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Abstract: This contribution presents exemplary 
approaches on how to improve the most time-limiting 
part of polymerase chain reactions, the heating and 
cooling steps. A new technology, Laser PCR®, prom-
ises to deliver a solution fast enough for point-of-care 
applications.
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Zusammenfassung: Dieser Beitrag zeigt beispielhaft 
Ansätze zur Beschleunigung der zeitlimitierenden Heiz- 
und Kühlschritte der Polymerase-Kettenreaktion auf. 
Eine neuartige Technologie, Laser PCR®, verspricht dabei 
schnell genug zu sein, um auch Point-of-Care Anwendun-
gen zu ermöglichen.

Schlüsselwörter: Laser PCR; PCR; Point-of-Care Testing 
(POCT); pulse activated amplification.

Point-of-care testing requires fast 
turn-around time, ease of use, and 
laboratory-like performance
The need for molecular diagnostics is increasingly at the 
point of care (POC), where ease of use, laboratory-like per-
formance and speed are needed to make time-sensitive 

clinical decisions. Molecular diagnostics, in particular 
nucleic acid amplification tests (NAATs), play an impor-
tant role in efficient treatment of infectious diseases, and 
have also become an integral part of cancer typing, blood 
screening, genetic testing, and other molecular applica-
tions. Point-of-care testing (POCT) is still dominated by 
immuno-diagnostics such as lateral flow dipstick tests, 
even though these assays most often cannot match the 
sensitivity and specificity of NAATs. On the other hand, 
NAATs have been known for being rather laboratory-
bound, costly and time-consuming, and thereby having 
limited applications in hospitals, doctors’ offices, and 
field-testing.

Thermal cycling limits the use 
of conventional PCR at the POC
The core technology behind most molecular tests is 
 polymerase chain reaction (PCR). The principle of PCR is 
based on amplification, detection, and if required, quanti-
fication of the target DNA and/or RNA. The challenge with 
PCR lies in its more complex handling as compared with 
dipstick assays, extensive costs (primarily for the addi-
tional work-flow steps and the costly enzyme needed) and 
lengthy turn-around-times of typically an hour or more. 
Especially for POCT, it is a necessity to have fast and easy-
to-use tests that show very accurate results in <15 min.

Integral to PCR are the applied 30–40 cycles of heating 
and cooling of the reaction liquid. These thermal cycling 
steps allow for DNA denaturation, primer annealing, and 
DNA elongation by the DNA polymerase. Performing tem-
perature ramps between high and low temperatures is the 
most time-limiting aspect of a PCR. Besides accounting for 
the cycling of the temperature of the bulk reaction liquid, 
the thermalization of the heating and cooling element 
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and the contacted walls of the reaction vessel also drag 
the reaction time.

At this time, only a few instruments are available for 
near-patient molecular testing, and these mostly still do 
not deliver on ease of use, time-to-result and/or sensitiv-
ity. However, an increasing number of technological inno-
vations are pushing the boundaries of PCR in terms of 
speed and usability for POCT.

Approaches to manage PCR thermal 
cycling
Research groups and companies have introduced various 
concepts and products to manage thermal cycling in PCR 
assays. The most simple and widespread approach is to 
limit the reaction volume to a few microliters, leading to a 
high surface-to-volume ratio for increased thermalization. 
However, this also limits the volume of the sample that can 
be added, such as eluted nucleic acids from an upstream 
sample preparation step, which can have implications for 
overall assay sensitivity. Other approaches to address the 
issue of thermal cycling have included modified reaction 
vessel formats and geometries; increasing thermal conduc-
tivity of the thermal block; heating and cooling the reaction 
liquid more directly; and using differently pre-heated tem-
perature zones for the vessel or the liquid.

