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Abstract

In the frame of this thesis Virtual reaction chambers (VRCs) were analysed
as a tool for polymerase chain reaction and protein analysis. VRCs are dig-
ital microfluidic reactors, consisting of a aqueous sample volume (100nL -
300 nL) encapsulated by an oil droplet (∼ 1µL).

Firstly a portable system for the temperature manipulation and fluores-
cence measurement of VRCs was constructed for this thesis. Subsequently
the device was used to perform polymerase chain reactions (PCR) from DNA
as well as reverse transcription PCR from RNA. Furthermore two methods of
multiplexed PCR were developed, one of which specifically exploits the ad-
vantages of VRCs. Thus it can be concluded that virtual reaction chambers
are a suitable tool for polymerase chain reaction of DNA and RNA especially
for point-of-care applications. Furthermore a mathematical model based on
chain growth was constructed to describe the PCR, with particular focus on
the extension step.

Additionally the heating device and fluorescence measurement were used
to measure the thermal stability of proteins. Here advantage was taken of
the fact that VRCs are easily superheatable. Thus proteins still stable at
temperatures above 100◦C can be measured using this system. This and the
low sample consumption makes VRCs an ideal tool for screening purposes
in protein analysis.
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Zusammenfassung

Im Rahmen dieser These wurden Virtual Reaction Chambers (VRCs) als
Werkzeug für die Polymerase Kettenreaktion (PCR) und die Analyse von
Proteinen getestet. VRCs sind digitale, mikrofluidische Reaktionsvolumen
die aus einem wässrigen Probevolumen (100 - 300nL) eingeschlossen von
einem Öltropfen (∼ 1µL) bestehen.

In einem ersten Schritt wurde ein tragbares System für die Temperatur-
manipulation sowie Flureszensmessung von VRCs konstruiert. Im Folgenden
wurde mit dem Gerät die Polymerase Kettenreaktion von DNA, sowie re-
verse transkriptions PCR von RNA durchgeführt. Im Weiteren wurden zwei
Methoden zur multiplex PCR entwickelt, von denen eine die Vorteile von
Virtual Reaction Chambers nutzt. Aus den Ergebnissen kann gefolgert wer-
den, dass VRCs ein geeignetes Werkzeug für die PCR von DNA und RNA
sind, im Besonderen für Point-of-Care Anwendungen. Außerdem wurde ein
mathematisches Modell zur Beschreibung der Reaktion geschrieben. Das
Modell basiert auf Chain-Growth Prozessen und ist im Besonderen auf den
Elongination-Schritt der Reaktion fokussiert.

In einem zweiten Teil wurde das entwickelte Gerät benutzt, um die
Temperatur-Stabilität von Proteinen zu messen. Hier wurde ausgenutzt,
dass VRCs eine einfache Möglichkeit zum Superheating von Flüssigkeiten
bieten. Dadurch konnten Proteine gemessen werden, welche auch noch bei
100◦C stabil sind. Dies und der niedrige Probenverbrauch machen aus VRCs
ein geeignetes Werkzeug zur Analyse von Proteinen, insbesondere im Rah-
men von Screening-Versuchen.
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Chapter 1

Introduction

1.1 Microfluidics - Lab on a Chip and Virtual Re-
action Chambers

Through the advances in transistors and processors technology methods of
fabrication of complex three-dimensional silicon structures became available
to a broad spectrum of researchers. A group at the Stanford Electronic
Laboratories used these techniques to miniaturize a gas chromatographic
column [1]. Ten years later a high pressure liquid chromatography was con-
ducted on a silicon chip [2] which today is widely regarded as the birth of
microfluidics . But why did researchers strive to miniaturize equipments and
processes? On one side microfluidics allows to substantially decrease the size
of equipments giving the possibility to construct portable devices. Further-
more reagent and sample consumption can be reduced and micro-machining
provides ways of reducing equipment costs through cost economies. On the
other side the scale dependences of heat and mass transfer allows for bet-
ter control over these processes resulting in improved performance. Through
this reactions can be carried out faster, more efficiently and more controlled.
Many applications in microfluidics are conducted in continuous flow mode
with only one phase. While this allows for simple chip layout designs and
handling it also has some disadvantages. When using pressure driven flow a
parabolic flow profile develops leading to a residence time distribution in the
chip. The direct contact of the liquid phase with the walls of the chip causes
adsorption of analytes on the surfaces and can cause cross contamination
when reusing chips. To address these issues scientist began using so called
segmented flow either in the form of plugs separated in a second phase [3]
or in the form of droplets encapsulated through the second phase [4]. Both
approaches reduce the residence time distribution to a mono-dispersed distri-
bution. In plug-flow mode the phase containing the analyte still has contact
to the reactor walls allowing wall adsorption and cross contamination. In
contrast the analyte phase is completely encapsulated through the second

1



2 CHAPTER 1. INTRODUCTION

phase on droplet-mode preventing the problems mentioned before.

In parallel to the development of segmented flow microfluidics digital
microfluidics was developed. In digital microfluidics aqeous droplets are
manipulated on an open, hydrophobic surface. The droplets can be moved,
mixed, merged with other droplets or split thought the application of elec-
tric fields [5] or surface acoustic waves in later applications [6]. For these
applications droplets are often of a micro- to nanoliter volume and can be
placed by a micropipette. Droplets are sometimes covered through a glass
slide or second phase to stop evaporation of the droplets. In contrast to seg-
mented flow in microfluidics using digital platforms does not require redesign
of the chip when the protocol is changed. On the downside a bigger range
of droplet volumes (microliter to picoliter) can be accessed through channel
based systems. Furthermore channel based flow can generate droplets in the
kilohertz range and handle them while digital microfluidics is often limited
to a low number of droplets.

Some processes only require few droplets and no spatial manipulation
of those. In these cases the design can be further simplified. Encapsu-
lating single, aqueous sample droplets with volumes in the low microliter
range with slightly bigger oil droplets one creates a so called virtual reac-
tion chamber (VRC) [7]. As in digital microfluidics the droplets are placed
on a hydrophobic surface. VRCs offer a simple way of exploiting the advan-
tages of microfluidics and droplets while circumventing many of the practical
problems in microfluidics.

1.1.1 Superheating in Virtual Reaction Chambers

Classical nucleation theory states that a liquid needs to be heated up to
its boiling temperature but for it to start boiling a seed in the form of a
nucleation site or mechanical disturbance is also required [8]. In the absence
of a seed it is possible to heat the liquid past its boiling point without it
starting to boil. This process is called superheating or sometimes also boiling
retardation. As scratches in the walls of containers and dust particles serve
as nucleation seed superheating can only rarely be observed on a bulk scale1.
Droplets encapsulated in a second phase in microfluidic channels or on an
open surface like VRCs usually have no or little contact to a solid surface.
Thus they are not effected by defects in solid surfaces which can act as
nucleation sites for boiling or crystallization. Hence these droplets can easily
be superheated without increasing the pressure of the system like required
for bulk systems. Through the use of pure reagents, free of particles that

1Water explosions can rarely occur in microwave ovens. These incidents of superheating
require the use of very pure water and clean containers as demonstrated by the popular
science TV-show Mythbusters
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could serve as nucleation site, superheating in VRCs has been demonstrated
up to 240◦C and supercooling down to −12◦C [9].

1.2 PCR

“...I very quickly brought the Honda to a stop near the roads edge, but stick-
ing out into the potential logging trucks. With me, my girlfriend still asleep,
and my new invention in peril, I contemplated what would happen if they
had been extended a long way. Their extension products would be primed by
the other oligos and these would also now be extended.

I would have doubled the signal, and I could do that over and over, and I
could add a tremendous excess of my own deoxynucleoside triphosphates as
they are cheap, soluble in water and legal in California.

I’d better get out of the road. ...”

These are the words with which Kary Mullis describes how he invented
the polymerase chain reaction (PCR) in the spring of 1983 while driving to
his weekend cabin on a Friday night. In 1993 he would receive the Nobel
Price in Chemistry for his invention.

The invention of PCR enabled the amplification of deoxyribonucleic acid
(DNA) across several orders of magnitude. In the original invention by
Mullis a template composed of double stranded DNA (dsDNA) is added to
an aqueous buffer containing sodium chloride (NaCl), magnesium chloride
(MgCl2) and tris(hydroxymethyl)aminomethanechloride (Tris− Cl). Fur-
thermore the four deoxynucleoside triphosphates (nucleotides), deoxyadeno-
sine (A), thymidine (T), deoxycytidine (C) and deoxyguanosine (G), are
added to the reaction buffer. The last components of the buffer are two
oligonucleotide primers which are able to hybridise to different strands of
the template. The mixture is heated to 95◦C at which the dsDNA tem-
plate is denatured into two single strands of DNA (ssDNA). Next the tem-
perature is lowered to 56◦C. At this lower temperature the oligonucleotide
primers hybridise to their respective template strand. Through the addition
of Escherichia coli DNA polymerase I the hybridised fragments are extended
starting at the primer location towards the 3‘-end of the template. After this
step one has made two dsDNA fragments for every dsDNA fragment present
in the initial sample. Through repeating these steps of denaturation, primer
hybridization and extension (called cycle) over and over again a fragment
defined by the 5‘-ends of the two primers can be amplified exponentially
across several orders of magnitude. The system is very specific due to its
nature [10].
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An important observation is that the original template will produce a
new ssDNA of indefinite length [11] limited only by the length of the tem-
plate. This ssDNA of indefinite length will only produce ssDNA of length
defined by the two primers in subsequent cycles. Therefore the amount of
products of indefinite length increases linearly with cycle number while the
amount of product with a defined length increases exponentially.

A couple of years later the original method of PCR was improved by
replacing the polymerase from Escherichia coli with a polymerase extracted
from Thermus aquaticus (Taq) [12]. As the name suggests Thermus aquati-
cus is a species of bacteria that can tolerate high temperatures and can often
be found in hot springs or geysers. The main advantage of Taq polymerase
is that it does not deactivate during the denaturation step at 95◦C unlike
the polymerase from Escherichia coli. Thus the Taq polymerase does not
require subsequent addition at every extension step, removing a labour in-
tensive and error prone step in the protocol. The temperature chosen for
hybridization and extension steps also has to be raised to meet the activity
maximum of the enzyme. With the change in polymerase hybridization steps
could now be carried out between 40◦C and 60◦C while the extension step
is carried out between 60◦C and 72◦C. Through this yield as well as speci-
ficity and length of amplifiable products could be improved. Furthermore
the specificity was greatly improved because at the elevated hybridization
and extension temperatures poorly matched primer-template hybrids would
dissociate and only highly matched substrates remained for amplification.

1.2.1 Quantitative PCR / Real-Time PCR

Although PCR became a popular method for biologists and molecular biol-
ogists there were still drawbacks to the method shortly after its invention.
Once thermal cycling was complete samples had to be analysed by meth-
ods like gel or electrophoresis for example. While these tasks were not only
labour intensive and a bottleneck for high throughput applications they also
inherited the risk of workspace contamination through removing the PCR
products from their reaction tubes. To improve efficiency of post PCR anal-
ysis people began experimenting with fluorescent markers during PCR.
One of the first examples can be found in the work of Chehab and Kan
[13] who modified the primers used for PCR with a fluorescent dye on the
5’-end. This eliminated the requirement for labeling the samples for later
analysis. Furthermore their advancement increased specificity of the detec-
tion and enabled the detection of single nucleotide polymorphisms (SNPs)
as long as these were spanned by the primer. A couple of years later oligonu-
cleotide probes which were non extendable at the 3’-end and labelled with
a fuorophor at the 5’-end were introduced for the use in PCR [14]. These
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Figure 1.1: Diagram illustrating how PCR is conducted commonly today
(Right).In this diagram the original template dsDNA is depicted in black,
primers binding in the annealing step are shown in red. Extension is carried
out through the polymerase attaching (green). The diagram also shows a
likely distribution of product length during the first 3 cycles performed.
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probes were complementary for a sequence in-between the two primers used
for PCR. The method made use of the exonuclease activity of the Taq-
polymerase which degraded the probe into smaller fragments when the poly-
merase encountered a hybridised probe during extension. After thermal cy-
cling intact probes could be differentiated from degraded probes through
simple separation methods like electrophoresis for example without the re-
quirement of labeling the sample.

Figure 1.2: Diagram showing how to differentiate between single nucleotide
polymorphisms using labeled primers Chehab F.F. et al. Proceedings of
the National Academy of Sciences, vol. 86 (9178 - 9182), 1989 (Left).
Figure illustrating the functioning of a labelled probe Holland P.M. et al.
Proceedings of the National Academy of Sciences, vol. 88 (7276 -
7280), 1991 (Right).

At the same time the company Hoffmann La Roche bought the rights to
PCR from Cetus corporation and a group of scientist around Russel Higuchi
started research into PCR. They experimented with adding ethidium bro-
mide (EtBr) into the PCR mixture [15]. EtBr is a fluorescent dye that
selectively binds to dsDNA in a reversible manner, called intercalating. The
dye only expresses fluorescence when bound to dsDNA. Quickly they re-
alised that the addition of EtBr allowed them to measure the concentration
of dsDNA during thermal cycling in real time through simple fluorescent
measurements [16]. Hence they called their method real-time PCR, today
often referred to as quantitative PCR (qPCR) 2. A 96-well thermal cycler
was equipped with a UV-light-source for excitation as well as a CCD-camera
including optical filters. They measured fluorescence intensity in every cycle
in the middle of the extension step. As a result they were the first to obtain
the sigmoidal amplification curves typical for real-time PCR shown in figure
1.3. The sigmoidal shape of the curve arises due to the fluorescent signal
being much lower than the background noise for the initial cycles. Once the
signal is strong enough to overcome background noise one can observe an

2Sometimes rtPCR or RT-PCR is used instead of qPCR, for this thesis only qPCR is
used while rtPCR is reserved reverse transcription PCR as commonly done in literature
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exponential increase until depletion of reagents leads to a plateauing of the
reaction.

Figure 1.3: Raw fluorescence measured by Higuchi et al. for eight PCR sam-
ples containing ethidium bromide and different concentrations of template
Higuchi R. et al. Nature Biotechnology, vol. 11 (1026 - 1030), 1993

Since ethidium bromide is considered as carcinogenic and hindering the
PCR[17] it is often replaced through the intercalating dyes SYBR-Green I
and Eva-Green in modern systems. To increase specificity a probe based
system similar to the probes suggested by Holland et al. was developed for
use in qPCR. The approach uses hybridization probes with a dual label. On
one end of the probe a fluorescent reporter is placed whose fluorescence is
quenched through a second fluorescent dye on the other end of the probe
[18]. The quenching process takes place through fluorescence resonance en-
ergy transfer (FRET). When the polymerase cleaves the hybridized probe
during extension the reporter is separated from the quencher. This inter-
rupts the FRET transfer and an increase in fluorescence can be observed.
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The approach is often referred to as TaqMan3 chemistry.

Figure 1.4: Diagram showing how TaqMan chemistry works. In a first step
the TaqMan probe and primers hybridise to the template. Through the
spatial proximity the reporter (R) is quenched by the quencher (Q). Once
the polymerase (blue) encounters the probe during extension it cleaves the
reporter from the quencher. Through this the fluorescence from the quencher
becomes detectable.

The method is called quantitative PCR because the real time fluores-
cence data gathered during the experiment can be used to quantify the
concentration of template. In general there are two strategies for quantifi-
cation: absolute quantification and relative quantification. While absolute
quantification requires a calibration curve to relate the PCR signal to the
initial concentration of template, relative quantification measures the ratio
of one template to another one during amplification.

3The name TaqMan originates from Taq-polymerase and the popular video game Pac-
Man, which reminds of the polymerase degrading the probe.
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Relative Quantification

In relative quantification the ratio of the target concentration compared to
a internal control is determined. The control often is an added reference
gene or a housekeeping gene and can be co-amplified in a multiplex assay
in the same reaction tube or amplified in a separate reaction tube. For the
calculation of the ratio of the two genes there are several methods based on
crossing points (CP ) or threshold cycles (Ct). The methods can be classified
in two main classes with and without efficiency correction.

One of the most popular methods is the ∆∆CT method suggested through
Kenneth Livak and Thomas Schmittgen [19] 4. The method is based on the
equation shown in equation 1.1.

Xn = X0(1 + EX)n (1.1)

In the above equation Xn is the number of dsDNA molecules after n
cycles, X0 is the initial number of molecules, EX is the efficiency of target
amplification and n is the number of PCR cycles conducted. The cycle at
which the amount of target reaches a certain threshold (KX) is denominated
by the threshold cycle CTX :

XT = X0(1 + EX)CTX = KX (1.2)

The same definition can be made for a reference (R), which is an internal
control gene:

RT = R0(1 + ER)CTR = KR (1.3)

Assuming the same amplification efficiency for target and control (EX =
ER = E) and dividing equation 1.2 by equation 1.3 one obtains:

X0

R0
(1 + E)CTX−CTR =

KX

KR
= K (1.4)

where K is the ratio of KX to KR. Introducing the normalized amount
of target XN as X0/R0 and ∆CT as the difference in threshold cycle for
target and reference (CTX − CTR) one obtains after rearrangement:

XN = K(1 + E)−∆CT (1.5)

In a last step the normalized amount of target for any sample (q) (XNq)
is divided by the normalized target amount of the calibrator (cb) (XNcb):

4The method was originally proposed in the Applied Biosystems User Bulletin No. 2
(P/N 4303859). The paper was published later on to present the derivation of the method
for general literature.
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XNq

XNcb
=
K(1 + E)−∆CTq

K(1 + E)−∆CTcb
(1.6)

Assuming the efficiency to be equal to unity ( E = 1 ) and introducing
−∆∆CT = ∆CTcb −∆CTq one obtains:

XNq

XNcb
= 2−∆∆CT (1.7)

Not making the assumption of the efficiency being equal to unity and
assuming different efficiencies for target and calibrator one arrives at a model
accounting for different efficiencies [20]:

XNq

XNcb
=
E

∆CTq
q

E∆CTcb
cb

(1.8)

Absolute Quantification

While relative quantification determines the change in steady-state concen-
tration of a gene to a reference, absolute quantification methods attempt to
determine the initial number of copies of the gene present in the reaction
mix. One of the earliest methods of absolute quantification was suggested
through Rudolf Wiesner et al. [21]. They took a sample after the each
consecutive cycle of the reaction starting with cycle 16, in earlier cycles the
concentration of DNA was to low to be determined. Once they determined
the concentration of DNA in the samples they plotted the logarithm of the
concentration against the cycle number. Linear regression using equation
1.9 allowed them to determine the initial concentration of DNA (N0), the
y-axis intercept, and the efficiency (Ex) the gradient of the curve.

log(Nn) = log(Exn) + log(N0) (1.9)

where n is the cycle number and Nn the DNA concentration after the
n-th cycle. Since this method is very labour intensive by requiring collec-
tion of consecutive samples after every PCR cycle different methods were
developed, taking advantage of real-time PCR capabilities.

In 1998 Tom Morrison et al. [22] used SYBR Green I in combination with
real-time PCR to determine the initial concentration of a template.They ran
a dilution series of the template with known concentration and extracted
the threshold cycles of this dilution series. Like Wiesner they plotted the
extracted threshold cycles against the logarithm of the initial template con-
centration. Afterwards a simple linear regression could be done, giving a
relation to determine the initial DNA concentration of an unknown sample.
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Figure 1.5: Original figure illustrating the method of absolute quantifica-
tion of GM-CSF suggested by Morrison et al. Real-time fluorescence signal
from a serial dilution containing 106,105,104,103,102,50,25,12,6.3,3.1,1.6 or 0
templates (A). Typical derivative melting curve for an experiment contain-
ing 100 starting copies of the template (B). Real-time fluorescence signal
from a serial dilution containing 106,105,104,103,102,50,25,12,6.3,3.1,1.6 or 0
templates, specificity enhanced through the addition of Taq-Antibody (C).
Fractional cycle number of threshold cycles against log of initial template
concentration, and linear fit through data (D). All figures from Morrison T.
et al. BioTechniques, vol. 24 (954 - 962), 1998

Following this method provides a less labour intensive mean of absolute
quantification. The required standard curve can be recorded in the same
thermal cycler run as is used for unknown sample. Furthermore the method
has the advantage of not requiring any assumptions on the efficiency of
the reaction. Due to these advantages this approach is commonly used
today and integrated into many commercial PCR softwares used for absolute
quantification.

1.2.2 Melting Curve Analysis

Before the introduction of fluorescent markers, allowing the real-time ob-
servation of PCR, amplification and analysis required sequential operations.
Usually amplification was done automatically on a thermal cycler. Products
were then manually transferred to an analysis step like agarose or polyacry-
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lamide electrophoresis for example. Ririe et al. [23] realised that when
they observed the fluorescence of SYBR Green I continuously throughout
a temperature cycle the denaturation of the template can be observed as a
rapid loss of fluorescence. The temperature at which this occurs, called the
melting temperature (TM ), is characteristic for the template. The length,
GC-content and sequence of the product influence the melting temperature.
Ririe et al. exploited this by running a linear temperature gradient from
the extension to denaturation temperature after amplification while contin-
uously recording fluorescence. Afterwards they removed background fluores-
cence and the temperature effect of fluorescence from the data and plotted
the first negative derivative with respect to temperature against tempera-
ture. Through this trick melting peaks can be obtained from melting curves.
Similar methods are used in melting curve analysis in spectroscopy, hence
the method is called melting curve analysis (MCA). The method is able to
differentiate products with a difference in TM of less than 2◦C. Enabling
automated analysis of products, without the risk of contamination by man-
ual manipulation, is the main advantage of the method. Furthermore MCA
allows the differentiation of products with the same length but different se-
quence or GC-content which would not be possible by gel electrophoresis.

By the means of equipments specialised on MCA giving temperature
resolution down to 0.002◦C and providing 50 fluorescent measurements for
every 1◦C during ramping high resolution melting curve analysis (HRMCA)
can be performed [24]. In this method of operating MCA melting curves
are recorded with a gradient of 0.1◦C/s in the presence of an intercalating
dye like LCgreen. Unlike in normal MCA the fluorescence signal is first
normalized and optionally temperature shifted. Afterwards the normalised
curves are subtracted from a reference curve. This gives a horizontal line for
the reference curve and different paths corresponding to different genotypes.
Even single nucleotide polymorphisms can be detected using HRMCA.

1.2.3 Reverse Transcription PCR

In 1956 Francis Crick formulated his ideas on Protein Synthesis [25] which
are known today as the central dogma of molecular biology. Later-on he
refined the idea in a second paper in Nature [26]. The dogma describes the
relations between DNA, RNA (Ribonucleic acid) and proteins. Crick de-
scribes the key content of the dogma with the following words [25]: ”Once
information has got into a protein it can’t get out again”. to illustrate the
content of the dogma it might be simpler to visualize it in a diagram 1.7.
The solid lines in the diagram represent transfers that occur in most cells,
while the dashed lines illustrate processes that only occur under special cir-
cumstances.
In the meantime Howard Temine at the University of Wisconsin had dis-
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Figure 1.6: Graph showing normalised and temperature shifted fluorescence
(to overlay them with the AA wild type between 5 and 10 fluorescence
units) as function of temperature for different genotypes containing sin-
gle nucleotide polymorphisms (left). Fuorescence difference curves obtained
through the subtraction of the wild type curve (AA) from each curve (right).
Due to the temperature shifting of the initial curve the temperature axis does
not correspond to actual temperature but rather reflects temperature dif-
ference compared to superimposed parts of the curve. Figure from Wittwer
CT. et al. Clinical Chemistry, vol. 49 (853 - 860), 2003

covered the reverse transcriptase enzyme which would allow the synthesis of
complementary DNA to an RNA molecule [27]. Thus it should be possible
to start with a RNA molecule, synthesise a DNA template from it using
reverse transcriptase and then amplify it using PCR. In fact even before the
discovery of PCR through Mullis scientists at Havard synthesis DNA from
RNA followed by an extension from DNA polymerase resulting in double
stranded DNA [28]. Thus it is not surprising that soon after the introduc-
tion of PCR the synthesis of the first strand of dsDNA was followed by
thermal cycling to amplify the signal. Because this method relies on an
initial reverse transcription step before PCR this mode of operating PCR is
called reverse transcription PCR (rtPCR) 5.

1.2.4 Multiplexed PCR

In many applications, especially in diagnostics, it is desirable to detect more
than one target sequence. In order of achieving this there are two main op-
tions, one can either run reactions in parallel with different sets of primers
or employ the primer sets for different targets in the same reaction. In the
first case one speaks of simplex PCR while the second is often referred to as
multiplex PCR.

5Sometimes the abbreviation rtPCR is used for real time PCR, in this work it is
exclusively used for reverse transcription PCR
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Figure 1.7: Diagrams illustrating the central dogma of molecular biology
as proposed by Crick in his original paper Crick F. Symp. Soc. Exp.
Biol., XII (139 - 163), 1956 (left) and revised paper Crick F., Nature,
vol. 227 (561 - 563), 1970 (right). In both diagrams solid arrows represent
processes happening in most cells while dashed arrows indicate process that
may occur under special circumstances.

Commonly fluorescent probes with different emission wavelength for each
amplicon are used [13]. These are detected using optical filters specific to
the probes used (refereed to as fluorescent channels). Depending on the kind
of probe used fluorescence detection can be done in real-time (for TaqMan
probes for example) or through analysis after amplification (when using la-
belled primers). Initially only one target could be detected per fluorescent
channel but Rajagopal et al. [29] developed a method using linear combi-
nations of the different coloured TaqMan probes for different targets. In
theory the number of targets being detectable through this system becomes
unlimited. In practice this is limited through overlap, crosstalk and false
positives of the probes however.

Alternatively products can be differentiated after amplification using
capillary electrophoresis[30] or gel electrophoresis [31] for example. Since
these mobility based separation methods will not work for products of the
same length melting curve analysis can also be used [32].

1.2.5 Modelling of PCR

To enhance understanding of the reaction and to optimize reaction condi-
tions models have been developed describing the polymerase chain reaction.
Two simple models have already been introduced when describing quantifi-
cation, namely the ∆∆CT method. When assuming unity for the efficiency
one arrives at the following equation as already shown previously:
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Xn = X02n (1.10)

where Xn is the number of molecules after the n-th cycle, X0 is the initial
number of molecules, and n is the number of cycles. As shown previously
one can extend this model through the introduction of an efficiency not equal
to unity:

Xn = X0(1 + E)n (1.11)

where E is the efficiency of the reaction. Both of these models make
strong assumptions on the efficiency and indeed experiments have shown
that efficiency is rarely equal to unity and often is strongly dependent on
the cycle number. For this reason more elaborate models have been con-
structed. Gevertz et al. [33] made a model describing all three steps of the
reaction (denaturation, annealing and extension) using either equilibrium or
kinetic equations. Through this they have been able to find an efficiency for
every step in every cycle and obtain better predictions of experimental out-
comes. Other models focus on single steps of the reaction like the melting
of dsDNA during denaturation [34] or the origin of unspecific products dur-
ing annealing when dealing with complex templates [35]. Yet other models
describe the proofreading function of DNA polymerase during extension on
a molecular level [36].

1.3 Thermal Cylcers

Thermal cyclers for PCR have to be able to control the temperature of a liq-
uid sample in such a manner that temperatures for denaturation, annealing
and extension are met. Typically the samples have volumes of 5 to 100µL
and require 20 to 50 cycles of amplification. A successful reaction neces-
sarily requires a homogeneous temperature distribution inside the sample.
Furthermore evaporation of the sample has to be prevented during thermal
cycling. Real-time detection for qPCR needs systems for exciting the flu-
orophor during the course of the amplification process as well as means of
measuring the fluorescent signal. In order to perform MCA and HRMCA
the device has to be able to produce a time dependent temperature gradient
with a slope of around 0.1◦C/s while measuring fluorescence. Again a ho-
mogeneous temperature distribution inside the sample is crucial especially
for HRMCA.

Thermal cycler can be divided into two main classes, time-domain (sta-
tionary PCR) and space-domain (flow-trough) machines [37]. While in time-
domain PCR samples remain fixed in their position and temperature is
changed through a heater and either active or passive cooling, a time-space



16 CHAPTER 1. INTRODUCTION

conversation is done in space-domain PCR. Here samples are moved through
zones having the corresponding temperature. Space domain often has the
advantage of featuring significantly higher heating and cooling rates since
they have lower thermal masses compared to time-domain machines. On
the down side space-domain machines are often less flexible regarding step
times and temperatures and are more complex in their construction.

Through the vast number of applications of PCR in research and diag-
nostics a need for portable devices for use outside laboratories in remote
locations is present. The world health organisation (WHO) has created a
list of criteria a point-of care device should full fill to be suitable for in field
use known as the ASSURED criteria [38]:

• Affordable

• Sensitive

• Specific

• User-friendly

• Rapid and Robust

• Equipment free

• Delivered

In the original definition of the ASSURED criteria the WHO defined
sensitive as avoiding false negative results and likewise specific as avoiding
false positive results. User-friendly was specified as simple to perform and
using non-invasive techniques. Delivered meant accessibility to the end-user.

1.3.1 Commercial Devices

A variety of companies offers thermal cyclers and real-time thermal cyclers
on the market. Most of these commercial machines are made for high
throughput applications in laboratories and use time-domain technology.
Sample volumes used in most commercial devices lie in the range of 5 to
50µL. Three commercial devices will be introduced in the following as an
examples for the number of devices available on the market.

The most typical example for a high-throughput laboratory machine here
is the AppliedBiosystems 7500 Fast Real-Time PCR machine. It consists
out of a Peltier-based 96-well block, suitable for plates used in these appli-
cations. Through the high thermal mass of the heating block and well-plate
heating and cooling rates are only 5.5◦C/s in fast mode and a mere 1.6◦C/s
in standard operation mode. For real-time detection the system employs a
Tungsten-Lamp for excitation combined with excitation and emission filters
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Figure 1.8: Two commercial thermal cyclers, namely: (a) ABI 7500 Fast (b)
Roche Light Cycler capillary based

for five different dyes. Emission light is captured using a charged-coupled
device camera (CCD camera)[39].

While plates have the advantage of being handleable through lab robots
and thus allowing automation of processes in labs Roche has chosen a dif-
ferent way when designing their LightCycler Capillary based system. Here
samples are stored in glass capillaries with volumes of 20µL or alternatively
100µL. The system can cycle 96 of these capillaries at the same time in the
old version, or 32 capillaries in the new system. The main disadvantage of
capillaries is that they can not be handled automatically and are thus not
suitable for high-throughput applications. They can, however, be heated
and cooled using air allowing significantly faster heating and cooling rates
of up to 20◦C/s. The LightCycler is equipped with light emitting diodes
(LED) for excitation and has the corresponding excitation and emission fil-
ters equipped. The system is either available with three or alternatively six
fluorescence channels[40].

The real-time thermal cyclers from Roche and AppliedBiosystems are
both significantly heavier than 20kg and meant to be used in a laboratory
as a bench-top device. In 2014 PrimerDesign introduced the Genesig q16
weighing only 2kg and occupying only 120cm2 for use outside traditional
laboratories by medical doctors or veterinarians for example. As it is de-
signed to be used outside of laboratories it is not set up for high-throughput
measurements usually done in labs, instead it can only handle 16 samples in
parallel each having a volume of 20µL. Heating and cooling are done using
a Peltier-element allowing rates of 3◦C/s for heating and 2◦C/s for cool-
ing. For fluorescence detection a complementary metal-oxide-semiconductor
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(CMOS) detector is used while a LED is used for excitation [41]. Through
these simplified optics the Genesig q16 can only detect one dye unlike the
systems offered for use in conventional labs.

The systems offered commercially are often designed for laboratory use
and well suited for automation of processes and high-throughout applica-
tions. On the downside these machines are relatively expensive and bulky,
thus not suitable for in-field use. Furthermore most commercial thermal
cyclers require sample volumes higher than 5µL. Additionally the use of
thermal blocks and Peltier elements for heating and cooling causes high
thermal masses of the systems and thus often long ramping times between
the individual steps.

1.3.2 Academic Devices

A wide variety of thermal cyclers has been suggested through the academic
community. Unlike commercial cyclers which are mainly time domain and
often realise heating with blocks powered through Peltiers academic devices
use time as well as space domain. Furthermore a bigger variety in heating
and cooling as well as detection methods can be seen here. In the following
a couple of examples are given for systems using space-domain as well as
systems time-domain.

Space-domain Devices

Space-domain thermal cyclers often use the advantages microfluidics has
to offer in terms of controllable and fast thermal transfer. By passing the
sample through zones of alternating temperature avoids temperature cycling
of the entire device making the process faster and energy efficient. Many
design either continuously flow a sample through different heat zones along
a channel or they employ plugs or droplets.

One of the first space-domain thermal cyclers was presented in 1998 by
Kopp et al. [42]. The device used a serpentine, microfluidic channel passing
through three different temperature zones for denaturation, annealing and
extension (fig. 1.9(a)). The design featured a channel with a length of 2.2m
resulting in 20 cycles. The time spend in each cycle was determined through
the flow rate. The length of channel in each temperature zone determined
the time for each step. Through variations in flow rate the twenty cycles
could be performed in times ranging between 90 seconds and 19 minutes.
The use of microfluidics and the small channel dimensions (40µm x 90µm)
allowed for heating and cooling times of about 100ms equating to rates of
about 200◦C/s. In this case detection of the samples was done of chip by
collecting sample at the outlet and afterwards performing gel electrophoresis.
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Figure 1.9: Continuous flow through PCR chip layout featuring a serpentine
channel going though three temperature zones for denaturation, annealing
and extension Kopp M.U. et al. Science,vol. 280 (1046 - 1048), 1998
(left). Radial chip design employing droplets and two temperature zones for
amplification. The red circle in the middle of the design marks the position
of the one copper heating element used. Droplets were generated using a T-
junction droplet generator marked with C in the schematic Schaerli Y. et al.,
Anal. Chem., vol. 81 (302 - 306), 2009 (middle). Drawing of a thermal
cycler consisting out of tubing wrapped around a cylinder compromising
two different temperature zones. The design also includes optical fibres for
measuring the fluorescence intensity of the sample at the end of every cycle
Hatch A.C. et al., Lab Chip, vol. 14 (562 - 568), 2014 (right).

Starting from this initial flow through device many variants were devel-
oped. A radial design using droplets is one of the more worthy of note here
[43]. The design includes a channel passing repeatedly through the centre
followed by the periphery of the design (fig. 1.9(b)). A single heating el-
ement in the middle of the design defines the denaturation zone while the
extension and annealing zone were created through a thermal gradient to-
wards the periphery established through a Peltier. Droplets containing the
template were created using a T-junction droplet generator on the chip. The
use of droplets has several advantages for this application. Firstly droplets
reduce the risk of cross contamination and cross talk caused by adsorption of
template molecules to the wall of the channel. Additionally droplets allow
the analysis of genomic libraries, man-made libraries and complementary
DNA (cDNA) libraries. Lastly digital PCR can be performed by only en-
capsulating a single template molecule in each droplet. This has particular
advantages when dealing with rare DNA strands in a complex mixture of
DNAs. Again products were analysed by collecting sample at the outlet of
the chip followed by different analysis methods of chip.

Another popular radial design compromises a capillary or tubing wrapped
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around a cylinder having different heating zones. An example for this was
published by Hatch et al. [44] made out of 10m tubing with an internal
diameter of 0.5mm twisted around an aluminium cylinder that had two
temperature zones (fig. 1.9(c)). One of the temperature zones was used for
denaturation the other one for annealing and extension. Unlike the previous
examples shown the cycle number could be varied by changing the number of
turns of the tubing around the cylinder. Samples were either introduced as
plugs or as droplets with the fluorinated oil FC-40 as the continuous phase.
In this design for a thermal cycler real-time fluorescence detection was done
after every cycle through optical fibbers aligned with the tubing after every
cycle. A LED was used for excitation while a multi anode photomultiplier
tube was used for measuring the emission light.

A remarkable space-domain thermal cycler is constructed from two wa-
ter baths, one boiling at 95.5◦C 6 the other one between 25◦C and 74◦C
depending on the experiment [45]. A 5µL sample in a glass capillary was
moved repeatedly from one water bath to the other one using a stepper
motor. Real time fluorescence detection was done using fibre optics in the
colder of two water baths. Since the aim of the experiments was to achieve
an as short as possible time per cycle the sample was either moved after
a set time to the next bath, or alternatively once a thermocouple attached
next to the capillary obtained a pre-set temperature. Through this set-up a
35 cycle PCR could be performed in under 15 seconds.

Time-domain Devices

The number of cycles and length of the different steps in time-domain cyclers
can often be controlled by software or other easy to modify means making
them easier to adapt to different PCR protocols. Through this advantage
time-domain machines are not only popular for commercial devices but are
also chosen for a variety of developmental devices.

