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Abstract

Time-course monitoring of blood biomarkers with rapid turnaround has the potential to revolutionize
the diagnosis, stratification of phenotypes, and therapeutic/prognostic approaches for various acute
inflammatory diseases in both clinical and preclinical studies. Current approaches, however, are
hampered by slow turnaround times and large sample volume requirements, limiting the exploration
of disease mechanisms and therapeutic strategies. Here, we developed a microfluidic digital ELISA
platform prototype, combining single-molecule counting with whole blood assay capability for the
first time from small animal models. This platform is automated and enables repeated, rapid
biomarker monitoring with just 3.5 pL. of whole blood collected from the tail. Our platform
demonstrated high sensitivity and multiplexity, allowing real-time cytokine profiling within a 2-hour
turnaround. Using a murine sepsis model, we achieved precise temporal monitoring of cytokine
levels, demonstrating prognostic capability by correlating early-stage cytokine levels with a liver-
injury biomarker. This microfluidic platform enables high temporal resolution and rapid monitoring of
biomarker dynamics in a single mouse using freshly collected whole blood, significantly reducing the
number of animals needed for preclinical studies. This technology has strong potential to transform
ICU therapeutic strategies and preclinical research, enabling personalized treatment based on real-

time biomarker profiles.
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1. Introduction

Point-of-care monitoring of biomarkers is crucial for understanding biological processes and
disease progression, especially in acute inflammatory conditions such as Sepsis (Ashley and Hassan,
2021; Bradley and Bhalla, 2023; Park et al., 2020; Reddy et al., 2018), ARDS (Maddali et al., 2022),
COVID-19 (Q. Song et al., 2021; Suleman et al., 2021; Yang et al., 2021; Yessayan et al., 2020), and
cancer immunotherapy (Williamson and Mendes, 2024; Y. Song et al., 2021a). Over the last decade,
retrospective analyses of clinical trials that involve detecting biomarkers from banked blood samples
have demonstrated the existence of hyperinflammatory and hypoinflammatory subphenotypes in
ARDS, pneumonia, and sepsis (Sinha et al., 2024, 2023; Famous et al., 2017). These studies suggest
that patients with different subphenotypes respond differently to supportive care. Timely and
prospective immunomodulatory therapy, guided by point-of-care subphenotype differentiation, has
the potential to significantly improve clinical outcomes (Maddali et al., 2022). The first step in
developing such a therapeutic strategy is to establish a diagnostic algorithm based on dynamic
biomarker profiles and understand the evolution of inflammatory responses over time in individual

patients.

Small animal models are a crucial tool for understanding critical illness syndromes and the
relationship of immunopathology to organ injury on an individual level (Matthay et al., 2024).
However, elucidating biomarker dynamics in small animals is constrained by the need for large
sample volumes and insufficient temporal resolution (Lee et al., 2018). In the U.S., preclinical studies
utilize more than 100 million mice annually (Carbone, 2021), leading to high costs and significant
ethical concerns. Conventional animal model studies (Pan et al., 2017; Vasalou et al., 2024),
particularly those examining immune disorder pathogenesis, often involve sacrificing animals for
single-time-point biomarker measurements. This method restricts the ability to comprehensively
understand time-evolving immune status during inflammatory conditions. Current immunoassay
platforms require blood volumes that are impractical for serial sampling in small animals,

necessitating the use of multiple animals across different time points. As such, there is a need for
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advanced blood biomarker detection methods that offer fast turnaround times, enable multi-time-point
blood draws with very small sample volumes, eliminate extensive sample preparation steps, and

provide immediate, actionable insights.

This study aims to address the need for improved biomarker monitoring by developing a
microfluidic digital ELISA platform for multiplexed, fine-time monitoring of whole blood biomarkers
in small animals. Existing microfluidic immunoassay technologies have shown promise in reducing
sample volumes and improving sensitivity (Dong and Ueda, 2017; Fan et al., 2008). However,
conventional assays often fall short in providing the temporal resolution and sensitivity required for
detailed biomarker dynamics in small animals (Lee et al., 2018). Recent advancements in single-
molecule counting digital ELISA have significantly improved sensitivity compared to traditional
methods (Cohen et al., 2020; Maley et al., 2020; Rissin et al., 2010; Wu et al., 2022), enabling the
detection of biomarkers at sub-femtomolar concentrations. This is particularly advantageous for small
animal studies, as it permits high dilutions and smaller sample volumes. More recently, Wang et al.
developed a microfluidic digital immunoassay for point-of-care detection from whole blood using a
plasma separation filter (Chen et al., 2024). Despite these advancements, most existing digital ELISA
platforms continue to rely on magnetic beads suspended in-reaction, which necessitates sample
preparation and large sample volumes, making the techniques inadequate for rapid and minimally
invasive sampling. To the best of our knowledge, no digital ELISA has yet achieved direct whole

blood detection without the need for plasma separation, a capability we introduce with our platform.

In previous work (Y. Song et al., 2021¢, 2021b; Stephens et al., 2023), we demonstrated the first
prototype of a digital immunosensor platform named the “Pre-equilibrium digital ELISA
(PEdELISA).” The PEdELISA technology lays the foundation for high-sensitivity, ultrafast
biomarker detection by leveraging microfluidics and single-molecule detection. In this study, we have
further advanced the PEAELISA platform with a new prototype capable of detecting biomarkers
directly from whole blood. This system integrates pre-patterned microarrays within a microfluidic

chip featuring internal passivation coatings that prevent cell adhesion and hemolysis, enabling “on-
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chip” whole blood analysis — a key difference from conventional digital ELISA. Additionally, we
have achieved the automation of the platform, allowing it to function as a stand-alone system suitable
for deployment in point-of-care testing at a clinical or bio-research lab. This automated prototype
streamlines the workflow, reducing human error resulting from manual operations, thereby enhancing

the platform's reliability and ease of use.

Our research demonstrates the platform's capability to achieve 2-hour temporal resolution of
cytokine profiling on a single mouse at the point-of-care from blood draw to data delivery, using only
one drop of whole blood (3.5 uL) at each time point. This advancement has facilitated fine-time and
point-of-care monitoring of pro-inflammatory chemo/cytokines in cecal slurry (CS) mouse models,
providing detailed temporal profiles associated with the systemic inflammatory response to various
sepsis-induced conditions that mimic complex bacterial infections, anti-inflammatory treatment, and

endpoint liver injury.

2. Materials and methods

2.1. Materials

Mouse IL-6 and MCP-1 capture and biotinylated detection antibody pairs, ELISA MAX™ Deluxe
Set, ELISA Assay Diluent B, and HRP Streptavidin were purchased from BioLegend. Mouse CXCL-
1 and CCL-11 capture and biotinylated detection antibody pairs, and DuoSet ELISA kits were
obtained from R&D Systems. Dynabeads™ M-270 Epoxy beads, QuantaRed™ Enhanced
Chemifluorescent HRP Substrate Kit, SuperBlock™ (PBS) Blocking Buffer, and Blocker™ Casein
were obtained from Thermo Fisher Scientific. Sylgard™ 184 PDMS was purchased from Dow
Corning. Novec™ 1720 fluorosilane polymer and Novec™ 7500 fluorinated oil were purchased from
3M™  and 100 mm P-type silicon wafers were from University Wafer Inc. (Boston, MA).

2.2. Ethics Statement

The Institutional Animal Care and Use Committee of the University of Michigan approved all animal
studies (PRO00010712). The University of Michigan’s laboratory animal care policies follow the

Public Health Service Policy on Humane Care and Use of Laboratory Animals.
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2.3. Animals

Eight- to ten-week-old male C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor,
ME, USA). Mice were housed at 21 °C with a 12-hour light-dark cycle. They had ad libitum access to
water and chow (Inotiv Teklad, West Lafayette, IN, USA), and a humane endpoints policy was
followed. Mice were weighed both pre-infection and at the time of harvest. Rectal temperatures were
obtained at the same time points. Mice were euthanized by CO2 inhalation.

2.4. Cecal Slurry Derivation

Cecal slurry was harvested from mice obtained from Jackson Laboratories months apart to increase
microbiome variability, following the method of Starr and colleagues (Starr et al., 2014). Mice (n=30)
were sacrificed within one week of arrival from Jackson Laboratories, and the ceca was removed.
Cecal contents were collected using flame-sterilized forceps and a spatula, then combined and
weighed. Cecal contents were mixed with sterile water at a ratio of 0.5 mL water to 100 mg cecal
contents. This mixture was sequentially filtered through 810 pm and 20 um sterile screens and mixed
with an equal volume of 30% glycerol in PBS. This slurry was vigorously mixed, aliquoted, and
stored at -80°C until use.

