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Abstract

Nucleic acid (NA) extraction and purification has become a common technique in both research
and clinical laboratories. Current methods require repetitive wash steps with a pipette that is
laborious and time consuming making it inefficient for clinical settings. We present here a simple
technique that relies on spontaneous biphasic plug flow inside a capillary to achieve sample
preparation. By filling the sample with oil, aqueous contaminants were displaced from the
captured NA without pipetting wash buffers or use of external force and equipment. MRNA from
mammalian cell culture was purified and PCR amplification showed similar threshold cycle values
as those obtained from a commercially available kit. HIV viral like particles were spiked into
serum and a 5-fold increase in viral RNA extraction yield was achieved compared to the
conventional wash method. In addition, viral RNA was successfully purified from human whole
blood, and a limit of detection of approximately 14 copies of RNA extracted per sample. The
results demonstrate the utility of the current technique for nucleic acid purification for clinical
purposes, and the overall approach provides a potential method to implement nucleic acid testing
in low resource settings.

INTRODUCTION

Nucleic acid (NA) testing provides a rapid and sensitive way of monitoring and diagnosing a
wide range of diseases. Currently approved by the US Food and Drug Administration (FDA)
are NA tests that are used to diagnose tuberculosis, chlamydia, gonorrhea, and human
immunodeficiency virus (HIV). For viral diseases, NA tests based on polymerase chain
reaction (PCR) offer faster disease confirmation prior to seroconversion as well as important
quantitative information (e.g., viral load) not available from antibody-based diagnostics.
While these PCR based tests provide sensitive quantitative measurements, the reliability of
PCR results is heavily dependent on the quality of the nucleic acid template and the presence
of inhibitors.} As such, effective sample preparation procedures are critical to ensure reliable
amplification and accurate test results.

Sample preparation begins with disruption of the cell or virus membrane by chemical or
mechanical methods. The majority of commercially available kits employ solid phase
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extraction (SPE), which utilize functionalized surfaces or silica coated particles (i.e.
paramagnetic particles, PMPs) to capture NA. This is followed by extensive and repetitive
washing or centrifugation steps to ensure removal of contaminants and inhibitors.2 These
procedures are time consuming, laborious and costly, making NA extraction especially
difficult to perform in rural clinics and low resource settings. As such, sample preparation
and PCR are usually performed in a centralized laboratory with specialized instruments and
skilled technicians. As a result, implementation of NA testing remains difficult and the
impact of these tests is limited in these regions.

To address these issues, a number of research groups have focused on developing
microfluidic based diagnostic devices with sample preparation technologies that minimize
complex equipment and infrastructure requirements. In particular, paper-based microfluidic
devices have received substantial interest due to their inherent low cost, ease of fabrication
and simplicity of operation.3#® In contrast to lateral flow assays, these devices were
prepared by patterning paper with different hydrophobic materials to create confined
geometry and channels to facilitate multi-analyte detection.* Other groups have combined
papers with different properties together to facilitate sample filtration and detection.®> While
a few paper based systems have demonstrated applications for NA testing, the method is
predominately used for protein and small molecule detection that are present in blood or
serum which do not require complicated sample preparation method to extract.

Other microfluidic NA tests have focused on using immiscible phases to facilitate sample
preparation.”8 Specifically, Shen et al. performed gqPCR to quantify HIV/HCV viral load
using the slipchip system and Bordelon et al. performed RNA extraction using a moving
magnet that pulls PMPs across air and liquid interfaces. In addition, Sur et al. performed NA
purification in a single pass through a liquid wax filtration device. Our group demonstrated
the use of “pinned” immiscible fluids to purify nucleic acids.” By moving PMPs with
captured nucleic acids across oil/aqueous interfaces, a purified sample is achieved in a single
step without repetitive washing.

