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Abstract

In blood samples from patients with viral infection, it is often important to separate viral particles
from human cells, for example to minimize background in performing viral whole genome
sequencing. Here, we present a microfluidic device that uses spiral inertial microfluidics with
continuous circulation to separate host cells from viral particles and free nucleic acid. We
demonstrate that this device effectively reduces white blood cells, red blood cells, and platelets
from both whole blood and plasma samples with excellent recovery of viral nucleic acid.
Furthermore, microfluidic separation leads to greater viral genome coverage and depth,
highlighting an important application of this device in processing clinical samples for viral
genome sequencing.
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Introduction

Isolation of viral nucleic acid from human clinical samples is important in the diagnosis of
many infectious diseases and also represents the critical first step in scientific studies of viral
genomics and pathogenesis. Recently, metagenomic sequencing has become a prominent
method for virus detection2, discovery3-5, and viral genome sequencing for studies of
evolution and pathogenesis’-8. In this technique, all DNA, RNA, or total nucleic acid in a
sample is sequenced in an unbiased fashion, and computational algorithms are used to
recover the viral sequencing reads of interest. The major advantage of this technique is that
it is a flexible methodology that can be applied to any virus, including settings in which the
pathogen may be unknown or novel. However, a substantial limitation is the recovery of
sequencing reads from the human host, which vastly outnumber viral sequencing reads even
in low-cell-content fluids like plasma and cerebrospinal fluid. This leads to costly high-
depth sequencing and limits the recovery of reads from low abundance viruses. This has
prompted the development of host-depletion methods such as selective removal of human
ribosomal RNA210, however this is less useful in detecting and sequencing DNA viruses
where background from host DNA remains.

Microfluidic isolation of viral particles and free nucleic acid offers an opportunity to
enhance detection of both RNA viruses and DNA viruses, and importantly can be performed
directly from whole blood, eliminating the need for centrifugation and perhaps enhancing
the detection of some viruses (e.g. West Nile Virus) that adhere to red blood cellst112,
Earlier microfluidic devices implemented capillary imbibition13.14, blood cell
sedimentation1®16, cross-flow filtration17-1°, on-chip centrifugation2921, and membrane-
based filtration2223, These various applications were limited by non-continuous operation,
low throughput, or small sample volume, and clogging and fouling of filter/membrane. Shim
et al 13 and Lee er al1* developed micro-channel structures that are either packed or coated
with micro/nanosized silica beads to induce a capillary plasma extraction from whole blood.
Dimov et a/16 demonstrated a self-powered integrated microfluidic platform in which
plasma is separated by natural sedimentation inside the microfluidic channel while the
sample transport is propelled by the self-contained vacuum in the channel. VanDelinder et
al1® devised a microfluidic device which can separate plasma from diluted whole blood by
size exclusion in a cross-flow. Haeberle er /.20 presented a centrifugation-based
microfluidic device on a disc which enables plasma extraction from whole blood by
carefully manipulating centrifugal force to transport the blood as well as to sediment the
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cellular pellet and to decant the plasma inside the device structure. Researchers have adopted
membrane-based microfluidic devices to extract plasma from whole blood samples spiked
with viruses or drawn from virus-infected patients and successfully recovered sufficient
virus to be quantified with a viral load test.22:23 Wang er a/23 fabricated a filter-based lab-
on-a-chip device which can isolate plasma as well as viruses from unprocessed whole blood
and reported viral recovery of 73-83%. Liu et a/22 also demonstrated a membrane-based
plasma separating device which is facilitated by gravitational sedimentation and were able to
recover 82-96% of HIV virus from multiple load samples. Recently, inertial microfluidics
which can separate particles based on their sizes by utilizing and balancing forces inside the
micro-channel have been spotlighted as an alternative to prepare biological samples in a
continuous, high-throughput, non-clogging manner before further downstream assays.24-31
Rafeie et a/30 presented a high-throughput slanted spiral microchannel device that can
extract plasma from diluted whole blood from small to large volume (1-100mL) with a
maximum processing flow rate of 24 mL/min. However, performance of inertial
microfluidics is often limited by conventional single-pass operation which results in an
intrinsic trade-off between purity and recovery when the window of optimal operation is
narrow.

