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Abstract 1 

Viral and bacterial infections commonly occur by their transmission through air, contaminated food, 2 

water, body fluids or physical contact between person to person. They rapidly spread among the 3 

population causing millions of deaths worldwide. One of the major challenges in the diagnosis of 4 

infection is to differentially diagnose viral from bacterial infections. Constant viral mutations, 5 

reassortment and recombination give rise to emergence of new and diverse viral populations which makes 6 

it difficult for diagnosis. Antibiotics prescribed for patients suffering from viral infections are ineffective 7 

and a contributing factor to bacterial antibiotic resistance. Evaluating existing biosensing platforms for 8 

early diagnosis of bacterial etiology of infections enables researchers and clinicians to differentially 9 

diagnose viral infections. Over the last decade, many biosensors have been developed to detect a wide 10 

range of bacterial and viral markers and reduce the costs for healthcare. There has been considerable 11 

interest in finding diagnostic and prognostic biomarkers that can be detected in blood and predict the 12 

bacterial and viral infections. This review provides an overview on existing biosensor technology 13 

platforms for host biomarkers detection that can be applied for differentially diagnosing viral and 14 

bacterial infections, as well as considerations recommended and future prospects of viral/bacterial 15 

infection detection technology. 16 

 17 

Keywords: Virus, bacteria, infection, point-of-care, biosensor, electrochemical, optical, microfluidics, 18 

diagnosis 19 

1. Introduction 20 

Infectious diseases are disorders that are caused by pathogenic organisms, which are microscopic in 21 

their dimensions, such as bacteria (~0.5–10 μm), viruses (~50–200 nm), parasites or fungi (~5–100 μm) 22 

and directly or indirectly can be transmitted from one person to another through contact, contaminated air, 23 

water or food.
1
 Some of the most common infectious diseases include lower respiratory infections, 24 

diarrheal, influenza, tuberculosis, HIV/AIDS, malaria and hepatitis. According to latest World Health 25 

Organization (WHO) report, three infectious diseases ranked among the top ten causes of death 26 

worldwide in 2016, such as lower respiratory infections (3.0 million deaths), diarrheal diseases (1.4 27 

million deaths) and tuberculosis (1.3 million deaths).
2
 Diagnostic uncertainty and inaccurate diagnosis in 28 

distinguishing bacterial/viral infections especially related to Lower Respiratory Tract Infections (LRTIs) 29 

is one of the major factors for disease outbreak. According to a recent WHO Global Influenza 30 

Surveillance and Response System (GISRS), influenza A(H1N1) subtype strain is more frequent type of 31 

viral infections recorded during 2019-2020
3
 (Fig. 1) and reached a highest peak in the current year 2020. 32 
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Recent coronavirus 2019 (COVID-19) pandemic outbreak first reported from Wuhan, China in December 1 

2019 has caused nearly 700 thousands deaths and confirmed over 17 million positive cases according to 2 

WHO.
4
 Infectious diseases are generally confined to specific places, for instance, Wuhan in China for 3 

COVID-19 and transmitted from one person to another through global traveling/transportation, water, 4 

sanitation, food and climate that possessed risk of recently reported pathogen outbreaks.
5-10

 5 

 6 

Fig. 1. Profile of influenza virus subtypes in global circulation of influenza types detected based on the 7 

order of highest to lowest number of incidence are; influenza A and B (no subtype lineage identified) 8 

followed by influenza A subtypes (H1N1), (H3) and B-Yamagata subtype.  9 

 10 

Unnecessary use of antibiotics as a consequence of disease outbreak may further trigger widespread 11 

antibiotic resistance. Excessive use of antibiotics is a major issue worldwide in many developing 12 

countries, where most antibiotics can be accessed over the counter. According to a latest WHO report, 13 

antibiotic resistance and susceptibility is reported to be higher in Belgium, Cyprus, France, Greece, 14 

Romania, Serbia and Turkey among the European countries (Fig. S1).
11

 Therefore, identifying the 15 

infection type becomes a necessity using several alternative approaches, such as by screening for elevated 16 

blood levels of causative bacterial and/or viral antibodies, specific biomarkers or nucleic acid sequences. 17 

Existing methods rely on expensive DNA/RNA-based detection of virus from samples, such as 18 

quantitative real-time reverse transcriptase polymerase chain reaction (RT-qPCR). These nucleic acids-19 

based detection methods are although sensitive, but they heavily rely on time-consuming isolation and 20 

complicated sample pre-processing. Therefore, there is an urgent demand for novel, simple and cost-21 

efficient diagnostic technologies to assist healthcare professionals in making more convenient point-of 22 
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care (PoC) clinical decisions for early detection of infectious viral/bacterial diseases that pave way to 1 

preventing disease transmission, secure public health and provide early diagnosis and treatment.  2 

Extension of existing biosensors to PoC platforms could be promising in solving some of the major 3 

problems concerning early detection, speed, sensitivity and cost of measurements.
16

 WHO has provided 4 

guidance for selection of a diagnostic test with benchmark criteria of ASSURED (Affordable, Sensitive, 5 

Specific, User-Friendly, Robust and rapid, Equipment free, Deliverable) that can help in rapid diagnosis, 6 

providing better healthcare and reducing the waiting time and cost for results dissemination.
17

 Recently, 7 

current state-of-the-art biosensor technologies developed for the infectious diseases detection has been 8 

reviewed that utilized cell-phone, magnetic barcode, lab-on-a chip and microfluidics platforms.
18, 19

 These 9 

previously reported reviews provided information on a few commercially available PoC immunosensing 10 

instruments and optical, electrochemical, magnetic, and colorimetric based biosensor technologies for 11 

detection of viral and bacterial pathogens, such as such as human immunodeficiency virus (HIV), 12 

hepatitis B virus (HBV), and hepatitis C virus (HCV), Mycobacterium tuberculosis (MTB), Plasmodium 13 

species (malaria), Dengue, Zika, Chikungunya, non-structural (NS1) protein of influenza A viruses, 14 

Influenza (H5N1), Influenza (H1N1), E. coli O157:H7, V. cholera O1, S. mutans and P. aeruginosa.
18, 19

 15 

In the present review, we explored some of the existing biosensing technologies that addressed 16 

detection of  key host biomarkers that can serve as signatures of viral or bacterial infections for 17 

differential diagnosis. The review highlights the developments taken place over the past 5 years in 18 

biosensing technology toward biomarkers detection from bacterial/viral related Respiratory Tract 19 

Infections (RTIs) and risk assessments. The review also summarized frequently targeted biomarkers in 20 

differentiating or predicting bacterial and viral infections with their detection limit/range and bioassay 21 

designs. Finally, the review ends with a brief note on future prospects of detecting viral infections and 22 

possible means by which pandemics such as the recent COVID-19 can be prevented. 23 

2. Conventional methods used for diagnosis of RTIs 24 

There are diverse pathogens involved in upper and lower respiratory tract infections (Table S1 and Fig. 25 

S2). Other causes of RTIs are smoking, exposure of dust, chemicals vapors, fumes, allergens and air 26 

pollution.
22

  27 

Serological identification or immunological identification of antigens or antibodies are standard 28 

conventional methods that provide early RTI diagnosis for uncultivable organisms in laboratory settings. 29 

Conventional serological methods include precipitation, agglutination, hemagglutination or its inhibition, 30 

complement fixation test and fluorescent antibody test and their specific features are summarized in 31 

Figure 2.
23, 24

 Many of these classical methods are limited to accessible infections, such as microscopy 32 

and microorganism culturing since they are based on examining clinical samples taken from the infected 33 
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site of the patient and are expensive and futile for inaccessible infections. Most sensitive diagnostic 1 

approaches rely on host biomarker detection, such as Enzyme-Linked Immunosorbent Assay (ELISA) 2 

require laborious washing steps in order to separate unbound analyte and labeling free ligands/receptors to 3 

minimize the non-specific fluorescent background signal and complex matrix susceptibility. Infectious 4 

diseases can be successfully detected using ELISA-like immunoassays for host biomarker detections 5 

provided that antibody–antigen (biomarker) pair are correctly chosen but are difficult for detecting 6 

pathogens with high rates of mutation, such as in viruses, which affect the stability and structure of target 7 

probe biomolecule or specificity and weaken the sensitivity of immunoassay platform. Isolating and 8 

culturing of microbes is a time-consuming process, which requires multiple days to weeks to yield results, 9 

during this time the infection could advance within the patient and become contagious throughout the 10 

population. This prompts physicians to experimentally recommend antibiotics, while pending results of 11 

bacterial/viral culture to arrive, which risks prevalence of antibiotic resistant bacteria.
13

 Microscopy is 12 

although more efficient with respect to time, but it is limited in scope for inaccessible infections and PoC 13 

applications.
25

 Therefore, existing conventional diagnostic approaches are more prone to error and not 14 

suitable for inaccessible infections nor applicable in remote places, where infectious diseases maybe be 15 

more prevalent.
26

 16 

The standard and diagnosis technique to date for detection of inaccessible infection derived from 17 

pathogenic virus and bacteria are nucleic acid-based assays, such as reverse transcriptase quantitative 18 

PCR (RT-qPCR) and DNA microarrays. These nucleic acid-based assays target specific DNA/RNA 19 

sequences extracted from microorganisms in clinical samples, amplify these sequences using specific 20 

probes and quantitatively detect copies of amplified sequences for accurate diagnosis of bacterial/viral 21 

infections. However, these assays demand expensive laboratory equipment, reagents or assay kits and 22 

required highly trained professionals to run the tests.
27, 28

 Unfortunately, there are many regions around 23 

the world where such technical approaches simply are unsustainable. Therefore, collecting and 24 

transporting biological samples to the nearest clinical laboratory facility or hospital capable of performing 25 

such procedures has become a common practice. Further, reaching the results to physician could take 26 

several days to a week time, only then the physician could begin proper treatment. Situations such as 27 

during the disease outbreaks or pandemics further aggravate the process of diagnosis and treatment 28 

process. The inefficiency of approaches warrants for the development of a robust diagnostic method that 29 

can be used in regional medical clinics that lacks the capabilities for performing conventional diagnostic 30 

assays. Current approaches involve use of nanomaterials (NMs) in diagnosis with special emphasis to 31 

utilizing NMs’ unique physico-chemical properties for biosensing of molecular recognition with greater 32 

speed, sensitivity and specificity. Integrating microfluidics platform with NMs-mediated biosensing 33 
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regimes has the potential to address future PoC devices, which can be used in remote settings without 1 

having to rely on centralized clinical laboratories (Fig. 2).
29, 30

 2 

 3 
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Fig. 2. Serological methods used conventionally for the diagnosis of bacterial or viral infections and 1 

current trends involving integration of microfluidics, nanomaterials for point-of-care for disease 2 

diagnosis. 3 

 4 

3. Biomarkers for detection of viral and/or bacterial infections 5 

One of the most common medical problems community has been facing is the differentiation of viral 6 

infection from bacterial infections or vice-versa due to their identical symptoms. Yet, there is likely 50% 7 

chances that the viral infections may be misdiagnosed for bacterial infections and therefore, prescription 8 

of antibiotics is followed to avoid further risks of propagation of life-threating pathogenic bacteria. 9 

