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A B S T R A C T   

The implementation of endotype-driven effective intervention strategies is now considered as an essential 
component for sepsis management. Rapid screening and frequent monitoring of immune responses are critical for 
evidence-based informed decisions in the early hours of patient arrival. Current technologies focus on pathogen 
identification that lack rapid testing of the patient immune response, impeding clinicians from providing 
appropriate sepsis treatment. Herein, we demonstrate a first-of-its-kind novel point-of-care device that uses a 
unique approach by directly monitoring a panel of five cytokine biomarkers (IL-6, IL-8, IL-10, TRAIL & IP-10), 
that is attributed as a sign of the body’s host immune response to sepsis. The developed point-of-care device 
encompasses a disposable sensor cartridge attached to an electrochemical reader. High sensitivity is achieved 
owing to the unique sensor design with an array of nanofilm semiconducting/metal electrode interface, func-
tionalized with specific capture probes to measure target biomarkers simultaneously using non-faradaic elec-
trochemical impedance spectroscopy. The sensor has a detection limit of ~1 pg/mL and provides results in less 
than five minutes from a single drop of undiluted plasma sample. Furthermore, the sensor demonstrates an 
excellent correlation (Pearson’s r > 0.90) with the reference method for a total n = 40 clinical samples, and the 
sensor’s performance is ~30 times faster compared to the standard reference technique. We have demonstrated 
the sensor’s effectiveness to enhance diagnosis with a mechanistic biomarker-guided approach that can help 
disease endotypying for effective clinical management of sepsis at the patient bedside.   

1. Introduction 

Endotypes are biological subtypes characterized by distinct patho-
physiological functions, described by specific biomarkers. The inter-
pretation and verification of sepsis endotypes can save lives by 
encouraging early identification of patient groups for accurate therapy. 
Sepsis endotyping enables physicians to provide critical care and pre-
cision medicine as it showcases the patient’s immune and treatment 
response to sepsis. Thus, there has been a promising transition from 
predicting the outcome to pathobiology driven understanding of host 
response heterogeneity to sepsis, leveraging innovative high- 
performance translational techniques and analytical methods to 

identify distinct biomarker subgroups of the host response. Medical 
communities have further acknowledged the value of biological markers 
as they continue to enhance sepsis diagnosis, which allows the classifi-
cation of patients within the specific clinical category (Akdis, 2012; 
Burke, 2016). Sepsis is recognized as a global health crisis affecting more 
than 49 million people every year (Rudd et al., 2020). It is a 
life-threatening condition that represents the systemic immunological 
reaction of the body to an infectious incident that leads to death (Singer 
et al., 2016). It is well known that sepsis-related fatality is not directly 
caused by the invading pathogen rather, the clinical complexity is 
triggered by the dysregulated host immune response that leads to mul-
tiple organ dysfunction (Schouten et al., 2008). The pathogen or the 
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causative agent triggering sepsis may differ the host’s immune response 
being a key indicator in assessing fatality and the need for complex 
medical treatments. Ultimately, the combination of pathogen load, 
infection site, and host susceptibility leads to clinical presentation and 
course of the disease. Sepsis may be caused by any form of infection; the 
most common cause is a bacterial infection (pneumonia or urinary tract 
infection) that affects the body and triggers bacterial sepsis. Whereas 
viral sepsis is caused by a viral infection (flu), and more viral sepsis cases 
are triggered by COVID-19, which has caused a pandemic in 2020. 
Additionally, recent studies have reported mortality in COVID-19 pa-
tients triggered by sepsis, especially for elderly patients with 
pre-existing chronic illness (Alhazzani et al., 2020; Arentz et al., 2020; 
Bhatraju et al., 2020; Phua et al., 2020). 

Currently, rapid diagnostics exist mainly for pathogen identification, 
such as those highlighted in supplementary (Table S1) while a tradi-
tional clinical workflow is illustrated in Fig. 1A. Briefly, technologies 
such as SeptiFast (Roche) identifies multiple pathogens in 6 h, HYPLEX 
(BAG) relies on the PCR technique to recognize relevant pathogens 
within 3 h, and the Film Array device (BioFire) requires an hour for 
pathogen detection. These commercially available and those in devel-
opment focus solely on detecting sepsis based on the pathogen. How-
ever, it is crucial to understand the nature of sepsis and its form of 
representation in the patient by tracking the host immune response. As 
sepsis initiates, both pro-inflammatory and anti-inflammatory mecha-
nisms start promptly with a predominant initial hyper-inflammatory 

