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We present a novel sample-to-answer test that uses a 2D
paper network to perform a hybrid capture reaction to
detect high-risk HPV DNA with high sensitivity; we validated
the clinical performance and usability of the assay in a
low-resource setting.
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Cervical cancer is a leading cause of cancer death for women in low-resource settings. The World Health
Organization recommends that cervical cancer screening programs incorporate HPV DNA testing, but
available tests are expensive, require laboratory infrastructure, and cannot be performed at the point-of-
care. We developed a two-dimensional paper network (2DPN), hybrid-capture, signal amplification assay
and a point-of-care sample preparation protocol to detect high-risk HPV DNA from exfoliated cervical cells
within an hour. The test does not require expensive equipment and has an estimated cost of <$3 per test
without the need for batching. We evaluated performance of the paper HPV DNA assay with short
synthetic and genomic HPV DNA targets, HPV positive and negative cellular samples, and two sets of
clinical samples. The first set of clinical samples consisted of 16 biobanked, provider-collected cervical
samples from a study in El Salvador previously tested with careHPV and subsequently tested in a controlled
laboratory environment. The paper HPV DNA test correctly identified eight of eight HPV-negative clinical
samples and seven of eight HPV-positive clinical samples. We then performed a field evaluation of the
paper HPV DNA test in a hospital laboratory in Mozambique. Cellular controls generated expected results
throughout field testing with fully lyophilized sample preparation and 2DPN reagents. When evaluated with
16 residual self-collected cervicovaginal samples previously tested by the GeneXpert HPV assay (“Xpert”),
the accuracy of the HPV DNA paper test in the field was reduced compared to testing in the controlled
laboratory environment, with positive results obtained for all eight HPV-positive samples as well as seven
of eight HPV-negative samples. Further evaluation showed reduction in performance was likely due in part
to increased concentration of exfoliated cells in the self-collected clinical samples from Mozambique
compared with provider-collected samples from El Salvador. Finally, a formal usability assessment was
conducted with users in El Salvador and Mozambique; the assay was rated as acceptable to perform after
minimal training. With additional optimization for higher cell concentrations and inclusion of an internal
cellular control, the paper HPV DNA assay offers promise as a low-cost, point-of-care cervical cancer
screening test in low-resource settings.

Introduction

Cervical cancer is preventable, yet 604000 new cases and
342000 deaths due to cervical cancer are reported annually.!
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Countries with accessible prophylactic human papillomavirus
(HPV) vaccination and large-scale programs to screen for
cervical cancer and its precursors have dramatically reduced
the incidence and mortality of cervical cancer.> However,
women living in low-resource settings often lack access to
these preventive services; as a result, they bear the majority of
the global burden of cervical cancer.®* Although HPV
vaccination is the ultimate cervical cancer prevention strategy,
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global HPV vaccination coverage remains low.>® In addition,
HPV vaccines do not treat pre-existing infections and related
abnormalities, and millions of women who did not receive
the vaccine at an early age remain in need of screening.””®

The most sensitive screening method for cervical cancer
and its precursors is high-risk HPV DNA testing, which has
negative predictive values over 99%.°"" One study reported
that a single screen using HPV DNA testing is effective at
reducing up to 50% of advanced cervical cancers and related
deaths over an 8-year period."> Additionally, effective HPV
DNA testing can be performed with self-collected cervical
samples, which may increase access to cervical cancer
screening for many women.”™® However, commercially
available HPV DNA tests are often not appropriate for use in
low-resource settings."®'” Initial HPV DNA tests were based
on the principle of hybrid capture, in which RNA probes are
used to capture target HPV DNA, followed by antibody
labeling and ELISA-based signal amplification and detection.
The industry standard hybrid capture test, digene HC2 HPV
DNA Test (Qiagen, Germantown, MD, USA), requires highly
trained personnel and significant laboratory infrastructure,
and has a high per-test cost."®'® careHPV (Qiagen), a hybrid-
capture based HPV DNA test developed specifically for use in
lower-resource settings, also requires expensive equipment
and trained laboratory technicians, and samples must be run
in batches of 90 to achieve the target per-test cost of $5.>*"
The need for batching specimens for careHPV testing can
delay test results substantially and increases the likelihood
that some patients will be lost to follow-up. A low-cost,
sensitive HPV DNA test that can be performed at the point-of-
care is needed to support global implementation and scale of
cervical cancer prevention programs.

To meet this need, we developed a low-cost, paper-based
HPV DNA assay that can be performed at the point-of-care.
The assay uses a highly sensitive two-dimensional paper
network (2DPN) to perform hybrid capture and detect high-
risk HPV DNA (Fig. 1). In parallel, we developed a sample
preparation method that can be used at the point-of-care to
process cervical swabs for direct input to the assay. Together,
the sample-to-answer workflow includes seven user steps, can
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be performed in one hour, and the only ancillary equipment
required is a benchtop heater (<$300) (Fig. 2).

Experimental

We characterized the performance of the 2DPN hybrid
capture-based assay and optimized a sample preparation
protocol using samples of progressively increasing biological
complexity, including short synthetic DNA targets, genomic
DNA targets, cellular samples, and finally cervicovaginal swab
samples. Using synthetic targets, we compared the limit of
detection (LoD) of the paper HPV DNA assay to that of the
gold standard technology for hybrid capture, the digene
Hybrid Capture 2 assay. We incorporated lyophilized sample
preparation and lyophilized 2DPN reagents into the assay
workflow and evaluated performance using HPV-positive and
HPV-negative cell lines to assess the LoD with more complex
samples. We then performed two clinical pilot studies with
16 samples each to compare performance of the paper-based
assay to a commercially available reference standard. The
first clinical study was in a controlled laboratory environment
where we tested 16 provider collected cervical samples from
El Salvador and compared the results of the paper-based
assay to prior testing by careHPV. The second was a field
evaluation of the paper-based assay in Mozambique to
evaluate feasibility in a point-of-care setting and compared
the results to prior testing by the Xpert HPV Test (Cepheid,
Sunnyvale, CA, USA). Finally, we report results of a study to
assess usability of the point-of-care assay by target users (n =
44) in El Salvador and Mozambique.

Paper HPV DNA assay components

The paper HPV DNA assay was assembled using a laser cutter
(Universal Laser Systems, Scottsdale, AZ) to create device
components, including adhesive plastic (5 mm Dura-Lar,
Blick Art Supplies, Galesburg, IL), membrane backed CN95
nitrocellulose (Sartorius, Goettingen, Germany), glass fiber
pads (grade 8951, Ahlstrom, Helsinki, Finland), and a
wicking pad (C083, Millipore, Billerica, MA). The device
components are shown in Fig. 1.

