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Abstract

The vast majority of genetic analysis of cells involves chemical lysis for release of DNA
molecules. However, chemical reagents required in the lysis interfere with downstream molecular
biology and often require removal after the step. Electrical lysis based on irreversible
electroporation is a promising technique to prepare samples for genetic analysis due to its purely
physical nature, fast speed, and simple operation. However, there has been no experimental
confirmation on whether electrical lysis extracts genomic DNA from cells in a reproducible and
efficient fashion in comparison to chemical lysis, especially for eukaryotic cells that have most of
DNA enclosed in the nucleus. In this work, we construct an integrated microfluidic chip that
physically traps a low number of cells, lyses the cells using electrical pulses rapidly, then purifies
and concentrates genomic DNA. We demonstrate that electrical lysis offers high efficiency for
DNA extraction from both eukaryotic cells (up to ~36% for Chinese hamster ovary cells) and
bacterial cells (up to ~45% for Salmonella typhimurium) that is comparable to the widely-used
chemical lysis. The DNA extraction efficiency has dependence on both electric parameters and
relative amount of beads used for DNA adsorption. We envision that electroporation-based DNA
extraction will find use in ultrasensitive assays that benefit from minimal dilution and simple
procedure.

INTRODUCTION

Microfluidics has revolutionized the way to conduct genomic studies and analyses in recent
years.!8 Microfluidic devices offer dramatic reduction in the sample size and high level of
automation which enable the analysis of genetic materials at the single molecule®13 and
single cell level'4~18. These devices typically integrate a number of steps ranging from cell
lysis and DNA extraction/purification to PCR amplification. Successful DNA extraction that
yields high purity and high abundance is the prerequisite for ultrasensitive detection and
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analysis. Cells are typically lysed by disrupting the cell membrane for release of genetic
materials. A variety of methods have been developed to lyse cells and microfluidic format
accommodates most of these lysis methods.!®~2! Chemical lysis methods are most
commonly used for DNA extraction either on-chip?2-27 or off-chip28-34. However, the lytic
reagents including detergents, enzymes, chaotropic salts and alkaline may interfere with
subsequent molecular assays. For example, the lytic reagent sodium dodecyl sulphate (SDS)
significantly inhibits PCR amplification at a concentration as low as 0.01%.33 Thus
additional steps are typically required for the removal or dilution!” of the lytic chemicals.
These procedures add to the complexity of the device design and operation. More
importantly, the associated material loss and dilution poses serious challenges for works
requiring ultrahigh sensitivity (e.g. single cell studies at the whole genome level).

Electroporation has been an effective physical tool for breaching cell membrane barrier. In a
typical electroporation process, a potential difference is built up across the cell membrane
when a cell is exposed to an external electrical field. The induced transmembrane potential
(Awy p) is determined by Ay g= 1.5 g(A)rE cosO, where g(A) is a complex function of the
membrane and buffer conductivities, ris the radius of the cell, E'is the field intensity and ©
is the angle between the normal to the membrane surface and the field direction.3® When
A pexceeds a threshold, the cell membrane can be irreversibly broken down, thus cell lysis
and intracellular content release occur. Electroporation process is very rapid (on the order of
milliseconds) and universally effective for bacterial and mammalian cells. Although
electroporation has been successfully demonstrated for extraction of intracellular small
molecules and proteins from both bacterial and eukaryotic cells*’~#7, it remains unknown
whether electroporation is effective for DNA extraction, especially in the case of eukaryotic
cells with the genetic material enclosed by the nuclear envelope. There have been scarce
reports related to DNA extraction by electroporation from bacterial cells.*8-0 However,
there has been no similar demonstration on eukaryotic cells. Furthermore, our recent work
suggested that the release of macromolecules such as proteins from eukaryotic cells were
strongly affected by the molecule’s subcellular location, with the nuclear localization being
associated with more difficulty for release (compared to cytosolic localization).>! Thus it is
worth exploring whether extraction of genomic DNA (gDNA) from eukaryotic cells by
electroporation is practical and under what conditions such extraction is efficient.