phase, as shown in Fig. 1B. In most cases, the innate immune response 
destroys the invading pathogen, but occasionally the pathogen prevails, 
and the host response may become unbalanced and destructive. The 
increased production of cytokines and chemokines is attributed to the 
severity and prevalence in sepsis, implying that a chain of unregulated 
inflammation has initiated displaying signs of both excessive in-
flammations as well as immune suppression, the severity of which varies 
from patient to patient. This perplexing phenomenon of the host im-
mune response has been thought to be a race to death between the 
invading microbes and the host immune response, where the pathogens 
seek and benefit by suppressing various facets of host immunity ac-
cording to Hotchkiss and coworkers (Hotchkiss et al., 2013). Therefore, 
monitoring cytokine biomarkers can assist in clinical decision-making 
and forecast sepsis-related outcomes to treatments (Dupuy et al., 
2013). For instance, measuring the cytokine levels near-patient at 
different time points would help administer specific types of drugs, 
where, immunosuppressants may be prescribed early in the disease 
etiology addressing the hyperimmune state of the patient and immu-
nomodulators at a later stage in conjunction with antimicrobial therapy. 
Hence, it is critical to additionally track immune response imbalance 
triggered by inflammatory & anti-inflammatory cytokine immune 
response to channelize appropriate treatment strategy. As a 
point-of-care treatment option, to date, no molecular host biomarker 
panel is available which makes an informed decision on the specific 
intervention based on the diagnosis of the immune response or the 

Fig. 1. a) Illustration of the current clinical timeline vs. DETecT Sepsis approach as rapid near-patient testing for disease severity screening based on biomarker 
levels. Image is created with Biorender.com b) Hyper-inflammatory and Immunosuppressed phase of Sepsis hypothesis c) Proof of feasibility towards establishing 
evidence-based clinical management approach using n = 40 patient samples. 
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ability to detect improvements in the status of patients with sepsis 
(Albert-Vega et al., 2018; Gunsolus et al., 2019). This gives rise to a 
major diagnostic gap in near-patient testing capabilities. To address this 
technological gap, this work demonstrates first-of-a-kind near-patient 
testing ‘DETecT Sepsis’ (Direct Electrochemical Technique Targeting 
Sepsis) sensor, which directly measures a panel of five host immune 
biomarkers in <5 min to guide the physician with active feedback on 
patient immune status for better therapeutic administration. DETecT 
sepsis sensor enables a mechanistic approach for sepsis stratification by 
leveraging the use of endotypes as defined by specific biomarkers to 
classify based on pathophysiological process rather than the clinical 
representation of sepsis, which is a step towards precision medicine. 
Electrochemical sensing modality in conjunction with affinity-based 
capture probes specifically quantifies levels of pro- and 
anti-inflammatory biomarkers (IL-6, IL-8, IL-10, TRAIL, and IP-10) using 
minimally acquired blood plasma samples. 

Fig. 1a illustrates the current clinical workflow, and Fig. 1b repre-
sents the opportunity the developed sensor offers for detecting sepsis 
and tracking the host immune response allowing evidence-based clinical 
management (Fig. 1c). Our point-of-treatment technology allows rapid 
detection of multiple host-immune response sepsis cytokine biomarkers 
with ease of sample handling coupled with low sample volume (~40 μL) 
to facilitate near-patient bedside monitoring towards enabling 
biomarker-guided patient stratification, endotyping, and improving 
treatment response within the critical golden hour post sepsis detection. 
The advantages of the DETecT Sepsis sensor over existing point-of-care 
tests are: (i) direct hassle-free measurement from a single drop of un-
diluted blood plasma; (ii) allows sepsis stratification based on the body’s 
hyper and hypo immune response; (iii) specifically surface engineered 
sensor design facilitates high sensitivity and specificity; (iv) portable 
handheld format enables multi-measure capabilities at near-patient 
testing. Such a point-of-care-testing device would allow clinicians to 
make an evidence-based decision on immune-modulating treatments 
customized to the patient’s inflammatory response within the “golden- 
hour” as illustrated in Fig. 1c. 

2. Materials and methods 

2.1. Experimental design 

The objective of our study was to establish a robust sensing perfor-
mance of the developed biosensing DETecT Sepsis sensor using EnLi-
Sense’s READ platform for the detection of sepsis. The sensor was 
designed to allow simultaneous detection of cytokine biomarker panel 
using minimal sample fluid (<40 μL) in human blood plasma. Sensor 
performance metrics (sensitivity, specificity, dynamic range, detection 
limit, precision, and accuracy) were tested for IL-6, IL-8, IL-10, TRAIL & 
IP-10 in plasma. DETect Sepsis sensor was further validated for clinical 
translation by testing 20 patient samples tested positive for sepsis at the 
time of admission compared to the 20 healthy cohorts. The performance 
of the developed sensor was compared with the Luminex standard as a 
reference method. 

2.2. Reagents 

Dithiobis (succinimidyl propionate) (DSP) and the Dimethyl sulph-
oxide (DMSO) solvent was purchased from Thermo fisher scientific 
(USA) along with the phosphate Buffer Saline (PBS) and SuperBlock. The 
antibodies and their specific antigens for IL-6, IL-8, IL-10, TRAIL, and IP- 
10 were purchased from Abcam. Pooled human plasma was obtained 
from Innovative Research, Inc. (USA) for sensor characteristic studies. 
Plasma from sepsis patients was obtained from the Austere- 
environments Consortium for Enhanced Sepsis Outcomes (ACESO), a 
consortium consisting of US Government, non-profit, academic, and 
industry partners. All the stock proteins and patient samples were stored 
at -20 ◦C or according to their storage conditions until further use. None 

of the proteins underwent more than 3 freeze-thaw cycles to avoid 
denaturing of the proteins. The antibodies were diluted in PBS to bring 
them to their optimized concentration, while their respective antigens 
were spiked in pooled human plasma in varying concentrations to 
perform calibrated response curves for each target biomarker. 