A zwitter device between time and space domain was proposed in form
of a portable cycler powered through a candle [46]. The device consisted
out of 15ml water bath which was heated to the boiling point using a candle
(fig. 1.10(a)). Glass capillaries were held into this water bath in such a
manner that the bottom part would be submerged and the top part would
be exposed to ambient conditions. Through the temperature gradient inside
of the capillary internal convection occurred cycling the sample between de-
naturation temperature at the bottom of the capillary and annealing and
extension temperatures at the top of the capillary. The device should be
considered as a zwitter between space and time domain because the sample

6Experiments were conducted in Salt Lake City, Utah, where water boils at 95.5◦C
due to the altitude.
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Figure 1.10: PCR with phase change as intrinsic thermal control. The
heat source for this device heating a small water bath (15ml) till boiling
providing the denaturation temperature. Through internal convection the
sample moves to colder parts for annealing and extension Hsieh Y. et al.
Appl. Phys. Lett.,vol. 102 (173701.1 - 173701.3), 2013 (left). Device
employing a printed droplet array covered with mineral oil, Heating is done
with a modulated infra red laser focused on individual droplets Kim H. et
al., Lab Chip, vol. 9 (1230 - 1235), 2009 (middle). Device employing
a porous heat exchanger underneath the reaction chamber. To change the
temperature of the reaction chamber preheated water was flown through the
heat exchanger from a reservoir. Wheeler E.K. et al., Analyst, vol. 136
(3707 - 3712), 2011 (right).

is not actively shuttled between the temperature zones and the reaction con-
ditions are defined through time and temperatures not by device geometry.
In this device detection of products was done after the completed reaction
by gel electrophoresis.

Kim et al. employed an array of printed droplets containing the sample
with volumes in the sub-microliter range [47]. The droplets were placed on
a polystyrene surface and covered with mineral oil making them similar to
virtual reaction chambers. Heating was done using a modulated infra-red
laser focused on individual droplets (fig. 1.10(b)). Through modifications
in the duty cycle of the laser temperature could be raised. Heat dissi-
pated through the surrounding mineral oil was used for passive cooling. An
LED and CCD was used for excitation and detection providing means for
real-time detection. This approach allows for different step times as well as
cycling numbers for each individual droplet mearly by software modification.

To achieve fast heating and cooling rates Wheeler et al. utilized a porous
heat exchanger underneath of a 5µL reaction chamber [48]. To change the
temperature preheated water was flown through the heat exchanger (fig.
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1.10(c)). This also allowed for active cooling resulting in equal heating and
cooling rates of 45◦C/s. An electric heating element was also included to
allow for higher heating rates when required. In the published version prod-
uct analysis was done through gel electrophoresis but optics for real-time
detection are planned for future versions of the device.

A further popular method of realizing a time-domain amplification is us-
ing isothermal amplification. In isothermal amplification the entire PCR is
conducted at one temperature, however the reaction follows a different path-
way to reactions conducted at two or three different temperatures. A recent
device for example uses a slip chip to perform digital, isothermal amplifica-
tion [49]. Here the reaction mixture was compartmentalised through the slip
chip and consequently isothermal amplification was carried out. Here the
process of the reaction was exclusively determined by the reaction time since
there is no cycling. After amplification fluorescence of the individual com-
partments was measured using an optical filter set and a smartphone camera.
Isothermal PCR shows a bigger robustness against disturbances influencing
the reaction efficiency compared to real-time PCR. On the downside the
dynamic range is significantly lower and reaction times are longer.

Due to a high thermal conductivity and well known fabrication meth-
ods, even for sub-micrometer features, silicon is a popular choice for PCR
devices. One of the first thermal cyclers made from silicon consisted out of a
chamber etched into a silicon wafer with a volume of 10µL capped by glass
[50]. Heating and cooling was achieved using a computer controlled Peltier
underneath the silicon chip. Despite the optical transparent cover of the
chip real-time detection was not performed, instead products were analysed
through gel-electrophoresis after amplification. A more recent, portable de-
vice makes use of silicon heating blocks combined with platinum heaters
[51]. Standard plastic 20µL vials are used as reaction vessels. LEDs with
two different wavelength and corresponding filters are used for the real-time
detection of 6-carboxyfluorescein (FAM) and 6-carboxy-4’,5’-dichloro-2’,7’-
dimethoxyfluoresceine (JOE) dyes.

1.4 Protein Analysis

Although protein denaturation was known since 1910 the process was not
understood well and mostly a mystery to scientists. Years later scientist
realised that protein denaturation is a structural change in the protein and
began suggesting the first models for protein folding. One of the first mod-
els was the cyclol model by Dorothy Wrinch [52]. Although the model had
to be amended later on some of the assumptions still proved to be correct
like the prediction that one of the main driving forces for protein folding
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are hydrophobic interactions. Today protein structure is determined using
a variety of different techniques like X-ray crystallography, nuclear magnetic
resonance spectroscopy or cryo-electron microscopy.

For researchers not only the conformation of the protein is of inter-
ested but also the kinetics and mechanisms of the folding and unfolding
process [53]. To study these kinetics and to probe the thermal stability
of proteins calorimetric measurements, like differential scanning calorimetry
and isothermal titration calorimetry, are widely used [54]. Fluorescence mi-
croscopy can also be used as a highly sensitive method through the exploita-
tion of intrinsic fluorescence, fluorescence markers or dyes. Extrinsic dyes
that interact noncovalantly with the protein, for example, are of high inter-
est. One example of this is 1-anilinonaphtalene-8-sulfonate (ANS) which is
strongly fluorescent in apolar solvents but loses almost all of its fluorescence
in aqueous environments. This property allows observation of protein denat-
uration by fluorescence microscopy as during denaturation the hydrophobic
sites formerly inside the protein become exposed. ANS can interact with
these sites and an increase in fluorescence is observed [55]. Thus an indirect
measurement of protein stability is done. This method is often referred to
as fluorescence thermal shift assay since denaturation of the protein is often
done by the application of a temperature gradient. Another use of these
technique lies in the identification of protein ligand interactions for example
to screen for potential therapeutic substances.
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Chapter 2

Aim and Structure of the
Thesis

Motivation

As state by the title the most important aim of the thesis is to evaluate the
feasibility of virtual reaction chambers as a tool for the analysis of DNA and
proteins. In the context of this thesis the analysis of DNA shall be limited to
the polymerase chain reaction, or reverse transcription PCR when starting
from RNA, respectively. The property of proteins that is researched in this
thesis is their thermal stability.
To evaluate the usefulness of VRCs for these purposes a system for the
analysis and thermal manipulation of VRCs has to be devised first. To make
it feasible for real world PCR applications, possibilities for multiplexing in
VRCs are explored.
Furthermore, in case of VRCs beeing feasible for the mentioned applications,
it is desirable to take advantage of the benefits of microfluidics and construct
a portable, point-of-care-device for in field diagnostics.

Structure of the Thesis

After the introduction the thesis is structured in eight chapters. In a first
chapter a portable PCR device is introduced. The results of this chapter
have been published in a paper in Lab on a Chip. In the subsequent chap-
ter reverse transcription PCR is demonstrated on the portable PCR device
from the first chapter. The next two chapters deal with multiplexed PCR,
firstly using two different dye chemistries, and secondly by utilizing the ad-
vantages of VRCs. Both contributions have been published as papers in
Scientific Reports. Concluding the work on PCR is a chapter dealing with
the development of a mathematical model describing the reaction.
Lastly a chapter deals with the applications of VRCs in applications for pro-
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tein analysis making use of the superheating capacity. Finally the thesis is
concluded with an conclusion on the work conducted for this thesis and an
outlook towards possible future work. At the end short definitions of some
key words as well as the published papers of this thesis in their original
formatting can be found in the appendix.



Chapter 3

Handheld PCR device

3.1 Motivation and relation to the thesis

In order to perform polymerase chain reaction inside of virtual reaction
chambers a method had to be found to manipulate the temperature of
the VRC. Ideally the device is able to heat and cool the sample rapidly
while maintaining a homogeneous temperature distribution inside the sam-
ple. Furthermore real-time detection requires fluorescence measurements of
the sample thus optical access to the sample should not be hindered by the
temperature control device. In this chapter a silicon based heating chip is de-
veloped and tested fulfilling the mentioned criteria. The chip is subsequently
used in the following work as a means of manipulating the temperature of
VRCs.

As virtual reaction chambers provide a relatively simple, equipment in-
extensive access to microfluidics, not requiring syringe pumps for example,
and the developed chip only measures 15 x 15 mm it was decided to im-
plement the chip in a portable PCR device. Hence the development of a
handheld, real-time PCR device capable of the parralel performance of four
polymerase chain reactions is described in the following. The system is based
on virtual reaction chambers and the developed heating chip.

3.2 State of the art

Virtual reaction chambers have already been utilized in the past for PCR.
To fulfil this task methods of temperature control had to be devised. A mi-
cromachined silicon chips was used for this purpose in a couple of examples.
The chip consisted out a doughnut shaped silicon structure suspended on a
cantilever. In the centre of the doughnut either another doughnut or silicon
disk was placed (Fig. 3.1). A gold resistive heater as well as temperature
sensor were attached to the back side of the inner doughnut or disc, respec-
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tively. On top of the silicon heating chip a thin, hydrophobically covered
glass slide was placed. This configuration has the advantage of providing
fast heat transfer though the silicon chip as well as a clean surface by the
disposable glass slide. A first example of the system in use was demonstrated
in 2006 [1] with relatively large sample volumes of 1µL. Shortly afterwards
the same system was used to demonstrate the fastest PCR at the time in
under six minutes [2]. To accelerate the PCR the sample volume was re-
duced to 100nL while keeping the same silicon chip for heating. This way
heating rates of 175◦C/s could be achieved while a cooling rate of 125◦C/s
was obtained by passive cooling.

Figure 3.1: Schematic showing the VRC on the silicon heating chip. In this
case cross-section shows the outer doughnut structure and the inner silicon
disc used in this case. The gold resistive heater and sensor can be seen on
the bottom of the inner disc. P. Neuzil et al. Nucleic Acids Research,
vol. 34 (e77), 2006 (Left). Picture showing the clockwork-PCR device.
The four droplets on the left of the picture are for sample preparation, while
the sample is moved with the droplet located at H1 through the different
temperature zones provided by the silicon heater (H1 - H4). Below the chip
the permanent magnet moving the sample can be seen (marked with 1) J.
Pipper et al. Angewandte Chemie, vol. 120 (3964 - 3968), 2008 (right)

The chip had dimensions of 24.2 x 24.2 mm and was used later on in
combination with a motorized stage, permanent magnet and magnetic beads
for sample preparation. One example here is the detection of bird flu RNA
from a saliva sample [3]. Throat swab samples were placed on the glass slide
and the virus RNA extracted using magnetic beads. Once the RNA was
extracted and washed it was moved into a droplet containing PCR master
mix and reverse transcriptase. The temperature of this droplet was then
manipulated using the silicon chip to initiate reverse transcription followed
by PCR. A similar method was introduced later, also using magnetic par-
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ticles to extract in this instance DNA from GFP-transfected bacteria (See
figure 3.1(b))[4]. Again the beads with the bound DNA were merged with
a VRC on top of a silicon heater. In this instance, however, thermal cycling
was not achieved by changing the temperature of the heater. Instead the
beads and VRC were moved between 4 different silicon heaters at the tem-
peratures required for PCR.

In this chapter the existing system of silicon heating chip, hydrophobic
glass slide and virtual reaction chamber is further developed. Firstly the
dimensions of the chip are reduced to 15 x 15 mm with the ability to analyse
four samples in parallel. Secondly the chip is integrated in a portable real-
time PCR system. While in previous applications of the system fluorescence
measurements were made using a microscope parts for florescence detection
had to be miniaturized and made compatible with the heating chip. As the
inner doughnut or disc respectively present in earlier versions of the chip
blocked the optical path the design had to be modified to obtain optical
access to the chip.
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3.3 Paper: Handheld real-time PCR device

As published in: Christian D. Ahrberg, Bojan Robert Ilic, Andreas Manz
and Pavel Neuzil, Handheld real-time PCR device, Lab on a Chip (2016)

Here we report one of the smallest real-time polymerase chain
reaction (PCR) systems to date with an approximate size of 100
mm x 60 mm x 33 mm. The system is an autonomous unit requir-
ing an external 12 V power supply. Four simultaneous reactions
are performed in the form of virtual reaction chambers (VRCs)
where a ≈200 nL sample is covered with mineral oil and placed on
a glass cover slip. Fast, 40 cycle amplification of an amplicon from
the H7N9 gene was used to demonstrate the PCR performance.
The standard curve slope was -3.02 ± 0.16 cycles at threshold
per decade (mean ± standard deviation) corresponding to an am-
plification efficiency of 0.91 ± 0.05 per cycle (mean ± standard
deviation). The PCR device was capable of detecting a single de-
oxyribonucleic acid (DNA) copy. These results further suggest
that our handheld PCR device may have broad, technologically-
relevant applications extending to rapid detection of infectious
diseases in small clinics.

The invention of polymerase chain reaction (PCR) 32 years ago is con-
sidered to be one of the greatest inventions of the last century [5]. Over the
years, many variants of the original system have been developed. One of
the most important advancements is the real-time PCR analysis system [6].
The approach enables real-time PCR amplification, monitoring, and quan-
tification of the number of deoxyribonucleic acid (DNA) copies in the sample
under consideration. This method is commonly referred to as quantitative
PCR (qPCR) [6]. The main advantage of real-time PCR is the elimination
of any post-processing, such as electrophoresis or hybridization to detect the
PCR product.

The PCR reaction is performed by thermal cycling in the presence of
specific oligonucleotides, the enzyme polymerase, free nucleic acids and bi-
valent salts such as MgSO4 or MgCl2. This cocktail is commonly referred
to as the PCR master mix. The detection of PCR product amplification
is conducted by monitoring the fluorescence amplitude during the PCR. In
the presence of an intercalating dye, such as SYBR Green I, the fluorescence
amplitude is proportional to the concentration of the DNA amplicon, the
product of the PCR. In order to verify amplification specificity, upon PCR
completion, employment of an intercalating dye enables performing melting
curve analysis (MCA). Another improvement of the PCR is the addition
of the reverse transcriptase enzyme to the PCR cocktail, forming reverse
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transcription PCR (RT-PCR).
PCR has become the method of choice for the detection of DNA and RT-
PCR to detect RNA. These two reactions have revolutionized genetics. Fur-
thermore, PCR has many diverse applications in infectious disease diagnos-
tics for detection of viruses or bacteria[7], in forensic science [8] [9] paternity
tests [10], security applications [11] and myriad other commercial applica-
tions [12]. Commercial systems are typically rather large tabletop tools used
for high throughput mass screenings and are impractical for use in point-
of-care applications (POC), where the most important system parameters
are portability and power consumption. The quest for a miniaturized PCR
version suitable for POC diagnostics was initiated at Lawrence Livermore
Laboratories [13] [14] more than two decades ago. Agrawal et al. have de-
veloped a pocket-sized conventional PCR system[15] that requires extensive
sample post-processing to identify the presence of an amplicon. In contrast,
real-time PCR eliminates the need for sample processing once PCR is com-
pleted.
Real-time PCR systems consist of a heater, temperature sensor, and fluores-
cence excitation and detection unit. Temperature cycling is performed by
heating and cooling of samples. Within the PCR process, the cooling rate
is one of the primary limiting factors. Bulky commercial systems have large
heat capacities, hence heat removal is challenging, and is typically accom-
plished by using a thermoelectric cooler (TEC), commonly known as the
Peltier element. Since these bulky systems consume a considerable amount
of power, they are generally unsuitable for field testing POC applications.
Small PCR instruments are often based on microfluidic devices, so-called
lab-on-a-chip devices [16]. These systems comprise two major groups, spatial-
domain and time-domain PCRs. On the one hand, time-domain PCRs have
a single heater with samples placed in direct contact. Here, temperature
cycling is carried out by changing the heater element temperature. On the
opposite end of the spectrum, the spatial-domain PCR has several heaters,
each held at a different temperature. In this scenario, temperature cycling
is accomplished by moving samples between heaters.
A typical representative of a spatial-domain system is the continuous PCR-
on-a-chip[17]. Within this system, the sample flow in the microfluidic chip
is positioned over the heaters, each kept at a different temperature. The
sample flows through tubes, thereby achieving thermal cycling. Here, PCR
duration is only limited by the flow rate and the heat transfer between the
sample and the side walls, for both heating and cooling. The two major
drawbacks of a flow-through PCR are system complexity and a high likeli-
hood of sample-to-sample cross-contamination.
An alternative version was introduced a few years ago where the sample
was in the form of a virtual reaction chamber (VRC)[1][18] [19]. The VRC
self-assembly system consists of a water droplet covered with mineral oil,
preventing water evaporation from the sample. In this scenario, the water
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droplet contained the PCR master mix with a pre-determined number of
DNA copies. Here, the VRC with DNA was separated from the microma-
chined silicon heaters by a disposable, hydrophobically-coated microscope
cover slip. To eliminate sample-to-sample contamination, the glass cover
slip was a disposable part of the system, and therefore each cover slip was
a single use component. The sample contained magnetic particles which
facilitated sample motion between heaters [3]. A pocket-size real-time PCR
system capable of processing a single sample was introduced a few years
later[20]. The system had an integrated miniaturized optical detection unit,
LCD display and control electronics. One of the key features was the im-
plementation of lock-in amplification for optical signal processing[3]. The
lock-in amplification feature allowed for ambient system operation without
light protection, thereby rendering the system robust and user-friendly. One
of the system drawbacks was processing a single sample at a time and fur-
thermore, the device was bulky.
A practical system to conduct PCR for POC applications requires simultane-
ous processing of 4 or more samples. Diagnoses of clinical samples should be
concurrently conducted with positive and negative control samples, thereby
eliminating false negative or positive events.
In our work, we introduce a new portable PCR system (Fig. 3.2) capable of
concurrently analyzing four ≈ 200nL volume samples. The system speed is
determined by the heating and cooling rates. The heating rate collectively
arises from the VRC thermal capacitance (H) and the dissipated Joule heat.
The rate of passive cooling applied within our system is given by the thermal
time constant (τ) of the system, which is given by H/G, where G is the ther-
mal conductance. Since the specific heat of water is exceptionally large, the
thermal properties of our system are strongly dependent on the sample wa-
ter volume. Consequently, a smaller sample size results in a faster system[2].

System samples consist of a negative control, also called no template
control (NTC), a positive control, and two samples of interest. The four
sample system architecture represents the minimal number of samples re-
quired for practical applications. Our system conducts 40 PCR cycles in less
than ≈ 35 min, while simultaneously processing the results. Furthermore,
our portable real-time PCR is capable of detecting a single DNA copy.
The PCR performance was evaluated by detecting a complementary DNA
from the avian influenza virus (H7N9) as well as two human transcripts, hy-
poxanthine phosphoribosyltransferase (HPRT) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). To the best of our knowledge, our system plat-
form represents the smallest realtime PCR system.
Our PCR instrument has two key features:

1. The four samples are in the VRC form and are placed on a disposable
glass cover slip over micromachined silicon heaters. Upon PCR com-
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Figure 3.2: (A) CAD design drawing of the handheld PCR. The illustra-
tion shows a display with a compartment accommodating 4 samples in the
VRC form. (B) Fabricated and assembled complete real-time PCR device
packaged within a 3D printed casing.

pletion, the single-use, disposable glass element is removed and a new
glass cover slip is placed on top of the silicon heater.

2. The fluorescence excitation/detection system is based on a lock-in am-
plifier, thereby rendering the system immune to ambient light. The
PCR instrument is equipped with a graphical 84 x 48 pixel liquid
crystal display (LCD) with a diagonal size of ≈ 38.1 mm to show the
reaction progress and final results. The captured data is stored in an
internal memory and can be uploaded for external processing via a
universal serial bus (USB). The system is powered by an external 12
V battery.

System setup

Our current system has two new key features: an integrated optical head
and simplified control electronics.

1. Integrated optical head

A fluorescence detection system for a single spot requires a light source,
three filters (excitation, dichroic mirror and emission) and a detector. We
redesigned the original head [21] [22] with 5 filters for the four units (see
Fig. 3.3). Each measurement spot is illuminated with a light emitting diode
(LED) with a principal emission wavelength of 470 nm and a luminous in-
tensity in the range of 7.2 cd to 12 cd. Light passes through an excitation
band pass filter with a center wavelength of ≈ 470 nm and a band pass of
≈ 40 nm, blocking light from the LED with wavelengths longer than ≈ 490
nm. Light is then reflected off of a long pass dichroic mirror with a cut-off
wavelength of ≈ 495 nm, and focused by a lens with a focal length of ≈ 3.1
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mm, a numerical aperture of ≈ 0.68 and an antireflective coating in the
range of ≈ 350 nm to ≈ 700 nm. The emitted fluorescence (F) is collimated
by the same lens, passing through the dichroic mirror. The residual blue
light is suppressed by a long pass emission filter with a cut-off wavelength of
≈ 510 nm, and fluorescence is captured by the conventional silicon photodi-
ode with a radiant sensitive area of ≈ 7.5 mm. The cross section schematic
of the handheld PCR system illustrating the optical path is shown in Fig.
S1(Supplemental material in section 11.2.1). The resulting photocurrent
is converted into voltage using an ultra-low bias current operational am-
plifier with dielectrically-isolated field effect transistor inputs (diFET) as a
transconductance amplifier. In this configuration, the four sample systems
share optical filters. Four LEDs are mounted in two pairs. Within each
pair, the LEDs were parallel, thus requiring only two excitation and two
dichroic filters for all 4 LEDs. Finally, there is only a single emission filter
for all photodiodes. A potential expansion to eight systems would require
additional LEDs and photodiodes with amplifiers.

Figure 3.3: Schematic illustration of the integrated optical head. Blue ar-
rows show the optical path from one LED with filters to the VRC. The
green arrow shows the optical path of excited fluorescence to the photo-
diode. Light emitted from a blue LED passes through the blue filter in
order to remove the green portion of emitted light, then reflects off of the
dichroic mirror through a donut-shaped heater and is focused on the sample
by an aspherical lens. Excited fluorescence is collimated by the same lens,
passing through the dichroic mirror with the blue portion filtered out by a
green filter. Residual green light interacts with a photodiode and induces a
photocurrent, which is further processed.
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2. Control electronics

A previously published system[20] had one lock-in amplifier for a single
fluorescence detection system and a second one for temperature measure-
ment. This scenario was very inefficient since fluorescence was monitored
for ≈ 2 s during each PCR cycle. The second lock-in amplifier for tempera-
ture measurement was used during the entire PCR operation. Our current
system employs a single lock-in amplifier to monitor the sample tempera-
ture and capture fluorescence from all four spots. The system heaters were
connected in a serial-parallel combination, wherein the system controlled
the average temperature of all four heaters. We used a similar AC biased
Wheatstone bridge to convert the resistance of the resistance temperature
detector (RTD) into a DC voltage as previously described[20].
The control electronics for the optical system was a simplified version of
our previous work[20]. Here, each PCR system (spot) had its own LED,
collimating lens and a photodiode with a respective transconductance am-
plifier while the optical filters are shared. We activated one LED at a time,
thereby feeding the signal to a single, corresponding transconductance am-
plifier. Outputs of the four amplifiers were connected together and processed
as one signal. The complete schematic of the PCR system is shown in Fig.
S2 (Supplemental material in section 11.2.1). The incident photocurrents
from the photodiodes were converted into voltage using four dedicated op-
erational amplifiers. The amplifier outputs were connected together and a
single composite signal was further processed. The cross talk between four
measured spots was minimized since one LED was activated at a time; there-
fore the resulting total amplitude of the processed photocurrent originated
from a single dedicated PCR reaction. All important devices are listed in
Table S1 (Supplemental material in section 11.2.1).

Experimental

A typical real-time PCR protocol with an intercalating dye such as SYBR-
Green I initiates with a hot start to activate the polymerase. PCR cycles
consist of denaturation, annealing and extension steps. The fluorescence
amplitude is measured at the end of the extension step for a period of ≈ 2
s. We controlled the heater temperature using the proportional integrative-
derivative (PID) closed feedback loop method. The amount of heat delivered
through dissipated Joule heating was controlled using a pulse-width modu-
lation (PWM) technique. The last ≈ 2 s of the amplification cycle were used
for fluorescence monitoring (see Fig. 3.4). In this step, following tempera-
ture stabilization, we monitored the duty cycle of the PWM and calculated
its average. During the last ≈ 2 s, the feedback loop was disconnected,
the temperature was not monitored and the average value of the PWM was
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employed. During the system development phase, we monitored the heater
temperature and found that the method described above gives us a tem-
perature variation of less than ±0.5◦C over a ≈ 2 s time interval. The
sample temperature follows the heater temperature with a ≈ 1.5 s delay[23],
therefore a ±0.5◦C temperature variation at the heater does not affect the
PCR performance. The measured temperature profile from ≈ 6 PCR steps
is shown within the system liquid crystal display (LCD) in Fig. 3.5 A.

Figure 3.4: PCR thermal profile of a single amplification step. The heater
temperature (red part) is linearly proportional to the built-in lock-in ampli-
fication output, which was captured with an oscilloscope. While performing
denaturation at ≈ 93◦C, annealing at ≈ 56◦C and most of the extension
step at ≈ 72◦C, the built-in lock-in amplifier is utilized to measure the aver-
age temperature of all four heaters. In the last two seconds of the extension
step, the lock-in amplifier is used to sequentially process the fluorescence
signal (green part) from the 4 measurement spots (circled area). These data
are stored in their original format in analog-to-digital converter units (ADC
units) within the memory of a microcontroller. Once fluorescence is mea-
sured, the heater is powered by the average value of pulse width modulation
obtained during the extension phase.

During the last two seconds of the extension step, the fluorescence mea-
surement system was activated. Sequentially, each LED was individually
powered for ≈ 0.5 s and the emitted fluorescence was captured by the re-
spective photodiode and lock-in amplifier. At the completion of an amplifica-
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Figure 3.5: (A) An assembled PCR system with four VRCs, each consist-
ing of a ≈ 0.5µL sized sample covered with ≈ 1.5µL of M5904 mineral oil,
showing the PCR temperature profile (protocol) within the LCD display.
The device size is 82 mm x 45 mm x 20 mm (length, width and height).
Scale bar is 40 mm. The protocol started by a hot start to activate the
polymerase enzyme for ≈ 10 min at ≈ 95◦C, followed by 40 cycles of PCR
amplification. Each amplification cycle consisted of 3 steps. First, denatu-
ration for ≈ 10 s at ≈ 95◦C, then annealing for ≈ 10 s at ≈ 50◦C and the
last step was extension for ≈ 15 s at ≈ 68◦C (instead of typical ≈ 72◦C),
during which fluorescence was measured. The LCD display shows 6 cycles.
At the completion of each PCR amplification cycle, fluorescence amplitude
at each spot was calculated and amplification curves were plotted in (B).
We placed NTC at position 1, a low concentration of complementary DNA
(cDNA) from H7N9 HA gene at position 3, a medium concentration at po-
sition 2 and the highest concentration (positive control) at position 4. The
results show that the PCR reaction was successfully accomplished without
PCR amplification of the NTC sample. Furthermore, the results prove that
the samples were not cross contaminated, thereby eliminating false positive
outcomes. Positive control results at position 4 indicate the absence of false
negative results, thereby showing a successful PCR amplification process.

tion cycle, the system was switched back into the temperature measurement
mode, initiating the start of a new cycle. The PCR amplification curves were
plotted for each spot and the captured amplitude of fluorescence was dis-
played on the LCD display. The typical PCR amplification curve is shown
in Fig. 3.5B. Directly following the PCR process, melting curve analysis
(MCA) was performed. Since temperature measurement during the MCA
is time consuming, we performed this step without a feedback loop. In the
course of the PCR, we monitored and recorded the PWM duty cycle of three
fixed temperature points: denaturation, annealing and extension tempera-
tures. These three points were used to calculate the required duty cycle for
temperature scans ranging from ≈ 68◦C to ≈ 94◦C without a closed feed-
back loop. The system was stabilized at ≈ 68◦C. The temperature of each
heater was then gradually increased to ≈ 95◦C while the fluorescence in each
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of the four spots was sequentially measured. The measurement of each spot
required a duration of ≈ 0.5 s, hence ≈ 2 s was required to measure all 4
VRCs. This measurement setup allowed for fluorescence measurement from
each spot with an offset of ≈ 0.25◦C between adjacent VRCs. Once the
MCA was completed, we stabilized the sample at the assumed temperature
of ≈ 95◦C and then measured the actual temperature. Directly following
this, the system’s central processing unit (CPU) performed two corrections.
First, the MCA was recalculated based on the actual final temperature. Sec-
ond, the correction accounts for the temperature offset between individual
VRCs. Consequently, the MCAs for each spot were recalculated accordingly.
Finally, a negative derivative value of fluorescence with respect to tempera-
ture (−dF/dT ) was calculated.
The device performance was evaluated using synthetic complementary DNA
(cDNA) for the hemagglutinin of the H7N9 avian influenza virus. For-
ward and reverse primers were chosen as suggested earlier [24]: forward
primer: TACAGGGAAGAGGCAATGCA, reverse primer: AACATGAT-
GCCCCGAAGCTA, giving a total amplicon length of 104 base pairs with
a melting temperature of ≈ 81.1◦C, as measured using a commercial real
time PCR system.
The PCR master mix was prepared by mixing ≈ 2µL of FastStart DNA
Master SYBR Green I, ≈ 2µL of MgCl2 solution, ≈ 2µL of sample HA
(5 ∗ 10−5ngµL−1), ≈ 0.3µL of ≈ 400mgmL−1 BSA solution and primers in
a final concentration of ≈ 1.8∗10−6molL−1. We added deionized (DI) water
with a resistivity higher than 18 MΩ cm at 25◦C to create the final volume
of ≈ 20µL. The NTC sample had ≈ 2µL HA gene volume replaced with DI
water.
First, we performed basic real-time PCR with different contents of cDNA per
µL as shown in Table 3.1 with NTC at position 1 and different contents at
positions 2 to 4. The amplification curves are shown in Fig. 3.6A. Once the
PCR process was completed, we also conducted a MCA (not shown here).
The MCA shape is not suitable for performing highresolution analysis[25];
nevertheless, it does show that a specific DNA was amplified with the melt-
ing temperature of 83.36 ± 0.63◦C (mean ± standard deviation), in close
proximity to the measured value of TM ≈ 81.1◦C. The marginal difference
in the TM values is due to the uncertainty of calibration precision of the
commercial PCR system used as a benchmark tool. The TM resolution is
sufficient to verify specific DNA amplification; however, it may not be suit-
able for performing high-resolution melting curve analysis[26].
We then performed a series of four identical measurements using an HA
content of ≈ 5 ∗ 10−5ng in a µL of cDNA (see data in Table 3.2 and a
graphical representation in Fig. 3.6B). Different PCR locations resulted
in performance variation, consequently producing mean CT values in the
range of ≈ 8 to ≈ 9.6 with a standard deviation ranging between ≈ 0.8 and
≈ 1.5. The difference in CT values at positions 2 to 4 might be caused by
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Position Mean CT Standard
Deviation

Concentration
HA (ngµL−1)

1 - - -

2 28.7 1.5 ≈ 5.0 ∗ 10−8

3 27.0 1.0 ≈ 7.5 ∗ 10−8

4 20.0 1.0 ≈ 5.0 ∗ 10−6

Table 3.1: Typical results with NTC (position one) serving as negative con-
trol and three different sample concentrations at positions 2 to 4. The sample
at position 4 serves as positive control

imperfections due to manual VRC placement. The VRC at position 1 ap-
pears to have a lower heat transfer rate than VRCs at other positions. We
attribute the variation to a slower transition from amplification to satura-
tion of the DNA amplification curve (Fig. 3.6B). We further presume that
heater defects at position 1 could give rise to a temperature that is different
in comparison with the other three positions, consequently leading to a dif-
fering PCR efficiency. Additionally, this discrepancy could be attributed to
the stress induced during chip-to-PCB soldering, giving rise to bending of
the chip. The silicon chip deformations could cause both variations in the
intermediate oil layer thickness and a differing heat rate.
Finally, we obtained standard PCR curves. The samples were prepared by
the following procedure. We mixed a sample with cDNA corresponding to
12 500 copies per 200nL volume. This sample was diluted 10x, yielding 1250
copies per 200nL volume; the next dilution yielded 125 copies per 200nL
volume. The last two dilutions had a statistical number of 12.5 copies per
200nL and 1.25 copy per 200nL volume, respectively. The PCR results as
well as the normalized data are shown in Fig. 3.6C and D, demonstrating
that our portable real-time PCR is able to detect a single DNA copy with
an excellent efficiency of 0.91± 0.05 per cycle (mean ± standard deviation),
which is well within the required range of PCR efficiency between 0.8 and 1.0.

Discussion

The PCR protocol consisted of a ≈ 10 min hot start at ≈ 95◦C, followed by
40 cycles of ≈ 10 s at ≈ 95◦C, ≈ 10 s at ≈ 50◦C and ≈ 15 s at ≈ 68◦C. Once
the PCR amplification was completed, we conducted an MCA with a scan
rate of ≈ 0.2◦Cs−1. This protocol required a total time for amplification of
less than 35 minutes with an additional ≈ 150 s for the MCA. The ultimate
speed of the PCR was not the primary target of this work. Nevertheless,
the time required for DNA amplification can be shortened by using different
types of hot starts, Taqman chemistry (or both)[27] or even not using the
hot start at all [28].
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Figure 3.6: (A) Single PCR run as it appears in the PCR display. These
PCR amplification curves show results from the 4 positions of the PCR
device. We used complementary DNA (cDNA) from the H7N9 HA gene
for testing purposes. AU stands for arbitrary units. Once the PCR was
completed, the MCAs were performed with a melting temperature value of
83.36 ± 0.63◦C (mean ± standard deviation). Measurement uncertainties
emanate from the manual placement of the droplet. Slight droplet misalign-
ments at the heater cause temperature variations between various experi-
mental runs, thereby affecting the overall PCR efficiency. Also, due to these
temperature variations, we readily observe a slight shift in the measured
melting temperature. (B) Measurements performed at the 4 positions with
identical concentration of all samples performed three times to suppress ran-
dom error. The corresponding extracted critical thresholds (CT ) are shown
in Table 3.2. A greater value of CT at position 4 suggests a lower ampli-
fication efficiency at that position. This may be caused by a temperature
variation due to a non-optimized bonding process of the silicon chip to the
PCB. (C) PCR results from position 1 with the calculated number of cDNA
copies in the sample from ≈ 12500 down to ≈ 1.25. These numbers are cal-
culated by a 10x dilution starting from ≈ 12500. Since only whole numbers
of cDNA copies per sample exist, fractional values imply the statistically
most probable value. Each experiment was performed three times. (D) Ex-
tracted standard real-time PCR curve from results in Fig. 3.6C showing
the CT value as a function of LOG (cDNA concentration). The slope of
−3.02 ± 0.16 cycles at threshold per decade (mean ± standard deviation)
corresponds to the PCR efficiency of 0.91±0.05 per cycle (mean ± standard
deviation).



3.3. PAPER: HANDHELD REAL-TIME PCR DEVICE 45

Position Mean CT Standard
Deviation

Concentration
HA (ngµL−1)

1 9.6 1.5 ≈ 5.0 ∗ 10−5

2 9.0 1.2 ≈ 5.0 ∗ 10−5

3 9.5 0.6 ≈ 5.0 ∗ 10−5

4 8.0 0.8 ≈ 5.0 ∗ 10−5

Table 3.2: Results of critical threshold from 4 measurements at each PCR
location with identical concentration of the HA gene. The graphical output
is shown in Fig. 3.6B. The discrepancy between results from individual
samples was probably caused by sample misalignment with respect to the
heater as they were placed manually

Here we used the same heater as in our previous work. The dissipated Joule
heat P depends on the square of voltage V : P = V 2/R, where R is the
heater resistance. The Joule heat dissipation and the consequent heating
rate were enhanced with either an increased voltage bias or by lowering the
heater resistance. In a previous work [23], we increased the bias voltage up
to 20 V using an external power supply. Here, the heater is powered using a
12 V external power supply in either an AC/DC converter or a battery type
configuration. A change in this voltage would require additional space for
a step up voltage converter. The additional feature would further require
either a redesign of the heater on a micromachine, requiring a new mask for
the metal lithography level, or the use of a thicker metal layer with a lower
sheet resistance. Both cases would require the fabrication of new PCR chip
architectures[29]. The current PCR chip layout is shown in Fig. S3 (Supple-
mental material in section 11.2.1) and the chip fabrication process in section
5 (Supplemental material in section 11.2.1).
In principle, the fundamental limitation in the speed of the device is de-
termined by the heat transfer between the heater and the sample, which is
≈ 1.5 s for each temperature step. Nevertheless, the device can still run as
fast as its predecessor achieving ≈ 9.5 s per PCR cycle, still being considered
as one of the fastest real-time PCRs demonstrated at that point in time [27].
Furthermore, we enhance the system robustness by not incorporating mov-
ing parts. The system light source consists of 4 LEDs with an estimated
lifetime of more than 50 000 hours. A single 40 cycle PCR run requires each
LED to operate for less than 1 min. The most vulnerable part is the micro-
machined silicon chip mounted directly on the main PCB. We envision a new
version of our system, currently under development, with the brittle silicon
chip mounted on a dedicated PCB. Therefore, if the fragile part is damaged,
a replacement silicon chip can be easily exchanged. In order to limit inter-
ference between PWM pulses and temperature sensing signals, the layout of
the micromachined silicon chip will incorporate electrical shielding between
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integrated heaters and sensors. In this scenario, the chip size will increase
to ≈ 18 mm x 18 mm. Also, this configuration provides additional space
in order to further modify the optical housing and facilitate the removal of
the PCB from the optical path. The current version of the system exhibited
a large self-induced fluorescence due to the PCB being illuminated by the
blue LEDs. Finally, we plan to reduce the complexity of the optical housing
by reducing the number of parts. This would also allow us to replace the
silicon chip once variations in PCR efficiency are discovered.
Furthermore, in future experiments, we plan to use either microscope glass
cover slips with upfront lyophilized PCR or a single step RT-PCR master
mix. In this configuration, the pipetted ≈ 200nL volume sample will be
entirely composed of DNA (RNA).

