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Electrochemical biosensors
Examples of enzyme biosensors
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Amperometric biosensor of methamidophos
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PVA-SbQ Polymer + mutant dmAChE

Electrochemical mediator = TCNQ

Graphite electrode

ATCh TCh dTCh

TCNQ[ox]TCNQ[red]

Pesticide used for protection 
of rice cultures (China)

Mono-enzymatic biosensor with acetylthiocholine (ATCh)  as substrate

Amperometric detection of thiocholine (TCh) at 450 mV

relative inhibition = (I0-I)/I0

Biosensor response to Methamidophos
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Enzymatic biosensor for blood glucose assay
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Diabetes is a disease that affects a high number of people in the western world

Endocrine disease; glucose metabolism issue; results in high blood sugar levels which in turn
results in other serious pathologies

Importance of blood sugar monitoring to optimize treatment

Self-control of blood sugar level by the patient with a simple device (« point-of-care testing »)



Assay of blood glucose by amperometric biosensor
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ExacTech (Medisense) was marketed in 
1987 on the basis of a work published
in the scientific literature in 1984
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whole blood drop

Calibration curve
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Commercial devices
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Lifescan OneTouch Accu-chek Aviva (Roche)

1 ul sample of total blood

Measurement time 5 s

Range : 20 - 600 mg/dl 

enzyme = glucose-1-dehydrogenase

cofactor = PQQ (pyroquinoline quinone)

0.5 ul sample of total blood

Measurement time 5 s
range: 10 - 600 mg/dl 



Optical biosensors
Examples of genosensors
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Genosensors
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Association (=hybridization) between capture ODN probe (= bioreceptor) immobilised
on the transducer and target DNA (= analyte)
Specificity brought by base complementarity
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DNA chips (gene chips)
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Solid support (glass or silicon) covered with DNA 
sequences as microspots

Capture DNA sequences are spotted on the solid
support or synthesized directly on the support (glass 
or silicon)

Up to 1 million different capture probes on each chip

https://www.youtube.com/watch?v=eSr5CxAdiww

https://www.youtube.com/watch?v=eSr5CxAdiww


DNA samples
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• DNA extraction from cell samples

• mRNA extraction and inverse transcription with reverse transcriptase and dNTP -> cDNA

• Polymerase chain reaction (PCR) : amplification of DNA fragments

Mixture of DNA polymerase + dNTP + sense and 
anti-sense primers; denaturation cycles, primer 
annealing and extension

One of the strands can be preferentially amplified
by asymmetric PCR (by playing on the relative 
proportion of the 2 primers)
Probes (labels) can be introduced during the PCR 
process by using labeled dNTP



Optical transduction
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Target DNA is labeled with a fluorophore (during PCR)

The mixture of labeled target DNA fragments is deposited on the chip to allow
hybridization to occur

After washing, the surface is analyzed by a scanner

The spots where hybridization took place are bright under illumination

DNA spots



Applications
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ü Detection of genetic suceptibility to diseases (cystic fibrosis, thrombosis, Alzheimer’s disease, 
cancers) = genotyping

ü Gene expression profile (= transcriptional profile)

ü Detection of DNA variants resulting in variable responses to therapy (= pharmaco-genomics)

ü Analysis of gene modifications in cancer cells

ü Detection of pathogens associated to infectious diseases

ü Detection of pathogenic agents in food or environment

ü Detection of GMO in cultures

ü Detection of biological weapons



Pharmacogenomics
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AmpliChip CYP450 – Roche diagnostics

The family of cytochrome P450  enzymes is involved in the metabolism
of xenobiotics (drugs) which conditions their therapeutic activity (when
they are rapidly metabolized they are less active). 

The AmpliChip CYP450 test allows genotyping of genes coding for 2 
CYP450 from human DNA samples so as to predict their enzymatic
activity for a given patient. 29 polymorphisms of the CYP2D6 gene and  
3 of the CYP2C19 gene can be differentiated.
It provides the clinician with a tool to choose the treatment and the 
most appropriate dose to be applied to each patient. 

