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Pyrosequencing on a glass surface†

Ana V. Almeida,abd Andreas Manzabd and Pavel Neužil*acd

We demonstrate the use of open-surface microfluidics to sequence DNA by pyrosequencing at the plain

hydrophobically coated surface of a microscope glass cover slip. This method offers significant advantages

in terms of instrument size, simplicity, disposability, and functional integration, particularly when combined

with the broad and flexible capabilities of open-surface microfluidics. The DNA was incubated on super-

paramagnetic particles and placed on a hydrophobically coated glass substrate. The particles with bound

DNA were moved using magnetic force through microliter-sized droplets covered with mineral oil to pre-

vent water evaporation from the droplets. These droplets served as reaction “stations” performing

pyrosequencing as well as washing stations. The resequencing protocol with 34-mer single-stranded DNA

(ssDNA) was used to determine the reaction performance. The de novo sequencing was performed with

51-mer and 81-mer ssDNA. The method can be integrated with previously shown sample preparation and

PCR into a single sample-to-answer system on a plain glass surface.

Introduction

Deoxyribonucleic acid (DNA) molecules carry the majority of
genetic information for all living species as well as viruses.
This information is coded in a sequence of nucleotides in the
DNA1 and the process to determine the precise order of nucle-
otides is referred to as sequencing.2 Classical Sanger sequenc-
ing is based on selective incorporation of chain-terminating
dideoxynucleotides by DNA polymerase during in vitro DNA
replication.3,4 This original method, as well as others devel-
oped later, has become an essential tool for many basic and
applied research applications.5 Sequencing instruments were
developed during the mapping of the entire human genome,
which was completed in 2003 (ref. 6). Since then, a number
of methods have been implemented in commercial DNA se-
quencers2,7 and they are now capable of rapidly sequencing
the whole genome. These are routinely used in microbial,8–10

DNA methylation,11 and single nucleotide polymorphism
(SNP) analyses.12 However, these systems are complex, typi-
cally bulky, and require qualified personnel to operate them.

A frequently used sequencing method is pyrosequencing.
This is a real-time sequencing-by-synthesis approach based
on the detection of the inorganic pyrophosphate (PPi) re-
leased during the DNA polymerization reaction.13–15 This cas-
cade of three enzymatic reactions is shown below:

(1)

(2)

where APS stands for adenosine 5′-phosphosulphate, ATP for
adenosine triphosphate, h is Planck's constant, ν is frequency
of emitted photons during the bioluminescent reaction, and
hν is its energy. The single-stranded DNA (ssDNA) is hybrid-
ized to a sequencing primer that can be immobilized on a
substrate, such as superparamagnetic particles (SPP) via a
biotin–streptavidin bond. In the presence of DNA polymerase,
nucleotides (dNTP) can be sequentially introduced to the sys-
tem and incorporated when complementary to the template
strand. The resulting amount of photons released is propor-
tional to the amount of ATP molecules generated. Unreacted
nucleotides as well as excess ATP can be removed by washing
before the next nucleotide addition.16,17 The sequence of the
template can be determined as the added nucleotide is
known. A disadvantage of this method is its short read length
of between 25 and 100 base pairs (bps) per template molecule.18
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Microfluidics emerged as a powerful new field in 1993, fol-
lowing its demonstration in miniaturized capillary electro-
phoresis19 and then by a flow-through polymerase chain reac-
tion (PCR).20 Nevertheless, both simple microfluidics systems
required vast external instrumentation. Gradually, the instru-
mentation was optimized and new, simplified approaches de-
veloped21,22 and microfluidics-based systems started to play
an increasingly important role in addressing the demand for
faster, more accessible and easier methods for applications,
including DNA sequencing technologies.23–25 Traditionally,
microfluidics devices were based on closed-channel systems
fabricated by lithography, etching, and bonding processes.
The process was complex and devices suffered from the for-
mation of air bubbles and their trapping. Motivated by ad-
vancements in point-of-care (POC) and home-care systems,
open-surface microfluidics (OSM) for biotechnology has been
recently gaining attention.26 This technique requires simpler
fabrication than traditional microfluidic chips, which elimi-
nates cleanroom processes, suppresses air bubble-related
problems, and offers user-friendly operation due to the de-
vice simplicity.