As an effort to remedy this issue of single-pass operation, our group introduced a closed-
loop operation of spiral microfluidic device, called “C-sep”, where both enrichment and

recovery of target cells can be maximized by continuously feeding the inertially focused

stream of target cells back to the input.3!

In this paper, we present a simple microfluidic sample preparation method using a spiral
microchannel device, resulting in enhanced detection of virus from blood samples using
unbiased metagenomic sequencing. To our best knowledge, this is the first time to
demonstrate a whole workflow from microfluidic sample preparation to metagenomic
sequencing-based virus detection. Our spiral inertial microfluidic device is operated in a
recirculatory regime so that virus can be isolated via negative selection from the diluted
blood while large host cells are kept in the recirculating flow. Conventionally, it has been
considered difficult to isolate small particles like viruses (a few tens or hundreds of
nanometers) with an inertial microfluidic device because these small particles are prone to
Brownian motion and are too small to be inertially focused with the net lift force in a
microchannel.32 We separate viruses from the host cells —red blood cells (RBC), white
blood cells (WBC), and platelets—by keeping the host cells (larger than or equal to 3 um in
diameter) focused in the closed-loop while collecting the outer-wall output which mainly
consists of free-floating viruses in background fluid, along with cell-free nucleic acid. In this
manner, negatively selected viral particles can be collected with the buffer solution, with
most of host cells depleted in an automated and fully contained manner (Fig. 1 A). The
utility of spiral microfluidics with negative selection scheme was verified by processing
whole blood samples spiked with cytomegalovirus (CMV), analyzing the resulting
suspension with quantitative PCR and viral sequencing, and comparing the results between
treated and untreated samples. We observed significant increase in the number of viral reads
as well as viral genome coverage depth for microfluidics-treated samples. The increase in
viral reads was higher in samples with low virus concentration, which suggests potential for
using our device and operation scheme for pre-treatment of clinical whole blood samples.
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Experimental Section

Device fabrication

The spiral inertial microfluidic device was fabricated with polydimethysiloxane (PDMS)
following standard soft-lithographic microfabrication techniques as descried previously.3!
The master mold with specific microchannel dimensions was designed with AutoCAD
software and then fabricated with micro-milling machine (Whits Technologies, Singapore)
on aluminum. PDMS replica was fabricated by casting degassed PDMS (10:1 mixture of
base and curing agent of Sylgard 184, Dow corning Inc.) onto the aluminum mold, curing on
the hot plate for 10 minutes at 150 degrees and peeling the cured PDMS off the mold. Holes
for fluidic access were punched with disposable biopsy punches (Integra™ Miltex®). The
punched PDMS replica was then irreversibly bonded to a silicone film (BISCO HT-6240 40
Duro silicone sheet, 0.25mm-thick, Rogers Corp.) placed on a glass slide after treating both
surfaces with plasma machine (Femto Science, Korea). The assembled device was placed in
a 60 degrees oven for 1 hour to stabilize the bonding further.

Sample preparation

Fresh human whole blood samples collected in an ethylenediaminetetraacetic acid (EDTA)
vacutainer (purple top) were purchased from Research Blood Components, LLC (Boston,
MA, USA) and spiked with known concentrations of cytomegalovirus (ATCC-2011-8) to
generate samples representing a range of clinically-relevant viral loads (104-108 CMV
copies/mL whole blood). Plasma samples were prepared by centrifugation of whole blood
for 10 minutes at 994 RCF, followed by collection of the plasma layer. As a control, some
plasma samples underwent lysis of cell and viral membranes by combining 200 pL of
plasma samples with 800 uL of buffer AVL (Qiagen).

In preparation for loading in the spiral microfluidic device, samples were diluted in buffer
comprised of phosphate-buffered saline without calcium and magnesium (PBS, Corning®)
plus 0.1% w.t. bovine serum albumin (BSA, Sigma-Aldrich) to prevent non-specific binding
of cells and viral particles to device surface and tubing. Whole blood samples were diluted
100-fold (100 uL whole blood in 9,900 uL buffer) and plasma samples were diluted 10-fold
(1 mL plasma in 9 mL buffer). Due to differences in the number of host cells, different
dilution factors were chosen for whole blood and plasma samples to yield the best rejection
ratio of host cells (Supplementary Fig. 1).