Conclusions

We designed and tested one of the smallest real-time PCR devices. It has
a length of ≈100 mm, a width of ≈60 mm and a height of ≈33 mm and
weighs only ≈ 90 g. The device measured 4 PCRs simultaneously in less
than ≈ 35 min, including MCA. The sample was processed in the form
of a virtual reaction chamber (VRC) where 200nL of a sample was placed
on a disposable glass cover slip covered with mineral oil to prevent water
evaporation from the sample. The sample only interacts with the glass cover
slip to eliminate possibilities of sample-to-sample cross-contamination; the
glass element was a single-use, disposable system component. Our negative
control tests further demonstrate the lack of cross contamination between
samples. The system depicted in Fig. 3.5 was successfully utilized for at
least 100 distinct PCR runs. We have demonstrated its performance by
amplifying the cDNA of an HA gene of the H7N9 avian influenza virus
and displayed the results on an integrated LCD display. We demonstrated
the capability of simultaneously running 4 samples at a time with good
reproducibility. The PCR efficiency was demonstrated by obtaining a PCR
standard curve in the range of 12500 to 1.25 copies with an achieved slope
of −3.02±0.16 cycles at threshold per decade (mean ± standard deviation).
The value corresponds to a PCR efficiency of 0.91 ± 0.05 per cycle (mean
± standard deviation). The system was also capable of detecting a single
DNA copy within the sample.
The captured data was subsequently transferred to a personal computer
(PC) via a USB interface for further processing. This tiny real-time PCR
device is a promising diagnostic system for remote clinics as well as a tool
for educational institutions demonstrating the power of a real-time PCR as
seeing is believing. The system throughput can be doubled using a single
channel multiplexing method as demonstrated earlier[30].
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3.5 Conclusion

The contribution in this chapter demonstrates that it is feasible to conduct
polymerase chain reactions in VRCs. It was shown that the miniaturized
chip design works and provides means for real time detection by the same
device. An efficiency of 0.91 ± 0.05 was found from the standard curve,
which is in the range desirable for real-time PCR and similar to values ob-
tained from commercial, bench-top machines. Furthermore the standard
curves have shown that a single copy of template can be detected by the
device. As no concentrations lower than one copy per reaction volume occur
in real samples this shows that the lowest sample concentration possible is
detectable by the system. Additionally the contribution shows the first inte-
gration of VRCs, a bespoken silicon heating chip, and real time fluorescence
detection on the same handheld device, making it one of the smallest real-
time PCR cyclers at this point in time. The device is capable of amplifying
up to four samples in parallel which can be used for a positive and negative
control as well as two actual samples in a point-of-care situation.

As discussed previously the accuracy of the real-time results provided
by the handheld device is significantly effected by pipetting. The volumes
used for the VRCs are very close to the lowest volumes commercial pipettes
are capable of handling, which is an inherent source of error for this sys-
tem. Furthermore droplet positioning ontop of the heaters and detectors
also influences the results. Although the extend of this error sources can be
reduced through user training and experience it still limits the user to user
comparability of results.
Since only four positions are available for PCR standard curves required for
absolute quantification can not be conducted in parallel with the analysis of
the sample. This makes the device less suitable for absolute quantifications,
however relative quantifications can be easily done using the handheld qPCR
cycler. As shown in the next chapter one position can be used for a positive
control for both the gene in question and a reference. The second position
can be used as the negative control and in the remaining two positions can
be used for the analysis of the two genes in the sample.

Thus a system for the controlled temperature manipulation and fluores-
ence measurement of virtual reaction chambers has been introduced in this
chapter. It was demonstrated how the chip can be used for a portable device
for qPCR. Due to the small size of the instrumentation the chip and detec-
tion introduced here can easily be mounted under a microscope for further
analysis. These properties make the system an ideal tool for further analysis
of VRCs in the context of this thesis.
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Chapter 4

Reverse Transcription on
Handheld PCR

4.1 Motivation and relation to the thesis

Many application of PCR require the detection of RNA instead of DNA, for
example in the detection of RNA-viruses or expression rates of specific genes.
As polymerase chain reaction can only amplify DNA targets, complementary
DNA targets have to be synthesised from RNA prior to amplification. The
enzyme reverse transcriptase is usually used for this purpose. Commercial
thermal cyclers can perform the reverse transcription step followed by PCR
through simple modifications, like the addition of a reverse transcription
temperature step before amplification and use of the reverse transcriptase
in the reaction mix.

Here it is demonstrated that the handheld PCR device, introduced pre-
viously, is also capable of the detection of RNA. For this the temperature
profile and reaction mix is modified in a similar manner done in commercial
devices allowing reverse transcription with consecutive real-time PCR with-
out the need for manual sample manipulation. Furthermore it will be shown
how the device can be used for relative quantifications by the utilization of
all four sample positions.

4.2 State of the art

Reverse transcriptase was already discovered in 1963 when researching the
Rous sarcoma virus [1]. Furthermore the concept of relative quantification
using the 2∆∆CT -Method is known and used for PCR for some time[2].
Both concepts have been employed extensively, nowadays reverse transcrip-
tion followed by PCR is routinely done in laboratories without intermediate
sample manipulation. In one example 1100 samples were tested for infection

53



54 CHAPTER 4. REVERSE TRANSCRIPTION ON HANDHELD PCR

with the Ebola virus by reverse transcription qPCR on established commer-
cial machines [3]. Additionally RNA detection for bird flue was already
shown in virtual reaction chambers using a previous iteration of the heating
chip [4].

The work shown in this chapter strives to demonstrate that the tech-
niques and methods for the detection of RNA can be used with the hand-
held device constructed. In contrast to the previous paper showing real time
detection of bird flu RNA, fluorescence is measured by the handheld device
instead of an external microscope. Additionally four samples are analysed
in parallel showing a portable relative quantification, not demonstrated pre-
viously with virtual reaction chambers.
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4.3 Palm-sized device for point-of-care Ebola de-
tection

Prepared for publication

We show the utilization of a recently developed cellphone-sized,
real-time polymerase chain reaction (PCR) device to detect RNA
of an Ebola virus using single-step reverse transcription PCR (RT-
PCR). The device was shown to concurrently perform four PCRs
each with a volume of 100 nL: one positive control with both Ebola
and GAPDH RNA, one negative control. The last two positions
were used to measure the GAPDH and the Ebola content of a
sample. The comparison of critical thresholds from the two sam-
ples provided relative quantification. The entire process, which
consisted of reverse transcription, PCR amplification, and melt-
ing curve analysis, was conducted in less than 37 minutes. The
next step will be integration with a sample preparation unit to
form an integrated sample-to-answer system for point-of-care in-
fectious disease diagnostics.

Introduction

The recent epidemic of Ebola in West Africa has been one of the largest and
most complex in history of this virus [5]. The origin of this virus is still a
mystery, regardless of the utilization of DNA sequencing techniques[6].
Many infectious diseases native to this particular region of the world show
similar symptoms as Ebola. This greatly exacerbates the difficulties in pa-
tient management and treatment decisions. Some reports even found more
than half of suspected Ebola cases in a treatment facility eventually had an
alternate diagnosis [5]. A rapid, sensitive and accurate detection method
is crucial to verify the Ebola infection making decision to start quarantine
and treatment immediately. Both false negative as well as false positive test
results are highly undesirable with potentially damaging impact on the pa-
tient. Reverse transcription polymerase chain reaction (RT-PCR) method
is clinically proven to be the test of choice [7]. The world health organiza-
tion (WHO) currently suggests the diagnosis of Ebola either using RT-PCR
or antigen tests [8]. Laboratories capable of safe handling of potentially
highly contagious samples need to fulfill biosafety hazard level 3 or 4. Their
number and their access to the samples is limited, especially in remote lo-
cations. Logistics are complicated as the samples have to be transferred
triple-packed in cooled containers, often for long distances. Mobile labo-
ratories were specifically designed to solve this problem by testing samples
in effected remote location and thus to contain the spreading of respective
infectious diseases [9]. The mobile laboratories solve the problem only par-
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tially, as their number is limited so they have to be placed in centralized
locations and clinical samples shipped to them. Even though there are some
solutions that help to cope with the situation, such as shipping samples in
dried form [10] and developed antigen-antibody based point-of-care (POC)
tests suitable for remote location [11] [12], a robust Ebola diagnostics method
suitable for remote location is still a challenge.
The worst Ebola disease outbreak is over today. Affected countries are now
facing the biggest number of Ebola survivors in history. Patients with nega-
tive results of the RT-PCR test were released from hospitals and treatment
units as healthy [13], although many of them were reporting health problems
later on. Among the most common were joint pain, eye problems, severe fa-
tigue and headaches as well as mental health problems and depressions[14].
They are often described as post-Ebola virus disease syndrome and very
little is known about their origin. Nevertheless, the virus RNA was recently
discovered in the semen and eye-liquid of survivors discovered so it is as-
sumed that the virus might be harbored in immunologically privileged sites
like joint cartilage and gonads [15]. More studies of the Ebola virus presence
using readily available and robust technique such as RT-PCR to understand
its behavioral patterns is urgently needed.
Recently a handheld, real-time PCR device was presented [16]. In this con-
tribution, we show how our device can be used for RT-PCR to diagnose
the presence of Ebola ribonucleic acid (RNA) for its diagnoses (Figure 4.1).
This simple device could be readily available to perform quantitative analy-
sis of patients’ samples to determine viral load and effectiveness of the Ebola
treatment. Presence of such devices in remote locations is urgently required
during epidemic outbreaks, such as the last one with the Ebola virus. Here
we demonstrate this device to quickly identify presence of a RNA of Ebola
virus in a small sample. This would work regardless of patients exhibiting
Ebola symptoms or not. The device could also detect minute quantities of
RNA in joint cartilages.
This real-time PCR device is ≈ 100 mm by ≈ 60 mm by ≈ 33 mm and
weighs less than 80 g. It is powered by an external 12 V power supply pro-
vided by a car battery or a charger. The device is capable of concurrently
processing four ≈ 100 nL samples, designed for positive and negative control
as well as two actual samples.

Samples placed on a hydrophobically coated disposable microscope cover
slip are covered with mineral oil (≈ 1µL) to form a virtual reaction chamber
(VRC) [17][18]. Only the disposable glass microscope coverslip is in contact
with the sample. New glass for every four samples guarantees no run to
run cross contamination. A micro-machined silicon heater under the VRC
provides heating of the samples through the glass, achieving heating rates
≈ 20◦C/s while a rate of ≈ −20◦C/s was accomplished by passive cooling.
We integrated a miniaturized fluorescence housing to monitor the progress
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Figure 4.1: (A) Smartphone-size real time PCR capable of four reactions at
a time, demonstrated here to detect RNA of an Ebola virus performing real-
time RT-PCR, (B) followed by melting curve analysis (C) and its derivation.

of PCR in real-time in each VRC. Blue light was emitted by light emit-
ting diodes (LED), the samples were illuminated and excited fluorescence
light was processed by fluorescein isothiocyanate (FITC) filter set. The flu-
orescence amplitude was detected by photodiodes. The light from LED was
modulated, and together with photocurrent induced in photodiodes, the sig-
nal was processed using an embedded lock-in amplifier, achieving the system
immunity with respect to ambient light.
Viral loads are usually determined by comparison with a housekeeping gene.
Human transcript glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has
constant expression at moderate levels inside human cells [19] which is one
of the reasons why we choose it. Out of four samples processed by the de-
vice, two were used for control. One contained RNA from both Ebola and
GAPDH as a positive control and one was a no template control (NTC),
a negative control. The two remaining locations were utilized to measure
the number of copies of Ebola RNA (first one) and GAPDH RNA (second
one). A relative quantification of Ebola to GAPDH expression can be used
to determine the viral load in the patient’s sample.

Materials and Methods

Synthesis of RNA template

To synthesis RNA templates for the reverse transcription PCR reaction 10µL
of aqueous solution containing 5 ∗ 10−5 ng/µL frame shifted cDNA of Ebola
(ATG Biosynthesis) virus were added to a solution consisting out of 10µL of
5x Transcription Buffer (ThermoFisher) and 1.5µL of T3 RNA polymerase
(20U/µL) (ThermoFisher). Furthermore, 10µL of a nucleotide triphosphates
(dNTP) solution containing 10 mM of each of the four nucleotides adenosine
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triphosphate (ATP), guanosine triphosphate (GTP), cytidine triphosphate
(CTP), and uridine triphosphate (UTP) (all by ThermoFisher) and 1.25µL
of RiboLock RNAse Inhibitor ( 40U/µL) (Thermo Scientific) were added.
The solution volume was adjusted to 50µL by adding deionized (DI) water
prepared by ProgradT3 column system (Millipore) and incubated at 37◦C
for 2 h. Afterwards 1µL of HL-ds DNAse (ArcticZymes) and 5µL of 10x
Reaction Buffer (ArcticZymes) were added to remove the complementary
deoxyribonucleic acid (cDNA) template.
The mixture was incubated at 37◦C for 10 min followed by a second incu-
bation step at 58◦C for 5 min to deactivate the DNAse. Complete removal
of cDNA was checked using standard quantitative PCR (qPCR) without a
reverse-transcription step.
RNA for GAPDH was prepared in a similar manner starting with a synthetic
cDNA (ATG Biosynthesis) solution with a concentration of 5 ∗ 10−6 ng/µL.
For the GAPDH / EBOLA control reactions both RNAs were prepared in
the same vial starting from the mentioned cDNA stock solutions.

Reverse Transcription PCR

The prepared RNA samples were analyzed through reverse transcription
qPCR. For this 5µL of 4x One-Step Grand Master Mix (TATAA), 1µL
of one-step reverse transcriptase mix (TATAA), and 1µL of 20x EvaGreen
in DI water (TATAA) were prepared. Forward (GGTCAGTTTCTATC-
CTTTGC) and reverse primers (CATGTGTCCAACTGATTGCC) (Eurofins
MWG Operon) for Ebola[3] were added to a final concentration of 1.8µM.
Lastly RNA template was added and the entire solution adjusted to a vol-
ume of 20µL using again DI water. For the one step reverse transcription
qPCR a 5 min reverse-transcription step at 50◦C was carried out first fol-
lowed by a hot start at 95◦C for 30 s. Consecutively 40 cycles consisting
out of a 5 s denaturation step at 95◦C, a 10 s annealing step conducted at
55◦C, and a 30 s extension step at 60◦C. Finally melting curve analysis
(MCA) was performed to identify the products of the reaction to make sure
that no nonspecific PCR amplification took place. We used forward (AGCC-
CACATCGCTCAGACAC) and reverse (CGAGCAAGACGTTCAGTCCT)
primers (Eurofines MWG Operon) to amplify the GAPDH gene in final con-
centration of 1.8µM. The concentration of both primers for co-amplification
of EBOLA and GAPDH was also used in final concentrations of 1.8µM for
each primer.
We performed control qPCR experiment in 20µL glass capillaries using the
Light Cycler (Roche). Experiments on the hand-held device were carried
out in the form of a virtual reaction chamber (VRC). The sample volume
was 100nL covered with 2µL of M5904 light mineral oil from Sigma Aldrich.
Both sample as well as the oil were pipetted onto a hydrophobicaly coated
disposable glass slide.
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Results

During 40 cycles of PCR the fluorescence amplitude were extracted at the
end of an extension step and stored in an internal device memory. Once the
PCR was completed the MCA was also performed and results displayed at
its display (Figure 4.1). The overall analysis time for reverse transcription
(≈ 5 min), amplification (≈ 30 min), and melting curve analysis (≈ 90 s)
was less than ≈ 37 min. The PCR results can be also normalized and plot-
ted as function of cycle number (Figure 4.2). Intersects with an arbitrary
threshold of 0.05 were used to extract threshold cycles (CT ) resulting in a
CT of 21.3 for the positive control of Ebola RNA and GAPDH RNA, 26.6
for the Ebola RNA test sample and 27.9 for the GAPDH RNA test sam-
ple. As expected the no template control did not result in any amplification
and thus no CT could be extracted, showing no contamination of the NTC.
The difference in threshold cycle of PCR amplification between Ebola and
GAPDH RNA was ∆CT = 1.3. We can conclude that for every copy of
RNA of GAPDH gene in the starting sample there is statistically 2.5 copies
of RNA of Ebola virus ((1 +E)∆CT ). The PCR amplification efficiency (E)
is assumed to be equal for both cDNAs.

The extracted melting curves (Figure 4.3) and their negative derivative
(Figure 4.3) show the purity of the RT-PCR product. The melting tem-
perature (TM ) of Ebola RNA amplicon was 78.58 ± 0.04◦C (fitted value
and standard error) and GAPDH DNA amplicon had 83.08 ± 0.04◦C (fit-
ted value and standard error). Both TM correspond to the temperatures
extracted from LightCycler using the sample samples. The positive control
containing Ebola RNA as well as GAPDH DNA amplicons had two dis-
tinct steps in the melting curve resulting in two peaks after derivation. The
first peak TM is at 78.72 ± 0.05◦C (fitted value and standard error) and
the second at 83.06± 0.05◦C (fitted value and standard error), respectively,
corresponding to the melting temperature of Ebola RNA and GAPDH DNA
amplicons.

Discussion

Here we show the performance of a handheld, real-time PCR device capa-
bility of performing RT-PCR to detect RNA of an Ebola virus with a house-
keeping gene for quantification and MCA to confirm the RT-PCR specificity.
The total time for this analysis was less than 37 minutes. This time could
be shortened by the employment of different polymerase or optimization of
the system.
The device processed four samples concurrently, sufficient number for POC
applications. Once a sample would be suspected of containing RNA of Ebola
virus, a second sample containing a house keeping gene such as RNA of
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Figure 4.2: A normalized PCR amplification curves for the positive control
containing Ebola and GAPDH (black squares), a sample with GAPDH RNA
(red circles) and Ebola RNA (green upward triangles and the no template
control (NTC) (blue downward triangles). An arbitrary threshold is set,
resulting in a threshold cycle of 21.25 for the GAPDH + Ebola, 27.93 for
the GAPDH RNA sample and 26.64 for the Ebola RNA sample.

GAPDH, third sample combination of both RNAs (positive control) and
the last one would be NTC (negative control). Once the positive control
is conducted by multiplexing in the same VRC of both Ebola RNA and a
RNA of a reference gene GAPDH, the relative viral load of the target RNA
with respect to the reference RNA can be estimated. This option could
be especially useful for determining viral loads required for monitoring the
post-Ebola disease syndrome.
We estimated that the Ebola RNA was 2.5 times more present than the
GAPDH RNA reference gene. We used 10x times higher amount of template
for Ebola RNA than the one form GAPDH so one might expect correspond-
ing difference in CT of the PCRs. We can hypothesize that there might
be two main reasons for this discrepancy. First, we assumed that the am-
plification efficiency of both amplicons is the same as well as both reserve
transcriptions. We performed standard PCR curve of both cDNAs were
recorded using the Roche LightCycler. Amplification efficiency of Ebola
cDNA was close to unity (E ≈ 0.99), the efficiency of GAPDH cDNA was
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Figure 4.3: Melting curves recorded after 40 cycles of PCR amplification for
samples containing GAPDH RNA (red circles), Ebola RNA (green upward
triangles) and a positive control containing both genes (black squares). The
no template control (NTC) (magenta) does not exhibit any nonlinearity at
the melting curve, proving the absence of amplified DNA.

only ≈ 0.89. However, these differences in PCR efficiencies cannot not ex-
plain the significantly lower CT than expected. We suspect that there were
also differences in efficiency in reverse-transcription steps.

Conclusion

Here we show that the smartphone-size device is capable of detecting RNA
of an Ebola virus and compares its viral loads to a housekeeping gene in less
than 37 min using single step real-time RT-PCR including the MCA. TM
of both amplicons confirmed specificity of the PCR. The device is battery
powered with a size of only ≈ 100 mm by ≈ 60 mm by ≈ 33 mm and weighing
less than 80 g. The system can be further integrated with a previously
developed sample preparation module [4] [20] into an integrated sample-
to-answer system suitable for decentralized laboratories to tackle the next
Ebola virus or any other infectious disease outbreak. Due to its simplicity
and small size, it could be then distributed in large numbers into areas with
infectious disease outbreaks or even just suspected of the disease.



62 CHAPTER 4. REVERSE TRANSCRIPTION ON HANDHELD PCR

Figure 4.4: The first derivative of fluorescence with respect to temperature
for the recorded melting curves. The Ebola RNA (green upward triangles)
and GAPDH RNA (red circles) samples each show an individual peak, in-
dicating melting temperatures of 78.58± 0.04◦C (fitted value and standard
error) and 83.08± 0.04◦C (fitted value and standard error) respectively, as
extracted using curve fitting with Gaussian function. The positive control
with both Ebola and GAPDH present (black squares) presents both melting
peaks at 78.72±0.05◦C (fitted value and standard error) and 83.06±0.05◦C
(fitted value and standard error) respectively, demonstrating the successful
amplification of both targets with nearly identical TM as the individual sam-
ples. No template control (NTC) (blue downwards triangles) shows no peaks
at the MCA.
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4.4 Conclusion

The contribution in this chapter illustrates that the portable, VRC based
qPCR instrument can be used for both the analysis of DNA and RNA as
commercial, bench-top cyclers can be. Furthermore an example is given for
how the system can be used for a relative quantification under utilization
of all sample positions. As indicated in the previous chapter the ability
to perform relative quantifications needed to be demonstrated, especially as
relative quantifications are often more relevant for medical diagnosis. Lastly
it is demonstrated here that two targets can be amplified in parallel in the
same VRC and more importantly melting curve analysis on the handheld
device is able to differentiate the two targets.

While the instrument developed here is shown to be suitable for point
of care applications for both DNA and RNA, sample preparation is an is-
sue. Although there are numerous polymerization enzymes and PCR master
mixes immune to inhibitors available, transport of these remains a problem.
Furthermore for field applications samples like water, soil, blood or saliva
samples would have to be prepared and possibly concentrated. It should
be possible to perform these steps in a simple and possibly equipment free
manner in field. Solutions to these problems could lie in the lyophilization
of reagents or in the development of simple microfluidic chips for sample
preparation. However, a demonstration of these would be out of the aim of
the thesis.

Overall the results shown in this chapter have shown the suitability of
the handheld device for the analysis of RNA and DNA. Thus the feasibility
of using virtual reaction chambers has been illustrated. It has been demon-
strated that two different amplicons can be amplified in parallel and differ-
entiated afterwards by melting curve analysis in the same virtual reaction
chamber.
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Chapter 5

Multiplexing using two
different Dyes

5.1 Motivation and relation to the thesis

The concurrent amplification, detection and quantification of two or more
genes is required for many applications. In medical diagnostics for example
the amount of virus is often determined with respect to an internal reference
gene, like a transcript gene for example. Thus it is desirable to be able to
perform simultaneous amplification and detection within the same VRC on
the hand-held device for it to be suitable in point-of-care diagnostics. While
the parallel amplification of two amplicons is no problem and can be sim-
ply achieved through the addition of a second set of primers, detection and
quantification provide a problem. As already explained in the introduction
most methods for the quantification of two or more genes employ TaqMan-
probes of different emission wavelength. This is not possible with our device
since it only has one excitation light source and filters for one fluorophore.
The aim of this chapter is to develop a simple method able to detect and
quantify two amplificons using only one excitation and one emission wave-
length. The method is simple and does not require additional equipment
and can easily be implementable to our hand-held device and other qPCR
machines.
A possible solution to this problem is the combination of sequence specific
TaqMan probes with unspecific intercalating dyes, both having the same
excitation and emission characteristics.

5.2 State of the art

Most techniques for multiplexing either employ end point detection meth-
ods like gel electrophoresis or melting curve analysis. Alternatively they
use probes with different emission wavelength. The approach of using an
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intercalating dye in combination with a TaqMan probe has been used in few
examples in the past. The first reported use of this combination of dyes was
done by Lind et al. [1] who used a sequence dependent TaqMan probe in
the same reaction as an intercalating dye. To differentiate between the two
dyes, FAM, which emits green light, was used as reporter for the TaqMan
probe and BOXTO, which emits yellow light, was used for the intercala-
tor. Hence the two dyes were detected using different filter sets making the
signals simple to differentiate. The method used one set of primers corre-
sponding to the single target of the amplification. The TaqMan probe was
used to detect and quantify this target. After complete amplification a melt-
ing curve analysis was performed using the BOXTO dye to detect unspecific
by-products. This first report demonstrated that using both dye chemistries
in combination does not inhibit the reaction.

The early approach by Lind et al. which had only a single target and
used the intercalating dye to detect for unspecific amplification was soon
taken up and improved. An assay was developed which used the dye combi-
nation to detect two different targets. However, the assay was not used for
quantification [2]. Two primer sets for two different amplicons (M. tubercu-
losis with and without a deletion) were used in combination with a TaqMan
probe for one of the two amplicons. The TaqMan probe used either 6-
Carboxyl-X-Rhodamine (ROX), with an emission maximum at 610nm, or
diSulfo - Cy5 carboxylic acid (Cy5), with an emission maximum at 669nm,
as a reporter. The intercalator SYBR Green I, with an emission maximum
at 520nm, was used in the same reaction and detected through a separate
set of optical filters from the TaqMan probe. After amplification fluores-
cence was measured once on the emission wavelength of the TaqMan dye
and the intercalator. To avoid a signal from unspecific by-products from
SYBR green the measurement was carried out at an elevated temperature
of 84◦C where unspecific by-products are denatured.

This resulted in a Boolean outcome of signals with either a TaqMan
signal and a SYBR green signal present, only a SYBR green signal or no
signal from either dye. Through this the subtype of the bacteria could be
determined (Fig. 5.2).

Both methods introduced here so far use dyes with distinctively differ-
ent emission spectra and hence different optical filter sets for the detection
of probe and intercalator. The possibility to measure the intercalator and
the probe on the same fluorescence channel was introduced in 2012 by Van
Poucke et al. [3]. The approach used four different dyes (FAM, HEX, Texas
Red and Cy5) in combination with SYBR green which shares its excita-
tion and emission properties with FAM. During thermal cycling four targets
could be quantified and detected through the TaqMan probes. To isolate
the FAM signal from the SYBR green signal fluorescence measurements
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Figure 5.1: In the assay the presence of the TaqMan signal (T+) and the
SYBR green signal (S+) indicates the presence of M. tuberculosis without
the deletion, which is the target of the TaqMan probe. If only the M.
tuberculosis with the deletion is present no signal from the TaqMan probe
is obtained (T-), but one gets a signal from SYBR green (S+) due to the
second set of primers. The last option is that neither TaqMan (T-) nor
SYBR green (S-) result in a signal. In this case M. tuberculosis is either not
present, or the reaction has failed Cheah E.S.G., Journal of Molecular
Diagnostics, vol. 12 (250 - 256), 2010.

were conducted during the denaturation step. As no double stranded DNA
is present in denaturation, SYBR green can not bind to dsDNA and thus is
not fluorescent. After complete amplification melting curve analysis could
be performed using SYBR green to check for unspecific amplification and by-
products. Here it is not necessary to separate the intercalators signal from
the FAM-signal as the probe signal decreases linearly with temperature and
thus only shifts the baseline in the differentiated fluorescence signal. This
method was picked up for some applications [4] but not developed further.

The approach shown in the following will use a probe and an intercalator
with the same excitation and emission wavelength but in contrast to existing
methods it will utilize the isolated TaqMan signal as well as the combined
TaqMan intercalator signal during cycling. This makes it possible to detect
and quantify two amplicons with only one probe and one set of optical
filters. As in previous methods melting curve analysis can be conducted
after amplification to verify purity of reaction products.
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5.3 Paper: Doubling Throughput of a Real-Time
PCR

As published in: Christian D. Ahrberg and Pavel Neuzil, Doubling Through-
put of a Real-Time PCR, Scientific Reports 5, 12595 (2015)

The invention of polymerase chain reaction (PCR) in 1983 rev-
olutionized many areas of science, due to its ability to multiply a
number of copies of DNA sequences (known as amplicons). Here
we report on a method to double the throughput of quantita-
tive PCR which could be especially useful for PCR based mass
screening. We concurrently amplified two target genes using only
a single fluorescent dye. A FAM probe labelled olionucleotide was
attached to a quencher for one amplicon while the second one
was without a probe. The PCR was performed in the presence
of the intercalating dye SYBR Green I. We collected the fluores-
cence amplitude at two points per PCR cycle, at the denaturation
and extension steps. The signal at denaturation is related only
to the amplicon with the FAM probe while the amplitude at the
extension contained information from both amplicons. We thus
detected two genes within the same well using a single fluores-
cent channel. Any commercial realtime PCR systems can use this
method doubling the number of detected genes. The method can
be used for absolute quantification of DNA using a known concen-
tration of housekeeping gene at one fluorescent channel.

The first demonstration of polymerase chain reaction (PCR) in 1983 is
considered one of the greatest scientific achievements of the 20th century [5].
It revolutionized many areas of science, due to its ability to multiply a num-
ber of copies of DNA sequences (known as amplicons), using either DNA
directly or complementary DNA after reverse transcription from RNA. The
PCR cocktail called master mix contains free nucleotides, sets of primers
and other compounds, besides the polymerase enzyme. The primers are
short DNA sequences, one complementary to the DNA strand of interest
in a forward direction and the second one complementary in reverse. The
classic PCR method required the employment of a post-processing step such
as electrophoresis or hybridization to verify the presence and purity of an
amplicon.

A few years after the first PCR demonstration, a fluorescent marker was
added to the PCR mixture to monitor the reaction in real time [6]. It also al-
lows the determination of an initial DNA concentration. Thus, this method
is often called a quantitative PCR (qPCR). The most popular qPCR is based
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on intercalating dyes, such as SYBR Green I. The dye produces its fluores-
cence only in the presence of double-stranded DNA. Thus, researchers can
monitor the concentration of amplicons. Another outcome of this method
is the melting curve analysis (MCA), typically conducted once the PCR is
completed. The sample is slowly warmed up while its fluorescence is moni-
tored. At elevated temperatures, the double stranded DNA amplicons start
to convert to single stranded (melt) and consequently the amplitude of the
fluorescence drops. When half of the DNA melts from double stranded into
single stranded, the temperature is called the melting temperature (TM ). It
is characteristic of the DNA amplicon length and its sequence. The inter-
calating dye-based methods are frequently used as they are not specific to
any particular DNA sequence.

Another popular qPCR method is based on a probe such as 6-carboxy-
fluorescein (FAM) [7]. This probe has to be chemically bound to the oligonu-
cleotides next to a quencher such as TAMRA or a black hole quencher. This
PCR method is often called TaqMan or TaqMan chemistry [8]. Once the
primers bind to the DNA template, the quencher typically gets separated
from the fluorophore and its fluorescence amplitude increases. This method
is gene specific but requires oligonucleotides to be synthesised with attached
dye and a quencher. Fluorescence resonance energy transfer (FRET)-based
methods are also popular [9].

A method to detect more than one target sequence in a single sample
is called multiplexing. It offers significant advantages compared to single
PCR, such as more information per reaction and therefore time saving. Ap-
plications for multiplex PCR can be found in food sciences [10], agricultural
sciences [11] or in human medicine. In human medicine, the method is often
used to determine ratios of housekeeping genes for normalization [12], assess-
ing viral loads [13] or determining the species [14] or subspecies in bacterial
[15] and viral infections [16]. Researchers used end-point multiplex detection
to identify different amplicons by the differences in their melting tempera-
ture by MCA [17] in the presence of an intercalating dye [10]. This method
requires amplicons with different melting temperature caused by different
DNA lengths and sequences [18]. Alternatively, a gel electrophoresis can
be performed after PCR to separate and detect the different DNA ampli-
cons [19]. This method requires amplicons with different number of base
pairs (length), resulting in different electrophoretic mobilities for each am-
plicon. Both methods are based on post-processing after PCR. Thus, they
provide qualitative information as to whether the DNA sequence of interest
was present or absent in the original sample. There is limited knowledge
obtained about the quantity of DNA templates in the original sample.

The probe-based methods belong to the real-time PCR family. The
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results give quantitative information, thus also called quantitative PCR
(qPCR). The most common approach is performing PCR with oligonu-
cleotides attached to probes with different emission wavelengths and de-
tect them using several fluorescence channels [20]. The number of genes
identifiable per fluorescence channel can be further increased by creating
colour codes [21] for the different genes and extracting information on am-
plicon concentrations via linear combinations on the individual fluorescence
channels [22]. Theoretically, the number of genes concurrently detectable is
unrestricted, but there are various limits imposed through the optical filter
system required and through the dye assays. Selecting an appropriate probe
for the assay also becomes increasingly difficult and assay costs increase with
the number of used probes.

What will happen if TaqMan probes, such as FAM, and intercalating
dyes, like SYBR Green I, are combined in the same experiment? One of
the earliest work reports combination of TaqMan probe with emission in
the FAM spectrum and the asymmetric cyanine dye BOXTO (TATAA) [1].
BOXTO has an emission maximum at 552 nm, thus requiring a different
filter set from FAM to be detected. In their work, they combined the dyes
to quantify and detect the gene of interest using the TaqMan dye. Once
the PCR was completed, they performed melting curve analysis (MCA) to
detect nonspecific product formation by monitoring the fluorescence signal
from BOXTO.

A few years later, PCR was performed with a primer set labeled with
TaqMan probes 6-Carboxyl-X-Rhodamine (ROX) or diSulfo - Cy5 carboxylic
acid (Cy5) in presence of SYBR Green I intercalating dye to detect poly-
morphism in Mycobacterium tuberculosis culture 21. Both those dyes have
different fluorescent distinctively different excitation/emission wavelength
from SYBR Green I thus different filters have to be used for detection of
each dye. With this combination of dyes and using primer sets for two
different amplicons, the authors got three possible Boolean outcomes after
completing the PCR. They either got a signal from the TaqMan probe and
the intercalating dye, a signal from the intercalating dye or no signal. In
the first case, they could conclude that M. tuberculosis was present and the
polymorphism had not occurred. In the second case, M. tuberculosis was
present and the polymorphism did occurred and in the last case either M.
tuberculosis was not present or the PCR failed. The Boolean approach de-
scribed by authors allows specifying which of the two phenotypes is present,
as long as there is no mixture of the two phenotypes. Both works [2] [1]
used different fluorescent channels to detect the probe and to detect the
intercalating dye.

Recently, it was shown that two dyes with the same emission wavelengths



5.3. PAPER: DOUBLING THROUGHPUT OF A REAL-TIME PCR 73

could be combined [3]. Researchers used four different TaqMan probes la-
belled with FAM dye, phosphoramidite (HEX), Texas Red and Cy5 dyes
combined with the intercalating dye SYBR Green I, which exhibits nearly
identical excitation/emission spectra as FAM. They extracted quantitative
data during the PCR from individual signals from TaqMan probes above
the melting temperature of the amplicons to eliminate signal from the in-
tercalating dye. Once the PCR was completed the MCA was performed to
detect the unspecific amplification due to possible primer interactions.

In our approach, we take this idea one step further by measuring both
the signal of the TaqMan probe as well as the combined signal of the Taq-
Man probe and intercalating dye during thermal cycling. This allows us to
detect and quantify two different genes in the FAM fluorescent channel. We
used primer sets for two different genes, a FAM based probe complementary
to only one of the genes and SYBR Green I as an intercalating dye. Both
genes contributed to the total fluorescence amplitude in the presence of an
intercalating dye such as SYBR Green I, as long as the temperature of the
mixture was below the TM . The FAM-labelled probe separated from the
quencher also contributed to the total fluorescence. Once the temperature
was increased above the TM , only FAM-based fluorescence contributed to
the total fluorescence amplitude. We could then extract two amplification
curves: the probe-based amplicon at the denaturation temperature (here
called a denaturation curve) and the second one at the end of the extension
step (here called an extension curve). This second amplification curve con-
tains both DNA templates together. The concentration of the probe-linked
amplicon is already known and can be subtracted from the extension curve,
resulting in the concentration of the second amplicon. We can then deter-
mine the threshold cycle (CT ) and via comparison with the PCR standard
curve also the corresponding original template concentration of both DNAs.
The major advantage of this method is the ability of simultaneous, quantita-
tive detection of two DNA templates, using only a single fluorescent channel.