Sample manipulation and preparation were demonstrated
using magnetic particles in a closed system by integrating
various functions from a biological sample to DNA extraction
and purification.27 The same magnetic particle manipulation
was used with OSM, where undesirable water evaporation
was eliminated by sample encapsulation with mineral oil,
forming a “virtual reaction chamber” (VRC). A proof-of-
concept of this type of microfluidics was demonstrated by
PCR and sample preparation strategies.28–30 A number of
complex bioassays have been shown where droplets were self-
contained and operated as reaction chambers as well as sam-
ple transportation units.31 The mineral oil encapsulation ef-
fectively prevented sample evaporation for hours even at ele-
vated temperature.28 Extreme cases were demonstrated
earlier with water samples heated to ≈200 °C (ref. 32 and 33),
where no water evaporation from the encapsulated sample
was observed.

Here, we present an approach to perform three-enzyme
pyrosequencing using magnetically actuated VRCs by means
of the OSM concept. The reactions are conducted on a plain
microscope glass cover slip, thereby eliminating all micro-
fabrication steps involved in other microfluidic approaches.
These are performed on a disposable substrate, which makes
the platform significantly simpler than conventional micro-
fluidics with closed channels and pumps, OSM-type with surface
acoustic waves (SAW),34,35 or using electro-wetting techniques.36

Materials and methods
Materials

For pyrosequencing preparation, ≈100 μL of paramagnetic
particles M280 Dynabeads from Life Technologies, GmbH
(Germany) was washed three times and resuspended in 100
μL of binding buffer (≈10 mM Tris buffer pH ≈7.6, ≈2 M
NaCl, ≈1 mM EDTA solution and ≈0.1% Tween 20). All

chemicals were provided by Sigma-Aldrich, GmbH (Germany).
Amounts of ≈4 μg of biotinylated PCR amplicon in ≈100 μL
of H2O were added to the particles and incubated at ≈65 °C
for ≈15 min with periodic mixing for binding of the DNA.
The double-stranded amplicon was denatured by exposing
the beads to ≈100 μL of ≈0.5 M NaOH for ≈1 min. The
beads were then washed by NaOH followed by three addi-
tional washing steps in magnesium annealing buffer (≈20
mM Tris acetate, pH ≈7.6, ≈5 mM magnesium acetate) to
obtain ssDNA. The beads were resuspended in ≈100 μL of
magnesium annealing buffer prior to adding ≈5 μL of ≈10
μM sequencing primer for hybridization of the primer. The
solution was heated to ≈80 °C for ≈2 min and cooled back
to room temperature using a heat block to allow the primer
to hybridize. The bead/template/primer complex was washed
three times in pyrosequencing wash buffer as described be-
low; then, ≈15 μg of single-stranded binding protein (SSB) by
Promega, GmbH (Germany) was added and the mixture incu-
bated at room temperature for ≈10 min. The beads were
washed with pyrosequencing wash buffer and resuspended in
≈200 μL of pyrosequencing wash buffer to achieve a final
bead mass concentration of ≈5 μg μL−1. On the basis of the
manufacturer's specified binding capacity, it is estimated
that the ≈5 μL aliquot used in each sequencing reaction
contained between ≈150 and ≈460 pmol of template DNA.

Separate stock solutions were prepared for
pyrosequencing: washing buffer, enzymes, dNTPs, and DNA.
Pyrosequencing washing buffer was prepared by mixing 100
mM Tris acetate pH ≈7.6 with ≈0.5 mM ethyl-
enediaminetetraacetic acid (EDTA) pH ≈ 8.0, ≈5 mM magne-
sium acetate, and ≈0.01% Tween 20. Enzyme solution was
prepared with pyrosequencing washing buffer by adding
≈13.5 mU μL−1 ATP sulfurylase by New England BioLabs Inc.
(Germany), ≈1.5 μg μL−1 luciferase and ≈1.8 μg μL−1

D-luciferin by Sigma-Aldrich, GmbH (Germany), ≈6.9 U μL−1

Klenow (exo-) fragment by ThermoFisher Scientific, GmbH
(Germany), and ≈0.01% Tween 20, ≈18 μM stock solutions
of each dNTP by Thermoscientific, GmbH (Germany) was
added to pyrosequencing washing buffer with ≈15 μM APS
by Sigma-Aldrich (Germany), ≈3 mM dithiothreitol (DTT) by
Sigma-Aldrich, GmbH (Germany), ≈120 ng μL−1 single-
stranded binding protein (SSB), and ≈4.6 U μL−1 Klenow
(exo-) fragment.

