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Five nucleic acid binding cyanine dyes were synthesized and their
photophysical properties were evaluated. Changing a single heteroa-
tom in the chromophore causes major differences both in brightness
and photostability between the dyes. With such alteration, the bright-
ness of the chromophore increased two-fold compared to the one
found in SYBR Green |.

Detection of nucleic acids using fluorescent probes is an impor-
tant tool for cell and molecular biologists in many different
applications.” These include visualising DNA using gel electro-
phoresis,”> and imaging RNA in microscopy,” among others.
Monomethine cyanine dyes are widely used for these purposes
due to their turn-on fluorescence, selective to binding to double
stranded nucleic acids.* The fluorescence light up is induced by
rigidification of the chromophore after intercalating between
base pairs of a nucleic acid.>® As such, dyes with this type of
binding offer highly selective sensing of nucleic acids in cells
over other biomolecules. This class of nucleic acid stain has been
studied vigorously’® and as a result, the SYBR family of fluore-
scent probes has become a popular choice for their sensing.'®">
They can be employed for general visualization of nucleic acids,
from electrophoresis gels™® to microscopy applications.* There
are a few attributes that such fluorescent probes need to exhibit to
be viable for sensing applications. These include high brightness
combined with low background emission, high photostability
under prolonged excitation, and low cytotoxicity if applied
in vivo. In particular, the demand for increasingly bright nucleic
acid sensors continues to increase, as the ambition for imaging
singular biomolecules in a cellular environment grows.'>'®

In order to meet this demand, we have synthesized five new
cyanine dyes and evaluated their photophysical properties
(Chart 1). The synthesis of the compounds was conducted
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using previously published protocols,’”*®* combined with an

additional nucleophilic substitution step, as shown in the ESI}
Scheme S2. Our previous results indicated significant differences
in the dye properties of the heteroatoms in the chromophore;'®
in this study, we set out to evaluate those differences. The
examined dyes were varied in structure by changing between
an oxazole and thiazole moiety and varying the 2-substituent
between a mercaptomethyl, dimethylamine or chloride.

Already the absorption and emission spectra of the synthe-
sized dyes exhibited significant differences (Fig. 1a). The lowest
energy absorption maxima of the dyes were found between 455
and 516 nm, differing slightly between solvents. The introduc-
tion of third period heteroatoms seems to decrease the absorp-
tion energy of the dyes as supported by OxN 2 showing the
highest and ThzS 5 the lowest energy of absorption, with other
products found half way between the two. The emission spectra
behave in a similar manner with emission maxima observed at
the region of 492-535 nm when bound to calf thymus DNA
(ctDNA) (Fig. 1b). The excitation/emission spectra for individual
dyes are presented in the ESIf Fig. S9-S13. This lead to Stoke’s
shifts from 16 to 28 nm with OxS 3 being responsible for the
lowest value. Surprisingly, the presence of dimethylamine sub-
stitution (OxN 2 and ThzN 4) seems to increase the Stoke’s shift
compared to the other products OxCl 1 and ThzS 5.

The absorption coefficients (¢) of the dyes were evaluated
in three different solvents; tris-EDTA (TE) buffer, ethanol and
100 uM ctDNA in TE buffer (S14-S16, ESIT). No clear relationship

OxCl 1: R=Cl, X=0
R OxN 2:R=NMe,, X=0
N OxS 3:R=SMe, X=0
/ ThzCl 4: R = ClI, X=S8
©:X /) ThzN 5:R=NMe,, X=8
/ ThzS 6: R=SMe, X=8S
N+

\

Chart 1 Chemical structure of the studied cyanine dyes.
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Fig. 1
in TE Buffer.

between the dye structure and absorptivity was observed, although
the OxS 3 displayed significantly lower ¢ values compared to the
other dyes across all media. In the ThzN 4 compound, the given
absorptivity was lower by 10000 M~ * cm™*, compared to mole-
cules 1, 2, and 5. Generally, compound 2 showed the highest
absorptivity of 73600 M~' ecm ™" in ethanol between the three dyes
and comparable values to the two others in aqueous media. In
order to evaluate which chromophore offers the best brightness,
we determined the quantum yield ¢ of all five dyes, when fully
bound to ctDNA, using fluorescein as a standard (Fig. S17 and
$18, ESI)."° These values and the other spectral characteristics of
the synthesized dyes are presented in Table 1. The benefit of
maintaining a chromophore consisting of second period elements
becomes apparent once again as the quantum yield of OxN 2 was
determined to be 100%. Compared to this result, replacing one of
the heteroatoms with sulphur in OxS 3 and ThzN 4 resulted in the
quantum yields diminishing significantly, by 24% and 30%,
respectively. Ohulchanskyy and co-workers found a similar trend
when evaluating a series of xanthene dyes by varying a heteroatom
between oxygen, sulphur and selenium in the chromophore.** In
particular, the chlorine atom in the 2-position has a dramatic
effect on the quantum yield. The ¢ value for OxCl 1 was found to
be as low as 18% similar in magnitude to the 14% of two-sulphur-
containing ThzS 5. It is possible, that the chlorine (and other
halogens) atom offers additional pathways for non-radiative
relaxation, perhaps due to the intersystem crossing caused by
the heavy-atom effect inflicted by the substituent. Similar observa-
tions have been made by Vasilev et al.,>* who synthesized a series
of halogen-containing thiazole orange (TO) derivatives, where

Wavelength (nm)

(@) Normalized absorption spectra of the dyes in 19.6 uM concentration in ethanol. (b) Normalized emission spectra of the dyes in 100 pM ctDNA

increasing inclusion of halogens on the chromophore led exclu-
sively to lower quantum yields. In general, the trend towards
favouring second period elements to maximize the brightness
seems evident among the synthesized dyes.