There are two mechanisms of fluorescence contributing to the extension
curve: intercalating dye and the probe. The amplitude of this composite
fluorescent signal always has to be higher than the one originating only from
TaqMan probe extracted at the denaturation curve. Another reason why
the signal originated from TaqMan probe is lower is its sensitivity to tem-
perature. Its amplitude is inversely proportional to temperature and the
denaturation curve is taken at 93◦C − 95◦C, while the extension curve is
captured at about 60◦C. The method described above works even in extreme
cases with one DNA template having significantly higher number of copies
than the second one. Once the number of copies of the DNA linked to Taq-
Man probe is dominating the CT value extracted from denaturation curve
will be slightly higher than the CT value extracted from extension curve.
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In the opposite case with non-TaqMan template number of DNA copies is
dominating, the CT extracted from the extension curve will be significantly
lower than the corresponding CT extracted from the denaturation curve. In
both cases, the difference in both CT determined the number of copies of
the second DNA template. We performed two sets of experiments. First, we
used two common housekeeping genes: Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and hypoxanthine-guanine phosphoribosyltransferase
(HPRT). The results could be used to calculate a normalization factor by
method shown earlier [12] [23][24] [25]. In the second experiment, we deter-
mined a viral load in the sample of haemagglutinin (HA) with both HPRT
and GAPDH as housekeeping genes [26].

Material and Methods

Experiments

Synthetic DNA templates for GAPDH, HPRT and HA (ATG Biosynthet-
ics) were used for the experiments. The primers were designed using Roche
Universal Probe Library Assay Design Center and purchased from Eurofins
MWG Operon (Table 5.1). Universal probe #73 (Roche Molecular Sys-
tems) was used as TaqMan probe corresponding to HPRT together with the
Roche LightCycler TaqMan Master Mix. The reaction mixture consisted of
4µL master mix, 1µL of SYBR Green I 10,000 x solution (Lonza) diluted
by a factor of 500. The primers and probe were added with concentrations
of 1.8µM and 200nM , respectively. A sample template was then pipetted
in and the mixture volume was increased up to 20µL by adding de-ionized
water produced by a Milli-Q ProgradT3 (Millipore) column after autoclav-
ing. Data collection and thermal cycling were done by Roche LightCycler
Carousel-Based system using a temperature profile according to the master
mix specifications. We used continuous fluorescence measurement mode to
capture the data. The measurement can be simplified by collecting fluores-
cence amplitude data only at the end of the extension and denaturation step
with the same quality of results.

Standard curves were recorded in two sets of experiments. In the first set,
the concentration of the TaqMan gene was constant while the concentration
of non-TaqMan gene was varied (Table 5.2 and Table 5.3). In the second
experiment set concentration of non-TaqMan gene was constant while the
TaqMan gene concentration was varied (Table 5.4 and Table 5.5). Lastly,
an experiment was conducted to determine the concentration of both genes
in the presence of a third one. The sample contained HPRT with concentra-
tions of 3.1∗10−7ng \µL, GAPDH with a concentration of 3.1∗10−6ng \µL
and HA with a concentration of 6.25 ∗ 10−6ng \ µL. We only used two
primers at a time, either HPRT and GAPDH primers or HPRT and HA
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Gene Direction Sequence

HPRT Forward 5’-TGACCTTGATTTATTTTGCATACC-3’

HPRT Reverse 5’-CGAGCAAGACGTTCAGTCCT-3’

GAPDH Forward 5’-AGCCACATCGCTCAGACAC-3’

GAPDH Reverse 5’-GCCAATACGACCAAATCC-3’

HA Forward 5’-GGGACTCAACAATTATGAAAAGTGAA-
3’

HA Reverse 5’-GGGTGTATATTGTGGAATGGCAT-3’

Table 5.1: List of primers and their corresponding sequences.

primers. A second sample with the concentrations of 1.6 ∗ 10−7ng \ µL
HPRT, 6.25∗10−6ng \µL GAPDH and 1.6∗10−5ng \µL HA was also tested
in the same manner.

Experiment
Name

Concentration
of HPRT in
ng \ µL

Concentration
of GAPDH in
ng \ µL

Denaturation
CT

Extension
CT

1:0 6.25 ∗ 10−7 0 27.4 20.9

1:1 6.25 ∗ 10−7 6.25 ∗ 10−7 27.7 19.4

1:2 6.25 ∗ 10−7 12.5 ∗ 10−7 27.6 18.4

1:10 6.25 ∗ 10−7 6.25 ∗ 10−6 26.8 17.8

1:20 6.25 ∗ 10−7 12.5 ∗ 10−6 26.0 16.7

Table 5.2: Experiments with excess GAPDH and extracted threshold cycles
(CT ).

Experiment
Name

Concentration
of HPRT in
ng \ µL

Concentration
of HA in
ng \ µL

Denaturation
CT

Extension
CT

1:0 6.25 ∗ 10−7 0 26.5 21.3

1:1 6.25 ∗ 10−7 6.25 ∗ 10−7 26.3 19.3

1:2 6.25 ∗ 10−7 12.5 ∗ 10−7 26.2 18.2

1:10 6.25 ∗ 10−7 6.25 ∗ 10−6 26.3 17.9

1:20 6.25 ∗ 10−77 12.5 ∗ 10−6 24.9 15.8

Table 5.3: Experiments with excess HA and extracted threshold cycles (CT ).

Data Analysis

We captured all fluorescent data during the entire PCR protocol (Fig. 5.2(a))
and processed them in Matlab, a numerical computing software. We ex-



76 CHAPTER 5. MULTIPLEXING USING TWO DIFFERENT DYES

Experiment
Name

Concentration
of HPRT in
ng \ µL

Concentration
of GAPDH in
ng \ µL

Denaturation
CT

Extension
CT

1:1 6.25 ∗ 10−7 6.25 ∗ 10−7 29.0 18.2

2:1 12.5 ∗ 10−7 6.25 ∗ 10−7 26.4 18.2

10:1 6.25 ∗ 10−6 6.25 ∗ 10−7 24.0 17.0

20:1 12.5 ∗ 10−6 6.25 ∗ 10−7 22.6 16.3

100:1 6.25 ∗ 10−5 6.25 ∗ 10−7 20.4 13.9

Table 5.4: Experiments with excess HPRT and extracted threshold cycles
(CT ).

Experiment
Name

Concentration
of HPRT in
ng \ µL

Concentration
of HA in
ng \ µL

Denaturation
CT

Extension
CT

1:1 6.25 ∗ 10−7 6.25 ∗ 10−7 28.6 19.2

2:1 12.5 ∗ 10−7 6.25 ∗ 10−7 26.3 18.3

10:1 6.25 ∗ 10−6 6.25 ∗ 10−7 23.3 16.6

20:1 12.5 ∗ 10−6 6.25 ∗ 10−7 22.7 15.9

100:1 6.25 ∗ 10−5 6.25 ∗ 10−7 19.6 14.1

Table 5.5: Experiments with excess HPRT and extracted threshold cycles
(CT ).

tracted data from Roche LightCycler in two blocks, temperature as a func-
tion of time and fluorescence as a function of time. We then used temper-
ature data to determine the beginning of each cycle. Next, we extracted
fluorescence amplitude during denaturation and extension steps for each
cycle. Each point was formed as a mean from the last five fluorescence mea-
surements in the step. This data processing resulted in two amplification
curves denaturations and extensions as a function of cycle number.

We defined the cycle threshold (CT ) as a value of the cycle number when
fluorescence amplitude is equal to the background mean (from first 10 cy-
cles) plus five times the standard deviation of the average. We calculated
the CT values for both curves for denaturation as well as extension. As the
last step of data processing, both amplification curves were normalized by
subtracting the initial fluorescence signal and then dividing all numbers by
the fluorescence amplitude. We also performed MCA (Fig. 5.2(b)).
Concentrations were determined by performing PCR with different template
concentrations by creating standard curves.
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Figure 5.2: (A) A typical data set with both amplification curves extracted
from a 40-cycle PCR. The fluorescence amplitude recorded at the end of
the extension (red) and denaturation (green) step are shown here. The
normalized amplification curves are shown as inset. At the end of the PCR
we performed the MCA. (B) The results of the MCA analysis showing DNA
templates with two different melting temperatures, 78.6◦C and 84.3◦C.

Results

The captured data from PCR with different DNA template concentrations
are shown in process in figure 5.3. Normalized PCR amplification curves
are shown in figure 5.4. As an example, we performed an experiment with
a constant concentration of HPRT and a varied concentration of GAPDH.

Non-TaqMan Gene in excess

Housekeeping genes. First, we kept the TaqMan gene (HPRT) concentra-
tion constant while the concentration of GAPDH gene was varied. The CT

values extracted from denaturation curves remained constant, as shown in
figure 5.5 A. The CT values extracted from the extension curves decreased
with increasing concentration of the non-TaqMan gene (GAPDH).

Viral Load. Second, we also kept the TaqMan gene (HPRT) concen-
tration constant while we varied concentration of cDNA of HA gene. The
CT values extracted from denaturation curves again remained constant as
shown in figure 5.5 B and the CT values extracted from the extension curves
decreased with increasing concentration of the non-TaqMan gene (HA).

TaqMan Gene in excess

Housekeeping genes. In the two experiments we conducted, the TaqMan
gene is in higher concentrations than the non-TaqMan gene. Figure 5.5 C
shows the results of experiments using a varied concentration of the HPRT
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Figure 5.3: Raw fluorescence data from LightCycler for experiments with
different ratios between HPRT and GAPDH genes. (A) Shows HPRT gene
alone, (B) ratio 1:1, (C) ratio 1:2 and (D) ratio 1:10. We extracted both
denaturation (green) and extension (red) curves from all graphs. No tem-
plate control (NTC) expressed no amplification and its average fluorescence
amplitude was 0.113 with a standard deviation of 0.002.

(TaqMan gene) and using a constant concentration of the GAPDH (non-
TaqMan gene). The extracted CT values from the denaturation and exten-
sion curves both decreases with an increasing HPRT concentration. How-
ever, the rate of change of the CT values extracted from the denaturation
curve is higher than the one from the extension curve. Quantitative infor-
mation on both genes can be determined from the difference between both
curves at a particular total DNA concentration.

Viral Load. As for the housekeeping gene, we have varied concentration
of HPRT (TaqMan gene) and constant concentration of HA (non-TaqMan
gene). The results (fig. 5.5 D) are similar to the previous ones.

Typical determination of DNA template concentrations.

A CT value extracted from denaturation curve in the first sample had an
amplitude of 26.9. It corresponded only to the concentration of the HPRT
gene. A CT value was also extracted from two extension curves, one with
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Figure 5.4: (left axis) Extracted normalized extension curves. The curves
amplitude was divided by its maximum amplitude and the slope was also
subtracted for easier curve to curve comparison. (right axis) The normalized
denaturation curves. The normalization was done in a similar fashion as for
extension curves.

primers for the GAPDH gene (CT = 18.1) and one with primers for the HA
gene (CT = 17.5). Those three CT values corresponded to a concentration
of 6.25 ∗ 10−7ng \ µL for HPRT, 3.49 ∗ 10−6ng \ µL for GAPDH and 4.52 ∗
10−6ng \ µL for HA. The CT values extracted from the second sample gave
an amplitude of 26.5 for HPRT, 18.4 for GAPDH and 16.8 for HA. Those
CT values corresponded to a concentration of 6.25 ∗ 10−7ng \ µL for HPRT,
2.61 ∗ 10−6ng \ µL for GAPDH and 7.55 ∗ 10−6ng \ µL for HA.

Discussion

The ability to perform quantitative multiplexed PCR is of particular interest
for a number of applications. Typically, it is performed by probe-based PCR
with a number of probes using specific dyes and with corresponding fluo-
rescent channels for each dye. Here, we have demonstrated a novel method
enabling the simultaneous detection of two DNA templates, using only a
single fluorescent channel.

We combined a FAM type of TaqMan probe for the first DNA template
with an intercalating dye for the second DNA template. We recorded a
continuous fluorescence signal for 40-cycle PCR protocol, followed by MCA.
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Figure 5.5: Extracted threshold cycles (CT ) for experiments with fixed con-
centration of either HPRT (A,B), GAPDH (C) or HA (D) genes and varying
concentrations of GAPDH (A), HA (B) or HPRT (C,D). Each experiment
was repeated three times. The varied concentration was calculated by sub-
tracting the constant value of concentration (6.25 ∗ 10−7ng \ µL) from the
total DNA concentration. The red circles correspond to CT extracted from
the denaturation curves while the blue squares from the extension curves.

From the fluorescent signal, we extracted two amplification curves. One was
at the end of the denaturation step corresponding only to the TaqMan probe
and the second one was at the end of the extension step. The second curve
consisted of information from both genes. We then subtracted a TaqMan
probe-based data from the second curve resulting in only the non-TaqMan
template amplification curve. This extraction was conducted by a script in
Matlab. The possibility of detecting and quantifying more than two genes
was demonstrated by running several experiments with different primers
within the same sample.
An easy way of extracting information on the concentration ratio between
two or more genes was demonstrated based on the PCR standard curve.
The method feasibility was demonstrated for a concentration difference of
up to four orders of magnitude. Results with higher concentration differ-
ences are most likely hindered by the depletion of the master mix due to the
amplification of one gene.
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This method can be implemented for DNA template quantification using
TaqMan probe-based gene with a known concentration as the internal stan-
dard. In such a case, the standard PCR curve would not be required.
Examples for this can be seen in the experiments in which the concentrations
of the three genes were determined. The concentration of the TaqMan gene
was the same as for the standard curves in the first sample. This and the
fact that the all concentrations were within one order of magnitude allowed
a relatively accurate determination of the concentrations of all genes. In the
second sample, the concentration of the TaqMan gene deviated significantly
from the standard curves. Furthermore, the difference in concentrations be-
tween the genes was more than two orders of magnitude. Because of this,
the estimate of concentrations became less accurate.
The described method might an option to increase the number of detected
genes concurrently without expanding the number of fluorescent channels of
commercial real-time PCR devices. Even here, we only tested a single tube,
and an identical experiment could be done in all 96 wells of a standard plate
system to expand into the detection of 192 genes, 384 into 768 and 1536 into
3072. Furthermore, the method could also be further optimized by research
into the binding properties of the intercalating dyes.
In this contribution, the CT values were extracted from a continuous flu-
orescent signal. Identical information can be also extracted from only two
measurement points during each amplification cycle, at the end of the denat-
uration step and at the end of the extension step. This way, practically any
commercial real-time PCR system is capable of doubling the throughput by
performing the multiplexing described in this contribution.

5.4 Authors contribution

Christian Ahrberg came with the idea of combining probe and intercalating
dye, prepared all chemicals conducted the experiment and extracted data.
Pavel Neuzil prepared figures and wrote the main manuscript text. Both
authors reviewed the manuscript.
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5.5 Conclusion

The aim of developing a method of detecting and quantifying to different tar-
gets with only one set of optical filters was achieved. Through the simplicity
of the method it could be integrated into our portable real-time PCR device
through a simple software modification. No hardware modification would
be required since only a second measurement of fluorescence amplitude in
the denaturation step would be required. For this reasons the method can
also be used in already existing commercial thermal cylcers. Furthermore
the temperature profile does not require alternation hence the total run time
of the device remains the same. Thus the number of targets that can be
measured by only one filter set during a single run is doubled compared to
previous methods.

As shown absolute quantification with this method needs at least two
calibration curves making it more complex than calibrations for only one
target. However, other multiplex methods also require more rigorous cali-
bration compared to single target reactions. This in mind, the method could
be especially useful for relative quantification applications, for example when
measuring viral loads compared to a reference gene. On our handheld de-
vice a relative quantification could be done with the four VRCs as follows:
the first VRC contains the positive control for both the TaqMan and the
SYBR green target, the second contains the no template control for both,
the third contains a positive control for the SYBR green target and the last
VRC contains the actual sample.

For best accuracy the binding properties of the intercalator to both tar-
gets should be known so that it is possible to derive accurate predictions
about target concentrations from the difference in signal. As this is hard to
predict from theory, assays would have to be calibrated before use. This,
however, is no issue for point-of-care applications or diagnostics as in these
applications the use of pre-designed assays is the norm.

Lastly it should be noted that while the method can be used on the
hand-held device as well as commercial devices it does not utilize any of
the benefits offered through virtual reaction chambers or miniaturization
apart from a lower sample consumption. Thus for further development a
modification of the method or an alternative method making use of the
advantages of the system would be desirable.
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Chapter 6

Multiplexing - Fast Melting
Curve Analysis

6.1 Motivation and relation to the thesis

A combination of probe and intercalator with similar emission wavelength
is a possibility of performing multiplexed PCR on the hand-held device as
demonstrated in the last chapter. Nevertheless the method demonstrated
previously does not utilise the advantages presented through the use of mi-
crofluidics. Virtual reaction chambers as our microfluidic reaction volume
have the advantage of offering a low sample consumption. More impor-
tantly VRCs provide a very homogeneous temperature distribution within
their volume. The low thermal mass combined with the heating chip give
access to fast temperature ramping rates (> 20◦C/s) while maintaining the
homogeneous temperature distribution.
The aim of this chapter is to introduce a way of conducting quantitative mul-
tiplexing polymerase chain reactions while being restricted to only one set of
fluorescence filters. Additionally the method exploits the advantages offered
through virtual reaction chambers. This can be achieved by conducting a
fast melting curve analysis when changing from extension to denaturation
temperature at the end of each cycle. To not elongate the time required for
the entire reaction the melting curves are recorded with the normal tempera-
ture transition rate between the two steps. To prevent broadening of melting
peaks this method prerequisites no temperature gradients to be present in
the sample.

6.2 State of the art

Most quantitative multiplexing approaches rely on probes labelled with dif-
ferent dyes as described in previous chapters. When using an intercalating
dye for real-time detection the most common method of differentiating prod-
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ucts is melting curve analysis or high resolution melting curve analysis. A
variety of intercalating dyes have been used for this purpose, like SYBR
green[1]. Later on different dyes were used as well, for example the SYBR
green derivative EvaGreen [2]. MCA can be performed on the same device
the real-time PCR is done, without requiring manual manipulation of the
sample, preventing contamination. Furthermore the same optical filters can
be used since only one dye is used. The main disadvantage is that is possible
to quantify and detect only one target using this method, but as soon as
MCA detects more than one product no quantitative information can be
derived any more.
To tackle this problem some protocols suggest measuring fluorescence during
cycling not at extension temperature but instead at a higher temperature
[3]. The higher temperature is chosen in such a manner that unspecific by-
products are denatureated and the specific product is still present in double
stranded form. Following this suggestion the quantitative data collected
during the reaction corresponds to the single specific product. If subsequent
MCA reveals a unspecific by-product, the quantitative data is still usable
for the quantification of specific product.
This idea can be taken further by measuring fluorescence at more tem-
peratures between extension and denaturation temperature during thermal
cycling. If increments of 1◦C or less are taken one would finally arrive at a
melting curve recorded after each cycle. The issue is that in the paper by
Cheah et al. the one additional step to measure fluorescence already takes
20 seconds. So if one would measure fluorescence at an additional 20 points
after every cycle the total reaction time would increase by 400 seconds per
cycle.

The approach shown in the following will record a melting curve after
every cycle as proposed. In order to keep total reaction times short nor-
mal temperature profiles as used for standard real-time PCR will be used
with heating and cooling rates around 20◦C/s. This will be achieved by ex-
ploiting the advantages microfluidics and especially VRCs provide regarding
detection and especially thermal transfer.
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6.3 Paper: Single Fluorescence Channel-based Mul-
tiplex Detection of Avian Influenza Virus by
Quantitative PCR with Intercalating Dye

As published in: Christian D. Ahrberg, Andreas Manz and Pavel Neuzil,
Single Fluorescence Channel-based Multiplex Detection of Avian Influenza
Virus by Quantitative PCR with Intercalating Dye Scientific Reports 5,
11479 (2015)

Since its invention in 1985 the polymerase chain reaction (PCR)
has become a well-established method for amplification and detec-
tion of segments of double-stranded DNA. Incorporation of fluo-
rogenic probes or DNA intercalating dyes (such as SYBR Green)
into the PCR mixture allowed real-time reaction monitoring and
extraction of quantitative information (qPCR). Probes with dif-
ferent excitation spectra enable multiplex qPCR of several DNA
segments using multi-channel optical detection systems. Here we
show multiplex qPCR using an economical EvaGreen-based sys-
tem with single optical channel detection. Previously reported non
quantitative multiplex realtime PCR techniques based on interca-
lating dyes were conducted once the PCR is completed by per-
forming melting curve analysis (MCA). The technique presented
in this paper is both qualitative and quantitative as it provides
information about the presence of multiple DNA strands as well
as the number of starting copies in the tested sample. Besides
important internal control, multiplex qPCR also allows detecting
concentrations of more than one DNA strand within the same
sample. Detection of the avian influenza virus H7N9 by PCR is
a well established method. Multiplex qPCR greatly enhances its
specificity as it is capable of distinguishing both haemagglutinin
(HA) and neuraminidase (NA) genes as well as their ratio.

The influenza A virus is composed of eight RNA segments of negative-
sense single-stranded RNA where segment 4 encodes the haemagglutinin
(HA) gene, and segment 6 the neuraminidase (NA) gene. In order to in-
crease specificity of H7N9 detection, besides the detection of the virus itself,
one should also detect both HA and NA individually as well as their ratio.
PCR is the method of choice to detect the virus as it can deliver results in
tens of minutes compared to traditional methods such as ELISA where the
testing takes a few days.
The polymerase chain reaction (PCR) was invented in 1985 [4] [5] to amplify
double stranded DNA segments. Adding fluorogenic probe or DNA inter-
calating dyes (such as SYBR Green) allowed real-time [6] reaction progress
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monitoring and extracting of quantitative information (qPCR) [7] [8]. A typ-
ical PCR process consists of three steps conducted at different temperatures:
denaturation at 95◦C, annealing at 50−60◦C and extension at 72◦C. Using
the Taqman probe-based PCR system the annealing and extension steps
are combined into one and performed at a temperature of about 60◦C[8].
The presence of end-point PCR products can be confirmed by agarose gel
electrophoresis or by capillary electrophoresis (CE) [9]. However, an end-
point measurement does not necessarily correlate with the original number
of copies of the amplified DNA sequence. Real-time PCR allows precise
quantitative information to be extracted from the exponential phase of the
reaction [7] [10]. The Taqman probe-based assay format, for example the
FAM (fluorophore) and TAMRA (quencher) labeled probe, is specific to
its target gene, whereas the SYBR Green-based format is non-specific. To
determine the specificity of the PCR products using SYBR Green, a sub-
sequent melting curve analysis (MCA) [11] has to be implemented. MCA
is often preferred over CE as it is performed in the PCR system immedi-
ately once the PCR is completed by sweeping samples temperature while
monitoring amplitude of fluorescence and thus no sample manipulation is
required.
Multiplex quantitative PCR (qPCR) methods based on Taqman probes as
well as FRET-based systems have been demonstrated [12]. Currently, it is
routinely done with probes, such as the popular FITC, JOEL, ROX and
Cy5, using multiple optical channels. Each channel requires its correspond-
ing light source, filter set and a detector. Can multiplex qPCR be conducted
in one channel, while demultiplexing the results in real-time? Probe-based
systems cannot be used as there is no technique capable of distinguishing
the PCR products in a real time. On the other hand intercalating dye based
PCR has shown promising results as the products can be demultiplexed us-
ing melting curve analysis (MCA) once the PCR is completed[13]. However,
this method can determine serotype of the DNA or RNA but does not pro-
vide quantitative information. Continuous monitoring of the amplitude of
the fluorescent signal is a powerful technique with a number of different ap-
plications [14]. One of them was product differentiation during PCR where
a number of MCAs were performed individually after several thermal cycles
of PCR[1].
In this contribution we propose and demonstrate a method to dynamically
extract melting curves within each thermal cycle of a real-time PCR based
on a single intercalating dye. This was accomplished by processing cap-
tured data without changing the PCR protocol, resulting in a set of 40
MCAs. From this set we were able to demultiplex quantitative data for
different segments of DNA. The proposed method allows multiplex inter-
nal positive controls using a single intercalating dye and is an alternative for
probe based systems used to detect HA to NA gene ratios. It employs only a
single fluorescent optical channel. Typical MCA for intercalating dye-based
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PCR is performed by scanning the temperature of the sample at the rate of
1◦C/s or lower while recording the corresponding amplitude of fluorescence
signal. The slow scanning rate is an important factor as every system with
temperature control such as PCR exhibits a delay between temperature at
the sensor and the sample. PCR systems can have a delay as long as a few
seconds or more which is why slow temperature scanning for precise deter-
mination of a melting curve is essential.
During PCR the sample is cycled between different temperatures. Especially
interesting is the transition from extension to denaturation as it covers the
range of expected melting temperatures. All that is needed, then, is to
detect the fluorescence amplitude from the sample and determine the corre-
sponding temperature during this phase.
The first task has been demonstrated earlier by continuous fluorescence mon-
itoring during the PCR cycling [14]. However the precise temperature mon-
itoring of the sample during temperature transitions is not straightforward
as there is discrepancy between sample and heater temperature as explained
above. Is there another way to monitor actual sample temperature during
ramping from annealing step to denaturation step?
We believe there is a method to measure the sample temperature with high
precision. This temperature is given by a thermal control system typically
using proportional integrated derivative (PID) method of feedback, the ther-
mal mass of the sample H and the thermal conductance G between the heat-
ing block and the sample. The time constant τ of the temperature delay is
given by τ = H/G. Values of H, G and PID constants do not change during
the PCR process so the temperature profile of the sample is a repetitive
function of time during the PCR cycling. This implies that it is sufficient to
determine the temperature profile of the sample only during a single cycle.
We have used a modified version (Fig. 6.1) of the virtual reaction chamber
(VRC) system for this experiment[15]. The heat transfer and the sample
temperature profile was simulated by finite element analysis (FEA) and the
results were experimentally verified [16]. The model gave us a correlation
between the temperature of the heater and the sample during transition
from annealing step to denaturation step required for the MCA extraction.
The real sample experiment exhibited faster response than the model prob-
ably due to convection in the aqueous sample decreasing the temperature
gradient minimally in the transition period. This also provided a homoge-
nous temperature distribution, crucial to the method, since it suppresses
data smearing.

Here we introduce a method of multiplex qPCR using a single fluores-
cence channel in the presence of Eva-Green intercalator. It is based on
recording both temperature T and fluorescence F as a function of time t
and cycle number n. From both functions [F = f(t, n) and T = f(t, n)] we
have then eliminated time and generated fluorescence as function of temper-
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Figure 6.1: (Top) Schematic diagram of the sample and heater. (Bottom)
Photograph of four VRCs on silicon chip with sample replaced with fluores-
cein solution for visualization purpose.

ature [F = f(T, n)] with PCR cycle number as a parameter. We have thus
performed a melting curve analysis (MCA) during each PCR cycle. Subse-
quently we plotted the first negative derivative of fluorescence with respect
to temperature as a function of temperature −dF/dT = f(T ). For each
amplicon a distinct melting temperature was obtained, with its amplitude
corresponding to its concentration at each cycle. PCR amplification curves
were then created by plotting the amplitude of the respective amplicon as
function of cycle number. This way we can quantitatively detect one or more
different amplicons using only a single intercalating dye. We only need to
perform continuous fluorescence detection at an acquisition rate at or above
1kHz, thus conventional reagents and protocols can be still used.
The only prerequisite for the methods are a high enough data acquisition
rate of fluorescence amplitude, a small sample volume and a sufficiently large
difference in melting temperature of the genes for differentiation.
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Materials and Methods

Preparation of PCR mixture and thermal cycling.

PCR mixture consisted of 6µL Roche LightCycler TaqMan Master Mix
(Roche Diagnostics, Germany), 1µL 20X EvaGreen Dye in water (TATAA,
Sweden) as well as forward and reverse primers[17] (Table 6.1)(MWG Eu-
rofines, Germany) at a final concentration of 1.8µM . To this solution syn-
thetic complementary DNA (cDNA) templates (ATG Biosynthesis, Ger-
many) for haemagglutinin (HA) and neuraminidase (NA) for the avian in-
fluenza virus (H7N9) were added at different concentrations (Table 6.1).
Lastly the solution was adjusted to a volume of 20µL using water obtained
from a Milli-Q ProgradT3 column (Millipore, Germany).

Target
gene

Primer
name

Primer sequence
(5’-3’)

Primer
size
(bp)

Amplicon
size
(bp)

H7N9 HA HA-
Forward

TACAGGGAAGAGG
CAATGCA

20 103

H7N9 HA HA-Reverse AACATGATGCCCC
GAAGCTA

20 103

H7N9 NA NA For-
ward

CCAGTATCGCGCC
CTGATA

19 70

H7N9 NA NA Reverse GCATTCCACCCTG
CTGTTGT

20 70

Table 6.1: Primers used in this study

A droplet with a volume of 150nL of the PCR solution was placed on a
hydrophobically coated microscope glass cover slip and covered with 1.5µL
of mineral oil 9405 (Sigma Aldrich, Germany) thus forming a VRC. This
glass was then placed on a micromachined silicon chip integrated with both
a heater and a sensor, similar to a design shown earlier[15]. Here the silicon
chip has a size of only 15 x 15mm to better fit a handheld PCR device
we are developing (see Fig. 6.1). The small thermal mass of the VRC to-
gether with the silicon heater resulted in heating rates > 20◦C/s and similar
cooling rates achieved only by passive cooling. The PCR protocol consisted
of a hot start for 10 min at 95◦C followed by 40 cycles each consisting of
two steps, denaturation for 5 s at 95◦C and annealing/extension for 30 s at
60◦C.
Fluorescence amplitude was continuously monitored using an Axiotron II
microscope (Zeiss, Germany). We have used a blue LED model M470L3-C4
LED with principal wavelength of 470 nm (Thorlabs, Germany) for exci-
tation. The LED was powered with square wave pulses at a frequency of
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2710 Hz and a duty cycle of 5%. Light from the LED as well as emitted
light from the specimen was filtered with a filter set model 49002 - ET -
EGFP (FITC/Cy2) (Chroma Optical Corp, USA). Emitted light was cap-
tured by a PMT photosensor module H10722-20 (Hamamatsu Photonics
K.K., Germany). The PMT signal was processed by a lock-in amplifier 7230
DSP (Ametek, USA) and its output recorded by a digital oscilloscope model
DPO 3014 (Tektronix, Germany) with data rate of 2500 measurements per
second. The temperature of the PCR chip was also recorded by the oscillo-
scope at the same data rate.
For comparison, samples were also analyzed using the Roche LightCycler
Carousel-Based system (Roche Diagnostics, Germany) followed by a stan-
dard melting curve after thermal cycling.

Data Analysis

Captured fluorescence data were analyzed using a custom written Matlab-
script. First the data were filtered by a fast Fourier transform filter (FFTF).
Subsequently, the fluorescence signal was divided into the individual cycles
based on the captured temperature profile. The fluorescence amplitude dur-
ing transition from extension/annealing step to denaturation step was then
extracted for each cycle and fluorescence as function of temperature was
plotted with cycle number as a parameter. MCA was formed by numerical
differentiation of the fluorescence with respect to temperature and its neg-
ative value was plotted as a function of temperature. The melting curve
captured at the first cycle was subtracted from all melting curves to sup-
press a background fluorescence effect we have observed. This background
fluorescence could be caused by autofluorescence from the adjacent printed
circuit board as well as fluorescence of the temperature dependence of the
fluorophore as well as unspecific binding of the dye onto single stranded
DNA[18]. PCR amplification curves were created by plotting amplitudes at
the MCA of each amplicon as a function of the cycle number.

Results and Discussion

We have run a 40 cycle PCR using the master mix manufacturer’s specifica-
tions. A typical fluorescence profile was obtained (see Fig. 6.2 A). In figure
?? B we show the single cycle number 23 to demonstrate the extracted data
for the MCA.

This procedure was applied to a sample containing only a single amplicon
(HA) with a melting temperature of 76◦C (see fig. ?? A,B). We have then
added to the sample a second amplicon (NA) with a melting temperature
of 68◦C. A second peak corresponding to this amplicon can be observed
in the respective MCA (Fig. ?? C,D). Increasing the amount of NA added
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Figure 6.2: (A) Continuous fluorescence profile and corresponding temper-
ature captured of entire PCR experiment. The 10 minutes of hot start is
not completely shown, thermal cycling starts after 600 seconds. (B) Single
PCR step number 23 showing fluorescence amplitude (green, left axis) and
temperature (red, right axis). Start and end of data recording for MCA is
shown by arrows.

compared to HA lead to an even faster increase of the magnitude of peak
at 68◦C (Fig. ?? E,F). Extracting the fluorescence amplitude from the de-
rived curves for each cycle at 68◦C and 76◦C respectively, results in two
PCR amplification curves. Figure 6.4 A shows the two amplification curves
extracted for the experiments with a higher concentration of NA than HA
(experiments A1 to A5 in Table 6.2).

The sample spiked with the cDNA of the HA gene yielded only a single
amplification curve with melting temperature of 76◦C, which was expected.
For all other experiments we were able to extract two amplification curves,
one at a temperature of 68◦C and the second one at temperature of 76◦C.
Threshold cycles (CT ) were defined in the usual way. It was found that the
difference in CT (∆CT ) of the two curves corresponded to the expected dif-
ference according to the ratio of concentrations of HA and NA. An overview
of all conducted experiments is presented in table 6.2. The results indicate
that ∆CT corresponds to the expected values. We can then conclude that
the method can be used for multiplexed quantitative PCR. As an example,
(see Table 6.2) sample A5 has the concentration of NA 19 times higher than
the concentration of HA. With 100% PCR efficiency one would expect a
∆CT of 4.25(log219). We have found the ∆CT value to be 4.0 ± 0.4 which
corresponds to an efficiency of 84%, reasonably close to the ideal value.
We have observed MCA peak broadening in our experiment due to applied
conditions. It is necessary to run several replicates of the same experiment
to suppress random errors and improve the result precision. The MCAs are
recorded at a scanning rate of over 20◦C/s while the commercial systems for
high resolution melting curve analysis (HRMCA)[19] are usually operating
with low temperature scan rates between 0.1◦C/s and 0.5◦C/s. Differen-
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Figure 6.3: Melting curves (A, C, E) and corresponding to their first negative
derivative (B, D, F) for all 40 cycles with cycle number as parameter. A
and B are data from sample containing only HA. C and D are data from
sample containing HA and twice more of NA. E and F are data from sample
containing HA and ten times more NA.

tiation of amplicons with melting point differences ∆Tm as small as 1.2◦C
have been demonstrated in HRMCA. However the method presented in this
contribution requires greater ∆Tm due to peak broadening caused by the
high heating rate.
We assume that a difference in amplicons melting temperatures of at least
5◦C would be sufficient to differentiate them from each other. This could
be achieved by primer design since the melting temperature is a function of
amplicon length and ratio of CG/AT content. Therefore an extension tem-
perature of 60◦C and a denaturation temperature of 95◦C would allow for
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Experiment
Code

Concentration
of HA
(ng/µL)

Concentration
of NA
(ng/µL)

CT at
68◦C
(NA)

CT at
76◦C
(HA)

Difference
between
CT at
68◦C and
76◦C

A1 1.0 ∗ 10−7 0 - 22.5 -

A2 5.0 ∗ 10−7 5.0 ∗ 10−7 22.8 22.4 0.4± 0.3

A3 3.2 ∗ 10−7 6.4 ∗ 10−7 25.8 24.7 1.0± 0.5

A4 9.0 ∗ 10−8 9.1 ∗ 10−7 23.7 20.9 2.8± 0.3

A5 5.0 ∗ 10−8 9.5 ∗ 10−7 25.7 29.5 4.0± 0.4

B1 0 1.0 ∗ 10−7 27.5 - -

B2 5.0 ∗ 10−7 5.0 ∗ 10−7 23.1 22.9 −0.1± 0.8

B3 6.4 ∗ 10−7 3.2 ∗ 10−7 23.4 24.6 −1.2± 0.1

B4 9.1 ∗ 10−7 9.0 ∗ 10−8 26.7 30 −3.3± 0.3

B5 9.5 ∗ 10−7 5.0 ∗ 10−8 23.4 27 −3.5± 0.1

Table 6.2: Overview of conducted experiments, found threshold cycles (CT )
for both melting temperatures as well as the difference between both thresh-
old cycles.

6 different amplicons to be detected in the same droplet, assuming a ∆Tm
of 5◦C.
Furthermore, the temperature measured by the sensor in HRMCA corre-
sponds practically to the sample temperature due to the slow scanning rate.
In our approach the sample temperature lags behind the temperature mea-
sured by the sensor underneath the sample[20]. This can be seen from the
comparative end point HRMCA done with the LightCycler, Figure 6.4 B
shows the fluorescence amplitude plotted as function of temperature with a
temperature gradient of 0.1◦C/s. In figure 6.4 C the first negative derivative
of this curve with respect to temperature is shown, displaying two distinct
peaks. Both melting temperatures found on the LightCycler are 8◦C higher
than the temperatures we measured in our system. Nevertheless this Tm
offset has no influence on quality of the results especially when this lag is
known and the resulting temperature offset is calibrated.

