Open Access Article. Published on 18 October 2023. Downloaded on 12/1/2025 4:33:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic &
Biomolecular Chemistry

Check for updates

Cite this: Org. Biomol. Chem., 2023,
21, 8829

Dénes Szepesi Kovacs,1?P° Bence Kontra,

Estilla Zsofia Toth,“™ Péter Abranyi-Balogh,
" Gabor Turczel, @'
9 Balazs Gyorffy,“™ Gydrgy Miklds Keserd,

*den Balazs J. Rozsa

Received 13th September 2023,
Accepted 16th October 2023

DOI: 10.1039/d30b01471a

Gyorgy Varady,
Gergely Katona,

rsc.li/obc Zoltan Mucsi,

An asymmetric cyanine-type fluorescent dye was designed and
synthesized via a versatile, multi-step process, aiming to conjugate
with an Her2+ receptor specific antibody by an azide—alkyne click
reaction. The aromaticity and the excitation and relaxation ener-
getics of the fluorophore were characterized by computational
methods. The synthesized dye exhibited excellent fluorescence
properties for confocal microscopy, offering efficient applicability
in in vitro imaging due to its merits such as a high molar absorp-
tion coefficient (36816 M~ cm™2), excellent brightness, optimal
wavelength (627 nm), larger Stokes shift (26 nm) and appropriate
photostability compared to cyanines. The conjugated cyanine—
trastuzumab was constructed via an effective, metal-free, strain-
promoted azide—alkyne click reaction leading to a regulated
number of dyes being conjugated. This novel cyanine-labelled
antibody was successfully applied for in vitro confocal imaging
and flow cytometry of Her2+ tumor cells.
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of a highly fluorescent cyanine dye for antibody
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Introduction

Fluorescence imaging plays an increasingly important role in
biochemical applications, such as fluorescence-guided surgery,
photodynamic treatments, and diagnostic protocols. However,
since living cells can be damaged by high energy light, there is
an increasing demand for red-shifted fluorescent dyes. The use
of low-energy fluorescence would make this application more
suitable for cancer treatment, particularly in identifying
tumors,' since the ability to identify and distinguish healthy
cells from tumour cells, both rapidly and reliably, is a crucial
task in cancer diagnosis and drug development. The use of
specific antibodies to label tumour cells exclusively and with
high selectivity is an effective means of accomplishing this, and
has led to recent research interest in in vitro and in vivo fluo-
rescence methods based on antibody conjugation.*”

Cyanine fluorescent probes can be used as sensors to ident-
ify small molecules, but are equally suitable complex systems
containing proteins and DNA.®>'" Cyanines, such as Cy5® and
IRDye800, have been used to identify drug binding sites by
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Fig. 1 Commercially available symmetric and asymmetric cyanine dyes
(A); cyanines applied in photodynamic therapy (B); a recently developed
DNA probe with a cyanine moiety (C).

2 or bio-

linking them to small molecules like cariprazine,'
molecules such as sugars, peptides, and proteins (Fig. 1A)."
Moreover, the cyanine core has been used for organelle
targeting®'*™"” and DNA labelling, and as a therapeutic in
emerging photodynamic applications (merocyanines or penta-
methine cyanine dyes, Fig. 1B and C).>'%>!

Dyes with a polymethine linker between two nitrogen atoms
with a delocalized charge are called cyanines.”” Usually both
nitrogen atoms are part of heteroaromatic units, like indoles
and benzothiazoles (Fig. 1). The elongated cyanine dye core
(C5 or C7, depending on the number of conjugated =CH-
units between the two nitrogen atoms)"® helps cyanines to
become effective red-shifted fluorescent dyes. Moreover, this
core has beneficial tunable photophysical properties, i.e. an
emission wavelength up to the near infrared region (NIR,
510-800 nm) and an excitation wavelength between 492 nm
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and 780 nm. Cyanine dyes also exhibit extremely large molar
absorption coefficients, reaching 100000 M™' cm™';'*??
however, their quantum yield is often low due to the twisted
intramolecular charge transfer (TICT). The main drawback of
red-shifted dyes is their limited photostability as their fluo-
rescence fades shortly after irradiation.>*

Two types of cyanine dyes were designed previously with
symmetric (Fig. 1A) and asymmetric structures (Fig. 1B).
Symmetric cyanines have two quasi-equivalent heteroaryl
groups at the two ends in contrast to asymmetric cyanines,
which contain different aromatic heterocycles at their termini.
In general, symmetric cyanine dyes induce Stokes shifts that
are too small (10-15 nm), due to the equivalent electron distri-
butions, and are prone to self-absorption. For example,
AlexaFluor®® and its competitors generally absorb light at
around 650 nm and emit at 665 nm.