Diagnosis of bacterial/viral infections is one of the areas that require more research for early diagnosis 10 

and prognosis, such as by screening for host biomarkers as signatures in bodily fluids. The ideal host 11 

infection biomarker should be able to differentiate between an infected patient and a normal individual 12 

without infection, along with its etiology of infection (bacterial or viral).
31

 An ideal bacterial/viral 13 

infection host biomarker should have the following characteristics, such as; (a) a positive test result in 14 

infected patient, (b) a negative test result in patients without an infection, (c) differentiate etiology, (d) 15 

independent of comorbidities, (e) a predictor of severity, (f) a predictor of outcome, (g) a quick and easy 16 

test with minimum error and (h) affordable. Further, an ideal biomarker require to be independent of the 17 

duration of febrile illness and of comorbidities, as well as easily and quickly measurable characteristics 18 

from minimally invasive samples.
31

 As per the standpoint of diagnostics and prognostics, the infection 19 

biomarkers can be classified into therapeutic and pathogenetic biomarkers that play a critical role with 20 

clinical significance.  21 

Most of the studies are related to testing one or more host biomarkers which were generated by the 22 

bodily immune responses to infections (Fig. 3a-c). The host immune response responds to infection by 23 

releasing molecules into the circulatory system that reflects real-time pathological changes taking place in 24 

the body. Concentrations of these molecules released into the bloodstream has biological significance 25 

because of their involvement in various pathological processes and therefore serve as target biomarkers. 26 

However, not all of these molecules are suited to this aim but should fulfill certain conditions.
32

 The 27 

primary host biomarkers include host proteins, gene transcripts, cellular processes/biochemical 28 

reactions.
32

 Recently, the most frequently studied host biomarkers are summarized in relation to their 29 

different mechanisms involved in the development and autoimmune responses of the human body against 30 

any host bacterial/viral infections (Fig. 3a-b).
32, 33

 Kapasi et al. (2016) reported statistical significance of 31 

classified eight-sets of host candidate biomarkers that are potentially high performance bodily fluid 32 
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markers (these include plasma, saliva and cerebrospinal fluid (CSF)) for bacterial and viral infections 1 

(Fig. 3b-c).
32

  2 

 3 

  4 
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  1 

Fig. 3 (a) Schematic illustration of elevated target biomarker levels generated because of adaptive 2 

response against viral and bacterial infections, (b) most frequently studied bacteria/non-bacterial infection 3 
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biomarkers in relation to the different mechanisms involved in respiratory infections 
31-34

 and (c) Recent 1 

approaches to differential diagnosis of viral and bacterial infections is carried out using circulatory 2 

proteins, such as C-reactive protein (CRP) and interleukin-6 (IL6) for bacterial infections and TNF-3 

related apoptosis-inducing ligand (TRAIL) and interferon gamma-induced protein-10 (IP-10) for viral 4 

infections.
35-38

 Different protein levels tend to increase during bacterial (B) or viral (V) infections, 5 

respectively are shown at the bottom. 6 

 7 

High-performing hematologic host biomarkers with statistically significant findings include 8 

polymorphonuclear leukocyte (PMN), neutrophil counts, white blood cells (WBC), erythrocyte 9 

sedimentation rate (ESR)
31, 32, 39

 and Human Neutrophil Lipocalin (HNL) counts.
40

 The levels of PMNs or 10 

phagocytes are often reported to be elevated in blood and considered to play a major role in the defense 11 

response of the host during an infection episode.
41

 These cells inherit different sets of information in cases 12 

of different etiological agents stimulating immunity and therefore, act as disease biomarkers in a specific 13 

infection environments.
12

 WBCs originate from the bone marrow and circulate throughout the 14 

bloodstream, also referred to as leukocytes. The immune system is mainly characterized through WBCs 15 

due to its physiological function to fight against infections from bacteria, viruses or fungus that invade the 16 

body. The normal range of WBCs is reported to be in the range 4500–11500 μL
−1

 in healthy conditions. It 17 

has been reported that WBC concentration above 11500 μL
−1

 is related to leukocytosis condition
42, 43

 and 18 

linked with bacterial infection rather than viral infection and serves as a strong biomarker candidate to 19 

differentiate bacteria over viral infection.
32, 44

 WBC concentration <4500 μL
−1

 is related to leukopenia 20 

condition and linked to long-term use antibiotics and also chemotherapy in cancer.
42

  Therefore, WBC 21 

concentration is considered to have high diagnostic significance in acute infection and chronic disease 22 

management. The ESR level test is another important disease biomarker because erythrocytes have a 23 

tendency towards rouleaux formation since large aggregates of cells settle more quickly than individual 24 

erythrocytes.
45, 46

 In infectious disease condition, the increasing rouleaux formation reduces the zeta-25 

potential of erythrocytes due to increase in plasma fibrinogen, immunoglobulins and other acute-phase-26 

reaction proteins, which enables ESR as indicative signature of diseases condition.
45

  27 

Inflammation markers, such as C-reactive protein (CRP), procalcitonin (PCT) showed statistically 28 

significant differences in bacterial versus non-bacterial infections.
31, 32, 35, 47-50

 CRP in humans is a Ca-29 

dependent ligand-binding plasma protein which is composed of a cyclic homo-pentameric non-30 

glycosylated polypeptide sub-units.
51

 It is an acute phase protein which primarily synthesized in response 31 

to factors related by macrophages in liver. CRP is identified as both infection and inflammation 32 

biomarker in clinical diagnosis settings. Bacterial elimination by macrophages were linked with CRP 33 
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binding with phospholipid constituents of bacteria.
51, 52

 The kinetics of CRP responses proved it  as a 1 

sensitive and specific biomarker to improve the differential diagnosis between acute bacterial (68–92%)  2 

and viral infections (40–67%). 
53

  It has many functions that mainly include activation of classical 3 

complement pathway and modulation of immune cells’ functions and cellular cytotoxicity.
54

 CRP was  4 

examined as a protein in patients with pneumococcal pneumonia during pneumococcal C-polysaccharide 5 

precipitation process
31

 and served as a strong candidate for severity of infection and enable early diseases 6 

prognosis and treatment progression.
53

 Whereas, PCT is a precursor of hormone calcitonin, secreted by 7 

the C cells of the thyroid gland in human.
55

 It is a pro-peptide of calcitonin and composed of 116 amino 8 

acids and has a molecular weight of 13 KDa.
56

 PCT levels are a critical parameter for inflammation and is 9 

now well recognized for acute and severe bacterial as well as viral infections. As it is known that 10 

pneumonia is the key LRTIs during which the level of PCT found to be high on first day of LRTIs. It is 11 

reported that both CRP and PCT could serve as predictive diagnostic indicators when combined with 12 

other biomarkers.
31, 32, 35, 40, 47-50

 Infection screening in hospitals is commonly performed by; (a) blood tests 13 

(such as WBC count, C-reactive protein (CRP) levels and blood culture) for screening large number of 14 

clinical samples combined with (b) chest X-ray for abnormalities in lungs, heart and blood vessels and, 15 

(c) lumbar puncture for WBC count in spinal fluid. 16 

Other class of host protein biomarkers are cytokines and these are the mediators of inflammatory 17 

response against invading pathogens and serve as infection biomarkers. Cytokine species can be 18 

categorized into two groups namely, pro-inflammatory cytokines, such as mainly IL-1, IL-2, IL-6 and IL-19 

8 and TNF and anti-inflammatory cytokines, such as IL-4, IL-10 and IL-13 
57

. The most significant 20 

performance in cytokine infection biomarker family were Interferon (IFN) gamma-inducible protein 10 21 

(IP-10; also known as CXC motif chemokine 10, CXC10), TNF-related apoptosis-inducing ligand 22 

(TRAIL), interlukin-2 (IL-2), IL-4, IL-6 IL-8 and IL-10.
32

 Pro-inflammatory chemokine, IP-10 is secreted 23 

by cells (neutrophils, monocytes, macrophages and endothelial cells) responsible for trafficking Th1 24 

lymphocytes to inflammatory-foci.
58

 IP-10 shown to be highly sensitive and specific biomarker candidate 25 

for the immune-diagnosis of TB infection based on the measurement of IP-10, following stimulation with 26 

Mycobacterium tuberculosis-specific antigens
59

 (Fig. 3a-c). Furthermore, IP-10 considered to be as a 27 

surrogate to identifying and validating the treatment response in patients with TB infection.
59

 TRAIL 28 

biomarker is the member of the tumor necrosis factor (TNF) family and studies have shown that it plays 29 

an important role in programmed cell death.
35

 TRAIL was found to be induced to a wide range of viral 30 

infections in patients with suspected acute infectious disease (Fig. 3a-c). Also, it showed reduced levels in 31 

bacterial infected patients. TRAIL particularly suitable for distinguishing between bacterial and viral 32 

infections due to its dynamic level change in bacterial and viral infections
35

 (Fig. 3c). The increased levels 33 

of TRAIL in viral patients has been previously linked to programed cell death and this event is one of the 34 
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possible mechanisms by which infected cells attempt to inhibit the virus from spreading.
35

 IL-6 is an 1 

important biomarker and compose of glycoprotein (21 kDa) produced mostly by macrophages and 2 

lymphocytes. It plays a major role in activation and accumulation of lymphocyte and macrophage 3 

accompanied with secretion of Monocyte Chemoattractant Protein-1 (MCP-1).
60

 The levels of IL-6 were 4 

reported to be high in patient with severe infection and therefore served an indicator of disease severity 
61

. 5 

Among the above cytokines, IP-10 and TRAIL combined with other biomarkers showed high and 6 

promising diagnostic values.
32

  7 

With respect to other markers, 13 of the cell surface markers were identified to differentiate bacterial 8 

and non-bacterial infections. These include several cluster of differentiation (CD) proteins, mainly CD64, 9 

