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Abstract

We present a simple to operate microfluidic chip system that allows for the extraction of miR-
NAs from cells with minimal hands-on time. The chip integrates thermoelectric lysis (TEL) of
cells with native gel-electrophoretic elution (GEE) of released nucleic acids and uses non-
toxic reagents while requiring a sample volume of only 5 pl. These properties as well as the
fast process duration of 180 seconds make the system an ideal candidate to be part of fully
integrated point-of-care applications for e.g. the diagnosis of cancerous tissue. GEE was
characterized in comparison to state-of-the-art silica column (SC) based RNA recovery
using the mirVana kit (Ambion) as a reference. A synthetic miRNA (miR16) as well as a syn-
thetic snoRNA (SNORDA48) were subjected to both GEE and SC. Subsequent detection by
stem-loop RT-gPCR demonstrated a higher yield for miRNA recovery by GEE. SnoRNA
recovery performance was found to be equal for GEE and SC, indicating yield dependence
on RNA length. Coupled operation of the chip (TEL + GEE) was characterized using serial
dilutions of 5 to 500 MCF7 cancer cells in suspension. Samples were split and cells were
subjected to either on-chip extraction or SC. Eluted miRNAs were then detected by stem-
loop RT-qPCR without any further pre-processing. The extraction yield from cells was found
to be up to ~200-fold higher for the chip system under non-denaturing conditions. The ratio
of eluted miRNAs is shown to be dependent on the degree of complexation with miRNA
associated proteins by comparing miRNAs purified by GEE from heat-shock and protein-
ase-K based lysis.

Introduction

MicroRNAs (miRNAs) are a family of more than 600 short single-stranded RNA molecules
[1]. MiRNAs alter gene expression by hybridization to specific mRNA sites and are associated
with a multitude of cellular functions [2].

Dysregulation of miRNAs has been shown to play a pivotal role in the pathogenesis of a
multitude of cancers [3] and chemoresistance [4]. Thus, measurement of the relative amounts
of miRNAs extracted from cells can be used as a biomarker for diagnosis and classification of
neoplasms [5].
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Cellular miRNA patterns are typically derived in a three-step process. First, cells are lysed
by mechanical and/or chemical action. Released miRNAs are then purified from cellular debris
and other co-released nucleic acids by adsorption to a silica surface, most commonly in the
form of either spin-columns or silica-coated magnetic beads[6,7]. After release from the sur-
face, specific miRNAs are detected by sequencing [8] or amplification techniques such as
stem-loop RT-qPCR [9-12].

However, most of these macroscopic purification systems require sample volumes in the
milliliter range as well as a multitude of manual handling and pipetting steps[13]. Additionally,
a potentially harmful mixture of phenol and chloroform is used for phase separation of DNA,
RNA and proteins prior to the silica surface adsorption step[14].

A specific challenge in the analysis of miRNA patterns is the fast isolation of miRNAs from
low amounts of cells [15]. Even though this problem lends itself to a possible solution using
microfluidic technology, few approaches have been published. Schoch et al. [16] demonstrated
the isolation of small RNA species from 293A human kidney cell lysates by on-chip isotacho-
phoresis (ITP) from a sample volume of 5 pl. The detection limit was found to be ~900 cells.
Shintaku et al. [17] present the extraction of total RNA and DNA from single cells inside a
microfluidic channel. Total RNA was detected by non-selective intercalation with SYBR Green
IT dye.

We present a novel microfluidic approach that combines cell lysis and elution of released
miRNAs in a single device. From the principles first put forth by the work of Vulto et al.[18]
and Dame et al.[19], we have developed a simple microfluidic chip (see Fig 1) that allows for
the extraction of miRNAs from only five cancer cells within three minutes while requiring a
sample volume of just 5 ul. The chip is based on unique microfluidic technology that enables
controlled and bubble free loading of high aspect-ratio microfluidic chambers by means of
hydrodynamic pressure barriers (“phaseguides”)[20].

