ions did not affect Fe** binding to APSB,
showing that the presence of other metal ions imparts
insignificant interference to Fe®" detection. These observations
indicated that the sensor APSB can be used to detect Fe** in
environmental and real sample analysis applications (Figure 3).

Binding Stoichiometry and Association Constant.
The binding stoichiometry between APSB and Fe'* was
evaluated using the Job’s plot method.”® The sensor APSB and
Fe" were taken in equal concentrations (1:1, 1 X 107> M) in
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Scheme 2. Proposed PET Sensing Mechanism of APSB—Fe** Complex

Strong PET
NVee
OGS U

Fluorescence turn-of f

F€3+

—_—

3t

PET blocked
Fe

R
Seswes

Fluorescence turn-on

Control

Fe**+ APSB

Figure 9. Bio-imaging visualization of live HeLa cells toward the
detection of Fe** ions (50 uM) with sensor APSB (10 uM).

DMSO /water (95/S, v/v) medium. The concentration of the
sensor APSB varied from 0.1 X 1075 to 1 X 107> M. The Job’s
plot described that the highest emission intensity was observed
at 0.5 mol fractions (Figure S11), thereby confirming a 1:1
stoichiometry between the sensor APSB and the Fe®* ion
complex.

The 1:1 stoichiometry was further confirmed by the Benesi—
Hildebrand plot as shown in Figure 4. The association constant
was calculated from the fluorescence titration curve (Figure 1),
and the value is found to be K, = 8.20 X 105 M~1.*° This result
revealed that the binding between the sensor APSB and the
Fe®" ion was strong. UV—vis Benesi—Hildebrand plot was also
used to confirm the 1:1 binding ratio between the sensor APSB
and Fe®" (Figure S12). The detection limit of the sensor APSB
was determined based on the linear curve of emission data
using the formula 36/K. The detection limit value was found
to be 1.95 nM. A better linear relationship was observed (R* =
0.9892) at 520 nm, showing a good linear correlation for the
detection of a Fe** ion.

Reversibility of the Sensor APSB. We further inves-
tigated the reversibility behavior of the sensor APSB since it is
very important when we consider its applications in the field of
sensing and bioimaging. The APSB—Fe** complex (1 X 107°
M to 1 X 107> M) in DMSO/water (95/5, v/v) medium was
reversed by EDTA addition (2.0 X 107 M). The Fe** complex
formation with the sensor APSB disappeared after the addition
of EDTA (Figure S), revealing that the sensing action is
reversible.

IR Spectral Analysis. To obtain a deep knowledge of the
complex formation mechanism between the sensor APSB and
Fe*, FT-IR spectral study was performed. As depicted in
Figure 6, the IR peak of imine —C=N (1577 cm™) and

33253

aromatic hydrogens (3037 cm™") appeared at their expected
regions. Upon the addition of Fe®" to APSB, the blue shift of
peaks was observed from 1577 to 1422 and 3037 to 2994 cm ™"
for imine —C=N and aromatic hydrogen moieties, respec-
tively. The results obtained suggested the possible coordina-
tion of Fe** with the imine —C=N moiety. This coordination
mechanism is also explained by hard—soft acid—base theory,
and hard nitrogen centers selectively bind with hard metal
Fe3*3%3! Besides, Fe* is a strong Lewis acid; therefore,
preferentially it tends to accept the lone pair electrons from the
nitrogen of the imine group.’” Therefore, the FT-IR results
revealed the coordination of Fe** with APSB occurred between
the imine —C=N group.