CD35, CD32, galectin (Gal)-9, MHC1 (major histocompatibility complex class 1), CD14, CD46, CD55, 10 

CD59, CD88, human leukocyte antigen (HLA)-DR, toll-like receptors  (TLR2 and TLR4). However, 11 

combination of CD35, +CD32,+CD88,+MHC1 cells surface biomarkers exhibited significant higher 12 

performance to bacterial and viral infections.
32

 The most frequently examined metabolic activity markers 13 

were found to be the above indicated 13 cytokines and that should also include total protein and glucose 14 

concentration in cerebrospinal fluid (CSF). Among them, lactate-CSF showed high diagnostic 15 

performance for discriminating bacterial and non-bacterial infections. Recently, other host biomarkers, 16 

such as Homeostasis marker-heparin-binding protein (HBP)-CSF, antimicrobial biomarker response-17 

myxovirus resistance protein 1 (MxA),
32

 and serum vitamin D levels
34

 found to be effective and reliable 18 

biomarker that discriminate bacterial and non-bacterial infections. The link between the susceptibility to 19 

infection and the low levels of vitamin D found to be associated with respiratory system infection and 20 

therefore, vitamin D levels can serve as an RTI biomarker.
62

 Host transcription signatures also shown to 21 

be promising biomarkers, these were identified on multi-gene classifier transcriptional profiling.
32

 The 22 

combination of PCT and 10-Gene classifier exhibited promising diagnostic results to differentiate 23 

bacterial from viral LRTIs. Another study also showed that 48-gene classifier could be used to detect 24 

H3N2 influenza and can discriminate between viral respiratory and bacterial infections.
32, 63

  25 

It is difficult to select a specific marker for the differential diagnosis of bacterial/viral infections. 26 

Therefore, a range of biomarkers and their combinations have emerged as strong and reliable risk 27 

predictors, which can potentially be analyzed simultaneously for the accurate differentiation in bacterial 28 

and viral disease diagnosis, as listed in Table 2.
31, 34, 39, 40, 44, 50, 64, 65

 Of which, CRP has been the most 29 

frequently used in combination with other biomarkers such as IP-10 and TRAIL for discriminating 30 

between viral and bacterial infections. According to recent reports, a cut-off value for a moderately 31 

elevated CRP levels for viral RTIs was 10-60 mg/L
31, 32, 35, 50, 66, 67

 and >100 mg/L
31, 32, 35, 47-50

 for bacterial 32 

infection, with a peak during 2–4 days of illness. It is reported that moderate increase in CRP levels 33 

during the illness of less than 7-days cannot determine bacterial infection. However, it may indicate a 34 
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complication due to a viral infection after a week of illness. Another two important host biomarkers such 1 

as TRAIL and IP-10 biomarkers were promising in distinguishing viral infections. The level of TRAIL 2 

>2.2 g/mL  was related to viral infection
68

 and for bacterial infection, its level found to be much lower 3 

with <50 pg/mL, indicating its specificity to viral infections
35

.  In case of IP -10 for viral infection, the 4 

cut-off level is reported to be >150 pg/mL,
69, 70

 whereas for bacterial infection its level could go up to 600 5 

pg/mL
35

 and in case of co-infection (Bacterial + Viral), the IP-10 level shifts to much higher level to <1.5 6 

ng/mL.
35, 71

 The three biomarkers namely, CRP, TRAIL and IP-10 were found to be promising 7 

biomarkers for differentiating bacterial and viral infections.  Further, multi-biomarkers detection from the 8 

same sample, such as by combination of a panel of CRP, TRAIL and IP-10 can be more effective 9 

diagnostic approach to accurately differentiating bacterial and viral infections compared to relying on 10 

detecting a single or random biomarker (Fig. 3c).
72

 In a recent report, different biosensor platforms have 11 

been reviewed that specifically targeted detection of similar cytokine/protein biomarkers in sputum and 12 

saliva for diagnosis of chronic obstructive pulmonary disease (COPD)
73

 and presented mechanisms and 13 

biomarkers of COPD pathophysiology that also common to RTIs (Fig. 4). However, low levels of 14 

sputum/salivary biomarkers present challenges in detection and differentiating bacterial and viral 15 

infections. 16 

 17 
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Fig. 4. Schematic representation of the inflammation responses and biomarkers of coronary obstructive 1 

pulmonary disease (COPD) pathophysiology caused by environmental stimulus that can also be 2 

common/linked to respiratory tract infections (RTIs).
73

 Interleukins (ILs 6 and 8), tumor necrosis factor-3 

alpha (TNF-), Neutrophil elastase (NE), C-reactive protein (CRP), matrix metalloproteinase (MMP-8 4 

and 9) and serve as biomarkers with promising clinical value that can be applied for detecting host 5 

responses to infections from viral and/or bacterial origins. 6 

 7 

Immediately after the bacterial/viral infections, the body releases multiple biomarkers into the 8 

bloodstream toward circumventing the progressive infection. An ideal biosensor should be able to pick 9 

these signals through sensing the released biomarkers in a relatively short time, which could help improve 10 

clinicians in rapid, real-time and accurate diagnosis. Elevated concentrations of these predictive multiple 11 

infection markers in biological fluids, such as from serum, urine or CSF can infer the process of infection. 12 

To accurately design a patient care strategy, simultaneous determination of biomarker levels is essential 13 

for clinicians to quickly diagnose bacterial/viral infections. Rapid and reliable detection of infection 14 

biomarkers helps medical professionals to make accurate clinical decisions as well as differentiate 15 

diseases from other similar symptoms. Clinically significant detection ranges of potential biomarkers of 16 

infections (such as CRP, TRAIL, IP-10) are extremely low (pg/mL to ng/mL) and assay methods for 17 

detecting such biomarkers requires high sensitivity. In this context, various biosensor platforms have been 18 

designed for detection of potential bacterial/infection. In this review, we summarized the most 19 

prominently used bacterial/viral biomarkers and their detection by different biosensor platforms. Few of 20 

biomarkers such as CRP, PCT and cytokine biomarker family are considered to be useful for differential 21 

diagnosis of infectious diseases (bacteria/viral/sepsis) as well as for inflammatory diseases 22 

(cardiovascular risk/ chronic diseases). A number of reviews have already been reported on biosensors for 23 

diagnosis and detection of sepsis and cardiovascular disease.
16, 60, 74

 Therefore, current review excludes the 24 

biosensing platforms which are mainly reporting to detect selected common biomarkers for inflammation 25 

and/or sepsis. 26 

4. Biosensors for bacterial/viral infection biomarkers detection 27 

A biosensor is a device designed to detect and quantify target molecules (e.g., proteins, nucleic acids 28 

or monitoring antigen–antibody interactions) used widely as a powerful analytical tool in medical 29 

diagnostics. It is generally designed by immobilizing a biological receptor ligand (e.g., antibody, receptor, 30 

DNA, or RNA) on the surface of a suitable transducer (e.g., electric, electrochemical, optical or 31 

mechanical) that converts biochemical signal into quantifiable measurable signal. In the past few years, a 32 

large number of sensors have been developed for bacterial and viral infection biomarkers detection, which 33 
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can play a major role in differentiating bacterial and viral infection. A summary of distinct biosensor 1 

platforms available for the detection of bacterial/viral infections in the research laboratories is presented 2 

in Tables 1 and 2 along with the most prominently used viral and bacterial biomarkers. These biosensor 3 

platforms provided fruitful outcomes through integrating nanomaterials in combination with 4 

interdisciplinary research-works, which further contributed to the advancement in biosensors for 5 

diagnosis of infectious diseases.  6 
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Table 1. A summary of primary clinically high performance predictive host infection biomarkers based on statistically significant findings, 

highlighting their respective cut-off values. 

Host biomarker for 

primary care setting 

Sample Healthy levels 
#
  Bacterial infection 

#
 Viral infection 

#
 

Polymorphonuclear 

leukocyte (PMN) counts 

CSF/blood 119311 cells/µL in blood
75

 Cut-off:30–49 cells/μL in CSF; 

1819 in blood
32, 75

 

NA 

Absolute neutrophil 

count (ANC) 

Blood  Cut off: 4900 to 10000 

cells/μL
32

 

<1500 cells/µL
76

 NA 

White blood cell 

count (WBC) 

Blood 4500–11500 cells/μL
42, 43

 Cut-off:7200 to 17000 

cells/μL
31, 32, 39

 

25-500 cells/µL in CSF
77

 

Erythrocyte 

sedimentation rate 

(ESR) 

Blood 19 mm/h in males; 23mm 
in females

78
 

Cut-off:≥ 25.5 to ≥32.5 

mm/hr.
32, 79

 

NA 

Monomeric (m) and 
dimeric (d) Human 

Neutrophil Lipocalin 

(HNL) counts 

Serum m-23 (IQ,15–35) µg/L; d-76 
(IQ, 60–96) µg/L

14, 40
 

m-169 (IQ, 93–306) µg/L; d- 
304 (IQ, 205–457) µg/L

14, 40
 

m-48 (31–84) µg/L; d- 78 (64–106) 
µg/L

14, 40
 

C-reactive protein (CRP) Blood <10 mg/L
31, 32, 80

 >100 mg/L
31, 32, 35, 47-50

 10-60 mg/L
31, 32, 35, 50, 66, 67

 

Procalcitonin (PCT) Blood 0.0330.003 ng/mL
81

 ≥2.0 ng/mL
31, 32, 50

 NA 

Interferon gamma-

induced protein-10 (IP-

10 or CXCL10) 

Blood <150 pg/mL
32, 69, 82, 83

  600 pg/mL 
35

 

 Co-infection (Bacterial + 

Viral) 

<1.5 ng/mL
38, 41, 75, 86

 

>150 pg/mL
32, 69, 82, 83

 

Tumor necrosis factor 

(TNF)-related apoptosis- 
inducing ligand 

(TRAIL) 

Blood <822 pg/mL
50, 68, 83

 <50 pg/mL
35, 50, 83

 >2.2 g/mL
50, 68, 83

 

Interleukin-4 (IL-4) Blood Cut off: 9 pg/mL
32

 1.47 pg/mL
84

 0.99 pg/mL
84
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Lactate CSF 3.8 mmol/L
32

 6 mmol/L
85

 3~6 mmol/L
85

 

Heparin-binding protein 

(HBP) 

CSF/Serum Cutoff 56.7 ng/mL in CSF; 

45.3 ng/mL in serum 

192 ng/mL in serum
86

 3.7 ng/mL in serum
86

 

Myxovirus resistance 

protein 1 (MxA) 