Here, phaseguides are used to construct microfluidic chambers that are interconnected by
hydrogels (see Figs 1 and 2). Cells are introduced into the sample chamber (sc) and are lysed
by a high frequency electric field applied by coplanar electrodes. Subsequently, released miR-
NAs are eluted from the crude lysate by on-chip gel-electrophoresis into the elution chamber
(ec).

In this work, MCF?7 breast cancer cells are used as a biological model to test and character-
ize the novel microfluidic chip system. As both tumor associated miRNA biomarkers as well as
endogenous control RNAs need to be quantified for clinical diagnosis, target sequences from
both classes are quantified by stem-loop RT-qPCR. For the tumor associated RNA, we chose
hsa-let-7a-5p (Abbr.: let7a, [21]) and as an endogenous control hsa-mir-16-5p (Abbr.: miR16,
[22]). As a further endogenous control, we also detect the small nucleolar RNA SNORD48.

Results
Characterization of miRNA elution behavior

As presented in Fig 3, the majority of the initial synthetic miR16 sample (6.02*10% ul'") was
recovered from the elution chamber in a narrow window centered around the 140 second frac-
tion. Elution continued at a strongly reduced rate until the end of the experiment at 300 sec-
onds. The fractions taken at 100, 120 and 140 seconds each yielded miR16 concentrations
comparable to those achieved by the mirVana kit extraction procedure, showing higher recov-
ery performance of GEE in comparison to the kit. However, the exact miRNA concentration
that is recovered from the chip is dependent on the time point at which the eluted fraction is
recovered from the chip. For example, if a first sample is taken at 80 seconds, a subsequent
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Fig 1. Chip system used for miRNA extraction. The sample chamber (5 pl) and elution chamber (10 pl) are separated by a hydrogel. The cathode (blue) and anode (red)
are inside fluidic channels that are electrically connected to the sample and elution chambers by hydrogels. Controlled filling and emptying of the elution chamber is

facilitated by capillary pressure barriers.

https://doi.org/10.1371/journal.pone.0226571.9001

sample taken at 140 seconds will contain a higher miRNA concentration than a sample taken
at 100 seconds.

The overall elution profile for SNORDA48 (Fig 4) is similar to that of miR16. However, the
elution peak is broadened with almost equal amounts being eluted into the 140 and 160 second
fractions. This is expected as the greater length of SNORD48 means that it will migrate slower
through the hydrogel. The two main fractions each contained lower amounts of SNORD48
than was recovered by the mirVana kit procedure. Again, the eluted amount of RNA is highly
dependent on the time point at which the fraction is taken. Another possible reason for the
better performance of the kit for SNORDA48 in comparison to miR16 is that the longer RNA
may have better binding/elution characteristics on silica columns.

Cell lysis

Lysis duration is limited by formation of gas-bubbles inside the microfluidic chambers. These
bubbles form due to nucleate boiling of the suspension medium. After 30 seconds bubble for-
mation increased significantly leading to the loss of a significant part of the liquid inside the
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Fig 2. Illustration of the process for microfluidic miRNA extraction (top view). Top: Cells are introduced into the sample chamber. Center: A high frequency
voltage is applied between the two coplanar electrodes (red)-cell lysis is caused by joule heating of the liquid sample. Bottom: A DC voltage is applied to the
coplanar electrodes. Anionic miRNAs migrate through the separation hydrogel (dark blue) towards the anode (red) and are collected in the elution chamber.
Large nucleic acids and non-polar cell debris remain inside the sample chamber.

https://doi.org/10.1371/journal.pone.0226571.g002

chip. Based on this observation, a lysis duration of 30 seconds was chosen for further
experiments.

