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Abstract

Sepsis is an often fatal condition that arises when the immune response to an infection causes 

widespread systemic organ injury. A critical unmet need in combating sepsis is the lack of 

accurate early biomarkers that produce actionable results in busy clinical settings. Here, we report 

the development of a point-of-care platform for rapid sepsis detection. Termed IBS (integrated 

biosensor for sepsis), our approach leverages i) the newly-found pathophysiological role of 

cytokine interleukin-3 (IL-3) in early sepsis, and ii) a hybrid magneto-electrochemical sensor for 

IL-3 detection. The developed platform produces test results within 1 hour from native blood 

samples, and detects IL-3 at a sensitivity of <10 pg/mL; this performance is >5-times faster and 

>10-times more sensitive than a current gold standard, enzyme-linked immunoadsorbent assay. 

Using clinical samples, we show that high plasma IL-3 levels are associated with high organ 

failure rate and thus greater risk of mortality, confirming the potential of IL-3 as an early 

diagnostic biomarker. Compact and fast, the IBS platform can be readily integrated into clinical 

workflows, enabling timely diagnosis and proactive treatment of sepsis.
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INTRODUCTION

Sepsis is the leading cause of death from infection, especially if not identified and treated 

promptly.1–4 In the US alone, sepsis is responsible for more than 250,000 deaths annually.
5, 6 with the mortality rate reaching up to 50%. It also incurs a considerable financial burden, 

accounting for > $20 billion of total US hospital costs.1, 7 Incidences continue to rise, 

because of the emergence of drug-resistant pathogens, growing elderly population, and the 

increased use of immunosuppression.8 Sepsis requires immediate medical treatment, ideally 

within 24 hours of the disease onset, because of its dynamic and acute nature.9–11 

Unfortunately, current diagnostic methods (e.g., measurement of vital signs or scores 

(qSOFA) to determine onset of the systemic inflammatory response syndrome) often fail to 

meet the required speed or accuracy.12 Certain serum biomarkers such as calcitonin and 

uPAR have been evaluated but lack the necessary sensitivity.13–15 Since most patients have 

an underlying infection (esp. lung, urinary tract, skin), blood cultures are necessary but 

positive results are not diagnostic since they do not discriminate between local infection and 

progression to sepsis. It is generally accepted that earlier recognition and focused 

management improves the outcomes in sepsis.

In prior studies, we had identified a previously unknown contributor to sepsis.16–18 

Particularly, we have identified the inflammatory factor interleukin-3 (IL-3) as an 

independent predictor of septic shock and death being produced by IRA B cells following 

TLR activation. IL-3 operates upstream of key cytokines including TNFα, IL-1β and IL-6 

(Scheme 1). In a proof-of-concept study, we showed that high IL-3 levels in septic patients 

are associated with high mortality.17 A recent study further confirmed the role of IL-3 in the 

immune regulation and potential response to corticosteroids during sepsis.19 Translating this 

discovery into a clinically viable test, however, requires a fast, easy-to-use platform that 

could overcome the long assay time (5–8 hours) and complexity of a standard enzyme-

linked immunosorbent assay (ELISA).
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Here, we report the development of a point-of-care (POC) approach, termed IBS (integrated 

biosensor for sepsis), for rapid and accurate sepsis diagnosis. Specifically, we advanced a 

portable biosensor consisting of a disposable kit for blood processing and an electrical 

detection system. The kit is used to capture IL-3 on magnetic beads and label it for 

electrochemical reaction; the detector then measures electrical currents for IL-3 

quantification. This strategy has practical advantages: i) target protein (IL-3) can be enriched 

directly from blood; ii) the assay achieves high detection sensitivity through magnetic 

enrichment and enzymatic signal amplification; iii) based on the electrical measurements, 

the sensor can be easily miniaturized and easy-to-use. When benchmarked against ELISA, 

IBS was 10-fold more sensitive and 5-fold faster, producing diagnostic results in an 

actionable time frame (<1 hour). Further testing with human clinical samples (n = 62) 

affirmed IL-3 as a potent diagnostic and prognostic biomarker; detection sensitivity and 

specificity were 91.3% and 82.4% respectively, and high IL-3 levels at sepsis onset were 

significantly correlated with patient survival.