Nitrocellulose

membrane Acetate backing

Anti-DNA:RNA Anti-Streptavidin
hybrid capture antibody control antibody

Fig. 1 Paper HPV DNA assay components. The paper assay includes a wicking pad, six glass fiber pads with lyophilized detection reagents to perform
the hybrid-capture reaction, and a nitrocellulose membrane with capture antibodies spotted in designated test and control line zones, all placed atop
an adhesive acetate backing. A QR code adjacent to the test and control lines facilitates use with low-cost readers. A 1 cm scale bar is shown.
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Fig. 2 Point-of-care paper HPV DNA assay workflow. (Left) All necessary components for the assay, including the sample collection swab, sample
tube, lysis tube, disposable pipettes, paper HPV DNA test, rehydration buffer, and heater. (Right) The workflow involves seven user steps. 1) Swab
the cervix with a brush and place into the sample tube. 2) Using an exact volume disposable pipette, add sample into a vial with lyophilized high-
risk HPV RNA and achromopeptidase (ACP). Mix and incubate for 5 minutes at room temperature. 3) Heat at 95 °C for 5 minutes. 4) Add sample to
the first pad on the paper device. 5) Rehydrate lyophilized pads 2-6 with PBST (phosphate-buffered saline with 0.05% Tween20) rehydration buffer.
6) Peel paper backing to reveal sticky acetate and fold assay in half to initiate fluid flow, and 7) after 45 minutes observe signal visually or with a
low-cost, automated reader. For visual interpretation, two visible lines indicate a positive result. For automated interpretation, a portable reader

can be used.*®

Briefly, the 2DPN designed builds on a previous two-
dimensional paper immunoassay for ultrasensitive detection
of the malaria protein plasmodium falciparum HRP2;** here,
we adapted this design to perform a hybrid-capture reaction
with visual detection of high-risk HPV DNA in a processed
sample. The paper network consists of a sample pad that
accepts a processed sample containing RNA-DNA hybrids, six
reagent pads containing detection reagents or wash buffer,
and a nitrocellulose strip with capture antibodies at a test
and control line. To perform the test, the user adds a
processed sample containing RNA-DNA hybrids to the
sample pad. The user adds a drop of buffer to rehydrate each
pad in the device and folds the device shut to initiate fluid
flow down the strip. The test runs without further user
interaction, and delivers the following reagents sequentially
to the test and control lines to perform the hybrid capture
reaction: (i) RNA-DNA hybrids; (ii) biotinylated monoclonal
anti-RNA: DNA hybrid antibodies; (iii) streptavidin with poly-
HRP; (iv) wash buffer (v) the colorimetric reagent
diaminobenzidine (DAB) and (vi) a final wash buffer. The
device is read visually.

A sciFLEXARRAYER S3 machine was used to print
antibodies at the control and test lines on the nitrocellulose
membrane. At the control line, the printer deposited 80 nL of
streptavidin monoclonal antibody (S10D4, Thermo Fisher
Scientific, Waltham, MA) prepared at 250 pg mL ™" in 1x PBST
buffer containing 1% BSA, 5% sucrose and 5% trehalose. At
the test line, the printer deposited 400 nL of anti-DNA-RNA
hybrid antibody (MABE1095, Millipore, Billerica, MA) at a
concentration of 1 mg mL™". Once antibodies were printed,
the nitrocellulose membranes were dried at 37 °C for 60

This journal is © The Royal Society of Chemistry 2023

minutes, blocked for 30 minutes with 0.5% BSA (Sigma-
Aldrich Inc, St. Louis, MO), 4% trehalose (Thermo Fisher
Scientific, Waltham, MA), and 1% sucrose (Thermo Fisher
Scientific, Waltham, MA) in PBST, and dried for an additional
90 minutes at 37 °C before being stored at 4 °C in a foil
pouch with desiccant.

Enzyme-linked immunoassay (ELISA) reagents to perform
the hybrid capture reaction included: 16 pg mL™ biotinylated
anti-DNA-RNA-hybrid detection antibody (ENHO001, Kerafast,
Boston, MA) applied to pad 2; 15 ug mL™" streptavidin poly-
HRP80 applied to pad 3; and 1 mg mL™" diaminobenzidine
(DAB, Sigma-Aldrich, St. Louis, MO) and sodium
percarbonate (Sigma-Aldrich, St. Louis, Missouri) applied to
pad 5. The sodium percarbonate was added to
diaminobenzidine directly before running the assay with
fresh reagents at 0.5% w/v or lyophilized onto a glass fiber
pad and stacked with lyophilized DAB pad for all
lyophilization experiments. A solution of 1% BSA in PBST
was used as the wash buffer at pads 4 and 6 to separate the
poly-HRP enzyme and colorimetric reagents while flowing
down the nitrocellulose membrane. Volumes of reagents
were: 1) 50 puL sample, 2) 15 uL detection antibody, 3) 20 uL
streptavidin poly-HRP80, 4) 25 pL wash buffer, 5) 30 uL
colorimetric reagents, and 6) 50 pL final wash buffer.

Point-of-care sample preparation protocol

ACP was evaluated for use in a buffer to fragment DNA and
RNA and to lyse cells; the proteolytic enzyme has previously
been shown to effectively lyse cellular samples in a point-of-
care friendly format.*>> ACP (MilliPore Sigma A3547,

Lab Chip, 2023, 23, 451-465 | 453


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00885h

Open Access Article. Published on 22 December 2022. Downloaded on 12/4/2025 9:56:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Burlington, MA) was reconstituted into 10 mM Tris (pH 8.0)
with 5% trehalose at 20 U uL™". For the point-of-care sample
preparation protocol, 0.5 pL of high-risk HPV RNA Probe
Cocktail (digene HC2, Qiagen, Germantown, MD), 18.25 uL of
nuclease-free water with 5% trehalose, and 1.25 pL of 20 U
uL™ ACP were mixed together, incubated for 5 minutes at
room temperature, and heated at 95 °C for 10 minutes to
fragment RNA. After removal from the heater, 5 pL of 10x
STE (Thermo Fisher Scientific, Waltham, MA) was added as a
source of EDTA. At this point, the pre-treated RNA and lysis
solution was either combined with 25 pL of sample
immediately or lyophilized prior to sample addition.
Lyophilization of RNA and ACP occurred in a PCR tube to
create pellets. After sample addition, the solution was
incubated for 5 minutes at room temperature, followed by a
heating step at 95 °C for 5 minutes to denature and fragment
the DNA. After removal from the heater, the tube was placed
on ice until it could be tested. Upon cooling, the DNA
hybridized to RNA in the solution, and the resulting solution
containing DNA-RNA hybrids was added to the sample pad
on the paper assay.

Reagent lyophilization

Before lyophilization, detection antibody and streptavidin
poly-HRP 80 were reconstituted in 1% BSA, 5% trehalose,
and 5% sucrose in 1x PBST. DAB and sodium percarbonate
were reconstituted in nuclease-free water with 5% trehalose.
Wash pads were prepared using 1% BSA in PBST. Both
reagent pads and RNA with ACP solutions were flash-frozen
in liquid nitrogen for 20 seconds before lyophilizing for a
minimum of 24 hours. Lyophilized reagents were stored with
desiccant at —20 °C until use.

Point-of-care workflow

To run the assay, the sample preparation protocol was
performed to lyse cells, fragment DNA, and form DNA-RNA
hybrids. The sample was placed on ice, and ELISA reagents
were added directly to pads 2-6 for fresh reactions or pads
were rehydrated using 1x PBST for assays assembled with
lyophilized reagents. Then, an aliquot of the prepared sample
was added to pad 1. Once the paper backing was removed to
expose adhesive, each assay was folded in half to initiate
fluid flow. After 45 minutes, signal formation within each test
was analyzed visually, and all assays were imaged at 600 dots-
per-inch (DPI) with a flatbed color scanner. The signal-to-
background ratio was calculated as described below (see
Signal-to-background analysis) at the test and control lines
and compared to a preset threshold. If the signal-to-
background ratio exceeded the threshold at the test and
control lines, the assay was deemed positive for high-risk
HPV DNA4; if the threshold was exceeded only at the control
line, the assay was deemed negative for high-risk HPV DNA.
If the threshold was not exceeded at the control line, the
assay was deemed invalid. In addition, visual interpretation
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of signal at the test and control lines was used to interpret
results. The complete workflow is shown in Fig. 2.