Blood 36.7 ng/mL
32

 NA 200 ng/mL
87

 

Vitamin D Blood 19.5 ng/mL
88

 10.7 ng/mL
88

 <20 ng/mL
34

 

PCT +10-Gene classifier Blood - Respiratory infection
32

 Respiratory infection
32

 

48-Gene classifier Blood - Respiratory infection
32

 Respiratory infection
32

 

Combination of host 

biomarkers 

    

CRP,+IP-10,+TRAIL Blood CRP (<10 mg/L); TRAIL 

(<822 pg/mL); IP-10 (<150 
pg/mL) 

Cut-off: CRP  ~135 μg/mL,  

IP-10 ~600 pg/mL, 
TRAIL  ~50 pg/mL

32
 

Cut-off: CRP ~125 μg/mL,  

IP-10 ~800 pg/mL, 
TRAIL  ~150 pg/mL

32
 

HNL, IP-10 and/or 
TRAIL  

Blood HNL (m-23 (15–35) µg/L; d-
76 (60–96) µg/L); IP-10 

(<150 pg/mL); TRAIL (<822 

pg/mL); 

High HNL profile
40

 High IP-10 and TRAIL profiles
40

 

CD35, 

+CD32,+CD88,+MHC1 

Blood - Cut-off: CD35 B 15110
3
 

cells/neutrophil, CD32 15810 
cells/monocyte; CD88 

~11210
3
 cells/monocyte; 

MHC1 ~ 0.40 ratio
32

 

Cut-off: CD35~4510
3 

cells/neutrophil; CD32~6510
3
 

cells/monocyte, CD88~ 4710
3
 

cells/monocyte, MHC1~ 0.28 ratio
32

 

 
NA – not available; IQ- Interquartile range; 

#
- concentrations of proteins/antibodies are subject to vary in the literature, the listed concentrations 

are selected based on either supported by two independent studies or from available ELISA ranges  
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Table 2. List of bacterial/viral infection-induced host biomarkers sensing with different sensor platforms and their range of detection as per the 

reported literature.   

 

Biomarker / 

Target 

Transducing 

platforms 

Ranges of detection Assay-type Reference 

PMN counts Fluorescence-PBS ND, proof of concept Microfluidic with smart phone, single analyte 
89

 

PMN counts Chemiluminescent 

(CL) 

ND, proof of concept Luminol-dependent CL- phagocytes 
12

 

PMN,PBMC, 
WBC, RBC 

FL-staining A single step centrifugation of 
the CMC for 10 min could 

achieve both recovery and 

purity rates >95% for PBMCs, 
a WBC viability rate >98%, 

Centrifugal microfluidics chip, multianalyte 
90

 

Neutrophil 

elastase 

FRET- fluorogenic KM ~0.7 μM, PBS buffer pH 

6.2, 25 °C 

Protein-based fluorescent substrate on 96-well 

plates-transducing surface, single analyte 

91
 

WBC, HIV Magneto-
immunoassays 

HIV in saliva with an accuracy 
of 80% and leukocytosis in 

plasma with an accuracy of 

90% 

Changes in Giant Magnetoresistance chip 
biosensor with smartphone interface, 

multianalyte 

92
 

WBC/RBC Impedance 

cytometer 

WBC/RBC counts-1000 cells/s Polyelectrolyte salt bridge-based electrode 

integrated with microfluidic chip 

93
 

WBC Electrochemical WBC dynamic range -10
2
–10

4
 

μL
−1

 
Microelectrode based electrochemical cell with 
smartphone interface 

43
 

ESR Conductivity 

sensor 

Proof of concept- ESR depends 

on blood conductivity within 

400 seconds 

Two planar electrodes 
94

 

CRP Electro-

chemiluminescence 

1–24 μg/mL Anti-CRP-Ru-(bpy)32+ modified Au working 

electrode, single analyte 

95
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CRP Giant 

magnetoimpedance 

Linear range 1-10 ng/mL Micro-patterned GMI sensing elements-cobalt-

based commercial amorphous ribbon 
(Metglas® 2714A) 

96
 

CRP, 

Mycobacterium 

tuberculosis 
lipoarabinomanna

n (LAM) 

Optical sensor- 

spectral analyzer 

consisting of an 
arrayed-waveguide 

grating 

LOD was 19.478 ng/ mL  Lab-on-a-chip SiN anti-reflective coated 

photonic sensor 

97
 

CRP QCM LOD- direct assay and the 
homogenous sandwich assay: 

20 ng/mL whereas for the direct 

sandwich assay: 3 ng/mL 

Immunoassay based on Resonant Acoustic 
Profiling™ (RAP™), single analyte 

98
 

CRP Electrochemical LOD: 37 nM Conducting polymer electrode, single analyte 
99

 

CRP, PCT Electrochemical/No
n-Faradaic 

LOD - 0.1 µg/mL for CRP; 0.1 
ng/mL for PCT  

ZnO film-based electrode 
100

 

CRP, biotinylated 

bovine serum 

albumin (BSA) 

Plasmonic 

biosensor 

27 pg/mL of CRP and 10 

pg/mL of bBSA 

Gold nanohole based plasmonic micro arrays 
101

 

CRP, IL6 and 

miRNA-16 

Optical- 

interferometric 

biosensor 

LOD:18 μg /mL for CRP, 

88 μg/ mL for IL6 and 6 μg /mL 

for miRNA-16 

Optical path difference on plasmonic gold 

nanohole array chips, multianalyte 

102
 

PCT, CRP Electrochemical LOD: PCT 0.09 ng/mL and 

CRP 0.008 µg/mL 

Magnetic bead-based immunoassay on screen-

printed electrodes 

103
 

PCT Electrochemical Binding constant of 

0.39 ± 0.11 nM 

Synthetic peptides-based EC gold sensor 
104

 

CRP, IL-6 Electrochemical LOD- 1 pg/mL for both CRP 
and IL-6 

Molybdenum electrodes on nanoporous 
polyamide substrate 

105
 

IL-6 Optical-

colorimetric 

LOD-0.1 pg/mL plasmonic gold nanoprobes t 
106
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CRP Optical-imaging 0.2 ~ 20 ng / mL, LOD: 0.1 

ng/mL 

Magnetic-particle probes on microfluidic chip 

for total internal reflection magnetic imaging 

107
 

CRP Electrochemical/po

tentiometric 

1.0 × 10
−5

 mg/L to 1.0 × 10
0
 

mg/L 

ZnO nanotubes-based electrode 
108

 

CRP Electrochemical/ 

impedimetric 

0.5–50 nM  Au-electrode 
109

 

CRP Optical-FL 800 aM to 500 fM Imaging-molecular switching of fluorescence 

by total internal reflection  

110
 

CRP  Optical- 2 to 20 mg/L Polymer/aptamer films for optical fiber 

refractometers based on Lossy Mode 

Resonances (LMRs). 

111
 

CRP Optical-refractive 

index 

0.1–10 μg/mL MCLW sensor chip with nitrocellulose based 

on surface sensitive refractive index 

112
 

CRP Optical-FL 27.8 pM Fluorescent CdSe/ZnS quantum dots (QDs) 
nanospheres (IFNs) 

113
 

CRP Optical-SPR 2–5 μg/mL Gold chip based SPR 
114

 

CRP Optical-SPR ∼50 ng/mL Gold nanoparticles grafted with polymerized 

specific ligands based SPR 

115
 

IL-6, IL-8, IL-10, 

TNF alpha, S-

100, PCT, E-
Selectin, CRP 

and Neopterin 

Optical-FL 

scanning 

1.2 pg/mL, 0.89 ng/mL, 2.7 

ng/mL, and 0.13 µg/mL for  IL-

6, IL-8, IL-10, TNF alpha, S-
100, PCT, E-Selectin, CRP and 

Neopterin, respectively 

Fluorescence microarray scanning assay-based 

streptavidin coated magnetic particles 

116
 

CRP, PCT, 
Lactate 

Hybrid-
biochemical-

immunological 

CRP: 0.01 µg/mL and 100 
µg/mL, PCT: 0.01 ng/mL and 

10 ng/mL, lactate: 9 mg/dL to 

72 mg/dL. 

Enzyme-reaction zone on the signal pad of the 
typical immuno-strip based on 2D- 

chromatography 

117
 

CRP Electrical-FET LOD: 0.1 ng/mL Nano-gap embedded FET electrode 
118
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CRP Electrochemical-

amperometric 
magnetoimmunose

nsor 

LOD: (0.021 ± 0.005) ng/mL sandwiched immunoassay assay based on 

magnetic bead- Au/SPE 

119
 

CRP Colorimetric  Linear range 0.03–81 ng/mL 

and a LOD of 0.07 ng/m 

GNPs covalent attachment of antibody-

sandwich assay 

120
 

PCT Optical-TIRF 0.04 ng/mL Fluorescence labeled tracer on transparent core 
121

 

PCT Optical-SPR 9.9 ng/mL Molecular imprinted polymer surface on SPR 

slide 

122
 

PCT Optical-SPR 4.2 ng/mL Gold coated SPR chip 
123

 

PCT Electrochemical 0.03 pg/mL Cu/Mn double-doped CeO2 nanocomposite 
(CuMn-CeO2) signal tag on gold deposited 

GCE 

124
 

PCT Electrochemical/am
perometric 

0.8 pg/mL Ferrocene-modified gold nanoparticles-based 
electrode 

125
 

PCT Electrochemical 6 pg/mL PtNP-Fc-C60 nanocomposites. 
126

 

PCT Electrochemilumin

escence 

3.4 pg/mL CdTe quantum dot encapsulated silica 

nanoparticle tags with nanobodies 

127
 

PCT, LTA, and 

LPS 

Electrochemical  LOD: PCT-0.1 ng/mL, 1 

µg/mL for LPS and LTA 

Nanoporous nylon membrane integrated onto a 

microelectrode sensor 

128
 

PCT Electrochemical 0.1 pg/mL Gold nanoparticles-enhanced tyramide signal 
amplification 

