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Abstract Quality control requirements imposed on assays
used in clinical diagnostics and point-of-care-diagnostic test-
ing (POCT), utilizing amplification reactions performed at
elevated temperatures of 35 to 95 °C are very stringent. As
the temperature of a reaction vessel has a large impact on the
specificity and sensitivity of the amplification reaction, simple
tools for local in situ temperature sensing and monitoring are
required for reaction and assay control. We describe here a
platform of stem-and-loop structured DNA hairpins (molecu-
lar beacons, MBs), absorbing and emitting in the visible and
red spectral region, rationally designed for precise temperature
measurements in microfluidic assays for POCT, and their ap-
plication for temperature measurements in a common DNA-
based molecular biological assay utilizing thermophilic
helicase-dependent amplification (tHDA). Spectroscopic
studies of these MBs, rationally designed from DNA se-
quences of different thermal stabilities, chosen not to interact
with the DNA probes applied in the nucleic acid amplification
assay, and temperature-dependent fluorescence measurements
of MB-assay mixtures revealed the suitability of these MBs
for temperature measurements directly in such an assay with a
temperature resolution of about 0.5 °C without interferences
from assay components. Combining two spectrally distin-
guishable MBs provides a broader response range and an

increase in temperature sensitivity up to 0.1 °C. This approach
will find future application for temperature monitoring and
quality control in commercialized diagnostics assays using
dried reagents and microfluidic chips as well as assays read
out with tube and microplate readers and PCR detection sys-
tems for temperature measurements in the range of 35 to
95 °C.

Keywords Fluorescencemolecular beacon . Temperature
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Introduction

Temperature is a key parameter for chemical reactions and
biochemical processes such as enzymatic reactions, pro-
tein folding, and molecular interactions. Also, it largely
affects the mechanical, optical, and structural properties of
biomolecules like proteins and DNA [1]. Hence, local and
precise temperature measurements at micro- and
nanoscales are crucial for cellular biology, medical diag-
nostics, biotechnology, and process control. Moreover,
there is an increasing need for in situ temperature sensing
and constant temperature monitoring in molecular biolog-
ical assays utilizing amplification reactions performed at
elevated temperatures between 35 and 95 °C to meet the
stringent requirements on quality control imposed on as-
says used in clinical diagnostics and point-of-care-
diagnostic testing (POCT) [2]. This is related to the fact
that the specificity and sensitivity of sequence-specific
nucleic acid amplification reactions depend on accurate
reaction conditions, e.g., buffer composition, magnesium
concentration, and temperature settings. Therefore, molec-
ular diagnostic tests must always include internal controls
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to prove that the amplification reaction was not compro-
mised by wrong settings or the presence of inhibitory
substances [3]. For assays relying on isothermal amplifi-
cation technologies such as loop-mediated isothermal am-
plification (LAMP)[4] or thermophilic helicase-dependent
amplification (tHDA) [5, 6], but also for conventional
polymerase chain reaction (PCR) [7, 8], this implies par-
ticularly the signaling (yes/no answer) that a certain tem-
perature has been reached.

Optical temperature sensors are particularly attractive
for non-invasive and non-contact temperature measure-
ments in cells or in rotating microfluidic systems, which
have emerged as a powerful tool for medical diagnostic
applications and POCT solutions. These sensors bypass
some of the limitations of other technologies. This in-
cludes, e.g., invasiveness in the case of thermocouples
and electrical sensors requiring contact and the lack of
spatial resolution of noncontact methods such as IR ther-
mography [1, 9]. Features of an ideal non-invasive fluo-
rescent temperature sensor include a high fluorescence
intensity for sensitive temperature measurements to over-
come interferences from, e.g., background emission from
biological compounds, a fast response time, a high chem-
ical stability under application-relevant conditions, and a
high reversibility. Favorable are also the simple tuning of
the temperature sensing range as prerequisite for versatile
applications and the suitability for multiplexing, e.g., a
multicolor approach. Moreover, applications in diagnos-
tics assays and POCT [2] can require temperature mea-
surements in a cocktail of different compounds and,
hence, the prevention of interferences with other assay
components.