In this work, we combined electrical lysis with DNA purification on a microfluidic chip for
preparing PCR-grade genomic DNA from both eukaryotic and bacterial cells. Chinese
hamster ovary (CHO)-K1 cells and Salmonella typhimurium were electrically lysed, and the
gDNA was purified using binding/desorption on ChargeSwitch beads and pressure-driven
oscillatory washing before being quantified using real-time PCR off chip. We found that by
applying high-intensity pulses (~2 kV/cm, a total duration of 1 s), electrical lysis yielded
similar amount of gDNA from CHO-K1 cells as chemical lysis. This field intensity was
substantially higher than the electroporation threshold (~400 V/cm) due to the difficulty
associated with chromosomes escaping from the nuclear envelope. With similar electric
parameters, we were able to produce more gDNA from Sa/monelia cells than chemical lysis.
Our work suggests that electroporation yields similar or higher efficiency for extracting
gDNA on a microfluidic platform for both eukaryotic and bacterial cells, compared to the
popular chemical lysis approach. By eliminating chemicals, electroporation-based DNA
extraction may significantly benefit ultrasensitive genetic analysis that requires simplicity in
the operation and minimal dilution.
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EXPERIMENTAL SECTION

Microfluidic chip design and fabrication

The polydimethylsiloxane (PDMS)/glass microfluidic chip, as shown in Figure 1, was
constructed using multilayer soft lithography method>2 3. The two-layer microchip is
composed of 55 pm deep control channels for pneumatic valve actuation on the top and 13
um deep fluidic channels for sample transport and manipulation on the bottom. They are
separated by a thin PDMS membrane. Some of the fluidic channels have rectangular cross
section (250 um wide) and thus can be partially closed when the microvalves are actuated,
while the rest of the fluidic channels have a rounded cross section (300 pm wide) which are
completely closed as the valves are engaged.

The microfabrication procedure was described previously with some modifications.>* 5

Briefly, the two layers of channels were cast from two different master molds fabricated on
3-inch silicon wafers (University Wafer, South Boston, MA, USA). The control layer master
was made of a negative photoresist SU-8 2025 (Microchem, Newton, MA, USA). The
fluidic layer master was fabricated with a negative photoresist SU-8 2010 (Microchem) and
a positive photoresist AZ 9260 (Clariant, Charlotte, NC, USA) to create the channels with
rectangular and round cross sections, respectively. PDMS (GE Silicones, Wilton, CT, USA)
prepolymer mixture consisting of monomer (RTV 615 A) and curing agent (RTV 615 B) at
a mass ratio of 10:1.1 was poured onto the control layer master in a Petri dish to ~ 5 mm
thick, and spun onto the fluidic layer master at 1100 rpm for 35 s to generate a thin
membrane (~108 Mm thick). After partially curing both layers of PDMS at 80 °C for 30
min, the peeled control layer stamp was aligned and bonded to the fluidic layer by
oxidization in a plasma cleaner (Harrick Plasma, Ithaca, NY, USA). The two-layer PDMS
structure was then baked at 80 °C for another 30 min prior to being peeled off from the flow
layer master and punched to generate access holes. To fabricate microelectrodes, an
adhesion layer of titanium (20 nm thick; Kurt J. Lesker Company, Clairton, PA, USA) and a
layer of gold (150 nm thick; Kurt J. Lesker Company) were sequentially deposited onto a
pre-cleaned glass slide using an E-beam evaporator (PVD 250; Kurt J. Lesker Company).
The pattern of electrodes was photolithographically defined on the slide by wet etching. The
two-layer PDMS and the glass slide with microelectrodes were treated with oxygen plasma,
aligned, and bonded together to form closed channels. Finally, the assembled chip was
baked at 80 °C for another 2 h to ensure strong bonding between PDMS and the glass slide.

