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ABSTRACT

The SARS-CoV-2 pandemic has revealed the need for rapid and inexpensive diagnostic testing to enable population-based
screening for active infection. Neither standard diagnostic testing, the detection and measurement of viral RNA (via
polymerase chain reaction), or serological testing (via enzyme-linked immunosorbent assay) has the capability to
definitively determine active infection. The former due to a lack of ability to distinguish between replicable and inert viral
RNA, and the latter due to varying immune responses (ranging from latent to a complete lack of immune response
altogether). Despite many companies producing rapid point-of-care (POC) tests, none will address the global scale of
testing needed and few help to combat the ever growing issue of testing resource scarcity. Here we discuss our efforts
towards the development of a highly manufacturable, microfluidic device that instantly indicates active viral infection
status from ~ 20 pL of nasal mucus or phlegm and requires no external power. The device features a biotin functionalized
silicon nanomembrane within an acrylic body containing channels and ports for sample introduction and analysis. Virus
capture and target confirmation are done using affinity-based capture and size-based occlusion respectively. Modularity
of the device is proven with bead and vaccinia virus capture as we work towards testing with both pure SARS-CoV-2 virus
and human samples. With success on all fronts, we could achieve an inexpensive POC diagnostic which can determine an
individual’s infection status, aiding containment efforts in the current and future pandemics. In addition to direct viral
detection, our method can be used as a rapid POC sample preparation tool that limits the application of PCR reagents to
those samples which already display viral size and antigen-based positivity through our device.
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1. INTRODUCTION

While the scale of the SARS-CoV-2 pandemic is not unprecedented, the global response has been and signals a new
societal expectation that public health sectors should be prepared to quickly control the spread of deadly infectious disease.
While great advances in technology and healthcare underly this expectation and have in fact performed with historic speed
and effectiveness, current shortcomings are evident, discussed daily, and will remain the focus of research and progress
for decades to come. One continuing area of focus will be in POC testing that provides more complete information about
a patient’s status with respect to the course of infection. In particular the detection of long-lived RNA fragments postulated
to circulate long after a patient is symptomatic or infectious! have likely caused undue anxiety and productivity losses.

1.1 Current Testing Capabilities

Auvailable testing for SARS-CoV-2 can be broken up into two main categories: serological testing and diagnostic testing’.
Serological testing detects antibodies created in response to viral exposure, while diagnostic testing detects viral RNA or
viral antigens. Both categories can be further broken down into laboratory benchtop testing and rapid POC tests. The gold
standard in both techniques are the laboratory benchtop techniques enzyme-linked immunosorbent assays (ELISA) and
polymerase chain reaction (PCR), respectively. The established prominence of both techniques in diagnostics allowed for
their immediate and continued use for detection of immunity and infectious spread of SARS- CoV-2%"8, Despite their
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success, continued spread of the virus spurred greater testing demands, ultimately resulting in a
greater interest in rapid POC diagnostics®. Towards this effort many tests have been developed for both serology and
diagnostic applications'’. For serology testing lateral flow assays, chemiluminescence assays, electrochemiluminescence
assays, fluorescent microsphere immunoassays, and chemiluminescent microparticle assays among others were developed.
For diagnostic testing reverse transcription loop-mediated isothermal amplification (RT-LAMP), isothermal reverse
transcriptase helicase dependent amplification (RT-HDA), reverse transcriptase-isothermal amplification, and lateral flow
assays of all three and more were developed. While these tests filled the growing demand for rapid testing, few performed
as well as their respective gold standard diagnostics'!"!®. In addition, none of these or the gold standard tests have provided
the increasingly important ability to reliably determine an individual’s infection status®!”!8, In response to this gap in
testing ability, we have directed our technology towards the detection of intact virus in biofluids. Our approach has the
potential to be used as a stand-alone POC test or in combination with POC molecular tests.

