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Quantifying infectious virus is essential for vaccine development, clinical diagnostics, and infectious disease
research, but current assays are constrained by long turnaround times, high costs, and laborious
procedures. To address these limitations, we present a digital focus assay employing an array of
independent nanoliter cell cultures. The microfluidic platform allows cells in each nanowell to be
inoculated with virus, followed by oil discretization to prevent cross-contamination. After incubation,
infected cells are visualized through immunofluorescence staining, and a binary map of wells positive for
viral antigen is generated by automated image analysis, allowing infectious viral titer to be calculated by
statistical analysis. The platform requires significantly smaller sample and reagent volumes than
conventional focus assays while enhancing assay automation and endpoint time flexibility. The technology
is applied to the quantification of infectious influenza A using both model virus and clinical specimens,
demonstrating the digital platform as an accurate, rapid, cost-effective, and convenient tool for viral load
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Introduction

Quantification of viral titer is important for a wide range of
applications in infectious disease research. For example,
characterization of viral load over time is necessary for
establishing infection kinetics,"” improving the fundamental
understanding of disease progression by informing dynamic
models of virus replication within host cells,® and identifying
host cellular factors required for viral replication.”'® Viral titer
quantification is also critical for epidemiology and viral
transmission  studies,"""”  characterizing the relative
pathogenicity of viral strains,'® and evaluating the mechanism
and efficacy of antiviral treatments."®° In addition, quantifying
infectious virus is important in the development of novel
vaccine candidates,”” " testing newer methods of vaccine
production,®>* and evaluating vaccines for safety and
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quantification with broad utility in clinical, pharmaceutical, and research applications.

efficacy.®® It also finds application in newer areas of research

such as in the production of recombinant adeno-associated
virus (rAAV)-based gene therapy, where the infectious titer of
the AAV particles is important to determine the efficacy of the
product and thereby the potency of AAV-based gene
therapy.***' Measurements of viral titer can also play a role in
clinical settings as an approach to assessing the severity of
infection.">™**

The most common methods used for virus quantification
are nucleic acid amplification tests (NAATs) including
polymerase chain reaction (PCR) and loop-mediated isothermal
amplification (LAMP). These assays can confirm the presence of
virus-specific nucleic acids,""***>*7° while serological assays
like the enzyme-linked immunosorbent assay (ELISA) can be
designed to test for viral antigens such as the influenza A
nucleoprotein®™* or measure the level of virus specific
antibodies in that are produced in response to an infection or
vaccination.”>™” However, immunoassays can yield false-
negative results due to the limited window of detection®® and
are less sensitive than NAATs.> Furthermore, like NAATS, they
only provide a correlation to the infectious viral load and cannot
be used to determine if functional viral particles are present.
This is notable, since in the case of influenza virus, less than
1% of the total virus particle count has been reported to be
infectious®® and the infection generation rate might be 1/300th
of the total number of viral copies detected by PCR."**"*®

Unlike NAATs and immunoassays, cell-culture based
assays can provide direct measurements of viable virus by
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quantifying individual cell inoculation events leading to virus
expansion. The plaque assay is considered a gold standard®
that provides a simple and inexpensive approach to
quantifying viable virus through the counting of dead cell
plaques that form in a monolayer cell culture after viral
inoculation.®™®> However, plaque assays suffer from several
drawbacks including long assay times of at least 2-3 days,
labor intensive operation, subjectivity in counting plaques,
and poor performance when evaluating viruses that generate
small and/or unclear plaques, or simply no plaques at all.®**°
Furthermore, plaque assays can be unreliable when other
sources of cytotoxicity are present in the sample, such as in
clinical settings where an individual may carry multiple agents
capable of causing cytopathic effects (CPE) in host cells.

One alternative to the plaque assay is the median tissue
culture infectious dose (TCIDs,) assay. This assay is also cell-
culture based, but quantifies viable virus by determining the
dose required to infect half of the inoculated wells.*>™®” still,
as with plaque assays, TCID5, assays are time consuming,
with a 3-5 day turnaround for influenza A.®>°® Thus, another
option is the focus-forming assay (FFA), which is a variation
of the plaque assay in which viable virus is quantified
through the counting of foci of infected cells that are
visualized after staining with a virus-specific antibody. In
addition to providing higher specificity though the use of
antibody labeling, the FFA offers higher sensitivity than
plaque assays together with the ability to quantify non-lytic
viruses.®® It is also considerably faster than a plaque assay
(e.g. 8-24 hours® vs. 3 days’® in the case of influenza virus).
However, the FFA assay cost is relatively high due to the
fluorescent dyes and antibodies required for staining,*® and
assay endpoint times must be optimized for a given virus
strain and cell line, since shorter incubation times suffer
from undercounting of foci’"”> while longer incubation times
can lead to undercounting due to the merging of foci.”” In
addition, while the FFA readout analysis can be automated
through the use of specialized instrumentation, manual
counting is typically employed, introducing subjectivity in
distinguishing between small foci and visual artifacts.”*