System setup and operation

The microfluidic chip was mounted on an inverted fluorescence microscope (IX-71;
Olympus, Melville, NY, USA) equipped with 10x and 40x dry objectives and a CCD
camera (ORCA-285; Hamamatsu, Bridgewater, NJ, USA). The reagents were introduced
into the inlet via perfluoroalkoxyalkane (PFA) high purity tubing (IDEX Health & Science,
Lake Forest, IL, USA) driven by a syringe pump (Fusion 400; Chemyx, Stafford, TX, USA).
The actuation of both pneumatic valves and oscillatory washing was controlled by the
application/removal of the pressure via solenoid valves (ASCO Scientific, Florham Park,
NJ, USA) using a DAQ card (NI SCB-68; National Instruments, Austin, TX, USA) and a
LabVIEW program (National Instruments). Electric voltages were provide by a DC power
supply (PS350; Stanford Research Systems, Sunnyvale, CA, USA), and electrical pulses
were generated by regulating the voltage through custom electronics including a high
voltage reed relay (5501; Coto Technology, North Kingstown, RI, USA) using a LabVIEW
program.
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Cell preparation

CHO-K1 cells (ATCC, Manassas, VA, USA) were grown in F-12K medium (ATCC)
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and 100 U/ml
penicillin-100 mg/ml streptomycin (Invitrogen) at 37 °C in a humidified incubator
containing 5% CO,. Cells were subcultured every 2 days at a ratio of 1:10. Once harvested,
the cells were washed and resuspended in electroporation buffer [§ mM Na,HPO4 (Sigma-
Aldrich, St. Louis, MO, USA), 2 mM KH,PO, (Sigma-Aldrich) and 250 mM sucrose
(Sigma-Aldrich), pH 7.4] at a final concentration of 3 x 10° cells/ml. Cells were incubated
on ice prior to use.

Salmonella typhimurium (ATCC) was grown in brain heart infusion (BHI; Sigma-Aldrich)
broth in a shaking incubator at 37 °C for 5 h. The concentration (CFU/ml) was determined
by plating 10-fold serial dilutions of bacterial cultures on BHI agar plates and counting
colonies after overnight incubation at 37 °C. After collected by centrifugation at 4,000 g for
5 min at 4 °C, the bacterial cells were washed and resuspended in the electropoation buffer
at desired concentrations. The cells were incubated on ice prior to use.

Fluorescent labeling of cells

CHO-K1 cells were fluorescently labelled by adding Hoechst 33342 (Invitrogen) stock
solution (1 mg/ml) to cell suspension in culture medium (2 x 10° cells/ml) to a final
concentration of 10 Mg/ml. After incubating the mixture at 37 °C for 45 min in the dark, the
samples were centrifuged at 300 g for 5 min to remove excess dyes. The cell pellet was
resuspended in the electroporation buffer before being introduced into the microchip.

