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Abstract

The work is aimed at the search of selective fluorescent sensors without using specific artificial
receptors, antibodies, enzymes etc. With this end in view, methods based on non-covalent binding of
target analytes are sought. We observed dramatic changes in the emission spectrum of a carbocyanine
dye in a micellar surfactant solution (cetyltrimethylammonium bromide, CTAB) in the presence of
dipyrone (metamizol, analgin): the 480 nm band intensity increases with a simultaneous decrease in
intensity in near-IR region (720 nm). MALDI and NMR-"H data show the intact molecules of
dipyrone and the dye. The detection can be performed in the presence of other organic species and
inorganic salts. Dipyrone testing is feasible within 5 x 107/=5 x 10~* M with RSDs of 3.5% by using a

visualizer instead of a spectrofluorimeter.

1. Introduction

Many selective fluorimetric sensing methods are based
on an interaction of the analyte covalently with the
probe or non-covalently with a dedicated supramole-
cular receptor [1]. However, the development of
selective receptors requires significant synthetic efforts.
A challenging task to avoid such syntheses evokes
interest to selective non-covalent analyte—fluorophore
interactions.

Carbocyanines are fluorescent dyes that are useful
in non-covalent sensing [2]. These dyes emit in near-
infrared (NIR) region, which is valuable for sensing
and molecular imaging due to deep penetration of the
NIR light into tissues and low interferences from the
biological matrices [3]. Most common sensing proto-
cols using carbocyanines are based on covalent inter-
actions with the analytes resulting in strong changes in
the emission spectra. Various analytes were deter-
mined: tris(2-carboxyethyl)phosphine [4], cysteine
[5], carbohydrates (with boronic acid groups) [6], per-
oxynitrite [7], sulfide [8] and other anions [9-11],
transition metal ions [12]. Non-covalent fluorescent
tests using carbocyanines are rare (detection of die-
thylstilbestrol with a heptamethyl indolenine-based

dye [13], sensing of organic analytes via metal-ion
complexation [2]).

Dipyrone (1-phenyl-2,3-dimethyl-5-pyrazolone-
4-methylaminomethane sodium sulfonate, metami-
zole, analgin, sulpyrine; scheme 1) is a popular non-
opioid analgesic, spasmolytic and antipyretic drug,
commonly used in human and veterinary medicine.
Due to its pharmacological effects and gastrointestinal
tolerability it is administered as an alternative to para-
cetamol and traditional nonsteroidal anti-inflamma-
tory drugs (NSAIDs). Dipyrone (Dip) even can be
recommended for the treatment of cancer pain [14].
Its potential harm to liver is not finally established
[15]. A well-known (though a rare) serious adverse
event of Dip is agranulocytosis, which led to its ban in
a number of countries [16]. However, many experts
believe that its benefits may outweigh the risks [17]. In
practice, Dip is used in many countries, legally or
unofficially [15].

Therefore, interest to analytical methods for Dip
(table S1 is available online at stacks.iop.org/MAF/
9/015001/mmedia) [18-47] has been maintained
during the recent years [24, 33-35, 46]. Dip was
determined by electrochemical [18-24], chromato-
graphic [25-30, 47] and spectroscopic [31-46]
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Scheme 1. Structures of the compounds participating in the complex formation: (a) Dipyrone; (b) Dye 1 (R = (CH,),,COOH,

X = Br),Dye2 (R = (CH,)sCH3;, X = I);(c) CTAB.
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Figure 1. Absorption spectra of dye 1, CTAB, dipyrone (Dip) and their mixtures. Concentrations (shown for the final mixture):
1.5mM Dip, 0.8 mM CTAB, pH 7.4 (7 mM phosphate buffer), 2 M dye.
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Figure 2. Excitation (1), (2) and emission (3), (4) spectra of dye 1 (A)

740 nm (2); excitation at 345 nm (3) and 660 nm (4). Conditions: 1.5 mM Dip, 0.8 mM CTAB, pH 7.4 (7 mM phosphate buffer), 2 uM

dye.
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and dipyrone—dye 1 mixture (B). Registration at 500 nm (1) and

methods. A number of tests for Dip in single or
multi-component pharmaceutical formulations have
been developed using intrinsic UV absorption
[31-35] or reactions with chemiluminescent [36—38],
fluorescent [39], and spectrophotometric detection
[40-46]. An immunochromatorgaphic test is offered
for the determination of Dip and its metabolites in
dairy products [47]. It would be desirable to develop a
spectral test for dipyrone not requiring biomolecules
[47] or heating with sulfuric acid [36, 37, 39, 41,

42, 46]. If such a method is based on a NIR dye, it
would avoid the short-wave background fluores-
cence of biological samples.