Luminescent temperature sensors have been prepared
from different classes of molecular luminophores and
f luorescen t nanopar t i c les and typ ica l ly u t i l i ze
temperature-dependent fluorometric parameters like lumi-
nescence intensity (or intensity ratios) and lifetime as well
as spectral band position and width [1, 9–11]. Examples
include temperature-sensitive organic dyes [12–17], lumi-
nescent metal-ligand complexes like lanthanide-based mo-
lecular thermometers [10, 18, 19], fluorophores embedded
into or bound to particles [20–23] or attached to polymers
[24, 25], polymer-based nanogels [26, 27], and fluores-
cent gold nanoparticles [28]. Frequently, combinations of
temperature-sensitive and temperature-insensitive dyes,
that can be excited at the same wavelength, but reveal
spectrally distinguishable emission bands, are used for
referenced or ratiometric dual color (e.g., dual-emission-
wavelength) temperature measurements. This renders tem-
perature measurements independent of fluctuations in the
excitation light intensity, sensor concentration and, hence,
photobleaching, and optical path length [10]. This can be
also realized with dual or multicolor emissive materials

like up-converting phosphors [29–31] or time-resolved
fluorescence methods can be employed [10, 18, 32].

A particularly attractive approach for non-invasive fluores-
cence-based temperature sensing are small size stem-and-loop
structured DNA hairpins or molecular beacons (MBs) [33]
that reveal unique temperature-dependent structural features
[18, 34–38]. These biocompatible, flexible single-stranded ol-
igonucleotides can be dually labeled at their 5′ and 3′ ends
with a fluorophore and a quencher or with two spectrally
distinguishable fluorophores. Typically, a fluorescent organic
dye or occasionally a lanthanide chelate is combined with an
absorbing and non-emissive acceptor like an organic azo dye
or increasingly, a gold or silver particle with a strong surface
plasmon resonance absorption or a carbon nanotube or, for
ratiometric temperature measurements, with another
fluorophore. The fluorescence properties of such MBs are
controlled by the conformation of the stem region, which de-
fines the distance between the labels attached to both ends of
the MB and, hence, by temperature, exploiting distance-
dependent interaction and quenching mechanisms like fluo-
rescence resonance energy transfer (FRET) or less frequently,
electron transfer [18, 33, 35, 39–41]. MBs bearing
fluorophore-quencher pairs are emissive in the open form
and non-fluorescent in the closed form. Dual fluorophore-
labeled MBs display emission from the acceptor fluorophore
upon donor excitation in the closed form, whereas the larger
distance between donor and acceptor fluorophores open
random-coil conformation prevents FRET [37].

For temperature monitoring and quality control in diagnos-
tics assays with a resolution better than 1 °C (0.5 to 0.1 °C
desired), we developed a platform of MBs with emission in
the visible (vis) and red (emission >650 nm), which can be
directly integrated into different types of DNA-based assays
run on various platforms including microfluidic chips and
rotating disks [42]. Particularly in the latter case, precise tem-
perature measurements in the assay cocktail are restricted to
optical measurements as other common and simple methods
like the use of thermocouples and electrical sensors are ham-
pered by the rotation. For eventual application in routine mo-
lecular diagnostics, also a simple integrating step of the optical
temperature sensor like the use of freeze-dried components as
used for some commercial DNA-based assays seemed favor-
able. In this proof-of-concept study, we address challenges
like the choice of suitable fluorescent reporters, which can
be read out in different detection channels than the assay-
specific DNA probes, and possible cross hybridization with
DNA sequences of the actual assay. Both are essential factors
to consider since it is desired to perform the MB-based tem-
perature measurement in the same reaction vessel as the actual
diagnostic assay. In the following, the design criteria for such
MBs are presented including spectroscopic studies of repre-
sentative MBs in typical assay buffers and typical MB-assay
mixtures with special emphasis on tHDA. As a proof-of-
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concept experiment, a first tHDA assay was performed with
the MBs located in the assay reaction mixture containing the
enzymes, and the analyte-specific primer/probe set, here a
Mycobacterium tuberculosis IS6110 probe/primer set and
M. tuberculosis genomic DNA.

Experimental

Materials

ATTO 647N was purchased from ATTO-Tec, ROX (6-
carboxy-X-rhodamine) from BioSearch Technologies
(CA, USA), quenchers 661Q and Q3 from Dyomics,
BHQ-2 and BHQ-3 from Biosearch, respectively. Bovine
serum albumin (BSA) was obtained from Merck KGaA
(BSA, fraction V) and all MBs from Eurogentec. For the
spectroscopic studies of the dyes, quenchers, and MBs,
we used phosphate-buffered saline (PBS) (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.4) and HDA buffer (proprietary mixture).
The dyes and quenchers were additionally assessed in
PBS containing 10 mass-% of BSA (PBS/BSA) for
quencher choice. The chemical structures of dyes and
quenchers used for MB design are provided in the
Electronic Supplementary Material (ESM; Fig. S1) and
the sequences of all MBs are given in the section on
MB design.

