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EVALUATION OF THE MONOMETHINE CYANINE
DYE FB128 IN REAL-TIME PCR APPLICATIONS

Aim. To evaluate the suitability of the novel DNA-binding dye fb128 for real-time PCR applications, including ampli-
fication efficiency, fluorescence performance, PCR inhibition threshold, and melting curve analysis. Methods. UV-vis
absorption and fluorescence spectroscopy, agarose gel electrophoresis, real-time PCR, melt curve analysis. Results.
128 exhibited low intrinsic fluorescence and strong DNA-specific signal (AQ = 160.7). Optimal concentrations
(0.2—1.6 uM) provided early Ct values without PCR inhibition, whereas the concentrations of 23 uM caused a delay
in amplification or complete suppression. PCR efficiency with fb128 was 102.6 %, within the optimal range for quanti-
tative applications. Melting peaks with fb128 were stronger and appeared at 74.5 °C, 2.5 °C lower than with SYBR
Green I, suggesting weaker dsDNA binding. Conclusions. fv128 demonstrates high amplification efficiency, strong
fluorescent signal, broad concentration tolerance, and robust melting analysis performance. These properties establish
128 as a competitive alternative to SYBR Green I for real-time PCR applications.

Keywords: monomethine cyanine dye, fluorescence intensity, real-time PCR, DNA binding, PCR efficiency, melt
curve analysis.

Introduction time PCR relies on the presence of a fluorescent

molecule that enables real-time monitoring of tar-

Real-time polymerase chain reaction (PCR) is a
comprehensive and powerful technique for detec-
ting and quantifying nucleic acids, and it has be-
come one of the leading technologies in molecular
diagnostics, the biological sciences, agriculture
and medicine [1—4]. The key principle of real-

get DNA amplification. This fluorescent reporter
can be a fluorescently labelled oligonucleotide
probe or a simple DNA-binding dye [5].
Probe-based methods such as TagMan and
Light-up have become widely used in clinical and
biological research due to their high sensitivity
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and specificity, which is required for demanding
applications such as medical diagnostics [6]. Ho-
wever, these methods have several limitations:
they are less suitable for analysing highly poly-
morphic genomic regions (e.g. rapidly mutating
SNPs or hypervariable loci), and probe synthesis
is often expensive and time-consuming [7]. As an
alternative, simple fluorescent DNA-binding dyes
have been widely adopted for real-time PCR to
monitor the accumulation of the target DNA frag-
ment during amplification [8]. Currently, numer-
ous fluorescent dyes with high DNA-binding af-
finity have been developed, including intercala-
ting and groove-binding molecules such as BEBO,
SYBR Green I, SYTO9 and EvaGreen [8—12].
Nevertheless, SYBR Green I remains the most
widely used cyanine dye in PCR applications. Ho-
wever, its limitations, including limited dye stabi-
lity, PCR inhibition at higher concentrations,
preferential binding to specific DNA sequences
and reduced accuracy during melting curve ana-
lysis, have motivated the search for improved in-
tercalating dyes for real-time PCR.

In a recent study, we investigated the impact of
DNA, RNA and HSA on the spectral and lumines-
cent properties of eight monomethine cyanine dyes
with different structural features [14]. Of these, the
tb128 dye, which contains an oxazole yellow chro-
mophore, exhibited the highest fluorescence inten-
sity in the presence of nucleic acids. Furthermore,
this dye exhibited the largest increase in the fluo-
rescence intensity ratio upon the addition of DNA/
RNA to the dye solution in TRIS-HCI buffer. It is
well established that binding of dye molecules to
DNA is critical for monitoring the amplification
process. However, dyes with excessively high affini-
ty for DNA can inhibit the polymerisation reaction
by stabilising the DNA duplex and increasing its
melting temperature by up to 10 °C [10]. In addi-
tion to inhibiting polymerisation, strong DNA
binding can distort melting curves and affect PCR
efficiency and specificity. The aim of this study was
therefore to evaluate the FB128 dye in terms of
fluorescence signal intensity, potential reaction in-
hibition, amplification efficiency and amplicon
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melting behaviour, in order to assess its suitability
for real-time PCR applications.

