
lable at ScienceDirect

Analytical Biochemistry 511 (2016) 74e79
Contents lists avai
Analytical Biochemistry

journal homepage: www.elsevier .com/locate/yabio
Fluorescent cyanine dyes for the quantification of low amounts
of dsDNA

B.B Bruijns a, b, *, R.M. Tiggelaar b, J.G.E. Gardeniers b

a Mesoscale Chemical Systems, MESAþ Institute for Nanotechnology, University of Twente, Drienerlolaan 5, 7500 AE, Enschede, The Netherlands
b Life Science, Life Sciences, Engineering & Design, Saxion University of Applied Sciences, M. H. Tromplaan 28, 7513 AB, Enschede, The Netherlands
a r t i c l e i n f o

Article history:
Received 13 June 2016
Received in revised form
18 July 2016
Accepted 19 July 2016
Available online 6 August 2016

Keywords:
dsDNA dyes
DNA detection
Absorbance
Fluorescence
* Corresponding author. Mesoscale Chemical Sy
Nanotechnology, University of Twente, Drienerlolaan
Netherlands.

E-mail address: b.b.bruijns@utwente.nl (B.B Bruijn

http://dx.doi.org/10.1016/j.ab.2016.07.022
0003-2697/© 2016 Elsevier Inc. All rights reserved.
a b s t r a c t

In this research six cyanine fluorophores for the quantification of dsDNA in the pg-ng range, without
amplification, are compared under exactly identical conditions: EvaGreen, SYBR Green, PicoGreen,
AccuClear, AccuBlue NextGen and YOYO-1. The fluorescence intensity as a function of the amount of
dsDNA is measured at the optimal wavelengths for excitation and emission and for each dye the limit of
detection and the response linearity at low levels of dsDNA are determined. No linear range was found
for SYBR Green and YOYO-1 for pg-ng quantities of dsDNA. EvaGreen, PicoGreen, AccuClear and AccuBlue
NextGen show good linearity in the pg-ng range. AccuClear exhibits the widest linear range of 3 pg
e200 ng, whereas AccuBlue NextGen turned out to have the highest sensitivity of the tested dyes with a
limit of detection of 50 pg.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Quantification of low amounts of dsDNA is important, in
particular in forensic DNA-analysis. To quantify dsDNA without
amplification the absorbance at 260 nm can be measured by UV-
spectrophotometry, but such measurements are rather insensitive
and influenced by the contribution of nucleotides and single-
stranded DNA or contaminants (such as proteins or phenol) [1,2].
Therefore, of the known methods for the detection and quantifi-
cation of dsDNA, such as nucleic acid stains (e.g. Methyl Violet and
Thiazole dyes) and nucleic acid labels (e.g. Texas Red, Cy5 and
Carboxy-X-Rhodamine (ROX)), the majority is based on fluores-
cence detection [3]. Three main classes of nucleic acid stains exist:
intercalating dyes (e.g. ethidium bromide (EtBr) and propidium
iodide (PI)), minor-groove binders (e.g. DAPI and Hoechst dyes) and
other nucleic acid stains (e.g. acridine orange). The possible binding
options, i.e. (bis-)intercalation, major and minor groove binding
and external binding, are depicted in Fig. 1 [4].

In the past the classic intercalating dyes EtBr and PI were often
used, which both bind at a stoichiometry of 1 dye molecule per 4 to
stems, MESAþ Institute for
5, 7500 AE, Enschede, The

s).
5 base pairs [4]. These dyes have a limited sensitivity and high
background fluorescence.