RESULTS

IBS platform

The IBS assay starts by extracting the target protein IL-3 through immunomagnetic 

enrichment. The captured protein is then subsequently labeled with detection antibodies and 

oxidizing enzyme (horseradish peroxidase, HRP). Finally, the beads are mixed with 

chromogenic electron mediators (3,3′,5,5′-tetramethylbenzidine, TMB); the enzyme 

catalyzes the oxidation of TMB and the reduction of H2O2. The oxidized TMB is then 

reduced by receiving electrons from the electrode, which generates electrical current as an 

analytical read out. Using magnetic beads allowed for direct and fast extraction of IL-3 from 

blood samples. Signal can also be amplified by concentrating magnetic beads underneath the 

electrodes.

To streamline sample processing, we designed a magnetic assay tool that consisted of a 

magnetic pipette and a tray of linear wells. The pipette had a sheathed magnet attached to a 

mechanical plunger (Fig. 1B). This device allowed for quick collection and release magnetic 

beads. The linear tray was preloaded with reagents and washing buffers, reflecting the assay 

procedure. We loaded blood samples, mixed with immunomagnetic beads, to the first well, 

and sequentially transferred magnetic beads using the magnetic pipette. This unit rendered 

the assay simple, cost-effective and self-contained; no additional equipment (e.g., 

centrifuge) was needed for sample preparation.

We further combined sample processing and signal detection into a single monolithic device 

(Fig. 1C, and Fig. S1) to promote portable, user-friendly operations. The integrated IBS 

device had the following features. i) A miniaturized electronics was designed (Fig. S2), 

comprising potentiostats capable of measuring a wide range of current (± 7.5 µA), a 

microcontroller unit for signal processing, and a bluetooth module for wireless 

communication. ii) A latch mechanism was developed to connect an electrode to the system. 

Compared to commonly-used card-edge connectors that require forceful insertion, this new 

method enabled a quick slip-loading of electrodes. iii) A smartphone was docked to the 

system, and functioned as a touch-screen interface. We also designed a smartphone app for 
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system control and data storage (Fig. S3). The resulting IBS device was a standalone 

handheld unit, measuring electrical currents and displaying IL-3 concentrations. The overall 

device cost was about $50 US dollars (Table S1).

Assay optimization

We applied the chronoamperometry method for signal detection. The electrical current 

generated from TMB reduction was monitored, while a reduction potential was applied to a 

working electrode (Fig. 2A). The current level (I) reached a plateau within 1 min after the 

reduction potential was applied. We averaged the current level (I) from 40 to 45 seconds as a 

representative value.

We prepared a pair of magnetic beads: one conjugated with antibodies against IL-3 (IL-3 

beads) and the other with antibodies against isotype matched IgG (IgG beads). The 

analytical measure was the net current difference ΔI = IIL-3 − IIgG, where IIL-3 and IIgG were 

the current levels with IL-3 and IgG beads, respectively. We also compared signal levels 

with differently sized beads (diameters of 2.7 and 4.5 µm), and found that the measured 

signal levels were similar when the total surface area of beads was matched. We opted to use 

2.7 µm beads, as the bigger ones tended to sediment and required longer time for magnetic 

isolation. The optimal bead concentration for high signal was ~5.0×107 beads/mL (Fig. S4).

We further optimized the assay protocol with the goal of minimizing the sampling time 

while maximizing sensitivity. Samples were prepared by spiking IL-3 into human plasma. 

We generated standard curves, varying the IL-3 extraction time with magnetic beads (Fig. 

