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Agirregabiria™®.

This paper describes a bead beating-based miniaturized cell lysis device that works in
continuous flow allowing the analysis of large volume of samples without previous treatment.
A permanent magnet along with zirconium/silica beads were placed inside a lysis chamber
fabricated with cyclo-olefin polymer (COP) by a fast prototyping technique, and the actuation
of an external magnetic field caused the motion of the beads within the chamber.
Characterisation of the lysis process was carried out using Staphylococcus epidermidis as the
target cell and showed that both small bead size and large volume, along with the presence of
Tween 20 and low flow rate influenced significantly device performance. Taking into account
the compromise between time consumption and efficiency, 60 pL/min lysis flow rate was
chosen as optimum yielding 43% lysis efficiency relative to off chip bead beating.
Compatibility with injection moulding manufacturing techniques and capability of working in
continuous flow, make this device a potential DNA extraction method suitable for lab-on-a-

chip applications.

1. Introduction

Early detection of microorganisms is required in many health-
related fields to avoid possible infections'. Traditional gold
standard methods for bacteria identification and counting in
microbiology have relied on culture-based diagnostics>>, which
is a time consuming method. On the other hand,
deoxyribonucleic acid (DNA) detection kits have appeared as
commercial alternatives*®. Nevertheless, these comprise many
sample manipulation steps and need a qualified worker,
deriving in potential cross contamination risks. The solution to
overcome these limitations arises in integrating different
analysis steps (i.e. sample preparation, DNA amplification and
detection) into an automated lab-on-a chip (LoC) device.

The accepted method to amplify and detect DNA molecules is
real-time polymerase chain reaction (qPCR), a sensitive
technique suitable for microfluidic integration”®. Its
performance depends on previous DNA extraction from target
cells, which in turn is cell wall disruption dependent, especially
working with microorganisms that show resistivity to lyse such
as gram positive bacteria and fungi®'°.

Many works have reported microfluidic integrated DNA
extraction methods. They can be roughly classified into two
main groups: chemical methods and physical methods.

Chemical methods release cellular DNA by solubilising membrane
lipids and proteins using chaotropic agents such as guanidine
thiocyanate'''? and biological enzymes'>. They are easy to
implement as they do not need any additional equipment. However,
a prior mixing step is needed and this can be difficult to achieve on
chip as the flow regime is laminar. Furthermore, the employed
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chemicals can inhibit subsequent downstream reactions, thus a
thorough cleaning step is necessary'*.

Generally, physical methods require additional hardware
components that increase complexity for microsystem integration.
Conversely they present many advantages, since they do not leave
residual substances, are faster and more efficient. Several physical
lysis methods have been reported based on thermal treatment'®,
sonolysisl6, electroporation”, laser induced cell wall disruption18
and mechanical lysis'’. Among them, mechanical lysis based on
bead beating is the commonly used method working with hard to
lyse samples because of its effectiveness and reproducibility®.
Considering these advantages, Claremont BioSolutions has worked
on different devices capable of lysing gram positive bacteria (B.
Subtilis and M. Bovis) achieving efficiencies as high as benchtop
products within 2 minutes***>. However, such products also present
some drawbacks; OmmiLyse Bead Blender is an off-chip device and
Micro Bead-Beater requires tubes and pertinent connections for
sample transport, hindering integration into a monolithic sample to
answer system.

Some authors along the line have successfully implemented the
bead beating strategy into microfluidic systems. Siegrist et al®
adapted potential advantages of centrifugation into a microfluidic
compact-disc labcard. The rotation of the chip actuated a permanent
magnet located in the lysis chamber, causing intense mixing and
subsequent collision between beads and cells. Nonetheless, sample
volume was limited by the chamber volume (70 pl). Hwang et al**
concentrated high volume of bacteria samples employing
functionalized glass beads packed in a chamber and achieved lysis
by pneumatic vibration of an elastomeric membrane of PDMS.
Although this material is a good candidate for fabricating
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microfluidic prototypes by moulding, it also presents several
disadvantages: (i) its aging affects the mechanical properties, (ii) it
can release undesired contaminants to the sample that can be harmful
for biological reactions if bad cross-linking process occurs and, (iii)
it is not the best material for mass production. From a commercial
point of view, polymers such as cyclic olefin copolymer (COC) or
COP are the most suitable materials due to their compatibility
with injection moulding fabrication techniques as well as their
biocompatibility.

