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Abstract

Sepsis is a silent killer, caused by a syndromic reaction of the body's immune system

to an infection that is typically the ultimate pathway to mortality due to numerous

infectious diseases, including COVID-19 across the world. In the United States

alone, sepsis claims 220,000 lives, with a dangerously high fatality rate between

25% and 50%. Early detection and treatment can avert 80% of sepsis mortality

which is currently unavailable in most healthcare institutions. The novelty in this

work is the ability to simultaneously detect eight (IL-6, IL-8, IL-10, IP-10, TRAIL, d-

dimer, CRP, and G-CSF) heterogeneous immune response biomarkers directly in

whole blood without the need for dilution or sample processing. The DETecT sepsis

(Direct Electrochemical Technique Targeting Sepsis) 2.0 sensor device leverages

electrochemical impedance spectroscopy as a technique to detect subtle binding

interactions at the metal/semi-conductor sensor interface and reports results

within 5 min using only two drops (�100 μl) of blood. The device positively (r

>0.87) correlated with lab reference standard LUMINEX for clinical translation

using 40 patient samples. The developed device showed diagnostic accuracy

greater than 80% (AUC >0.8) establishing excellent specific and sensitive response.

Portable handheld user-friendly feature coupled with precise quantification of

immune biomarkers makes the device amenable in a versatile setting providing

insights on patient's immune response. This work highlights an innovative solution

of enhancing sepsis care and management in the absence of a decision support

device in the continuum of sepsis care.
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1 | INTRODUCTION

Sepsis and sepsis-related complications like multi-organ failure is

indeed a substantial challenge on the healthcare systems and a major

research concern for scientist around the world. Sepsis pathogenesis

remains unclear, despite significant fundamental research, and clinical

trials.1 Sepsis is increasingly being recognized as an incredibly diverse

disease resulting from abnormalities within the inflammatory path-

ways. In the intensive care unit (ICU), sepsis is one of the most preva-

lent causes of mortality and in the United States alone, sepsis is

responsible for up to half of all in-hospital fatalities. The global inci-

dence of hospital-related sepsis in adults is estimated to be over 270
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per 100,000, with an astonishing 26% overall death rate. There are

19.4 million cases and 5.3 million fatalities worldwide each year,

excluding sepsis incidence amongst children and that which occur out-

side the hospital.2 In the presence of infection through pathogen, sep-

sis is developed as a systemic complication of the host immune

system.3 The pathogenic invader is the catalyst, while the overzealous

immune response of the host is to blame for the extensive organ dam-

age that is a hallmark of the disease. The identification of several key

biomarkers that enable improved risk stratification and treatment

decision-making has stemmed from a better understanding of the

inflammatory events that contribute to host tissue damage in sepsis.

There is substantial evidence that monitoring key biomarkers in the

hyperinflammatory cytokine storm and acute phase response provides

valuable diagnostic and prognostic indicators of disease progression.

Interestingly, critically ill COVID-19 patients are known to have sepsis,

often accompanied by infection and organ failure with elevated con-

centrations of cytokines ultimately leading to tissue damage, need for

a mechanical ventilator, and eventually death.4 Cytokines are sub-

stances released by innate and adaptive immune system components

that serve as signaling pathways or activators of the inflammatory

response, which play a pivotal role in the development of sepsis.5

Comprehensive mapping of the biomolecular milieu at a particu-

lar time point, is required for the development of viable treatment

approaches. Previous research has identified a connection between

blood levels of various cytokines, the severity of inflammatory

response, and sepsis prognosis.6–9 The present workflow in a clinical

setting follows a systemic process depending on the technology and

manpower available to diagnose patients with sepsis. If a patient

remotely exhibits early indications of sepsis (i.e., SIRS criteria) antibi-

otics are immediately administered to target a variety of infectious

sources before a disease is diagnosed.10–12 Although this may

enhance patient survival, such antibiotic regimens are futile and lead

to antibiotic resistance.13,14 Parallelly, a large volume of blood sam-

ples is collected to identify the causative pathogens and fine-tune

the antibiotic prescription for the patient. A bacterial culture, gram

staining, and drug resistance test are amongst the few clinical tests

used to verify whether the treatment successfully limits pathogen

proliferation. The major disadvantage with these methods is that

results arrive days after the patient is hospitalized, which may lead

to missing out on a valuable timeframe for accurate medical diagno-

sis and planning effective interventions. The remaining techniques

for quantifying sepsis-related biomarkers, such as flow cytometry

and lactate tests, have a tendency of providing an inadequate diag-

nosis in most scenarios because they often require large sample vol-

ume, have constrained detection ranges, are difficult to discern

results, which only delays prognosis from trained clinicians, limiting

their usage in resource-constrained environments across the world

um.15–18 Although some of the commercial point-of-care sepsis

technologies have managed to improve their reliability and effi-

ciency in clinical tests, none of them have multiplexing capabilities

any further than their focused primary biomarkers class, limiting

their ability to obtain an extensive sepsis immunological patient

profile.

A solution to this everlasting problem is the development of a

point-of-care biosensing device with the capability to overcome all

the underlying issues with the existing testing methodologies. To this

direction, we have developed a multiplexed panel of simultaneously

detecting eight crucial biomarkers by using merely two drops

(�100 μl) of undiluted whole blood to rapidly assess the patient

immune response and project the possibility of a patient undergoing

sepsis, rapidly with a sample to result turnaround time of 5 min. The

effort to bring results closer to the patient bedside is propelled by

designing miniaturized portable hardware coupled with sensitive elec-

trochemical impedance spectroscopy (EIS) techniques to assist clini-

cians to monitor disease progression and provide guided treatment.

Our vision is to develop a sensing device that can appease the

ASSURED (Affordable, Sensitive, Specific, user-friendly, Rapid and

Robust, Equipment free, and Deliverable to end-users) criteria set out

by the World Health Organization which could also be useful any-

where.19,20 The developed device is specially designed to be effective

in resource-replete conditions where the objective is to attain quick

test results, with minimal sample handling, along with a projection of

disease severity with the help of a machine learning model to aid in

the planning of an emergency intervention.