Microfluidic cell lysis and DNA extraction

The analysis procedure performed on the microfluidic chip is illustrated in Figure 2. The
microchannels were initially rinsed with the electroporation buffer containing 0.02% Tween
20 (Sigma-Aldrich) to reduce nonspecific adsorption of DNA to channel walls and expel
bubbles. Subsequently, superparamagnetic ChargeSwitch beads (~1 Mm in diameter;
Invitrogen) were loaded into the microchannels via the combined effects of pump-driven
pressure and magnetic force generated by an external NdFeB permanent magnet (K&J
Magnetics, Jamison, PA, USA) (Figure 2a). The partial closure of the valve allowed the
liquid to pass through but retained the beads to form a packed bed (~ 1500 Mm long). For
mammalian cells (CHO-K1), cell suspension flowed through the cell loading channel in
order to introduce a certain number of cells and avoid the interference from cell stacking at
the inlet port (Figure 2b). The cell number was determined by the volume of the loading
channel (10 nl) and the concentration of the cell suspension, and in the meantime confirmed
by visual inspection under the microscope. The cells were then efficiently trapped by the
packed bed by infusing the electroporation buffer supplemented by 1 mg/ml of proteinase K
(Sigma-Aldrich) into the channel (Figure 2c). For bacterial cells (Sa/monelia typhimurium),
cells were directly introduced through the same inlet for bead loading. Proteinase K was
added into the cell suspension with a final concentration of 1 mg/ml immediately prior to
cell loading. Following the step, the DC power supply was connected to the surface
electrodes to apply electrical pulses, during which all pneumatic valves were closed (Figure
2d). The cathode was put in the upstream of the packed bed. We typically applied 10
monopolar square electrical pulses with a frequency of 0.1 Hz and duration of 0.1 s for each
pulse. While performing on-chip chemical lysis as a comparison, a small volume of Cell
Lysis Solution (for mammalian cells; Qiagen, Valencia, CA, USA) or ChargeSwitch lysis
buffer (for bacterial cells; Invitrogen) containing 1 mg/ml of proteinase K was introduced
and incubated for 10 min. After cell lysis and gDNA release, ChargeSwitch binding buffer
(Invitrogen) was introduced to selectively adsorb gDNA onto the beads (Figure 2e). The
DNA-bound beads were then transferred into the large elliptical chamber and held by a
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magnet, followed by washing with ChargeSwitch wash buffer (Invitrogen) to remove
proteins and other contaminants (Figure 2f). In order to completely remove impurities, we
applied 5 rounds of washing by oscillatory flow that moved the beads back and forth in the
chamber (Figure 2g). In each round, the beads were exposed to oscillating pressure at a
frequency of 20 Hz for 1.5 s. Afterwards, more contaminants were flushed out using wash
buffer, during which a magnet was employed to immobilize the beads to a corner of the
chamber (Figure 2h). All waste solutions flowed into outlet reservoir 1. Finally, the DNA-
carrying beads were released into outlet reservoir 2 (Figure 2i), collected in a tube, and
incubated in 20 Ml of 10 mM Tris-HCI buffer, pH 8.5 (Invitrogen) for 10 min to desorb
gDNA.

Real-time PCR assay and data analysis

The amount of gDNA extracted was quantitatively measured by real-time PCR. All PCR
assays were performed in 25 Ml reactions starting from 7.5 Ml of template DNA using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) on an iQ5 thermocycler (Bio-Rad).
Thermocycling conditions were 95 °C for 3 min followed by 40 cycles of 95 °C for 30 s and
60 °C for 30 s. The following primers (IDT, Coralville, IA, USA) were used to detect
GAPDH gene in CHO-K1 cells and Sa/monella invasion (invA) gene: GAPDH forward: 5’-
TGGCAAAGTGGAAGTTGTTGCC-3" GAPDH reverse: 5’°-
TGCCTTTGAACTTGCCATGGGT-3’ invA forward: 5’-
TCGTCATTCCATTACCTACC-3’ invA reverse: 5’-AAACGTTGAAAAACTGAGGA-3’

The absolute quantification of gDNA was carried out based on a PCR standard curve
method. The standard curves were generated for each primer pairs and each PCR run based
on 10-fold serial dilutions of a known amount of gDNA (measured by UV
spectrophotometer at a wavelength of 260 nm). For each standard, the concentrations on a
logarithmic scale were plotted against the PCR cycle threshold (Ct) values. The gDNA used
for generating the standard curve was prepared using Generation Capture Column Kit
(Qiagen) according to the manufacturer’s instructions and dissolved in 10 mM Tris-HCl
buffer, pH 8.5. The amounts of gDNA in unknown samples were calculated from their
respective average PCR Ct values using the following formula:

=
e

[¢DNAl=v X 10

Where [gDNA] is the quantity of genomic DNA; v is the total volume of DNA sample; b
and m are y intercept and slope of the standard curve, respectively. Every data point was
presented based on the results of three independent on-chip experiments, and each
experiment was conducted on a new microchip to avoid sample cross-contamination. All
PCR reactions were run in duplicate.