Next, to establish the stability of the dyes in practical use, we
exposed them to a microscope light source, ie. a 3300 K
halogen lamp of 22 mW cm™? light intensity. The use of such
a light source not only provided a sufficient timeframe for
observing dye decomposition but also gave a reasonable source
of maximal excitation light that the dyes would experience in
daily use. However, this also led to some differences in the
amount of light absorbed depending on the absorption maximum
of the dye, as demonstrated in Fig. S19 (ESIT). The photobleaching
of the dyes was then followed over time, by measuring dye
absorbance at different points of time and fitting exponential decay
functions to observed absorption maxima, as shown in Fig. 2a and
b. While measuring fluorescence would have granted higher sensi-
tivity to the photobleaching, the non-fluorescent state of the dyes in
TE Buffer (Fig. 2a) would have gone unmeasured in addition to a
solution of ctDNA (Fig. 2b). We observed that the differences in the
dye half-lives are remarkable between each other and different
media (Table 2). Surprisingly, the OxCl 1 dye exhibits the highest
photostability among the examined molecules in both media. The
ThzN 4 on the other hand was highly unstable compared to the
other dyes. In general, the dyes have significantly different half-lives
free in solution and bound to ctDNA. As expected, the dyes
decompose faster in the TE buffer compared to the ctDNA solution.

Free in solution, the observed values varied between 0.5-6.3 h,
increasing to 1.6-36 h when DNA bound. Interestingly, the oxazole

Table 1 Spectral and brightness related parameters measured for the studied dyes

Dye OxCl 1 OxN 2 OxS 3 ThzN 4 ThzN 5
Jexe (NM) 491 464 487 488 514

Jemi (NM) 511 492 503 515 535
Stoke’s shift (nm) 20 28 16 27 21

max, T (X 10° M ' em ™) 59.5 + 0.4 56.5 + 0.8 16.0 + 0.3 353+ 1 475+ 2
Emax, Bron (X 10° M ' em ) 60.7 + 0.9 73.6 &+ 0.6 25.7 + 0.3 56.9 & 0.3 65.4 + 1.1
Emax, ctona (X 10° M7 em ™) 42.0 £ 0.3 473+ 0.2 18.0 + 0.3 36.5 + 0.3 49.1 + 0.1
Quantum yield @ (%) 18 100 76 68 14
Brightness (M~ ' cm ™) 7600 47300 13700 24 800 6900
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Fig. 2 Exponential decay functions fitted to the relative decrease of the initial absorption at the maximum wavelength over time in (a) TE Buffer and
(b) 200 uM ctDNA. Data can be derived from Fig. S20 and S21 (ESI1). (c) Fluorescence emission maxima plotted with increasing dye concentration in

0.52 pM ctDNA solution at room temperature derived from Fig. S22 (ESI¥).

Table 2 Collection of parameters involved in photostability and ctDNA binding of the dyes

Dye OxCl 1 OxN 2 OxS 3 ThzN 4 ThzS 5
K, (x 10°M™h 1.4 + 0.04 8.5+ 1.5 46+ 1 5.8 £ 0.4 2.3+£01
n (bp) 43+ 0.3 3.4+04 1.6 + 0.1 2.1 + 0.12 1.7 +£1
AG® (k] mol ™) —34.6 —39.0 —37.5 —-38.1 —35.8
ti2, 1 (h) 6.3 2.9 0.6 0.5 2.4

t1/2, 200 Mm ctona (D) 35.9 32.4 29.8 1.6 9.0

moiety benefits from binding to nucleic acids notably more,
compared to thiazole containing products. In particular, OxS 3
that decomposes rapidly in TE Buffer, experiences a 50-fold
increase in its half-life after binding to its target. The thiazole
derivatives 4 and 5 only stabilized by 3.2-fold and 3.75-fold,
respectively. While dyes 1 and 2 were already the most stable in
TE buffer, the enhancements to photostability were further
improved by 5.7-fold and 11.2-fold, respectively. The knowledge
of stability in both media is highly important, as the dyes are
constantly interchanging between bound and unbound states in
solution.

