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Abstract

Two novel fluorescent peptide—based chemosensors, including A (2-amino-benzoyl-Ser-Glu-Glu-NH,) and B (2-amino-benzo-
yl-Ala-Glu-Pro-Glu-Ala-Glu-Pro-NH,) were synthesized and characterized by nuclear magnetic resonance (NMR) spectra.
These fluorescent probes exhibited excellent selective and sensitive responses to AI** ions over other metal ions in aqueous
buffered solutions. The limits of detection for both chemosensors towards the Al** ions were in the order of ~1077 M (A: 155 nM
and B: 195 nM), which clearly indicates that these probes have significant potential for biological applications. They also
displayed high binding affinity (1.3029 x 10* M ' and 1.7586 x 10* M ' relevant to A and B respectively). These two
chemosensors are great analytical probes that produce turn-on responses upon binding to AI** ions through an intramolecular
charge transfer (ICT) mechanism. In addition, the application of both chemosensors was examined over a wide range of pH. The
fluorescent peptide-based probes and AI** form a 1:1 coordination complex according to the ESI-MS and Job’s plot analysis.
Notably, upon addition of AI** to these chemosensors, a fluorescence enhancement of approximately 8-fold was observed and
the binding mode was determined using NMR titration and fluorescence emission data.
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Introduction

With the growth of society, aluminium compounds are exten-
sively released in the environment and extremely consumed
by humans because of excessive utilization of bleached flour,
antiperspirants and deodorants, cans, aluminium cookware,
antacids and drinking water supplies. Aluminium also plays
an essential role in clinical drugs and electrical instruments [1,
2]. The broad usage of AI** ions results in the accumulation of
these ions inside the body [2].

P4 Sorour Ramezanpour
Ramezanpour@kntu.ac.ir

Department of Chemistry, K. N. Toosi University of Technology,
P.O. Box 15875-4416, Tehran, Iran

University of Hamburg, Martin-Luther-King Platz 6,
20146 Hamburg, Germany

Phytochemistry Research Center, Shahid Beheshti University of
Medical Sciences, Tehran 1434875451, Iran

Aluminium ions in high concentrations are very toxic
for algae and aquatic plants, fishes, bacteria and other
species in aquatic ecosystems. They can also lead to
negative impacts on human health. An excess amount
of aluminium in the brain tissues may lead to neurolog-
ical disorders including Alzheimer’s disease (AD) and
Parkinson’s disease (PD). Therefore, the Environmental
Protection Agency (EPA) strictly regulated AI’* in sur-
face waters and drinking water to protect human health
and the environment [3].

It is critical to detect trace levels of AI’* ions in
aqueous media. The selective and sensitive detection
of AI** jons has always been very complicated because
of their low coordination with chelating ligands. In re-
cent years, several organic probes which can selectively
detect AI’" ions have been reported [4-6]. However,
examples of chemosensors for detection of AI’* ions
are still less in comparison with chemosensors for de-
tection of other metal ions, mainly owing to the less
coordinating ability of AI** compared with other metal
ions [7]. Most reported fluorescent chemosensors also
operated in mixed distilled water and organic solutions.
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Thus, the design and synthesis of novel chemosensors for
the detection of aluminium ions in aqueous media have
attracted considerable attention in analytical chemistry.

Several techniques such as atomic absorption spec-
trometry (AAS), inductively coupled plasma-mass spec-
trometry (ICP-MS), voltammetry and potentiometry have
been utilized to control and monitor aluminium content
under allowable level (7.41 uM) [3, 8—14]. But relative-
ly complicated sample preparation, sample pretreatment
protocols and time-consuming procedures are some lim-
itations of these methods. Nowadays, fluorescent
chemosensors are excellent tools for the determination
of AI’* ions, owing to their high sensitivity, low detec-
tion limits, fast responses, non-destructive analysis and
inexpensive small instrumentation.

Previous studies have emphasized the importance of the
combination of amino acids or short peptides with conjugated
fluorophores on the detection of transition metal ions due to
their strong metal-binding affinity, water solubility and bio-
compatibility [15, 16]. Peptides are an ideal option for the
design of ion-selective probes to perform fluorescence mea-
surement experiments in aqueous media as well. However,
there have been a few attempts for the design and preparation
of fluorescent peptide—based chemosensors [17-22].

