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EFFECT OF DNA, RNA AND HSA

ON THE SPECTRAL-LUMINESCENT PROPERTIES
OF SEVERAL MONOMETHINE CYANINE DYES

Aim. This work was aimed at investigation of the effect of DNA, RNA, and HSA on the absorption and fluorescence
spectra of 8 monomethine cyanine dyes, which are based on different chromophores and contain various affinity-modi-
fying groups. Methods. UV-vis absorption and fluorescence spectroscopy. Results. Several dyes were found to have
good fluorescent responses to the presence of DNA, RNA, and HSA. The dye fb128, which contains a charged group,
was shown to increase its fluorescence intensity in the presence of DNA and RNA by 160 and 240 times, respectively,
while the dye up385 increased its fluorescence intensity by almost 60 times in the presence of human serum albumin.
Conclusions. The most promising dye fb128, as well as the dyes fb123, fv124 and fb131, can be further investigated as
fluorescent probes sensitive to nucleic acids in various specific applications (PCR, fluorescent microscopy etc.).

Keywords: monomethine cyanine dyes, fluorescent probes, nucleic acids, human serum albumin.
Introduction microscopy, etc. [1—8]. Development of new,
more sensitive probes that would be efficient for

Detection and visualization of nucleic acids and | certain applications is ongoing and is constantly

proteins are essential for a range of biological and
medical techniques for studying biological materi-
als and organisms, such as gel electrophoresis,
real-time polymerase chain reaction, fluorescence

receiving new boosts with the emergence of new
research methods, as new applications often place
new requirements on the properties of probes and
their complexes with biological molecules. In ad-
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Fig. 1. Structures of monomethine cyanine dyes up385,
up388, up393 and up396

dition to standard requirements, such as high ex-
tinction coefficient, the highest possible fluores-
cence intensity in the presence of a biological mo-
lecule and the lowest possible intensity of emission
in its absence, as well as high photostability [1, 5],
additional ones may include the ability to form a
complex with DNA at sufficiently high tempera-
tures (for real-time PCR) [2], the ability or, con-
versely, the inability to penetrate the cell (for fluo-
rescence microscopy of cells and detection of ex-
tracellular DNA, respectively) [9], etc. Thus, the
search for new fluorescent probes is always rele-
vant; and the first step in such a search is to study
the effect of biological molecules on the spectral-
luminescent properties of new dye molecules.

The main component of a fluorescent probe is a
chromophore — a conjugated 7-electron system
that absorbs and emits light and interacts with a
biological molecule. In addition to the chromo-
phore, fluorescent probes often include additional
groups (so-called affinity-modifying groups) that
enhance the binding of the probe to the biological
molecule [10,11]. Thus, the monomethine cyanine
dye thiazole orange, for which an extremely high
increase in fluorescence intensity in the presence
of DNA was first shown in 1986 [12], became the
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basis for a number of probes, both through the in-
troduction of affinity-modifying groups (SYBR
Green I, SYBR Green II, SYBR Gold, etc.) [1], and
by combining two identical chromophores using a
flexible chain into a bis-cyanine dye (TOTO-1)
[13].

In this work, we investigated the effect of DNA,
RNA, and HSA on the absorption and fluores-
cence spectra of 8 monomethine cyanine dyes,
which are based on different chromophores and
contain different affinity-modifying groups. It
should be noted that 5 of these dyes contain
chromophores of the well-known dyes thiazole
orange and oxazole yellow [7], and two of them are
bis-cyanine dyes. The result of this work is first
step for further investigation of the efficiency of
the most promising of the investigated dyes as
fluorescent probes in various biological and medi-
cal methods.

Materials and Methods

Monomethine cyanine dyes (Fig. 1—3) were kind-
ly provided by Yu. L. Slominskii (Institute of Or-
ganic Chemistry of NAS of Ukraine) and Todor
Deligeorgiev (Sofia University “St. Kliment Ohrid-
ski”). The structure of the studied compounds was
confirmed by "H NMR and elemental analysis. Di-
methyl sulfoxide (DMSO) and 0.05 M Tris-HCI
buffer (pH 8.0) were used as solvents. Double-
stranded DNA (dsDNA) from salmon testes, yeast
total RNA and human serum albumin (HSA) were
purchased from Sigma-Aldrich Co.