2B). We observed similar results between 30 min and 12 hour incubation. For a given 

incubation time, the extraction at room temperature was as efficient as at 37 °C. Further 

testing showed that subsequent assay steps (i.e., labeling of detection antibodies and HRP 

enzyme) were efficient for 10 min incubation each. The sample-to-detection time, measured 

from the IL-3 extraction from patient sample to the sensor readouts, was ~50 min, which is 

>7-times faster than ELISA (7 hours).

Assay characterization

We next examined the assay robustness. We spiked IL-3 (1 ng/mL) in different biological 

fluids (PBS with 1% BSA, human plasma, serum, and whole blood) and performed the IBS 

assay (Fig. 2C). The signal-to-noise ratio (SNR) was the highest with the pure buffer. SNR 

values were lower in the rest of media, while their differences were statistically insignificant 

(P = 0.07, one-way ANOVA). The sample handling thus can be simplified by using plasma 

or whole blood; no additional process is needed to obtain serum (Fig. S5). We further 

characterize the IBS assay using IL-3 spiked plasma samples. Titration experiments 

established the limit of detection (LOD) of ~5 pg/mL (Fig. 2D), while similar measurements 

with ELISA required more than 100 pg/mL for reliable detection. In addition, the dynamic 

ranges of the IBS span an order of magnitude larger than ELISA. Using matched controls 

(IgG beads) was important to compensate for background signals from sample-dependent, 

nonspecific binding.
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Clinical study

We finally applied IBS to detect IL-3 in clinical samples. Plasma or serum samples were 

collected from patients with symptoms of systemic infection, inflammation, or both. We 

obtained 23 samples from septic patients and another 39 from non-septic patients (Table S2). 

The onset of sepsis was defined as circulation failure, thereby the beginning of 

catecholamine therapy. We split each sample into two aliquots, and used them for IBS and 

ELISA, respectively. Overall, we observed higher IL-3 level in septic patient samples (Fig. 

3A and Fig. S6). IBS, however, better differentiated septic from non-septic patient groups 

(Fig. 3B), which can be attributed to its higher sensitivity than ELISA.

We next constructed a receiver operating characteristic (ROC) curve using IL-3 level as a 

predictor (Fig. 3C). The optimal [IL-3] cutoff that maximizes both sensitivity and specificity 

was 21.7 pg/mL. With this cutoff, the detection sensitivity was 91.3% and the specificity 

82.4%. We applied the cross validation method to estimate the area under the curve (AUC). 

The AUC value was 0.91± 0.08 (95% confidence interval) for IBS, whereas ELISA yielded 

smaller AUC of 0.73 ± 0.15 (95% confidence interval). We also evaluated the accuracy of 

the diagnostic test with or without including other host factors (e.g., sex, age). Adding these 

factors, along with IL-3 level, did not improve the detection accuracy, and the AUC value 

remained statistically identical (P = 0.52).

We further performed the survival analysis, testing the impact of IL-3 on organ failures. We 

hypothesized that IL-3 could be used as a biomarker to identify “patients at risk”. These 

patients may develop a systemic inflammatory reaction that often results in multiple organ 

failures and even death. We used a cohort of 25 admitted patients who had at least one 

surgery. Kaplan-Meier analysis showed that patients with IL-3 > 24 pg/mL are more prone 

to organ failures, thus confirming the significant association of IL-3 with organ failures (P = 

0.0001 for Log-Rank test; hazard ratio, 8.092) (Fig. 4A). Patients with high blood levels of 

IL-3 (> 24 pg/mL) showed about 9-fold greater hazard of death than those with low levels (P 

= 0.0138 for Log-Rank test; hazard ratio: 8.783) (Fig. 4B).

