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Sepsis is one of the major causes of mortality and organ losses due to the infections caused before or after
hospitalization. According to the World Health Organization (WHO), 11 million people died from sepsis in
2020, which accounted for 20% of all deaths reported worldwide in the same year. This was out of an
estimated 48.9 million cases of sepsis that year. Thus, the timely detection and treatment of sepsis are
crucial for saving lives and organs of patients. There has been a continuous effort to identify and quantify
the microbial load as well as ensure detection at an early stage of infection for ensuring the right
treatment. There are various methods for identifying blood-based pathogens, and each of them has their
own sensitivity and limit of detection (LOD). Identification by electrochemical and optical methods is
unique in terms of their need and condition to be used. In remote and resource-deprived locations,
paper-based, microfluidic, electrochemical or easy-to-use devices based on less-energy-intensive
methods are more useful. In this work, we present the recent developments and challenges in the field
of sepsis-related biosensors. The developments in neonatal-related sepsis biomarkers and sensors, the
pathophysiology of sepsis, and the six categories of sepsis biosensors, with the relevant biomarkers,
limits of detection (LOD), ease of extraction from bodily/interstitial fluids or analytes and their sensing
mechanisms are discussed. The sensing mechanism plays a crucial role in deciding the reliability and
durability of such sensors. The challenges in finding biomarkers directly from blood and preserving them
while maintaining the integrity and viability for detection are discussed here. With the advent of the new
era of artificial intelligence and machine learning, various diagnostic processes and techniques based on
these technologies are developed, which are also discussed. This study presents a comprehensive
analysis of different sensing techniques, with a particular focus on their sensitivity and limit of detection
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2017, there were a total of 11 million patients and 3 million
deaths due to sepsis.> Therefore, the early-stage detection of
sepsis that requires only a short analysis time becomes crucial.
Developing or underdeveloped countries suffering from

1 Introduction

The word sepsis originates from the Greek word ‘oniiig’, which
refers to the bacterial decomposition of animal- or plant-based

organic materials." The unregulated control of the defense
mechanism of the body against an infection leads to a problem
which may prove to be fatal, known as sepsis, and is turning out
to be more dangerous than lung, bowel, and breast cancer, as in
the last year it caused the deaths of 48 000 people. In the USA,
every year, around 1.7 million people develop sepsis, resulting
in the death of nearly 0.27 million people. The low-income
countries are burdened with 85 sepsis patients out of every
100 individuals.? India is also facing sepsis on a large scale; as in

“Microsystem Fabrication Lab, Indian Institute of Technology Kanpur, Kanpur, U.P.,
India. E-mail: bhattacs@iitk.ac.in

*Department of Mechanical Engineering, Indian Institute of Technology Kanpur,
Kanpur, U.P., India

‘Department of Design, Indian Institute of Technology Kanpur, Kanpur, U.P., India

26026 | RSC Adv, 2026, 16, 26026-26067

resource constraints along with the scarcity of trained human
resources require simple methods of detection, which do not
require much human intervention. The detection of sepsis
using various bodily/interstitial fluids or analytes requires
sensors to interact with them, resulting in an output that
indicates the condition of patient (Fig. 1).

The problem of sepsis can occur in any of the two steps when
an individual is not well. The rise in cases of anti-microbial-
resistant bacteria is a major cause of organ failure and death;
only in the USA, more than 50 000 individuals die due to such
bacterial infections.* Sepsis occurring during hospitalization is
also a major cause of death, i.e., around 17% in the USA.
Therefore, immediate detection and early treatment with suit-
able antibiotics become important, otherwise cascading effects
can lead to severe problems. Current gold standards like blood

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The schematic representation of sensing methods used for sepsis detection, showing (a) the blood extraction from patient, (b) the
distribution of RBC and pathogen in vasculature, (c) the isolation of the biomarkers out of biofluids, (d) the action of sepsis-induced inflammation
activity leading to affecting organs, (e) the crucial biomarkers associated with sepsis infection, (f) schematic of lateral flow assay based detection
method, (g) schematic of microchannel flow, (h) schematic of optical sensor, (i) schematic of impedance based sensing, (j) schematic of
Nanoparticle based capturing, (k) schematic of bioreceptor based & aptameric biosensing. Adapted from J. D. Faix (Crit. Rev. Clin. Lab. Sci.,
2013).2 B. K. Ashley, U. Hassan (Wiley Interdiscip. Rev..Nanomed. Nanobiotechnol., 2021).* G. Bhatt et al. (Sens. Actuators, B, 2019).> U. Jain, N.
Chauhan, K. Saxena (Multifaceted Bio-sensing Technology, 2023);¢ N. Idil, B. Mattiasson (IOP Publishing, 2021);” M. B. C. Rashiku et al. (IEEE
SENSORS, 2023);8 C. D. Flynn, D. Chang (Biosensors, 2023).° Copyright © respective publishers.

culture, urine culture, and sputum culture may take up to 5 days
for results. After culture, the samples are tested for antibiotic
susceptibility to identify the species. The gold standard for
diagnosing sepsis is the culture of biofluids. Due to antibiotic
administration, 40% of culture shows negative results. PCR
(polymerase chain reaction) detects target DNA but fails to find
antibiotic susceptibility. False-positive results may be obtained
due to the confusion between host and contaminant DNAs.
Globally, 31.5 million people develop sepsis each year. Of
these, 19.4 million experience severe sepsis and 5.3 million
dies." Estimates suggest an incidence of 3 million cases of
sepsis worldwide per year in neonates and 1.2 million cases per
year in children, with mortality rates of 11-19%."* Furthermore,
more than 75 000 women die each year due to puerperal sepsis
around the world. In hospitals in the United States, sepsis is not
only the most expensive condition to treat but also the leading
cause of death, with some reports estimating as many as 3.1
million cases at a cost of US $24 billion per year and mortality
rates between 20% and 50%.">" Frustratingly, little progress
has been made in the past three decades of the development of
diagnostics and therapeutics for sepsis. Perhaps the main
reason for this lack of progress is the vast heterogeneity in the
immune response of sepsis patients, which has made the
development of effective immunotherapies and the prediction
of which infection cases will lead to life-threatening organ
dysfunction difficult. Neonatal sepsis possesses a unique chal-
lenge due to low sampling volume for detection, and they

© 2026 The Author(s). Published by the Royal Society of Chemistry

cannot be pierced with needles for biofluids, and blood culture
is risky to use due to prior antibiotics taken by the mother.
Therefore, ICU patients, antibiotic resistance and neonatal
cases present unique challenges for sepsis detection.

The prediction of mortality risk and its use in sepsis clinical
trials have been done by Wong et al. In this approach, the group
developed a Pediatric Sepsis Biomarker Risk Model (PERSE-
VERE), which performed well in diverse cohorts with septic
shock. PERSEVERE biomarkers found that mice having a high
risk of mortality have greater chance of bacterial infection, thus
requires spikes in antibiotics. The problem of sepsis affects all
age groups and all types of gender, hence timely intervention
and treatment are necessary.'*

To answer these questions, three tests are performed in
series: a test for the presence of bacteria (typically by bacterial
culture and growth), a test for pathogen identification (some-
times preceded by Gram staining) and antibiotic susceptibility
testing (AST). From the onset of infection to the pathogen
identification, it takes around 10 days in laboratory setup.
Therefore, the need for POC (point-of-care) devices has become
crucial. PCR helps in identifying the pathogen. There are two
main diagnostic needs in sepsis management: pathogen infor-
mation and host-response information. Host-response infor-
mation can be gathered by measuring a variety of biomarkers,
including but not limited to RNA, miRNA, plasma proteins, cell
counts, cell-surface proteins, and small molecules, and
mechanical properties, motility properties and other properties

RSC Adv, 2026, 16, 26026-26067 | 26027
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Table 1 Sequential organ failure assessment (SOFA) score. Reproduced from ref. 20 with permission from Springer Nature, Copyright 1996,

Springer-Verlag.?°

Measurable bodily parameters

Sequential organ failure assessment (SOFA) score

Mark

Pa0,/FiO, >400
=301-400
<300

Oxygenation

=101-200 with ventilation support
<100 with ventilation support

Platelets >150 k mm ™

101-150 k mm
51-100 k mm
21-50 k mm ™
<20 k mm™*
MAP > 70

MAP < 70

Coagulation

Blood pressure

ON dopa < 5 pg kg™ ' min~" or any dobutamine
,epi < 0.1 ug kg~ min~"! or NE < 0.1 pg kg~ " min~

On dopa > 5 pg kg™ ' min "
1

On dopa > 15 pg kg™ min™?,

Liver function Total bilirubin < 1.2 mg dL™*

Total bilirubin < 1.2 mg/bilirubin 1.2-1.9 mg dL™"
Total bilirubin 2.0-5.9 mg dL ™"
Total bilirubin 6-11.9 mg dL "
Total bilirubin > 12.0 mg dL™

Cr<1.2mgdL™"
Cr1.2-1.9 mg dL ™"
Cr<1.2mgdL"’
Cr1.2-1.9 mg dL ™"
Cr2-3.4 mgdL '

Renal function

Cr 3.5-4.9 mg dL™" or urine output < 500 mL d ™
Cr>5 mg dL " or urine output < 200 mL d "

GCS 15
GCS 13-14
CGS 10-12
CGS 6-9
CGS <6

Level of consciousness

of cells. These biomarkers are involved in the progression of
sepsis pathophysiology.

The major mechanisms driving sepsis progression combines
the collective failure of cardiovascular, coagulation, cellular and
endothelial dysfunction and causes multiple organ failure."
Another major cause of ROS generation is oxidative stress,
leading to endothelial dysfunction. Another cause of ROS
generation is mitochondrial dysfunction damaging endothelial
cells and causing inflammation.'® Sepsis is largely caused by
bacteria, followed by viruses and then fungi, respectively. The
most frequent infection causing bacteria were Escherichia coli
(7.35%), Streptococcus (4%), methicillin-resistant Staphylococcus
(2.86%) and Staphylococcus (1.9%). In 1991 the most frequent
infective bacteria were Escherichia coli (7.35%), Streptococcus
(4%), methicillin-resistant Staphylococcus (2.86%) and Staphy-
lococcus (1.9%)."* Again in 2001, in the International Sepsis
Definitions Conference, many factors like inflammatory,
hemodynamic, organ dysfunction and tissue perfusion param-
eters were included in the diagnosis of sepsis. Between January
2014-2015 the European Society of Intensive Care Medicine and
the Society of Critical Care Medicine assembled the data of
“Sepsis-3”. Sepsis-3 symbolises organ dysfunction caused by
disorganized host responses to infection, associated with SOFA

26028 | RSC Adv, 2026, 16, 26026-26067
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score of 2 or more and symptoms like respiratory rate more than
or equal to 22, hypotension.

To study the prevalence of sepsis in the Indian cohort, Todi
and group conducted a study from August 2022 to July 2023 on
suspected or confirmed infection cases, and SOFA scores of 2 or
more were obtained for 19 ICUs. In this study, they found that
the mortality rate was higher, i.e., 36.3%, but shock mortality
was 50.8% comparable to the west. In the Indian context,
a majority of patients have community-acquired infections with
the most common infection in the lungs. Tropical infections
(dengue, malaria, and typhus) have very small contributions
(2.2%), while major contributions come from Gram-negative
bacterial strains (Klebsiella spp. (25%), Escherichia coli (24%)
and Acinetobacter spp. (11%))."”

Surviving Sepsis Campaign International Guidelines for
Management of Septic Shock, 2016, presents a meeting in which
the surviving Sepsis Guideline Panel provided 93 statements on
early management and resuscitation of patients with sepsis or
septic shock.” The GRADE (Grading of Recommendations
Assessment, Development, and Evaluation) method is based on
six categories: (i) risk of bias, (ii) inconsistency, (iii) indirect-
ness, (iv) imprecision, (v) publication bias and (vi) other criteria
(Tables 1-3).*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Quick sequential organ failure assessment (qSOFA) score.
Reproduced from ref. 20 with permission from Springer Nature,
Copyright 2016, the American Medical Association.?®

Physical parameters Parameter values (QSOFA = 1)

Respiratory status
Hemodynamics
Mentation

Respiratory rate >22
SBP <100 mmHg
Altered mentation (any degree)

Table 3 Body conditions for the early and simpler ways of infection
assessment. Reproduced from ref. 21 with permission from Springer
Nature; originally published by the American Medical Association,
Copyright 2016.%

Temperature >38 or <36 °C
WBC count >12 000/mm " or <4000/mm*
Heart rate >90 bpm

>20 breaths/min
PaCO, <32 mm Hg

Respiratory rate

Sepsis-causing organisms can be broadly classified as
viruses, fungi, and bacteria (either Gram-positive, Gram-
negative, or mixed).>»* Viral sepsis was extremely uncommon
until 2020, when bacterial sepsis was the dominant entity. Since
severe cases of COVID-19 can be classified as viral sepsis,* the
COVID-19 pandemic has drastically altered this. Although
COVID-19-induced sepsis in intensive care units has signifi-
cantly decreased since the pandemic, it is too soon to predict
how this trend will play out in the future. The pathogens of
bacteria, virus and fungi category which are responsible for the
sepsis are given in Tables 4, 5 & Fig. 2.

