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Abstract

Point-of-care (POC) HIV viral load (VL) tests are needed to enhance access to HIV VL testing

in low- and middle-income countries (LMICs) and to enable HIV VL self-testing at home, which
in turn have the potential to enhance the global management of the disease. While methods based
on real-time reverse transcription-polymerase chain reaction (RT-PCR) are highly sensitive and
quantitatively accurate, they often require bulky and expensive instruments, making applications
at the POC challenging. On the other hand, although methods based on isothermal amplification
techniques could be performed using low-cost instruments, they have shown limited quantitative
accuracies, i.e., being only semiquantitative. Herein, we present a sensitive and quantitative POC
HIV VL quantification method from blood that can be performed using a small power-free three-
dimensional-printed plasma separation device and a portable, low-cost magnetofluidic real-time
RT-PCR instrument. The plasma separation device, which is composed of a plasma separation
membrane and an absorbent material, demonstrated 96% plasma separation efficiency per 100

L of whole blood. The plasma solution was then processed in a magnetofluidic cartridge for
automated HIV RNA extraction and quantification using the portable instrument, which completed
50 cycles of PCR in 15 min. Using the method, we achieved a limit of detection of 500 HIV RNA
copies/mL, which is below the World Health Organization’s virological failure threshold, and a
good quantitative accuracy. The method has the potential for sensitive and quantitative HIV VL
testing at the POC and at home self-testing.
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INTRODUCTION

More than 40 years since the first case was reported in 1981, HIVV/AIDS has claimed an
estimated 36.3 million lives and is one of the deadliest infectious diseases worldwide.

In 2020 alone, an estimated 680,000 people died from AIDS-related illness.> About 37.7
million people are living with HIV/AIDS globally, with more than half living in Eastern
and Southern Africa.2~* Although no cure for HIV/AIDS has been developed, antiretroviral
therapy (ART) can suppress HIV viral load (VL) to undetectable concentrations, which
effectively means that the infection is untransmittable.>-8 About ~28.2 million people living
with HIV/AIDS in the world are receiving ART.2 HIV VL testing is an important tool to
monitor ART treatment efficacy and guide clinical action.%-13
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Commercial HIV VL test kits based on real-time reverse transcription-polymerase chain
reaction (RT-PCR) such as the Abbott Real Time HIV-1 and the Roche Cobas AmpliPrep/
TagMan HIV-1 are sensitive with limits of detection (LODs) of 20-50 HIVV RNA copies/
mL14-18 put require expensive instruments and highly trained personnel. Therefore, these
kits have been confined to central laboratories. In sub-Saharan Africa, where most HIV/
AIDS patients live and where testing infrastructure is limited, central laboratory-based
testing suffers from long turnaround times of a few months, on average.1%20 Long
turnaround time is a cause of delay of care and loss to follow-up, which in turn contribute

to poor treatment outcome and the spread of HIV drug resistance.*21-24 Improving access to
HIV/AIDS diagnosis and HIV VL testing in low- and middle-income countries (LMICs) is
important to achieve the UNAIDS 95-95-95 targets (i.e., diagnose 95% of all HI\V-positive
individuals, provide ART for 95% of those diagnosed, and achieve viral suppression for 95%
of those treated) set for 2030.24

Recently, several research studies have shown that the usage of near point-of-care (POC)
HIV VL testing platforms such as Cepheid’s GeneXpert and Abbott’s m-PIMA in

seven sub-Saharan African countries and South Africa significantly reduced turnaround
time, shortened time to clinical action, and improved retention in care and treatment
outcome.20:25 However, these instruments require constant electricity, cost $17,500 and
$25,000, respectively, and use single-use test cartridges with prices >$25.26 Furthermore,
both platforms require plasma as the starting sample for quantitative output,2’-31 the
isolation of which is challenging at the POC. Thus, these platforms may be more suited

for HIV VL testing in clinic-based settings. Meanwhile, the SAMBA HIV-1 Semi-Q Test
whole blood assay can use whole blood as the starting sample by using a proprietary
leukodepletion column but is only semiquantitative, i.e., does not provide a specific VL
number.32:33 There is an unmet need for POC HIV VL testing platforms from blood that are
rapid, affordable, simple to use, sensitive, and quantitatively accurate for community-based
settings and at home self-testing.