2 | RESULTS

2.1 | Spike and recovery

The blood panel with eight biomarkers each has individual standard

curves containing a wide dynamic range to cover healthy and sick

individuals with varying dose concentrations. The efficacy of the

direct electrochemical technique targeting (DETecT) Sepsis 2.0 device

was done by spiking a known concentration to the blood matrix and

measuring the concentration using the calibrated curve for each bio-

marker (Figure 1a–h). The recovery of the spiked sample was deter-

mined by comparing it to calibrated dose response curve for

individual biomarkers. Mean recovery concentration for the blood

panel biomarkers was 105 ± 6% which lies within the accepted assay

range according to the CLSI standards.21 When compared individually,

the coefficient of determination, R2 >0.97 implies the assay for the

sensor device is linear with negligible matrix effect.

2.2 | Specificity

Analytical specificity and selectivity of the DETecT Sepsis 2.0 device

was evaluated by cross-reactivity study using bovine serum albumin

(BSA) in whole blood buffer matrix. Every analyte was tested with low

concentration of BSA followed by high concentration of BSA

depending on the target analyte's dynamic range. This was followed

by adding low concentration of target-specific analyte and the signal

response was measured. Percent reactivity was calculated depending

on the signal response for individual target analytes. As seen in

Figure 2a–h, DETecT Sepsis 2.0 device was able to distinguish the
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F IGURE 1 (a–h). Spike and recovery in whole blood sample using n = 3 sensors to demonstrate assay linearity using DETecT Sepsis 2.0
device for IL-6, IL-8, IL-10, IP-10, TRAIL, G-CSF, d-dimer, and CRP with R2 >0.98

F IGURE 2 (a–h). The specificity of DETecT Sepsis 2.0 device for each of the target biomarker was evaluated using cross reactivity study.CR
high: high concentration of BSA. CR low: low concentration of BSA. All the analytes are spiked in whole blood buffer matrix
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specific target signal with �100% reactivity and the nonspecific signal

accounted for less than �10% reactivity. When evaluating actual clini-

cal samples, where the concentration of the actual analyte might be

significantly lower than those of the nonspecific molecule, the biosen-

sor's selectivity is essential. Overall reactivity less than 10% for the

nonspecific BSA molecule indicates that DETecT Sepsis 2.0 device

selectively binds to the target analyte with minimal interference from

the nonspecific molecules present in whole blood samples.

2.3 | Clinical validation of DETecT Sepsis 2.0
device with reference standard LUMINEX using whole
blood patient samples

It is crucial to understand and validate the performance of the devel-

oped sensor platform with an existing reference method and measure

the accuracy of the sensor. For clinical validation, 40 patient blood

samples were measured using the DETecT Sepsis 2.0 device and ref-

erence LUMINEX standard method (Figure 3a–h).

The concentrations measured by both methods correlated posi-

tively with a coefficient of determination (R2 >0.97) for IL-6, IL-10, IP-

10, TRAIL, G-CSF, and d-dimer. Whereas IL-8 and CRP correlated well

with an R2 >0.87. Additionally, the wide dynamic range ensures to

capture both the healthy and the diseased state of the patient which

can be useful as a monitoring device. To evaluate the preclinical utility

of the developed sensor platform, it is essential for the sensors perfor-

mance to agree with current lab standards. Hence, we compared the

performance of DETecT Sepsis 2.0 device with LUMINEX using

Bland–Altman analysis as seen in Figure 4a–h. The difference

between each pair is plotted on the y axis while the average of each

pair of measurements is plotted on the x axis. Low mean bias between

the two methods shows a good degree of agreement between

Luminex reference standard and DETecT Sepsis 2.0 device. Individual

mean bias values can be found in Table S1. Since all the points except

a few lie well within the limit of agreement (±1.96 SD), the two

methods are in agreement. The dispersion of the points is minimally

observed, and the points are reasonably near the mean bias line. Mean

bias and the limit of the agreement provide information on the usabil-

ity of the new measuring method as a quantifiable measure. The data

measured across the blood panel biomarkers show equal distribution

across the mean bias in both positive and negative directions. This

indicates not one method overpredicts or underpredicts the concen-

tration values.

Sepsis is a complicated disease with dysregulated immune

response, measuring it with a single biomarker may not be informa-

tive. To know how sepsis affects the patient's immune response, it is

necessary to look at a different group of biomarkers that can provide

valuable insights. Therefore, we focused on cytokines, chemokines,

and infectious biomarkers simultaneously to gauge the active patient

state. Quantification of IL-6, IL-8, IL-10, IP-10, TRAIL, G-CSF, d-dimer,

and CRP was done using DETecT Sepsis 2.0 device with 10 healthy

whole blood control samples and 30 septic whole blood patient sam-

ples (Figure 5a–h). One hundred microliter of patient whole blood

samples was directly added to the DETecT Sepsis 2.0 device without

dilution or additional sample preparation. The mean blood concentra-

tion for IL-6 was 0.7 ± 0.37 pg/ml and that of the septic cohort was

214 ± 297 pg/ml. IL-8 showed a mean concentration of 135 ± 55 pg/

ml for healthy and 706 ± 401 pg/ml for septic patients. Healthy whole

blood concentrations for IL-10 and IP-10 were 9 ± 5.37 pg/ml and

15 ± 5.8 pg/ml, whereas septic IL-10 and IP-10 blood concentration

were 34 ± 54 pg/ml 102 ± 144 pg/ml, respectively. Similarly, G-CSF

mean healthy concentration was 97 ± 125 pg/ml and patients with

F IGURE 3 (a–h). Clinical validation of blood panel using DETecT Sepsis 2.0 device. The DETecT Sepsis 2.0 device was validated using
standard LUMINEX as a reference method against n = 40 patient samples in the whole blood matrix. All biomarkers showed positive correlation
with a coefficient of determination (R2 >0.87). Green indicates healthy controls and orange represents septic samples
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sepsis had a blood concentration of 320 ± 264 pg/ml. D-dimer and

CRP significantly classified healthy from the septic cohort with mean

healthy blood concentration of 551 ± 556 pg/ml and 818 ± 758 pg/

ml while septic blood concentration from 3636 ± 1818 ng/ml and

15,481 ± 6122 ng/ml, respectively, with no overlapping interquartile

ranges. The multiplexed panel of eight biomarkers showed statistical

significance between healthy controls against the septic patient

cohort, with TRAIL as an exception. TRAIL has a negative trend where

the healthy cohort shows a higher mean concentration of 42 pg/ml

and the septic cohort shows a slightly lower mean concentration of

F IGURE 4 (a–h). Bland–Altman analysis comparing the developed device and reference Luminex standard using n = 40 patient blood samples