129
 

PCT Optical 7.3 fM Fiber optic nanogold-linked immunosorbent 

assay 

130
 

IL-2, IL-4, IL-6, 

IL-10, TNF-α, 

and IFN-γ 

Optical-LSPR IL-2: 20.56 pg/mL,  IL-4: 4.60 

pg/mL, IL-6:11.29 pg/mL, IL-

10:10.97 pg/mL, TNF-α:11.43 

pg/mL, IFN-γ: 6.46 pg/mL 

Gold nanorods  nanoplasmonic microfluidic 

chip, multianalyte detection 

131
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 1 

4.1. Optical biosensors 2 

A range of bacterial and viral biomarkers have been detected on different optical biosensor platforms 3 

that are based on fluorescence, chemi-luminescence, colorimetric, surface plasma resonance (SPR) and 4 

fiber optics/bio-optrode transducers. Current studies are focused on improving methodologies for both 5 

single and multi-analyte detection schemes, as well as integration of immunosensors with smart phone 6 

and microfluidic biochip platforms. 7 

Several optical biosensor platforms have been developed for the detecting bacterial and viral 8 

biomarkers, where immunosensors were integrated into microfluidic platforms, such as for capturing 9 

leukocytes from biological sample.
89

 The designed biosensor chip is fabricated using 10 

polydimethylsiloxane (PDMS) on glass slide that carried dense microfluidic channels and demonstrated 11 

proof of concept for capturing leukocytes from biological sample by antigen antibody interaction. The 12 

signal from the biochip is captured by fluorescence imaging using a smartphone and quantified using 13 

image processing software, and this method is suitable for biosensing infections in resource limited 14 

settings (Fig.5-b). 15 

 16 

 17 

 18 

Fig. 5. (a) Designed microfluidic biochip to process the biological samples and capture the 19 

leukocytes. The inset diagram shows schematic design pattern showing dense microfluidics 20 

channels through which leukocytes were captured and (b) microscopic image of the capture 21 

chamber pillars in biochip.
89

 22 

 23 

In another study, a chemiluminescence based assay was developed to characterize polymorphonuclear 24 

leukocytes (PMNs) or phagocytes functional activity and assessed reaction byproduct by quantification 25 

and localization of respiratory burst production by chemiluminescent (CL) measurements.
12

 This assay 26 

was tested for the PMNs of patients with acute infections from whole blood system that required luminol-27 

(a) (b)
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amplification for CL measurements. CL is considered a sensitive sensing method for probing oxidative 1 

potential of phagocytes, which can be recorded as a luminol-dependent CL. The reported method used 2 

blood sample from 69 patients with fever (>38 °C) and diagnosed infections caused by viral or bacterial 3 

in origin. The CL measurements combined with different data mining algorithms allowed to discover 4 

specific patterns for each type of infection. Analysis of a relatively large number of patients samples 5 

generated a pool of CL-data, which upon processing with the help of an algorithm (data mining), 6 

generated interpretable model as a decision tree for accurate and rapid differential diagnosis (Fig. 6).
12

 7 

Such approaches could also be applied to various other sensing schemes to generate a highly predictive 8 

diagnostic value that potentially assist clinicians in diagnosis, as well as distinction between viral and 9 

bacterial infections. 10 

 11 

 12 

 13 

Fig. 6. Schematic diagram of chemiluminescence (CL) assay for circulating PMNs or phagocytes from 14 

whole blood sample and differentiation between viral and bacterial acute infections. The assay allows 15 

quantification and localization of respiratory burst production from circulating PMNs or phagocytes and 16 

the byproduct of chemiluminescent (CL) reaction is measured. The CL-data thus generated is then 17 

subjected data mining for interpretation that generates decision tree and confusion matrix of patients in 18 

the training and testing sets to accurately detect and differentiate viral and bacterial infections.
12

  19 

Further, Yu et al. reported a centrifugal microfluidic chip (CMC) for sorting immune cells, such as 20 

polymorphonuclear cells (PMN-Neutrophils, eosinophils and basophils), and peripheral blood 21 
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mononuclear cells (PBMCs- lymphocytes and monocytes), WBC and RBC from blood.
90

 The chip 1 

operation for sorting cells from a blood specimen is carried out by density gradient centrifugation within 2 

the microfluidic channels, which effectively sorted immune cell subpopulations into distinct layers that 3 

depended on their specific densities. This report utilized  conventional blood centrifugation process but by 4 

using a density gradient medium (DGM), such as the Ficoll or Percoll solution to fractionate and sort 5 

blood cells into different layers using their inherent distinctive densities (Fig. 7-I:a).
132

 During density 6 

gradient centrifugation, different blood cells in a bulk fluid migrate to different density equilibrium 7 

positions (Fig. 7-I:b). This technique was integrated in a miniaturized microfluidic centrifugation systems 8 

and demonstrated multi-color fluorescence imaging while restoring the capability of separated whole 9 

blood into multiple cell layers (Fig. 7 -II). This method demonstrated a single step centrifugation of the 10 

CMC within 10 min with recovery and purity rates of >95% for PBMCs, >98% for WBC viability rate, 11 

and stable separation within the channel from minimally processed whole blood. 12 

 13 

 14 

Fig. 7. I:(a-b). Blood cell densities and sorting using density gradient centrifugation.
90, 132

 II:(a-d) 15 

Blood cell sorting using density gradient centrifugation in a microfluidic device.
90

  16 

 17 

A neutrophil elastase (NE) specific-protein sensor has been reported that utilizes förster resonance 18 

energy transfer (FRET) for detection of infection. The biosensor assay involves two fluorescent green 19 

fluorescent protein (GFP)-derived proteins linked by a peptide linker containing a NE-specific recognition 20 

sequence bringing both to a close proximity to exhibit FRET. The decrease in FRET signal occur upon 21 

selective cleavage of GFPs by NE which was measured and demonstrated the sensor capability to 22 

(I) (II)

Page 24 of 51Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

10
/8

/2
02

0 
10

:1
0:

43
 P

M
. 

View Article Online
DOI: 10.1039/D0AN00896F

https://doi.org/10.1039/d0an00896f


25 

 

recognize sequence as well as  detecting NE.
91

 In another study, an anodic electrogenerated 1 

chemiluminescence (ECL) based assay was reported to detect the infection biomarker, CRP by covalently 2 

attaching synthetic ssDNA and CRP on Au(111) electrodes using tris(2,2‘-bipyridyl)ruthenium(II) 3 

(Ru(bpy)32+) labels (Fig. 8).
95

 This report demonstrated that ECL peak intensity was linearly 4 

proportional to the analyte CRP concentration over the range 1−24 μg/mL on anti-CRP-Ru-(bpy)32+ 5 

modified Au working electrode.
95

 Detection of CRP and Mycobacterium tuberculosis lipoarabinomannan 6 

(LAM) as infection biomarkers has been reported using a SiN nanophotonic lab-on-a-chip platform.
97

 7 

This sensor chip contained multiplexed Mach–Zehnder interferometers with an on-chip optical spectral 8 

analyzer composed of an arrayed-waveguide grating and integrated with a polymer microfluidic cartridge. 9 

This PoC based platform demonstrated CRP detection with LOD of 19.478 ng/mL. 10 

 11 

 12 

 13 

Fig. 8. Schematic diagram of; (a) immobilization of ssDNA probe onto the surface of Au(111) with linker 14 

3-mercpatopropionic acid monolayer; and (b) immobilization of anti-CRP on Au(111) surfaces with 15 

varying lengths of alkane thiol linkers and avidin layer that essentially keeps surface immobilized 16 

molecules at different distances from the Au-surface.
95

 17 
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A bright-field imaging plasmonic biosensor was developed for biomarker detection such as 1 

biotinylated bovine serum albumin (bBSA) and human C-reactive protein (CRP), a clinical biomarker of 2 

acute inflammatory diseases. Here, gold nanohole based micro arrays were fabricated using standard UV-3 

lithography combined with ion beam etching method (Fig. 9a). This sensor capable of generating 4 

heatmaps images which could locate the single nanoparticles with contrast spikes (Fig.9a-c). This method 5 

demonstrated sensitivity and limit of detection (LoD) of 10 pg/mL for bBSA and 27 pg/mL for CRP.  6 

 7 

 8 

 9 

Fig. 9. Nanoparticle-enhanced plasmonic imager for digital biomarker detection. (a) bright-field 10 

image of a plasmonic biosensor that allows visualizing of single subwavelength Au-nanoparticle on 11 

large NHA area; (b) Au-NHAs and biomolecule binding and; (c) Simulated transmission spectrum 12 

based spectral shifts in peak positions before and after NPs binding.
101

  13 

 14 

A phase-sensitive interferometer based optical PoC biosensor has been used for the detection of CRP, 15 

IL6 and miRNA-16 in a label-free and microarrays-type of configuration.
102

 The sensor chip in this 16 

biosensor utilizes metallic nanostructures that transduces signal with specificity and LOD of 18 μg /mL, 17 

88 μg/mL and 6 μg /mL for CRP, IL6 and miRNA-16, respectively in individual assays.
102

 In another 18 

study, a PoC testing platform with gas generating reaction mediated biosensor is developed by combining 19 

principles of ELISA and lateral flow-type immunochromatographic strips (ICS) 
133

. This PoC method 20 

utilizes antibody conjugated Au@Pt core/shell nanoparticles (Au@PtNPs) similar to AuNPs. Presence of 21 

PtNPs on AuNPs makes it reacts with H2O2, while the embedded antibodies interacts with CRP and 22 

generates O2 corresponding to level of CRP present in the reaction. The released O2 drives the pre-23 

existing blue ink by capillary force in the ICS, making it visible to naked eye with LOD of 0.041 μg/L.
133

 24 
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A filter paper based colorimetric immunosensor found to be a less-expensive material for developing 1 

sensors. The paper-based sensing often rely on plasmonic gold nanoprobes for detection of analytes, such 2 

as IL-6.
106

 Such type of sensing carried out by sandwich immunoassays that undergo three bio-3 

conjugation routes for protein attachment to gold nanoprobes. These nanoprobes have to be first pre-4 

activated to generate free -COOH or NH2 functionalities or polyvinylpyrrolidone (PVP), and utilize 5 

alternating layers of polyelectrolytes to bind the capture antibody to the paper substrate (Fig. 10). These 6 

sensors can be coupled with smartphones to capture images as well as use them for computing the signals, 7 

if undetectable to naked eye. The embedded smartphone algorithm can also be used to quantify diagnostic 8 

signal corresponding the levels of target analyte/biomarker present in the test sample. In one case, for 9 

instance detection of IL-6 is made with a LOD as low as 0.1 pg/mL within 17 min. This type of 10 

smartphone based plasmonic detection of infections is most suitable for PoC testing in remote settings. 11 

 12 

 13 

Fig. 10. Schematic representation of the plasmonic mobile biosensors (a-b) Antibody-decorated gold 14 

nanoparticles generate colored spots and quantified with smartphone, (c-d) The detection screen 15 

appears shows detecting region and results output is displayed.
106

 16 

 17 

A unique magnetic immunoassay three dimensional optics biosensor has been developed which 18 

utilizes total internal reflection magnetic imaging (TIRMI) for PoC detection of C-reaction protein (CRP) 19 

