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fluorescent sensor for Al** detection in real
samples and live-cell bioimagingt

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 16999

Ayman A. Abdel Aziz® * and Ali M. Abdel-Aziz ®

A novel asymmetric heterocyclic Schiff base chemosensor, (E)-1-(((2-amino-5-methylpyridin-3-yl)imino)
methyl)naphthalen-2-ol (AMMN), was synthesized and thoroughly characterized using microanalysis,
FTIR, ESI-MS, *H NMR, and *C NMR. The interaction of AMMN with various metal ions was investigated
via UV-visible and fluorescence spectroscopy. The sensor displayed high selectivity and a sensitive
fluorescence response toward ALY in a DMSO/HEPES buffer solution (1:9, v/v) at pH 7.4. The binding
constant of AMMN with A®* was determined using the Benesi—Hildebrand plot, yielding values of 2.90 x
10° M~ and 9.69 x 10® M~ based on UV-visible and fluorescence spectroscopic analyses, respectively.
The detection mechanism was identified as a 1:1 binding interaction between AMMN and Al**, as
confirmed by ESI-MS, Job plot analysis, and *H NMR titration. The sensor exhibited excellent linearity,
with low detection limits of 1.7 x 107® M and 53 x 1077 M, as determined by UV-visible and
fluorescence titration studies, respectively. Furthermore, theoretical analysis using density functional
theory (DFT) was conducted to support the experimental results for botn AMMN and its AMMN-AL®*
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1. Introduction

In recent years, the development of artificial receptors for recog-
nizing cationic, neutral, and anionic species has garnered
significant attention due to their crucial roles in biological,
environmental, and chemical processes. Among these species,
the AI*" ion, which constitutes 8.1% of the Earth's crust by mass,*
has attracted substantial research interest because of its wide-
spread application in industries such as pharmaceuticals, elec-
tronics, paper, and textiles.>® Additionally, AI’** is commonly used
in household utensils, increasing the risk of continuous human
exposure.* The World Health Organization (WHO) has recom-
mended an average daily intake of 0.15 to 0.20 mg of AI** for
humans.® However, despite being a non-essential element,
excessive aluminum intake has been linked to severe health
issues, including Alzheimer's and Parkinson's diseases,
dementia, anaemia, encephalopathy, and gastrointestinal disor-
ders.® Due to its high natural abundance, AI’** can enter the
human body through drinking water, food, and pharmaceuticals,
eventually accumulating and potentially disrupting normal
nervous system functions.”® Therefore, reliable methods for
detecting AI*" at trace levels are essential. Various analytical
techniques, including atomic absorption spectroscopy (AAS),”
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inductively coupled plasma atomic emission spectroscopy (ICP-
AES)," inductively coupled plasma mass spectrometry (ICP-MS),"*
electrochemical detection,” and ion chromatography,”™” have
been employed for the quantification of AI** in trace concentra-
tions. However, these methods present several limitations, such
as high costs, lack of on-site detection capability, extensive
sample pre-treatment requirements, complex operational proce-
dures that demand trained personnel, and limited sensitivity,
which hinder their practical applications.™

Colorimetric and fluorescent chemosensors have emerged as
valuable alternatives for detecting metal ions due to their
advantages, including simplicity, high sensitivity and selec-
tivity, cost-effectiveness, rapid response times, and adapt-
ability.*** Additionally, these chemosensors play a vital role in
biological applications, as they enable the detection of various
biochemical parameters in living cells, including intracellular
PH, anions, cations, biomolecules, and cell viability.>*->*

Among the different types of chemosensors, Schiff base-
based sensors are particularly promising due to their straight-
forward synthesis, tunable structure-function relationships,
and excellent solubility in solutions, making them highly suit-
able for practical applications.**™**

In line with this objective, we have designed and synthesized
a novel Schiff base-based small-molecule sensor with high
selectivity and ultra-trace sensitivity for fluorescent and colori-
metric detection of AI’" in living cells and real water samples.
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2. Experimental
2.1 Materials and instruments

The details of the reagents and instruments used in this study
are provided in the ESL¥

2.2 Synthesis and characterization of Schiff base ligand
(AMMN)

The Schiff base AMMN ligand was synthesized as outlined in
Scheme 1. First, to a hot 10 mL solution of 5-methylpyridine-2,3-
diamine (10 mmol, 1.2316 g) in dry ethanol, 10 mL ethanolic of
1-hydroxy-2-naphthaldehyde (10 mmol, 1.7218 g) was added
drop wisely. The mixture was sequentially stirred continuously
for 3 hours at 70 °C. Afterward, the solvent was eliminated
under reduced pressure, and the purified product was separated
by recrystallization from 2-propanol. AMMN was subjected to
further purification by gradient silica gel column chromatog-
raphy using a CHCl;-EtOH solvent system. The final product
was recrystallized from 2-propanol, yielding yellow crystals with
a79.8% yield. Elemental analysis caled. for C;;H;5N;0 (277.32):
H, 5.45; C, 73.63; N, 15.15%; found: C, 73.59; H, 5.51; N, 15.35%.

