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Abstract

Influenza is a viral respiratory tract infection responsible for up to 5 million cases of severe
infection and nearly 600,000 deaths worldwide each year. While treatments for influenza exist,
diagnostics for the virus at the point of care are limited in their sensitivity and ability to
differentiate between subtypes. We have developed an integrated two-dimensional paper network
(2DPN) for the detection of the influenza virus by the surface glycoprotein, hemagglutinin. The
hemagglutinin assay was developed using proteins computationally designed to bind with high
affinity to the highly-conserved sialic acid binding site. The integrated 2DPN uses a novel
geometry that allows automated introduction of an enzymatic amplification reagent directly to the
detection zone. This assay was integrated into a prototype device and demonstrated successful
detection of clinically relevant virus concentrations spiked into 70 L of virus-free pediatric nasal
swab samples. Using this novel geometry, we found improved assay performance on the device
(compared to a manually-operated dipstick method), with a sensitivity of 4.45 x 102 TCIDsg/mL
on device.
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1. Introduction.

Influenza is a viral respiratory tract infection responsible for between 3-5 million cases of
severe illness and 291,000-646,000 deaths worldwide each year (1,2). While influenza
primarily impacts young children, pregnant women, the elderly, and people with chronic
medical conditions, it can also lead to severe respiratory disease in otherwise-healthy adults.
There are three strains of the influenza virus that circulate in the human population,
influenza A, B, and C. Influenza A, the strain commonly responsible for both seasonal and
pandemic flu, can be further characterized based on two surface proteins that are constantly
undergoing antigenic drift: hemagglutinin and neuraminidase (3,4). Antiviral medications
are available for the treatment of most influenza strains, and have been shown to reduce the
severity of symptoms, shorten the duration of illness, and decrease the risk of complications
(5). However, these medications are generally effective when prescribed within the first 48
hours of symptoms. Therefore, timely and accurate diagnosis of the influenza virus is key
for successful disease management.

Hemagglutinin is the rapidly mutating glycoprotein responsible for binding to sialic acids on
human epithelial cells, as well as the subsequent fusion of the viral and endosomal
membranes(6). This surface protein is of particular interest as a diagnostic target due to its
role in virulence and immune response, as it is constantly evolving to escape the host
immune system. While hemagglutinin protein classification provides both diagnostic and
epidemiological information, available methods for screening and detection of the
hemagglutinin protein are limited at the point of care. We have previously published the
development of an assay that targets the hemagglutinin protein using computationally-
designed affinity proteins (7,8). These designed protein “binders” target specific epitopes on
the hemagglutinin surface protein with higher affinity than traditionally-used antibodies
(9,10). With higher thermostability and lower production costs than antibodies,
computationally-designed affinity proteins would be optimal for integration into diagnostic
devices.

Today, clinical diagnosis of influenza is most commonly carried out by reverse transcriptase
polymerase chain reaction (RT-PCR) or protein-based rapid influenza diagnostic tests (11).
While diagnostic methods like RT-PCR are highly effective, they are challenging to
implement at the point of care due to their need for trained laboratory personnel, external
machinery, and refrigeration of reagents (12). Rapid influenza diagnostic tests, a form of
paper-based lateral flow assay (LFA), have helped bridge the gap between the laboratory and
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the patient. Commercially-available tests for the detection of influenza virus rely on the
detection of the RNA-associated nucleoprotein (13). Not only have these tests proved to be
limited in their clinical sensitivity (at least in the US), but they also are unable to
differentiate between influenza strains (14,15). Strain differentiation is generally beneficial
for a few reasons: to enable epidemiological tracking, to direct antiviral therapy and to
influence clinical outcomes.

LFAs rely on nitrocellulose membranes as the primary substrate, generally referred to as
“paper” in this manuscript, with integrated dried reagents to allow visual detection of an
analyte in an easy-to-use format (16). Instead of requiring syringe pumps or multiple
pipetting steps to move fluids through a device, LFAs use capillary action to enable flow of
assay reagents through the porous substrate (17). LFAs provide rapid results for the
detection of many pathogens without the need for well-equipped and well-staffed clinical
laboratories (18). The implementation of LFAs at the point of care has been highly
successful due to their low cost and ease of use.

Despite the commercial success of LFAs, they generally lack the ability to perform
additional chemistry and multistep assays that are often required for more complex
laboratory assays (19). The conventional enzyme-linked immunosorbent assay (ELISA), for
example, requires manual delivery of each reagent to enable protein detection. While
ELISASs are sensitive protein assays, the need for refrigeration, electricity, and trained
personnel complicate their implementation at the point of care (20). The traditional LFA
involves one assay step, where the sample rehydrates the conjugate pad and travels
downstream to the test line, where a capture antibody is immobilized. This works well for
sandwich assays that use colorimetric detection, such as by gold nanoparticles, but proves
challenging when attempting to integrate assays that use signal amplification chemistries.
There has been an emphasis on the development of strategies that allow more complex
fluidic manipulation within the context of paper-based diagnostic systems.