Here we report a focus-forming assay that is performed in
a digital format that overcomes the key limitations of
conventional FFAs to enable faster, less expensive, more
convenient, and more reliable quantification of infectious
virus. Digital assays employ large numbers of discrete sample
volumes where dilute assay targets are distributed across
these volumes. The target concentration within the initial
sample can then be determined by evaluating the fraction of
volumes containing at least one target and assuming a
Poisson distribution across the volumes. Digital assays
employing droplets or arrays for sample
discretization have been broadly successful for nucleic acid
quantification, with microfluidic digital PCR”*”® and digital
LAMP’””® being widely used for absolute quantification of
nucleic acids with high sensitivity. Taking inspiration from
digital NAATs, the digital focus assay (dFA) described here
discretizes a virus-containing sample into a microwell array

microwell
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culture platform, with viral titer determined by evaluating the
fraction of wells where viral replication occurs. To prevent
cross-talk between adjacent microwells, which would
compromise assay readout,”” an immiscible oil phase is used
to discretize the microwells.®*® While a conventional FFA
requires foci counting to be performed within an optimal
time window to ensure sufficient virus expansion for
detection while avoiding excessive growth and subsequent
overlapping of individual foci, the discretized dFA chips
allow viral titer to be calculated through binary readout
from individual wells after extended replication, with
indirect quantification based on statistical analysis. As with
a conventional FFA, the dFA was found to be significantly
faster than a plaque assay while providing a high level of
specificity to the virus through immunofluorescence
staining and removing the requirement for the virus to
cause CPE in the host cells. The microfluidic architecture of
the dFA serves to reduce reagent and sample consumption
by approximately 10-fold, reducing reagent costs compared
with conventional FFAs while also making the platform
compatible  with  highly limited sample volumes.
Significantly, the digital nature of the platform isolates
discrete infection events, allowing flexible incubation times
without concern over excessive growth of foci that would
otherwise add uncertainty to assay readout. Furthermore,
the assay process including sample introduction and
immunostaining is convenient and straightforward, and
image analysis for digital readout is readily automated
without the need for specialized instrumentation.
Performance of the dFA platform is investigated for the
quantification of influenza A virus, with viral titer
measurements found to be in good agreement with a paired
plaque assay making it a feasible, rapid, convenient, and
cost-effective platform for the quantification of viable virus.

Experimental
Device design and fabrication

Devices were fabricated through PDMS soft lithography using
multi-layered photoresist molds prepared by adapting a
reported technique.®® Briefly, a 110 pum thick layer of SU-8
2075 photoresist (Kayaku Advanced Materials) was spin
coated on a 4" silicon wafer (University Wafer). The coated
wafer was soft-baked and the design corresponding to the
channels and the pillar arrays for mixing were exposed using
a maskless aligner (MLA 150, Heidelberg Instruments).
Following a short post-exposure bake at 65 °C for 60 s, a
second layer of 110 um SU-8 was spin coated over the initial
SU-8 layer. The spin speed employed for the second SU-8 film
was 1.2 times higher than the spin speed employed on the
bare silicon surface.®* The wafer was then soft-baked at 65 °C
for 5 min followed by 95 °C for 20 min before mask
alignment and UV exposure to pattern the microwell array.
Following a post-exposure bake, development, and a hard-
bake the final multi-layer SU-8 mold was ready for PDMS soft
lithography. A separate single-layer SU-8 mold containing
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alignment marks for fluidic access ports was prepared using
the above steps for fabrication of the sealing layer.

PDMS (Sylgard 184, Dow) was prepared by mixing the base
prepolymer and the crosslinker (10:1 weight ratio). Next, 1
uL of saturated Pluronic F-108 (Sigma Aldrich) solution in
ethanol (200 mg mL™") was added to every 1 g of the PDMS
prepolymer and mixed together to support hydrophilic
modification of the final PDMS surfaces.®® The mixture was
degassed and then poured onto the multi-layered SU-8
microwell mold. It was cured at 80 °C for 3 h and peeled
from the mold. Blocks corresponding to a single device were
cut and bonded to a 1” x 3" glass slide (AmScope) through
oxygen plasma activation of the surfaces at 200 W for 30 s
(PE-25, Plasma Etch). Similarly, cured PDMS blocks for the
enclosing layer were cut and holes punched for fluidic access
using a 0.5 mm ID biopsy punch tool (World Precision
Instruments), and bonded to the base PDMS layer through
oxygen plasma activation. Sterile 24 gauge blunt-tip needle
segments (SAI Infusion Technologies) were inserted into the
fluidic access holes to enable the connection of flexible
Tygon tubing (0.020” ID x 0.060” OD, Masterflex) for
interfacing between the chip and a syringe pump (Fusion
100, Chemyx) for injection of fluids into the chip using 1 mL
syringes (BD Luer-Lok).