Several efforts have been made to develop such a POC HIV VL test.#34-40 For example,
Kadimisetty et al. reported a three-dimensional (3D)-printed sample concentrator for plasma
separation, HIV virus lysis, and HIV nucleic acid enrichment at the POC.3% However,

the samples had to be transported to centralized laboratories for manual washing and VL
quantification using benchtop PCR machines. Phillips et al. reported a POC HIV nucleic
acid testing (NAT) device called microRAAD to detect HIV from whole blood using
RT-LAMP isothermal amplification.36 However, the LOD was quite high, 2.3 x 107 virus
copies/mL of whole blood, and, with a low quantitative accuracy, the platform is more
suited for yes/no detection rather than VL quantification. Also, using RT-LAMP, Liu et al.
reported a USB-interfaced POC HIV VL testing device from blood with a LOD of ~214
viral RNA copies/mL of whole blood.37 Although the device is compact and sensitive,

since blood samples spiked with already extracted HIV RNA were used for the LOD
experiment, it is unclear what LOD the device will achieve with blood samples containing
HIV viruses. Furthermore, with an /2 of 0.85 upon linear fitting the standard curve and large
standard deviations, the device is more suited for semiquantitative tests (i.e., differentiating
between high, medium, and low viral loads). Hull et al. reported the use of an HIV RPA
assay and a target-mimicking internal amplification control that could distinguish >10-fold
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differences in HIV RNA copy numbers from the World Health Organization (WHO)
treatment failure threshold.38 However, the method is also semiquantitative and does not
include sample preparation. Wang et al. reported a digital format of isothermal nucleic acid
sequence-based amplification (NASBA) for quantifying HIV-1 RNA and achieved better
quantitative accuracy and sensitivity than real-time NASBA.39 Although quantitative and
sensitive, digital format increases complexity regarding chip fabrication, sample loading,
and instrumentation. Among techniques for quantifying nucleic acid copy number in a
single bulk reaction, real-time RT-PCR has better quantitative accuracy than isothermal
techniques.38:41 Nevertheless, real-time RT-PCR requires bulky and expensive instruments
due to the need of thermal cycling and fluorescence readout.#2 Several research groups have
attempted to develop low-cost and portable real-time RT-PCR instruments for applications
at the POC.43-47 We previously reported a filtration-assisted HIV VL quantification method
based upon a portable magnetofluidic real-time RT-PCR platform with a LOD of 1000
copies using 10 L of whole blood, i.e., 100,000 copies/mL of blood and a good quantitative
accuracy.*? However, the WHO defines 21000 HIV RNA copies/mL as the threshold for
virological failure, while some other public health authorities use lower thresholds (e.g.,
>200 copies/mL).4849 Therefore, to be able to detect virological failure, a platform must
achieve a LOD of 1000 HIV RNA copies/mL or lower.

To accomplish this, in this work, we developed a novel, power-free plasma separation
method and device that can process 10 times larger volume of whole blood (i.e., 100 /L

of whole blood). We then coupled it with an enhanced RNA extraction and quantification
protocol in a magnetofluidic cartridge. The plasma separation device was composed of a
plasma separation membrane and an absorbent material housed in a small 3D-printed casing.
Using the device, 96% of the available plasma could be separated from 100 zi of whole
blood after 3 min. After an elution step using phosphate-buffered saline (PBS), plasma
solution was obtained in a tube. A lysis/binding buffer solution and silica-coated magnetic
beads were added to the tube for HIV virus lysing and HIV RNA capturing. The lysate was
then transferred into a magnetofluidic cartridge for automated nucleic acid extraction and
quantification using a portable and low-cost magnetofluidic real-time RT-PCR instrument
(Figure 1). The instrument has a rapid thermocycling design that can complete 50 PCR
cycles in 15 min. Using the method, we were able to quantify HIV VL from 100 s of
blood with a LOD of 500 HIV RNA copies/mL and a good quantitative accuracy (A2 of
0.97 upon linear fitting the standard curve). The total turnaround time was ~45 min. This
method therefore has the potential for sensitive and quantitative HIV VL quantification and
virological failure detection from blood at the POC and at home self-testing.

EXPERIMENTAL SECTION

Design and Fabrication of the Plasma Separation Device.