2.3 Synthesis of solid AMMN-AI** complex

The AMMN-AI** complex was synthesized by refluxing AMMN
(10 mmol, 20 mL) and Al(NO;);-9H,0 (10 mmol, 20 mL) in
absolute ethanol for 1 hour (Scheme 2). After cooling and
filtration, the mixture was washed (sequentially with water,
ethanol, ether), followed by vacuum drying over anhydrous
CacCl,. The complex was isolated as a bright yellow solid. Yield:
%78, m.p. > 300 °C. Elemental analysis calcd. for C;;H,oN,0,Al
(419.34): C, 48.69; H, 4.81; N, 13.36%; found: C, 47.99.59; H,
4.68; N, 13.45%.

2.4 General procedure for photophysical measurements

A 1 mM stock solution of AMMN was prepared by dissolving
2.7732 mg in 10 mL of DMSO/HEPES buffer (1:9 v/v, pH 7.4).
Various metal ion solutions (1 mM) were prepared by dissolving
appropriate wight of their nitrate's salts in Millipore water. For
various spectral measurements, a precise volume of 25 pL of
AMMN (1 mM) was carefully taken from the stock solution and
diluted to a final volume of 3 mL using HEPES buffer, ensuring
a consistent pH environment for the experiment. Subsequently,
25 pL of a 1 mM solution of the selected cation was introduced
into the mixture to study its interaction with AMMN. The total
volume was then adjusted to 5 mL by adding additional HEPES
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buffer, maintaining uniform dilution conditions across all
samples. After thorough mixing, both UV-vis absorption and
fluorescence spectra were recorded to analyze the spectral
changes induced by the presence of the cation. This procedure
facilitated the investigation of the electronic and photophysical
properties of AMMN in the presence of different metal ions.

2.5 Effect of pH

The influence of pH on the photophysical properties of AMMN
and the AMMN-AI’" complex was evaluated using UV-vis
absorption (Anax = 375 nm) and fluorescence (Aey, = 503 nm)
spectroscopy. The HEPES buffer was adjusted to pH 2-12 using
HCIl and NaOH.

2.6 Effect of response time

The response time of 5 uM AMMN was evaluated in presence of
AP’" jons (5 uM) at 10 seconds intervals over a period of 2
minutes.

2.7 Effect of response time

The response time of AMMN (5 uM) in the presence of Al** ions
(5 tM) was monitored at 10 seconds intervals over 2 minutes to
assess the sensor's reaction speed.

2.8 Job plot analysis

To determine the binding stoichiometry between AMMN and
AI*, solutions containing AMMN (5 uM) and AI(NO3);-9H,0 (5
uM) in DMSO/HEPES buffer (1: 9 v/v) were prepared. The mole
fraction of AI*" was varied from 0.1 to 0.9, maintaining a total
volume of 2 mL. After shaking for 30 seconds, the solutions
were analyzed using UV-vis absorption and fluorescence spec-
troscopy at room temperature.

2.9 Calibration curve

The absorption and fluorescence responses of AMMN (0.1 mg
mL ™) to AI** (5-60 uM) were recorded using UV-vis absorption
and fluorescence titrations in DMSO/HEPES bulffer (1: 9 v/v, pH
7.4) to establish a calibration curve.

2.10 Competitive experiments

To evaluate potential interference from other metal ions, absor-
bance and fluorescence studies were conducted at room
temperature. First, AMMN (1 uM) was mixed with AP* (5 uM) in
DMSO/HEPES buffer (1: 9 v/v, pH 7.4). Then, 100 equiv. of various

N v
7 2
|l + OH  ¢,H,0H / Few drops CH,COOH
N”NH,

5-methylpyridine-2,3-diamine  2-hydroxy-1-naphthaldehyde

(E)-1-({(2-amino-5-methylpyridin-3-yl)imi i -

AMMN

Scheme 1 Synthesis of (E)-1-(((2-amino-5-methylpyridin-3-yllimino)methyl)naphthalen-2-ol (AMMN).
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Scheme 2 Synthesis of AMMN-AI®" complex.

competing metal ions (Na*, K, Mg>*, Ca®", sr**, Ba**, Cu®", Zn**,
Co®", Ni**, Mn*', Ag", Fe**, Fe**, Cd**, Pb*", Hg®") were added to
assess their interference in the AMMN-AI®* interaction.

