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A digital protein microarray for COVID-19
cytokine storm monitoringsy
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Despite widespread concern regarding cytokine storms leading to severe morbidity in COVID-19, rapid
cytokine assays are not routinely available for monitoring critically ill patients. We report the clinical
application of a digital protein microarray platform for rapid multiplex quantification of cytokines from
critically il COVID-19 patients admitted to the intensive care unit (ICU) at the University of Michigan
Hospital. The platform comprises two low-cost modules: (i) a semi-automated fluidic dispensing/mixing
module that can be operated inside a biosafety cabinet to minimize the exposure of the technician to the
virus infection and (i) a 12-12-15 inch compact fluorescence optical scanner for the potential near-bedside
readout. The platform enabled daily cytokine analysis in clinical practice with high sensitivity (<0.4 pg
mL™?), inter-assay repeatability (~10% CV), and rapid operation providing feedback on the progress of
therapy within 4 hours. This test allowed us to perform serial monitoring of two critically ill patients with
respiratory failure and to support immunomodulatory therapy using the selective cytopheretic device
(SCD). We also observed clear interleukin-6 (IL-6) elevations after receiving tocilizumab (IL-6 inhibitor)
while significant cytokine profile variability exists across all critically il COVID-19 patients and to discover a
weak correlation between IL-6 to clinical biomarkers, such as ferritin and C-reactive protein (CRP). Our
data revealed large subject-to-subject variability in patients’ response to COVID-19, reaffirming the need
for a personalized strategy guided by rapid cytokine assays.

including as a consequence of CAR-T cell immunotherapy,® a
manifestation of hemophagocytic lymphohistiocytosis (HLH)

With the global outbreak of the coronavirus disease 2019
(COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)," accumulating evidence®™
indicates that cytokine storm or cytokine release syndrome
(CRS) is associated with severe illness. CRS is observed in
several disease states associated with dysregulated immunity,
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in malignancy, macrophage activation syndrome in
autoimmune disease,” or severe sepsis.® Selective cytokine
blockade is a mainstay of care for CRS related cancer
immunotherapy,®®'° and macrophage activation syndrome.™
In COVID-19, early translational studies suggest that high
serum cytokines are a result of a complex interplay between
lymphocytes and myeloid cells."> Modulation of cytokine
signaling pathways is currently the subject of over 50 clinical
trials worldwide.'®> However, most studies enroll based on
clinical criteria without rapid assessment of specific cytokine
levels, despite delivering therapies that are targeted to specific
cytokines, such as interleukin (IL)-6. In our center, the current
clinical practice is to use a variety of less specific surrogate
markers, such as ferritin and CRP, to gauge a patient's overall
level of inflammation. While cytokine levels are being
checked in patients with severe COVID-19, in practice, the
results of these tests return in days, not hours. Ideally,
treating physicians would understand the “real-time” level of
a variety of cytokines in a particular patient before
administering specific medications to blunt cytokine storm in
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critical illness, which urgently requires a low-cost multiplex
cytokine profiling assay with a rapid assay turnaround.

Digital immunoassay'“'® has been considered as the next
generation protein detection method, which provides single-
molecular sensitivity (aM-fM) detection by digitizing and
amplifying enzymatic reaction in extremely confined volumes
(fL-nL). The current commercial implementation of digital
immunoassay is Quanterix Simoa HD-1/X Analyzer™."
Despite its full automation and ultra-high sensitivity, the
high assay and instrumentation costs and large physical
footprint prevent its application for timely near-bedside
diagnosis. Several groups invented microfluidic platforms for
lab-on-a-chip operation of digital assays’’° and notably,
Yelleswarapu et al>' demonstrated a mobile-phone-based,
droplet microfluidic digital immunoassay for point-of-care
(POC) settings. More recently, a few previous studies®>>* have
implemented a digital assay platform applicable to the
clinical treatment of a COVID-19-induced cytokine storm. If
continuous monitoring of the cytokine profiles of a COVID-19
patient is needed, the assay requires more than speed,
sensitivity, and multiplex capacity. Other important but often
overlooked requirements include (1) flexibility of running a
small number of samples based on the demand of the
physician with minimum preparation; (2) great inter-assay
precision between multi-time point measurements, which is
not an issue in conventional large batch-based retrospective
tests; (3) a low-cost, compact, automated fluidic handling
and readout instrumentation that can be operated inside the
bio-safety cabinet with minimum user exposure to virus-
contaminated blood samples.

Here, we report the development and application of an
automated digital assay platform using a method termed the
“pre-equilibrium digital enzyme-linked immunosorbent assay
(PEdELISA) microarray” for rapid multiplex monitoring of
cytokines IL-6, TNF-o, IL-13 and IL-10 from COVID-19
patients admitted to the ICU in the University of Michigan
hospital. The PEdELISA microarray analysis employs
magnetic beads trapped into spatially registered microwell
patterns on a microfluidic chip. The locations of the
microwell patterns on the chip indicate which target analytes
are detected. Combining single-molecular counting with early
pre-equilibrium reaction quenching can achieve a rapid
digital immunoassay with a clinically relevant fM-nM
dynamic range without losing signal sensing linearity. The
simple but effective bead spatial registration strategy coupled
with machine learning-based image processing enables a
multiplex digital immunoassay with high accuracy and
eliminates bead loss, which has been experienced by a state-
of-the-art commercial platform.’® Our digital assay platform
incorporates an automated fluidic dispensing and on-chip
mixing system to precisely control the reaction time at the
pre-equilibrium state after 9 min of incubation. This

automated microfluidic operation leads to inter-assay
precision with a coefficient of variation (CV) ~10%.
Furthermore, the system wusing a low-cost compact

fluorescence reader can potentially be adapted to bedside
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applications. Our digital assay demonstrated here works as a
promising candidate for continuous cytokine profiling with
the combination of speed and sensitivity, both greater than
those of current analog® ™’ and label-free POC diagnostic
systems.?®”*