2.3. Direct Electrochemical Technique Targeting Sepsis sensor on 
EnLiSense’s READ platform 

The DETecT (Direct Electrochemical Technique Targeting Sepsis) 
sensor uses EnLiSense’s Rapid ElectroAnalytical Device (READ) plat-
form that comprises of the following: (1) A disposable, single-use sensor 
cartridge with an array of sensing electrodes that are individually 
configured to detect multiple biomarkers simultaneously from the 
sample specimen in real-time. (2) A handheld, palm-sized form-factor 
electronic reader onto which the sensor is mounted, which transduces 
the electrical outputs resulting from the sample specimen to other 
electronic devices/data server through a software interface (config-
urable to support both wired and wireless communication). The subtle 
changes between antibody-antigen affinity interaction result in an 
electrochemical impedance signal response. Briefly, the detection 
mechanism is based on non-faradaic electrochemical impedance spec-
troscopy (EIS). Herein, a small input voltage (10 mV) is applied to the 
sensor over a frequency range and the resulting impedance response is 
measured by the portable electronic device. The functioning of the 
electronic reader has been previously demonstrated elsewhere by our 
group (Sankhala et al., 2018). EIS is a powerful technique that captures 
subtle interaction at the functionalized electrode surface. When a sam-
ple is introduced on the electrode surface and the electrode is polarized, 
the rearrangement of charges occurs at the electrode-solution interface. 
This results in a local built-up of excessive ions of opposite charge. The 
extent to which the exponential charge built-up decays, forms the 
electrical double layer (or double-layer capacitance). The target analyte 
binds to the specific capture probe antibody within this double layer 
leveraging the antibody-antigen affinity mechanism across each work-
ing electrode and impedance is measured (Jagannath et al., 2018; Tanak 
et al., 2019a, 2019b). 

Advantages of non-faradaic EIS over faradaic method includes (i) 
label-free technique that can directly measure the subtle binding in-
teractions without a redox label for measuring impedance response, 
thus, making non-faradaic EIS considerably more compatible in point- 
of-care applications (ii) Non-faradaic impedance measurement elimi-
nates the need for a DC potential; thus, it does not denature the bio-
molecules immobilized on the sensing electrode surface. The sensing 
layer was surface engineered through a standard sputter fabrication 
technique using RF magnetron to deposit a 200 nm thickness of semi-
conducting thin film on the gold electrodes. Before deposition, a solvent 
cleaning strategy was applied where the surface was thoroughly cleaned 
with isopropyl alcohol (IPA), acetone, and DI water to eliminate any 
impurities. Modulating the metal oxide layer’s surface chemistry helps 
to improve the rearrangement of charges near the electrode-solution 
interface. Furthermore, Zinc oxide semiconductor has unique proper-
ties, including a large bandgap (3.367 eV), is non-toxic, and has high 
excitation binding energy (60 eV) that helps to increase overall sensi-
tivity. Additionally, due to its high adsorption capability owing to its 
high isoelectric point (~9.5), chemical stability and good electrical 
conductivity enhance its use for sensitive electrochemical biosensing 
applications (Tanak et al., 2019a). Nanoscale dimensions of the semi-
conducting thin film allow size-based matching to the target analyte, 
which effectively increases surface area to volume ratio. Additionally, 
the structural morphology of the nanofilm offers selective biomolecular 
binding for the functionalized capture probes. With the increase in the 
surface-to-volume ratio, nanofilm’s surface structures can significantly 
modulate the charge carrier densities within the material and increase 
band bending (Cho et al., 2020; Kim et al., 2013). Previously, our group 
has experimentally demonstrated a three-fold increase in sensitivity for 
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the nanofilm as compared to planar nontextured microelectrodes 
(Shanmugam et al., 2016). Thus, leveraging the ZnO nanofilm surface 
engineered layer’s unique properties, we have demonstrated sensitive 
electrochemical biosensing for the detection of multiplexed biomarkers. 