In this work we present a microfluidic device made of COP
that combines a magnetic stirrer and bead beating features for
cell wall disruption of hard to lyse microorganisms. The system
is thought to be used in applications which require large sample
volumes, such as nasal, oral and water bacteria analysis. In
order to minimize time consumption, our system works in
continuous flow performing lysis at flow rates ranging from 30
pL/min to 180 puL/min. Its capability to process large volumes
avoids previous off-chip treatment and the use of both chemical
reagents and heat which can inhibit downstream PCR reactions
and/or protein analysis.

2. Materials and methods

2.1. Device fabrication

The cell lysis device was fabricated by a fast prototyping
technique resulting in a monolithic microfluidic structure®. It
consisted of self-alignment folding, stacking and bonding of
100 pm thick COP foils (ZEON chemicals) previously
structured by a cutting plotter (GRAPHTEC FC8000-601). A
schematic layout and a digital picture of the chip are depicted in
Figure 1. Zirconia/silica beads (BioSpec) and a NdFeB stirring
permanent magnet (Supermagnete) (1.3x1.3x6 mm) with radial
magnetization were accommodated in a lysis chamber of 115
pL and sealed with pressure sensitive adhesive (Progene from
Ultident). The lysis chamber connected the sample inlet and
outlet via 400 pm high channels that became narrower, down to
100 um just before reaching the chamber. In this way, chamber
outlet and inlet showed low fluidic resistance and worked as
bead weir at the same time, since the smallest beads were larger
than 100 pm in diameter. Luer connectors made by
stereolithography were used for the fluidic connections to the
sample inlet and outlet.

Luer connector

Silica beads
Stirring magnet

Sample outlet

Figure 1 Bead beating device: (a) schematic illustration with all the
components: 1) inlet, 2) outlet, 3) stirring magnet, 4) zirconia/silica
beads, 5) bead weir, 6) rotating magnet and 7) electric motor coupling.
(b) digital image of the system ready to lyse.
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2.2. Experimental set-up

A permanent magnet (12 mm in diameter and 4 mm long
cylindrical body) with radial magnetization coupled to an
electrical motor (Maxon A-max, 12 mm in diameter and 21 mm
long) was located in the vertical axis of the chamber (see Figure
1 (6) (7)). The distance between the rotating magnet and the
bottom of the chip was 4 mm.

The chamber inlet was connected to a syringe containing the
sample via a Luer connector, whereas the outlet was connected
to an empty syringe. The plunger of the sample syringe was
computer controlled displaced at a determinate flow rate by a
mechanical pusher. While the sample flowed through the
system, the magnet was rotating due to the magnetic field
rotation caused by the permanent magnet coupled to the
electrical motor. Hence, a bead beating-based bacteria lysis
device in continuous flow was achieved. The lysate product
was recovered in the outlet syringe.

2.3. Cell strain and culture

Gram positive staphylococcus epidermidis (ATCC# 12228TM)
was used for the verification and optimization of the system.
Strains were grown for 5 hours under aerobic conditions at
37°C using trypticasein soy agar sheep blood plates. Grown
colonies were recovered with a sterile Digralsky spreader and
resuspended in 1 mL of phosphate-buffered saline (PBS).
Resuspended cells were twice harvested by centrifugation at
5000 rpm for two minutes and washed with PBS in order to
eliminate supernatant DNA. Bacteria concentration was
calculated from plate counting by plating 10 fold dilutions, and
required dilutions were done with 20% glycerol-PBS to a final
concentration of 107 and 10° cfu/mL. These solutions were
divided into 100 pL aliquots and stored at -80°C.

2.4. DNA extraction

Frozen bacteria aliquots were thawed at room temperature and
diluted 1:10 in PBS. Syringes were filled with 450 pL of
sample and connected to the Luer connector of the device. The
plunger pusher was actuated and when the suspension wetted
the chamber, the electric motor was switched on. The lysate
recovered in the outlet syringe was stored in the fridge until its
analysis in the thermocycler.