Instrumentation

Absorption spectra were recorded on a calibrated Cary 5000
spectrometer (Varian), which was equipped with a thermostat
(temperature regime: about −10 to 95 °C) for temperature-
dependent measurements of absorption spectra. Fluorescence
measurements were performed with a calibrated Edinburgh
Instruments FSP 920 spectrofluorometer [43]. For
temperature-dependent fluorescence measurements, a thermo-
stat (temperature regime from −10 to 95 °C) was used. Prior to
its use, the thermostat was calibrated with an external temper-
ature sensing device or probe which was calibrated with an
accuracy of ±0.1 °C. This external temperature probe was
always used to control the reliability of our temperature-
dependent spectroscopic measurements. Absolute measure-
ments of the fluorescence quantum yields (Φf) of the free
labels ROX and ATTO 647N in PBS and in HDA buffer were
done at room temperature (T = (25 ± 1) °C) in duplicate at two
different concentrations (absorbance at the excitation wave-
length <0.1) with the calibrated stand-alone integrating sphere
setup Quantaurus C11347-11 fromHamamatsu Photonics and
corrected for reabsorption using the previously assessed reab-
sorption correction from the instrument manufacturer [44].

HDA experiments were done with the real-time PCR instru-
ment Rotor-Gene Q (QIAGEN, Germany), which features up
to six separated channels for fluorescence acquisition and pre-
cise temperature control.

Calculation of MB sequences

For the choice of suitableMB sequences, the two-dimensional
structure of single-strand oligonucleotides and particularly the
melting temperature Tm of the resulting double-stranded stem
structures were calculated using the software OligoAnalyzer
3.1 (http://eu.idtdna.com/calc/analyzer), which is based on
UNAFold algorithms [45].

Measurement conditions

All absorption and fluorescence measurements were per-
formed with air-saturated freshly prepared dye and MB solu-
tions at T = (25 ± 1) °C using 10 mm× 10 mm quartz cuvettes
from Hellma GmbH and excitation wavelengths of 550 and
600 nm for ROX and ATTO 647N, respectively. For measure-
ments with the integrating sphere setup, 10 mm × 10 mm
long-necked quartz cuvettes from Hamamatsu Photonics
K.K. were employed, always filled with 3.5 ml of solvent or
dye solution [44]. Typically, a dye (or species) concentration
of 2 × 10−6 mol/l was used and a MB concentration of
1 × 10−3 mol/l, respectively. All emission spectra reported
present spectrally corrected spectra referenced to the spectral
photon radiance scale [46]. The uncertainties of the absolutely
measured Φf of ROX and ATTO 647N including instrument
calibration and all corrections are estimated to be ±6% as
derived from previous measurements in this wavelength re-
gion [43, 44].

The temperature dependence of Φf of ROX and ATTO
647N was obtained from temperature-dependent absorption
factors and integral fluorescence intensities derived from the
corresponding absorption and spectrally corrected emission
spectra (integration over the complete emission band on a
photonic scale) [46] using absolutely measured Φf at T = (25
± 1) °C as reference [43]. The Förster radii R0 of the FRET
pairs ROX-BHQ2 and ATTO 647N-BHQ3 were calculated
from the measured spectroscopic data of the donors and ac-
ceptors assuming κ of 2/3 [47] and using the molar absorption
coefficients of 38,000 and 42,700/M/cm, respectively, as pro-
vided by Biosearch. The melting curves of all single MBs and
MB mixtures and Tm values were obtained by plotting the
fluorescence intensity measured at the dye’s emission maxi-
mum against the temperature in the temperature range of 20 to
85 or 90 °C. The fluorescence intensities were normalized to
the value at the highest temperature, i.e., 85 or 90 °C, respec-
tively. The uncertainties, i.e., relative standard deviations were
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derived from at least three independent measurements. A rep-
resentative example for achievable uncertainties is given in
the ESM (see Fig. S7).

