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Abstract

Merocyanine 540 (MC540)- Manganese oxide (MnO-) system-based fluorescence sensor is reported as an
anion sensor in aqueous solution. MnO, was synthesized in the presence of Potassium permanganate
(KMnOg) and Cetyltrimethylammonium bromide (CTAB) using 3-(N-morpholino) propane sulfonic acid
(MOPS) buffer. The formation of MnO; was first confirmed by a color change and characterized using X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and Ultraviolet-Visible (UV-Vis).
absorption spectroscopy techniques. Next, the interaction of MC540 with MnQ3 in aqueous solution was
investigated at various conditions by UV-Vis. absorption and fluorescence spectroscopy. The sensing
ability of the MC540-MnO; was tested to detect hypochlorite (CIO") ion as a “Turn-off” fluorescent sensor.
The MC540-MnO; revealed to be high selectivity and sensitivity to detect hypochlorite (CIO") ion without
being affected by the other thirteen anions. The detection limits for CIO- were evaluated in two different
concentration ranges and calculated to be 0.14 pM at 0.33-4.46 uM and 0.38 uM at 5.06-14.30 puM,

respectively.
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1. Introduction

Organic fluorescent dyes attract the attention of
researchers because they have many applications,
including organic light-emitting diodes, bioimaging,
fluorescence-image, and fluorescence sensors [1-4].
Merocyanine 540 (MC540), a water-soluble organic
fluorescent anionic dye, consists of a benzoxazole
skeleton and a hexahydropyrimidine-3,5-dione-2-thion
ring linked by a conjugated triene (Fig. 1). As with many
other fluorescent organic dyes, MC540 has attracted a lot
of interest due to its cheap and easy design. The MC540’s
optical properties could change as a result of interactions
with themselves or various semiconductors [5],
graphene-based material [6], clays, nanostructures [7],
and polyelectrolytes [8]. These changes are determined
by absorption and fluorescence spectroscopy [4]. Thus,
such newly designed systems can be used in various
applications such as solar cells [5], photodynamic
therapy[9], chemotherapy [7], and fluorescence sensors
[6, 10].

Figure 1. Molecular structure of MC540

Manganese oxide (MnOy), a prevalent transition metal
oxide is absorbed in a wide wavelength range, nontoxic,
and readily modified [11]. Moreover, it is one of the most
promising conductive materials in various industries
such as batteries, water treatment plants, and catalysis
due to its low-cost, high-energy density, and ecological
compatibility [12]. In addition, when MnO, is added to
fluorescent materials, it can be subjected to molecular
aggregation owing to various molecular interactions
(electrostatic, hydrogen bonding, and hydrophobic
interactions, etc.) which change the spectral behavior of
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the dye [13]. Thus, various new fluorescence probe (dye-
MnO,) systems can be prepared. In recent years, sensor
systems based on molecular aggregation of various
fluorescent materials in the presence of MnO have
attracted attention. For example; fluorescent perylene-
MnO, to detect acetylcholinesterase (AChE) [11],
fluorescent carbon dots—MnQO; platform to detect
glutathione (GSH) [14, 15], fluorescent polydopamine
nanoparticles—-MnO; to detect alkaline phosphatase [16],
fluorescent gold clusters-MnO, to detect H,O, [17], and
fluorescent fluorescein dye-MnO- to detect H.O, [18].
However, no fluorescent sensor studies with cyanine-
derived dye in the presence of MnO; have been found in
the literature.

Hypochlorite (CIO") is an important reactive oxygen
species that plays a significant role in the biological
process of living organisms. ClO", which can be taken
directly into our body without being aware of it, is widely
used for disinfection and sterilization in swimming pools,
tap water, and almost all surfaces. Its deficiency or
abundancy causes various diseases. Excess ClIO™ can
induce kidney, neurological function, cardiovascular
system, and cancer, whereas inadequate chlorate can
cause many serious diseases as it fails to kill pathogens.
Therefore, ClO" is very important to detect as quantitative
by a practical method [19]. Until now, it has been
determined in many methods, including ICP-AES/MS,
HPLC, electrochemical, colorimetric, and fluorescence
sensors, etc. Among them, the fluorescence sensor
technique has drawn attention owing to its high speed,
stability, selectivity, and accuracy, as well as economical
and practical. In recent years, the design of new
fluorescent sensors that can detect various anions and
cations, especially in agueous media, has been of great
attention. Therefore, these types of sensors still need to
be developed [14].