In this work, we discuss the biosensing methods,
biomarkers, and biosensors developed by various techniques.
These are various methods developed for sepsis diagnosis. First,
we discuss the biomarkers for neonatal sepsis detection and the
biosensing platform developed for them. After this, we present
the key detection methods, i.e., nanomaterial-based detection,
lateral flow assay, electrochemical impedance spectroscopy,
optical method, electrochemical method, microchannel-based

Table 4 Table of pathogens responsible for sepsis
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Table 5 Most common sepsis-causing bacteria

Bacterium Sepsis type Reference
E coli Puerperal 28
Klebsiella Neonatal 29
Enterobacter Neonatal 30
S. aureus Puerperal, septic shock & sepsis 31
Streptococcus pyogenes ~ Maternal sepsis 32

Viruses

10.1%

Fungi

Gram Positive bacteria
55.1%

Gram Negative Bacteria
26.1%

Fig. 2 Pie chart representing the distribution of various pathogens
responsible for sepsis.2¢?”

approach which largely consists of microfluidics, newly devel-
oped machine learning-based diagnostics and aptamer-based
detection. All the key methods are shown in Fig. 1.

Understanding the process by which the immune system
leads to disease progression is important because it can help us
in identifying the key biomarkers and knowing the level of
severity of diseases. In sepsis infection various stages direct
infection to septic shock and eventually death.

2 Pathophysiology of sepsis

The pathophysiology of sepsis begins with the combined study
of primary hyperinflammation and immunosuppression, where

Bacteria

Gram-positive: methicillin-resistant Staphylococcus aureus (MRSA), Methicillin-sensitive Staphylococcus

aureus (MSSA), Staphylococcus epidermidis, Staphylococcus spp., Streptococcus pneumoniae, Streptococcus
pyogenes, Streptococcus agalactiae, Streptococcus dysgalactiae subsp. equisimilis (SDSE), Streptococcus
anginosus, Streptococcus constellatus, Streptococcus spp., Enterococcus faecalis, Enterococcus faecium,
Enterococcus spp., Clostridium difficile, Clostridium perfringens, Clostridium tetani, Clostridium spp.
Gram-negative: Escherichia coli, Moraxella catarrhalis, Neisseria meningitidis, Neisseria spp., Acinetobacter
baumannii, Acinetobacter spp., Aeromonas hydrophila, Aeromonas spp., Bacteroides fragilis, Bacteroides
Spp., Burkholderia cepacia, Burkholderia spp., Citrobacter freundii, Citrobacter spp., Enterobacter spp.,
Haemophilus influenzae, Klebsiella pneumoniae, Klebsiella oxytoca, Klebsiella spp., Legionella
pneumophila, Legionella spp., Pseudomonas aeruginosa, Pseudomonas spp., Proteus mirabilis, Proteus spp.,
Rickettsia spp., Salmonella enteritidis, Salmonella spp., Serratia marcescens, Serratia spp.,
Stenotrophomonas maltophilia, Stenotrophomonas spp., Vibrio vulnificus, Vibrio cholerae, Vibrio spp.*®

Viruses
SARS-CoV-2 (ref. 26)
Fungi
spp-

© 2026 The Author(s). Published by the Royal Society of Chemistry

Herpes simplex virus, human parechovirus, enterovirus, influenza virus, dengue virus, adenovirus,

Aspergillus spp., Candida albicans, Candida parapsilosis, Candida tropicalis, Candida krusei, Candida
27

RSC Adv, 2026, 16, 26026-26067 | 26029
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Fig. 3 Schematic of the pathophysiology of sepsis, showing pathogen

invasion triggering cytokine release (e.g., TNF-a and IL-1), leading to

endothelial activation, increased vascular permeability, and leakage. Neutrophil extracellular traps (NETs) and thrombosis further damage
endothelial junctions, contributing to inflammation and organ dysfunction. (Reproduced with permission from Springer Nature. Copyright 2016,

Springer Nature).*®

hyperinflammation leads to sepsis and sepsis onsets begin with
the ‘cytokine storm’.** As shown in Fig. 3, pathogens attack the
immune system, which in turn activates both the adaptive and
innate responses. The pathogen attacks the host and initiates
the response by recognizing the expression on receptors. TLRs
(Toll-like receptors) detect PAMPs and DAMPs, and inflamma-
tory response is generated.*® Moreover, NODs (Nod-like recep-
tors) detect cytokine inflammation. Eventually, inflammation
starts with the activation of leukocytes, coagulation and
complement roadways that fortify the cellular, cardiovascular,
and endothelial dysfunction.** After this, the second stage of
sepsis begins with the induction of apoptosis from an immune
cell. Sepsis rapidly induces programmed cell like T-cells, NK
cells, dendritic cells death showing nonspecific immunological
responses.** The complicated pathophysiology of sepsis
obstructs the effective diagnosis and prophylaxis of the
disorder. Soni et al. in their review presented the importance of
endotoxin, Lipopolysaccharide (LPS) or endotoxin, a cell wall
component of Gram-negative bacteria is crucial in pathogenesis
of sepsis, its large amount om interacting with Toll-like receptor
4, generates abnormal rection by immune system.** The root
cause of sepsis infection lies not in microorganism inhibition
but in the pathogen attack on body but due to dysregulated
immune response while preventing the foreign organisms from
spreading and multiplying inside the host body, resulting in
multiple organ dysfunction, coagulopathy and hypotension.*
The inflated response of the immune system leads to micro-
vascular thrombosis and organ dysfunction.*® Microvascular
thrombosis can prevent pathogens from entering into the

26030 | RSC Adv, 2026, 16, 26026-26067

circulatory system from tissues, but this generalized phenom-
enon causes organ failure and eventually death due to extensive
tissue ischemia.’” Boomer et al. conducted a study and found
a massive apoptosis of T and B cells, which is accompanied by
profound immunosuppression, which can turn out to be
lethal.*® Adaptive responses act against specific pathogens or
changes body cells, while innate responses are the first line of
defense, which is fast but nonspecific. Innate responses provide
protection via the skin, mucous membrane, immune system
cells and proteins, while adaptive responses are specific and
work by recognizing the infection type, and they help in fighting
against germs if they attack again.*

Systemic inflammatory response syndrome (SIRS) is
nonspecific early systemic inflammation; it is triggered by
innate immune activation leading to high levels of proin-
flammatory cytokine, whereas specific immune dysregulation
means dysregulated host response against infection leading to
organ dysfunction. It involves both innate and adaptive
immune system responses.**

In sepsis infection, immune cells undergo Warburg-like
metabolic shift, inducing aerobic glycolysis even in the pres-
ence of oxygen. This produces inflammatory mediators, sup-
porting early hyperinflammatory responses. A longer Warburg-
like metabolic shift leads to immune exhaustion and tissue
hypoxia.**

2.1 Stages of sepsis pathophysiology with biomarkers

Table 6 shows the stage of sepsis infection with respect to the
biomarker, along with the pathophysiology and suitable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Identification of the stages of sepsis using biomarkers

Suitable
Stages Pathophysiology Representative biomarkers biosensing platforms References
Early recognition (0-6 h) PAMP recognition, immune LPS, presepsin, TNF-a, Aptameric, EIS, 42

activation IL-6, miR-223 electrochemical,

nanomaterial-based
Systemic inflammation Cytokine storm, endothelial CRP, PCT, IL-8, MCP-1 LFA, electrochemical, optical 43
(624 h) activation
Dysregulation & Endothelial dysfunction, HMGB1, D-dimer, Optical, microfluidic, EIS 44
coagulopathy (24-48 h) coagulation cascade angiopoietin-2, miR-125b
Organ injury (>48 h) Hypoxia, metabolic acidosis, Lactate, NGAL, troponin-I, Electrochemical, 45

organ failure

c¢fDNA

microchannel, ML-

Table 7 Difference in blood culture and other sensing methods

integrated sensors

Parameter

Blood culture

ELISA

Other sensing method(s)

Detection principle

Target element
Biofluid

Load
Sensitivity
Detection time

Volume
Cost

Ease of use & automation

Multiplexing
Specificity

Growth of viable microorganisms

Microorganisms

Blood

Very low (gold standard)

Highly sensitive

High (2-3 days)

Higher

Low per test but high labor and time
costs

Need highly trained professional

Not possible
Very high, even identifies the

Antigen-antibody binding

Specific biomarkers

More than blood culture
More than blood culture

More than other methods but less
than blood culture

Moderate
Lesser

Limited
High but cross-reactivity can occur

Capturing or identifying different
biological elements such as
proteins, DNA, and RNA
Biomarkers, proteins, DNA, RNA,
etc.

Any biofluid with biomarker or
target microorganism

For most cases, higher than blood
culture

For most cases, lower than blood
culture

Lower, usually in hours

Lower than blood culture

Higher initial cost, but low per-test
consumables and rapid turnaround
Most sensors can be used by
common people

Possible

Based on the recognition element

organism

biosensing platform, which has been developed. Sepsis is
a complex interplay between the immune system, infection and
multiorgan involvement. It becomes important to understand
the role of each mechanism. Therefore, molecular signatures
like cytokines and proteins can be key indicators in identifying
the severity level and patient condition along with body
immune conditions.

3 Traditional methods
3.1 ELISA

ELISA stands for enzyme-linked immunosorbent assay, which is
used for antigen and antibody detection; since this method is
very specific and costly at the same time, it is being replaced by
other methods. Worthington et al. worked with forty patients
with a clinical and microbiological diagnosis of intravascular
catheter-related sepsis and positive blood cultures, caused by
coagulase-negative staphylococci, and 40 control patients
requiring a central venous catheter.** Mahboob and group used

© 2026 The Author(s). Published by the Royal Society of Chemistry

membrane proteins, as they are potent antigens to detect anti-P.
multocida antibodies, and P. multocida can be detected directly
from blood through cell-based ELISA in dogs.*” Liao and group
detected procalcitonin (PCT) based on magnetic beads and
enzyme-antibody-labeled gold nanoparticles. This developed
assay is sensitive enough to detect PCT at 20 pg mL ", efficient
for the direct human serum test.”® Notably, this assay specifi-
cally distinguishes PCT from other sepsis markers and the
whole assay takes only 1.5 hours to finish. Another innovative
design was developed by Verma et al., who made a 3D uPAD to
perform an enzyme-linked immunosorbent assay (ELISA).*°
This device is highly sensitive and can detect CRP in the
dynamic range of 1-100 ng mL ' from a blood sample.
However, it is limited by its accuracy of only 89% and a long
assay time of 90 min. The key advantages of using 3D pPAD are
simple fabrication, minimal instrumentation, low cost, and
compact design. However, they have certain shortcomings like
reagent use, short shelf-life, poor handling and lack of

RSC Adv, 2026, 16, 26026-26067 | 26031
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Fig. 4

(a) Schematic of a multi-layered, paper-based microfluidic device, illustrating its design, fabrication, and operation. (A and B) Structural

components, including a nitrocellulose sensing zone supported on a polyethylene terephthalate (PET) substrate, with hydrophobic wax barriers
defining fluidic paths. The multilayer assembly comprises an inlet, splitting, reagent storage, docking, and isolation layers, stacked precisely using
alignment marks. (C) Sequential sample processing steps: the addition of sample, binding of the analyte to immobilized capture antibodies,
introduction of alkaline phosphatase (ALP)-conjugated detection antibodies, and subsequent addition of the BCIP/NBT substrate. (D) Formation
of a visible blue precipitate as the colorimetric output, indicating the presence of the target analyte. This design enables low-cost, instrument-
free, point-of-care diagnostics. (b) Signal amplification strategies in immunoassays using HRP-TMB chemistry, showing nanoparticle-assisted (A)
and magnetic bead-based (B) detection mechanisms for enhanced sensitivity. (Reproduced with permission from Elsevier and the Royal Society
of Chemistry, respectively. Copyright 2016, Elsevier Ltd; Copyright 2018, Royal Society of Chemistry).##4°

automation. The comparison of different methods with respect
to blood culture & ELISA has been shown in Table 7 and Fig. 4.

3.2 Blood culture

The blood culture is used to isolate a microorganism for iden-
tification, susceptibility testing and typing. With technological
advancement, blood is taken from the vein, and the blood
sample is mixed with a culture in lab. The results of tests can be
found within 24 hours, but the cause of infection will take up to
48-72 hours. If you get a “positive” result on your blood culture
test, it usually means there are bacteria or yeast in your blood.
“Negative” means there is no sign of them. Considered the gold
standard for diagnosing sepsis, blood cultures can identify
pathogens in the blood. However, blood cultures can be nega-
tive in up to 70% of patients with severe sepsis. Besides, urine
tests are performed to investigate sepsis. An ELISA test can
detect pathogen molecules and discriminate between patients
with microbial infections and those with sterile trauma. Fast
and precise identification of microorganisms in the early diag-
nosis of sepsis is crucial for enhancing patient outcomes.
Digital PCR (dPCR) is a highly sensitive approach for absolute
quantification that can be utilized as a culture-independent

26032 | RSC Adv, 2026, 16, 26026-26067

molecular technique for diagnosing sepsis pathogens. We per-
formed a retrospective investigation on 69 ICU patients sus-
pected of sepsis.>® Our findings showed that a multiplex dPCR
diagnostic kit outperformed blood culture in detecting the 15
most frequent bacteria that cause sepsis. Ninety-two bacterial
strains were identified using dPCR at concentrations varying
from 34 copies per mL to 105 800 copies per mL. The detection
rate of dPCR was much greater than that of BC, with 27.53% (19/
69) versus 73.91% (51/69). The sensitivity of dPCR was 63.2%.
Our research indicated that dPCR outperforms blood culture in
the early detection of sepsis-causing microorganisms.