Following fabrication, deionized water was perfused
through the chip, and the water-filled device was placed
under a vacuum for 2 min to displace air from the microwells
to ensure complete filling of the microwells with water. The
water-filled chip was then incubated in a refrigerator at 4 °C
for at least 24 h to facilitate the migration and reorientation
of Pluronic F-108 molecules within the PDMS matrix to
present hydrophilic domains at the exposed surfaces.
Because the PDMS was observed to gradually recover its
hydrophobicity over time, all chips used in this work were
stored under water at 4 °C to slow the surface recovery
process, and cell culture was initiated within a week of device
fabrication.

Cell seeding

The first step for performing the dFA was seeding of Madin-
Darby canine kidney (MDCK) cells into the microwells. The
MDCK cells were kindly provided as a gift from Dr. Wendy
Barclay (Imperial College London). A 50 uL suspension (10°
cells per mL) of MDCK cells in culture medium (DMEM, high
glucose, pyruvate, Gibco) supplemented with 10% fetal
bovine serum (FBS) (Thermo Fisher Scientific) and 1x
penicillin-streptomycin  (Thermo Fisher Scientific) was
injected into the device. The cells were allowed to sediment
into the microwells over a period of 2 min with the flow
stopped. This seeding process was repeated until the desired
cell density was reached in the microwells. At the end of the
cell seeding step, 50 pL of cell-free medium was flowed into
the device to nudge any cells that had sedimented in the
plateau region between the microwells into the nearest
microwell. This step also ensured the removal of cells from

2006 | Lab Chip, 2025, 25, 2004-2016

View Article Online

Lab on a Chip

other parts of the channel, leaving the cells contained only
within the microwell array. The chips were subsequently
placed overnight in an incubator at 37 °C with 5% CO, to
facilitate the adhesion and growth of the MDCK cells on the
base and walls of the microwells.

Virus inoculation and well discretization

A laboratory stock of the influenza A virus (A/Perth/16/
2009(H3N2)), produced by plasmid transfection in 293T cells
and subsequent coculture with MDCK cells, was serially diluted
in serum-free DMEM giving 500 puL of the virus inoculum each
at 1072, 107%, and 10~ dilution factors. Prior to introducing the
influenza virus inoculum, the chip was flushed with serum-free
DMEM to remove all FBS from the microwells. A 60 pL
suspension of virus inoculum at each dilution factor was
injected into each chip and incubated at 37 °C with 5% CO, to
facilitate the adsorption and attachment of the influenza virus
to the MDCK cells. After 2 h incubation, an overlay media
consisting of either maintenance media (MM) (DMEM/Nutrient
Mixture F-12 Ham with i-glutamine, 15 mM HEPES, and
sodium bicarbonate, Sigma Aldrich) containing 1.5 pug mL™
TPCK-treated trypsin (Thermo Fisher Scientific) or 0.6%
microcrystalline cellulose (MCC) (Sigma Aldrich) in the
aforementioned MM was perfused through the chip at a flow
rate of 100 uL min~". In addition to providing an appropriate
environment for cell culture, the overlay flow served to facilitate
removal of any unbound virus from the upper plateau region of
the microwell chip. Mineral oil (Light mineral oil, Sigma
Aldrich) was next introduced at a flow rate of 50 uL min™ into
the chip to discretize the microwells, while retaining the overlay
medium in each microwell owing to the hydrophilic
modification through the embedded Pluronic. The oil-
discretized chip was then placed in an incubator at 37 °C with
5% CO, for an additional 22 h to support replication and spread
of the progeny influenza virus within individual microwells.

Fixing and staining

At the end of the infection incubation, the chips were flushed
with phosphate-buffered saline (PBS) to remove all oil and
overlay medium. To visualize infected cells, 60 pL of 4%
paraformaldehyde (PFA) (Electron Microscopy Sciences) in
PBS was flowed into each chip and incubated for 10 min to
fix the cells. The PFA was flushed out by flowing PBS + 0.1%
Tween 20 (PBS-T) into the chip. The PBS-T also helped to
remove any residual mineral oil from the channels. The cells
were then permeabilized by flowing 2.5% Triton-X in PBS to
facilitate detection of intracellular targets. Cells were
incubated for 15 min and then washed by flowing PBS into
the chip. Blocking was performed by flowing 3% bovine
serum albumin (BSA) (Sigma Aldrich) in PBS, preventing non-
specific binding and thereby reducing background noise in
the subsequent staining steps. After incubating for 1 h at
room temperature, the blocking solution was flushed out by
flowing PBS into the chip. A 60 pL volume of primary
antibody (mouse anti-influenza A antibody, nucleoprotein,

This journal is © The Royal Society of Chemistry 2025
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clones A1, A3 Blend, Sigma Aldrich) diluted 1:100 in PBS
with 1% BSA was introduced into the chip and incubated at 4
°C overnight. Following a thorough wash with PBS, secondary
antibody (donkey anti-mouse IgG, Alexa Fluor 488, Thermo
Fisher) diluted 1:500 in PBS was flowed through the chip
and incubated at room temperature for at least 1 hour.
Following a thorough wash with PBS, 1 pug mL ™" of nuclear
stain (Hoechst 33258, pentahydrate (bis-benzimide), Thermo
Fisher) was flowed into the chip and incubated for 10 min
before thoroughly washing away unbound dye with PBS. The
chip was then visualized using epifluorescence microscopy
(Nikon ECLIPSE Ti2-E) and images of the full microwell array
were captured (pco.edge 4.2 bi USB sCMOS Camera).