In the present study, a novel “Turn-off” fluorescence
sensor is reported to detect precisely and selectively CIO-
ions based on the interaction of MC540 with MnO; in an
aqueous solution. Firstly, MnO, was synthesized in the
presence of KMnO4 and CTAB using MOPS buffer. The
formation of MnO- was first observed by a color change
and analyzed by XRD, FTIR, and absorption
spectroscopy. Secondly, the interaction of MC540 with

+ MOPS

pH 6.5

KMnOy in pure water

Figure 2. Synthesis of MnO,
2.3. Instruments

FT-IR spectra were recorded by a Bruker Alpha ATR
spectrometer, in the wavenumbers ranging from 400 cm-

MnO; in aqueous solution was investigated using UV—
Vis. absorption and fluorescence spectroscopy at various
conditions, and the MC540-MnO; system as a
fluorescent probe was determined. Thirdly, the sensing
ability of the MC540-MnO; was tested to detect anions
as a “Turn-off” fluorescent sensor in the presence of
fourteen anions, and LOD values in two different
concentration ranges for ClIO- were calculated. Also,
interference tests for CIO- were carried out.

2. Materials and Methods
2.1. Materials

Potassium permanganate (KMnOy),
Cetyltrimethylammonium bromide (CTAB), MOPS (3-
(N-morpholino) propane sulfonic acid) used in MnO;
synthesis; all anion sodium salts (NaF, NaBr, Nal, NaCl,
Na,SO4, Na,COs3-H20, NasPOs, NaNOs, NapS, NaCN,
NaSCN, Na;C;04, CH3COONa, and NaClO) used in
fluorescence sensor experiments; MC 540 and
Rhodamine 101(Rh 101) dyes were purchased from
Merck KGaA, Germany. These chemicals were used as
received.

2.2. Synthesis of MnO2

MnO; was synthesized in the presence of KMnO. and
CTAB using MOPS buffer instead of MES(2-(N-
morpholino) ethane sulfonic acid) buffer by partially
modifying a previous method in the literature [14].
Firstly, KMnO4 (0.5 g) was dissolved in 0.45 L of
distilled water for 30 min. The color of the solution is
dark purple. Secondly, CTAB (1.5 g) was added to the
solution and mixed for 10 minutes, resulting in a light
purple color. Thirdly, MOPS buffer (50 ml at pH 6.5, 0.1
M) was added dropwise over half an hour, and the color
of the solution changed from light purple to light brown
as MOPS was added. The resulting mixture was stirred
for 13 hours and its color was dark brown-black (Fig. 2).
The stirring speed is 700 rpm. The obtained MnO;
solution was centrifuged for 15 min at 9500 rpm. The
MnO; NPs were collected after centrifugation by
washing three times with distilled water and ethanol,
respectively.

centrifugation

washing 8 5

Final product
MnO,

13 hours

stirring

! to 4000 cm? (Bruker Corporation, U.S.A.). XRD
analysis was collected by a PANalytical’s X-ray
diffractometers in the 20 range of 10°-90° (Panalytical,
Netherlands). Fluorescence spectra were taken on
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Agilent Technologies Cary Eclipse Fluorescence
Spectrophotometer at an excitation wavelength (lex) of
500 nm (Agilent Technologies, U.S.A.). Absorption
spectra were recorded on Shimadzu UV-1800
spectrophotometer (Shimadzu, Japan).

2.4. Calculations

The relative fluorescence quantum yields (®f) of the
MC540-MnO; systems in an aqueous solution were
determined by the Parker-Rees method using Rh 101 (®¢
= 1.0 in methanol) as reference dye [6].

Also, the CIO" sensitivity of the MC540-MnO; system is
tested by using the Stern-Volmer equation (Eg. 1). The
limit of detection (LOD) for CIO" was calculated using
the slope and standard deviation of this plot.