Various approaches to introduce more complex fluidic manipulation using paper
microfluidics have been demonstrated. The Whitesides group spearheaded the use of paper
for diagnostics through the layering of paper and tape to create three-dimensional paper
microfluidic devices that deliver different reagents at each individual layer (21). The Filipe
group described the use of dry pullulan films for the sequential delivery of reagents in a
lateral flow or flow through format (22). Alternatively, the Ying group has used the stacked
flow immunoassay to significantly reduce non-specific signal due to substances present in
the patient sample (23). Our lab has developed a platform to address these limitations using
a two-dimensional paper network (2DPN). The 2DPN allows the sequential delivery of
reagents across a test line in a fully automated manner (24). The 2DPN platform has been
demonstrated for the integration of assays using enzymatic amplification for more sensitive
detection of an analyte, including gold enhancement and horseradish peroxidase (HRP) for
signal amplification of an immunoassay (25-27).

However, 2DPN geometries can be limited in their ability to control the rate and direction of
flow for delivery of multiple fluidic steps. Our previously-demonstrated 2DPN architecture
for enzymatic amplification required that the last assay step flow through a long section of
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paper (26,27). This has led to reduced performance in integrated devices; specifically, long
assay run times and decreases in sensitivity due to reagent loss to the porous material, and
increased background outside of the capture lines due to nonspecific adsorption of enzyme-
labelled conjugates upstream of the capture line.

Recent advances in the understanding of fluid flow in paper microfluidics have shown that
understanding the effects of partial saturation are critical to predicting fluid flow in LFTs,
and particularly in complex multicomponent 2DPNs (28). Controlled partial saturation
effects enable the assay developer to sequence fluid delivery using specific material choices.
This understanding allows for the design of devices that can control flow rates of subsequent
assay steps independently and provide better spatial control of reagent transport. This
understanding of membrane wetting and fluid flow has enabled the implementation of more
complex fluidic handling into integrated paper microfluidics. Other applications using
partial saturation include the automation of DNA extraction from a urine sample and
concentration from large sample volumes and an automated dilution series for downstream
immunoassay detection (28).

Here we describe the development of a prototype device that integrates computationally
designed hemagglutinin head region binders for the detection of intact influenza virus,
Figure 1. This assay uses enzymatic amplification with HRP to visualize hemagglutinin
binding at the test line. The original binder-based hemagglutinin assay relied on gold
nanoparticles for signal development; however, poor sensitivity of the assay necessitated the
need for enzymatic signal amplification (29). The modified 2DPN platform presented here
harnesses partial saturation to create two distinct, independently controllable fluidic paths,
enabling more precise control over assay timing, reagent concentrations, and fluid flow
rates. This modified platform also enables reagent delivery while minimizing interaction
between the enzyme and its colorimetric substrate before reaching the test line. This novel
device architecture is demonstrated for the sensitive detection of influenza hemagglutinin
from nasal swab samples.

2. Materials and Methods

2.1 Recombinant hemagglutinin binder preparation.

Two computationally-designed proteins were used for this work, both iterations of the
influenza hemagglutinin head-region binders previously described (TriHSB.1.C and TriHSB.
2) (8). The hemagglutinin binders were cloned, expressed in Escherichia coli, and purified
using metal affinity chromatography using Ni-NTA resin that recognizes a C-terminal His
tag (10). Thiolated versions of these binders were made by mutating a select amino acid to
cysteine to introduce a single thiol moiety for site-specific immobilization to a thiol-reactive
agent, as previously published [7]. This allowed for the direct conjugation of HRP to the
head region binder, with a range of 0 to 3 HRP molecules conjugated to each binder using a
commercial conjugation kit (ThermoFisher, Waltham, MA, USA). All additions and
mutations were made to the recombinant hemagglutinin binders through the Rosetta
software suite (www.rosettacommons.org), which allowed minimal impact on the HA-
binding functionality of these proteins.
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2.3 Dipstick assay for hemagglutinin detection