Applications  in psychiatry



Food analysis
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Affymetrix – Biomérieux Collaboration 

FoodExpert-ID allows to assess the composition in animal species and the 
authenticity of food and feed, raw or transformed. The test is based on a high 
density DNA chip (GeneChip®) developed by Affymetrix, comprising 80 000 
ODN probes complementary of gene fragments coding for cytochrome b.
The unique feature of FoodExpert-ID lies in the capacity to detect 33 different
species of vertebrates and to simultaneously identify the presence of animal 
products in food samples at 2 levels of taxonomy : at the class level (mammal, 
bird or fish) and at the species level (beef, chicken, salmon). 
It requires amplification by PCR prior to analysis



Label-free optical biosensors
Examples of immunosensors
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Assay of S. aureus enterotoxin B (SEB) by SPR with SPREETA
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2-channel sensor : covered with polyclonal anti-SEB antibody and non specific antibody

Samples flown at 40 ul/min; sensor regeneration with 100 mM glycine pH 2

Sensor scheme

Sensor response to SEB 5.6 -> 2100 ng/ml

RIU vs time for various
SEB concentrations standard curve



Minicare I-20 – Philips diagnostics
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ü Immunosensor with optomagnetic transduction
ü Application : biomedical area
ü No manipulation of fluid other than sample
ü Portable reader
ü Single-use cartridge
ü Fast measurement (10 min)



Principle
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The process steps are controlled by electromagnets placed above and below the cartridge
Super-paramagnetic nanoparticles (500 nm) covered with capture antibody; chamber (1 µl) covered with
revelation antibody

Chamber filling
Particles are moved during
the recognition step

Weakly bound particles
are removed Measurement by total 

internal reflection

Evanescent wave

https://www.youtube.com/watch?v=vzytqmmLvec



Cardiac troponin analysis
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Marker of cardiac infarct
Test on 25 µl of blood (taken on finger) 
Rapid Test : 10 min
Sensitive Test : limit of detection 0.03 ng/ml

standard curveReal-time measurement



Diagnostic tests related to SARS-CoV 2
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simultaneous detection of several targets, by having different
sensing channels within the same chip. As they rely on the
monitoring of changes occurring on the surface of the biosensor
chip, they can also be literally adapted to any kind of target (for
example, detection of the virus, nucleic acid sequences, or
antibodies; see Figure 1), as long as carefully selected receptors
are immobilized on the surface, to ensure the sensitivity and
specificity requirements for a given application.

Both plasmonic sensors, based on metallic transducers (thin
gold films or nanostructures), and silicon photonics, fabricated
by conventional microelectronics technology, are in continuous
progress to move from working laboratory prototypes to
compact, integrated versions that can be deployed outside the
lab, near to the patient. These devices have already been
successfully applied for the diagnosis of pathogens, both bacteria
and viruses, demonstrating their potential for this diagnostic
area.47,48 As discussed in the following sections, the technology
sensitivity and scalability, the selection of the receptors to target
the virus, and the appropriate biofunctionalization strategy on
the sensor surface are crucial aspects to consider for
implementing successful diagnostic biosensors.

■ NANOPHOTONIC BIOSENSORS: WORKING
PRINCIPLES AND TECHNOLOGIES

Most common nanophotonic transducers rely on nano-
plasmonics or silicon photonics technologies. The underlying
physics of these sensors have been widely studied and described

previously and can be explained on the basis of the evanescent
field sensing principle.40,42,49,50 In optics, an evanescent wave is
formed when light traveling in a medium undergoes total
internal reflection (TIR), generating a near-field enhancement
at the boundaries that penetrates in the surrounding dielectric
medium with a vanishing intensity. The evanescent field is
extremely sensitive to changes in the refractive index (RI) of the
medium, which are translated in more drastic changes of light
properties such as the intensity, phase, resonancemomentum, or
polarization. It is important to note that the intensity of the
evanescent field decays exponentially; therefore, the sensing
probe is restricted to the immediate vicinity of the transducer
surface and expanding up to a few tens of nanometers depending
on the transducer. In other words, when a biomolecular
interaction or binding occurs at the sensor surface within the
evanescent field, it can be directly monitored by interrogating
wavelength displacements, light intensity, or phase variations,
among others, in a real-time and label-free format with
impressive sensitivity.