Results and discussion
Automated PEJELISA system

The PEdELISA microarray assay platform comprises a
cartridge holding a disposable microfluidic chip with capture
antibody (CapAb)-conjugated magnetic beads pre-settled in
the designated microarray locations according to the
antibody type, a parallel pipetting module controlled by
Arduino for on-chip fluidic dispensing and mixing, and a
2-axis chip scanning and fluorescence imaging module (-
Fig. 1A-C, see ESIf for system details). In this setup, each
disposable microfluidic chip (Fig. 1A, inset) was designed to
handle 16 samples with up to 8-plex maximum capacity. The
chip contains two polymethyl methacrylate (PMMA) layers
top (venting) and bottom layer (substrate) with countersink
connectors that are seamlessly interfaced with fluidic
dispensing tips, a thin polydimethylsiloxane (PDMS) layer
(300 um) which contains fL-sized microwell arrays for digital
assay, and a polyethylene terephthalate (PET) thin (120 um)
film with microfluidic channels fabricated by laser cutting
(see Fig. S17 for chip fabrication). A cluster of 66724 arrayed
microwells (each 3.4 um in diameter and 8 pm in pitch)
forms a circular biosensor pattern targeting a specific analyte
species on the chip. Each microfluidic channel of the chip
contains 8 biosensor patterns. The microwells are filled with
pre-deposited CapAb-conjugated beads (see Methods and Fig.
S21 for bead patterning). The use of these materials and
processing methods significantly reduced the chip
manufacturing cost (<$0.5 per chip).

The PEdELISA assay was carried out by the programmed
pipetting module that allowed for microfluidic loading and
handling in a consistent and repeatable manner (Fig. S3Aft).
The module first mixed patient samples or assay standards
with a detection antibody (DeAb) solution and then loaded
them into the chip in parallel, followed by 50 automated
cycles of on-chip mixing during incubation (9 min), washing
(2 min), and enzyme labeling (1 min), washing (5 min),
substrate loading, and oil sealing (Fig. 1D, see Methods for
assay details). The chip was subsequently scanned and
imaged by the compact and low-cost (<$5000) fluorescence
imaging module using a consumer-grade CMOS camera (Fig.
S4B7), and the data was analyzed by a high-throughput in-
house image processing algorithm based on machine
learning and parallel computing. The PEdELISA data analysis
algorithm (Fig. 2A) contains two convolutional neural
networks (CNN) which were pre-trained to carry out two
pathways: (i) Qred positive fluorescence microwell
recognition and (ii) image defect recognition. The algorithm
sequentially performed image pre-processing, category
classification, and segmentation of image features, such as
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Fig. 1 PEJELISA microarray assay platform for COVID-19 patient cytokine storm profiling. (A)-(C) Schematic and photo image of the assay system
in a biosafety cabinet. The platform comprises a cartridge holding a disposable microfluidic chip (inset), an automated fluidic dispensing and mixing
module, and a 2D inverted fluorescence scanning module. Each channel of the chip has 8 circular biosensor patterns formed by a cluster of
66724 arrayed microwells. Each biosensor pattern detects one of four target analytes. (D) The 5-step assay procedure includes (i) automated
injection and subsequent on-chip mixing of serum and a detection antibody solution with capture antibody-coated magnetic beads pre-deposited
in microwell arrays, which is accompanied by a short incubation (9 min) and followed by washing (2 min), (ii) HRP enzyme labeling (1 min), followed
by washing (5 min), (iii) fluorescence substrate loading and oil sealing (2 min), (iv) x-y optical scanning and imaging (5 min), and (v) data analysis
using a convolutional neural network-guided image processing algorithm (4 s per image) for high throughput and accurate single-molecule
counting (5-7 min). The total sample to answer time is around 30 min for 8 samples in 4-plex. Both the fluorescence substrate channel (Qred CH)

and brightfield channel (BF CH) are analyzed to calculate the average number of immune-complexes formed on each bead surface.

microwells, defects, and backgrounds, so that the digital
assay counting results were generated without human
supervision (see Methods for data analysis and algorithm
details). The two networks executed in parallel computing
were operated together to enhance the accuracy of image
analysis while maintaining the high scanning speed. Fig. 2B
and S4t1 show representative fluorescence images of Qred
positive microwells on a biosensor pattern for various analyte
concentrations. It generally took ~4 s to analyze the whole
biosensor pattern image of 66724 microwells with 6000 x
4000 pixels using the Intel Core i7-8700 central processing
unit (CPU) and the NVIDIA Quadro P1000 graphics
processing unit (GPU). The assay also involved some manual
work for assay reagent preparation and serial dilution, fluid
waste collection, z-axis focusing, and origin/endpoint
positioning to trigger the optical scanning.

