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ABSTRACT

Neonatal sepsis is considered as alarming medical emergency and becomes the common global reason
of neonatal mortality. Non-specific symptoms and limitations of conventional diagnostic methods for
neonatal sepsis mandate fast and reliable method to diagnose disease for point of care application.
Recently, disease specific biomarkers have gained interest for rapid diagnosis that led to the develop-
ment of electrochemical biosensor with enhanced specificity, sensitivity, cost-effectiveness and user-
friendliness. Other than conventional biomarker C-reactive protein to diagnose neonatal sepsis, several
potential biomarkers including Procalcitonin (PCT), Serum amyloid A (SAA) and other candidates are
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extensively investigated. The present review provides insights on advancements and diagnostic abilities
of protein and nucleotide based biomarkers with their incorporation in developing electrochemical bio-
sensors by employing novel fabrication strategies. This review provides an overview of most promising
biomarker and its capability for neonatal sepsis diagnosis to fulfil future demand to develop electro-

chemical biosensor for point-of-care applications.

Introduction

Neonatal sepsis (NS) is considered as a major primacy by
World Health Organisation (WHO) due to its disastrous role in
global neonatal mortality, affecting an estimated 3 million
newborns i.e. 22 per 1000 live births [1]. NS is a microbial
infection of preterm and newborn babies, caused due to acti-
vated hyper-active inflammatory mediators, such as cytokines,
free radicals and other proteins, that ultimately cause failure
of vital body organs [2]. The recent reports on global NS dis-
tribution have shown increased incidence in developing
countries, with 50-70 cases/1000 live births, as compared to
lower cases i.e. 1-5 cases/1000 live birth in developed coun-
tries, with highest incidence is observed in Asia and Africa,
i.e. 25-40 cases/1000 live births [3,4]. Negligence in neonatal
care, non-availability of trained health professional, compro-
mised life-saving facilities and unaffordable treatment cost
can lead to uncontrolled consequences of NS [5]. Depending
upon the emergence onset of NS, it is divided into two major
categories, i.e. Early Onset Sepsis (EOS) and Late-Onset Sepsis
(LOS). Major differences in EOS and LOS in terms of associ-
ated risk factors, pathogens and mode of transmission are
summarised in Table 1.

The high rate of neonatal mortality mandates early diag-
nosis of NS to help physicians for curing it with best

treatment modalities. A positive culture from neonatal body
fluids such as blood, urine, cerebrospinal fluid, peritoneal
fluid etc. is conventional test for clinical detection of NS, out
of which blood culture is regarded as the gold standard
examination [10]. However, blood culture faces criticism due
to its high volume sample requirement (~1mL), high testing
cost, inability to differentiate pathogens and contaminants,
and false negative reports [11]. Other currently used diagnos-
tic tests such as total whites count, absolute neutrophil
count, immature-total neutrophil ratio etc. also report unsat-
isfactory specificity and sensitivity [12]. Recently, disease diag-
nosis is benefitted by quantifying differential biomarker level
in patient’s body that offers early disease detection, better
sensitivity, specificity and accuracy [13,14]. In this connection,
modern diagnostic techniques such as turbidimetric method

[15], immunonephelometry [16], radioimmuno-diffusion,
enzyme-linked immunosorbent assay (ELISA) [17] and
Polymerase chain reaction (PCR) [18] etc. are widely

employed to detect biomarker level but their unsatisfactory
accuracy with labour-intensive, time-consuming and compli-
cated detection steps affect the testing efficiency. In recent
years, electrochemical biosensors have attracted enormous
attention due to their advantages such as high sensitivity,
selectivity, accuracy, miniaturisation and portability [19-22].
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Table 1. Major differences in EOS and LOS.
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Parameters EOS LOS Ref
Duration <72h after birth >72h after birth [6]
Risk factors Maternal GBS colonisation, chorioamnionitis, early Prematurity, low birth weight, ventilator associated

rupture of membranes, prolonged rupture of pneumonia, prolonged use of antibiotics

membranes, Premature birth, Multiple gestation
Pathogen associated GBS, Escherichia coli, Streptococcus viridans, Enterococci, Coagulase-negative Staphylococci, GBS, Staphylococcus [7,8]

Mode of transmission

Staphylococcus aureus, Pseudomonas aeruginosa

vaginal environment, infected intra-amniotic fluid, and
during delivery through birth canal

aureus, Acinetobacter baumannii, Candida albicans,
Klebsiella pneumonia, Escherichia coli, Enterococci,
Pseudomonas aeruginosa

unhygienic hospital environment, health professionals,
infected nutrient source, infected intravenous
catheters, and prone family members

[Abbreviations - EOS: Early Onset Sepsis, LOS: Late Onset Sepsis, GBS: Group B Streptococcus].

Multiple organ failure
Respiratory distress
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Figure 1. Schematic representation of fabricating electrochemical sensor to detect neonatal sepsis biomarker. [Abbreviations - CV: Cyclic voltammetry, EIS: electro-
chemical impedance spectroscopy, DPV: differential pulse voltammetry, SWA: square wave voltammetry, CA: chronoamperometry, POC: point of care].

Recently, studies have reported development of electrochem-
ical biosensors to detect NS by employing various types of
nanomaterials, such as nanosheets, nanoparticles, nanotubes,
nanowires, nanospheres, and nanoflowers, acting as modifiers
to the electrodes, made up of metals such as gold, silver or
platinum, semiconductors such as indium tin oxide or carbon
materials such as graphite [23]. Further, biomarker specific
biomolecules are employed as biorecognition element that
are immobilised on nanomaterial modified electrodes, ultim-
ately improving analytical performance of electrochemical
sensors by quantifying the biomarker [24]. A schematic repre-
sentation of fabricating an electrochemical biosensor for
diagnosing NS is shown in Figure 1.