2.5. Infection with Cecal Slurry

To induce sepsis, 14-18 pL/g of cecal slurry stock per gram of body weight was injected
intraperitoneally. Control animals were injected with an equal volume of saline according to body
weight. Mice received ceftriaxone (75 mg/kg) and metronidazole (25 mg/kg) via intraperitoneal
injection and 1 mL of warmed saline via subcutaneous injection 6 hours after infection. Infection was
monitored with rectal temperature measurements.

2.6. PEAELISA Chip Assembly and Surface Function

See Supplementary Figure S1 for chip fabrication and surface function details.

2.7. Programmed PEAELISA Assay

The assay began with priming the manifold with the washing buffer (WB: PBS-T 0.1% Tween20).
WB was loaded into the inlet reservoirs and then extracted across the flow cell driven by the negative

pressure from the syringe pump. Diluted whole blood samples (35 puL) were then added to each
6
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sample reservoir and similarly extracted across the flow cell by the pump. The samples were allowed
to react with the sensors for 10 minutes, followed by quenching the reaction by flushing the flow cells
with 100 uL of WB, and then performing a continuous flushing with a total of 5 mL of WB for around
5 minutes. Next, detection antibody cocktails were introduced and allowed to react in all flow cells for
5 minutes, followed by a continuous flushing with 3 mL of WB. The system then drew in 40 pL of the
avidin-HRP solution (100 pM) and gradually loaded it into the chip for enzyme labeling, which took 3
minutes. The chip was washed again with a total of 5 mL of WB for 5 minutes. Finally, the system
drew and loaded 25 pL of the QuantaRed (Qred) substrate solution, sealed it with 50 uL of fluorinated
oil (HFE-7500, 3M), and initiated the image scanning process.

2.8. Whole blood and Plasma Correlation Assay

Ten mice were injected with 18 ul/g of cecal slurry (CS), while two uninjected mice served as
negative controls. At the 2hr time point, 4 infected mice and 2 uninfected mice were euthanized and
sacrificed, with the remaining 6 mice euthanized at the Shr. Central blood samples were collected via
syringe at each time point and immediately transferred into two anticoagulant buffers: 100 pL of
blood into 900 puL of heparinized saline (25 U/mL) or 900 uL of EDTA saline (5 mM). The samples
were then split into two aliquots (500 pL each): one for whole blood analysis and the other processed
to obtain diluted plasma by centrifugation (2000 rcf for 15 min at 4°C). All samples were stored on
ice and measured by PEdELISA within 12 hours. Prior to the PEAELISA assay, samples were gently
mixed by inversion and further diluted 30-fold in ELISA dilution buffer (1x PBS, 1% BSA).

2.9. Blood Sampling

For all cytokine measurements, blood was drawn from a nick in the tail vein using a heparinized glass
capillary tube pre-marked at a 3.5 pL volume (Micro-Cal tube, Kimble-Chase). The sample was
immediately ejected using a pipette into a 100 uL volume of heparinized (25 U/mL) saline. At the
time of euthanasia, blood was drawn from the right ventricle using a syringe and inoculated into a
low-volume serum separator tube (Microvette, Sarstedt).

2.10. AST Assay
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Whole blood was collected into serum separator tubes, allowed to clot, and separated into serum by
centrifugation. Serum chemistries were run on a Liasys 330 (AMS Alliance, Guidonia, Italy)
automated wet chemistry analyzer. Assays were performed within the ULAM In Vivo Animal Core
pathology laboratory at the University of Michigan. Quality control was performed daily using
manufacturer-provided reagents. The laboratory is a participant in an external independent quarterly
quality assurance program (Veterinary Laboratory Association Quality Assurance Program).

2.11. Statistical Analysis

All results are expressed as the means + standard error of the mean (SEM). GraphPad Prism was used
for data analysis. Pearson’s R? value was used to quantify the PEAELISA to ELISA correlation and
the correlation between cytokine values and liver injury, by comparing cytokine values at each time

point with the value of AST at 24 hours post-infection.

3. Results and discussion
3.1. Concept of PEAELISA-enabled longitudinal mouse model study

In this study, we consider the evolution of circulating cytokine expression in the murine model of
sepsis induced by cecal slurry (CS) treated with antibiotics 6 hours after sepsis induction (Bongers et
al., 2024; Starr et al., 2014). Conventional methods for studying immune activation over time in
sepsis models typically requires sacrificing the animal at each time point to collect a total blood
volume of 1-2 mL and extracting serum or plasma for analysis. This approach necessitates multiple
animals for multi-time-point analysis (Figure 1A) and can produce confounding results due to
variations from both changes in the host’s immune status over time and host-to-host heterogeneity.
Achieving high temporal resolution with conventional methods is prohibitively resource-demanding
and expensive due to the need for a large number of animals. Additionally, this approach makes it
impossible to correlate early immune events with late organ injury on an individual, within-subject
basis.

In contrast, the PEAELISA-enabled longitudinal sampling study allows for multi-time-point

monitoring of blood biomarkers while keeping the animal alive, even during illness (Figure 1B). This
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approach enables observation of how the specific mouse’s inflammatory condition evolves over time,
as indicated by the temporal biomarker profiles. In this study, 3.5 pL of tail whole blood was collected
at multiple time points using a marked capillary tube, diluted 10 times in heparinized normal saline
solution, and immediately prepared for the PEAELISA assay (see Materials and Methods). This
method provides up to hourly time resolution with minimal blood volume per collection, eliminating
extensive sample preparation, significantly reducing costs, and decreasing the number of animals
required.

3.2. PEAELISA Engineering Prototype

We developed a new engineering prototype of the PEAELISA system with automation, allowing
it to function as a stand-alone system at the point of care. Figure 2A provides a schematic and image
of the newly designed PEdELISA chip, which integrates a low-cost, soft lithography-molded
microwell structures on the bottom substrate with a flow cell layer made of laser-cut polymethyl
methacrylate (PMMA) and pressure-sensitive adhesives (PSA) (Figure S1). Unlike conventional
digital immunoassays (Wilson et al., 2016), which typically require off-chip in-suspension reactions
and a pipetting workstation for automated sample/reagent handling, the PEdELISA system confines
antibody-conjugated beads into femtoliter-sized microwells arranged in a pre-patterned array. Each
well forms a fluorescent “pixel” upon target analyte binding, enabling the entire assay workflow to be
performed "on-chip." This design facilitates whole blood assays with a minimal sample volume, while
preventing hemolysis and bead aggregation during sample processing.

The chip is designed to support up to 6-plex detection of biomarkers, although higher plexity
measurements are possible (Y. Song et al., 2021c). For demonstration, we chose to detect a panel of
MCP-1, CXCL-1, CCL-11, and IL-6, allowing simultaneous detection of 16 different samples on-chip
with the current flow cell design (Figure 2A). IL-6 is a common marker of pro-inflammatory
phenotypes, and MCP-1 and CXCL-1 are important monocyte and neutrophil chemoattractants,
respectively (Sinha et al., 2023). CCL-11 is a marker of inflammation and brain dysfunction in aging
(Villeda et al., 2011). The PEdELISA assay workflow includes whole blood incubation, detection

antibody labeling, streptavidin HRP labeling, substrate loading, oil sealing, and fluorescence imaging
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(Figure 2B). Automated reagent manipulation takes 30-40 minutes, with imaging requiring less than 5
minutes. Including sample handling, loading, and analysis, the operational assay time is around 1 hour
for up to 16 samples and 6-plex detection.

To further enhance usability, we developed a semi-automated fluidic system with a user-friendly
graphic user interface (GUI) for the PEAELISA platform, as shown in Figure 2C. This system consists
of the PEAELISA chip, a 3D-printed fluidic manifold, a syringe pump, and a waste bottle. Users load
35uL of the diluted whole blood using a multi-channel pipette, while the GUI controls the
programmable syringe pump and manifold system to automatically drive the liquids into the
PEdELISA chip, performing the assay and washing steps (see Materials and Methods). To simplify
the data acquisition process, we also constructed a compact, cost-effective PEdELISA reader system
(Figure 2D). This system features a GUI for user input setup, quick scanning, and auto-focusing of the
chip using a custom machine vision algorithm (Figures S2-3). Brightfield/fluorescence image
acquisition based on user settings is completed within 5 minutes.

Figure 2E shows the fluorescence and brightfield images obtained from the PEAELISA assay.
These images are processed using a custom-trained convolutional neural network (CNN) (Gao et al.,
2021; Y. Song et al., 2021c), which performs fluorescence spot detection and counting, identifies
image dust and defects, counts the brightfield bead filling rate, and calculates the digital immunoassay
signal as “Average Enzyme Molecule per Bead (AEB).” The CNN algorithm facilitates hands-off data

analysis powered by AL

3.3. PEdELISA whole blood assay characterization

To evaluate the performance of the newly developed PEAELISA engineering prototype, we
conducted experiments to characterize the assay’s sensitivity, specificity for multiplex detection,
accuracy, and whole blood assay capabilities. Figure 3A presents the titration standard curves for four
biomarkers. Recombinant proteins were mixed at final concentrations ranging from 10 ng/mL to 1

pg/mL and measured using multiplexed PEAELISA. Each data point represents the average signal
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from three independent chips, with data fitted using four-parameter logistic (4-PL) regression to
calculate the limit of detection (LOD).