The plasma separation device was designed using Fusion 360 (Autodesk). Detailed
dimensions can be found in Figure S1. The design was 3D printed using a Form 2 3D
printer (Clear Resin, Formlabs). Absorbent discs of an A/D glass fiber filter (thickness 660
um, Pall Corporation) with a diameter of 8.5 mm were prepared using a hole puncher.
Absorbent discs of blotting paper (grade 703, thickness 380 ym, VWR) with a diameter
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of 13 mm were prepared using another hole puncher. Absorbent discs of an A/D glass
fiber and blotting paper were attached to the absorber module of the plasma separation
device using a double-sided adhesive ring (Figure S1). Discs of a Vivid plasma separation
membrane (grade GR, thickness 330 um, Pall Corporation) with a diameter of 15.875 mm
were prepared using a 5/8 inch hole puncher. The Vivid plasma separation membrane disc
was attached to the filter module of the plasma separation device using two double-sided
adhesive rings with the shiny side of the membrane facing up (Figure S1).

Plasma Separation.

To conduct plasma separation, the absorber module, which holds the absorbent discs,

was twisted and locked with the filter module, which holds the Vivid plasma separation
membrane disc, bringing the absorbent discs into contact with the plasma separation
membrane (Figure 2A). Then, 100 xL of whole blood spiked with 1 L of HIV viral
particles (AcroMetrix HIV-1 Panel copies/mL, Microgenics Corporation) was loaded onto
the bottom side of the Vivid plasma separation membrane. The device was put aside upright
for 3 min so that plasma could wick through the membrane and into the absorbent discs.
The absorber module with the absorbent discs still attached was removed from the filter
module. A syringe preloaded with 500 L of PBS 1x (Gibco) was inserted into the absorber
module to flush out the plasma absorbed in the absorbent discs into a collection tube. Video
S1 shows the entire procedure of plasma separation using the proposed plasma separation
method.

Fabrication of the Magnetofluidic Cartridge.

The magnetofluidic cartridge was designed and assembled, as previously described.40
Briefly, the cartridge was designed with one sample well that can hold up to 500 gL of
sample solution, a washing well that can hold up to 50 zL of washing solution, and a PCR
well that can hold 7.5 gL of RT-PCR reaction mix solution. Cartridges were fabricated by
thermoforming a polyethylene terephthalate glycol (PETG) film (Welch Fluorocarbon) onto
3D-printed molds using a vacuum-forming machine (JINTAI). Spacers were prepared by
laminating a double-sided tape onto both sides of a 0.75 mm thick plastic sheet, followed by
laser cutting. Spacers were then attached onto the thermoformed cartridges.

RT-PCR reaction mix solutions were prepared by mixing RT-PCR master mix

(TagMan Lyo-ready 1-Step RT-gPCR, Applied Biosystems, 1 4M final conc.), forward
primers (5 -CATGTTTTCAGCATTATCAGAAGGA-3’, IDT, 1 1M final conc.), reverse
primers (5'-TGCTTGATGTCCCCCCACT-3’, IDT, 1 M final conc.), probe (5'FAM-
CCACCCCACAAGATTTAAACACCATGCTAA-Q 3', IDT, 0.25 /M final conc.), bovine
serum albumin (New England Biolabs, 1 £M final conc.), Tween-20 (0.1% v/v final conc.),
and DEPC-treated water (Quality Biological). The HIV-1 primers and probe sequences were
adopted from an HIV-1 real-time RT-PCR assay with single-copy sensitivity previously
developed by Palmer et al.? Solutions of 7.5 /L of RT-PCR reaction mix and 50 /4L of
washing solution (PEG 6000 (Sigma-Aldrich) 20% w/v Tween-20 (Sigma-Aldrich) 0.5%
v/v in DEPC water) were loaded into the PCR well and washing well, respectively, of
thermoformed cartridges with spacers attached.
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Caps were prepared by laser cutting 1.5 mm acrylic plate (8560K171, McMaster-Carr)
pre-laminated with polytetrafluoroethylene (PTFE) (6305A18, McMaster-Carr) on one side.
After the reagent loading, as described above, cartridges were capped using the prepared
caps with the PTFE-laminated side facing inside. Silicone oil 100 ¢St (Sigma-Aldrich, 600
L) was loaded into the cartridges to form fluid bridges between the sample well, washing
well, and PCR well. Melted docosane wax (Sigma-Aldrich, 40 £1) was finally added and
left to cool to room temperature to form a wax plug that would seal off the sample well and
keep all reagents and silicone oil from moving. Prepared cartridges were kept on ice until
use.

Portable Magnetofluidic Real-Time RT-PCR Instrument.