2.4. Immunoassay development 

The sensor surface was immobilized with 10 mM DSP dissolved in 
DMSO and incubated in the dark at room temperature. Specific capture 
antibodies (IL-6, IL-8, IL-10, TRAIL, and IP-10, 10 μg/mL each) were 
individually functionalized on each working electrode of the sensors. 
Superblock was used to hydrolyze unbound linker sites to avoid non- 
specific interaction. A calibrated response was established for each of 
the pentaplex biomarkers against varying dose concentrations spiked in 
pooled human plasma. Data were represented as a percentage change in 
impedance with respect to baseline (plasma blank without the target 
biomarkers), using Equation S1 (supplementary information). Cross- 
reactive study was tested by preparing a cocktail of non-specific bio-
molecules in low (10 pg/mL) and high concentrations (1000 pg/mL) with 
the absence of the target biomarker. Individual response for the cross- 
reacting molecules was measured for each sensor functionalized with 
the target capture antibody. To test the specificity of the sensor in the 
presence of interfering biomarkers, the target biomolecule was spiked to 
the previously prepared cocktail solution, and the response was 
measured for each of the pentaplex biomarkers. All the data represented 
is measured from n = 3 replicates. The limit of detection (LoD) described 
as the lowest measured concentration was calculated as 3 times SD of 
blank plasma. 

2.5. Patient sample acquisition 

Plasma samples were collected under written informed consent as 
part of an ongoing observational trial of sepsis in resource-limited set-
tings conducted by ACESO(Schully et al., 2017; Schully and Clark, 
2019). Briefly, patients presenting to the emergency department of a 
participating hospital with at least two SIRS features and a suspected 
infection (SEPSIS-2 criteria) were eligible for enrollment. For this work, 
plasma samples collected 24 h after enrollment from sepsis patients were 
used. Samples were provided stripped of all identifiers by ACESO to 
Biomedical Microdevices and Nanotechnology Laboratory, UT Dallas 
following the Material Transfer Agreement (MTA), approved by the 
Institutional Review Board (IRB# 19MRO151) at the University of Texas 
at Dallas. The samples were stored at -20 ◦C immediately on arrival until 
further use and did not undergo more than two freeze-thaw cycles. 

2.6. Statistical analysis 

Statistical analysis was performed using GraphPad Prism Software 
(GraphPad Software Inc., La Jolla, CA). ns: non-significant, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Data represented as mean ±
SEM for n = 3 replicates unless stated otherwise. One-way analysis of 
variance (ANOVA) was used for the comparison between three or more 
groups. T-test was used to compare significance for specific signal 
against non-specific interferons in the cross-reactive study. Differences 
between healthy and septic cohort were assessed using non-parametric 
unpaired Mann-Whitney tests. 

3. Results 

3.1. DETecT sepsis sensor evaluation for multiplexed quantification of 
immune biomarkers 

There is an immense unmet need for a rapid diagnostic to enable 
patient stratification in sepsis towards effective disease management. 
Therefore, the point-of-care-tests should be highly sensitive with a wide 
dynamic range for a panel of host response biomarkers that can be 

leveraged for assessing the patient’s immune state towards stratification 
and disease management. Based on the wide body of scientific literature 
and clinical evidence, our approach was to target a combination of pro 
and anti-inflammatory cytokines in conjunction with cell apoptosis 
monitoring protein. Therefore, we selected IL-6, IL-8, IP-10, IL-10, and 
TRAIL for this study as the levels of these biomarkers provide a com-
posite snapshot into a patient’s immune response state towards estab-
lishing disease severity and mortality risk in the patient. TRAIL and IP- 
10 were included for discriminating between the viral and bacterial 
loadings on the host (Chaudhry et al., 2013). DETecT sensor device was 
calibrated for each of the pentaplex biomarker panels in pooled human 
plasma (control set with no infections). Herein, varying dose concen-
trations were measured for specific analytes to establish a calibrated 
dose-response on the multiplexed affinity capture probe functionalized 
sensor array. Signal impedance response between antibody and the 
target analyte was captured using electrochemical impedance spec-
troscopy and represented as a percentage change in impedance with 
respect to the baseline (described in the methods section) in pooled 
plasma as shown in Fig. 2a-e. 

A dose-dependent increasing trend in impedance signal response was 
observed for all the biomarkers. The dynamic range for each biomarker 
was aimed to capture the healthy as well as a diseased state within the 
physiologically relevant range of clinical samples. IL-6 demonstrated a 
wide dynamic range of 0.01 pg/mL to 10 ng/mL with a limit of detection 
(LoD) of 0.1 pg/mL in spiked plasma samples (Fig. 2b). The box plots for 
each biomarker display no overlapping inter-quartile ranges with a 
minimum variation for each concentration, indicating good repeat-
ability with the least variance. The signal impedance response is 
reflective of the affinity binding mechanism between the specific cap-
ture probe and the target analyte that indicates the biomarker concen-
tration in pooled plasma. The unique multiplexed sensor design coupled 
with specific surface functionalization augments the signal response and 
has previously been described elsewhere (Tanak et al, 2019a, 2019b). 
IL-8 demonstrated a dynamic range of 0.1 pg/mL to 5 ng/mL with a 
detection limit of 0.1 pg/mL (Fig. 2c). IL-6 and IL-8 are known to be 
major mediators of an inflammatory response, and their levels elevate in 
patients with sepsis, which act as key indicators during the development 
of severe sepsis. Similarly, the dynamic range for IL-10 was observed to 
be from 0.1 pg/mL to 1 ng/mL (Fig. 2d) with an LoD of 1 pg/mL in pooled 
plasma. IL-10 belongs to the group of immunoregulatory molecules 
called anti-inflammatory cytokines that prevents the body from the 
adverse effects of excess inflammatory immune reactions. The key risk 
factor for sepsis severity and the fatal outcome is the chronic over-
production of IL-10, which indicates patients with sepsis are in a deep 
immunosuppression state (Gogos et al., 2000). Data in Fig. 2e shows the 
dynamic range of TRAIL from 1 pg/mL to 1 ng/mL with a detection limit 
of 1 pg/mL whereas IP-10 displayed a dynamic range of 1 pg/mL to 2 
ng/mL (Fig. 2f) respectively. Additionally, each biomarker demon-
strated a statically significant difference between concentrations as 
determined by one-way ANOVA with 95% confidence intervals 
(Table S2). The developed DETecT sepsis sensor demonstrated sensitive 
detection for biomarkers below normal threshold levels as well as the 
dynamic ranges extended beyond elevated levels predicted in disease 
states. The surface engineered semi-conducting nanofilm allows sensi-
tive detection by potentially increasing the surface to volume ratio, 
allowing plenty of biomolecules to be immobilized onto the electrode 
surface. 