To assess the assay’s specificity, we spiked each recombinant cytokine or chemokine analyte into
an ELISA dilution buffer (1% BSA) to simulate a high-protein background matrix. Figure 3B shows

EEINT3

the results for “all-spike-in,” “single-spike-in,” and “no-spike-in” samples using 400 pg/mL
recombinant cytokine markers, demonstrating negligible antibody cross-reactivity between analytes.
For accuracy validation, we compared the multiplex PEdELISA results with the gold standard single-
plex ELISA methods by retrospectively measuring banked mouse plasma samples for each cytokine.
Figure 3C displays the correlation between PEAELISA and ELISA, with typical R-square values of
0.85-0.98 for the biomarkers.

To enable whole blood detection, we developed a surface treatment protocol using Novec™
1720 fluorosilane polymer (3M) followed by SuperBlock™ (ThermoFisher) passivation to prevent
cell adhesion and minimize hemolysis (see Materials and Methods). We evaluated the performance of
this protocol by imaging PEAELISA flow cells during and after exposure to a representative mouse
whole blood sample. Figure 3D shows brightfield images of 10x diluted whole blood incubated in the
PEdELISA flowcells at 5 minutes, 1 hour, and 3 hours, followed by a wash step to remove residual
blood cells. No significant red blood cell lysis or cell adhesion was observed during the 3-hour
incubation, which greatly exceeds the typical 10-min whole blood assay incubation time.

In addition to freshly drawn whole blood, the PEAELISA system is compatible with various
sample types, as demonstrated in our previous work with serum, plasma, and cell culture medium (Su
et al., 2021, 2023). Here, we conducted a controlled comparison of heparin and EDTA whole blood
with their corresponding diluted plasma using samples from a CS sepsis mouse model. Blood was
collected at 2 and 5 hours post-infection, diluted 1:10 in heparinized (25 U/mL) or EDTA saline (5
mM), and then split into two aliquots: one for whole blood analysis and the other processed to obtain
diluted plasma (see Materials and Methods). All samples were stored on ice and measured by
PEdELISA within 12 hours. We observed consistent correlations between whole blood and diluted

plasma for both anticoagulant types, with R? values ranging from 0.88 to 0.98 for heparin, and 0.86 to
11
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0.98 for EDTA (Figure 3E,F), which validates PEAELISA's capability for accurate whole blood

detection.

3.4. PEAELISA high-temporal-resolution whole blood biomarker detection

To demonstrate the unique features of the PEAELISA system, we collected and stored small
amounts of blood (3.5 puL) from the tail vein every hour (or every 2 hours, depending on the mouse’s
CS dose) for up to 12 hours. Within 24 hours of sample collection, we loaded the 12 stored blood
samples for the same mouse—representing different collection times—onto the PEdELISA chip to
measure four chemo/cytokine markers simultaneously. Figure 4A presents the high-resolution
biomarker profiles measured for two mice injected with different doses of CS contents: Mild (14
uL/g), Severe (18 ul/g), and two control mice injected with normal saline, all treated with antibiotics
(ceftriaxone and metronidazole) 6 hours after infection. Rectal (body) temperature was measured
every hour for all mice across the three conditions.

Here, we observed distinct cytokine concentration progressions for different markers. For
example, MCP-1 exhibited a rapid increase in response to CS-induced sepsis at the 3-hour time point
and remained at a similar level through the later phase, while the levels of CXCL-1, IL-6, and CCL-
11 peaked around the 7-9 hour time point, synchronizing with the maximum level of septic shock
manifested by the largest body temperature drop. Various cytokines also responded differently to
antibiotic treatment, with MCP-1 and CCL-11 levels beginning to decrease two hours after
administration, while CXCL-1 and IL-6 levels continued to increase for another four hours. The
progression of cytokine concentrations upon antibiotic treatment also varied depending on the CS
doses, with several cytokines continuing to increase for several hours in higher dose (18 pL/g), while
in the lower dose (14 pl/g), the cytokine storms seemed to be controlled immediately, resulting in
reduced cytokine level. Data for the mice in the control group confirmed that this blood collection
method did not cause harm or induce a significant inflammatory response in the animals, even with
high-frequency blood sampling. A small increase in MCP-1 and CXCL-1 was observed in the control

group at the 8-hour time point, which might be due to the injection of normal saline at 6 hours.
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Our data also revealed that cytokine monitoring offered a valuable complement to body
temperature monitoring for stratifying septic conditions in small animals. While CS mice received
higher dose and lower dose exhibited similar body temperature drops as sepsis progressed, their
overall inflammatory cytokines were different (Figure 4A). Timely cytokine measurements provided
insights into specific immune mechanisms and potential targets for intervention, beyond the global
biomarkers indicated by temperature readings.

3.5. Point-of-care PEAELISA longitudinal whole blood biomarker monitoring

Subsequently, we demonstrated point-of-care longitudinal measurement for each of 10 mice
receiving 14 pL/g CS. Blood was drawn at each time point and immediately analyzed using the
PEJELISA system, allowing for real-time biomarker analysis enabled by the engineering prototype
(Figure 4B). We collected longitudinal biomarker data every 2 hours for up to 8 hours, with endpoint
data collected at 24 hours. The gap between 8 hours and 24 hours in measurements was due to
logistical constraints, as continuous blood draw and analysis next to the mouse were not logistically
feasible for more than 8 hours. Additionally, we recorded clinical scores for the mice based on their
response to a finger poke, signs of encephalopathy, and overall appearance. These scores were used to
assess each mouse's clinical symptoms and illness progression every 2 hours (Figure 4C, see
Materials and Methods).

Figure 4D shows the results of point-of-care measurements for 10 mice monitored in parallel. A
moderate dose of CS (14 nl/g) was administered for sepsis induction at 0 hour, and 3.5 pL of tail
blood was collected at 0, 2, 4, 6, 8, and 24 hours, diluted, and immediately measured using the
PEdJELISA system. Antibiotics were administered at the 6-hour time point. The data revealed a
similar trend for pro-inflammatory cytokines compared to the retrospective study, with notable
variability in each animal’s response to bacterial infection. The body temperature trends mirrored
cytokine levels, reaching a minimum at 8 hours, with cytokine levels beginning to return to baseline
by 24 hours. Figure 4E illustrates the correlation between the four cytokine markers and temperature
with the clinical scores of the 10 mice at all time points. Strong correlations between CCL-11, IL-6,

and temperature with the clinical score, as evidenced by Pearson’s R? values exceeding 0.5, further
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highlight the importance of cytokine measurements in monitoring disease progression in sepsis. Table
S1 summarizes the detailed clinical scores recorded for the 10 mice.
3.6. Association between cytokine levels and liver injury

A disadvantage of cross-sectional study designs that only examine a single time point in each
animal is that biological causation requires time lags between an immunopathological event and
eventual organ dysfunction. If biomarkers of inflammation and organ injury are measured
simultaneously, these time-varying associations are lost. To demonstrate this, we examined the
association between cytokine levels, temperature, weight over the course of sepsis and liver injury at
24 hours after sepsis induction. For example, for IL-6, the linear relationship between AST and
cytokine levels was strongest at 8 hours post-infection (Figure 5SA, Figure S4-5 for other cytokines
and R? value). We found that the strength of correlation across most measured cytokines, as measured
F-statistic for significance of the linear regression comparing cytokine values to the AST value at 24
hours (Figure 5B), was greatest for the cytokine measurements at 8 hours after CS injection (F(1,23),
n=24 mice). In contrast, the strength of temperature to AST was greatest at 24 hours. These time-
varying associations underscore the importance of time lags in immunopathology and organ injury.
Importantly, some cytokine levels at 24 hours post-infection correlate poorly with other time points
(Table S2). For example, for 8hr vs 24hr, the Pearson’s R? are CXCL-1: 0.180 IL-6: 0.303 and cannot

be taken as a surrogate for the individual history of inflammation within a single subject.

Conclusion and outlook

In this study, we introduced the first digital immunoassay capable of direct whole blood
detection, demonstrating the PEAELISA platform's ability to achieve high-temporal-resolution
cytokine monitoring in small animal models. This new approach addresses the limitations of
conventional methods that require large sample volumes, extensive sample preparation, and often
necessitate sacrificing animals for one-time-point measurements. From an engineering standpoint,
PEdELISA’s technological breakthrough lies in its whole blood assay capability, uniquely enabled by

"on-chip" biosensing, microfluidics, optimized coatings, and microarray patterning. Its compact,
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automated, stand-alone design ensures practical deployment at the point-of-care. From a biomedical
perspective, our findings from the mouse sepsis model highlight the critical need for high-temporal-
resolution, minimally invasive whole blood detection to monitor systemic inflammatory disorders.
Given the heterogeneity of individual responses and the rapid fluctuations in biomarker levels,
PEdELISA’s ability to use just 3.5 uL of blood for multiplexed profiling with a 2-hour temporal
resolution provides immediate and actionable insights, with transformative potential for monitoring

disease progression and treatment response in both preclinical and clinical settings.