Here, we describe a sample preparation method that utilizes the ability to generate
spontaneous biphasic plug flow in capillaries for NA purification. First introduced by
Marangoni and later explained by Bico et al., immiscible fluids connected inside a capillary
generate a spontaneous motion without external force.®19 Pompano and colleagues took
advantage of this phenomenon to control initiation and rate of fluid flow in microfluidic
channels on SlipChip.1® To purify NA, we rely on an imbalance of surface tensions between
two immiscible fluids developed inside a capillary tube to spontaneously displace the
aqueous phase contaminants from the NA bound solid phase. To operate, lysed sample
containing PMPs functionalized to bind NA are introduced to the glass capillary via
capillary filling. A magnet then holds the PMPs stationary as an immiscible oil is introduced
to spontaneously “displace” the cell debris and contaminants by leveraging an asymmetry
between the fluids. Finally, an elution buffer is introduced to release the NA’s bound to the
PMPs. This method improves assay efficiency by reducing the number of wash steps and
eliminates the need for complicated external equipment, potentially making NA testing more
accessible in resource limited regions.

EXPERIMENTAL SECTION
Capillary Operation

First, a 10 pL of lysed sample (cell lysate, viral particles in serum or whole blood) with NA
capturing PMPs was introduced into a glass capillary tube via capillary action (Fig 1, Step
1). A magnet was held parallel to the capillary to immobilize the beads to the capillary wall
surface (Fig 1, Step 2). Next, 10 uL of FC-40 oil containing 1 % PFO was drawn into the
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capillary connecting the two fluids (Fig 1, Step 3). Once the plug of oil was filled, the
juxtaposition of immiscible phases (oil and aqueous lysate) created an asymmetry in the
overall surface tension-generated forces. This imbalance generated an overall force that
spontaneously moved the fluid plugs towards the end of the capillary where they were
removed via a wicking pad (Fig 1, Step 4). Finally, the magnet was removed and 10 pL of
elution buffer (EB) was pulled into the tube to re-suspend the PMPs (Fig 1, Step 5). After 5
minutes, the eluted NA was collected from the capillary using a single pipetting step for
downstream detection via RT-gPCR.

Residual Sample Characterization

2% (v/v) red fluorescent protein (RFP) in PBS with varying concentration of Triton-X 100
was used to characterize the amount of residual sample on untreated or bovine serum
albumin (BSA) treated capillary walls. BSA treated capillaries were prepared by immersing
the glass capillary tubes (0.81 mm ID, Fisher Scientific, Pittsburgh PA) in 3% (w/v) BSA in
PBS overnight and drying under N, to remove any remaining solution prior to experiments.
To characterize sample deposition on capillary walls, 10 pL of RFP solution was first drawn
into the capillary followed by the addition of 10 pL FC-40 with 1 % 1H,1H,2H,2H-
perfluoro-1-octanol (PFO, Sigma Aldrich, St. Louis, MO) to facilitate liquid displacement.
Fluorescent images of the capillary before and after the solution traveled across the capillary
were captured using a fluorescence microscope (Olympus 1X70, Center Valley, PA). NIH
Image J software was used to determine the amount of residual RFP on the wall surface.

Cellular mRNA Purification and Amplification

Breast cancer epithelial cells (MCF-7) were cultured in Dulbecco's Modified Eagle Medium
(DMEM; Mediatech, Herndon, VA) containing 10 % fetal bovine serum (FBS) and 1 %
Pen-Strep at 37°C, and maintained under 5 % CO, in polystyrene flasks until confluent.
Cells were released using a 0.25% trypsin/EDTA solution and collected via centrifugation.
108 cells were pelleted and lysed in 1x RIPA buffer (Millipore, Billerica, MA) for 1 minute
with constant mixing followed by serial dilution with RIPA buffer. For each purification, 10
pL of the lysate was mixed with 15 pg mRNA Dynabeads Oligo(dT) PMPs (Life
Technologies, Carlsbad, CA) for 5 minutes at room temperature. The standard wash protocol
from Dynabeads® mRNA Direct™ Kit (Life Technologies) was compared to the capillary
purification method. Briefly, after lysis and mixing, the supernatant was removed and the
PMPs were sequentially washed with the buffers provided by the manufacturer. Nuclease
free (NF) water was used to elute the nucleic acids from PMPs and collected for downstream
analysis. For capillary based purification, the device was operated as previously described
using fluorinated oil FC-40 containing 1 % PFO instead of the buffers.