2.11 Reversibility of sensor AMMN for AP**

The reversibility of the chemosensor AMMN was tested by
titrating the AMMN-AI*" solution with Na,EDTA chelating agent.
The experiment was conducted using one equivalent of Na,EDTA
solution to assess the coordination reversibility of the AMMN-
AP* complex.

2.12 Fluorescence quantum yield experiment

The fluorescence quantum yield of AMMN, both before and
after complexation with AI**, was determined using quinine
sulfate in 0.1 M H,SO, as a reference,*”” which has a known
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quantum yield (®) of 0.577.* The calculation was performed
using eqn (1):

Gs ns’

B = Py — > 1

Gr 1g? ®
where @ and G are the quantum yield, and the gradient (slope),
respectively, obtained by plotting integrated fluorescence
intensity against absorbance values. The subscripts S and R
refer to the sample and the reference, respectively.**** The
solvents' refractive index, n, were determined using Milton Roy,
Inc refractometer.

2.13 'H NMR titration of AMMN with AI** ions

For the 'H NMR titration, a solution of AMMN (2.7732 mg, 1 x
107" mol) in DMSO-dg (2.0 mL) was prepared and then divided
equally into four NMR tubes. Sequentially, to each tube, 0, 0.5,
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(a) Absorption spectral changes of AMMN (1 pM) upon interaction with various metals (5 uM) in DMSO/HEPES buffer solution (1: 9, v/v, pH

7.4) (inset: Color change observed in the AMMN solution after treatment with A3*). (b) Emission spectral changes of AMMN (5 uM) with (5 uM) of
other metal ions in DMSO/HEPES buffer solution (1: 9, v/v, pH 7.4), with an excitation wavelength 375 nm (inset: Fluorescence emission change

observed in the AMMN solution after treatment with AH).
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Fig. 2 Impact of pH on AMMN (5 pM) (a) absorption intensity in absence and presence of A" ions; (b) fluorescence intensity in absence and

l3+

presence of Al®" ions.

1.0, 1.5, and 2.0 equiv. of AI*" jons in deuterated dimethyl
sulfoxide (1.0 mL) were added. After stirring each mixture for 30
seconds, their "H NMR spectra were recorded.

2.14 Analysis of real water samples

To evaluate the practical application of AMMN, AI** ion detec-
tion was conducted in various real water samples, including
distilled and tap water. A standard amount of AI** ions were
added to the samples. The UV absorption and fluorescence
intensity were measured using a UV-vis spectrometer and
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fluorescence spectrometer, respectively. The concentrations of
AP’ ions in the water samples were then calculated using the
standard linear equation.

3. Results and discussion
3.1 Characterization of AMMN

The structure of AMMN was confirmed using elemental analysis,
ESI-MS, FT-IR, 'H NMR, and "*C NMR techniques. Additionally,
the AMMN-AI®* complex was synthesized in the solid state, as
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Fig. 3 (a) Response time—absorbance profile of AMMN (5 puM) after the addition of A** ions (1.0 equiv.) in a DMSO/HEPES (1:9 v/v, pH = 7.4)
solution; (b) response time—fluorescence profile of AMMN (5 uM) after the addition of Al** ions (1.0 equiv.) in a buffer solution (1:9 v/v, pH 7.4).
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Fig. 4 Job's plot analysis: (a) Absorbance at Amax = 375 nm as a function of the mole fraction of the A" ion ([A3*] = [AMMN] = 20 uM); (b)
Fluorescence intensity at Aem = 503 Nm as a function of the mole fraction of the A>* ion ([A**] = [AMMN] = 5 uM).

depicted in Scheme 2. The molar conductivity (4,,) of the
synthesized AI** complex was measured in DMSO at a concen-
tration of 1 x 10~ M, yielding a conductivity value of 38.66 Q"
em?® mol ™", which indicates its non-electrolytic nature.*

3.2 Selectivity study of AMMN towards AI** ion

The UV-visible absorption spectra of synthesized AMMN (1 uM)
in DMSO/HEPES buffer solution (1:9 v/v, pH 7.4) exhibited two
absorption maxima at 261 nm, 320 nm, and 364 nm, corre-
sponding to the T — m* and n-m* electronic transitions*” of the
naphtholic and CH=N chromophores, respectively.*® The metal
recognition ability of AMMN was examined by adding various
biologically and environmentally relevant metal ions (5 pM),
including Na*, K", Mg>", Ca*", Sr**, Ba>*, Cu*", AI*", Co*", Zn*",
Mn>", Ni**, Fe**, Ag”, Fe**, Cd*>*, Hg>", and Pb>". Spectra were
recorded after the addition of these metal ions. It was observed
that no significant optical change was detected upon the addi-
tion of various metal ions, except for a visually discernible color
change from very pale yellow to intense yellow in the presence of
AP’" ions, accompanied by a redshift in AMMN absorption
bands (Fig. 1a). These results confirm that AMMN is highly
selective for AI’* in a DMSO/HEPES buffer solution (1: 9, v/v, pH
7.4).