Thermo-electric lysis of MCF?7 cells was confirmed by microscopy (Fig 5). Cell membranes
started to become indistinct and less well defined after 15 seconds (indicated by arrows in Fig
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Fig 3. Comparison of GEE performance with mirVana miRNA extraction kit. Solid lines: GEE elution profile of
miR16. Single points: miR16 extracted with the mirVana kit. Dashed line: Concentration of the input sample for GEE
and kit extraction.

https://doi.org/10.1371/journal.pone.0226571.9003

5). It is expected that release of cytoplasmic miRNAs already begins at this stage. After 30 sec-
onds, most cells have disintegrated and have released parts of their cytoplasm into the suspen-

sion medium.

Elution of miRNAs from crude lysate

Released miRNAs were eluted from the raw lysates by on-chip gel-electrophoresis. To deter-
mine the optimal actuation duration, a time series was conducted (see Fig 6). Electrophoresis
was stopped every 30 sec. and the contents of the elution chamber were retrieved. The elution
chamber was then refilled with fresh 1X TBE buffer and electrophoresis was continued for
another 30 sec. up to a maximum of 300 sec. Both miR16 and let7a were detected by stem-loop
RT-qPCR in the collected fractions.

The amount of eluted miR16 increased steadily until constant elution was reached after
about 150 seconds. Elution began to terminate after about 270 seconds, where a sudden sharp
decrease in the eluted amount was observed. In comparison, the elution profile of let7a was
shifted upwards due to the lower abundance of let7a (Fig 6). However, constant elution was
not reached within the observed timeframe of 300 seconds and the overall shape of the elution
curve was different in comparison to that of miR16. This result was quite unexpected, as both
miRNAs are of the same length and would thus be expected to migrate at the same rate (if no
secondary or higher structures exist) during gel-electrophoresis. To verify that the observed
behavior was indeed due to the nature of the sample and not caused by the chip system, a kit
purified miRNA sample was subjected to on-chip gel-electrophoresis. Again, a time series was
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Fig 4. Comparison of GEE performance with mirVana miRNA extraction kit. Solid lines: GEE elution profile of
SNORDA48. Single points: SNORD48 extracted with the mirVana kit. Dashed line: Concentration of the input sample
for GEE and kit extraction.

https://doi.org/10.1371/journal.pone.0226571.9004

performed with fractions being analyzed every 30 sec. The ratio of miR16 and let7a detected in
the eluted fractions was then determined by stem-loop RT-qPCR and compared to the ratio in
the initial sample (Fig 7). Fractions eluted after 120 seconds and 150 seconds, respectively
demonstrated ratios very close to the ratio of the input sample. This observation indicates that
the elution patterns obtained for the extraction of miRNAs from MCF?7 cells are intrinsic to
the sample and are not caused by the on-chip gel-electrophoresis.

To test whether protein complexation of miRNAs is influencing GEE, MCF?7 cells were
lysed outside of the chip by heat shock and the resulting lysate was either directly subjected to
on-chip gel-electrophoresis or first digested by proteinase K to degrade miRNA associated

t=0s t=15s t=30s

Fig 5. Micrograph of the thermo-electric lysis of MCF?7 cells inside the chip. A 230 V,, sine wave at a frequency of
20 kHz was applied to the coplanar chip electrodes for 30 sec. Disintegration of the cell membranes became evident
after 15 sec. After 30 sec., the structural integrity of the cell membranes was disrupted.

https://doi.org/10.1371/journal.pone.0226571.g005
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Fig 6. Time series for the extraction of miRNAs from 5000 MCF?7 cells. Black: miR16; Red: let7a (n = 3).
https://doi.org/10.1371/journal.pone.0226571.g006

proteins. The resulting 150 second fractions were analyzed for their miR16/let7a ratios and
compared to the ratios obtained by on-chip thermoelectric lysis and for kit extracted miRNA
(Fig 8). TEL results in the highest miRNA rations, whereas miRNA obtained by the mirVana
kit procedure results in the lowest ratios. While lower than the ratio obtained for lysis by ther-
mal shock, the miRNA ratio obtained for lysis by thermal shock followed by proteinase K
treatment is higher than that for kit extracted miRNA. These results show that TEL is the most
gentle of the investigated lysis methods and releases miRNAs in a more native state while still
complexed with miRNA-associated proteins.