Stock solutions of the studied dyes were pre-
pared in DMSO at a concentration of 2 mM. Stock
solutions of DNA and RNA were prepared in
50 mM Tris-HCI buffer (pH 8.0) at a concentra-
tion of 6 mM base pairs (b.p.) and 12 mM bases
(b.), respectively. Solution of HSA was prepared in
50 mM Tris-HCI buffer pH 8.0 at a concentration
of 0.2 mg/ml (that corresponds to 3 uM).

Working solutions of free dyes were prepared by
diluting the stock solution of the dye in 50 mM
Tris-HCI bufter (pH 8.0) or DMSO. Working solu-
tions of dyes in the presence of nucleic acids were

ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 2



Effect of DNA and RNA on spectra of monomethines

NG
—:\',_\—N—
A
)
i i
()—(”I:() ()_|_”':('}
0] 0
O 0]
[ I
{J—L” =0 U—L”I:()
O 0]
fb123

fb128

Fig. 2. Structures of monomethine cyanine dyes fb123
and fb128

prepared by adding an aliquot of the dye stock so-
lution and the nucleic acid stock solution to 50 mM
Tris-HCI buffer (pH 8.0). Working solutions of
dyes in the presence of HSA were prepared by ad-
ding an aliquot of the dye stock solution to HSA
solution. In all cases, true solutions were obtained.
The concentrations of the dyes, DNA, RNA and
HSA in all working solutions were 5 uM, 60 puM
b.p., 120 pM b. and 0.2 mg/ml respectively.
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Fig. 3. Structures of monomethine cyanine dyes fb124
and fb131

All spectral measurements were performed im-
mediately after the preparation of corresponding
working solutions. Absorption spectra were re-
corded on a Genesys 20 Visible Spectrophotome-
ter (Thermo Fisher Scientific, USA). Fluorescence
spectra were recorded using a Cary Eclipse fluo-
rescence spectrophotometer (Varian, Australia).
Measurements were performed in quartz cuvettes
(10x10 mm) at room temperature.

Results and Discussion
Spectral-luminescent properties

of free dyes

The characteristics of the absorption and fluores-
cence spectra of dyes in organic solvent (DMSO)
and in aqueous medium (TRIS-HCl buffer,
pH 8.0) are presented in Table 1. The spectra are
presented in the Fig. 4, Fig. 5 and Fig. 6. The ab-
sorption spectra of all dyes in DMSO, which cor-
respond to the monomeric form of these dyes,
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Fig. 4. Absorption spectra of the dyes fb128 and fb123 in DMSO, in buffer, and in the presence of DNA, RNA and HSA:

a — The dye tb128; b — The dye fb123

have maxima in the range of 432—581 nm. For
four of them (up393, up396, {b128 and fb131),
the absorption spectra in the buffer retain their
monomeric shape, while the maximum shifts by
2—7 nm to the short-wavelength side compared
to the corresponding spectra in DMSO (Fig. 4a).
At the same time, for the remaining dyes (fb123,
fb124, up385 and up388), the shape of the ab-
sorption spectra changes significantly, with the

position of the main maximum shifted to the
short-wavelength region by 27—52 nm compared
to the maximum in DMSO, and a less intense
long-wavelength maximum is also present (Fig.
4b). This form of the absorption spectrum indi-
cates the formation of dimers or H-aggregates by
these dyes in buffer, which is a common phenom-
enon for cyanine dyes in aqueous solutions at giv-
en concentrations [14—16]. The mentioned long-

Table 1. Spectral characteristics of monomethine cyanine dyes in DMSO and buffer

0,05M TRIS-HCI
Dyes DMSO buffer (pH 8.0)
)\abs, nm D )\ﬂu, nm I,au )\abs’ nm D )\ﬂu, nm I,au.
up385 581 0,299 615 237 632 0,128 680 24
529 0,192
up388 508 0,192 — — 481 0,158 —* 5
up393 432 0,541 476 35 425 0,55 476 18
up396 523 0,228 — — 519 0,245 —* 2
fb123 484 0,814 545 39 454 0,548 552 138
fb124 487 0,732 526 19 454 0,555 559 9
b128 486 1,15 516 31 479 1,09 524 13
fb131 511 0,302 547 5 509 0,336 541 4