A dipstick assay was used for high throughput assay development and optimization. Test
strips for the dipstick assay were made by cutting nitrocellulose membranes (GE FF80 HP,
GE Healthcare, Piscataway, NJ, USA) into 3 mm wide by 24 mm tall strips using a CO,
laser cutter (VLS3.60, Universal Laser Systems, Scottsdale, AZ, USA). Sets of four test legs
were cut together and connected by a 6mm section at the top of the device, enabling rapid
batch assembly and processing. Protein solutions were filtered through a centrifugal filter
with a 0.2 ym nylon membrane (VWR, Radnor, PA, USA) at 8000g for 5 minutes before
spotting. Head region binder was prepared at 0.62 mg/mL and anti-HRP antibody
(ThermoFisher) was prepared at 0.5 mg/mL. A piezoelectric printer (SciFLEXARRAYER
S3, Scienion AG, Berlin, Germany) was used to deposit capture proteins onto the
nitrocellulose membranes. Each line was made by the deposition of 12 spots of the reagent,
each of which were separated by 250 um, at 30 drops per spot and 450-500 pL per drop.
Each test line received approximately 300 nL of total protein solution. The spotted
membranes were stored overnight in the desiccator and were tested within 7 days. Influenza
A virus of the following strains was obtained from the International Reagent Resource
(IRR), Solomon Islands 2006 HIN1 (FR331), Switzerland 2013 H3N2 (FR1416), Victoria
2011 H3N2 (1027). Influenza B virus for the Yamagata (FR1373, FR1370) and Victoria
(FR20, FR663) strains were also obtained from the IRR.

The prepared nitrocellulose membranes described above were assembled into holding cards
with cellulose wicking pads (CFSP223, Merck Millipore, Billerica, MA, USA) to maintain
consistent contact across the entire width of the device, Figure S2. These comb-shaped
devices were prepared the same day as the assay was run. Each assay was performed using a
96-well plate, which had been preloaded with the reagents required for each step. Assay
reagents were delivered sequentially by moving each test leg from one well to the next when
all 20 pL of each step was visually depleted from the well. Each step for the head region
binder assay consisted of the following reagents delivered in order (1) Sample containing
influenza virus or negative control (2) Wash (3) Head region binder directly conjugated to
HRP diluted to 100 nM (4) Wash (5) Amplification buffer with 0.0125% H,0, from sodium
percarbonate and 144 mg/mL of 3,3’-diaminobenzidine (DAB) as the substrate for HRP.
Phosphate-buffered saline (PBS) + 0.1% v/v Tween —20 (Thermo Fisher Scientific,
Waltham, MA) (PBST) was used as the wash buffer in all cases. All non-wash reagents were
diluted in a running buffer of PBST +1% w/v bovine serum albumin (BSA) (Sigma-Aldrich,
Saint Louis, MO). The total assay before the optimization of wash steps took 58+5 minutes.

2.4 Two-dimensional paper network construction and testing

Prototype device “cards” were comprised of layered plastic with a single-side adhesive
(T-5501-10/1, Melinex, Fralock, Valencia, CA, USA) used as backing and spacer layers.
Glass fiber membrane (8964, Ahlstrom-Munksjd, Stockholm, Sweden) was used for the
glass fiber and conjugate pad regions of the network shown in Figure 1. 5mm nitrocellulose
strips were used for the assay region, and cellulose (CFSP223, Merck Millipore, Billerica,
MA, USA) for the wicking pad. Nitrocellulose membranes were prepared similarly to the
dipstick assay described above. Because the nitrocellulose strips were 2mm wider on the
integrated device, 20 spots of reagent were deposited across the width of the strip.
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Glass fiber conjugate pads were prepared using a previously published method (30). Pads
were pre-blocked by soaking in 10mM PBS with 1% BSA and 0.01% Tween 20 for 30
minutes. Once blocked, pads were stored in a desiccator at 25°C to dry overnight. A master
mix was made containing 300nM TriHSB.2-HRP, 0.1% BSA, 4% trehalose 0.005M FeSO4
and 0.01M EDTA. 20uL of the master mix was added to each pre-blocked conjugate pad
(5mm by 12mm), and flash frozen in liquid nitrogen. The frozen pads were then placed onto
a lyophilizer at room temperature 24 hours before being stored with desiccant until use.

Devices were run by the manual application of the wet assay components onto the
assembled device. Volumes of 70uL, 100uL, and 80uL were applied for the sample,
rehydration/wash buffer, and amplification buffer, respectively. For the assays described
here, colorimetric signal was generated by the precipitation of oxidized DAB. Device runs
were considered complete after all glass fiber on device no longer visibly contained liquid.

2.5 gRT-PCR

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was used to
determine the concentration of the different influenza virus stocks used in this paper.
UltraSense One-Step Quantitative RT-PCR assay mix (Life Technologies, Carlsbad, CA)
was used with primer and probe sequences published previously (31,32). 20L reactions
were run on CFX96 Touch (BioRad) using the following protocol: 50°C for 15 min, 95°C
for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 55 s. Concentrations were
determined using a standard curve developed from influenza A RNA of known copy
number.