Re-sequencing. We used a synthetic biotinylated 55-mer
sequence B-5′-GAT GAC TGT AAGG GGA GTC AAG GTG CAC
CTT TAG ACT GCC GTC GTT TTA CAA C-3′ and the sequenc-
ing primer 5′-GTA AAA CGA CGG CCA GT-3′.

De novo sequencing. Using nested PCR for biotinylation of
the amplicon (amplicon length 221 bps), a sequence from
the pfcrt 271 region from human genomic DNA was selected.
(Primers: external forward: 5′-GGC TAT GGT ATC CTT TTT
CCA A-3′; external reverse: 5′-CGA CTG TGT TTC TTC CCA
AG-3′; internal forward: B-5′-ATC CTT TTT CCA ATT GTT CAC
TTC-3′; and internal reverse: 5′-CGA AAC CAT TTT TTA TAT
TTG TCC-3′.) Sequencing was performed using the sequenc-
ing primer 5′-TTT CCT AAT TAA TTC TTA CG-3′.
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Long-read sequencing. We used a synthetic biotinylated
81-mer sequence B-5′-GTT TAC TCA TAT ATA CTT TAG ATT
GAT TTA AAA CTT CAT TTT TAA TTT AAA AGG ATC TAG
GTG AAG ATC CTT TTT GAT AAT CCT TTA AGA CTG CCG
TCG TTT TAC AAC-3′ and the sequencing primer 5′-GTA AAA
CGA CGG CAG TC-3′.

All primers and synthetic sequences were purchased from
Eurofins MWG Operon, GmbH (Germany).

Methods

Prior to pyrosequencing, DNA has to be extracted from the
sample, purified, and amplified by PCR. Most of these steps
are either labor-intensive or require complex robotic systems.
Except for pyrosequencing, all other necessary steps have
been previously integrated using the OSM concept.29,30 The
system proposed here is fully compatible with previous work,
thus, it is possible to be integrated later on into a single
“sample-to-answer” device.

The pyrosequencing experiments were conducted on a
glass cover slip as shown schematically in Fig. 1A. The ssDNA
bound to SPP was placed into a first station as shown in (a),
with a magnet underneath it. The particles are then dragged
(b) using magnetic force into the first (E) enzyme-containing
droplet. This droplet is in close vicinity with the (S + G) sub-
strate and nucleotide dGTP-containing droplet, thus, the
droplets merged and the pyrosequencing reaction sequence
was initiated. The particles are then dragged into the wash-
ing droplet. This washing droplet is at a larger distance from
the other droplets, so no merging of droplets occurs. The
washing steps were designed as the major determinant of
maximum read length via complete removal of

unincorporated or excess nucleotides at each step. We have
proposed washing the bead/template/primer complexes using
washing buffer to remove nucleotides as well as other reac-
tion byproducts between nucleotide additions. Subsequently,
the particles are dragged into another station (c) with two
droplets, one again with enzyme and the other one with sub-
strate and another nucleotide (dTTP).

A glass containing eight reaction stations is schematically
shown in Fig. 1B and a photograph of an actual setup with
16 stations in Fig. 1C as well as a single-loading and
unloading droplet containing DNA/primer/SPP. The droplets
were colored with ink to increase the contrast. The glass with
the dimension of ≈60 × ≈20 mm and thickness of ≈170 μm
was treated with 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(FAS17), making the surface highly hydrophobic, with a water
contact angle of ≈95°. The glass cover slip was placed on a
computer controlled X–Y stage. A disc-shaped neodymium
magnet with a diameter of ≈3 mm, model N45 mm by Super-
magnetic, GmbH (Germany) was placed underneath the glass
cover slip.

The DNA/primer/SPP complex was immobilized on SiO2-
covered SPP and moved through the individual reaction/
washing stations in the form of droplets using magnetic
force. These “stations” were formed by pipetting individual
droplets onto the glass covered with a mineral oil M5904 by
Sigma-Aldrich, GmbH (Germany), thereby preventing water
evaporation from reaction droplets. After a series of experi-
ments, the volumes of stations as well as oil covering them
are summarized in Table 1.