RESULTS AND DISCUSSION

In this work, we designed a microfluidic chip for highly efficient extraction of gDNA from
both mammalian and bacterial cell samples based on electroporation. Three distinct
functional regions were integrated on a single microfluidic chip to reduce sample loss
among various steps (Figure 1): (1) Cell and reagent loading. For processing bacterial cells,
one inlet was used for infusing ChargeSwitch beads, various buffers and bacterial cell
suspension. For CHO cell loading, a 10 nl segment of the microchannel with one inlet and
one outlet was used for introducing a certain number of cells without accumulation at the
entrance; (2) Electroporation. Cells were physically trapped by the packed ChargeSwitch
beads and electrically lysed to release intracellular contents via applying pulses across the
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planar gold electrodes. The gap between the two 100 Mm wide gold electrodes was 3 mm;
(3) DNA purification. The dimensions of the elliptical chamber were 2 mm in the minor axis
and 8 mm in the major axis, and the volume was approximately 110 nl. The bead-DNA
complex was washed by pressure-driven oscillatory flow (There was an additional outlet for
attaching to the pressure source). Elastomeric microvalves were used to either partially close
(allowing liquid to pass through while blocking particles), or completely close (stopping the
passage of both liquid and particles) the channel.22 A permanent neodymium rare earth
magnet was used to manipulate magnetic beads. As outlined in Figure 2, an entire on-chip
analysis process was composed of constructing a packed bed of ChargeSwitch beads,
loading cells, flushing cells against the beads and trapping cells, lysing cells with electrical
pulses to release gDNA, adsorbing DNA onto beads, washing beads by pressure-driven
oscillatory flow, and releasing DNA-bead complexes. The gDNA was finally recovered by
incubating the DNA-carrying beads in high-pH buffer and then quantified by off-chip real-
time PCR. It is worth noting that the change of the buffer between (d) electric lysis and (e)
DNA binding does not lead to flushing of DNA out of the device because large genomic
DNA can be physically trapped by the packed bed of beads (~1 Mm in diameter). DNA
fragmentation should not happen under our conditions (it was reported that DNA
fragmentation occurs under field intensity higher than 4.5 kV/cm>9).

We chose ChargeSwitch magnetic beads for DNA extraction due to the mild conditions
applied in the protocol. In each typical experiment, we utilized approximately 250 nl beads
(diluted in 3 Ml solution when flowed into the device) having a potential binding capacity of
31.25 to 62.5 ng gDNA (according to the manual of ChargeSwitch kit). The beads were
packed in the microchannel to form a matrix-like structure for physical trapping of either
CHO-K1 or Salmonella cells between the two electrodes. The trapping efficiency was nearly
100%, as evidenced in our previous publications*+ 34,

Washing is a critical step in DNA solid-phase extraction to remove potential PCR inhibitors.
We devised a pressure-driven washing procedure to efficiently mix the beads and washing
buffer and remove intracellular molecules other than DNA from the bead surface (shown in
Fig. 2g and SI Figure S1). The fluidic chamber was connected to the pressure source (a
nitrogen cylinder) via solenoid valves. The application and removal of the pressure was
automatically oscillated by switching on/off the solenoid valves via a LabVIEW program.
Beads were pushed forwards and backwards in washing buffer during the process. The range
of bead movement inside the chamber could be adjusted by changing the applied pressure
and the oscillatory frequency. The wash process was very fast (~1.5 s) and worked similarly
to pipetting up and down in a centrifuge tube. As shown in SI Figure S1b, the beads could
be dispersed loosely in the microchannel, which greatly increased the contact area of beads
with the wash buffer.

