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For efficient and quantitative DNA detection, fluorescence staining is the most often explored approach,
which relies on non-covalent binding of dyes with double stranded DNA (dsDNA). Ethidium bromide (EB)
is the most classic DNA stain, but suffers from its high carcinogenicity. A series of less toxic alternatives
were developed, many of which contain the core structure of the benzothiazole ring. However, the
relationship between the structure and the DNA detection performance was not illustrated. Herein, five
benzothiazole dyes, namely thiazole orange, SYBR Green I, PicoGreen, SYBR Safe, and thioflavine-T, were
compared for DNA detection through direct fluorescence and gel electrophoresis, with particular focus on
the structure-performance relationship. It turned out that SYBR Green I is currently the best choice for
DNA detection. The results in this work may be useful for future DNA-staining dye developments.
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For efficiently quantitative nucleic acid detection, noncovalent
binding “light up” probes, i.e., nucleic acid fluorescent stains, are
the most popular tools. Due to their specificity in recognizing
different structures of nucleic acid (such as double-stranded DNA
(dsDNA) and single-stranded DNA (ssDNA)), high signal to noise
ratio, and simple operation, such stains have been widely used in
DNA quantitative analysis (e.g., RT-PCR) [1,2], gel electrophoresis
[3,4], fluorescent biosensors [5-8], and etc.

Ethidium bromide (EB) is the most classic DNA dye [9,10], but
suffers from high carcinogenicity. Therefore, scientists have been
devoting to develop safer and more efficient DNA stains [11], such
as the well-known commercial SYBR series from Invitrogen.
Interestingly, many of the commercial stains that are claimed to be
highly efficient for DNA analysis contain the core structure of
benzothiazole ring, such as thiazole orange (TO) [12-14], SYBR
Green I (SG) [15-20], PicoGreen (PG) [21-25], SYBR Safe (SS)
[26,27], and thioflavine-T (ThT) [28-30]. Although the fluorescent
performances of some SYBR dyes were studied [3,31], the
relationship between the structure and the DNA detection
performance was not illustrated, which may frustrate the selection
of dyes in practical DNA analysis.
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Therefore, in this work, the sensitivity of the above benzothia-
zole-based dyes was compared for DNA quantitative analysis, with
particular focus on the structure-performance relationship. The
mechanism of the DNA-induced fluorescence lighting was
attributed to efficient inhibition of the nonradiative transitions
(e.g., rotations). Then, the fluorescent performance was evaluated
through direct fluorescence DNA detection and gel electrophoresis.
SG and PG exhibited the highest sensitivity with detection limit
of ~0.2 nmol/L for direct fluorescence DNA detection and 0.61 ng
for gel electrophoresis (20 bp, dsDNA). Through both experimental
and theoretical investigations, the origin for the different
fluorescent performance of the benzothiazole-based dyes was
underlined. The results in this work may provide a reference for
the selection of nucleic acid dyes in DNA analysis and future
DNA-staining dye developments.

To study the sensitivity of the benzothiazole-based dyes for DNA
detection, a protocol of probe DNA and target DNA was designed
(Table S2 in Supporting information). Upon hybridization, dyes can
bind with the formed dsDNA (Scheme S1 in Supporting information).
It has been reported that binding with dsDNA could result in
inhibition of the non-radiative processes (e.g., vibration and
rotation). To explain the mechanism of fluorescence lighting of
the benzothiazole dyes (Fig. 1A), first theoretical calculation was
explored. Structurally, SG, PG, SS and TO have the same core
structure (Fig. 1A), which contain the benzothiazole (electron
accepter) and 1,4-dihydroquinoline (electron donor) moieties,
showing a typical molecular motor feature. Therefore, such core
structure was taken as a simplified computing model.
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Fig.1. (A) Structures of benzothiazole-based DNA fluorescent dyes. (B) Scheme of the rotational mobility between dihedral angle of 90° and 0° (180°), with Jablonski diagram
of the plausible mechanism showing inset. (C) Potential energy scan of ground state (black) and excited state (red) vs. dihedral angle (6). (D) Oscillator strength vs. dihedral

angle (0).