3.3 Blood coagulation

Traditional laboratory findings of sepsis including thrombocy-
topenia, increased prothrombin time (PT) and fibrin degrada-
tion products (FDPs), and decreased fibrinogen are the factors
confirming the sepsis diagnosis especially due to the dysregu-
lated host response rather than the infection itself. In the initial
stages, the defense mechanism tries to stop the infection from
spreading, but in advanced/serious stages, mass inflammatory
cytokine production and release into the circulation lead to
excessive activation of the coagulation process. The activation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Overview of key molecular pathways and biomarkers involved in the progression from sepsis to septic shock and sepsis-associated
encephalopathy (SAE). PAMPs trigger systemic immune and protein responses, while DAMPs contribute to tissue, endothelial, and neuronal
damages, each associated with distinct biomarkers. Reproduced from ref. 59 under the terms of the Creative Commons Attribution-

Noncommercial (CC BY-NC) License.

coagulation is further enhanced by the release of inflammatory
cytokines and antigenic products, and in advanced stages, the
three anticoagulant pathways (antithrombin, protein C, and
tissue factor pathway inhibitor) holding against the coagulation
activation are deranged. Due to sepsis infection, antithrombic
decreases, protein C level is suppressed, and these factor com-
binedly with other coagulation factors can be important
biomarker for sepsis.™

4 Biomarkers

Biosensors are a subcategory of chemical sensors that utilize
a biomolecule, cell, organism, or biological mimic in order to
quantify a target analyte. The most common biosensor config-
uration involves modifying a transducer with a biorecognition
element, which captures the analyte with high selectivity and
specificity. This triggers a change in physical property that is
measured by the transducer. A biomarker is a measurable
quantity or substance found in body or bodily fluids which
changes its form and concentration leading to pathogenic
problems and defining deviation in normal and pathogenic or
problematic condition.?® The bacteria that can cause sepsis or
eventually septic shock are Staphylococcus aureus (20.5% of
cases), Pseudomonas species (19.9%), Escherichia coli (16.0%),
Klebsiella species (12.7%), Enterococcus (10.9%) and Staphylo-
coccus epidermidis (10.8%), and the Candida fungus (17%) can
also result in the same. These bacteria mainly affect the lungs
(36-42%), genitourinary tract (10-18%), abdomen (8-9%) and
wounds or soft tissues (7-9%), and in about 20% of cases, we
are not able to identify the source of bacteria.*® 54 patients
assessed in clinical studies, 23 in clinical and experimental
studies, and 3 in only experimental studies biomarkers were
identified and were added to the previously identified 178
biomarkers.*® The rise in C-reactive protein concentrations,

© 2026 The Author(s). Published by the Royal Society of Chemistry

neutrophilia and release of immature myeloid cells are
observed.

Presepsin alone or in combination with other biomarkers
helps in better ways for diagnosis and prognosis of sepsis in
patients.** Similarly, a study conducted by Hung et al. found CD-
64 and presepsin as the most reliable biomarkers among
others.*® Adrenomedullin, angiopoietin and the mid-regional
fragment of pro-adrenomedullin and non-coding mRNAs can
be useful for prognosis.*® Nakajima and group found PCT as
a responsible or decisive factor by testing the serum of three
groups formed. In addition, the level of PCT was found to be
significant. Interestingly, they found no difference between the
WBC values and CRP (C-reactive protein).>”

MR-proADM is mainly used as a prognosis biomarker, since
high levels of this molecule for prolonged periods of time have
been associated with poor outcomes.>® Other biomarkers are
CD14 (presepsin), STREM-1 (soluble Triggering Receptor
Expressed by Myeloid cells 1), copeptin, a peptide derived from
preprovasopressin, and suPAR (soluble urokinase-type plas-
minogen activator receptor). Liver dysfunction (LD) occurs in
19% of cases of septic shock, so early-stage liver cell analysis
becomes crucial in deciding the possibility of occurrence of LD.
Therefore, Sauer developed a cell-based cytotoxicity biosensor,
using the human cell line HepG2/C3A. Immunomodulators are
medicines which increase or decrease the immune response to
work suitably on cytokine storm.*® In Fig. 5, we show the organs
affected by the associated biomarkers, and in Table 8, we show
the biomarker and the associated LOD. In Table 9, we present
a glimpse of some most commonly used biosensing methods
and their corresponding target molecules. Fig. 6 shows the
schematic of the lateral flow assay and microfluidic platform.
However, these methods may become difficult to use in cases of
multiple biomarker identification, since they usually focus on
single analytes. Therefore, there is a need for multiplexing the
diagnostic process to improve the overall efficiency.
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5 Methods of detection

5.1 Neonatal sepsis and detection

Neonatal sepsis, which occurs in infants within 28 days of
birth,'* can be dangerous and even deadly. An important
biomarker in such cases is such a definite pattern in problem
and treatment along with requiring minimum amount of blood.
Traditional biomarkers like cytokines and CRP are important,
but the combination of biophysical and biochemical
biomarkers makes the analysis more reliable. CD-4 level can be
detected easily within first 6 hours itself, while Procalcitonin is
at its peak 2-4 days but finding CRP may takes only 2 days to
reach peak. Biophysical parameters like heart rate, respiratory
rate, core temperature, body weight, number of desaturation
events, and number of bradycardic events are important in
detecting sepsis. Newborns gets infected by neonatal septi-
cemia, caused by Escherichia coli and Group B Streptococcus
(GBS). Gopal et al. devised an electrochemical sensor in which
the electrode is coated with multi-walled carbon nanotubes
(MWCNTSs), manganese oxide nanospheres (MnO,NSs), and
cobalt oxide nanoparticles (Co;O,NPs) to detect CRP, PCT and
serum amyloid (SAA)."” The limit of detection was 0.01 pM to 1
uM. Gopal used a fimA gene of E. coli for neonatal sepsis
detection and designed a 20-mer long amine-terminated
oligonucleotide for bioreception. Their detection and sensi-
tivity range were 10> M to 10 ° M and 114.7 pA M~ cm ™ 2,18
In Fig. 7 & Table 10, a holistic representation of neonatal sepsis
and associated biomarkers is given.

5.2 Nanomaterial-based biosensing

5.2.1 Nanoparticle preparation. Nanoscale particles with
metallic and polymeric compounds are now-a-days highly used
for a wide variety of applications from environmental to
advance battery materials."****> These nanoparticles along with
biomarkers have now become a more frequently used technique
in biosensors. The protein biomarkers, such as procalcitonin
(PCT), C-reactive protein (CRP) and interleukin 6 (IL-6), will
show variations in their levels as sepsis progresses, signifying
their usage in its detection. Over the past few decades, a wide
range of serum (or plasma) sepsis indicators have been
commercialized as a result of these inherent constraints. These
usually consist of neutrophil CD64 (nCD64), soluble triggering
receptor expressed on myeloid cells-1 (STREM-1), serum soluble
urokinase-type plasminogen activator receptor (suPAR), pro-
calcitonin, presepsin, interleukin 6 (IL-6), lipopolysaccharide-
binding protein (LBP), and so on. Nevertheless, none of these
biomarkers would carefully meet all the requirements to be
considered a sepsis biomarker. A nanocomposite planer gold
electrode was used to detect PCT, which gives high correlation
with ELISA (r* = 0.95), and a multiplex platform for PCT, C-
reactive protein, and pathogen-associated molecular patterns
is also developed.'® Janus particles (having distinct surface
properties), which have not been used frequently were used by
Russell et al., here they have used Iron oxide as core to provide
colour and magnetism and Janus as coating to convert motion
into colors. This helped in avoiding nonspecific binding and
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Table 9 Common methods of detection and target molecules
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Method of detection Target molecule Agent Reference
Colorimetric detection DNA, LPS, Cu*® AuNPs, AgNPs 99 and 100
Immunoassay CRP AuNPs 101 and 102
Electrochemical reaction IL-3 Magnetic NP 103
Magnetic separation Lipopolysaccharide (LPS), endotoxin Magnetic bead, Fe;04-Ce6-Apt 104

capturing target molecules,"* which is shown in Fig. 8, Tables
11 and 12 present the combination of various nanomaterials
with samples along with the methods of detection.

Factors affecting the delivery and function of nanoparticles
are as follows:

(1) Size - optimally sized NPs can avoid steric hindrance and
sufficiently interact with cells.

(2) Shape - rod-shaped nanoparticles are of high priority for
cell uptake.

(3) Charge - ensures stability in suspension

(4) Ligands - to ensure NP functionality.

Gold nanoparticles (AuNPs) are the most widely used nano-
particles for detection purposes due to their better conjugation
and higher surface activities, leading to their widespread use in
novel biomaterial synthesis and diverse applications. AuNPs
were first synthesized by Gustav et al. using hydrogen tetra-
chloroaurate (HAuCl,) with citric acid in boiling water.?> This
method gives more stable AuNPs, in which the particle size is
controlled by adjusting the gold-to-citrate ratio. Their applica-
tion in sensing is driven by their intrinsic property to emit
a range of colors like red, brown, orange and purple in aqueous
solutions as their size increases from 1 to 100 nm. Covalent

Eu-np-ClgY

-
.

Fig. 6 The schematic representation of paper-based assay, (from
(a)—(c)), Multiplexed immunoassay on a microarray chip for sepsis
biomarker detection. (a) Immobilization of conjugated antibodies
(MIS01) on chip and europium nanoparticle-conjugated detection
MISO2 antibodies (Eu-np-MIS02). (b) Sample containing IL-6 cyto-
kines, which bind specifically to the immobilized MISO1 antibodies is
introduced in channel. Simultaneously, Eu-np-CIgY antibodies bind to
anti-ClgY capture antibodies. (c) Eu-np-MIS02 binds to IL-6 captured
by MIS01, enabling fluorescence detection, and Eu-np-ClgY/anti-ClgY
ensures reliability. (Reproduced with permission from Elsevier,
Biosensors and Bioelectronics, 2016. Copyright 2016, Elsevier Ltd°®).

Q e
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binding and non-covalent binding (like electrostatic binding,
hydrophobic binding etc.) are the major ways by which AuNPs
bind with the substrate. Covalent conjugations involve the
interaction of free molecules and thiolates on AuNP surfaces.
Mie et al. found the relation between the diameter and the
wavelength relation for AuNPs, which was found to be almost
linear in nature.?****

5.3 Lateral flow devices for the detection of sepsis
biomarkers

The use of paper or other such porous materials provides
capillary action that can be used to ensure the flow along
a certain direction while ensuring their position and integrity.
The porous nature of paper allows for the capillary action that
draws the sample through the test strip. This movement is
essential for the test to work, as it brings the sample into
contact with the reagents that detect the target substance. The
detection segments comprising the test line and control line are
prepared on a thin strip while modifying its geometry and
composition.>**** Antibody-antigen conjugation is widely used
in lateral flow devices. In lateral flow devices, test line and
control line are formed by putting on the top layer and the
porosity assisting via capillary action and ensure control on
velocity by changing the porosity. In addition, the test line
ensures the limit of detection by conjugation and confirms the
presence of targeted biomarkers, and the control line ensures
the specificity of the reaction, confirming that the test is
working properly. The outcome of the test is assessed by the
change in signal, like resistance and change in the color of the
strip. Lately researchers have been using the change in visible
range of EM (electromagnetic) wave spectrum have been assis-
ted by mobile setup which takes picture of the spot of strip and
calibrating intensity with quantity of conjugation reaction
makes in quantifying the outcome.>*” Lateral flow assay (LFA)
combining immunolabeling and chromatography has gained
increased attention in recent years.

Despite blood culture being the gold standard for sepsis
detection, it is less desirable due to long incubation time, i.e., 72
hours. Lateral flow devices were created which in many cases
uses Latex nanoparticle, gold nanoparticle, silver nanoparticle,
selenium nanoparticle etc. as an alternative method for sepsis
detection at the point-of-care (POC) for binding with biomarker
and higher visibility of test and control line. The nanoparticle
properties like consistency in shape, size, morphology, and
monodispersed are crucial in decreasing the assessment time,
compared to the LOD (limit of detection) by varying size of
nanoparticle od Gold and selenium. Here selenium and gold
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Fig.7 The schematic representation of neonatal sepsis infection detection using blood, associated cause and biomarkers, it also represents the
pathogen and patients response along with presenting the associated process from detection to identification, and biomarkers associated with
variables assessing the patient response. (Adopted with permission from Pediatric Research, 2017. Copyright © 2017 Springer Nature).