Ideally the test should be performed with a clinical sample containing
H7N9 virus starting with sample preparation followed with reverse tran-
scription. VRC-based RT-PCR demonstrating almost all those steps was
shown earlier, detecting both RNA from H5N1 avian influenza virus [21] as
well as from virus of severe acute respiratory syndrome (SARS) [22]. Pro-
cessing clinical sample containing virus of avian influenza or SARS would
also require laboratory classified as biosafety hazard level 3 which we do not
have available. In previous work we developed the system based on spiking
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Figure 6.4: Amplification curves extracted for samples A1-A5 (referring to
experiment codes in Table 6.2) at 68◦C (solid lines) and 76◦C (dashed lines).
Sample A1 shows no amplification at 68◦C (black line) as expected (A), end
point high resolution melting curve analysis of sample A2 after 40 cycles on
the LightCycler (B-C)

blood sample with RNA, here in this work we spiked PCR master mix with
two types of cDNA.

Conclusion

We have developed a method for quantitative, multi target PCR using only
a single intercalating dye and thus only one fluorescence channel. Our ap-
proach allows researchers to perform affordable multiplex PCR using simple
tools as well as reagents. Another advantage compared to conventional
methods is small consumption of reagents due to small sample volume.
Fluorescent amplitude sampling at a rate above 100 samples per second
is, however, required for constructing MCA during transition from anneal-
ing/extension to denaturation. This method might be particularly interest-
ing for determination of serotype of virus such as dengue fever or an avian
influenza. Other potential applications include measurement of viral loads
in a sample, differentiation between H7N9 and H7N5, and quantitative de-
tection of co-infections. We have experimentally verified the method using a
homemade PCR system primarily for convenience as we have 100% control
of the tool. In principle any commercial real-time PCR device would be ca-
pable of performing the same protocol as long as it has available fluorescent
amplitude sampling rate of 1kHz or higher and can process samples with
small volume of a 1µL or below.

6.4 Authors contribution

Christian Ahrberg ran the lab experiment and prepared all necessary reagents
as well as the data processing in Matlab environment, Andreas Manz helped
with the experiment preparation and Pavel Neuzil came with the original
idea of realtime multiplexing using intercalating dye. All authors reviewed
the manuscript.
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6.5 Conclusion

It was demonstrated in this chapter that it is possible to extract melting
curves from the transition of the extension to the denaturation step after
every cycle. Due to the homogeneous temperature distribution and the low
thermal mass of the virtual reaction chamber heating rates of 20◦C/s could
be used. By plotting the amplitude of the melting peaks with respect to
cycle number it was shown that it is possible to detect and quantify two
different targets using only a single fluorescence dye. This is a significant
improvement compared to standard melting curve analysis since the method
described here is qualitative as well as quantitative, unlike conventional melt-
ing curve analysis which provides only qualitative results. It is conceivable
to extent the method to more than two targets if targets are chosen with
melting temperatures far enough apart for differentiation.

When using larger sample volumes temperature gradients inside the sam-
ple would lead to peak broadening making a fast recording of melting curves
infeasible. Thus it is a necessity to work with small volumes and VRCs are
ideal for this purpose as they provide a simple solution to this problem. As
the method uses only a single intercalating dye all fluorescence measure-
ments can be made with the same optical filter set. These two factors make
this method suited for the hand-held device, however it can not be integrated
for two reasons. Firstly the number of fluorescence measurements that can
be done per second is not high enough to obtain melting curves of high
enough resolution. Secondly due to having only one Lock-In amplifier on
the printed circuit board of the hand-held device means that only temper-
ature or fluorescence can be measured at any instance in time. Thus when
going from extension to denaturation temperature fluorescence can not be
measured as the temperature needs to be monitored. Hence to integrated
the method to the hand-held device a modification of the hardware would
be required.

The method can be easily realised by mounting the heating chip of the
hand-held device under a fluorescence microscope. This way VRCs can
be used as containers for the sample, the chip can be used exclusively for
heating and the microscope does the detection. Fluorescence measurements
can be realised at much greater rates than required using a photomultiplier
tube, Lock-in amplifier and oscilloscope. This makes the method especially
feasible for research laboratories, many of which already have fluorescence
microscopes and the required accessories.
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Chapter 7

Modelling of PCR

7.1 Motivation and relation to the thesis

The previous chapters deal with the applications of VRCs in combination
with a self constructed thermal cycler for PCR. However to enhance speci-
ficity and yield of the polymerase chain reaction the influence of various
parameters have to be understood. The parameters easiest to control are
the denaturation, annealing and extension temperature. The denaturation
temperature is undemanding to optimise, it should be chosen in such a
manner that all double stranded DNA denaturates into single strands. As
the melting temperatures rarely exceed 85◦C temperatures between 90◦C
and 95◦C are ideally suited for this purpose. The annealing temperature
should be chosen in such a manner that the primer only binds specifically
and does not bind to mismatched sequences. This temperature can easily
be optimized by conducting a set of experiments with different annealing
temperatures followed by melting curve analysis. Afterwards the temper-
ature is selected which had the lowest amount of side product. Often the
extension temperature does not require optimization. Usually the tempera-
ture with the highest polymerase activity is picked here. More critical are
the concentrations of primers, nucleotides and enzyme used in the reaction.
For these an optimum can often only be found by screening large sets of
different concentration ratios.

The aim of this chapter is to develop a simple mathematical model to
enhance the understanding of the processes during the PCR. Furthermore
the model helps to choose concentrations for primers, nucleotides as well as
the polymerase enzyme.

103



104 CHAPTER 7. MODELLING OF PCR

7.2 State of the art

Throughout the years different models have been constructed describing ei-
ther PCR or single steps of the PCR. The common aim of these models is
to increase specificity, assist with analysis of results or enhance the under-
standing of the reaction. An example for an early model is a simulation
of annealing step for complex templates [1]. This model used database of
DNA sequences to find positions on which primers could possibly bind, ini-
tiating a polymerization. The model took into account mismatch between
the primers and the unspecific binding site as well as the length of the by-
product. By using this model primers can be designed in a better manner
helping to increase the specificity of the reaction, especially when using com-
plex samples.
Other models are constructed to predict the accumulation of product with
the PCR cycles. The most popular model here predicts the the amount
of product after the n-th cycle simply by Nn = N0(1 + E)n, where Nn is
the number of dsDNA molecules after the n-th cycle, N0 the initial number
of molecules and E the efficiency of the reaction. While these models are
only rarely used for optimization purposes they find frequent application in
the analysis of real-time PCR results. An example here would be relative
quantification of one target compared to a second one [2].

Since these models usually assume an unchanged efficiency for all cycles,
often equal to unity, more sophisticated models were constructed explaining
the change in efficiency throughout the cycles. One model, for example, di-
vides the model of the reaction in three parts: Denaturation, annealing and
extension [3]. While the denaturation is simply considered to have perfect
efficiency, hence all double stranded DNA denaturates into single strands,
annealing is considered in a more complex manner. For annealing the hy-
bridization of primers to their target DNA as well as the combination of
two single strands of DNA into a double strand and the formation of primer
dimers from two primers were considered. These processes were expressed
either through equilibria or kinetic rate equations in the model. The exten-
sion step was divided into two substeps. First a complex was formed from a
ssDNA-primer template and the polymerase enzyme. In the next step chain
growth occurred. While the first step was assumed to be in quasi equilib-
rium and the chain growth processes were described kinetically by ordinary
differential equations (ODEs).
As the model introduced previously is able to provide information on the
development of cycle efficiency during cycling and does not describe the de-
velopment of nucleotide concentration during the reaction further models
were developed. Sarika Mehra and Wei-Shou Hu[4] suggested a model that,
like the previous one, divided the cycles into three subunits. The denatu-
ration and annealing part were treated like in the previous model with the
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annealing part being strictly described by kinetic equations. In the exten-
sion part the formation of a primer-enzyme-ssDNA complex was again the
first step. Unlike the other model a nucleotide had to be added to the com-
plex before the chain growth could occur. It was assumed that the addition
of enzyme as well as nucleotide to the complex are irreversible and that the
reactions involved are in quasi-equilibrium. Through this addition it was
possible to draw conclusions on the influence of nucleotide concentration on
the outcome of the reaction.

In this chapter a model is suggested that extends the model by Mehra and
Hu by accounting for all reactions involved in the extension step with kinetic
descriptions. In exchange the annealing process is only described by a simple
statistic approach. This allows to make predictions on the development of
cycle efficiency as well as estimate the influence of concentrations of the
single reagents. Unlike the other models the effect of concentrations on the
length of the produced products can be researched using this model.
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7.3 Modelling of PCR: Kinetic explanation for Primer
dimers

Prepared for publication

A simple mathematical model based on step growth processes
to describe the polymerase chain reaction (PCR) is introduced.
It has been used to analyse different reaction conditions to pre-
dict the distribution of the chain lengths of the products of a
PCR. The model suggests that choosing the initial concentrations
in such a way that the primers are the limiting reagent in the
reaction will produce narrow chain length distributions around
the target length, whereas conditions in which the yield of the
reaction is limited through the concentration of the nucleotides
produce shorter side products and thus a wider distribution. Fur-
thermore, the model proposes that the time that should be spent
in each cycle is mainly determined by the enzyme concentration.
Experiments were carried out to confirm the predictions made by
the model. Due to its simplicity, the model is useful for choosing
the reaction conditions before conducting PCR experiments, so as
to prevent the formation of unspecific products.

Introduction

The polymerase chain reaction (PCR) is a widely used tool for the detection,
quantification and amplification of DNA or RNA sequences. Applications
can be found in many areas, such as clinical diagnostics [5] [6], food science
[7], and the agricultural sciences [8]. While primers and targets are selected
very carefully [9], the reaction conditions and reagent concentrations are
rarely optimized. Often, heuristics are followed for choosing temperature
profiles, and ready made master mixes are used for the reactions. Carefully
designing those aspects could help to reduce the amount of unwanted side
products made in the reaction and decrease the reaction time. Mathemati-
cal models could provide a simple way to cater to these design criteria.

Several models describing various aspects of PCR have been published
in the past. For example, Hsu et al. [10] proposed a model based on rate
equations describing the kinetics of the thermal deactivation of the Taq poly-
merase. Furthermore, they investigated the effects of enzyme deactivation
on the efficiency of the reaction as well as the extension times in the in-
dividual cycles. Another model [3] focused on the annealing process, also
exploring the effects on the reaction’s efficiency. Using a kinetic and a ther-
modynamic equilibrium model to describe primer-template annealing as well
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as the template-template, primer-primer annealing and side processes, pre-
dictions about the cycle specific efficiency throughout the PCR were made.
While these models focus on only a very few processes, still, predictions
about the reaction can be made using them. Through the consideration of
more processes, more accurate predictions should be possible as well as a
better fine tuning of the reaction conditions.
A kinetic description of PCR was suggested by Mehra et al. [4], who also
considered reactions in the extension phase, for example, the formation of
enzyme-primer-ssDNA complexes or the addition of nucleotides to one of
these. Furthermore, extension (chain growth) was considered in the form of
a step growth process. Most processes were treated using mass-action kinet-
ics, giving a system of ordinary differential equations to be solved. However,
some other processes were described using pseudo steady-state equilibria,
such as the reactions describing nucleotide addition. This extended model
allowed optimizing the primer concentrations as well as accurately predicting
the cycle efficiencies, through the large number of parameters incorporated.

Other models have been written to obtain a deeper understanding of the
mechanism of the reaction. These models usually focus on the reaction at
the molecular level [1], or treat only single stages of the reaction, such as
denaturation, for example [11] [12].

The aim of our model is to use chemical reaction engineering to produce
a simple model focusing on a kinetic description of the the chain growth
process. For simplicity, the number of processes involved in our model is
kept as low as possible, while covering the most important reactions. Fur-
thermore, including parameters for the four main reagents of the reaction,
the DNA, the enzyme, the primers, and the nucleotides, is desirable for the
design of PCR experiments.

Model derivation

The PCR process typically has three different temperature steps. In the
first step, called denaturation and typically conducted around 95◦C, double
stranded DNA melts into two single strands. Then an annealing step (usu-
ally 50–60◦C) follows, in which primers, which are short DNA sequences
typically 15 to 20 base pairs long, bind to the single strands. Lastly, an
extension step is conducted, where the DNA polymerase attaches to the
DNA-primer construct and synthesizes a second complementary strand of
DNA. This step is normally conducted at temperatures of around 72◦C. It
is not unusual to use the same temperature as for the annealing step, espe-
cially when using fluorescence TaqMan probes for detection.
Thus, assuming perfect efficiency, the amount of double stranded DNA will
double every cycle and large quantities of DNA can be synthesized by re-



108 CHAPTER 7. MODELLING OF PCR

peating the three steps several times.

Denaturation

For our model, we consider only one process during the denaturation step,
namely the melting of double stranded DNA into two single strands:

dsDNA −−→ 2ssDNA (7.1)

Since all double stranded DNA is denatured after 5 seconds [3], we ac-
counted for this process by setting the concentration of ssDNA to double
that of the dsDNA of the last cycle. The concentration of dsDNA subse-
quently is defined as zero for the cycle.

Annealing

In the annealing step, two different processes are considered, namely the
binding of the ssDNA to a complementary primer and the binding of the
ssDNA to a complementary strand of the ssDNA, resulting in dsDNA:

ssDNA + P −−→ ssDNA · P
ssDNA + ssDNA −−→ dsDNA

These two process have been modelled with a simple probability-based
model, where the concentration of the ssDNA · P complex formed is given
by (7.2) and the concentration of the dsDNA is given by (7.3), where Prop
is the probability of annealing with a primer (7.4).

[ssDNA · P ] = [ssDNA]Prop (7.2)

[dsDNA] = [ssDNA](1− Prop) (7.3)

Prop =
[P ]

[P ] + [ssDNA]
(7.4)

Thus the concentrations of the primers after the annealing step can be
calculated by Equation (7.5).

[P ] = [P ]′ − [ssDNA · P ] (7.5)

Here, [P ]′ denotes the primer concentration from the last cycle. This
approach was chosen to model the processes taking place during the anneal-
ing step because experimental measurements of the kinetics of this process
are difficult, thus only very few have been reported in the literature. On
the other hand, the modelled rate constants for annealing as well as melting
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tend to be in the nanosecond range [12] and thus orders of magnitude faster
than the other processes considered in this model. Therefore the reactions
associated to these have reached a steady state long before the other reac-
tions involved in PCR. Thus these annealing steps are unlikely to be rate
limiting in the PCR reaction.

Extension

The first step in extension that is employed in the model is the reversible
formation of a complex consisting of single stranded DNA, primer, and poly-
merase. Next, a nucleotide has to join the complex. Now the primer could
grow by one base into a chain C1.

ssDNA · P + E −−⇀↽−− ssDNA · P · E
ssDNA · P · E + N −−⇀↽−− ssDNA · P · E ·N

ssDNA · P · E ·N −−→ C1 · E

Now the process of nucleotide addition to the complex and incorporation
into the chain is repeated until the length of the original template is reached.
Due to the reversibility of the the formation of the complex of ssDNA, chain,
and enzyme, the enzyme can dissociate.

Ci + E −−⇀↽−− Ci · E
Ci · E + N −−⇀↽−− Ci · E ·N
Ci · E ·N −−→ Ci+1 · E

These steps are repeated until the chain reaches the full length of the
template. Once this length is reached, the only process that can occur is
the reversible dissociation of the polymerase enzyme from the newly formed
double stranded DNA (Cn):

Cn−1 + E −−⇀↽−− Cn−1 · E
Cn−1 · E + N −−⇀↽−− Cn−1 · E ·N

Cn−1 · E ·N −−→ Cn · E
Cn · E −−⇀↽−− Cn + E

The reactions described above are described by the following rate equa-
tions in the model:

rE = kE [Ci][E] (7.6)

r−E = k−E [Ci · E] (7.7)

rN = kN [Ci · E][N ] (7.8)
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r−N = k−N [Ci · E ·N ] (7.9)

rG = kG[Ci · E ·N ] (7.10)

The addition of the enzyme to the ssDNA-chain complex is described
by (7.6), while the reverse process is described by (7.7), where kE and k−E
are the rate constants for the reaction and reverse reaction, respectively.
Similarly, (7.8) and (7.9) describe the addition of a nucleotide and the reverse
process. Again, kN and k−N are the rate constants for the forward and
reverse reactions. Lastly, the rate of chain growth is described by equation
(7.10), with kG being the rate constant for this reaction. [Ci], [E], [N ],
[Ci · E] and [Ci · E · N ] are the concentrations of the chains of length i,
the enzyme, the nucleotides, the chain-enzyme complexes, and the chain-
enzyme-nucleotide complexes, respectively.
For simplicity, the rate constants for all four bases (A,T,C,G) are treated the
same, i.e. the same concentration is used for all of them and rate constants
do not differentiate between the different bases. This assumption can be
made because in a long enough piece of DNA all four bases are present in the
same amount statistically. Furthermore an incorporation of, for example, a
C in one strand requires the incorporation of a G in the reverse complement
strand. Thus if a differentiation between the bases should be necessary, it
should be enough to only differentiate between A,T and G,C as long as one
is interested in the processes happening in the bulk solution.

Other reactions considered

In addition to the reactions modelled that describe the most important
processes in the PCR, the inactivation of the polymerase was also accounted
for by the model through a simple first order reaction (7.11) described by
the rate (7.12)

E −−→ Einact (7.11)

rinact = kinact[E] (7.12)

where kinact is the rate constant for the reaction and [E] is the enzyme
concentration.

Cycle transition

The system of ordinary differential equations (ODEs) described above was
solved for each cycle. For the initial concentration of dsDNA, the sum
of the final concentrations of dsDNA and fully extended chains from the
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last cycle was taken. For the primer and nucleotide concentration in the
beginning of a cycle, the concentration of each of them at the end of the last
cycle was taken. Primers that had annealed to an ssDNA template and not
extended as well as chains that had started extending but had not reached
the template length by the end of the cycle, were assumed inactive and
ignored for all subsequent cycles. This seems a strong assumption but from
the solution of the model as well as experiments it can be seen that these
cases only occur when either nucleotides have run out or the concentration
of the active enzyme is very low. Under these conditions, there is almost no
amplification or extension in subsequent cycles, and thus this assumptions
should not influence the validity of the model.

The parameters used for the model

The following parameters were used for the model:

Rate constant Value Unit Source

kE 0.06 s−1 [13]

k−E 1.2 ∗ 107 M−1s−1 [13]

kN 50 s−1 [13]

k−N 1.0 ∗ 107 M−1s−1 [13]

kG 60 s−1 [13]

kinact 10−4 s−1 Estimated from half life

Table 7.1: Values used for the rate constants during modeling

The following table lists the concentrations used for the stoichiometric
ratio between the primer and the nucleotides. For simulations with an ex-
cess of the primer or of the nucleotide, the concentrations were adjusted
accordingly.

Concentration Value Unit

[dsDNA] 1.24 ∗ 10−10 M dsDNA

[P ] 3.19 ∗ 10−6 M Primers

[E] 1.0 ∗ 10−5 M Polymerase

[N ] 1.5 ∗ 10−4 M Nucleotides

Table 7.2: Concentrations used for the stoichiometric ratio of nucleotides to
primers

Model predictions

There are three main components that influence the distribution of products
after each cycle. The first two are the primers and nucleotides, the two
reagents in this model. The concentrations of these not only influence the
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rate of the reaction but, more importantly, the ratio of the two determines
the distribution of the products. Furthermore, due to the eventual depletion
of one or both of these reagents, amplification does not continue endlessly.
The third main component consists of the polymerase enzyme, which acts
as a catalyst in this model and plays an important role in determining the
reaction rate.
Three cases were analysed: Primers limiting, nucleotides limiting, and the
effect of different concentrations of the polymerase enzyme. To understand
the effects of the concentrations of the primer and the nucleotide, one should
first analyse the case in which both are present in a stoichiometric ratio.
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Figure 7.1: Plots of modelled concentration of dsDNA (top left (a)), primers
(top right (b)) as well as nucleotides (bottom left (c)) against cycle number.
The probability of successful priming against cycle number is shown in the
last graph (bottom right (d)). Initial concentrations were chosen for a case
with a stoichiometric ratio of primers to nucleotides.

As Figure 7.1 illustrates, the concentration of double stranded DNA
increases exponentially until cycle 15. In the subsequent cycle, both the
nucleotides as well as the primers are depleted, as can be seen from Figure
7.1(c) and Figure 7.1(b). At the same time, the probability of a successful
priming event decreases rapidly to zero (Fig. 7.1(d)) due to the depletion
of primers. The simulation predicts that during the first 15 cycles, only
fully elongated chains are formed. In the 16th cycle, small concentrations
of shorter chains are formed, due to the depletion of the nucleotides (Fig.
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Figure 7.2: Graph showing the length of products formed during thermal
cycling for a case of stoichiometric ratio of primers to nucleotides according
to the model.

7.2). In the following cycles, no new chains are formed, due to the depletion
of the nucleotides as well as the primers.

Nucleotides Limiting

Simulations were carried out with nucleotides as the limiting reagent. For
this purpose, primer concentrations two, ten, and twenty times as high as
stoichiometricly necessary were considered. All conditions showed the same
trend, hence in the following, the most extreme case considered will be
discussed. In this case, the primer concentration is twenty times higher
than stoichiometricly required by the nucleotide concentration.

As observed before for a stoichiometric ratio betwen the primers and
nucleotides, the concentration of double stranded DNA increases until the
15th cycle in the case of a nucleotide limited reaction (Fig. 7.3(a)). Figure
7.3(c) shows that the nucleotides are depleted by this cycle, while there
is still a considerable concentration of free primer. The concentration of
unbound polymerase during the cycles decreases exponentially until cycle
16. Afterwards, it remains constant due to the constant amount of DNA
templates that are present in the subsequent cycles. A slight decrease in
concentration is due to the inactivation of the polymerase. The probability
of successful priming decreases in two steps, as illustrated by Figure 7.3(d).
Until cycle 15, this is due to the annealing of the primer to template, followed
by subsequent elongation. Afterwards, the probability decreases due to the
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Figure 7.3: Plots of modelled concentration of dsDNA (top left (a)), primers
(top right (b)) as well as nucleotides (bottom left (c)) against cycle number.
The probability of successful priming against cycle number is shown in the
last graph (bottom right (d)). Initial concentrations were chosen for a case
with a 20-fold excess of primers over nucleotides.

model’s assuming that the primers are bound to template once as chains, and
not as primers any more, even when those primers have not been elongated.
Therefore, those primers are removed from the pool of available primers and
the probability of successful priming decreases.

Based on the distribution of chain lengths produced during cycling, dis-
played in Figure 7.4, various observations can be made. First of all, it can
be seen that after cycle 15, once all the nucleotides have been consumed,
priming events still occur at a constant rate. The constant rate is dependent
on the amount of template produced until cycle 15. Due to the depletion of
the nucleotides, these primers are no longer elongated, and so are considered
to be produced chains of length zero. Furthermore, it can be seen that until
the cycle in which the nucleotides run out, only fully elongated chains are
formed. In the cycle in which the nucleotides run out, a large amount of not
fully elongated chains are formed, but almost no fully extended chains.
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Figure 7.4: Figure illustrating the concentration of chains of different length
produced during each cycle for conditions under which the reaction is limited
through the nucleotide concentration according to the model.

Primers Limiting

In another set of simulations, the nucleotide was in excess over the primer
concentration. Simulations were carried out with a 5-, 10-, 50-, and 100-fold
excess of nucleotides over primers. Again, the trend shown by all simulations
is similar and therefore only the extreme case, with a 100-fold excess of
nucleotides over primers, is discussed here.

Exponential amplification for the first 15 cycles can be observed under
these conditions (Fig. 7.5(a)). After the 15th cycle, the primer concen-
tration has dropped to zero (Fig. 7.5(b)) and the probability of successful
priming consequently has dropped to zero as well (Fig. 7.5(d)). In subse-
quent cycles, the concentration of nucleotide remains constant (Fig.7.5(c)),
since no reactions consuming nucleotides can occur any more.

The chain length distribution in the case of an excess of primers is signif-
icantly different from the cases considered previously. As Figure 7.6 shows,
the initial cycles produce only fully extended chains. Once the primers are
depleted, in cycle 15, no new chains are formed as no new priming events
can occur. During the entire cycling, the model predicts no development of
short-chained side products.

Effects of Polymerase

During PCR, the polymerase enzyme acts as a catalyst for the reaction,
given that it is in the same state before and after the reaction and is not
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Figure 7.5: Plots of modelled concentration of dsDNA (top left (a)), primers
(top right (b)) as well as nucleotides (bottom left (c)) against cycle number.
The probability of successful priming against cycle number is shown in the
last graph (bottom right (d)). Initial concentrations were chosen for a case
with a 100-fold excess of nucleotide over primer concentration.

consumed during the reaction. As long as conditions are chosen such that
the reaction reaches completion after each cycle, the enzyme concentration
does not have an effect on the product distribution. Figure 7.7 shows the
concentration of nucleotide for the first 11 cycles. The parameters for the
simulation were chosen as in the stoichiometric case considered initially. As
can be seen, the nucleotide concentration reaches a plateau before the next
cycle begins, indicating that the reaction has run to completion.

Next, conditions were simulated in which the concentration of the en-
zyme was increased by three orders of magnitude, while keeping all other
parameters the same. Figure 7.8 shows that the nucleotide concentration
plateaus before the next cycle is started. In contrast to the simulation car-
ried out before, the plateau is reached faster.

When, on the other hand, the polymerase enzyme concentration is de-
creased to the point of the reaction time’s no longer being sufficient for the
reaction to reach completion, the situation becomes more interesting. This
case was studied by decreasing the enzyme concentration for the simulation
by two orders of magnitude compared to the stoichiometric case studied. As
can be seen in Figure 7.9(a), the dsDNA concentration increases exponen-
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Figure 7.6: Figure illustrating the concentration of chains of different lengths
produced during each cycle for conditions limited by the primer concentra-
tion according to the model.

tially until the reaction rate becomes limited through the enzyme concentra-
tion. At this point, the rate of dsDNA only increases linearly. The limiting
rate is defined by the maximum throughput achievable through the poly-
merase during the elongation time. This in turn leads to linear decreases
in the primer and nucleotide concentrations once the enzyme is saturated
(Figs 7.9(b) and 7.9(c)).

The limiting reaction rate (through the enzyme) also has significant ef-
fects on the chain length distribution of the product. As Figure 7.10 illus-
trates, only a very small fraction of chains becomes fully elongated. Many
priming events occur without subsequent chain growth. Since this effect
is not due to a depletion of the nucleotides, and no significant amount of
shorter chain side products is formed, it can be concluded that with the
rate constants chosen, it is far more likely for an enzyme to complete chain
growth than for it to dissociate before complete elongation has occurred. By
choosing longer times for chain elongation, the effects on product distribu-
tion can be countered easily.

Experimental verification

In order to verify the predictions made by the model, experiments were
conducted with different ratios of primers to nucleotides. The predictions of
the model regarding the effects of enzyme concentration were not verified,
since measurements of the reaction rate during thermal cycling are difficult
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Figure 7.7: Modelled concentration of nucleotides against cycle number for
the first 11 cycles. The concentration plateaus before starting the next cycle,
indicating that the reaction has gone to completion.

and require more sophisticated setups than conventional real-time thermal
cyclers.

Experimental conditions

For all experiments, a solution containing 2 µL of magnesium free PCR
buffer (Thermo Fisher), 0.6 µL of 50 mM MgCl2 solution (Thermo Fisher),
1 µL 20x EvaGreen (Tataa) and 0.1 µL 500U Platinum Taq DNA Polymerase
(Thermo Fisher) were used. A nucleotide mixture containing all four bases
in a concentration of 2.5 mM (GeneAmp dNTP Blend, Thermo Fisher) and
forward (agccacatcgctcagacac) and reverse (gcccaatacgaccaaatcc) primers
(Eurofines Genomics) were added in varying amounts depending on the ex-
periment. As a template, 2 µL of a solution consisting of 5 ∗ 10−6 ng/µL
(12500 copies per µL) of synthetic DNA (ATG Biosynthesis) template for
the human transcript GAPDH were added. Finally, the volume of the so-
lution was adjusted to 20 µL using Millipore-water. The concentrations of
primers and nucleotides used for the experiments can be found in Table 7.3.

Experiments were conducted on the Roche LightCycler (Capillary based)
using a 30 seconds hot start at 95◦C followed by 40 cycles of 95◦C for 10 sec-
onds, 56◦C for 30 seconds, and 72◦C for 30 seconds. After thermal cycling,
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Figure 7.8: Modelled concentration of nucleotides against cycle number for
the first 11 cycles. The concentration plateaus before starting the next cycle,
indicating that the reaction has gone to completion. For this simulation
the polymerase concentration was increased by a factor of 1000 above the
concentration usually used.

a melting curve analysis was performed by heating the sample to 95◦C, and
then cooling to 55◦C to finally heat up to 95◦C with a gradient of 0.1◦ C/s
while continuously measuring the fluorescence.
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Figure 7.9: Plots of modelled concentration of dsDNA (top left (a)), primers
(top right (b)) as well as nucleotides (bottom left (c)) against cycle number.
The concentration of free enzyme against cycle number is shown in the
bottom right graph (d). Initial concentrations were chosen for a case with a
polymerase enzyme concentration three orders of magnitude lower than for
the stoichiometric case originally considered.

Primer Con-
centration in
mM

Nucleotide
Concen-
tration in
mM

Ratio Nu-
cleotides :
Primers

Comment

0.3 6.38 ∗ 10−3 1:1 Stoichiometric case

0.3 3.19 ∗ 10−3 2:1 Primers limiting

0.3 6.38 ∗ 10−4 10:1 Primers limiting

0.3 1.28 ∗ 10−4 50:1 Primers limiting

0.3 6.38 ∗ 10−5 100:1 Primers limiting

0.15 6.38 ∗ 10−3 1:2 Nucleotides limit-
ing

0.15 3.19 ∗ 10−2 1:10 Nucleotides limit-
ing

0.15 6.38 ∗ 10−2 1:20 Nucleotides limit-
ing

0.15 3.19 ∗ 10−1 1:100 Nucleotides limit-
ing

Table 7.3: Table showing primer and nucleotide concentrations for the ex-
periments conducted
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Figure 7.10: Figure illustrating the concentration of chains of different
lengths produced during each cycle according to the model.

As the concentration of dsDNA is not detected directly through the
LightCycler, it rather detects the fluorescence emitted by the EvaGreen
bound to the dsDNA, comparing the threshold cycles predicted by the model
to the threshold cycles obtained through experiments is difficult. Further-
more, background noise is not considered in the model.

Stoichiometric case

Conducting experiments with a stoichiometric ratio of primer to nucleotide
resulted in a normal amplification (Fig. 7.11) curve as predicted by the
model. In the experimental curve, the end of exponential growth is less
abrupt than predicted, indicating that the statistical priming approach be-
comes less suitable for late exponential growth. For this reason, a plateau
like that predicted by the model could not be observed.

The product chain length distribution was analysed by a melting curve
analysis at the end of the PCR run. The melting curve analysis revealed
a single main product, indicated through the one peak at 80◦C in Figure
7.12(b). There might be shorter chain side products, but their concentra-
tions are insufficient for detection through a melting curve analysis. The
results confirm the predictions made by the model for the chain length dis-
tribution.
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Figure 7.11: Fluorescence signal as function of cycle number for experiments
where the concentration of primers and nucleotides are in a stoichiometric
ratio to each other.

Primers limiting

Other experiments were carried out with an excess of nucleotides, hence the
primer concentration limited the reaction. Figure 7.13 shows the amplifi-
cation curves obtained in these experiments. As expected from the model,
normal amplification curves were obtained. It can be observed that the
closer the ratio of primers and nucleotides is to the stoichiometric case, the
higher the fluorescence intensity and thus the product yield.

The results of the melting curve analysis conducted for these experiments
can be seen in Figure 7.14. Especially from the first derivative of the fluo-
rescence signal with respect to temperature (Fig. 7.14(b)), it can be seen
that the product peak at 85◦C is the most dominant peak. Furthermore,
it is recognizable that the amount of short chain by-products is decreasing
with increasing nucleotide to primer ratio. This is indicated through the
shoulder to the left of the product peak, representing shorter chain prod-
ucts, decreasing with higher nucleotide concentrations. Thus the predictions
made by the model regarding the product chain-length distribution for these
cases are confirmed.
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Figure 7.12: Plot of the melting curve analysis of the experiments with a sto-
ichiometric ratio of nucleotides to primers. Fluorescence signal as function of
temperature (left) and first negative derivative with respect to temperature
as a function of temperature (right). As can be seen, only small amounts of
unspecific by-products with melting temperatures below 75◦C are formed.

Nucleotides limiting

Lastly, experiments were conducted in which the amount of product formed
was limited by the nucleotide concentration, while primers were in excess.
Figure 7.15 shows the amplification curves obtained. As expected from the
model, the amplification curves are regularly shaped with a normal expo-
nential increase. Plateaus were not reached for the experiments conducted,
unlike the prediction of the model. This is most likely due to the loss of
validity, in the late cycles, of the statistical approach used for the annealing
of the primers.

The model predicts a large amount of shorter chain side products for this
case. Our experiments confirmed this prediction, as can be seen through the
carried out melting curve analysis (Fig. 7.16). It can be seen that next to the
product peak at 80◦C there is a second prominent peak at 60◦C. This peaks
corresponds to primers extended only by a couple of base pairs. Compared
to the other experiments conducted with a stoichiometric ratio of primers
to nucleotides or an excess of nucleotides, this is a significant increase in the
amount of side product.

Discussion

The experiments have shown that the predictions made by the model re-
garding the chain length distribution of the reaction products appear to
be valid. Furthermore, it has been demonstrated that the accumulation of
double stranded DNA is modelled reasonably well up to the point where
the reaction leaves the exponential phase. At that point, the statistical an-
nealing approach starts losing validity, and a more rigorous modelling of
the annealing processes would be required to make predictions in these late
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Figure 7.13: Fluorescence signal as function of cycle number for experiments
where the reaction is limited through the amount of primers present in the
reaction mixture

stages of amplification.
Predictions about the threshold cycles are difficult to verify from experi-
mental data since dsDNA is often detected through fluorescence. Thus a
correlation between dsDNA concentration and fluorescence intensity from
the dye would have to be made in the model. Furthermore, the baseline
noise of the thermal cycler would have to be taken into account. Since these
extensions of the model would not provide additional guidance for experi-
mental design, they were, for the sake of simplicity, not included.

The model has also been used to make predictions of the effect of Taq
polymerase concentration. It has been seen that the polymerase concentra-
tion has little effect on the chain length distribution of the products, when
extension times are sufficently long. It mainly influences the time individual
cycles require to reach completion. Since it is very difficult to measure the
enzyme activity or the dynamic development of the dsDNA concentration
during a cycle, no experiments were conducted to verify those predictions.
Farrar et al. [14] recently attempted to run 35 cycles of PCR in as lit-
tle as 15 to 60 seconds. In order to achieve that, the concentration of the
enzyme was increased, ensuring completion of the reaction in every single
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Figure 7.14: Plot of the melting curve analysis of the experiments with excess
nucleotides. Fluorescence signal as function of temperature (left) and first
negative derivative with respect to temperature as a function of temperature
(right). As can be seen, only small amounts of unspecific by-products with
melting temperatures below 75 ◦C are formed.

cycle. This confirms the prediction of our model that a higher enzyme con-
centration would allow faster cycles. An important question arising here is
what the ideal amount of enzyme would be. As most commercial machines
are not able to run 35 cycles of PCR in 60 seconds, and time is often not
a critical parameter for many applications, there is little reason to use high
enzyme concentrations. The ideal enzyme concentration would probably be
such that all the enzyme is saturated in the last cycles of the exponential
amplification. This compromise allows, on the one hand, reasonable times
for each cycle and, on the other hand, reduces the cost of the enzyme em-
ployed.
To be able to run PCR cycles in times of around one second, Farrar et al.
also had to significantly increase the concentration of primers. According
to our model predictions, this should have negative effects on the product
distribution. In their experiments, this step seems to be necessary to achieve
rapid cycle times. This suggest that at very fast cycle times, a more rigor-
ous modelling of the annealing is necessary to obtain accurate predictions.
An extension of the model to a more rigorous description of the annealing
processes as well as introducing temperature dependences of the enzyme ac-
tivity and other reactions has been tested. Since it is difficult to find rate
constants for these and the rate constants reported in the literature are of-
ten estimated, it was decided not to include this in the model since it would
depart from the scope of a simple model. Furthermore, the annealing rate
constants found in the literature are in the nanosecond range, inducing a
stiffness in the system of ordinary differential equations.

Unspecific products not only arise through a suboptimal choice of primer
and nucleotide concentrations: the so-called primer dimers can also arise
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Figure 7.15: Fluorescence signal as function of cycle number for experiments
where the reaction is limited through the amount of nucleotides present in
the reaction mixture

through the unspecific binding of primers and extension of these [15]. As
synthetic DNA and pure primers have been used for the experiments con-
ducted here, it can be assumed that there is no unspecific binding of the
primers. Hence, different mechanisms of primer dimer formation can be
excluded as a source of primer dimers in the experiments conducted, but
should be considered for more complex samples.