To further confirm the selectivity of AMMN (1 uM) towards
AP’ and other metal ions (5 uM), the fluorescence behavior of
AMMN was investigated in DMSO/HEPES buffer solution (1:9,
v/v, pH 7.4). The fluorescence spectra of AMMN exhibited weak
emission intensity with a maximum at 503 nm (excitation
wavelength: 375 nm) due to photo-induced electron transfer
(PET) and C=N isomerization. As shown in Fig. 1b, upon the
addition of AI’" ions, the fluorescence intensity of AMMN was
significantly enhanced, while the addition of other competitive

© 2025 The Author(s). Published by the Royal Society of Chemistry

metal ions showed no significant changes in fluorescence
spectra. This drastic fluorescence enhancement is attributed to
chelation-enhanced fluorescence emission and C=N isomeri-
zation inhibition. Consequently, AMMN functions as an excel-
lent fluorescent chemosensor for AI** ions.

3.3 pH profile of AMMN

To further investigate the optimal pH range for AMMN, a series
of AMMN and AMMN-AI®** solutions at different pH values were
prepared, and their UV-vis absorption and fluorescence spectra
were recorded (Fig. 2). The absorbance at 375 nm and fluores-
cence intensity at 503 nm of free AMMN were low across a wide
pH range (2-12). However, from pH 4 to 8, the absorbance
intensity of AMMN-AI** was significantly higher than that of
AMMN alone and remained nearly constant. Meanwhile, the
fluorescence intensity at 503 nm of the AMMN-AI*" solution
increased notably and stayed consistent between pH 5 and 8.
These findings indicate that AMMN can be used as an AI’*
sensor over a wide pH range of 4-8 via UV-vis absorption
measurements, and as an Al*" sensor over a pH range of 5-8
through fluorescence measurements.

3.4 Response time

To better study the reaction of AMMN in the presence of AI**, we
examined the kinetics of AMMN and AI** by analyzing the
response time of AMMN towards Al**. Response time is a crucial
analytical feature of a sensor. To evaluate this, the time-
dependent colorimetric and fluorometric response of AMMN
(5 uM) towards AI** ions (1.0 equiv.) was measured in a DMSO/
HEPES buffer (1:9 v/v, pH 7.4) solution. As displayed in Fig. 3,
the addition of AI** ions led to a rapid increase in absorbance at
375 nm (ca. 30 s) and fluorescence intensity at 503 nm (ca. 30 s),

RSC Adv, 2025, 15, 16999-17014 | 17003
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Fig. 5 The spectra and linear relationships between of (a and b) absorbance of AMMN (5 uM) at 375 nm after treatment of Al>* ions with
increasing concentrations from 5-60 mM; (c) and (d) Fluorescence intensity emission of AMMN (1 uM) at 503 nm after treatment with increasing

A concentrations from 1 to 15 uM at room temperature.

which then remained stable thereafter. This indicates a rapid
response time and strong binding between AMMN and AI*",
making it suitable for practical applications.

3.5 Job plot studies

To figure out the binding stoichiometry between AMMN and
AI’", a Job's plot analysis was conducted**** (Fig. 4) by varying
the molar fraction of AMMN and AI** while maintaining a fixed
total concentration. The highest absorbance and fluorescence
intensity were observed at a molar fraction of 0.5, indicating the
formation of a 1:1 binding complex between AMMN and AI**.

3.6 Sensitivity studies

The colorimetric sensitivity of AMMN towards Al** was further
examined through UV-vis and fluorometric titrations in
a DMSO/HEPES buffer solution (1:9 v/v, pH 7.4). The limit of
detection (LOD) for AI** ions was determined by treating a 5 uM

17004 | RSC Adv, 2025, 15, 16999-17014

AMMN solution with increasing concentrations of AI** ions

ranging from 5 to 60 uM in UV-vis measurements at 375 nm and
from 1 to 15 pM in fluorescence measurements at 503 nm
(Fig. 5).

A calibration curve was generated by plotting the absorbance
and fluorescence intensity values against the Al** ion concen-
trations (Fig. 5). Based on this analysis, the LOD values were
calculated as 1.7 uM for UV-vis measurements and 0.53 uM for
fluorescence measurements, using eqn (2).

g
LOD =3¢ 2)

Here, S and o represent the slope and the standard deviation
(SD) of Y-intercept of the calibration plots. This study clearly
demonstrates that AMMN exhibits excellent linearity, and lower
limit of detection (LOD) for both UV-vis and fluorometric
measurements. The data has shown the best sensitivity of
fluorescence sensing strategy over colorimetric technique;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Benesi—Hildebrand plot analysis of A" with AMMN from (a) UV-vis spectroscopy; (b) Fluorescence spectroscopy.

therefore, we concern our further measurements on fluores-
cence technique for measuring AI** concentration.