Comparison to commercial kit

To compare the performance of the chip system to that of a commercial extraction kit (mir-
Vana, Ambion), an electrophoresis duration of 150 seconds was used.

Figs 9 and 10 shows the performance of the chip system in comparison to the commercial
kit for the extraction of miRNAs from serial dilutions of MCF?7 cells. Both miR16 and let7a
were successfully detected by on-chip extraction in samples containing as few as 5 cells total.
Both the chip and the commercial kit displayed linear extraction behavior over the complete
range of tested dilutions.

As expected, the detected levels differed for both investigated miRNAs, with miR16 show-
ing a higher abundance than let7a. However, the extraction performance of the chip system
relative to the kit was found to be dependent on the investigated miRNA.
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Fig 7. Time series for the on-chip gel-electrophoresis of kit extracted miRNA. The gray area denotes the ratio of
miR16 to let7a in the input sample. The red data points are the ratio detected in the eluted fractions. Both the fractions
at 120s and 150s display a ratio that is very close to the ratio of the input sample. This observation indicates that both
miRNA species are eluted at the same rate (n = 3).

https://doi.org/10.1371/journal.pone.0226571.9007

For miR16, the chip performs about 110- to 220-fold better than the kit whereas for let7a
the chip performed between 8.5- and 14-fold better.

Extraction of a small nucleolar RNA (snoRNA)

As most miRNA studies require normalization in respect to a stable reference RNA[22,23], co-
extraction of the small nucleolar RNA (snoRNA) SNORD48 was attempted. A time series was
performed and eluted fractions were collected every 30 seconds up to a total duration of 300
seconds (see Fig 11). SNORD48 was then detected by stem-loop RT-qPCR in the eluted frac-
tions. The eluted amount of SNORD48 increases until a maximum is reached after 210 seconds
after which the eluted amount decreases again. Similar to the data presented in Figs 3 and 4,
these results show that by choosing a longer electrophoresis duration, co-elution of the target
miRNAs and a longer endogenous control RNA was possible.

Discussion

In previous work by our group on-chip thermoelectric lysis of MCF?7 cells as well as on-chip
electrophoresis of synthetic miRNAs was demonstrated on a device based on the same micro-
fluidic technology as the device presented in this work [19]. We expand on this work by cou-
pling these two principles to extract amplifiable miRNAs and a snoRNA from MCEF7 cell
suspensions.
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Fig 8. Comparison of miR16/let7a ratios. Chip native: Thermo-electric on-chip lysis and gel-electrophoresis. Chip
(-PTK): Oft-chip lysis by heat shock and on-chip gel-electrophoresis of the crude lysate. Chip (+PTK): Off-chip lysis by
heat shock, proteinase K digestion and on-chip gel-electrophoresis of the digestion product. mirVana Kit: miRNA
extracted by the mirVana kit (n = 3).

https://doi.org/10.1371/journal.pone.0226571.9008

First, the performance of the on-chip gel-electrophoresis was evaluated using synthetic
miRNAs. The chip system demonstrated higher miRNA recovery than a state-of-the-art kit
based on silica columns. The same experiment was carried out using synthetic snoRNA with
both the chip and the silica columns performing similarly.