A simple model has been presented in this paper able to help in the opti-
mization of PCR reactions. Choosing the primer and nucleotide concentra-
tions in the right ratio helps reduce unspecific short chain by-products and
hence improves the outcome of the PCR. The model furthermore can help
determine the enzyme concentration for the reaction. Due to the simplicity
of the model, it can be used to help design conditions for conventional PCR
reactions. If the aim is a high-speed PCR, the model should be extended to
provide better predictions.
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7.4 Conclusion

As was the aim of this chapter, a simple kinetic model has been devel-
oped describing the polymerase chain reaction. With aid of the model con-
centrations for the main reagents of the reaction, nucleotides, primers and
the enzyme, can be optimised before starting experiments. Through this
optimization of reaction conditions is greatly simplified. Furthermore the
understanding of the processes during PCR and the interactions of the com-
ponents was enhanced through the construction of this model.

Under certain conditions the model predicts shorter chained side prod-
ucts. As no unspecific amplification is taken into account this provides an
alternative explanation for primer dimers. In most cases the formation of
primer dimers is explained by unspecific binding of primers with consec-
utive amplification, but as is shown here the wrong kinetic or stochastic
conditions can also lead to side products. This underlines the importance
of consequent and rigorous experiment design. While other published mod-
els do not look at the size distribution of products, they often address the
annealing process. Since the model shown here takes a simplified approach
to model annealing the last cycles of amplification are more abrupt than
observed in reality. Although this has only very limited influence on the
predictive capabilities of the model under regular conditions, a more rigor-
ous description would be desirable when going to very fast PCR for example.

For future development of the model it would be desirable to explore the
effects of taking templates which are thousands of base-pairs long. Further-
more exploring the effect of having a template significantly longer than the
amplicon could be of interest, especially the effects on the product length
distribution. The coamplification of two different targets in the same re-
action would also be of interest since the situation is often occurring under
practical conditions. Lastly the model could be used to predict the optimum
length of each extension step. In PCR all cylces are usually the same, how-
ever, it is conceivable that early cycles could require less time compared to
later ones. Through a slight modification of the model and the introduction
of more accurate rate constants this question could be answered, possibly
reducing the time required for reaction.

Overall the model introduced here fulfils the purpose it was written for
and allows for an optimization of reagent concentrations before starting
experiments. Furthermore a cause for short chain side products was found
and can be prevented in experiments by adequate design.
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Chapter 8

Protein Melting Curve
Analysis

8.1 Motivation and relation to the thesis

In the last chapters it was shown how virtual reaction chambers combined
with a heating system and fluorescence detection can be used for the poly-
merase chain reaction of DNA and RNA. However, the working systems
range of applications can be extended, especially as VRCs offer a simple
method of superheating small aqueous samples. Thus an application re-
quiring the thermal manipulation of samples and fluorescent measurements
thereof was searched. If possible the application should utilise the super-
heating capabilities of the system and benefit of the small sample volumes.

The central dogma of molecular biology explains the relation between
DNA, RNA and proteins. Since DNA and RNA both can be analysed using
VRCs an analysis method for proteins is interesting. Indeed the thermal
stability of proteins can be probed through the addition of a hydrophobic
dye and application of a temperature gradient. In this chapter it will be
shown how VRCs can be used to perform these measurements. The ad-
vantage they provide over conventional measurements are the capability of
superheating, allowing the testing of thermal stable proteins. The low sam-
ple consumption makes the system suitable for screening applications and
quick tests regarding protein identity and purity.

8.2 State of the art

Denaturation of proteins through the application of a thermal gradient has
been known for some time and is commonly used probe the thermal stability
of proteins or to characterise protein ligand interactions. The introduction
of hydrophobic dyes, such as Nile Red [1] or ANS and bis-ANS [2], allowed
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these measurements to be carried out by fluorescence measurements. Com-
mercial real time thermal cyclers are often used for this purpose as they
offer ways of manipulating the temperature of the sample while monitor-
ing fluorescence. The main disadvantage here is the relatively large sample
consumptions between 5µL and 1mL. Therefore a microfluidic device was
introduced to reduce sample consumption [3]. Here the sample, green fluo-
rescence protein (GFP), was flown through a capillary which was heated by
an infrared laser. Through the fast heating provided by the laser the rate
constant for the thermally induced unfolding process could be determined.
Although this approach allowed a significantly smaller sample consumption
(∼ 1 − 2µL) the maximum temperature reached in these experiments was
85◦C, and thus within the temperature-range accessible by commercial ma-
chines.
Virtual reaction chambers offer the advantage of providing an easy access
to superheating and could thus increase the accessible temperature range,
while maintaining a low sample consumption. Previously superheated VRCs
have already been used to break spores for the preparation of PCR samples
[4] as well as the fragmentation of peptides for sequencing by mass spec-
troscopy [5]. For both of these applications the aqeous sample had to be
superheated. For spore breaking a temperature of 180◦C for at least 20 sec-
onds was necessary while peptide sequencing required 200◦C for 10 seconds.

Here it will be shown how VRCs can be used as a tool in protein thermal
stability analysis using hydrophobic dyes for detection. Through their small
volume they help reducing sample consumption. In addition the ability
to superheat gives access to a larger temperature range not accessible by
standard real time thermal cyclers. This will allow researching thermostable
proteins without the need to pressurize the sample up to the point were the
proteins start fragmenting as demonstrated earlier.
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8.3 A novel method for protein thermal stability
analyses using superheated droplets

Prepared for publication

Here we describe a novel method for the study of protein ther-
mal stability using superheated aqueous samples within virtual
reaction chambers. Virtual reaction chambers consist of an aque-
ous sample droplet encapsulated by an oil droplet on a hydropho-
bic surface. Such samples can be superheated due to the lack
of nucleation sites. The thermal denaturation of proteins is in-
duced through the application of a temperature gradient using a
bespoke silicon heating chip. The unfolding of proteins is followed
through the addition of a hydrophobic dye that attaches to protein
hydrophobic domains that become exposed during denaturation.
Using this method, we investigated the thermal stability of green
fluorescence protein and Taq-polymerase. A possible screening
application of the method was demonstrated by evaluating the ef-
fect of ionic concentration on the thermal stability of bovine serum
albumin.

Introduction

During the early part of the 20th century, it was established that proteins
lose their function when heated, although the cause for this was as yet un-
known. Around 1930, several groups began predicting the secondary and
tertiary structures of proteins, among them Dorothy Wrinch[6] and Linus
Pauling[7]. With these models in place, the first experimental validations
were attempted by denaturating proteins through the addition of reagents
that selectively break bonds or weaken intra-molecular attractions[8]. To-
day protein structures are mainly determined using X-ray crystallography[9],
cryo electron-microscopy[10] or NMR[11].

While methods such as NMR, X-ray crystallography and cryo electron-
microscopy are good for determining the structure of a protein, they provide
only limited information on protein interactions with other molecules. Fur-
thermore, the thermodynamics of these interactions are often important
when screening for potential drug candidates[12]. To access this thermody-
namic information, a variety of thermodynamic methods (e.g., isothermal
titration calorimetry (ITC) or differential scanning calorimetry (DSC)) have
been developed[13].

Because of the highly sensitive nature of fluorescence spectroscopy, flu-
orescent dye-based approaches have been developed to research proteins.
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These dyes typically interact non-covalently with the protein or protein
degradation products through hydrophobic or electrostatic interactions. Thus,
protein aggregation, fibrillation, chemical degradation and conformational
changes can be detected optically[14]. 1-anilinonaphtalene-8-sulfonate (ANS),
4,4’-Dianilino-1,1’-binaphthyl-5,5’-disulfonic acid (bis-ANS)[15] and Nile Red[1]
are examples of dyes used for this purpose. Due to their ability to control
temperature while measuring fluorescence, real-time polymerase chain re-
action (qPCR) thermocyclers, which are commonly available in research
laboratories, are often used for these experiments.

Recently, our group has introduced a micro-machined, silicon chip for
heating PCR samples, mountable to a fluorescence microscope[16]. The
sample is placed as a droplet with a volume of 100 nL on a hydrophobic
surface, thus forming a virtual reaction chamber (VRC)[17] (Fig. 8.1). Su-
perheating within VRCs has already been applied to peptide analysis[5].
Here, we demonstrated how this system can be used to investigate the ther-
mal stability of proteins. The use of a micro-fabricated heating chip and
VRCs has the advantage of having significantly lower sample consumption
(100-300 nL) compared to real time PCR cyclers (5-20 µL) or calorimeters
(0.1-1 mL). Furthermore, aqueous samples in VRCs can be superheated to
temperatures of up to 200◦C[17]. This is due to the sample being completely
encapsulated through the oil phase, preventing the formation of the nucle-
ation sites necessary for boiling[18]. Through this feature it is possible to
study proteins stable at 100◦C or more, a temperature range not accessible
by real-time PCR cyclers due to sample boiling. Thus, the combination
of miniaturization with VRCs helps to reduce sample volumes and allows
samples to be heated to temperatures in excess of the boiling temperature
of water, without the need of pressurization.

To demonstrate the usefulness of VRCs, initial experiments were made
using green fluorescent protein (GFP). Since GFP has an intrinsic fluores-
cence dependent on its folded state, its denaturation can be easily observed,
without the requirement of adding a dye. For comparison, these exper-
iments were carried out on a chip and in a commercial RT-PCR cycler.
Second, a screening application was demonstrated by testing the influence
of the ionic strength of the buffer on the stability of bovine serum albumin.
Lastly, experiments were carried out measuring the thermal denaturation of
Taq polymerase. As Taq polymerase is stable at 95◦C, super-heating of the
solution is necessary for observing the unfolding of this protein.
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Figure 8.1: Image of the heating chip and two VRCs. The chip was designed
for the parallel heating of up to four samples in parallel. For experiments
only one heating position was used at a time. For visualisation purposes the
sample has been replaced with fluorescein solution in this image.

Experimental Section

Setup

The virtual reaction chambers were prepared by pipetting 300 nL of sam-
ple onto a microscope cover slip coated with (1H,1H,2H,2H-perfluorooctyl)
trichlorosilane (Sigma-Aldrich)[17]. To prevent evaporation samples were
covered with 2 µL of a mixture consisting out of 5 g of FC-40 (Sigma-
Aldrich) and 5 g FC-70 (Sigma-Aldrich). The viscosity of the oil mix-
ture was increased through the dissolution of 3wt% Teflon-beads (Sigma-
Aldrich). Prepared VRCs were placed on a custom made, micro-machined
silicon heater developed for a portable PCR device[16]. A temperature ramp
of 0.5◦C/s starting from 25◦C was applied while fluorescence was contin-
uously monitored. The temperature was measured with a resistive sensor
next to the heater on the bespoke silicon chip. The temperature correlation
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between the measured temperature and sample temperature was determined
earlier[17].

Fluorescence amplitude was captured using a fluorescence microscope
(Zeiss) equipped with a blue LED (ThorLabs) and FAM-Filterset (Chroma)
for experiments with GFP or an amber LED (ThorLabs) with correspond-
ing filters (Chroma) for all other experiments. Detection was done using a
photomultiplier tube (Hamamatsu) and oscilloscope (Tektronix). The LEDs
for excitation were modulated and a LockIn amplifier (AmTek) was used for
detection to increase the signal to noise ratio.

Samples consisted of 5 µL of Protein Thermal Shift Buffer (ThermoFis-
cher) and 5 µL of 4X Protein Thermal Shift Dye (ThemoFischer). Either
2 µL of bovine serum albumin solution (200 mg/mL) (Sigma-Aldrich), 1
µL of native polymerase (5 U/µL) (ThermoFischer) or 4 µL of extracted
GFP were added. To the BSA samples, aqueous sodium chloride solution
(Sigma-Aldrich) was added to achieve final concentrations of 0, 0.15, 0.3,
0.5 and 1 M. Finally, volumes were adjusted to 20 µL using Milli-Q water
(ProgradT3 column, Millipore). For samples containing GFP the Protein
Thermal Shift Dye was replaced with water.

When applicable, samples were also measured using a Roche LightCycler
(Roche Molecular Diagnostics) with a temperature ramp of 0.5◦C/s ranging
from 37 to 95◦C with continuous fluorescence measurement.

Isolation of GFP

Green fluorescent protein was harvested from Escherichia coli transfected
with GFP by first washing the culture with water, followed by centrifugation
at 3,250 g for 10 min. The resulting cell pellet was resuspended in 1 mL of
Laemmli lysis buffer and sonicated on ice 6 times for 30 sec. The cell de-
bris were removed from the solution through centrifugation (10 min, 12,100
g at 4◦C). The supernatant was transferred into another microcentrifuge
tube and diluted with a mixture of acetone (Sigma-Aldrich) and methanol
(Sigma-Aldrich) (8:1) cooled to −20◦C. After 2 h of incubation at −80◦C,
proteins were pelleted by centrifugation (10 min, 1,000 g at 4◦C). Pellets
were washed with acetone (Sigma-Aldrich) at −20◦C three times before re-
suspension in difference gel electrophoresis [DIGE] label buffer.

Results and Discussion

For comparison, experiments were first carried out on both our custom-made
chip and a LightCycler. When GFP was heated, protein unfolding results
in a loss of its fluorescence (Fig. 8.2). On both systems, the loss of fluo-
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rescence occurs in a single step, as recognizable from the single peak in the
derived signals. This confirms reports of a single domain unfolding in the
denaturation of GFP[3]. The peak maximums from both the light cycler
and the chip were at ∼ 82◦C, indicating the comparability of results from
the two systems. The graphs also show how a broader temperature range
can be accessed by the chip approach than by the LightCycler. While the
minimum temperature achievable by the LightCyler is 37◦C, the lower limit
of the chip is ambient temperature. To prevent boiling in the capillaries, the
LightCyclers maximum temperature is limited to 95◦C. Whereas, through
the use of VRCs, the chip aqueous samples can be superheated to temper-
atures in excess of 100◦C (up to 125◦C in this study).

Figure 8.2: Fluorescence signal as function of temperature as recorded by
the LightCycler (blue curve) and out chip (red) (left graph). First derivative
of fluorescence signals with respect to temperature for the LightCycler (blue)
and our chip (red) (right graph). The single step in which GFP denatures
can be recognized from the single peak in the derived fluorescence signal.

To demonstrate the usefulness of the chip approach for screening appli-
cations, we tested the influence of ionic strength on the thermal stability of
bovine serum albumin. In these experiments, a dye was necessary to follow
the unfolding process. Figure 8.3 shows how the fluorescence increases at
different buffer concentrations of sodium chloride, as well as the first deriva-
tive with respect to temperature. As the concentration of sodium chloride
increases, the ionic strength of the buffer also increases, thus delaying the
rise in fluorescence to a higher temperature. Hence, the peak maximums
of the derived fluorescence increases from 72◦C with no sodium chloride to
87.5◦C at sodium chloride concentrations of 1 M. The strong stabilizing ef-
fect of sodium chloride was previously reported by DSC[19].

The ability of VCRs to superheat aqueous samples was used for the
analysis of Taq polymerase. As it is used for polymerase chain reaction,
and thus repeatedly heated to 95◦C, the stability of this protein is well-
known. Therefore, super-heating is necessary to thermally denature the
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Figure 8.3: Normalized fluorescence signals as function of temperature for
experiments with BSA protein and different concentrations of sodium chlo-
ride (left). First derivative of fluorescence with respect to temperature for
experiments with BSA and various concentrations of sodium chloride (right).
The graphs show how a higher ionic strength of the solution leads to a ther-
mal stabilization of the protein.

protein. Through calorimetric measurements the denaturation of Taq poly-
merase in two distinctive steps was reported with the first domain unfolding
at 88.9◦C and the second at 99.1◦C[20]. As the first domain denatures at
temperatures exceeded during polymerase chain reaction, this unfolding pro-
cess is thought to be reversible[20]. In the experiments conducted with our
chip, an unfolding process in two steps was observed (Fig. 8.4). The first
derivative of the fluorescence signal with respect to temperature shows two
peaks, one at 81◦C and the second one at 104◦C. The presence of the two
peaks confirms the observations made by differential scanning calorimetry of
a two-step denaturation process[20]. The denaturation temperatures found
by differential scanning calorimetry could not be reproduced, however, the
divergence is most likely due to differences in the pH and ionic strength of
the buffers used. Furthermore, it is possible that the proteins were extracted
from different strains of Thermus aquaticus. However, we confirmed that the
second, irreversible, denaturation step occurs at a temperature higher than
the boiling temperature of water and thus is not reached during PCR.

Conclusion

Here we have shown how VRCs to analyse the thermal stability of proteins.
It was demonstrated that thermostable proteins can be easily analysed using
the ability of VRCs to superheat water to temperatures > 100◦C. While
other methods (e.g., scanning calorimetry) require extensive pressurized set-
ups to measure above 100◦C, the experimental set-up used here is relatively
simple and measurements could be performed in as little as 3 to 5 min,
depending on the temperature range investigated. Furthermore, sample
consumption is much lower using VRCs with sample volumes (in the range
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Figure 8.4: Diagram showing fluorescence amplitude as a function of tem-
perature for experiments conducted with native Taq polymerase (left). First
derivative of the fluorescence signal with respect to temperature for experi-
ments with Taq polymerase (right). In the derivative two peaks can be seen
corresponding to the denaturation of two separate domains of Taq poly-
merase.

of 100 to 300 nL) than for other fluorescence methods performed using com-
mercial machines.

Through the use of the hydrophobic dye the extraction of thermody-
namic data is hardly possible. Furthermore, fluorescence measurements are
more prone to noise due to temperature effects on fluorescence yield and
unspecific binding of the dye, especially at low temperatures.

However, this novel chip system is suitable for screening tasks, for ex-
ample when searching for buffer conditions stabilising or destabilising for a
protein or when screening for the effects of mutations on stability. Because
of the low sample consumption, fast analysis and simple set-up, potential
candidates can be screened first using the chip method, with promising can-
didates being subsequently analysed by DSC.
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8.4 Conclusion

An application for the virtual reaction chambers capability to superheat
aqueous samples has been shown in here with the analysis of the ther-
mostable Taq-polymerase enzyme. To analyse this enzyme the sample had
to be heated to 110◦C which could be done without pressurizing the system
due to the VRCs. Furthermore the anlysis of proteins in VRCs in combina-
tion with the heating chip used throughout this thesis provides the means to
analyse all three biomolecules mentioned in the central dogma of molecular
biology (DNA, RNA and proteins).
For the conducted experiments the bespoke chip was mounted beneath a
fluorescence microscope, as can be found in many laboratories. As demon-
strated in the screening experiments of buffer conditions for bovine serum
albumin only very low amounts of sample are required. This, the simplicity
of conducting experiments and the set-up as well as the large temperature
range accessible make VRCs and the heating chip a good tool for screening
experiments.

In conclusion it has been illustrated here how the advantages provided by
virtual reaction chambers and the bespoke chip for temperature control can
be used for the analysis of the thermal stability of proteins. This illustrates
the versatility of VRCs as an analysis tool.
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Chapter 9

Conclusion

The aim of this thesis was to evaluate virtual reaction chambers as a tool
for the analysis of biomolecules. Applications focused on the analysis of
DNA and RNA, through polymerase chain reaction and reverse transcrip-
tion PCR, as well as the analysis of thermal stability of proteins. In a first
step a device for the thermal manipulation of VRCs and fluorescent mea-
surement of these was constructed. The bespoke silicon chip in combination
with a miniaturized fluorescence detection system was used to create of a
hand-held, real time PCR device.

In subsequent experiments it was shown that VRCs can also be used to
perform reverse transcription PCR. As experiments were carried out on the
hand-held device constructed previously this demonstrates the feasibility of
the system to be used in point-of-care environments, for the detection of
virus infections for example.

Two methods for conducting multiplex PCR, using only a single fluores-
cence channel, were developed, as many real world applications of quanti-
tative polymerase chain reaction require the quantification of two or more
genes, like in the determination of viral loads.
In the first method a sequence specific probe was used in combination with
an intercalating dye of the same emission wavelength. Through two fluores-
cence measurements, one during the extension and one in the denaturation
step, two genes could be amplified and quantified in the same reaction. The
method is simple and can be integrated into the hand-held device and most
commercial real-time thermal cyclers by software modification.
The second method utilized the advantages virtual reaction chambers offer,
namely a homogeneous temperature distribution and a low thermal mass.
Mounting the silicon chip developed for the hand-held device under a flu-
orescent microscope it was possible to record a melting curve after every
extension step. It was demonstrated that it is possible to detect and quan-
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tify two amplicons using only one intercalating dye with this method.

To facilitate the understanding of the reaction and allow for better exper-
iment design a mathematical model was written describing the polymerase
chain reaction. Although the model describes all three steps of the reaction
it focuses on the kinetics in the extension step in particular. With aid of the
model a source for so called primer dimers was found, that can be eliminated
by good experiment design.

The last section of the thesis centres on the thermal stability analysis
of proteins in VRCs. For these experiments the silicon heating chip was
mounted underneath of a fluorescent microscope. A hydrophobic dye was
added to the samples in VRCs and a thermal gradient applied. Due to the
superheating capability of VRCs even thermostable proteins like Taq poly-
merase could be analysed.

Concluding it was shown that virtual reaction chambers are an excellent
tool for the analysis of DNA, RNA and proteins. Through their special
properties experiments with VRCs can be conducted with very little sample
consumption. Furthermore the temperature of VRCs can be manipulated
easily with simple means due to their low thermal mass. This makes them
particularly useful for point-of-care or screening applications. The super-
heating capabilities of the VRCs can be used for applications usually only
accessible with more complicated, pressurized equipments.

9.1 Outlook

With the usefulness of virtual reaction chambers for the analysis of DNA
and RNA demonstrated in this thesis there are a variety of different ideas to
continue the work. Firstly the developed hand-held device should be tested
under real-world conditions, outside of a laboratory. Ideally this would be
done in a point-of-care environment with real samples like blood, urine or
water from rivers or ponds. Further experiments should be conducted to
make the PCR-reagents portable, by lyophilizing them to the glass slide for
example.
Secondly the mathematical model developed for the description of the PCR
could be extended in future work. One possibility for this would be an
extension of the model towards the coamplification of several targets to de-
scribe multiplexing. Another possibility would be a more rigid model for
denaturation and annealing processes, which should be able to describe late
cycles more accurately.

Lastly further applications of the superheating capabilities of the VRC
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could be tested. Here chemical synthesis requiring an autoclave or crystalli-
sation would be interesting candidates for further experiments.
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Chapter 10

List of Abbreviations

Abbreviation Description

A Adenosine
ADC Analog-to-digital converter
ANS 1-anilinonaphtalene-8-sulfonate
BSA Bovine Serum Albumins
C Cytidine
CAD Computer assisted design
CCD Charge-coupled device
cDNA Complementary DNA
CE Capillary electrophoresis
CMOS Complementary metal-oxide-semiconductor
CP Crossing point
CPU Central processing unit
Ct Threshold cycle
Cy5 diSulfo - Cy5 carboxylic acid
diFET Dielectrically-isolated field effect transistor
DNA Deoxyribonucleic acid
DSC Differential scanning calorimetry
dsDNA double stranded deoxyribonucleic acid
ELISA Enzyme-linked Immunosorbent Assay
EtBr Ethidium Bromide
FAM 6-carboxyfluorescein
FEA Finite Element Analysis
FRET Fluorescence Resonance Energy Transfer
G Guanosine
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GFP Green Fluorescence Protein
HA Haemagglutinin
HEX Phosphoramidite
HRMCA High Resolution melting curve analysis
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Abbreviation Description

HPRT Hypoxanthine-guanine phosphoribosyltransferase
JOE 6-carboxy-4’,5’-dichloro-2’,7’-dimethoxyfluoresceine
LCD Liquid Crystal display
LED Light emitting diode
MCA Melting Curve Analysis
NA Neuraminidase
NMR Nuclear magnetic resonance spectroscopy
NTC No template control
ODEs Ordinary differential equations
PCB Printed circuit board
PCR Polymerase Chain Reaction
PID Proportional integral derivative
PMT Photomultiplier tube
POC Point-of-care
PWM Pulse-width modulation
Q Quencher
qPCR Quantitative PCR
R Reporter
RNA Ribonucleic acid
RTD Resistance temperature detector
rtPCR reverse transcription PCR
ROX 6-Carboxyl-X-Rhodamine
SNPs Single nucleotide polymorphisms
ssDNA Single stranded deoxyribonucleic acid
T Thymidine
TM Melting temperature
Taq Thermus aquaticus
TEC Thermoelectric cooler
VRC Virtual Reaction Chamber
USB Universal serial bus
WHO World health organization

Table 10.1: Table of abbreviations used in this thesis
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Appendix

11.1 Terms and definitions

11.1.1 Segmented Flow

In the initial years of microfluidics only single phase flows were used leading
exclusively continuous flows. With the introduction of a second phase the
participation of the two phases became important. In principle there are
two options, in the first option the two phases flow parallel to each other,
resembling two continuous flows next to each other. This option is often
chosen for extraction purposes but rarely finds applications in other tasks
due to difficulties in creating stable flow profiles. The other option is seg-
menting one phase (called the segmented phase) by the second phase (the so
called continuous phase). This can be done in the form of slugs or droplets
(Fig. 11.1). While in slug flow both phases have contact to the walls of the
channel, only the continuous phase has wall contact in droplet mode. Both
modes can be generated using gas/liquid systems or liquid/liquid systems
like oil/water for example.

Figure 11.1: Drawings of one phase continuous flow (left), two phase seg-
mented flow in slug mode (middle) and two phase segmented mode in droplet
mode (right). It can be seen that in slug mode both phases have contact
to the channel wall, while in droplet mode only the continuous phase has
contact to the channel wall.

If slugs or droplets are generated and which phase is the segmented and
continuous is determined through flow rates as well as the affinities of the
two phases to the channel walls. Furthermore stability can be influenced by
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the addition of surfactants to one of the two phases. Slugs, like droplets,
can be generated by sheer force in the Herz to kiloHerz range with monodis-
persed volumes ranging down to picoliter volumes.

Droplets and slugs have a number of advantages compared to conven-
tional continuous flow. Firstly they provide a big number of discrete reaction
volumes that can be loaded with different reagents or reagent ratios which
is of big importance in screening applications. Secondly, unit operations like
droplet generation, splitting, merging, dilution, mixing and incubation can
be done with ease. Furthermore droplets have no contact to the channel
surface preventing side reactions with the reactor material or contamina-
tion through impurities in the reactor. Lastly flow in slugs/droplets does
not feature the usual parabolic flow profile of continuous flow (Fig. 11.2).
This prevents dispersion in mass transport which can lead to unwanted side
products in reactions.

Figure 11.2: Drawings of flow profiles in continuous flow (left) and seg-
mented slug flow (right). A parabolic flow profile is present in continuous
flow, typical for laminar flow at low Reynolds numbers. In segmented flow,
however, shear between the droplet and the stationary phase leads to an
internal convection / recirculating flow inside the droplets. Similar internal
flows would be observed in droplet-mode segmented flow.

11.1.2 DNA

Deoxyribonucleic acids (DNA) are long, linear biomolecules that can have a
molecular weight of several million Dalton. During cell devision exact copies
of the DNA molecules are made and transferred to the daughter cell. The
DNA is used as a method of information transfer here. The other task of
DNA is the storage of information inside the cell. Due to these reasons DNA
is often described as the code of life.
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DNA is made from three basic components, nucleobases, β-D-deoxyribose
(a sugar) and phosphoric acid (Fig.11.3).

Figure 11.3: Molecular structure of the sugar β-D-deoxyribose (left) and
Phosphoric acid (right).

A nucleoside is formed by the covalent bonding of a nucleobase and a
sugar. Through the covalent attachment of a phosphate to the 5‘-end of the
sugar a nucleotide is created. Now a chain can be synthesized by attaching
the phosphate group at the 5-end of the sugar to the 3‘-end of a sugar of
another nucleotide (Fig. 11.4).
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Figure 11.4: Molecular structure of a nucleoside composed of a sugar and a
nucleobase (top left). Example of a nucleotide which is formed through the
addition of phosphoric acid to a nucleoside (top right) and an example of a
short chain formed from three different nucleotides (bottom).

In 1953 Watson and Cricks discovered the double helix-structure in which
DNA is usually present. To form this right-twisted double helix two strands
of the polynucleotide chain described above combine. While the sugar-
phosphate backbone is hydrophobic and forms the outside of the helix the
hydrophilic bases point to the inside. The strands align in such a manner
that the first strand runs from 5‘-end to 3‘-end while the other strand goes
in the opposite direction from 3‘-end to 5‘-end.
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The aromatic rings of the base pairs align parallel to each other forming a
twisted structure similar to a ladder.

Figure 11.5: Photograph of a DNA model created by Watson and Crick
exhibited at the Science Museum in London. From the model the double
helix as well as the ladder structure formed through the base-pairs can be
recognized.

For steric reasons only two pairs of base pairs out of the possible six can
form a stable connection with hydrogen bonds. One of these combinations is
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adenine-thymine (A - T), the other one is guanine and cytosine (G - C). Due
to this requirement the sequence of the first strand determines the sequence
of the second complementary strand.
In solution DNA only rarely exists as a linear double helix structure, it
rather forms turns and twisted. This is often called supercoiling and forms
the tertiary structure of DNA.

11.1.3 RNA

Like DNA ribonucleic acids (RNA) are long, linear biomolecules. They are
also made from the three basic components phosphoric acid, nucleobase and
sugar. Unlike in DNA the sugar used for RNA is β-D-ribose (Fig. 11.6).
Furthermore instead of thymine, uracil is used as one of the bases. The
main purpose of RNA is the transport of information from DNA, which is
often centered inside the nucleus, to the cytoplasm and where proteins are
synthesized. Furthermore it is involved in several control processes in cells.

Figure 11.6: Molecular structure of the sugar β-D-ribose that is incoperated
into RNA instead of β-D-deoxyribose.

As for DNA nucleosides, nucleotides and chains are formed in the same
manner. Unlike DNA the additional OH-groups on the sugar provide to
much steric hinderance to form a double strand, preventing the formation
of a double helix. Thus RNA can only exist in a single stranded form. The
single strand however can fold, loop and form limited base pairing with itself
allowing some three dimensional structure to be present.

11.1.4 Nucleotides

Nucleotides for DNA and RNA consist out of a phosphate, which is phos-
phoric acid in both cases, a sugar and a nucleobase. As explained in the
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previous section the sugar in DNA is β-D-deoxyribose and in RNA β-D-
ribose. The nucleobases can be divided in two groups: the ones derived
from purine and the ones derived from pyrimidine. The purine derivatives
adenine (A) and guanine (G) are used for both DNA and RNA (Fig. 11.7).

Figure 11.7: Molecular structure of purine and the two nucleobases adenine
as well as guanine derived from purine.

From the pyrimidine derivatives only cytosine (C) is used in RNA and
DNA, while thymine (T) is exclusively occurring in DNA and replaced with
uracil (U) in DNA (Fig. 11.8).
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Figure 11.8: Molecular structure of pyrimidine.Furthermore the nucleobase
cytosine, used in DNA and RNA, thymine, only occurring in DNA, and
uracil, occurring in RNA instead of thymine, are shown. All three are de-
rived from pyrimidine.

11.1.5 Polymerase

One of the enzyme universally used for PCR is Taq-Polymerase. It is named
after Thermus aquaticus a thermophile bacteria found in hot springs, like
in the yellow stone national park. The main advantage of this polymerase
is its thermal stability, with a half life greater than two hours at 92.5◦C,
40 minutes at 95◦C and 9 minutes at 97.5◦C. Due to this property Taq-
polymerase is not deactivated during the denaturation step.

Figure 11.9: 3D-Model of the structure of Taq-Polymerase showing the dif-
ferent domains of the protein Y. Kim et al. Nature, vol. 376 (612 - 616),
1995.

The enzyme reaches its optimum activity between 70 and 80◦C depend-
ing on buffer conditions and can replicate 1000 base pairs of DNA in 10
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seconds at this temperature. The main drawbacks of the polymerase are the
relatively high error rate of 1 in 9000 nucleotides in-cooperated incorrectly.
Furthermore Taq-polymerase does not feature a proofreading functionality.
Therefore Pfu-Polymerase from Pyrococcus furiosus and Vent-polymerase
from Thermococcus litoralis are sometimes used as an alternative.

11.1.6 SYBR-Green

SYBR-Green I (Fig. 11.10) is a dye for DNA introduced in the 1990s for
gel electrophoresis with similar optical properties as fluorescine. It is re-
versible included into the grooves that are formed by the dsDNA double
helix structure by a process called intercalation. As it is temperature sta-
ble, has favorable photo-physical properties, a high selectivity for dsDNA as
well as a high sensitivity SYBR green is commonly used for real-time PCR
instead of the carcinogenic ethedium-bromide.

Figure 11.10: Molecular structure of SYBR green I.

SYBR green is only fluorescent when intercalated into double stranded
DNA allowing to perform melting curve analysis. Its excitation maximum
is at 494 nm and the emission maximum is at 521 nm. This allows detection
to be performed with the same optical filters used for fluorescine which are
commonly available.

11.1.7 Threshold cycle / Crossing point cycle

The threshold cycle, sometimes also referred to as crossing point cycle, is the
cycle in which the fluorescence signal exceeds a threshold value during real-
time PCR. The threshold is usually arbitrarily chosen in such a manner that
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any signal above the threshold indicates a significant amplification. Popular
choices include arbitrary values above the baseline value or the sum of the
mean value of the baseline and 3, 5 or 10 times the standard deviation of
the baseline noise.

11.1.8 Protein Structure

Proteins account for up to half of the dry weight of a cell and carry out many
of the basic functions within the cell. They are involved in metabolite and
ion transport, catalyse chemical reactions or serve as a sensor for certain
molecules for example. The functionality of a protein is often linked to its
structure, which is subdivided into four different levels. The four levels of
protein structure will be explained in the following.

Primary Structure

Proteins are a chain of amino acids, of which there are twenty occurring in
nature. Usually chains of 20 or less amino acids are refereed to as peptides
while longer chains are refereed to as proteins. The sequence in which the
amino acids occur in the chain are defined through the DNA, respectively
RNA, template. The amino acids are linked by peptide bonds which are
formed by a condensation reaction from two amino acids, linking them and
eliminating a water molecule in the process (Fig. 11.11).

Figure 11.11: Example of a peptide coupling reaction in which a dipeptide
is formed from two arbitrary amino acids denoted by R1 and R2. As can be
seen a water molecule is eliminated through the reaction.

The sequence of amino acids in a protein is referred to as the primary
structure of the protein. Due to the direction of the chain and number of
available building blocks even short sequences of amino acids can be arranged
in enormous numbers of mutations. For example a dipeptide can be formed
in 400 different ways (202), and a chain of 5 amino acids already provides
more than a million possible sequences (205 = 3.200.000).

Secondary Structure

The primary structure of proteins folds up into regularly occurring helixes
and sheets named α-helix and β-pleated sheets respectively (Fig. 11.12).
This is called secondary structure of proteins. Both, the helixes and sheets,
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are stably hold together with hydrogen bonds. In an α-helix, which is sim-
ilar to a right-handed coil, a hydrogen bond is formed between the R-CO
group of one amino acid with an R-NH group of an amino acid residue four
acids down the chain. In β-pleated sheets hydrogen bonds are formed be-
tween the amino acid substitutes brought in proximity through folding of
the backbone. Depending on whether the backbone runs in the same direc-
tion or in opposite directions this is referred to as parallel or anti-parallel
β-folding.

Figure 11.12: Structure of an α-helix (top) and β-sheet (bottom) The Cell,
Fourth Edition (Fig.2.19), 2006 ASM Press and Sinauer Associates.

Sometimes the amino acid chain can form random loops or coils. How-
ever, these are often not stable and not regularly occurring. Thus they are
often excluded when speaking about secondary structure.

Tertiary Structure

The complete three dimensional structure of a protein is called the tertiary
structure of the protein. It contains the folding of the secondary structure
as well as the interactions between the single amino acids.
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Figure 11.13: 3D-Model of the structure of Taq-Polymerase showing the
different domains of the protein Y. Kim et al. Nature, vol. 376 (612 -
616), 1995.

The tertiary structure is formed with the help of hydrogen bonds, ionic
interactions, Van der Waals forces as well as sulphur bridges. Sulphur
bridges are covalent bonds that can be formed between two cysteines, an
amino acid.

Figure 11.14: Example of a sulphur bridge being formed between two cys-
teines on the same polypetide chain. During the process hydrogen is elimi-
nated.

The tertiary structure of a protein is usually only stable in a narrow
range of salt concentration, pH of the solution and temperature. Leaving
these conditions can lead to an unfolding of the protein which leads to a loss
of protein function.

Quaternary Structure

The three dimensional arrangement of a single polypeptide chain is described
by the tertiary structure. However, there are proteins, like insulin, consisting
out of more than one polypeptide chain. The quaternary structure describes
the interactions between the two chains when folding. Like for tertiary
structures the most important forces during folding are hydrogen bonds as



11.1. TERMS AND DEFINITIONS XIII

well as electrostatic interactions. Furthermore sulphur bridges can form
covalently attaching both chains to each other.