After establishing a sensitive and robust calibration response, the 
selectivity and specificity of the DETecT Sepsis sensor on EnLiSense’s 
READ platform were evaluated. Every analyte was tested with a series of 
non-specific markers, starting with the lowest concentration of the cross- 
reacting molecule, followed by the highest concentration as seen in 
Fig. 2(f-j). Selectivity of the biosensor is extremely important while 
testing actual clinical samples where the concentrations of the analyte 
can be much lower than that of the non-specific molecule. Thus, to 
mimic realistic scenarios, the sensor was additionally tested with a 
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cocktail mixture of low and high non-specific molecules along with the 
target analyte spiked plasma sample to validate sensor device platform 
specificity. Non-specific biomarkers (represented as bar’s A and B) in 
Fig. 2(f–j) showed less than 10% reactivity compared to the specific 
response of the target biomarker. Additionally, despite the presence of 
varying concentrations of cross-reacting molecules (represented as bar C 
and D in Fig. 2(f–j) along with the target biomarker, the developed 
sensor demonstrated similar results (100% reactivity) to that of the 
specific individual analyte. DETecT sepsis sensor’s capability tobind to 
the functionalized antibody selectively is attributed to the surface- 
functionalized highly specific monoclonal antibody combined with the 
effect of blocking buffer. By blocking the active functional groups on the 
electrode surface, the blocking buffer (superblock) prevents non-specific 
binding and can help stabilize the biomolecule attached to the electrode 
surface, thereby increasing the specificity of the biosensor (Xiao and 
Isaacs, 2012). Specificity is a vital vital sensor metric to reduce 
false-positive results and provide accurate detection capability with 
increased resolution in distinguishing disease state. Overall, the data 
confirmed the developed DETEecT sepsis sensor demonstrated high 
sensitivity coupled with specific and selective response despite the 
presence of non-specific biomolecules for the multiplexed cytokine 
biomarker panel in plasma using EIS as the detection technique. 

3.2. Evaluating DETecT sepsis sensor performance for repeatability, 
reproducibility stability, and accuracy in pooled human blood plasma 

Repeatability, reproducibility, accuracy, and stability are the main 
considerations that need to be assessed while evaluating the sensing 
platform’s effectiveness. The coefficient of variation (%CV) was calcu-
lated for all the study biomarkers as a measure to assess the dispersion 
within each reported concentration from n = 10 sensors, as shown in 
Fig. 3(a–e). Generally, lower concentration tends to show higher vari-
ability and the developed sensor demonstrates the CV range between 3 
and 16%. The results displayed in Fig. 3(a–e) exhibit a CV < 20% which 
is clinically accepted as per the guidelines set by the Clinical and Lab-
oratory Standards Institute (CLSI), thereby demonstrating the repeat-
ability of DETecT sepsis sensor within a wide dynamic range (CLSI, 
2014). Fig. 3(f–j) demonstrates the reproducibility of the electro-
chemical response for 12 identical sensors with an average concentra-
tion indicated by the dotted line for each target analyte. The relative 
standard deviation (RSD) across all twelve sensors was ~ 10%. The 
value of RSD indicates good reproducibility and repeatability of the 
DETecT Sepsis sensor platform. 

Next, DETecT Sepsis sensor performance was tested for its accuracy 
by the spike and recovery study. Known concentrations (actual) spiked 
in triplicate correlated with an R2 value of 0.99 with the measured 

Fig. 2. (a–e) Calibrated dose-response for IL-6, IL-8, IL-10, TRAIL, and IP-10 in pooled human blood plasma with a clinically relevant dynamic range. (f–j) The cross- 
reactive study demonstrating the specificity of DETecT Sepsis sensor for each of the target biomarker. A; Low concentration of non-specific biomarker mixture, B; 
High Concentration of non-specific biomarker mixture, C; Target marker along with a low concentration of non-specific biomarker mixture, D; Target marker along 
with a high concentration of non-specific biomarker mixture. 