PEdELISA performance optimization and characterization

We ensured the x-y optical scanning motion control accuracy
each time by repetitively scanning and imaging the
microarray structures on the chip. Post-image processing was
used to calculate the x, y offset, which may be induced by the
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imperfection of system alignment, lead screw backlash, or
motor step missing. We developed a mathematical algorithm
to correct these offsets, and the scanning module was able to
achieve less than 5 um bidirectional repeatability and 0.31
pm minimum incremental movement (Fig. S51). Using the
programmed fluidic dispensing system, we optimized the
assay reaction parameters by performing a time-scanning
assay standard test to evaluate the tradeoff between speed
and sensitivity (see Fig. S6 and ESIf). The optimization goal
was to achieve the highest assay speed while maintaining the
clinical dynamic range relevant to the cytokine storm (sub-pg
mL™" to ng mL™). We experimentally obtained the limit of
detection (LOD) values of the cytokines for the varying
sample reaction time (Fig. 3A). Observing that the LOD
improvement tapered off with the sample reaction >10 min,
we selected 9 min as the optimal sample reaction time. The
optimized assay conditions led to a limit of detection (LOD)
<0.4 pg mL™" for all the measured cytokines (Table 1). We
also characterized the typical filling rate of the bead array for
cytokine antibody-conjugated magnetic beads, which was
shown to be 50-80%, slightly varying based on the cytokine
type (Fig. 3B). This filling rate ensures 36 000-54 000 beads to
be interrogated for each assay condition.
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Two CNN networks were trained and executed in parallel to read in the QuantaRed™ (Qred) fluorescence mirowell images, and sequentially
performed image pre-processing (including image cropping, contrast enhancement, and noise filtering), category classification, image
segmentation, and post-processing (image overlay, visualization, defect compensation, microwell counting). (B) Representative snapshot images of
enzyme active “On” microwells on a biosensing pattern (66 724 wells/biosensor) for various analyte concentrations of IL-6. For clear visualization,
images of 3600 x 3600 pixels were cropped from original raw images of 6000 x 4000 pixels with 80% brightness enhancement and 80% contrast
enhancement. All of the scale bars are 200 um. See Fig. S47 for images taken for IL-1f, TNF-a, IL-10, and IL-6.

We further assessed the 4-plex assay's specificity and
signal-to-noise ratio (SNR) by spiking-in each cytokine analyte
in 100% fetal bovine serum buffer (FBS) to mimic the patient
serum detection. Fig. 3C shows the assay results of “all-spike-
in,” “single-spike-in,” and “no-spike-in” samples using 200 pg
mL ™" recombinant cytokine markers (a typical clinical
threshold for cytokine storm). Negligible antibody cross-
reactivity was observed between each cytokine analyte and
SNR = 488.0 was calculated on average (averaged assay signal
over background signal).

Monitoring of cytokine storm for critically ill COVID-19
patients

In order to facilitate the care of patients with COVID-19 at
the University of Michigan Hospital, we undertook a
pragmatic study to rapidly return same-day cytokine levels to
the clinical teams treating critically ill COVID-19 patients in
ICU at the physicians' request from April 9th to June 04th in
2020. Given the investigational nature of the assay, patients
or their representatives provided informed consent for

334 | Lab Chip, 2021, 21, 331-343

cytokine measurements to be provided for clinical use (UM
IRB HUMO00179668). COVID-19 patients with respiratory
that ICU for
mechanical ventilation were eligible for enrollment (see
Methods for details). To ensure the accuracy of our data, the
COVID-19 patient samples were run in quadruplicate with an
assay standard curve calibrated every day.

The analytes IL-6, TNF-o, IL-1f, and IL-10 were selected
based on our best understanding of clinical utility at the time
of study design in March 2020. IL-6 had been reported as a
likely mediator of COVID-19 severity and while several
clinical trials of anti-IL6R agents were underway, off-label use

failure required hospitalization in the

was also common.? Likewise, TNF-o,, IL-1p were selected due
to the potential for off-label use of anti-cytokine antibodies
against these mediators. IL-10 was selected due to the
possible utility of monitoring a
inflammatory response.*?

Fig. 4A assay that
accumulated for 10 different workdays of the patient cytokine
monitoring period. Around three-order of linear dynamic
range has been achieved. By quenching the reaction forming

compensatory anti-

shows standard curves were
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Fig. 3 Assay characterization of the PEdELISA. (A) Limit of detection (LOD) of the assay as a function of sample/detection antibody reaction
incubation time for the four cytokines. Each LOD value was estimated by taking the intercept of the fitted standard curve with the mean value of
the negative control signal plus three times the standard deviation. (B) Statistical analysis of the bead array filling rate for cytokine antibody-
conjugated magnetic beads. IL-1B: 56.7 + 3.9%; TNF-o: 68.7 + 7.3%; IL-10: 56.2 £ 4.4%; and IL-6: 53.1 * 4.7%. Each data point represents the bead
filling rate obtained across 66 724 microwells in each circular biosensor pattern on the PEdELISA chip. We examined 40 representative biosensor
patterns from five different chips to obtain the statistically averaged value for each analyte. (C) Assay specificity test with “all-spike-in,” “single-
spike-in,” and “no-spike-in” (negative) samples of recombinant cytokine marker(s) at 200 pg mL™ in fetal bovine serum (FBS) buffer. The labels on
the horizontal axis represent the cytokine analytes targeted by 4 biosensors in each detection channel on a 4-plex PEJELISA chip. The top label of
each graph represents the recombinant cytokine marker(s) loaded to the chip.

Table 1 Limit of detection (LOD), limit of quantification (LOQ), and coefficient of variation (CV) of PEJELISA for a panel of 4 cytokines. Here, the LOD
and LOQ values were determined from the blank signal + 30 and the blank signal + 100, respectively. The intra-assay CV was determined by
quadruplicate measurements of five COVID-19 patient samples at the range of 6-600 pg mL™ in both rapid and retrospective assay modes. The inter-
assay CV was determined by taking the root-mean-square average of signals from 40, 200, and 1000 pg mL™ assay standard in 10 day continuous
measurements of COVID-19 patients

Cytokine Assay blank Assay blank + 3¢ LOD LOQ Intra-assay CV Inter-assay CV
type (average molecule per bead) (average molecule per bead) (pg mL ™) (pg mL™) (%) (%)