Lee and co-workers reported a fluorescent sensor based on
a tripeptide (SerGluGlu) with a dansyl fluorophore for the
selective detection of AI** among 16 metal ions in aqueous
buffered solutions with a detection limit of 230 nM [3].
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Scheme 1 Structures and proposed binding modes of A and B
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In this article, we aim to report the synthesis of two fluo-
rescent peptide—based chemosensors, including A (2-amino-
benzoyl-Ser-Glu-Glu-NH,) and B (2-amino-benzoyl-Ala-
Glu-Pro-Glu-Ala-Glu-Pro-NH,) and their application in selec-
tive detection of AI’* ions in aqueous solution with low de-
tection limits (Scheme 1). These chemosensors have been
designed on the basis of the ICT mechanism and displayed
fluorescence turn-on responses upon binding to AI** jons.
Both fluorescent peptide—based chemosensors contain N-
and O-donors which provide a hard base environment for hard
acid AI** ions [23-25]. According to Fig. 1, the attachment of
a guest species to the donor moiety reduces the donating na-
ture, resulting in a decreased ICT effect and fluorescence
quenching. On the other hand, binding to the withdrawing
moiety strengthens ICT intensity and leads to fluorescence
emission enhancement. In the former case, the HOMO-
LUMO gap of energy increases and a blue shift is observed.
In the latter case, the HOMO-LUMO gap of energy decreases
and a red shift occurs [26-31]. According to Scheme 1, either
of the chemosensors interacts with aluminium ions through
the amide group (i.e. the electron-withdrawing group) that
increases fluorescence intensity up to 8-fold. There must be
an electronic system composed of an electron donor moiety,
an electron-withdrawing moiety and a 7t-conjugated system to
proceed via an ICT mechanism. Both chemosensors contain
2-amino benzoyl moiety as the fluorophore with amino group,
being the donor moiety. In addition, the amide group of the
first amino acid attaching to 2-amino benzoyl acts as the
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electron-withdrawing group [32, 33]. According to Scheme 1,
either of chemosensors interacts with aluminium ions through
the amide group (i.e. the electron-withdrawing group) that
increases fluorescence intensity up to 8-fold. The logic behind
the design of chemosensor A is a simple fluorophore replace-
ment on the successful aluminium sensing peptide sequence
reported by Lee and co-workers. The substitution of isatoic
anhydride which is a cheaper and more water-soluble reagent
than dansyl chloride proffered lower detection limit as well.
Chemosensor B was designed based on a natural peptide se-
quence found in Apidaecin 1 gene peptide (Ala-7-pro). This
natural sequence drew our attention due to its three glutamic
acids which could provide the ligating sites for AI** and its pro
residues with twisting ability which would potentially kink the
heptapeptide, trapping aluminium ions as did the tripeptide
chain of A. The kink provided by pro residues was confirmed
by the optimization of structures of A and B before and after
binding to AI** [34-38].

Materials and methods
Reagents

All the reagents, including Fmoc-Ser-(tBu)-OH, Fmoc-
Glu-(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Pro-OH, isatoic anhy-
dride, Rink amide MBHA resin, 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU), dichlo-
romethane (DCM), N,N-dimethylformamide (DMF), piperi-
dine, trifluoroacetic acid (TFA), ethanol, methanol, ninhydrin,
triethylsilane (TES) and N,N-diisopropylethylamine (DIEA),
were purchased from Merck. All solvents were of analytical
reagent grade. Stock solutions of A", Ga**, Ni**, Cd**, Ca*",

Ag+, Pd2+, Mg2+, Mn2+, Fez+, Cr3+, Fe3+, Cu2+, Zn2+, Hg2+
and Co®* with perchlorate anion as well as Na* and K* with
chloride ion were prepared by double-distilled water (ddH,0).
All fluorescence measurements were also performed with
double-distilled water.