Isolated mMRNA was reverse transcribed using the High Capacity RNA to cDNA Reverse
Transcription kit (ABI, Foster City, CA) at 37°C for 60 minutes followed by 95°C for 5
minutes. 20 ul gPCR reactions were setup by mixing, 4 UL of cDNA template with SYBR®
Green PCR Master Mix (Bio-Rad, Hercules, CA) and NF water along with forward (5°-
GACAATGGCAGCATCTACAAC-3’) and reverse (5°-
GCAGACAGACACTGGCAAC-3’) primers for human ribosomal protein PO to achieve a
final primer concentration of 5 M. The reaction was amplified at 95°C for 15 seconds
(denaturing) followed by 60°C for 1 minute (annealing) for 45 cycles using a MyiQ thermal
cycler (Bio-Rad). Data were analyzed using software provided by the manufacturer to
determine threshold cycle values (Ct) that correspond to gene expression levels.

HIV Viral Like Particles (VLPs) Production

HIV viral like particles expressing p24 capsid protein were produced by transfecting
HEK293T cells with Gag-Pol-Vif and Rev plasmids (generous gift from Dr. Nate Sherer).
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4x105 cells were plated onto a 100 mm cell culture dish one day prior to transfection. Cells
were cultured in DMEM supplemented with 4.5 g/L D-Glucose, L-Glutamine (Life
Technologies), and 10% FBS and maintained under humidified air with 5% CO, (v/v) at 37
°C. Transfection medium was prepared by mixing 30 ul of FUGENE®6 Transfection
Reagent (Promega, Fitchburg, W1) with 7.5 pg of p24 Gag-Pol-Vif expression plasmid and
2.5 pg of pRev expression plasmid; the mixture was added to the cells. Cells were incubated
for 4 days with medium being changed every 24 hr. On days 3 and 4, culture medium was
collected and filtered through a 0.2 um filter (Nalgene, Rochester, NY). The filtered medium
was centrifuged for 2 hours at 21,000 x g at 4°C through a 20% sucrose gradient (Sigma
Aldrich). The supernatant was discarded and the pellet containing the HIV VLPs was
resuspended in 1x PBS containing 10 % FBS. VVLPs were stored at —80°C until use in an
isolation experiment.

VLP Spike-in Experiment

HIV VLPs were spiked into either fetal bovine serum or human heparinized blood (Valley
Biomedical, Winchester, VA) to simulate clinical samples. Nucleic acids from VVLPs were
purified using the MagAttract Viral M48 RNA kit (Qiagen, Germantown, MD). Lysis,
elution buffers, and PMPs were used from the MagAttract kit. Briefly, heparinized blood
that was tested negative for HIV was mixed with MLF lysis buffer at a 1:2 ratio. 10 pL of
VLP stock solution at a concentration of 140000 copies/pL was spiked into the mixture.
From there 4, 1:10 dilutions were performed using the initial 1:2 heparinized blood and
MLF lysis buffer solution to keep the buffer to sample ratio consistent. At the lowest
concentration, a total of 14 copies of viral RNA were extracted in each procedure. For each
reaction, 10 pL of each dilution was added to 1 pL MagAttract Suspension F PMPs. Each
sample was incubated for 5 minutes at room temperature. Purification was executed as
described above using FC 40 oil containing 1 % PFO instead of wash buffers.

Isolated RNA from VLPs was reverse transcribed as previously described. For gPCR
amplification, 4 uL cDNA template was mixed with 10 uL of TagMan Gene Expression
Master Mix (ABI), 5 uL NF water and 1 pL each of the p24 primers and 0.5 ul of probe
(forward 5’-GGCCAGGAATTTTCTTCAGA-3’, reverse 5’-
TTGTCTCTTCCCCAAACCTGA-3', probe 5’-
ACCAGAGCCAACAGCCCCACCAGA-3’). The reaction was amplified for 40 cycles
(denaturing at 95°C for 15 sec followed by annealing at 60°C for 1 minute) using the Roche
LightCycler 480.