Electrochemical Study. To have a better understanding of
the binding mechanism of the sensor APSB with Fe**, cyclic
voltammetry (CV) studies were performed in 1 mM PBS at a
pH of 7 (Figure S13). Anodic peak current was observed at a
scan rate of 0.1Vs-1 with reference to an Ag/AgCl electrode.
Glassy carbon (GC) and platinum electrodes served as the
working and counter electrodes, respectively.”> On the bare
GC, no characteristic redox peaks were observed. From the
cyclic voltammogram of the modified electrode (GC/APSB),
one oxidation peak was observed for the sensor APSB (1 X
107 M) at E,, = 0255 V. On the GC/APSB, the current
density of the peak was suppressed since an insulating layer of
the sensor APSB was formed on the modified working
electrode.®***> On the GC/APSB—Fe*, a higher current
density was observed for the peak in comparison to GC and
GC/APSB electrodes, and the potential was shifted to E,, =
0.30 V, which could be attributed to the larger conductivity of
the Fe** membrane used along with the sensor APSB.* These
outcomes indicate a strong binding affinity of the sensor APSB
toward Fe®" ions.

Theoretical Calculation Studies. The experimental
results were validated by optimizing the molecular orbital
geometry of the sensor APSB and its complex by B3LYP/6-
311G and B3LYP/LANL2DZ level of theories using Gaussian
09 software. The optimized structures of the sensor APSB and
the complex APSB—Fe*" are shown in Figure S14. The DFT
results indicate that the electron density of the sensor APSB is
mainly distributed in the anthracene unit at HOMO, and for
LUMO, the electron density is mainly located at the pyrene
unit. It indicates that a strong PET process takes place. Upon
the addition of Fe*" with the imine nitrogen units of APSB, the
PET process stops and exhibits significant fluorescent
enhancement. It can be further explained as, after the addition
of Fe’" to the sensor APSB, the charge density in HOMO and
LUMO energy levels was reallocated toward the Fe** ion. This
result demonstrates, that the lone pair electron transferred
from nitrogen atoms to the electron-deficient Fe*" metal ion.
Hence, due to this electron transfer, the PET process in the
sensor APSB is stopped which leads to a significant
enhancement in the fluorescent intensity (Figure 7).7738
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Table 1. Comparison of LOD Values of Previously Reported
Pyrene-Based Compounds for Fe** with This work®’ ¢
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Generally, the MEP surface analysis provides information
regarding the three-dimensional charge distributions of
molecules. When correlated with a dipole moment, partial
charges, electronegativity, and chemical reactivity sites found in
the molecule, MEP shows significant traits including variation
in electron density, size, and form.>*~** MEP analysis reveals
the electron-rich and deficient areas of the molecules, and
therefore the molecule’s sites available for the electrophilic
attack can be efficiently identified by MEP analysis."’ This
surface analysis helps to visualize differently charged regions of
the molecules which are indicated by different colors. The
surface analysis result obtained by molecular electrostatic
analysis is given in Figure 8. Analyzing the positive and
negative charged electrostatic potential regions in the
compound allows for the prediction of various potential
interactions in the molecules. The absence of electrons or the
partial positive charge that the molecule possesses is described
by the surface with high electrostatic potential, which is
depicted by the color blue.** The MEP surface reveals that the
region near the nitrogen atom is highly sensitive to
electrophilic attacks. This study also describes the possibility
of a strong interaction between imine nitrogen of the sensor
APSB and the Fe** ion.

Proposed Binding Mechanism. Based on the spectros-
copy study results such as 'H NMR, FT-IR, *C NMR, and
theoretical investigations including DFT studies, here we
propose a plausible binding mechanism for the APSB—Fe*
complex. In the sensor APSB, a strong PET process caused a
weak fluorescence intensity; on the other hand, the addition of
Fe** which formed an interaction with —C=N moiety resulted
in a weak PET process and significant improvement in
fluorescent emission. The interaction established between the
sensor APSB and Fe®* complex obstructs the PET pathways
(Scheme 2).