Despite extensive advancement in electrochemical bio-
sensing of diseases, there are limited numbers of electro-
chemical biosensors developed for diagnosing NS [25].
Recent studies have reported a number of biomarker candi-
dates for diagnostic application to detect NS but there is still
a debateable conclusion for the most promising biomarker
with diagnostic perfection and the establishment of univer-
sally accepted diagnsotic biomarker is yet to be achieved
[26]. Further, research is mandatory to develop an efficient
Point-Of-Care (POC) based electrochemical biosensor that is

user-friendly, rapid, cost-effective and can specifically detect
the promising NS biomarker with improved sensitivity under
wide linear range.

In this connection, the present review intends to provide
detailed evaluation of recently investigated diagnostic bio-
markers and their further utilisation in developing electro-
chemical biosensors for NS detection. The present work can
contribute in providing direction in establishing a promising
biomarker and can contribute in enriching updates for fur-
ther advancement in fabricating electrochemical biosensors
with improved diagnostic performance to detect NS for POC
applications.

Diagnostic utility of biomarkers for the diagnosis
of NS

In order to explore articles dealing with recent diagnostic
biomarkers of NS, exhaustive literature survey was performed.
Briefly, articles search was carried out in the databases
including Scopus, PubMed, Science Direct, Google Scholar
and Plos. Search keywords for the relevant articles included
‘diagnostic biomarkers’ for ‘neonatal sepsis’ in title/abstract of
the articles. For specific search of relevant articles for NS
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Figure 2. Flow diagram of literature search for neonatal sepsis diagnostic biomarkers.
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Figure 3. Schematic representation of different diagnostic biomarker expres-
sions due to bacterial infection in neonatal sepsis. [Abbreviations - SAA: serum
amyloid A, CRP: C reactive protein, LBP: Lipopolysaccharide Binding Protein,
PCT: procalcitonin, IL: interleukin].

diagnostic biomarker in recent years, articles were screened
within publication year range from 2013 to 2023. To exclude
irrelevant articles and to focus on recently investigated NS
diagnostic biomarkers, exclusion criteria covered articles not
related to sepsis, discussing definition, signalling processes,
infection mechanisms, therapy, treatment of NS and other
neonatal infections and diseases. Articles published in other
language than English, articles without details specifically for
NS biomarkers were also excluded. The search process for
screening the articles discussing diagnostic advantages and
applications of recently reported NS biomarkers is repre-
sented in Figure 2.

Based on the database search, record screening and litera-
ture review, relevant research studies are included that have
reported NS diagnosis by recently investigated diagnostic
biomarkers. These biomarkers cover acute phase proteins,
cell surface antigens, cytokines, adhesion molecules, and
other nucleic acid based biomarkers [27]. The general signal-
ling and expression pathway for the biomarkers in NS has
been represented in Figure 3.

Protein based biomarkers for diagnosing NS

C-reactive protein

C-reactive protein (CRP), a type of circular, calcium depend-
ent, acute-phase plasma protein, is synthesised in liver, kid-
ney and atherosclerotic tissues [28]. It is the most widely
used biomarker for diagnosing NS with normal cut off value
of 10 mg/L [29]. In normal neonates, CRP is found be in range
of 0-3mg/L while its value is elevated in NS patients [30].
Various studies have reported the diagnostic role of CRP to
detect NS, in terms of sensitivity, specificity, positive predict-
ive value (PPV) and negative predictive value (NPV) at specific
cut-off values, which are summarised in Table 2. It is
observed that the concentration of CRP may increase upto
thousand-fold and elevate within 8-10h during microbial
infection and drops quickly after microbial exclusion,
presenting its limitation as a reliable biomarker due to its
short half-life, i.e. ~19h [49]. The non-specificity, poor sensi-
tivity, false-positive reports and amplified levels in some non-
infected neonates are other limitations of CRP, which further
lessen its universal acceptance [2, 71]. Also, CRP is used as a
biomarker in cardio-vascular disorders [72,73], dengue [74],
Alzheimer's disease [75] and solid tumours diagnosis [76].
Recently, CRP level are found to be elevated in COVID-19
patients that may be associated with severity of disease
[77,78]. In a latest study, a positive correlation between CRP
level and lung lesions were reported, indicating that CRP
concentration can indicate disease severity [79]. Another
report by Sahu et al. considered CRP as a promising
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biomarker for evaluating COVID-19 lethality [80], indicating
the non-specificity of CRP as a biomarker. Therefore, it is sug-
gested that CRP should be used in combination with other
clinical data to make further judgements regarding treatment
of NS [81].

Recent reports include latest studies suggesting the better
diagnostic ability of CRP when combined with other diagnos-
tic biomarkers for rapid and sensitive detection of neonatal
sepsis. For instance, a latest study reported by Tessema et al.
recommended that the combination of biomarkers
Interleukin-6 (IL-6) and CRP showed better diagnostic results
in terms if improved sensitivity for early and accurate diagno-
sis of neonatal sepsis [82].

There are a number of research studies reporting the com-
bined application of CRP and other biomarkers such as CD64
[83], serum amyloid A (SAA) [84], Tumour Necrosis Factor-
alpha (TNF-a) [85], procalcitonin and CD11b [59] can enhance
diagnostic discriminative power over traditional tests with
better diagnostic accuracy. Interestingly, recent studies have
suggested that salivary CRP can be employed as an alterna-
tive biomarker to serum CRP to diagnose neonatal sepsis
with a moderate positive correlation between salivary and
serum CRP. However, it is suggested that its widespread
application in diagnosis require further research [86]. Another
latest study reported by Barekatain etl al provides evidence
about the potential ability of salivary CPR combined with
serum CRP in the diagnosis of neonatal sepsis. However,
these data need to be justified by further research with larger
numbers of neonates [87].

Procalcitonin

The pro-hormone of calcitonin called Procalcitonin (PCT), is a
14.5 kD acute-phase protein which is synthesised by liver
cells and monocytes. In normal neonates, PCT is found to be
in the range of 0.21+0.12mg/L while its value is elevated,
i.e. 56.27 +81.89 mg/L in NS patients [30]. After infection, PCT
is released in neonatal blood within 4 h, reaches its maximum
concentration during 6-8h, and increase upto 5000-fold in
severe infection, maintaining this concentration for next
24 h [88].