F IGURE 5 (a–h) Classification of infectious cytokine panel using n = 40 patient blood samples into healthy and septic patient cohort for IL-6,
IL-8, IL-10, IP-10, TRAIL, G-CSF, d-dimer, and CRP. Statistical analysis was performed using Mann–Whitney U test to determine the significance
between healthy and septic patient cohort. ns, no significance, **p <0.01, ***p <0.001, ****p <0.0001
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37 pg/ml. TRAIL is a potent inducer of cell death. Lower levels of

TRAIL have been associated with an increased possibility of organ

dysfunction, septic shock, and a higher rate of in-hospital mortal-

ity.22,23 Although plasma levels of TRAIL septic samples showed the

capability to distinguish healthy from the diseased patient group,24

there are many factors associated with poor significance in whole

blood samples.

2.4 | Diagnostic Accuracy of DETecT Sepsis 2.0
device

The utility of DETecT Sepsis 2.0 device in a clinical setting was tested

using a receiver operating curve. It is essential for the device to iden-

tify the specificity and sensitivity of the device to minimize false-posi-

tive results. The area under the curve (AUC) helps to evaluate the

diagnostic performance of the test device. The ability of the device to

identify patients with sepsis positively is termed device sensitivity. On

the contrary, in AUC, specificity is defined as the device's capability to

identify nonseptic patients as negative. As seen in Figure 6, IL-6 and

CRP had the highest discriminative value with an AUC of 1 (95% Con-

fidence interval of 1–1) followed by IL-8 and d-dimer with an AUC of

0.98 (CI 0.93–1). IL-6 had a sensitivity of 100%, and a specificity of

80% with a cut-off 0.97 pg/ml was used to differentiate healthy from

the septic patient cohort. CRP at a cut-off value of 1882 ng/ml had a

sensitivity of 100% and specificity of 90%. For IL-8 had a sensitivity

of 96% at a cut-off value set as 161.6 pg/ml and specificity of 80% to

distinguish healthy from the septic cohort. With a cut-off at 872 ng/

ml, d-dimer showed 96% sensitivity and 90% specificity. IP-10 and G-

CSF showed moderate discriminative value with an AUC of 0.87 (CI:

0.76–0.98) and 0.82 (CI:0.65–0.99), respectively. IP-10 had 90% sen-

sitivity and 70% specificity at a cut-off at 16.26 pg/ml followed by

93% sensitivity and 60% specificity at a cut-off value of 46.43 pg/ml

for G-CSF. Overall, the AUC for the blood panel biomarkers was

above 0.90 for IL-6, IL-8, d-dimer, and CRP which can be used as reli-

able biomarkers o differentiate healthy from the septic patient cohort.

Understanding how the effect of combined biomarkers has on

the ability to distinguish healthy from the septic patient group, princi-

pal component analysis was performed. All eight biomarkers were

added as an input to simplify the results and narrow down the results.

The summary plot selected three major components PCA1, PCA2, and

PCA3 accounting for 29.23%, 22.26%, and 16.99% of the sample vari-

ability, respectively. The biomarkers that are responsible to distinguish

healthy from septic cohort comprise of PCA1, PCA2, PCA3, PCA4,

PCA5, and PCA6 with the cumulative proportion of variance of 94%

according to the scree plot (Figure S1). Thus, the scree plot suggests,

six components out of the eight are sufficient to provide meaningful

insight on the patient status. The loading plot for this data seen in Fig-

ure S3 shows that IL-6, IL-10, and CRP are positively correlated as

they are clustered together. Whereas G-CSF, IL-8, and d-dimer form

another cluster and are well correlated with each other. The third

cluster formed is between TRAIL and IP-10 showing a correlation of

0.8. As seen in Figure 7a, for the blood cytokine biomarkers, were able

to distinguish healthy control subjects from the septic patient cohort.

F IGURE 6 (a–h) Receiver operating characteristic curve for blood panel biomarkers using DETecT Sepsis 2.0 device. Areas under the curve
for the individual biomarker is labeled at the bottom right of each graph
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Heat map analysis shows that the healthy and septic profile is sepa-

rated with the top one-fourth section with very low values represen-

ted in blue with values toward the lower end of the colored scale bar.

All the patients with sepsis showed very high CRP levels followed by

d-dimer, G-CSF, and IL-8. Heat map correlation between patients was

analyzed to visualize patterns within the different biomarkers as seen

in Figure 7b. Data suggest that patients with high IP-10 levels also

had high TRAIL blood concentrations. Next, we evaluated the degree

to which certain pairs of biomarkers correlated using Pearson's corre-

lation matrix, seen in Figure 7c. TRAIL and IP-10 showed the highest

correlation of 0.81 followed by d-dimer and IL-8 with a coefficient of

0.5. D-dimer levels have been known to be associated with the

activation of pro-inflammatory cytokine cascade. The paucity of cor-

relation of d-dimer with anti-inflammatory cytokine IL-10 implies that

the existence of d-dimer may represent an imbalance between pro-

inflammatory and anti-inflammatory cytokines.25

On acquiring results from the multiplexed cytokines panel from

healthy and septic patients using DeTecT sepsis 2.0 device, we

implemented the use of a machine learning model to predict the out-

comes. The confusion matrix represented in Figure 7d represents the

actual and predicted state using a logistic regression algorithm. The

machine learning algorithm used here is the supervised version. We

have used a basic logistic regression algorithm to stratify the patient

from a healthy and septic state. The logistic regression is a common

F IGURE 7 (a) Principal component analysis representing the healthy and septic classification by adding IL-6, IL-8, IL-10, IP-10, TRAIL, G-CSF,
d-dimer, and CRP as input variables. (b) Heat map plotted to evaluate the correlation between patient data across multiplexed blood biomarker
panel. (c) Correlation analysis between blood panels biomarkers. (d) Confusion matrix showing accuracy of logistic regression machine learning
model
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classification algorithm for two-class stratification. Since the objective

here is to provide decision support for clinicians in determining the

probability of a patient being healthy or septic it provides valuable

input. We observed the accuracy of logistic regression to be 0.923%

sufficient to be confident about the implementation of the algorithm

while allowing room for generalization. The true positives here are of

69.23% and true negatives are of about 23.08%. Total false positive

which is the type I error is found to be 7.69% and no false-negative

are observed on the test dataset. This builds the confidence on the

algorithm that no positive case would be unnoticed. Furthermore, Fig-

ure S4 shows other metrics about the classification algorithm. In case

of class imbalance, it would be more robust. The f-1 score gives the

overall weighted score for the algorithm and in this case, it is the same

as accuracy 0.92. The precision for the healthy group was found to be

0.75 and 1.00 for septic. The individual f-1 score for the healthy group

is 0.86 and 0.95 for the septic one. This shows algorithm can classify

the data correctly.