Materials

Absorption spectra were determined with a Unico UV-4802
spectrophotometer. Fluorescence measurements were per-
formed on a PerkinElmer LS50B luminescence spectrometer
and the lifetime measurements of the samples were carried out
on an Edinburgh Instrument FSL920. The pH measurements
were carried out using a SAT-401 Auto Cal pH
meter.'H NMR spectra were recorded using a Bruker
400MHz spectrometer and electrospray ionization mass spec-
tra (ESI-MS) were recorded on a Mass-ESI-POS (ApexQe-
FT-ICR instrument) spectrometer. Samples were freeze-dried
on a Martin Christ alpha 1-2 LDplus and crude products were
purified using a Knauer preparative HPLC (Eurospher 100-10
C18, column 250 x 16 mm) instrument. The purity of final
products was also ascertained using a Knauer analytical
HPLC with a ODS C18 column.

Solid phase synthesis of A and B

Both A and B were synthesized by solid phase synthesis meth-
od with Fmoc chemistry. For the synthesis of A, Fmoc-
Glu(OtBu)-OH (680 mg, 1.6 mmol) was resembled on swol-
len, deprotected Rink amide MBHA resin (1 g). After
deprotection of the Fmoc protecting group from the resin
bound Glu, Fmoc-Glu(OtBu)-OH (680 mg, 1.6 mmol) and
Fmoc-Ser(tBu)-OH (610 mg, 1.6 mmol) were coupled
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successively. Following deprotection of the Fmoc group,
isatoic anhydride (260 mg, 1.6 mmol) was coupled to the resin
bound tripeptide. DIEA (0.48 mL, 2.8 mmol) and TBTU
(510 mg, 1.6 mmol) were used for each coupling step
(Scheme S1). The chemosensor B was synthesized with a
similar method. First, Fmoc-Pro-OH (270 mg, 0.8 mmol)
was attached to the swollen Rink amide MBHA resin (1 g).
After deprotection of the Fmoc group from the resin bound
Pro, Fmoc-Glu(OtBu)-OH (0.34 g, 0.8 mmol), Fmoc-Ala-OH
(0.25 g, 0.8 mmol), Fmoc-Glu (OtBu)-OH (0.34 g, 0.8 mmol),
Fmoc-Pro-OH (270 mg, 0.8 mmol), Fmoc-Glu(OtBu)-OH
(0.34 g, 0.8 mmol) and Fmoc-Ala-OH (0.25 g, 0.8 mmol)
were successively coupled. After deprotection of the Fmoc
group from the resin bound heptapeptide, isatoic anhydride
(0.13 g, 0.8 mmol) was finally coupled. For each coupling
step, DIEA (0.24 mL, 1.4 mmol) and TBTU (0.26 g,
0.8 mmol) were added. All deprotection steps were carried
out with 25% piperidine in DMF and after every coupling
and deprotection step, the resin was washed three times with
DMF (5 mL) and DCM (5 mL). After the completion of the
synthesis, the resin was dried with pumps and then the cleav-
age of peptides from the resin was performed using a solution
of 10.8 mL TFA/H,O/MeOH/TES (92:3:3:2 v/v/v/v) at room
temperature for 4 h (Scheme S2). The crude products were
triturated with diethyl ether, chilled at —20 °C and centrifuged
at 5000 rpm for 5 min at 10 °C. After that, A and B were
purified with preparative HPLC with a C18 column using a
water (1% TFA)-acetonitrile (0.2% TFA, 19.8% H,0) gradi-
ent to yield 72% of A and 81% of B. Then, the purity and
structure of both products were ascertained by using analytical
HPLC with a C18 column (>98% both A and B) (sece
Supplementary Information (ESM) Figs. S1 and S2) and
ESI-mass spectrometry (ESM Figs. S3 and S4).