Fig. 3. (a–e) Coefficient of variation plot examining the precision of DETecT Sepsis sensor for IL-6, IL-8, IL-10, TRAIL and IP-10 in pooled plasma. The dotted line at 
20% represents the acceptable limit according to CLSI guidelines (f–j) Repeatability and reproducibility of DETecT sepsis sensor across 12 sensors for IL-6, IL-8, IL-10, 
TRAIL and IP-10 in pooled plasma respectively. The dotted line represents the average concentration across 12 replicates. 
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concentration calculated based on the previously established calibration 
curve. Fig. 4(a–e) demonstrates reliable detection of actual spiked 
concentration across all five target biomarkers. The recovery percentage 
was then calculated along with the accuracy of the sensor as represented 
in Fig. 4(f–j). As observed from the results, the percent recovery was 
between ~89 and 110% for IL-6, IL-8, IL-10 TRAIL, and IP-10, which lies 
well within the acceptable range for assay validation according to CLSI 
standards (Andreasson et al., 2015). Once the accuracy was established, 
the operational stability of DETecT Sepsis sensor was tested for up to five 
weeks (35 days) with the sensors stored in 4 ◦C. 1 pg/mL concentration 
for TRAIL and IP-10 was measured thrice (n = 3). No significant change 
in response was observed for TRAIL with only a 3% loss of signal at the 
end of 5 weeks as seen in supplementary Fig S1. Similarly, a loss of only 
5% of the signal response was seen at the end of five weeks specific to 
IP-10 as seen in supplementary Fig S2. In summary, both TRAIL and 
IP-10 retained 95–97% of its original activity post five weeks of storage 
in 4 ◦C, indicating excellent operational stability. To our knowledge, this 
is the first demonstration of a pentaplex biomarker sensor that allows 
simultaneous quantification of pro-and anti-inflammatory biomarkers 
with a single drop of plasma sample with reliable sensor performance 
metrics. 

3.3. Validating DETecT sepsis sensor with clinical patient samples 

Clinical translation for the multiplexed POCT technologies requires 
validation with patient samples. For this study, 20 septic patient plasma 
samples along with 20 control (Non-septic) healthy plasma samples 
(Table S3) were evaluated using the DETecT Sepsis sensor and Luminex 
as the reference standard. The onset of sepsis was confirmed at 24 h time 
point from the hospital. All the 40 samples were tested for IL-6, IL-8, IL- 
10, TRAIL, and IP-10 using the developed sensor device. Concentrations 
measured using the sensor correlated well with a Pearson’s r ≥ 0.90 for 
all the five test biomarkers as seen in Fig. 5a-e. Fig. 5(f–j) represents the 
DETecT Sepsis sensor’s capability to distinguish healthy vs. sepsis pa-
tient cohorts for IL-6, IL-8 IL-10, TRAIL, and IP-10. We observed that 
levels of IL-6, IL-8, IL-10, TRAIL, and IP-10 of the healthy cohort were 
significantly different from the Septic cohort as confirmed using Mann- 
Whitney U statistical analysis test. Mean plasma IL-6 levels for the septic 
cohort were 44.05 ± 74.32 pg/mL as compared to 2.2 ± 0.83 pg/mL of 
the healthy cohort. IL-8 levels for the healthy cohort were all below 2.44 
± 0.88 pg/mL while mean levels in the septic cohort were around 11.65 
± 16.16 pg/mL. Similarly, for anti-inflammatory IL-10 biomarkers, the 
mean level established for the healthy cohort was 2.17 ± 0.84 pg/mL and 
septic patients’ mean levels were 15.47 ± 18.18 pg/mL. As seen in 
Fig. 5d, TRAIL levels were significantly lower in septic patients with a 
mean value of 27.62 ± 18.62 pg/mL as compared to the healthy cohort 

mean levels of 47.69 ± 18.74 pg/mL. Studies have shown to correlate 
lower levels of TRAIL to poor patient outcomes, thus indicating the 
overall severity of illness (Schenck et al., 2019; Tian et al., 2013). Mean 
healthy concentrations for IP-10 were 45.27 ± 34.57 pg/mL whereas 
septic sample mean levels were measured to be 397.3 ± 572.5 pg/mL. 
The DETecT Sepsis method was also able to distinguish all the five 
biomarkers in healthy and septic patient samples with a good statistical 
significance of p < 0.001 (Table S4). 