tHDA experiments

tHDA reactions were prepared by mixing the following com-
ponents in 0.1 ml Rotor-Gene Q Strip Tubes (QIAGEN,
Germany): 8 μl 2.5× reagent buffer, 2 μl M. tuberculosis
IS6110 specific primer/probe set containing 100 nM MB (fi-
nal concentration), 1 μl enzyme mix (UvrD-type helicase,
DNA polymerase, single-strand binding protein), 2 μl 10×
magnesium sulfate solution, 1 μl M. tuberculosis genomic
DNA as template, and water to a final volume of 20 μl. The
amplification probe was double-labeled, with the fluorophore
being attached at the 5′ end and a quencher at the 3′ end of the
oligonucleotide chain. The reaction mixture was placed in the
real-time PCR instrument Rotor-Gene Q and incubated at
63 °C for 40 min in the Rotor-Gene Q for isothermal amplifi-
cation of the DNA template. During the incubation, the fluo-
rescence of ROX (orange channel) and Atto 647N (red chan-
nel) were measured in intervals of 1 min.When the isothermal
amplification reaction was finished, melting curves of all am-
plification reactions were acquired using the same instrument
by applying the following temperature profile: 1 min 95 °C
initial melting step, cool down to 35 °C, stepwise (0.5 °C
steps) temperature increase from 35 to 95 °C with acquisition
of the fluorescence of ROX and Atto 647N, respectively. In
order to guarantee temperature equilibration, fluorescence ac-
quisition was preceded by a 5-s time interval. The reversibility
of the melting curves and the absorption and fluorescence of
the MBs was always controlled.

Results and discussion

Molecular beacon design—choice of fluorophores
and quenchers

Crucial for the development of MB-based optical thermome-
ters, which can be integrated as internal temperature control
into a broad variety of DNA-based diagnostic assays, is the
proper choice of suitable fluorophores, quenchers, and MB
sequences. This implies covering the assay-specific tempera-
ture range and minimum temperature to be guaranteed, con-
sidering the optical properties of other fluorescent DNA
probes present in the reaction mixture, and circumventing in-
terferences with assay components. For sensitive temperature
measurements, a complete or at least a very strong quenching
of the fluorescence in the closed form of the MB and, hence,
efficient FRET under application-relevant conditions, is de-
sired and a strong emission in the open form. This requires a

high Φf of the reporter dyes and a large spectral overlap be-
tween the emission band of the fluorescent donor and the
absorption band of the non-emissive or emissive acceptor in
typical assay buffers. Thus, the temperature dependence of the
spectral position and intensity of the absorption and fluores-
cence bands of the fluorophores and non-emissive quenchers
must be preferably very small. Otherwise, the signals at ele-
vated temperatures are reduced and FRETefficiencies become
temperature dependent. This limits especially the number of
suitable fluorescent reporters to dyes with a rigid molecular
structure, where all molecular rotations leading to a
temperature-dependent radiationless deactivation of the excit-
ed singlet state are blocked. Classical examples include the vis
emitter rhodamine 101 and its derivatives [22, 48, 49] and
recently discovered coumarin 545 [50]. This is a particular
challenge for long wavelength MBs, as fluorophores with a
temperature-insensitive emission in the red spectral region are
rather rare. Moreover, for fluorophore-quencher pairs, the
quencher needs to be fluorometrically silent not only in aque-
ous or buffer solutions but also in the presence of common
additives like proteins and surfactants.

As vis fluorophore for our temperature-sensing MBs, we
chose the rhodamine ROX and as red fluorophore the carbo-
pyronine ATTO 647N, which is increasingly applied as a sub-
stitute for the ozone sensitive cyanine Cy5 [51]. The rigid
structure of the latter fluorophore suggests a small temperature
dependence of its fluorescence properties. Moreover, ROX
and Atto 647N are highly emissive and are known for their
high thermal and photochemical stability. The absorption and
emission spectra of both dyes in PBS are shown in Fig. 1 (left
panels). Subsequently performed studies of the temperature
dependence of the spectral features and Φf of both dyes, sum-
marized in Table 1 and right panels of Fig. 1, reveal minimum
spectral shifts in absorption and emission with increasing tem-
perature and very high fluorescence quantum yields of 82.8
and 58.9%, which barely decrease at elevated temperatures.
The spectroscopic features of ROX and ATTO 647N in HDA
buffer used for our diagnostic assay, closely resemble those in
PBS (ROX: λmax,abs = 580 nm, λmax,em = 603 nm, Φf = 77.0;
ATTO 647N: λmax,abs = 647 nm, λmax,em = 668 nm, Φf = 61.6;
25 °C), see also ESM (Fig. S2).