To quantify the amount of extracted viral RNA, a standard curve was generated by
amplifying known copy numbers of p24 Gag-Pol-Vif and pREV expression plasmid to
determine the corresponding threshold cycle values.

RNA Quantification

RNA samples were quantified using the QuantiFluor RNA Dye System (Promega).
Following the manufacturer’s protocol, a standard curve was first prepared in order to
determine the RNA samples. Briefly, 1.2 Kb RNA Standards (provided by the manufacturer)
were serially diluted (0 ng/mL to 250 ng/mL) in TE buffer and mixed with the QuantiFluor
RNA Dye at a 1:1 ratio. Mixtures were incubated in the dark for 5 minutes, and 2 pL was
added to a Nanodrop (Thermo Fisher Scientific, Waltham, MA). Samples were illuminated
at 450 nm and intensity captured at 540 nm. Extracted RNA were diluted and mixed with the
Quantifluor Dye at a 1:1 ratio allowing for the concentration to be calculated from the
standard curve.
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RESULTS AND DISCUSSION

The extraction and purification of NA is a ubiquitous technique performed in both research
and clinical laboratories. Current methods utilizing PMPs and other SPE methods require
multiple wash steps with specialized buffers to sufficiently remove any contaminants or
inhibitors from the sample. To overcome these obstacles, we have developed a simple
method that utilizes spontaneous biphasic plug flow inside a capillary to effectively separate
aqueous contaminants from captured nucleic acids on paramagnetic particles (PMPSs)
without external application of force or equipment. In contrast to conventional methods
which involve repeated pipetting of fluids through the capture beads, with our method, the
entire purification was completed passively by capitalizing on capillary action and surface
tension.

To operate the system, there are two distinct processes that need to occur. First, both phases
must fill the tube by capillary action from a reservoir of liquid (Fig 2a). Second, an
imbalance in the overall forces generated by surface tension must exist between the
immiscible fluids (Fig 2b). To fill the oil behind the aqueous phase, the pressure drop
induced by oil-aqueous interface must be smaller than the pressure drop generated by the
aqueous-air interface. Using the Young-Laplace equation, the following equation was
derived which characterized this phenomenon,

Ysv — Vsr.=V12 (1)

where ygy is the surface tension between glass and air, yg is the surface tension between
glass and aqueous phase liquid, and v1 is the interfacial tension between the immiscible
phases. Only when the interfacial tension yy, is lower than the differences of glass-air and
glass-liquid surface tension (ygy — vg ) will both fluids fill the capillary (Fig 2a, also see
Supplementary Section Table S1 for empirical data and derivation of the equation).

To induce fluid displacement of the combined liquids (aqueous, oil), asymmetry of the
forces generated by surface tension between the advancing and receding interfaces must
occur (Fig 2b). This spontaneous plug-flow phenomenon creates a forward displacement of
fluids was first observed by Marangoni and later explained by Bico®1% which is described
as:

Y1 —72—72>0 (2

where y1 is the surface tension of the aqueous phase, v, is the surface tension of oil, and v1»
is the interfacial tension between the fluids. The generation of fluid motion in our system
does not require any external forces (i.e. pressure) and is solely dependent on the force
imbalance created by surface tension. When the forces generated by surface tension are
balanced, the fluids remain stationary (Fig 2b, second condition pictured).

We first examined the ability of the current technique to displace aqueous contaminants.
Previous studies have shown that the aqueous phase acts as a lubricant, leaving behind a thin
film on the capillary walls.10 RFP was added to the aqueous phase to visualize and
determine the amount of residual sample in the capillary after purification. In untreated glass
capillaries, a layer of residual RFP solution was observed after the displacement of the liquid
(Fig. 3a). After repeated washes with PBS, residual RFP remained unchanged indicating that
the protein had adsorbed onto the wall surface. To reduce the effects of non-specific
adsorption, capillaries were pre-treated with BSA,; thus resulting in decreased RFP intensity
(Fig 3a). In untreated capillaries, approximately 25% of the RFP remained within the
capillary due to protein adsorption on the wall surface. BSA treated capillaries minimized
this effect with less than 3% residual RFP after purification; indicating that protein
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absorption was further eliminated (Fig 3b). Additionally, increasing the surfactant
concentration (Triton-X 100) in the aqueous phase did not affect the overall quantity of
residual RFP within the capillary, a potentially useful feature for applications requiring
higher aqueous surfactant concentrations especially during lysis step.

