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Abstract

Merocyanine dye based fluorescent organic compound has been synthesized for the detection of glutamine. The probe showed
remarkable fluorescent intensity with glutamine through ICT (Intermolecular Charge Transfer Mechanism). Hence, it is
tested for the detection of glutamine using colorimetric and fluorimetric techniques in physiological and neutral pH (7.2).
Under optimized experimental conditions, the probe detects glutamine selectively among other interfering biomolecules.
The probe has showed a LOD (lower limit of detection) of 9.6 x 1078 mol/L at the linear range 0—180 uM towards glutamine.
The practical application of the probe is successfully tested in human biofluids.

Keywords Glutamine - Fluorimetry biosensor - LOD - Competitive study

Introduction

Glutamine is a typical biomarker which plays a vital role
in renal and muscular dysfunctions as it is directly released
from kidney [1, 2]. The variation of glutamine level in blood
and urine of human body is an important parameter for clini-
cal diagnostics. An abnormal level of glutamine in human
serum causes cancer cell growth. Normally serum con-
tains 0.8 mg/dl glutamine which is reduced under extreme
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pathological conditions [3, 4]. It indicates the presence of
cancer cells under metabolic stress conditions. Due to its
medical compliance, the evolution of a fast and valid assay
towards the determination of glutamine in human serum or
urine is essential [5, 6]. Several techniques have been pro-
posed for a fast and accurate quantification of glutamine
[7-9]. Higher level of glutamine in human blood could
lead to constipation or diarrhea for cancer patients [10].
It is clearly understood that glutamine is responsible for
tumors in human body [11]. Glutamine is the most abundant
endogenous antioxidant molecule to appreciate the cancer
cell survival [12] compared to all other amino acids in our
body [13]. Glutamine is also the precursor for the synthe-
sis of various biologically important molecules including
glutamate and a-amino butyrate (GABA), inhibitory neuro-
transmitter, excitatory neurotransmitter and glutathione (an
antioxidant) [14].

Reports are available for the detection of glutamine with
amperometric techniques containing various biocompat-
ible principles [3, 15]. Fluorimetric technique is the most
potent tool for the detection of various kinds of biologically
important metal ions and biomolecules such as amino acids,
nucleic acids and enzymes [16] as this technique provides
very high sensitivity with biomolecules [17].

Though cyanine based organic fluorophore shows excel-
lent fluorescent response towards various kinds of metal ions
[18], it is not so with biomolecules, especially amino acids
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[19]. In general, most of the disease inducing biomolecules
have a tendency to interact or bind with hydroxyl groups and
amino groups [20]. Prompted by this, we have synthesized
a simple cyanine based organic fluorophore, (E)-2-(2-(1H-
indol-3-yl) vinyl)-1,1,3-trimethyl- 1 H-benzo[e] indol-3-ium
iodide, which is used for the detection of glutamine. The
synthesis involves a simple method with low cost and less
time consumption. Various analytical techniques were used
for the confirmation of the structure and photophysical prop-
erties of the synthesized molecule. Regarding the detection
of glutamine, it is found that this compound is very effective
in low concentration and non-toxic at high concentration
[21]. This merocyanine dye is found to selectively detect
glutamine in the presence of other interfering biomolecules
and metal ions at neutral pH (7.2) with excellent lower limit
of detection (LOD) and linear range.

Materials and Methods

Methyl iodide, 1,1,2-trimethyl-1H-benzo[e]indole, ethanol,
piperidine, glutamine, creatine, creatinine, ascorbic acid,
urea, proline, cysteine, histidine, tryptophan and various
acetate salts of metal ions (Co**, Cd 2*, Ag*, Ca’*, Nat, K™,
Fe**, Zn** and Cu*) were purchased from Sigma Aldrich
and Alfa Aesar. 'H and '*C NMR spectra were recorded using
DMSO-dg solvent with a trace of tetramethylsilane (TMS)
as internal standard in a Bruker-300 MHz spectrometer. The
chemical shifts were reported in ppm. Mass spectra were
recorded by ESI ionization in MS-LCMS mass spectrom-
eter. UV spectra were recorded using JASCO single beam
UV -—Vis spectrophotometer and fluorescence measurements
were done with Cary Eclipse spectrophotometer having a
450 W xenon lamp.