Signal-to-background analysis

Signal-to-background ratios at the test and control lines of
the paper HPV DNA assay were calculated using a custom
MATLAB code.”> A fixed-size region-of-interest ROI was
placed over the test and control zones (signal ROI) and
another ROI was placed over the adjacent nitrocellulose
(background ROI). To compute intensity in each ROI, the
maximum pixel value in each row of the ROI was averaged.
The intensity of the signal ROI was divided by intensity of
the corresponding background ROI to calculate the signal-to-
background ratio.

Statistical analysis

Probit analysis was used to determine reported limits of
detection. First, a positivity threshold was determined as the
average negative signal from three samples plus three
standard deviations. Then, test results were binarized as
positive or negative compared to that positivity threshold,
and probit analysis was used to calculate the limit of
detection with a probability value of 0.95 (XLSTAT, Addinsoft,
Paris, France). All other statistical tests were conducted in
GraphPad Prism.

Digene HC2 reference standard

The digene HC2 test was performed on HPV calibrators and
quality control solutions from the digene HC2 kit, including
5.0 x 10°, 2.5 x 10° and 1.0 x 10° copies mL™" of HPV16
DNA (High-Risk HPV Quality Control Solution), 5.0 x 10°
copies mL™' of HPV6 DNA (Low-Risk HPV Quality Control
Solution), and a negative calibrator consisting of carrier
DNA. The digene HC2 test was performed according to kit
instructions. Briefly, DNA was denatured using a sodium
hydroxide-based denaturant for one hour at 65 °C, followed
by addition of probe RNA and annealing at 65 °C for 45
minutes. 100 pL of the hybrid solution were added to the
HC2 capture plate and incubated at room temperature on a
shaker at 1100 RPM for 60 minutes. Next, 75 uL of Detection
Agent 1 was added and incubated for 45 minutes at room
temperature. Wells were washed 6x with the Wash Buffer
before 75 pL of Detection Agent 2 were added and incubated
for 15 minutes at room temperature. Finally,
chemiluminescence was measured using a plate reader
(Tecan, Ziirich, Switzerland).

Evaluation of paper HPV DNA assay with short HPV synthetic
DNA targets

Short, synthetic targets of HPV16 and HPV6 DNA containing 36
base pairs of type-specific sequences (Table S1t) were checked
in NCBI Blast for specificity and ordered from Integrated DNA
Technologies (Coralville, IA). They were hybridized to short
synthetic HPV16 RNA probes (36 bases, Table S1; IDT) and

This journal is © The Royal Society of Chemistry 2023
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tested with both digene HC2 and the paper HPV DNA assay.
HPV16 and HPV6 sequences are shown in Table S1.} Briefly, a
linear dilution of HPV16 short synthetic targets was created
from 5 x 10" copies mL™ to 5 x 10° copies mL™. These
standards, along with a buffer control and 5 x 10"* copies mL™
of low-risk HPV6 DNA, were each combined with 10 puM
complementary HPV16 RNA in 1x STE solution and heated for
0.5 minutes at 95 °C to denature DNA and create DNA-RNA
hybrids. The resultant hybrids were tested in both digene
Hybrid Capture 2 and on the paper HPV DNA assays as
described in the workflow above.

Evaluation of paper HPV DNA assay with genomic HPV DNA
controls

Genomic HPV controls from the digene HC2 Kkit, including 5.0
x 10°, 2.5 x 10°, and 1.0 x 10’ copies mL™" of HPV16 DNA
(High-Risk HPV Quality Control Solution), 5.0 x 10° copies
mL™" of HPV6 DNA (Low-Risk HPV Quality Control Solution),
and a negative calibrator were evaluated per manufacturer's
instruments in the digene HC2 Kkit; samples were also
evaluated using the paper HPV DNA assay with the following
three sample preparation and sample delivery protocols. In
the first protocol, samples processed following digene HC2
instructions were added to paper assays held atop an orbital
shaker at 220 rpm to enhance fluidic flow of genomic DNA
through the nitrocellulose membrane. Orbital shaking
assisted delivery of unfragmented nucleic acid through the
nitrocellulose. In the second approach, DNA-RNA hybrids
were incubated with ACP for 5 minutes at room temperature,
heated for 30 seconds at 95 °C, followed by EDTA addition.
These paper assays were also added to an orbital shaker at
220 RPM to enhance fluidic flow. In the third approach, RNA
was incubated with ACP for 5 minutes at room temperature
and pre-treated by heating for 10 minutes at 95 °C, followed
by EDTA addition. Pre-treated RNA was combined with DNA
and heated for an additional 5 minutes at 95 °C. Samples
were run in triplicate on the paper HPV DNA assays without
orbital shaking.

Assessment of DNA and RNA fragmentation and
development of sample preparation protocol

Theorizing that secondary structure from full genome HPV
DNA and RNA could cause false-positive results in the paper
assay, an experiment was performed to assess the size
distribution of HPV DNA and HPV RNA fragments created by
heating with ACP at 95 °C for various times.

DNA was extracted from SiHa cells wusing the
DNeasy®Blood & Tissue Handbook (Qiagen, Germantown,
MD), and then added to a solution containing 1x STE and
ACP to a final concentration of 0.5 U uL™'. Samples were
incubated at room temperature for 5 minutes and then
heated for 0, 0.5, 1, 2, 5, 10, or 30 minutes at 95 °C. Products
were run on a 2% agarose gel at 140 V for 1.5 hours.

RNA was extracted from SiHa cells using the GeneJET RNA
Purification Kit (Thermo Fisher Scientific, Waltham, MA),

This journal is © The Royal Society of Chemistry 2023
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including performing Genomic DNA Removal and RNA
Cleanup. RNA was added to a solution containing either 1)
ACP to a final concentration of 0.5 U uL™* without EDTA, or
2) a solution of 1x STE with ACP to a final concentration of
0.5 U uL™*. Samples without EDTA were incubated at room
temperature for 5 minutes and then heated for 0, 0.5, 1, 2, 5,
10, or 30 minutes at 95 °C; samples with EDTA were similarly
incubated at room temperature for five minutes, then heated
at 95 °C for 0, 5, 10, 15, or 30 minutes. Products were run on
a 1% agarose gel at 70 V for 2 hours.

After fragmentation, both a high-risk genomic HPV DNA
control (5.0 x 10° copies mL™" HPV16, digene HC2 high-risk
quality control standard, Qiagen) and a low-risk genomic
HPV DNA control (5.0 x 10° copies mL™' HPV6, digene HC2
low-risk quality control standard, Qiagen) were tested in
duplicate using the following two protocols. In the first,
DNA and RNA were heated for 30 seconds at 95 °C after the
addition of ACP and 5 minute room temperature
incubation, followed by EDTA addition. In the second, RNA
was first heated for 0.5, 5, or 10 minutes with only ACP.
After heating, EDTA in the form of 1x STE was added to the
vial along with the DNA. Samples were mixed, incubated for
5 minutes at room temperature, and then heated a second
time for 0.5, 5, or 10 minutes at 95 °C. Hybrids resulting
from these fragmentation profiles were tested on the paper
HPV DNA assay.