Materials and Methods

Spectral analysis of the dye. The monomethine
cyanine dye FB128 (see Fig. 1a) was kindly pro-
vided by Todor Deligeorgiev of Sofia University
“St. Kliment Ohridski”. The structure of FB128 was
confirmed by "H NMR and elemental analysis. Di-
methyl sulfoxide (DMSO) and a 0.05 M Tris-HCl
buffer solution at pH 8.0 were used as solvents.
A stock solution was prepared in DMSO at a con-
centration of 2 mM. Stock solutions of DNA were
prepared in a 50 mM Tris-HCI buffer solution
(pH 8.0). Working solutions of the free dye were
prepared by diluting the dye stock solution in
50 mM Tris-HCI buffer solution (pH 8.0). Wor-
king solutions of the dye in the presence of nucleic
acids were prepared by adding an aliquot of the
stock solutions of the dye and nucleic acid to
50 mM Tris-HCI buffer solution (pH 8.0).

All spectral measurements were performed
immediately after preparing the corresponding
working solutions. Absorption spectra were re-
corded using a Genesys 20 Visible Spectropho-
tometer (Thermo Fisher Scientific, USA). Fluo-
rescence spectra were recorded using a Cary
Eclipse fluorescence spectrophotometer (Varian,
Australia). All measurements were performed in
quartz cuvettes (10 x 10 mm) at room tempera-
ture. Wavelength accuracy of the Cary Eclipse
fluorescence spectrophotometer is 1.5 nm. Fluo-
rescence spectra were measured with excitation
and emission slit widths equal to 5 nm.

PCR and gel electrophores conditions. A 210 bp
DNA-fragment of human SMNI gene exon 7 was
used as the target PCR template. The sequence
of the PCR primers was as follows: SMNI1_f:
5-CCTTTTATTTTCCTTACAGGGTTTC-3’
and SMN1_r: 5-GATTGTTTTACATTAACCTT
TCAACTTTT-3’ [15]. The PCR was carried out in
a final volume of 15 pl containing 1 x PCR (67 MM
TRIS-HCI (pH 8), 16 mM NH,SO, 0.1% w/v
Tween-20, 170 mcg/ml BSA), 2.5 mM MgCL,
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Fig. 1. Monomethine cyanine dyes fb128. a — Structures of dyes. b — Normalized excitation and emission spectra of
fb128: I — excitation spectrum in buffer; 2 — emission spectrum in buffer; 3 — excitation spectrum in buffer in the
presence of DNA; 4 — emission spectrum in buffer in the presence of DNA

0.2 mM each of ANTP, 500 nM each of forward
and reverse primers, a human genomic DNA
(15ng — 50 ng), 0.4 units of PhyScript DNA poly-
merase and fb128 dye at the indicated concentra-
tion. A sample of human genomic DNA obtained
from the DNA collection of the Laboratory of Ge-
netics of Hereditary Diseases at the Institute of
Molecular Biology and Genetics of NASU, was
used for the PCR analysis. The quality and quanti-
ty of the DNA sample were checked using an
ND-1000 spectrophotometer (NanoDrop, USA).
For further studies, the stock DNA sample was di-
luted in TE buffer to working concentrations. The
tb128 stock solution was diluted immediately be-
fore use with the PCR buffer to the concentrations
tested. The tb128 stock solution showed no signs
of degradation after >9 months of storage in a re-
frigerator. The PCR temperature conditions were
as follows: an initial denaturation step at 95 °C for
2 minutes, followed by 30 two-step cycles of dena-
turation at 95 °C for 15 seconds and annealing/
elongation at 60 °C for 40 seconds. The PCR
products were fractionated in a 1.6% agarose
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gel stained with ethidium bromide (0.5 ug/ml),
and visualised by transillumination in ultravio-
let light.

Real-time PCR and melting curve analysis. The
qPCR reaction was carried out using the CFX96
real-time PCR system (Bio-Rad, USA). The fluores-
cent signal was measured at channel 1, correspon-
ding to the FAM and SybrGreen I dyes, with the fol-
lowing parameters: excitation at 450—490 nm and
emission at 510—530 nm. Fluorescent detection
was performed at the end of each annealing/ex-
tension step, and qPCR values were evaluated us-
ing CFX Manager™ Software (Bio-Rad). The cycle
threshold (Ct) value was defined as the minimum
value in the exponential growth phase of fluores-
cence at which the PCR efliciency was closest to
100%. Melting curve analysis was performed with
0.5 °C increments and a 10-second hold at each step
from 55 °C to 90 °C. PCR efficiencies (E) were de-
termined from a DNA template dilution series and
calculated according to the equation E = (10-'/m -
- 1) x 100%, where m is the slope of the linear stan-
dard curve.
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Fig. 2. Amplification plots of the 201 bp SMNI1 fragment using fb128 as the DNA-binding dye
for real-time fluorescence monitoring. The dye concentrations (M) are indicated in the figure.