Measures aimed at optimizing reaction vessel geome-
try, e.g. by using elongated reaction tubes have been imple-
mented in several commercially available instruments. 
This includes the thin capillaries for the first LightCycler® 
instruments (Roche Diagnostics International AG, Rot-
kreuz, Switzerland). In addition, to improve heat transfer 
from a thermal block to the sample, multiple companies are 
now offering reaction tubes with very thin walls (e.g. Alpha 
Laboratories Ltd., Eastleigh, UK) as another approach to 
achieve improved thermal cycling times. A further issue 
stems from unsatisfactory conductivity and responsiveness 
of the thermal block, which holds the reaction vessels. To 
circumvent this, efficient thermal blocks have been devel-
oped in highly conductive materials such as solid silver, 
with gold coating (e.g. Speedcycler  2 from Analytik Jena 
AG, Jena, Germany). An alternative approach has been to 
employ magnetic induction of a more light-weight thermal 
block, allowing for very precise temperature control and 
homogeneity, as can be found in the Mic qPCR cycler (Bio 
Molecular Systems Pty Ltd., Upper Coomera, Australia).

As an alternative to the thermal block, other solutions 
for rapid thermal cycling rely on heating and cooling the 
PCR reaction differently. Several approaches are promising, 

and some are already put into practice commercially. The 
xxxpress® PCR cycler (BJS Biotechnologies Ltd., Perivale, 
UK), employs dedicated, resistive heating plates and air-
cooling for fast cycling. Yet another approach can be seen 
in the aAmp® cycler (AlphaHelix Technologies AB, Klippan, 
Sweden) where air-flow controlled cooling of the reaction 
sample is combined with an added infrared light to directly 
heat the reaction liquid. In addition, several approaches 
have relied on physically moving the PCR sample through 
distinct temperature zones. Continuous Flow PCR, for 
example, is typically based on moving the sample continu-
ously forward in a meandering channel that is in contact 
with thermostatic temperature zones on a microfluidic chip 
[1]. Another technique employs wire-guided, or magneti-
cally guided, droplet PCR. For example, researchers were 
able to detect H1N1 influenza A virus by using a prototype 
instrument that moved a droplet of PCR reaction volume in 
an oil bath alternating across differently heated areas [2]. 
An interesting proof-of-concept approach makes use of 
quickly changing the temperature of the reaction sample 
by contacting it, via a thin glass slide, with differently pre-
heated liquids that get injected alternately into an adjacent 
chamber [3]. A combination of vessel geometry and custom-
ized thermal blocks can be found in the “NG-PCR” labora-
tory instrument (Molecular Biology Systems B.V., Goes, The 
Netherlands), which does not push capillaries, but rather 
customized PCR plates with thin walls to differently pre-
heated temperature blocks.

Carl Wittwer, pioneer of Real-Time PCR instrumenta-
tion, and his collaborators, achieved outstanding thermal 
cycling results by flipping a thin capillary repeatedly from 
a cold-water bath to a hot water bath. This “Extreme PCR” 
showed results after a cycling time of <1 min [4]. While the 
reaction volume was limited to 1–5 μL, the fundamental 
PCR reagents, including DNA polymerase and primers, 
were applied in concentrations 15–20 times higher than in 
conventional PCR, potentially limiting the practical and 
economic point-of-care applications of this approach.

Approaches that bypass thermal 
cycling
Last but not least, isothermal amplification technologies 
do not rely on time-consuming heating and cooling steps 
at all, but rather on enzymatic activity to separate DNA 
double strands. Isothermal amplification methods include 
nucleic acid sequence based amplification (NASBA), 
transcription-mediated amplification (TMA), strand dis-
placement amplification (SDA), loop-mediated isothermal 
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amplification (LAMP), helicase-dependent amplification 
(HDA), recombinase polymerase amplification (RPA), and 
rolling-circle amplification (RCA) methods [5–11]. Of the 
aforementioned approaches, LAMP has found a particular 
widespread implementation into assays [12, 13]. However, 
in general, LAMP assays require four to six primers, 
leading to longer amplicons and possibly more difficult 
design in the case of highly variable targets.