DISCUSSION

We developed the point-of-care IBS system for fast, sensitive identification of early sepsis in 

busy clinical settings. Our approach is based on emerging understanding on host response to 

infection. IL-3, a cytokine that activates proliferation of hematopoietic stem cells and 

progenitors,20 has recently been identified as a key regulator during early sepsis.17 IL-3 

operates upstream of key cytokines including TNFα, IL-1β and IL-6; high IL-3 level and 

can trigger a detrimental cytokine storm. It is thus a direct measure of early immune 

response and may serve well as a productive serum biomarker. Up to date, alternative serum 

biomarkers of sepsis have had fairly low accuracy (e.g., calcitonin, soluble uPAR), one of 

the reasons why there has been intense interest in identifying alternative, causally related 

markers.

The magneto-electrochemical sensing strategy developed here enables POC diagnostics: i) 

magnetic beads provides large surface area (~230 mm2) for target capture and an easy way 

to perform assay steps; ii) the analytical signal is read out by compact, rugged electronics. 
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Applying the IBS prototype, we achieved rapid (<1 hr), highly sensitive (<10 pg/mL) IL-3 

detection in human plasma samples. Whole blood can also be used without preprocessing, 

which would better position the assay into most clinical workflows. The pilot clinical study 

supported the potential of IL-3 as a surrogate biomarker of sepsis: the sensitivity was 91.3%, 

and the specificity 82.4%. In comparison, procalcitonin (PCT) has been shown to have 

accuracies below 80%.21 Because IBS is fast and consumes small amount of samples (100 

µL), it can be readily adopted to track temporal changes of biomarkers. This capacity would 

aid in not only the timely diagnosis of acute septic shock, but also reliable prognostication 

assessment of the risk. Also, using the small amount of samples would be especially 

advantageous for detection of sepsis in new borns/infants as blood samples from preterm 

infants (with a blood volume of <50 mL) are limited in volume.22–24

Several aspects of the current study could be improved. First, we envision creating a sepsis 

marker panel and expanding IBS for multiplexed detection. Sepsis has complex 

pathophysiology of systemic nature, not limited to single organs.25, 26 Measuring multiple 

markers (e.g., IL-3, TNFα, IL-1β, PCT, IL-6) would potentially enable and even more 

robust characterization of host response in an effort to further improve diagnostic accuracy. 

As a platform technology, IBS would be easily scaled up for such measurements. Second, 

sample preparation steps will have to be automated to realize a “sample-in and answer-out” 

system. We expect that the use of magnetic beads, thereby magnetic actuation, would 

facilitate replacing current manual operations with automation. Fully integrated, easy-to-use 

IBS will promote assay reproducibility and help collect large data set to rigorously validate 

biomarkers with clinical samples. With these developments, IBS would be a powerful 

clinical tool to enable early sepsis diagnosis and improve treatment outcomes.

MATERIALS AND METHODS

Construction of the IBS system

The integrated device (10 × 10 × 2.5 cm3) is composed of two parts: sensor unit and sample 

processing unit. The sensor unit consists of a custom-designed potentiostat, a 

microcontroller (Atmega328, Atmel Corporation), a digital-to-analog converter (DAC8552, 

Texas Instruments), and an analog-to-digital converter (ADC161S626, Texas Instruments) 

(Fig. S3b and Table S1). There are two operational amplifiers (AD8606, Analog Devices) in 

the potentiostat: one for maintaining the potential difference between the working electrode 

and the reference, and the other for converting low-level current to voltage. Other sensor 

components include a communication module (Bluefruit EZLink) for Bluetooth connection 

with external devices (i.e., smartphones or laptops), disposable screen-printed gold 

electrodes (220AT, Metrohm), and a 9V battery. The device runs continuously for 3–4 hr 

with a fully charged battery. The estimated energy consumption of the reader is ~0.05 mW, 

and the averaged noise level is ~0.3 nA. The sample processing unit consists of a custom-

built magnetic pipette, and disposable 0.2 mL 8-tube strips (USA Scientific).