3 | DISCUSSION

Sepsis is a complicated disease to tackle. With such complicated path-

ophysiology, differing from individuals based on their immune

response, it can be burdensome to track the disease progression.

From previous research on the vast availability of biomarkers, certain

biomarkers provide a good understanding of how the patients'

immune response is changing. Unfortunately relying on a single bio-

marker for such a complex disease can be of very little use. Therefore,

in this study, we combined key biomarkers that provide a snapshot of

a patient's immune response. Timing of cytokine release is attributed

to disease severity. Proinflammatory immune biomarkers such as IL-6,

IL-8, and IL-10 highlight the patient status at the beginning of sepsis.

The importance of proinflammatory and anti-inflammatory cytokine

biomarkers has been developed and used for sepsis diagnosis as the

paradigm of sepsis pathogenesis has evolved through time with many

medical treatments. In patients with severe sepsis, cytokine profiling

could be a useful strategy for recognizing various immune response

patterns, expressing the diversity of patient groups with identical bio-

logical deregulation. These works reflect a multiplexed cytokine analy-

sis in whole blood samples using DeTecT 2.0 device to be able to

identify patients with sepsis and the utility of biomarker associations

with disease severity. The results in our work confirm that IL-6, IL-8,

d-dimer, and CRP are primarily the best indicators of identifying

patients with sepsis.

The vast heterogeneity in the immune response of septic patients

has made the development of efficient immunotherapies and predic-

tion of infection outcomes that leads to organ failure or death may be

the major cause of lack of progress. Therefore, the detection of multi-

plexed biomarkers has the potential to improve diagnostic efficacy.

Furthermore, one of the biggest technological gaps is the availability

of rapid detection of these biomarkers at the patient bedside. When a

patient suspected of sepsis arrives in the hospital, time is of essence

to treat the patient with the right approach. A study reveals early

goal-oriented therapy reduced in-hospital mortality as compared to

conventional care (30%–46%).26 Additionally, in septic shock, starting

antibiotics within 1 h improves survival, whereas every hour antibi-

otics are delayed reduces survival by 8%. Choosing the right set of

biomarkers may provide valuable insight into understanding the path-

ophysiology of sepsis in each patient. Cytokines are known to be the

first biomarkers to respond to inflammation.27 This is also reflected by

the results where IL-6 and IL-8 have shown a significant difference

between healthy and septic patient cohorts, seen in Figure 5.

It is observed that 20%–25% of patients with sepsis have dissem-

inated intravascular coagulation (DIC) which may lead to organ failure,

thereby significantly increasing the risk of mortality.28 The activation

of a coagulation deluge is a typical and early occurrence in septic

patients with infection, and several molecules involved in this process

are also key inflammatory response amplifies. Fibrinolysis is activated

by d-dimer which causes coagulation. The role of d-dimer is significant

in identifying the severity of immune response, as d-dimer signifies

the level of blood coagulation which in turn can reflect severity in

host immune response, leading to organ failure.29 This work showed

results in line with the results shown with the previous study of d-

dimer in sepsis. A higher mortality rate and hospitalization were found

to be correlated with patients with higher d-dimer levels8. The level

of d-dimer in our septic patient cohort was nearly 10 times higher

than of healthy patient group9,10 and correlated moderately with CRP,

thus becoming a potential biomarker for identifying infected individ-

uals with a high risk of mortality in a simple and quick manner. The

levels of CRP have known to be markers of sepsis. CRP levels increase

within the first 6 h of the infection. Although it is a generic biomarker

for inflammation, the incidence of sepsis is much higher.30 CRP is also

used as a standard for measuring sepsis as part of the clinical stan-

dard, or blood culture. CRP is also a marker used to test for adverse

outcomes with COVID-19.11 The concentration difference between

healthy and septic patient cohorts is almost 200 times, which indi-

cates a characteristic response to the infection. Several studies have

shown that increased CRP concentration especially in patients in ICU

has an increased risk of organ failure and higher chances of mortal-

ity.12,13 IL-6 is an essential cytokine that is a key activator for acute

phase response, particularly, triggering the production of CRP, a well-

known pro-inflammatory marker for atherothrombotic vascular dis-

ease14. Tracking IL-6 in connection with CRP has been shown to have

prognostic value for early detection of sepsis.31 The threshold value

of IL-6 and CRP was 1.6 pg/ml and 2619 ng/ml which was in line with

previous studies.32,33 IL-6 is also known to be one of the first media-

tors to provocate the cytokine storm in patients with sepsis and

COVID-19.34 Therefore, monitoring the levels of IL-6 along with other

pro-inflammatory markers provides evidence of how the patient's

immune response is reacting during the infection. Diagnostic accuracy

of a single marker in a complex disease like sepsis is difficult to predict

the dynamic state of the patient.35 The novel combination of bio-

markers showcasing various immune response phases within the

patient provides valuable information to the clinicians to make crucial

decisions on therapeutics. For instance, if the presenting patient

shows higher proinflammatory levels of biomarkers, the clinician can
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provide immunosuppressants to dial down the immune response, and

avoid the catastrophic event of a cytokine storm, which could lead to

uncontrollable side effects like multiple organ failure, or even death.