. absorption maximum wavelength (nm); D, optical density; A, , fluorescence maximum wavelength (nm); I, dye
fluorescence intensity at band maximum wavelength (a.u.); * — intensity of noise where it was not possible to record
emission spectra.
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wavelength maximum in the case of fb123 and
fb124 is located approximately at the wavelengths
of the monomers and therefore may correspond
to the monomeric form of the dye, while for the
dyes up385 and up388 it is located at a longer
wavelength and, given the width of the band,
probably corresponds to a less intense long-wave-
length transition of dimers or H-aggregates in the
case of up385 [12] and J-aggregates in the case of
up388 [17].

The fluorescence spectra of the studied dyes in
DMSO (except for up388 and up396, for which the
emission spectrum could not be recorded) corres-
pond to the emission of dye monomers; their maxi-
ma are located between 476 and 615 nm, Stokes shifts
are from 30 to 61 nm. Solutions of all dyes in DMSO
have low values of fluorescence intensity (I < 40 arbi-
trary units, a.u.), with the exception of the dye up385
(I, = 237 a.u.). When moving from DMSO to an
aqueous medium (TRIS-HCI buffer), the maxima of
the fluorescence spectra of the dyes up393, fb123,
fb128 and tb131 change by no more than 8 nm com-
pared to the spectra in DMSO and, apparently, cor-
respond to the emission of monomers. At the same
time, in the case of up385 and fb124, a larger shift is
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o
g 500 N
= e R — ’

0 n = —

500 550 600 650 700

Wavelength, nm

Fig. 5. Fluorescence emission spectra of the dye fb128 in
DMSO, in buffer, and in the presence of DNA, RNA and
HSA. The spectra in DMSO, buffer and in the presence of
HSA are increased in 10 times for better visibility

observed (65 and 33 nm, respectively), which may
indicate that these spectra belong to aggregates.
As for the fluorescence intensity, its value decreases
for all the dyes (except for fb123) in buffer as com-
pared to DMSO. For dyes up388 and up396 in
TRIS-HCI buffer, as well as in DMSQO, it was not pos-
sible to record emission spectra and only the noise
emission intensity is indicated in Table 2.

Table 2. Spectral characteristics of the dyes in the presence of DNA, RNA and HSA

DNA RNA HSA
DYeS }\abs’ D )\ﬂu’ IDNA’ AQ Aabs’ D Aﬂu’ IRNA’ AQ )\abs’ D }\ﬂu’ IHSA’ AQ
nm nm a.u. nm nm a.u. nm nm a.u.
up385 | 529- | 0,228- | 679 | 38| 1,6|529-|0,234-| 676 | 58| 2,4|528-|0,240-| 618 | 1409 | 58,7

632 | 0216 632 | 0216 606 | 0,148
up388| 482 | 0,15 |543-| 13| 2,6| 487 | 0,132 | 577 | 23| 4,6/ 480 | 0,16 | 619 | 136 27,2
641
up393| 426 | 0,557 | 465 | 278 | 154| 425 | 0,477 | 463 | 660 | 36,6| 425 | 0,579 | 482 | 121| 6,72
up396 | 523 | 0,329 | 557 | 204 [102 | 526 | 0,365 | 556 | 462|231 | 518 | 0,365 | 566 | 10| 5
fb123 | 459 | 0,442 | 537 | 1545 | 11,2| 461 | 0,41 | 530 | 1500 | 10,9| 454 | 0,544 | 547 | 197 | 1,4
fb124 | 461 | 0,432 | 520 | 685| 76,1| 461 | 0,449 | 515 | 492 | 54,6| 454 | 054 | 553 | 88| 9,7
fb128 | 485 | 0,782 | 513 | 2090 | 160,7 | 485 | 0,65 | 513 | 3090 |237,7| 480 | 1,13 | 510 | 38| 2,9
fb131 | 515 | 0,227 | 536 | 590 |147,5| 515 | 0,26 | 538 | 873|2183| 510 | 0,27 | 536 | 10| 2,5