1.2 Microfluidic sensor design and the ‘resistance switch’

Ultrathin, silicon-based nanomembranes were introduced by the McGrath lab in 2007 and have been successfully used in
various microfluidic applications since!®?*. To create a virus capture sensor, we used a multi-layered microfluidic
assembly developed in collaboration with ALine Inc. This device was first used as a cell culture and modeling platform,
but the single input to dual output design allowed for its easy adoption as a sensing platform?*?*. Our concept, visually
represented in Figure la and 1b, was to use the device to create a simple fluidic bifurcation in which one fluid path is
selected in the presence of virus and a second fluid path is selected in the absence of virus. From previous work we knew
we could make a switch between fluid paths by using our nanomembrane as a fouling-based variable resistor'*?"2326, Thus
we designed the device so that clean fluid would prefer a path through the nanomembrane by ensuring this path initially
had the lowest resistance of the two flow paths. However, if the pores of the membrane become occluded due to the capture
of virus, the low resistance path becomes closed and flow is routed to the second path. In this way nanomembranes are
used as a ‘resistance switch’ that distinguishes between a positive and negative sample. Designed as a diagnostic test, we
refer to these new devices as uSIM-DX (microfluidic device featuring a silicon membrane for diagnostics).

Figure 1. From concept to prototype design, the development of the microfluidic sensor is shown as a microfluidic circuit
schematic (a). I represents the uSIM-DX inlet and R; represents the initial channel resistance. The path of least resistance
goes up through the membrane and top channel whose resistances are represented by R,, and R: respectively and out the
outlet of the well, O,,.. The bottom path is chosen and fluid exits the bottom channel outlet, O, as the resistance of the upper
path becomes greater than the bottom path resistance, R3. The completed microfluidic sensor is shown in (b). Within the
sensor an uncoated microslit membrane will allow SARS-CoV-2 to pass through uncaptured (c) while a Kode™-biotin
coated membrane (d) will not, capturing streptavidin conjugated antibody-bound virus via affinity-based capture (e).
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1.3 Membrane functionalization using amphiphilic molecules

Traditionally we have used nanomembranes to filter or capture targets based on their size!>***2¢, This means that any
pore occlusion would occur via steric capture, shown in Figure 1c. While this approach works well for simple solutions,
complex mixtures such as biofluids and smaller targets would benefit from the specificity of antibody-based capture. In
the current application we functionalize the membranes with amphiphilic molecules, made by Kode Biotech Ltd. These
molecules have a hydrophobic lipid tail, a hydrophilic spacer, and a functional head group?”?®. The silicon composition of
our membrane offers a slightly hydrophobic surface which coordinates with the hydrophobic tails of Kode™. To create a
facile linking system, we utilize a Kode™ molecule variant which has a biotin functional head group, hereafter referred to
as ‘Kode™ -biotin’.

1.4 Affinity-based capture

With biotin presenting on the surface of our nanomembranes after functionalization with Kode™.-biotin, we sought to take
advantage of the robust biotin-avidin linker system to capture virus. Since its discovery over 40 years ago, the biotin-
avidin system has been shown to provide quick interactions and bind stronger than any known non-covalent bond29. To
apply this system to virus capture, we streptavidin-conjugated antibodies raised against surface glycoproteins on the virus
surface. In the case of SARS-CoV-2 these antibodies recognize the spike proteins that give the corona virus its name. In
the case of vaccinia virus, the antibodies recognize L1 surface transmembrane proteins. Illustrated in Figure 1d-e, our
strategy allows us to pre-mix streptavidin conjugated antibody with sample and inject the mixture into the uSIM-DX where
the virus-antibody-streptavidin complex will be captured on the biotin coated membrane if the virus is present. Even if
unbound streptavidin conjugated antibody or streptavidin conjugated antibody bound to free floating virus proteins are
captured on the membrane, a resistance switch will not be triggered as only the virus is sufficient to occlude pores and
cause a switch. Thus, our sensor has a unique requirement for simultaneous size and antigen-based recognition of the virus.
We have established proof-of-principle with streptavidin conjugated beads and vaccinia virus as surrogates upstream of
SARS-CoV-2.

1.5 Capture analysis using fluorescence microscopy

To quantify the sensitivity of fouling-based sensing, we used fluorescence microscopy of membranes following the capture
of fluorescently labeled particles and virus. Given the size of the targets that we are capturing (beads — 200 nm/500 nm,
vaccinia virus — 300 nm, SARS-CoV-2 — 65-125 nm), high resolution microscopy will be necessary for direct
quantification by counting®®3!. For our study we used both a Leica DMIRB inverted fluorescence microscope and an
Andor Dragonfly spinning disc confocal microscope.