Image analysis to determine the distribution of cells
across the microwells through the Hoechst nuclear stain, as
well as the distribution of viral antigen-positive cells through
immunofluorescent staining, was automated using custom
Python code. For final assay readout, raw fluorescence
microscopy images were converted to an 8 bit grayscale
format and divided into regions of interest (ROIs) aligned
with the 13 x 13 array of microwells. A pixel intensity
threshold was applied to each ROI to remove background
fluorescence, and regions with at least 10 contiguous pixels
above the threshold value were interpreted as a positive
infection event.

Clinical specimen analysis

Nasal swab samples were collected from a volunteer donor,
participating in a clinical research study approved by the
University of Maryland Baltimore Institutional Review Board
(HP-00103865), with an acute influenza A infection,
confirmed by Cepheid Xpert Xpress CoV-2/FIu/RSV plus tests.
Two samples were collected on subsequent days and
separated into two fractions, with one fraction used for dFA
assays and the second fraction reserved for digital PCR
(dPCR) analysis. The first fraction of each sample was run
independently on 3 replicate dFA chips. Cell seeding in the
dFA chips followed the same procedure used for the model
virus experiments, but with MDCK cells replaced with
humanized MDCK (hCK) cells that are genetically engineered
to express higher levels of human influenza virus receptors,
making them more susceptible to infection by currently
circulating wild-type influenza virus.®” Influenza A viral loads
in clinical specimens were measured using the QIAcuity One
dPCR system (Qiagen). The reactions were set up using the
QIAcuity OneStep Advanced Probe Kit (Qiagen), influenza A
virus-specific primers and probes,*® and nucleic acids freshly
extracted using the MagMAX™ Pathogen RNA/DNA Kit
(Applied Biosystems), following manufacturers' instructions.
After reactions were distributed into QIAcuity 26k Nanoplates
(Qiagen), the plates were incubated at 50 °C for 40 min,
followed by 95 °C for 2 min and 45 cycles of 95 °C for 5 s and
55 °C for 30 s. The QIAcuity One instrument imaged the
nanoplates after thermocycling completed and calculated
RNA copy numbers in the reaction based on the number of

This journal is © The Royal Society of Chemistry 2025
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positive partitions, which were back calculated to RNA copies
per mL in the original sample. Multiple dilutions of the
extracted nucleic acid were included to ensure at least one
falls within the dynamic range of the dPCR assay.

Results

Efficient discretization and uniform flow are enabled by the
dFA chip design

The dFA chips were fabricated wusing two layers of
polydimethylsiloxane (PDMS) patterned by soft lithography,®”
and bonded together to form an enclosed microwell array and
fluidic channel for cell, sample, and reagent delivery. Each chip
contained a 13 x 13 array of square wells with 200 um width,
120 pm depth, and 50 pm spacing between adjacent wells (Fig.
S17). The enclosing channel, centered around the array, had a
height of 120 um spanning 38 mm in length and 11 mm in
width. The selection of PDMS as the chip substrate material was
motivated by the high gas permeability,’” excellent
biocompatibility,***° and low toxicity**°° of PDMS, making it a
suitable material to support on-chip cell culture. The high
optical transparency®”*® and low auto-fluorescence”® of PDMS
also ensures efficient assay readout from the fabricated devices.
However, because PDMS is a hydrophobic material, the chips
required hydrophilic surface modification to enable effective
well filling, discretization, and cell attachment. While PDMS
can be temporarily rendered hydrophilic by oxygen plasma
treatment,”>** the modified surfaces quickly revert to their
native hydrophobic state. Thus, to provide a more robust
hydrophilic modification, an embedded Pluronic block
copolymer strategy was utilized.**°" By mixing Pluronic
surfactant with PDMS prepolymer during dFA chip fabrication,
surfactant molecules at the PDMS surface tend to expose their
hydrophilic chain segments while embedding their hydrophobic
segments within the PDMS bulk, as summarized in Fig. S2.7
When attempting to discretize culture media in dFA chips
fabricated from native PDMS without the addition of Pluronic,
the substrate surface energy was insufficient to prevent the oil
phase from lubricating the PDMS surface, resulting in droplet
formation and removal of media from the wells. In contrast,
when combined with oxygen plasma activation to promote
bonding of the PDMS layers during chip fabrication, the
Pluronic-modified chips yielded consistent and complete
retention of culture media within the microwells when flowing
oil in the enclosing channel to discretize the wells.