3.7 Binding constant calculation

The binding constant (K) for the AMMN-AI’" complex was
determined using the Benesi-Hildebrand equation (eqn (3)).*

1 1 1

= + 3
A - AO Kmax(Amax - AO) [Al3+] Amax - AO ( )

Here, A, and A represent the absorbance of AMMN in the
absence and presence of the AI** ion, respectively. Ay is the
saturated absorbance of AMMN in the presence of excess Al**
ions. Plotting 1/(A - 4,) against 1/[AI’"] resulted in a linear
relationship (Fig. 6a), and the binding constant (K) was calcu-
lated to be 2.90 x 10° M.

Fluorescence emission studies were also used to assess the
binding affinity of AMMN with AI**. Fluorescence emission
spectra were recorded for AMMN as the concentration of AI**
ions were gradually increased in DMSO/HEPES buffer solution
(1:9 v/v, pH 7.4). Initially, AMMN (5 uM) showed fluorescence
intensity at 503 nm, which progressively enhanced as AI**
concentration increased from 0 to 5 pM. The binding constant
(Kmax) for the AMMN-AI’" interaction was determined via
a modified Benesi-Hildebrand equation® (eqn (4)) as follows:

1 1 1

I— IO - Kmax(Imax - 10) [Al3+] + Imax - IO

4)

Herein, Iy, I, and I,,,c are the emission intensities (at 503 nm)
of AMMN probe in the absence, presence, and at a concentra-
tion of complete interaction, of AI** ion, respectively. The
binding constant K., of AMMN-AI*" was evaluated to be 9.69
x 10°> M~ (Fig. 6b).

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.8 Interference study of over other competitive metal ions

To further investigate the impact of potential metal ions inter-
ferents on AMMN's detection of AI** ions, the response of AMMN
to AI** was measured in the presence of various metal ions within
a DMSO/HEPES buffer solution (1:9 v/v, pH 7.4). The data pre-
sented in Fig. 7 demonstrate that AMMN's fluorescence response
to AI*" remains unaffected by the presence of other metal ions,
including Na*, K*, Mg**, Ca**, sr**, Ba**, Cu®’, zn*>", Mn”", Co™,
Ni**, Ag*, Fe**, Fe**, cd**, Pb>", and Hg”". This implies that
AMMN demonstrates outstanding selectivity for AI*" and can
serve as a selective chemosensor for AI** even in the presence of
other metal ions. While the choice of competing ions based upon
likely abundance in environmental/biological samples is very
reasonable, we were curious to see how the sensor would respond
to other trace trivalent metal ions, such as Sc*, La**, Y**, In*" and
Ga®". The results have shown that, no observable change was
detected in both absorption spectra and fluorescence spectra (Fig.
S1t), which may be assigned to their difficult to coordinate with
the sensor under mild conditions due to larger ionic radii of Sc**,
La*", Y** ions, cutting down their ability to form stable chelates
with Schiff bases, which typically coordinate through imine
(-C==N) nitrogen and phenolic oxygen. On the other hand, both
In*" and Ga*" exhibit lower Lewis acidity, leading to weaker
interactions with Schiff bases that rely on 7m-back bonding or
stronger metal-ligand interactions.

3.9 Binding reversibility

Reversibility is a key feature required to satisfy the needs of
advanced chemosensors. As illustrated in Fig. 8, the initial
fluorescence intensity of AMMN at 503 nm increased upon the
addition of AI*". Because of EDTA's strong affinity for metal
ions, it was expected that the addition of Na,EDTA would
release AI** from the AMMN-AI’" complex. After adding

RSC Adv, 2025, 15, 16999-17014 | 177005
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Fig.7 (a) Absorbance response of AMMN (5 uM) toward A" (5 uM) in the absence and presence of other metal ions (100 equiv.) in DMSO/HEPES

(1:9v/v, pH 7.4); (b) Fluorescence response of AMMN (5 uM) toward A
DMSO/HEPES (1:9 v/v, pH 7.4, demn 503 nm).

Na,EDTA to the AMMN-AI*" complex, the fluorescence was
restored. The fluorescence changes remained reversible even
after multiple cycles of sequentially adding AI** and EDTA,
demonstrating that AMMN can serve as an effective reversible
sensor for detecting AI**. This result indicates that the assay can
be used in a variety of real samples due to EDTA's strong ability
to mask metal ions.