As compared to CRP, PCT is regarded as better biomarker
for NS diagnosis as per the reports by various studies tabu-
lated in Table 2, showing its better diagnostic ability to
detect NS. Despite high test price and differential expression
under variable factors [42, 89], PCT can be considered as a
promisng diagnsotic biomarker for its improved sensitivity
and accuracy to diagnose NS.

Serum amyloid A

Serum amyloid A (SAA) is an apo-lipoprotein which is syn-
thesised in liver under strict regulation of IL-1, IL-6, and TNF-
o during inflammation [89]. In the normal neonates, it is
found in the range of 3.2+3.4mg/dL while its concentration
is found elevated, i.e. 44.4+573mg/dL in NS cases [40].
Various studies have recommended SAA as biomarker for
EOS as it shows potential diagnostic ability for risk stratifica-
tion [90]. However, variation in cut-off value of SAA is

observed in recent reports, making SAA questionable in diag-
nosing NS [43]. In addition, no rise in SAA level during early
phase of NS is also reported, making the accuracy of SAA
doubtful in NS diagnosis [2].

Lipopolysaccharide binding protein

Lipopolysaccharide (LPS) is a major component of outer
membrane of Gram negative bacteria [91]. LPS binding pro-
tein (LBP), which is secreted by hepatic cells, makes a com-
plex with LPS during infection and directs this complex to
monocyte’s cell surface receptor CD14 that leads to activa-
tion of signalling pathway and ultimately generating inflam-
matory response [92]. After infection, LBP level surges within
6-8h to a detectable window and stays constant for next
48 h, showing diagnostic ability of LBP to detect NS. Despite
of good diagnostic role of LBP in the diagnosis of NS [48] as
shown in Table 2, its inability to differentiate systemic inflam-
matory response syndrome (SIRS) and sepsis makes it a non-
specific biomarker for NS [61].

Interleukin-6

Sepsis development begins after recognition of pathogenic
components, such as endotoxins and exotoxins, which stimu-
late release of inflammatory mediators such as cytokines
TNF-o0 and IL-6 to promote migration and activation of
immune cells after infection [93]. There are multiple reports
with increased level of IL-6 in NS [94]. Despite of its promis-
ing candidate to diagnose NS [95] as represented in Table 2,
its different cut-off values, less sensitivity and specificity
require further investigations [33, 49, 51]. Although, improved
accuracy in NS diagnosis is reported by combining IL-6 with
CRP, but false-positive cases and a very short half-life of IL-6
are major disadvantage as a biomarker because increased
level of IL-6 returns to its normal level quickly, even before
completion of sampling procedure [26, 96].

Interleukin-8

Interleukin-8 (IL-8), a pro-inflammatory cytokine, is released
by monocytes and endothelial cells that directs neutrophils
migration to infection site. Severity of NS and early diagnosis
can be examined by observing IL-8 levels in blood serum
[61]. The role of IL-8 in NS diagnosis is studied by various
research groups, as tabulated in Table 2. As per recent
reports, IL-8 is found to be more sensitive but less specific
than CRP to detect NS [97]. The amalgamation of IL-8 with
other biomarkers such as CRP, PCT, IL-6, and presepsin
increased accuracy and can help in NS management [52], but
short shelf-life of <4 h counts as a major drawback of IL-8 to
be utilised for clinical applications [98].

Tumour necrosis factor-alpha

Like other cytokines, tumour necrosis factor-alpha (TNF-o) is
secreted in response to infection. In normal neonates, it
is found be in the range of 9.3 +4.4pg/mL while its value is
found to be elevated, i.e. 161.9+78.4pg/mL in NS [99]. The
elevated level of TNF-a in NS presents its candidature as a



biomarker for diagnosing EOS and LOS [100], as shown in
recent studies which are summarised in Table 2. However, its
expression in various other diseases and rapid change in con-
centration, make it less specific biomarker [101] and therefore
is not considered as a practical or cost-effective approach to
detect NS [102].

CD64

The cell surface antigen, Cluster of Differentiation-64 (CD64)
is found on neutrophils with increased expression during NS
[103]. Neutrophils generate CD64 within 1h after infection
that results into rise in neutrophil phagocytic capacity and
intracellular killing of pathogen [103]. The diagnostic role of
CD64 for detecting NS has been demonstrated by recent
studies, represented in Table 2. Despite of its good diagnostic
performance [104], few recent studies have not recom-
mended CD64 to be used alone for NS diagnosis [104].

CD11b

CD11b belongs to a class of B2 integrin molecules on resting
neutrophils [105]. It is utilised in NS diagnosis as its expres-
sion rises <5min of infection [106]. Its diagnostic role for
detecting NS has been demonstrated by recent studies, rep-
resented in Table 2. CD11b alone is not considered as an
ideal biomarker for NS and further studies involving its com-
bination with other biomarkers are required for its clinical
application [107].

Neopterin

Neopterin is a pyrazino-pyrimidine derivative which is made
by catalysis of guanosine triphosphate (GTP). During infec-
tion, T cells gets activated and release interferon-Y that sub-
sequently results into the activation of macrophages to
release neopterin [108] which is found in serum, urine, and
cerebro-spinal fluid. The normal serum level of neopterin in
healthy cases is reported to be <2.23-2.46 ng/mL with cut-
off value 3.04ng/mL [109]. As per recent studies, elevated
serum concentration of neopterin has a positive correlation
with severity of NS [62]. Recent studies have reported that
noepterin is a better biomarker as compared to CRP with
diagnostic ability tabulated in Table 2. However, elevated
neopterin level is also monitored in Lyme disease, human
immunodeficiency virus (HIV) cases, malaria, rheumatoid arth-
ritis, and tumour which make it less specific for NS diagno-
sis [110].