While the PEdELISA platform offers significant advantages, some limitations remain. The
current prototype requires manual sample loading, and further work is needed to fully automate the
process to reduce human intervention and streamline the workflow. Additionally, current chip
manufacturing relies on manual PDMS-molding, patterning, and assembly, which is low-throughput
and labor-intensive. Future efforts should focus on scalable manufacturing, such as injection molding,
with dry preservation to enable wider use. Expanding biomarker detection capabilities and validating
the platform in other disease models will also be critical for broader adoption. Overall, PEAELISA
represents a significant advancement in biomarker monitoring, offering the ability to monitor or
measure biomarkers from small volumes of whole blood at short intervals of time. If applied to
clinical diagnostics or research, this technology has the potential to enable prospective biomarker
measurement and provide prognostic insights, making it highly useful for treating patients in critical

conditions and for scientific studies.

CRediT authorship contribution statement

Yujing Song: Conceptualization, Investigation, Methodology, Software, Data curation, Formal
analysis, Writing — original draft. Andrew D. Stephens: Investigation, Data curation, Formal analysis,
Writing — review and editing. Huiyin Deng: Investigation. Adrienne D. Fiiredi: Investigation. Shiuan-
Haur Su: Investigation. Yuxuan Ye: Investigation. Kevin Chen: Investigation. Michael Newstead:
Validation. Qingtian Yin: Investigation. Jason Lehto: Investigation. Zeshan Fahim: Investigation.
Benjamin H. Singer: Conceptualization, Methodology, Funding acquisition, Writing review & editing,
Supervision. Katsuo Kurabayashi: Conceptualization, Funding acquisition, Writing — review &
editing, Supervision.

Declaration of competing interest
15


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Yujing Song, Shiuan-Haur Su, Katsuo Kurabayashi has patent #Systems and methods for rapid,
sensitive multiplex immunoassays, 17776131 pending to University of Michigan Ann Arbor. If there
are other authors, they declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This study was supported by the National Science Foundation (ECCS 1708706 and CBET
1931905, K.K.), the University of Michigan Precision Health Scholars Grant (Y.S.) National Institute
of Health (NIH) RO1AG074968 and R33HL 154249 to B.H.S, and T32HL007749 to A.D.S. H.D. was
partially supported by the China Scholarship Council. Device fabrication was performed at the
University of Michigan Robert H. Lurie Nanofabrication Facility.

We express our gratitude to Tao Cai, Sonnet Xu, Sachin Agrawal for their contribution to the

software development during their summer internships at the University of Michigan.

Abbreviations

PEdELISA: Pre-equilibrium digital enzyme linked immunosorbent assay; ELISA: Enzyme linked
immunosorbent assay; CS: Cecal slury; CNN: Convolutional neural network; GUI: graphic user
interface; AEB: Average enzyme molecule per bead; LOD: Limit of detection; PBS: Phosphate
buffered saline; BSA: Bovine serum albumin; PDMS: Polydimethylsiloxane; PMMA: Polymethyl
methacrylate; PSA: Pressure-sensitive adhesives; MCP-1: Monocyte chemoattractant protein-1;
CXCL-1: C-X-C motif chemokine ligand 1; CCL-11: C-C Motif Chemokine Ligand 11, eotaxin; IL-

6: Interleukin 6; AST: Aspartate aminotransferase.

Supplementary data

Supplementary figures and tables are available.

References

16


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ashley, B.K., Hassan, U., 2021. Point-of-critical-care diagnostics for sepsis enabled by multiplexed
micro and nanosensing technologies. WIREs Nanomedicine Nanobiotechnology 13, e1701.
https://doi.org/10.1002/wnan.1701

Bongers, K.S., Chanderraj, R., Deng, H., Song, Y., Newstead, M.W., Metcalf, J.D., Falkowski, N.R.,
Puranik, N., Kurabayashi, K., Dickson, R.P., Singer, B.H., 2024. INFLAMMATORY
RESPONSES TO POLYMICROBIAL INTRA-ABDOMINAL SEPSIS ARE HIGHLY
VARIABLE BUT STRONGLY CORRELATED TO ENTEROBACTERIACEAE
OUTGROWTH. Shock 62, 275. https://doi.org/10.1097/SHK.0000000000002402

Bradley, Z., Bhalla, N., 2023. Point-of-care diagnostics for sepsis using clinical biomarkers and
microfluidic technology. Biosens. Bioelectron. 227, 115181.
https://doi.org/10.1016/j.bi0s.2023.115181

Carbone, L., 2021. Estimating mouse and rat use in American laboratories by extrapolation from
Animal Welfare Act-regulated species. Sci. Rep. 11, 493. https://doi.org/10.1038/s41598-020-
79961-0

Chen, C., Porter, R., Zhou, X., Snozek, C.L., Yang, E.H., Wang, S., 2024. Microfluidic Digital
Immunoassay for Point-of-Care Detection of NT-proBNP from Whole Blood. Anal. Chem.
96, 10569—10576. https://doi.org/10.1021/acs.analchem.4c01046

Cohen, L., Cui, N., Cai, Y., Garden, P.M., Li, X., Weitz, D.A., Walt, D.R., 2020. Single Molecule
Protein Detection with Attomolar Sensitivity Using Droplet Digital Enzyme-Linked
Immunosorbent Assay. ACS Nano 14, 9491-9501. https://doi.org/10.1021/acsnano.0c02378

Dong, J., Ueda, H., 2017. ELISA-type assays of trace biomarkers using microfluidic methods. WIREs
Nanomedicine Nanobiotechnology 9, e1457. https://doi.org/10.1002/wnan.1457

Famous, K.R., Delucchi, K., Ware, L.B., Kangelaris, K.N., Liu, K.D., Thompson, B.T., Calfee, C.S.,
ARDS Network, 2017. Acute Respiratory Distress Syndrome Subphenotypes Respond
Differently to Randomized Fluid Management Strategy. Am. J. Respir. Crit. Care Med. 195,
331-338. https://doi.org/10.1164/rccm.201603-06450C

Fan, R., Vermesh, O., Srivastava, A., Yen, B.K.H., Qin, L., Ahmad, H., Kwong, G.A., Liu, C.-C.,
Gould, J., Hood, L., Heath, J.R., 2008. Integrated barcode chips for rapid, multiplexed
analysis of proteins in microliter quantities of blood. Nat. Biotechnol. 26, 1373-1378.
https://doi.org/10.1038/nbt.1507

Gao, Z., Song, Y., Hsiao, T.Y., He, J., Wang, C., Shen, J., MacLachlan, A., Dai, S., Singer, B.H.,
Kurabayashi, K., Chen, P., 2021. Machine-Learning-Assisted Microfluidic Nanoplasmonic
Digital Immunoassay for Cytokine Storm Profiling in COVID-19 Patients. ACS Nano 15,
18023—18036. https://doi.org/10.1021/acsnano.1c06623

Lee, J.-R., Appelmann, 1., Miething, C., Shultz, T.O., Ruderman, D., Kim, D., Mallick, P., Lowe,
S.W., Wang, S.X., 2018. Longitudinal Multiplexed Measurement of Quantitative Proteomic
Signatures in Mouse Lymphoma Models Using Magneto-Nanosensors. Theranostics 8, 1389—
1398. https://doi.org/10.7150/thno.20706

Maddali, M. V., Churpek, M., Pham, Tai, Rezoagli, E., Zhuo, H., Zhao, W., He, J., Delucchi, K.L.,
Wang, Chunxue, Wickersham, N., McNeil, J.B., Jauregui, A., Ke, S., Vessel, K., Gomez, A.,
Hendrickson, C.M., Kangelaris, K.N., Sarma, A., Leligdowicz, A., Liu, K.D., Matthay, M.A.,
Ware, L.B., Laffey, J.G., Bellani, G., Calfee, C.S., Sinha, P., Rios, F., Haren, F.V., Sottiaux,
T., Lora, F.S., Azevedo, L.C., Depuydt, P., Fan, E., Bugedo, G., Qiu, H., Gonzalez, M.,
Silesky, J., Cerny, V., Nielsen, J., Jibaja, M., Pham, Tai, Wrigge, H., Matamis, D., Ranero,
J.L., Hashemian, S. M., Amin, P., Clarkson, K., Bellani, G., Kurahashi, K., Villagomez, A.,
Zeggwagh, A A., Heunks, L.M., Laake, Jon Henrik, Palo, J.E., Fernandes, A. do V., Sandesc,
D., Arabi, Y., Bumbasierevic, V., Nin, N., Lorente, J.A., Larsson, A., Piquilloud, L., Abroug,
F., McAuley, D.F., McNamee, L., Hurtado, J., Bajwa, E., Démpaire, G., Francois, G.M., Sula,
H., Nunci, L., Cani, A., Zazu, A., Dellera, C., Insaurralde, C.S., Alejandro, R.V., Daldin, J.,
Vinzio, M., Fernandez, R.O., Cardonnet, L.P., Bettini, L.R., Bisso, M.C., Osman, E.M.,
Setten, M.G., Lovazzano, P., Alvarez, J., Villar, V., Milstein, C., Pozo, N.C., Grubissich, N.,
Plotnikow, G.A., Vasquez, D.N., Ilutovich, S., Tiribelli, N., Chena, A., Pellegrini, C.A.,
Saenz, M.G., Estenssoro, E., Brizuela, M., Gianinetto, H., Gomez, P.E., Cerrato, V.I., Bezzi,