IL-1B 0.000143 0.000347 0.191 1.188 4.68 9.98

TNF-a 0.000179 0.000379 0.198 1.889 8.77 11.66

IL-10 0.000136 0.000378 0.350 1.552 5.70 9.63

IL-6 0.000189 0.000309 0.377 2.378 4.55 10.80

analyte-antibody complexes in the sample solution at the
early pre-equilibrium state, the assay still retains the binary
counting regime operation following the Poisson's
distribution. This approach allows the assay to cover an
analyte concentration range in which the conventional digital
assay cannot be operated."> The multiple assay standard
curves yield excellent repeatability with the inter-assay
coefficient of variation (CV) of ~10% due to the programmed
fluidic handling and reaction (Table 1). We also characterized
the intra-assay CV for five representative COVID-19 patient
serum samples with cytokines at concentrations ranging
from 6-600 pg mL™, each tested in quadruplicate
measurements (Table 1). We compared assay data for these
five patients resulting from rapid measurements of fresh
samples drawn daily and retrospective measurements of
stored samples after one freeze-thaw cycle. We observed a
good linear correlation (R*> = 0.99) between the two
measurement modes except for the TNF-o data yielding lower
levels in the stored samples and for some of the IL-6 data

This journal is © The Royal Society of Chemistry 2021

showing slightly higher levels in the stored samples (Fig. 4B).
This suggests that TNF-o in the stored serum could degrade
by 20-40% after the freeze-and-thaw banking at -80 °C.
Sample degradation is expected to yield lower signals for
stored samples than for fresh samples. Therefore, the higher
IL-6 signals of a fraction of the stored samples may
potentially originate from sample handling error, not from a
sample property change. Additionally, to validate our
PEdELISA microarray assay, we compared the assay results
with those of a conventional single-plex ELISA method that
retrospectively measured 15 banked samples from identical
patients. Because the ELISA test required a much larger
sample volume (>200 pL for each measurement, in duplicate
per analyte) than PEdELISA, it was practically difficult for us
to manage the acquisition of a sufficiently large blood sample
volume from critically ill COVID-19 patients. Therefore, we
could only validate our assay against IL-6 detection results
(Fig. 4C). Some discrepancy was observed at concentrations
below 50 pg mL™" (Fig. 4C inset), where PEdELISA yielded a

Lab Chip, 2021, 21, 331-343 | 335
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Fig. 4 (A) Daily COVID-19 patient assay standard curves for four cytokines from 0.32 pg mL™ to 1000 pg mL™ in FBS (10 curves for each cytokine
obtained over 10 workdays). The data points were fitted with four-parameter logistic (4PL) curves. The black dotted line represents the signal level
from a blank solution. The blue dotted line shows 3o above the blank signal, which is used to estimate the limit of detection (LOD) for each
cytokine. (B) Linear correlation (R? = 0.99, P < 0.0001) between rapid measurements of fresh samples and retrospective measurements of samples
stored for more than 30 days (1 freeze-and-thaw at -80 °C) in quadruplicate for 5 representative COVID-19 patients. (C) Good agreement was
observed between single-plex IL-6 ELISA (R? = 0.95, P < 0.0001) and multiplex PEJELISA measurements for 15 COVID-19 patients. The inset shows
the circled region and k is the slope of the linear regression for (B) and (C).

slightly lower value than ELISA. We characterized the LOD of
the ELISA test to be 12.03 pg mL™" (Fig. S71), which is more
than 30 times higher than that of PEdELISA (0.38 pg mL™).
The discrepancy may derive from the poorer sensitivity of the
ELISA assay. In addition, the limited sensitivity required the
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Fig. 5 (A) Timeline of daily COVID-19 cytokine measurement. (B) and (C) Two week serial monitoring of two critically ill COVID-19 patients with
respiratory failure in the ICU. Both patients experienced severe cytokine storm and were under the emergency use of a selective cytophoretic
device (SCD) by cytokine pre-screening (first data point). The patients demonstrated decreases in IL-6 and IL-6/IL-10 ratio and clinically improved
treatment outcome over the course of therapy. (D) Statistical group analysis of patients that are dosed/undosed with tocilizumab. Significant
elevations of IL-6 levels were observed after the treatment of tocilizumab (P < 0.0001). (E) and (F) Correlation of cytokine IL-6 to ferritin and
C-reactive protein (CRP), standard clinical inflammatory biomarkers. Ferritin does not correlate well with IL-6 (R?> = 0.066, P = 0.261). CRP
correlates with IL-6 (R? = 0.394, P = 0.0013) better, but the IL-6 levels were widely distributed for patients with high levels of CRP.
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the “matrix effect”. The direct serum sample measurement
with the ELISA assay potentially amplified the matrix effect at
the lower analyte concentrations, which could be another
source of the discrepancy. Nonetheless, the data between
these two methods overall matched linearly (R* = 0.95, P <
0.0001). Especially, good agreement was obtained between
them at the higher values of IL-6 for patients who received
tocilizumab treatment.

Fig. 5A shows a typical timeline of our daily cytokine
profile measurement completed within 4 hours after the
blood draws in the ICU. The assay itself was performed with
a sample-to-answer time as short as 30 min for typical non-
COVID-19 serum measurements. However, in the practical
operation of our test starting from a patient blood draw and
ending with data delivery to physicians, a larger amount of
time was spent on sample processing, transport, and team
coordination, as well as biosafety and disinfection protocol
observation in handling COVID-19 samples. This resulted in
a relatively long turnaround time for the entire clinically
deployed test than the assay time itself. Further automation
and miniaturization of the PEdELISA microarray platform
permitting its near-patient operation could reduce the total
test time to <1 hour. The test allowed clinically meaningful
time-course measurements for critically ill COVID-19 patients
with respiratory failure during their stay at the ICU. Here,
patients undergoing treatment with an expanded/emergency
use of an immunomodulating selective cytophoretic device
(SCD) were screened (first data point) and monitored with
PEdELISA to provide quick feedback on the progress of
therapy. The SCD therapy was applied to temper the cytokine
storm by continuously processing circulating neutrophils and
monocytes to gain a less proinflammatory phenotype using
an extracorporeal membrane cartridge integrated into a renal
replacement blood circuit.*® Patients were selected if they
were receiving extracorporeal membrane oxygenation and
continuous renal replacement therapy and failing to clinically
improve, and had evidence of active systemic inflammation
with initial 1L-6 >100 pg mL™". Treatment details and the
response of the first two patients have been previously
reported.® Here we present serial measurements from two
additional patients for two-week continuous monitoring.
Both patients experienced severe cytokine storm and acute
respiratory distress syndrome (ARDS) on the screening time
point, and demonstrated clinically improved treatment
outcomes over the course of therapy. We observed a
decreasing trend in both IL-6 and IL-6/IL-10 ratio
(Fig. 5B and C) The IL-6/IL-10 ratio could be a positive
prognostic indicator for their recovery from pneumonia and
has been used to identify the “inflammatory pattern” by some
studies.® With the successful implementation of this therapy
monitored by PEAELISA, both of the patients came off from
extracorporeal ~membrane oxygenation (ECMO) and
mechanical ventilator support and were eventually
discharged alive from the hospital.