Preparation of stock solution: Stock solutions
(1.0x 1073 M) of biomolecules such as histidine, cysteine,
proline, tryptophan, urea, asparagine, creatinine, creatine
and ascorbic acid were prepared in 100 ml of double dis-
tilled water. Working stock solutions were obtained from
these by further dilution with double distilled water/buffer
solution [22].

Result and Discussion

General Procedure for the Synthesis of Merocyanine
Dye

The merocyanine dye (probe) has been synthesized by a con-
densation reaction [23] as shown Fig. S1 in the supporting
information. The synthesized probe was characterized by
'"H NMR, ">C NMR and ESI-Mass spectroscopic studies
(Figs. S2-S5, Supporting Information).

@ Springer

Photo Physical Properties of Merocyanine Dye

The UV-Vis absorption spectrum of merocyanine dye
(1x107° M) was recorded at pH 7.2 in ACN (Acetoni-
trile)/PBS (Phosphate Buffer Solution) (v/v, 1:4) solvent.
Under the optimized condition, the absorption spectrum of
merocyanine dye has exhibited two characteristic peaks at
294 nm and 478 nm (Fig. S8a), which are mainly attributed
to m-n* and n-w* transitions respectively. While varying the
concentration of glutamine from 0 uM to 180 uM (Fig. 1),
the intensities of absorption peaks at 294 nm and 478 nm
increased gradually. The linear (Fig. 2) plot didn’t show any
remarkable shift in absorption position in this range, 0 uM
to 180 uM.

The competitive titrations were also performed to expose
the fastidious of the sensor towards glutamine in the pres-
ence of various interfering biomolecules. The absorbance
spectra for the selective recognition of glutamine in presence
of other interfering biomolecules are shown in Fig. 3. From
these studies, it is clearly understood that the developed opti-
cal biosensor could detect glutamine selectively. Similarly,
the emission studies were carried out for the merocyanine
dye (1 X 10° M) and glutamine at neutral pH (7.2) at in
ACN/PBS (v/v, 1:4) solvent. The effect of pH on sensing
property of probe with glutamine was also studied with dif-
ferent buffer solutions (pH 2-13) (Fig. S6).

The glutamine containing reactive oxygen species is
responsible for the sharp increase of the fluorescent intensity
in the emission spectrum. The addition of other interfer-
ing biomolecules leads to no spectral change. It is clearly
understood that the merocyanine dye detects the glutamine

0.4

0.3 4

0.2 4

Absorbance (a.u)

0.1 4

o'o ) L 1 )
350 400 450 500 550 600

Wavelength (nm)

Fig.1 Changes in absorption spectra of probe (1x 1076 M) in ACN/
PBS (v/v, 1:4) at pH 7.2 upon addition of glutamine (0—180 pM)
(Aey =478 nm)
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Fig.2 The linear relationship of probe (1x107% M) toward glutamine
(180 pM), Aex =478 nm

with high selectivity. The corresponding bar diagram shows
the high selectivity towards glutamine compared to other
interfering competitors.

The quantum yield of merocyanine dye has been calcu-
lated by using absorption spectral data and it is found to be
0.77. Rhodamine 6G in ethanol is used as standard in this
work (@ =0.95) (Fig. S11) [24].

Colorimetric Biosensor for Glutamine Detection

UV-Visible spectral analysis was performed with probe at
concentration of 1x 107% M in phosphate buffer (pH 7.2).
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Fig.3 Absorption spectra of merocyanine dye (1x 107 M) for selec-

tive detection of glutamine in presence of other interfering biomol-
ecules (1107 M)

Glutamine of different concentration (0 uM to 180 uM)
(Fig. 4) was added to the dye (1 x 107> M) solution which
was then incubated for 5 min. The UV-Vis spectra were
recorded before and after the addition of the analyte. The
gradual increment of absorbance was observed while adding
analyte. Also we performed the selectivity study for glu-
tamine, with other interfering biomolecules and other essen-
tial metal ions. Glutamine shows selective absorbance in the
UV spectrum. Based on the above results, it is inferred that
there is an interaction between dye and glutamine at neutral
medium. The dye has a mild yellow color and upon the addi-
tion of glutamine, the color has been changed to red orange
as noted by naked eye. However the addition of interfer-
ing biomolecules and important metal ions do not bring any
change of color. This indicates that the optical biosensor can
sense glutamine colorimetrically. As the dye has indole N-H,
it can interact with the reactive oxygen species of glutamine
and the other biomolecules do not interact with the dye.
Under the UV region, the dye does not exhibit fluorescence.
But upon the addition glutamine blue colour fluorescence is
observed. No change has been observed between the dye and
other competitors as shown in Fig. S10.