Presepsin

Bacterial infections result into a complex formation that
involves lipopolysaccharides (LPS), LPS binding protein (LPB)
and cluster of differentiation 14 i.e. CD14 which are found on
the cell-surface membrane of phagocytes such as neutrophils,
monocytes and macrophages [111]. This complex results in
downstream signalling, thereby releasing cytokines such as
tumour necrosis factor-a, IFN-y, IL-13, IL-8 and IL-6, and stim-
ulating phagocytes to release more cytokines, which ultim-
ately generate intense inflammatory reactions involved in
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systemic inflammatory response syndrome, sepsis shock, and
multiple organ dysfunction syndrome [112]. After its secre-
tion from phagocytes, presepsin is released to patient’s
serum [113]. According to recent reports, serum concentra-
tion of presepsin in healthy individuals is very low and
almost undetectable and is observed to be sharply elevated
within 24 h after infection [114]. As compared to CRP, its bet-
ter diagnostic ability can be observed in Table 2, showing
improved performance in terms of 100% sensitivity, specifi-
city and PPV that represent its strong candidature to detect
NS [32,67,68]. Presepsin is proven to be advantageous due to
its increased level in first 24 h, unaffected by gender, and its
ability to predict patient’'s prognosis [115]. The exact bio-
logical function of presepsin is not well documented and is
expected to be a regulatory molecule of adaptive immune
system and activator of monocyte phagocytosis [116].

Progranulin

Progranulin is a 593-amino-acid growth factor which is widely
expressed in a variety of cell types including neurons, micro-
glia, astrocytes, and endothelial cells, and is demonstrated for
its role in regulating cell signalling, function against bacterial
infections and inflammatory diseases. Due to its elevated
expression in sepsis patients, few studies have reported its
use as a diagnostic biomarker as represented in Table 2.
However, lack of sufficient data requires further research to
employ it as a universal biomarker for diagnosing NS. It is
also found to be non-specific as it is expressed in other ail-
ments such as Alzheimer's disease [117], cancer [118], and
neurogenerative diseases [119].

Nucleotide-based electrochemical biosensor for NS

The basis of bacterial infection lies in the expression of bac-
terial virulent factors that are encoded by their genes.
Therefore, various gene associated studies and novel gen-
omic approaches such as DNA and RNA profiling have
majorly contributed in identifying new diagnostic virulent
gene biomarkers to detect NS [120]. Recent research has
applied bioinformatics-based studies to identify differentially
expressed genes and miRNAs in NS. Due to their potential
diagnostic roles, various virulent genes of E. coli such as fimA
(fimbriae expression), hylA (hemolysin production), cnf1 (cyto-
toxic necrotising factor 1), papA, -C, -G, and -EF (P fimbriae
expression), satl (toxin auto transporter expression), sfaS (S
fimbriae expression), focG (F1C fimbriae expression), fyuA
(Yersinibactin expression), aer and iucC (aerobactin expres-
sion), alX (pathogenicity island marker), ibeA (invasion factor
expression), iroN (siderophore receptor expression), and iha
(putative adhesion siderophore expression) have gained
recent attention [121,122]. Similarly, genes in GBS such as
cylE (B-hemolysin formation), ¢fb (cAMP factor), and neuA
(immune invastion) impact virulence for infection [123]. The
results from recent interesting studies have shown the ele-
vated expressions of various genes such as ITGAM, TLRS, IL1b,
MMP9, MPO, FPR2, ELANE, SPI1, and C3ART in patients suffer-
ing from NS, which may have an important contribution on
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Table 3. Potential genes and miRNA based biomarkers for the diagnosis of NS.

Gene Potential function Potential action in NS Ref

ITGAM (CD11b) regulates activation, attachment & movement of High expression depicts decreased survival [124]
leucocyte from blood to injury location

TLR-8 ability to sense ssRNA from viruses Cell activation by bacterial infection demonstrated by

TLR-8 inhibition

L Regulates inflammation, angiogenesis & hematopoisis Contribute to NS development [125]

MMP9 Activates inflammation & inhibition, platelet aggregation Role in NS pathophysiology with increased level [126]

MPO Indicates oxidative stress, neutrophil infiltration Mitochondrial damage, sepsis mediated organ failure [124]

ELANE Manages LPS-induced immune response during Expected role in sepsis development
infection, maturation of neutrophil granulocyte

SPI1 Regulation of myeloid lineage specification during Its activation leads to bone marrow suppression [127]
hematopoisis during NS

C3a/c3aR axis Mediate immune response, protective role in endotoxin Increased level depicts endotoxemia severity & disease [124]
shock outcome

miR-23b Regulator of innate immune response & various Investigate disease severity & prognosis, mediate [128]
inflammatory processes development of myocardial dysfunction in sepsis

miR-34a-5p Development of inflammatory & auto-immune diseases, NF-kB-mediated inflammatory response [129]

miR-199-3p regulates TLR signalling

miR-16a Inhibiting cell proliferation & cell cycle progression, Increased level results into respiratory discomfort in NS [130]
activate apoptosis

miR-451 Role in hematopoitic system differentiation

miR15a/16 Regulation of gene expression at post-transcriptional Pathogenesis of NS by targeting BCL11B [131]

level

[Abbreviations - ITGAM: Mac-1 integrin alpha chain, TLR-8: Toll-like receptor-8, MMP9: matrix metalloproteinase, MPO: myeloperoxidase, ELANE: elastane neutro-
phil expressed, SPI1: Salmonella pathogenicity island 1, C3a/c3aR axis: complement component 3a receptor 1T miR: micro RNA].

patho-physiological mechanism of NS as represented in
Table 3.

Recent studies have suggested that elevated expression of
ITGAM gene is correlated with decreased survival of septic
patients and its blocking has significant inhibition of LPS-
mediated endotoxin shock and sepsis [124]. Pro-inflammatory
cytokine interleukin-1-beta (IL-1?) level has been found to
become rapidly increased with up-expression of respective
gene during NS [125]. Induction of LPS-induced sepsis stimu-
lates release of activated matrix metalloproteinase-9 (MMP-9)
which may activate monocytes infiltration. In NS cases, MMP9
and respective gene expression levels is reported to be
increased, which shows their potential candidature to diag-
nose NS [126]. The expression of gene coding enzyme myelo-
peroxidase (MPO) is also found to be elevated in NS and is
considered as a potential biomarker for NS detection in
recent studies. Salmonella pathogenicity island 1 (SPI7) is a
major regulator of myeloid lineage specification during
haematopoiesis. Since high expression of SPIT gene has been
reported in NS, it is suggested that inhibiting SP/T may give a
new treatment approach for NS [127]. It has been studied
that Elastase neutrophil expressed (ELANE) controls LPS-
mediated immune response during infection which led to
conclude role of ELANE gene in sepsis development
[124].miRNAs are non-coding, ~22 nucleotides long RNA
sequences that bind to complementary site of target mRNA,
resulting into mRNA degradation and activation of various
signalling pathways that make them to be considered as an
ideal biomarker [132]. The individual roles and expected func-
tions of miRNAs recently investigated as a biomarker for NS
have been represented in Table 3. Chromosomal region
9422.32 generates miR-23b, which is an important regulator
of innate immune response in cancer and other inflammatory
reactions. Recent studies report that miR-23b is an important
contributor to cardiac fibrosis activation that results into
development of myocardial dysfunction in sepsis and its
inhibition can be an effective approach to control sepsis-