107
 (Fig. 11). The chip was fabricated using a prism-like 3D glass substrate and a polymethyl methacrylate 20 

(PMMA) substrate surface on which micro channel was patterned (Fig. 11a). Here, the signal is generated 21 

from total internal reflection similar to that of SPR phenomenon when capture particles sandwiched with 22 

target analyte on the surface. The device is coupled with a CCD camera that captures the reflected light 23 

and the changes in the total internal reflection is recorded. The magnetic immunoassay on chip based on 24 

TRIMI principle demonstrated the detection limit of 0.1 ng/mL for CRP in buffer (Fig.11b). This type of 25 
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new transducers are although promising for PoC diagnosis of infection, but required further improvement, 1 

iteration and testing with large number for real biological samples.   2 

 3 

Fig. 11. (a) The design of the disposable microfluidic biosensor chip and (b) schematic of the measuring 4 

principle for the biosensor.
107

 5 

 6 

A number of other studies have been reported on development of optical sensors for the detection of 7 

infection biomarker (PCT), such as a fluorescence immunoassay for a TIRF (total internal reflection)-8 

based PoC testing device.
121

 This method was based on generation of evanescent waves, which 9 

specifically excites fluorophores that bound previously on the surfaces, while the signals from 10 

sandwiching reactions were measured. This type of PoC based biomarker detection exhibited remarkable 11 

sensitivity with LOD of 0.04 ng/mL for PCT. Another study reported on molecular imprinted SPR 12 

biosensor which utilizes sensor surface carrying molecular imprints to bind PCT molecules.
122

 This sensor 13 

exhibited LOD of 9.9 ng/mL PCT within ~1 h in simulated blood plasma. Other SPR based 14 

immunoassays that have been developed for real-time infection detection with PCT showed dynamic 15 

detection range from 4–324 ng/mL with LOD of 4.2 ng/mL and limit of quantification (LOQ) of 9.2 16 

ng/mL.
123

 Fiber optic sensors also function similar to SPR principle and presents convenient and flexible 17 

configuration with which nanogold-linked immunosorbent assay have been conducted. Sensitive 18 

detection of PCT by fiber optic sensor is reported and demonstrated a wide linear response range from 1 19 

pg/mL to 100 ng/mL with extremely low LOD of 95 fg/mL (7.3 fM) for PCT (analysis time ≤15 min).
130

 20 

Other notable optical sensors include electrochemiluminescent immunosensor which is found to be most 21 

sensitive for detecting PCT that is mediated by CdTe quantum dots enhancement and specific-nanobodies 22 

and demonstrated PCT detection with LOD of 3.4 pg/mL. Here, CdTe quantum dot encapsulated silica 23 
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nanoparticle tags were utilized to assist signal amplification with nanobodies on to a chitosan–graphene 1 

nanocomposite modified glassy carbon electrode.
127

  2 

Optical sensing platforms have been further improved in terms of sensitivity which is most suitable 3 

for detecting trace amounts of clinical samples. For instance, atto-molar to femto-molar CRP detection by 4 

molecular switching fluorescence based assay combined with total internal reflection microscopy.
110

 5 

Rapid diagnosis of infections is most likely accompanied by a sensitivity tradeoff, such as for detection of 6 

CRP using thin polymer/aptamer films fabricated onto the optical fiber device that distinguished between 7 

pathological (20 mg/L of CRP) from non-pathological concentration (2 mg/L CRP) within 15 min.
111

 8 

Similar tradeoff also applies to nitrocellulose based sensors, for e.g., a metal clad leaky waveguide 9 

(MCLW) sensor for detecting CRP in a diluted real serum sample by using nitrocellulose coated on a 10 

sensor chip.
112

 Improvement in nitrocellulose based sensors have been attempted, where lateral flow assay 11 

(LFA) based tests were coupled with fluorescent CdSe/ZnS quantum dots (QDs) nanospheres instead of 12 

conventional Au-based LFAs. For instance, employing a immunofluorescent nanospheres (IFN) each 13 

made of 332 ± 8 CdSe/ZnS QDs gave rise to 257-fold more sensitivity for detecting infection using target 14 

CRP, which is unlikely to achieve with conventional Au-based LFAs. Fig. 12 shows the configurations of 15 

CdSe/ZnS nanosphere-based test strip and illustrated detection method for CRP detection using IFN-16 

based test strip. The developed sensor test strip demonstrated CRP LOD of 27.8 pM.
113

 17 

 18 

 19 

Fig. 12.  Schematic illustration of; (a-b) the configurations of immunofluorescent nanospheres (IFN)-20 

based test strip similar to conventional lateral flow strip assays expect that in place of Au-nanoparticles, 21 

CdSe/ZnS quantum dot (QD) nanospheres were used. (c) Schematic interpretation of 1) positive, 2) 22 

negative, 3-4) invalid and 5) after excitation of QDs showing the sensitivity of signal for the detection of 23 

CRP using IFN-based test strip.
113

  24 

 25 

In another study, CRP detection was attempted using a smartphone-based colorimetric biosensor 26 

platform. This platform utilized graphene nanoplatelets (GNPs) for covalent attachment of specific 27 

antibody that provided signal enhancement. This sandwich assay demonstrated a wide linear range of 28 
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0.03–81 ng/mL with a LOD of 0.07 ng/mL in diluted human whole blood and plasma.
120

 Buchegger et al. 1 

(2012) demonstrated PoC based detection of multi-analyte infection biomarkers, such as IL-6, IL-8, IL-2 

10, TNF alpha, S-100, PCT, E-Selectin, CRP and Neopterin by fluorescence microarray scanning assay 3 

that utilizes streptavidin coated magnetic particles.
116

 The sensitivity of this sensor is remarkable with 4 

picogram to nanogram per mL. Other biochemical-immunological hybrid biosensor include two-5 

dimensional (2-D)-chromatography for the multi-analyte biomarker detection such as CRP, PCT and 6 

lactate.
117

 This hybrid sensor is a good example for the advancement in lateral-flow type sensors, where 7 

combination of enzymatic and immunological reactions were employed for detection on lateral flow-8 

strips. Here, an enzyme-reaction zone on the signal pad of typical immuno-strip was integrated for the 9 

rapid quantification on a smartphone-based detector.
117

 10 

Further, localized surface plasmon resonance (LSPR)-based microfluidic optical chip sensor is 11 

fabricated for detection of six cytokines, such as IL-2, IL-4, IL-6, IL-10, TNF-α, and IFN-γ for 12 

monitoring of infections.
131

 The chip comprised of microarrays of Au nanorods (AuNRs) integrated with 13 

microfluidic channels (Fig. 13a-c). The SEM images of sensor chip in Fig. 13a shows histograms of the 14 

particle-to-particle distance of the AuNRs. When analyte samples were introduced on to antibody-15 

functionalized AuNRs, it induces a redshift and scattering intensity change of the longitudinal SPR.
131

 16 

The LOD determined using this method is achieved in 1-20 pg/mL range for six cytokines, such as  IL-2 17 

(20.56 pg/mL),  IL-4 (4.60 pg/mL), IL-6 (11.29 pg/mL), IL-10 (10.97 pg/mL), TNF-α (11.43  pg/mL), 18 

IFN-γ (6.46 pg/mL) within 40 min is a significant advancement in optical biosensing.  19 

 20 

Fig. 13. (a) Schematic illustration of the LSPR AuNRs nanoplasmonic chip containing microarrays and 21 

its appearance in SEM image, (b) Histograms of the particle-to-particle distance of the AuNR arrays on 22 

chip and the inset figure shows simulated intensity profile of single AuNR excited by incident light, and 23 
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(c) The principle of the method demonstrating capture of analyte by antibody-functionalized AuNR LSPR 1 

biosensor results in a  redshift and scattering intensity change of the longitudinal SPR.
131

  2 

 3 

5.2. Electrochemical-biosensing platforms 4 

Electrochemical biosensors have received considerable attention for detecting infection biomarkers. 5 

These electrochemical biosensing schemes utilize a variety of intermediary chemical agents, such as 6 

nanoparticles, polymer thin films (membrane), nanotubes, nanohybrids and synthetic molecular probes to 7 

demonstrate bacterial and viral biomarkers detection. Following are some of the unique electrochemical 8 

biosensor schemes that has been reported for detection of infection biomarkers. 9 

A smartphone-based label-free electrochemical WBC counting device is developed using microporous 10 

paper with patterned gold microelectrodes.
43

 This WBC counting sensor design and principle is presented 11 

in Fig.14a-f. Here, polyvinylidene fluoride (PVDF) membrane with microfabricated interdigitated 12 

electrodes and analytical ion probes (ferricyanide/ferrocyanide) were used for electrochemical 13 

quantification of WBC (Fig.14b-c). Authors reported efficient trapping of WBC on sensor electrode that 14 

was facilitated by the porous property of the membrane electrodes providing sufficient charge transfer 15 

property that can be  tracked by differential pulse voltammetry (DPV). Here, DPV measurement is made 16 

with a coupled handheld smartphone through wireless Bluetooth communication and demonstrated its 17 

applicability for PoC applications. The dynamic detection range of this electrochemical sensor covers 18 

WBC count of 200–20000 μL
−1

 with 10 μL sample with high reproducibility. 19 

 20 
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 1 

 2 

 3 

Fig. 14. (a) Electrochemical WBC counting sensor device design and principle; (b-c) microporous 4 

paper with patterned gold microelectrodes-three electrode electrochemical sensor on microporous 5 

PVDF membrane paper and SEM image of trapped WBC on sensor. (c-f) Nyquist plot (with Hela 6 

cells frequency sweep-10 Hz to 100 kHz), Tafel plot and cyclic voltammetry responses of 7 

electrochemical sensor in different diffusion coefficient in the 1 mM [Fe(CN)6]
3−

/[Fe(CN)6]
4−

 8 

environment.
43

 9 

 10 

One of the alternative approaches taken to detecting WBCs is impedance cytometry and velocimetry, 11 

which is also applicable to RBCs. In one study, microfluidic chip is developed for the screening of WBCs 12 

and RBCs.
93

 This chip utilizes a polyelectrolyte salt bridge-based electrode (PSBE) and work on a coulter 13 

counter principle. PSBEs in the chip configuration were electrochemically connected to an external dc 14 

impedance analyzer through isotonic NaCl and Ag/AgCl electrodes. Signal acquisition from microfluidic 15 

chip is based on the dc impedance changes (Fig. 15a-b). By keeping bias voltage (0.4-V dc) and current 16 