The sensitivity can be increased by adding positively charged
side chains to a dye, which increases the electrostatic interaction
between dye and DNA. Another possibility is to add a (positively
charged) linker to form a dimeric or trimeric dye [5,6]. Cyanine dyes
have a high affinity for nucleic acids and show 100- to 1000-fold
fluorescence enhancement upon binding to DNA and cyanine dyes
are also less mutagenic than the classic dyes [4]. In this research the
spectral properties of cyanine fluorescent dyes EvaGreen (EG), SYBR
Green (SG), PicoGreen (PG), AccuClear (AC), AccuBlue NextGen (AB)
and YOYO-1 (YO) are investigated for direct detection and quanti-
fication of low amounts of dsDNA, without any amplification. These
dyes are selected, because they are commonly used as nucleic acid
stains within real-time PCR, gel analysis, DNA quantification kits
(e.g. Qubit PicoGreen Assay) and melting curve analysis. EvaGreen
and SYBR Green are dyes from two different manufacturers widely
used for real-time PCR and melt curve analysis, but also for agarose
gel staining [7,8]. PicoGreen and AccuClear/AccuBlue NextGen are
also from two different manufacturers and are developed for the
quantification of dsDNA dyes, whereas the last two are specifically
designed to quantify low amounts of dsDNA without any amplifi-
cation step [9]. These newly developed dyes are compared with
YOYO-1, a dye that is already available for some decades and used
for (counter)staining DNA [10].
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Fig. 1. Schematic diagram showing the possible binding modes of dsDNA dyes, used
with permission from Thermo Fisher Scientific, copyrighted 2015 (www.
lifetechnologies.com) [4].
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In the Data in Brief (DiB) a literature based overview is given of
the absorption, excitation and emission wavelengths at which
maxima occur for the various dyes, as free dye in solution and as
dye/dsDNA complex [22].
Table 1
Linearity of dsDNA dyes according to literature for the given dye concentration, detec
excitation and/or emissionwas reported (e.g. because a LED was used for excitation), men
the end concentration or final amount of dsDNA has been reported, * ¼ information from

Linear range (DNA) Concentration (dye) Volum

EG 5e250 pg/mL 0.63 mM (0.5X) 200 m

10 mL (1e50 ng)
10e500 ng 1.0X (1.33 mM) 100 m

95 mL (0.1e5 ng/mL)#

0e10 ng/mL 11.15 mM 200 m

n/a (0e2000 ng)#

2.4e60 pg/mL 0.1X (0.133 mM) �10 n
n/a (n/a)
1e100 ng 1.0X (1.33 mM) 25 mL
23.5 mL (0.04e4 ng/mL)#

SG 2.4e30 pg/mL Not known �10 n
n/a (n/a) (1/40,000 dilution)
0e2 pg/mL 1.0X (0.68 mM) n/a
n/a (n/a)
0.5e50 ng 1.0X (0.68 mM) n/a
n/a (n/a)

PG 0.025e1000 pg/mL 1.0X (0.8 mM) 2 mL
1 mL (0.05e2000 ng)
3e450 pg/mL Not given Not gi
n/a (n/a)
0e2 pg/mL 1.0X (0.8 mM) n/a
n/a (n/a)
0.25e150 ng Not known 150 m

10 mL (1.67e1000 pg/mL) (1/200 dilution)
AC 0.03e250 ng 1.0X 210 m

10 mL (0.14e1190 pg/mL)
AB 1e3000 pg 1.0X 210 m

10 mL (0.005e14.29 pg/mL)
YO 0.5e100 pg/mL 200 nM 2 mL

n/a (1e200 ng)#
The reported linearity of each dye obtained with various
detection methods, is shown in Table 1. Since some groups report
the linear range in concentration units [2,12,15] whereas others
present the range in absolute amounts of dsDNA [11,14,18], com-
parison is difficult. When reported as concentration range, either
the final concentration in the detection volume can be given or the
added concentration of dsDNA to the dye. Similar, reports in ab-
solute amounts of dsDNA can give the total amount in the detection
volume or the added amount of dsDNA to the dye. Therefore, if it is
mentioned in literature, the linear range is converted to absolute
amounts of dsDNA (when reported in concentration units) or the
end concentration (upon reporting in absolute amounts) and the
volume of dsDNA in the total volume is given in Table 1.

From the review in the DiB, and in particular the data in Table 1
and Table 1.1 (DiB) [22], it becomes clear that for each dye the re-
ported spectral data and linear ranges vary significantly. The most
striking differences in terms of linearity are found at low dsDNA
concentrations, which is likely due to the use of different experi-
mental setups. Therefore the six selected dyes are restudied under
exactly similar conditions, in one and the same instrument (a
microplate reader), with a focus on the pg-ng range of dsDNA. For
AccuClear and AccuBlue NextGen, this will be the first report in an
academic journal. Note that in this paper no statements are made
about the use and linearity of the dyes in the context of real-time
PCR, which is another well-established method to quantify
dsDNA. Here only the direct fluorescent quantification is discussed.