related cardiac dysfunction [128]. In another study, miR-34a-
5p and miR-199a-3p are shown to play regulatory roles in NS
as they are proved to be engaged in regulating TLR signal-
ling and NF-kB-mediated inflammatory response that leads
to NS progression. However, the exact functions of miR-34a-
5p and miR-199a-3p in NS have yet to be explored [129].
miR-16a is present on chromosome 13q14 and play roles in
inhibiting cell proliferation followed by activation of apop-
tosis. miR-451 gene is situated on 17g11.2 on chromosome
17 and plays role in different pathological and physiological
reactions, such as haematopoietic system differentiation.
Recent studies show elevated levels of miRNA-16a and
miRNA- 451 in NS patients present their biomarker candida-
ture for diagnosing NS [130]. In another study, miR-15a/16 is
reported to have potential role in regulating gene expression
at post-transcriptional level, which indicates its application
for NS diagnosis [131]. It must be noted that above discussed
studies are in initial phase of the research and further
exhaustive research is required for employing genes and
miRNAs to be used as a biomarker to diagnose NS.

Advancements in development of electrochemical
biosensor for NS diagnosis

Researchers have been putting efforts to fabricate electro-
chemical sensors to detect biomarker of NS to achieve sensi-
tivity, accuracy, portability and early response. As discussed,
electrochemical biosensors incorporate a biological recogni-
tion element, which include whole cells, tissues slices,
enzymes, antibodies, nucleic acids etc. and an electrochem-
ical transducer. The development of recently fabricated elec-
trochemical biosensor for NS diagnosis majorly involve the
use of antibodies and nucleic acids as recognition elements
which selectively recognise their respective differentially
expressed biomarker as target analyte. In this connection,
recent advancements in developing electrochemical biosen-
sor for diagnosing NS by quantifying biomarkers have been



represented in Table 4. Recent research utilises high conduct-
ivity of metal nanoparticles and excellent specificity of anti-
bodies for fabricating sensitive electrochemical biosensor to
diagnose NS, that is shown by a recent study, such as the
development of electrochemical impedimetric biosensor to
detect CRP by attaching CRP specific polyclonal antibody on
gold (Au) electrode, resulting into reusable sensing platform
from dilute or whole-blood serum samples [133]. With
advancements in nanotechnology, several modifications in
nanomaterial synthesis and functionalization are employed
by various researchers. Additionally, screen printed electrodes
(SPEs) have gained researchers attention as they offer
reduced sample volume, easy-use and low cost development
of miniaturised electrochemical sensing platforms with the
possibility of connecting it to portable instrumentation. A
study conducted by Balayan et al. reported development of
an electrochemical biosensor by utilising molecularly
imprinted polymer (MIP) fabricated on SPE, coated with gold-
platinum (Au-Pt) bimetallic nanomaterials, resulted in detec-
tion CRP with sensitivity of 0.14 pA/nM. In order to study
selectivity of the biosensor, interference study for the devel-
oped electrode was performed with glucose, uric acid, acetyl-
choline, cholesterol, ascorbic acid, SAA, TNF-a, PCT at a
concentration of 0.1nM and the activity of the developed
biosensor (%) was examined. The change in the current (loss
in biosensor activity) with other antigens was found below
15% when comparing with the response obtained with CRP.
The results show that the biosensor shows higher selectivity,
In addition, the stability of the electrode was examined while
storing it in a dry condition at 4°C, followed by continuously
monitoring every seventh day up to 3months. The results
showed 70% reduction in the electrode response after
6 weeks [135]. The utilisation of SPE for label free CRP detec-
tion is reported by Lakshamanakumar by developing of bio-
sensor based on graphene quantum dots and anti-CRP
antibodies with sensitivity of 2.45pA/ng/mL. The selectivity
of the fabricated sensor was tested by incubating the fabri-
cated electrode in interfering species like ascorbic acid,
bovine serum albumin, and glucose with CRP. The results
showed no significant variation in the current response in
the presence of interfering biomolecules, indicating high
selectivity of the sensor. The stability was also investigated
by storing the fabricated electrode at 4°C, followed by meas-
uring the current response for 4 weeks, after which the sen-
sor showed a 5.21% decline in current response, confirming
the stability of the biosensor [136]. Similar study by Guillem
et al. reported a portable, reusable and cost effective electro-
chemical sensor, fabricated by using SPE with immobilised
Au nanoparticles and anti-CRP antibodies to detect CRP to
be used in wireless mode by using cellphone or laptop [137].
Latest reports have also shown the use of aptamers, which
are specific oligonucleic acid sequences (~ 30 to 100 nucleo-
tides), that recognise specific ligands and specifically bind to
various target molecules with high affinity. A recent study
showing development of RNA based electrochemical apta-
sensor based on carbon nanofibres-chitosan nanocomposite
immobilised with RNA aptamer probe, resulting into sensitive
CRP biosensor. The selectivity of the fabricated biosensor was
also studied which showed that no interference was detected
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for 10-fold quantities of human serum albumin and i mmu-
noglobulin G in the determination of CRP, indicating the pro-
posed aptasensor has good selectivity. In addition, the
stability of fabricated sensor has examined after two weeks.
As per the results, no significant change in the signal was
observed (~2.4%), indicating the high stability of the RNA
aptasensor [138]. Mahyari et al. developed an electrochemical
aptasensor by synthesising a novel structure based on poly
deep eutectic solvent modified graphene oxide, immobilised
with Au nanoparticles to detect CRP in a label free manner.
To investigate the stability of our aptasensor, it was stored at
room temperature and measurement was performed in dif-
ferent periods within 10 days. The results showed 96% of the
initial response at end of this time, indicating good stability
of the aptasensor [139].