2.5. Real time PCR amplification

Real-time polymerase chain reaction was performed on a
Biorad CFX96 Touch for DNA detection by targeting a nucleic
acid metabolism related gene (gmk) of S. epidermidis®. The
reaction mixture was composed of 10 pL Premix Ex TaqTM
(Takara), 2 pL of primers and probe with a final concentration
of 500 nM and 250 nM, respectively 4 puL of nuclease free
water and 4 pL sample, yielding an amplicon of 93 bp. Primers
and probe were purchased from IDT (Table 1). Cycling
conditions were: 90 s at 95°C (initialization), 40 cycles of 15 s
at 95°C (denaturalization) and 45 s at 59 °C (annealing and
elongation).

Purified genomic DNA (12228D-5™) was used to build an
external standard curve to quantify lysis performance and
validate linearity in the operating concentration range.
Efficiency of the qPCR was calculated by plotting the cycle
threshold versus the logarithmic concentration of the standard
DNA in 4 consecutive days, yielding 100 + 0.1% efficiency.
The cycle threshold was set at 100 arbitrary units for all the
experiments.

This journal is © The Royal Society of Chemistry 2012
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Table 1. List of primers and probe sequences used in qPCR reactions for different microorganism targets.

Microorganism Forward 5°-3"

Reverse 5°-3 Probe 5°-3°

Staphylococcus epidermidis®™  CAACAAGACGTTCTTTCAAGTCATCT

Methyecillin resistant
2 CATTGATCGCAACGTTCAATTT
staphylococcus aureus

Streptococcus uberis?® AGAGGAATTCATCATGTTTTAACA

/56-FAM/ATGCGTTGT/ZEN/TCATA

AAGGTGCTAAGCAAGTAAGAAAGAAATT

TTTTTAGCGCCTCCA/3IABKFQ/

/STET/TGGAAGTTA/ZEN/GATT
TGGTCTTTCTGCATTCCTGGA
GGGATCATAGCGTCAT/3IABKFQ/

/56-FAM/AGCGTCTAACAAC
AATTGTAGAAGAACCATTTGATGT
TCGGCCTTTG/3IABKFQ/

2.6. Lysis efficiency

Lysis efficiency was calculated relative to a well established
off-chip lysis method®’. 250 uL sample along with 650 mg
zirconia/silica beads of 100 mm in diameter were added to 2-
mL tubes and vortexed for 2 minutes in triplicate. Bacteria
concentration was measured by plate counting before and after
bead beating, showing that this off-chip method was capable to
lyse >99% of the initial colony forming units. This method was
considered 100% efficient.

On the other hand, qPCR efficiency resulted close to 100%,
which means that in each cycle the DNA concentration was
doubled. Therefore, lysis efficiency was calculated by the
following equation:

. . 100%
Lysis ef ficiency = SACt

ACt = Ct iy chip— Ct oft-chip (bead beating)

The possible contribution of unlysed bacteria to the lysis
efficiency due to the thermocycling heating steps of the qPCR
was measured and considered as a control. For this purpose, the
Ct values of untreated samples and samples lysed by off-chip
bead beating were compared. The ACt between both was of 7.7
cycles. Thus, according to the equations shown above, the
supernatant DNA and DNA released during the qPCR heating
steps represented the 0.5% of the total amount of DNA.
Therefore, DNA contribution of the unlysed bacteria was
considered negligible.

2.7. Variables optimization

A fractional factorial experimental design (STATISTICA 10)
was carried out to identify variables influencing significantly on
the lysis process. The selected variables with their major and
minor fixed values are summarized in Table 2. A negative
control variable was considered for validation purposes, which
did not change experimental conditions. Along the variable
screening, 16 experiments in replicate were done divided into 4
blocks, one per day, resulting in a 203 design. This was done
to avoid the variability inherent to daily sample preparation
process such as sample manipulation, sample aliquoting, etc.
Input data of cycle differences between the crossing points
(ACq) of the initial solution and each lysate were used to
calculate ANOVA effect estimates of each variable on lysis
performance and built a AC prediction model.

One of the chosen variables for the study was the size of the
beads. Two different sizes were purchased, catalogued as 100
and 200 pm in diameter by the suppliers. Beads were examined
under the microscope (Figure 2) and their diameter measured
by Imagel software. A statistical population of 55 samples gave
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a mean diameter value of 194+19 um for small beads and the
mean value for 33 samples of the large beads was 355+49um.