17


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

M.G., Borello, S.A., Loiacono, F.A., Fernandez, A.M., Knowles, S., Reynolds, C., Inskip,
D.M,, Miller, J.J., Kong, J., Whitehead, C., Bihari, S., Seven, A., Krstevski, A., Rodgers, H.J.,
Millar, R.T., Mckenna, T.E., Bailey, .M., Hanlon, G.C., Aneman, A., Lynch, .M., Azad, R.,
Neal, J., Woods, P.W., Roberts, B.L., Kol, M.R., Wong, H.S., Riss, K.C., Staudinger, T.,
Wittebole, X., Berghe, C., Bulpa, P.A., Dive, A.M., Verstraete, R., Lebbinck, H., Depuydt,
Pieter, Vermassen, J., Meersseman, P., Ceunen, H., Rosa, J.I., Beraldo, D.O., Piras, C.,
Ampinelli, AAM.R., Jr, A.P.N., Mataloun, S., Moock, M., Thompson, M.M., Gongalves, C.H.,
Antonio, A.C.P., Ascoli, A., Biondi, R.S., Fontenele, D.C., Nobrega, D., Sales, V.M.,
Shindhe, S., Ismail, D.M.A.B.P.H., Laffey, J., Beloncle, F., Davies, K.G., Cirone, R.,
Manoharan, V., Ismail, M., Goligher, E.C., Jassal, M., Nishikawa, E., Javeed, A., Curley, G.,
Rittayamai, N., Parotto, M., Ferguson, N.D., Mehta, S., Knoll, J., Pronovost, A., Canestrini,
S., Bruhn, A.R., Garcia, P.H., Aliaga, F.A., Farias, P.A., Yumha, J.S., Ortiz, C.A., Salas, J.E.,
Saez, A.A., Vega, L.D., Labarca, E.F., Martinez, F.T., Carrefio, N.G., Lora, P., Liu, H., Qiu,
H., Liu, L., Tang, R., Luo, X., An, Y., Zhao, H., Gao, Y., Zhai, Z., Ye, Z.L., Wang, W., Li,
W., Li, Q., Zheng, R., Yu, W., Shen, J., Li, X., Yu, T., Lu, W., Wu, Y.Q., Huang, X.B., He,
Z.,Lu, Y., Han, H., Zhang, F., Sun, R., Wang, H.X., Qin, S.H., Zhu, B.H., Zhao, J., Liu, J.,
Li, B, Liu, J.L., Zhou, F.C., Li, Q.J., Zhang, X.Y., Li-Xin, Z., Xin-Hua, Q., Jiang, L., Gao,
Y.N., Zhao, X.Y., Li, Y.Y., Li, X.L., Wang, Chunting, Yao, Q., Yu, R., Chen, K., Shao, H.,
Qin, B., Huang, Q.Q., Zhu, W.H., Hang, A.Y., Hua, M.X., Li, Y., Xu, Y., Di, Y.D., Ling,
L.L., Qin, T.H., Wang, S.H., Qin, J., Han, Y., Zhou, S., Vargas, M.P., Jimenez, J.I.S., Rojas,
M.A.G., Solis-Quesada, J.E., Ramirez-Alfaro, C.M., Maca, J., Sklienka, P., Gjedsted, J.,
Christiansen, A., Nielsen, J., Villamagua, B.G., Llano, M., Burtin, P., Buzancais, G., Beuret,
P., Pelletier, N., Mortaza, S., Mercat, A., Chelly, J., Jochmans, S., Terzi, N., Daubin, C.,
Carteaux, G., Prost, N. de, Chiche, J.-D., Daviaud, F., Pham, Tai, Fartoukh, M., Barberet, G.,
Biehler, J., Dellamonica, J., Doyen, D., Arnal, J.-M., Briquet, A., Hraiech, S., Papazian, L.,
Follin, A., Roux, D., Messika, J., Kalaitzis, E., Dangers, L., Combes, A., Au, S.-M.,
Béduneau, G., Carpentier, D., Zogheib, E.H., Dupont, H., Ricome, S., Santoli, F.L., Besset,
S.L., Michel, P., Gelée, B., Danin, P.-E., Goubaux, B., Crova, P.J., Phan, N.T., Berkelmans,
F., Badie, J.C., Tapponnier, R., Gally, J., Khebbeb, S., Herbrecht, J.-E., Schneider, F.,
Declercq, P.-L.M., Rigaud, J.-P., Duranteau, J., Harrois, A., Chabanne, R., Marin, J., Bigot,
C., Thibault, S., Ghazi, M., Boukhazna, M., Zein, S.O., Richecoeur, J.R., Combaux, D.M.,
Grelon, F., Moal, C.L., Sauvadet, E.P., Robine, A., Lemiale, V., Reuter, D., Dres, M.,
Demoule, A., Goldgran-Toledano, D., Baboi, L., Guérin, C., Lohner, R., KraBler, J., Schifer,
S., Zacharowski, K.D., Meybohm, P., Reske, A.W., Simon, P., Hopf, H.-B.F., Schuetz, M.,
Baltus, T., Papanikolaou, M.N., Papavasilopoulou, T.G., Zacharas, G.A., Ourailogloy, V.,
Mouloudi, E.K., Massa, E.V., Nagy, E.O., Stamou, E.E., Kiourtzieva, E.V., Oikonomou,
M.A., Avila, L.E., Cortez, C.A., Citalan, J.E., Jog, S.A., Sable, S.D., Shah, B., Gurjar, M.,
Baronia, A.K., Memon, M., Muthuchellappan, R., Ramesh, V.J., Shenoy, A., Unnikrishnan,
R., Dixit, S.B., Rhayakar, R.V., Ramakrishnan, N., Bhardwaj, V.K., Mahto, H.L., Sagar, S.V.,
Palaniswamy, V., Ganesan, D., Hashemian, Seyed Mohammadreza, Jamaati, H., Heidari, F.,
Meaney, E.A., Nichol, A., Knapman, K.M., O’Croinin, D., Dunne, E.S., Breen, D.M.,
Clarkson, K.P., Jaafar, R.F., Dwyer, R., Amir, F., Ajetunmobi, O.0., O’Muircheartaigh, A.C.,
Black, C.S., Treanor, N., Collins, D.V., Altaf, W., Zani, G., Fusari, M., Spadaro, S., Volta,
C.A., Graziani, R., Brunettini, B., Palmese, S., Formenti, P., Umbrello, M., Lombardo, A.,
Pecci, E., Botteri, M., Savioli, M., Protti, A., Mattei, A., Schiavoni, L., Tinnirello, A.,
Todeschini, M., Giarratano, A., Cortegiani, A., Sher, S., Rossi, A., Antonelli, M.M., Montini,
L.M., Casalena, P., Scafetti, S., Panarello, G., Occhipinti, G., Patroniti, N., Pozzi, M.,
Biscione, R.R., Poli, M.M., Raimondi, F., Albiero, D., Crapelli, G., Beck, E., Pota, V.,
Schiavone, V., Molin, A., Tarantino, F., Monti, G., Frati, E., Mirabella, L., Cinnella, G.,
Fossali, T., Colombo, R., Terragni, P., Pattarino, 1., Mojoli, F., Braschi, A., Borotto, E.E.,
Cracchiolo, A.N., Palma, D.M., Raponi, F., Foti, G., Vascotto, E.R., Coppadoro, A., Brazzi,
L., Floris, L., Iotti, G.A., Venti, A., Yamaguchi, O., Takagi, S., Maeyama, H.N., Watanabe,
E., Yamaji, Y., Shimizu, K., Shiozaki, K., Futami, S., Ryosuke, S., Saito, K., Kameyama, Y.,

