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Photochemical properties of new bis-cyanine dye
as a promising agent for in vivo imaging
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Photochemical properties of a new bis-cyanine dye have been
investigated, including spectral kinetic characteristics of
singlet and triplet excited states as well as affinity to BSA as
a representative blood protein. The results obtained reveal,
that the dye is a promising agent for imaging and fluorescent
labeling of biomacromolecules.
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Cyanine dyes (CDs) are widely used as drug delivery agents and
fluorescent probes for angiography.’-® The advantage of CDs
among other fluorophores originates from their ability to form
complexes with albumin and accumulate in cancer cells due to their
increased metabolism.* CDs with fluorescence emission in the
NIR range find an application as fluorescent probes because of the
low NIR background emission of biomolecules. Conjugation of
CDs with porphyrins is beneficial for the design of dual-function
agents for theranostics, in these systems porphyrin moiety acts
as a photosensitizer, while the CD one is used for fluorescence
imaging.>® Note, that CDs themselves can be used as photo-
sensitizers for photodynamic therapy.®-1* Dyes of bis-carbocyanine
class (BCC) are particularly promising, since their structure contains
a system of two conjugated chromophores,? for which the shift of
absorption band to the NIR range is a result of an electron
tunneling effect through the central heterocycle and a dipole—
dipole interaction between the chromophores.314

In this work, a representative of BCC, namely 1,4-dimethyl-
2,6-bis-[(1E,3E)-3-(1,3,3-trimethyl-1,3-dihydro-2H-benzo[€]
indol-2-ylidene)prop-1-en-1-yl]pyridinium iodide (BCD), was
synthesized, for the preparation details see Online Supplementary
Materials. This dye has a para-dimethylpyridine moiety included
in a polymethine chain with two benzoindole chromophores capping
the chain at both sides. BCD, like other BCC dyes, has a system
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of two conjugated chromophores.'® It has an absorption peak at
~670 nm, unlike monochromophoric cyanine dyes having three
carbon atoms between two heterocycles, where the corresponding
absorption band is at ~550 nm.*6 It is important to investigate the
photochemical characteristics of this structural type of dyes with
a pyridine moiety, in line with the reported BCC dyes having benzo-
bisthiazole heterocyclic moiety at the center of their structure.16:17

In the BCD-albumin complex formation, a dye molecule
incorporates into the hydrophobic pocket of the protein, and as a
result, the more rigid structure of BCD is formed. Therefore, the
contribution of vibrational relaxation in BCD is lowered, which
leads to a more than sixfold increase in the fluorescence quantum
yield. The value of an equilibrium binding constant for the complex
with albumin K, was found to be 1.5x 10° dm3 mol- (Figure 1),
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Figure 1 (a) Fluorescence spectra of 5x 10~ M solution of BCD at different
albumin concentrations: (1) 0, (2) 5x 1078, (3) 1x1077, (4) 5x 1077, (5) 1x 1075,
(6) 5% 1075, (7) 1x 1075 and (8) 5% 1075 mol dm=3. (b) Fraction 6 of bound
BCD dye vs. albumin concentration.

T Equilibrium binding constant K, for the BCD-albumin complex formation
was obtained from fluorescence measurements at 1,,, = 690 nm using the
following equation:

F - Fg= FnaBSA)/(K, + [BSA]),
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which was typical for cyanine dyes.”:*° The fluorescence lifetime
of BCD in phosphate buffer saline was 0.2 ns, while for the rigid
structure of BCD-albumin complex an increase in the lifetime
up to 1.7 ns was observed.

Under direct photoexcitation of BCD in n-propanol, the triplet
state formation was not detected, which indicated a higher rate of
internal conversion to the ground state compared with the
intersystem crossing rate. Taking into account the experimental
setup sensitivity, the BCD triplet state quantum yield o+ was
estimated to be < 10~,* which allowed one to suggest an absence
of photodegradation through the triplet state.

As a result, it may be concluded that BCD reveals high
photostability under the direct red light photoexcitation.