Experimental setup for closed-loop operation of spiral microfluidic device (“C-sep”)

Closed-loop operation of spiral inertial microfluidic device was done by connecting a
peristaltic pump (Cole-Parmer) to the device with silicone tubing (Masterflex platinum-
cured tubing, L/S 14, Cole-Parmer) with sample tubes (Falcon® Polystyrene Sterile
Centrifuge Tubes, Corning®) loaded on a rack (Fig. 1 B). Tubing connected to the inner-
wall side outlet was fed back to the input tube for closed-loop operation while the output
sample was being collected at the outer-wall side outlet tubing. This operation was
continued until all input volume was processed with the optimized flow rate of 1.6 mL/min
(Fig. S1).
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Immunofluorescence staining and flow cytometer analysis

All input and output samples were aliquoted in a volume of 100 pL and stained with 10 pL
of allophycocyanin (APC)-conjugated mouse antihuman CD41a reagent (Miltenyi Biotec)
for 30 minutes at 4 degrees in the dark. The stained samples were then analyzed by BD
Accuri C6 flow cytometer (BD Bioscience) to quantify the number of RBC/WBCs/platelets
in each sample based on the number of events gated by fluorescence intensity, forward-
scattering and side-scattering, accordingly. To evaluate how much cell was removed from the
input to the output, we recorded the volume of each input and output sample and multiplied
these volumes by the number of events per processed sample volume in the aliquoted
samples to calculate the total number of each cell type.

Extraction and quantification of viral nucleic acid with quantitative polymerase chain
reaction (gQPCR)

Nucleic acid was extracted using the MagMax Pathogen RNA/DNA kit (ThermoFisher) per
the manufacturer’s instructions. Nucleic acid was extracted from between 100pL-1mL of
sample, depending on sample type and microfluidic processing.

CMV total nucleic acid was quantified by gPCR using Power SYBR® Green RNA-to-Ct™
(Applied Biosystems). Samples were assayed in triplicate with a total reaction volume of 10
UL, including 3 pL of template and 0.3 pL of each primer per the manufacturer’s
instructions. Thermocycling conditions were: 95 degrees for 10 minutes, followed by 45
cycles of 95 degrees for 15 seconds and 60 degrees for 60 seconds. Primer sequences were
after Peres et a/33: Forward&=GAAGGTGCAGGTGCCCTG,
Reverse=GTSTCGACGAACGACGTACG. Viral copies were calculated by comparison to a
standard curve generated using a custom synthesized DNA fragment (gBlocks®, IDT)
quantified by NanoDrop (ThermoFisher Scientific). Final concentrations were adjusted for
differences in sample volumes and dilutions during processing.

Viral next-generation sequencing (NGS)

Sequencing libraries were prepared from 1ng of extracted nucleic acid using the Nextera XT
DNA library preparation kit (Illumina), as previously described®. Sequencing libraries were
quantified in triplicate using the KAPA Library Quantification kit (KAPA Biosystems)
according to manufacturer’s instructions. Samples were pooled at equal molarity and
sequenced on the Illumina MiSeq platform using paired-end 100bp reads.

Reads were demultiplexed, and initial taxonomic assignment was performed using Kraken34,
Using viral-ngs3®, reads were cleaned of human reads, filtered against a reference genome
corresponding to the HHV5 strain Merlin (NC_006273.2), and underwent de novo assembly
of the CMV genome with refinement by scaffolding against the same reference genome. To
compare CMV genome coverage between samples, 450,000 reads were randomly selected
for each sample to ensure comparability, and then CMV reads were aligned to the reference
genome (NC_006273.2) in BWA using the following parameters -k 12 -B 2 -O 3; duplicate
reads were excluded.
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Results & Discussion