18


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ueno, K., Izawa, M., Okuda, N., Suzuki, H., Harasawa, T., Nasu, M., Takada, T., Ito, F.,
Nunomiya, S., Koyama, K., Abe, T., Andoh, K., Kusumoto, K., Hirata, A., Takaba, A.,
Kimura, H., Matsumoto, S., Higashijima, U., Honda, H., Aoki, N., Imai, H., Ogino, Y.,
Mizuguchi, 1., Ichikado, K., Nitta, K., Mochizuki, K., Hashida, T., Tanaka, H., Nakamura, T.,
Niimi, D., Ueda, T., Kashiwa, Y., Uchiyama, A., Sabelnikovs, O., Oss, P., Haddad, Y., Liew,
K.Y., Namendys—Silva, S.A., Jarquin-Badiola, Y.D., Sanchez-Hurtado, L.A., Gomez-Flores,
S.S., Marin, M.C., Villagomez, A.J., Lemus, J.S., Fierro, J.M., Cervantes, M.R., Mejia, F.J.F.,
Gonzalez, D.R., Dector, D.M., Estrella, C.R., Sanchez-Medina, J.R., Ramirez-Gutierrez, A.,
George, F.G., Aguirre, J.S., Buensuseso, J.A., Poblano, M., Dendane, T., Zeggwagh, A.A.,
Balkhi, H., Elkhayari, M., Samkaoui, N., Ezzouine, H., Benslama, A., Amor, M., Maazouzi,
W., Cimic, N., Beck, O., Bruns, M.M., Schouten, J.A., Rinia, M., Raaijmakers, M., Heunks,
L.M., Wezel, HM.V., Heines, S.J., Buise, M.P., Simonis, F.D., Schultz, M.J., Goodson, J.C.,
Rowne, T.S.B., Navarra, L., Hunt, A., Hutchison, R.A., Bailey, M.B., Newby, L., Mcarthur,
C., Kalkoff, M., Mcleod, A., Casement, J., Hacking, D.J., Andersen, F.H., Dolva, M.S.,
Laake, Jon H., Barratt-Due, A., Noremark, K.A.L., Sereide, E., Sjebe, B.A., Guttormsen,
A.B., Yoshido, H.H.L., Aguilar, R.Z., Oscanoa, F.A.M., Alisasis, A.U., Robles, J.B.,
Pasanting-Lim, R.A.B., Tan, B.C., Andruszkiewicz, P., Jakubowska, K., Cox, C.M., Alvarez,
A.M., Oliveira, B.S., Montanha, G.M., Barros, N.C., Pereira, C.S., Messias, A.M., Monteiro,
J.M., Araujo, A.M., Catorze, N.T., Marum, S.M., Bouw, M.J., Gomes, R.M., Brito, V.A.,
Castro, S., Estilita, J.M., Barros, F.M., Serra, .M., Martinho, A.M., Tomescu, D.R., Marcu,
A., Bedreag, O.H., Papurica, M., Corneci, D.E., Negoita, S.I., Grigoriev, E., Gritsan, A.L.,
Gazenkampf, A.A., Almekhlafi, G., Albarrak, M.M., Mustafa, G.M., Maghrabi, K.A.,
Salahuddin, N., Aisa, T.M., Jabbary, A.S.A., Tabhan, E., Arabi, Y.M., Trinidad, O.A., Dorzi,
H.M.A., Tabhan, E.E., Bolon, S., Smith, O., Mancebo, J., Aguirre-Bermeo, H., Lopez-
Delgado, J.C., Esteve, F., Rialp, G., Forteza, C., Haro, C.D., Artigas, A., Albaiceta, G.M.,
Cima-Iglesias, S.D., Seoane-Quiroga, L., Ceniceros-Barros, A., Ruiz-Aguilar, A.L., Claraco-
Vega, L.M.,, Soler, J.A., Lorente, M. del C., Hermosa, C., Gordo, F., Prieto-Gonzalez, M.,
Lopez-Messa, J.B., Perez, M.P., Pere, C.P., Allue, R.M., Roche-Campo, F., Ibafiez-Santacruz,
M., Temprano, S., Pintado, M.C., Pablo, R.D., Gomez, P.R.A., Ruiz, S.R., Moles, S.I.,
Jurado, M.T., Arizmendi, A., Piacentini, E.A., Franco, N., Honrubia, T., Cheng, M.P.,
Losada, E.P., Blanco, J., Yuste, L.J., Carbayo-Gorriz, C., Cazorla-Barranquero, F.G., Alonso,
J.G., Alda, R.S., Algaba, A., Navarro, G., Cereijo, E., Diaz-Rodriguez, E., Marcos, D.P.,
Montero, L.A., Para, L.H., Sanchez, R.J., Navalpotro, M.A.B., Abad, R.D., Gonzalez, R.M.,
Toribio, D.P., Castro, A.G., Artiga, M.J.D., Penuelas, O., Roser, T.P., Olga, M.F., Curto,
E.G., Sanchez, R.M., Imma, V.P., Elisabet, G.M., Claverias, L., Magret, M., Pellicer, A.M.,
Rodriguez, L.L., Sanchez-Ballesteros, J., Gonzalez-Salamanca, A., Jimenez, A.G., Huerta,
F.P., Diaz, J.C.J.S., Lopez, E.B., Moya, D.D.L., Alfonso, A.A.T., Luis, P.S.E., Cesar, P.S.,
Rafael, S.I., Virgilio, C.G., Recio, N.N., Adamsson, R.O., Rylander, C.C., Holzgraefe, B.,
Broman, L.M., Wessbergh, J., Persson, L., Schiéler, F., Kedelv, H., Tibblin, A.O., Appelberg,
H., Hedlund, L., Helleberg, J., Eriksson, K.E., Glietsch, R., Larsson, N., Nygren, 1., Nunes,
S.L., Morin, A.-K., Kander, T., Adolfsson, A., Piquilloud, L., Zender, H.O., Leemann-
Refondini, C., Elatrous, S., Bouchoucha, S., Chouchene, I., Ouanes, 1., Souissi, A.B.,
Kamoun, S., Demirkiran, O., Aker, M., Erbabacan, E., Ceylan, 1., Girgin, N.K., Ozcelik, M.,
Unal, N., Meco, B.C., Akyol, O.0., Derman, S.S., Kennedy, B., Parhar, K., Srinivasa, L.,
McNamee, L., McAuley, D., Steinberg, J., Hopkins, P., Mellis, C., Stansil, F., Kakar, V.,
Hadfield, D., Brown, C., Vercueil, A., Bhowmick, K., Humphreys, S.K., Ferguson, A.,
Mckee, R., Raj, A.S., Fawkes, D.A., Watt, P., Twohey, L., Thomas, R.R.J.M., Morton, A.,
Kadaba, V., Smith, M.J., Hormis, A.P., Kannan, S.G., Namih, M., Reschreiter, H.,
Camsooksai, J., Kumar, A., Rugonfalvi, S., Nutt, C., Oneill, O., Seasman, C., Dempsey, G.,
Scott, C.J., Ellis, H.E., Mckechnie, S., Hutton, P.J., Tomasso, N.N.D., Vitale, M.N., Griffin,
R.O., Dean, M.N., Cranshaw, J.H., Willett, E.L., Ioannou, N., Gillis, S., Csabi, P.,
Macfadyen, R., Dawson, H., Preez, P.D., Williams, A.J., Boyd, O., Gordoa, L.O.-R.D.,
Bramall, J., Symmonds, S., Chau, S.K., Wenham, T., Szakmany, T., Toth-Tarsoly, P.,

19


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mccalman, K.H., Alexander, P., Stephenson, L., Collyer, T., Chapman, R., Cooper, R., Allan,
R.M., Sim, M., Wrathall, D.W., Irvine, D.A., Zantua, K.S., Adams, J.C., Burtenshaw, A.J.,
Sellors, G.P., Welters, 1.D., Williams, K.E., Hessell, R.J., Oldroyd, M.G., Battle, C.E., Pillai,
S., Kajtor, 1., Sivashanmugave, M., Okane, S.C., Donnelly, A., Frigyik, A.D., Careless, J.P.,
May, M.M., Stewart, R., Trinder, T.J., Hagan, S.J., Wise, M.P., Cole, J.M., MacFie, C.C.,
Dowling, A.T., Hurtado, J., Nuiiez, E., Pittini, G., Rodriguez, R., Imperio, M.C., Santos, C.,
Franca, A.G., Ebeid, A., Deicas, A., Serra, C., Uppalapati, A., Kamel, G., Banner-Goodspeed,
V.M, Beitler, J.R., Mukkera, S.R., Kulkarni, S., Lee, J., Mesar, T., Iii, J.O.S., Gomaa, D.,
Tainter, C., Mesar, T., Cowley, R.A., Yeatts, D.J., Warren, J., Lanspa, M.J., Miller, R.R.,
Grissom, C.K., Brown, S.M., Bauer, P.R., Gosselin, R.J., Kitch, B.T., Cohen, J.E., Beegle,
S.H., Gueret, R.M., Tulaimat, A., Choudry, S., Stigler, W., Batra, H., Huff, N.G., Lamb,
K.D., Oetting, T.W., Mohr, N.M., Judy, C., Saito, S., Kheir, F.M., Schlichting, A.B., Delsing,
A., Elmasri, M., Crouch, D.R., Ismail, D., Blakeman, T.C., Dreyer, K.R., Gomaa, D., Baron,
R.M., Grijalba, C.Q., Hou, P.C., Seethala, R., Aisiku, 1., Henderson, G., Frendl, G., Hou, S.-
K., Owens, R.L., Schomer, A., Bumbasirevic, V., Jovanovic, B., Surbatovic, M., Veljovic,
M., 2022. Validation and utility of ARDS subphenotypes identified by machine-learning
models using clinical data: an observational, multicohort, retrospective analysis. Lancet
Respir. Med. 10, 367-377. https://doi.org/10.1016/S2213-2600(21)00461-6