Our rapid PEdELISA microarray cytokine measurement
was also applied for a group of COVID-19 patents who were
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treated or untreated with tocilizumab. The test result revealed
significant subject-to-subject heterogeneity despite all of
these patients being critically ill. As expected, interruption of
IL-6/IL-6R signaling in patients who received tocilizumab
resulted in marked elevation of IL-6 levels in the setting of
ongoing illness (p < 0.0001, Fig. 5D).*>*> Among patients
who did not receive tocilizumab, we observed a large degree
of variability in IL-6 levels, with a quarter of subjects having
IL-6 <15 pg mL ', the median value of 106 pg m™', and the
CV of 114%. Variability of TNF-a (CV 164%) and IL-1p (CV
193%) was driven by a small number of subjects with
elevated levels. However, like IL-6, levels of IL-10 were also
broadly distributed in patients who had not received
tocilizumab (CV 93%).

Given the heterogeneity of cytokine levels in critically ill
patients with COVID-19, we asked whether IL-6 levels were
reflected in surrogate biomarkers. Direct measurement of
cytokine levels has not been historically achievable in clinical
practice. As a result, the presence of cytokine storm and risk of
clinical deterioration is frequently judged by inflammatory
markers, such as CRP and ferritin. Here, our data shows ferritin
did not predict IL-6 levels (Fig. 5E, R* = 0.066, P = 0.261). CRP
was significantly associated with IL-6 (Fig. 5F, R> = 0.394, P =
0.0013). However, this association was driven by low IL-6 in
subjects with low levels of CRP, while IL-6 values in subjects
with high CRP were widely distributed. Therefore, while a
normal CRP may identify low levels of IL-6, neither CRP nor
ferritin is an accurate predictor of specific elevated IL-6 values.
If a biomarker-driven strategy required only the identification of
abnormal IL-6 levels, a CRP measurement would likely provide
an adequate prediction. If differentiation among moderate and
severe IL-6 elevations is needed, however, these data suggest
that direct measurement of IL-6 may be required. For COVID-19
ARDS, there is a growing need to directly measure specific
patient endotypes in order to effectively deploy the growing
number of drugs targeting specific inflammatory pathways.’
Understanding heterogeneity and patient-specific factors in
critical illness has been identified as a priority by the National
Institutes of Health.*® Inflammatory markers such as CRP and
ferritin, as we found here, may lie downstream of multiple
inflammatory pathways, thus they are poor markers of specific
cytokine activity.

Note that our pragmatic study of rapid cytokine
measurements in patients with COVID-19 was designed to
provide information to clinicians, rather than systematically
study the biology of COVID-19. We, therefore, enrolled
subjects without regard to time from the onset of infection.
Furthermore, due to these subjects' critical illness, many
received empiric antibiotic therapy, limiting our ability to
determine bacterial co-infection. These factors, as well as our
small sample size, may have contributed to the heterogeneity
of the cytokine response. Nevertheless, all subjects in this
study were critically ill and had respiratory failure,
underscoring the diversity of biological mechanisms that
may lead to critical illness in COVID-19 and the importance
of measuring, rather than inferring, cytokine storm.
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Despite the likely benefits of rapid, clinically actionable
cytokine measurement to the management of patients both
with COVID19 and other forms of ARDS,” significant hurdles
remain to implementation. In this study, we obtained
informed consent for the potential clinical use of assay
results. As of September 24, 2020, the US Food and Drug
Administration had granted emergency use authorization
(EUA) only to the Elecsys IL-6 assay (Roche) to be performed
in clinical laboratories certified for moderate and high
complexity testing.”” While the manufacturer has reported
unpublished data for the use of this assay in COVID-19,%® we
were unable to identify published reports of the use of this
assay platform to provide rapid, clinically actionable cytokine
levels. Rapid, clinically actionable use of the Ella assay
platform (Biotechne) has been recently reported®® under EUA
granted by the state of New York. This commercially available
platform, as well as others, could potentially be validated as
“laboratory-developed tests” for use in certified clinical
laboratories even beyond emergency use authorization.
However, significant barriers, including instrumentation and
consumable supply costs, may limit their use in resource-
constrained hospitals or in the setting of multisite clinical
trials (Table 2).

Conclusions

Timely intervention of cytokine storm guided by rapid
cytokine measurement is critical for the management of
severe COVID-19 infections resulting in respiratory failure.
To this end, we have developed a microfluidic digital
immunoassay platform that enables rapid 4-plex
measurement of cytokines in COVID-19 patient serum. Our
assay employed single-molecule counting for an antibody
sandwich immune-complex formation quenched at an early
pre-equilibrium state. The pre-equilibrium approach resulted
in a detection limit <0.4 pg mL™" and a linear dynamic range
of 10% while requiring an assay incubation time as short as 9
min. The platform incorporates a programmed fluidic
dispensing and mixing module and a compact optical reader
module for microfluidic analysis using low-cost disposable
chips manufacturable at a large scale. Each chip contains
spatially encoded microwell array patterns with capture
antibody-coated magnetic beads pre-deposited for multiplex
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cytokine detection. The 4-plex on-chip measurement with a
15 puL sample volume showed negligible sensor cross-talk.
The programmed fluidic handling and mixing module
permitted high inter-assay repeatability (~10% CV). Our
assay platform with the combination of high sensitivity,
speed, and fidelity allowed us to characterize serum cytokines
with a sample-to-answer time of 30 min. Using the platform,
we were able to complete the entire cytokine storm
monitoring test within 4 hours that involved blood draw,
serum extraction, lab-to-lab sample transport, serum sample
loading, biosensor signal measurements, serum cytokine data
analysis, and feedback on the therapy outcome.