Nanoplasmonic Biosensors. The Surface Plasmon Reso-
nance (SPR) system is the landmark of label-free nanophotonic
biosensors. The SPR biosensor generally employs a nanometer-
thin layer (40−50 nm) of gold as a transducer. An incident light
beam excites coherent oscillations of the metal conduction band
electrons (i.e., surface plasmon polariton) that propagates along
the interface metal-dielectric, generating an evanescent field that
can extend up to a few hundreds of nanometers (10−300 nm)
into the surrounding medium. When specific biorecognition
elements (e.g., antibodies or DNA strands) are immobilized
onto the gold surface, the selective capture and binding of the
target molecule induce a change of the RI and in the light
properties, which can be monitored and is directly proportional
to the concentration of the analyte in the sample (Figure 2a).
The RI limit of detection of SPR biosensors typically reaches
10−5−10−6 refractive index units (RIU), which commonly
relates to detection limits in the low nM or even pM level in
surface analyte detection. This analytical technique is consid-
ered mature nowadays, and its potential has been vastly
demonstrated by a myriad of applications in molecular biology
for the study of biomolecular interactions, in pharmaceutics for
the affinity and kinetics evaluation of drug candidates, and in
environmental and biomedical diagnostics for the detection and
quantification of specific substances (i.e., small molecules,
protein, nucleic acids, or pathogens) in different types of
samples (e.g., food, water, human bodily fluids, etc.).51−53 In the
past two decades, amid the rise of nanotechnology, plasmonic
biosensors have evolved to incorporate more sophisticated
nanostructures that can enhance the sensing performance and
improve miniaturization and integration capabilities. Nano-
patterned surfaces, such as arrays of nanoholes, nanodisks, or
nanorods, and more complex geometries like nanostars,
nanodimers, or oligomer assemblies, have emerged as
interesting alternatives to conventional SPR for the develop-
ment of ultrasensitive label-free biosensors as point-of-care
integrated devices (Figure 2b).39,43 Instead of propagating SPR,
these plasmonic nanostructures exhibit a localized resonance
(i.e., localized surface plasmon resonance, LSPR) that is
characterized by the higher confinement of the evanescent
field, with penetration depths around 10−50 nm, and by the
spectral tunability of the resonance. Theoretically, the LSPR
provides higher detection sensitivity, especially for relatively
small targets, given that the biomolecular interaction occurs
within the entire depth of the evanescent field. The evidence of

Figure 1. Biosensing strategies for virus infection diagnosis: (A)
detection of viral genomic material (i.e., DNA or RNA) by direct
hybridization to a DNA probe; (B) detection of intact virus entities by
antigen-specific recognition of antibodies; (C) detection of human
antibodies against the virus antigens (serology assay).

ACS Sensors pubs.acs.org/acssensors Review

https://dx.doi.org/10.1021/acssensors.0c01180
ACS Sens. 2020, 5, 2663−2678
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Reference method: qRT-PCR (RNA –> cDNA then qPCR
Primer hybridization to viral RNA + amplification by PCR

Recognition element = antibody
Specific detection of viral protein (N protein)
Lateral flow assay, answer in 15 min

Recognition element = viral antigen (N and S)
Specific detection of antibodies produced by host
Lateral flow assay; answer in 15 min from blood sample

https://www.youtube.com/watch?v=Vd38iS_W7ww

https://diagnostics.roche.com/global/en/products/params/sars-cov-2-rapid-antigen-test.html



Example of optical biosensor for SARS-CoV-2
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facilities.12 Further, the lack of rapid diagnostic tests along with
the inaccessibility of the advanced instrumental techniques to
all the diagnostic centers, especially the remote ones,
contribute to the confusion surrounding which individuals
should be quarantined, limit epidemiological data, and the
ability to track pathogen transmission within as well as across
communities. Therefore, a key part for the management of
COVID-19 pandemic lies in “flattening the curve”, that is,
decreasing the epidemic peak, through different measures
taken for reducing the rate of new infections.13,14

The ability to perform pervasive testing has already shown
benefits to countries such as South Korea and Singapore,15,16

providing precise information about mandatory quarantine for
a carrier of the virus and rigorous contract tracing which in
turn results in greater control in slowing the spread of the
disease. Downmodulating the infection rate will therefore help
to minimize the risk of overwhelming health facilities, allowing
faster care of existing cases and delaying new cases before
therapeutics or a vaccine are available.17−20 At present,
COVID-19 is being primarily diagnosed by three techniques:
(1) reverse-transcription polymerase chain reaction (RT-PCR)
and gene sequencing; (2) a lateral flow immunoassay, which is
a common point-of-care (POC) diagnostic approach that
detects antibodies against SARS-CoV-2 in patient samples; and
(3) chest computed tomography (CT). Out of these, chest CT
has been identified as a major screening tool, if available.21,22

Moreover, the current gold standard approach for screening
COVID-19 requires access to reverse transcriptase real-time
PCR assay (RT-PCR), which can be carried out using a variety
of clinical specimens, including blood, feces, bronchoalveolar
lavage fluid, sputum, fiber bronchoscope brush biopsies, nasal
swabs, or pharyngeal swabs.23,24 On the basis of this technique,
numerous laboratories have developed experimental protocols
using quantitative RT-PCR (qRT-PCR) methods for virus
identification within 4−6 h, including a test developed by U.S.
Centers for Disease Control and Prevention (CDC) and
approved under emergency use authorization (EUA) proc-

ess.25 However, limitations of sample collection and trans-
portation, as well as the performance of the kit with inadequate
access to advanced instrumental techniques, often cannot
report positive COVID-19 cases at its initial presentation
leading to the spread of this infectious disease to a wider
community. Furthermore, traveling to a clinical setting for
testing increases the risk of spreading the SARS-CoV-2 virus
which further adds strain to a resource-limited healthcare
system. Additionally, while serological tests are rapid, POC,
and require minimal equipment, their efficacy may be limited
in the diagnosis of acute SARS-CoV-2 infection only, as it may
take several days to weeks after the onset of the symptom for a
patient to develop a detectable antibody response.26 Therefore,
as some of the existing techniques remain laborious and
technically challenging, there is an urgent unmet need for a
POC, rapid, cost-effective, and selective diagnostic test for
COVID-19 that can provide fast and accurate test results
within a duration of less than an hour and possibly within
minutes.27