As potential non-emissive quenchers, we evaluated the
polyaromatic azo Black Hole quenchers BHQ2 and BHQ3
and the quenchers 661Q and Q3, which all revealed a strong
spectral overlap with the emission of either our vis or red
fluorescent label. In order to avoid signal contributions from
the quencher and guarantee efficient FRETalso at higher tem-
peratures, the quencher should be fluorometrically silent at
application-relevant conditions and reveal only a small tem-
perature dependence of their absorption properties as prereq-
uisite for efficient quenching of the reporter dyes also at higher
temperatures. For use in molecular diagnostic assays, the for-
mer criterion implies complete fluorescence quenching in the
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presence of common assay additives like certain surfactants
and proteins. Subsequent spectroscopic studies of the four
quenchers in PBS and PBS/BSA revealed some fluorescence
for 661Q and Q3 in PBS/BSA, whereas BHQ2 and BHQ3
remained non-emissive also in the presence of BSA.
Moreover, BHQ2 and BHQ3 undergo only slight spectral
shifts of their broad absorption bands with increasing temper-
ature (see Fig. 1, left panels, and Table 1 and ESM, Fig. S4),
with the size of this temperature-induced spectral shift being
more pronounced for BHQ3 (see Table 1). The Förster radiiR0

for the FRET pairs ROX-BHQ2 and ATTO 647N-BHQ3,
which represent a measure for FRET efficiency, were deter-
mined to 60.2 and 58.1 Å in PBS at 25 °C and to 60.2 and
62.8 Å at 90 °C, respectively (see also ESM, Fig. S3, and
equations used for the calculation of R0). For ROX-BHQ2
and ATTO 647N-BHQ3 in HDA buffer, R0 amounted to
58.6 and 60.3 Å at 25 °C. This provides the basis for the

desired efficient signal generation together with the high Φf

of the chosen reporter dyes.

MB sequences

Crucial for the desired measurements of temperature directly
in the assay mix and not in a separate chamber is the choice of
a suitable MB sequence as this implies the prevention of a
potential cross hybridization with DNA sequences from the
actual assay under the respective assay conditions, i.e., the
respective buffer and reaction temperature. Here, it needs to
be considered that a MB molecule consists of two separate
structural regions, a stem and a loop region. The stem region is
formed by hybridization of the two complementary nucleotide
sequences located at the 5′ and 3′ end of the same oligonucle-
otide molecule. These nucleotide sequences are connected by
the loop region, which, by design must not be complementary

Fig. 1 Left: Normalized
absorption and emission spectra
of ROX and ATTO 647N and
normalized absorption spectra of
the quenchers BHQ2 and BHQ3
in PBS at T = 25 °C. Right:
Temperature dependence of Φf of
ROX and ATTO 647N in PBS
(selected data points covering the
temperature region of interest).
The absorption and emission
spectra of the dyes and quenchers
in the buffer HDA used for the
molecular diagnostic assays and
temperature measurements of the
molecular beacons in the assay
mixture closely match with the
corresponding spectra in PBS (see
also Table 1)

Table 1 Spectroscopic properties
of ROX, ATTO 647N, BHQ2,
and BHQ3 in PBS at 25 °C and at
90 °C and in HDA buffer at
25 °C, respectively

Sample T [°C] λabs,max [nm] λem,max [nm] λabs,max [nm] λem,max [nm]
PBS HDA

ROX 25 577 602 580 603

ATTO 647N 25 646 666 647 668

BHQ2 25 564 – 582 –

BHQ3 25 615 – 620 –

ROX 90 575 599 – –

ATTO 647N 90 646 667 – –

BHQ2 90 564 – – –

BHQ3 90 642 – – –

The corresponding absorption and emission spectra are shown in the ESM (Figs. S2–S4, S7 and S8 exemplarily
for ROX and BHQ2 attached to a MB in HDA buffer)
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to the stem regions and to other DNA molecules in the assay
cocktail. In contrast, when utilized as a reporter in nucleic acid
amplification reactions, the loop region of an MB is comple-
mentary to a specific target DNA sequence [52]. For use as a
molecular thermometer, the melting temperature Tm of the
MB’s stem region, which is determined by its length and GC
content as well as by the ionic strength of the buffer [53, 54]
must comply with the reaction temperature of the amplifica-
tion technology of choice. For tHDA, the temperature range of
interest is 60 to 65 °C and for PCR, 50 to 95 °C, respectively.
Moreover, in order to interrogate proper temperature settings,
the MB must ideally show a steep change in fluorescence
around the melting point, which signals that the targeted tem-
perature has been reached.

For our proof-of-concept study, in a first step, we de-
signed four MBs with different lengths of the stem and
loop sequences with calculated melting temperatures Tm
of 47, 56, 64, and 70 °C in HDA buffer, respectively, to
cover our application-relevant temperature range. These
MBs, labeled with the fluorophore/quencher pairs 5′-
ROX/3′-BHQ2 and 5′-ATTO 647N/3′-BHQ3, the se-
quences of which are shown in Table 2, were synthesized
by standard methods and subsequently studied with re-
spect to their melting behavior and their spectroscopic
properties in PBS (Table 2). As follows from Table 2,
length and GC content of the MB’s stem sequence affect
Tm of the two-dimensional stem-loop structure of the
MBs. As shown in the ESM (see Table S1 comparing

Tm data for PBS and HDA buffer and Fig. S10), the ionic
strength of the buffer also slightly influences Tm.