Absorbance and fluorescence measurements

Absorbance data were recorded using a UNICO UV-4802
model spectrophotometer and a PerkinElmer LS-50B lumi-
nescence spectrometer was used to record emission data. A
stock solution of A (1 mM) and a stock solution of B (1 mM)
were prepared and stored in a dark place at —20 °C. All fluo-
rescence and absorbance measurements were performed using
these solutions in the presence of 10 mM hexamine buffer
without any co-solvent. Emission and absorbance measure-
ments were conducted at pH 5.5 in 10-mm path length quartz
cuvette. Absorbance spectra of A and B were recorded in the
presence of eighteen metal ions including AI**, Ga**, Ni**,
Cd2+, Ca2+’ Ag+, Pd2+, Mg2+, Ml’l2+, F€2+, CI'3+, F63+, Cu2+,
Zn**, Hg**, Co®* with perchlorate anion and Na*, K* with
chloride ion at an excitation wavelength of 315 nm according
to Figs. S10 and S11 (see ESM). The slit widths for both
excitation and emission were 10 nm.

@ Springer

Binding constants of A-Al and B-Al

The association constants for 1:1 complex of A-Al (1.3029 x
10* M ') and B-Al (1.7586 x 10* M) were calculated based
on the linear least-squares fit of the titration data and using the
following equation (modified Benesi-Hilderbrand equation)
[39—41] (ESM Figs. S14 and S15):

1 1 1

F_Fmin - K[M](Fmax_Fmin) + (Fmax_Fmin)

where Fin, F and F,., denote the emission intensities of the
chemosensor in the absence of AI’* ions, at an intermediate
aluminium concentration and at a concentration of maximum
interaction, respectively. [M] is the concentration of AI** and
K is the binding constant. The experiment was performed in
double-distilled water in the presence of 10 mM hexamine
buffer with variable concentration of AI** (0-50 UM).

Detection limit of A and B for AP*

The limit of detection (LOD) was determined based on fluo-
rescence titration by using the following equation:

LOD :36/m

where ¢ is the standard deviation of the blank and m denotes
the slope of a plot of fluorescence intensity against aluminium
concentration. § was determined by measuring fluorescence in-
tensity of 10-puM solutions of A and B 10 times in the absence of
metal ions. m was also obtained by plotting fluorescence intensity
of 10-uM solutions of A and B against variable concentrations of
AP* (0-50 uM) in double-distilled water in the presence of
10 mM hexamine buffer. According to Figs. S12 and S13 (see
ESM), LODs of A and B are 195 and 155 nM, respectively.

Lifetime and quantum yield

In the presence of AP, quantum yields of A (0.04723) and B
(0.04658) in HEPES buffer increased up to 0.14169 and
0.15705 respectively and both chemosensors exhibited strong
fluorescence emission. Quantum yield (PF) was determined
in hexamine buffer with reference to an anthracene standard
using the following equation:

r=onin) (i)

where m is the slope of the line obtained from the plot of the
integrated fluorescence intensity versus absorbance and » is
the refractive index of solvent. The lifetime measurements of
the samples were also performed on an Edinburgh Instrument
FSL920. The average lifetime was determined using the fol-
lowing equation:
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where 7and A are the lifetime and amount of each component
respectively (ESM Figs. S19 and S20).
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Identification of A and B

The 'H NMR data were recorded on a Bruker Ascend
400 MHz instrument and Mass-ESI-POS (Apex Qe-FT-ICR)
instrument was used to determine the molecular weights of
final products (A, B, A-Al and B-Al) (ESM Figs. S5-S8).

Results and discussion
Fluorescence response of A and B to metal ions

AI** strongly interacts with hard donor ligands (e.g. carboxylate
group of Glu side chain and hydroxyl group of Ser side chain),
owning to its hard acidic nature. Hence, it is estimated that A and
B, bearing Glu and Ser amino acids, would be able to selectively
sense A" at the excitation wavelength of 315 nm [42, 43]. This
hypothesis was confirmed by measuring the fluorescence inten-
sity of A and B in the presence of 5 equiv of eighteen per-
chlorate salts of metal ions, including AI’*, Ga**, Ni**,
Cd2+, Ca2+, Ag+, Pd2+, Mg2+, Mn2+, Fez+, CI‘3+, F€3+,
Cu*, Zn**, Hg** and Co®" and 5 equiv of two chloride
salts of Na™ and K™ 10 mM hexamine buffer at pH 5.5.