2 =14 Key[0Q] &

Herein, Ksy is the Stern-Volmer constant; [Q] is a
quencher ([CIO] in this study); Fo and F are the
fluorescence intensity (Any) of the MC540-MnQO; and
MC540-MnO,-ClO" system, respectively [20].

2.5. The procedure to Determine Anions

Initially, stock solutions were prepared for MnO, (1
mg/ml) in pure water and MC540 (1x10° M) in
methanol. Then, a predetermined quantity of MC540’s
stock solution was transferred into a glass vial, and its
solvent was evaporated using argon gas. The MnO;
solution, at a specific concentration, was then added to
this vial. The solution was left undisturbed for 5 minutes
to allow for the interaction between MC540 and MnO..
Absorption and fluorescence spectra were recorded.
Thus, a specific MC540-MnO, system (2.0x10°M
MC540 and 2.4 pg/ml MnO- in an aqueous solution) was
determined for fluorescence sensor studies. Next, various
anions (F, CI, Br-, I, S*, NOg", SO3%, PO,*, COs%*, SCN-
, CN", AcO", C,04%, and CIO™ of 16.7 uM) were added
separately to the specific MC540-MnQO; system. The
prepared solutions were mixed, and fluorescence spectra
were immediately recorded for each sample.

2.6. Interference Tests

Interference tests were performed to determine whether
other analytes have a positive or negative effect on the
response of the major analyte (ClO") to be determined.
The fluorescence responses (A1) of each MC540-MnO.-
anion (16.7 uM) system were investigated separately in
the presence of CIO™(16.7 uM).

3. Results and discussion
3.1. Characterization of MnO:

The formation of MnO, was primarily manifested with
the disappearance of the purple color of potassium

permanganate and its transformation to dark brown-black
color (Fig.2). Then, the resulting MnO; was
characterized using XRD, FTIR, and absorption
spectroscopy. The formation of MnO, was first
confirmed by the XRD pattern (Fig. 3). The faint peak
around 20=20.63° and sharp peaks at 20=36.55°, 65.78°,
respectively, are reflected (002), (100) and (110) planes
of MnO, (JCPDS 18-0802) [12, 21-24].
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Figure 3. XRD pattern of MnO;
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Secondly, the FTIR spectrum to determine functional
groups in the surface of MnO, was taken in the
wavelength range of 400-4000 cm (Fig. 4a). In Fig. 4b,
the FTIR peaks are more clearly visible. The wide band
at 3380 cm™ is associated with the vibrational existence
in hydroxyl groups. The sharp bands at 2926 and 2853
cm! are due to asymmetric CH stretching vibrations and
confirmed that the MnO; surface is partially loaded with
CTAB. The bands at 1543, 1470, and 1404 cm™ are
because of a large amount of hydroxyl groups [25].

Transmittance

08 T T T
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Figure 4. The FT-IR spectra of MnO,

The band at 1644 cm™ is due to O—H bending vibrations
combined with Mn atoms. The bands at 1040, 964, and
920 cm™* demonstrate vibrations due to the interaction of
Mn with OH. Furthermore, the intense shoulder bands at
510 and 476 cm™* indicate Mn-O stretching vibrations in
the MnQ; structure [12]. Also, the wide bands at 580 and
720 cm™* are due to the stretching and bending vibrations
of the oxide group of MnO in the form of O-Mn-O and
Mn-O, respectively [25-27]. Consequently, the data
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confirm the formation of MnO, NPs and their surface
partially loaded with CTAB.
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Figure 5. Absorbance spectrum of MnO; in aqueous
solution (1 mg/ml)
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Finally, MnO; aqueous solution was characterized by
absorption spectroscopy (Fig. 5). The maximum
absorption wavelength (Aas) of MnOj,  showing
absorption in a wide spectrum range of 240 to 700 nm,
was determined as ~ 402 nm [14]. This band is the main
characteristic band of MnO; and could be associated with
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the electron transition from the valence band to the
conduction band [28, 29]. These characterization data are
compatible with MnO; structures in the literature.