Square DC electrical pulses were used to perform electroporation, as the highest
transmembrane potential would be imposed on the cell membrane under this condition. The
gold electrodes were integrated into the microchip and directly in contact with the fluid in
the chamber, thus gases (hydrogen and oxygen) would be inevitably produced on the
electrode surface when an applied voltage exceeded the threshold for water electrolysis. The
accumulation of gases in the microfluidic chamber would form bubbles and affect the
manipulation of the fluid. We found that conducting the electroporation in a closed chamber
facilitated the permeabilization of gases through PDMS walls and alleviated issues
associated with bubbles. Figure 3 shows the time-lapse images of bubbles generate in the
vicinity of the cathode when an electric field intensity of 2.2 kV/cm was applied for 0.1 s.
When the pneumatic valves at the chamber inlet and outlet were closed (Fig. 3a), the gas
bubbles generated were relatively small and they gradually disappeared over time (in a
period of 10 s) due to permeabilization through PDMS. In contrast, if the pneumatic valves
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were open (Fig. 3b), the large bubbles filled in the channel and there was no substantial
decrease in the bubble size after 10 s.

In order to visualize DNA extraction from mammalian cells, we fluorescently labelled CHO-
K1 cells with Hoechst 33342 that stain nuclei of living cells and loaded 75 labelled cells into
the chamber. A serial of DC square pulses with a total duration of 1 s (10 pulses each of 2.2
kV/em, 0.1 s duration with 9.9 s interval in between) were applied. Figure 4 shows the
change in the cell morphology (examined by DIC microscopy) and the fluorescence during
the application of the pulses. Prior to exposure to electrical pulses, the cells having intact
membranes were stacked against the packed beads (Figure 4a and 4e). After the application
of the first electrical pulse, the shape of the cells became less well-defined (Figure 4b) and
there was decrease in the fluorescence intensity of cells due to release of gDNA (Figure 4f).
These suggest the onset of electroporation. The released labelled gDNA was not obvious in
the images, presumably due to rapid dilution and movement in the electric field. Figure 4c
and 4g show that after five pulses, the cells became amorphous mass and there was dramatic
decrease in the fluorescence intensity. Finally there was very little fluorescence left in the
cells after 10 pulses (Figure 4d and 4h). The results indicate the applied electroporation
conditions were sufficient for high efficiency gDNA release.

By using 10 pulses of 0.1 s each and 9.9 s intervals in between, we varied the field intensity
in the range from 0 to 2.2 kV/cm to evaluate its influence on gDNA release from CHO-K1
cells. We loaded ~30 CHO-K1 cells in the chamber and quantified the amount of GAPDH
gene resulted from the DNA extraction by real-time PCR. The PCR Ct values of GAPDH
gene were converted into the quantity of genomic DNA by comparing with the PCR
standard curves derived from the serial dilutions of CHO-K1 cell total gDNA whose
concentration was measured by UV spectroscopy. The gDNA yield was further normalized
to the amount of gDNA generated per cell. As expected, higher electric field intensities
yielded more gDNA release, as shown in Figure 5. In the best case, we were able to achieve
the maximal yield of 1.8 + 0.2 pg DNA/cell at the field intensity of 2.2 kV/cm. Based on the
reported CHO-K1 genome size of 2.6 x 10° bp>’ (equivalent to ~5 pg DNA/cell) and the
hypodiploid nature of CHO-K1 cells, the extraction efficiency was estimated to be at least
~36 + 4%. A negative control assay where no voltage was applied exhibited little yield (0.03
+ (0.02 pg DNA/cell), suggesting that electroporation was the main mechanism for DNA
release. As a benchmark, we also conducted on-chip chemical lysis for DNA extraction
using a commercial chemical lysis buffer. The yield by chemical lysis (1.9 £ 0.1 pg DNA/
cell) was very similar to the best result by electroporation.