A, absorption maximum wavelength (nm); D, optical density; A, , fluorescence maximum wavelength (nm); I, dye
fluorescence intensity at band maximum wavelength (a.u.); AQ, fluorescence intensity increase.
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Fig. 6. Absorption spectra of the dyes fb124, fb131, up385, up388, up393 and up396 in DMSO, in buffer, and in the
presence of DNA, RNA and HSA: a — the dye fb124; b — the dye fb131; ¢ — the dye up385; d — the dye up388; e — the
dye up393; f — the dye up396
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Spectral properties of the dyes
in the presence of DNA and RNA

The characteristics of the absorption and fluo-
rescence spectra of the dyes in the presence of
DNA and RNA are presented in Table 2. The
spectra are presented in the Fig. 4, Fig. 5 and
Fig. 6. The table shows that the addition of DNA
or RNA either does not noticeably change the
positions of the main maxima of the absorption
spectra of the dyes (up385, up393, and up388 in
the presence of DNA), or causes a short-wave-
length shift of 4—7 nm (up388 in the presence
of RNA and the remaining dyes). However, in
the case of dyes fb123 and fb124 (and to much
lesser extent in the case of fb131 and fb128),
there is an increase in the relative contribution
to the spectrum of the long-wavelength band,
which corresponds to the absorption of dye
monomers; this may be due to the interaction of
the dyes with DNA and RNA, the chromophores
of these bis-cyanine dyes binding in the form of
monomers (Fig. 4).

The fluorescence spectra of most of the studied
dyes in the presence of DNA and RNA corre-
spond to the emission of dye monomers, and
their maxima are close to the corresponding
maxima in DMSO. The exception is up385,
whose maxima in the presence of DNA and RNA
are shifted by 64 and 61 nm, respectively, relative
to the monomer maximum in DMSO, but are
close to the aggregate maximum in buffer. How-
ever, the presence of DNA and RNA leads to an
increase in the fluorescence intensity of the stud-
ied dyes. The highest values of fluorescence in-
tensity in the presence of nucleic acids were dem-
onstrated by dyes fb123 and fb128 (1500—
3000 a.u.) (Fig. 5). At the same time, the maxi-
mum ratio of the intensity in the presence of
DNA/RNA to that in the buffer (AQ) was ob-
served for the dyes up396, fb128 and fb131
(100—240 times). For dyes up393, fb123 and
fb124, the addition of DNA or RNA resulted in
the AQ value between 10.9 and 76.1, while for
up385 and up388 it did not exceed 4.6.

ISSN 1993-6842 (on-line); ISSN 0233-7657 (print). Biopolymers and Cell. 2025. Vol. 41, No. 2

Spectral properties of the dyes
in the presence of HSA

The characteristics of the absorption and fluores-
cence spectra of the dyes in the presence of HSA
are presented in Table 3. The spectra are presented
in the Fig. 4, Fig. 5 and Fig. 6. The positions of the
maxima of the absorption spectra of the dyes in
the presence of HSA do not differ from the corre-
sponding maxima in the spectra of the dyes in the
buffer by more than 2 nm (Fig. 4). The only excep-
tion is up385, where the addition of HSA leads to
a decrease in the intensity of the maximum at 632
nm and the appearance of a maximum at 606 nm,
which can be attributed to monomers of this dye.
This is confirmed by the fact that the maximum of
the fluorescence spectrum of this dye in the pre-
sence of HSA (618 nm) is close to the monomeric
maximum in DMSO (615 nm), while the fluores-
cence intensity in the presence of HSA increases
almost 60-fold. Thus, among the dyes studied,
up385 demonstrates both the highest fluorescence
intensity in the presence of HSA and its increase,
while its response to the presence of DNA and
RNA was the lowest. Another dye that demon-
strates a significant (27-fold) increase in emission
intensity upon addition of protein is up388. For

the remaining dyes, this increase does not exceed
10-fold.