Evaluation of paper HPV DNA assay with lyophilized reagents
and cellular samples

To assess assay performance with cellular samples, a set of
samples was assembled by combining an increasing number
of HPV-positive SiHa (HPV16) or HeLa (HPV18) cells together
with HPV-negative C33A cells. The total cell count was kept
consistent at 1 million cells mL™". Contrived cellular samples
were processed using the point-of-care sample preparation
protocol with lyophilized reagents. Samples were run in
triplicate on the paper HPV DNA assays and imaged after an
hour.

Collection buffer assessment

HPV-positive HeLa and HPV-negative C33A cells were
reconstituted in two sample collection buffers commonly
used for cervical cytology specimens, namely SurePath
preservation buffer (Becton Dickinson, Franklin Lakes, NJ)
and PreservCyt (Hologic, Marlborough, MA). Prior to sample
preparation, preserved cells were converted to a Tris-based
buffer. For samples preserved in SurePath, 1 mL of sample
was centrifuged at 4000 RPM for 10 minutes, samples were
resuspended in 10 mM Tris, and heated at 120 °C for 20
minutes to reverse formalin-induced crosslinking. For
samples preserved in PreservCyt, samples were converted to
10 mM Tris using the Sample Conversion Kit (Qiagen,
Germantown, MD) per kit instructions. After conversion,
positive (HeLa) and negative (C33A) controls were tested on
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the HPV DNA paper assay to determine buffer compatibility
(Fig. S21).

Evaluation of paper HPV DNA assay with clinical samples in
a controlled laboratory environment

Banked samples were collected from a screening study at
Basic Health International in EI Salvador. Women were
eligible to participate if they: 1) were over the age of 30; 2)
had a negative pregnancy test; 3) had an intact cervix; 4) had
no history of invasive cervical cancer; and 5) were able and
willing to provide written informed consent. Participants
provided written informed consent, and the protocol was
reviewed and approved by the Rice University Institutional
Review Board (IRB), the University of Texas MD Anderson
Cancer Center IRB, and the Comité Nacional de Etica de El
Salvador. A standard-of-care cervicovaginal swab was
collected and tested using careHPV to determine the
participant's HPV status. A second cervicovagnial swab was
collected and placed into PreservCyt buffer for testing with
the paper HPV DNA test. For women with colposcopic
lesions, a cervical biopsy was also obtained according to
standard-of-care clinical protocols and histopathologic
diagnosis was performed using standard criteria.

Before clinical assessment with the point-of-care HPV DNA
paper assay, 4 mL of clinical samples collected into
PreservCyt buffer were converted to 150 puL of 10 mM Tris
using the Qiagen Sample Conversion Kit. Sample conversion
was only necessary because the paper assay was evaluated
using banked preserved specimens. Sensitivity, specificity,
and accuracy of the paper HPV DNA assay were determined
using careHPV results as the reference standard.

Field evaluation of paper HPV DNA assay in Mozambique

2DPNs were prepared as described in Reagent lyophilization
with two modifications: streptavidin poly-HRP80 was
lyophilized at a concentration of 7.5 ug mL™, and
colorimetric reagents DAB and sodium percarbonate were
reconstituted in nuclease-free water with 1% pullulan and
5% trehalose before lyophilization. Assembled 2DPNs with
lyophilized reagent pads, nitrocellulose test membranes, and
lyophilized sample preparation reagents were stored in foil
bags with desiccant and vacuum-sealed before transport at
ambient temperature.

To assess reagent stability following transport and storage,
HPV-positive (HeLa) and HPV-negative (C33A) cellular
samples prepared at 1 million cells mL™" in 10 mM Tris
buffer were tested periodically with the procedure described
in Point-of-care workflow using lyophilized sample preparation
reagents and rehydrated 2DPN with two exceptions: 1)
samples were not cooled on ice prior to being added to pad
1, and 2) devices were imaged after two hours.

Banked samples were collected from a cervical screening
study conducted by the Mozambique Ministry of Health,
Population Services International, MD Anderson and Rice
University in Mozambique. Women were eligible to
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participate if they: 1) were between the ages of 30-49; 2) were
not pregnant; 3) had an intact cervix; 4) lived in Maputo or
Gaza; 5) were willing and able to provide informed consent.
Participants provided written informed consent, and the
protocol was reviewed and approved by the Rice University
Institutional Review Board (IRB), the University of Texas MD
Anderson Cancer Center IRB, the Population Services
International IRB, and the Comité Nacional de Bioética Para
Saude de Mozambique. A cervicovaginal swab, either self-
collected (95%) or provider-collected (5%), was placed into
PreservCyt buffer and tested using Xpert HPV Test HPV to
determine the participant's HPV status. The remaining
volume of sample was stored at —20 °C for later evaluation
with the paper HPV DNA test. Samples were converted from
PreservCyt buffer to 10 mM Tris using the Qiagen Sample
Conversion Kit prior to being assessed on the paper HPV
DNA test using the Point-of-care workflow without ice, unless
otherwise noted.

Assessment of clinical sample cellularity

DNA content of clinical samples was quantified with the
Qubit™ 1x dsDNA High Sensitivity Assay Kit (Thermo Fisher
Q33230) according to manufacturer's instructions. Briefly, 10
puL of Qubit™ standard, 10 pL of HPV-positive or 20 pL of
HPV-negative sample was combined with Qubit™ 1x dsDNA
HS Working Solution to reach a final volume of 200 pL.
Samples were vortexed for 3 seconds, then incubated at room
temperature for 2 minutes. dsDNA concentration was
measured with the Qubit™ 3 Fluorometer following
standards calibration.

RNAse treatment of cellular samples

HPV-negative C33A cells were reconstituted in 10 mM Tris
buffer at a concentration of 10 million cells mL™. 25 pL of
sample were combined with 1.25 pL of ACP. For RNase-
positive samples, 6 puL of RNase A (Thermo Fisher EN0531)
also included. Samples were incubated at room
temperature for 5 minutes, then heated at 95 °C for 5
minutes. Samples were immediately added to the sample pad
of 2DPNs containing freshly prepared ELISA reagents, and
devices were folded to initiate fluid flow. Samples were run in
duplicate, and devices were scanned after 1 hour.

was

Usability studies

The usability of the paper HPV DNA assay was assessed via
two usability studies: one in El Salvador and one in
Mozambique. Institutional Review Board approval was
obtained from all participating institutions and informed
consent was obtained from all participants. In El Salvador,
participants were able to perform the usability study if: 1)
they worked as a nurse, physician, research scientist, or
laboratory technician associated with Basic Health
International; 2) they were over the age of 18; and 3) they
were willing and able to provide informed consent. In
Mozambique, participants were able to perform the usability
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study if they were: 1) part of an existing colposcopy and Loop
Electrosurgical Excision Procedure (LEEP) course held by The
University of Texas MD Anderson Cancer Center; and 2)
willing and able to provide informed consent.