2. Materials and methods

Materials. Deoxyribonucleic acid sodium salt from salmon testes
(D1626) was obtained from Sigma-Aldrich. SYBR® Green I (10.000X
concentrate in DMSO) and Quant-iT™ PicoGreen® (400X concen-
trate) in DMSO were purchased from Life Technologies, as well as
tion volume and detection method. If no information on the exact wavelength of
tioned excitation and emission values are maxima of spectra. #¼ on assumption that

the manufacturer of the dye.

e Detection method Incubation Ref.

L Microplate reader 30 min @ RT [5]
(485/530 nm)

L Spectrofluorometer 5 min @ 72 �C [11]
(503/527 nm)

L Microplate reader 30 min @ 50 �C [12]
(490/530 nm)

L CE & LIF Measuring @ RT [13]
(488/520 nm)
Real-time PCR Measuring @ 25 �C [14]
(490/520 nm)

L CE & LIF Measuring @ RT [13]
(488/520 nm)
Spectrofluorometer 5 min @ RT [15]
(480/520 nm)
Agarose gel not given [16]
(460/560e700 nm)
Spectrofluorometer 2e5 min @ RT [2], [9],*
(480/520 nm)

ven Spectrofluorometer not given [17]
(480/520 nm)
Spectrofluorometer 5 min @ RT [15]
(480/520 nm)

L Spectrofluorometer not given [18]
(485/520 nm)

L Microplate reader 5 min @ RT [19]*
(468/507 nm)

L Microplate reader 5 min @ RT [20]*
(468/507 nm)
Fluorometer not given [21]
(470/510 nm)

http://www.lifetechnologies.com
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Table 2
Excitation and emission wavelengths used for the various dyes.

Dye Excitation Emission

EG 500 nm 530 nm
SG 497 nm 520 nm
PG 502 nm 523 nm
AC 468 nm 507 nm
AB 468 nm 507 nm
YO 491 nm 509 nm
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YOYO-1™ Iodide (1 mM) in DMSO. The AccuClear™ Ultra High
Sensitivity kit (100X concentrate) in DMSO and the AccuBlue™
NextGen dsDNA quantitation Kit1 (400X concentrate) in DMSO
were obtained from Biotium, as well as EvaGreen® (20X concen-
trate) in MilliQ. For all experiments TE-buffer (10 mM Tris-HCl,
1 mM EDTA, pH 8.0) was used as solvent, as recommended in all
protocols of the manufacturers of the dyes.

Absorption spectra. For EvaGreen, SYBR Green and PicoGreen
100 mL of various DNA solutions (0e50 pg/mL and 0e50 ng/mL) were
added to 100 mL 2.0X concentrate dye solutions, to end up with an
end concentration of 1.0X. For YOYO-1 100 mL of various DNA so-
lutions and 100 mL of 200 nM dye solutionwas used (to end upwith
an end concentration of 100 nM, as is recommended in the protocol
of the manufacturer). Thus the total volume of the solution in each
well of a Corning 96 flat bottom black polystyrene microplate was
200 mL. In case of AccuClear and AccuBlue NextGen the manufac-
turers' protocols were followed by adding 10 mL of various DNA
solutions to 200 mL working solution (AccuClear dye in the pro-
vided buffer or AccuBlue NextGen dye and enhancer (100X) in the
provided buffer), yielding 210 mL.

Absorption spectrawere taken in duplo (i.e. two separate 96well
plates) with a Tecan M200 PRO multimode reader, operated by
Tecan I-control software. All spectra were recorded at room tem-
perature, after incubation in the dark for about 20 min. 20 min is
chosen as incubation time to obtain a steady state for all dyes, and to
exclude intensity differences possibly present in the first minutes,
since filling and mixing of a complete microplate takes some time.