The dFA chips were designed with square arrays of 169
identical microwells residing within an open chamber aligned
to the wells through the use of the multilayer mold fabrication
process. While early chips were fabricated by manually aligning
and bonding two patterned layers of PDMS, one containing the
microwells and the other containing the channel structure, the
final self-alignment process was found to prevent asymmetry
within the flow field and avoid maldistribution of cells across
the microwell array (data not shown). To further improve the
seeding uniformity across the array, COMSOL Multiphysics
simulations of the flow of cell suspensions through various
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channel geometries and mixing structures were performed.
These simulations (Fig. S31) revealed that the cylindrical pillar
array serves to disrupt the initial streamlines in the upstream
cell delivery channel, thereby improving the lateral dispersion
of cells within the chamber. Similarly, chambers with symmetric
pillar arrays at the inlet and outlet, together with designs
employing a constant wall curvature, were also found to
enhance seeding uniformity within the array. Each of these
modifications was validated experimentally before selecting the
chip design featuring a pair of micropillar arrays located at the
inlet and outlet of the chamber (Fig. S3Df), for all further
experiments. In the absence of these pillars, cells were observed
to preferentially flow along the centerline of the channel,
leading to lower cell seeding density within microwells located
farther from the centerline (data not shown).

MDCK cells form confluent, isolated monolayers within the
dFA platform

To next prepare the chip for virus introduction, a suspension
of MDCK cells was perfused into the chip (Fig. 1A) to fill the
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microwell array chamber, after which the flow was halted
and cells were allowed to sediment into the microwells and
adhere to the well surfaces. Notably, the combined Pluronic
and oxygen-plasma based hydrophilic modification of the
PDMS surface was found to be effective in promoting cell
adhesion, eliminating the need for complicated patterning
and coating of extracellular matrix protein like collagen and
fibronectin to support microwell culture.

The lateral well dimensions were selected to support
approximately 30-50 MDCK cells within each well at confluence,
and the well height was designed to ensure robust discretization
while also trapping a sufficient volume of culture medium (4.8
nL) to maintain high cell viability during assay operation.
Indeed, following overnight incubation, nearly confluent cell
monolayers were achieved within the individual microwells
(Fig. 1B and 2A). The distributions of cells for all 9 chips used
for evaluation of the digital focus assay are displayed in Fig. 2B.
As expected, most microwells contained between 30 and 50 cells
24 h after seeding. Specifically, 67.5% of the total microwells
across the 9 chips contained between 30 and 50 cells while 84%
of the microwells contained between 25 and 55 cells each. To

Virus inoculation, 2h

_
==
/ |
ﬁ

Fixing, permeabilization, blocking

Flow primary, secondary antibody

Visualization of the infections

Fig. 1 Digital focus assay process. (A) As MDCK cell suspension flows into the chip, the cells sediment into the microwells and adhere to the walls
after incubation at 37 °C with 5% CO,. (B) Overnight incubation resulted in nearly confluent MDCK cell growth within individual microwells. (C)
Influenza A virus inoculum is introduced into the chip and incubated for 2 h. (D) Overlay medium is introduced into the chip that flushed out any
unadsorbed virus from the chip. (E) Mineral oil is introduced into the chip to discretize the microwells and prevent cross-contamination between
their volumes. (F) Discretized microwell arrays containing the cultured MDCK cells inoculated with influenza A virus and filled with an overlay
medium are incubated for 22 h. (G-I) The oil and overlay media are flushed out with PBS at the end of the assay to permit fixing, permeabilization,
and immunofluorescent staining of the cells.
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Fig. 2 Distribution of MDCK cells. (A) Sample image displaying typical MDCK cell distribution across the 13 x 13 microwell array following cell
seeding, expansion, and nuclear staining for visualization. Scale bar: 500 um. (B) Distributions of cells within 9 individual chips. (C) Mean and (D)
standard deviation for aggregate cell distributions within each array position across all 9 chips used for the digital focus assay with MM overlay.

better visualize the spatial distribution of the cells across the
microwells, a heatmap of the distribution of cells per microwell
in the 13 x 13 array averaged across all 9 chips along with the
corresponding standard deviation of the distribution are
presented in Fig. 2C and D.