For each study, participants were provided with a 30
minute training course and demonstration on how to
perform the paper HPV DNA test. They were then asked to
perform the test independently with mock samples with the
assistance of a one-page job aid that illustrated the test
workflow (Fig. S371). Positive mock samples included short
synthetic DNA. After running the paper HPV DNA assay,
participants filled out a written System Usability Scale (SUS)
assessment. In addition, they had the option to provide
verbal feedback noting any perceived -challenges and
suggested improvements.

Results

Paper HPV DNA assay performance with short HPV synthetic
DNA targets

The paper HPV DNA assay showed sensitive and specific
detection of short synthetic targets of high-risk HPV16 DNA
hybridized to complementary short high-risk RNA
fragments. Probit analysis showed that the paper-based
assay could detect samples containing at least 3.4 x 10"
copies mL™' of short synthetic high-risk HPV16 DNA
(Fig. 3), approximately one order of magnitude higher than
the LoD observed using digene HC2. In both assays, no
signal was observed for samples containing low-risk, HPV6
DNA or high-risk RNA fragments.
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Paper HPV DNA assay performance with genomic HPV DNA
controls

Performance of the paper HPV DNA assay was evaluated with
full genome HPV16 and HPV6 DNA sequences hybridized to
full genome high-risk RNA templates and processed with
three different sample preparation strategies. High-risk
HPV16 DNA samples processed with the digene HC2 sample
preparation method produced positive signal at low DNA
concentrations; however, false-positive results were observed
when HPV6 DNA was processed and tested with the same
method (Fig. 4A). A second sample processing strategy that
included achromopeptidase (ACP) treatment of hybrids for 5
minutes at room temperature followed by heating for 30
seconds at 95 °C and subsequent addition of EDTA also
yielded false-positive results for low-risk HPV DNA (Fig. 4B).

We theorized that the false-positive signal was due to DNA
and RNA forming secondary structures and sterically binding
to the anti-DNA-RNA hybrid capture antibody immobilized in
the paper assay.”® An experiment to evaluate assay performance
following various DNA and RNA fragmentation strategies to
reduce secondary structure supported this theory (Fig. S17).

To avoid false positives due to RNA secondary structure, we
pre-treated RNA probes by mixing with ACP, incubating for 5
minutes at room temperature, heating for 10 minutes at 95 °C,
and adding EDTA. To avoid false-positive signals due to DNA
secondary structure, we added sample DNA to pre-treated RNA
probes, incubated for 5 minutes at room temperature, and then
heated for 5 minutes at 95 °C. To improve ease-of-use, the pre-
treated RNA and ACP were lyophilized after EDTA addition,
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Fig. 3 Performance of digene HC2 and paper HPV DNA assay with short HPV synthetic DNA targets (n = 3 for each condition). Signal intensity vs.
target concentration for short high- and low-risk HPV synthetic DNA and complementary short high-risk synthetic RNA tested in (A) the digene
HC2 assay and (B) the paper HPV DNA assay. Probit analysis of high-risk DNA showed the LoD for digene HC2 is 3.4 x 10'° copies mL™ while the
LoD for the paper HPV DNA assay is 3.4 x 10 copies mL ™. No positive signal was observed for low-risk HPV DNA (5.0 x 10** copies mL™) in either
assay. High-risk HPV DNA: HPV16 target; low-risk HPV DNA: HPV6 target; dashed line = positivity threshold determined as average negative signal

+ three standard deviations. A.u.: Arbitrary units.
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Fig. 4 Performance of digene HC2 and paper HPV DNA assay with genomic HPV DNA standards. The paper HPV DNA assay was tested with three
sample preparation methods (n = 3 for each condition): (A) digene HC2 sample preparation instructions, and (B) a sample preparation method including
treatment with ACP for 5 min at room temperature and heating at 95 °C for 30 seconds. Both sample preparation methods yielded false positive results
when the low-risk HPV6 DNA control was evaluated with the paper device. (C) Pre-treatment of RNA probes with ACP and heat followed by a five-
minute point-of-care sample preparation method yielded minimal signal for the negative calibrator and low-risk HPV6 DNA controls. The limit of
detection for high-risk HPV16 DNA using the paper HPV DNA assay is 6.6 x 10* copies mL™, equivalent to that of the digene HC2 assay shown in (D).
High-risk HPV DNA: HPV16 target (digene high-risk HPV quality control solution); low-risk HPV DNA: HPV6 target (digene low-risk HPV quality control
solution); dashed line: positivity threshold determined as average signal of the negative calibrator + three standard deviations.

requiring just one user step of adding sample DNA to
lyophilized, pre-treated RNA and heating for 5 minutes at 95
°C. With this point-of-care sample preparation protocol, no
false-positive signal was observed with low-risk HPV DNA using
the paper HPV DNA assay (Fig. 4C).

The LoD for the paper HPV DNA assay using the developed
point-of-care sample preparation method was found to be 6.6 x
10" copies mL™" (Fig. 4C), equivalent to that found for the
digene HC2 assay with the same input samples (Fig. 4D). In all
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cases, the positivity threshold was defined as the average signal
of the negative calibrator supplied with the digene HC2 kit plus
three standard deviations (n = 3).

Paper HPV DNA assay performance with lyophilized reagents
and cellular samples

To evaluate performance of the paper assay using cellular
samples, increasing amounts of high-risk HPV-positive cells,
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including SiHa (HPV16-positive) and HeLa (HPV18-positive)
cells, were spiked into HPV-negative cells (C33A),
maintaining the same total cell count in each sample. Linear
ranges of high-risk HPV-positive cellular samples were run in
triplicate on the paper HPV DNA assay with all assay reagents
lyophilized. Cellular samples were added to lyophilized pre-
treated RNA and ACP, and subsequently treated using the
point-of-care sample preparation protocol to lyse cells and
create DNA-RNA hybrids. Samples were run on the paper
HPV DNA assay assembled with fully lyophilized reagent
pads. The LoD for SiHa cells was 1.43 x 10> cells mL™"
(Fig. 5A) and for HeLa cells was 6.87 x 10* cells mL™
(Fig. 5B). A lower LoD is expected for HeLa cells since HeLa
cells have 10-50 copies of HPV18 per cell, whereas SiHa cells
have approximately 1-2 copies of HPV16 per cell.>” No false-
positive signal was observed for controls containing only
C33A HPV-negative cells.

Cervical cytology samples are typically collected into
commercial sample collection buffers. To assess whether the
paper HPV DNA assay was compatible with collection buffers
used to preserve cervical cytology samples, we assessed assay
performance for HPV-positive and -negative cells stored in
PreservCyt and SurePath, two commonly used collection
buffers. Preserved cellular samples were converted to a Tris-
based solution and then prepared using the point-of-care
sample processing method before testing on the paper HPV
DNA assay (Fig. S21). Following buffer conversion, results
obtained with the paper HPV DNA assay were comparable to
those obtained for unpreserved cellular samples suspended
in Tris buffer.