To transfer magnetic beads between the cartridge’s sample well, washing well, and PCR
well for nucleic acid extraction and quantification, a portable magnetofluidic real-time
RT-PCR instrument#? was used. The instrument had a two-dimensional (2D) magnetic arm
that could move magnetic beads between the sample well, washing well, and PCR well of
the cartridge. It also had a rapid thermocycling design.*® The rapid thermocycler was based
on a thermoelectric element (Peltier mini module, Custom Thermoelectric). One side of the
thermoelectric element was epoxied to a mini-PCR heat block machined from 145 copper.
The other side of the thermoelectric element was epoxied to a heatsink attached to a 5 V
fan (Sunon). The temperature of the mini-PCR heat block was monitored by a thermistor
probe (GA100K6MCD1, TE Connectivity) epoxied to the heat block. After a cartridge was
inserted into the instrument, a resistive heater (Riedon PF1262-5RF1)-based heat block and
the thermocycler were mounted under the sample well and the PCR well, respectively, of
the cartridge by a motor (herein referred to as the mounting motor). The resistive heater
was turned on to melt the wax plug, allowing the transfer of magnetic beads to the washing
well and then the PCR well by the 2D magnetic arm. After an elution step in the PCR

well, the magnetic beads were transferred out of the PCR well, and the thermocycler was
turned on for rapid RT-PCR. Real-time fluorescence imaging was achieved via a 3-color
RGB LED (Vollong), a focusing lens (10356, Carclo), a dual-band excitation filter (59003m,
Chroma), a dual-band emission filter (535-700DBEM, Omega Optical), and a Raspberry Pi
camera (Pi NolIR Camera V2, Raspberry Pi). The instrument was controlled by an Arduino
Nano and a Raspberry Pi 3B+ computer, which communicate to each other via UART. The
Arduino Nano controlled the 2D magnetic arm, the mounting motor, the 5 V fan, and the
LED. The Raspberry Pi 3B+ computer controlled the camera and the resistive heater and
the thermoelectric element (via motor driver shield dual TB9051FTG, Pololu). The block
diagram of the instrument is shown in Figure S2.

Analytical Sensitivity of the HIV-1 RNA Real-Time RT-PCR Assay.

Analytical sensitivity of the HIV-1 RNA real-time RT-PCR assay was determined by spiking
1 /A of 10-fold serial dilutions (10*-10° copies/zL) of synthetic HIV RNA sequences
(VR-3245SD, ATCC) into 6.5 L of RT-PCR reaction mix, which resulted in 104-10°
copies/reaction final concentrations. Real-time RT-PCR were run using a benchtop Bio-Rad
real-time PCR instrument and a rapid RT-PCR protocol (5 min RT at 50 °C, 10 s 95 °C hot
start, and 50 cycles of denaturation at 95 °C for 1 s and annealing and extension at 60 °C for
15s).
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LOD Using Whole Blood Samples.

Samples for LOD analysis were prepared by spiking 1 zL of HIV viral particles
(AcroMetrix HIV-1 Panel copies/mL, Microgenics Corporation) into 99 1 of HIV-1-
negative whole blood samples (Interstate Blood Bank, Inc.) to 50,000 HIVV RNA copies/mL,
5000 HIV RNA copies/mL, 500 HIVV RNA copies/mL, and 0 HIVV RNA copies/mL final
concentrations. Plasma was separated, as described above. The collected plasma was mixed
with 450 gL of lysis buffer (4 M GuSCN, 55 mM Tris—HCI, 25 mM EDTA, and 0.5% Triton
X-100)51 + 2 41 of carrier RNA (Applied Biosystems) + 2.25 z1_ of 2-mercaptoethanol
(Sigma-Aldrich) + 4.5 w4l of Proteinase K (Invitrogen) + 3 L of silica-coated magnetic
beads (MagBinding Beads, Zymo). To reduce the turnaround time, the mixture was
incubated at room temperature for 5 min under shaking. After incubation, the mixture

tubes were placed on a magnetic rack and 600 gL of the supernatant was removed. The
remaining solutions (about 300 L) were loaded into sample wells of cartridges preloaded
with reagents, silicon oil, and docosane wax plug, as described above. The cartridges were
inserted into the portable magnetofluidic real-time RT-PCR instrument (Figure S3) for wax
plug melting (100 °C for 80 s), washing (15 round trips up and down), and elution (55 °C for
5 min). The magnetic beads were then moved out of the PCR well, and real-time RT-PCR
was started (RT step, 55 °C for 5 min; PCR step, 50 cycles of denaturation at 100 °C for 2

s and annealing and extension at 55 °C for 2 s). The turnaround time of the entire workflow
was ~45 min in which 50 PCR cycles took ~15 min. The LOD was determined as the lowest
concentration in whole blood that resulted in successful detection of Cq in three independent
experiments conducted on different days.