We placed a photomultiplier tube (PMT) model H10492-
001 from Hamamatsu Photonics K.K. (Japan) above the glass
aligned with the magnet underneath. Since the sample was

Fig. 1 (A) Representation of a typical nucleotide addition cycle. All droplets are covered with oil, thereby effectively preventing evaporation of
water from the sample as well as reagent degradation by oxidation. (a–c) Three phases of the pyrosequencing reaction. (B) Principle of the
experiment setup; (W) washing droplets; (E) droplets containing all the needed enzymes for the pyrosequencing reaction (S + G − T − C − A). (C)
Photograph of the setup consisting of the hydrophobically coated glass cover slip mounted onto a motorized X–Y translation stage with a
neodymium–iron–boron magnet fixed beneath the cover slip. The droplets contained color ink to increase the contrast.
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always attracted by the magnet and kept on the glass above
it, it was also directly below the PMT; thus, all reactions were
conducted at the sample location with respect to the PMT.
With this setup, both the magnet and the PMT were station-
ary while the glass was movable. The stage with the PMT and
magnet was placed in a black box to eliminate ambient light
noise. The PMT was equipped with an internal current-to-
voltage converter, with its gain adjusted to ≈0.7 V using a
custom made PMT controller setting the gain value to ≈105

as interpolated from a graph supplied by the manufacturer.
The PMT output was directly connected to the input of an os-
cilloscope model DPO 7054 provided by Tektronix, Inc. (USA)
to record optical power as a function of time.

The PMT voltage output as function of time captured by
an oscilloscope was processed using a custom written
MATLAB script. First, the data histogram based on frequency
data count was formed and its peak was used to determine
the signal baseline, which was subsequently subtracted from
the data. All peaks were identified and individually processed
to extract the values of maximum amplitude as well as their
areas under the curve (AUC). The AUC unit corresponds to
the electrical charge C, as it is time integration of electrical
current i from 0 s to t s:

(4)

where const is a conversion factor. It consists of a gain of
PMT and its transconductance amplifier and PMT efficiency
of ≈105, ≈1 μA V−1, and ≈85 mA W−1, respectively for light
wavelength of ≈550 nm.

Results and discussion

An initial series of experiments with and without a washing
step was conducted. Performing the pyrosequencing reac-
tions without the washing step resulted in a 30% carry-over
signal by the DNA/primer/SPP complex. Once the washing
step was incorporated, the carry-over signal was eliminated
(see Fig. S1 in ESI†); thus, each reaction was terminated with
a single washing step. As one can see from the results, once
the washing step was incorporated into the experiment de-
sign, no emitted light was observed from the sample, which
allows us to conclude that no significant amount of
chemicals were carried over.

For each experiment, we used new (hydrophobically
coated) glass cover slips to eliminate potential sample-to-
sample cross contamination, which is an advantage of having
a disposable and microfabrication-free platform.

We also tried to overcome the diffusion-dependent rate of
the pyrosequencing process by moving SPP within the droplet
during the reaction. The stage moved by ±≈2 mm along both
X and Y axes at the speed of ≈2 mm s−1, which shortened the
reaction time by a factor of almost 2 (Fig. S2 in ESI†). Ini-
tially, the signal peak amplitude was ≈1.00 V and its area
was ≈0.32 mC. Stimulated by stirring, the peak amplitude in-
creased to ≈1.99 V and the area dropped to ≈0.27 mC. The
AUC amplitude dropped to ≈85% of its original value while
the signal peak amplitude increased by factor of ≈2. The sig-
nal reached the baseline amplitude at time ≈275 s; thus, we
decided that keeping the reaction under the PMT for ≈300 s
should be sufficient.

Next, we performed a set of experiments to determine op-
timum DNA. We used ≈55 μg of beads and DNA concentra-
tion from ≈0.3125 pmol to ≈20 pmol. The DNA concentra-
tion of ≈1.25 pmol seemed to be optimum (Fig. S3–S7 in
ESI†). This concentration resulted in well-distinguished
groups for each number of nucleotide incorporation (Fig.
S4D and E in ESI†). The peak voltage and AUC amplitude
were (0.969 ± 0.227) V and (0.147 ± 0.021) mC (mean ± stan-
dard deviation) per single nucleotide incorporation, respec-
tively, with correlation coefficient of 0.959 and 0.896 for peak
voltage and AUC, respectively. This peak voltage signal was
≈100 times higher than the background noise while requir-
ing minimum DNA consumption.