In this study we explored two new symmetrical poly-
methine NIR dyes (1, 2) synthesized following simple
principles [48] as described earlier [49]; the synthetic
scheme is given in ESI (scheme S1). We found that a con-
tact of compounds 1 or 2 with dipyrone resulted in a dis-
coloration of the dye (figure 1) accompanied by sharp
changes in the fluorescence spectra (figure 2), which only
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Figure 3. Effect of dipyrone concentration on the emission spectrum of dye 1 in the presence of CTAB. Insert: 96-well plate images
with varied concentrations of dipyrone photographed in visible light and in near IR region. Conditions: 0 (dark red)—0.14 ;M (red)
... 0.14 mM dipyrone (magenta), 0.8 mM CTAB, pH 7.4 (7 mM phosphate buffer), 2 uM dye 1.

occurred in the presence of cetyltrimethylammonium
bromide (CTAB) but not anionic surfactants (sodium -
dodecyl sulfate).

2. Materials and methods

2.1.Materials and reagents

Dipyrone, CTAB, disodium phosphate, monopotas-
sium phosphate, 1,1,2-trimetyl-1H-benzo[e]indole,
11-bromoundecanoic acid, N-((1E,3Z)-3-(phenyli-
mino)prop-1-en-1-yl) aniline hydrochloride, acetic
anhydride, diethyl ether, acetonitrile, methanol,
dichloromethane and other compounds used in
selectivity studies were obtained from Sigma—Aldrich
(USA) and wused as received. Millipore water
(18 m§2-cm) was used in preparing solutions.

2.2.Instruments and measurements

The fluorescence spectra were obtained on Fluorat-02
Panorama (Lumex, Russia) or Cary Eclipse (Agilent)
spectrofluorimeter in 1-cm quartz cells. Visible fluores-
cence of solutions in 96-well polystyrene plates

(Thermo Scientific Nunc F96 MicroWell, white, cat. No
136101) was registered using TLC Visualizer 2 (Camag,
Sweden) with excitation at 254 or 366 nm and measured
with an embedded digital camera. Near IR fluorescence
in 96-well plates was registered using a setup containing
a LED source (eleven 3-Wt red LEDs, emission
maximum 660 nm; Minifermer, Moscow, Russia) and
an NIR digital camera (modernized Nikon D80 with
a filter transmitting light with wavelengths above
700 nm). The measurements were taken in 10 min after
mixing. "H NMR spectra were recorded on a Bruker
Avance 600 spectrometer with an operating frequency
of 600 MHz. MALDI MS spectra were recorded on a
Bruker Autoflex spectrometer at 70% of maximum
laser energy without using matrix compounds.

2.3. Dye synthesis

1 g (4.78 mM) of 1,1,2-trimetyl-1H-benzo[e]indole
and 1.27 g (4.78 mM) of 11-bromoundecanoic acid
were heated at 100 °C for 12 h (scheme 2). After
cooling to room temperature an excess of diethyl ether
was added and the precipitate was filtered off. 2.32 g of

3
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dark green powder was obtained (yield 92%). Melting
point 195 °C-200 °C. NMR 'H (CDCl, §, ppm, J/Hz):
1.23 (br.s., 8H), 1.35 (br.s., 2H), 1.47 (br.s., 2H),
1.52-1.58 (m, 2H), 1.85 (s, 6H), 1.97 (br.s., 2H), 2.28
(t 2H, °Jun = 7.3), 3.18 (s, 3H), 4.81 (brs., 2H),
7.61-7.82 (m, 3H), 8.07 (m, 3H).

One equivalent of received powder and 1.2 equiva-
lents of N-((1E,3Z)-3-(phenylimino)prop-1-en-1-yl)
aniline hydrochloride were dissolved in 1.5 ml acetic
anhydride. The reaction mixture was heated at 120°C
for 30 min. Then 1.7 equivalents of ammonium salt
were dissolved in 1.5 ml of pyridine, added to the reac-
tion mixture and heated for 30 min. After cooling to
room temperature an excess of diethyl ether was added
and the precipitate was filtered off. The target com-
pound was purified by column chromatography on
silica gel (eluent: CH,Cl,/MeOH, 30:1 v/v). Carbo-
cyanine dye was obtained as a dark blue powder.