Among tested metal ions, only APP* could enhance emission
intensity of A up to 7.4-fold and B up to 8.3-fold. Ga>* ions
could approximately enhance emission intensity of
chemosensors up to 3-fold as well. However, both chemosensors
displayed stronger affinity for aluminium ions.
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As shown in Fig. 2, sensors A and B displayed a maximum
fluorescence emission at 475 nm (A, =475 nm). The addition
of AI** ions induced blue shifts from 475 to 455 nm and 475 to
452 nm for A and B, respectively. These blue shifts are observed
because non-bonding molecular orbitals achieve more stability
during the binding event. Furthermore, the addition of aluminium
ions produced turn-on responses, enhancing the emission inten-
sity. The binding of AP* with the amide group of 2-amino ben-
zoyl (the electron-withdrawing moiety) strengthens the with-
drawing nature which leads to greater intensity of T—7t elec-
tronic transitions (greater ICT), producing higher fluorescence
emission. According to Fig. 3, 5 equiv of AI** ions was required
to saturate fluorescence response of A and B [44—46].

Fluorescence titration of A and B with AP*

As shown in Fig. 3, fluorescence emissions of A (10 uM) and B
(10 uM) were measured in the presence of varying concentra-
tions of AIP* , 5, 10, 15, ....... and 60 uM) in 10 mM
hexamine buffer at pH 5.5. Excited at 315 nm, both
chemosensors displayed maximum emission at 475 nm.
Fluorescence emission was enhanced with increasing aluminium
concentration up to 50 uM (5 equiv), resulting in 7.4-fold en-
hancement of A with a 20-nm blue shift and 8.3-fold enhance-
ment of B along with a 23-nm blue shift. Higher concentrations
caused no change in emission intensity, leading to a constant line
in the graph.

The effect of pH and buffering agent on fluorescence
emission

Considering an ICT process as the electron transfer mecha-
nism, pH effects on fluorescence spectra are predictable. In
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Fig.2 Fluorescence responses of 10 1M of A and B to metal ions in the presence of 5 equiv of various metal ions by an excitation wavelength at 315 nm
in 10 mM hexamine buffer at pH 5.5. (a) Fluorescence emission spectra of A. (b) Fluorescence emission spectra of B
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Fig.3 (a) Fluorescence emission spectra of A (10 M) in 10 mM hexamine buffer with increasing concentrations of AI** (0, 5, 10, . . . 60 uM) at pH 5.5.
(b) Fluorescence emission spectra of B (10 pM) in 10 mM hexamine buffer following addition of AP 0, 5,10,...60 uM) at pH 5.5

acidic pH <4, A and B display very weak fluorescence due to
the protonation of the amino group on 2-amino benzoyl moiety
and blockage of the ICT process. For 4 <pH <7, emission in-
tensity reaches the maximum. At neutral pH, aluminium ions
might be hydrated to form insoluble Al(OH); that does not in-
teract with the ligands in aqueous solution. At pH > 8, AI(OH),
ions as negative species are formed and the resultant electrostatic
repulsion with carboxyl groups on A and B prevents AI** from
binding to the chemosensors. As shown in Fig. 4, both
chemosensors exhibited highest emission intensity at pH 5.5.
Therefore, all tests were performed at this pH. Other buffering
agents were examined as well. HEPES and phosphate buffers are
two of the most common buffered solutions reported in peptide-
based chemosensors that were tested. Phosphate buffer with a pH
range of 5.8 to 8 and HEPES buffer with a pH range of 6.8 to 8.2
did not cover the optimal pH range. HEPES buffer did not afford
higher intensities than 220 a.u. As for phosphate buffer, high
intensities of 345 a.u. for A-Al and of 385 a.u. for B-Al were
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observed at pH 5.8. However, phosphate buffer did not allow the
examination of pH in more acidic conditions. In addition, com-
pared with phosphate buffer, use of hexamine buffer led to higher
intensities for pH > 6. Hexamine buffer with pH values ranging
from 2.8 to 7 proved to be the best buffering agent that allows the
measurement of fluorescence at pH 5.5, pH<5.5 and pH > 5.5
[47-50].