Paper HPV DNA assay performance with clinical samples

Sixteen biobanked cervical cytology specimens collected into
PreservCyt buffer were obtained from women participating in
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a cervical cancer screening study in El Salvador and evaluated
in a high-resourced laboratory in Houston, Texas, USA.
Samples included eight that tested positive and eight that
tested negative for high-risk HPV by careHPV, the clinical
reference standard used in the original study.”® Following
buffer conversion, samples were tested using the paper HPV
DNA test and results were compared to the reference
standard. The threshold for test positivity was set as the
average signal measured for HPV-negative cells stored in
PreservCyt buffer plus three standard deviations (n = 3, Fig.
S2;t positivity threshold = 1.14). The results of clinical testing
are shown in Fig. 6. The mean signal-to-background ratio for
high-risk HPV-positive clinical samples was significantly
greater than the mean signal-to-background ratio of high-risk
HPV-negative clinical samples (p = 0.001). When compared to
the careHPV reference standard, the paper HPV DNA test
correctly identified eight of eight HPV-negative -clinical
samples and seven of eight HPV-positive clinical samples
(100% specificity, 87.5% sensitivity, and 93.8% accuracy).
Results were the same using positivity thresholds set based
on HPV-negative cells suspended in Tris buffer (Fig. S2;f
positivity threshold = 1.14) or the average negative calibrator
signal plus three standard deviations (Fig. 4C; positivity
threshold = 1.13).

Field evaluation of paper HPV DNA assay in Mozambique

Following promising results with clinical samples using the
paper HPV DNA assay in a controlled laboratory
environment, a field evaluation of the test was conducted
over the course of one week in a low-resource laboratory in
Mozambique. Fully lyophilized sample preparation reagents
and 2DPNs were transported at ambient temperature for >50
hours in desiccated, vacuum-sealed bags, and were stored at
—20 °C upon arrival.
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Fig. 5 Performance of paper HPV DNA assay with lyophilized reagents for cellular samples containing a range of HPV-positive cells. Contrived
cellular samples were prepared containing a decreasing number of HPV-positive cells (SiHa, HPV16; Hela, HPV18) combined with HPV-negative
cells (C33A) to maintain a constant number of cells. Cellular samples were tested using the seven-step assay workflow described in Fig. 2. (A) The
limit of detection for SiHa cells was 1.43 x 10° cells mL™; (B) the limit of detection for Hela cells was 6.87 x 10* cells mL™. Dashed line: positivity
threshold determined as average signal of C33A cells + three standard deviations.

This journal is © The Royal Society of Chemistry 2023

Lab Chip, 2023, 23, 451-465 | 459


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00885h

Open Access Article. Published on 22 December 2022. Downloaded on 12/4/2025 9:56:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
22
g 2} .
s
T°
€ 18}
o .
) *
S 16 .
2 —_—
L
—‘.‘ 14 *
c
.g Positivity .
1.2 } Threshold
| ‘ﬁ_____’__' _____
1
HPV- HPV+
samples samples
(n=8) (n=8)

Fig. 6 Clinical assessment of paper HPV DNA assay. Signal to
background ratios of the paper HPV DNA assay when performed with
clinical samples collected into PreservCyt buffer and stratified by
results of the reference standard, careHPV. The positivity threshold
was determined using the negative C33A signal plus three standard
deviations from Fig. S2.f There was a statistically significant difference
in the mean signal-to-background ratio of HPV-negative (HPV-) and
positive (HPV+) clinical samples (p = 0.001, significance determined
using a one-tailed unpaired t-test). Dashed line: positivity threshold
determined as average negative signal + three standard deviations. +:
Mean; line: median.

C33A (HPV-negative) and HeLa (HPV-positive) cellular
controls were assessed using lyophilized sample preparation
reagents and lyophilized 2DPNs periodically to determine
the stability of reagents following transport and storage.
Throughout the week of field testing, cellular controls
yielded expected results (Fig. 7), with a statistically
significant  difference between the mean signal-to-
background ratios of C33A and HeLa cells (p = 0.009).
However, large variability was observed in the signal-to-
background ratios of cellular controls, precluding the
calculation of a meaningful positivity threshold.

Sixteen biobanked self-collected cervicovaginal specimens
collected into PreservCyt buffer were obtained from women
participating in an ongoing cervical cancer screening study in
Mozambique. Samples included eight that tested positive
and eight that tested negative for high-risk HPV by the
GeneXpert HPV Test (“Xpert”), the clinical reference standard
used in the original study. Following buffer conversion,
samples were tested using the paper HPV DNA test and
results were compared to the reference standard. Using the
positivity threshold from Fig. S2,f positive results were
obtained for all eight HPV-positive samples as well as seven
of eight HPV-negative samples. We hypothesized that false
positive results occurred due to residual secondary structure
in the cellular RNA and DNA in the clinical samples,
increasing nonspecific binding to the capture antibody. Due
to the finite number of lyophilized 2DPNs that were
transported and the limited amount of laboratory resources,
we were not able to fully test this hypothesis. However, we
adapted the sample preparation protocol to try to further
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Fig. 7 Field evaluation of fully lyophilized paper HPV DNA test in
Mozambique with cellular controls. Signal-to-background ratios of the
paper HPV DNA assay with lyophilized sample preparation and
lyophilized 2DPN reagents when performed with cellular controls
prepared at 1 million cells mL™ in 10 mM Tris buffer throughout a
week of field testing. There was a statistically significant difference in
mean signal-to-background ratio of HPV-negative C33A cells and
HPV18-positive HelLa cells (p = 0.005 by a one-tailed unpaired t-test).
+: Mean; solid line: median.

reduce secondary structure and improve specificity of the
paper HPV DNA assay (Fig. S1T). We excluded EDTA from the
95 °C sample preparation heat step so that both cellular DNA
and RNA would be fragmented, extended heating by 2
minutes, and incorporated a 10 minute cooling step in a
refrigerator. Using this modified sample preparation protocol
and lyophilized 2DPNs, the mean signal-to-background ratio
of high-risk HPV-positive clinical samples was significantly
greater than the mean signal-to-background ratio of HPV-
negative clinical samples (p = 0.037) (Fig. 8A). To confirm
that modifications to the sample preparation protocol were
responsible for improved performance, we compared signal-
to-background ratios obtained with lyophilized sample
preparation reagents to that obtained with the modified
sample preparation protocol (Fig. 8B); a larger decrease in
signal-to-background ratio was observed for HPV-negative
samples (57%) than for HPV-positive samples (34%).

To confirm that cellular RNA was the source of false
positives, a high concentration of HPV-negative C33A cells
(10 million mL™") was tested with the paper HPV DNA assay,
with and without the addition of RNAse A; the high-risk RNA
probe was excluded from the sample preparation protocol.
We found that in the absence of RNase A and the high-risk
RNA probe, a strong false positive signal was observed for
C33A cells; in contrast, the addition of RNAse A completely
eliminated this false positive signal at the test line (Fig. S67).