2.6 Clinical nasal swab specimens

Clinical nasal swab specimens were acquired from Seattle Children’s Hospital between
January and March 2016 from pediatric patients with suspected influenza infection after
signed parental informed consent. Each Nylon flocked mid-nasal swab was collected in the
hospital or emergency department and placed into 750uL of PBS, 0.05% Tween-20 and
0.01% sodium azide. The diluted nasal swab sample was used for RT-PCR and
immunoassay detection of influenza. In order to determine the minimum dilution of nasal
swab required for this device, diluted nasal swab samples were concentrating using a protein
concentrator with molecular weight cut-off of 5kDa (VivaSpin). Seattle Children’s Hospital
Institutional Review Board approved the sample collection and analysis of specimens.
Written consent was obtained from a parent or legal guardian, as approved by the Seattle
Children’s Institutional Review Board, with paper copies given to both a parent and
maintained under secure storage by the research team.

2.7 Fully integrated system for hemagglutinin detection

The base of the automated device (Figure 1) was built from 1/4 inch black acrylic

(8505K 754, McMaster-Carr, Santa Fe Springs, CA, USA) cut using a CO5, laser into a 3.8cm
by 7.4cm rectangle. An automatic, saturation-dependent fluid transfer element (the “valve™)
was designed to deliver the amplification buffer after the first three assay steps were
complete. To do so, water-soluble paper (Water Soluble Paper, Edmund Scientific,
Tonawanda, NY, USA) was placed above the cellulose wicking pad between the wicking pad
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and the clear acrylic cover. This paper holds closed a pinched ~10 mm length section of
silicone tubing (STHT-C-093-2; Saint-Gobain, Valley Forge, PA, USA) that prevents the
flow of amplification buffer out of the cut off syringe and onto the secondary membrane. As
the water-soluble paper dissolves, the pinch is released, thereby allowing fluid to flow into
the glass fiber pad below. The amplification buffer then flows through the overlap junction
and into the nitrocellulose test strip, Figure 2.

The device assembly is split into two main components — preparation of the 2DPN and
integration of the 2DPN into fluidic delivery system. Assembly of the 2DPN is described in
Section 2.4. The 2DPN is integrated into the full device, which incorporates the pinch valve,
water-soluble paper, and lever arm to enable automated delivery of the amplification buffer.
The 2DPN is placed onto a thick acrylic platform and screwed into the platform. The pinch
valve stopper is screwed through the 2DPN and the acrylic backing and a nut is used on the
backside to ensure that the stopper does not rotate during use. The lever arm is attached to
the acrylic platform via a peg at the fulcrum. A piece of water-soluble paper is wrapped
around the end of the lever arm and placed overtop the cellulose wicking pad. The pinch
valve is then inserted between the lever arm and the pinch valve stopper. The lever arm is
held tight while a clear acrylic piece is screwed into the platform such that it clamps down
onto the spy paper and the wicking pad. Finally, small ports are added to the sample and
buffer inlet ports and secured with adhesive.

2.8 Signal quantification and analysis

For the assays described here, colorimetric signal is generated by the precipitation of DAB.
All membranes are scanned at 48-bit HDR color, 600 dpi, gamma=1 using a desktop scanner
(Perfection V700 Photo Scanner, Epson, Long Beach, CA) while the membranes were still
wet. The blue channel of the RGB scanned image was used for quantification. All reported
signal intensities were quantified using a previously-published custom script in MATLAB
(MathWorks, Natick, MA, USA) (33). This script computes the average pixel intensity in a
region of interest manually drawn around the test line. This value is then normalized based
on computed average pixel intensity of a region directly downstream from the test line,
resulting in a series of values between 0 and 1 which represent the minimum and the
maximum respectively.

All significance testing utilized Welch’s t-test, which is also known as a Student’s t-test with
unequal variances, and a significance threshold of a=0.05. The limits of detection (LODSs)
were calculating using the signal intensity quantified as described above, looking
specifically at the 5% chance of false-positive signal and the 5% chance of false-negative
signal. This was then mapped to the associated HA concentration using a four-parameter
logistic curve, with the data presented alongside a 95% confidence interval for each
estimate. All statistical comparisons were performed using the open-source statistical
package R (64 bit, version 3.3.2) (34).
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3. Results and discussion

3.1 Two-dimensional paper network

The novel two-dimensional paper network described in this work was designed to automate
the steps for enzymatic amplification in a controlled manner. Enzymatic amplification has
been used to improve sensitivity in lateral flow assays, however the additional steps required
for the assay increase the overall complexity of the end device. Previous devices to automate
enzymatic amplification have relied on delivery of each subsequent reagent over the region
that had delivered the previous reagents. While these devices have been demonstrated in the
literature, the large fluid travel distances can lead to reagent loss to adsorption to the paper
along the device upstream of the test line (27). In addition, the fluid resistance increases with
the length of the membrane through which that flow must pass. By forcing the last reagent to
flow through the entire downstream paper network, the time to assay completion increases,
while limiting the ability to individually tune assay steps. We thereby aimed to deliver
amplification buffer across the test line orthogonally after the sample, conjugate, and wash
steps were complete.