Evaluation of Spiral Microfluidic Device Performance

Particles or cells of different sizes experience different magnitude of inertial and drag forces
in a spiral microchannel and equilibrate at different lateral positions. Since the net lift force
on a particle suspended in a plane Poiseuille flow is proportional to particle diameter (a,) to

the power of 4 (~a;) (F, = /)GZCLaj), where p is the density of fluid medium, G is the shear
rate of the fluid given by G = Ujpad Dy, Uppaxds the maximum fluid velocity, Dy is the
microchannel hydraulic diameter, and C; is the lift coefficient which is a function of the
particle position across the channel cross-section and channel Reynolds number (Re)) and

the Dean drag force on a particle is proportional to particle diameter (~a,) ( Fp=

4 D63 is g U [Pn
3t geand= 5.4%10 ruDe-3ap, where De (Dean number) is given by De = . R

Ufis average velocity of fluid, ¢ is dynamic viscosity of fluid, and R is radius of curvature of
curved microchannel.)23, larger particles or cells are more dominated by inertial lift force
than Dean drag and tend to be equilibrated at inner side of the spiral microchannel during
operation. On the other hand, smaller particles are more dominated by Dean drag and tend to
be dispersed throughout the microchannel, following two counter-rotating vortices known as
Dean vortices in the spiral microchannel. Spiral microchannel is carefully designed to have
trapezoidal cross-section of 800 pm width, 70 and 40 um height at inner-wall and outer-wall
side, respectively, to focus relatively large host cells (RBC/WBC/Platelets, =23 um in
diameter) while relatively small virus particles are spread throughout the microchannel, as
depicted in Fig. 1 A. Host cells are located near the inner-wall (IW) side of the microchannel
when they reach the bifurcation point at the outlet and are fed back to the input tube during
recirculation of spiral microfluidic device while virus particles are negatively selected and
constantly collected at the outer-wall (OW) outlet. A trapezoidal cross-section was chosen to
allow more space for the inner-wall focused host cells 30 so that the focusing behavior is
maintained until the end of closed-loop operation when the concentration of the solution
becomes higher. The inertially focused streamline of host cells at the inner-wall is further
assisted by the ZweifachFung effect36:37 due to the smaller fluidic resistance, thus the flow
rate is higher at the innerwall outlet. As can be seen in Fig. 1 C and D, the fluid collected at
the OW outlet looked clear due to the depletion of host cells. This process takes place in an
automated and fully contained manner, which can be compatible with biosafety
requirements for processing known or unknown viral pathogens from clinical samples.

To evaluate the separation efficiency, we processed both whole blood and plasma samples.
Figure 2 A illustrates the separation efficiency of our spiral microfluidic device operated in a
closed-loop manner. For whole blood samples (n=9), the total number of RBC and WBC
was reduced by 98% (from 6.7x 7 xx1087 to 1.5x107 cells) and the number of platelets was
reduced by 36% (from 2.6 10 to 1.7 10 cells). For plasma samples (h=9), which should not
contain RBC or WBCs but do contain residual platelets, the total number of platelets was
reduced by 69% (from 2.4x108 to 7.4x107 cells). Depletion of platelets in the whole blood
samples was found to be less effective than in the plasma samples because steric particle
crowding effects became more severe for the whole blood samples and affected particle
focusing behavior towards the end of C-sep. when host cell concentration was highly

Anal Chem. Author manuscript; available in PMC 2019 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choi et al.

Page 7

increased.?4 The recovery of CMV nucleic acid was measured by gPCR, from samples
before and after microfluidic processing (Fig. 2 B). These results demonstrate successful
recovery of CMV from both whole blood and plasma across a range of viral concentrations.
Overall recovery was calculated from the slope of data points and estimated to be 114.1%
for whole blood samples and 103.5% for plasma samples. Estimated recovery greater than
100% could have come from sampling error, or the inexact nature of gPCR.

