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Synthesis and optical characteristics of 4-styrylpyridinium dyes
and their conjugates with antibody
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Two new styryl-type dyes modified with the succinimide
ester group were prepared for conjugation with antibodies.
The optical characteristics of the obtained compounds in
different solvents were studied, and the solvatochromic
properties of these dyes were revealed. The applicability of
the dyes as protein labels was demonstrated in cyto-
fluorometry and fluorescence microscopy.
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Fluorescent labeling, a valuable field in biology and medicine,
employs fluorescent markers, which allows detailed studies of
various molecular mechanisms.2* Nowadays, antibodies labeled
with fluorophores are the most commonly used reagents in cell
and molecular biology>® for imaging, immunoassays, flow
cytometry, Western blotting, and immunoprecipitation.”®

In this study, styryl dyes containing the pyridinium cation as
anacceptor and the carbazole or 3,4-dihydro-2H-1,4-benzoxazine
fragment as a donor were chosen as fluorophore fragments.
Carbazole derivatives are used as fluorescent probes to study
DNA molecules,'® proteins and enzymes, %12 cardiovascular
compartments,’314 and other supramolecular assemblies.’®
3,4-Dihydro-2H-1,4-benzoxazine stilbene-type compounds have
not been previously described although their more hydrophilic
structure may be useful in bioimaging.

Styryl dyes la,b were prepared as shown in Scheme 1.
Quaternization of 4-methylpyridine with tert-butyl 5-bromo-
valerate gave 4-methylpyridinium salt 3 whose methyl group
was subjected to the Knoevenagel condensation with the
corresponding aldehydes to afford intermediate products 2a,b.
Acids 1a,b were synthesized in quantitative yields by removing
the tert-butyl protection; intermediates 2a,b were hydrolyzed by
boiling in water in the absence of any catalyst. New compounds
la,b, 2a,b, and 3 were identified and characterized by NMR
spectroscopy, mass spectrometry, and elemental analysis (see
Online Supplementary Materials).

The absorption spectra of derivatives 1laand 1b in an agueous
medium demonstrate broad bands at 423 and 446 nm, respectively
(Figure 1), which correspond to intramolecular charge transfer
from the electron-donating heterocyclic nitrogen atom to the
electron-withdrawing pyridinium part. The dyes show a large
Stokes shift and weak fluorescence in an aqueous medium (see
Online Supplementary Materials, Table S1), which originate
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from the dominance of nonradiative relaxation of the excited
state. 1617

It is known that the ICT-systems (ICT is intramolecular
charge transfer) would demonstrate the solvatochromic
effect.’617 The optical properties of dyes 1a and 1b were
investigated in ten different solvents, including six protic and
four aprotic ones, when the values of fluorescence quantum
yields (p™) and Stokes shift were determined (see Online
Supplementary Materials, Table S1 and Figures S1-S4). The
absorption maxima of dyes 1a and 1b in alcohols are mainly
shifted hypsochromically with increasing solvent polarity. Such
negative solvatochromism is observed when the ground state is
more polar than the excited state. The fluorescence maxima
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Scheme 1 Reagents and conditions: i, Br(CH,),CO,BU!, MeCN, 80 °C,
12 h; ii, RCHO, piperidine (cat.), Bu"OH, 110 °C, 8 h; iii, H,0, 100 °C,
24 h.
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Figure 1 Absorption spectra for compounds (1) la and (2) 1b, and
emission spectra for (3) laand (4) 1b. The spectra for 1aand 1b are shown
by red and blue lines, respectively; Cy, 3 = 2.5%107 mol dm=3; H,0;
Aex, 12 = 420 nm; and Agy 1, = 480 nm.

usually shift to the red region with increasing solvent polarity.
The similar trends in A, and A were reported for some
analogous styryl dyes.18

On the basis of the obtained data, we plotted the Stokes shifts
as a function of the solvent polarity factor — the orientation
polarizability of the solvents Af using the Lippert-Mataga
equation (for details, see Online Supplementary Materials,
page S13). A linear correlation between Av and Af in protic
solvents were observed (Figure 2). In the MeOH-n-C¢H,30H
rank, the correlation coefficients are equal to 0.9871 and 0.9222
for compounds la and 1b, respectively. Water and decanol drop
out of the obtained dependence, probably due to the presence of
specific interactions with dyes. For aprotic solvents, no strict
linear correlation was observed. Changes in the dipole moments
of dyes 1a and 1b upon transition to an excited state were
determined from the value of the tangent of the slope of the
straight lines. The calculated values of u, — u4 are equal to 17.71
and 13.26 D for compounds la and 1b, respectively. Similar
values were found in the literature for charged stilbenes.1%20

The dependence of the fluorescence quantum yield (™) of
the dyes on the dynamic viscosity of the solvent is outlined in
Figure 3. For compound 1b, as the viscosity increases from
0.55 mPa s in methanol to 11.8 mPa s in decanol, a significant
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Figure 2 Stokes shifts for (a) compound 1a and (b) compound 1b as a
function of solvent polarity. The solid line is the linear regression. Round
markers stand for protic solvents: (1) H,O, (2) MeOH, (3) EtOH,
(4) n-BuOH, (5) n-CgH;30H, and (6) n-C,oH,,OH. Square markers stand
for aprotic solvents: (7) MeCN, (8) acetone, (9) DMSO, and (10) EtOAc.
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Figure 3 Fluorescence quantum yield ¢ for compound 1b as a function
of dynamic viscosity # in: (1) H,O, (2) MeOH, (3) EtOH, (4) n-BuOH,
(5) n-C¢H;30H, and (6) n-C;yH,;,OH.

increase in the fluorescence intensity was observed. The increase
in the fraction of radiative relaxation occurs due to the difficulty
of free rotation in the molecule. Dye 1a did not show a linear
dependence of ¢ on 7 in this viscosity range. A similar result
was obtained for aprotic solvents. The absence of striking
changes is explained by the narrow range of viscosity changes in
the studied series.