11.2 Original Paper - Handheld real-time PCR de-
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Handheld real-time PCR device†
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Here we report one of the smallest real-time polymerase chain reaction (PCR) systems to date with an

approximate size of 100 mm × 60 mm × 33 mm. The system is an autonomous unit requiring an external

12 V power supply. Four simultaneous reactions are performed in the form of virtual reaction chambers

(VRCs) where a ≈200 nL sample is covered with mineral oil and placed on a glass cover slip. Fast, 40 cycle

amplification of an amplicon from the H7N9 gene was used to demonstrate the PCR performance. The

standard curve slope was −3.02 ± 0.16 cycles at threshold per decade (mean ± standard deviation) corre-

sponding to an amplification efficiency of 0.91 ± 0.05 per cycle (mean ± standard deviation). The PCR de-

vice was capable of detecting a single deoxyribonucleic acid (DNA) copy. These results further suggest that

our handheld PCR device may have broad, technologically-relevant applications extending to rapid detec-

tion of infectious diseases in small clinics.

The invention of polymerase chain reaction (PCR) 32 years
ago is considered to be one of the greatest inventions of the
last century.1 Over the years, many variants of the original
system have been developed. One of the most important
advancements is the real-time PCR analysis system.2 The ap-
proach enables real-time PCR amplification, monitoring, and
quantification of the number of deoxyribonucleic acid (DNA)
copies in the sample under consideration. This method is
commonly referred to as quantitative PCR (qPCR).2 The main
advantage of real-time PCR is the elimination of any post-pro-
cessing, such as electrophoresis or hybridization to detect the
PCR product.

The PCR reaction is performed by thermal cycling in the
presence of specific oligonucleotides, the enzyme polymerase,
free nucleic acids and bivalent salts such as MgSO4 or MgCl2.
This cocktail is commonly referred to as the PCR master mix.
The detection of PCR product amplification is conducted by
monitoring the fluorescence amplitude during the PCR. In
the presence of an intercalating dye, such as SYBR Green I,
the fluorescence amplitude is proportional to the concentra-
tion of the DNA amplicon, the product of the PCR. In order

to verify amplification specificity, upon PCR completion, em-
ployment of an intercalating dye enables performing melting
curve analysis (MCA). Another improvement of the PCR is the
addition of the reverse transcriptase enzyme to the PCR cock-
tail, forming reverse transcription PCR (RT-PCR).

PCR has become the method of choice for the detection of
DNA and RT-PCR to detect RNA. These two reactions have
revolutionized genetics. Furthermore, PCR has many diverse
applications in infectious disease diagnostics for detection of
viruses or bacteria,3 in forensic science,4,5 paternity tests,6

security applications7 and myriad other commercial applica-
tions.8 Commercial systems are typically rather large table-
top tools used for high throughput mass screenings and are
impractical for use in point-of-care applications (POC), where
the most important system parameters are portability and
power consumption. The quest for a miniaturized PCR ver-
sion suitable for POC diagnostics was initiated at Lawrence
Livermore Laboratories9,10 more than two decades ago.
Agrawal et al. have developed a pocket-sized conventional
PCR system11 that requires extensive sample post-processing
to identify the presence of an amplicon. In contrast, real-time
PCR eliminates the need for sample processing once PCR is
completed.

Real-time PCR systems consist of a heater, temperature
sensor, and fluorescence excitation and detection unit. Tem-
perature cycling is performed by heating and cooling of sam-
ples. Within the PCR process, the cooling rate is one of the
primary limiting factors. Bulky commercial systems have large
heat capacities, hence heat removal is challenging, and is typi-
cally accomplished by using a thermoelectric cooler (TEC),
commonly known as the Peltier element. Since these bulky
systems consume a considerable amount of power, they are
generally unsuitable for field testing POC applications.
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Small PCR instruments are often based on microfluidic
devices, so-called “lab-on-a-chip” devices.12 These systems
comprise two major groups, spatial-domain and time-domain
PCRs. On the one hand, time-domain PCRs have a single
heater with samples placed in direct contact. Here, tempera-
ture cycling is carried out by changing the heater element
temperature. On the opposite end of the spectrum, the
spatial-domain PCR has several heaters, each held at a differ-
ent temperature. In this scenario, temperature cycling is
accomplished by moving samples between heaters.

A typical representative of a spatial-domain system is the
continuous PCR-on-a-chip.13 Within this system, the sample
flow in the microfluidic chip is positioned over the heaters,
each kept at a different temperature. The sample flows
through tubes, thereby achieving thermal cycling. Here, PCR
duration is only limited by the flow rate and the heat transfer
between the sample and the side walls, for both heating and
cooling. The two major drawbacks of a flow-through PCR are
system complexity and a high likelihood of sample-to-sample
cross-contamination.

An alternative version was introduced a few years ago
where the sample was in the form of a virtual reaction cham-
ber (VRC).14–16 The VRC self-assembly system consists of a
water droplet covered with mineral oil, preventing water evap-
oration from the sample. In this scenario, the water droplet
contained the PCR master mix with a pre-determined num-
ber of DNA copies. Here, the VRC with DNA was separated
from the micromachined silicon heaters by a disposable,
hydrophobically-coated microscope cover slip. To eliminate
sample-to-sample contamination, the glass cover slip was a
disposable part of the system, and therefore each cover slip
was a single use component. The sample contained magnetic
particles which facilitated sample motion between heaters.17

A pocket-size real-time PCR system capable of processing a
single sample was introduced a few years later.18 The system
had an integrated miniaturized optical detection unit, LCD
display and control electronics. One of the key features was
the implementation of lock-in amplification for optical signal
processing.17 The lock-in amplification feature allowed for
ambient system operation without light protection, thereby
rendering the system robust and user-friendly. One of the sys-
tem drawbacks was processing a single sample at a time and
furthermore, the device was bulky.

A practical system to conduct PCR for POC applications re-
quires simultaneous processing of 4 or more samples. Diag-
noses of clinical samples should be concurrently conducted
with positive and negative control samples, thereby eliminat-
ing false negative or positive events.

In our work, we introduce a new portable PCR system
(Fig. 1) capable of concurrently analyzing four ≈200 nL vol-
ume samples. The system speed is determined by the heating
and cooling rates. The heating rate collectively arises from
the VRC thermal capacitance (H) and the dissipated Joule
heat. The rate of passive cooling applied within our system is
given by the thermal time constant (τ) of the system, which is
given by H/G, where G is the thermal conductance. Since the

specific heat of water is exceptionally large, the thermal prop-
erties of our system are strongly dependent on the sample
water volume. Consequently, a smaller sample size results in
a faster system.19

System samples consist of a negative control, also called
no template control (NTC), a positive control, and two sam-
ples of interest. The four sample system architecture repre-
sents the minimal number of samples required for practical
applications. Our system conducts 40 PCR cycles in less than
≈35 min, while simultaneously processing the results. Fur-
thermore, our portable real-time PCR is capable of detecting
a single DNA copy.

The PCR performance was evaluated by detecting a com-
plementary DNA from the avian influenza virus (H7N9) as
well as two human transcripts, hypoxanthine
phosphoribosyltransferase (HPRT) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). To the best of our
knowledge, our system platform represents the smallest real-
time PCR system.

Our PCR instrument has two key features:
1. The four samples are in the VRC form and are placed

on a disposable glass cover slip over micromachined silicon
heaters. Upon PCR completion, the single-use, disposable
glass element is removed and a new glass cover slip is placed
on top of the silicon heater.

2. The fluorescence excitation/detection system is based
on a lock-in amplifier, thereby rendering the system immune
to ambient light. The PCR instrument is equipped with a
graphical 84 × 48 pixel liquid crystal display (LCD) with a di-
agonal size of ≈38.1 mm to show the reaction progress and

Fig. 1 (A) CAD design drawing of the handheld PCR. The illustration
shows a display with a compartment accommodating 4 samples in the
VRC form. (B) Fabricated and assembled complete real-time PCR de-
vice packaged within a 3D printed casing.
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final results. The captured data is stored in an internal mem-
ory and can be uploaded for external processing via a univer-
sal serial bus (USB). The system is powered by an external 12
V battery.

System setup

Our current system has two new key features: an integrated
optical head and simplified control electronics.

1. Integrated optical head

A fluorescence detection system for a single spot requires a
light source, three filters (excitation, dichroic mirror and
emission) and a detector. We redesigned the original
head20,21 with 5 filters for the four units (see Fig. 2). Each
measurement spot is illuminated with a light emitting diode
(LED) with a principal emission wavelength of 470 nm and a
luminous intensity in the range of 7.2 cd to 12 cd. Light
passes through an excitation band pass filter with a center
wavelength of ≈470 nm and a band pass of ≈40 nm,
blocking light from the LED with wavelengths longer than
≈490 nm. Light is then reflected off of a long pass dichroic
mirror with a cut-off wavelength of ≈495 nm, and focused by
a lens with a focal length of ≈3.1 mm, a numerical aperture
of ≈0.68 and an antireflective coating in the range of ≈350
nm to ≈700 nm. The emitted fluorescence (F) is collimated
by the same lens, passing through the dichroic mirror. The
residual blue light is suppressed by a long pass emission fil-
ter with a cut-off wavelength of ≈510 nm, and fluorescence is
captured by the conventional silicon photodiode with a radi-
ant sensitive area of ≈7.5 mm.2 The cross section schematic
of the handheld PCR system illustrating the optical path is
shown in Fig. S1 (ESI†). The resulting photocurrent is
converted into voltage using an ultra-low bias current

operational amplifier with dielectrically-isolated field effect
transistor inputs (diFET) as a transconductance amplifier. In
this configuration, the four sample systems share optical fil-
ters. Four LEDs are mounted in two pairs. Within each pair,
the LEDs were parallel, thus requiring only two excitation
and two dichroic filters for all 4 LEDs. Finally, there is only a
single emission filter for all photodiodes. A potential expan-
sion to eight systems would require additional LEDs and
photodiodes with amplifiers.

2. Control electronics

A previously published system18 had one lock-in amplifier for
a single fluorescence detection system and a second one for
temperature measurement. This scenario was very inefficient
since fluorescence was monitored for ≈2 s during each PCR
cycle. The second lock-in amplifier for temperature measure-
ment was used during the entire PCR operation. Our current
system employs a single lock-in amplifier to monitor the sam-
ple temperature and capture fluorescence from all four spots.

The system heaters were connected in a serial–parallel
combination, wherein the system controlled the average tem-
perature of all four heaters. We used a similar AC biased
Wheatstone bridge to convert the resistance of the resistance
temperature detector (RTD) into a DC voltage as previously
described.18

The control electronics for the optical system was a simpli-
fied version of our previous work.18 Here, each PCR system
(spot) had its own LED, collimating lens and a photodiode
with a respective transconductance amplifier while the opti-
cal filters are shared. We activated one LED at a time, thereby
feeding the signal to a single, corresponding trans-
conductance amplifier. Outputs of the four amplifiers were
connected together and processed as one signal. The com-
plete schematic of the PCR system is shown in Fig. S2 (ESI†).

The incident photocurrents from the photodiodes were
converted into voltage using four dedicated operational am-
plifiers. The amplifier outputs were connected together and a
single composite signal was further processed. The cross talk
between four measured spots was minimized since one LED
was activated at a time; therefore the resulting total ampli-
tude of the processed photocurrent originated from a single
dedicated PCR reaction. All important devices are listed in
Table S1 (ESI†).

Experimental

A typical real-time PCR protocol with an intercalating dye
such as SYBR-Green I initiates with a hot start to activate the
polymerase. PCR cycles consist of denaturation, annealing
and extension steps. The fluorescence amplitude is measured
at the end of the extension step for a period of ≈2 s. We con-
trolled the heater temperature using the proportional
integrative-derivative (PID) closed feedback loop method. The
amount of heat delivered through dissipated Joule heating
was controlled using a pulse-width modulation (PWM) tech-
nique. The last ≈2 s of the amplification cycle were used for

Fig. 2 Schematic illustration of the integrated optical head. Blue
arrows show the optical path from one LED with filters to the VRC.
The green arrow shows the optical path of excited fluorescence to the
photodiode. Light emitted from a blue LED passes through the blue
filter in order to remove the green portion of emitted light, then
reflects off of the dichroic mirror through a donut-shaped heater and
is focused on the sample by an aspherical lens. Excited fluorescence is
collimated by the same lens, passing through the dichroic mirror with
the blue portion filtered out by a green filter. Residual green light in-
teracts with a photodiode and induces a photocurrent, which is further
processed.
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fluorescence monitoring (see Fig. 3). In this step, following
temperature stabilization, we monitored the duty cycle of the
PWM and calculated its average. During the last ≈2 s, the
feedback loop was disconnected, the temperature was not
monitored and the average value of the PWM was employed.
During the system development phase, we monitored the
heater temperature and found that the method described
above gives us a temperature variation of less than ±0.5 °C
over a ≈2 s time interval. The sample temperature follows
the heater temperature with a ≈1.5 s delay,22 therefore a ±0.5
°C temperature variation at the heater does not affect the
PCR performance. The measured temperature profile from
≈6 PCR steps is shown within the system liquid crystal dis-
play (LCD) in Fig. 4A.

During the last two seconds of the extension step, the
fluorescence measurement system was activated. Sequen-
tially, each LED was individually powered for ≈0.5 s and the
emitted fluorescence was captured by the respective photodi-
ode and lock-in amplifier. At the completion of an amplifica-
tion cycle, the system was switched back into the temperature
measurement mode, initiating the start of a new cycle. The
PCR amplification curves were plotted for each spot and the
captured amplitude of fluorescence was displayed on the
LCD display. The typical PCR amplification curve is shown in
Fig. 4B. Directly following the PCR process, melting curve
analysis (MCA) was performed. Since temperature measure-
ment during the MCA is time consuming, we performed this
step without a feedback loop. In the course of the PCR, we
monitored and recorded the PWM duty cycle of three fixed
temperature points: denaturation, annealing and extension
temperatures. These three points were used to calculate the
required duty cycle for temperature scans ranging from

≈68 °C to ≈94 °C without a closed feedback loop. The system
was stabilized at ≈68 °C. The temperature of each heater was
then gradually increased to ≈95 °C while the fluorescence in
each of the four spots was sequentially measured. The mea-
surement of each spot required a duration of ≈0.5 s, hence
≈2 s was required to measure all 4 VRCs. This measurement
setup allowed for fluorescence measurement from each spot
with an offset of ≈0.25 °C between adjacent VRCs. Once the
MCA was completed, we stabilized the sample at the as-
sumed temperature of ≈95 °C and then measured the actual
temperature. Directly following this, the system's central pro-
cessing unit (CPU) performed two corrections. First, the MCA
was recalculated based on the actual final temperature. Sec-
ond, the correction accounts for the temperature offset be-
tween individual VRCs. Consequently, the MCAs for each
spot were recalculated accordingly. Finally, a negative deriva-
tive value of fluorescence with respect to temperature (−dF/
dT) was calculated.

Fig. 3 PCR thermal profile of a single amplification step. The heater
temperature (red part) is linearly proportional to the built-in lock-in
amplification output, which was captured with an oscilloscope. While
performing denaturation at ≈93 °C, annealing at ≈56 °C and most of
the extension step at ≈72 °C, the built-in lock-in amplifier is utilized to
measure the average temperature of all four heaters. In the last two
seconds of the extension step, the lock-in amplifier is used to sequen-
tially process the fluorescence signal (green part) from the 4 measure-
ment spots (circled area). These data are stored in their original format
in analog-to-digital converter units (ADC units) within the memory of a
microcontroller. Once fluorescence is measured, the heater is
powered by the average value of pulse width modulation obtained
during the extension phase.

Fig. 4 (A) An assembled PCR system with four VRCs, each consisting
of a ≈0.5 μL sized sample covered with ≈1.5 μL of M5904 mineral oil,
showing the PCR temperature profile (protocol) within the LCD
display. The device size is 82 mm × 45 mm × 20 mm (length, width and
height). Scale bar is 40 mm. The protocol started by a “hot start” to
activate the polymerase enzyme for ≈10 min at ≈95 °C, followed by
40 cycles of PCR amplification. Each amplification cycle consisted of 3
steps. First, denaturation for ≈10 s at ≈95 °C, then annealing for ≈10 s
at ≈50 °C and the last step was extension for ≈15 s at ≈68 °C (instead
of typical ≈72 °C), during which fluorescence was measured. The LCD
display shows 6 cycles. At the completion of each PCR amplification
cycle, fluorescence amplitude at each spot was calculated and
amplification curves were plotted in (B). We placed NTC at position 1, a
low concentration of complementary DNA (cDNA) from H7N9 HA
gene at position 3, a medium concentration at position 2 and the
highest concentration (positive control) at position 4. The results show
that the PCR reaction was successfully accomplished without PCR
amplification of the NTC sample. Furthermore, the results prove that
the samples were not cross contaminated, thereby eliminating false
positive outcomes. Positive control results at position 4 indicate the
absence of false negative results, thereby showing a successful PCR
amplification process.
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The device performance was evaluated using synthetic
complementary DNA (cDNA) for the hemagglutinin of the
H7N9 avian influenza virus. Forward and reverse primers
were chosen as suggested earlier:23 forward primer:
TACAGGGAAGAGGCAATGCA, reverse primer:
AACATGATGCCCCGAAGCTA, giving a total amplicon length
of 104 base pairs with a melting temperature of ≈81.1 °C, as
measured using a commercial real time PCR system.

The PCR master mix was prepared by mixing ≈2 μL of
FastStart DNA Master SYBR Green I, ≈2 μL of MgCl2 solution,
≈2 μL of sample HA (5 × 10−5 ng μL−1), ≈0.3 μL of ≈400 mg
mL−1 BSA solution and primers in a final concentration of
≈1.8 × 10−6 mol L−1. We added deionized (DI) water with a re-
sistivity higher than 18 MΩ cm at 25 °C to create the final
volume of ≈20 μL. The NTC sample had ≈2 μL HA gene vol-
ume replaced with DI water.

First, we performed basic real-time PCR with different
contents of cDNA per μL as shown in Table 1 with NTC at po-
sition 1 and different contents at positions 2 to 4. The ampli-
fication curves are shown in Fig. 5A. Once the PCR process
was completed, we also conducted a MCA (not shown here).
The MCA shape is not suitable for performing high-
resolution analysis;24 nevertheless, it does show that a spe-
cific DNA was amplified with the melting temperature of
83.36 ± 0.63 °C (mean ± standard deviation), in close proxim-
ity to the measured value of TM ≈ 81.1 °C. The marginal dif-
ference in the TM values is due to the uncertainty of calibra-
tion precision of the commercial PCR system used as a
benchmark tool. The TM resolution is sufficient to verify spe-
cific DNA amplification; however, it may not be suitable for
performing high-resolution melting curve analysis.25

We then performed a series of four identical measure-
ments using an HA content of ≈5 × 10−5 ng in a μL of cDNA
(see data in Table 2 and a graphical representation in
Fig. 5B). Different PCR locations resulted in performance var-
iation, consequently producing mean CT values in the range
of ≈8 to ≈9.6 with a standard deviation ranging between
≈0.8 and ≈1.5. The difference in CT values at positions 2 to 4
might be caused by imperfections due to manual VRC place-
ment. The VRC at position 1 appears to have a lower heat
transfer rate than VRCs at other positions. We attribute the
variation to a slower transition from amplification to satura-
tion of the DNA amplification curve (Fig. 5B). We further pre-
sume that heater defects at position 1 could give rise to a
temperature that is different in comparison with the other
three positions, consequently leading to a differing PCR

efficiency. Additionally, this discrepancy could be attributed
to the stress induced during chip-to-PCB soldering, giving
rise to bending of the chip. The silicon chip deformations
could cause both variations in the intermediate oil layer
thickness and a differing heat rate.

Finally, we obtained standard PCR curves. The samples
were prepared by the following procedure. We mixed a sam-
ple with cDNA corresponding to 12 500 copies per 200 nL vol-
ume. This sample was diluted 10×, yielding 1250 copies per
200 nL volume; the next dilution yielded 125 copies per 200
nL volume. The last two dilutions had a statistical number of
12.5 copies per 200 nL and 1.25 copy per 200 nL volume, re-
spectively. The PCR results as well as the normalized data are
shown in Fig. 5C and D, demonstrating that our portable
real-time PCR is able to detect a single DNA copy with an ex-
cellent efficiency of 0.91 ± 0.05 per cycle (mean ± standard
deviation), which is well within the required range of PCR ef-
ficiency between 0.8 and 1.0.

Discussion

The PCR protocol consisted of a ≈10 min hot start at ≈95
°C, followed by 40 cycles of ≈10 s at ≈95 °C, ≈10 s at ≈50 °C
and ≈15 s at ≈68 °C. Once the PCR amplification was com-
pleted, we conducted an MCA with a scan rate of ≈0.2 °C s−1.
This protocol required a total time for amplification of less
than 35 minutes with an additional ≈150 s for the MCA. The
ultimate speed of the PCR was not the primary target of this
work. Nevertheless, the time required for DNA amplification
can be shortened by using different types of hot starts,
Taqman chemistry (or both)19 or even not using the hot start
at all.26

Here we used the same heater as in our previous work. The
dissipated Joule heat P depends on the square of voltage V:
P = V2/R, where R is the heater resistance. The Joule heat dissi-
pation and the consequent heating rate were enhanced with
either an increased voltage bias or by lowering the heater resis-
tance. In a previous work,22 we increased the bias voltage up
to 20 V using an external power supply. Here, the heater is
powered using a 12 V external power supply in either an
AC/DC converter or a battery type configuration. A change in
this voltage would require additional space for a step up volt-
age converter. The additional feature would further require
either a redesign of the heater on a micromachine, requiring a
new mask for the metal lithography level, or the use of a
thicker metal layer with a lower sheet resistance. Both cases
would require the fabrication of new PCR chip architectures.14

The current PCR chip layout is shown in Fig. S3 (ESI†) and the
chip fabrication process in section 5 (ESI†).

In principle, the fundamental limitation in the speed of
the device is determined by the heat transfer between the
heater and the sample, which is ≈1.5 s for each temperature
step. Nevertheless, the device can still run as fast as its prede-
cessor achieving ≈9.5 s per PCR cycle, still being considered
as one of the fastest real-time PCRs demonstrated at that
point in time.19

Table 1 Typical results with NTC (position one) serving as negative con-
trol and three different sample concentrations at positions 2 to 4. The
sample at position 4 serves as positive control

Position Mean CT Standard deviation Concentration HA (ng μL−1)

1 — — —
2 28.7 1.5 ≈5.0 × 10−8

3 27.0 1.0 ≈7.5 × 10−8

4 20.0 1.0 ≈5.0 × 10−6
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Furthermore, we enhance the system robustness by not in-
corporating moving parts. The system light source consists of
4 LEDs with an estimated lifetime of more than 50 000
hours. A single 40 cycle PCR run requires each LED to
operate for less than 1 min. The most vulnerable part is the
micromachined silicon chip mounted directly on the

main PCB. We envision a new version of our system, cur-
rently under development, with the brittle silicon chip
mounted on a dedicated PCB. Therefore, if the fragile part is
damaged, a replacement silicon chip can be easily ex-
changed. In order to limit interference between PWM pulses
and temperature sensing signals, the layout of the micro-
machined silicon chip will incorporate electrical shielding
between integrated heaters and sensors. In this scenario, the
chip size will increase to ≈18 mm × 18 mm. Also, this
configuration provides additional space in order to further
modify the optical housing and facilitate the removal of
the PCB from the optical path. The current version of the
system exhibited a large self-induced fluorescence due to the
PCB being illuminated by the blue LEDs. Finally, we plan to
reduce the complexity of the optical housing by reducing
the number of parts. This would also allow us to replace
the silicon chip once variations in PCR efficiency are
discovered.

Fig. 5 (A) Single PCR run as it appears in the PCR display. These PCR amplification curves show results from the 4 positions of the PCR device.
We used complementary DNA (cDNA) from the H7N9 HA gene for testing purposes. AU stands for arbitrary units. Once the PCR was completed,
the MCAs were performed with a melting temperature value of 83.36 ± 0.63 °C (mean ± standard deviation). Measurement uncertainties emanate
from the manual placement of the droplet. Slight droplet misalignments at the heater cause temperature variations between various experimental
runs, thereby affecting the overall PCR efficiency. Also, due to these temperature variations, we readily observe a slight shift in the measured
melting temperature. (B) Measurements performed at the 4 positions with identical concentration of all samples performed three times to
suppress random error. The corresponding extracted critical thresholds (CT) are shown in Table 2. A greater value of CT at position 4 suggests a
lower amplification efficiency at that position. This may be caused by a temperature variation due to a non-optimized bonding process of the sili-
con chip to the PCB. (C) PCR results from position 1 with the calculated number of cDNA copies in the sample from ≈12 500 down to ≈1.25. These
numbers are calculated by a 10× dilution starting from ≈12500. Since only whole numbers of cDNA copies per sample exist, fractional values imply
the statistically most probable value. Each experiment was performed three times. (D) Extracted standard real-time PCR curve from results in
Fig. 5C showing the CT value as a function of LOG (cDNA concentration). The slope of −3.02 ± 0.16 cycles at threshold per decade (mean ± stan-
dard deviation) corresponds to the PCR efficiency of 0.91 ± 0.05 per cycle (mean ± standard deviation).

Table 2 Results of critical threshold from 4 measurements at each PCR
location with identical concentration of the HA gene. The graphical out-
put is shown in Fig. 5B. The discrepancy between results from individual
samples was probably caused by sample misalignment with respect to
the heater as they were placed manually

Position Mean CT Standard deviation Concentration HA (ng μL−1)

1 9.6 1.5 ≈5.0 × 10−5

2 9.0 1.2 ≈5.0 × 10−5

3 9.5 0.6 ≈5.0 × 10−5

4 8.0 0.8 ≈5.0 × 10−5
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Furthermore, in future experiments, we plan to use either
microscope glass cover slips with upfront lyophilized PCR or
a single step RT-PCR master mix. In this configuration, the
pipetted ≈200 nL volume sample will be entirely composed
of DNA (RNA).

Conclusions

We designed and tested one of the smallest real-time PCR de-
vices. It has a length of ≈100 mm, a width of ≈60 mm and a
height of ≈33 mm and weighs only ≈90 g. The device mea-
sured 4 PCRs simultaneously in less than ≈35 min, including
MCA. The sample was processed in the form of a virtual reac-
tion chamber (VRC) where 200 nL of a sample was placed on
a disposable glass cover slip covered with mineral oil to pre-
vent water evaporation from the sample. The sample only in-
teracts with the glass cover slip to eliminate possibilities of
sample-to-sample cross-contamination; the glass element was
a single-use, disposable system component. Our negative con-
trol tests further demonstrate the lack of cross contamination
between samples. The system depicted in Fig. 4 was success-
fully utilized for at least 100 distinct PCR runs. We have dem-
onstrated its performance by amplifying the cDNA of an HA
gene of the H7N9 avian influenza virus and displayed the re-
sults on an integrated LCD display. We demonstrated the ca-
pability of simultaneously running 4 samples at a time with
good reproducibility. The PCR efficiency was demonstrated
by obtaining a PCR standard curve in the range of 12500 to
1.25 copies with an achieved slope of −3.02 ± 0.16 cycles at
threshold per decade (mean ± standard deviation). The value
corresponds to a PCR efficiency of 0.91 ± 0.05 per cycle (mean
± standard deviation). The system was also capable of
detecting a single DNA copy within the sample.

The captured data was subsequently transferred to a per-
sonal computer (PC) via a USB interface for further process-
ing. This tiny real-time PCR device is a promising diagnostic
system for remote clinics as well as a tool for educational in-
stitutions demonstrating the power of a real-time PCR as
“seeing is believing”. The system throughput can be doubled
using a single channel multiplexing method as demonstrated
earlier.27
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11.2.1 Supplemental Material- Handheld real-time PCR de-
vice



Supplementary data:

1. Cross section of the optical housing
 

Figure 1: Cross section schematic of the handheld PCR system illustrating the optical path. Light 
emanating from the LEDs is filtered, then deflected by a dichroic mirror, and focused via lenses 
onto the VRC. A disposable glass slide separates the VRC from the micromachined silicon chip. 
The emitted fluorescence is collimated (using the same set of lenses), then passes through the 
dichroic mirror and a green filter prior to being captured by the photodiode.

Electronic Supplementary Material (ESI) for Lab on a Chip.
This journal is © The Royal Society of Chemistry 2015



2. Schematic of the PCR system

Figure 2: PCR electrical schematic showing four blocks of the fluorescent system inside the 
optical housing followed by transconductance operation amplifiers, by a generic amplifier and a 
Wheatstone bridge for temperature monitoring. The analog selector was used for further 
processing either the fluorescence or the temperature signals by the microcomputer (MCU) via 
an analog to digital converter (ADC). The processor also controls the dissipated Joule heat 
within the PCR chip and its temperature via a MOSFET driver. 





3. List of components: Table 1

category type parameters number
electrical Square wave 

generator
Frequency: 1 kHz 
duty cycle: 10 % 

6

Power MOSFET N-channel MOSFET 
with RDS(on) = 170 m

4

Power MOSFET N-channel MOSFET 
with RDS(on) = 30 m

1

LED Wavelength: 470 nm 
Luminous intensity: 
7.2 – 12 cd
Diameter: 5 mm

4

photodiode 7.4 mm2 4
Operation amplifier diFET with bias 

current < 100 fA
4

Operation amplifier Noise < 15 nV/√Hz @ 
1 kHz

1

Differential amplifier Noise < 8 nV/√Hz @ 
1 kHz

1

Analog switch/analog 
to digital converter

16 bit resolution, 2 
selectable 
differential inputs

1

Analog multiplier 4-quadrant analog 
multiplier

1

Low pass filter 2 Hz cut off 1
MCU 16 bit 

microprocessor
1

Graphic display 84 × 42 pixels 1
Switched power 
supply

Generating DC 
voltages: +5V, ±12V, 
+18V

1

thermomechanical Micromachined 
silicon chip

Custom layout, 
integrated with thin 
film heater and RTD 
sensor

1

optical Optical housing Made by CNC 1
Low pass filter 490 nm 2
Dichroic mirror 495 nm 2
Long pass filter 510 nm 1
Lens Diameter: 6.35 mm

N.A.: 0.68
Focal length: 3.1 mm

4





4. PCR chip layout

Figure 3 Layout of the PCR chip. The chip is square size with side of ≈ 15 mm. The distance 
between heater centers  is ≈ 8mm. 



5. PCR chip fabrication process
a. Starting substrate silicon wafers with diameter of ≈ 100 mm
b. SiO2 deposition by plasma enhanced chemical vapor deposition (PECVD) process with 

thickness of ≈ 0.5 m
c. Au/Cr deposition by sputtering with thickness of ≈ 200 nm and ≈ 5 nm for Au and Cr, 

respectively
d. Contact lithography (Au/Cr patterning)

i. Positive photoresist (PR) spincoating with PR thickness between 1 and 2 m
ii. PR pre-bake 

iii. Soft contact exposure 
iv. Postbake
v. PR developing

vi. Wafer spin drying
e. Au/Cr patterning by ion milling with secondary ion mass spectroscopy (SIMS) end point 

detection
f. PR removal by acetone and 2-n propyl alcohol or stripper
g. SiO2 deposition by plasma enhanced chemical vapor deposition (PECVD) process with 

thickness of ≈ 0.5 m.
h. Contact lithography (bond pads opening)

i. PR spincoating with PR thickness between 1 m and 2 m
ii. PR pre-bake 

iii. Soft contact exposure 
iv. Postbake
v. PR developing

vi. Wafer spin drying
i. SiO2 etching by ≈ 40 % NH4F and ≈ 49 % HF in ratio of ≈ 7 : 1 (BOE 7:1)
j. PR removal by acetone and 2-n propyl alcohol or stripper
k. Contact lithography (silicon etching)

i. PR spincoating with PR thickness between 8 and 12 m
ii. PR pre-bake 

iii. Soft contact exposure 
iv. PR developing
v. Postbake

vi. Wafer spin drying
l. SiO2 etching by BOE 7:1
m. Silicon etching by Bosch process through silicon water
n. PR removal by acetone and 2-n propyl alcohol or stripper
o. Chips drying by N2

p. Soldering chips to the printed circuit boards



11.3 Original Paper - Doubling Throughput of a
Real-Time PCR
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Doubling Throughput of a Real-
Time PCR
Christian D. Ahrberg1 & Pavel Neužil1,2,3

The invention of polymerase chain reaction (PCR) in 1983 revolutionized many areas of science, due 
to its ability to multiply a number of copies of DNA sequences (known as amplicons). Here we report 
on a method to double the throughput of quantitative PCR which could be especially useful for PCR-
based mass screening. We concurrently amplified two target genes using only single fluorescent dye. 
A FAM probe labelled olionucleotide was attached to a quencher for one amplicon while the second 
one was without a probe. The PCR was performed in the presence of the intercalating dye SYBR 
Green I. We collected the fluorescence amplitude at two points per PCR cycle, at the denaturation 
and extension steps. The signal at denaturation is related only to the amplicon with the FAM 
probe while the amplitude at the extension contained information from both amplicons. We thus 
detected two genes within the same well using a single fluorescent channel. Any commercial real-
time PCR systems can use this method doubling the number of detected genes. The method can be 
used for absolute quantification of DNA using a known concentration of housekeeping gene at one 
fluorescent channel.

The first demonstration of polymerase chain reaction (PCR) in 1983 is considered one of the greatest 
scientific achievements of the 20th century1. It revolutionized many areas of science, due to its ability to 
multiply a number of copies of DNA sequences (known as amplicons), using either DNA directly or 
complementary DNA after reverse transcription from RNA. The PCR cocktail called master mix contains 
free nucleotides, sets of primers and other compounds, besides the polymerase enzyme. The primers 
are short DNA sequences, one complementary to the DNA strand of interest in a forward direction 
and the second one complementary in reverse. The classic PCR method required the employment of 
a post-processing step such as electrophoresis or hybridization to verify the presence and purity of an 
amplicon.

A few years after the first PCR demonstration, a fluorescent marker was added to the PCR mixture 
to monitor the reaction in real time2. It also allows the determination of an initial DNA concentra-
tion. Thus, this method is often called a quantitative PCR (qPCR). The most popular qPCR is based 
on intercalating dyes, such as SYBR Green I. The dye produces its fluorescence only in the presence of 
double-stranded DNA. Thus, researchers can monitor the concentration of amplicons. Another outcome 
of this method is the melting curve analysis (MCA), typically conducted once the PCR is completed. The 
sample is slowly warmed up while its fluorescence is monitored. At elevated temperatures, the double 
stranded DNA amplicons start to convert to single stranded (melt) and consequently the amplitude of 
the fluorescence drops. When half of the DNA melts from double stranded into single stranded, the 
temperature is called the melting temperature (TM). It is characteristic of the DNA amplicon length and 
its sequence. The intercalating dye-based methods are frequently used as they are not specific to any 
particular DNA sequence.

Another popular qPCR method is based on a probe such as 6-carboxy-fluorescein (FAM)3. This probe 
has to be chemically bound to the oligonucleotides next to a quencher such as TAMRA or a black hole 
quencher. This PCR method is often called TaqMan or TaqMan chemistry4. Once the primers bind to the 

1Kist-Europe, Saarbrücken, Saarland, 66123, Germany. 2Central European Institute of Technology, Brno University 
of Technology, Technická 3058/10, CZ-616 00 Brno, Czech Republic. 3Northwestern Polytechnical University, 
School of Mechanical Engineering, 127 West Youyi Road, Xi’an, Shaanxi, 710072, P.R.China. Correspondence and 
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DNA template, the quencher typically gets separated from the fluorophore and its fluorescence amplitude 
increases. This method is gene specific but requires oligonucleotides to be synthesised with attached dye 
and a quencher. Fluorescence resonance energy transfer (FRET)-based methods are also popular5.

A method to detect more than one target sequence in a single sample is called multiplexing. It offers 
significant advantages compared to single PCR, such as more information per reaction and therefore 
time saving. Applications for multiplex PCR can be found in food sciences6, agricultural sciences7 or 
in human medicine. In human medicine, the method is often used to determine ratios of housekeeping 
genes for normalization8, assessing viral loads9 or determining the species10 or subspecies in bacterial11 
and viral infections12. Researchers used end-point multiplex detection to identify different amplicons 
by the differences in their melting temperature by MCA13 in the presence of an intercalating dye14. 
This method requires amplicons with different melting temperature caused by different DNA lengths 
and sequences15. Alternatively, a gel electrophoresis can be performed after PCR to separate and detect 
the different DNA amplicons16. This method requires amplicons with different number of base pairs 
(length), resulting in different electrophoretic mobilities for each amplicon. Both methods are based on 
post-processing after PCR. Thus, they provide qualitative information as to whether the DNA sequence 
of interest was present or absent in the original sample. There is limited knowledge obtained about the 
quantity of DNA templates in the original sample.