Fluorescent Response of Dye Towards the Analyte

Under optimized condition, the synthesized dye shows a
fluorescence peak at 436 nm with mild fluorescence inten-
sity (Fig. S8b).With the addition of glutamine, the fluo-
rescence TURN-ON response was observed (Scheme 1).
While increasing the concentration of glutamine from
0-180 uM, a gradual increase in the fluorescent intensity was
observed along with a hypsochromic (blue shift) (Fig. 4).

500

S

o

o
1

w

o

o
1

200 -

100 4

Fluorescence intensity (a.u)

400 450 500
Wavelength (nm)

Fig.4 Changes in emission spectra of probe (1x10° M) in ACN/
PBS (v/v, 1:4) at pH 7.2 upon addition of glutamine (0—180 pM)
(Mg =436 nm)
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Scheme 1 Proposed sens-
ing mechanism of dye with
glutamine

Red Fluorescence

A linear range between dye and glutamine was found from
0 pM-180 pM at neutral pH (7.2) (Fig. 5). The lower detec-
tion limit (LOD) (Fig. S12) was found to be 9.6 x 10~ mol/L
at pH 7.2 (Fig. 6). For the first time, very good LOD of
9.6 x 10 mol/L along with great linear detection range for
glutamine has been observed when compared to the previous
reports (Table 1).

Selective Analysis for Glutamine Among Other
Interfering Species

The interference study was taken with many biomolecules
and biologically important metal ions such as creatine,
creatinine, ascorbic acid, urea, proline, cysteine, histidine,
tryptophan and biologically important various acetate salts
of metal ions (Co**, Cd ?*, Ag™, Ca®*, Na*, K*, Fe**, Zn*
and Cu®"). All these competitors were tested against glu-
tamine at pH 7.2 (Fig. 7) [25]. From the spectral results, it
is understood that the dye shows higher selectivity towards
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Fig. 5 Fluorescence spectra of merocyanin dye (1 x 107% M) for selec-
tive detection of glutamine in presence of other interfering biomol-
ecules (1x 107 M)
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Blue Fluorescence

glutamine. All interfering biomolecules and important metal
ions do not show any change in absorption and emission
properties. Two equivalents (40 pL) of interfering biomol-
ecules and metal ions (1 x 10~ M) was added to the solution
consisting one equivalent of glutamine (20 pL).Then the cor-
responding emission spectrum was recorded. Results show
that merocyanine dye selectively sense glutamine at pH
7.2 (Fig. 5) [26]. Based on the spectral changes in UV and
emission properties, it is clear that the interaction between
merocyanine dye and glutamine adopted ICT mechanism
in the stoichiometry of 1:1 (Fig. S9). Job’s plot has been
constructed from fluorescence titration to determine the stoi-
chiometry of Merocyanine dye: Glutamine.

The effect of pH on fluorescent nature of dye was anal-
yses with different PBS solutions (from pH 2 to13). The
pH has been adjusted from 2 to 6 and there was a gradual
increase in intensity up to pH 7.2. But, further increase of
pH decreases the intensity along with a blue shift. At pH
7.2, the maximum fluorescent intensity is observed. Hence,
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Fig.6 The linear relationship of probe (1x 1075 M) toward glutamine
(180 pM), A, =436 nm
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Table 1 Comparative performance for previously reported glutamine biosensors

SI. No Types of sensor platform Techniques used LOD References
Porous silicon nano-technology Optical microsensor 0.21 pg/L [13]