It seems noteworthy that for one isothermal variant, 
Recombinase Polymerase Amplification, owned by Twist 
Dx Ltd. (Cambridge, UK), numerous real-time assays have 
been reported, with remarkably fast processing time and 
high sensitivity (e.g. [14, 15]). Another advantage of RPA 
is that the reaction mixtures containing enzymes, nucleo-
tides, and buffer can be provided in dried pellets, which 
is amenable to POC or field use. The only ingredients 
that need to be added are primers, probe, and sample. 
However, the longer probes required for RPA can also pose 
a design obstacle.

On the whole, the various approaches to isothermal 
amplification often comprise comparatively long and 
complex primers, more than one primer pair per target 
sequence, and enzyme mixture [16]. Thus, assay design 

can be tedious, while sensitive, quantitative, and/or multi-
plexed detection is only possible with a limited number of 
these formats.

To combine the above approaches with a suitable 
PCR sample preparation, microfluidics has also come into 
play, allowing for integrated and disposable – and thus 
contamination-safe – chips or cartridges. A recent lit-
erature review [17] delivers an important overview on the 
developments dealing with PCR in microfluidics.

Novel approaches for the POC
There are currently several commercial systems intended 
for near-patient testing, where some of the mentioned 
techniques for fast PCR have been employed in com-
bination with integrated sample preparation. These 
include the GeneXpert® system (Cepheid Inc., Sunnyvale, 
CA, USA); FilmArray® (bioMérieux S.A., Marcy-l’Étoile, 
France); cobas LiaT® (Roche Diagnostics International AG, 
Rotkreuz, Switzerland); and Alere i® (Alere Inc., Waltham, 
MA, USA). The GeneXpert cartridge and the FilmArray 

A

B

C

Figure 1: Schematic depiction of pulse controlled amplification of nucleic acids by laser PCR.
Laser PCR operates on the principle of pulse controlled amplification (PCA). A high-power laser beam is rapidly pulsed through the PCR reac-
tion to selectively and specifically irradiate gold nanoparticles. Heat generated by the nanoparticles during laser pulsing dissipates directly 
into the solution by a steep temperature gradient, effectively heating up only primers or amplicons bound to their surface. As soon as the 
laser beam stops illuminating the nanoparticles, they immediately cool down to the set temperature of the reaction solution. Therefore, the 
bulk liquid of the reaction serves as a built-in cooling reservoir. Rendered images (Panels A, B and C) show the Pulse Controlled Amplifica-
tion principle on the nano scale. Panel A) In the Laser PCR® reaction mix, gold nanoparticles (yellow) are functionalized with target-specific 
primers (light green); (B) the DNA target (red) anneals to the specific primer on the gold nanoparticle, and DNA polymerase binds for elonga-
tion; (C) a laser beam scanned over the sample excites all nanoparticles leading to localized heating and denaturation of amplicons. Effec-
tively, this reaction follows a two-step temperature protocol, allowing nearly instantaneous thermal ramps and ultra-fast PCR reaction times.
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pouch both have thin foils covering the reaction liquid, 
facilitating efficient heat transfer. The cobas Liat system 
performs fast PCR reactions by pressing the reaction 
sample forth and back with two differently pre-heated 
stamps, in a straw-like tubing device with frangible seals. 
The Alere i system relies on fast isothermal amplification, 
but the first commercial assays showed clinical sensitiv-
ity somewhat lower than conventional PCR. These are all 
promising approaches, but do not necessarily meet all 
requirements of POC-enabled molecular diagnostics.

One major market demand is to achieve ultra-fast 
and highly sensitive results, so that physicians can react 
almost instantly after patient contact to make clinical 
decisions. Other factors have to be considered as well, 
especially the footprint of the instrument, easy operation 
by all clinical staff (a relevant approximation being the 
CLIA-waived status in the US, CLIA, Clinical Laboratory 
Improvement Amendments), the integrated processing 
of samples large enough to detect the relevant markers or 
pathogens, and cost-efficiency.