To analyze the potential applicability of compounds l1a and
1b for protein labeling, we conjugated the dyes to antibodies and
tested them in cytometric and microscopic tasks. For labeling an
antibody specific to the Her2/neu tumor marker (Trastuzumab),
the carboxy group of the dyes was activated in an aqueous
medium by sulfo-N-hydroxysuccinimide (sulfo-NHS) in the
presence of water soluble carbodiimide, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC), at pH 6. The resulting NHS
ester was then added to the protein at pH 8 without isolation, and
the conjugation product was purified by gel filtration. The
labeling degree was ~1 and 2 dye per antibody for 1a and 1b,
respectively. The lower availability of compound 1a for labeling
is probably caused by its higher hydrophobicity. Trastuzumab
labeled with the green fluorescent dye AlexaFluor488 (AF488, 2
dyes per antibody) was used as a positive control. The obtained
antibodies were incubated with EMT-HER2 cells (EMTG6/P cells
modified to express HER2) and control HeLa cells not carrying
the target receptor. Cytometric analysis showed that the dye-
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Figure 4 Results of cytometric analysis of (a) EMT-HER2 cells and
(b) HeLa cells labeled with Trastuzumab-dye conjugates. Histograms for
the P1 channel are presented.

Table 1 Values of median fluorescence intensities of EMT-HERZ2 cells labeled with Trastuzumab-dye conjugates. Values relative to control cells in the same

channel are given in parentheses.

Channel
488-nm laser? 405-nm laser?

Dye

530/30P 615/20° 660/20° 586/20° 615/20°

FITC Pl PerCP Pacific Orange Qdot 605
Control 7469 (1x) 11415 (1x) 10943 (1x) 9796 (1x) 20676 (1x)
la 20683 (2.8x) 20020 (1.8x) 17622 (1.6x) 20347 (2.1x) 41744 (2.0x)
1b 8940 (1.2x) 24048 (2.1x) 29475 (2.6%) 12064 (1.2x) 28325 (1.4x)
AF488 314885 (42x) 51641 (4.5x%) 25415 (2.3x) 12349 (1.3%) 25417 (1.2x)

agxcitation laser. ®Transmission maximum and full width at half maximum of the emission filter in the channel.
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labeled antibodies exhibit selective binding to HER2-positive
cells (Figure 4). However, one can see that as compared to the
control antibodies with AF488, antibodies with la and 1b
showed a lower increase in signal relative to untreated cells
(Table 1). This is fairly expected, taking into account the low
quantum yield of the dyes in an aqueous medium. Due to the
wide emission maximum and the large Stokes shift, dye 1a was
visible when excited by both blue (405 nm) and cyan (488 nm)
lasers. Dye 1b showed the best contrast in the PerCP channel
(excitation at 488 nm and detection of emission at 660 nm).
When excited with a blue laser (405 nm), the dyes demonstrated
low contrast, probably due to a higher level of cell auto-
fluorescence. Thus, the obtained styryl dyes can be used in
cytometric applications; due to the large Stokes shift, they can
‘occupy’ non-standard channels, but the low brightness of the
dyes in an aqueous medium restricts the sensitivity.

Next, we evaluated the potential applicability of dyes 1a and
1b in confocal scanning microscopy. We carried out imaging of
EMT-HER?2 cells with antibodies labeled with dyes 1aand 1b as
well as with control antibodies labeled with AF488. Cells were
readily stained with antibodies [Figure 5(a)], but, as in the case
with cytometry, the signal from antibodies labeled with 1a and
1b was significantly lower. To evaluate the optimal spectral
range of dye detection, we used a Zeiss LSM-980 microscope
equipped with a detector acquiring data simultaneously in
32 channels in the range of 400-700 nm [Figure 5(b)]. It can be
seen that the emission maxima are located at about 550 and
625 nm for 1a and 1b, respectively. These values are lower than
the emission maxima of the dyes in solution, which can be
explained by a decrease in the sensitivity of detectors with
increasing wavelength of the detected light. Due to an unusually
large Stokes shift, dye 1a and especially dye 1b should be well
separated from standard green fluorophores such as Fluoresceine
or AlexaFluor488. This is important in multiplexing experiments
when several dyes are used.

In conclusion, dyes 1a and 1b exhibit a large Stokes shift and
luminescence in the green-red region. Such dyes can be used for
fluorescence labeling of proteins and subsequent fluorescence
imaging or for use in cytometric tasks despite low fluorescence
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Figure 5 (a) EMT-HER2 cells after staining with Trastuzumab-dye la
conjugate as an example. (b) Emission of the cells labeled with Trastuzumab-

dye conjugates in different detection spectral ranges measured by a
multichannel microscope detector (excitation at 488 nm).

quantum yields in an aqueous medium. Further structure
optimization involving blocking of the chromophore in forms
with  minimal conformational freedom can improve the
brightness of the dyes.
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employing the equipment of the Center for Molecular
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.04.027.
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