As follows from the representative melting curves of MB-
47,MB-56,MB-64, andMB-70 labeled with ROX (top panel)
and ATTO 647N (lower panel) shown in Fig. 2, the Tm values
obtained from the inflection points of the measured sigmoidal
fluorescence intensity profiles, exploiting the strong increase
in fluorescence intensity upon opening of the initially non-
emissive MBs, are slightly higher than the calculated Tm
values. Nevertheless, they display the expected control of Tm
by the length of the stem sequence. For some MBs, especially
for MB-70, the chosen fluorescent reporter-quencher pair
seems to have a slight influence on Tm and the steepness of
the melting curve. This effect has been described by other
groups before, who observed a significant influence of the
fluorophore/quencher moieties coupled to oligonucleotides
on hybridization properties of the latter, i.e., a shift in the
melting temperature [55].

Despite of this observation, with all MBs, a temperature
resolution of about 0.5 °C could be achieved (see Figs. 2
and 3 and ESM, particularly Figs. S5 and S6 for
representative uncertainties and Figs. S9 and S10 for PBS
and HDA buffer) and all temperature-induced fluorescence
changes were fully reversible as assessed by repeated temper-
ature cycles (see ESM, Fig. S7). A similar behavior with
slightly different Tm was observed in HDA buffer (see ESM,
Figs. S8–S10 and Fig. S10 for a representative comparison of
the influence of the buffer on the temperature profile of two

Table 2 MB sequences, melting temperatures (Tm) of stem sequences (cal calculated here for PBS; exp experimentally determined in PBS),
experimentally determined temperature shift (ΔTm), and the absorption (λabs,max) and emission (λem,max) maxima of the MBs in PBS

Sample Sequence Tm,calc [°C] Tm,exm [°C] ΔTm,exm [°C] λabs,max [nm] λem,max [nm]

MB-47-ROXa TACTC-TTTTTTTTTT-GAGTT 43.8 50.2
(±0.5)

44.0–59.0 (±0.6) 572 606

MB-56-ROXa TCATGC-TTTTTTTTTT-GCATGT 53.6 59.1
(±0.2)

53.0–65.0 (±0.2) 573 608

MB-64-ROXa TGCGTG-TTTTTTTTTT-CACGCT 61.4 64.1
(±0.2)

56.0–66.0 (±0.2) 577 601

MB-70-ROXa TCGCATGG-TTTTTTTTTT-CCATGCGT 67.4 75.4
(±0.1)

70.0–80.0 (±0.2) 575 606

MB-47-ATTO 647Nb TACTC-TTTTTTTTTT-GAGTT 43.8 51.7
(±0.5)

47.0–59.0 (±0.5) 642 666

MB-56-ATTO 647Nb TCATGC-TTTTTTTTTT-GCATGT 53.6 59.9
(±0.2)

56.0–62.0 (±0.3) 641 666

MB-64-ATTO 647Nb TGCGTG-TTTTTTTTTT-CACGCT 61.4 70.2
(±0.3)

66.0–74.0 (±0.3) 642 665

MB-70-ATTO 647Nb TCGCATGG-TTTTTTTTTT-CCATGCGT 67.4 70.9
(±0.1)

65.0–77.0 (±0.1) 641 664

TheΔTm values define the temperature interval of a MB where the temperature-dependent changes in fluorescence intensity are particularly large (see,
e.g., Fig. 2 and Figs. S5 and S6 in the ESM) and where thus very small measurement uncertainties can be obtained. These values basically provide a
measure for the range of operation for temperature sensing of a MB and correlate with its melting region. The relative standard deviations of Tm,cal and
ΔTm are given in brackets
a Label (5′g 3′) 5′- ROX / BHQ2 -3′; lexc = 550 nm, solvent PBS
b Label (5′g 3′) 5′- ATTO 647N / BHQ3 -3′; lexc = 600 nm, solvent PBS
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representatively chosen MBs), thereby also underlining the
stem sequence-specific influence of such matrix effects on
the temperature or melting profile of MBs.