3.10 Binding mode and sensing mechanism of AMMN with
Al3+

The enhancement in fluorescence of AMMN in the presence of
AP** is attributed to complex formation, that restricts cis-trans
interconversion by hindering the rotation around the C=N
bond. This effect could also be explained by mechanisms such
as chelation-enhanced fluorescence (CHEF) and C=N isomer-
ization (Scheme 3).

17006 | RSC Adv, 2025, 15, 16999-17014

13" (5 uM) in the absence and presence of other metal ions (100 equiv.) in

To confirm the formation of the AMMN-AI** complex, FT-IR
spectra, ESI-mass spectra and "H NMR titration were analysed,
revealing characteristic structural changes that occur upon
interaction of AMMN with AI*",

The interaction between AMMN and AI** was further exam-
ined using FT-IR spectroscopy, which highlighted significant
spectral differences between the free AMMN sensor and its Al**
complex within the range of 4000-400 em™" (Fig. 9). The FT-IR
spectrum of AMMN displayed distinct broad band at 3400 cm ™"
which can be assigned for voy group. The broadness of OH band
may be arisen from, intramolecular hydrogen bonded through
a pair of N-H---0.* Complexation with AI** deprotonates the OH
group, leading to the disappearance of voy band, which is not
observed in IR spectrum of complexes due to existence of coor-
dinated water molecules. The disappearance of the in-plane O-H
bending vibration peak at 1295 cm ™" in free AMMN indicates the
coordination of AP** ions through phenolic ortho-oxygen atoms,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Reversible changes in (a) absorbance and (b) fluorescence intensity of AMMN after the sequential addition of A®* and Na,EDTA.

375 nm

3+,

Scheme 3 A possible reaction mechanism of AMMN to Al

a common coordination mode observed in transition metal
complexes of o-hydroxy Schiff bases.> The stretching frequency of
vo—n for the free AMMN appeared at 1623 cm™'. However, when
AMMN coordinated with AI**, a charge transfer from C=N to AI**
occurred, resulting in a significant shift of the IR peak for to
1618 cm™'. Furthermore, two peaks at 3184 and 3154 cm
corresponding to NH, stretching modes,>® and a peak at
1623 cm ', attributed to C=N stretching, were observed. After
complexation with AI**, a broad band reappeared at 3375 cm™*
due to coordinated water, and the NH, stretching peaks became
more distinct with a slight shift. The coordination of the Schiff
base sensor was further confirmed by the appearance of weak,
non-ligand peaks at 499 and 420 cm ', corresponding to the
formation of Al-O and AI-N bonds, respectively.

To further validate the 1:1 complexation mode between
AMMN and AI**, an ESI-mass analysis was conducted (Fig. 10).
The positive ion mass spectrum of the ligand displayed a peak at
m/z 277.31. Upon the addition of 1.0 equiv. of AI**, two distinct
signals emerged at m/z 419.03 and 365.12, corresponding to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FT-IR spectrum of AMMN and AMMN-AI** complex.
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Fig. 10 Positive-ion ESI-mass spectrum of AMMN (50 uM) upon addition of AB* (1.0 equiv.).

parent peaks of the [AMMN + AI** + NO;~ + 3H,0] and [AMMN +
AP** + NO; ] complexes, respectively.

To gain a deeper understanding of the reaction mechanism
between AMMN and AI*" ions, a "H NMR titration experiment was
conducted. As illustrated in Fig. 11, the addition of 1.0 equiv. of AI**
to an AMMN solution in DMSO-d, resulted in the disappearance of
the signal at 6 13.14 ppm, which corresponds to the phenolic
proton (OH) in the naphthylidene moiety and is linked to intra-
molecular hydrogen bonding of the (OH/N or O/HN) type.*® This
disappearance confirms that AMMN interacts with AI** through the
deprotonation of the phenolic proton. Additionally, the singlet for
the CH=N proton shifted from ¢ 8.84 ppm to 9.89 ppm. Moreover,
all aromatic proton multiplet signals of AMMN experienced slight
shifts upon complexation with AI**, suggesting alterations in the
chemical environment due to complex formation.

3.11 Quantum yield and TCSPC studies

Quantum yield (¢) measurements (Fig. 12) reveal that AMMN
exhibits weak emission with a quantum yield of 0.0204.
However, upon complexation with AI**, the quantum yield of

17008 | RSC Adv, 2025, 15, 16999-17014

the AMMN-AI** complex significantly increases to 0.07169. This
fourfold enhancement in emission intensity is attributed to the
chelation-enhanced fluorescence (CHEF) effect, resulting from
the binding of AI** to AMMN.