Excitation and emission spectra. Excitation and emission spectra
were taken of the 1.0X free dye solutions (note: 100 nM for YOYO-
1). The dsDNA/dye complex consists of 1.0X dye and 50 ng/mL (note:
4.76 ng/mL for AccuClear and AccuBlue NextGen) dsDNA solution,
according to the above described protocol.

The spectra were taken with a Perkin Elmer LS55 fluorescence
spectrometer with an 8 mL 1 � 1 mm flow through precision cell
from Hellma Analytics. Excitation spectra were recorded by moni-
toring the emission wavelength given in Table 2 and emission
spectra were recorded by exciting at the wavelength given in
Table 2. The excitation and emission slit were set at 2.5 nm and
3.5 nm, respectively. All spectra were recorded at room tempera-
ture, directly after adding the DNA to the dye.

Fluorescence intensity. For the fluorescence intensity, the same
protocol as for the absorptionmeasurementswas followedwith the
optimal dye concentration and buffer as prescribed by the manu-
facturer. When a kit with control dsDNAwas used, the fluorescence
intensity of this DNA was also measured. Excitation and emission
wavelengths given in Table 2 were used. Due to the small Stokes
shift at optimal wavelengths (502/523 nm), for the experiments
with PicoGreen excitation and emission wavelengths of 480 nm
and 520 nm were used, respectively. All measurements were car-
ried out in triplo (three measurements within the same 96 well
plate) and in duplo (i.e. two separate 96 well plates) in a Corning 96
1 Biotium was so kind to provide a trial kit AccuBlue NextGen (200 assays).
flat clear bottom black polystyrene microplate or a Greiner 96 flat
dark bottom black polystyrene microplate at room temperature,
after incubation in the dark for about 20 min.

The limit of detection (LOD) is defined as LOD ¼ xbl þ ksbl,
where xbl is the mean of the blank measurements (only TE-buffer
added to the dye and no DNA) and sbl the standard deviation of
the blank measurements. k is numerical factor for the confidence
level desired and is chosen to be 3, as recommended for spectro-
scopic analysis [23].

3. Results and discussion

Below the spectra and optimal wavelengths are discussed for
each dye. All the maxima are also given in Table 3. In case the value
differs from literature (±5 nm) the wavelength is italicized in the
table. Values not given in literature are underlined. Moreover, the
linear range of each dye is compared with literature and marked
italic when the found values deviate from literature or values given
by the manufacturer. These deviations are also discussed and
explained, where possible, below.

Absorption spectra. For EvaGreen, SYBR Green, PicoGreen and
AccuClear a bathochromic shift in the absorption spectrum can be
observed between the free state and the dsDNA/dye complex
(Fig. 2.1 DiB) [22].

The absorption spectrum of 1.0X EvaGreen with 1 ng salmon
DNA shows a peak around 470 nm (Fig. 2.2 DiB) [22]. For increasing
amounts of DNA the peak at 470 nm decreases and it turns into a
minor peak, while a peak around 500 nm appears, which becomes
themajor peak. The peak of free 1.0X SYBR Green is relatively broad
with twomaxima at about 475 nm and 494 nm. Amaximum can be
seen at 495 nm upon binding of dsDNA (10 ng/mL, which corre-
sponds to 100 ng) to the dye (Fig. 2.3 DiB) [22]. When the same
amount of dsDNA is added to 1.0X PicoGreen the absorbance peak
shift from 498 nm to 500 nm (Fig. 2.4 DiB) [22]. Upon addition of
10 ng/mL (which corresponds to 10 ng) to 1.0X AccuClear, a little
shift from 465 nm to 468 nm can be seen (Fig. 2.5 DiB) [22]. With
increasing amounts of DNA the spectra of EvaGreen, SYBR Green,
PicoGreen and AccuClear become more distinct and in most cases
the absorbance values increase (Fig. 2.2e2.5 DiB) [22]. In compar-
ison with other dyes (except for AccuClear) AccuBlue NexGen
shows a low absorption peak with a maximum around 472 nm for
both the free dye and the dsDNA/dye complex (Fig. 2.6 DiB) [22]. No
absorption peak could be observed in the spectra of YOYO-1 with
0e1000 ng of salmon DNA, while maxima around 460 nm and
490 nm are expected for the free dye and the dsDNA/dye complex,
respectively (Fig. 2.7 DiB) [22]. However, in literature for this
experiment a higher dye concentration than 100 nM was used,
namely 1e10 mM [24].