Recent reports have published studies focussing on devel-
opment of electrochemical biosensor with better biomarkers
than CRP. For example, a sandwich-type electrochemical
immunosensor developed by Yang et al. reported using
multi-walled carbon nanotubes (MWCNT), functionalised with
cobalt phthalocyanine nanoparticles to detect PCT, showing
good sensitivity to diagnose NS. In this study, carbohydrate
antigen 19-9, BSA and human cytomegalovirus were used as
interfering substance to evaluate the selectivity and specifi-
city of the developed immunosensor. As per the reported
results, a significant rise induced by the interaction of the
immunosensor probe with 10ng mL™' PCT was observed
compared to 15U mL™" carbohydrate antigen 19-9, 200 ng
mL™" BSA and 100ng mL™" human cytomegalovirus, indicat-
ing good selectivity of the immunosensor towards target
antigen [140]. In another study, a chip-based electrochemical
magneto-immunosensor, fabricated by employing biotiny-
lated anti-PCT antibodies immobilised on magnetic beads, is
developed to detect PCT rapidly with sensitivity of
39.6+7.5nA/mL/ng by using only 25puL of sample [141].
Another study reports modification of standard glassy carbon
electrode (GCE) by graphitic carbon nitride nanosheets and
polypeptide probe for electrochemical detection of PCT with
improved sensitivity. In this study, the specificity of the fabri-
cated electrode was measured by DPV method in the Tris-
HCl buffer, PCT, CRP and mixed sample of PCT and CRP
respectively. The results showed reduced peak current with
the PCT and mixed sample of PCT and CRP, and the slight
variation for the CRP only, showing outstanding selectivity of
electrochemical sensor for the PCT detection [142]. In a work
by Jin et al. nanobrushes developed by using poly-glutamic
acid (PGA), anti-PCT antibody, fluorescent dye and immune-
magnetic beads on polystyrene (PS) nanospheres incorpo-
rated with Rhodamine-6G, are reported to fabricate an
immunosensor to quantify PCT in human serum albumin in
an enzyme-free approach. The selectivity of sensor was meas-
ured by employing interference biomarkers including CRP, IL-
6 and Immunoglobulin G (IgG) and further examination by
fluorescence signal response of the immunosensor. It was
observed that the fluorescence signal response for the mix-
ture of the PCT and each interference biomarker was same
with that of the PCT, indicating that the interference bio-
markers is not affecting the determination of PCT, resulting
in high specificity and selectivity [143]. Advancement in
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Table 4. Recent Advances in developing electrochemical biosensor to diagnose neonatal sepsis.

Analyte under

Biorecognition

detection Sensing platform element LOD Linear range Advantages Ref
CRP Polycrystalline gold electrode Anti-CRP Ab 176 pM 0.5-50 nm Reusable, label-free, [133]
immobilised with PEG portability, cheap
SPE electrode immobilised on Anti-CRP Ab 1.5ng/mL 0.05-1 ng/mL Small sample [134]
streptavidin functionalised volume, rapid
magnetic beads
SPE electrode coated with CRP imprinted 0.1nM 0.1-500 nM User-friendly, rapid [135]
Au-Pt bimetallic polymer
nanomaterial
SPE electrode Anti-CRP Ab 0.036 ng/mL 0.5-10 ng/mL Label-free, [136]
electrodeposited with disposable, rapid
graphene quantum dots
Carbon electrode Anti-CRP Ab - 1-100 pg/mL Reusable, portable [137]
functionalised with Au
nanobeads & COOH
modified Au nanoparticles
Carbon electrode based on RNA aptamer probe 0.37 pM 1.0-15.0 pM Stable, reproducible [138]
carbon nano-fibre-chitosan
nanocomposite
Polydeep eutectic solvent DNA aptamer 0.0003 ng/mL 0.001-50 ng/mL Label-free, selective [139]
(PDES) graphene coated
with Au nanoparticles
PCT Phthalocyanine nanoparticles Anti-PCT Ab 1.23 pg/mL 0.01-100 ng/mL No labeliing, no [140]
functionalised MWCNT redox mediator
Streptavidin functionalised Anti-PCT Ab 0.02 ng/mL 0.05-100 ng/mL Rapid, small sample [141]
magnetic beads based volume, compact
chip
GCE modified with graphitic Polypeptide probe 0.11 fg/mL 0.15-11.7 pg/mL Label-free [142]
carbon nitride nanosheet
Polystyrene nanosphere with Anti-PCT Ab 0.022 ng/mL 0.113-0.45 ng/mL Enzyme-free [143]
polyglutamic (PGA) & immunoassay
Rhodamine-6G fluorescent
dye on magnetic bead
GCE with palladium Anti-PCT Ab 0.36 pg/mL 0.001-50 ng/mL Label-free, [144]
nanoparticle functionalised remarkable
MoS,-NiCO heterostructure reproducibility
FesS, with Pd nanoparticles & Anti-PCT Ab 130 fg/mL 500 fg/mL-50 ng/mL Sandwich type [145]
functionalised pineal sensing with signal
mesoporous bioactive glass off mode
SAA SPE coated with MWCNT, SAA specific MIP 0.01pM 0.01 pM-1uM Long half-life [146]
MnO,NSs & CO30,4
nanoparticles
GCE with PPy-a.COOH- Anti-SAA Ab 03pg mL™ 0.001 to 900 ng mL™" Stablitiy [147]
MWCNT-chitosan
LPS Nylon membrane integrated Anti-LPS Ab 1 pg/mL 1 pg/mL-1000 pg/mL Multiplexed [148]
on Au microelectrode with biosensing
PDMS encapsulant
IL-6 Needle-shaped silicon Anti-IL-6 Ab 20 pg/mL 20-100 pg/mL Real time [149]
substrates measurement
Metal electrode with Anti-IL-6 Ab 0.1 pg/mL 0.01 pg/mL-10 ng/mL Rapid analysis from [150]
Dithiobis(succinimidyl a single drop of
propionate) undiluted plasma
sample
Molybdenum electrode on Au Anti-IL-6 Ab 1pg/mL 1-100 pg/mL Portable [151]
coated nanoporous
polyamie substrate
IL-8 GO modified super- IL-8 specific MIP 0.04 pM 0.110 pM Easy fabrication [152]
paramagnetic Fe30,4
nanoparticle
TNF-o Au electrode with Au Aptamer 0.7 pg/mL 1to 1 x10*pg/mL Reusable [153]
nanoparticles, probe &
doxorubicin hydrochloride
Neopterin Bis-bithiophene derivatized MIP with neopterin 22 uM 0.15-2.5nM Able to discriminate [154]
with cytosine & as template interferences
bithiophene derivatized
with boronic acid based
MIP film
Poly(ethylene-co-vinyl MIP with neopterin 0.041 pg/mL 35-55ng/mL Portable [155]