2 optical protein micro sensor, based on porous silicon Optical sensor 2.0-40.0 ug/L [34]

nanotechnology

3 Determination of glutamine in the pulsed-batch Amperometric 0.1-3 mM [15]
Cultivation of hybridoma cells biosensor

4 L-glutamate oxidase based enzyme sensor Amperometric 1% 107 mol/L [17]

biosensor
5 Merocyanine dye based optical biosensor Optical biosensor 9.6 x 1078 mol/L Present work

all spectroscopic studies were carried out in PBS at pH 7.2.
This may be attributed to inhibition of fluorescent intensity
by protonation of the complex at low pH. Under neutral con-
dition, the complex emits high intensity due to the lone pair
electrons of the complex. At basic pH, deprotonation may
lead to poor fluorescent intensity of the complex of probe
with glutamine. The stoichiometry of merocyanine dye: glu-
tamine was determined as 1:1 as shown in Fig. SO [27]. The
competitive experiments were performed with glutamine
(180 uM) in the presence of other interfering biomolecules
as shown in Fig. S7.

In addition, the NMR titration was also carried out and it
is clearly exhibited that the interaction between probe and
analyte. The NH proton of probe appeared at 13.10 ppm
and it was shifted to 11.46 ppm in the "H NMR spectrum
(Fig. S13) during the addition. All these experimental stud-
ies confirm the formation of 1:1 binding [28]. The binding
constant of the analyte with probe has been calculated from
the emission plot as 13.2x 10° M~! (Fig. S16).
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Fig.7 Fluorescence intensity of probe (1x10° M) upon addition
of glutamine (180 pM) with in the presence of other competitors
(180 pM) in ACN/PBS (v/v, 1:4), Aem=436 nm. [1 =Probe + glu-
tamine, 2=Probe, 3=Creatinine, 4=Creatine, 5=Tryptophan,
6=Cysteine, 7=Urea, 8=Proline, 9=Ascorbic Acid, 10=Histi-
dine, 11=Co?*, 12=Cd**, 13=Ag*, 14=Ca**, 15=Na*, 16=K",
17=Fe**, 18 =Zn**, 19=Cu’*]

Sensitivity of Glutamine in Human Biofluids

The quantitative evaluation of glutamine in human serum
and urine (Figs. 8 and 9) has been performed using the
standard addition method. In brief, a known concentra-
tion of merocyanine molecule (5 uM) was added into
human serum. Then, different concentrations of glutamine
(20 uM, 40 uM, 60 puM, 80 uM & 100-180 uM) were
spiked in to blood sample along with above solution and
incubated for 15 min. After the incubation period, the fluo-
rescence studies were carried out under optimized condi-
tions and the spectral changes were noted in Table S15.1.
Then, the recovery of the biosensor was calculated based
on the change in fluorescent intensity of merocyanine mol-
ecule while spiking known concentrations of glutamine
into human blood serum and buffer solution containing
1 x 107 M of merocyanine as shown in Fig. 8.

The known concentration of merocyanine (5 uM) was
taken with the urine sample like 20 pM, 40 uM, 60 uM,
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Fig.8 Changes in emission spectra of probe (1x10° M) in ACN/
PBS (v/v, 1:4) at pH 7.2 upon addition of glutamine in blood serum
(0-180 pM) (A, =436 nm). [Concentration of glutamine spiked:
20 uM, 40 puM, 60 uM, 80 uM & 100-180 uM]
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500 study can be used for the detection of glutamine in human
urine [29].

i e The test strip method for the detection of glutamine was
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Fig.9 Changes in emission spectra of probe (1x107% M) in ACN/
PBS (v/v, 1:4) at pH 7.2 upon addition of glutamine in urine sam-
ple (0—-180 pM) (A, =436 nm). [Concentration of glutamine spiked:
20 uM, 40 uM, 60 uM, 80 uM & 100-180 uM ]

80 uM & 100-180 puM and incubated for 15 min. After the
incubation period, the fluorescence studies were carried out
under optimized conditions and the spectral changes are
noted in Table S15.2. Then the recovery of the biosensor
was calculated based on the change in fluorescent intensity
of merocyanine molecule while spiking known concentra-
tions of glutamine into human urine and buffer solution
containing 1x 10°® M of merocyanine as shown in Fig. 9.
From these results, it is clearly seen that the biosensor under

Fig. 10 (a) Optimized structures (a)
of Merocyanine and (b)

tested under UV lamp by dye. Initially, the test strip was soaked
into the probe solution and it was dried and analyzed for the
color nature of the strip by UV lamp. Color change was observed
from mild violet to blue fluorescence by UV lamp during the
addition of the analyte to the probe. There is no color change for
competitors (Fig. S14) [30, 31]. The test strip method has shown
that the probe is a good transducer for glutamine.