Smartphone Application

Using Xcode, we created an iOS application to facilitate system operation and data 

recording. The application allows users to record patient information and measurement 
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details (time stamps, current value, and estimated analyte concentration). The data is stored 

with cloud storage.

Magnetic bead preparation

Five milligrams of magnetic beads coated with epoxy groups (Dynabeads M-270 Epoxy, 

Invitrogen) was suspended in 1 mL of 0.1 M sodium phosphate solution at room temperature 

for 10 min. The magnetic beads were separated from the solution with a permanent magnet 

and resuspended in 100 µL of the same solution. One hundred micrograms of antibodies 

against IL-3 (R&D systems) or control IgG (R&D systems) was added and mixed 

thoroughly. One hundred microliters of 3 M ammonium sulfate solution was added, and the 

whole mixture was incubated overnight at 4 °C with slow tilt rotation. The beads were 

washed twice with PBS solution and finally resuspended in 0.25 mL of PBS with 1% bovine 

serum albumin (BSA) to have the final bead concentration of ~109/mL.

IBS assay

Hundred microliters of IL-3-spiked PBS solution (or plasma) was mixed with 5 µL of the 

antibody conjugated bead solution for 30 min at room temperature. Magnetic beads were 

separated from the solution with a permanent magnet and washed twice with PBS solution 

with 0.05% Tween-20 (PBS-T). Fifty microliters of biotinylated antibodies (R&D systems) 

diluted in 0.1% BSA solution was mixed with the beads for 10 min at room temperature. 

The beads were separated and washed as described before. Fifty microliters of high 

sensitivity streptavidin-conjugated HRP enzymes (Thermo-Fisher Scientific, 1:1000 diluted 

in 0.1% BSA solution) was mixed with the beads for 5 min at room temperature. The beads 

were separated and washed as described before, and then resuspended in 15 µL of PBS. 

Seven micrometers of the prepared bead solution and 20 µL of UltraTMB substrate solution 

(Thermo-Fisher Scientific) were loaded on top of the electrode. After 3 min, 

chronoamperometry measurement was started with the electrochemical sensor. The current 

levels in the range of 40–45 s were averaged.

Enzyme-linked immunosorbent assay

IL-3 antibody (R&D systems) was diluted to 2 µg/mL concentration in PBS and added to the 

Maxisorp 96-well plate (Nunc) for overnight incubation at 4 °C. After being washed three 

times with PBS-T, 2% BSA in PBS blocking solution was added to the plate for 2 h 

incubation at room temperature. Subsequently, serial dilute standard or samples were added 

to each well for at least 2 h incubation at room temperature. After the samples were 

discarded and washed three times with PBS-T, biotinylated detection antibodies (0.4 µg/mL, 

diluted in 0.1% BSA solution) were added to each well and incubated at room temperature 

for 2 h. Unbound antibodies were washed with PBS-T three times. High sensitivity 

streptavidin–HRP molecules (1:5000 diluted in 0.1% BSA solution) were added to the each 

well for 30 min at room temperature. After being washed out with PBS, TMB solution to 

each well was added and incubate for 20 min, added equal volume of stopping solution (2 M 

H2SO4), and read the optical density at 450 nm. Along with TMB substrate, SuperSignal® 

ELISA Femto Maximum Sensitivity Substrate (Thermo-Fisher Scientific) was also used.
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Clinical samples

This clinical SEPIL-3 study was approved by the local ethics committee (Trial-Code-Nr.: 

EK 308082013) on September, 19th 2013. Blood samples were collected in the 

interdisciplinary operative intensive care unit of the University Hospital of Erlangen, 

Germany. Study patients or their legal designees signed written informed consent. After 

blood collection, plasma of all study participants was immediately obtained by 

centrifugation, transferred into cryotubes, and stored at −80°C until further processing. 

Quantification of IL-3 in human plasma samples was performed using an enzyme linked 

immunosorbent assay kit (R&D Systems). Hundred microliters of patient sample was used 

for each IBS analysis.