Statistical Analysis.

One-way ANOVA (multiple comparisons test of Tukey) was used to determine if there
are any statistically significant differences between the means of different experimental
conditions.

RESULTS AND DISCUSSION

Working Principle.

The working principle of our proposed HIV VL quantification method is illustrated in
Figure 1, and the workflow includes the following steps: (1) The user loads a finger-prick
volume of whole blood (100 L) containing HIV viral particles onto the bottom side of

a plasma separation membrane and waits for 3 min. Red blood cells, which are larger

than the membrane’s pore size, are blocked by the membrane, while plasma and HIV viral
particles pass through and become absorbed into the absorbent material due to capillary
force. (2) The user attaches the absorbent material onto the mouth of a tube and flushes
the material with PBS using a syringe. Plasma and HIV viral particles are washed away
from the absorbent material and fall into a solution of chaotropic salt-based lysis/binding
buffer and silica-coated magnetic beads. HIV viral particles are lysed, and released HIV
RNA are captured by the silica-coated magnetic beads. (3) The user transfers the lysate
solution into the sample well of a cartridge (preloaded with RT-PCR reaction mix, washing
buffer, and silicone oil) and inserts the cartridge into a portable instrument for automatic
HIV RNA extraction and real-time RT-PCR quantification (Figures S2 and S3). First, the
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magnetic beads are moved to a washing well for washing. Second, the magnetic beads are
moved to a PCR well for direct elution of the HIV RNA into the RT-PCR reaction mix.
Third, the magnetic beads are removed from the PCR well. Finally, a rapid thermocycler is
mounted under the PCR well for amplification, and real-time quantification is achieved via
fluorescence imaging using LEDs and a Raspberry Pi camera.

Plasma Separation Device.

Plasma is the gold-standard specimen for HIV VL quantification. Many efforts have been
made to develop methods for plasma separation at the POC.3°52-60 However, many of
these methods are complex, have limited plasma separation efficiencies, and/or can only
process small blood volumes. In response, we herein report a simple, power-free plasma
separation method utilizing a Vivid plasma separation membrane and absorbent material.
Figure 2 illustrates the plasma separation device that we developed. It was composed of
two main parts: the absorber module, which held the absorbent material, and the filter
module, which held the Vivid plasma separation membrane (Figure 2A). The two modules
were attached together by a twist-and-lock mechanism. After whole blood was loaded
(Figure 2B), the device was set aside in an upright position (Figure 2B inset) to allow for
gravitational sedimentation of the red blood cells, thus reducing the issue of clogs in the
plasma separation membrane and improving plasma separation efficiency. Three minutes
later, the bottom surface of the plasma separation membrane appeared dry (Figure 2C).
Meanwhile, the absorbent material changed to orange/pink color due to the absorbance of
plasma (Figure 2D), as opposed to the white color at the beginning (Figure 2D inset). After
eluting the absorbent material using a syringe preloaded with PBS (Figure 2E), plasma
solution was collected in a tube, while the absorbent material’s color returned to near-white
color, indicating that most of the plasma was eluted (Figure 2E inset).

The amount of plasma absorbed into the absorbent material depends on two main factors:
(1) contact between the absorbent material and the membrane and (2) absorbent capacity
of the absorbent material. To ensure good contact between the absorbent material and the
membrane, we designed the absorber module’s height so that when the absorber module was
twisted and locked into the filter module, a good contact between the absorbent material
and the membrane was formed. Using this twist-and-lock mechanism, we expect to achieve
better consistency regarding absorbent material-membrane contact than a previous design
that relied on a screwing mechanism.®” Absorbent capacity can be adjusted by varying

the number of absorbent discs attached to the absorber module. The higher the number

of absorbent discs, the higher the absorbent capacity, and therefore the higher the plasma
separation efficiency (Figure 3). Plasma separation efficiency reached 96% + 3% using

2 A/D glass fiber absorbent discs as opposed to 88% = 11% using 1 A/D glass fiber
absorbent disc and 63% =+ 8% using no A/D glass fiber absorbent discs (see the Supporting
Information for the separation efficiency calculation method). No statistically significant
difference in plasma separation efficiency was found between 1 and 2 absorbent discs.
Therefore, we decided to proceed with using two absorbent discs without further increasing
the number of absorbent discs. The absorbed plasma was eluted from the absorbent discs
using PBS, and a plasma solution was obtained. By quantifying the amount of virus in the
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obtained plasma, we found ~32% HIV virus recovery in comparison to the gold-standard
centrifuge-based method (Figure S4).