2. METHODOLOGY
2.1 Membrane functionalization

Microslit membranes (0.5 pm slit-pore) silicon nanomembranes were purchased from SiMPore Inc. (West Henrietta, NY).
These chips were subsequently cleaned with a piranha solution (3:1 H2SO4:H202) for 30 minutes and rinsed thoroughly
with deionized water. Kode™-biotin amphiphilic molecules were purchased from Kode Biotech Ltd. (Auckland, New
Zealand). 12.5 uM solutions were made in 70% ethanol. The cleaned membranes were submerged in the Kode™ solutions
for 1 minute under gentle agitation. These membranes were then removed and heated in a 65°C oven for 40 minutes. After
heating the membranes are rinsed in 70% ethanol and allowed to dry.

2.2 puSIM-DX fabrication

Acrylic microfluidic components and device assembly jigs were purchased from ALine Inc. (Rancho Dominguez, CA).
puSIM-DXs were assembled by applying pressure to acrylic components lined with pressure sensitive adhesive onto our
functionalized membranes with the aid of the assembly jigs. Modifications were made using a drill press and different
sized PEEK tubing ordered from LabSmith Inc. (Livermore, California). Tubes were sealed into the uSIM-DX using
polymer sealant.
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2.3 Sample testing

Fluorescent streptavidin conjugated polymer beads (200 nm and 500 nm exc/em-480 nm/520 nm) were purchased from
Bangs Laboratories Inc. (Fishers, IN). Ethanol fixed mKate2 (exc/em-588 nm/633 nm) labelled vaccinia virus and vaccinia
virus antibody were provided by our medical center collaborator, Dr. Brian Ward. Solutions were made in PBS and stored
at 4°C if necessary. The vaccinia antibody was streptavidin conjugated using the protocols and reagents provided by the
Streptavidin Conjugation Kit — Lightning Link® from abcam (Cambridge, MA). Conjugated antibody was pre-mixed with
vaccinia to ensure ample antibody-protein interaction time. pSIM-DX bottom channels and wells were pre-wet with PBS
if appropriate. Samples were injected by hand using standard P200 pipettes.

2.4 Fluorescence and confocal microscopy

Fluorescence microscopy was done using a Leica DMIRB inverted fluorescence microscope with a halogen lightbulb and
filter cube setup and a charge-coupled-device camera. Confocal microscopy was completed on an Andor Dragonfly
Spinning Disc Confocal microscope with a Zyla 4.2 sSCMOS camera. Chips were left in their uSIM-DXs and imaged after
testing. A 488 nm laser was used to excite the fluorescent beads and a 500 nm filter was used to capture emission. A 561
nm laser was used to excite the mKate2 labeled vaccinia virus and a 600 nm filter was used to capture emission.

3. RESULTS
3.1 pSIM-DX performance

Testing with bead and vaccinia virus allowed us to safely establish proof-of-concept and optimize the uSIM-DX prior to
SARS-CoV-2 studies. Shown in Figure 2, initial testing with blank solutions of PBS did not trigger a resistance switch,
while 10E5 bead/mL solutions of both 500 nm beads (steric capture) and 200 nm (affinity capture) streptavidin coated
beads did trigger a resistance switch. Confocal imaging of bead capture reveals widespread bead capture for both sizes,
confirming the ability of the uSIM-DX to capture targets based on size or affinity. Widefield fluorescence imaging of
vaccinia virus capture also shows widespread virus capture, confirming the sensors ability to capture biological targets
and confirming the concept of our pre-mix design. Both 200 nm bead and vaccinia capture also support the use of the
biotin-streptavidin linker system which provides an instantaneous method of target capture. To optimize the performance
of the uSIM-DX, adjustments can be made to the microfluidic design. Keeping injection flow rates roughly the same, the
resistance of the bottom channel can be adjusted to compensate for different volumes or concentrations of bead or vaccinia
solutions. Fewer beads or vaccinia means less of the membrane will be occluded, minimizing the resistance change. To
account for this, the bottom channel resistance can be lowered by making the channel bigger. The opposite effect can be
produced in response to higher concentrations of beads or vaccinia. Through numerous tests with beads and vaccinia virus,
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Figure 2. The concept of the uSIM-DX is successfully demonstrated using 40 pL of PBS (a), 500 nm beads (b) and 200 nm
streptavidin coated beads (c). In each test red dye was injected afterwards to highlight the path of the injected sample. The
PBS injection only makes it to the membrane, while the 500 nm beads and the 200 nm beads occlude then push past the
membrane out the outlet port on the right side of the uSIM-DX. Confocal imaging reveals capture of 500 nm beads (d) and
200 nm beads (e) using a 10X objective. Epifluorescence imaging reveals capture of vaccinia virus using a 40X objective
(f). Together the combination of bead and vaccinia testing provide the ability to determine pSIM-DX diagnostic sensitivity
and specificity, shown for different versions with their n values listed above each version (g).
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different device iterations are tracked. Analyzing their performance with true positives/false negatives and true
negatives/false positives, their diagnostic sensitivity and specificity can be determined and are also shown in Figure 2. The
devices tend to be more sensitive than specific, with sensitivities averaging 92% and specificities averaging 76%.