Furthermore, it is suggested that these dyes be used with
594 or 633 nm lasers. This range is far from the optimal exci-
tation wavelength, which results in a weaker photon emission
intensity.>” Unfortunately, there are fewer dyes that are com-
mercially available with a A5, near 650 nm. Finally, due to the
highly hydrophobic main core, several sulfonyl groups must be
added to facilitate solubility in aqueous solutions.*®

In contrast, asymmetric cyanines exhibit a larger Stokes
shift with increased fluorescence intensity and brightness
because of the unequal electron distribution, resulting in an
altered excited state structure.’®® Analogous cyanine struc-
tures have already been used in haematology.”

In spite of the fact that the relevance of cyanine conjugated
antibodies is obviously high, recently, only a few examples
have been published (Table $17).>°7

In this regard, and as a continuation of our interest in the
design and synthesis of novel asymmetric dyes**™** and anti-
body modification, we herein describe the development of a
novel fluorescent cyanine dye.?”*>** The strengths of our novel
asymmetric cyanine are as follows: first, we increased solubility
by introducing a positively charged ionic core; second, we
improved its photophysical properties, in particular increasing
the Stokes shift by 25 nm, which improved image quality and
reduced self-absorption, achieving an excitation maximum at
the desirable 633 nm wavelength, and an improving photo-
stability; and third, we added an azide-containing linker that
enables its application in azide-alkyne click reactions, which
results in an optimal fluorophore-antibody ratio. Thereafter
we successfully cross-linked the candidate dye to the therapeutic
antibody trastuzumab. Finally, in vitro confocal microscopy was
used to demonstrate the ability of the novel cyanine-labelled
antibody to specifically recognize Her2+ cancer cells without
labelling the Her2— cancer cell line (Scheme 1).

Results and discussion
Synthesis of a new cyanine fluorophore

The new fluorescent dye containing the ((benzo[d]thiazol-2
(3H)-ylidene)prop-1-en-1-yl)quinolin-1-ium moiety was syn-

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthetic strategy and proposed application of the cyanine
(1) synthesized in this work.

for tumor diagnostics

thesized using a 5-step method. First, the N-alkylation of
2-methyl benzothioimidazole (2) was carried out using ethyl
4-bromobutyrate (3) in the presence of potassium iodide. This
derivative 4 was reacted with N,N'-diphenylformimide (5), and
the intermediate was subsequently reacted with N-methyl qui-
nolone (6). Finally, deprotection using LiOH resulted in the
free acid 1 (Scheme 2).

The click reaction is applied widely in biomolecule label-
ling; therefore we aimed to synthesize a clickable derivative
from the acid 1. At first, the activated®® NHS ester of 1 was pre-
pared with N,N,N',N-tetramethyl-O-(N-succinimidyl)uronium
tetrafluoroborate (TSTU), followed by the smooth acylation of
3-azidopropane-1-amine (8), resulting in 9 (Scheme 3).

Photophysical characterization of the new fluorophore

The spectroscopic properties of the novel cyanine with the
azide function (9) were investigated in detail (Fig. S15t). The
wavelength of its excitation maximum (/12)‘(3") is 627 nm and its

molar absorption coefficient is 36 816 M™' cm ™. Furthermore,
its quantum yield (0.3%) and brightness (110 M~" cm™") were

S
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Scheme 2 Synthetic route for cyanine 1. Compounds 1 and 7 were
purified by preparative HPLC (prepHPLC) resulting in the formation of
the products as TFA salts.
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Scheme 3 Transformation of acid 1 using a simple and fast method to
NHS active ester followed by the introduction of the azide functional
group. Compound 9 was purified by preparative HPLC (prepHPLC)
resulting in the formation of the desired product as a TFA salt. TSTU:
N,N,N',N’-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate.

also determined. Beneficially, the Stokes shift (26 nm) is larger
than those of the most widely used commercially available cya-
nines. Its brightness is moderate, but this is a common
phenomenon in the case of dyes that emit red light. Moreover,
these spectroscopic properties generally improve’ when the
rotation of the groups is restricted, which occurs when these
compounds are embedded in the plasma membrane or inter-
calated on an antibody or between DNA strands.