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations [32] verified the OFF/ON
fluorescence of these stains after binding with dsDNA (Fig. 1B). As
shown in Fig. 1C, coordinate-driving potential surface scanning of
both ground and excited states indicated the existence of a
dihedral angle (0) between the benzothiazole and the dihydro-
quinoline moieties. A relaxation process along with the rotation
began until the dihedral angle reached 90° (S;', the most-stable
excited state) when excited. Under such vertical condition, fast
non-radiative process would occur (such as twisted intramolecular
charge transfer, TICT) due to the smallest energy gap (S;'—S¢'). The
oscillator strength (f) at such point is almost zero (Fig. 1D). As a
result, the radiative process, i.e., fluorescence, is off under such
condition. However, after binding with dsDNA, the rotation is
expected to be hindered, resulting in suppressed nonradiative
transitions (S;—S;'=Sy') and enhanced f. Therefore, fluorescence
transition (S;—Sp) is activated. Although the structure of ThT is
different from the above core structure, the fluorescence
enhancement mechanism upon binding with dsDNA is expected
to be similar [5,33,34].

Next, the spectroscopic features of the benzothiazole-based
dyes before and after binding with dsDNA were investigated to
support the dsDNA-induced inhibition of non-radiative
transitions. For fluorescence, in the case of PG, the fluorescence
of PG enhanced significantly with the increase of dsDNA
concentration, with saturation point of over 1300 fold
(Fig. 2A). Similar phenomena were also observed for the rest
benzothiazole-based dyes (Figs. S2-S5 in Supporting
information). Besides, the fluorescence lifetime of the dyes
was also prolonged (Fig. 2B), with varying degrees for different
dyes (Table 1).

In order to directly reflected the change of radiative and non-
radiative process before and after binding with dsDNA, the

radiative (k;) and non-radiative transition constants (k,;) were
further calculated through following equations (Egs. 1-3):

@ = kef(ke + knr) (1)
T=1/(k; + kny) (2)
knr = (1 — D)7 (3)

Here, @ is the quantum yield and t is the fluorescence lifetime.
Table 1 shows the k;and k, values of the benzothiazole-based dyes
before and after binding with dsDNA. Although k; values increased
somewhat, much more dramatically suppressed non-radiative
transitions could be identified (up to 200 fold). Therefore, the
fluorescence light up of these dyes can be ascribed to decreased
non-radiative transitions upon binding with dsDNA.

Next, the analytical performances of the five dyes in DNA
quantitative detection were compared. To maximize the sensitivity,
the working concentration of the five dyes was optimized (Fig. S6 in
Supporting information). Fig. 2C showed the fluorescence intensity
change of the five dyes under the same concentration of dsDNA
(100 nmol/L). Among these dyes, SG and PG showed the highest
signal-to-noise ratios. To further compare the analytical sensitivity,
the limits of detection (LOD) for DNA detection were evaluated.
Calibration curves were firstly constructed (Fig. 2D), and LODs (30)
were therefore obtained. As shown in Table S5 (Supporting
information), SG and PG still gave the lowest LODs.

Besides fluorescence quantification, gel electrophoresis is
another common method that can achieve qualitative and semi-
quantitative analysis of DNA. In order to compare the analytical
sensitivity, dsDNA solutions (20 bp) with different concentration
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Fig. 2. (A) Fluorescent spectra of PG upon titrated with different concentration of dsDNA. (B) Corresponding lifetime titration of PG. (C) Comparison of the analytical
performances of five dyes for dsDNA quantitative detection. (D) Calibration curve for DNA detection by varying the concentration of target DNA. nM: nmol/L.

Table 1
Photophysical constants before and after binding with DNA.

)\ex )\em T <Dﬂ k

nr
(nm) (nm) (10°s) (%) (10°s71)  (10°s71)
SG Free 495 536 0.04 0.25 249 0.06
dsDNA 497 522 3.7 45.3 0.15 0.12
PG Free 499 530 0.03 0.18 333 0.06
dsDNA 503 524 4.0 31.9 017 0.08
SS Free 502 545 0.07 0.21 143 0.03
dsDNA 508 528 1.64 3.14 0.60 0.02
TO Free 501 533 0.061 0.35 16.3 0.06
dsDNA 506 530 0.82 31 0.91 0.04
ThT Free 438 490 0.011 0.09 90.8 0.08
dsDNA 447 486 0.034 0.14 244 0.04

¢ Absolute fluorescence quantum yield.

gradients (5—100 nmol/L) were added to different gel lines (Fig. 3).
From the imaging results, SG showed the clearest fluorescent
contrast. With dsDNA concentration of 5nmol/L (0.61 ng), very
weak band image could be still seen for SG or PG staining. Further
grayscale quantitative analysis also confirmed the above results
(Table S3 and Fig. S7 in Supporting information). As a result, the
analytical performance for DNA quantitative analysis can be sorted
as SG > PG >SS >TO > ThT.