3.2 Counting using high resolution simulations

Quantifying the number of sub-optical particles captured in fluorescence images will be limited by viral load in samples.
Specifically, the resolution of an optical system should determine the maximum concentration of intact virus that can be
detected. To explore this limitation, we created synthetic models of particles captured on microslit membranes and
simulated wide-field, confocal, and super resolution (stimulated emission depletion or STED) microcopy. To generate an
object scene, we first form 30 nanomembrane slits and then release a uniform number of particles per slit. The peak-to-
peak distance between two slits is 2 um, and the dimension of each slit is 50 pm x 0.5 pm. Particles are randomly placed
on the inside edge of the slits — simulating affinity-based capture on the pore walls; hence, some particles fully or partially
overlap. Excitation and emission wavelengths of the particles are 588 nm and 633 nm, respectively. Once the object is
generated, the imaged object is simulated assuming a camera with a 600 x 600 pixel resolution with a pixel pitch of 10
um, assuming the use of a 100X/1.4NA microscope objective. To create a wide-field image, the object is convolved with
a point spread function (PSF). Changing the PSF parameters can allow us to artificially increase the spatial resolution and
generate confocal and STED images. The spatial resolution of wide-field, confocal, and STED microscopies are roughly
calculated as 226 nm, 199 nm, and 50 nm, respectively. In Figure 3, a simulated wide field nanomembrane image where
particles 100 nm in size are randomly placed on each slit, is illustrated. We crop the scene along the white box to
demonstrate the particles in detail. The cropped scene image and the corresponding microscope images are shown in the
same figure. To evaluate the spatial resolution for the particle counting experiments, we first release a uniform number of
particles (between 1 and 100) to each slit and generate corresponding microscope images. We then apply a threshold
operation to the microscope images to form binary images and define peak points for each particle. The number of peak
points of each particle can be correlated with the number of particles on the membrane. We also repeat the experiments
for particles of various sizes (100 nm, 200 nm, and 300 nm). This can allow us to compare the performances of three
microscopy modalities for particle counting experiments. In Figure 3, we provided a graph that compares the number of
counted particles in percent (the total number of counted particles over the total number of released particles) and the
number of released particles per slit. This graph provides data for each microscopy modality (wide-field, confocal, and
STED) and each particle size (100 nm, 200 nm, and 300 nm). It is shown that high spatial resolution performs well for the
particle counting experiments.

4. DISCUSSION
4.1 Pore occupancy

We note that complete membrane occlusion was not required to trigger a resistance switch indicating the presence of a
membrane fouling particle. With 40 pL injections of 10ES bead/mL or virus/mL solutions, only 4000 beads or virions
were being introduced to the membrane. Yet this was enough to cause a resistance switch in most designs of the uSIM-
DX. The fact that total pore occupancy had not been achieved was evidenced by the fluorescence microscopy images in
Figure 2d-f. More precise control over the point at which the resistance switch occurs could be demonstrated by changing
the shape and size of the channels in the pSIM-DX. This could be useful for future applications as the device could be
calibrated for different size targets. Adjustments could also be made for infections which require different levels of
sensitivity according to their viral loads.