We also extracted gDNA from gram-negative bacterium Sa/monella typhimurium using
similar electroporation parameters and quantified the amount by examining Sa/monella
specific invA gene. Since the genome of Salmonella typhimurium (haploid cells) is
approximately 4.8 x 10° bp>® with corresponding DNA quantity of ~0.005 pg/cell, we used
10* CFU of bacterial cells in the microfluidic chamber for processing in each trial. Figure 6a
shows that exposure of cells to higher field intensity was generally preferable for effective
cell lysis and DNA release. The highest yield was 10.8 + 2.1 pg DNA from 10% cells (with
an extraction efficiency of ~22 + 4%) when they were treated at the field intensity of 2.0 kV/
cm. Electrical lysis could produce more gDNA at high field intensities ( >1.8 kV/cm) than
chemical lysis (7.6 £ 2.3 pg DNA). This is attributed to the fact that no heating was involved
in our on-chip chemical lysis procedure, possibly leading to inefficient cell disruption in
lysis buffer for bacterial cells (Typically, heating at 80 °C for 1 to 1.5 h would be ideal to
completely disintegrate the rigid bacterial cell walls). It is worth noting that on our
microfluidic platform, the final DNA extraction efficiency was also affected by the amount
of ChargeSwitch beads used for DNA adsorption and such bead amount needs to be
optimized for a given number of cells. In Figure 6b, the number of Sa/monella cells was
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varied from 102 to 10° CFU, and 10 pulses of 0.1 s and 1.8 kV/cm and 250 nl beads were
applied in all cases for the assay. The results reveal that the extraction efficiency increased
from 5 + 0.6% to 45 + 10% while varying the CFU of bacterial cells from 10° to 102, This
suggests that increased bead surface area/cell number ratio promotes higher extraction
efficiency. The amount of beads we used (250 nl) appears to be ideal for processing 102-103
Salmanella cells under the conditions.

Even without optimized bead amount for each cell number, the performance of our
microfluidic assays was still quite comparable to that of commercial Qiagen Generation
Capture column kit (SI Figure S2). We also found that the addition of proteinase K
improved DNA extraction in our process (SI Figure S3). This is possibly because the
protease efficiently digested the histone proteins and other DNA-binding nuclear
components, which facilitated the liberation of DNA from the nuclei. In addition, the
enzyme could inactivate the nucleases naturally existing in cells and thus prevent DNA
molecules from being degraded.

It is interesting to note that although bacterial cells generally have much higher
electroporation threshold than mammalian cells (e.g. 1000-1500 V/cm for onset of
electroporation for E. col*? vs. 300-400 V/cm for CHO-K1 cells>%- 99 due to their smaller
sizes and different membrane properties, the required field intensity for successful DNA
extraction is similar for Sa/manella and CHO-K1 cells as revealed above. This is
presumably because of the difficulty of releasing chromosomes from nucleus in the case of
eukaryotic cells. Electrochemical lysis (i.e. lysis due to the generation of hydroxide ions at
cathode by electrolysis)®!- 62 was not likely to be important in our process. We kept the
distance between two electrodes at 3 mm and trapped cells in the middle (approximately 1.5
mm away from the cathode) where the buffer was generally neutral.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Control channel

Fluidic channel
(rectangular cross section)

Fluidic channel
(round cross section)

Gold electrode

Design of an integrated microfluidic chip for electrical lysis and DNA extraction. The
microfluidic chip consists of a control layer for pneumatic valve actuation (blue) and a
fluidic layer for sample transport and manipulation (light green and light blue). Once the
valves are actuated, the fluidic channel having a rectangular cross section (light green) is
partially closed, and the one with a round cross section (light blue) is fully closed. Gold
(yellow) is deposited on glass surface to sever as electrodes. The chip contains three regions:
(1) cell and reagent loading region; (2) electroporation region for bead/cell capture and
electrical lysis; and (3) an elliptical chamber for DNA purification. There are two outlet
reservoirs for collecting waste (labelled “1””) and DNA-carrying magnetic beads (labeled

“27). The inset image illustrates magnetic beads dispersed in
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Figure 2.