Orthogonal delivery was accomplished using an overlapping section of glass fiber
membrane, which has larger pores and lower suction pressure than the nitrocellulose assay
membrane. This allows exploitation of partial saturation to create two distinct, independently
controllable fluidic paths, Figure 2. This fluid phenomenon has been previously
demonstrated for use in processing large fluid samples, like urine (35). The device is
activated by the addition of the sample, wash buffer, and amplification buffer to their
respective ports by the user. The solution addition steps, specifically wash and amplification
buffers, can be simply automated in a commercial product (36). The first three solutions are
delivered sequentially in the traditional manner: the sample, rehydrated conjugate solution,
and wash buffer respectively. When a sufficient volume of fluid has moved into the wicking
pad, water-soluble paper in contact with the wicking pad dissolves and releases the arm
pinching the tubing preventing amplification buffer flow. This releases the amplification
buffer into the glass fiber, which subsequently flows through the detection strip. Images of
this process using food coloring are shown in Figure 3.

This device uses a paper-based fluid delivery system to automatically deliver the
amplification buffer to the test line at the right time, after the sample, conjugate, and wash
buffer steps are all complete. Once the cellulose wicking pad wets a defined amount, water
soluble paper in contact with the wicking pad as shown in Figure 2 dissolves enough to lose
tensile integrity, ripping due to the force applied by the pinch valve arm holding the silicone
tubing closed. The pinch valve arm can then rotate, enabling the amplification buffer to pass
through the silicone tubing and be delivered to the test line through 2" glass fiber fluidic
path. The location, width, and length of the water-soluble paper can be adjusted to tune the
release of the amplification buffer. Optimization of these parameters are shown in Table S1.
For the final dimensions of the prototype device, release of the amplification buffer occurred
at 29.4+ 3.6 minutes.
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3.2 Assay optimization in dipstick

This assay had been previously demonstrated for influenza A virus capture using a gold
nanoparticle detection system (7). Here, we replaced the gold nanoparticles with HRP
covalently attached to the hemagglutinin binder, enabling enzymatic amplification of signal.
For this assay, the capture and detection binders are designed to target the same epitope on
the head region of hemagglutinin. Therefore, sequential delivery of the sample and detection
binders is required to prevent the detection binder from blocking the capture event. The
head-region binder assay with enzymatic amplification was demonstrated for successful
capture and detection of the influenza virus using the flu assay shown in Figure 4. In the
presence of detergents capable of lysing the virion, the signal from this assay is lost
completely; this supports the hypothesis that intact influenza virus is captured on the test
line, Figure S3.

A panel of influenza A and B strains was tested to evaluate assay specificity. Figure S4
shows the normalized signal intensity and a representative test line for each virus strain. This
assay was found to selectively detect the Solomon Islands 2006 strain of HIN1 and the
Switzerland 2013 strain of H3N2. This selective detection is due to structures in the sialic
acid binding pocket that are specific to these two strains. While influenza B also has the
hemagglutinin protein on its surface, there was no cross reactivity seen for this assay due to
differences in protein structure. It is important to note that while the Solomon Islands strain
does not currently circulate in the general population, the Switzerland H3 strain continues to
circulate in the general population and therefore is the most clinically relevant of the tested
Influenza A strains of the virus (37). This specificity indicates that mutations in the vicinity
of the sialic acid binding pocket will influence the ability of the binder to effectively bind to
different strains of the virus. Conversely, due to the specificity of binding in the head region,
there is potential for subtyping with the appropriate binder designs.

The quantification of influenza virus in a sample or stock solution has traditionally been
characterized using either infectious units, protein amount or activity, or RNA content. In
this work we report influenza virus infectivity using two different units: tissue culture
infectious dose 50% endpoint (TCIDsg/mL) or chicken embryo infectious dose 50%
endpoint (CEIDgg/mL). However, the magnitude of these infectivity units is dependent on
the cell line the viruses were grown in and the cell line used to determine infectious titer.
Clinical influenza virus loads in nasopharyngeal washes have been reported to peak at 103 to
107 TCIDsg/mL (38). By RNA copy number, the virus load in nasopharyngeal washes have
been found to range between 10° and 107 copies/mL for HLIN1 and 106 to 108 copies/mL for
H3NZ2 (39). The correlation of different units used to characterize the influenza virus will
vary depending on the virus strain and the cell line used for growing the virus.