4. Discussion 

Patients with sepsis can be stratified based on evaluating specific 
immunological response patterns by a promising approach of cytokine 
profiling (Marshall, 2006; Ulloa et al., n.d.). Research has been proposed 
that a combination of biomarkers may yield better results, as no single 
biomarker exhibits an accuracy of 100% to predict a reliable outcome. 
Accordingly, in this work, we developed a unique strategy targeting a 
combination of five pro and anti-inflammatory cytokine biomarkers to 
rapidly detect sepsis using the DETecT Sepsis sensor to assess the pa-
tient’s host response useful in a clinical setting. The empirical research 
approach adopted for this work was based on the evolving knowledge of 
host response to infection during sepsis. It is well-identified that sepsis 
fatality is not specifically induced by infectious microorganisms or 
pathogens; instead, the subsequent pathological outcome is triggered by 
dysregulation of the host immune response with a combination of pro 
and anti-inflammatory processes, contributing to multiple organ failure. 
DETecT Sepsis sensor provides a descriptive understanding of the host 
immune response with the pentaplex biomarker strategy enabling pa-
tient stratification to predict timely evidence on the arc of sepsis. The 
sensitive and specific aspect combined with a wide dynamic range of the 
DETecT sensor device platform allows sepsis stratification to differen-
tiate the patient state enabling appropriate therapeutic interventions. 

The combination of pro and anti-inflammatory markers (IL-6, IL-8, 
and IL-10) reveals host immune response during the early stages of 
sepsis whereas TRAIL and IP-10 provide information to differentiate 
between bacterial or viral sources of infection. Each biomarker provides 
key information based on the specific pathophysiology. Timing of cy-
tokines release and the symbiosis between pro- and anti-inflammatory 
agents determines the degree of infection, and their excessive produc-
tion can be associated with deleterious effects. A clinical investigation 
detected a high concentration of cytokines in plasma of critically ill 
patients affected with COVID-19, suggesting that cytokine storm was 
associated with the severity of the disease as well (Huang et al., 2020). 
Cytokine mediators are elevated in both pediatric and adult patients and 
are responsible for illicit symptoms including fever, hypotension, and 
production of acute-phase proteins (Banyer et al., 2000; Nedeva et al., 

Fig. 4. Repeatability, Reproducibility, and stability of DETecT Sepsis. (a–e) Actual and measured concentration in pooled plasma represented as correlation plots 
using the DETecT sepsis sensor. (f–j) Repeatable and reliable sensing capability highlighting the high recovery rate and accuracy of the developed sensing platform. 
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2019). They are likely to be prognostic as primary regulators during the 
early stage of sepsis (Damas et al., 1992; Viallon et al., 2000). Addi-
tionally, elevated IL-6 and IL-8 levels are linked with early 48 h and 
28-day mortality in sepsis patients (Bozza et al., 2007). Moreover, IL-8 is 
a known mediator of the inflammatory response which plays a major 
role in neutrophil activation. Our results are in agreement with previous 
research which illustrated the increase of IL-6 and IL-8 during the first 
24 h of hospital admission as compared to the healthy cohort (Bozza 
et al., 2007; Hou et al., 2015; Thao et al., 2018), thus, demonstrating the 
role of cytokines biomarkers in identifying sepsis prognosis at an early 
stage. The role of anti-inflammatory biomarker IL-10 during sepsis is 
complicated as it depends on the time of intervention of either being 
protective or destructive to the host. Overproduction of IL-10 in septic 
patients is an indicator of severity and fatal outcome as the body spirals 
in a state of immunoparalysis. Therefore, IL-10 in the DETecT pentaplex 
panel acts as an indicator of immune suppression, and thereby reflects 
the severity of the patient’s condition for sepsis-induced immunosup-
pression. Since the patient samples tested were collected at a 24-h time 
point, the IL-10 levels were not as significant compared to the healthy 
cohort, thereby indicating an early stage of sepsis. Our results demon-
strating the down-regulated TRAIL profile support the hypothesis that 
TRAIL participates in sepsis by controlling inflammatory cell apoptosis 
and promotes inflammation resolution (Renshaw et al., 2003). The 
presence of TRAIL and IP-10 has been independently used to differen-
tiate viral from bacterial infection. (Oved et al., 2015; van der Does et al, 
2016, 2018; van Houten et al., 2017). Moreover, the hypothesis that 
TRAIL participates in sepsis by controlling inflammatory cell apoptosis 
and promotes inflammation resolution (Renshaw et al., 2003). Broadly, 
each selected biomarker demonstrates key elements in activating im-
mune response during sepsis. The approach of multiplexed cytokine 
profiling would enable rapid sepsis endotyping based on biomarker 
levels using the DETecT Sepsis sensing platform. Physicians can actively 
monitor patient status for better prognosis and provide enhanced ther-
apeutic interventions, with multiple measures at patient bedside. 

Clinical management of sepsis can be divided into three phases: (i) 
patient screening; (ii) patient stratification based on evidence-based 
clinical management and response to treatment therapies; and (iii) 
prognostic monitoring. As discussed earlier, much effort has been uti-
lized in the first and third phases, while very little progress has been 
reported with patient stratification methods. Existing methodology lacks 
the potential to deliver rapid POC results deprived of demanding post- 
processing to facilitate adequate diagnosis strategies for septic pa-
tients. To date, very little work has been done on enabling multiplexed 

biomarker detection at point-of-care-testing allowing timely treatment. 
Moreover, transitioning these findings into a clinically feasible test re-
quires a rapid, convenient method that can resolve the lengthy testing 
process (1–8 h) while providing accurate results. The developed self- 
integrated sensing device improvements over existing techniques 
include (i) direct patient sample measurement without the need for 
sample preparation or dilution (ii) low sample volume utilization (~40 
μL) of blood plasma in a portable hand-held format, that could be used to 
collect data over multiple time points with (iii) rapid results achieved 
within ~5 min (iv) simultaneous multiplexed detection of cytokine 
panel biomarkers, for classifying patients depending on the levels 
reflecting severity of illness (v) Sensitive, selective, specific and stable 
biosensing response enhances the reliability of the detecting 
mechanism. 