Multiple commercially available technologies are capable
of multiplex cytokine measurement, and have been applied
to cohorts of patients with COVID-19 disease.>* ™' Elevations
in pro-inflammatory cytokines correlate with poor outcome.
These studies have also demonstrated significant
heterogeneity in cytokine expression, underscoring the
importance of timely measurement for prognostication, and
eventually stratification in clinical trials. Anti-IL6 therapy in
COVID-19 is under investigation in multiple clinical
trials**™** and has been employed in clinical practice as an
off-label use. Results from trials of the anti-IL-6 receptor
tocilizumab have not demonstrated efficacy in preventing
intubation or death in moderately ill hospitalized patients
with COVID-19.">** However, in a retrospective study of
critically ill patients with COVID-19, early treatment with
tocilizumab was associated with reduced mortality.** These
results confirm that rapid, reliable, and repeatable direct
cytokine measurement is needed to facilitate precision
administration of anti-cytokine therapies only in patients
who are experiencing severe cytokine storm. In agreement
with other studies, our results here highlight the
heterogeneity of cytokine response even among critically ill
COVID-19 patients and the poor ability of surrogate
inflammatory markers to predict an IL-6 response.

Our digital immunoassay platform may provide a
promising means to enable such a precision medicine
strategy in the pharmacotherapeutic management of life-
threatening cytokine storm in COVID-19. The results
presented here suggest that the basic characteristics of this
assay platform allow it to deliver robust measurements with
low sample volume, high sensitivity, low cost, and rapid

Table 2 Benchmarking of the PEdELISA microarray platform to commercial immunoassay platforms in cytokine detection

Cost/96 Instrument LOD Sample volume
Diagnostic system assays cost Assay time“ (pgmL™")  (uL) Plexity Ref.
Colorimetric ELISA $100-500 $5000 >4 h 1-10 100 1 (rndsystems.com)
Luminex $1000-8000 >$50000 >4 h 0.1-100 25-50 2-65 (thermofisher.com)
Quanterix SIMOA >$1500 >$100000  ~2.5 h/96 plate 0.002-1 100 1-6 (quanterix.com)
Bio-Techne Ella $2000-4500 >$60 000 ~1.5 h/16 samples  0.2-2 25 1-8 (proteinsimple.com/ella.html)
PEdELISA microarray  <$50 <$5000 ~30 min/8 samples  0.2-3 15 1-8

¢ Assay time refers to the sample-to-answer time, i.e., the total time between sample loading and delivery of analyzed data. Note that the assay
and instrument cost of the commercial systems were based on their market prices and may not reflect the production cost. All the information
was estimated in a range to the best of our knowledge based on the platforms’ website, online manual/brochure, quote, and do not count for

marketing strategies, e.g. discount.
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answer times. Further miniaturization, automation, and
casing of the platform may allow us to further decrease the
need for operator supervision and device footprint, thus
eventually enabling us to achieve near-bedside, near-real-time
cytokine storm monitoring with the PEdELISA microarray
technology.

Materials and methods
Materials

We purchased human IL-6, TNF-a capture, and biotinylated
detection antibody pairs from Invitrogen™, and IL-1f, IL-10
from BioLegend. We purchased the corresponding ELISA kits
from R&D Systems (DuoSet®). We obtained Dynabeads, 2.7
pm-diameter epoxy-linked superparamagnetic beads, avidin-
HRP, QuantaRed™ enhanced chemifluorescent HRP
substrate, bovine serum albumin (BSA), TBS StartingBlock
T20 blocking buffer, and PBS SuperBlock blocking buffer
from Thermo Fisher Scientific. We obtained phosphate
buffered saline (PBS) from Gibco™, Sylgard™ 184 clear
polydimethylsiloxane (PDMS) from Dow Corning, and
Fluorocarbon oil (Novec™ 7500) from 3M™. The automated
PEdELISA system was mainly constructed by a micro-
controller (Arduino Uno and MEGA 2560), stepper motors
and shields (NEMA 17, 0.9 degree, 46 N cm, TB6600 and
DM542T motor shields), linear rail guide with ballscrews (5
mm per revolution), standard anodized aluminum profiles,
clear acrylic boards and other supporting wheels, connectors
and parts purchased from Amazon through various vendors.
The optical scanning system mainly consists of a consumer-
grade CMOS camera (SONY 06100), 10x objective lens
(Nikon, CFI Plan Achro), tube lens (200 mm), optical filter
sets (Chroma), halogen light source, LED light source (560
nm), optical mountings and tubings (mainly from Thorlabs
and Edmund Optics).