Next, using a breast cancer model (MCF?7), the ability of the chip system to recover amplifi-
able miRNAs from cultured cells was investigated. Cells were introduced into the chip and
lysed within 30 seconds by the application of a high-frequency voltage. Released miRNAs were
then extracted from the crude lysate by on-chip gel-electrophoresis and miR16 as well as let7a
were detected by stem-loop RT-qPCR. Interestingly, it was observed that the two investigated
miRNA species were eluted from the crude lysate at different rates. This is quite unexpected, as
both miRNAs are of the same length and are expected to migrate at similar rates during gel-
electrophoresis. To rule out that the differential elution is caused by an intrinsic property of
the chip, a miRNA sample obtained by kit extraction was subjected to on-chip gel-electropho-
resis and the miR16/let7a ratio was measured before and after electrophoresis. The ratio was
found to be unchanged after electrophoresis, proving that the chip does not preferentially elute
a certain miRNA species.

A possible explanation for the observed behavior may be found in the fact that the chip
based extraction system works under non-denaturing conditions due to the buffer and non-
denaturing conditions in the hydrogel. Most cellular miRNAs are bound to protein complexes
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Fig 9. Analysis of MCF?7 extracts for miR16. Red: Chip extracts; Blue: Kit extracts. Linear fits (dashed lines) are applied to the C, plots and the difference in detected
miRNA concentrations was calculated by taking the differences of the linear fits (green, right axis) (n = 3).

https://doi.org/10.1371/journal.pone.0226571.9009

such as the RNA-induced silencing complex (RISC) [24,25] that catalyze the degradation of
mRNA targets. Protein complexes that are still bound to the released miRNAs may thus influ-
ence the migration behavior during on-chip gel-electrophoresis.

To further investigate this theory, GEE was carried out with lysates obtained by TEL, off-
chip heat shock and a combination of heat-shock followed by proteinase-K digest. The miR16/
let7a ratio was then determined in the resulting extracts (Fig 8).

The miRNA samples obtained by TEL show the highest miR16/let7a ratio, indicating that
either the elution of one of the investigated miRNA species is retarded or that the miRNA is
rendered inaccessible to the reverse transcription reaction. The miRNA ratio obtained for the
sample that was lysed off-chip by heat shock is already lower than that for on-chip lysis, hint-
ing at further degradation of miRNA associated protein complexes. The sample that was
treated by proteinase K shows an even lower ratio, confirming that the observed elution effects
are indeed caused by proteins. The samples obtained by the highly denaturing mirVana kit
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procedure displays the lowest ratio of the two investigated miRNAs as likely most of the

miRNA associated protein complexes have been degraded during purification.

Next, the performance of the chip system was compared to a commercial miRNA extraction
kit for cell counts ranging from 5 to 500 cells total. The chip system and kit showed linear
extraction behavior across the complete range of investigated cell counts. The amount of
recovered miRNAs by the chip system in comparison to the kit was again found to be depen-
dent on the investigated miRNA species. However, the performance of the chip system was
shown to be about 220-fold better for the extraction of miR16 and about 14-fold better for the

extraction of let7a.

To further demonstrate the versatility of the on-chip miRNA extraction system, we showed
the extraction of the longer endogenous control snoRNA SNORD48 by increasing the duration
of the on-chip gel-electrophoresis. This result shows that not only biomarker miRNAs but also
the necessary controls may be obtained in a single step using the novel chip based approach.
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Fig 11. Time series showing the elution profile of the endogenous control RNA SNORD48 (57 b) from 5000
MCF?7 cells (n = 3).

https://doi.org/10.1371/journal.pone.0226571.g011

In light of the fact that most miRNA function is based on its complexation with mRNA
modifying proteins, a miRNA extraction system that is able to distinguish between complexed
and uncomplexed miRNAs may be of great scientific interest. The presented microfluidic chip
system could thus be employed to study the complexation of miRNAs during different cell
states.

Further application of the chip system may include studies that investigate a wider panel of
extracted miRNAs by either microarray or sequencing. The small size and ease of use may also
open the chip approach for automation and parallelization.

The system may also be expanded to handle clinical samples or archive material such as for-
malin-fixed paraffin-embedded (FFPE) tissue.