3.2. Photophysical Properties of MC540 in the
presence of MnO2

The effect of MnO; concentration ([MnO3]) on the
molecular behavior of MC540 aqueous dispersion was
investigated in the presence of various [MnO-] (0.4 — 3.2
pg/mL) while MC540 concentration ([MC540]) was kept
constant at 2 uM. This effect can be easily understood by
comparing it with the MC540's absorption spectrum in
pure water.

Here, spectroscopic measurements were performed for 5
min. after mixing [MnO_] with MC540. The absorption
spectra of MC540 due to the increasing MnO;
concentration are given in Fig. 6a. As seen in Fig. 6a, two
intense absorption band (Aaps) at 535 nm and 503 nm for
MC540 in pure water is assigned to monomeric and H-
dimeric MC540 molecules.
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Figure 6. (a) The observed form, (b) the normalized form at 520 nm (isosbestic point) of absorption spectra, (c)
fluorescence spectra, and (d) a photograph of MC540 (2 pM) in various [MnO2]. ((MnO2]= 0.04-3.2 ug/mL)

When increasing [MnO;] is added to the MC540 aqueous
solution, it is clearly seen that the MC540 dye molecules

aggregate, its monomer band decreases, and its H-dimer
band increases (Fig. 6b). Also, it was determined that the
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Aabs OF each band were shifted to blue and their intensity
decreased significantly. This indicates that [MnOg]
triggers the dimerization of MC540 by changing its
absorption characteristic with strong dipole-dipole
interaction in the aqueous medium. Dimers (H-dimer)
with low aggregation numbers are commonly referred to
as H-aggregates [6] . They are non-fluorescent. For this
reason, the effect of [MnO2] on the fluorescence
properties of MC540 in aqueous dispersion was
investigated in the same way as Fig. 6a (Fig. 6¢). In Fig.
6¢, the effect of [MnO2] on the fluorescence of MC540
can be explained by comparing it with the fluorescence
spectrum of MC540 aqueous solution. As seen in Fig. 6¢,
the Aau of MC540 (2.0x10°® M) in pure water is ~ 562
nm. The Any of MC540 is blue-shifted to ~ 1 nm, and the
fluorescence intensity of the dye decreased due to the
nonradiative transitions by increasing [MnQO2] in the
aqueous dispersions. In addition, the MC540’s color
change observed with increasing [MnQO2] is given in Fig.
6d.

Furthermore, the effect of MC540 concentration
(IMC540]) was investigated by absorption and
fluorescence spectroscopy in various [MC540] in the
range of 1 uM-10 puM in the presence of MnO; of 2.4
pg/mL. Absorption spectra of these solutions are given in
Fig. 7a. Herein, it is seen that the H-dimer band of the
MC540(1 uM) solution containing MnO is at ~499 nm,
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while its monomer band is at 530 nm. When the [MC540]
was gradually increased, it was determined that its
monomeric band red-shifted to 535 nm, while its H-
dimer band red-shifted to 503 nm (Fig. 7b). The red shift
in the prominent absorption bands of MC540 is due to
changes in viscosity, polarity, hydrogen bonding
property, and some physical interactions. Moreover,
fluorescence spectra of these solutions were taken in the
same concentrations (Fig. 7c). In Fig. 7c, when the
increase of [MC540], the Aqq is red-shifted to about 1 nm,
and the fluorescence intensity increases. This can be
explained by the decrease in [MnO-] that could interact
with MC540 when the [MC540] increased. Thus,
MC540, which is a monomer-dimer equilibrium, shifted
to monomer form with increasing MC540 concentration.
The MC540’s color change observed with increasing
[MC540] in the presence of MnO; (2.4 pg/mL) is given
in Fig. 7d. In addition, the fluorescence quantum yields
of MC540 at increasing MnQO; and dye concentrations
were calculated using their absorption and fluorescence
data and are given in Table 1. When Table 1 was
examined, with the increase of MnO; concentration in
MC540 solution, its fluorescence quantum efficiency
was seen to be decreased, and thus H-dimerization
increased. This is compatible with other data and has
proven the interaction of MC540 and MnO; in aqueous
solution.
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Figure 7. (a) The observed form, (b) the normalized form absorption spectra, (c) the fluorescence spectra, and (d) a
photograph of various MC540 solutions containing MnO (2.4 ug/mL). ((MC540] = 1-10 uM)
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Table 1. Fluorescence quantum yields (®f) of MC540 in
aqueous solution in increasing MnO; and MC540
concentrations