The probe-based methods belong to the real-time PCR family. The results give quantitative infor-
mation, thus also called quantitative PCR (qPCR). The most common approach is performing PCR 
with oligonucleotides attached to probes with different emission wavelengths and detect them using 
several fluorescence channels17. The number of genes identifiable per fluorescence channel can be further 
increased by creating colour codes18 for the different genes and extracting information on amplicon con-
centrations via linear combinations on the individual fluorescence channels19. Theoretically, the number 
of genes concurrently detectable is unrestricted, but there are various limits imposed through the opti-
cal filter system required and through the dye assays. Selecting an appropriate probe for the assay also 
becomes increasingly difficult and assay costs increase with the number of used probes.

What will happen if TaqMan probes, such as FAM, and intercalating dyes, like SYBR Green I, are 
combined in the same experiment? One of the earliest work reports combination of TaqMan probe with 
emission in the FAM spectrum and the asymmetric cyanine dye BOXTO (TATAA)20. BOXTO has an 
emission maximum at 552 nm, thus requiring a different filter set from FAM to be detected. In their 
work, they combined the dyes to quantify and detect the gene of interest using the TaqMan dye. Once 
the PCR was completed, they performed melting curve analysis (MCA) to detect nonspecific product 
formation by monitoring the fluorescence signal from BOXTO.

A few years later, PCR was performed with a primer set labeled with TaqMan 
probes6-Carboxyl-X-Rhodamine (ROX) or diSulfo - Cy5 carboxylic acid (Cy5) in presence of SYBR 
Green I intercalating dye to detect polymorphism in Mycobacterium (M) tuberculosis culture21. Both 
those dyes have different fluorescent distinctively different excitation/emission wavelength from SYBR 
Green I thus different filters have to be used for detection of each dye. With this combination of dyes 
and using primer sets for two different amplicons, the authors got three possible Boolean outcomes after 
completing the PCR. They either got a signal from the TaqMan probe and the intercalating dye, a signal 
from the intercalating dye or no signal. In the first case, they could conclude that M. tuberculosis was 
present and the polymorphism had not occurred. In the second case, M. tuberculosis was present and 
the polymorphism did occurred and in the last case either M. tuberculosis was not present or the PCR 
failed. The Boolean approach described by authors allows specifying which of the two phenotypes is 
present, as long as there is no mixture of the two phenotypes. Both works20,21 used different fluorescent 
channels to detect the probe and to detect the intercalating dye.

Recently, it was shown that two dyes with the same emission wavelengths could be combined22. 
Researchers used four different TaqMan probes labelled with FAM dye, phosphoramidite (HEX), Texas 
Red and Cy5 dyes combined with the intercalating dye SYBR Green I, which exhibits nearly identical 
excitation/emission spectra as FAM. They extracted quantitative data during the PCR from individual 
signals from TaqMan probes above the melting temperature of the amplicons to eliminate signal from 
the intercalating dye. Once the PCR was completed the MCA was performed to detect the unspecific 
amplification due to possible primer interactions.

In our approach, we take this idea one step further by measuring both the signal of the TaqMan probe 
as well as the combined signal of the TaqMan probe and intercalating dye during thermal cycling. This 
allows us to detect and quantify two different genes in the FAM fluorescent channel. We used primer sets 
for two different genes, a FAM based probe complementary to only one of the genes and SYBR Green I 
as an intercalating dye.

Both genes contributed to the total fluorescence amplitude in the presence of an intercalating dye 
such as SYBR Green I, as long as the temperature of the mixture was below the TM. The FAM-labelled 
probe separated from the quencher also contributed to the total fluorescence. Once the temperature was 
increased above the TM, only FAM-based fluorescence contributed to the total fluorescence amplitude. 
We could then extract two amplification curves: the probe-based amplicon at the denaturation tempera-
ture (here called a denaturation curve) and the second one at the end of the extension step (here called 
an extension curve). This second amplification curve contains both DNA templates together. The concen-
tration of the probe-linked amplicon is already known and can be subtracted from the extension curve, 
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resulting in the concentration of the second amplicon. We can then determine the threshold cycle (CT) 
and via comparison with the PCR standard curve also the corresponding original template concentration 
of both DNAs. The major advantage of this method is the ability of simultaneous, quantitative detection 
of two DNA templates, using only a single fluorescent channel.

There are two mechanisms of fluorescence contributing to the extension curve: intercalating dye and 
the probe. The amplitude of this composite fluorescent signal always has to be higher than the one orig-
inating only from TaqMan probe extracted at the denaturation curve. Another reason why the signal 
originated from TaqMan probe is lower is its sensitivity to temperature. Its amplitude is inversely pro-
portional to temperature and the denaturation curve is taken at 93 °C–95 °C, while the extension curve 
is captured at about 60 °C.

The method described above works even in extreme cases with one DNA template having significantly 
higher number of copies than the second one. Once the number of copies of the DNA linked to TaqMan 
probe is dominating the CT value extracted from denaturation curve will be slightly higher than the CT 
value extracted from extension curve. In the opposite case with non-TaqMan template number of DNA 
copies is dominating, the CT extracted from the extension curve will be significantly lower than the corre-
sponding CT extracted from the denaturation curve. In both cases, the difference in both CT determined 
the number of copies of the second DNA template.

We performed two sets of experiments. First, we used two common housekeeping genes: Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and hypoxanthine-guanine phosphoribosyltransferase (HPRT). 
The results could be used to calculate a normalization factor by method shown earlier8,23–25.

In the second experiment, we determined a viral load in the sample of haemagglutinin (HA) with 
both HPRT and GAPDH as housekeeping genes26.

Material and Methods
Experiments. Synthetic DNA templates for GAPDH, HPRT and HA (ATG Biosynthetics) were used 
for the experiments. The primers were designed using Roche Universal Probe Library Assay Design 
Center and purchased from Eurofins MWG Operon (Table  1). Universal probe #73 (Roche Molecular 
Systems) was used as TaqMan probe corresponding to HPRT together with the Roche LightCycler 
TaqMan Master Mix. The reaction mixture consisted of 4 μ L master mix, 1 μ L of SYBR Green I 10,000 
x solution (Lonza) diluted by a factor of 500. The primers and probe were added with concentrations of 
1.8 μ M and 200 nM, respectively. A sample template was then pipetted in and the mixture volume was 
increased up to 20 μ L by adding de-ionized water produced by a Milli-Q ProgradT3 (Millipore) column 
after autoclaving. Data collection and thermal cycling were done by Roche LightCycler Carousel-Based 
system using a temperature profile according to the master mix specifications. We used continuous flu-
orescence measurement mode to capture the data. The measurement can be simplified by collecting 
fluorescence amplitude data only at the end of the extension and denaturation step with the same quality 
of results.

Gene Direction Sequence

HPRT Forward 5′ -TGACCTTGATTTATTTTGCATACC-3′ 

HPRT Reverse 5′ -CGAGCAAGACGTTCAGTCCT-3′ 

GAPDH Forward 5′ -AGCCACATCGCTCAGACAC-3′ 

GAPDH Reverse 5′ -GCCAATACGACCAAATCC-3′ 

HA Forward 5′ -GGGACTCAACAATTATGAAAAGTGAA-3′ 

HA Reverse 5′ -GGGTGTATATTGTGGAATGGCAT-3′ 

Table 1.  List of primers and their corresponding sequences.

Experiment 
Name

Concentration 
HPRT in ng/μl

Concentration 
GAPDH in ng/μl Denaturation CT Extension CT

1:0 6.25 ×  10−7 0 27.4 20.9

1:1 6.25 ×  10−7 6.25 ×  10−7 27.7 19.4

1:2 6.25 ×  10−7 12.5 ×  10−7 27.6 18.4

1:10 6.25 ×  10−7 6.25 ×  10−6 26.8 17.8

1:20 6.25 ×  10−7 12.5 ×  10−6 26.0 16.7

Table 2.  Experiments with excess GAPDH and extracted threshold cycles (CT).
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Standard curves were recorded in two sets of experiments. In the first set, the concentration of the 
TaqMan gene was constant while the concentration of non-TaqMan gene was varied (Tables  2 and 3). 
In the second experiment set concentration of non-TaqMan gene was constant while the TaqMan gene 
concentration was varied (Tables 4 and 5).

Lastly, an experiment was conducted to determine the concentration of both genes in the presence 
of a third one. The sample contained HPRT with concentrations of 3.1 ×  10−7 ng/μ l, GAPDH with a 
concentration of 3.1 ×  10−6 ng/μ l and HA with a concentration of 6.25 ×  10−6 ng/μ l. We only used two 
primers at a time, either HPRT and GAPDH primers or HPRT and HA primers. A second sample with 
the concentrations of 1.6 ×  10−7 ng/μ l HPRT, 6.25 ×  10−6 ng/μ l GAPDH and 1.6 ×  10−5 ng/μ l HA was also 
tested in the same manner.

Data Analysis. We captured all fluorescent data during the entire PCR protocol (see Fig.  1A) and 
processed them in Matlab, a numerical computing software. We extracted data from Roche LightCycler 
in two blocks, temperature as a function of time and fluorescence as a function of time. We then used 
temperature data to determine the beginning of each cycle. Next, we extracted fluorescence amplitude 
during denaturation and extension steps for each cycle. Each point was formed as a mean from the last 
five fluorescence measurements in the step. This data processing resulted in two amplification curve 
denaturations and extensions as a function of cycle number.

We defined the cycle threshold (CT) as a value of the cycle number when fluorescence amplitude is 
equal to the background mean (from first 10 cycles) plus five times the standard deviation of the average. 
We calculated the CT values for both curves for denaturation as well as extension. As the last step of data 
processing, both amplification curves were normalized by subtracting the initial fluorescence signal and 
then dividing all numbers by the fluorescence amplitude. We also performed MCA (see Fig. 1B).

Concentrations were determined by performing PCR with different template concentrations by cre-
ating standard curves.

Experiment 
Name

Concentration 
HPRT in ng/μl

Concentration HA 
in ng/μl Denaturation CT Extension CT

1:0 6.25 ×  10−7 0 26.5 21.3

1:1 6.25 ×  10−7 6.25 ×  10−7 26.3 19.3

1:2 6.25 ×  10−7 12.5 ×  10−7 26.2 18.2

1:10 6.25 ×  10−7 6.25 ×  10−6 26.3 17.9

1:20 6.25 ×  10−7 12.5 ×  10−6 24.9 15.8

Table 3.  Experiments with excess HA and extracted threshold cycles (CT).

Experiment 
Name

Concentration 
HPRT in ng/μl

Concentration 
GAPDH in ng/μl Denaturation CT Extension CT

1:1 6.25 ×  10−7 6.25 ×  10−7 29.0 18.2

2:1 12.5 ×  10−7 6.25 ×  10−7 26.4 18.2

10:1 6.25 ×  10−6 6.25 ×  10−7 24.0 17.0

20:1 12.5 ×  10−6 6.25 ×  10−7 22.6 16.3

100:1 6.25 ×  10−5 6.25 ×  10−7 20.4 13.9

Table 4.  Experiments with excess HPRT and extracted threshold cycles (CT).

Experiment 
Name

Concentration 
HPRT in ng/μl

Concentration HA 
in ng/μl Denaturation CT Extension CT

1:1 6.25 ×  10−7 6.25 ×  10−7 28.6 19.2

2:1 12.5 ×  10−7 6.25 ×  10−7 26.3 18.3

10:1 6.25 ×  10−6 6.25 ×  10−7 23.3 16.6

20:1 12.5 ×  10−6 6.25 ×  10−7 22.7 15.9

100:1 6.25 ×  10−5 6.25 ×  10−7 19.6 14.1

Table 5.  Experiments with excess HPRT and extracted threshold cycles (CT).
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Results
The captured data from PCR with different DNA template concentrations are shown in process in Fig. 2. 
Normalized PCR amplification curves are shown in Fig. 3. As an example, we performed an experiment 
with a constant concentration of HPRT and a varied concentration of GAPDH.

Non-TaqMan Gene in excess. Housekeeping genes. First, we kept the TaqMan gene (HPRT) con-
centration constant while the concentration of GAPDH gene was varied. The CT values extracted from 
denaturation curves remained constant, as shown in Fig. 4A. The CT values extracted from the extension 
curves decreased with increasing concentration of the non-TaqMan gene (GAPDH).

Viral load. Second, we also kept the TaqMan gene (HPRT) concentration constant while we varied 
concentration of cDNA of HA gene. The CT values extracted from denaturation curves again remained 
constant as shown in Fig.  4B and the CT values extracted from the extension curves decreased with 
increasing concentration of the non-TaqMan gene (HA).

TaqMan Gene in excess. Housekeeping genes. In the two experiments we conducted, the TaqMan gene 
is in higher concentrations than the non-TaqMan gene. Figure 4C shows the results of experiments using 
a varied concentration of the HPRT (TaqMan gene) and using a constant concentration of the GAPDH 
(non-TaqMan gene). The extracted CT values from the denaturation and extension curves both decreases 
with an increasing HPRT concentration. However, the rate of change of the CT values extracted from the 
denaturation curve is higher than the one from the extension curve. Quantitative information on both 
genes can be determined from the difference between both curves at a particular total DNA concentration.

Viral load. As for the housekeeping gene, we have varied concentration of HPRT (TaqMan gene) and con-
stant concentration of HA (non-TaqMan gene). The results (see Fig. 4D) are similar to the previous ones.

Figure 1. (A) A typical data set with both amplification curves extracted from a 40-cycle PCR. The 
fluorescence amplitude recorded at the end of the extension (red) and denaturation (green) step are shown 
here. The normalized amplification curves are shown as inset. At the end of the PCR we performed the 
MCA. (B) The results of the MCA analysis showing DNA templates with two different melting temperatures, 
78.6 °C and 84.3 °C.
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Figure 2. Raw fluorescence data from LightCycler for experiments with different ratios between HPRT 
and GAPDH genes. (A) Shows HPRT gene alone, (B) ratio 1:1, (C) ratio 1:2 and (D) ratio 1:10. We 
extracted both denaturation (green) and extension (red) curves from all graphs. No template control (NTC) 
expressed no amplification and its average fluorescence amplitude was 0.113 with a standard deviation of 
0.002.

Figure 3. (left axis) Extracted normalized extension curves. The curves’ amplitude was divided by its 
maximum amplitude and the slope was also subtracted for easier curve to curve comparison. (right axis) 
The normalized denaturation curves. The normalization was done in a similar fashion as for extension 
curves.
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Typical determination of DNA template concentrations. A CT value extracted from denatura-
tion curve in the first sample had an amplitude of 26.9. It corresponded only to the concentration of the 
HPRT gene. A CT value was also extracted from two extension curves, one with primers for the GAPDH 
gene (CT =  18.1) and one with primers for the HA gene (CT =  17.5). Those three CT values corresponded 
to a concentration of 6.25 ×  10−7 for HPRT, 3.49 ×  10−6 ng/μ l for GAPDH and 4.52 ×  10−6 ng/μ l for HA.

The CT values extracted from the second sample gave an amplitude of 26.5 for HPRT, 18.4 for 
GAPDH and 16.8 for HA. Those CT values corresponded to a concentration of 6.25 ×  10−7 ng/μ l for 
HPRT, 2.61 ×  10−6 ng/μ l for GAPDH and 7.55 ×  10−6 ng/μ l for HA.

Discussion
The ability to perform quantitative multiplexed PCR is of particular interest for a number of applications. 
Typically, it is performed by probe-based PCR with a number of probes using specific dyes and with 
corresponding fluorescent channels for each dye. Here, we have demonstrated a novel method enabling 
the simultaneous detection of two DNA templates, using only a single fluorescent channel.

We combined a FAM type of TaqMan probe for the first DNA template with an intercalating dye for 
the second DNA template. We recorded a continuous fluorescence signal for 40-cycle PCR protocol, 
followed by MCA. From the fluorescent signal, we extracted two amplification curves. One was at the 
end of the denaturation step corresponding only to the TaqMan probe and the second one was at the 
end of the extension step. The second curve consisted of information from both genes. We then sub-
tracted a TaqMan probe-based data from the second curve resulting in only the non-TaqMan template 
amplification curve. This extraction was conducted by a script in Matlab. The possibility of detecting 
and quantifying more than two genes was demonstrated by running several experiments with different 
primers within the same sample.

Figure 4. Extracted threshold cycles (CT) for experiments with fixed concentration of either HPRT 
(A,B), GAPDH (C) or HA (D) genes and varying concentrations of GAPDH (A) HA (B) or HPRT (C,D). 
Each experiment was repeated three times. The varied concentration was calculated by subtracting the 
constant value of concentration (6.25 ×  10−7 ng/μ L) from the total DNA concentration. The red circles 
correspond to CT extracted from the denaturation curves while the blue squares from the extension curves.
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An easy way of extracting information on the concentration ratio between two or more genes was 
demonstrated based on the PCR standard curve. The method feasibility was demonstrated for a concen-
tration difference of up to four orders of magnitude. Results with higher concentration differences are 
most likely hindered by the depletion of the master mix due to the amplification of one gene.

This method can be implemented for DNA template quantification using TaqMan probe-based gene 
with a known concentration as the internal standard. In such a case, the standard PCR curve would not 
be required.

Examples for this can be seen in the experiments in which the concentrations of the three genes 
were determined. The concentration of the TaqMan gene was the same as for the standard curves in the 
first sample, This and the fact that the all concentrations were within one order of magnitude allowed a 
relatively accurate determination of the concentrations of all genes. In the second sample, the concentra-
tion of the TaqMan gene deviated significantly from the standard curves. Furthermore, the difference in 
concentrations between the genes was more than two orders of magnitude. Because of this, the estimate 
of concentrations became less accurate.

The described method might an option to increase the number of detected genes concurrently with-
out expanding the number of fluorescent channels of commercial real-time PCR devices. Even here, we 
only tested a single tube, and an identical experiment could be done in all 96 wells of a standard plate 
system to expand into the detection of 192 genes, 384 into 768 and 1536 into 3072. Furthermore, the 
method could also be further optimized by research into the binding properties of the intercalating dyes.

In this contribution, the CT values were extracted from a continuous fluorescent signal. Identical 
information can be also extracted from only two measurement points during each amplification cycle, 
at the end of the denaturation step and at the end of the extension step. This way, practically any com-
mercial real-time PCR system is capable of doubling the throughput by performing the multiplexing 
described in this contribution.
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Single Fluorescence Channel-
based Multiplex Detection of Avian 
Influenza Virus by Quantitative 
PCR with Intercalating Dye
Christian D. Ahberg1, Andreas Manz1 & Pavel Neuzil1,2,3

Since its invention in 1985 the polymerase chain reaction (PCR) has become a well-established 
method for amplification and detection of segments of double-stranded DNA. Incorporation of 
fluorogenic probe or DNA intercalating dyes (such as SYBR Green) into the PCR mixture allowed 
real-time reaction monitoring and extraction of quantitative information (qPCR). Probes with 
different excitation spectra enable multiplex qPCR of several DNA segments using multi-channel 
optical detection systems. Here we show multiplex qPCR using an economical EvaGreen-based 
system with single optical channel detection. Previously reported non quantitative multiplex real-
time PCR techniques based on intercalating dyes were conducted once the PCR is completed by 
performing melting curve analysis (MCA). The technique presented in this paper is both qualitative 
and quantitative as it provides information about the presence of multiple DNA strands as well as 
the number of starting copies in the tested sample. Besides important internal control, multiplex 
qPCR also allows detecting concentrations of more than one DNA strand within the same sample. 
Detection of the avian influenza virus H7N9 by PCR is a well established method. Multiplex qPCR 
greatly enhances its specificity as it is capable of distinguishing both haemagglutinin (HA) and 
neuraminidase (NA) genes as well as their ratio.

The influenza A virus is composed of eight RNA segments of negative-sense single-stranded RNA where 
segment 4 encodes the haemagglutinin (HA) gene, and segment 6 the neuraminidase (NA) gene. In order 
to increase specificity of H7N9 detection, besides the detection of the virus itself, one should also detect 
both HA and NA individually as well as their ratio. PCR is the method of choice to detect the virus as it 
can deliver results in tens of minutes compared to traditional methods such as ELISA where the testing 
takes a few days.

The polymerase chain reaction (PCR) was invented in 19851,2 to amplify double stranded DNA seg-
ments. Adding fluorogenic probe or DNA intercalating dyes (such as SYBR Green) allowed real-time3 
reaction progress monitoring and extracting of quantitative information (qPCR)4,5. A typical PCR process 
consists of three steps conducted at different temperatures: denaturation at 95 °C, annealing at 50–60 °C 
and extension at 72 °C. Using the Taqman probe-based PCR system the annealing and extension steps 
are combined into one and performed at a temperature of about 60 °C5. The presence of end-point 
PCR products can be confirmed by agarose gel electrophoresis or by capillary electrophoresis (CE)6. 
However, an end-point measurement does not necessarily correlate with the original number of copies 
of the amplified DNA sequence. Real-time PCR allows precise quantitative information to be extracted 
from the exponential phase of the reaction4,7. The Taqman probe-based assay format, for example the 
FAMTM (fluorophore) and TAMRATM (quencher) labeled probe, is specific to its target gene, whereas the 
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SYBR Green-based format is non-specific. To determine the specificity of the PCR products using SYBR 
Green, a subsequent melting curve analysis8 (MCA) has to be implemented. MCA is often preferred over 
CE as it is performed in the PCR system immediately once the PCR is completed by sweeping samples’ 
temperature while monitoring amplitude of fluorescence and thus no sample manipulation is required.

Multiplex quantitative PCR (qPCR) methods based on Taqman probes as well as FRET-based systems 
have been demonstrated9. Currently, it is routinely done with probes, such as the popular FITC, JOEL, 
ROX and Cy5, using multiple optical channels. Each channel requires its corresponding light source, fil-
ter set and a detector. Can multiplex qPCR be conducted in one channel, while demultiplexing the results 
in real-time? Probe-based systems cannot be used as there is no technique capable of distinguishing the 
PCR products in a real time. On the other hand intercalating dye based PCR has shown promising results 
as the products can be demultiplexed using melting curve analysis (MCA) once the PCR is completed10. 
However, this method can determine serotype of the DNA or RNA but does not provide quantitative 
information. Continuous monitoring of the amplitude of the fluorescent signal is a powerful technique 
with a number of different applications11. One of them was product differentiation during PCR where a 
number of MCAs were performed individually after several thermal cycles of PCR12.

In this contribution we propose and demonstrate a method to dynamically extract melting curves 
within each thermal cycle of a real-time PCR based on a single intercalating dye. This was accomplished 
by processing captured data without changing the PCR protocol, resulting in a set of 40 MCAs. From this 
set we were able to demultiplex quantitative data for different segments of DNA. The proposed method 
allows multiplex internal positive controls using a single intercalating dye and is an alternative for probe 
based systems used to detect HA to NA gene ratios. It employs only a single fluorescent optical channel.

Typical MCA for intercalating dye-based PCR is performed by scanning the temperature of the sam-
ple at the rate of 1 °C/s or lower while recording the corresponding amplitude of fluorescence signal. The 
slow scanning rate is an important factor as every system with temperature control such as PCR exhibits 
a delay between temperature at the sensor and the sample. PCR systems can have a delay as long as a 
few seconds or more which is why slow temperature scanning for precise determination of a melting 
curve is essential.

During PCR the sample is cycled between different temperatures. Especially interesting is the transi-
tion from extension to denaturation as it covers the range of expected melting temperatures. All that is 
needed, then, is to detect the fluorescence amplitude from the sample and determine the corresponding 
temperature during this phase.

The first task has been demonstrated earlier by continuous fluorescence monitoring during the PCR 
cycling11. However the precise temperature monitoring of the sample during temperature transitions is 
not straightforward as there is discrepancy between sample and heater temperature as explained above. 
Is there another way to monitor actual sample temperature during ramping from annealing step to 
denaturation step?

We believe there is a method to measure the sample temperature with high precision. This tempera-
ture is given by a thermal control system typically using proportional integrated derivative (PID) method 
of feedback, the thermal mass of the sample H and the thermal conductance G between the heating 
block and the sample. The time constant τ of the temperature delay is given by τ =  H/G. Values of H, 
G and PID constants do not change during the PCR process so the temperature profile of the sample is 
a repetitive function of time during the PCR cycling. This implies that it is sufficient to determine the 
temperature profile of the sample only during a single cycle. We have used a modified version (see Fig. 1) 
of the virtual reaction chamber (VRC) system for this experiment13. The heat transfer and the sample 
temperature profile was simulated by finite element analysis (FEA) and the results were experimentally 
verified14. The model gave us a correlation between the temperature of the heater and the sample during 
transition from annealing step to denaturation step required for the MCA extraction. The real sample 
experiment exhibited faster response than the model probably due to convection in the aqueous sample 
decreasing the temperature gradient minimally in the transition period. This also provided a homoge-
nous temperature distribution, crucial to the method, since it suppresses data smearing.

Here we introduce a method of multiplex qPCR using a single fluorescence channel in the presence of 
Eva-Green intercalator. It is based on recording both temperature T and fluorescence F as a function of 
time t and cycle number n. From both functions [F =  f(t,n) and T =  f(t,n)] we have then eliminated time 
and generated fluorescence as function of temperature [F =  f(T,n)] with PCR cycle number as a param-
eter. We have thus performed a melting curve analysis (MCA) during each PCR cycle. Subsequently we 
plotted the first negative derivative of fluorescence with respect to temperature as a function of temper-
ature − dF/dT =  f(T). For each amplicon a distinct melting temperature was obtained, with its amplitude 
corresponding to its concentration at each cycle. PCR amplification curves were then created by plotting 
the amplitude of the respective amplicon as function of cycle number. This way we can quantitatively 
detect one or more different amplicons using only a single intercalating dye. We only need to perform 
continuous fluorescence detection at an acquisition rate at or above 1 kHz, thus conventional reagents 
and protocols can be still used.

The only prerequisite for the methods are a high enough data acquisition rate of fluorescence ampli-
tude, a small sample volume and a sufficiently large difference in melting temperature of the genes for 
differentiation.
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Materials and Methods
Preparation of PCR mixture and thermal cycling. PCR mixture consisted of 6μ L Roche LightCycler 
TaqMan Master Mix (Roche Diagnostics, Germany), 1 μ L 20X EvaGreen Dye in water (TATAA, Sweden) 
as well as forward and reverse primers15 (Table 1)(MWG Eurofines, Germany) at a final concentration of 
1.8 μ M. To this solution synthetic complementary DNA (cDNA) templates (ATG Biosynthesis, Germany) 
for haemagglutinin (HA) and neuraminidase (NA) for the avian influenza virus (H7N9) were added at 
different concentrations (see Table 1). Lastly the solution was adjusted to a volume of 20 μ L using water 
obtained from a Milli-Q ProgradT3 column (Millipore, Germany).

A droplet with a volume of 150 nL of the PCR solution was placed on a hydrophobically coated micro-
scope glass cover slip and covered with 1.5 μ L of mineral oil 9405 (Sigma Aldrich, Germany) thus form-
ing a VRC. This glass was then placed on a micromachined silicon chip integrated with both a heater 
and a sensor, similar to a design shown earlier13. Here the silicon chip has a size of only 15 ×  15 mm 
to better fit a handheld PCR device we are developing (see Fig. 1). The small thermal mass of the VRC 
together with the silicon heater resulted in heating rates > 20 °C/s and similar cooling rates achieved only 

Figure 1. (A) Schematic diagram of the sample and heater. (B) Photograph of four VRCs on silicon chip 
with sample replaced with fluorescein solution for visualization purpose.

Target gene Primer name Primer sequence (5’-3’)
Primer 

size (bp)
Amplicon 
size (bp)

H7N9 HA
HA-Forward TACAGGGAAGAGGCAATGCA 20

103
HA-Reverse AACATGATGCCCCGAAGCTA 20

H7N9 NA
NA Forward CCAGTATCGCGCCCTGATA 19

70
NA Reverse GCATTCCACCCTGCTGTTGT 20

Table 1.  Primers used in this study.
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by passive cooling. The PCR protocol consisted of a hot start for 10 min at 95 °C followed by 40 cycles 
each consisting of two steps, denaturation for 5 s at 95 °C and annealing/extension for 30 s at 60 °C.

Fluorescence amplitude was continuously monitored using an Axiotron II microscope (Zeiss, 
Germany). We have used a blue LED model M470L3-C4 LED with principal wavelength of 470 nm 
(Thorlabs, Germany) for excitation. The LED was powered with square wave pulses at a frequency of 
2710 Hz and a duty cycle of 5%. Light from the LED as well as emitted light from the specimen was 
filtered with a filter set model 49002 - ET - EGFP (FITC/Cy2) (Chroma Optical Corp, USA). Emitted 
light was captured by a PMT photosensor module H10722-20 (Hamamatsu Photonics K.K., Germany). 
The PMT signal was processed by a lock-in amplifier 7230 DSP (Ametek, USA) and its output recorded 
by a digital oscilloscope model DPO 3014 (Tektronix, Germany) with data rate of 2500 measurements 
per second. The temperature of the PCR chip was also recorded by the oscilloscope at the same data rate.

For comparison, samples were also analyzed using the Roche LightCycler Carousel-Based system 
(Roche Diagnostics, Germany) followed by a standard melting curve after thermal cycling.

Data analysis. Captured fluorescence data were analyzed using a custom written Matlab-script. First 
the data were filtered by a fast Fourier transform filter (FFTF). Subsequently, the fluorescence signal was 
divided into the individual cycles based on the captured temperature profile. The fluorescence amplitude 
during transition from extension/annealing step to denaturation step was then extracted for each cycle 
and fluorescence as function of temperature was plotted with cycle number as a parameter. MCA was 
formed by numerical differentiation of the fluorescence with respect to temperature and its negative 
value was plotted as a function of temperature. The melting curve captured at the first cycle was sub-
tracted from all melting curves to suppress a background fluorescence effect we have observed. This 
background fluorescence could be caused by autofluorescence from the adjacent printed circuit board 
as well as fluorescence of the temperature dependence of the fluorophore as well as unspecific binding 
of the dye onto single stranded DNA16. PCR amplification curves were created by plotting amplitudes at 
the MCA of each amplicon as a function of the cycle number.

Results and Discussion. We have run a 40 cycle PCR using the master mix manufacturer’s speci-
fications. A typical fluorescence profile was obtained (see Fig. 2A). In Fig. 2B we show the single cycle 
number 23 to demonstrate the extracted data for the MCA.

This procedure was applied to a sample containing only a single amplicon (HA) with melting temper-
ature of 76 °C (see Fig. 3A,B). We have then added to the sample a second amplicon (NA) with a melting 
temperature of 68 °C. A second peak corresponding to this amplicon can be observed in the respective 
MCA (Fig. 3C,D). Increasing the amount of NA added compared to HA lead to an even faster increase 
of the magnitude of peak at 68 °C (Fig.  3E,F). Extracting the fluorescence amplitude from the derived 
curves for each cycle at 68 °C and 76 °C respectively, results in two PCR amplification curves. Figure 4A 
shows the two amplification curves extracted for the experiments with a higher concentration of NA than 
HA (experiments A1 to A5 in Table 2).

The sample spiked with the cDNA of the HA gene yielded only a single amplification curve with 
melting temperature of 76 °C, which was expected. For all other experiments we were able to extract 
two amplification curves, one at a temperature of 68 °C and the second one at temperature of 76 °C. 
Threshold cycles (CT) were defined in the usual way. It was found that the difference in CT (∆CT) of the 
two curves corresponded to the expected difference according to the ratio of concentrations of HA and 
NA. An overview of all conducted experiments is presented in Table  1. The results indicate that ∆CT 
corresponds to the expected values. We can then conclude that the method can be used for multiplexed 

Figure 2. (A) Continuous fluorescence profile and corresponding temperature captured of entire PCR 
experiment. The 10 minutes of hot start is not completely shown, thermal cycling starts after 600 seconds. 
(B) Single PCR step number 23 showing fluorescence amplitude (green, left axis) and temperature (red, right 
axis). Start and end of data recording for MCA is shown by arrows.
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quantitative PCR. As an example, (see Table 1) sample A5 has the concentration of NA 19 times higher 
than the concentration of HA. With 100% PCR efficiency one would expect a ∆CT of 4.25 (log219). We 
have found the ∆CT value to be 4.0 ±  0.4 which is efficiency of 84%, reasonably close to the ideal value.

We have observed MCA peak broadening in our experiment due to applied conditions. It is neces-
sary to run several replicates of the same experiment to suppress random errors and improve the result 
precision. The MCAs are recorded at a scanning rate of over 20 °C/s while the commercial systems for 
high resolution melting curve analysis (HRMCA)17 are usually operating with low temperature scan 
rates between 0.1 °C/s and 0.5 °C/s. Differentiation of amplicons with melting point differences ΔTm as 
small as 1.2 °C have been demonstrated in HRMCA. However the method presented in this contribution 
requires greater ΔTm due to peak broadening caused by the high heating rate.

We assume that a difference in amplicons melting temperatures’ of at least 5 °C would be sufficient to 
differentiate them from each other. This could be achieved by primer design since the melting temper-
ature is a function of amplicon length and ratio of CG/AT content. Therefore an extension temperature 
of 60 °C and a denaturation temperature of 95 °C would allow for 6 different amplicons to be detected in 
the same droplet, assuming a ΔTm of 5 °C.

Figure 3. Melting curves (A, C, E) and corresponding to their first negative derivative (B, D, F) for all 40 
cycles with cycle number as parameter. A and B are data from sample containing only HA. C and D are data 
from sample containing HA and twice more of NA. E and F are data from sample containing HA and ten 
times more NA.
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Furthermore,   the temperature measured by the sensor in HRMCA corresponds practically to the 
sample temperature due to the slow scanning rate. In our approach the sample temperature lags behind 
the temperature measured by the sensor underneath the sample18. This can be seen from the comparative 
end point HRMCA done with the LightCycler, Fig. 4B shows the fluorescence amplitude plotted as func-
tion of temperature with a temperature gradient of 0.1 °C/s. In Fig. 4C the first negative derivative of this 
curve with respect to temperature is shown, displaying two distinct peaks. Both melting temperatures 
found on the LightCycler are 8 °C higher than the temperatures we measured in our system. Nevertheless 
this Tm offset has no influence on quality of the results especially when this lag is known and the resulting 
temperature offset is calibrated.

Ideally the test should be performed with a clinical sample containing H7N9 virus starting with sam-
ple preparation followed with reverse transcription. VRC-based RT-PCR demonstrating almost all those 
steps was shown earlier, detecting both RNA from H5N1 avian influenza virus19 as well as from virus of 
severe acute respiratory syndrome (SARS)20. Processing clinical sample containing virus of avian influ-
enza or SARS would also require laboratory classified as biosafety hazard level 3 which we do not have 
available. In previous work we developed the system based on spiking blood sample with RNA, here in 
this work we spiked PCR master mix with two types of cDNA.

Conclusions
We have developed a method for quantitative, multi target PCR using only a single intercalating dye 
and thus only one fluorescence channel. Our approach allows researchers to perform affordable mul-
tiplex PCR using simple tools as well as reagents. Another advantage compared to conventional meth-
ods is small consumption of reagents due to small sample volume. Fluorescent amplitude sampling at 
rate above 100 samples per second is, however, required for constructing MCA during transition from 
annealing/extension to denaturation. This method might be particularly interesting for determination of 
serotype of virus such as dengue fever or an avian influenza. Other potential applications include meas-
urement of viral loads in a sample, differentiation between H7N9 and H7N5, and quantitative detection 
of co-infections. We have experimentally verified the method using a homemade PCR system primarily 

Figure 4. Amplification curves extracted for samples A1–A5 (referring to experiment codes in Table 2)  
at 68 °C (solid lines) and 76 °C (dashed lines). Sample A1 shows no amplification at 68 °C (black line) 
as expected (A), end point high resolution melting curve analysis of sample A2 after 40 cycles on the 
LightCycler (B–C)

Experiment 
Code

Concentration of 
HA (ng/μL)

Concentration of 
NA (ng/μL)

CT at 
68 °C 
(NA)

CT at 
76 °C 
(HA)

Difference 
between CT at 
68 °C and 76 °C

A1 1.0*10−07 0 — 22.5 —

A2 5.0*10−07 5.0*10−07 22.8 22.4 0.4 ±  0.3

A3 3.2*10−07 6.4*10−07 25.8 24.7 1.0 ±  0.5

A4 9.0*10−08 9.1*10−07 23.7 20.9 2.8 ±  0.3

A5 5.0*10−08 9.5*10−07 25.7 29.5 4.0 ±  0.4

B1 0 1.0*10−07 27.5 — —

B2 5.0*10−07 5.0*10−07 23.1 22.9 − 0.1 ±  0.8

B3 6.4*10−07 3.2*10−07 23.4 24.6 − 1.2 ±  0.1

B4 9.1*10−07 9.0*10−08 26.7 30.0 − 3.3 ±  0.3

B5 9.5*10−07 5.0*10−08 23.4 27.0 −3.5 ±  0.1

Table 2.  Overview of conducted experiments, found threshold cycles (CT) for both melting 
temperatures as well as the difference between both threshold cycles.
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for convenience as we have 100% control of the tool. In principle any commercial real-time PCR device 
would be capable of performing the same protocol as long as it has available fluorescent amplitude sam-
pling rate of 1kHz or higher and can process samples with small volume of a 1 μ L or below.
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