Nucleic Acid Extraction Protocol.

Once plasma was obtained from blood, HIV RNA needed to be extracted before real-time
RT-PCR. The nucleic acid extraction step has been the bottleneck of implementing nucleic
acid amplification tests (NAAT) at the POC and has attracted much research interest.61-
70.81 \We previously reported a magnetofluidic cartridge approach that integrates automatic
nucleic acid extraction and rapid real-time PCR in a single cartridge.44> Our method has
several advantages including (1) preloading of all required reagents in a cartridge, (2) ease
of automation using low-cost off-the-shelf electronics components, (3) no requirement for
fluidic manipulation, which in turn results in simple cartridge design and fabrication in
addition to a small instrument footprint, and (4) integration of nucleic acid extraction and
amplification in an enclosed cartridge, thus minimizing cross-contamination by amplicons
from previous reactions.

With all the advantages, magnetic beads-based nucleic acid extraction in enclosed cartridges
is challenging. Most published nucleic acid extraction protocols based on silica-coated
magnetic beads and chaotropic salts chemistry involve several rounds of alcohol-based
washing to remove inhibitors that would otherwise inhibit downstream amplification. Since
alcohol itself is an inhibitor, after the last round of alcohol-based washing, magnetic beads
must be air-dried to evaporate residual alcohol before the nucleic acid elution step. However,
inside enclosed cartridges, air-drying is not amenable since magnetic beads are immersed

in either aqueous phase or oil phase throughout the process. Nucleic acid extraction based
on ChargeSwitch chemistry (Thermo Fisher) does not require alcohol washing and was used
in cartridges by us and other groups.#44571-75 However, for samples with a high content

of protein, ChargeSwitch chemistry showed a lower recovery than silica-coated magnetic
beads and chaotropic salts chemistry.40:76 We and several groups reported the integration

of silica-coated magnetic beads and chaotropic salts extraction chemistry into enclosed
cartridges by replacing alcohol-based washing with PEG-based washing,*® GuHCl-based
washing,””~79 or rapid water-based washing.80

In silica-coated magnetic beads and chaotropic salts extraction chemistry, sufficient lysis/
binding time is needed for the silica-coated magnetic beads to capture nucleic acid released
into lysate solution. In this work, we investigated the effect of lysis/binding time on the
extraction yield. As we increased the lysis/binding time from 5 to 60 min, we observed
decreasing Cq values, signaling improvements in the extraction yield (Figure S5). Although
60 min of lysis/binding time resulted in the lowest average Cq value, to keep a balance
between the extraction yield and the assay time, we chose 30 min lysis/binding time to
compare our HIV RNA extraction protocol with commercial RNA extraction Kits.

On benchtop (SI, Section S6), our HIV RNA extraction protocol could achieve similar
performance as the MagMAX Viral RNA Isolation Kit and the Zymo Quick-DNA/RNA
Viral MagBead commercial kits (Figure 4 and Figure S6). Using a one-way ANOVA

test (multiple comparisons test of Tukey), we found no statistically significant difference
between Cqgs by our extraction protocol and Cqgs by the MagMAX and Zymo Kits (Figure
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4). Silica-coated magnetic beads and chaotropic salts extraction chemistry with PEG-based
washing was therefore used in subsequent experiments involving HIV RNA extraction in a
magnetofluidic cartridge.

Nucleic Acid Extraction in the Cartridge.

To extract nucleic acids using our magnetofluidic cartridge system, magnetic beads had to
be moved from the sample well into the washing well using a permanent magnet. However,
once the beads were in the washing well, without an active bead mixing mechanism, it

was difficult to resuspend the magnetic beads into the solution, which is desirable for
maximum washing efficiency. Adding a bead mixing mechanism would solve the issue but
also adds complexity to the instrument. In this work, we found that washing efficiency in

a cartridge could be improved by moving the beads up and down between the washing
buffer solution and the silicone oil multiple times (Figure 5A). Higher round trip washes
resulted in better washing efficiency (Figure 5B). For 1 round trip wash (i.e., 1 trip of beads
moving down and up), no Cq could be detected, indicating that inhibitors remained on the
beads and were carried over into the RT-PCR reaction mix. When the washing round trip
number was increased to 5, the amplification signal could be detected. Further increasing the
washing round trip number resulted in earlier Cgs, reaching the earliest Cq at 15 round trips.
However, further increasing the number to 30 resulted in delayed Cq, possibly due to RNA
loss from excessive washing. We therefore chose 15 washing round trips for subsequent
experiments involving HIV RNA extraction in a magnetofluidic cartridge.