To determine the analytical sensitivity of the assay for the strains detected by the head region
binder, dilution series of the A/HLIN1/Solomon Islands 2006 and A/H3N2/Switzerland 2013
influenza viruses were run. The assays for HIN1 and H3N2 were found to yield statistical
LODs of 1.35 x 107 CEIDsg/mL and 1.11 x 107 CEIDso/mL respectively, with 95%
confidence intervals of [7.26 x 106,1.90 x 107] and [6.85 x 10%, 1.50 x 107], Figure S5.
These results are consistent with the gold nanoparticle based assay that was published
previously for detection of HIN1, with a sensitivity improvement that can be attributed to
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enzymatic amplification (7). The assay for HLN1 was tested with a new stock of virus grown
in Madin-Darby Kidney cells (MDCK) and was found to have a statistical LOD of 1.15 x
108 TCIDsg/mL, with a 95% confidence interval of [7.56 x 102, 2.18 x 103]. The variation in
LOD between virus stocks suggested the need for further characterization of the virus
samples. RNA copy number was determined for each virus stock using qRT-PCR, and the
LODs by copy humber were found to be statistically similar, Figure S6. With the LOD of
1.15 x 108 TCIDsg/mL, this assay is capable of detecting the lowest clinical range during
peak infection.

Colorimetric detection of influenza virus by the hemagglutinin protein has been previously
demonstrated by other groups using either sialic acid modified gold nanoparticles or
polymerized liposomes containing sialic acid; each with a limit of detection around 4500
particles per pL (40,41). In both cases, sialic acid is utilized to bind HA by the highly
conserved sialic acid binding pocket of the influenza hemagglutinin. While each interaction
has low affinity, the overall interaction is driven by avidity effects. This is due to the
presence of a high number of both sialic acid residues and hemagglutinin in close proximity
to one another. While the head region binder only binds to one trimeric hemagglutinin
protein at a time, it takes advantage of the trimeric form of HA to benefit from avidity
effects (8). The computationally-designed binder used in this work targets the highly
conserved sialic acid binding pocket while additionally interacting with portions of the
surrounding head region, leading to more energetically favourable interactions that are
ideally strain specific. The calculated limits of detection for this assay are lower than
previously published work for the detection of hemagglutinin, which can be explained by
coupling the improved affinity to the protein with enzymatic amplification techniques,
Figure S3.

3.3 Assay integration into the prototype device

Each assay step required for influenza hemagglutinin detection was then integrated into the
device shown in Figure 1. In the dipstick format, five steps were delivered sequentially to
enable capture and enzymatic amplification to take place. Optimization of the required
number of wash steps found that the first wash was not necessary for assay performance,
Figure 5a. Therefore, the only wash step required was built into the device to occur after
delivery of the HRP-binder conjugate. This was accomplished by using a larger buffer
volume than needed for the rehydration of all HRP-binder conjugate in the lyophilized pad.
The HRP-binder conjugate was stored on device using a lyophilized pad containing additives
to improve long-term stability and storage. The optimization of the concentration of
components in the lyophilized conjugate pad is shown in Figure S7 and S8. Timing of the
pinch valve was tuned to enable delivery of the reagents for the final amplification step after
all previous steps had been completed.

Using a new stock of influenza virus, the limit of detection for the assay on device and in the
dipstick format was determined. The limit of detection for the device was calculated to be
4.45 x 102 TCIDsp/mL (95% Cl: [2.29 x 102, 6.26 x 102]) on device, as compared 1.15 x
103 TCIDsg/mL (95% Cl: [7.56 x 102, 2.18 x 103]) for the dipstick format using the same
virus stock, Figure 6. While the total assay time required for the dipstick averaged 54 + 3
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minutes, the device was able to deliver larger reagent volumes in 41 £ 4 minutes. One major
difference between the dipstick and the device assay is the volume of sample. The volume
used on device, 70 pL, was the amount required to cover the nasal swab; alternatively, the
standard 20 uL was used for sample delivery in the dipstick format. Directly comparing the
same volume between the two assay formats, we found comparable results in significantly
less time, requiring 94 minutes to run the dipstick format with 70 pL of sample. When
corrected for volume, the limit of detection for device was statistically similar as compared
to the dipstick format, with a steeper slope of the concentration curve, Figure S9. Not only
does this prototype device enable processing of larger volumes of nasal swab sample with
comparable limit of detection, the steeper slope of the concentration curve translates to
improved analytical sensitivity, as defined by the International Union of Pure and Applied
Chemistry (IUPAC) (43).