Fluorescence interference test

The emission intensity of A and B in the presence of AI** and
other metal ions was measured to investigate the interference
effect. As presented in Fig. 5, the blue bars show that when
APP* is the only metal ion to bind, there is such a strong emission.
In the presence of both AI** and other metal ions, there is still
high fluorescence intensity and except for 4 metal ions, including
Cr’*, Hg?*, Fe** and Cu?*, all other metal ions afforded high
intensities over 300 au that indicates the high aluminium
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Fig.4 (a) pH dependence of emission intensity of A (10 uM) in 10 mM hexamine buffer in the presence and absence of AP* (5 equiv) and (b) B (10 uM)
in 10 mM hexamine buffer in the presence and absence of AI** (5 equiv)
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Fig.5 Fluorescence interference test in 10 mM hexamine buffer at pH 5.5. (a) Fluorescence emission of A (20 pM) in the absence and presence of metal
ions (250 uM). (b) Fluorescence emission of B (20 M) in the absence and presence of metal ions (250 uM)

selectivity of the probes. It is to be noted that only high concen-
trations of Cr’*, Hg”*, Fe’* and Cu”* caused fluorescence
quenching and for concentrations lower than 170 uM, no metal
ions could greatly quench fluorescence emission. The quenching
appeared by these four metal ions results from their inherent
paramagnetic quenching effects and this quenching is not exclu-
sive to the chemosensors A and B but common to almost all
chemosensors. In the case of Cu®*, no considerable quenching
happened up to a concentration of 170 M. For Hg** and Cr’”,
the required concentrations for quenching were nearly 180 and
210 uM, respectively. In the case of Fe’*, a pronounced
quenching appeared for concentrations higher than 240 uM.
Generally, except for these four metal ions with concentrations
over 170 puM, neither A nor B is affected by interference from
competing metal ions. It is worth noting that Hg ions demonstrate
a “heavy metal” effect resulting in fluorescence quenching.
Moreover, the fluorescence of the Al-sensor complex quenches
in the presence of Cr**, Hg**, Fe** and Cu®* ions probably due
to their paramagnetic property. Indeed, competitive non-radiative
decay of the mixed fluorophore/metal 7i7t*/dd state isoenergetic
to fluorophore-localized 7t7r* state caused this effect [S1-56].

0 T T
0.2 04 0.6 08

Mole fraction of A

Binding mode and detection mechanism

According to ESI-mass spectrometry data (ESM Figs. S3 and S4),
two new peaks at 506.5 (m/z) and 885.1 (m/z) (corresponding to
[A-2H*+AI'T" and [B-2H*+AI*]*, respectively) appeared upon
addition of 5 equiv of AP to A (200 uM) and B (200 uM) in
H,0. These results suggest that both chemosensors tend to form
1:1 complex with AP*. To further investigate the binding stoichi-
ometry, a job’s plot analysis was performed. Figure 6 displays 1:1
binding stoichiometry for A and B with AI**.

The "H NMR measurements were performed to determine
the chemical shifts of peptides and their complexes. Based on
the '"H NMR evidence, the addition of 1 equiv of APt to A
causes a notable downfield shift (0.14 ppm) in E; and E,
hydrogens (diastereotopic hydrogens of the carbons alpha to
the hydroxyl group) as well as a downfield shift of 0.1 ppm in
I, L, L; and L, (diastereotopic hydrogens of the carbons
alpha to the carboxylate group). The addition of 1 equiv of
AP* to B also brings about a downfield shift of 0.1 ppm cor-
responding to Py, P,, I;, I, U; and U, (diastereotopic hydro-
gens of the carbons alpha to the carboxylate groups). After

350
300
— 250
S 200-
= 150
100
50

0 T T
0.2 0.4 0.6

Mole fraction of B

0.8

Fig.6 (a)Job’s plot for determining stoichiometry of A (10 M) in 10 mM hexamine buffer at pH 5.5 with AP* (10 uM) and (b) B (10 uM) in 10 mM

hexamine buffer at pH 5.5 with AP*(10 uM)
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Fig. 7 Time-dependent fluorescence intensity changes of the
chemosensors (10 M) upon addition of AP* (50 uM) in 10 mM
hexamine buffer at pH 5.5. (a) Kinetics of fluorescence enhancement of

complexation with AI**, oxygens of Ser hydroxyl moiety and

carboxylate groups gain positive charge that leads to intensi-
fied withdrawing inductive effect (ESM Fig. S9).