The field evaluation uncovered a problem with specificity
of the paper HPV DNA test that had not arisen when
conducting clinical testing in a controlled laboratory
environment. Samples tested in a controlled laboratory
environment had a reference standard of careHPV, a
hybridization-based test, whereas the reference standard for

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00885h

Open Access Article. Published on 22 December 2022. Downloaded on 12/4/2025 9:56:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip
A
1.

o

=16

T°

=

3

514

£

2 -

2 [ —

o

a2 **

5 ——

ia *

1.0 .
HPV- HPV+
samples samples
(n=8) (n=8)
B
2.
2
I
T 2.0 "
€ Lyophilized sample prep reagents
% + lyophilized 2DPN
£
8 o Fresh sample prep reagents
3 15t + lyophilized 2DPN
E
k=4
104+ T
HPV- slamples HPV+ slamples

Fig. 8 Field evaluation of fully lyophilized paper HPV DNA test in
Mozambique with clinical samples. Signal to background ratios of the
paper HPV DNA assay when performed with clinical samples collected
into PreservCyt buffer and stratified by results of the reference
standard, Xpert HPV. (A) Signal-to-background ratios of clinical
samples assessed on the paper HPV DNA assay with a re-optimized
sample preparation protocol and lyophilized 2DPN reagents; the mean
signal-to-background ratio of HPV-positive clinical samples is
significantly greater (p = 0.037) than the mean signal-to-background
ratio of HPV-negative clinical samples, as determined by a one-tailed
unpaired t-test. +: Mean; solid line: median. (B) Comparison of signal-
to-background ratios obtained on the paper HPV DNA test using
lyophilized sample preparation reagents (left) versus a field-optimized
sample preparation method (right). With the field-optimized sample
preparation, the signal-to-background ratio for HPV-negative samples
decreased by 57%, whereas the ratio decreased by only 34% for HPV-
positive samples.

samples tested in the field was Xpert, a nucleic acid
amplification test. In addition to being more analytically
sensitive, Xpert also measures a cellular control to ensure
that the sample contains a sufficient number of cervical cells.
The careHPV test does not have an equivalent control to
confirm that samples are of sufficient cellular quantity. We
measured DNA content in the remaining clinical samples
originally tested with the paper HPV DNA assay using a
careHPV reference standard in the controlled lab
environment. Samples with sufficient remaining volume were
analyzed using the Qubit high-sensitivity double-stranded
DNA assay to measure DNA content, and we found that
samples that were HPV negative by careHPV had a lower DNA
content (range: 22.9-53.5 ng mL™, mean: 41.5 ng mL™", n =
8) than samples that were HPV positive by careHPV (range:
51.2-908 ng mL ™", mean: 338.8 ng mL™", n = 7; Fig. S51); this
difference in means was statistically significant (p = 0.031).
Resource limitations did not allow us to test the DNA content
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of clinical samples evaluated in the field evaluation; however,
sample turbidity for all samples evaluated during field testing
was higher on visual inspection (data not shown), suggesting
higher cell concentration.

Usability of paper HPV DNA assay

Forty-four participants in El Salvador and Mozambique (Table
S2+) performed two tests with the paper HPV DNA assay with
the assistance of a job-aid (Fig. S3f) and then completed a
standard system usability scale (SUS) assessment. Results are
shown in Fig. 9. In El Salvador, the average SUS score was
82.1 + 13.3, while in Mozambique the average SUS score was
76.3 + 14.1. SUS scores greater than 70 indicate acceptable
usability,?® and three-fourths of participants scored the paper
HPV DNA test 70 or higher. Participants reported the precise
timing of the heating step and the use of exact volume
disposable pipettes as the most difficult aspects of running
the assay.

Discussion

We successfully developed a low-cost, rapid, user-friendly
paper HPV DNA test for sample-to-answer testing of
cervicovaginal swabs, and evaluated the assay in two studies:
a small pilot study with provider-collected banked samples
from El Salvador tested in a high-resourced, controlled
laboratory environment in Houston, Texas, USA, and a field
evaluation with self-collected banked samples tested in a
lower-resourced laboratory in Mozambique. The paper HPV
DNA assay builds on recent advances in 2DPNs to implement
a hybrid capture reaction on paper,**® adds to the literature
incorporating ACP into point-of-care sample preparation

-
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System Usability Scale (SUS) Score

El Sallvador Mozanlwbique
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Fig. 9 Usability testing. System usability scale (SUS) scores for the
paper HPV DNA assay for users in two locations. Usability of the HPV
DNA assay was assessed in El Salvador (n = 30) with physicians
practicing in rural (n = 20) and urban locations (n = 8), a nurse (n = 1),
and a lab technician (n = 1); and in Mozambique (n = 14) with
physicians and nurses (n = 13) and a lab technician (n = 1). Participants
performed two mock paper HPV DNA assays with the assistance of a
job aid and subsequently filled out a usability survey. All groups rated
the HPV DNA assay as acceptable to use (SUS score >70, indicated
with dashed line).
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methods,”"*” and demonstrates the utility of fully lyophilized
assay reagents following ambient temperature transport to a
field setting in Mozambique. Our findings are important in
furthering the development of a point-of-care HPV test with
acceptable cost and usability in low- and middle-income
countries, where the burden of cervical cancer is highest.

In our study, the paper HPV DNA assay performed well for
short, perfectly complementary sequences of DNA and RNA,
however further optimization was needed to reduce
background signal for longer nucleic acid sequences. Without
fragmentation of sample DNA and capture RNA hybrids, steric
binding of full-length DNA and RNA to the capture antibody
on a paper membrane consistently led to false-positive
results. Appropriately pre-fragmenting RNA sequences and
fragmenting sample DNA using a combination of ACP and
heat reduced nonspecific binding to the capture antibody;
however, cellular RNA still posed a challenge for the assay in
the field evaluation in Mozambique.

The demonstrated LoD of the developed sample-to-answer
paper HPV DNA test is comparable to the gold standard
digene HC2 assay for full genome high-risk HPV DNA
sequences and for HPV16- and HPV18-positive cell lines. Both
the paper HPV DNA assay and the digene HC2 had LoDs of
6.6 x 10* copies mL™" when tested with full genome HPV
DNA standards; this is consistent with the reported limit of
detection for the digene HC2 assay but higher than the limit
of detection reported for GeneXpert (2903-50493 copies
mL™).*® The paper HPV assay could detect 1.4 x 10°> SiHa
cells mL™" and 6.8 x 10" HeLa cells mL™'; these limits are
consistent with reports showing SiHa cells contain 1-2 copies
of HPV16 DNA per cell and HeLa cells contain 10-50 copies
of HPV18 per cell.>” Several studies have shown that high
HPV viral load is linked to increased risk of cervical
precancer and cancer, but the link between viral load and
disease progression can vary by high-risk HPV genotype.*
Finally, the paper HPV DNA assay reliably produced negative
results when tested with high levels of full genome low-risk
HPV6 DNA sequences and high-risk HPV-negative cell lines
below 1 million cells mL™.

When evaluated with banked, provider-collected clinical
samples in PreservCyt buffer, the paper HPV DNA assay
agreed with the careHPV reference standard for 94% of
samples tested in a high-resourced laboratory setting (Fig. 6).
However, careHPV is an imperfect reference standard with no
internal cellular control to ensure sample adequacy. In fact,
when DNA content on this set of clinical samples was
assessed, the measured DNA content of HPV-negative
samples was significantly lower than the DNA content of
HPV-positive samples, highlighting the need for a cellular
control to ensure that samples with negative results contain
adequate numbers of cells for evaluation.