Time-correlated single-photon counting (TCSPC)
employed to determine the fluorescence lifetimes of AMMN and
its AI>" complex. This method is more sensitive than steady-
state fluorescence measurements, as it is independent of fluo-
rophore concentration and excitation intensity. Additionally, it
provides insights into the sensing mechanism of AMMN toward
AP’ ions (Fig. 13). Both samples were excited at 375 nm, and
fluorescence data were recorded at 503 nm. The calculated
intensity-averaged fluorescence lifetimes (t¢) of sensor AMMN
and the AMMN-AI*" ion complex are 1.44 ns and 2.55 ns. This
indicates the presence of both non-radiative conformational
relaxation and radiative relaxation in the excited-state mole-
cules. The increase in average lifetime, along with a substantial
rise in fluorescence intensity upon adding one equivalent of AI**
ion, results from chelation between AI*" and sensor AMMN.?
This chelation enhances structural rigidity as well as restricts
free rotation of the complex, leading to a CHEF (chelation-

was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.12 Plot of integrated fluorescence intensity versus absorbance for
AMMN and its AMMN-AI* complex.

enhanced fluorescence) effect by forming a stable complex and
suppressing PET (photoinduced electron transfer).

3.12 Molecular DFT calculation

Theoretical molecular geometry evaluations provide valuable
insights into the three-dimensional structures of compounds.
Frontier molecular orbitals (FMOs), LUMO and HOMO, are very
crucial one to forecast the reactivity of a molecule.”” All

© 2025 The Author(s). Published by the Royal Society of Chemistry

(b) 0.5 equiv.; (c) 1 equiv. and (d) 2 equiv. of Al ions.

compounds were optimized at the B3LYP/6-311++G (d,p) level of
DFT.*® The HOMO-LUMO energy levels of the free ligand
AMMN and its AI** complex are key factors in electronic tran-
sitions. The energy gap between these orbitals provides insights
into molecular reactivity, where smaller gaps indicate higher
reactivity, and larger gaps correspond to increased stability.”®
The optimized geometries of the AMMN sensor and its
AMMN-AP* complex is illustrated in Fig. 14. As shown in Fig. 14,
the HOMO of AMMN is primarily localized on part of the pyridine
moiety and slightly on the naphthaldehyde moiety, while the
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Fig.13 Time-resolved fluorescence decay profile of AMMN probe and
AMMN-AP*,
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Fig. 14 Energy diagram and Frontier molecular orbitals of AMMN and AMMN-AI** derived from DFT calculations performed with Gaussian 09.

LUMO is spread across both the pyridine and naphthaldehyde
groups. For the AMMN-AI*" complex, however, the HOMO is
mainly concentrated on the pyridine moiety, with the LUMO
located on the naphthaldehyde group. The calculated energy gap
between the HOMO and LUMO for AMMN and the AMMN-AI**
complex is 3.873 eV and 1.796 eV, respectively. This reduction in
the energy gap upon AI’* binding indicates that AI** coordination
stabilizes the system, enhancing chelation as expected.
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Fig. 15 Cytotoxicity of AMMN at varying concentration-dependent
assay.
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3.13 Cytotoxicity studies and bio-imaging in HeLa cells

AMMN's fluorescence sensing ability towards AI*" ions is
employed in a real-time application for monitoring the presence
of AI** fons in the living system. For practical biological applica-
tions, AMMN was utilized for in vitro cell imaging assay. The
cytotoxicity of AMMN chemosensor was evaluated on HeLa cell
lines using the MTT assay. The cells were incubated with AMMN
solutions at concentrations ranging from 0 to 50 uM for 24 hours.
during the incubation process, more than 90% of the cells
remained viable, indicating the low cytotoxicity effect of AMMN,
holding great potential as an intracellular imaging probe (Fig. 15).
Bio-imaging experiments were employed to demonstrate the
ability of AMMN to detect AI** in HeLa cells. Images were captured
using confocal fluorescence microscopy (Fig. 16). As shown in
Fig. 16b, a very weak emission was observed within the HeLa cells
upon treatment with AMMN (5 uM) for 1 hour only. However,
upon pre-treating the HeLa cells with AMMN incubated with AI**
(5 uM) as a harmful exotic for the cells, an enhancement in the
fluorescence intensity was observed under same experimental
condition (Fig. 16e). Then, the experiments were carried out under
the fluorescence microscope by using the excitation wavelength of
375 nm. Therefore, these results demonstrate that AMMN is
suitable for the in vivo imaging and consequently detection of AI**
in living cells. Fig. 16a and d show HeLa cells treated with AMMN
and AMMN + A", respectively, while Fig. 16c and f display the
corresponding overlay images of the same cells—AMMN-treated
in Fig. 16a and c, and AMMN + AP**-treated in Fig. 16d and f.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.16 Confocal fluorescence micrograph of Hela cells incubation with AMMN and A", (Left) bright field image; (middle) fluorescence image;

(right) merged image.