Besides the fluorescent performance comparison, the prices of
these dyes were also taken into consider (Table S4 in Supporting
information). For example, the fluorescence intensity of SG after
binding with dsDNA was ~7 fold higher than that of SS (Fig. 2C),

100 nM 50 nM

Fig. 3. Gel electrophoresis imaging of five dyes under different concentration
gradients of 20 bp dsDNA. nM: nmol/L.

but the price of SG was just ~2 fold higher. For TO, though the
sensitivity was ~2 fold lower than that of SS, its price is
much lower. In fact, TO has been reported as an everyday
replacement for costly DNA dyes in electrophoresis [35]. Therefore,
upon compromising the analytical performances and prices (100x,
1 mL, 81.33 CNY), SG is the best choice for DNA detection. For gel
electrophoresis analysis, SS and TO are the preferable choices.
Generally, such varied performances can be originated from
two parts: the binding affinity to dsDNA and their intrinsic
structural properties. First, the dsDNA binding constants (K,) of the
five dyes were evaluated via fluorescence titrations (see method
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Fig. 4. The structures and HOMO and LUMO orbitals of the molecules. All the orbital information and oscillator strength (f) was calculated at the b3lyp/6-31 g (d) level based
on the 0° dihedral angle between benzothiazole and quinoline ring at S; states (vertical excitation).

details in Supporting information) [36]. As shown in Table S5, the
values of K, are positively correlated to their fluorescent perform-
ances (SG and PG the largest). The difference in binding constants
may be originated from their structural diversity and also their
interaction models with dsDNA. For example, TO is a typical base
intercalator [37], while PG and SG are generally recognized as
groove binders [15,38]. Therefore, higher binding constants permit
better DNA detection performances.

To illustrate the intrinsic structural properties of the benzothia-
zole-based dyes, theoretical calculation was carried out. Here the
calculation was set at the dihedral angle of 0° as a hypothetical state
after binding with dsDNA. The Eg,, between HOMO and LUMO and
the relevant oscillator strength (f) were thus obtained (Fig. 4). The
value of f relates to the allowance of radiation transition (larger
oscillator strength reflects higher fluorescence lighting up) [39,40],
while Eg,, is directly associated with the absorption. As can be seen
from Fig. 4, the Eg,, value of each dye correlates well with their
absorption/excitation, indicating that the calculation here is
reasonable. SG and PG exhibits similar oscillator strength, which
agrees well with their fluorescence performances. For others,
although the allowance of radiation transition is higher than SG and
PG, their binding constants are significantly lower. Considering that
the calculation was set at the dihedral angle of 0°, SG and PG with
higher binding constants are expected to be more approaching the
theoretical states over the rest dyes. Therefore, the practical
oscillator strengths of SS, TO, and ThT will be much lower, thus
resulting in lower performances. Overall, the theoretical results also
confirmed the privilege of these dyes in DNA analysis.

In summary, the performances of five commercial benzothia-
zole-based dyes were compared for DNA detection. Upon both
theoretical and photophysical investigations, the lighting up
mechanism of these dyes were ascribed to efficient inhibition of
non-radiative transition upon binding with dsDNA. For perfor-
mance comparison, both fluorescence detection and gel electro-
phoresis were explored. It turned out that SG was the best choice
for DNA detection, from both the analytical performance and
commercial price point of view. The reasons for different
fluorescence performances of the benzothiazole-based dyes were
ascribed to their DNA binding affinity and intrinsic structural
properties. The results in this work not only underlined the best

choice for DNA analysis at the present stage, but also would be
helpful for future development of efficient DNA-staining dyes.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2020.01.023.
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