For each dye the absorption maxima given in Table 3 are mostly
(EvaGreen, SYBR Green, Picogreen, AccuClear and AccuBlue Next-
Gen) in agreement with the values reported in literature (Table 1.1
DiB) [12,19,20,22,24,25].

Excitation and emission spectra. For the free state of EvaGreen
and PicoGreen no distinct peaks could be distinguished in the
spectra. In literature the used dye concentrations to determine the
maximawere higher than 1.0X, namely 11.42 mM and a ratio of 1:10
dye/dsDNA base pair for EvaGreen and PicoGreen, respectively
[12,25]. The free dyes of SYBRGreen and AccuClear showedmaxima
for excitation/emission at 496/518 nm and 486/511 nm, respec-
tively (Fig. 2.8, 2.10 and 2.12 DiB) [22]. The emission of free SYBR
Green in literature is claimed to be 530 nm, which is not in accor-
dance with these results [25]. No data is reported regarding other
maxima of these two dyes. For AccuBlue NextGen and YOYO-1 the
maxima for excitation/emission are present at 479/514 nm and
484/511 nm, respectively. The emissionmaximum of YOYO-1 in free



Table 3
Absorption, excitation and emission wavelengths for dyes free in solution and dye/dsDNA complexes, Stokes shift of the dsDNA/dye complex and limit of detection with
corresponding linear range. In case the value differs from literature (±5 nm) the wavelength is italicized. Values not given in literature are underlined. The linear range of each
dye is compared with literature and marked italic when the found values deviate from literature or values given by the manufacturer. n.p. ¼ not present.

Dye Absorption Excitation Emission Stokes shift LOD Linear range

Free Complex Free Complex Free Complex Free Complex

EG 470 nm 500 nm n.p. 503 nm n.p. 525 nm n.p. 22 nm 10 ng 0.2 ng e 100 ng
SG 494 nm 495 nm 496 nm 497 nm 518 nm 520 nm 22 nm 23 nm n.p. n.p.
PG 498 nm 500 nm n.p. 500 nm n.p. 521 nm n.p. 21 nm 100 pg 10 pg e 100 ng
AC 465 nm 468 nm 486 nm 470 nm 511 nm 498 nm 25 nm 28 nm 100 pg 3 pg e 200 ng
AB 472 nm 472 nm 479 nm 484 nm 514 nm 507 nm 35 nm 23 nm 50 pg 5 pg e 5 ng
YO n.p. n.p. 484 nm 490 nm 511 nm 508 nm 27 nm 18 nm n.p. n.p.

Fig. 2. Fluorescence intensities of the dyes in the presence of 0, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50 & 100 pg salmon dsDNA and 1.0X dye (100 nM for YOYO-1) in a volume of
200 mL (except for AccuClear and AccuBlue NextGen where 210 mL is used). Spectra
were recorded with a M200 PRO multimode reader (Tecan). The error bars are ±1
standard deviation. PicoGreen, AccuClear and AccuBlue NextGen are depicted on the
left y-axis, whereas EvaGreen, SYBR Green and YOYO-1 are depicted on the right x-
axis, as is indicated by the coloured arrows in the graph. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Fluorescence intensities of the dyes in the presence of 0, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50 & 100 ng salmon dsDNA and 1.0X dye (100 nM for YOYO-1) 200 mL (except for
AccuClear where 210 mL is used. Spectra were recorded with a M200 PRO multimode
reader (Tecan). The error bars are ± 1 standard deviation. EvaGreen, SYBR Green,
PicoGreen and AccuClear are depicted on the left y-axis, whereas YOYO-1 is depicted
on the right x-axis, as is indicated by the coloured arrows in the graph. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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state is not consistent with literature, but higher [24]. No data is
reported regarding other maxima of these two dyes.