Non-specific adsorption of molecules onto glass surfaces have been extensively studied and
attributed to electrostatic interactions. In the context of our current system, minimizing the
adsorption onto capillary walls with BSA treatment allowed the quantification of residual
fluid after purification. In addition, this method could also serve to reduce potential sample
loss of nucleic acids adsorbed on glass surfaces, a commonly used method to capture NA.
As such, all experiments from this point were performed using BSA treated glass capillary
tubes.

The utility of the current technique to extract NA was examined using different biological
samples. First, mRNA from a breast cancer epithelial cell lysate (MCF-7) was extracted and
purified. Expression levels of ribosomal protein PO were amplified and compared to those
obtained using the Invitrogen mRNA Direct kit method. The amount of mMRNA recovered,
as determined by threshold cycle, from both methods showed no statistical difference across
the different cell concentrations using the two-tailed Student’s t-test (Fig 4). Furthermore,
the efficiencies of PCR were calculated to be 99 % and 110 % for capillary purification and
the commercial kit, both within the acceptable range for PCR assays.!! In addition, the
current method successfully purified mRNA from samples containing a single cell (10 pL
input sample at 100 cell/mL), and the threshold cycle agreed with those obtained using the
commercial kit (data not shown). These results show the ability of the current technique to
effectively purify mMRNA across a range of cell numbers.

NA purification kits typically require multiple washing and mixing steps to separate and
dilute aqueous contaminants. Depending on the SPE provided from the manufacturer,
different equilibration conditions from wash buffers as well as vigorous washing can remove
PMPs or bound samples, reducing the overall yield. We compared the amount of extracted
viral RNA using the current capillary purification method with from the Qiagen MagAttract
Viral RNA kit. The beads provided from this kit are silica coated PMPs and bind to RNA
through electrostatic interaction in the presence of chaotropic salts. To demonstrate
relevance for clinical testing, HIV viral-like particles (VLP), each containing two copies of
viral RNA, were spiked into fetal bovine serum. HIV viral-like particles were prepared by
transfecting HEK293T cells and the particles contain only the specific genetic material that
was included during production without the envelope proteins required for viral infection.
The sample was lysed and split in half to be purified using our capillary method and the
conventional kit-based method. Higher concentrations of viral RNA were consistently
extracted with the capillary purification method compared to the protocol from the kit (Table
1). The multiple buffers in the purification kit require the user to pipette repeatedly creating
high shear, thus potentially resulting in sample loss during the wash and transfer processes.
In comparison, the capillary method completes purification in a single step without repeated
sample mixing thus improving the overall yield of extracted RNA by 5 fold. While this
potential sample loss could be due to multiple transfer and pipette steps it could also be a
dilutive effect from the wash buffers in comparison to the capillary based exclusion method.

Next, we examined the ability to purify NA from complex human samples. Commercially
available viral load tests require blood samples to be centrifuged to first separate the plasma
from whole blood prior to analysis. To determine the impact of sample background on the
purified sample, we tested the current method to extract viral RNA from human blood.
VLPs were spiked into commercially available HIV negative heparinized whole blood. Viral
RNA was extracted as previously described, and RT-qgPCR performed looking at p24 capsid
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protein expression to quantify the amount of captured viral RNA. The resulting threshold
cycle showed a linear response across the ranges of viral copy numbers and a limit of
detection was determined to be approximately 4200 copies/mL (based on the total blood
volume) (Fig 5). At this current copy number, a total of 14 copies of viral RNA are in each
sample and the data demonstrate consistent extraction and purification. Even in the presence
of heparin, which is a known inhibitor of PCR reaction,! the sample was successfully
processed, indicating that the capillary method is a reliable method to extract nucleic acids
from complex samples.