Sensitivity of the HIV-1 RNA Real-Time RT-PCR Assay.

To accurately quantify the extracted HIV-1 RNA, we used a rapid HIV-1 RNA real-time
RT-PCR assay. Before integrating it into a cartridge, we evaluated the analytical sensitivity
of the assay using 10-fold serial dilutions of synthetic HIV RNA sequences and benchtop
equipment. The results showed single-copy sensitivity (Figure S7). We therefore chose this
assay for integration into our cartridge system.

Limit of Detection Using Whole Blood Samples.

Finally, we conducted experiments encompassing the entire workflow from plasma
separation from whole blood using the 3D-printed device to nucleic acid extraction and
quantification using the portable magnetofluidic real-time RT-PCR instrument (Figures

S2 and S3), and we evaluated the LOD of the method. HIV-1-negative whole blood
samples (100 L) spiked with HIV-1 viral particles to 50,000-0 HIVV RNA copies/mL

final concentrations were used. Triplicate experimental results showed that we could detect
amplification curves at 50,000 copies/mL, 5000 copies/mL, and 500 copies/mL (Figure 6A).
As the HIV RNA concentration decreases, the mean Cq and its standard deviation increase,
indicating a lower number of HIVV RNA targets and a higher variability in quantification.

In detail, the mean Cq from the 50,000 copies/mL samples was 33.59 + 0.30, the 5000
copies/mL samples 36.08 + 0.70, and the 500 copies/mL 40.83 + 0.86 (Figure 6B). As
shown in Figure 6C, these mean Cqgs were significantly different (< 0.0001) from one of
the 0 copies/mL negative controls (calculated as 50 + 0 because all 0 copies/mL negative
controls failed to amplify and yield Cq by cycle 50). Our 500 HIVV RNA copies/mL LOD is
lower than the 800-1000 HIV RNA copies/mL LOD of the m-PIMA system from Abbott,
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which uses a similar plasma volume (50 /L of plasma).# The Cepheid’s GeneXpert system
has a LOD of 40 HIV RNA copies/mL but uses 1 mL of plasma.? Should the Cepheid
system also use 50 zL_ of plasma, one would expect a theoretical LOD of 800 HIV RNA
copies/mL. In addition, both m-PIMA and GeneXpert systems require plasma as the starting
sample. Separating plasma from blood at the POC is challenging. Our method includes an
approach for plasma separation from blood using a small and low-cost 3D-printed device.
The device was able to process 100 4L of blood (with the potential for higher volumes) with
96% separation efficiency, has small device-to-device variation (Figure S8), and does not
require power to operate, making it suitable for plasma separation at the POC. Compared to
isothermal amplification-based methods,36-38 our method has a higher quantitative accuracy
with an /2 of 0.97 (Figure 6B). Despite its high quantitative accuracy, our method does not
require bulky and expensive equipment. In addition, the instrument completes 50 cycles of
PCR in just 15 min, making it suitable for rapid quantitative NAT at the POC. Regarding the
turnaround time of the entire workflow, our method takes ~45 min, which is faster than the
methods discussed above.

We see several areas that require improvements. First, the plasma separation step requires
some manual handling from user, which is not ideal for POC applications. A plasma
separation approach that can be automated and integrated into a cartridge and therefore
does not require user’s intervention or requires minimal user’s intervention would be
better. Second, our instrument currently does not have an active bead mixing mechanism.
Therefore, during the lysis/binding step, the mixture of lysis/binding buffer, magnetic beads,
and the obtained plasma had to be incubated off cartridge under shaking for HIV RNA
capturing before being loaded into a cartridge for bead washing, elution, and RT-PCR. If
directly loading the mixture into a cartridge, the magnetic beads would settle quickly in the
sample well due to their relatively large size, reducing HIVV RNA capture efficiency. Using
smaller magnetic beads that can stay in solution longer and/or adding active bead mixing
mechanism to the instrument would enable the lysis/binding step to be implemented on a
cartridge, eliminating the need of off-cartridge incubation under shaking.