To better understand the differences between dyes in their
nucleic acid binding, we conducted two fluorescence titration
experiments; one with a limited amount and the other with
a high excess of ctDNA available for binding (Fig. 2¢ and
Fig. S24b, ESIt respectively). From the relative fluorescence
between the two experiments, it was possible to determine both
the binding constant (K,) and the number of nucleic acid base
pairs required to accommodate a single dye molecule (n). This
was made possible by employing the theoretical model of DNA-
protein interactions developed by von Hippel and McGhee
elucidated in more detail in our previous work.'®?* The proces-
sing of the obtained data produced a Scatchard plot (Fig. S24c,
ESIT) that enabled the fitting of the McGhee and von Hippel
equation for non-cooperative binding to obtain values for K,,
n and subsequent determination of the Gibbs free energy of
binding involved (AG®, Table 2). The currently accepted model of

3486 | J Mater. Chem. B, 2021, 9, 3484-3488

nucleic acid binding for SYBR family (and TO related) compounds
is, that the quinoline moiety intercalates between base pairs, and
the indole moiety binds through electrostatic interactions to the
phosphate group while the 2-substituents settle along the minor/
major groove.****

As the synthesized dyes had a high structural similarity, we
did not expect major differences among the dyes to be observed
in the binding values. As expected, the binding site size between
dimethylamine and methylthiol substituted dyes differs, as the
extra methyl group on the amine requires additional space in
binding. The effects to the binding energy of this structural
change are similar between the two comparing pairs (2 vs.
3 and 4 vs. 5); this change leads to a decrease of 1.5 kJ mol™*
and 2.3 kJ mol ', respectively. Curiously, also the changes from
oxazole to thiazole had a significant effect on the binding energy.
Comparing the binding energies between the two derivative pairs
(2 and 4, 3 and 5) the AG® is found to differ by 0.9 k] mol " and
1.7 kJ mol *, respectively. These changes can be contributed to
the change of both to the electronegativity of the heteroatom, as
well as to the weak binding provided by the additional methyl
group in the first pair. In the case of the latter comparison pair,
the differences are solely heteroatom derived. Subtracting the
difference of the latter pair from the former yields 0.6 kJ mol * in
both cases, giving a realistic estimate of the contribution of a
single methyl group to the binding energy. However, another
series aimed towards confirming that this estimate should be
conducted. The effect on the binding energy due to the change

This journal is © The Royal Society of Chemistry 2021
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from thiazole to oxazole can be explained by the electronega-
tivities of the other heteroatom present in the 2-position. Oxygen,
nitrogen and sulphur have electronegativities of 3.44, 3.04, and
2.58 in the Pauling scale, respectively. An oxygen atom in the
oxazole is able to draw a greater amount of electron density from a
sulphur atom vs. a nitrogen that is more negatively charged. As
the DNA bases are electronegative in nature, it is logical that
depleting the intercalating molecule of electron density would
increase the binding affinity, as was observed. Furthermore, by
examining the electronegativity difference between the hetero-
atoms in the comparison of 2 and 4, as well as 3 and 5, we found a
relation to the binding energy differences between the two pairs.
Multiplying the 1.7 kJ mol " with the electronegativity difference
gives 0.8 kJ mol*, very close to the 0.9 k] mol " value of the 2 and
4 pair. The low binding energy determined for OxCl 1 also
supports this notion, although part of this might be due to
chlorine hindering the intercalation itself, as observed with the
high n value for the compound. The idea of manipulating electron
density in the intercalating part of the molecule to increase target
binding warrants high interest when designing new molecules in
the future.

To summarize, in this work, we set out to synthesize five
nucleic acid binding cyanine dyes with different heteroatomic
constitutions in order to evaluate their photophysical properties.
The molecules were designed so that the effects of single atom
differences in the chromophore could be evaluated. In addition
to the determination of the brightness related parameters, also
the photostability, binding energy, and binding site size with
ctDNA were established for all dyes. Among the evaluated
products one dye, OxN 2, showed outstanding performance
compared to the others. These properties include brightness of
47300 M~ ' em™!, —39 k] mol ' binding energy, and over 32 h
photobleaching half-life in complex with ctDNA, coupled with a
28 nm Stoke’s shift. Generally, the introduction of second period
heteroatoms (S and Cl) seemed to decrease the performance in
all aspects compared to OxN 2. In particular, the introduction of
the chlorine (1) or two sulphur atoms (5) had a dramatic effect
on the quantum yield of the dyes, albeit the photostability of 1
was the best among the compounds herein. The binding studies
on the synthesized molecules indicated a benefit from introduc-
ing more electronegative elements to the intercalating moiety in
the dyes. As researchers aspire towards the detection of dimin-
ishing amounts of nucleic acids in many biological contexts, the
demand for increasingly sensitive probes rises. While another
approach to this problem has been preparing artificial nucleo-
sides with fluorescent properties, this method requires always
synthetically altering the nucleic acid strand in question.?®
Intercalating turn-on fluorescent probes offers a universal
solution for all solution based nucleic acid detection. The
molecules presented in this work should be applicable in a
similar manner to the SYBR family dyes in imaging and other-
wise. This is why such probes with continuously improving
photophysical properties are highly enticing and hence, under-
standing the underlying patterns leading to the best possible
results should be of interest to every chemist, biochemist and
biologist involved in their use.

This journal is © The Royal Society of Chemistry 2021
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