Table 1 Al** determination in real water samples by colorimetric method

Sample Added (uM) Detected (x £SD) (uM) Recovery (%) RSD (%) Standard error
Distilled water 5 4.98" + 0.224” 99.60 2.51 0.29
7 7.01% + 0.421° 100.24 2.78 0.38
10 9.88 + 0.173” 99.88 3.24 0.87
Tap water 5 5.02% + 0.124° 100.32 1.15 0.26
7 7.00 + 0.832” 100.35 2.24 0.46
10 10.11% + 0.432° 100.45 1.99 0.58
“ Mean values of three determinations. ” Standard deviation.
Table 2 Al** determination in real water samples by fluorometric method
Sample Added (uM) Detected (x £ SD) (uM) Recovery (%) RSD (%) Standard error
Distilled water 1 0.99% + 0.015” 99.00 0.41 0.016
3 3.01% + 0.020” 100.30 0.69 0.016
5 4.98% + 0.0817 99.61 1.63 0.066
Tap water 1 1.01% + 0.020° 101.32 2.05 0.017
3 3.00% + 0.032° 100.20 1.19 0.026
5 5.01% + 0.043° 100.00 0.87 0.035

@ Mean values of three determinations. ? Standard deviation.

3.14 Real sample analysis

To assess the practical applicability of the proposed sensing
probe, AI** detection was conducted in distilled and tap water
samples. Prior to analysis, the water samples were filtered to
eliminate insoluble substances. The AI** ion at different
concentration levels 10, 20 and 50 uM in case of colorimetric
sensing and 1, 3 and 5 uM in case of fluorometric analysis were
spiked in all real samples. Full detailed procedure is provided
ESLt The results (Tables 1 and 2) indicate that AMMN accu-
rately detects the spiked AI** concentrations, demonstrating
good recovery rates. These findings confirm the effectiveness

© 2025 The Author(s). Published by the Royal Society of Chemistry

and reliability of AMMN for AI** detection in real water samples,
even in the presence of other environmentally relevant inter-
fering metal ions.

3.15 Comparison with recent work

A comparative analysis of the synthesized chemosensor with the
previously reported Schiff-based sensors for detection in real
samples and bio-imaging of AI** in living cells.>>*** (Table 3)
reveals that the probe demonstrates comparable or superior
analytical performance. Therefore, the synthesized probe can be
considered an efficient chemosensor for the selective detection

RSC Adv,, 2025, 15, 16999-17014 | 17011
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Table 3 Comparison of the probe AMMN with the previously with some Schiff base sensors reported literature
Sensor Sensor type Signal LOD, M Bio-image Reference
PET Fluorescence 9.08 x 1077 HeLa cells 29
N
OH
H,N
O C
) l‘ C=N isomerization and ESIPT Fluorescence 7.05 x 10~° HeLa cells 60
X HO'
C
OH ‘
O O — Fluorescence 3.7 x 1077 HepG2 cells 61
NN
O o
N——
\, 7\ B
PET Fluorescence 1.2 X 10 HeLa cells 62
HO!
HO
[ \D\
Qiiw\ CHEF Fluorescence 1.62 x 107° HeLa cells 63
O (o]
i :/N\/\
/IN oo CHEF Fluorescence 1.2 x 1077 HelLa cells 64
ooy
N
s OH
H PET and CHEE Fluorescence 1.5 x 10°° HeLa cells 65
O/W N
0\ (o)
CHEE Fluorescence 1.5 x 10°° A549 cells 66
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Table 3 (Contd.)
Sensor Sensor type Signal LOD, M Bio-image Reference
N,
C
/
N —6
| ICT Fluorescence 1.64 x 10 HelLa cells 67
/N
T
N Absorption 1.7 x 10°°
HN— \ Fluorescence 5.3 x 1077 HelLa cells This work
\
~ . . .
Q N C=N isomerization and PET
Q OH
of micromolar concentrations of AI** in both environmental References

and biological sample.

4. Conclusion

In conclusion, a straightforward, simple Schiff base AMMN, was
successfully synthesized designed and developed as a dual
colorimetric-fluorescent probe for sequent monitoring Al** ions
with high selectivity and sensitivity in biological and environ-
mental systems. A 1:1 stoichiometry between AMMN and
Al**'was confirmed through Job's plot analysis, ESI-mass spec-
trometry, and DFT studies. The detection limits were deter-
mined to be 1.7 x 10°® M and 5.3 x 10"’ M for chromogenic
and fluorogenic measurements, respectively. These values are
significantly lower than the thresholds recommended by WHO
guidelines for drinking water which don t exceed the practicable
levels of 0.1-0.2 mg L~ '. Furthermore, the probe AMMN was
utilized for imaging in HeLa cells, confirming its potential as
a fluorescent probe for AI** monitoring in living cells.
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