CONCLUSIONS

We have reported a rapid POC HIV VL quantification method from blood with a LOD of
500 HIV RNA copies/mL. The method includes a plasma separation step using a small,
power-free, 3D-printed device. With the device, we were able to separate plasma from

100 4L of blood with 96% separation efficiency. Upon the elution step, plasma solution
was collected from which HIV RNA was extracted and quantified using a portable and
low-cost magnetofluidic real-time RT-PCR instrument. We showed that our alcohol-free,
cartridge-compatible HIV RNA extraction protocol based on PEG washing had comparable
performance with two popular commercial kits. We also showed that, during the washing
step in a cartridge, the washing round trip number was important to the washing efficiency.
Upon tuning the number of washes, we used the platform to achieve a LOD of 500 HIV
RNA copies/mL, which is below the WHO’s virological failure threshold, by using 100
L of whole blood as the starting sample, i.e., 50 HIVV RNA copies in absolute copy
number. Furthermore, our method had an A2 of 0.97 upon linear fitting the standard curve,
making it more accurate than isothermal amplification-based approaches, which are often
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semiquantitative. In the future, we plan to add an internal control to ensure accuracy and

to integrate the plasma separation step with the HIV RNA extraction and quantification

step into a single cartridge to streamline the procedure and make the device truly sample-in-
answer-out, which is highly desirable for POC applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Working principle of the proposed POC HIV VL quantification method. First, plasma is

separated from blood by a device composed of a plasma separation membrane and an
absorbent material. Second, a flow of PBS is used to elute the absorbed plasma into a
lysis/binding buffer containing silica-coated magnetic beads for HIV virus lysing and HIV
RNA capturing. Finally, the solution is transferred into a cartridge for automatic washing,
elution, and quantification using a portable magnetofluidic real-time RT-PCR instrument.
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Figure 2.
(A) Working principle of the plasma separation device. The absorber module, which holds

the absorbent material, is twist-and-locked with the filter module, which holds the plasma
separation membrane. Thus, the absorbent material receives flush contact with the plasma
separation membrane. Upon loading with blood, red blood cells are trapped by the plasma
separation membrane, whereas plasma and viruses are absorbed into the absorbent material
on the other side of the membrane. Result: (B) Blood was loaded onto the bottom surface

of the plasma separation membrane. (C) The membrane appeared dry after 3 min because
plasma was absorbed into the absorbent material on the other side. (D) The absorber module
with the absorbent material was detached from the filter module. (E) Plasma in the absorbent
material was eluted into a collection tube using a syringe loaded with PBS.
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Plasma separation efficiency depends on the absorbent capacity. When a blotting paper
absorbent disc was combined with the increasing numbers of A/D glass fiber absorbent discs
(0, 1, and 2), the plasma separation efficiency increased (63, 88, and 96%, respectively). The
error bars represent the standard deviation (n7= 3). ns stands for nonsignificant.
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Figure 4.
Comparison between our proposed RNA extraction protocol and MagMAX Viral RNA

Isolation Kit and Zymo Quick-DNA/RNA Viral MagBead commercial kits. Student #tests
showed no significant difference between Cq of our protocol and Cq of the two commercial
kits. The error bars represent the standard deviation (/7= 3). ns stands for nonsignificant.
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Figure5.
(A) Silica-coated magnetic beads with HIVV RNA bound on their surface were moved down

and up between the washing buffer and the silicone oil repeated times to improve washing
efficiency. (B) With just 1 washing round trip, no Cq was detected. With more washing
round trips, Cq decreased, reaching the lowest at 15 washing round trips, before increasing
again at 30 washing round trips. The error bars represent the standard deviation (7= 3). N.D.
stands for non-detected.
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Calibration curve. A finger-prick volume of blood (100 z1.) spiked with HIV viral particles
with 50,000 HIVV RNA copies/mL, 5000 HIV RNA copies/mL, 500 HIV RNA copies/mL,
and 0 HIV RNA copies/mL final concentrations was loaded onto our plasma separation
device for plasma separation, followed by automatic HIV RNA extraction and ultrafast
real-time RT-PCR-based quantification in magnetofluidic cartridges. Amplification curves
(A) and Cq values (B) could still be observed and calculated at 500 HIVV RNA copies/mL.
The shaded area represents the 95% prediction band, where 95% of future samples are
expected to fall. The error bars represent the standard deviation (n7= 3). N.D. stands for

non-detected. **** indicates £ < 0.0001.
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