While any cells initially seeded onto the upper plateau of
the microwell chip were found to be efficiently removed by
shear forces during the flow of overlay media into the chip
(data not shown), the hydrophilic surface modifications
employed during device fabrication to promote effective
microwell filling and cell attachment can potentially support
migration of cells from the wells and onto the plateau
following well discretization, leading to unwanted bridging
of cells between adjacent wells during longer term culture.
Bridging can potentially allow the contents of discretized
microwells to enter neighboring wells, resulting in virus
cross-contamination that may comprise assay accuracy. To
quantify cell bridging experimentally, the bridging
probability was defined as the total number of bridging

This journal is © The Royal Society of Chemistry 2025

events observed scaled by the total number of well gaps
across which bridging may occur within a single array, with
results calculated for assays performed with either MCC or
MM overlays. As seen in Fig. 3, the average bridging
probability is below 1% for chips prepared with MCC
overlay regardless of the culture time, while chips prepared
with MM overlay exhibited higher bridging at 8 h compared
with 24 h. The lower initial bridging probability associated
with the MCC overlay may be due to the media limiting the
mobility of cells during the early stages of culture, while the
decrease in bridging probability at 24 h for the MM overlay
is presumably due to extended exposure of the cells in the
plateau region to mineral oil, thereby reducing survival of
these cells. While these results indicate that an MCC overlay
may reduce cell migration during the early stages of culture,
the minimal degree of bridging observed for each overlay at
24 h reveals that both MCC and MM are effective at
preventing the migration of infected cells between adjacent
microwells.
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Fig. 3 Impact of overlay medium on cell bridging across microwells.

Quantification of cell bridging events between adjacent microwells for
MCC and MM overlays at 8 h and 24 h time points. Bridging probability
is defined as number of bridging events observed scaled by the total
number of adjacent well gaps across which bridging may occur within
a single array (n = 10 chips for each overlay). Insets of high and low
bridging example cases are included.

Infectious influenza A virus titers can be determined using
the dFA platform

Following cell seeding, serial dilutions of an influenza A virus
inoculum was then introduced into chips in parallel and
incubated for 2 h to allow virus within the upper chamber to
diffuse into the microwells for uptake by the MDCK -cells
(Fig. 1C). Residual virus was next removed from the system by
flowing overlay media through the chip (Fig. 1D), followed by
injection of mineral oil to discretize the wells (Fig. 1E). The chip
was then incubated to achieve a total inoculation time of up to
24 h (Fig. 1F), including the initial incubation step.

To image the resulting distribution of microwells containing
infected cells, the oil and overlay media were flushed out with
PBS to allow the introduction of reagents for fixing and
permeabilizing the cells (Fig. 1G), and for immunofluorescence-
mediated detection of influenza nucleoprotein within the wells
(Fig. 1H and I). The flow-through architecture of the dFA chips
allowed all fluid handling steps involved in fixing and staining
the cells to be efficiently performed by manually swapping
syringes containing different reagent solutions between each
step, using a single syringe pump to control all injections with
predictable and repeatable performance.

Fluorescence microscopy images of the 13 x 13 array with
the MDCK cells stained for influenza A virus nucleoprotein
were captured for all dilution factors. Image analysis was
automated through a Python script designed to generate a
binary map of infections across the array. The raw
fluorescence images together with the mapping of positive
wells at each dilution are presented in Fig. 4A.
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The distribution of the finite number of infectious virions
in the sample among the microwells and the resulting
infections can be approximated as a Poisson distribution,
with the probability of n virions residing within a particular
microwell given by,””

/lne—i

p(n) = (1)

n!

where 1 is the mean number of virions per microwell across
the full array. Taking the case of n = 0, the probability of zero
virions appearing in a particular microwell is given by,

p(0)=e¢” (2)
such that,
7= -In(p(0)) 3)
or equivalently,
A=-In(1 - ) (4)

where p is the probability of a well containing at least one
virus particle. Since the mean count of virions per microwell
is simply the product of the virus concentration (¢) and
microwell volume (V), the viral titer of an unknown sample
can be determined from eqn (4) as,

In(1-p)

C="—y (5)

The viral titer can be found from eqn (5) by counting the
number of wells positive for viral antigen, which is
equivalent to the value of p under the assumption that a
single virion is capable of infecting a target cell and leading
to replication within the well. Note that the effective well
volume is the volume of sample from which virions are free
to infect the MDCK cells during the initial inoculation
event. To account for virus that can diffuse into the wells
from the sample delivery channel, the effective well volume
was calculated as the sum of the geometric volume of the
microwell and the volume of the column in the enclosing
channel directly over the microwell, assuming that the
initial volume of culture media within each well is fully
replaced by virus suspension during sample perfusion. Since
the channel height is the same as the microwell depth, the
effective volume of virus sample delivered to each well is
twice the geometric well volume, and is calculated to be V =
9.6 nL.

Unlike a conventional focus assay, in which individual foci
are counted, the digital assay introduces uncertainty in the
quantification process due to statistical variability in virus
distribution. The confidence interval for the predicted value
of p can be approximated for large values of n by:*®
p(1-p)

n

(6)

Plowhigh =P t &
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Fig. 4 Digital assay readout. (A) Paired images of influenza A virus nucleoprotein stain and resulting binary readouts (yellow = negative, blue =
positive) generated by automated image processing at increasing virus stock dilution factors of 1072, 1073, and 10™* (MM overlay, 3 replicates for
each case shown). (B) Microwell fractions exhibiting positive infection using MCC and MM overlays for each viral stock dilution. The error bars in
the boxplots represent the variation in data between the replicate chips at each condition, with the box bounding the data between the first and
third quartiles, while the whiskers on either end span 1.5 times the interquartile range.

where o = 1.96 for a 95% confidence interval. The lower and
upper limits for the confidence interval of the viral titer can
then be found by employing the values of pi,w and Ppign in
eqn (5).