NPs were prepared by a chemical reduction method. The
biomarker conjugated with nanoparticles is introduced and its
antigen and antibody meet at the test line; at this point, the NP
emits light in the visible range, and the intensity of test line
gives an idea about antibody concentration. Based on visual
inspection, the 40 nm AuNPs followed by the 150 nm SeNPs
produced the greatest intensity test lines between 10 and 500 ng
per mL IL-6, while the 310 nm SeNPs followed by 150 nm SeNPs
provided the greatest intensity test lines at 0.1 ng per mL IL-6. It
is proposed that steric hindrance constraints and the prozone
effect are both responsible for the sensitivity decline that occurs
with the increase in IL-6 concentration for bigger SeNPs, high-
lighting the significance of finding out which label size works
best for a given LFD application.>*®

The ideal all-around label for IL-6 detection is thought to be
the 150 nm-sized SeNP, which has the lowest LOD of 0.1 ng
mL " and visual detection comparable to 40 nm AuNPs at high
analyte concentrations. As 150 nm SeNPs have a lower limit of
detection (LOD) than that of 40 nm AuNPs, they are particularly
preferred in situations where prompt targeted medication
delivery depends on early sickness identification, such as the
early detection of sepsis.”*® Fig. 9 and 10 show the mechanism
of lateral flow assay, using antibody conjugation, and Fig. 11
shows the schematic of the biomarker and transducer.

Patifio and group also developed a method to detect IL-6
biomarkers, but the uniqueness here lies in the technique of

26038 | RSC Adv, 2026, 16, 26026-26067

assessing the whole blood sample and using the mobile phones
to an LOD of 0.1 pg mL ™" with a confidence level of 99%, as the
biomarker's concentration increases to 12.5 pg mL™".2* The
mobile application uses the density of the spot formed in real
time, which is inherently dependent on a calibrated function of
intensity of purple spot with respect to the concentration of
biomarker IL-6 and its interacted output with gold nano-
particles (AuNPs). The extraction of biomarkers from whole
blood and ensuring the viability of bacterial cells are important.
Current methods of identifying culture-based bacteria take time
and, in many cases, give false-positive results. Therefore, Nar-
ayana Iyengar et al. developed a protocol to simultaneously
identify the viable bacteria from blood by cell lysis followed by
filtration and then utilizing the drop on a filter paper and
antibiotic susceptibility testing to determine the minimum
inhibitory concentration (MIC) using two antibiotics (ampicillin
and gentamicin).>"*

The conjugated AuNPs are found to be anti-inflammatory,
and hence, Taratummarat and group found the AuNPs of size
of 20-30 pm to be suitable for use adjuvants to antibiotics in
a mouse model.*"® The death (not viable) and lysis of Gram-
negative bacteria release endotoxin, the endotoxin released by
lipopolysaccharide (LPS) from outer membrane of Gram-
negative bacteria, and its presence in blood stream and this
causes disruption in aligned crystals. The range of LPS tested is
5 mg mL™".

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Biomarker Abnormal level Detection limit & time Reference
C-reactive protein (CRP) >10 mg mL ™"
Printed electrode NA 0.15 nM-17 ng mL ' & 30 s 109
Immunoassay FETs NA 0.1-100 ng mL ™" & 20 min 110
EC immunosensor NA 22ngmL '&2h 111
EC impedimetric NA 176 pM & 15 min 111
Magnetic NA 25 ng mL ™" to 2.5 mg mL ™' & 30 min 112
EC biosensor NA 0.5-70nM &1 h 113
RNA aptamer-based NA 100-500 pg mL " 114
DNA aptamer-based NA 1 pM & 30 min 115
Electrochemical 1-24 pg mL ! NA 116
Giant magnetoimpedance 1-10 ng mL ™" NA 117
Optical 19.478 ng mL ' NA 118
Electrochemical 37 nM, 0.1 pg mL ™" NA 119
Plasmonic 27 pg mL ™" NA 120
Optical imaging 0.1 pg mL " NA 121
Optical-fiber-optic 0.01 mg L * NA 122
Optical-refractive index 0.1-10 pg mL™" NA 123
Optical-FL 27.8 pM NA 124
Optical-SPR 2-5 pg mL™', 50 ng mL ™" NA 125
Procalcitonin (PCT) >1 ng mL ! NA
DNA aptamer NA 0.5ngmL '&1h 126
EC biosensor NA 0.39 + 0.11 nM 127
Electrochemical/non-faradaic 0.1 ng mL " NA 128
Electrochemical 0.09 ng mL ™, 0.39 + 0.11 nM NA 129
Optical-FL scanning 0.13 pg mL~* NA 130
Optical-TIRF 0.04 ng mL™* NA 130
Optical-SPR 3 pg mL™" NA 131
Amperometric 0.8 pg mL™" NA 132
Electrochemiluminescence 3.4 pg mL ™" NA 129
Optical-LSPR 11.29 pg mL™* NA 133
Serum amyloid A (SAA) 187.6 + 78.3 pg mL ™! NA 134
Lipopolysaccharide-binding protein (LPBP) 13.0-46.0 1 g mL ™" NA 135
Tumor necrosis factor alpha (TNF-o) >6 ng mL™" NA 42
EIS NA 1-100 pg mL~" & 30 min 136
Interleukin-6 (IL-6) 100 pg mL ™"
Potentiostatic capacitance NA 5x107'%-5 x 107 M 137
Optical fibre ball NA 0.91 fM, 273 aM to 59 fM 138
Pentraxin 3 43.06 == 3.88 g L NA 139
Interleukin-8 (IL-8) >60 pg mL ™" NA
EC impedance NA 900 fg ml~'-900 ng mL ' & 15 min 140
Au NW NA 200 pM & 2 h 141
Optical-FL scanning 0.13 pg mL ™" NA 141
Neopterin >32.2 nmol L™* NA
Printed electrodes NA 0.44 ppb & 20 min 142
EC immunoassay NA 0.008 ng mL ' & 20 min 143
Optical-FL scanning 0.15 ng mL~* NA

144
TLR-4
EC endotoxin sensor NA 0.0002 EU mL™" & 30 min 145
Fibronectin
Colorimetric 0.156 pg mL ™" 146
Presepsin 168.9-935.6 pg mL 1174-4854 pg mL 147

5.3.1 Biosensors based on lateral flow assay (LFA). The
lateral flow assay uses the concepts of fluid mechanics to
develop paper-based devices for application in environmental
science, healthcare, food and agriculture. It uses the material
properties of paper in order to provide a platform for analytes to
interact easily so that the outcome can be deciphered seam-
lessly. The low production cost, easy handling and operation
make it suitable for resource scary places. However, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

outcomes generated via this method often take time, which is
a concern.”>** In healthcare, for this method, bodily fluids like
sweat, blood, serum, and urine are used for diagnosis. Chunxio
and group integrated a CMOS-based sensor system and paper
microfluidics to find out the change in absorbance to quantify
the sepsis metabolites, i.e., glucose and lactate.*** Alba-Patino
et al. used gold nanoparticles (AuNPs) covered with carbox-
ylate or amine moieties, or polyvinylpyrrolidone (PVP), to bind

RSC Adv, 2026, 16, 26026-26067 | 26039
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Fig. 8 Schematic of the nanotechnology-based sepsis detection. Various nanotechnology-based approaches are shown for both therapeutic
and diagnostic interventions. Nanocarriers such as fullerenes, dendrimers, nanocrystals, virosomes, metallic and polymeric nanoparticles, and
lipidic vesicles are employed to deliver therapeutics including antibodies, nucleic acids, peptides, and antimicrobials. Diagnostic tools leverage
bioimaging and quantum dots for the early detection and monitoring of sepsis. (Reproduced from Elsevier, Journal of Controlled Release, 2022.
Copyright 2022, Elsevier B.V.).4°

Table 11 Table of hanomaterials and the methods of detection

Technique Nanomaterials Sample Working range Limit of detection Analysis time Sample volume Reference
DPV MWCNTSs Serum 0.01-350 ng mL " 0.5 pg mL ™" >1h NA 154
DPV OMSi-Zn Serum 0.05 pg mL '-80 ng mL~' 0.013 pgmL™' >1h NA 155
Ccv© GO Blood (50% 0.09-10.24 ng mL ™" 64.5 pg mL ™" 7 min 50 pL 156

Diluted blood)  0.07-2.49 ng mL™" 24.7 pg mL™"
DPV SWCNHSs/HPtCs Serum 1 pgmL '-20 ng mL ™" 0.43 pg mL™" >40 min NA 157
Amperometry FeCN-AuNPs  Serum 1.5 pg mL'-50 ng mL™* 0.8 pg mL " >1h 100 pL 158
Amperometry rGO-AuNPs Serum 0.05-20 ng mL " 0.1 pg mL ™" >1h v 159
SWV/amperometry CuCo,S,-Au Serum 0.0001-50 ng mL " 82.6 fg mL ™" 6 UL 160

95.4 fg mL "

Amperometry MBs Plasma 0.25-100 ng mL ™" 0.09 pg mL ™" <20 min <30 puL 161
ECL MOFs-FcaZOF8 Serum 5 pg mL '-100 ng mL~'  0.85 pg mL " >1h 6 UL 162
ECL MOF-MIL-101  Serum 0.014 pg mL™'-40 ng mL™" 3.4 fg mL ™" 24 h 10 mL 163
LSPR AuNPs Serum 4.2-12500 pg mL " 2.8 pg mL ! 25 min NA 164
AlphaLISA Acceptor beads Serum 0.016-100 ng mL™* 18.6 pg mL " 0.5h 5 uL 165
PPSc NA Serum 0.05-200 ng mL™" 10.64 pgmL™'  <1.5h NA 166
ABS MNPs Serum 1-10000 pg mL " 0.045 pg mL ™" 1h 800 pL 167
Amperometry MBs Serum 0.07-1000 pg mL " 0.021ngmL™*  45h 25 UL

Whole blood 0.005-1 ug mL ™" 1.5 ng mL™* 15 min 5 puL
LSPR AuNHAs Cell media NA 0.021pgmL™"  2h NA 168

with horse serum

AuNPs NA NA 100 ag mL ™" >1h NA
AuNHAs Plasma NA 18 ug mL ™" >1h NA

the antibody on paper substrates. The limit of detection (LOD)
was 0.1 pg mL™ " in 17 minutes.>® The spot formed was assessed
using a mobile phone, and its intensity was correlated with the
concentration of IL-6. Alekhmimi et al. used a paper-based
colorimetric device for MMP-9 detection using peptide-
magnetic particle conjugates in a mouse model.”** Owing to
the suitability of IL-6 to be used both as a proinflammatory and
anti-inflammatory cytokine, it was used as a biomarker by
Huang et al. By employing europium nanoparticles (EuNPs)
coupled with an antibody, lateral flow immunoassay (LFIA)

26040 | RSC Adv, 2026, 16, 26026-26067

delivered a linear range of 2-500 pg mL " and a good sensitivity
of 0.37 pg mL™'.>* Faridi et al. have used viscoelastic flow to
sort the varying size of cells in a Newtonian fluid; bacteria with
a smaller size remain in the stream and get separated. They
used a combination of 2 pm- and 5 um-sized particles and ob-
tained very high separation values of 95% and 93%, respec-
tively.**® The particles experienced shear-induced lift force, wall-
induced lift force and viscoelastic force, which facilitated E. coli
bacteria separation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Microfluidic method Targeted microorganisms/biomarkers ~ Sample LOD References
Acoustophoresis E. coli Peripheral blood 10° cell per mL 169
mononuclear cells
Pseudomonas putida Plasma 10 cell per mL 170
P. aeruginosa Whole blood 120 cells per mL 171
Dielectrophoresis E. coli NA 10° cell per mL 172
E. coli NA 10" cells per mL 173
C. albicans & S. aureus NA 174
E. coli and S. aureus Whole blood 1000 cells per mL 174
Immunoaffinity E. coli NA 50 cells per mL 175
E. coli Flow with 10° cells per mL
magnetic bead
Gram-negative and Blood 5 x 10° cells per mL 176
gram-positive bacteria,
E. coli
C. albicans Whole blood 10° cell per mL 177
Inertial focusing E. coli Blood 10° cell per mL, 178-180
10°® cell per mL, 62% separation
E. coli, S. aureus, WBC, RBC 10 cell per mL 181
P. aeruginosa,
Enterococcus faecalis
Adhesion-based Methods E. coli Blood 107 cells per mL 182
E. coli Blood 107 to 10° cells per mL 183
Electrochemical
EC sensor with Au electrode NA Blood 176 pM
EIS-based output NA CRP 11 ng mL™" 184
Amperometric NA Pctab2 0.03 pg mL " 185
Multiplex NA Infected blood 290 CFU mL ™! 186
Aptasensor NA TNF-o. 0.58 nM 187
Immunosensor NA IL-6 0.01 pg mL " 188
Immunosensor NA PCT 6 pg mL ™" 189
Optical
Photoelectrochemical NA IL-6 0.38 pg mL " 190
Lateral flow NA CRP 27.8 pM 191
SPR NA PCT 4.2 ng mL ! 184
Immunosensors NA
Electro-chemiluminescence NA PCT NA 192
Silica nanoparticle NA TNF-o NA 193
Fluorescence NA Spiked blood NA 194
Field-effect transistor NA CRP 0.1 ng mL ™" 195
Organic FET CRP Saliva 590 zM 196
Colorimetry PCT Blood 0.4 ng mL ™" 197
Electrolyte-gated OFET PCT Buffer 2.2 pM 198
FET CRP Buffer 0.1 ng mL ™" 199
Quartz crystal microbalance—  Folate-binding proteins Serum 50 pM to 2 uM 200
D300 QCM unit
Amperometric NA CRP 0.021 ng mL "’ 201

magneto-immunosensor

Luminescence is a common phenomenon, which is also
found in nature as bioluminescence, a special form of chem-
iluminescence associated with living organisms and reactions
catalyzed by enzymes. Therefore, the use of AuNPs, SeNPs, etc.,
is important for generating the outcome. The combination of
luminescence with the lateral flow assay (LFA) can be a useful
method in diagnosis, as several nanomaterials produce better
luminescence when mixed with blood contents. Ji and group
developed a near-infrared-to-near-infrared up conversion
nanoparticle (UCNP) immunolabeled LFA for background-free
chromatographic detection of sepsis biomarker procalcitonin