Maley, A.M., Garden, P.M., Walt, D.R., 2020. Simplified Digital Enzyme-Linked Immunosorbent
Assay Using Tyramide Signal Amplification and Fibrin Hydrogels. ACS Sens. 5, 3037-3042.
https://doi.org/10.1021/acssensors.0c01661

Matthay, M.A., Schmidt, E.P., Bastarache, J.A., Calfee, C.S., Frevert, C.W., Martin, T.R., 2024. The
Translational Value of Rodent Models of Sepsis. Am. J. Respir. Crit. Care Med. 209, 488—
490. https://doi.org/10.1164/rccm.202308-1489VP

Pan, B., Alam, H.B., Chong, W., Mobley, J., Liu, B., Deng, Q., Liang, Y., Wang, Y., Chen, E., Wang,
T., Tewari, M., Li, Y., 2017. CitH3: a reliable blood biomarker for diagnosis and treatment of
endotoxic shock. Sci. Rep. 7, 8972. https://doi.org/10.1038/s41598-017-09337-4

Park, Y., Ryu, B., Deng, Q., Pan, B., Song, Y., Tian, Y., Alam, H.B., Li, Y., Liang, X., Kurabayashi,
K., 2020. An Integrated Plasmo-Photoelectronic Nanostructure Biosensor Detects an
Infection Biomarker Accompanying Cell Death in Neutrophils. Small 16, 1905611.
https://doi.org/10.1002/smll.201905611

Reddy, B., Hassan, U., Seymour, C., Angus, D.C., Isbell, T.S., White, K., Weir, W., Yeh, L., Vincent,
A., Bashir, R., 2018. Point-of-care sensors for the management of sepsis. Nat. Biomed. Eng.
2, 640—648. https://doi.org/10.1038/s41551-018-0288-9

Rissin, D.M., Kan, C.W., Campbell, T.G., Howes, S.C., Fournier, D.R., Song, L., Piech, T., Patel,
P.P., Chang, L., Rivnak, A.J., Ferrell, E.P., Randall, J.D., Provuncher, G.K., Walt, D.R.,
Duffy, D.C., 2010. Single-molecule enzyme-linked immunosorbent assay detects serum
proteins at subfemtomolar concentrations. Nat. Biotechnol. 28, 595-599.
https://doi.org/10.1038/nbt. 1641

Sinha, P., Kerchberger, V.E., Willmore, A., Chambers, J., Zhuo, H., Abbott, J., Jones, C.,
Wickersham, N., Wu, N., Neyton, L., Langelier, C.R., Mick, E., He, J., Jauregui, A., Churpek,
M.M., Gomez, A.D., Hendrickson, C.M., Kangelaris, K.N., Sarma, A., Leligdowicz, A.,
Delucchi, K.L., Liu, K.D., Russell, J.A., Matthay, M.A., Walley, K.R., Ware, L.B., Calfee,
C.S., 2023. Identifying molecular phenotypes in sepsis: an analysis of two prospective
observational cohorts and secondary analysis of two randomised controlled trials. Lancet
Respir. Med. 11, 965-974. https://doi.org/10.1016/S2213-2600(23)00237-0

Sinha, P., Neyton, L., Sarma, A., Wu, N., Jones, C., Zhuo, H., Liu, K.D., Sanchez Guerrero, E.,
Ghale, R., Love, C., Mick, E., Delucchi, K.L., Langelier, C.R., Thompson, B.T., Matthay,
M.A,, Calfee, C.S., 2024. Molecular Phenotypes of Acute Respiratory Distress Syndrome in
the ROSE Trial Have Differential Outcomes and Gene Expression Patterns That Differ at
Baseline and Longitudinally over Time. Am. J. Respir. Crit. Care Med. 209, 816-828.
https://doi.org/10.1164/rccm.202308-14900C

20


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Song, Q., Sun, X., Dai, Z., Gao, Y., Gong, X., Zhou, B., Wu, J., Wen, W., 2021. Point-of-care testing
detection methods for COVID-19. Lab. Chip 21, 1634—1660.
https://doi.org/10.1039/DOLCO1156H

Song, Y., Sandford, E., Tian, Y., Yin, Q., Kozminski, A.G., Su, S.-H., Cai, T., Ye, Y., Chung, M.T.,
Lindstrom, R., Goicochea, A., Barabas, J., Olesnavich, M., Rozwadowski, M., Li, Y., Alam,
H.B., Singer, B.H., Ghosh, M., Choi, S.W., Tewari, M., Kurabayashi, K., 2021a. Rapid
single-molecule digital detection of protein biomarkers for continuous monitoring of systemic
immune disorders. Blood 137, 1591-1602. https://doi.org/10.1182/blood.2019004399

Song, Y., Ye, Y., Su, S.-H., Stephens, A., Cai, T., Chung, M.-T., Han, M.K., Newstead, M.W.,
Yessayan, L., Frame, D., Humes, H.D., Singer, B.H., Kurabayashi, K., 2021b. A digital
protein microarray for COVID-19 cytokine storm monitoring. Lab. Chip 21, 331-343.
https://doi.org/10.1039/DOLC00678E

Song, Y., Zhao, J., Cai, T., Stephens, A., Su, S.-H., Sandford, E., Flora, C., Singer, B.H., Ghosh, M.,
Choi, S.W., Tewari, M., Kurabayashi, K., 2021¢c. Machine learning-based cytokine
microarray digital immunoassay analysis. Biosens. Bioelectron. 180, 113088.
https://doi.org/10.1016/j.bios.2021.113088

Starr, M.E., Steele, A.M., Saito, M., Hacker, B.J., Evers, B.M., Saito, H., 2014. A New Cecal Slurry
Preparation Protocol with Improved Long-Term Reproducibility for Animal Models of
Sepsis. PLOS ONE 9, e115705. https://doi.org/10.1371/journal.pone.0115705

Stephens, A.D., Song, Y., McClellan, B.L., Su, S.-H., Xu, S., Chen, K., Castro, M.G., Singer, B.H.,
Kurabayashi, K., 2023. Miniaturized microarray-format digital ELISA enabled by
lithographic protein patterning. Biosens. Bioelectron. 237, 115536.
https://doi.org/10.1016/j.bios.2023.115536

Su, S., Song, Y., Newstead, M.W., Cai, T., Wu, M., Stephens, A., Singer, B.H., Kurabayashi, K.,
2021. Ultrasensitive Multiparameter Phenotyping of Rare Cells Using an Integrated Digital-
Molecular-Counting Microfluidic Well Plate. Small 17, 2101743.
https://doi.org/10.1002/smll.202101743

Su, S.-H., Song, Y., Stephens, A., Situ, M., McCloskey, M.C., McGrath, J.L., Andjelkovic, A.V.,
Singer, B.H., Kurabayashi, K., 2023. A tissue chip with integrated digital immunosensors: In
situ brain endothelial barrier cytokine secretion monitoring. Biosens. Bioelectron. 224,
115030. https://doi.org/10.1016/j.bi0s.2022.115030

Suleman, S., Shukla, S.K., Malhotra, N., Bukkitgar, S.D., Shetti, N.P., Pilloton, R., Narang, J., Nee
Tan, Y., Aminabhavi, T.M., 2021. Point of care detection of COVID-19: Advancement in
biosensing and diagnostic methods. Chem. Eng. J. 414, 128759.
https://doi.org/10.1016/j.cej.2021.128759

Vasalou, C., Proia, T.A., Kazlauskas, L., Przybyla, A., Sung, M., Mamidi, S., Maratea, K., Griffin,
M., Sargeant, R., Urosevic, J., Rosenbaum, A.I., Yuan, J., Aluri, K.C., Ramsden, D.,
Hariparsad, N., Jones, R.D.O., Mettetal, J.T., 2024. Quantitative evaluation of trastuzumab
deruxtecan pharmacokinetics and pharmacodynamics in mouse models of varying degrees of
HER?2 expression. CPT Pharmacomet. Syst. Pharmacol. 13, 994-1005.
https://doi.org/10.1002/psp4.13133