The excitation and emission maxima for the dsDNA/dye com-
plex are for EvaGreen 503/525 nm, for SYBR Green 497/520 nm, for
PicoGreen 500/521 nm, for AccuClear 470/498 nm, for AccuBlue
NextGen 484/507 nm and for YOYO-1 490/508 nm (Fig. 2.9e2.15
DiB) [22]. All excitation and emission maxima are given in Table 3
and are in accordance with values reported in literature (Table 1.1
DiB) [10,12,19,20,22,25,26]. However, the emission maximum of
AccuClear is lower and the excitation maximum of AccuBlue Next
Gen is higher than values given by the manufacturer (486/507 nm
for both dyes) [19,20]. For PicoGreen the maxima are in agreement
with literature, although the manufacturer recommends to use
480/520 nm when this dye is used for (quantitative) fluorescence
intensity measurements [2,9].

For the dsDNA/dye complex the fluorescence intensities in-
crease significantly (in the order of 100 times, except for AccuBlue
NextGen and YOYO-1) compared to the free state of the dye
(Fig. 2.10e2.15 DiB) [22]. This might be due to H-dimer (side-to-
side/sandwich aggregate) formation of the free dye, which reduces
the background fluorescence resulting in a substantial increase in
fluorescence intensity upon binding to dsDNA, possibly forming J-
dimers (head-to-tail aggregate) resulting in high quantum yields
characteristic for cyanine dyes [27,28]. H-dimer formation, which
happens in aqueous solutions, is characterized by an absorption
maximum at low wavelengths (hypsochromic shift) and a broader
absorption band in combinationwith a large Stokes shift, compared
to the monomer of the dye. Note that AccuClear and AccuBlue
NextGen have significantly lower absorption and excitation max-
ima than the other investigated dyes. Another important mecha-
nism of fluorescence intensity increase is the fixation of the dye
conformation upon binding to DNA. This lowers the rate of non-
radiative decay paths of the dye, and therewith enhances the
quantum yield. Additionally, H-dimer formation lowers the toxicity
of the dye, due to a high molecular weight, which reduces the
permeation of the dye through the cell membrane [6,28,29].

Fluorescence intensity. In Figs 2 and 3 the fluorescence intensity
is shown for dsDNA amounts in the pg-range and the ng-range,
respectively. For the range of 0e100 pg only AccuBlue NextGen
exhibits a linear response, as can be seen in Fig. 2. Fig. 3 shows that
EvaGreen, PicoGreen and AccuClear exhibit linearity for the range
of 0e100 ng.

EvaGreen does not show linear behavior when dsDNA is added
in the pg-range (Fig. 2.16 DiB) [22]. In the presence of 0.2e100 ng
dsDNA EvaGreen is found to be linear (Fig. 2.17 DiB) [22]. For SYBR
Green no linear range is found in the pg- or ng-range of added
dsDNA (Fig. 2.18 and 2.19 DiB) [22]. PicoGreen is highly linear
(R2 � 0.95) in the range of 10 pg till 100 ng for the salmon dsDNA as
well as for the control dsDNA from the kit (l dsDNA standard)
(Fig. 2.20 and 2.21 DiB) [22]. When 5e500 pg salmon dsDNA or
3e1000 pg control dsDNA (calf thymus dsDNA standard) is added
to AccuClear a linear response is observed (Fig. 2.22 DiB) [22].
AccuClear is also highly linear in the range of 0.01e200 ng salmon
dsDNA and 0.003e100 ng control dsDNA, resulting in a linear range
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of 3 pg up to 200 ng dsDNA (Fig. 2.23 DiB) [22]. The complete linear
range of AccuBlue NextGen is 5e5000 pg (Fig. 2.24 DiB) [22]. For
YOYO-1 no linear range was found in the pg- or ng-range of added
dsDNA (Fig. 2.25 and 2.26 DiB) [22].

The limit of detection for the dyes can be found in Table 3. The
linear range of the dyes is determined by an R2 value of �0.95,
whereas the limit of detection is based on the standard deviation of
the blank (fluorescence intensity of free dye). The values obtained
for the limit of detection can be higher than the lower limit of the
linear range. Therefore, it would be more appropriate to take the
limit of detection as lower value of the linear range.