Triplet state of BCD was detected by the triplet—triplet energy
transfer method using the anthracene triplet as energy donor with
E; = 14700 cm! as the following. UV-A excitation (320-380 nm)
of anthracene and BCD solution in n-propanol resulted in the
triplettriplet energy transfer accompanied by bleaching of the main
BCD absorption band at 500-680 nm as well as the formation of
BCD triplet state with absorption band at 700-1000 nm (Figure 2).
The value of the triplet-triplet energy transfer constant in
n-propanol ke = 2.2x10° dm3 mol s was close to the value for
the diffusion constant, taking into account spin-statistical factor.
This demonstrated efficiency of the energy transfer process in the
liquid phase. The rate of the triplet state k; was found to be
1.8x10% sl Direct laser photoexcitation did not reveal
photobleaching of BCD, which allowed one to conclude that the
internal conversion process was faster than the light source setup
resolution time (5 ns). In the presence of oxygen, the sensitized
triplet state of BCD was quenched with the constant k; =
2x10° dm® mol-! s1. Photoexcitation of degassed solution of
the BCD-albumin complex (with 3x106 M and 2x10* M
concentrations, respectively) in phosphate buffer saline did not
lead to the triplet state formation as determined by an absence of
intermediates in the triplet state absorption region.

Thus, despite a significant inhibition of the internal conversion
process detected from the increase in fluorescence, there is no
elevation of the quantum yield of intersystem crossing for the
dye-albumin complex. In contrast to the BCC dyes with a
benzobisthiazole central heterocyclic moiety, BCD does not
generate a triplet state after direct photoexcitation. This can be

where [BSA] was the concentration of bovine serum albumin, Fq was the
fluorescence intensity of BCD in the absence of albumin, F was the
intermediate BCD fluorescence intensity at differentalbumin concentrations
and F., was the fluorescence intensity of BCD completely bound with
albumin.’® The K, value was calculated using the hyperbolic extra-
polation of experimental data employing an OriginPro 2015 software.

* Absorption spectra were recorded using a Shimadzu UV-3101PC
spectrophotometer (Japan) in 1x1 cm quartz cells. Fluorescence spectra
were obtained and the measurements of fluorescence lifetime carried out
employing a FluoTime 300 spectrometer (PicoQuant, Germany).
n-Propanol of spectroscopy grade from Komponent-Reaktiv (Russia) as
well as phosphate buffer saline (pH 7.4) and BSA from Sigma-Aldrich
(USA) were used. Transient species decay kinetics data and absorption
spectra for excited states were obtained by flash photolysis using quartz
cuvettes with an optical path length of 20 cm and Xe lamp photoexcitation
at 80 J for 15 ps. Optical glass filters OS-14 and SZS-26 (580750 nm
transmission) were used in direct photoexcitation, and UFS-6 filters (320—
380 nm transmission) were employed for the anthracene-to-BCD energy
transfer experiments. Data were recorded in the range of 440-1000 nm
using an OPT-101 photodiode (Burr-Brown Corporation, USA). All the
solutions were degassed before use. Experiments in the nanosecond time
range were carried out using an LKS80 laser flash photolysis setup
(Applied Photophysics, UK) with photoexcitation (5 ns, A¢ = 665 nm)
by a Quantel Brilliant Nd:YAG laser (France) with a MagicPRISM
module (Opotek, USA). The samples were purged with argon for 20 min
before use.
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Figure 2 (a) Singlet and triplet state absorption spectra of BCD:
(1) absorption spectrum of 3x10-% M solution of the dye, (2) differential
spectrum of transient species (triplet state) originated from 3 x 106 M solution
of BCD in n-propanol in the presence of 1x10-> M anthracene at 350 us
after the UV-A excitation flash. (b) Kinetics of triplet state decay at 720 nm.

explained by the greater tendency to fast photoisomerization for
the BCD molecule due to the compact size of the central hetero-
cyclic fragment as well as the efficient vibrational relaxation.

The BCD triplet state can be generated by the triplet—triplet
energy transfer from anthracene as a donor, thus the estimation of
the upper limit for the triplet energy level is 14700 cm~. BCD
molecules form noncovalent aloumin complex with a high value
of binding constant and an increase in fluorescence. Generally,
the photostability, high affinity to albumin and the absence of
triplet state formation for BCD under direct photoexcitation
conditions along with high fluorescence of the dye—albumin
complex make this compound a potential agent for imaging and
fluorescent labeling of biomacromolecules.

This work was supported by the Russian Foundation for Basic
Research (contract no. 18-33-01112). Spectral measurements
were performed in the Shared Research Facilities of IBCP RAS
‘New Materials and Technologies’.
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2020.07.012.
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