Table 2. List of analyzed variables in the experimental design.

Minor value Major value

Bead diameter 100pm 200 um
Bead quantity® 40% 45%
Flow rate 30 uL/min 60 pL/min
Bacteria conc. 10° CFU/mL 10° CFU/mL

Stirrer voltage® 7 V (5200 rpm) 9 V (6800 rpm)

Tween 20 Absence 0.05%

Control (neg) - -

? Bead quantity refers to the free volume occupied by beads in the chamber.
® The voltage applied to the electric motor.

Figure 2. Microscope images of the beads used. Beads are catalogued
as 100 pum (a) and 200 pm (b) in diameter. Pictures were taken with
60:1 visual magnification.

3. Results and discussion

3.1. First trials

First attempts were carried out with beads of 200 pm in
diameter occupying 35% of the chamber and the electric motor
was set at 11V. The sample was introduced at a constant flow
rate of 50uL/min. As a result, the qPCR signal of the lysate
increased in 4 cycles compared to the initial solution, proving
that on-chip continuous flow bead beating was able to release
DNA from gram positive bacteria cells (see Figure 3).
Nevertheless, the sigmoidal curve of the lysate sample reaches
lower plateau value and its slope is smaller than the initial
solution sample.
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Figure 3. Real-time PCR detection of Staphylococcus epidermidis.
Amplification curves of standard DNA 10 fold dilutions used to

calculate qPCR efficiency and 10° cfu/mL bacteria solution signal
before and after on-chip lysis.

To assess possible inhibitions or other undesired effects when
lysate solution was introduced into the thermocycler without
any purification step, an internal control was added to the
reaction mixture. 4 pL of nuclease free water used in the initial
reaction mixture was replaced with 1 pL of methicillin resistant
staphylococcus aureus (MRSA) genomic DNA (33591D-5™),
2 pL of primers and probe designed to detect mecA gene of
MRSA (Table 1) and 1 uL of nuclease free water.
Compatibility between primers and probes used in the duplex
reaction was checked by Oligo Analyzer 3.1 software (IDT).
The polymerase chain reaction was run under the same
thermocycling conditions as described previously.

The study was carried out comparing qPCR results of eight
lysis replicates containing the internal control with eight
replicates containing just the internal control. The Ct average
values of the internal control were similar for samples with
lysate and without lysate, 31.3+0.2 and 31.1+0.1, respectively.
This means that there are not adverse effects during the
logarithmic phase of the amplification process and
characterization of the lysis process can be done without any
purification of the cellular debris.

3.2. Significant factors affecting cell disruption

Once it was verified that the lysis performance could be
measured by qPCR, several parameters had to be optimized in
order to achieve maximum efficiency. The experimental design
helped to choose the convenient value of variables affecting
notably on the lysis process.

The r square value of the built model was 0.8, suggesting the
model fitted considerably. Variables influence on the lysis
process is shown in Table 3. Highlighted in bold are variables
affecting significantly (p<0.05) and the values that improve the
efficiency (taken from the Pareto graph, not shown).

Results show that both bead size and bead quantity affect
notably on efficiency. Small beads size and 45% of chamber
filling increases the amount of released DNA, possibly due to
the higher probability of collision and shear. Nevertheless, none
of these variables are suitable for subsequent optimization. On
one hand, smaller beads could go through the barrier increasing
the fluidic resistance or even clogging the channels, and on the
other hand, larger amount of beads in the lysis chamber hinders
the rotation of the magnet. Likewise, usage of Tween 20
improves DNA recovery, since its detergent nature weakens the
cell wall*’. However, higher concentration of surfactant brings

4| J. Name., 2012, 00, 1-3

on bubble formation, which is a problem to avoid in
microfluidics. The fourth variable is the flow rate. The lower
the flow rate the higher the cell lysis efficiency, but low flow
rates can be a drawback in case that a minimum time-to-results
is required. Finally, it must be remarked that the partition of the
experimental design in 4 blocks has eliminated the
intervariability of the experiments.

Table 3. Probability values of analyzed variables and blocking effect
for a confidence interval of 95%. Values affecting significantly on lysis
are highlighted in bold.