Herein IL-10 plays a crucial role to determine the state of the immune

response. IL-10 is known to act as a double-edged sword during infec-

tion as it acts based on the body's feedback. For instance, If the

patient is in the state of a hyperimmune state, IL-10 is triggered as an

anti-inflammatory signal to lower the over-responsive effects of the

inflammatory response. Whereas, if the body is in the state of immu-

nosuppression, IL-10 triggers the necessary biomarkers to activate the

pro-inflammatory response, to curb the infection in the body during

infection. The right role of IL-10 is unknown during sepsis, but as it

has a dual nature, the diagnostic accuracy can be affected. Therefore,

it is necessary to club IL-10 along with other pro-inflammatory

markers to completely understand the nature of the individual

biomarker. Overproduction of IL-10 has been associated with

severe outcomes and mortality.15 IL-10 suppresses the activity of

proinflammatory cytokines and chemokines including IL-6, IL-8, IP-10,

and G-CSF.16 Its major role is to limit damage to the host. But in doing

so, it also grants a free pass to the pathogen to multiple or sustains

within the host, thereby harming the host eventually. Therefore, if IL-

10 is expressed at an inopportune time, such as too early during viru-

lent infection, or too late during avirulent infection, it can cause over-

whelming infection or severe tissue damage.17 This work is in line

with the research done previously where 75% IL-10 production is at

34 pg/ml up to 272 pg/ml in septic patient cohort.18 Progression of

TRAIL and IP-10 has been researched over different patient groups

and has been said to be distinguishing factors for bacterial and viral

sepsis. Especially, lower levels of TRAIL show more severe outcomes.

Detection of biomarkers in whole blood is a completely different

arena compared to regular standard diagnostics. There are a few

advantages of exploring blood as a biofluid for ease in detection. This

work focuses on the potential of using a point-of-care device capable

of measuring eight biomarkers simultaneously in a small sample of

whole blood within 5 min.

In a clinically relevant environment, effective detection and pre-

diction of the patient at risk of developing sepsis are key for success-

ful management. Integrating the machine learning model with the

multiplexed cytokine results in blood enables a unique way to predict

the possibility of a patient with sepsis with high accuracy (AUC

>0.92). The application of machine learning-based predictive technol-

ogy might aid medical decision-making by adding new components to

assist proper and early diagnosis of patients with sepsis.

Even though a combination of cytokines shows high accuracy for

predicting patients with sepsis, our work has a few limitations. The

limited sample size restricts the extent to which our findings can be

extended to other patient cohorts. Furthermore, only a single time

point cytokine measurement was considered, and although blood

measurement is crucial for early prognosis, it may not elucidate the

depth of the influence of cytokines in disease etiology as compared to

those offered by sequential measurements. However, specific cyto-

kine accuracy was high for predicting the patient state and disease

severity. Although it is tempting to presume that variations in cytokine

concentrations are linked to the pathophysiology of organ failure, we

believe, no single cytokine can be credited for the entire severity of

the disease. Cytokine concentrations in blood could also be elevated

merely as indicators of tissue injury, without necessarily playing a

direct role.

The multiplexing capability of DeTect 2.0 device directly in whole

blood at the patient bedside provides opportunities to create a panel

of sepsis biomarkers that includes well-studied cytokine biomarkers

with good prognostic value along with other biomarkers to accommo-

date for similar diseases like COVID-19 to expand the potential appli-

cation of the device. To gain a comprehensive understanding of

complex interactions that occur during disease progression, we

acknowledge that newer techniques can benefit, rather than studying

the individual effect of the chosen biomarkers.

Apart from the current limitations, DeTect Sepsis device 2.0 has

several advantages over existing analytical techniques. Firstly, the high

detection sensitivity of DeTecT sepsis 2.0 device coupled with a wide

dynamic range and good specificity provides rapid and accurate

results to improve sepsis stratification. Next, the miniaturized portable

device can be used anywhere, from the patient bedside to the emer-

gency department or even in an ambulance. Secondly, a low sample

requirement equivalent of two drops of blood (�100 μl) provides

rapid information on a panel of eight useful biomarkers which can pro-

vide valuable insights on the patient's host immune response at that

instant. Lastly, integrating a machine learning algorithm with the mul-

tiplexed cytokine panel offers the user (e.g., clinicians) valuable

insights and can be a valuable asset as a clinical decision support sys-

tem for improved patient outcomes.

To date, there is no point-of-care device that can rapidly assess

the biomarker concentrations without sample dilution in whole blood

with low sample volume (�100 μl). This translational research work

would support and benefit the clinical community in rapidly assessing

the state of the patient's immune response at the time of intervention,

thus providing real-time valuable information. In conclusion, simulta-

neous detection of eight cytokine biomarkers combined with a

machine learning model can reveal complicated cytokine patterns

reflecting systemic response linked to severe sepsis, organ failure, and

death. Based on the cytokine profiles provided by the DeTecT sepsis

2.0 device, clinicians can assess disease severity and forecast distinct

clinical presentations and outcomes.

4 | EXPERIMENTAL SECTION

4.1 | Experimental design

This work is designed to validate the performance of the developed

DeTecT sepsis 2.0 device for simultaneous detection of key sepsis

biomarkers directly in whole blood. To validate the efficacy of the

sensor against whole blood samples, 30 whole blood patient samples

were procured from Discovery life science (Atlanta), which was

declared positive for sepsis using reference laboratory standard tech-

nique. Parallelly, 10 healthy whole blood samples were procured from
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Carter blood bank (Texas) as positive control samples. The sample size

calculation is shown in Supporting Information. Dithiobis succinimidyl

propionate (DSP) along with Dimethyl sulfoxide (DMSO) solvent,

phosphate Buffer Saline (PBS), SuperBlock was procured from Thermo

Fisher Scientific (USA). Multiplexed biomarkers used for this work was

Interleukin-6 (IL-6), Interleukin 8 (IL-8), Interleukin-10 (IL-10), inter-

feron-gamma induced protein-10 (IP-10), TNF-related apoptosis-

inducing ligand (TRAIL), Granulocyte-colony stimulating factor (G-

CSF), d-dimer, C-reactive protein (CRP). All the antigens and anti-

bodies were purchased from Abcam. All the stock proteins were

aliquoted and stored in �20�C until further use. To prevent denatur-

ing the proteins, none of the proteins underwent more than three

freeze–thaw cycles. Antibodies were diluted in PBS to get them to

their optimized concentrations before use.