For each experiment, the value of p was determined from
the ratio of positive to negative wells in the binary readout.
Identical experiments were performed using both MCC and
MM overlay media at each dilution factor to evaluate the
impact of the overlay on assay performance. The resulting
viral titers and confidence limits were calculated using eqn
(5) and (6), with results presented in Table 1 and Fig. 4B.

This journal is © The Royal Society of Chemistry 2025

At the lowest dilution factor of 107% the high virus
concentration was sufficient to yield infected cells in all
microwells for the majority of replicates, preventing the viral
titer from being determined using Poisson statistics. At dilution
factors of both 10~ and 107", positive well fractions were within
a range that enabled virus concentration to be estimated
(Fig. 5). Good agreement was found between the resulting
values and the reference titer determined through a plaque
assay, with average titer predicted from all assays falling within
10% of the reference value. Further, no clear difference was
observed between assays utilizing either MCC or MM overlays.
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Table 1 Comparison of viral titers measured by dFA and plaque assay. Mean viral titers from dFA for various overlays and dilutions of the viral inoculum
with a matching plaque assay. The mean positive well fraction, the mean viral titer and the associated confidence intervals for the dFA were obtained by
aggregating data from the three replicates at each combination of overlay and dilution

Assay format: Digital focus assay

Plaque assay

Dilution factor: 107 107 107* 10°°
Overlay: MCC MM MCC MM MCC MM Agar
Mean positive well fraction (p): 1.00 0.998 0.414 0.331 0.051 0.073 —

Mean viral titer (PFU mL™): — — 5.9 x 107 4.4 x 107 5.5 x 107 7.9 x 107 5.6 x 107
95% confidence interval: — — 4.8-6.4 x 107 3.6-4.8 X 107 3.4-7.6 x 107 5.4-10.5 x 107 —

The dFA platform is compatible with clinical specimens

Following validation with a model H3N2 virus, the dFA
platform was evaluated using clinical specimens collected as
part of an ongoing influenza transmission study. Samples
were collected from a single donor on two subsequent days
for characterization by dFA. Aliquots of each sample were
also reserved for matching dPCR analysis. The first specimen
collected on the day of admission into the study exhibited
100% average positive well counts from all three dFA
replicates. This result corresponds to a minimum titer of 5.9
x 10° PFU mL™, but does not allow an upper bound for the
titer to be specified. The second specimen collected on the
subsequent day yielded an average positive well count of

10°

108_

107

[ dFA, MCC overlay
[ dFA, MM overlay
106 [ Plaque assay
dFA dFA plaque assay
107 dilution 10 dilution 10 dilution

Fig. 5 Viral titers determined from dFA and plaque assay. Predicted viral
titers determined by the digital focus assay when utilizing different initial
dilution factors. Assay results are presented for both MCC and MM
overlays, and compared with the readout from a plaque assay for the
same viral stock. The error bars in the boxplots represent the variation in
data between the replicate assays at each condition, with the box
bounding the data between the first and third quartiles, while the whiskers
on either end span 1.5 times the interquartile range. Solid and dashed lines
represent median and mean viral titers, respectively. A Z-test was applied
to compare each dFA distributions against the reference plaque assay,
yielding Z-scores between 0.07-1.5.

Viral titer (PFU/mL

2012 | Lab Chip, 2025, 25, 2004-2016

67.7%, resulting in a predicted viral titer of 1.2 x 10° PFU
mL™. Quantification by dPCR indicated that these specimens
contained 3.9 x 10® and 1.3 x 10’ influenza A virus RNA
copies per mL, respectively.

Discussion

Various cell culture-based methods currently exist to quantify
infectious virus. Compared with these conventional assays, the
dFA offers several advantages. The microfluidic architecture of
the device, for example, serves to simplify assay
implementation, while the small volume of the combined
microwell array and fluid delivery channel (approximately 30
pL) minimizes the quantities of both sample and reagents
required for assay operation. Multiple chips can be easily run in
parallel to increase the number of microwells if desired, or
alternatively, the microwell design can be modified to increase
the array density to improve readout confidence with only a
minor increase in reagent consumption.