2.4. Experimental procedure for dipyrone
determination

Firstly, 100 pl of dipyrone water solutions were
prepared at different concentrations (0,14 uM to
0,14 mM). Then Dip was mixed with 30 ul of 0.01 mM
CTAB, 30 pul of 70 mM phosphate buffer (pH 7.4) and
170 pl of water. Finally, 25 ul of 0,028 mM dye 1 was
added. The final concentrations of CTAB, buffer and
dye 1 were 0.8 mM, 7 mM and 2 uM, respectively.

3. Results and discussion

Mixing the dye with dipyrone and CTAB in an aqueous
solution resulted in a sharp decrease in absorbance at
600-700 nm (figure 1), which was the stronger, the
higher the concentration of dipyrone (figure S1 in ESI).
These changes were not observed in the binary systems
dye—dip, dye—CTAB. In the emission spectra, the band
at 720 nm decreased in the ternary system, while the
400-500-nm band became more intense and shifted red

with the concentration of dipyrone (figure 3). Dipyrone
absorbs at <350 nm (figure S2) and is non-fluorescent
itself or in the presence of CTAB. The bands in the
spectra were not shifted upon changing conditions,
indicating no significant H- or J-aggregation of the dye
[50]. Dye 2 showed similar behaviour (its emission
spectra with Dip and CTAB are shown in figure S3).

We studied the reaction mixture (dye 1—dipyrone
—CTAB) by MALDI MS (figure S4) and NMR-'H
(figures S5(a)—(d), table S3). Surprisingly, both techni-
ques showed the presence of an intact dye 1 (molecular
ion of 824 Dain MALDI and virtually non-shifted pro-
ton signals in NMR). These results led us to assume
that the interaction of dipyrone with the dye is non-
covalent, notwithstanding a considerable change in
the absorbance and fluorescence spectra.

The observed phenomena may be due to the for-
mation of a stable complex between the dye and dipyr-
one, in which the conformation of the fluorophore is
substantially changed. Supposing a 1:1 complex com-
position, the binding constant

_ [Complex]

= = = (9 £3) x 10*
[Dyel[Dip]

was estimated from the emission data (figure 3) by
using standard methods [51] (see ESI for the calcula-
tions). Judging by the disappearance of the red
absorption and NIR fluorescence bands, the poly-
methine chain of the complexed dye is driven out of
conjugation state. Polymethine chain emits in trans-
state, while cis-conformation is non-emissive [52].
The trans—cis transition can occur as a consequence of
multi-point dye binding with dipyrone. The concrete
structure of this complex is unknown, but we can
hypothesize that it could involve 7-7 stacking of the
aromatic moieties of Dip and the dye and ionic
interaction of the sulfonic group with the quaternized
nitrogen; an additional interaction is possible between
the carbonyl carbon atom with the 7-electrons of the
polymethine chain (scheme 3). If such a complex
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Figure 4. Fluorescent intensity™ as a function of (a) concentration of dye 1, (b) pH, and (c) CTAB concentration. General conditions:
pH 7.4 (7 mM phosphate buffer), 0.8 mM CTAB, 1.9 uM dye 1, 0.14 mM dipyrone. In varying pH, the following buffers were used in
7 mM concentrations (by anion): borate (pH 9.6-11.0), phosphate (pH 7.4-8.4), citrate (pH 6.7), acetate (pH 3.5-5.0), and HCI
(pH 1.8).

stabilizes the cis-conformation, the NIR fluorescence
will be quenched, while the short-wavelength emission
band, caused mainly by benzoindolenine fragments,
will be enhanced. Since the spectral changes are only
observed with a sufficient amount of CTAB close to
micellar concentration (figures S6 and 4(c)), the
surfactant role can involve additional stabilization of
the complex by including the methylene chains of the
dyes into the micelle, on the one hand, and ionic
binding of the CTAB cation with the sulfonic group of
Dip, on the other (scheme 3). Dye 2 has no carboxylic
groups and still shows a similar behavior (figure S3),
which implies that COOH groups of dye 1 are not
directly involved in complexation.