NTC — no template control

Results and Discussion

Spectral-luminescent
properties of dye fb128

Our recent research has demonstrated that tb128
exhibits promising spectral-luminescent proper-
ties for potential application in real-time PCR
[14]. Fig. 1b shows the fluorescence spectra of
tb128 in aqueous medium (50 mM TRIS-HCI
buffer, pH 8.0) in the absence (I, 2) and in the
presence (3, 4) of dsDNA. The excitation (A ) and
emission (A ) maxima for fb128 bound to DNA
were 491 nm and 513 nm, respectively, with the
fluorescence intensity (I, | ) reaching 2090 ar-
bitrary units (a.u.). By contrast, the fluorescence
intensity of the free dye in the buffer (I ) was
only 13 a.u. Thus the addition of DNA resulted in
a 160.7-fold increase in fluorescence intensity
(AQ=1,,,.../L,) of the dye in buffer.

Effect of the dye concentration
on real-time PCR performance

It is well established that intercalating dyes can in-
hibit PCR if their concentration exceeds a critical
threshold due to their strong affinity for double-
stranded DNA (dsDNA). To determine whether
the fb128 dye exhibits an inhibitory effect, the real-
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time PCR assays were conducted in which the
amount of template DNA and the composition of
the reaction mixture were held constant while the
concentration of fb128 varied from 0.05 uM to
6 uM. Fig. 2 shows the amplification curves for the
201 bp SMNI1 fragment at six different concentra-
tions of fb128: 0.05, 0.2, 0.7, 1.6, 3 and 6 pM. The
results revealed that tb128 at 0.7 pM and 0.2 uM
produced comparable and relatively early Ct val-
ues. At 1.6 pM, a slight Ct delay was observed; in-
creasing the dye concentration to 3 pM, however,
caused substantial Ct delays. At 6 uM, the reaction
failed to produce a detectable fluorescence signal
(no Ct), indicating complete inhibition of amplifi-
cation. The 0.05 uM concentration yielded a de-
tectable product, but with delayed Ct values and
low endpoint fluorescence.

To validate these observations, the PCR pro-
ducts from the reactions, shown in Fig. 2, were ana-
lysed using agarose gel electrophoresis (see Fig. 3).
Specific products were detected at concentrations
of tb128 between 0.05 and 1.6 puM, whereas no
product was observed at 6 uM and only a trace of
the PCR product was visible at 3 pM. These data
suggest that concentrations of {b128 above 1.6 uM
inhibit PCR under the conditions used here.

Interestingly, despite the Ct delay during real-
time monitoring (Fig. 2 and Fig. 3, track 7), the
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Fig. 3. 1.6% agarose gel electrophoresis of the PCR pro-
ducts: 1 — NTC; 2—7 — {b128 concentrations: 6 UM,
3 uM, 1.6 uM, 0.7 uM, 0.2 uM, and 0.05 uM respectively

reaction with a concentration of 0.05 uM produced
a clear amplicon on the gel. This discrepancy sug-
gests that, while low dye concentrations enable
successful amplification, they can result in delayed
signal accumulation, as indicated by the Ct value
of 29 cycles compared to 24 cycles for concentra-
tions of 0.2 uM and 0.7 pM, and 25 cycles for
1.6 uM. This is also evident from the lowest RFU
values for the 0.05 uM concentration (see Fig. 2). It
is important to note that the strength of the fluo-
rescent signal in qPCR depends on the amount of
amplified DNA and the dye concentration. There-
fore, identification of the optimal dye concentra-
tion that provides the strongest fluorescent signal
without inhibiting the reaction is a critical step in
testing new fluorescent dyes for PCR applications.
For tb128, the optimal working range under our
experimental parameters was determined to be
between 0.2 uM and 1.6 uM: a range that maximi-
ses the fluorescent signal while avoiding signifi-
cant PCR inhibition.

PCR efficiency

The standard titration curve, which defines PCR
efficiency, is affected by numerous factors, one of
which is an intercalating dye, as it can alter poly-
merase activity and fluorescence output. To evalu-
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ate the impact of f{b128 on amplification efficiency,
a set of 1.5-fold serial dilutions of human geno-
mic DNA (15—50 ng) was analysed by qPCR us-
ing 0.5 uM fb128. Fig. 4 shows the amplification
curves for the SMN1 fragment across the dilution
series. All reactions were performed in triplicate
to ensure reproducibility. The reactions exhibited
consistent efficiency over the studied concentra-
tion range, with the standard curve (shown as an
inset in Fig. 4) indicating an amplification effi-
ciency of 102.6%.