4.2 | DETecT 2.0 sensor with EnLiSense's rapid
electro analytical device platform

The DeTecT sepsis 2.0 device consists of a uniquely designed sensor

with 16 independent electrodes on a single PCB platform. The gold

deposited electrodes are equally spaced on the PCB surface to pro-

vide uniform fluid flow. All the 16 working electrodes is deposited

with a thin layer of zinc oxide (ZnO) uniformly to attain high sensitiv-

ity. The deposited sensor is then mounted on a handheld reader

device which encompasses the portable electronics with EIS module

for the signal detection. The reader is compatible to support both

wired and wireless communication. The detection mechanism is based

on the EIS framework where subtle changes that occur at the elec-

trode solution interface can be detected by applying a small input

voltage over a frequency spectrum. The sensor requires a sample of

approximately 100 μl which is equivalent to two drops of blood. The

detection occurs immediately, and results can be read within 5 min.

Shorter measurement times ensure the blood does not clot and mea-

surement is taken promptly. Assay development, sensor characteriza-

tion, and validation were performed using similar protocols followed

in our previous work.24 To scale the capability of the sensing device

to measure eight biomarkers, we had to activate eight channels as

opposed to five channels that were used in our previous work. The

upgraded sensing platform had to be calibrated to measure the new

biomolecules simultaneously. While upgrading the biomarker panel

from 5–8 biomarkers was not an issue as the sensing platform was

robust, the assay had to be optimized to account for whole blood

analysis. While plasma behaves almost Newtonian, whole blood has

distinct non-Newtonian features, which are mostly explained by

erythrocyte clumping at low shear rates, deformability, and a propen-

sity to align with the flow field at high shear rates. To minimize the

effect of noise while measuring the given sample, we focused on a

smaller frequency range (80 –1000 Hz) while using electrochemical

impedance spectroscopy. Narrowing the frequency range in the lower

frequency regime helped extracting the signal response which cap-

tured the biomolecular interaction occurring at the sensing interface.

Assay optimization included lowering the detection time to avoid

sample deterioration and signal interference due to blood clotting on

the sensing platform. Hence, the assay optimization was critical to

ensure rapid detection and not allow the blood to clot on the sensor

and provide erroneous results. Machine learning algorithms were

implemented to visualize and predict the healthy and septic patient

groups using supervised and unsupervised algorithms. Additional

information on device comparison between previous version can be

found in Supporting Information.

4.3 | Statistical analysis

The Graphpad software was used to perform statistical analysis (Gra-

phPad Software Inc., La Jolla, CA). *p 0.05, **p 0.01, ***p 0.001, ****p

0.0001, ns: nonsignificant, *p 0.05, **p 0.01, ***p 0.001, ****p 0.0001.

Unless otherwise noted, data is provided as mean SEM for n = 3 repli-

cates. For comparisons between three or more groups, a one-way

analysis of variance (ANOVA) was performed. In the cross-reactive

investigation, the T-test was utilized to examine the importance of sig-

nals versus serum albumin. Nonparametric unpaired Mann–Whitney

tests were used to compare the healthy and septic cohorts. Bio-

markers were compared using two methodologies, and the difference

between them was determined using Bland–Altman analysis. Wilson/

Brown method using GraphPad Prism was used to assess DETecT

sepsis 2.0 device specificity and sensitivity to identify healthy from

the septic patient group using receiver operating parameters. Along

with many additional input criteria, principal component analysis

(PCA) was utilized to visually evaluate if a healthy cohort could be dis-

tinguished from septic patients. Additional information on the DETecT

Sepsis device with five biomarkers in plasma has been described in

Figure S4. Logistics regression is the basic algorithm used for classifi-

cation. Logistics regression is the take on linear regression with a sig-

moid function. Before applying the logistics, regression data cleaning

has been done. The data cleaning part of the pipeline would take care

of any missing values or bad values that may affect the prediction.

After the basic data cleaning and exploration, the next task was to

build a machine learning model. We have done it with two different

phases supervised and unsupervised. The supervised version of the

model was used to test the prediction. The scikit learn-based logistics

algorithm was used for the implementation of the clean data. The

results obtained are explained in the results section. For the

unsupervised version, the main objective was to find the natural

groupings within the dataset. For the unsupervised version, the first

dimensionality reduction has been performed. The components

obtained from the analysis are used as the input parameter for the

unsupervised clustering algorithm. The entire dataset of 40 was

divided into a 70:30 ratio. 70% is used for training and the remaining

30% has been used for the test. The confusion matrix is calculated

based on 30% of the dataset. Given the nature of the restricted

dataset, we have used the basic version of the logistic regression

package made available from scikit. The PCA output has been plotted

with the color by the groupings which are previously known. The clus-

tering algorithms have been implemented using the scikit learn
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package. Given the nature of the dataset, we use the basic clustering

algorithm such as k-means, agglomerative and BIRCH algorithm. The

scoring criteria used here is the silhouette scoring method to under-

stand the inter and intra distance between the clusters.

CONFLICT OF INTEREST

Drs. Shalini Prasad and Sriram Muthukumar have a significant inter-

est in EnLiSense LLC, a company that may have a commercial inter-

est in the results of this research and technology. The potential

individual conflict of interest has been reviewed and managed by

The University of Texas at Dallas, and played no role in the study

design; in the collection, analysis, and interpretation of data; in the

writing of the report, or in the decision to submit the report for

publication.

AUTHOR CONTRIBUTIONS

Ambalika S. Tanak: Conceptualization (equal); data curation (lead); for-

mal analysis (lead); methodology (equal); validation (lead); writing –

original draft (lead); writing – review and editing (lead). Abha Sardesai:

Formal analysis (supporting); methodology (supporting); writing –

review and editing (supporting). Sriram Muthukumar: Conceptualiza-

tion (equal); data curation (supporting); formal analysis (supporting);

resources (equal); supervision (equal); writing – review and editing

(supporting). Shalini Prasad: Conceptualization (equal); methodology

(equal); resources (lead); supervision (equal); writing – review and

editing (supporting).

DATA AVAILABILITY STATEMENT

Research data are not shared.

ORCID

Ambalika S. Tanak https://orcid.org/0000-0002-8786-8405

Abha Sardesai https://orcid.org/0000-0001-6780-9603

Sriram Muthukumar https://orcid.org/0000-0002-8761-7278

Shalini Prasad https://orcid.org/0000-0002-2404-3801

REFERENCES

1. Gilbert JA. Sepsis care bundles: a work in progress. Lancet Respir Med.

2018;6(11):821-823. doi:10.1016/S2213-2600(18)30362-X

2. Fleischmann C, Scherag A, Adhikari NKJ, et al. Assessment of global

incidence and mortality of hospital-treated sepsis current estimates

and limitations. Am J Respir Crit Care Med. 2016;193(3):259-272. doi:

10.1164/rccm.201504-0781OC

3. Singer M, Deutschman CS, Seymour C, et al. The third international

consensus definitions for sepsis and septic shock (sepsis-3). JAMA.