3.4 Detection of influenza virus from clinical samples

Nasal swabs are most commonly used for the detection of influenza virus from a patient
presenting with influenza-like illness (44). Because true sensitivity of a diagnostic requires
that known concentrations of target analyte are tested in the context of a clinical sample, it is
crucial to validate the head region binder assay in a complex sample matrix. Nasal swab
samples contain a wide variety of proteins and other components that might interfere with
the hemagglutinin assay, including albumin, antibodies and mucins (45). Initial testing with
nasal swab samples was completed with influenza negative patient samples received from
Seattle Children’s hospital during the 2015-2016 flu season. This testing demonstrated two
primary modes of failure for the assay; poor flow of the viscous sample within the porous
network and non-target binding on the test line. To address both modes of failure, we
explored dilution with a sample buffer containing surfactant (Tween 20) and 1% BSA to
reduce the effect of the nasal swab sample by improving flow and reducing non-target
binding respectively.

Using a serial dilution of patient sample, we found that high concentrations of the influenza-
negative patient sample lead to assay failure. This was primarily due to a combination of
problems with solute and solvent transport to the test line. Due to the viscosity of the nasal
swab sample at high concentrations, the analyte and conjugate both were becoming trapped
where they first met the nitrocellulose membrane. However, a 10-fold dilution was sufficient
to regain assay performance, Figure 6b. This is the equivalent of placing the nasal swab into
a tube with 700 pL of buffer. This is significantly less dilution than the current standard,
which involves dilution in approximately 3 mL of universal transport medium (UTM) or
other buffer (42). A ten-fold dilution of the nasal swab is significantly less than the dilution
currently required for commercially available tests for the detection of the influenza
nucleoprotein (14). However, the dilution of sample does lead to a reduction in the
concentration of analyte delivered to the test line. Future work will involve the investigation
of preparation techniques to treat nasal swabs samples that limit overall sensitivity losses.

Negative nasal swab samples spiked with the 2006 Solomon Islands strain of influenza A
virus were run on the automated prototype device using the 10-fold dilution factor
determined in Figure 5b. The automated delivery of these reagents led to successful
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detection of influenza virus spiked into a human nasal sample, Figure 7. This prototype
device fully automated the delivery of a multi-step enzymatic assay, demonstrating sensitive
detection of influenza virus within an average of 45 minutes. We have herein demonstrated
the successful integration of an automated paper microfluidic device to detect influenza
virus in a nasal swab sample.

Specific detection of hemagglutinin is useful for epidemiological tracking, to inform clinical
treatment, and as a companion diagnostic. However, there is currently no commercially
available test to detect this viral glycoprotein. As the hemagglutinin protein undergoes a
high degree of antigenic drift due to pressure to evade the host immune system, targeting this
protein enables characterization of these viral mutations in a way other protein assay,
specifically the nucleoprotein, are otherwise unable. Not only does this viral glycoprotein
provide information about the virus, detection of the hemagglutinin protein has the potential
to simplify the design of a point of care device. By targeting the readily available viral
surface protein, we limit the need to integrate complex sample preparation steps, such as
solubilization and purification, into the microfluidic system.

Conclusions

In this paper, we describe the development of a novel device architecture to enhance the
sensitivity of a chemically-amplified sandwich assay. Here, we use that device to integrate a
binder-based influenza assay. This architecture relies on recent advances in the
understanding of flow in porous materials to introduce fluid from a secondary fluidic path
using a material with different pore sizes and capillary pressure. We demonstrate the
development of a 2DPN that integrates enzymatic amplification in a manner that improves
assay performance over the gold standard, dipstick method. The full assay was integrated
into the novel 2DPN geometry to demonstrate the detection of intact influenza virus from a
spiked patient sample. We believe this to be the first demonstration of an integrated
prototype device for the detection of hemagglutinin from intact influenza virus.

Lateral flow assays are often restricted in their ability to integrate more complex chemistries
within their simple one-dimensional architecture. While the traditional 2DPN addresses
some of these concerns, there are limitations related to control over timing and interaction of
reagents before reaching the test region. The device architecture demonstrated here reduces
the potential for unwanted interaction between the three reactive species, HRP, H,O, and
DAB, upstream of the test region. In addition, the device takes into account the different
timing constraints for each step, allowing sufficient time for analyte and conjugate binding
while then delivering the amplification buffer orthogonally with more control over reagent
concentrations and flow rates. By taking into consideration the needs for each step of this
complex assay, the integrated device outperforms the conventional dipstick assay without
requiring user input or timing. This work demonstrates the possibility for fully integrated,
sensitive enzymatic assays that can be used for detection at the point of care.