Nanotechnology-based colorimetric bioassays are conven-
ient and attractive in biosensor design for their simplicity,
visual output, and no necessity for complex instruments.28−32

In recent years, gold nanoparticle (AuNPs) have garnered
incredible attention in the field of colorimetric-based
biosensing applications due to their exceptional optical
properties such as high extinction coefficient, localized surface
plasmon resonance, and inherent photostability.33,34 They have
been utilized in numerous colorimetric-based biosensing
applications to detect a wide range of chemical and biological
targets like small molecules, proteins, metal ions, and nucleic
acids where the particle changes its color in response to the
reactivity of the nanosized particles to the external con-
ditions.35−43 Despite these features, however, this technique
still involves the preparation of ssDNA probes and the
implementation of several intermediate steps, such as time-
intensive denaturation and annealing after PCR.44 Further-
more, given that both ssDNA and dsDNA stabilize the AuNPs

Scheme 1. Schematic Representation for the Selective Naked-Eye Detection of SARS-CoV-2 RNA Mediated by the Suitably
Designed ASO-Capped AuNPs

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c03822
ACS Nano 2020, 14, 7617−7627

7618

• Colorimetric—based, solution phase biosensor to detect
gene coding for  N protein

• Colloidal suspension of gold nanoparticles capped with
4 ≠ oligonucleotides complementary to target gene

• Addition of viral DNA causes particle agglomeration
resulting in a change of color from violet to dark blue
that can be visually detected within 10 min

Limit of detection = 0.18 ng/ml (Abs @ 660 nm)
Dynamic range = 0.2 – 3 ng/ml

Ref: Moitra et al. ACS Nano 2020, 14, 7617
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Market study
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Global market : 18.2 billion $ in 2018 and 33.2 billion $ in 2025 

Expected fastest rate of development in Europe:
• High number of cases of diabetes
• Growing prevalence of life related diseases
• Population getting older

• Growing need for non-invasive diagnostic tools
• Increased fundings for startups and research 

institutions
• Environmental monitoring, food safety and chronic 

disease management
• More stringent regulations



Market study
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Optical biosensors are emerging as the fastest growing
technology due to their advanced capabilities in real-time, 
label-free detection.
They are increasing being adopted in medical diagnostics, 
environmental monitoring, and food safety testing owing to 
their non-invasive nature and miniaturization potential. 
Furthermore, the integration of optical biosensors with
smartphones and wearable health devices is enabling
remote diagnostics and personal health monitoring,

The agricultural sector is expected to witness the most rapid
growth
Ø Real-time monitoring of soil health, crop conditions, and 

pathogen presence.
Ø Detection of contaminants and toxins in agricultural produce, 

to assure food safety from farm to table



Market study
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The food industry is rapidly adopting
biosensors for applications across safety
testing, quality assurance, and supply chain
monitoring. 

The manufacturers are prioritizing the 
detection of pathogens, allergens, and 
chemical contaminants in food products.

PoC = point of care



Current trends in biosensor development
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Point-of-care  testing systems
• miniaturization
• use of smartphone for readout
• Lab-on-chip technology

Wearable biosensors

Ex. Stelo continuous glucose biosensor

The filament that sits under the skin is coated with glucose oxidase. 
When the glucose oxidase enzyme comes into contact with glucose in 
the interstitial fluid (the fluid surrounding cells), glucose is converted
to gluconic acid and hydrogen peroxide, which generates an electrical 
signal due to electron transfers that occur as a result of this chemical
reaction. This signal communicates the level of glucose molecules in 
the blood, giving a reading of glucose levels.

The sensor transmits glucose levels to the patient’s phone so he can 
see his levels 24/7, and a graph shows how the blood glucose 
fluctuates throughout the day.

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/interstitial-fluid
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3292132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3663003/


Conclusions
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Biosensors are currently making a breakthrough in the analysis of traces in various matrices 
and in several application domains

Their development takes advantage of discoveries in molecular biology but also in electronics
and miniaturization

They are well suited for rapid analyses in difficult contexts or operated by non qualified
manipulators for which the smallest possible number of manipulations is required