2016;315(8):801-810. doi:10.1001/jama.2016.0287

4. del Valle DM, Kim-Schulze S, Huang HH, et al. An inflammatory cyto-

kine signature predicts COVID-19 severity and survival. Nat Med.

2020;26(10):1636-1643. doi:10.1038/s41591-020-1051-9

5. Kany S, Vollrath JT, Relja B. Cytokines in inflammatory disease. Int J

Mol Sci. 2019;20(23):6008. doi:10.3390/IJMS20236008

6. Melo AKG, Milby KM, Caparroz ALMA, et al. Biomarkers of cytokine

storm as red flags for severe and fatal COVID-19 cases: a living sys-

tematic review and meta-analysis. PLOS One. 2021;16(6):e0253894.

doi:10.1371/JOURNAL.PONE.0253894

7. Nedeva C, Menassa J, Puthalakath H. Sepsis: inflammation is a neces-

sary evil. Front Cell Dev Biol. 2019;7:108. doi:10.3389/FCELL.2019.

00108

8. Caserta S, Mengozzi M, Kern F, Newbury SF, Ghezzi P, Llewelyn MJ.

Severity circulating inflammatory-relevant microRNAs of systemic

inflammatory response syndrome affects the blood levels of Circulat-

ing Inflammatory-Relevant MicroRNAs. Front Immunol. 2018;8:1977.

doi:10.3389/FIMMU.2017.01977

9. Mera S, Tatulescu D, Cismaru C, et al. Multiplex cytokine profiling in

patients with sepsis. APMIS. 2011;119(2):155-163. doi:10.1111/J.

1600-0463.2010.02705.X

10. Ashley BK, Hassan U. Point-of-critical-care diagnostics for sepsis

enabled by multiplexed micro and nanosensing technologies. Wiley

Interdiscip Rev Nanomed Nanobiotechnol. 2021;13(5):e1701. doi:10.

1002/WNAN.1701

11. Sharma S, Srivastava P. Resistance of antimicrobial in Pseudomonas

aeruginosa. Int J Curr Microbiol App Sci. 2016;5(3):121-128. doi:10.

20546/IJCMAS.2016.503.017

12. Reddy B, Hassan U, Seymour C, et al. Point-of-care sensors for the

management of sepsis. Nature Biomed Eng. 2018;2(9):640-648. doi:

10.1038/s41551-018-0288-9

13. Khan ZA, Siddiqui MF, Park S. Current and emerging methods of anti-

biotic susceptibility testing. Diagnostics. 2019;9(2):49. doi:10.3390/

DIAGNOSTICS9020049

14. Pradipta IS, Chairunnisa Sodik D, Lestari K, et al. Antibiotic resistance

in sepsis patients: evaluation and recommendation of antibiotic use.

N Am J Med Sci. 2013;5(6):344-352. doi:10.4103/1947-2714.114165

15. Umlauf VN, Dreschers S, Orlikowsky TW. Flow cytometry in the

detection of neonatal sepsis. Int J Pediatr. 2013;2013:1-6. doi:10.

1155/2013/763191

16. Venet F, Lepape A, Monneret G. Clinical review: flow cytometry per-

spectives in the ICU - from diagnosis of infection to monitoring of

injury-induced immune dysfunctions. Critical Care. 2011;15(5):1-9.

doi:10.1186/CC10333

17. Mukhopadhyay S, Taylor JA, von Kohorn I, et al. Variation in sepsis

evaluation across a national network of nurseries. Pediatrics. 2017;

139(3):e20162845. doi:10.1542/PEDS.2016-2845

18. Hein-Kristensen L, Wiese L, Kurtzhals JAL, Staalsoe T. In-depth vali-

dation of acridine orange staining for flow cytometric parasite and

reticulocyte enumeration in an experimental model using Plasmodium

berghei. Exp Parasitol. 2009;123(2):152-157. doi:10.1016/J.

EXPPARA.2009.06.010

19. Land KJ, Boeras DI, Chen XS, Ramsay AR, Peeling RW. REASSURED

diagnostics to inform disease control strategies, strengthen health

systems and improve patient outcomes. Nature Microbiol. 2018;4(1):

46-54. doi:10.1038/s41564-018-0295-3

20. Smith S, Korvink JG, Mager D, Land K. The potential of paper-based

diagnostics to meet the ASSURED criteria. RSC Adv. 2018;8(59):

34012-34034. doi:10.1039/C8RA06132G

21. Tholen DW, Kallner A, Kennedy JW, Krouwer JS, Meier K. Evaluation

of Precision Performance of Quantitative Measurement Methods;

Approved Guideline. Vol 24. 2nd ed. National Committee for Clinical

Laboratory Standards; 2004.

22. Nicholson T, Ma KC, Pabon MA, et al. LATE-BREAKING ABSTRACT:

plasma level of TRAIL is associated with severity of sepsis and pre-

dicts survival after critical illness. Eur Respir J. 2016;48(suppl 60):

OA3021. doi:10.1183/13993003.CONGRESS-2016.OA3021

23. Schenck EJ, Ma KC, Price DR, et al. Circulating cell death biomarker

TRAIL is associated with increased organ dysfunction in sepsis. JCI

Insight. 2019;4(9):e127143. doi:10.1172/jci.insight.127143

24. Tanak AS, Muthukumar S, Krishnan S, Schully KL, Clark D, Prasad S.

Multiplexed cytokine detection using electrochemical point-of-care

sensing device towards rapid sepsis endotyping. Biosens Bioelectron.