Based on the ICT mechanism, if the amino group of 2-
amino benzoyl as the electron-donating group bound to AI**
ions, emission intensity would be quenched. From ESM Fig.
S9, however, one can notice the more deshielded aromatic
protons of B-Al and A-Al compared to those of A and B
which reflects the fact that the oxygen on the amide group
attached to the benzene moiety interacts with aluminium ions
which would strengthen its withdrawing ability.

In this study, both chemosensors exhibited turn-on re-
sponses. To confirm that ICT is responsible for turn-on re-
sponses, ORCA software (version 4.0) was employed. The
energy of HOMO and LUMO of A, B, A bound A and
AP** bound B was calculated using B3LPY function with
LANL2DZ basis set for aluminium atom and 631G (d,P) basis
set for other atoms [57-59]. The electron density of HOMOs
of A-Al and B-Al was delocalized along the fluorophore.
However, the electron density of LUMOs of A-Al and B-Al
was more localized at the fluorophore than that of A and B.
These HOMO-LUMO transitions are indicative of ICT char-
acter of the probes. Furthermore, according to lower HOMO-
LUMO gap of A-Al and B-Al compared with that of A and B,
the formation of stable aluminium complexes is confirmed
[60] (ESM Fig. S16).

Reversibility test

The reversibility of A and B was assayed in the presence of
excess amounts of chelating agents, EDTA, potassium citrate
and deferiprone. Excess amounts of EDTA (15 equiv) could
remove AI** from the complex, returning the spectrum back
to the aluminium free spectrum with an intensity of approxi-
mately 70. Deferiprone and potassium citrate as other alumin-
ium chelating agents were tested as well. Excess amounts of
either of which (15 equiv) were also added. However, they did
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not have the same effect, nominally quenching fluorescence
and A-Al and B-Al continued to emit intense emission (ESM
Figs. S17 and S18). The complete removal of AI** from the A
and B by EDTA confirms the reversible sensing ability of
these chemosensors towards aluminium ions [61-64].

The response time of A and B

The response time of sensors A (10 uM) and B (10 uM) was
investigated in the presence of AI** (50 uM) in 10 mM
hexamine buffer at pH 5.5 as shown in Fig. 7. The fluores-
cence intensities of A and B instantly increase to the maxi-
mum after the addition of aluminium ions in less than 2 min.
From Fig. 7, one can see that within the first 2 min, the slope
of the curve is steeper for B-Al compared with A-Al and
within the first minute, the intensity of B-Al reaches up
to 87.7% of its maximum and A-Al reaches up to 76.06% of
its maximum, meaning that within the first minute, B-Al dis-
plays the faster response. Both chemosensors exhibit the
highest intensity in less than 2 min, indicating that they are
ideal sensors for the fast detection of aluminium ions [65, 66].

Conclusion

To sum up, two fluorescent peptides as novel chemosensors
were synthesized. The resultant peptide-AI** complexes ex-
hibited significant turn-on fluorescence responses based on
ICT mechanism. Both chemosensors afforded detection limits
lower than the previously reported AI** selective peptide-
based probes. Both A and B exhibited high selectivity and
sensitivity towards aluminium ions and could successfully
sense AI’* among seventeen competing metal ions in 100%
aqueous solutions. According to the experimental tests, high
binding constant (A-Al: 1.3029 x 10* M™!, B-Al: 1.7586 x
10* M!) and low detection limit (A: 195 nM, B: 155 nM)
were achieved. High water solubility, facile synthesis, high



Highly selective fluorescent peptide—based chemosensors for aluminium ions in aqueous solution 3889

overall yield and high sensitivity are the good points of A and
B. These probes caused approximately 8-fold enhancement
that highlights their role as ideal analytical probes for
detection of AI**. So far, a few reports on highly selec-
tive peptidyl sensors for aluminium ions have been pre-
sented. We believe that this study will inspire the de-
velopment of more peptide-based chemosensors for de-
tection of metal ions particularly AI** jons.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03339-y.
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