By optimization of the chip design towards lower sample and elution volumes, we strongly
believe that miRNA extraction from single cells will be possible.

Methods
Cell culture and miRNA extraction

MCF7 cells were cultivated from cryogenic stocks (BIOSS Toolbox, University of Freiburg,
Germany) in DMEM supplemented with 10% fetal calf serum and 1% Penicillin-Streptomycin
at 37°C, 5% CO, and 95% humidity. After aspiration of the growth medium, cells were har-
vested by trypsinization and resuspension in phosphate buffered saline (PBS). Serial dilutions
were prepared in PBS at a total volume of 2.4 ml using Neubauer chambers for cell counting.
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Table 1. List of microRNA species used in this study.

miRBase ID Abbreviation miRBase Accession Length (nt)
hsa-miR-16-5p miR16 MIMATO0000069 22
hsa-let-7a-5p let7a MIMAT0000062 22

https://doi.org/10.1371/journal.pone.0226571.t001

Final cell concentrations were 1x10°, 1x10°, 1x10%, 1000, 100 and 10 cells/ml. Finally, samples
were split with one half being processed using the novel chip-based method and the second
half being used for the kit-based extraction.

Kit extractions were performed using the mirVana (Ambion) miRNA extraction kit. Start-
ing volumes were 1.2 ml PBS cell suspension. miRNAs were eluted into 100 ul DEPC treated
water and stored at -20°C.

RNA

Table 1 and Table 2 list the miRNA and snoRNA species used in this study. For brevity, abbre-
viations are used throughout the manuscript. Synthetic analogs of the RNAs were ordered
from Bioron (Germany) and are denoted with “-(s)*.

Device design and manufacture

The microfluidic devices are manufactured using a dry-film based photolithographic clean-
room process described previously by Vulto et al.[18]. Briefly, platinum electrodes are struc-
tured on a Pyrex substrate using a lift-off process. Chamber walls and phaseguides are then
formed by first laminating layers of Ordyl dry-film photoresist onto the substrates that are sub-
sequently structured by photolithography.

A second Pyrex substrate with drilled holes is then thermally bonded onto the structured
dry-film resist. Finally, individual chips are released by dicing.

The design of the microfluidic chip is identical to that presented in previous work by our
group[26]. Briefly, the overall geometry and chamber volumes of the device, that was originally
designed for RNA extraction from bacteria, were found suitable for the extraction of small
RNAs from cultured cells. For a more detailed description of the design, the reader is referred
to Hiigle et al. [26].

To interface the chips with laboratory instrumentation, a custom chip holder is manufac-
tured by CNC milling that provides electric as well as fluidic connectors.

Device operation

First, a non-denaturing 5% polyacrylamide gel (PAG) solution is prepared by mixing 125 pl
40% 29:1 Acrylamide/Bisacrylamide solution, 867.5 ul 1X TBE, 2 ul TEMED and 5.5 ul 10%
Ammonium persulfate. The solution is pipetted into the gel filling ports of the chips. The chips
are then placed inside a small polymerization chamber that is constantly flushed with moistur-
ized nitrogen. After gel polymerization is complete, the chips are either used immediately or
sealed using PCR-plate adhesive foil and stored at 4°C for later use.

For each experiment, a chip is mounted into the custom holder. Using a standard labora-
tory pipette, the elution chamber (ec) is then filled with 1X TBE buffer and the sample chamber

Table 2. Small nucleolar RNA used in this study.

Name Accession Length (nt)
SNORD48 NR_002745 57

https://doi.org/10.1371/journal.pone.0226571.t1002
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(sc) is filled with the sample without the addition of RN Ase inhibitors. The electrode chambers are
flushed with 1X TBE buffer at a flow rate of 200 pl/min by means of a syringe pump.

To perform lysis, a 20 kHz sine wave at a peak-to-peak voltage of 230 V,,, is applied to the
electrodes. After lysis, the electrodes are connected to a DC voltage of 12 V for electrophoresis.
Finally, the eluted miRNA samples are recovered from the elution chamber by pipetting and
are immediately stored at -20°C.