© 2026 The Author(s). Published by the Royal Society of Chemistry

(PCT) in clinical human plasma and the limit of detection was
found to be 0.03 ng mL~".2® Since the clinical relevent PCT has
a range of 0.05 to 10 ng mL ™", the PCT level of higher than 0.5
ng mL~" in serum may lead to inflammation. It covers smoothly
having its range 0.03-50 ng mL~'. Immunolabeling is possible
due to fluorescent nanoparticles like Quantum Dots (QDs) and
europium(m) chelate fluorescent microspheres as shown by Li
and group for SARS-CoV-2.>"” The fluorescent properties are
possible due to the conversion of smaller wavelengths into
longer wavelengths in the visible range. The control line and
test line are used to detect PCT by conjugating PCT with anti-

RSC Adv, 2026, 16, 26026-26067 | 26041
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Fig. 9 (i) Schematic of a colorimetric LFA system for detecting penicillin in food samples using AuNPs conjugated with penicillin antibodies. This
competitive assay distinguishes positive (penicillin-present) and negative (penicillin-absent) food samples (shown in boxes) based on signal
intensity, which is quantified using a mobile phone-based colorimetric application.?%” (ii) Fluorescent LFA using various nanomaterials as
reporters. (A) Visual detection of test results across different samples (NP: no penicillin; HB: high bovine; HL: high lamb; HP: high poultry). (B)
Quantified fluorescence signal ratios across different reporter systems (CdSe/ZnS QDs, Europium chelate PS, and NaYF4-based upconversion
nanoparticles). (C) Visual comparison between mock and blocked samples. (D) Corresponding quantitative fluorescence intensity ratios,
highlighting significant signal suppression in blocked controls (**p < 0.01).2°° (Reproduced with permission from Elsevier and the Royal Society of
Chemistry, respectively. Copyright 2017, Elsevier Ltd; Copyright 2019, the Royal Society of Chemistry.).
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Fig. 10 Schematic of the sensor workflow based on the paper's inherent capillary action, akin to a modified lateral flow assay (LFA): (1) selective
isolation and detection of viable bacteria from sepsis blood. Sepsis blood is mixed with a lysis buffer and incubated for 5 minutes, enabling the
selective lysis of red blood cells (RBCs), as visualized in the bottom-left panel (before and after lysis). (2) Lysed blood sample is passed through
a 0.45 um filter paper using a syringe, which captures intact bacteria while allowing lysed cell debris to pass through. (3) Bacteria-laden filter is
subjected to a photo-chemical reaction at 37 °C and subsequently dipped into a phosphate-buffered (PB) solution containing chromogenic
precursors. The presence of viable bacteria leads to a visible blue color on the filter paper, while filters without bacteria remain colorless.
(Adapted with permission from Elsevier, Biosensors and Bioelectronics, 2021. Copyright 2021, Elsevier B.V.).?*°

PCT-mAb-UCNP to form a complex assisted by capillary force, metalloproteinase-9 is involved in the fibrotic process in
which can then be retained at the T line by the immobilized denervated muscles after sciatic nerve trauma, and the recovery
capture antibody using a sandwiched structure. Matrix is used as a biomarker for sepsis detection by Alekhmimi et al.
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Fig. 11 Schematic of the biomarkers and transducers used in sepsis detection, with their broad classification. (Adapted from Bonini A. et al.,***
“Emerging biosensing technologies towards early sepsis detection,” Biosensors, 2022, 12, 894. Copyright 2022, MDP|, licensed under CC BY 4.0).

utilizing a colorimetry method in a blood sample.*** They used
BAL (bronchoalveolar lavage) and blood as the sample fluid.
The diagnostic time was found to be less than 1 hour in FIP
mice post-challenge. The gold strips were placed on the device
to which MMP-9 and a magnetic bead mixer were attached.
Damodara et al. developed a single-step separation and
concentration method for biomarker proteins using agarose-
based isoelectric gates.”*® It detects bovine serum albumin (BSA)

© 2026 The Author(s). Published by the Royal Society of Chemistry

at a concentration level of 1-5 mg mL ' with a peak concen-
tration of over 300 mg mL™'. Damodara et al. combined
isoelectric gateways with barium-immobilized metal affinity
trapping to detect vitamin K-dependent protein C as
a biomarker.>*® This method is cheap, easy to perform and
independent from immunoassay. With a relativity of more than
0.98, this method can measure protein levels from 4.46 ug mL ™"
to 1.96 pg mL ' In this biosensor, Anodic reservoir and

RSC Adv, 2026, 16, 26026-26067 | 26043
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cathodic membrane, uses barium affinity for protein and bound
them to agorase gel in cathodic membrane region. The reduc-
tion in the volume of blood used is given priority nowadays,
Hassan et al. used only 10 pL of whole blood for a point-of-care
(PoC) device by detecting the nCD64 levels.”* In this method,
they have used differential immunoaffinity capture technology
to electrically quantify the antigen expression level on the
CD64+ cells by selectively capturing using a biochip. The fluo-
rescence was used to detect the CD64 levels around micro-
pillars. Flow cytometry has been used to identify degranulation,
but this is a tedious process requiring a large setup, and hence,
Santopolo and group used plasmonic sensors with gold nano-
particles (AuNPs) to identify sepsis-derived hyperregulation.>®
In this work, the degranulated and nongranulated neutrophils
were differentiated using cationic proteins. This group found
out that measuring degranulation is a better option than pro-
calcitonin (PCT). Hou et al. used the margination property to
separate E. coli and Saccharomyces cerevisiae spiked in a blood
sample by passing them through a narrow channel of 20 x 20
um?, and these bacteria are one of the reasons of sepsis.** The
smaller dimensions of the channel lead to the axial migration of
RBCs (red blood cells) due to their deforming nature, while the
particles like bacteria and platelets accumulate and move along
the sidewalls of the channel. Therefore, they created 6 parallel
microchannels at a flow rate of 6 mL per hour. The flow was
assessed by confocal microscopy. Tanak et al. used a DETEecT
sensor with a correlation value of >0.97 and a volume of blood of
<40 pL in around 5 minutes to detect cytokines (IL-6, IL-8, and
IL-10), chemokines (TRAIL and IP-10), and inflammatory
biomarkers (PCT and CRP).*** Guo et al. used a Cu-BHT-based
thin film for detecting the PCT levels, the anti-PCT antibody is
covalently bonded to material surface, and it is measured by
EIS. The LOD is 14.579 x 10~ ° ug mL ™" and the linear detection
range is 1077 ug mL ™" to 0.1 ug mL ™~ '.2*

Nanoparticle imaging techniques for diagnosing sepsis:
Imaging techniques for diagnosing and monitoring sepsis can
be useful as they ensure the dynamic change in organs with
time and present the growth of infection. Techniques like MRI
(magnetic resonance imaging) image the internal organs and
tissues of body using magnetic fields and radio waves.”** Ai et al.
presents the use of superparamagnetic iron oxide nanoparticles
(SPIONS) as contrast agents for detecting LPS or microbial cell
wall components by binding with antibodies. Radioactive
tracers are used in positron emission tomography (PET) for
nuclear imaging for metabolic process visualization.”* Ai et al.
showed the use of radiolabeled NPs, such as iron oxide nano-
particles or AuNPs, as contrasting agents in PET.*** Radio-
labelled iron oxide is used to detect neutrophils by PET in
LPS-induced lung injury.?**>¢

5.4 Electrochemical impedance spectroscopy (EIS)

In electrochemical impedance spectroscopy (EIS), this tech-
nique can be used to assess the behavior of the surface electrode
by applying sinusoidal potential and recording the current with
the lowest harmful effect on the surface or polarization effects.
Alow voltage is kept in order to ensure the integrity of biological
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specimen whose impedance has to be measured. EIS has the
ability to study the intrinsic material properties or specific
processes that could influence the conductance, resistance, or
capacitance of an electrochemical system. The impedance
differs from resistance, since the resistance observed in DC
circuits obeys Ohm's law directly. R.. is the charge transfer
resistance, R is the electrolyte resistance, and Cy is the
capacitance double layer,>” as shown in Fig. 12, and Table 13
lists the biosensors based on it. The Nyquist plot shows the
relationship between the real and imaginary parts of impedance
for different frequency ranges. Such plots are very helpful in
biosensing, as they are unique for each frequency value. For
a given frequency f, the angular frequency, current and
impedance can be given as, here applied voltage is E~

w=2xf

I=TIsin(wt + Q)

E .
zZ= T:ZO(COSQ—H'st)

This technique has attracted attention due to its fast
response, low detection limit (LOD), and low cost, and for its
use in the real-time monitoring of samples instead of more
traditional methods such as ELISA. One of the most important
and practical advantages of impedimetric methods is that no
enzymatic labels are needed to detect the samples. However,
researchers are currently using conjugation methods on the
electrode surfaces, which in turn change the impedance across
the varying voltage source.”””*** The EIS technique can monitor
the behavior of the surface electrode by applying sinusoidal
potential and recording the current with the lowest harmful
effect on the surface or polarization effects.

The use of nanomaterial has also increased in impedimetric
biosensors, and the large surface area offers great receptor
analyte interaction capability in a smaller area.*** Carbon-based
nanomaterials and metal and metal oxide nanostructures like
ZnO, CuO, NiO, TiO,, Fe;0,4, Au, Pt, Ag, and Pd were exploited
for electrode modification due to their good biocompatible
properties and inertness against oxidation reactions occurring
on their surface, which make them suitable for various appli-
cations.”*® Identifying the biomarkers in real time is crucial and
necessary; Russell et al. developed a real-time IL-6 biomarker
concentration label-free detector using a microelectrode based
on electrochemical impedance spectroscopy (EIS), and the
incubation period was found to be 25 minutes.”*® In this work,
eight microelectrodes of r = 25 um placed in order were fabri-
cated on a needle-shaped silicon substrate. This work also
presented a contrasting view of decrement in impedance as the
antigen binds the microelectrodes. Graphene is currently widely
used in nanotechnology applications, due to its high capturing
nature and smaller thickness. Electrochemical sensors (EC) are
becoming valuable in point-of-care (POC) devices. Zupancic
et al. used graphene for the detection of three biomarkers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic of (a) electrode—electrolyte interface showing charge transfer resistance and double-layer capacitance, (b) Nyquist plot, and
(c) simplified Randles equivalent circuit model with solution resistance (R;), charge transfer resistance (R.), and double-layer capacitance.
(Adapted from ref. 222 with permission from John Wiley & Sons, Copyright 2005, Wiley-VCH).2#”