4. Final remarks

When the Stokes shift (i.e. the difference in wavelength of the
excitation and emission spectra) is small, as is the case for Pico-
Green with a difference of about 20 nm, a lower excitation wave-
length must be used for fluorescence intensity measurements. The
sensitivity of an assay is limited by the Rayleigh-Tyndall scattering
when the excitation and emission wavelengths are close to each
other, whereby total separation is impossible. Since the emission
spectrum is independent of the excitation wavelength a lower
wavelength can be used for the excitation with only a lower fluo-
rescence intensity as result [4].

The cyanine dyes are weakly fluorescent as free dye in solution
(Fig. 2.10e2.15 DiB) [22]. However, this background fluorescence can
still be significant relative to the fluorescence intensity when only a
small amount of dsDNA is added, as is the case for YOYO-1 (Fig. 2.15
DiB) [22]. Therefore, the detection sensitivity is limited by the
intrinsic fluorescence of the dye itself. The intrinsic background can
be suppressed by the use of an anionic dye modifier. By adding such
a dye modifier, for instance Coomassie Blue R-250 or Guinea Green
B, the linear range of EvaGreen dye can be extended from 1 to 50 ng
(5e250 ng/mL) to 0.2e100 ng (1e500 ng/mL). Increasing the dye
concentration from 0.63 mM up to 1.25 mM results in a sigmoidal
signal when no modifier is added. By adding the modifier the
response becomes linear from 0.5 ng to 250 ng [5]. Most dyes
become non-linear when only a small amount of dsDNA (pg-range)
is added to the dye. Possibly the dye aggregates, which is initiated by
the small amount of dsDNA. The dyemolecules are that close to each
other, that the emitted fluorescence is absorbed by a neighboring
molecule via fluorescence resonance energy transfer. Therefore the
complex formed might be even weaker fluorescent than the free
dye, which can be observed in Fig. 2.16 and 2.18 (DiB). This effect can
also be avoided by adding a dye modifier [22].

Another suggestion for the low fluorescence intensity at a low
DNA base pair:dye ratio are the charges in the complex. Cyanine
dyes, such as EvaGreen and YOYO-1, are positively charged, whereas
DNA has a negative charge. Therefore, the complex might become
neutral and even hydrophobic when the dye molecules are densely
lined next to each other. This interaction results in a strong Van der
Waals force, which results in further dye aggregation. Next to that,
the complex can act as an inner filter, whereby the highly aggre-
gated DNA-dye complex behaves as a super quencher, which cap-
tures the intrinsic fluorescence of the dye molecules in solution. By
aggregation less dye is available in solution for dsDNA/dye complex
formation, which reduces the overall fluorescence even further.

5. Conclusions and outlook

A total of six cyanine dsDNA are investigated: EvaGreen, SYBR
Green, PicoGreen, AccuClear, AccuBlue NextGen and YOYO-1. The
absorption, emission and excitation wavelengths are determined
and compared with literature and information from the manufac-
turers. The obtained optimal wavelengths are used to analyse the
linear range and limit of detection of these dyes. Whereas for SYBR
Green and YOYO-1 no linear range nor limit of detection could be
determined for low amounts of dsDNA, this is possible for the other
dyes. EvaGreen has a linear range of 0.2e100 ng with a limit of
detection of 10 ng. PicoGreen and AccuClear both have a detection
limit of 100 pg with a linear range of 0.01e100 ng and
0.003e200 ng, respectively. AccuBlue NextGen has the lowest limit
of detection of the investigated dyes with a value of 50 pg and a
linear range of 0.005e5 ng. Therefore, AccuBlue NextGen exhibits
the highest sensitivity of the tested dyes, whereas AccuClear has
the widest linear range.

In this research all six dyes were studied under exactly the same
conditions. Nevertheless, the linearity and the limit of detection
might be influenced by changing other parameters, such as the type
of DNA (e.g. different GC-content), the type and pH of the buffer
solution, dye concentration or incubation time.
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