Temperature sensing with MB mixtures

In order to broaden the possibilities for temperature sens-
ing, combinations of MBs with different stem sequences
utilizing spectrally distinguishable pairs of fluorophore/
quencher can be employed [35]. For example, advanta-
geous for quality assurance of some diagnostic assays
can be the use of two MBs with different Tm, labeled with
a pair of temperature insensitive dyes like the reporters
chosen by us that reveal spectrally distinguishable emis-
sion bands. This can be particularly interesting for tem-
peratures below 45 °C where temperature measurements
with MBs become less precise [35]. Moreover, the com-
bination of MBs with different stem sequences can most
likely improve the temperature resolution. This is exem-
plarily shown in Fig. 3 for a mixture of two MBs, here
MB-56 and MB-70, differing in stem sequence, labeled
with the spectrally distinguishable dyes ROX and ATTO
647N (Fig. 3, lower panel) and a quencher. Similar exper-
iments with other MBs are provided in the ESM
(Figs. S10–S12). As follows from Fig. 3 (top panel), the
melting curve of the representative mixture of MB-56 and

MB-70, recorded by measuring the ROX and ATTO 647N
fluorescence at the respective emission maxima
(λem,max(ROX) = 607 nm; λem,max(ATTO 647N) =
666 nm) lay between those derived from the single
MBs. By using such a MB combination and a mathemat-
ical data evaluation, the temperature sensitivity can be
increased, enabling a temperature resolution of 0.5 up to
0.1 °C. Moreover, such a MB combination can be used to
set up an additional control for achieving or falling below
a certain minimum temperature relevant for a specific di-
agnostic assay using Byes/no^ decisions.

Temperature measurements in DNA-based assays
with MBs

A simple method for isothermal amplification of nucleic
acids increasingly employed for diagnostic DNA-based
assays presents tHDA, which utilizes a helicase enzyme

Fig. 3 Top: Normalized melting curves of a representative mixture of
two MBs (MB-56-Atto 647N + MB-70-ROX; concentration ratio of
1:1) with different stem sequences labeled with different reporter-
quencher pairs, read out using the fluorescence of ATTO 647N (full black
diamonds) and ROX (dark grey triangles), respectively, in comparison to
the corresponding single MBs (MB-56-Atto 647N: light grey triangles;
MB-70-ROX: full black circles). Bottom: Temperature-dependent emis-
sion spectra of theMBmixture compared to the signals derived fromMB-
56 and MB-70, labeled with ROX and ATTO 647N, respectively, mea-
sured in PBS. The signal of the MB mixture was normalized to that of
MB-56

Fig. 2 Melting curves of four representative MBs labeled with ROX
(top) and ATTO 647N (bottom) measured in PBS
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to unspecifically unwind and separate double-stranded
DNA (dsDNA) [5]. Subsequently, sequence-specific oli-
gonucleotides hybridize to the single-stranded DNA sig-
natures and are elongated by a strand-displacement DNA
polymerase [5]. Finally, the newly synthesized double-
stranded DNA section can be separated by the helicase
again, which starts a new cycle of this exponential ampli-
fication scheme. The amplification process of tHDA reac-
tions resembles the process of PCR, with the only excep-
tion that the unwinding activity of the DNA helicase re-
places the heat denaturation for strand separation in PCR.
The fact that this amplification method does not require
complicated and power-hungry thermocycling equipment
renders it ideal for POCT and assays performed with in-
tegrated microfluidic devices, such as the LabDisk Player

by QIAGEN [56] or the sample-to-result molecular diag-
nostic system by Great Basin Scientific [57].

Hence, as proof-of-concept experiment that our tempera-
ture sensing MBs can be applied for monitoring isothermal
nucleic acid amplification reactions, we chose tHDA and per-
formed first proof-of-concept HDA experiments with the
tHDA assay mixture and our MBs in the same reaction cham-
ber using the real-time PCR instrument Rotor-Gene Q for
assay readout, which is utilized by several thousand laborato-
ries worldwide for performing, e.g., human molecular diag-
nostic assays. For this purpose, we added exemplarily MB-47
and MB-70 to a target-specific tHDA assay and measured the
amplification-dependent fluorescence of the target-specific
probe (Fig. 4, top panel) and the melting profiles of the MBs
before and after tHDA reaction (Fig. 4, lower panel). In