As mentioned earlier, each glass cover slip can accommo-
date up to 16 reaction sets (washing + enzyme and substrate
droplets). Sequencing of more than 16 nucleotides then re-
quires multiple glass cover slip and the sample has to be
unloaded from one glass and loaded to another glass. These
loading/unloading stations were designed not to contain
matching nucleotides, thus, they also served as reference
points to determine the background signal. We pipetted out
the particles from the unloading station and transferred
them to another glass slip, with the aid of a magnet at the
surface of the pipette tip, into a loading station. Once the ex-
periments were completed, we calculated the AUC and peak
voltage amplitudes from 5 transfers in unloading and loading
stations and compared them with each other. We found that
the loading PMT peak and AUC amplitude were (0.79 ± 0.08)
V and (0.094 ± 0.005) mC (mean ± standard deviation), re-
spectively. Unloading PMT and AUC amplitude were (0.79 ±
0.11) V and (0.098 ± 0.014) mC (mean ± standard deviation),
respectively. The results during loading and unloading are
practically identical, proving successful beads transfer. This
information is crucial to verify that we can transfer beads
from glass to glass while maintaining the same amplitude of
emitted light due to nucleotide incorporation during DNA
sequencing.

We also tested the maximum number of homopolymeric
nucleotide additions per single incorporation (Fig. S8 in
ESI†). We observed that the amplitude of emitted light starts
to drop after incorporations of more than seven nucleotides.
We extracted the peak voltage and AUC amplitude of (1.451 ±
0.067) V and (0.175 ± 0.020) mC (mean ± standard deviation),

Table 1 Stations and covering oil volumes

Washing
droplet

Enzyme
droplet

Substrate and
nucleotide droplet

Droplet volume (μL) ≈10 ≈3 ≈2
Oil volume (μL) ≈2 ≈1 ≈1
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respectively, per single nucleotide incorporation. Peak voltage
amplitude provided more consistent signal than the one of
AUC. The signal level after each successive wash cycle could
also be diminished in the reaction complex because of the
loss or denaturation of either the DNA template or the se-
quencing primer.

The system was calibrated with DNA concentration of
≈1.25 pmol by performing a re-sequencing experiment
(Fig. 2). A glass cover slip was prepared with the dNTPs
placed in predetermined order, which were incorporated into
the complementary DNA strand resulting in a final 34-mer.
The sequence consisted of 21 single, 3 double, 1 triple, and 1
quadruple nucleotide incorporations, and 4 mismatches. We
had to use two glass cover slips with single sample transfer

from the first glass to the second glass. This system allowed
us to monitor emitted light of known nucleotide incorpora-
tion and to determine the reaction stability as well as repro-
ducibility as shown in typical pyrogram in Fig. 2A. The DNA/
primer/SPP complex was subsequently moved into a washing
droplet. The resequencing experiment was repeated five
times to suppress random errors and to demonstrate repeat-
ability shown by error bars in Fig. 2B. A mismatched event
was performed during the sample loading and unloading to
determine the background emission as marked by blue ellip-
ses (Fig. 2C). We found that both the peak voltage as well as
the AUC amplitude can be used for identification of the num-
ber of incorporated nucleotides. This is confirmed by the his-
tograms in Fig. 2D and E, each containing five groups

Fig. 2 (A) A typical pyrogram or resequencing. (B) Mean value of peak voltage and its standard error as function of reaction number. A mismatched
event was performed in the end of the run to determine the background emission (marked by blue ellipses). (C) Mean value of AUC and its standard
error as the function of the reaction. Frequency counts of average peak values (D) and AUCs (E) distinguish five groups according to the number of
incorporated nucleotides with a nearly perfect linear relationship. (F) Peak amplitude (blue circles – left axis) and AUC (red triangles – right axis) as a
function of the number of incorporated nucleotides with slope of (1.657 ± 0.140) V and (0.214 ± 0.026) mC for peak voltage and AUC, respectively.
The nonlinearity is small as the correlation coefficients are 0.972 and 0.944 for peak voltage and AUC, respectively. This linear relationship and stable
signal amplitude through the experiment demonstrated feasibility of the method as well as little or no loss of beads, DNA, or primers.
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separated from others. The PMT peak voltage and AUC am-
plitude are linearly proportional to number of incorporated
nucleotides. This linear relationship and stable signal ampli-
tude through the experiment demonstrated feasibility of the
method as well as little or no loss of beads, DNA, or primers.
Extracted peak voltage and AUC amplitudes for single nucleo-
tide incorporation were (1.667 ± 0.140) V and (0.213 ± 0.026)
mC (mean ± standard deviation), respectively (Fig. 2F). The
background peak voltage value and AUC amplitudes were
only (0.799 ± 0.079) AUC and (0.010 ± 0.012) mC (mean ±
standard deviation), respectively, well below the signal for
single nucleotide incorporation.