Finally, to demonstrate the suitability of cyanine 9 for use
in biological applications, we first investigated its photostabil-
ity in HEPES buffer by continuous excitation using a 620 nm
LED light source (6.1 W and 2.6 W). The original fluorescence
intensity decreased to 50% after 10 minutes of irradiation at
2.6 W, and after 3 minutes of irradiation at 6.1 W, as shown in
Fig. S20.1 Thereafter, the bleaching rates are acceptable con-
sidering that imaging processes usually require fixed excitation
of two minutes or less. Also, this emission decreasing rate is
similar to that of the widely used Cy5® dye of the solvent on
the photophysical properties of 9 was investigated. The absor-
bance in apolar solvents (such as THF, EtOAc, and DCM) has a
bathochromic shift from 627 to 667 nm (Fig. S21A7).

This red-shifting can also be observed in the excitation and
emission spectra. The emission intensity maximum is higher
in apolar solvents. This indicates that if the dye approaches
the apolar regions of the cells, it might have an increased
emission wavelength (Fig. S21B+).

The effect of changes in pH in the range of 4.1 to 11.2 was
not significant. This can be explained by the presence of basic
nitrogen atoms with different pK, values. The varying protona-
tion states affect the push and pull effect of the electrons
within the structure, which in turn affects the spectroscopic
properties of the compounds*® (Fig. S227).

Theoretical explanation of the photochemical properties

The photochemistry of the simplified structure of 1, which
only includes a methyl group on the nitrogen of the benzothia-
zole moiety in the cyanine dye (Fig. 2, 1* in ESI}), was studied
by quantum chemical computations [B3LYP/6-31G(d,p)//PCM
(w)]- The ground state A(S,) exhibits an extended geometry in a
2-D plane, capped by the two aromatic rings from both sides.

Org. Biomol. Chem., 2023, 21, 8829-8836 | 8831
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Fig. 2 Computed photochemical processes of the cyanine dye from
the A(Sp) state to the B(S,), C(S1), and then D(T,) states. Green numbers
refer to the aromaticity (%) for the bicyclic aromatic rings, blue numbers
refer to the olefinicity values of the four potential olefinic bonds (I, 11, 1lI,
and IV), while the red numbers refer to the NICS values (in ppm).

In this work, we examined how the aromatic rings and alkene
groups are influenced upon excitation. In order to observe
these details, we applied the concepts of aromaticity and olefi-
nicity, developed previously.*”*® Aromaticity (%) measures the
degree of aromatization in the compound studied on a linear
percentage scale, making benzene the perfect (100%) aromatic
and cyclobutadiene the perfect antiaromatic (—100%) refer-
ence compounds. Analogously, olefinicity also measures the
degree of conjugation of the alkene bond on a linear scale,
defining ethylene as the non-conjugated (0%) and the allyl
anion as the fully conjugated reference compounds. Both the
cationic quinoline and cationic benzothiazole represent the
standard aromaticities (%). These aromaticity degrees were
studied and supported by nucleus independent chemical shift
(NICS) values,*® as shown in Fig. 2. The calculated aromaticity
(%) and NICS values correlate well. The structure includes two
double bonds; however, their positions alter due to the reso-
nance structures. The olefinicity values (%) were also calcu-
lated for all four potential double bonds. All of these values
(~100%) indicate a quite strong conjugation and also show near
equivalent contributions from the resonance forms (Fig. 2).

The whole photochemical process was calculated, including
the ground (S,), excited (S;) and triplet states (T;), using the di-
hedral rotation around the olefinic bond IV as the reaction
coordinate. Upon photoexcitation at 583 nm, the molecule in
the A(S,) state undergoes an electronic transition to B(S;)
(+200.4 kJ mol™"; red curve, Fig. 3), where the aromaticity of
the benzothiazole rings increased from 139% to 151%, while the
corresponding values of quinoline remained constant (see Fig. 2).