Fig. 4 Top: Fluorescence
amplification profiles curves of a
sequence-specific DNA probe
during a representative tHDA
reaction without (no MB; red
curve) and in the presence ofMB-
47 (blue curve) or MB-70 (green
curve) bearing the FRET pair
ATTO 647N-BHQ3 (see Table 2).
Bottom: Fluorescence intensity
curves of twoMBs (MB-47: blue;
MB-70: red) applied to tHDA
reaction mixtures containing a
sequence-specific DNA probe
labeled with a spectrally
distinguishable fluorescent
reporter, here Texas Red; solid
lines: MB fluorescence in the
presence of the tHDA reagents
prior to the amplification reaction;
dotted lines: MB fluorescence in
the tHDA reaction mixture after
amplification. The signal of the
sequence-specific DNA probe,
labeled with Texas Red, was
detected at 610 nm, and the
signals originating from MB-47
and MB-70 labeled with ATTO
647N were detected at 660 nm,
respectively
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molecular diagnostic applications, real-time fluorescence
curves are typically analyzed close to the point, where fluo-
rescence values rise above the background noise level and
where the fluorescence increase is still exponential. Figure 4
(top) shows that the signals of the amplification probe show
no significant deviations from the control reactions without
MBs in this section of the fluorescence curve. This indicates
that the amplification reaction is not inhibited by the MBs.
Moreover, the isothermal amplification process did not alter
the temperature-dependent melting profile of the MBs (Fig. 4,
bottom) and the MBs kept their reversible temperature-
dependent fluorescence behavior for many temperature cy-
cles. This underlines that our MBs are very well suited for
temperature signaling in assaymixtures. Although for the sake
of simplicity, we performed the MB-based temperature mea-
surements in conventional PCR reaction tubes, and other re-
search groups have demonstrated that such results can be eas-
ily translated into an integrated microfluidic environment
[58]; this is currently the focus of ongoing experiments.

Conclusion and outlook

Aiming at the development of a versatile platform of simple
and very sensitive optical thermometers that can be directly
integrated into a broad variety of DNA-based diagnostics as-
says for internal temperature monitoring and quality control,
we developed a set of visible (vis) and red emissive molecular
beacons (MBs) using dye-quencher pairs chosen based on
temperature-dependent spectroscopic measurements in typical
assay buffers. Spectroscopic studies of these MBs in buffers
and representative MB-assay mixtures revealed that properly
designed MBs can be employed for temperature measure-
ments in molecular biological assays with a temperature res-
olution of less than 1 °C over a temperature range of 35–95 °C
without interferences from assay components. Moreover, we
could demonstrate the potential of spectrally distinguishable
MB combinations to enable a broader temperature response
range and to increase the temperature sensitivity to 0.5 °C or
even 0.1 °C. This can be also beneficial for a stringent quality
control of diagnostic assays.

Such fluorescent MB thermometers are thermally stable
and compatible with different types of assay platforms and
readout systems ranging from tube and microplate readers
over microfluidic chips to PCR readout devices like thermal
cyclers. Moreover, MBs enable a straightforward fine-tuning
of their thermal and optical properties to meet assay-specific
requirements. The vis and red emitting dyes ROX and ATTO
647N, used for MB design, can be combined with many other
spectrally distinguishable, commercially available fluorescent
reporters for the generation of the assay-specific signals like
ATTO 647N, Cy5, and FAM (6-carboxyfluorescein) in the
case of ROX and ROX as well as other rhodamine dyes or

fluorescein derivatives like HEX (hexachloro-6-carboxy-fluo-
rescein) in the case of ATTO 647N, respectively. For the use
of combinations of a vis and a red MB for temperature sens-
ing, assay readout can be performed with the blue excitation
and detection channel, i.e., employing coumarin dyes such as
Dylight 350 or Alexa Fluor 350 as labels. In this respect, we
are currently accessing the potential of other shorter wave-
length emitting fluorophores like rigid coumarins [50] for
the design of a short wavelength absorbing and emitting blue
MB, thereby complementing our versatile temperature sensor
platform.

The use ofMBs for temperature measurements and control,
and thus for assay quality control, is particularly advantageous
for reaction vessels that are part of a rotational microfluidic
system or for chamber-less systems, utilizing, e.g., the
electrowetting technology [42]. Such rotational systems,
which apply a variety of forces on fluids within respective
cartridges, are gaining in popularity [59, 60]. An advantage
of these systems is that the fluid movement is controlled with-
out valves and can be easily adapted to different needs just by
changing the rotation protocol. Especially when it comes to
running such instruments in resource-limited settings like de-
veloping countries [61], a tight internal control of reaction
temperatures becomes a very important aspect of quality con-
trol for diagnostic procedures. This underlines the importance
of our work for testing procedures in the molecular diagnostic
space. Here, MBs are the only practical way to measure tem-
perature with a maximum degree of freedom of fluid move-
ment, because in this case, the temperature sensor is part of the
reagent cocktail and thus carried with the fluid during assay
performance. Moreover, for ready-to-use commercial assays
using dried reagents, MBs are ideal as they can be freeze-dried
like the assay components, which renders them superior par-
ticularly for this application to most other chemical systems
suggested as temperature sensors.
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