2021;171:112726. doi:10.1016/J.BIOS.2020.112726

TANAK ET AL. 11 of 12

https://orcid.org/0000-0002-8786-8405
https://orcid.org/0000-0002-8786-8405
https://orcid.org/0000-0001-6780-9603
https://orcid.org/0000-0001-6780-9603
https://orcid.org/0000-0002-8761-7278
https://orcid.org/0000-0002-8761-7278
https://orcid.org/0000-0002-2404-3801
https://orcid.org/0000-0002-2404-3801
info:doi/10.1016/S2213-2600(18)30362-X
info:doi/10.1164/rccm.201504-0781OC
info:doi/10.1001/jama.2016.0287
info:doi/10.1038/s41591-020-1051-9
info:doi/10.3390/IJMS20236008
info:doi/10.1371/JOURNAL.PONE.0253894
info:doi/10.3389/FCELL.2019.00108
info:doi/10.3389/FCELL.2019.00108
info:doi/10.3389/FIMMU.2017.01977
info:doi/10.1111/J.1600-0463.2010.02705.X
info:doi/10.1111/J.1600-0463.2010.02705.X
info:doi/10.1002/WNAN.1701
info:doi/10.1002/WNAN.1701
info:doi/10.20546/IJCMAS.2016.503.017
info:doi/10.20546/IJCMAS.2016.503.017
info:doi/10.1038/s41551-018-0288-9
info:doi/10.3390/DIAGNOSTICS9020049
info:doi/10.3390/DIAGNOSTICS9020049
info:doi/10.4103/1947-2714.114165
info:doi/10.1155/2013/763191
info:doi/10.1155/2013/763191
info:doi/10.1186/CC10333
info:doi/10.1542/PEDS.2016-2845
info:doi/10.1016/J.EXPPARA.2009.06.010
info:doi/10.1016/J.EXPPARA.2009.06.010
info:doi/10.1038/s41564-018-0295-3
info:doi/10.1039/C8RA06132G
info:doi/10.1183/13993003.CONGRESS-2016.OA3021
info:doi/10.1172/jci.insight.127143
info:doi/10.1016/J.BIOS.2020.112726


25. Shorr AF, Thomas SJ, Alkins SA, Fitzpatrick TM, Ling GS. D-dimer cor-

relates with Proinflammatory cytokine levels and outcomes in criti-

cally ill patients. Chest. 2002;121(4):1262-1268. doi:10.1378/CHEST.

121.4.1262

26. Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy in

the treatment of severe sepsis and septic shock. N Engl J Med. 2001;

345(19):1368-1377. doi:10.1056/NEJMOA010307

27. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and

chemokines: at the crossroads of cell signalling and inflammatory dis-

ease. Biochim Biophys Acta. 2014;1843(11):2563-2582. doi:10.1016/

J.BBAMCR.2014.05.014

28. Zeerleder S, Hack CE, Wuillemin WA. Disseminated intravascular

coagulation in sepsis. Chest. 2005;128(4):2864-2875. doi:10.1378/

CHEST.128.4.2864

29. Tang N, Pan Y, Xu C, Li D. Characteristics of emergency patients with

markedly elevated D-dimer levels. Sci Rep. 2020;10(1):1-5. doi:10.

1038/s41598-020-64853-0

30. Cui N, Zhang H, Chen Z, Yu Z. Prognostic significance of PCT and

CRP evaluation for adult ICU patients with sepsis and septic shock:

retrospective analysis of 59 cases. J Int Med Res. 2019;47(4):1573-

1579. doi:10.1177/0300060518822404

31. Liu F, Li L, Xu M, et al. Prognostic value of interleukin-6, C-reactive

protein, and procalcitonin in patients with COVID-19. J Clin Virol.

2020;127:104370. doi:10.1016/J.JCV.2020.104370

32. Tanak AS, Jagannath B, Tamrakar Y, Muthukumar S, Prasad S. Non-

faradaic electrochemical impedimetric profiling of procalcitonin and

C-reactive protein as a dual marker biosensor for early sepsis

detection. Anal Chim Acta: X. 2019;3:100029. doi:10.1016/j.acax.

2019.100029

33. Molano Franco D, Arevalo-Rodriguez I, Roqué i Figuls M, Montero

Oleas NG, Nuvials X, Zamora J. Plasma interleukin-6 concentration

for the diagnosis of sepsis in critically ill adults. Cochrane Database

Syst Rev. 2019;2019(4):CD011811. doi:10.1002/14651858.

CD011811.PUB2

34. Ragab D, Salah Eldin H, Taeimah M, Khattab R, Salem R. The COVID-

19 cytokine storm; What we know so far. Front Immunol. 2020;11:

1446. doi:10.3389/FIMMU.2020.01446

35. Teggert A, Datta H, Ali Z. Biomarkers for point-of-care diagnosis of

sepsis. Micromachines. 2020;11(3):286. doi:10.3390/MI11030286

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Tanak AS, Sardesai A, Muthukumar S,

Prasad S. Simultaneous detection of sepsis host response

biomarkers in whole blood using electrochemical biosensor.

Bioeng Transl Med. 2022;7(3):e10310. doi:10.1002/btm2.

10310

12 of 12 TANAK ET AL.

info:doi/10.1378/CHEST.121.4.1262
info:doi/10.1378/CHEST.121.4.1262
info:doi/10.1056/NEJMOA010307
info:doi/10.1016/J.BBAMCR.2014.05.014
info:doi/10.1016/J.BBAMCR.2014.05.014
info:doi/10.1378/CHEST.128.4.2864
info:doi/10.1378/CHEST.128.4.2864
info:doi/10.1038/s41598-020-64853-0
info:doi/10.1038/s41598-020-64853-0
info:doi/10.1177/0300060518822404
info:doi/10.1016/J.JCV.2020.104370
info:doi/10.1016/j.acax.2019.100029
info:doi/10.1016/j.acax.2019.100029
info:doi/10.1002/14651858.CD011811.PUB2
info:doi/10.1002/14651858.CD011811.PUB2
info:doi/10.3389/FIMMU.2020.01446
info:doi/10.3390/MI11030286
info:doi/10.1002/btm2.10310
info:doi/10.1002/btm2.10310

	Simultaneous detection of sepsis host response biomarkers in whole blood using electrochemical biosensor
	1  INTRODUCTION
	2  RESULTS
	2.1  Spike and recovery
	2.2  Specificity
	2.3  Clinical validation of DETecT Sepsis 2.0 device with reference standard LUMINEX using whole blood patient samples
	2.4  Diagnostic Accuracy of DETecT Sepsis 2.0 device

	3  DISCUSSION
	4  EXPERIMENTAL SECTION
	4.1  Experimental design
	4.2  DETecT 2.0 sensor with EnLiSense's rapid electro analytical device platform
	4.3  Statistical analysis

	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