Statistics

The Spearman correlation coefficient was used to quantify the correlations. Group 

differences were tested using unpaired t-test. All tests were two-sided, and a P value of 

<0.05 was considered statistically significant. The ROC curve was constructed using the 

IL-3 level as a predictor for sepsis. The level cutoff was selected using Youden’s index, 

which maximizes the sum of sensitivity and specificity. For survival analysis, Log-Rank test 

was used to compare times-to-event (times-to-organ failure or death) between low and high 

IL-3 groups. Kaplan-Meier method was used to calculate the survival function with a 

minimal p-value approach for cutoff optimization. Hazard ratio was estimated using Cox 

Proportional Hazards model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Integrated biosensor for sepsis (IBS)
(A) Assay schematic. IL-3 is captured on magnetic beads directly in plasma or whole blood 

and labeled antibodies. Electrical signal is generated through enzymatic reaction. The entire 

assay is performed using a portable device, and complete within <1 hour. HRP, horseradish 

peroxidase. Ab, antibody. (B) Magnetic kit for sample processing. A magnetic pipette was 

custom-built to facilitate the sample handling. The plunger mechanism allows for easy 

collection and dispension of magnetic beads. (C) The base-station, housing measurement 

electronics, docks with a smartphone and a multi-well tray. An electrode slides in to the 

system for electrical connection. A smartphone app provides an user-interface for the system 

control (via Bluetooth) and data upload to a cloud server. (D) Photo of the whole assay 

system.
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Figure 2. Assay characteristics and optimization
(A) Electrical currents are generated on or near the electrode via TMB redox reaction 

catalyzed by HRP-coated magnetic beads. With 100 mV reduction potential, the current 

level reached a plateau within 1 min. The current difference between the IL-3 and IgG 

control samples (ΔI) was used as an analytical metric. (B) IL-3 extraction yields were 

compared under different incubation conditions: 15 min, 30 min, and 12 hrs. Thirty minute 

incubation was sufficient. (C) Signal-to-noise ratios (SNR) were measured in different 

media spiked with IL-3 of 1 ng/mL. SNR values were statistically identical among serum, 

plasma, and whole blood (P = 0.07, one-way ANOVA). (D) Varying concentrations of IL-3 

were spiked into human plasma and assayed by IBS and ELISA. The IBS performed 7-times 

faster and 12-times more sensitive than ELISA. All measurements were performed in 

triplicate, and the data are displayed as mean ± SD.
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Figure 3. IL-3 as a biomarker for sepsis detection
Patient samples (23 from septic and 39 from non-septic patients) were analyzed with the IBS 

assay. (A) A waterfall plot shows the IL-3 levels measured by the IBS system. Each column 

represents a different sample (red, septic; grey, non-septic). (B) IL-3 level was higher in 

septic patients than in non-septic controls (P < 0.0001, unpaired t-test). (C) A receiver-

operation characteristic curve was constructed. The area under the curve (AUC) was 0.91 

with IBS and 0.73 with ELISA. The optimum threshold value that maximized both 

sensitivity and specificity was [IL-3] = 21.7 pg/mL.
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Figure 4. Organ failure and mortality analyses
IL-3 level could serve as a predictive marker for organ failure free (A) and overall patient 

survival (B). Log-Rank test was used to compare times-to-event (times-to-organ failure or 

death) between low and high IL-3 groups. Kaplan-Meier method was used to calculate the 

survival function with a minimal p-value approach for cutoff optimization.
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Scheme 1. Newly discovered mechanism of sepsis
Peritoneal B1a cells are activated by pathogens and give rise to IL-3+ B cells (IRA, innate 

response activator). IL-3 acts on hematopoietic stem progenitor cells (HSPC) to promote the 

emergency generation of inflammatory leukocytes that are released into the circulation. This 

leads to an uncontrolled cytokine storm, multiple organ failure, and septic shock that may 

result in death.
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