The high transition moment from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular
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Fig. 3 Graphical representation of the profiles calculated for the
ground (So, black), excited (S;, red) and triplet states (T;, blue) along the
dihedral rotation of the double bond IV.

orbital (LUMO) (f = 1.689; ¢ = 65550 mol, as shown in Fig. 4)
indicates a strong absorption band, and the calculated fluo-
rescence parameters are also significant (f = 1.621;
62300 mol), in contrast to the low intensity observed in
experiments.
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Fig. 4 Top: detailed data of the computed molecular orbitals (MOs)
and the corresponding orbital energies in Hartree of the cyanine dye.
The two—two red numbers in the box attached to the ground [A(S,)] and
excited state [C(S;)] structures illustrate the group charges of the aro-
matic rings. The green arrows show the differences in the charges of the
two sites. The red arrows illustrate the dipole moment of the two states.
Bottom: electrostatic potential mapped on the total density surface
(isoval = 0.0004).
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Meanwhile, the olefinicity values in the B(S;) state
decreased, showing a decrease in conjugation (Fig. 2). In the
S, state, the dihedral angle of the olefin bond IV (Fig. 2)
rotated by ca. 90°, which led to the energy drop
(=18.5 k] mol™") in C(S;) via a low-lying transition state (TS;
+2.4 k] mol™) increasing the stability of the structure. Here,
the increased stability can be attributed to the increased aro-
maticities of the two aromatic rings. The uncorrected energy
(AE, k] mol™") curve of the olefin dihedral angle IV in the
triplet state (Ty; blue curve, Fig. 3) shows a maximum around
90° (187.0 k] mol™) and a minimum at 0° as D(T;). The
excited singlet and triplet curves intersect at ~80°, possibility
enabling an inter-system crossing (ISC) from C(S;) to D(T,),
resulting in non-radiative relaxation. This high quenching
probability may manifest as the significant decrease in the
fluorescence intensity observed in our experiments herein.
Fig. 4 summarizes the molecular background of the excitation
process. The molecular orbitals (MOs), computed at the same
level of theory, and the corresponding orbital energies in
Hartrees of the cyanine dye show that the transition is purely
limited to the HOMO—LUMO transition. The group charges
(sum of the atomic charges of a functional group) of the two
aromatic rings attached to the ground [A(S,)] and excited state
[C(S1)] structures (two-two red numbers in the box in Fig. 4)
illustrate that the benzoxazole ring transfers electron density
toward the quinoline ring by a value of 0.032. The green
arrows show the differences in the charges of the two sites,
which shifted at the excited states. The blue arrows show the
evolution of the group charge distributions upon electronic
excitation by photons. The red arrows illustrate the dipole
moment of the two states. The electrostatic potential surface
in Fig. 4 (bottom) also confirms that the quinoline group pos-
sesses the larger positive value, in contrast to that of the ben-
zothiazole ring. This asymmetric distribution of the positive
charge is responsible for the increased fluorescence intensity.

Antibody conjugation and microscopy imaging

After obtaining all these promising synthetic and spectro-
scopic results, with the biorthogonal azide 9, we attempted the
conjugation of this derivative by an azide-alkyne click reaction
using the alkyne-substituted trastuzumab antibody 11, named
FCY. Given that antibodies can target specific cancer cells and
deliver their fluorescent® or cytotoxic payloads® with high
specificity, we have conjugated 9 to the human IgG trastuzu-
mab, which has four cyclooctinyl harbors (10, Scheme 4) via a
procedure described elsewhere.”® This results in the potential
diagnostic tracer FCY (11) for imaging Her2+ tumor cells.”?

We then added the azido dye 9 in a copper-free click reac-
tion generally used in biorthogonal chemistry, and the appro-
priate antibody conjugate FCY (11) was prepared by following
a method described in detail.>* After the click reaction, excess
dye was removed by buffer-exchange and the fluorophore-to-
antibody ratio was determined spectroscopically using the
absorbance. Using the Lambert-Beer equation, the ideal
fluorophore-to-antibody ratio (FAR = 4) was confirmed
(Table S21). The homogeneity of the conjugate was shown to

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 The use of 9 in the click reaction to produce the antibody—
fluorophore conjugate FCY (11). BBS: borate buffered saline (pH 8.2).

be 95%, as determined by SDS-PAGE, even after the click reac-
tion (Fig. S231 IV). While keeping the SDS gel under UV light
(366 nm), the fluorescent spot of the antibody-fluorophore
conjugate could be seen with the naked eye (Fig. S231 V).