The order of reaction stations for resequencing is
designed to match the sequence and incorporate
nucleotideĲs) in each reaction. Presence of a single nucleotide
polymorphism (SNP) is detected as a missing reaction and
there will be no nucleotide incorporation once the SNP oc-
curs. The first and last reactions at each glass surface are
performed with mismatched nucleotides during sample load-
ing/unloading to detect a background signal and calibrate
the system. Once there is a nucleotide mismatch detected
during resequencing, the signal will be either stronger than
expected (in the case of incorporation of an identical nucleo-
tide), or as intense as the background signal with no incorpo-
ration. In the latter case, the pyrosequencing would stop
there but the user would know that there is at least one SNP
in the tested sequence.

Demonstrating the capability of pyrosequencing method
at the glass surface was conducted by performing de novo se-
quencing experiment with a DNA template with the length of
51 bps. The sequence consisted of 16 single, 9 double, 2 tri-
ple, 1 quadruple, and 1 quintuple nucleotide incorporations,
and 30 mismatches. We performed the experiment with four
nucleotides added in a repeated cyclical fashion having 70 re-
action stations. This experiment required five glass cover
slips and took less than seven hours (Fig. 3A) and was
conducted again five times to suppress random errors. The
captured signals were processed the same way as in the previ-
ous experiments (Fig. 3B and C). In addition, histograms of
both extracted values (Fig. 3D) show better grouping of the
peak voltage amplitude than that for AUCs (Fig. 3E). The sig-
nals' peak voltage amplitudes in each group are relatively far
from other groups, thus, distinguishing each group is an easy
task. The extracted data presented here enabled an accurate
sequence determination of all 51 bases. Extracted peak volt-
age and the AUC amplitude show they are linearly propor-
tional to the number of incorporated nucleotides (Fig. 3F).
The value of peak voltage and AUC amplitude are (1.605 ±
0.068) V and (0.213 ± 0.021) mC (mean ± standard deviation),
respectively. Again, the peak voltage signal shows better sta-
bility than the AUC as marked by blue ellipse at Fig. 3F,
where the signal for the four incorporated nucleotides is
practically identical to the one for three incorporated
nucleotides.

As a final experiment, we tried to incorporate a sequence
with length of 81 nucleotides performed in 104 reactions in a

single measurement using de novo sequencing configuration.
The sequence consisted of 35 single, 8 double, 4 triple, 2 qua-
druple, and 2 quintuple nucleotide incorporations, and 53
mismatches. The experiment required seven glass cover slips
and took less than 10 h (Fig. 4A). Extracted peak voltage and
AUC amplitudes were (1.495 ± 0.117) V and (0.182 ± 0.027)
mC (mean ± standard deviation), respectively (Fig. 4B and C).
The signal per incorporated nucleotide is again well above
the background of (0.794 ± 0.117) V and (0.102 ± 0.021) mC
(mean ± standard deviation) for peak voltage and AUC ampli-
tudes, respectively (Fig. 4D). The method presented here is
then capable of incorporating 81 nucleotides and, as the
PMT signal is has consistent amplitude per nucleotide incor-
poration, there is high probability that even greater number
of nucleotide can be incorporated. As observed in previous
experiments, peak voltage provides more consistent data than
the one of AUC amplitude. The amplitude of AUC for four in-
corporated nucleotides was higher than the one for 5 nucleo-
tides as marked by arrows in the histograms in Fig. 4E and F.