Value P
Blocks - <0.01
Bacteria conc. - 0.68
Bead size 100 pm <0.01
Lysis time 2 min <0.01
Bead quantity 45% 0.03
Stirrer voltage - 0.60
Tween 20 0.05% 0.02
Control (neg) - 0.88

With the adjustment of all these factors, the cycle difference
between the initial solution and lysate has been increased from
4 cycles (see Figure 3) up to 6.5 cycles.

3.3. Lysis efficiency versus flow rate

Flow rate was the only adjustable significant variable, so that the
effect of the flow rate on lysis efficiency was further studied. Three
lysis replicates were performed at four different flow rate values (30,
60, 90 and 180 pL/min), while the other parameters remained
unchanged (i.e. 100pum bead size, 45% bead quantity, 0.05%
Tween 20, 10° CFU/mL and 7V).

Results are shown in Figure 4, where it can be seen that the lowest
flow rate achieves the highest efficiency (56%). On the contrary, the
highest flow rate gives 30% lysis efficiency within three minutes.
Summarizing, fast lysis process leads to a poor lysis efficiency while
the opposite situation is a time consuming efficient process.
Moreover, the higher the flow rate the lower the deviation of the
measurements.
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Figure 4. Effect of flow rate on DNA recovery efficiency in relation to
off-chip bead beating vortex system. Three replicates were performed at
each flow rate.

Considering time to results and efficiency, 60 puL/min flow rate

was chosen as the optimal flow rate. The whole lysis process takes 8
minutes.
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3.4. Reproducibility

In order to evaluate reproducibility, 12 replicates were run and
showed high reproducibility. Results gave a 43+£3 % of cell lysis
efficiency in comparison with the off-chip vortex method. In
addition, these results are in agreement with those obtained at a flow
rate of 60uL/min (see section 3.3). Despite the deviation
approximates to 6%, it is much lower than the deviation that can
arise during sampling (swab selection®', sampling® and sample
transport system selection®®) in nasal or oral bacteria analysis
processes. So, reproducibility of the method is in accordance with
our requirements.

3.5. Streptococcus Uberis

Our device was validated with another gram positive bacterium
using streptococcus uberis (ATCC#27958) as target. Bacteria
samples with concentrations of 3x108, 3x107 and 3x10° cfu/mL were
prepared as described previously in section 2.3. Lysis efficiency was
determined comparing the off-chip method (duplicate) with the on-
chip (triplicate) by means of qPCR. Thermocycling conditions and
protocol were the same as with S. epidermidis. The primers and
probe were specific for S. uberis (Table 1). Calibration curves made
with standard DNA resulted in 104% efficiency ensuring linearity
within the working DNA concentration range.

Lysis efficiencies were 3945, 362 and 41+ 6 which correspond to
3x10°, 3x107 and 3x10® cfu/mL respectively as shown in Figure 5.
Firstly, no trend is observed among different initial bacteria
concentration, corroborating the fact that lysis efficiency is not
bacterial concentration dependant as concluded in the experimental
design. The existing variability can be a consequence of using a
single quencher probe, which increases background signal and
subsequently reduces sensibility and precision of the detection®>.
And secondly, method performance is close to that observed with S
epidermidis.

50+ 32
45 -
£ 404
> : L 28
- Q
5 3%
=
w L 26
304
L3
25 : : : 24
0 1 2

Log concentration (3x106 cfu/mL)

Figure 5. Lysis efficiency relative to off-chip method and qPCR cycle
threshold for 3x10% 3x107 and 3x10° cfu/mL streptococcus uberis. Three
replicates were carried out for each cell number.

4. Conclusions

Miniaturization of bacterial detection in a lab—on-a-chip
device has been a challenging issue during the past few years.
In this context, we have developed an efficient cell lysis
technique based on bead beating capable of extracting DNA
from gram positive bacteria without leaving any residual
molecules that can inhibit subsequent amplification reactions. It
works in continuous flow and lyse large sample volumes. The
system was characterized using S. epidermidis as target and its
performance was also proved with S. uberis.

This journal is © The Royal Society of Chemistry 2012
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Although it was fabricated by a rapid prototyping technique,
its design is fully compatible with mass production by injection
moulding. The easy fabrication process and the relative small
volume it occupies make this system suitable for future
incorporation into an automated microorganism detection
device.
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