Competitive binding was carried out by adding an
oppositely charged surfactant (sodium dodecyl sulfate
SDS) to the dye 1—CTAB—dipyrone system. SDS effi-
ciently decomposes the complex, regaining the visible
spectrum of the initial dye 1 and its long-wave emission
with a decrease in short-wave emission (figure S7). Sub-
sequent addition of more Dip to the system reversed the
situation, regaining the short-wave peak and reducing
long-wave absorbance, the reverse change was incom-
plete due to an interference from SDS. These phenom-
ena confirm the reversibility of binding and allow
considering covalent complexation as less probable.

To reveal the origin of the spectral changes, we stu-
died the UV-vis and fluorescence spectra of com-
pounds 3 and 4 as parts of dye 1:

OH

As can be noticed from figure S8, 400-500-nm
emission band intensity changes in the following order
(for 2 uM compounds in 0.8 mM CTAB):

compound 3 >> compound4 >> dyel.

This implies that non-conjugated benzoindolenine moiety

o OH 4
(as in 3) displays more intense short-wave fluorescence
than the same moiety conjugated to a polymethine chain
(asin 4 or dye 1). Accordingly, the increase in the 500-nm
emission intensity of dye 1 in the presence of Dip (figure 3)
is probably due to benzoindolenine fragments pull-out of
conjugation with the polymethine chain.

The fluorescence signal in this system can be mea-
sured by a number of ways: by intensities in the emission
spectrum, by the ratio of intensities of the short-wave
and long-wave bands, or using the digital photographs
in visible and near-IR ranges (excitation with a UV lamp
of red LED, respectively). To compare these variants, the
determination coefficients of the corresponding linear
calibration graphs were calculated (Table S4). Since the
signal was obtained in a wide range of concentrations
(1.4 x 107...1.4 x 10~* M), two linear portions were
constructed for each type of graph (figure S9). Higher
determination coefficients were obtained for the
logarithmic rather than linear dipyrone concentration
scale. The short-wave emission band is more sensitive to
the lower concentrations of Dip (logc = -6.9 ... -5.8),
while the NIR emission band should be used for its
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Figure 5. Selectivity and interferences: blue bars—dipyrone and diverse species in the same concentration; red bars—diverse species
without dipyrone. Conditions: 1.4 mM dipyrone, 0.8 mM CTAB, pH 7.4 (7 mM phosphate buffer), 2 M dye 1, 1.5 mM diverse
compounds. The fluorescence intensities were measured using visualizer images, as shown in figure 4. The signals of diverse
compounds (red bars) were obtained by subtracting the blank signal (without the compound) from the raw signal. All signals were

inorganic
salts

zwitter ions

non-ions

higher concentrations (log ¢ = -5.8 ... =3.9). When
using emission spectra, the most efficient is using ratio-
metry, while photographic registration is more precise
when using two different conditions for obtaining cali-
bration graphs: UV excitation for low concentrations of
Dip (logc = —6.9 ... —5.8, obtaining visible images) and
red LED excitation for the higher concentrations (log
¢ = -5.8...-3.9, obtaining NIR images).

* The signals were obtained as the sum of the
intensities of R, G, and B channels of the 96-well plate
images obtained by visualizer camera under 366 nm
excitation, averaged over each well.

Notwithstanding the non-covalent character of
binding, sensing of dipyrone is relatively selective
(figure 5). Without dipyrone, a number of organic spe-
cies and inorganic salts do not exert any considerable
effect on the emission spectrum of the carbocyanine;
the highest signals are observed for Cu(2+) and citrate
(figure 4, red bars). Interferences with the signal of Dip
are observed from a number of organic species
(amines, urea, glucose and amino acids, figure 4, blue
bars), probably due to breakdown of the ternary com-
plex. Proteins interfere as they enhance the fluores-
cence of carbocyanines [53]. Bovine serum albumin

used as an example of protein does not significantly
change Dip signal in concentrations less than 0.5 g17";
a calibration plot for Dip can be constructed in the
presence of that amount of BSA (figure S10).

4, Conclusion

Non-covalent binding between low-molecular com-
pounds are used for drug sensing. The strong spectral
changes are only observed in the presence of a micellar
surfactant as the third party of the forming ensemble.
Similar non-covalent complexes involving carbocya-
nines should be sought for to gain an insight into the
origin of selective interactions with analytes.
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