These results suggest that {b128 does not ne-
gatively impact amplification efficiency at the
optimal concentration of 0.5 pM, supporting its
suitability for quantitative applications in real-
time PCR.

Melting curve analysis

Post-amplification melting curve analysis was
performed to verify the specificity of the amplifi-
cation and compare the melting profiles of the
amplicons when intercalated with either fB128
or SYBR Green I. The derivative melting curves
for both dyes are shown in Fig. 5.

At a concentration of 0.5 uM, fb128 produced a
single, sharp melting peak at 74.5 °C, whereas
SYBR Green I (1x) generated a peak at 77.0 °C.
Therefore, the melting temperature of amplicons
stained with tb128 was approximately 2.5 °C lower
than that obtained with SYBR Green I, and no ad-
ditional peaks were detected for either dye. This
indicates the absence of non-specific amplification
products or primer dimers. The melting peak for
tb128 was significantly higher in amplitude than
that of SYBR Green I, which is consistent with the
higher final fluorescence intensity observed in
qPCR amplification curves for fb128. This suggests
that fb128 may be preferable for melting curve
analysis due to its increased sensitivity.

Taken together, these results demonstrate that
tb128 ensures high amplification specificity while
producing a robust melting profile, making it a
promising dye for both qPCR detection and post-
PCR analysis.
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Influence of reaction mixture
onPCRperformance

The composition of the reaction mixture (i.e. the PCR
buffer) is also very important when testing new dyes,
as it can significantly impact the efficiency and speci-
ficity of amplification [16]. We investigated the effect

of different concentrations of Tris-HCI, MgCl,
(NH,),SO,, KCl, Tween-20, DMSO, betaine and vari-
ous DNA polymerases on the composition of the PCR
reaction mixture, while keeping the primers, DNA
template, dye and dNTPs constant (data not shown).

As shown in Fig. 6, both the amplification effi-
ciency and the fluorescence signal were strongly
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Fig. 4. a — Amplification plots of the SMN1 fragment from various DNA inputs within the range of 15—50 ng. All reac-
tions were run in triplicates, RFU — Relative Fluorescence Units, b — Standard curve data
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Fig. 5. Melt curve analysis of the SMN1 fragment with fb128 and SYBR Green I (SG) sho-
wing the first derivative of the fluorescence with respect to temperature (-dRFU/dT)
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Fig. 6. Effect of reaction mixture composition (PCR buffer)
on PCR performance at a 0.5 M concentration of fb128

influenced by the composition of the buffer, while
tb128 demonstrated high compatibility with mul-
tiple reaction conditions.

Discussion

In this study, we examined several important crite-
ria that determine the suitability of the DNA-bin-
ding dye tb128 for qPCR applications. These crite-
ria included fluorescent signal intensity, the effect
of dye concentration on PCR performance, ampli-
fication efficiency and melt curve data. Fb128 has
low intrinsic emission, which reduces its impact
on amplification and makes it well suited to use in
melt curve analysis. We found that f{b128 has a low
intrinsic emission level, which reduces its impact
on amplification detection and melting curve ana-
lysis. At the same time, fb128 exhibits high fluores-
cence intensity (IDNA = 2090 a.u.) and high DNA-
to-buffer intensity ratio (AQ = 160.7). The optimal
concentration of fb128 was determined to be the
concentration that provided the best combination
of low PCR inhibition, high fluorescence and a
low Ct. Under the conditions used in this study,
this concentration ranged widely from 0.2 uM to
1.6 uM. For comparison, the optimal concentra-
tions of other fluorescent dyes commonly used in
PCR analysis are within the following ranges:
0.1—0.5 uM for BEBO dye [9], 0.34—0.64 uM for
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SYBR Green I and 0.67—1.33 uM for EvaGreen
[11, 13]. It has been shown that SYBR Green I ex-
hibits high affinity for single-stranded DNA
(ssDNA) at high concentrations, and can bind to a
single-stranded template at the stage of chain ex-
tension, thereby inhibiting PCR. We assume that
tb128 predominantly binds to dsDNA and inte-
racts weakly with ssDNA; therefore, it does not
show an inhibitory effect. The ability to use the dye
at high concentrations without PCR inhibition, as
demonstrated with fb128, offers significant advan-
tages for high-resolution melting analysis (HRM),
particularly when the amplification curve is of
poor quality and shows Ct > 30 [17].