Discussion

Thus, we studied the effect of DNA, RNA, and
HSA on the absorption and fluorescence spectra of
8 monomethine cyanine dyes. It should be noted
that 5 of these dyes contain chromophores of the
well-known dyes thiazole orange (up396 and
fb131) and oxazole yellow (fb123, fb124, and
fb128). The same chromophores are a basis of a
number of well-known commercially available
probes for nucleic acid detection, such as SYBR
Green I and II, SYBR Gold, efc. [1, 18]. It is there-
fore not surprising that these 5 dyes demonstrated
significant increases in intensity in the presence of
nucleic acids. Besides, it should be noted that these
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dyes did not demonstrate significant selectivity for
DNA or RNA; the highest selectivity was observed
for up396, for which the intensity in the presence
of RNA is 2.3 times higher than in the presence of
DNA. In the structures of the studied dyes, the
mentioned chromophores are combined with the
affinity-modifying groups that can affect the bin-
ding of dyes to biological molecules, providing ad-
ditional stability to the formed complexes. In par-
ticular, when interacting with nucleic acids, the
phosphate groups of which are negatively charged,
the presence of additional groups containing a
positive charge in the dye molecule is important.
Such groups with additional positive charges are
contained in fb128 and fb131, while the dyes
fb123 and fb124 are bis-cyanines, where 2 chro-
mophores are connected with positively charged
chains. The efficiency of conjugation of two probe
dyes as a way to obtain a more eflicient probe, as
well as the role of positive charges in the structure
of the connecting chain, have been repeatedly de-
scribed in the literature [13, 19]. Thus, the most
efficient of the studied dyes, fb128, which has both
the highest fluorescence intensity in the presence
of nucleic acids and the highest emission increase,
as well as other dyes that showed good results, can
be further investigated in various applications
where fluorescent probes sensitive to nucleic acids
are used.

It is also worth noting the other 3 dyes studied.
For example, the up393 dye, which consists of
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BIUIVIB JHK, PHK I JICA HA CITEKTPAJIbHO-TIOMIHECHEHTHI
BIIACTMBOCTI KUDIbBKOX MOHOMETMHIIAHIHOBMX GAPBHUKIB

Mema. Mertoto gaHoi po6otu 6yno gocnimxenns simBy [JHK, PHK ta JICA Ha criekTpy OIHAHHA Ta GyopeciieH-
1jil 8 MOHOMETVHOBUX IiaHIHOBUX GAPBHUKIB, SIKi MAIOTh B OCHOBI pi3Hi xpomodopu Ta MicTATh pi3Hi edexTOpHI Ipy-
1. Memoou. CrieKTpOCKOIIis NOIMHAHH:A B YO-BUMMOMY AianasoHi Ta GpayopeciieHTHA ClIeKTpocKoIis. Pesyrvma-
mu. Byno BUsBIEHO JieKinbKa 6apBHUKIB 3 BUCOKUM (IyopeciieHTHUM Binrykom Ha npucytHicts JHK, PHK ta JICA.
3okpema, 6apBauk fb128, sikuit MiCTUTD 3apsmKeHy IPYITy, MiABUINYE IHTEHCUBHICTD (UIyopecieHIlii B IPUCYTHOCTI
JHK i PHK B 160 Ta 240 pas BiamoBigHo, a 6apBHUK up385 mifBuIye iHTeHCUBHICTD MaibKe B 60 pas B IPUCYTHOCTI
JIIOCBKOTO CHPOBATKOBOTO anbbyMiHy. Bucnosxu. HarinepcriexktvBHimmit 6apsuuk fb128, a Takox 6apsHuku fb123,
fb124 i tb131 mMoxxHa peKOMeHAYBaTy JyIA MOJANIbLINX TOCTIIKEHDb B AKOCTI (PIyopeclieHTHUX 30H/iB, Yy TINBUX [O
HYK/IeTHOBMX KICJIOT, B KOHKpeTHMX 3acTocyBaHHAX (ITJIP, prnyopecieHTHa MiKpOCKOIisA TOWIO).

Kntouogi cnoéa: MOHOMeTHOBI 1jaHiHOBI 6apBHUKM, GIIyOpeclieHTH] 30HAM, HYK/IeIHOBI KMC/IOTH, MIOACBKUI CHPO-
BaTKOBMUIT a/IbOYMiH.
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