Villeda, S.A., Luo, J., Mosher, K.I., Zou, B., Britschgi, M., Bieri, G., Stan, T.M., Fainberg, N., Ding,
Z., Eggel, A., Lucin, K.M., Czirr, E., Park, J.-S., Couillard-Després, S., Aigner, L., Li, G.,
Peskind, E.R., Kaye, J.A., Quinn, J.F., Galasko, D.R., Xie, X.S., Rando, T.A., Wyss-Coray,
T., 2011. The ageing systemic milieu negatively regulates neurogenesis and cognitive
function. Nature 477, 90-94. https://doi.org/10.1038/nature10357

Williamson, H.K., Mendes, P.M., 2024. An integrated perspective on measuring cytokines to inform
CAR-T bioprocessing. Biotechnol. Adv. 75, 108405.
https://doi.org/10.1016/j.biotechadv.2024.108405

Wilson, D.H., Rissin, D.M., Kan, C.W., Fournier, D.R., Piech, T., Campbell, T.G., Meyer, R.E.,
Fishburn, M.W., Cabrera, C., Patel, P.P., Frew, E., Chen, Y., Chang, L., Ferrell, E.P., von
Einem, V., McGuigan, W., Reinhardt, M., Sayer, H., Vielsack, C., Duffy, D.C., 2016. The
Simoa HD-1 Analyzer: A Novel Fully Automated Digital Immunoassay Analyzer with

21


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Single-Molecule Sensitivity and Multiplexing. J. Lab. Autom. 21, 533-547.
https://doi.org/10.1177/2211068215589580

Wu, C., Dougan, T.J., Walt, D.R., 2022. High-Throughput, High-Multiplex Digital Protein Detection
with Attomolar Sensitivity. ACS Nano 16, 1025-1035.
https://doi.org/10.1021/acsnano.1c08675

Yang, L., Xie, X., Tu, Z., Fu, J., Xu, D., Zhou, Y., 2021. The signal pathways and treatment of
cytokine storm in COVID-19. Signal Transduct. Target. Ther. 6, 255.
https://doi.org/10.1038/s41392-021-00679-0

Yessayan, L., Szamosfalvi, B., Napolitano, L., Singer, B., Kurabayashi, K., Song, Y., Westover, A.,
Humes, H.D., 2020. Treatment of Cytokine Storm in COVID-19 Patients With
Immunomodulatory Therapy. ASAIO J. 66, 1079.
https://doi.org/10.1097/MAT.0000000000001239

22


https://doi.org/10.1101/2025.05.11.653356
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.11.653356; this version posted May 15, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A. R Sacrifice & serum collection @@ Cecal slurry

B L B . 5. & 8 . 5. & & . 5. 5 8
csh D . 5. 5. B . K L B . B L B
T Yy T Yy 'Yy TYY
t B 5 B . 5. 5. B e 5 BB xRN
k= 1 1 >
Day0 Day_t1 Day_t2 Endpoint

@ Cecalslury @ Antibiotics Injection [}, Tail whole blood collection .=~ Cytokine Storm

csH B Lo L | By By B L | By By B ’ _)’ "_)
4 - - —> T — s Sac.if
D ) ) . b b z 'required
B 1 1 [0} ] L 1
Ohr 2hr 4hr 6hr 8hr 24hr

Figure 1. Concept of PEdELISA-enabled time-course mouse model studies

(A) Schematic of conventional time-course mouse model study requiring animal sacrifice and serum
collection at a single time point, where each time point contains 3 infected and 1 sham mouse.
This method is retrospective, with daily time resolution, large sample volume requirements, and
high costs due to the number of animals needed.

(B) Schematic of the new mouse model study enabled by PEAELISA, which eliminates the need for
animal sacrifice at each time point. This approach allows real-time, prospective monitoring with
hourly time resolution using tail whole blood collection (3.5uL), significantly reducing costs and
the number of animals required, and enabling the collection of within-subject data over time.
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Figure 2. Engineering Prototype of PEAELISA

(A) Chip design concept and image of the PEAELISA chip, illustrating the pre-equilibrium concept
and pre-patterned microarray technology for multiplex biomarker detection. Scale bar: 20 um.

(B) Current workflow of the PEAELISA assay, which includes whole blood incubation, detection
antibody labeling, streptavidin-HRP labeling, substrate loading, oil sealing, and fluorescence
imaging.

(C) Design and real image of the PEAELISA fluidic system (inset: manifold with whole blood
incubation).

(D) PEJELISA reader system and graphic user interface (GUI) for high-throughput, fully-automated
fluorescence imaging.

(E) Automated data analysis powered by Al. Fluorescence and brightfield images obtained from the
PEdJELISA assay were analyzed by a pre-trained convolutional neural network (CNN).
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Figure 3. Whole Blood Assay Characterization
(A) 4-plex PEAELISA titration standard curves from 0.32 pg/mL to 5000 pg/mL in ELISA dilution
buffer (1% bovine serum albumin). Each data point represents the average signal from three
independent chips. The digital immunoassay signal (average enzyme per bead, AEB) was fitted
with four-parameter logistic (4PL) curves. The dotted line represents the signal level from a blank
solution plus 3 times the standard deviation (3c) for each cytokine, which is used to estimate the
limit of detection (LOD).
(B) Assay specificity test with “all-spike-in,” “single-spike-in,” and “blank” (negative) samples of
recombinant cytokine marker(s) at 400 pg/mL in ELISA dilution buffer.
(C) Correlation between multiplex PEAELISA and conventional single-plex ELISA results using
diluted mouse plasma from tail blood collection. Pearson’s R? values were calculated for MCP-1
(R?=0.849), CXCL-1 (R*=0.923), CCL-11 (R?>=0.981) and IL-6 (R*=0.957).
(D) On-chip blood culture test at Smin, 1hr, 3hr and after wash, validating chip surface passivation.
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Mouse whole blood was diluted 10-fold in 1x PBS.

(E) Correlation between whole blood and plasma using Heparin as the anticoagulant measured by
PEdJELISA using freshly collected CS mouse samples. Pearson’s R? values were calculated for
MCP-1 (R?=0.925), CXCL-1 (R*=0.877), CCL-11 (R*=0.950) and IL-6 (R?>=0.977).

(F) Correlation between whole blood and plasma using EDTA as the anticoagulant measured by
PEdJELISA using freshly collected CS mouse samples. Pearson’s R? values were calculated for
MCP-1 (R?>=0.859), CXCL-1 (R?>=0.930), CCL-11 (R?>=0.965) and IL-6 (R*=0.978).
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Figure 4. PEdELISA high-temporal-resolution whole blood biomarker detection
(A) High-resolution retrospective experiment to evaluate CS-induced sepsis severity, disease

development dynamics, and response to antibiotics at 6 hours post-injection. Whole blood
samples were collected every hour for the high dose case (18uL/g) and every 2 hours for the low
dose (14ul./g) and control (saline) cases for a total of 12 hours. Rectal (body) temperature was
monitored every hour. Antibiotics (ceftriaxone and metronidazole) were administered at the 6-
hour after infection.

(B) Photographs of the animal and equipment setup. (i) A cage housing the test mice was placed next
to the manifold operation unit for the PEdELISA chip. (ii) Whole blood was drawn from the tail
vein of one of the mice. (iii) The collected blood sample was diluted by a buffer solution within
the PCR tube and subsequently loaded into the inlets of the manifold for PEAELISA biomarker
analysis on the microfluidic chip. (iv) The rectal temperature of the mouse was measured.

(C) Clinical scores recorded for the mice based on their response to a finger poke, signs of
encephalopathy, and overall appearance, evaluated every 2 hours.

(D) Real-time 4-plex whole blood detection results of 10 mice in parallel using PEAELISA, showing
cytokine levels and body temperature trends over time. 3.5ulL of whole blood samples were
collected from the tail vein every 2 hours at 0, 2, 4, 6, 8, and 24 hours, diluted, and assayed
immediately within a 2-hour turnaround time, showcasing the prospective diagnostic detection
capability. Antibiotics were administered at the 6-hour after infection.

(E) Correlation between the 4 cytokines, temperature, and clinical scores of the 10 mice at all time
points. Pearson’s R? values were calculated and used to determine the correlation quality.
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Figure 5. Association Between Cytokine Levels and Liver Injury

(A) Correlation between IL-6 levels at 0, 6, 8, 24 hours post-infection and liver injury marker AST at
24 hours. Cytokine levels measured at 8 hours post infection had the strongest association with
liver injury 24 hours post infection.

(B) F-statistic values of all cytokines at different times post-infection, correlated with the liver injury
marker AST at 24 hours, as measured with the PEAELISA platform, illustrating the importance of
time lags in the relationship between immunopathology and organ injury. The dotted line
indicates the F(1,23) value corresponding to p = 0.05. n=24 mice.
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