alcohol) based thin films
on ITO glass electrode

as template

[Abbreviations - PEG: Polyethylene glycol, Ab: antibody, SPE: screen printed electrode, Au-Pt: gold-platinum, MWCNT: multi walled carbon nanotubes, GCE: glassy
carbon electrode, MoS,-NiCO: molybdenum disulphide-nickel carbonate, FesS,: iron sulphide, Pd: palladium, MnO,NSs: manganese oxide nanospheres, CO30,:
cobalt oxide, PPy-aCOOH: carboxy-endcapped polypyrrole, PDMS: Polydimethylsiloxane, GO: graphene oxide, Fe30,4: iron oxide, MIP: molecularly imprinted poly-
mers, ITO: indium tin oxide].



developing a sensitive electrochemical sensor using
MoS,/NiCo hetero-structures, further functionalised with pal-
ladium nanoparticles and loaded with anti-PCT antibodies, is
reported by latest study that resulted in label free PCT detec-
tion. In this study, Prostate specific antigen (PSA), 1gG, alpha
fetoprotein (AFP) and carcinoembryonic antigen (CEA) were
employed as interfering agents and mixed with PCT to exam-
ine selectivity of fabricated immnunosensor. As per the
results, no significant variation was observed by these inter-
ferants, with RSD of the obtained signals <5%, showing
superior specificity of the immunosensor. The acceptable sta-
bility of the immunosensor was measured by storing it at
4°C for variable number of days, followed by their use to
detect PCT. The result showed that the current response
maintained at 90% after 24 days, indicating the durable sta-
bility [144]. Qu et al. developed an electrochemical sensing
platform based on FesS4-Pd and pineal mesoporous bioactive
glass and quantified PCT by immobilising anti-PCT antibodies
in a sandwich manner. To examine the stability of the immu-
nosensor, fabricated sensors were stored in a refrigerator at
4°C, followed by measurement of the current response of
the sensor detecting PCT which resulted into <5.0% after
one month as compared to the initial current response, sug-
gesting excellent stability of the immunosensor. In addition,
the selectivity of the immunosensor was measured by
employing eleven electrodes with testing with different inter-
ference substances, i.e. prostate-specific antigen (PSA), BSA,
carcinoembryonic antigen (CEA), o-fetoprotein (AFP) and
ascorbic acid (AA). The relative standard deviation (RSD) in
the current response was found <5.0% when the immuno-
sensors with the interferening agents were compared with
the control electrode, indicating acceptable selectivity of the
immunosensor [145].

The effort for diagnosing NS by detecting SAA was per-
formed by Balayan et al. in which nanomaterials such as
MWCNT, manganese oxide nanospheres and cobalt oxide
nanoparticles were integrated with molecularly imprinted
polymer over SPE for developing an electrochemical biosen-
sor. The stability of the developed biosensor is reported for
3months by checking the electrode response every seventh
day. As per the results, the activity of the electrode was
declined to 50% as compared to initial current response after
6 weeks [146]. Another study involving synthesis of MWCNT-
1-Butyl-3-methylimidazolium  hexafluorophosphate-chitosan
based nanocomposite is reported by Xia et al. in which GCE
was amended with carboxy-endcapped polypyrrole (PPy-
aCOOH) and synthesised nanocomposite was used to immo-
bilise SAA specific antibodies. To further test the selectivity of
the fabricated sensor by adsorbing interfering substances,
such as CRP, beta-galactoside alpha2, 6 sialytransferase
(ST6GALT), glypican-3 (GPC3), BSA and glucose. The variation
in current response of immunosensor was found weaker as
compared to response observed by electrode adsorbed with
SAA, indicating acceptable selectivity of the immunosensor.
Also, the stability of the immunosensor was studied by meas-
uring the current change over a period of 30 days while stor-
ing the electrode at 4°C. The result reported no significant
variation in current response and it retained 91.37% of its ini-
tial current response, indicating good long-term stability
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[147]. There are other studies reporting development of elec-
trochemical biosensors for detecting other biomarkers such
as detection of LPS by employing a nanoporous nylon mem-
brane integrated on gold microelectrode, immobilised with
ant-LPS antibody [148], detection of IL-6 by developing nee-
dle shaped microelectrode, based on silicon substrate func-
tionalised with anti IL-6 antibodies [149], by using a sensing
surface, functionalised with Dithiobis (succinimidyl propion-
ate) dissolved in DMSO, followed by immobilisation of cap-
ture antibodies [150], by utilising molybdenum electrode on
nano-porous polyamide substrate coated with gold [151],
detection of IL-8 in saliva by using IL-8 surface imprinted
polymer nanoparticles, with graphene oxide functionalised
with Fes04 nanoparticles to develop electrochemical biosen-
sor [152]. Gold electrode immobilised with gold nanopar-
ticles, probes and doxorubicin hydrochloride (DOX) is
reported in another study for fabricating a reusable electro-
chemical sensor for TNF-a detection. The stability of the sen-
sor was also studied after the storage of the sensor at 4°C
for 20 days. The results showed 90.8% of the DPV signal was
retained as compared to initial signal which indicated satis-
factory stability of the sensor. To check the selectivity of the
sensor, the sensor’s responses to six different cell factors, i.e.
IL-3, IL-6, Interferon (IFN), colony stimulating factor (CSF),
erythropoietin (EPO), and TNF-o, were measured. As per the
obtained results, significant signals were observed only with
TNF-o.. However, other cell factors could not produce signifi-
cant signals, showing high specificity for TNF-o detection
[153]. A recent study reported preparation of MIP film by
electrochemical co-polymerization of bithiophene-5-boronic
acid and 2-(cytosin-1-yl) ethyl p-bis (2,2’-bithien-5-yl) methyl-
benzolate as functional monomers with neopterin template
with -hexa (thiophene-2-yl)-3,3'-bithiophene as a cross-linking
monomer for developing electrochemical sensor with sensi-
tivity of 7.01+0.15mV mM™". In the selectivity study of the
developed MIP film, it was found that the sensitivity of the
fabricated MIP film towards neopterin is found nearly three-
and-half times that to interfering agent, i.e. pterin, almost
seventy times that to 6-biopterin, and close to seventeen
times that to creatinine with no response to other biocom-
pounds such as glucose and xanthine [154]. Another study
reported a potentiostatic sensor development to detect neo-
pterin by using poly(ethylene-co-vinyl alcohol) (EVAL) based
thin films and ITO glass electrode with sensitivity of
0.041 pg/mL and reference concentration of 35- 55ng/mL.
The selectivity of the fabricated electrodes was also meas-
ured with urea and creatinine. As per the reported results,
the electrochemical responses for those molecules were
<3.0mA, indicating that the reported selectivity has potential
for use as a homecare system [155]. These studies have
proved advancements in NS diagnosis by developing electro-
chemical biosensors. However, the lacking in this arena can-
not be ignored including complex fabrication procedures,
additional labelling steps and no full elucidation of absolute
sensitivity of fabricated devices [149].