When evaluated with banked self-collected clinical
samples in a low-resource setting using a reference test of
Xpert, a nucleic acid amplification test that contains a
cellular control, the accuracy of the paper HPV DNA assay
was reduced (Fig. 8), underlining the challenge of translating
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laboratory-developed tests to point-of-care settings. The
reduction in test specificity is likely due to a higher
concentration of cells, as observations in the field noted
higher sample turbidity; this is consistent with other studies
that found the median cellular concentration of self-collected
samples to be more than five-fold higher than in provider-
collected samples from the same patients (p < 0.001).*
Moreover, follow-up experiments revealed that cellular RNA
from highly concentrated HPV-negative cellular samples
caused false positive signal (Fig. S67).

These results show that two improvements are needed
before the developed test can be clinically useful. First, a
cellular control must be incorporated to prevent false negative
results that may arise simply because samples lack sufficient
numbers of cells. Second, additional optimization of the
sample preparation method is needed to ensure appropriate
fragmentation of both cellular DNA and RNA to avoid false
positive results in self-collected samples. While the addition of
RNAse A successfully eliminated false positives due to cellular
RNA (Fig. S67), the addition of RNAse A would require a heat
deactivation step before hybridization of the cellular sample to
the high-risk RNA probe cocktail. Further work is needed to
optimize a user-friendly workflow for a sample preparation
strategy incorporating RNAse A.

Additionally, the results highlight limitations of assessing
the performance of a new test in low-resource settings where
access to gold standard testing may be limited. Here, we
compared performance of the paper HPV DNA test to the
clinical reference standard used in the target setting. For the
first clinical evaluation, results of the paper HPV DNA assay
were compared to the clinical reference standard of careHPV.
Both approaches are based on hybrid capture, and although
careHPV has limitations, comparative studies have shown
that careHPV and digene HC2 have very good agreement for
detection of high-risk HPV.*' In the second clinical
evaluation, results of the paper HPV DNA assay were
compared to the clinical reference standard of Xpert HPV, a
PCR-based approach that has a higher sensitivity than hybrid
capture-based approaches.’” Unfortunately, clinical protocol
limitations did not allow sample transport outside
Mozambique for additional testing, and it was not possible
to access digene HC2 locally.

All of the clinical samples assessed in this work were
collected into PreservCyt solution, a methanol-based
preservative buffer used for the collection, transport, and
storage of cervical samples, necessitating centrifugation and
sample buffer conversion. With collection directly into Tris
buffer, no conversion step is necessary; centrifugation and
sample conversion are only necessary for processing
preserved cells. Testing samples collected into Tris is
necessary to identify any additional areas of test refinement
that might be needed with non-preserved samples.

Users in El Salvador and Mozambique with no previous
training in test operation were able to accurately perform the
paper HPV DNA assay workflow and rated the test as
acceptable to use. Participants reported the timing of the

This journal is © The Royal Society of Chemistry 2023
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Table 1 Characteristics of commercially available HPV DNA tests and paper HPV DNA assay

View Article Online
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Digene hybrid Paper-based
capture 2 (HC2) careHPV GeneXpert HPV DNA test
Commercially available? Yes Yes Yes No
Batching required? No Yes No No
Limit of detection 100000 copies mL™* 100000 copies mL™* 2903 to 50493 copies mL ™ N/A

(per literature)
Limit of detection
(as evaluated in this work)

66000 copies mL ™"

66 000 copies mL™"

Time to result 4.5+ hours 3+ hours 1 hour 1 hour
Cold storage requirements Refrigerator Refrigerator None None
Level of lab expertise required High Medium Low Low

DNA heating step and use of exact volume disposable
pipettes as the most difficult aspects of running the assay. A
self-timed heater could remove the need for precise timing of
sample preparation (5 minutes at 95 °C).

A comparison of the paper HPV DNA test to other
commercially available HPV DNA screening tests is shown in
Table 1. The digene HC2 test has a high per-test cost, requires
expensive infrastructure to read the assay, and takes over four
hours to produce a result.'®'® careHPV is less expensive, but
requires batching in groups of 90 samples at a time to
achieve a low cost, and uses expensive readout equipment. As
a result of batching, the test results are not available
immediately at the point-of-care and women must return for
additional visits to receive HPV results, diagnostic work-up,
and treatment if needed and are therefore often lost to
follow-up.”® The paper HPV DNA assay eliminates the need
for batching and produces results within one hour, which is
appropriate for screening in a “Screen & Treat” approach.*’
Additionally, the paper HPV DNA assay costs less than $3 per
test (Table S41) and requires only a heater.

To address the need for improved cervical cancer
screening in low-resource settings, a number of point-of-care
strategies are in development.” Several investigators have
shown promising results using strategies based on nucleic
acid amplification.”>** Rodriguez et al. demonstrated a fully
integrated paperfluidic device to extract, amplify, and detect
HPV16 DNA from cervical specimens using isothermal
amplification with loop-mediated isothermal amplification;
the limit of detection of the integrated device was 10000
copies of DNA in a 100 uL sample (100000 copies mL").*?
Results with 10 clinical samples evaluated in a high-resource
lab correctly detected all five HPV 16 positive samples but
two of five HPV 16 negative samples tested falsely positive.
Chen et al demonstrated a PCR-based approach that
combines a one-step lysis protocol, simultaneous
amplification of HPV 16 and HPV 18 with a portable PCR
thermal controller, followed by lateral flow detection.”® The
limit of detection was 700 copies of HPV 16 or HPV 18 in 1
uL of sample (700 000 copies mL™"). Twenty clinical samples
were tested in a high-resource setting and results agreed with
standard PCR. These studies based on amplification of high-
risk HPV DNA showed a similar limit of detection as hybrid
capture-based strategies.

This journal is © The Royal Society of Chemistry 2023

The advantages of approaches based on hybrid capture
include the ease of simultaneous detection of multiple high-
risk genotypes and the potential to easily include detection of a
cellular control to ensure that an adequate sample was
collected. Unlike strategies based on nucleic acid amplification,
hybrid capture-based approaches do not generate large
amounts of target DNA that can lead to environmental
contamination and subsequent false positive test results.
However, it is known that the high-risk HPV RNA probe
cocktail in the digene HC2 kit cross-reacts with some
untargeted, non-carcinogenic HPV types.**** In this small pilot
study, we were not able to assess the impact of cross-reactivity;
however, in a study of 954 clinical samples, HC2 cross-
reactivity resulted in minor changes in screening performance,
increasing sensitivity from 84.3% to 87.9% and decreasing
specificity from 89.6% to 88.1%.*" In a study of 3179 women,
7.8% of all HC2 positive results were due to cross-reactivity
with untargeted, noncarcinogenic HPV genotypes.*>

In conclusion, we developed a sample-to-answer screening
test for high-risk HPV DNA that is sensitive, low-cost, and
simple to use. The assay was equivalent in sensitivity to
commercially available hybrid-capture HPV DNA tests when
performed in a controlled laboratory environment, with a
94% accuracy compared to reported careHPV results in a
pilot study. Furthermore, the test produces results within one
hour, does not require batching, and involves only seven user
steps to perform. The only instrumentation required to run
the test is a low-cost, benchtop heater, reducing the level of
infrastructure necessary to run the assay relative to existing
tests. Together, these characteristics could prove useful for a
“Screen & Treat” setting in low-resource areas with the
highest burden of cervical cancer. Once the test is further
optimized for low-resource settings and evaluated in a larger
clinical study, the paper HPV DNA assay could serve as a
rapid, point-of-care test to improve access to cervical cancer
screening for women in low-resource areas.
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