An important advantage of the dFA compared to a
traditional focus assay is its flexible assay endpoint time.
With a traditional FFA, short endpoint times (<8 h for IAV
with MDCK cells) yield foci that are composed of single
infected cells, making it hard to distinguish virus expansion
from other visual artifacts. Moreover, not all infectious foci
are visible at short endpoint times,”"”> making the readout
unreliable. On the other hand, at long endpoint times (>24 h
for IAV with MDCK cells), excessive proliferation of progeny
virus risks readout inaccuracy due to the merging of
neighboring foci. As a result, focus assay times must be
optimized for specific viruses, cells, and culture conditions.
In contrast, in the absence of well bridging or cell death, the
dFA has no strict upper bound on assay endpoint time, since
the volume of each microwell is physically isolated by the
overlay media, preventing readout integrity from being
compromised through crosstalk between the microwells.

The dFA platform also simplifies the process of assay
readout. In a traditional FFA, large areas within each well of a
24 or 96 well plate must be manually scanned under a
microscope, a laborious process that can introduce subjectivity
in quantification. Automated foci counting is possible with
specialized instruments, but these tools are cost prohibitive for
many end users. In contrast, the dFA only requires imaging
across the small microwell array area, with a binary readout that
supports robust automation through simple image processing

This journal is © The Royal Society of Chemistry 2025
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code without the need to determine the precise number of
infection events within each well.

While the chip design was optimized to reduce variability
in cell seeding density, differences in the number of cells
initially delivered to each microwell should not significantly
affect assay readout. In our experiments, between 30 and 50
cells were typically observed in each microwell following the
overnight cell expansion step, providing sufficient cell density
to allow infectious virus to diffuse to at least one cell during
the initial 2 hour incubation window, noting that the
diffusion time scale for influenza virus in a 200 um microwell
is calculated from the Stokes-Einstein equation to be
approximately 75 min. For microwells exhibiting either
limited cell expansion or cell loss during reagent perfusion,
the selected wells may simply be omitted from analysis to
prevent bias in the digital quantification process.

Assay results for the nasal swab samples demonstrate that
the dFA can successfully be applied to clinical specimens
containing contemporary influenza strains. Unfortunately,
the low sample volumes available for these clinical specimens
prevented us from running the assay at multiple dilution
levels to establish suitable dilutions for optimal
quantification of infectious virus within each sample. As a
result, the exceptionally high titer for the first sample
prohibited a quantitative comparison between the assays.
Regardless, consistent quantitative results were seen across
all replicates for the lower titer sample, and a positive
correlation between measured titers and RNA copy numbers
between both clinical specimens was observed.

Opportunities remain for further optimization of the dFA
platform. For our current chip design with 169 wells, the
confidence interval range increases dramatically as the
positive well fraction approaches the lower (p — 0) and upper
(p — 1) limits and the confidence interval limits remain
within +50% of the mean concentration value when 0.10 < p
< 0.96. Depending on the required assay range and
precision, it may be desirable to increase the number of
microwells in the array in order to reduce measurement
uncertainty and extend the limits of detection. For the
current microwell array design, the theoretical range of
detection for the dFA chip that maintains a +50% confidence
interval with 0.10 < p < 0.96 is between 1.1 x 10* and 3.4 x
10° PFU mL™". In contrast, by combining data from 3 chips
yielding a total of 507 wells, the same confidence interval
limits are achieved for a significantly wider range of positive
well fractions given by 0.03 < p < 0.99. In this case, the
detection range is extended to between 3.2 x 10° and 4.8 x
10° PFU mL™". Enhanced detection limits can alternately be
achieved by increasing the well volume through modification
of the microwell geometry.

Further, in its current implementation, the tubing
connecting the syringe pump to the chip introduces significant
dead volume, resulting in unnecessary reagent waste. In the
present study, the dead volume associated with the inlet tubing
was approximately 3x higher than the full on-chip volume.
Modifying the apparatus to employ pneumatic-based flow

This journal is © The Royal Society of Chemistry 2025
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control rather than displacement-based control using a syringe
pump may further reduce reagent waste, allowing reagents to
be directly pipetted into the chip inlet port prior to pneumatic
injection into the microwell array, thereby eliminating the need
for added tubing. Modifications to the integrated format of the
microfluidic device can also deliver benefits the characterization
of higher biosafety-level pathogens where the elimination of
sharps is desirable to reduce operator risk. For example, the use
of sharps can be avoided by replacing the glass substrate used
as a rigid chip support with a thermoplastic layer, while the
blunt needle interface used for the delivery of fluids into the
chip may be replaced with an elastomeric pipette interface to
support manual or automated media, sample, and reagent
perfusion. Similarly, the compact chip format can allow assays
to be operated in an enclosed chamber or holder to reduce the
risk of bioaerosol formation.

With its low sample and reagent volume requirements,
simple assay implementation, and flexible endpoint timing,
together with its small form factor, scalable format, and
compatibility with any suitable fluorescence microscope for
assay readout, the dFA technology is a cost-effective and
accessible alternative to traditional focus assays that can also
be adapted for use with other adherent cell lines and
pathogens, making it a promising platform for a range of
infectious disease research and diagnostic applications.
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