The recent studies show that PCT has better diagnostic
performance than CRP and therefore, it is a promising NS
biomarker. PCT has various advantages such as it can differ-
entiate bacterial/fungal systemic response from other viral
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infection, ability to differentiate real infections and contami-
nated blood cultures, its faster rise in 4h after exposure to
bacteria with maxima after 6-8h, its serum level association
with infection severity, its responsiveness to treatment and
declines rapidly after antibiotic treatment [156]. PCT s
reported to be less deviated by mode of delivery or surgical
operations [81]. PCT has got attention as most promising bio-
marker of NS among several biomarker candidates due to its
higher sensitivity, thereby ensuring improved diagnosis,
decreased hospitalisation and antibiotic overuse [157].

In addition, recent findings suggested presepsin as a
promising biomarker in NS diagnosis with high sensitivity
and specificity [158]. The findings show that prespsin plays a
significant role in evaluating therapeutic response during
clinical follow-ups as its serum level is found to get
decreased progressively in course of antibiotic treatment
[159]. Reports have also recommended presepsin utilisation
with blood culture to diagnose NS because it showed best
sensitivity among other biomarker candidates and can detect
most of the positive NS cases [65]. It is reported that without
significantly affected by different perinatal variables related
to non-infectious conditions, presepsin shows its maximum
diagnostic efficacy with cut-off value ranged from 650 to
850 pg/ml, and its level is significantly elevated in third and
sixth day after neonatal infection [159]. Apart from the fact
that it can get influenced by pathophysiological conditions,
presepsin presents a strong candidature to be employed as a
promising biomarker to diagnose NS [160]. To examine pre-
sepsin as a potential biomarker, presepsin ELISA kits are
already being employed to detect high presepsin level in
patients [161] but development of sensitive and cost-effective
electrochemical sensing platform for rapid presepsin detec-
tion for NS diagnosis is awaited.

Recently, miniaturised devices named microfluidic based
sensors, which are capable of incorporating multiple functional-
ities on a single sensing platform to develop POC device with
low sample volume, have grabbed limelight for their potential
applications in disease diagnosis. In a recent study, develop-
ment of microfluidic based electrochemical magneto-immuno-
sensor is reported by Molinero-Fernandez et al. to detect CRP
by utilising whole volume blood, showing excellent analytical
performance with LOD of 1.5ng/mL and linear range of 0.05-
1png/mL [162]. However, due to limited number of reports,
there is an urgent need for employing a reliable biomarker and
subsequent development of microfluidic based electrochemical
biosensor to diagnose NS by utilising nano-fabrication techni-
ques for smarter healthcare.

Conclusion

Due to drastic consequences of NS, rapid diagnosis holds
supreme importance for neonatal survival. Recent studies
have reported progression in novel electrochemical biosensor
development based on biomarker recognition to detect NS
for POC applications. For effective diagnosis, novel biomarker
candidates are proposed due to limitations in conventional
diagnostic methods and unsatisfactory diagnostic perform-
ance by standard biomarker CRP. In the present study,

recently investigated biomarkers PCT, presepsin, neopterin,
TNF-a and CD11 are observed to play better diagnostic role
to detect NS. However, inability of CD11 and neopterin to be
utilised alone and non-specificity of TNF-a make them doubt-
ful for diagnosing NS and mandate their combinations with
other diagnostic methods for satisfactory performance.
Recent reports on identification of novel virulent genes and
miRNAs as biomarkers are recently investigated by ongoing
research to validate their functions and are supposed to con-
tribute in seeking universally accepted biomarker. In conclu-
sion, PCT and presepsin are found to be satisfactory and
promising biomarkers for diagnosing NS due to high sensitiv-
ity and specificity as compared to other candidates. Due to
promising capabilities of these biomarkers reported recently,
their combination with conventional biomarker CRP has also
gained interest and has shown potential role in rapid and
sensitive diagnosis of neonatal sepsis. Further research is
expected to be focussed on utilisation of these biomarkers
by employing novel strategies such as microfluidic based
electrochemical biosensing platform for rapid and efficient
NS detection.
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