With the antibody-fluorophore conjugate FCY (11) in hand,
we first examined the selectivity of the conjugates using flow
cytometry on living cells.

We treated both NCI-N87 cells overexpressing the Her2
receptor in the membrane and Her2-negative MCF7 cells with
the conjugate FCY (11). The unchanged selectivity observed by
FACS indicated that the conjugates have the potential to be
useful in imaging processes on living cells (Fig. S24t). Second,
cell sections from the same but fixed cell lines were treated
with the antibody-fluorophore conjugate 11 (Fig. 5). Confocal
microscopy showed no membrane labelling for Her2-negative
cells (Fig. 5G), while in the case of the Her2+ cell line, the
membrane labelling was significant (red, Fig. 5C), comparable
to the DAPI signal (blue, Fig. 5A). This also confirms the recep-
tor selectivity of the modified antibody. The GFP expressed by
the cells indicates the size of the whole cell and the green-
labelled cells clearly separate from the red labelled cells. This
phenomenon further demonstrates that the fluorescent anti-
body labelling can only be detected on the cell’s surface
(Fig. 5B).

Org. Biomol. Chem., 2023, 21, 8829-8836 | 8833
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Fig. 5 Confocal microscopy images (scale bars: 10 um) of NCI-N87 (Her2+) (A-D) and MCF-7 (Her2-) (E-H) cells treated with the fluorophore—
antibody conjugate FCY (11). (A) DAPI cell nucleus labelling of NCI-N87 cells. (B) GFP expressed by the NCI-N87 cells. (C) 11 conjugate FCY labelling
of NCI-N87 cells. (D) Merged image of DAPI, GFP and 11 conjugate labelling of NCI-N87 cells. (E) DAPI cell nucleus labelling of MCF-7 cells. (F) GFP
channel image of MCF-7 cells. (G) 11 conjugate (FCY) labelling of MCF-7 cells. (H) Merged image of DAPI and 11 conjugate labelling of MCF-7 cells.
Excitation: 405 nm; emission: 456 nm (A, D, E and H). Excitation: 488 nm; emission 539 nm (B, D, F and H). Excitation: 633 nm; emission: 646 nm (C,

D, G and H).

Experimental

For experimental procedures and compound characterization
(Fig. S1-S24%), computational methods and theoretical data
(Tables S2-S7), see the ESL}

Conclusions

In conclusion, we have synthesized an asymmetric cyanine
fluorophore with versatile conjugation points to attach to the
selected antibody. Theoretical and spectroscopic studies con-
firmed its improved fluorescence properties compared to
Cy5®, especially in terms of its optimal absorption wavelength
and increased fluorescence intensity as well as larger Stokes
shift. Furthermore, the acidic compound 1 can be easily modi-
fied with several reactive groups for any further goals and thus
can be used in any type of biorthogonal click reaction or
amide formation reaction. The dye exhibited a precise emis-
sion wavelength (A12% = 627 nm) with the widely used 633 nm
laser line, excellent brightness, good applicability in confocal
and other fluorescence microscopy techniques and appropri-
ate photostability for imaging in aqueous systems. We explored
and predicted the spectrophysical characteristics together with
the potential energy surface of the ground, excited and triplet
states. We concluded that the most plausible quenching
mechanism of this cyanine derivative is the twisted intra-
molecular charge transfer (TICT). This revealed that the unrest-

8834 | Org. Biomol. Chem., 2023, 21, 8829-8836

ricted rotation around the double bond in the linker chain
localizes the electrons, which ‘turns off’ the dye and results in
fluorescence quenching. The developed cyanine dye was sub-
sequently equipped with an azide functional group and linked
to the cyclooctyne-derived trastuzumab, prepared parallelly.
Finally, this fluorophore-antibody conjugate was proven to be
efficient in the selective labelling of Her2+ cells instead of
Her2-negative cells in deep red, as shown by the confocal
microscopy images of trastuzumab-targeted tumour cells.
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