Table 13 Table of optical biomarkers and detection parameters

Biorecognition
Substrate Sample element Biomarker Technique LOD Working range Response time Reference
Optic fiber PBS buffer Antibody CRP SPR 117 pgmL™ ' 0.01-20 igmL™'  NA 228
Optic fiber Human serum  Antibody PCT LSPR 95 fg mL ™" 1-100 ng mL ™" <15 min 229
AuNPs Mixed protein  Aptamers IL-6 LSPR 1.95 pgmL~ ' 3.3-125 pg mL ! 5 min 230
solution
Gold nanohole Spiked PBS Antibody CRP Interferometry 18 mg mL™'  0-250 ug mL ™" 1 min after 231
array (Au-NHA) sample sample
NA Antibody IL-6 88 mg mL~'  0-400 pg mL ™" incubation
NA DNA capture ~ miRNA-16 6 mg mL™" 0.8-12.5 pg mL™*
probe
AuNPs Broth culture  Electrostatic ~ Urease LSPR 0.8 pgmL™'  0.8-12.5 ugmL~" 40 min 232
AgNPs-BP Human serum  Aptamers CRP SERS 100 fg mL ™" 10*-10 ng mL " NA 233
NA IL-6 0.1 fg mL ™" 1077-10"> ng mL ™!
NA PCT 1.0fgmL™" 10 °10"' ng mL*
Whole blood  Photocatalysis . capitis ~ Colorimetry 10’ CFUmL ™' 10°-10°* CFUmL™' <5h 210
NA E. coli
AgMNPs/CPs Sterile human  Label-free IL-3 SERS 1000 fM 1 pM-100 nM Real time 234
serum
NA PCT 100 ftM 100 fM-100 nM
Silicon chip Human plasma Antibody CRP WLRS 1ng mL* 0.05-200 ug mL~ ' 12 min 43

simultaneously, ie., PCT, CRP, and pathogen-associated
molecular pattern. Their results show higher correlation with
ELISA (¥ = 0.95).>* Highly oriented pyrolytic graphite (HOPG)
has been used by Sharma et al. as an antibody-based label-free
impedance biosensor.® Kumar et al. aimed at developing
a solid-state working electrode and improving the adhesion of
nanomaterials at the electrode interface.*” A cerium oxide
nanofiber (CeNF) developed via electrospinning was placed on
the surface of a glassy carbon electrode (GCE) and employed for
detecting TNF-a. Moreover, the effect of Nafion on interfacial
activity was studied by comparative analysis between the
electrochemical impedance spectroscopic (EIS) results of GCE/
CeNF and the GCE/CeNF/Nafion.?*®

5.5 Optical method

Optical biosensors are the most commonly reported class of
biosensors. The detection typically relies on an enzyme system
that catalytically converts analytes into products that can be

© 2026 The Author(s). Published by the Royal Society of Chemistry

oxidized or reduced at a working electrode, maintained at
a specific potential. The main advantage of this optical trans-
ducer is the low cost and the use of biodegradable electrodes.
An optical biosensor is a compact analytical device, having
a biological sensing element, integrated or connected to an
optical transducer system, as shown in Fig. 13. The detection of
specific bindings of the analyte of interest to the complemen-
tary optical biorecognition element is immobilized on a suitable
optical substrate. The main biological materials used in optical
biosensor technology are the optocouple enzyme/substrate,
antibody/antigen, and nucleic acid/complementary sequences.
In addition, microorganisms, animal or plant whole cells and
tissue slices can be incorporated in the biosensing system.
Recent advances and developments in molecular optoelec-
tronics offer an alternative approach involving the use of optical
biometric recognition systems.

Optical biosensors measure the variation in optical property
(e.g., chemiluminescence, absorbance, and fluorescence)
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triggered by the biorecognition reactions, where the output is
directly proportional to the concentration of analytes.*** Two
configurations of optical biosensors have gained great
momentum for diagnosing infectious diseases. The first
configuration is the lateral flow test.**> Optical methods have
higher sensitivity than many diagnostic methods. Rascher et al.
aimed at detecting an early-stage biomarker for sepsis detection
using a total internal reflection-based point-of-care device
(POCD), which also decreases the assay time, ie., less than 9
minutes.”® Fluorescence labeled detection antibody present
along the path of flow, the incident light has an amplitude of
636 nm, while detected wavelengths are 650-655 nm were used
for detection.”*® Using label-free immunosensors for the deter-
mination of C-reactive protein (CRP) in human whole blood,
with a total assay time of 12 minutes, white light reflectance
spectroscopy was performed by Koukouvinos and group.>** The
assay stage has three steps: 5-min reactions with the diluted
whole blood samples, 3-min reactions with the biotinylated
anti-CRP antibody, and 4-min reactions with streptavidin
solution. The limit of detection (LOD) for CRP was found to be
in the range of 400 pg L™" to 50 mg L™". Sharma et al. fabricated
an optical biosensor (OB) for detecting severe infection. The
sensor integrated information from heart rate, pulse oximetry,
kidney function, NO level, vascular diameter and inflamma-
tion.>** CRP was detected by Sridevi and group by using an
optical fiber device, within 15 minutes."”* A photonic biosensor
has been developed by Fabri-Faja et al to detect multiple
biomarkers, i.e., C-reactive protein (CRP) and interleukin-6
(IL6), and miRNAs with LODs of 18 mg mL ', 88 mg mL ™"
and 1 mM (6 mg mL "), respectively.°

(i) (ii)
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Fluorescent probes are key elements in the biosensing and
diagnostics platform. Combined with efficient imaging, it can
help in visualizing the biomolecules of interest, and real-time
analysis can be performed. Fluorescent compounds bind
(sometime interact with weak bonds like hydrogen bond) with
a specific compound available in the biomolecule. Bauer et al.
used a pH-sensitive probe with FRET (Forster resonance energy
transfer) for sepsis detection.””® Feng etal. used polymyxin B
derivatives for detecting lipopolysaccharides (LPS) on Gram-
negative bacteria.**® Hoffmann et al. used a flow cytometry-
based method for CD64-FITC detection.>*” Accardo et al. used
“all-in-one” probes to simultaneously identify pathogens and
assess antibiotic effectiveness.>® Small-molecule organic
probes, such as reactive oxygen species-responsive dyes, were
used for intracellular identification of inflammatory markers.
Fluorescent protein probes, including GFP-tagged antibodies,
were used for the real-time monitoring of immune cell migra-
tion in sepsis models. Quantum dot probes exhibit high pho-
tostability for the swift identification of sepsis-inducing
pathogens, such as Klebsiella pneumoniae. Near infrared emit-
ting nanoparticle probes, like NIR-II nanoparticles, for imaging
dysfunction in sublingual microcirculation during septic shock.
Yang et al. used a DLF-1 probe to quantitate Mtb, which was
successfully applied to identify genes critical for cell invasion.**®
Bhuin et al. developed single but simple organic molecules
possessing numerous realistic photophysical properties such as
mechanofluorochromism, aggregation-induced emission (AIE)
properties, solvatochromic DSE-gens (dual-state emissive
fluorogens), and viscofluorochromism,*° they also developed
ingle 2,3,4-trimethoxybenzene-linked DSE-gen (the lead) for
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Fig. 13 (i) (A) Schematic of the immunomagnetic separation and electrochemical detection process. HRP-labeled detection antibodies (dAbs)

bind to the target analyte, forming a sandwich complex on capture antibody-coated magnetic beads (cAb-MBs). After magnetic separation and
washing, the immunocomplex is deposited onto a screen-printed carbon electrode modified with gold (SPE-C, EMC-Au) for detection.?® (ii)
Functionalization and characterization of the SPE-C electrode: (A) Stepwise surface functionalization of the working electrode (WE) via the EDC/
NHS chemistry for antibody immobilization, followed by BSA blocking. (B) Raman spectra showing the increasing intensity and /p/Ig ratios with
functionalization steps, confirming successful modification. (C) Cyclic voltammetry of the electrode at different modification stages, indicating
changes in the electrochemical behavior due to surface chemistry alterations.24° (Adapted from Molinero-Fernandez et al., 2020 with permission
from Elsevier, from Molinero-Fernandez A., Moreno-Guzman M., et al. “Electrochemical immunosensors combined with immunomagnetic
separation for sensitive biomarker detection.” Biosensors and Bioelectronics, 2020. Copyright © 2020 Elsevier B.V.).
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bioimaging efficacy and a way to detect dead cancer cells
selectively. Zhang et al. have discussed different methods for
the real-time detection of cancer using targeted fluorophores.”*
All these works show the selective and improved ways of
fluorophore applications.

The rapid detection and identification of bacteria directly
from the whole unprocessed blood sample is known as an
optical method of detection. Inexpensive optical biosensors are
becoming important nowadays. Although such optical tech-
niques were initially devised to study cancerous changes in
epithelial tissue by characterizing the change in wavelength
when light waves interact with tissue. In the beginning, Wyatt
demonstrated different angular dependence of scattering for
three bacterial strains.*** The time-dependent fluorescence and
Raman spectroscopy were employed by Layne, Bigio and
colleagues for the detection of bacteria.>? A. Katz, et al,
demonstrated Fourier-transform infrared spectroscopy (FTIR)
of the Escherichia coli bacterial strain.*** Konokhova et al. used
optical methods to find the concentration of viable bacteria.
Banada et al., used scattering to identify individual strains of
different size bacteria, similarly angle resolved scattering
combines width flow cytometry to identify strain of E coli by
scanning flow cytometry.”®® Angular imaging patterns of
a forward-scattering laser beam were also employed for the
detection of bacterial pathogens in food.”*® Qiu et al. used
a novel optical spectroscopic method for the rapid detection
and identification of bacteria directly from whole blood, using
light scattering spectroscopy (LSS)-based techniques.>*® The
accuracy of this method was found to be 10 nm, with testing
done for bacteria in water suspension and in blood, and even-
tually, several typical Gram-negative (E. coli, K. pneumonia, and
P. aeruginosa) and Gram-positive (S. aureus) strains of bacteria,
known to cause sepsis, were identified with LSS. Damodara
et al. captured and quantified cfDNA (cell free DNA) as a sepsis
biomarker present in plasma,*’ the device was tested to find
buffered in the range of 1-6 ug mL ™, sensitivity of 5.72 AU pg ™"
mL . For this process a silicone cartridge, with the assistance
of fluorescence dye, the imaging is done for measurement. The
point-of-care (POC) devices have limitations of low sensitivity,
limited multiplexing capability, and low throughput. Chin et al.
developed a multiple biomarker detection POC device, utilizing
a portable imaging system, the amplification is done through
chemical and plasmonic methods for det a portable imaging
system in about an hour.>*® Battaglia et al. developed a molec-
ularly imprinted polymer (MIP)-based surface plasmon reso-
nance (SPR) biosensor, with LOD values of 15 ng mL~" and 30
ng mL~', respectively, for equine and canine PCT.** The use of
two-dimensional chromatography for the in situ detection of
multiple sepsis biomarkers, i.e., CRP, PCT and lactate, in the
same device has become a viable alternative. Kemmler et al.
developed an integrated multiparameter on-chip immunofluo-
rescence assay to detect CRP IL-6, PCT, and NPT, by measuring
the total internal reflection fluorescence (TIRF).>*® Early detec-
tion of CitH3 (citrullinated histone H3) can prevent septic
shock. Y. Park, et al. developed a 2.5 x 2.5 mm® plasmo-
photoelectronic nanostructure device for CitH3 detection in
the range of 10~ to 0.1 ng mL ™" within 20 minutes. Preventing

254
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septic shock by early detection is crucial, and neutrophils are
important cells for ensuring the body defense.>**

5.6 Electrochemical method

Electrochemical methods monitor the reaction kinetics of an
electroactive species at the electrode/solution interface by
measuring the current, voltage, or impedance, as recently
reviewed by others.”®> Micro-structured electrochemical sensors
can be manufactured using well-established methods for
microchip fabrication.****** This makes it easy to fabricate
sensor arrays, wearable devices, and ultramicroelectrodes inte-
grated in microfluidic platforms for point-of-care devices. Exo-
somal markers are extracellular vesicles secreted by cells,
representing their parent cell. It may be proteins, lipids and
nucleic acids like miRNAs. Like miR-150 is expressed in mature
lymphocytes responsible for sepsis, cancer and mycordial injury
diagnosis. Similarly, MiR-223 present in myeloid lineage cells
regulates neutrophil activation.>*®* Ondevilla et al. developed an
electrochemical biosensor for tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and microRNA-155 (miR-155) in
a lipopolysaccharide (LPS)-induced septic mouse model, with
limit of detection (LOD) values of 0.84, 0.18, and 0.0014 pg
mL ™", respectively.>®® Min et al. developed a magneto electro-
chemical sensor integrated with a mobile to detect IL-3.7*° The
time taken in detection was less than 1 hour, with an LOD less
than 10 pg mL~'. Here magnetic beads provide a large surface
area for target capturing. Without the need for diluting or
sample processing for whole blood, Tanak et al. detected 8
biomarkers (IL-6, IL-8, IL-10, IP-10, TRAIL, d-dimer, CRP, and G-
CSF) simultaneously within 5 minutes with around 100 pL of
blood sample. The DETecT sepsis (Direct Electrochemical
Technique Targeting Sepsis) 2.0 sensor measured the binding at
metal-semiconductor interfaces.>®” Lu et al. developed a dual-
channel electrochemical sensor for detection in the range of
0.5-1000 pg mL~" for lipopolysaccharide (LPS) and 0.1-20 pg
mL~"' for C-reactive protein (CRP), and the results were
consistent with the ELISA results.>® Mansor et al. developed
electrochemical sensors for bacterial sepsis infection which use
the production of hydrogen peroxide, which presence was
indicated by the redox characteristics of potassium ferricyanide,
K;3Fe(CN)e.>*° In addition, hydrogen peroxide was generated by
the reaction of sPLA2-IIA with its substrate. The linear range is
0.01-100 ng mL ™", with a limit of detection of 0.005 ng mL .
Tian et al. developed an electrochemical sensor with better
stability and higher accuracy to detect fibronectin (FN) in serum
in the range of 15.625-500 ng mL~'.>”° Kaur et al. used cyclic
voltammetry (CV), developed an electrochemical sensor and
found that the charge for LPS-absent bacteria is more than that
for LPS-containing bacteria. The samples were encapsulated in
a micro-scaffold to assess the change in pH in medium due to
redox processes.”’”* Lactate detection in severely ill sepsis
patients is a crucial biomarker, Thongkhao et al. developed an
electrochemical sensor using polyurethane—polyaniline-m-
phenylenediamine arranged layer by layer, with a linear range of
0.2-5 mmol L', and the outcomes of the sensor are highly
closer to those of the enzymatic colorimetric gold standard
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method (p > 0.05).””> Kiatamornrak prepared a TiO, sol-G
nanocomposite and coated it onto a screen-printed carbon
electrode (SPCE) to detect non-immobilized lactate oxidase
(LOx).>”* Chen et al. prepared a zeolite- and iron oxide-
complexed capacitance electrode on which anti-interleukin-3
(anti-IL-3) is present, so that via amine linking IL-3 gets
attached.””* Li et al. developed a wearable and battery-free
wound dressing system for wireless and early sepsis diagnosis
by the real-time detection of PCT.””® Fernandez et al. used PCT
as a protein biomarker, for developing two ways of PT immu-
noassay detection.””® In first disposable screen-printed carbon
electrodes (SPE-C, on-drop detection) and electro-kinetically
driven microfluidic chips with integrated Au electrodes (EMC-
Au, on-chip detection). Both approaches exhibited enough
sensitivity (limit of detection (LOD) values of 0.1 and 0.04 ng
mL " for SPE-C and EMC-Au, respectively; cutoff = 0.5 ng
mL '), an adequate working range for the clinically relevant
concentrations (0.5-1000 and 0.1-20 ng mL~" for SPE-C and
EMC-Au, respectively), and good precision (RSD < 9%), using
low sample volumes (25 pL) with total assay times less than
20 min. Fig. 13 shows the schematic of electrochemical detec-
tion and association characterization, and Table 14 shows the
associated biosensors.