Overall, we observed that the peak voltage amplitude pro-
vided more consistent data than the one of the AUC. The
peak voltage amplitude per nucleotide incorporation varied
between (1.354 ± 0.075) V, (1.657 ± 0.140) V, (1.605 ± 0.068) V
and (1.339 ± 0.145) V (mean ± standard deviation) homopoly-
meric stretches (Fig. S8 ESI†), re-sequencing (Fig. 2), de novo
sequencing of 51 (Fig. 3), and 81 nucleotides (Fig. 4), respec-
tively. The differences are probably caused by slight uncer-
tainty in concentration of chemicals due to manual pipetting
as well as temperature fluctuation. Sample preparation was
time-consuming and experiments were performed on differ-
ent days.

Conclusion

We have demonstrated a simple pyrosequencing system for
both de novo and re-sequencing using open surface micro-
fluidics with magnetic force actuation on a microscope glass
cover slip surface without any surface patterning. The drop-
lets were covered with mineral oil, thereby forming virtual re-
action chambers. An oil layer was able to sufficiently sup-
press water evaporation from the sample. As a proof of
principle, we designed a robust system with a high signal-to-
noise ratio of more than 500 : 1. The ratio of an output signal
from PMT to its noise is given by reagents, such as back-
ground reactions of substrates, as well as by the ambient
light leakage into the PMT system. We observed small, yet
constant, light leakage into the system, which affected the
PMT output signal.

The peak signal amplitude per nucleotide incorporation
was between 1 and 2 V while noise superposed at the signal
was below ≈4 mV. The PMT gain was nearly one hundred
times lower than its maximum. This large margin in the test-
ing setup suggests that the system has room for improve-
ment, such as increasing its throughput by significantly de-
creasing the droplet size, probably down to nL level.
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We showed a series of experiments starting with re-
sequencing providing excellent stable signal with small stan-
dard error of the peak voltage amplitude of ≈8.4% per nucle-
otide incorporation. Loading and unloading stations with on
purpose introduced mismatch provided signal with ≈50%
amplitude lower than the one with nucleotide incorporation.
The system might then become a suitable tool for SNP analy-
sis using this re-sequencing strategy.

We also performed successfully a de novo pyrosequencing
experiment with 51 and 81 nucleotide incorporations. The

signal degradation with time of number of nucleotide incor-
poration was minimal; therefore, we can hypothesize that
even greater numbers can be incorporated. Increasing the
number of sequencing experiments to five suppressed ran-
dom errors and improved reliability of the method.37,38

The system presented here has a flexible configuration
that can be used for either de novo sequencing or re-
sequencing. These applications can also be altered in real-
time based on the instantaneous results. The presented
method offers significant advantages in terms of instrument

Fig. 3 (A) A typical pyrogram of de novo sequencing. (B) Mean value of peak voltage and its standard error as function of reaction number. A
mismatched event was performed in the end of the run to determine the background emission (marked by blue ellipses). (C) Mean value of AUC
and its standard error as function of reaction. Frequency counts of mean peak values (D) distinguish five groups according to the number of
incorporated nucleotides. Mean values of AUC (E) are not as well defined as the ones for peak values. Amplitude of AUC for four nucleotide
additions (marked by an ellipse) is higher than the one for five. (F) Peak amplitude (blue circles – left axis) and AUC (red triangles – right axis) as
function of number of incorporated nucleotides with slope of (1.605 ± 0.068) V and (0.213 ± 0.022) mC for peak voltage and AUC, respectively.
The peak amplitude is linearly proportional to the number of incorporated nucleotides with correlation coefficient of 0.991. The same coefficient
for AUC is 0.953. The peak signal amplitude provides more consistent output than the one for AUC.
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size, simplicity, disposability, and achievable levels of func-
tional integration.

The system should be further optimized to increase the
throughput and significantly shorten the time required for
each reaction. The process is controlled by the diffusion of
individual compounds assisted by simple mixing. Decreasing
the sample volume as well as elevating the system's tempera-
ture would make the reaction faster and lead to more favor-
able time required for each pyrosequencing experiment.

An automated pipetting station followed by a lyophiliza-
tion step also would make this method more user friendly as
operators would only require to dispense an appropriate

amount of de-ionized water at pre-defined reaction and wash-
ing locations and cover those droplets with mineral oil.

The system presented here is compatible with previously
designed PCR as well as sample preparation systems. In fu-
ture, one could create a single complex sample-to-answer sys-
tem starting with a raw sample, DNA release, its purification,
PCR, and pyrosequencing.
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