Antibody conjugation to magnetic beads

We conjugated human IL-6, TNF-o, IL-1B, IL-10 capture
antibodies using the epoxy-linked Dynabeads (2.8 um) with
the capture antibody molecules at a mass ratio of 6 ug
(antibody): 1 mg (bead) following the protocols provided by
Invitrogen™ (catalog number: 14311D). Based on the product
datasheet, the estimated antibody coupling efficiency is 4-4.5
ug mg™' (with each bead containing 2.4-2.7 x 10° antibodies
approximately). The beads then quenched (for
unreacted epoxy groups) and blocked with TBS StartingBlock
T20 blocking buffer. We stored the antibody-conjugated
magnetic beads at 10 mg beads per mL in PBS (0.05% T20 +
0.1% BSA + 0.01% sodium azide) buffer sealed with Parafilm
at 4 °C. No significant degradation of the beads was observed
within the 3 month usage.

were

PEdELISA chip fabrication and patterning

The plastic-based disposable microfluidic chip used for
PEdELISA assay was fabricated by laser cutting and PDMS
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molding. It has a transparent sandwich structure for optical
imaging as shown in Fig. S1.f The top and bottom layers were
laser-cut using 3.175 mm (1/8 inch) and 1 mm thin clear
polymethyl methacrylate (PMMA) boards which contain
through-holes for venting and screw assembly purposes. The
microfluidic channels (designed with AutoCAD software) were
laser-cut through a 120 pum high definition transparency
polyethylene terephthalate (PET) thin film (adopted from
standard screen protector) which has a silicone gel layer to
create a vacuum for securely sealing to the top acrylic layer
without adhesives. The power and speed of the laser cutter
were optimized to ensure a high-resolution smooth cut so
that resistance difference or bubbles generation can be
minimized during the fluidic handling process. The
femtoliter-sized microwell array (3.4 pm diameter and 8 um
in pitch) layer (~300 pm) was made by polydimethylsiloxane
(PDMS) through a standard SU-8 molding. First, we
constructed SU-8 molds on oxygen plasma treated silicon
wafers by standard photolithography which involved
depositing negative photoresist (SU-8 2005 MicroChem)
layers at 5000 rpm to form the desired thicknesses 3.8 + 0.1
pm. Subsequently, a precursor of PDMS was prepared at a
10:1 base-to-curing-agent ratio and deposited onto the SU-8
mold by spin coating (300 rpm) and baking overnight at 60
°C. We then transferred the fully cured PDMS thin film onto
the bottom acrylic layer using a modified surface silanization
bonding method based on a previous publication.*® We also
drilled 2 mm countersunk holes (60°) using a benchtop mini
drill press (MicroLux®) on the top venting layer for guiding
the multi-pin fluidic dispensing connector. Each layer was
thoroughly cleaned through water bath sonication and the
PET microchannel layer was carefully attached to the top
venting layer for the later bead patterning process.

The PEdELISA bead patterning process (Fig. S2t) first
involved attaching the bead settling layer (containing long
straight PDMS channels perpendicular to the PET
microchannel layer) to the PDMS microwell array layer on the
bottom PMMA substrate. Then, we prepared 4 sets of a 25 pL
bead solution at the concentration of 1 mg mL™ for IL-1p,
TNF-o, IL-10, and IL-6 bead respectively. The bead solution
was loaded into four different physically separated patterning
channels in the bead settling layer. After waiting for beads to
settle inside the microwells for 5 min, we washed the
patterning channels with 200 pL PBS-T (0.1% Tween20) to
remove the unstrapped beads. At this step, we imaged the
microarray under the microscope to ensure that the
microwells were filled with the beads at a sufficient rate
(typically above 50%). If not, the bead mixture solution was
reloaded and washed again. Finally, the bead settling layer
was peeled off and replaced with the PET microchannel and
top venting layer. Four layers of the cartridge were
sandwiched together using M2 bolt screws. Note that the
bonding between the PET layer and the PDMS layer was not
permanent but achieved through pressure-based self-sealing,
which can be later easily peel off and replaced. We then
slowly primed each sample detection channel with
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Superblock buffer to passivate the cartridge surface and
incubated the whole chip for at least 1 hour prior to the assay
to avoid non-specific protein adsorption. The cartridge was
typically prepared in batch and sealed in a moisture-
controlled Petri-dish at room temperature for up to a week
with no significant degradation.

Programmed PEJELISA assay and imaging

The automated pipetting system was programmed to first
draw 15 pL of the sample solution (patient serum and assay
standard) and mix with 15 pL of detection antibody (DeAb)
solution in the 96 well tube rack for 20 cycles (25 s), and then
draw 28 pL of the mixed solution and load them into the
PEdELISA chip by two steps: step 1. load 14 pL of the sample-
DeAb mix for channel buffer exchange, delay 10 s for wiping
away the original buffer solution inside the channel (1x PBS
solution), step 2. load the rest of 14 uL, followed by 50 cycles
of on-chip mixing (8 min). The mixing was performed by
repeating a 10 s cycle of pulling, holding, and pushing the
plunger of a multi-channel pipette with a precisely
programmed stepper motor. Then, the system loaded 200 pL
of washing buffer (PBS-T 0.1% Tween20) into the channels of
the chip with the pipette and slowly replaced the sample
fluids with the PBS-T buffer solution for washing/quenching
(2 min). Next, the system drew in 40 pL of the avidin-HRP
solution (100 pM) and slowly loaded (micro-stepping) into
the chip for enzyme labeling (1 min). The chip was washed
again with the PBS-T solution for one cycle (200 pL) and 1x
PBS solution for another cycle (200 pL), total to reduce the
interference between Tween20 and the chemifluorescent HRP
substrate later (total 5 min). Finally, the system drew and
loaded 30 pL of the QuantaRed (Qred) substrate solution and
then sealed with 35 uL of fluorinated oil (HFE-7500, 3M) for
the digital counting process.

The scanning system was used to scan the image of the
bead-filled microwell arrays on the PEdELISA chip right after
the oil sealing step to detect the enzyme-substrate reaction
activity. The imaging stage was pre-programmed to follow the
designated path to scan the entire chip (64 microarrays)
twice: 1. scan the Qred channel (545 nm/605 nm, excitation/
emission) 2. scan the brightfield with the transmission light
source on. It typically took ~5 min to scan the entire chip for
16 samples in 4-plex detection.