The use of multiplex biosensors is becoming increasingly
needful nowadays due to simultaneous detection of multiple
biosensors to ensure identification and ensures of biomarkers
simultaneously. Gao et al. developed a multiplex biosensor to
detect the species-specific sequences of the 16S ribosomal RNA
of bacteria for pathogen identification in physiological samples
without preamplification.**® Crapnell & Banks developed func-
tionalized in-house 3.1 mm-diameter screen-printed electrodes
(SPEs) in conjunction with a thermal detection methodology for
the detection of IL-6, without getting significant interference
from PCT by only utilizing 110 pL cell volume.*** Graphene is
known to adsorb single-stranded DNA due to noncovalent -
bonds, but not double-stranded DNA. This approach does not
require any surface functionalization and allows the detection
of primer concentrations at the endpoint of reactions.*” As
recently demonstrated, the crumpled gFET over the conven-
tional flat gFET sensors due to their superior sensitivity is
chosen. The end point of the amplification reaction was
detected from initial concentration as low as 8 x 107>" M in 90
minutes.

5.7 Microchannel-based methods

Bodily fluid and other fluidic components are used in the
detection and quantification of biomarkers or bacterial loads.
The combination of fluid mechanics and components size at
very small-scale work of a different nature. Ensuring the flow of
pathogen-loaded blood in a constraint pathway can help in
identification. Therefore, the microfluidic method is one of the
methods developed to utilize fluid mechanics characteristics
and ensure the flow in micro-scaled channels, allowing them to
interact with different systems like optical, resistive, and
potentiometric, and then read out the results according to the
requirement. Culture negative results for bacteria causing
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sepsis occurs when bacteria agent can't be identified. This leads
to extended duration for the intake of empiric antibiotics.
Therefore, Zhou and group developed a microfluidic platform
for capturing CD64, CD69, and CD25 expression with excellent
accuracy.”” They found that CD64 and CD69 cell separation
gives strong assay. Fang and group have developed
a membrane-based integrated microfluid chip in which DNA is
amplified by PCR and assessed by fluorescence to detect Gram-
positive and Gram-negative bacteria.”* This device separated all
white cells and 99.5% red cells from bacteria. However, here
time taken in this detection process was very high, around 4
hours. Blood stream infection (BSI) is critical, and infection
needs to be identified and removed quickly. The use of mild
detergent solution and deionized (DI) water in microfluidic
channels can be proved to be helpful. Zelenin et al. prepared
a microfluidic channel with three inlets and introduced deter-
gent, which can lyse most blood cells and DI water removes all
blood cells, showing 100% bacteria recovery.”*® Kundu and
group integrated surface plasmon resonance (SPR) with
microfluidics for easy readout of biomarker, in which analytes
as assessed at junction to detect PCT with sensitivity 0.0643 a.u.
pg " ml and LOD 0.0224 a.u. pg_ ' ml.?** At the onset of sepsis
infection when infection level is low, there are chances of their
phagocytoses by immune cells. Hence, Liao et al used
a deformability test and microscopic imaging to show the
presence of intracellular bacteria in phagocytic blood cells.** In
addition, they developed a microfluidic biosensor to passively
sort, concentrate and quantify rare monocytes with internalized
pathogens (MIP) from uninfected monocyte populations for
phagocytosis detection within 1.5 hours. Ganguli et al. reported
a biphasic approach to reduce the time of detection and
increased molecular sensitivity along with reducing the time of
detection, i.e., less than 2.5 hours as compared to blood culture
followed by PCR, which, despite being gold standard, takes 5
days to give a negative result.>*® In this study they have taken 3
bacterial and one fungal species from around 1 mL of blood, to
present the single molecule sensitivity using Loop mediated
isothermal amplification (LAMP) to detect Gram-positive
methicillin-resistant and methicillin-susceptible Staphylo-
coccus aureus bacteria, Gram-negative Escherichia coli bacteria,
and Candida albicans (fungus) from whole blood with a limit of
detection (LOD) of 1.2 colony-forming units (CFU) mL~" from
0.8 to 1 mL of starting blood volume. CD64 is a crucial
biomarker in detecting sepsis; although no single or even
a combination of biomarkers has been validated for the diag-
nosis of sepsis, multiple studies have shown the high specificity
of CD64 expression on neutrophils (nCD64) to sepsis.””’
Currently, flow cytometry is used for measuring the level of
CD64, but its manual sample preparation and long incubation
times are not desirable. Therefore, Ghonge et al used
a smartphone-imaged microfluidic biochip for detecting nCD64
expression within 50 min using unprocessed blood by capturing
the nCD64 along a staggered array of pillar, which have been
functionalized with the antibody of CD64, and the fitting of
a newly developed method shows strong correlation with flow
cytometry (R*> = 0.82).>® The level of CD64 is crucial and
important in deciding the beginning of sepsis infection; it
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Fig. 14 (i) Schematic of the device setup for immunological capture and smartphone-based imaging of neutrophils expressing CD64. (a) Whole
blood is injected into the microfluidic chip. Neutrophils are captured using surface markers, labeled, and then imaged via a smartphone. (b and c)
Microfluidic designs for cell separation using inertial and sedimentation-based methods. (d) Integrated optical detection setup using
a smartphone and excitation/emission filters. (e) Portable diagnostic device capturing fluorescent signals from labeled cells.?*” (i) Fabrication
workflow of a silicon-based microfluidic chip for nucleic acid testing: (a) Steps from silicon wafer photolithography to membrane sealing. (b)
Fabricated chip compared to a US quarter. (c) Cross-sectional view showing channel dimensions. (d) Schematic of primer deposition and
amplification zones.*® (iii) Comparison of current clinical practice (A and B) versus the proposed method (C—H) for blood-borne infection
detection. Conventional workflow requires 1-5 days for blood culture and PCR-based identification. The novel approach completes diagnosis
within ~2.5 hours by integrating rapid red blood cell and bacterial lysis (C-E), thermal and mechanical lysis (F), and biphasic LAMP reaction (G and
H) that separates solid and liquid phases for enhanced signal-to-noise ratio and visual readouts.?*® (Reproduced with permission from Elsevier
and the Royal Society of Chemistry. Copyright 2017, Royal Society of Chemistry; Copyright 2020, Elsevier B.V.).

strongly correlates with sepsis. Hassan et al. used a very small Coulter method of cell counting, where the CD64 is captured
volume of blood sample i.e., 10 pL, and recorded the level of using its antibody on neutrophil's membrane surface. Fang
nCD64 during stay in hospital.?*” Thus, the work is inspired by et al. developed an integrated microfluidic chip (IMC),
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Fig. 15

(i) (a—c) Schematic of a blood sample processing using FeC-MBL-coated magnetic beads for selective bacterial capture from whole

blood by applying a rotating magnetic field to enhance bead-bacteria interactions. (d) Post-capture magnetic separation isolates bacteria-bound
beads while removing blood components. (e) Captured bacteria are lysed, releasing DNA for amplification using PCR primers and TagMan
probes. (f) Optical readout of the amplified DNA using a detection system. (ii) Detailed view of the multilayered microfluidic cartridge comprising
layers for fluid handling, filtration, lysis, magnetic actuation, and nucleic acid amplification. Zoomed-in schematic of the detection chamber
layout and valve mechanisms. Bright-field microscopic images confirming bacterial capture. Portable detection system showing the final
prototype, designed for point-of-care diagnostics.?® (Reproduced from Kang J., et al. “Integrated immunomagnetic microfluidic system for rapid
and sensitive bacterial detection from whole blood.” Biosensors and Bioelectronics, 2019, with permission from Elsevier. Copyright 2019, Elsevier

B.V).

consisting of a membrane based filtration separating in 90
minutes, is then followed by miniature PCR setup for bacteria
identification, taking around 4 hours. The limit of detection is 5
CFU per reaction.”” Fig. 14 shows the setup of microfluidic
channel consisting of serpentine and micropillar-based array to
capture CD64. Fig. 15 shows the steps involved in the fabrica-
tion of microfluidic channels using photoresist. Fig. 16 shows

© 2026 The Author(s). Published by the Royal Society of Chemistry

the principle involved in the biphasic reaction for pathogen
trapping and their DNA amplification (Table 15).

The use of inertial focusing method is easy to use, and the
low-cost microfluidic method is used for separating particles
varying in size. Blood stream infection-causing pathogens can
be separated by this method. Faridi et al. developed and fabri-
cated an elasto-inertial microfluidic device for the continuous
separation of 5 um particles from 2 um particles at a yield of

RSC Adv, 2026, 16, 26026-26067 | 26051
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(i) Ilustration of the microfluidic techniques for leukocyte separation and sepsis diagnosis, (i) inertial focusing using viscoelastic PEO

(polyethylene oxide) fluid enables particle alignment due to shear-induced, wall-induced, and viscoelastic lift forces.*?° (i) Conceptual frame-
work for identifying high-antigen-expressing leukocytes as indicators of sepsis. (Right) Microfluidic chip design employing antibody-coated
pillars for label-specific separation of leukocyte subtypes (e.g., CD64+, CD25+, and CD69+).3°* (Reproduced from the Royal Society of
Chemistry, Copyright 2017 and Copyright 2019, the Royal Society of Chemistry.).

95% for 5 um particle and 93% for 2 pm particles at respective
outlets.’” Next, bacteria were continuously separated at an
efficiency of 76% from the undiluted whole blood sample. By
using the combination of elastic and inertial force, we obtained
highly efficient particle separation. Similarly, Ohlsson used
acoustophoresis with microfluidics for bacterial separation with
Pseudomonas putida spiked into whole blood, revealing a detec-
tion limit of 1000 bacteria/mL for this first-generation analysis
System.309,310

Zhou etal. fabricated a microfluidic channel for the capture
and detection of CD64 and CD69 cells. To validate this assay, 40
sepsis patients and 10 healthy volunteers were enrolled in this
study.?*® Sepsis patients were divided into culture-positive (n =
12) and culture-negative (n = 21) cases. Capture, of CD64+ cell
demonstrated excellent accuracy for sepsis detection, with an
area under the receiver operating characteristic curves (AUC) of
0.962. Damodara et al. used cell-free DNA (cfDNA) present in the
plasma of sepsis-infected blood stream. Patients in serious
cases have higher correlation between the cfDNA concentration
and the chances of survival; in recent works, they have found
that the sepsis patients entering the intensive care unit who
were likely to survive had a total cfDNA concentration of 1.16 +
0.13 ug mL~"' compared to 4.65 & 0.48 pg mL™" of non-survi-
vors.*” Here, they used a threaded silicone device for storing
fluorescent dyes, which reduced the preparation time and
detection cost. The device was demonstrated for use in the
quantification of buffered cfDNA samples in a range 1-6 pg
mL " with a sensitivity of 5.72 AU pg”'mL~" and with cfDNA

spiked in plasma with a range of 1-3 pg mL™ " and a sensitivity
of 5.43 AU ug ' mL .