Quantitative real-time PCR is widely used to
determine gene copy number. The accuracy of the
results critically depends on consistently high am-
plification efficiency and the use of a suitable refe-
rence gene with comparable amplification charac-
teristics. Some quantitative analysis models as-
sume that genes are optimally amplified with an
efficiency close to 100% [18]. Therefore, amplifica-
tion efficiency between 93% and 105% is consi-
dered high and sufficient [19]. Ensuring these two
parameters allows for reliable normalisation and
accurate calculation of relative gene copy numbers
[20]. Given the promising performance of fb128
demonstrated in our study (PCR efficiency of
102.6%), further evaluation of its applicability in
copy number quantification assays could provide
additional insights. Such experiments require both
the studied and referent genes to be amplified
efficiently.

Melting temperature (T_m) analysis is imple-
mented in real-time PCR to confirm amplification
specificity and for high-resolution melting (HRM)
analysis, single nucleotide polymorphism (SNP)
genotyping, methylation analysis, and pathogen
identification [21, 22]. In our study, fb128 pro-
duced stronger melting peaks than SYBR Green I,
despite displaying T_m values that were 2.5 °C
lower. This suggests weaker dsDNA binding. We
hypothesise that this moderate binding strength
enables tb128 to produce stable, high-intensity
melting signals without stabilising the DNA duplex
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excessively. It should be noted that, to estimate the
applicability of fb128 for amplicon differentiation
by HMR analysis, several requirements must be
met, primarily relating to the length and nucleo-
tide sequence of the amplicons, as well as the com-
position of the other components. Thus, the mel-
ting analysis was evaluative and comparative in
nature; however, its results suggest that research
into the use of tb128 for HMR applications is
promising.

Conclusions

Our study demonstrates that fb128 offers several
advantages for real-time PCR applications, inclu-
ding low intrinsic fluorescence, a wide optimal
concentration range, high amplification efficien-
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OLIHIOBAHHA MOHOMETHVH-IUIAHVMHOBOTI'O EAPBHMKA FB128
JJI1 3BACTOCYBAHHA B ITVIP B PEAJIBHOMY YACI

Mema. Ouinyty npupaTHicts HoBoro 6apsHuKa fb128, mo npossise adinni Bnactusocri o JHK, mns sactocyBanus
B IIJIP B peanbHOMY 4aci, BKIo4Yalouy edeKkTUBHICTb aMIUIidikalii, ¢pryopeceHTHI XapaKTepUCTUKH, IOPIr iHri6y-
BaHH:A [IJIP Ta aHanis xpuBoi nmnasneHH:A. Memoou. CeKTpOCKOIIis orHaHHA B YO-BuaMMoMy fianasoHi Ta ¢yo-
PeclieHTHa CHEeKTPOCKOIIis, enekTpodopes B araposHomy reii, IIJIP B peanbHOMY yaci, aHa/li3 KpUBOI I/IaB/IeHHA.
Pesynvmamu. fb128 mpopmeMoHCTpyBaB HU3BKY BiacHy ¢uryopecuennio ta cuabHuil JHK-cnenydiynmit curnan
(AQ =160,7). OntumanbHi koHeHTpanii (0,2—1,6 MkM) 3abe3neunnu panHi sHadeHHA Ct 6e3 inribysanns ITJIP, Toni
AK 2 3 MKM cripmumHAny iHri6yBaHus amitigikanii abo nosHe npuraidenHs. Epexrusnicts ITIP 3 tb128 craHOBMIA
102,6%, 110 3HAXORUTHCA B ONTMMAJIBHOMY Aialla3oHi A KinbKicHUX 3actocyBaHb. Iliku mnaBnenns 3 fb128 6ymu
cwibHimMMY i 3°ABsmca npu 74,5 °C, mo Ha 2,5 °C Hyxue, Hbk 3 SYBR Green I, o cBigumTh po cnabure 38 13yBaHHA
3 ponanmoropoo JHK. Bucnosexu. tb128 nemMoHcTpye BucOKy edekTuBHicTh amMmidikanii, cuabHMi pryopeceHT-
HIII CUTHAJL, IMPOKY TOJIEPaHTHICTD O KOHIIEHTpallii Ta HaJiliHy IPOAYKTUBHICTb aHaMi3y m1aBneHHs. i BmactuBoc-
i Bupinaiors 128 Ak KoHKypeHTOCIpOMOXKHY anbrepHaTuBY SYBR Green I myia sactocysans ITJIP y peanbHOMY 4aci.

Kniouosi cnoséa: MoHOMeTHH-1IiaHiHOBMIT 6apBHUK, iHTeHCUBHIcTb dyopecenuil, IIVIP y peampromy 4aci, JHK-
3B’s13yBaHHsI, epektuBHicT [P, aHasmis KpuBoi [1aBNIE€HHS.
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