4.2 Pre-mixing to avoid antibody coated membranes

Pre-mixing of antibody with virus, rather than anchoring the antibody to membrane pores, has proven to be an effective
approach. In combination with the biotin-streptavidin linker system, we have developed a general approach to viral particle
sensing that can be adapted to other pathogens by simply changing the antibody added to the sample. Furthermore, by
relying on this well-established linker system, incubation times and the stability of the linkage between the coated
membrane and target are as optimal as could be expected. In this manner the uSIM-DX becomes modular, providing a
consistent platform and pre-mix process where changes only need to be made to what the streptavidin conjugates to. It is
also worth noting that affinity capture on the membrane seems irreversible as long as detergents are not added to the
system. This would indicate that further test result analysis could be conducted on tested samples if necessary.
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Figure 3. Synthetic (computer generated) wide-field nanomembrane image in full size (a), the cropped membrane scene (b),
and the corresponding simulated wide-field (c), confocal (d), and STED (e) images. The counted particles are shown on the
same figures using blue marker. The graph compares the number of released particles per slit and the number of counted
particles in percent (f). The red, blue, and black colors correspond to STED, confocal, and wide-field microscope
modalities, respectively. The solid, dashed, and dot lines indicate the particles of 100 nm, 200 nm, and 300 nm, respectively.

4.3 pSIM-DX specificity and sensitivity

The performance of the uSIM-DX relies on the design tolerances of its channels and the ability of the antibodies in the
pre-mixing step to accurately bind to the correct target. Both aspects provide the device with its specificity and sensitivity.
Since the resistance switch is tunable and is responsive to minute changes in channel resistances, consistency between
device design is key to produce good specificity and sensitivity. Often, slight design differences lead to false positive
results during our testing, lowering the device specificity. Sensitivity has been less of an issue, but cross reactivity of
antibodies to similar species could pose a risk in the future. To maximize the specificity and sensitivity of the uSIM-DX
sensors, design tolerances must be minimized and antibodies must be vetted carefully.

4.4 Counting accuracy and dose dependance

Counting simulated particle capture within the uSIM-DX has shown that it can be an effective means to quantify capture
within the device. While only simulated images are counted in this paper, real images will be counted in the future. When
interpreting the results of the counting experiments, it is interesting to note the dose dependance that the algorithm displays.
Shown in the graph in Figure 3f, a trend is revealed where accuracy of the algorithm is directly tied to how many particles
are released to the membrane. More particles means the chances that captured particles overlap is higher. This leads to
error within the counting algorithm which is only alleviated by higher resolution imaging. For each imaging modality,
noise/disparity in counting remains steady up until there are 45, 55, and 65 particles released per slit in wide-field, confocal,
and STED respectively. This would mean that the upper limit of detection for counting in each modality over an entire
membrane (25200 total pores) would be 1.1E6, 1.4E6, and 1.6E6 total released particles respectively. Based off of this, if
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we maintain sample injections of less than 100 microliters, particle capture could be accurately quantified in solutions up
to 1E8 particles/mL. While this could increase sample processing times in the future, the issue of overcrowding can be
averted with serial dilution. After dilution, accurate particle counts can be completed which can be projected back up the
dilution chain. This method will allow us to confirm that we have the sensitivity to determine whether or not an individual
has an active infection of SARS-CoV-2.

5. CONCLUSIONS

Among the many POC diagnostics available, the nSIM-DX has the potential to provide new information about patient
infection status. Specifically, because the sensor detects particles of a defined size with the proper surface antigen, the
puSIM-DX should be sensitive to active infection and avoid the detection of viral fragments that have been associated with
false positives'™¥2. The sensor design has been successfully developed into a working prototype, and the stable
streptavidin-biotin linking system has been proven to work effectively after sample pre-mixing. Fluorescence microscopy
was used to confirm sample capture, and simulation has shown the potential for fluorescence microscopy to provide a
method of sample capture quantification. These developments target areas which need improvement within our current
testing capabilities and show substantial potential to meet demand for more informative POC SARS-CoV-2 testing.
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