Fluorescence Imaging in Living Cells. At last, to
examine the practical application of the sensor APSB for the
selective detection of Fe®* in living cells, a fluorescence
imaging study was carried out. Biocompatibility of the
compound always attains first consideration when performing
live-cell imaging studies. So, the sensor APSB was tested for its
cytotoxicity against HeLa cells using an MTT assay. To
perform this, first, the cells were incubated with various
concentrations (0, 10, 20, 30, 40, and SO M) of the sensor
APSB for 48 h at 37 °C.*** The results of this study indicated
the nontoxic behavior of the sensor APSB toward the cultured
cells. Also, the sensor is not imparting any dreadful effect on
the cell viability even at its higher concentration (50 uM),
which clearly shows the ability of the sensor APSB to detect
Fe®" ions in live and active HeLa cells. The cell imaging studies
were carried out using the sensor APSB, and the fluorescence
images of HeLa cells were recorded using a fluorescence
microscope. The results (Figure 9) convey that the treatment
of the sensor APSB (5 uM) with the cells for this does not
show any fluorescence due to its very weak fluorescence
property. However, the treatment of the sensor APSB along
with Fe®* ions shows significant fluorescence in HeLa cells.
The fluorescence images of the cells were captured using a
fluorescence microscope, and the results further indicated that
the sensor APSB is cell-permeable and possesses a high ability
to monitor Fe®" ions in living cells.

The sensor APSB exhibited in this work is also compared
with other chemosensors reported previously (Table 1). The
comparison study reveals that the present sensor APSB exhibits
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Figure 10. A memory device that contains a loop with Write—Read—FErase—Read functions explaining the reversible logic gate operations (A) and

logic gate circuit and its truth table (B).

an appreciable detection limit. Similarly, the sensor shows
better performance in fluorescence live-cell imaging studies.
Therefore, it is highlighted that the present sensor APSB could
play a better role in the field of analytical chemistry for the
detection of Fe** ions with a low detection limit without the
interference of other metal ions.

Molecular Logic Gate Application. The development of
molecular switches that are reversible has gained significant
importance in the present world where information technology
is growing tremendously. In this present study, we also
constructed a logic gate to obtain molecular-level information
by using the fluorescence system described in this work
(Figure 10). Fe** and EDTA were the two chemical inputs
employed in the logic gate system for the set and reset that are
designated as S and R. When Fe’* is present, the input is high
and the system will be in an ON state that can be memorized
as 1 binary state. When EDTA is present (high reset input),
the OFF state denoted by the binary state 0 is activated
automatically by deleting the ON written information. Apart
from this, the selective detection of Fe** and EDTA together
with the reversible switching function of the chemosensor FSU
brings a way to develop a truth table and suggests Boolean
logic gates at the molecular level. As described in Figure 10, the
input signals such as Fe’* and EDTA are represented using the
Boolean expressions 0 and 1. On the other hand, strong
fluorescence emission at 520 nm was denoted as 1 (ON
mode), and 0 (OFF mode) represents the loss of fluorescence
property of the chemosensor FSU. The truth table has been

constructed completely based on the fluorescence emission
data obtained from the spectrofluorometer. The molecular
logic gate described here is associated with OR, AND, NOT
NOR, and NAND gates. Based on the truth table, it is clear
that the chemosensor FSU precisely mimicked the logic gate
constructed in this work. In summary, the logic gate system
gives intense fluorescence emission only when the input is Fe®*
(1,0), and all other possible input combinations provide
extremely low fluorescence emission OFF or 0.

B CONCLUSIONS

In summary, a novel pyrene-based sensor was synthesized and
characterized by 'H NMR, *C NMR, ESI-MS, and
spectroscopic studies. This study shows that the sensor
APSB is highly selective and sensitive toward Fe’* ion
detection. This sensor exhibits a turn-on fluorescence response
toward Fe’ and shows a strong fluorescence emission at 520
nm with a remarkable (17-fold) enhancement in fluorescence
intensity. The detection limit value was 1.95 nM, and the
binding constant value was obtained as 8.20 X 10° M~". The
fluorescence quantum yields for APSB and APSB—Fe®" were
calculated as 0.035 and 0.573, respectively. The Fe®* ion
sensing by the sensor APSB involves a PET mechanism, which
is also supported by DFT studies and FT-IR spectral studies.
The cell viability study described that a lower concentration of
the sensor APSB was not interfering with the normal cellular
functions. A fluorescence imaging study demonstrated the
permeability of APSB in cell walls and the effective sensing of
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Fe** inside the HeLa cells. Furthermore, the EDTA study
revealed the reversibility nature and reusability of the
developed sensor APSB.
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