Off-chip lysis was performed by incubating the cell suspension at 95°C for 30s. Proteinase
K digestion was performed for one hour at 50°C at a proteinase K concentration of 200 ug/ml.

Stem-loop RT-qPCR and data processing

First-strand cDNA synthesis of mature miRNAs was performed using the TagMan microRNA
reverse transcription kit (Applied Biosystems). A master mix containing reverse transcription
(RT) buffer, miRNA specific stem-loop RT primer, dNTPs, RNAse inhibitor and Multiscribe
reverse transcriptase was prepared according to the manufacturer’s instructions. 5 ul RT mas-
ter mix were combined with 2.5 ul sample and incubated for 30 min. at 16°C, 30 min. at 42°C
and 5 min. at 85°C for deactivation of the reverse transcriptase. For negative control reactions,
the 2.5 ul sample were replaced by the same volume of PCR-grade water.

Quantitative PCR (qPCR) of the cDNA samples was carried out using TagMan Universal
PCR Master Mix (Applied Biosystems) on both LightCycler 1.5 (Roche) and LightCycler 480
(Roche) real-time PCR systems. Reactions were prepared at a final volume of 20 pl consisting
of 10 pl 2X Universal PCR Master Mix, 1 ul primer/probe mix, 7.67 ul PCR-grade water and
1.33 ul cDNA. Thermal cycling was carried out inside plastic capillaries (GeneON) or 96 well
plates beginning with a denaturation step of 95°C for 10 min. followed by 50 cycles of 95°C for
10 sec. and 60°C for 60 sec.

Fluorescence was read after each combined annealing/elongation step. Threshold cycle (Cy)
values were determined using the LightCycler data analysis software suite (Roche). Results
with threshold cycles that were equal or greater than those of the negative control reactions
were excluded from further analysis.

To enable valid comparison of the chip and kit experiments, raw threshold cycles (C;,) were
processed to compensate for the different sample (v) and elution (v,) volumes by the following
equation:

VS
¢ =¢C,+ log‘z (V_> [1}

e

Table 3 gives an overview of the sample and elution volumes used for the chip and kit
extractions.

Recovery efficiency

To evaluate the performance of the on-chip gel-electrophoresis (GEE), synthetic miRNA
(miR16-(s), 6.02x10° copies/ul) and snoRNA (SNORDA48, 6.02x10° copies/pl) was first

Table 3. Sample and elution volumes used for the chip and kit extractions.

Method v, (ul) v, (ul)
Chip 5 10
Kit (Synthetic RNA) 100 100
Kit (Cell suspensions) 1200 100

All error-bars used throughout this work denote standard deviation.

https://doi.org/10.1371/journal.pone.0226571.1003
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introduced into the sample chamber. A time-series was then performed by applying 12 Vp to
the electrodes for fixed time steps. After each time step, the contents of the elution chamber
were recovered and the elution chamber was refilled with fresh 1X TBE buffer. The same syn-
thetic miRNA was also subjected to the commercial mirVana miRNA extraction procedure.

The recovered miRNA fractions were then analyzed by stem-loop RT-qPCR and the frac-
tion f of the initial concentration that was recovered was calculated by

6.02 - 10°ul!
f=—cm o 2]

o(Cuetlogs GE)~C)

where C;; and C,, are the threshold cycles measured before and after GEE and v; and v, are the
initial and eluted sample volumes.

Model fitting

Processed threshold cycle data was fitted to a first order polynomial of the form
Ct(”c) =m: nc + CtO [3}

with cell count #, and fitting parameters m and Cy. The fold difference of the measured
miRNA amount was subsequently calculated by taking the difference of the linear models:

FOld dlﬁerence — 2(@1("5)‘@2("5)) [4]
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