LOdi
[MC540]
2x10° M 7.50
[MnO;](ng/mL) ((IMC540=2x10° M]
0.4 7.15
0.8 6.51
1.6 5.86
2.4 4.97
3.2 4.43
[MC540](M) (IMnOz=2.4 pg/mL]
1x10® 3.10
2x10°® 4.97
3x10°® 5.20
4x10° 5.60
5x10°® 5.38
6x10°° 5.41
7x10°® 5.86
10x10° 5.84

It is decided to use the MC540-MnQ; system containing
[MC540] (2x10° M) and [MnO2](2.4 ug/ml), in which
MC540 partially dimerized, as a fluorescence probe to
detect anions. UV-Vis. absorption and fluorescence
spectra for MnO,, MC540, and MnO,-MC540 systems at
the determined concentrations in aqueous solution are
comparatively given in Fig. 8a and 8b, respectively.
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MnO,

(a)

0.104

0.054

Absorbance

T T T T
200 300 400 500 600 700
Wavelength (nm)

500

(b) —MC540
400 ——MC540-MnO,
MnO,

300

200

100 4

Fluorescence Intensity (a.u.)

T T T T T T
520 540 560 580 600 620 640
Wavelength (nm)

Figure 8. (a) UV-Vis. absorption and (b) fluorescence
spectra for MnO,, MC540, and MC540-MnO, systems

3. 3. Hypochlorite Detection Performance of MC540-
MnO:

The fluorescence spectra of the MC540-MnO, aqueous
solution were separately taken in the presence of 14
different anions (F-, Br,, I', Cl-, SO4%, COs%, PO,*, NO3
, $%, CN", SCN, C,042, CH3COO" (AcO"), and CIO") to
determine of MC540-MnO>’s selectivity (Fig. 9a). As
seen in Fig. 9a, it determined that CIO" ions quenched the
fluorescence intensity of MC540-MnO2, whereas other
anions had little or no effect. Also, the Any was blue-
shifted from about ~18 nm. This could be due to the
formation of a non-radiative complex due to the high
affinity of the MC540-MnO; fluorescence probe for CIO
ions. The CIO" selectivity of MC540-MnO- is more
clearly shown in the histogram of (Fo-F)/Fo vs. anions, as
presented in Fig. 9b. Here, (Fo-F)/Fo=1 indicates that the
fluorescence intensity of MC540-MnO; is completely
quenched. When the black columns in Fig. 9b were
examined, it was determined that MC540-MnOQO;’s
fluorescence intensity in the presence of only CIO-
Fo—F

(F— = 1) was almost completely quenched. Moreover,
0

interference tests were performed to determine CIO-, and
fluorescence responses of MC540-MnO; in the presence
of other 13 anions were separately recorded (red columns
in Fig. 9b). Thus, CIO ions were proven to be detected
independently of the other 13 anions.

150 ——MC540-MnO;
Anion(A)
in MC540-MnOZ aqueous solution

—F —ci
—Br =T
J—

100+ —N03

—s30} —pOF
—C0% —SCN
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—C305 —cI0"
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o
o
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T T T T T T
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Wavelength (nm)

|-M6540-Mn02+)\ (b)
-m:sao-Mm:)2 +A+CIO

Figure 9. (a) Fluorescence spectra, and (b) histograms of
(Fo—F)/Fo vs. anions of MC540-MnO; in the absence and
presence of various anions, and their CIO" interference
histograms (Aex =500 nm, [A]=16.7 uM, where Fo and F
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are the fluorescence intensities of the MC540-MnO; in
the absence and presence of anions, respectively).