Many researchers have leveraged the use of IL-6, IL-8, IL-10, TRAIL, 
and IP-10 individually, but to our knowledge, this work is the first 
demonstration of a simultaneous pentaplex biomarker panel for early 
sepsis diagnosis and monitoring using low sample volume (<40 μL) 
achievable rapidly. DETecT Sepsis sensor can be used effectively in the 
emergency department for early sepsis screening, or it can be used to 
monitor sepsis prognosis for patients as a bedside monitoring device. 
Biomarkers linked with sepsis are attributed to the complex immune 
response pathways, therefore rapid multiplexed detection would enable 
early therapeutic intervention and improve patient outcomes. Addi-
tionally, the sample-to-detection time, measured for all five biomarkers 
from time of sampling until sensor readout, was ~5 min, which is > 30 
times faster than the standard reference method (~5 h). The repeatable 
and reproducible results demonstrated by the DETecT Sepsis sensor 
shows evidence of an accurate and reliable electrochemical biosensing 
mechanism. When tested against common interferants, the specific 
sensing capability for the developed pentaplex sensor was not affected. 
Moreover, the sensor displayed a stable response for over five weeks. To 
our knowledge, no multiplex point-of-treatment device is available for 
sepsis detection for near-patient testing without sample dilution with 
rapid response time. Our data shows the first demonstration of a truly 
novel multiplexed platform capable of monitoring host response using 
pentaplex biomarkers for sepsis detection that would enable patient 
stratification and sepsis endotypying. This rapid sample-to-result 
detection capability demonstrated by the DETecT Sepsis sensor estab-
lishes it as a value-added point-of-care testing approach in hospitals and 
emergency departments towards risk stratification of sepsis severity and 
responses to treatment. 

Fig. 5. Clinical validation of DETecT Sepsis sensor with Sepsis Patient samples. (a–e) Correlation between the Reference method (Luminex) and DETecT sepsis sensor 
platform obtained by analyzing n = 40 patient blood plasma samples with a Pearson’s r ≥ 0.90 for IL-6, IL-8, IL-10, TRAIL, and IP-10 biomarkers. (f–j) DETecT Sepsis 
sensors capability to significantly distinguish healthy vs. sepsis patient cohorts for IL-6, IL-8 IL-10, TRAIL and IP-10. Note: **p < 0.01, ***P < 0.001, ****P < 0.0001. 
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5. Conclusions 

In summary, DETecT Sepsis device platform provides the first proof 
of concept for rapid diagnostic screening of sepsis leveraging a host 
immune response biomarker pane. The developed sensor showed com-
parable results to the reference standard as shown with Pearson’s r >
0.97 for all the five biomarkers. However, the developed DETecT sepsis 
sensor achieved quicker response time with lesser completed assay 
procedure, leveraging a combination of unique surface engineered 
sensing strategy coupled with an affinity biosensing principle. The re-
sults of this research demonstrate a robust, sensitive, specific, and stable 
performance by the DETecT Sepsis sensor which is highly expected from 
a point-of-care device. Moreover, it possesses three significant advan-
tages over current detection methodology. Firstly, a specific affinity- 
based transduction mechanism allows the simultaneous detection of 
IL-6, IL-8, IL-10, TRAIL, and IP-10. Multiplexed detection capability will 
help provide a precise molecular fingerprint of every patient encour-
aging initiatives towards precision medicine. Secondly, rapid response 
time offered by the DETecT sensor enables faster decision-making for 
physicians to operate within the “golden hour” and initiate required 
treatment thus, avoiding the dynamic sequence of irreversible organ 
failure and subsequent death caused due to delayed response time. 
Finally, small form factor and ease in handling allow flexibility in using 
the device in a versatile environment (in an emergency department, or 
for bed-side monitoring) while ultra-low sample volume (<40 μL) en-
courages physicians to collect multiple measurements within a day to 
monitor patients host immune response and assess the severity of sepsis. 
The study was limited to a small sample size of septic patients. However, 
these observations have several implications for research to integrate 
different host immune response biomarkers with self-integrated point- 
of-care devices for a better patient outcome. We are currently in the 
process of expanding our multiplexed capabilities and investigating 
sepsis pathophysiology via a larger patient cohort. In conclusion, this 
work has pioneered a potential solution to the existing sepsis dilemma, 
by providing host response strategy to address complexity, shifting the 
paradigm of the on-going sepsis diagnostic approach. 
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