One of the major disadvantages of detecting bacteria is the
lack of sensitivity when we are trying to detect lower levels of
bacteria. Moreover, the primers used in methods like PCR may
interfere with inhibitory agents like hemoglobin, etc. So,
Ganguli et al. developed a biphasic approach to ensure that we
can approach to the Nucleic acid components like DNA rather
than forcing them to come out of dried blood matrix. Therefore.
in this method they dried whole blood, leading to the devel-
opment of microporous channels, and eventually added
primers to this solid blood cake to attach DNAs with primers.
This has led to biosensor development with single-molecule
sensitivity for 3 bacteria and 1 fungal species from ~1 mL of
blood in <2.5 h.>*

Utilizing specific nucleic acid sequences for four equine
respiratory pathogens as representative examples, we demon-
strated the ability of the system to utilize a single 15 puL droplet
of test sample to perform selective positive/negative determi-
nation of target sequences, including integrated experimental
controls, in approximately 30 min.*"* This approach utilizes
loop-mediated isothermal amplification (LAMP) reagents pre-
deposited into distinct lanes of the microfluidic chip, which,
when exposed to target nucleic acid sequences from the test
sample, generates fluorescent products that, when excited by
appropriately selected light-emitting diodes (LEDs), are visual-
ized and automatically analyzed by a software application
running on the smartphone microprocessor. Choudhury et al.

Table 15 Table of the fluorescence methods for sepsis detection and crucial detection parameters

Technique Sample Flow delivery WR LOD Analysis time Sample volume Reference
Fluorescence Serum PPy/Ni/PtNPs 0.5-150 ng mL " 0.07 ng mL ™" 30 min 25 pL 302
Fluorescence  Serum rGO/Ni/PtNPs  0.03-1280 ng mL~'  0.01 ng mL™" 5 min 25 uL 303
Fluorescence Serum rGO/Ni/PtNPs 0.01-128 ng mL ™" 0.003 ng mL " 15 min 2 pL 304
Colorimetry Whole blood Fe, 03 1-20 ng mL ™" 0.56 ng mL™" 13 min 10 uL 305
Fluorescence Serum LFIA 1-300 pg mL™" 0.3 ug mL ™" >1h NA 306
Fluorescence Serum LFIA 0-1000 pM 42.5 nM <35 min 50 pL 307
Fluorescence  Serum LFS 50-250 pg mL ™ 1ng mL™* <20 min 100 pL 308
Fluorescence Serum diluted Pressure 3.13-100 pug mL "’ 1.87 pg mL ! 45 min 50 uL 307
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developed organic LED (OLED) for glucose biosensing, and
these can be easily fabricated on a glass or plastic substrate,
leading to a simple and compact device.*** Lian et al. used
phycoerythrin (PE) for OLED-based SARS-CoV-2 antibody
detection. Lian et al. developed an OLED-based fluorescence
sensor to detect as low as 1 x 10~ ° m of ssDNA-Cy5 in fetal
bovine serum (FBS).**?

A rapid and automated device to periodically measure
nCD64 expression at the point of care (POC) could lead to timely
medical intervention and reduced mortality rates.>®” Current
accepted technologies for measuring nCD64 expression, such as
flow cytometry, require manual sample preparation and long
incubation times. For POC applications, however, the tech-
nology should be able to measure nCD64 expression with little
to no sample preparation. In this paper, we demonstrate
a smartphone-imaged microfluidic biochip for detecting nCD64
expression within 50 min. In our assay, first unprocessed whole
blood is injected into a capture chamber to immunologically
capture nCD64 along a staggered array of pillars, which were
previously functionalized with an antibody against CD64. Then,
an image of the capture channel is taken using a smartphone-
based microscope. This image is used to measure the cumula-
tive fraction of captured cells (y) as a function of length in the
channel. During the image analysis, a statistical model is fitted
to v in order to extract the probability of capture of neutrophils
per collision with a pillar (¢). The fitting shows a strong corre-
lation with the nCD64 expression measured using flow cytom-
etry (R*> = 0.82). Finally, the applicability of the device to sepsis
was demonstrated by analyzing nCD64 from 8 patients (37
blood samples analyzed) along with the time they were admitted
to the hospital. The results from this analysis, obtained using
the smartphone-imaged microfluidic biochip, were compared
with the flow cytometry results. Again, correlation coefficient R
= 0.82 (slope = 0.99) was obtained, demonstrating a good linear
correlation between the two techniques.

5.8 Machine learning (ML)-based approach

The onset of sepsis can also be recognized by the change in
leukocyte count and CD64 level. Hassan et al. used this under-
standing to quantify sepsis using ANN (artificial neural
networks), showing a higher accuracy.’® Taneja et al. studied
the patient data from U.S. hospital and applied machine
learning data on multiple biomarkers (IL-6, nCD64, IL-1ra, PCT,
MCP1, and G-CSF) and combined EMR (electronic medical
record) data achieved an area under the receiver operating
characteristic (ROC) curve (AUC) of 0.81, while EMR data alone
achieved an AUC of 0.75 for the early detection of sepsis.**
Taneja continued the above work and developed machine-
learning model using this dataset outputs a score with not
only diagnostic capability but also prognostic power with
respect to hospital length of stay (LOS), 30-day mortality, and 3-
day inpatient re-admission and obtained area under the
receiver operating characteristic curve (AUROC) for diagnosis of
sepsis was 0.83.°"* Hassan et al. used computational methods
using hierarchical clustering in artificial neural network (ANN)
to find the rate of cell capture and showed increased accuracy,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with the data for 106 patients.>*” A single-center study, including
a representative cohort of 325 infants (2866 hospitalization
days), was used for sepsis prediction using the Naive Bayes
algorithm in a maximum a posteriori framework up to 24 h
before clinical sepsis suspicion.*'® This enabled a prediction of
sepsis with an area under the receiver operating characteristic
curve of 0.82, up to 24 h before clinical sepsis suspicion. Since
wearables are very important in recording and understanding
vital conditions, Gupta et al. used cuff-less blood pressure
measurement with the PPG (photoplethysmography) signal.**®
Giordano et al. used six vital sign predictions with tiny machine
learning (TinyML) algorithms, enabling on-device real-time
sepsis prediction for the development of SepAIL*"”

5.9 Aptameric biosensing

Graziani et al. developed aptamers with higher sensitivity and
specificity, Antibacl & Antibac2, targeting the ubiquitous
bacterial peptidoglycan.*'® Systematic evolution of ligands by
exponential enrichment (SELEX) is a method for isolating RNA
or DNA molecules that bind to specific targets. In 1990,
Ellington and Szostak successfully screened out oligonucleo-
tides and named the “aptamer”, which is the first time to get an
aptamer from RNA library through this method. SELEX can be
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Fig. 17 Aptamer-based biosensing strategies for sepsis diagnosis and
bacterial detection. The schematic illustrates a multifunctional plat-
form integrating aptamer-based sensors for sepsis-related biomarker
detection (CRP, IL-6, and LPS), enabling stage determination and
guiding antibiotic application. The SELEX (systematic evolution of
ligands by exponential enrichment) process generates high-affinity
aptamers through iterative binding, elution, amplification, and regen-
eration. These aptamers are employed for both biomarker sensing and
bacterial identification. Signal amplification is achieved using aptamer-
functionalized gold nanoparticles (GNPs) and magnetic bead-assisted
purification, enhancing detection sensitivity under laser excitation.®*°
(Reproduced with permission from Elsevier, Biosensors and Bi-
oelectronics, Copyright 2021, Elsevier B.V.).
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used to isolate aptamers that bind to a wide range of targets,
including proteins, cells, viruses, microorganisms, toxins, and
chemical compounds. Aptamers generated using SELEX can be
used in disease diagnosis and therapeutic approaches. SELEX is
an iterative process that involves creating random pools of RNA
or DNA, challenging them to bind to a target, and separating the
successful binders from those that failed. The successful
binders are then amplified. Fig. 17 shows the aptamer-based
sepsis detection.

Zeng and group used bead-based amplification in the
detection of S. aureus using aptamer-conjugated GNPs.*" Xu
et al. realized the detection for methicillin-resistant Staphylo-
coccus aureus (MRSA) using a dual-functional aptamer and
CRISPR-Cas12a-assisted RCAJ Microbial Methods.?** Fukuzumi
et al. used AuNPs for the detection of CRPs by decreasing the
intensity of photoluminescence.®® Hence, researchers have
used fiber-optic biosensors and microfluidic chips for LPS
detection on a Nafion membrane®*” Ferreira et al. developed
aptamer-based sensors for the recognition of Antibacl and
Antibac2, which have higher affinity for E. coli and S. aureus.’*
These are high-efficiency binding aptamers for a wide range of
bacterial sepsis agents.

6 Discussion

The onset of septic infection brings in a lot of complexity,
causing around 11 million deaths annually during treatments,
and hence, its rapid, early diagnosis is important.> The
morbidity associated with sepsis is highest in critical care,
resulting in prolonged ICU stays, multiorgan failure, disability,
cognitive impairment and death. Unlike myocardial infarction
and stroke, sepsis lacks a standard procedure, qSOFA score
being simple but has limited sensitivity, whereas blood culture
takes 48-72 hours.*** Hence, the traditional methods are
resource-intensive and time-consuming, delaying critical
intervention. Therefore, in the current scenario, we need a fast,
less resource-dependent sensor based on fishing specific
biomarkers, so that the detection process can be optimized.
Currently, with the advancement in various sensors like
electrochemical, optical, microchannel, and lateral flow, we are
targeting very specific biomarkers in blood or even pathogens
that are directly separated. With the use of PCR and LAMP, even
a small amount of pathogens is detectable. Now various
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external stimuli (like acoustic, thermal) used in lateral flow and
microchannel flow for specifically trapping the biomarkers.
Using machine learning methods with optical methods of
detection, we can now use fluorescence data for biomarkers for
fast and reliable detection. Overall, the whole process of sepsis
detection has come along with the development of various
sensors and has made the whole process fast and reliable.

7 Challenges and future scope

Significant progress has been made in the treatment of sepsis
patients; nonetheless, the disease is still linked to high rates of
mortality and severe long-term cognitive impairment. Extensive
research is being done in this field to validate biomarkers, make
it easier to diagnose sepsis, and enable an early response that
can lower the chance of death. Sometimes, a hyper-
inflammatory response pattern is seen in sepsis, and an
immunosuppressive phase characterized by the dysfunction of
many organs may ensue. A panel of biomarkers or a biomarker
alone may offer a novel way to detect, diagnose, or treat sepsis.
One of the main challenges in detecting sepsis from the whole
blood is that the sepsis trials are predominantly conducted in
high-income countries;*** (b) rise in awareness worldwide. They
are occurring on a large scale in developing or underdeveloped
countries. The challenge at such places lies in the lack of
training and facilities, along with delay and lack of treatment
worsening the situation. Point-of-care (POC) detection many
times requires pathogen detection from blood without even
processing the blood, and all the components come into play
and interfere with the detection, hence we need a safer and
more reliable method for sample collection and ensuring the
viability of biomarker(s). Table 16 presents the key challenges
and their possible solutions.

Another crucial factor downplaying the sensing comprises
inhibitory factors, like blood components and primers.
However, in recent times, there has been work going on to avoid
blood components during pathogen detection. The unavail-
ability of various resources like sophisticated chemicals and
electricity and lack of time to perform tests make POC detection
very challenging. Thus, to overcome these challenges, various
advanced fabrication methods like plasma, chemical and laser
treatment*®>**” are generally combined with additive
manufacturing®” to prepare sensing surfaces. Using these

Table 16 Key challenges in sepsis biosensing and their potential solutions

Platform Key challenge

Potential solution

Nanomaterial-based

Reproducibility & biofouling, expensive

Standardized synthesis, surface passivation,
looking for other options like hair dye

LFA Low sensitivity, qualitative output Nanomaterial signal amplifiers, Al-based
readout

EIS Signal drift, complex data, low sensitivity Conductive coatings, ML-assisted data

without nanomaterials correction
Optical Scattering, bulky and expensive setup NIR materials, integrated photonic chips
Electrochemical Biofouling, cross-reactivity Antifouling layers, aptameric recognition
Microchannel Clogging, integration Viscoelastic separation, surface coatings
ML-based Small datasets, interpretability Simple model of ML
Aptameric Stability, regeneration Modified nucleotides; photothermal desorption
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methods, microfluidic channels can be fabricated which can
run efficiently and quickly to navigate through the above-
mentioned problems and standardize the process leading to
high fidelity of process and sensors. In such cases, the use of
energy in various forms like acoustics and thermal can become
crucial for pathogen separation in the microchannel. After these
steps, the biosensors should be integrated with a healthcare
system, so that the overall effectiveness and patient health
tracking can be done easily. Overall, reducing the Limit of
Detection (LOD) to ensure early detection along with ensuring
the false positive & false negative results. Currently with the
onset of IoT (Internet of Things)-based devices, microfluidic
patches, wearables, etc., are becoming prominent and these
methods of sepsis detection will be important for responsible
and reliable detection. Recently, multi-omics-based approach
for sepsis detection is becoming more relevant as more amount
of work is being done in the direction in last few years, it
combines involvement of genomics, transcriptomics, proteo-
mics, and metabolomics, making the detection results more
reliable and combining it with POC will make it more useful
with time.
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