——MC540-MnO,

(a

[CI07] (M)
in MC540-MnO, aqueous solution
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Figure 10. (a) Fluorescence spectra of MC540-MnO-
system in the presence of various [CIO], and (b) plot of
Fo/F vs. [CIO] in the range of 0.33 uM to 14.30 uM.

To test the sensitivity of the MC540-MnO, system, the
fluorescence spectra of MC540-MnO; in CIO
concentration ([CIO]) in the range of 0.33 uM-14.30 uM
were recorded (Fig. 10a). In Fig. 10a, it is seen that the
fluorescence intensity of MC540-MnQO; was sensitive to
CIO ions and decreased with increasing [CIO]. In
addition, according to Eq. 1, Fo/F vs. [CIO] graph was
plotted (Fig. 10b). This graph was non-linear. Therefore,
the LOD values were separately determined at two
concentration ranges where the F/Fy vs. [CIO] plot
showed high linearity. Each concentration range is
indicated in a different color in Fig. 10b, and the
correlation coefficients (R?) are given in the graph. The
LOD values were calculated as 0.14 pM, and 0.38 pM at
[CIO] in the range of 0.33-4.46 uM (1, red) and 5.06-
14.30 uM (2, blue), respectively. This indicates that even
low concentrations of hypochlorite can be easily
detected. Table 2 summarizes the detected ion/molecules,
solvent, linear range and LOD values for some
fluorescence probes developed for CIO detection in the
literature. In this study, it can be seen that the
performance values found for CIO™ are better compared
to the literature given in Table 2. Consequently, it is
determined that the MnO2-MC540 fluorescence probe in
pure water could be a highly accurate and selective
"Turn-off" Fluorescence sensor to determine CIO".

Table 2. Various fluorescence probes and their detected ions/molecules in the literature.

Fluorescence probe Detected Solvent Linear range LOD (uM) Ref
ion/molecule
A coumarin-dihydroperimidine dye ClO Water/MeCN  0-100 uM 33uM [30]
3-Formyl-10-Methylphenothiazine ClO Water 0-100 uM 0.45 uM [31]
Red emissive carbon dots ClO Ethanol 0-300 uM 4.95 uM [32]
N', N"'-((1Z,1'Z)-[2,2'-bithiophene]-5,5'- ClO Bis-tris - 4.2 uM [33]
diylbis(methanylylidene)) bis(furan-2- buffer
carbohydrazide)
Phenothiazine-coumarin platform ClO PBS/ 0-6.5 equiv. 0.321 uM [34]
Triton X-100

(1)0.33-446pM  (1)0.14uM  This

MC540-MnO2 CIO Water (2) 5.06-14.30 uM  (2) 0.38 uM study

4. Conclusions

A new “Turn-off” fluorescence sensor is reported to
determine precisely and selectively CIO™ based on the
interaction of MC540 with MnO; in an aqueous solution.
Firstly, MnO, was synthesized in the presence of KMnO4
and CTAB using MOPS buffer. The formation of MnO,
was observed by a color change, and characterized by
XRD, FTIR, and absorption spectroscopy. Analysis
results showed that it was successfully synthesized. Next,
the interaction of MC540 with MnO; in various [MnO,]
and [MC540] was studied using UV-Vis. absorption and

fluorescence spectroscopy. The MC540-MnO, system
containing [MC540] (2x10¢ M) and [MnO,](2.4 pg/ml),
in which MC540 partially dimerized system, was
determined as a fluorescence probe. The sensing ability
of the MC540-MnO, was separately recorded for their
fluorescence responses in the presence of 14 different
anions. MC540-MnO’s fluorescence intensity was
effectively quenched in the presence of only CIO". LOD
values for CIO™ were evaluated at linear concentration
intervals of Fo/F vs. [CIO] plot, and calculated to be 0.14
uM at 0.33-4.46 pM and 0.38 pM at 5.06-14.30 uM,
respectively. Interference experiments also showed that
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ClO" could be determined independently of other anions.
Thus, it is determined that the MnO,-MC540
fluorescence probe in pure water could be a fast and
easily applicable, highly accurate, and selective "Turn-
off" Fluorescence sensor to determine ClO".
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