(∼13-μA dc) steady, the impedance signals responds to the cells or microbeads passing through the 17 

microchannel between the PSBEs and converted to amplified voltage signal screening rate of over 1000 18 

cells/s and a velocity of the cells of over 100 mm/s within 1 h (Fig. 18b).  19 
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 1 

 2 

Fig. 15, (a) DC impedance analysis of the microchannel with the PSBEs and showing Ag/AgCl electrodes 3 

that were electrochemically connected to two PSBEs through an isotonic NaCl solution under applied dc 4 

bias (0.4V). (b) The data acquisition for velocimetry chip of two pairs of PSBEs and electrically isolated 5 

to eliminate potential cross-talk.
93

 6 

 7 

Further advancement in microfluidics integration and portability has been reported by Furniturewalla 8 

et al. (2008), where a fully integrated flexible wearable microfluidic impedance cytometer system was 9 

developed to obtain generalized blood cell counts and tested RBCs and WBCs.
134

 This system consists of 10 

polydimethylsiloxane (PDMS) microfluidic channels coupled with a transduction signal circuit using 11 

customized microcontroller made of an 8-bit analog-to-digital converter (ADC), lock-in-amplification 12 

(LIA) system and a Bluetooth module that fit on a wristband (Fig. 16a-b). The designed LIA with ADC 13 

demonstrated detection of particles as small as 2.8 μm (Fig. 16b). Although, this may not be bio-specific 14 

but essentially could replace traditional microscopic methods used for counting cells. 15 

 16 
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 1 

 2 

 Fig. 16. (a) Wearable microfluidic impedance cytometer system on flexible substrate and (b) top view of 3 

30 μm microfluidic PDMS channel pore with sheep blood cells shown flowing across electrodes.
134

 4 

 5 

Further improvement has been made in regard to detecting blood particles by combining electrical and 6 

optical methods in which a PoC cytometer is integrated with smartphone and microfluidic chips for 7 

counting particles (blood). Similar studies were recently reviewed that were more focused on PoC device 8 

system development for counting of blood particles, such WBCs and RBCs and  these were mainly 9 

grouped in opto-fluidic cytometer, impedance cytometer and imaging cytometer and all these are 10 

applicable to detection of infections.
135

 11 

Erythrocyte sedimentation rate (ESR) has been used an indicator of infection. The Westergren method 12 

is simple, standard and widely used for measuring the ESR in plasma samples. The ESR measurement is 13 

made in terms of its height in mm from the plasma supernatant in a vertically mounted pipette following 1 14 

h blood sedimentation.
136

 Here, minimum sedimentation scale is 200 mm and minimum bore of 2.55 mm. 15 

In order to minimize the time of ESR test, several attempts have been made to develop direct and indirect 16 

method to shorten the ESR test time. Detailed literature related to such approaches can be found in 17 

previous reports,
94

 where a new approach based on electrochemical sensing has been employed that 18 

correlated blood conductivity and sedimentation that shorten the ESR rate test. Rapid determination of 19 

ESR can be made using two planar electrodes-based and optical observations (Fig. 17 a-c). The sensing 20 

method in this ESR test is based on the change in conductivity of blood which is directly dependent on 21 

gravitational sedimentation of erythrocytes. This study showed blood sedimentation curve and hematocrit 22 

(a) (b)
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profiles can be obtained in first 400 seconds of the recorded changes in blood conductivity, enabling 1 

measurements of the erythrocyte aggregation, as well as sedimentation kinetics. 2 

 3 

 4 

Fig. 17. (a) Electrical measuring system based on two planar electrodes electrochemical sensor and (b-c) 5 

optical observation of blood sedimentation using digital camera inside a light-tight box.
94

 6 

As an infection and inflammatory biomarker, CRP has been a target for detection on many 7 

electrochemical sensors and one of the sensitive methods utilizes a biomimetic 3,4-8 

ethylenedioxythiophene (EDOT) derivative bearing a zwitterionic phosphorylcholine group.
99

  This 9 

sensor exhibited a LOD for CRP of 37 nM with a dynamic range of 10–160 nM.  Other studies employed 10 

non-Faradaic electrochemical sensor for detecting dual PCT and CRP markers using zinc oxide thin film 11 

that requires an ultra-low sample volume of 10 μL.
100

 The developed biosensor transduction mechanism 12 

relies on specific biomolecular interactions between the target analyte and the capture probe. This 13 

interaction is quantified accurately through changes in specific frequency by non-Faradaic-14 

electrochemical impedance spectroscopy (EIS). LOD for PCT and CRP by EIS may not be comparable to 15 

other sensitive methods, however there is a trade-off in EIS being a label-free method. In another study, 16 

PCT and CRP biomarkers were detected by magnetic bead based immunoassay on screen-printed 17 

electrochemical sensor electrode.
103

 This assay demonstrated high sensitivity with LOD 0.09 ng/mL and 18 

0.008 µg/mL for PCT and CRP, respectively using low sample volumes (<30 μL) and under 20 min of 19 

total assay. Further, an electrochemical sensor based on synthetic peptides is developed in which 20 

synthesized peptides with cysteine residues at the C-terminus facilitated the thiol assembly for 21 

conjugation chemistry with protein that exhibited binding constant, Kd of 0.39 ± 0.11 nM for PCT BP3 22 

peptide.
104

 23 
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Other unique electrochemical approaches for detecting infection biomarkers have been considered, 1 

such as that of electrochemical urine dipstick probe composed of molybdenum electrodes on nanoporous 2 

polyamide substrate to detected  CRP and IL-6 in picogram/mL.
105

 In one study, Cu/Mn doped CeO2 3 

nanocomposite (CuMn-CeO2) has been employed as signal tags and amplifiers for fabricating an 4 

electrochemical immunosensor for detecting of PCT.
124

 In this method doping of Cu, Mn into CeO2 lattice 5 

structure generated excess oxygen vacancies and enhanced the redox and catalytic performance, making 6 

the sensor more responsive to a wide linear range of 0.1 pg/mL to 36.0 ng/mL with a LOD of 0.03 pg/mL. 7 

Other notable electrochemical immunosensors utilized ferrocene-modified Au nanoparticles for 8 

procalcitonin (PCT) detection with linear detection ranges for PCT between 1.5 pg/mL and 50 ng/mL 9 

with LOD of 0.8 pg/mL,
125

 and PtNP-ferrocene carboxylic acid (Fc)-C60 nanocomposites with LOD of 10 

0.01–10 ng/mL a detection limit of 6 pg/mL. Electrochemical sensitive detection of PCT is reported using 11 

C60 carboxyfullerene-based functionalized nanohybrids as signal-amplifying tags.
126

 Selvam et al. (2017) 12 

developed an electrochemical biosensor for multiple infection biomarkers that include PCT, lipoteichoic 13 

acid (LTA), and lipopolysaccharide (LPS) which utilized nanoporous nylon membrane integrated onto a 14 

microelectrode sensor and achieved LOD of 0.1 ng/mL with PCT and 1 µg/mL for LPS and LTA.
128

 15 

A significant advancement in electrochemical sensors is later made by combining unique features of 16 

reduced graphene oxide (rGO) nanomaterials and ELISA-like assays. Here, conducting rGO 17 

nanosheets/gold nanoparticles (rGO-AuNPs) nanocomposite increased the reaction sites due to high 18 

surface-to-volume ratio, enhancing the π-π conjugation capacity and surface conductivity. These 19 

nanostructures on the electrode surface absorb more capture antibodies (Ab1) and used for a sandwich-20 

type electrochemical immunosensor by coupling with gold nanoparticles-enhanced tyramide signal 21 

amplification (AuNPs-TSA) for the detection of PCT 
129

. Sensitive signal generation was then possible 22 

following reaction with Au NPs-horseradish peroxidase (HRP)-PEG-Ab2 conjugated to specific anti-PCT 23 

as shown in Fig. 18. The developed electrochemical immunosensor achieved a wide dynamic detection 24 

range from 0.05  to 100 ng/ mL and with LOD of 0.1 pg/mL. 25 

 26 

Page 36 of 51Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

10
/8

/2
02

0 
10

:1
0:

43
 P

M
. 

View Article Online
DOI: 10.1039/D0AN00896F

https://doi.org/10.1039/d0an00896f


37 

 

 1 

Fig. 18. Scheme showing fabrication of a sandwich-type electrochemical immunosensor for detection of 2 

procalcitonin (PCT).
129

 Here, the sensor surface is modified with a nanocomposite of rGO-AuNPs as 3 

efficient carriers for primary antibodies (Ab1) while  another antibody (Ab2) conjugated to a signal 4 

generating nanocomposite structure composed of AuNPs coated with horseradish peroxidase (HRP) 5 

enzyme (AuNPs-HRP-PEG-Ab2) which specifically bind to PCT antigen captured on sensor and 6 

generates sensitive HRP mediated electrochemical signal in presence of a redox mediator (TMB, 3,3′,5,5′-7 

tetramethylbenzidine). The presented immunosensor based on rGO-AuNPs modified on electrode with 8 

high surface-area-to-volume ratio, enhanced conductivity and also π-π conjugation capability along with 9 

AuNPs-HRP-PEG-Ab2 nanocomposites with high stability and biological compatibility that greatly 10 

enhanced current signal in sensitively detecting PCT. 11 

 12 

An electrochemical aptasensor later developed that essentially replaced use of antibodies for 13 

simultaneous detection of TNF-α and IFN-γ (interferon-gamma) by synthesizing respective linking 14 

aptamers to protein biomarkers.
137

 The aptasensor exhibited a wide linear range and LOD for TNF-α with 15 

9 to 88 ng/mL and 5.46 ng/mL, respectively. Whereas, aptasensor showed linear response for IFN-γ with 16 

9-130 ng/mL and LOD of 6.35 ng/mL. However, sensitivity with aptamers under dynamic assay 17 

conditions in which they are not trained or adaptable to varying ionic strengths and physico-chemical 18 

nature of medium/test solution is a subject of further investigation.  19 
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5.3. Miscellaneous biosensing platforms 1 

Apart from optical and electrochemical biosensing platforms, several other important sensing methods 2 

have been employed that aimed at detection of bacterial/viral infection related host biomarkers (WBC, 3 

CRP, TRAIL, IP-10). Sensors with notable and unique features in respect of detecting infection 4 

biomarkers are presented below. 5 

Fourier‐transform infrared (FTIR) spectroscopy has been demonstrated as a powerful tool to measure 6 