Data analysis by the convolutional neural network

The collected images were analyzed by an in-house developed
convolution neural network (CNN) algorithm. The CNN ran
two signal recognition pathways in parallel, which were pre-
trained to recognize enzyme active “On” microwells (Qred
channel) versus defects and contaminations using >5000
labeled images (see ESIt for the training code). Briefly, the
CNN method started from a pre-processing process, which
included image cropping, contrast enhancement, and noise
filtering. Then, the CNN classified each image pixel into the

three pre-trained categories: category 1: enzyme active
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fluorescence microwell (or “On” microwell), category 2: image
defect, and category 3: background. The “On” microwells
(Qred”) were segmented out as the output mask with defects
being removed. The bright-field image was analyzed using
the Sobel edge detection method to determine the overall
beads filling rate. Finally, the fractional population of the
Qred” microwells with respect to the total bead-filled
microwells, P,,, was calculated, and the Poisson's
distribution equation was used to calculate the mean
expectation value: 1 = -In(1 - P,,), which represents the
average number of analyte-antibody immune complexes per
bead and the digital assay's raw signal.

The architecture of the CNN contains a downsampling
process for category classification and an upsampling process
for image segmentation. The downsampling process consists
of 5 layers, including two convolution 2D layers (Conv2D, in
blue color, 6 filters, kernel of 3 x 3), two rectified linear unit
layers (ReLU, in gray color), and one max-pooling layer (in
red color, stride of 2). The upsampling process also consists
of 5 layers, including one transposed convolution 2D layer
(Trans Conv2D, in yellow color), one ReLu layer, one Conv2D
layer, one softmax layer (in green color), one
pixelClassificationLayer (in orange color, contains class
weight balance).

Pragmatic study of rapid cytokine measurement in COVID-19

This study was approved by the University of Michigan
Institutional Review Board (HUMO00179668) and patients or
their surrogates provided informed consent for the
investigational use of this test. Patients with positive SARS-
CoV-2 test via PCR and respiratory failure requiring
hospitalization in the intensive care unit for heated high flow
oxygen or mechanical ventilation were eligible for
enrollment. Subjects were approached at the request of
treating teams at any point in their disease course after
intensive care unit admission. Due to restrictions on patient
contact during the COVID-19 pandemic, samples were drawn
by the subjects’ nurse with routine clinical labs in a serum
separator tube and sent to the clinical specimen processing
area, where they were centrifuged, aliquoted, and kept at 4
°C until their transfer to the engineering lab at 9 am. Serum
was then immediately analyzed to measure IL-6, TNF-o, IL-
1B, and IL-10, and the results were posted to the patient's
chart on the same day. Ferritin and C-reactive protein (CRP)
measurements made during routine clinical care were
recorded if available from a sample within 24 hours of the
cytokine measurement.

Live subject statement

All experiments were performed in compliance with the
Office of Human Research Protections (OHRP) Guidance on
COVID-19 of the U.S Department of Health & Human Services
(DHH), U.S Food and Drug Administration (FDA) Guidance
on Conduct of Clinical Trials of Medical Products During
COVID-19 Public Health Emergency, and the guidelines of
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the University of Michigan's Human Research Protection
Program (HRPP). All experiments were approved by the
University of Michigan Institutional Review Board (IRB),
which aims to protect the rights and welfare of human
research subjects recruited to participate in research
activities conducted under the auspices of the University of
Michigan. Informed consent was obtained for any
experimentation with human subjects.

Statistics

Experiments with synthetic recombinant proteins were
performed daily with 2 on-chip repeats. The duplicate
measurement results were averaged to calculate the patient
serum cytokine levels. Standard curves were obtained daily
accumulated for 10 workdays, and the standard curve data
was used to determine the inter-assay CV (CVipter-assay) fOr
each analyte is listed in Table 1. The determination of
CVinter-assay for a given analyte involved duplicate
measurement of 100% fetal bovine serum (FBS) spiked with
the target analyte (recombinant protein) at three (N = 3)
representative concentrations of 40, 200, and 1000 pg mL™"
that fall into the linear dynamic range of our assay over 10
workdays. The CV value for a given analyte concentration was
calculated as CV = STD/S,,, where STD is the standard
deviation of the assay signal measured for spike-in FBS at the
given concentration over 10 workdays, and S, is the mean
assay signal measured for spike-in FBS at the given
concentration over 10 workdays. CVjp¢er-assay Was determined
by taking the root mean square of the CV values for the
three (N = 3) representative concentrations as
CVinter-assay =\ Z CV2 /N

In the daily cytokine profile monitoring test, we performed
the measurement for each COVID-19 patient serum sample
in quadruplicate and took an average value over the
quadruplicate results for each data point. To evaluate the
intra-assay CV (CVingra-assay) (S€e Table 1), we selected five (N =
5) COVID-19 patient serum samples with cytokines ranging
from 6-600 pg mL™' and measured the concentration in
quadruplicate for the target analyte in each sample using the
same chip on the same workday. The CV value for that target
analyte in each sample was calculated as CV = STD/C,,,, where
STD is the standard deviation of the analyte concentration
value measured for the given sample over 4 measurement
repeats, and C,, is the mean analyte concentration value
measured for the given sample over 4 measurement repeats.
Similar to the procedure above, CVipgra-assay Was determined
using the CV values for the five (N = 5) patient serum samples
as CVinter-assay = \/W .

A conventional ELISA test was conducted retrospectively
for IL-6 in duplicate for selected banked patient samples.
Here, Pearson's R-value was used to quantify the PEAELISA
to ELISA correlations and the ttest was used for the
group analysis of IL-6 and TNF-o (normally distributed)
between tocilizumab-treated and non-tocilizumab-treated
subpopulations, and Mann-Whitney U test was used for IL-
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1B and IL-10 (not normally distributed). A p-value of <0.05
was considered to be statistically significant.
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