Assessment of virus genome recovery by metagenomic sequencing

We initially performed metagenomic sequencing from whole blood, plasma, and lysed
plasma from a sample with high viral load (108 CMV copies/mL of whole blood) before and
after microfluidic separation. The lysed plasma sample was used as a control in which host
cells and virus are lysed prior to microfluidic separation; we expected that host nucleic acid
would not be depleted by inertial microfluidics. To assess recovery of sequencing reads from
CMV compared to host, we first performed metagenomic classification of all reads using
Kraken.3* This showed an increase in CMV reads and a decrease in human reads for both
whole blood and plasma but not lysed plasma (Fig. 3A). CMV reads increased from 2.0% to
4.0% for the microfluidics-treated whole blood sample and from 9.0% to 17.0% for the
microfluidics-treated plasma sample, while CMV reads decreased from 2.0% to 0.8% for the
microfluidic-streated lysed plasma sample, which may reflect sampling variability. Reads
that were not classified as CMV or human generally belonged to microbial species that we
commonly observe in our sequencing negative controls, representing background from water
or sequencing reagents. We also assembled full CMV genomes and found an increase in the
depth of coverage of the CMV genome by approximately 2 fold after microfluidic
processing of both whole blood and plasma, normalizing for differences in total sequencing
depth (Fig. 3B). Depth increased for MF-treated samples by 2.1 fold for whole blood (from
12 to 25) and by 1.8 fold for plasma (from 75 to 133), while coverage depth did not increase
for lysed plasma sample.

The utility of spiral microfluidics for viral sequence enrichment was even greater at lower,
clinically relevant viral loads (104 and 108 CMV copies/mL whole blood), levels at which
full CMV genomes could not be assembled with the depth of sequencing used for the
present study. To compare recovery of CMV reads before and after microfluidic processing,
we aligned all reads to the CMV reference genome and calculated the number of unique
mapped CMV reads per sample. We observed a consistent increase in CMV reads after
microfluidics, which was more pronounced in whole blood than plasma and at lower viral
loads. Specifically, mapped viral reads increased after microfluidic processing by 16.5, 3.3
and 2.1 fold for whole blood samples and by 6.3, 2.0 and 1.9 fold for plasma samples with
104, 10% and 108 CMV copies/mL, respectively (Fig. 3C and 3D). Furthermore, this increase
in the number of CMV reads was evenly distributed across the full length of the CMV
genome for both plasma and whole blood (Fig. 3E). We do not observe evidence of a greater
increase in the read depth for certain regions of the CMV genome (Fig. 3E), indicating that
microfluidics processing does not introduce biases in viral recovery. Overall, these results
suggest that our spiral microfluidic platform enhances viral detection especially in samples
where host background is higher and/or viral content is low, as is the case for many clinical
samples.
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Conclusion

We developed a sample preparation platform using a spiral microfluidic device that can
isolate virus from host cells in whole blood or plasma in an automated, fully-contained
manner. Removal of host cells through size-based spiral inertial microfluidic sorting with
recirculation led to the reduction of human (host) background reads in metagenomic
sequencing for viral detection and sequencing. Further studies are needed to assess recovery
of intact infectious virus for other downstream processes. We anticipate that our device can
help ease the sample preparation process and improve the sensitivity of sequencing-based
viral detection for viral clinical samples by enabling direct use of whole blood samples for
WGS sample preparation as well as eliminating the need for centrifuge or membrane-based
filters.
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spiral microfluidic device (D) Comparison between input (100 times diluted whole blood)
and microfluidics (MF)-treated samples
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(A) Total number of cells (calculated from flow cytometry results) in untreated and MF-
treated samples for whole blood and plasma samples. Each bar is drawn with data points of
9 samples. (B) Concentration of CMV (viral copies/uL) recovered as output from MF

(yaxis) versus input (x-axis).
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(A) Metagenomic classification of sequencing reads by Kraken for samples derived from
whole blood spiked with 108 CMV copies/mL. (B) Normalized coverage depth of CMV
whole genome assemblies for samples in (A). (C) Comparison of CMV reads before
(untreated) and after (MF-treated) microfluidic treatment of whole blood samples spiked
with a range of CMV viral loads (104, 108, 108 copies/mL whole blood). (D) Comparison of
CMV reads before (untreated) and after (MF-treated) microfluidic treatment of plasma
samples (E) Plot showing the depth of coverage (y-axis) across the CMV genome (x-axis) in
samples derived from whole blood spiked with 106 CMV copies/mL. Depth of coverage is
the number of sequenced reads that aligned to the CMV genome at each base pair position

from 450,000 sampled reads.
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