DFT Studies

To understand the binding mechanism of glutamine with mero-
cyanine, the state-of-the-art density functional theory (DFT) cal-
culations were carried out. All the DFT calculations have been
effected using the Gaussian 09 [32] software package. Optimi-
zation of Merocyanine, Merocyanine-glutamine complexes and
its Frontier Molecular Orbital, ESP (Electron Spin Polarization)
and TDDFT (time-dependent density functional theory) calcu-
lations were computed at dispersion corrected B97D [33] level
using pople basis set 6-31 g(d) as basis set in the gas phase. Fur-
thermore, it is confirmed that there are no negative vibrational
frequencies observed for the optimized structures.

The optimized structure of Merocyanine is shown in
Fig. 10a and that of Merocyanine ligand and its Glutamine
complex is shown in Fig. 10b. The hydrogen bonding length
between merocyanine and Glutamine has been observed to be
2.004 A. The binding energy of the Merocyanine-Glutamine
complex is calculated as —22.36 kcal/mol, exothermic.

Merocyanine-Glutamine com-
plex at B97D/6-31 g (d,p) in
gas phase. The hydrogen bond
length (A) is shown by dotted
lines. (c) optimized electro-
static potential of Merocyanine
at B97D/6-31 g(d) in the gas
phase. (Grey: Carbon, Blue:
Nitrogen, White: Hydrogen,

Red: Oxygen)
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Fig. 11 Molecular orbital distri-
bution plots of HOMO, HOMO-
1, LUMO and LUMO+1 states
in the ground state for Merocya-
nine receptor at B97D/6-31 g(d)
level in the gas phase
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The electrostatic potential (ESP) structure of mero-
cyanine monomer has been optimized at BO7D/6-31 g(d)
level in the gas phase and revealed in Fig. 10c. The ESP
structure clearly shows the position of binding site for glu-
tamine. The Frontier Molecular Orbital for the monomer
and complex were computed and shown in Figs. 11 and 12.
The HOMO-LUMO (Highest Occupied Molecular Orbital-
Lowest Unoccupied Molecular Orbital) gap of merocyanine
and merocyanine complex is 1.18 eV and 1.03 eV, respec-
tively. The reduction of HOMO-LUMO gap particularly for
the merocyanine-Glutamine complex shows the binding of
Glutamine with the Merocyanine sensor. In particular, as
shown in Fig. 11, the electron localization is distributed

on benzopyrrole and naphthopyrrole moiety in HOMO
and HOMO-1 levels. Moreover, the electronic localization
was migrated from benzopyrrole to naphthopyrrole during
HOMO to LUMO excitation in merocyanine.

For the merocyanine-Glutamine complex, the localization
of electron was noticed on the merocyanine and Glutamine in
HOMO and HOMO-1 levels. The electron localization migrated
towards the naphthopyrrole in LUMO state. However, in
LUMO-+1 state the electron localization has observed mostly
on glutamine. Furthermore, in the beginning of electron transfer
from HOMO to HOMO-1 may restrict the electron transfer from
HOMO-1 to LUMO level. However, as soon as the glutamine bind
with the merocyanine (Merocyanine-Merocyanine*), complex

Fig. 12 Molecular orbital distri-
bution plots of HOMO, HOMO-
1, LUMO and LUMO+1

states in the ground state for
Merocyanine-Glutamine com-
plex at B97D/6-31 g(d) level in
the gas phase

HOMO

LUMO+1
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shows different way of electron density localization compared
with the monomer of Merocyanine. It clearly shows that the
electron transfer from HOMO-1 to HOMO is restricted whereas
HOMO to LUMO electron transfer was on and responsible for
experimentally observed blue light while sensing the Glutamine.

Conclusion

Simple imine based fluorescent merocyanine dye was
synthesized by simple condensation method and it is
characterized by NMR and ESI mass spectral techniques.
Merocyanine dye is a highly selective and sensitive bio-
sensor towards glutamine at pH 7.2. LOD is found to be
9.6 x 1078 mol/L at pH = 7.2 within linear range for glu-
tamine concentration level from 0—180 pM. Merocyanine
dye shows a good quantum yield of 0.87.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10895-022-02937-y.
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