WBC to diagnose bacterial and viral infections using small samples of blood from patients.
138

 Infrared 7 

microscopy has the capability to distinguish minor molecular and chemical changes in blood components. 8 

These changes occur upon secretion of biomarkers in the bloodstream combined with changes in the 9 

WBC and plasma structure (e.g., protein and carbohydrate structures) and provide a signature that enables 10 

diagnosing the etiology of human infection and infection type.
139

 This method demonstrated possibility of 11 

identifying the infectious agent as bacterial or viral type based on infrared spectra of WBC combined with 12 

multivariate principle component analysis (PCA) followed by linear discriminant analysis (LDA) using 13 

control (normal) and test specimens that exhibit 82% for sensitivity and 80% for specificity within 1 h 14 

blood sample collection.
138

 Another study reported leukocytes measurement using infrared spectra for 15 

rapid diagnosis of infection etiology in febrile pediatric oncology patients.
140

 The above study 16 

hypothesized that the FTIR spectroscopy can be used to monitor viral and bacterial infections as a result 17 

of biochemical changes in leukocytes occurred by different responses of the human immune system 18 

against viral and bacterial infections. The FTIR spectral changes from leukocytes for control, bacterial 19 

and viral infections combined with their classification using machine learning algorithms can be used to 20 

diagnose the etiology of infection as bacterial or viral within 70 min of the blood sample collection with 21 

93% sensitivity and 88% specificity.
140

 It is clear that infrared spectroscopy is a promising new method 22 

for the diagnosis of bacterial and viral infections, however its applicability under PoC settings still 23 

remains to be explored.  24 

A PoC giant magnetoresistive (GMR) sensor chip is utilized to perform multiplexed detection of 25 

multiple analytes, such as for human immunodeficiency virus (HIV) or leukocytosis.
92

 It is reported that 26 

leukocytosis is a condition of elevated WBCs and that the neutrophil count is highly correlated with WBC 27 

count. Therefore, detection of neutrophil elastase (NE) levels in plasma serve as an indicator of 28 

leukocytosis. The PoC GMR sensor chip system comprised of an array of magnetic sensors combined 29 

with superparamagnetic iron oxide nanoparticles (SPIONs) for detection of HIV in saliva and 30 

leukocytosis in plasma and whole blood. GMR sensor detection is based on sensitive changes occur as a 31 

result of local magnetic field of SPIONs corresponding to analyte concentration. In this PoC system, each 32 

diagnostic chip consisted 80 individual magneto-nanosensors that can perform multiplexed detection of 33 
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multiple analytes in a single sample. Each chip was wire-bonded to printed circuit board (PCB) along 1 

with smartphone application for operation and guidance to facilitate self-testing of PoC device (Fig. 19). 2 

The sensor chip demonstrated HIV in saliva with an accuracy of 80% and leukocytosis in plasma with an 3 

accuracy of 90% that has a great potential to be expanded to a range of other disease biomarkers or living 4 

cells.
92

 5 

 6 

 7 

Fig. 19. (a) Giant magnetoresistive (GMR) nanosensor chip on printed circuit board (PCB) and spotted 8 

sensor array for HIV and leukocytosis detection and (b) Integrated  GMR nanosensor diagnostic platform 9 

that includes a disposable cartridge, a processor station, and a smartphone.
92

 10 

 11 

A similar detection principle is reported in which a flexible giant magnetoimpedance (GMI)-based 12 

biosensor is used for the detection of CRP. This platform is made of a gold film coated over a cobalt-13 

based amorphous ribbon (Metglas® 2714A) that served as a transducer as well as a support for the 14 

immuno-platform (Fig. 20a and b). This sensor utilizes a sandwich assay regime and detected CRP by 15 

change in resistance with a detection range between 1 to 10 ng/mL.
96

 16 

A PoC platform based on a nanogap-embedded field effect transistor (FET) has been used for CRP 17 

detection in serum that exhibited a detection range of 0.1 ng/mL to 100 ng/mL 
118

. Acoustic based sensor 18 

has been employed in immunoassay such as Resonant Acoustic Profiling™ (RAP™) for detection of 19 

inflammation and infection using CRP as a biomarker with lower limit of detection by homogenous and 20 

direct sandwich assay with a detection range of 3 to 20 ng/mL.
98

 21 

(a)

(b)
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 1 

  2 

Fig. 20. (a) Graphical illustration of CRP test setup. (b) Magnetic field arrangement of the beads under an 3 

applied magnetic field 
96

. (c) The top view of fabricated GMI biosensor and (b) The nano-gold film serves 4 

as the immune platform.
96

 5 

 6 

According to the latest development, only one study reported on a new assay called ImmunoXpert 7 

assay, which relies on laboratory equipment and require trained personnel to conduct the assay. 8 

ImmunoXpert assay is not yet widely tested however, it is potentially be used for differentiating between 9 

viral and bacterial infections. This assay utilizes three protein biomarkers, such as virus-induced tumor 10 

necrosis factor related apoptosis inducing ligand (TRAIL), interferon-gamma-induced protein-10 (IP-10 11 

or CXCL10), and bacteria-induced CRP.
37, 38, 83

 In addition to biosensor development for infection 12 

biomarkers detection, few of selected diagnostic technology development with FDA approval status has 13 

been reviewed for bacterial LRTIs summarizing development of modality such as matrix-assisted laser 14 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), serological tests, and urine 15 

antigen tests for LRTIs.
50

  However, rapid, near the patent-bed side PoC biosensor system testing for 16 

differential diagnosis of viral and bacterial infections could prevent false diagnosis or misuse of 17 

(a)

(b)

(c) (d)
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antibiotics and also prevent antibiotic resistance which necessitates the future directions on developing 1 

PoC based systems.  2 

6. Conclusions and perspectives 3 

It is crucial to differentially diagnose bacterial and viral diseases at early stages of their progression, 4 

which allows successful treatment and recovery of patients. Therefore, it is essential to develop simple 5 

and sensitive diagnostic methods that can rapidly detect multiple bacterial and viral biomarkers at very 6 

low concentrations in biological fluids. Currently, bio-sensing technology platforms can meet these 7 

demands, but most of these rely on single or diverse biomarker types not designed for differentiating 8 

viral/bacterial infections. Most of the sensitive detection schemes are time-consuming or require 9 

sophisticated laboratory equipment and training. In addition to selecting a sensitive transducer platform, 10 

choice of target host multiple biomarker panel becomes extremely important for not only detecting 11 

infections, but also differentially diagnose whether the infection is of viral or bacterial origin. In this 12 

review, we summarized bacterial and viral infection associated biomarkers, classical clinical methods and 13 

recently available biosensing platforms (microfluidic chip, paper platform, electrochemical and plasmonic 14 

chips, wearable sensor system) for bacterial and viral biomarkers detection. Most significant bacterial and 15 

viral biomarker/s for biosensing in preference order are identified as TRAIL > IP-10 > PCT > CRP > 16 

WBC > PMNs on optical, electrochemical and magnetic transduction formats. Additionally, vitamin D 17 

level is found to be a strong predictor of the immune response to bacterial and viral infections. However, 18 

further research trials are essential for vitamin D’s diagnostic value as bacterial/viral biomarker as well as 19 

guiding therapy for viral URTIs. Myxovirus resistance protein A (MxA) and Heparin-binding protein 20 

(HBP) have also emerged as potential new biomarker targets for detection and differential diagnosis of 21 

viral and bacterial infections that remains to be explored for biosensing. Diagnosis of viral/bacterial 22 

infections using a specific biomarker is difficult. Therefore, combination of a range of biomarkers from 23 

Tables 2 and 3 can be considered for reliably differentiating viral or bacterial infections for making 24 

accurate clinical decisions. 25 

A number of methods are available for detection of bacteria either directly or indirectly by using host 26 

biomarkers. Here, traditional immunoassays, such as ELISA is the most suitable, accurate and reliable 27 

method existed to date, but not suitable for PoC applications. However, such assays/kits although 28 

available in centralized laboratories but are expensive and require sophisticated laboratory and trained 29 

personal to run the tests. In order to find alternative approaches, this review went on to explore some of 30 

the detection methods used for detection of viral and bacterial infections by targeting host biomarkers or 31 

antibodies. Detection of viral infection by means of host biomarkers is not well established nor widely 32 

accepted, because majority of bacterial and viral biomarkers are also markers of common inflammation, 33 
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making it difficult to distinguish the specific type of infection risk. However, viral-specific host 1 

antibodies could serve as powerful targets provided that prior knowledge is available on specific virus to 2 

be detected. Assays can then be designed using the antibodies raised against the same virus particle or use 3 

antibodies against its surface-coat protein fraction (e.g., spike protein of SARS-CoV-2) for detection. The 4 

detection, however, can then be made using a sensitive immuno-sensing scheme. 5 

A multiple marker detection strategy needs to be adapted using a combination of established and new 6 

potential bacterial and viral markers, which helps in making accurate clinical decisions. Recently, many 7 

of biosensing platforms have been developed by utilizing nanomaterials because of their extraordinary 8 

optical, electrical and magnetic properties with highly active functional surfaces, which are most desired 9 

features in biosensing technology application. Viral and/or bacterial infections can then be detected from 10 

host serum samples using specific antibodies in a PoC setting. Lab-on-a-chip electrochemical and 11 

fluorescence based biosensing platforms holds great promise in quantitative analysis mediated by active 12 

electrode nanomaterials (metal/metal oxide/carbon/hybrid) and optical nanomaterials (quantum dots, 13 

nanoparticles) for easy, simple and accurate results.  These combined with unique features, such as (a) 14 

integration of multiple nanomaterial-based transducing arrays with microfluidic platform and (b) 15 

designing user-friendly read-out circuit and data-analysis unit, such as smartphone application is most 16 

essential for developing future PoC biosensing devices that enables early discrimination of bacterial and 17 

viral infections with speed and sensitivity. 18 

Future directions in biosensing technology are more inclined toward developing less-expensive PoC 19 

tools for detecting and differentially diagnosing viral/bacterial infections, as well as extending these to 20 

other chronic diseases. Integration of highly luminescent QDs with unique emission profiles with PoC 21 

tools are emerging as promising features that provide distinctive optical signatures and sensitivity to PoC 22 

detection. Such distinctions in QDs’ functionality not only enable detecting specific biomarker levels, but 23 

also multiplexing by which differentiation of viral and bacterial infections can be made with speed, 24 

sensitivity, specificity, portability and cost-effectiveness without having to rely on centralized laboratories 25 

or waiting for the test results.  26 
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