CONCLUSION

We have developed a nucleic acid sample preparation method based on surface tension
imbalance generated by immiscible phases inside capillary tubes. By filling the capillary
with oil and aqueous sample, asymmetry of surface forces creates a spontaneous plug flow
which separates contaminants and inhibitors in the aqueous phase from the NA bound
PMPs. This method allows the user to achieve sample purification through the simple
procedure of filling the capillary with immiscible fluids, thereby greatly reducing the
number of pipetting and dilutive steps associated with conventional extraction methods. The
overall approach provides a potential solution to address the issues of complicated extraction
methods commonly associated with NA testing that limit its use outside of the lab.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Capillary based nucleic acid purification device. Sample with lysis buffer and PMP was
pulled into a tube via capillary forces (Step 1). PMPs with captured nucleic acids were
immobilized on the tube surface with a magnet (Step 2). Qil passively pulled into the tube
by capillary action (Step 3) creates a surface tension asymmetry between the two phases
displacing the entire fluid from one end of the capillary to the other (Step 4). This results in
exclusion of PMPs from the uncaptured components of the lysate and purification of the
captured nucleic acids (Step 4). Captured nucleic acids were then eluted from PMPs for
downstream analysis (Step 5). Pictures on left correspond to each of the steps shown in the
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schematic. In these images, the aqueous phase is colored with blue dye for visualization.
Scale bar is 5 mm.
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Figure2.

Characterization of the driving force behind fluid displacement in capillary. To fill the
capillary with both oil and aqueous phase, the interfacial tension between the two fluids
(v12) has to be less than the energy required to wet the capillary (vysy — vg ), otherwise it will
not be energetically favorable for both fluids to be pulled in the capillary (a). Once filling
has occurred, the force to displace the fluids within the capillary is the result of an imbalance
in the surface tension (b). When surface tensions are balanced, the fluids remain stationary.
v1 and vy, are the surface tension of aqueous and oil phase, ygy and yq are the surface
tension of glass in air and glass in liquid, respectively.
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Figure 3.

Characterization of residual sample on capillary walls during purification. Red fluorescent
protein (RFP) spiked into PBS was used as a model system to quantify the amount of
residual sample after the purification step. In both untreated and BSA treated capillaries,
RFP was observed on the surface after liquid had traveled across the capillary, with less
residual RFP observed in the BSA capillary (a). Dashed lines demonstrate the outer edges of
the capillary. Untreated capillaries showed higher residual RFP signal compared to those
that were pre-treated with BSA (b). Two tailed t-tests were performed to compare BSA
treated and non-treated samples (* indicates p < 0.05).
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Figure4.

Nucleic acid extraction and purification from cell lysate. RNA from MCF-7 cell lysate was
purified using capillary and conventional washing methods. Amplification of ribosomal
protein PO demonstrated similar threshold cycle values between the two purification
methods. A linear response was observed across the different cell concentration with both
techniques as shown by the RZ values. Data and error bars represent the mean and the
standard deviation of the triplicate experiment.
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Figure5.

Purification of viral RNA from human blood. HIV viral like particles were spiked into
heparinized human whole blood. RNA was extracted and purified using capillary method
and RT-gPCR was performed to amplify the p24 capsid protein from the samples. A linear
response was observed across the range of viral copy number (shown by R? value), and a
limit of detection of 4200 copies/mL was obtained using the current method which
corresponds to 14 copies per extraction. Data represent the mean and the standard deviation
of three to six experiments.
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Figure6.

Extraction of viral RNA from fetal bovine serum. HIV viral like particles were spiked into
fetal bovine serum. Sample was divided into two aliquots and extracted using MagAttract
PMPs. Samples were purified using either the capillary or 1 or 3 conventional wash steps.
Extracted RNA was quantified using the fluorescent Nanodrop method. Higher
concentrations of RNA were consistently extracted using the capillary method compared to
the manufacturer’s method. No statistical differences was seen between 1 or 3 wash steps
using a Student’s t-test (p>0.29).
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