Schematic diagram of on-chip procedure for microfluidic electrical lysis and DNA
extraction. (a) Magnetic beads are loaded into the microchannel and blocked by a partially
closed valve to form a packed bed; (b) Mammalian cells are flowed into the loading channel
and a certain number of cells are confined in the channel; (c) Electroporation buffer is
infused to push cells against the bead bed and makes them physically trapped; (d) Cells are
electrically lysed; (e) gDNA is selectively bound onto beads in low-pH buffer; (f) Beads are
transferred into the elliptical chamber, held by a magnet, and washed with aqueous buffer to
remove contaminants; (g) Beads are moved back and forth in oscillatory flow driven by
alternating pressure; (h) Residual contaminants are eliminated by one more rinsing step; and
(i) DNA-carrying beads are released into an outlet reservoir.
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Figure 3.

Time-lapse imaging of bubble generation in the vicinity of the cathode. The bubbles were
generated by applying an electrical pulse with a duration of 0.1 s and a field intensity of 2.2
kV/cm at t=0 s. (a) When all microvalves were closed, the bubbles were relatively small,
and gradually disappeared in 10 s. (b) When all microvalves were open, the bubbles were
large, and exhibited almost no change in 10 s.
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Figure 4.

Differential interference contrast (DIC) images (a-d) and corresponding fluorescence images
(e-h) of CHO-K1 cells before electrical lysis (a and e) and after the treatment of 1 (b and f),
5 (c and g) and 10 (d and h) electrical pulses. 75 cells were fluorescently labelled with
Hoechst 33342, physically trapped by the bead bed, and then exposed to square DC
electrical pulses (0.1 s duration for each pulse with 9.9 s in between) with a field intensity of
2.2 kV/cm. The reducing fluorescent intensity and the morphological changes of cells
indicate that cells are efficiently lysed and DNA molecules are released out of the cells.
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Figure5.

DNA extraction from CHO-KI1 cells. Approximately 30 cells were electrically lysed by 10
square DC electrical pulses (0.1 s duration for each pulse with 9.9 s in between) at various
field intensities (grey bars) or chemically lysed by Qiagen lysis buffer (black bar). GAPDH
gene was targeted. gDNA yield was quantified by real-time PCR, and normalized against the
cell number.

Anal Chem. Author manuscript; available in PMC 2013 November 06.



IXQJ-}[.I'BIII.IQHZAASE 1X91-)[.I‘BIII.191'BAA$

1X91-)[.IBIII.191‘BAA$

Geng et al.

14

Salmonella (10° CFU)

12

10

gDNA yield (pg)

i,,

/|

LT BT |

| L |

Field intensity (kV/cm)

100 -

10 -

gDNA yield (pg)

—&— Extraction efficiency

gDNA yield

d——a

Figure®6.

10

10° 10° 10

AL T
5

Salmonella CFU

10°

T T L SR DR G B
1.0 1.41.61.82.02.2Chemical

50

40

30

20

10

Page 16

Extraction efficiency (%)

DNA extraction from Sa/monella. (a) 10* CFU of the bacterial cells were electrically lysed
at varying field intensities (grey bars) or chemically lysed by ChargeSwitch lysis buffer
(black bar). (b) Bacterial samples with varying initial CFU (10 to 10°) were electrically
lysed at a field intensity of 1.8 kV/cm. For all electrical lysis experiments, 10 square DC

electrical pulses (0.1 s duration for each pulse with 9.9 s in between) were applied.

Salmonella specific invA gene was targeted, and gDNA yield was quantified by real-time
PCR. The extraction efficiency is calculated by dividing gDNA yield by total gDNA amount

(assuming the genome of Salmonella typhimurium is ~0.005 pg/cell).
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