The proof of concept, microfluidic device shown in this manuscript proved successful for the
detection of influenza virus from spiked nasal swab samples. Future work with this device
will focus on adapting the design for longer-term storage stability studies and testing with
suspected influenza positive nasal swab samples. In addition, new iterations of this paper-
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based microfluidic device can be adapted to other multistep analytical assays that are
currently limited in their use at the point of care. By enabling the integration of these more
complex assays into automated, paper-based device, we believe it will open the door to more
sensitive and specific diagnostics that can be easily implemented at the point of care.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the device used for automated hemagglutinin detection. (A) The two-

dimensional paper network (2DPN) used in this device. This network contains a
nitrocellulose test strip, glass fiber paths for the delivery of sample, conjugate, wash and
amplification buffers, and a cellulose wicking pad. (B) The fully assembled device. (C) The
expanded view of the device, containing the two-dimensional paper network (2DPN) and
automatic release mechanism for the amplification tube. The automatic release mechanism
consists of a pinch valve that is held closed until the water-soluble paper wets and releases
the “arm”. Once the arm is released, the amplification buffer is delivered to the paper
network.
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Figure2.
Amplification buffer delivery using the novel paper network geometry involving two

dissimilar porous materials and pinch valve. The membrane overlap between the first and
second fluidic paths enables delivery of each set of fluids orthogonally. The device uses
water-soluble (WS) paper surrounding a lever arm that holds a pinch valve close (A). The
first three steps; sample, conjugate, and wash steps, are delivered across the primary fluidic
path (B). As the wicking pad wets, the water-soluble paper that is placed in contact with it
wets until the force of the lever arm overcomes the strength of the paper. This leads to the
release of the lever arm and opening the pinch valve (C). Now open, the amplification buffer
is delivered via the secondary fluidic path and onto the nitrocellulose test membrane (D).
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t=2 Conjugate rehydration

Start t=0

t=| Sample applied

Figure 3.
Images of the operational assay device showing the automated delivery of each reagent

across the test region. Food coloring was used to represent each reagent; red for sample,
clear for rehydration/wash buffer, and blue for amplification buffer. (t=0) device before the
beginning of the assay (t=1) sample applied to the sample pad (t=2) conjugate rehydration
by wash buffer (t=3) conjugate and wash buffer delivered across the test lines (t=4)
amplification buffer applied after the water-soluble membrane releases the pinch valve,
occurring at about the 29.4+3.6 minute mark and (t=5) the test line develops as the
amplification buffer is applied to the tests line, which begins at the 35 minute mark, on
average.
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HA HRP HA binder  Precipitating DAB

Figure 4.
Ilustration of the influenza hemagglutinin (HA) sandwich assay using computationally

designed binders for the capture and detection of the virus. This assay uses horseradish
peroxidase (HRP) and 3,3” diaminobenzidine (DAB), which form a brown precipitate at the
test line in the presence of Hy0,. The black bar represents the nitrocellulose surface.
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Figureb.
Assay optimization in the dipstick format to prepare for device integration. Optimization of

wash steps (A) demonstrated that the second wash alone was sufficient for reducing
background. Dilution of nasal swab samples (B) showed signal restoration after a 10-fold
dilution of influenza negative nasal swabs spiked with influenza virus. 1X represents a swab
diluted into 70 pL of PBS, the volume required to cover the entire swab. As the patient
sample is diluted, signal begins to be restored at the 1/10X dilution, which translates to 700
uL of PBS. For comparison, nasal swabs are typically diluted in 3mL of a solution such as
universal transfer medium (UTM) (42). Data points are mean + standard deviation, n=4.
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Figure 6.

Limit of detection analysis for the device (blue) and dipstick (orange) assays (A)
Representative scans of device test strips. (B) Normalized pixel intensity for the assay run on

device and in the dipstick format. The limits of detection were found to be 4.45 x 102

Page 22

TCIDso/mL (95% CI: [2.29 x 102,6.26 x 102]) and 1.15 x 103 TCIDso/mL (95% CI: [7.56 x
102, 2.18 x 103]) in the on device and dipstick formats respectively. The solid lines indicate
the calculated LOD, while the dashed lines indicate the 95% confidence interval. Data points

are mean * standard error, n=6.
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Figure7.
Spiked patient samples tested on device. The device was tested with influenza virus spiked

into nasal swabs samples that tested negative for influenza, at 6.32 x 102 TCIDsg/mL for 70
pL of sample. Representative scans of the devices run (A) and normalized pixel intensity of
these scans (B) are shown. Negative patient samples were run with n=3, and spiked patient
sample was run with n=4.
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