Laser PCR®: expanding the possi-
bilities at the POC
While many approaches have been implemented to 
address thermal cycling and consequently speed of PCR 
reactions, all except isothermal amplification have been 
focused on the mechanics of cooling and heating the PCR 
sample. Here we present a novel approach, Laser PCR, 
specifically designed for time-sensitive molecular diag-
nostics applications.

Laser PCR developed by GNA Biosolutions GmbH 
(Martinsried, Germany) operates on the principle of pulse 
controlled amplification (PCA) of nucleic acids on function-
alized nanoparticles. Laser-activated PCA triggers nearly 
instantaneous heating and cooling ramps locally, while the 
bulk of the reaction is held at a constant temperature. Laser 
irradiation of colloidal nanoparticles (preferably made of 
gold) enables the local and ultra-fast heating of the homoge-
neously dispersed nanoparticles, given that the laser wave-
length and the plasmonic absorption properties of the gold 
nanoparticles match. The laser heats up the nanoparticles 
(in picomolar concentrations) in short pulses (e.g. micro-
seconds), thereby keeping the bulk reaction temperature 
largely unchanged during nucleic acid amplification. By 
effectively restricting thermal cycling to the nanoparticle, 
with the primers attached to the nanoparticle’s surface, 
Laser PCR can achieve heating and cooling cycles a million 
times faster than conventional PCR (Figure 1).

Increased speed should not of course come at the 
expense sensitivity. Laser PCR can generate pulse controlled 
amplification of as few as 10 spiked target DNA copies in 
under 10 min in its current state of development (Figure 2). 
Laser PCR here was combined with reporter probes and 
real-time fluorescence detection. Existing commercially 
available hydrolysis probe assays, and other probe-based 
assay formats, can be easily combined with Laser PCR.

Importantly, the sensitivity observed in target-spiked 
Laser PCR experiments can be seen also in large-volume 
reactions (Figure 3). For example, as few as 10 target 
copies of genomic DNA purified from MRSA were ampli-
fied and detected in real time in a reaction volume of 
100 μL (Figure 3). This is especially important in the POC 
setting where samples may require dilution and flexibility 
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Figure 2: Sensitive Real-time detection of the bacterial resistance 
gene mecA by Laser PCR®.
A dilution series of 10 to 10,000 target copies of extracted genomic 
DNA of methicillin-resistant Staphylococcus aureus (MRSA) was 
detected by Laser PCR (NTC, no-template control).
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Figure 3: Sensitive, large-volume Laser PCR® detection.
In a reaction volume of 100 μL, Laser PCR detected 10 target copies 
of mecA, purified from genomic DNA of MRSA (NTC, no-template 
control).
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of processing. Further optimization regarding base line 
corrections, and means for quantification, will be imple-
mented in the future. Since the technology uses probe-
based detection, multiplexing is possible by adding more 
fluorescence channels, but not shown at this stage of 
development.

The first Laser PCR instrument, the Pharos® V8, will 
be commercially available at the end of 2017. This system 
will be operated with conventional 8-strip PCR tubes, and 
can be combined with any conventional sample prepara-
tion system. A universal Laser PCR mix with nanoparticles 
for DNA and RNA assays will be available through GNA 
Biosolutions, to enable real-time assays on the Pharos® 
V8 platform. Laser PCR technology will be adapted to the 
needs of POCT in the near future by offering the whole 
workflow integrated in a disposable cartridge. The joint 
research project KAREL (grant number 13GW0154 [18]) pro-
vides a first glimpse into this sample-to-result approach 
(Figure 4). Pending further results, we anticipate Laser 
PCR will be able to detect MRSA at the hospital admission 
setting before the patient has even entered the ward.

Conclusions
A variety of technical approaches aim at making PCR 
fast and convenient enough for point-of-care testing. 
However, conventional PCR is limited in terms of process-
ing time and reaction volume due to the time-consum-
ing thermal cycling required to heat and cool the bulk 
reaction liquid. By overcoming the limitation of thermal 
cycling, Laser PCR® is well-suited to the time-sensitive 
realities of patient care in acute care settings and has the 
potential to create new possibilities for molecular diag-
nostics at the POC.
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