
Biomedical and biotechnological
applications of biomolecules:

Biosensors



Biosensors

• Biosensors are analytical instruments able to produce 
quantitative or semiquantitative information using a biological
recognition element integrated with a transducer

• Biosensors convert a biochemical signal in a measurable
electric signal

• Biosensors are constituted by a biological and a non biological
component



Biological component

• Generates the specific signal

• Catalytic: Purified enzymes
Microorganisms
Cells or tissues

• Non catalytic: Antibodies
Receptors
Nucleic acids



Non biological component (transducer)

• Converts the biological signal in an easily
measurable signal (electronic)

• Electrochemical transducer (potentiometric
and amperometric)

• Optical transducer
• Thermal transducer
• Acoustic transducer



Electrochemical transducers

• Potentiometric:
electrochemical potential varies in function of 
ion concentration (es. pH electrode, ion-
selective electrodes)

• Amperometric:
the electrode potential is constant and it is
sufficient to oxidize or reduce the species of 
interest (es. O2 and H2O2 electrodes)



pH electrode Clark electrode
to measure oxygen



Amperometric electrodes to measure
O2 and H2O2

• The Clark electrode to measure O2 has a cathodic
potential of -0.6V where oxygen is reduced to water

Anode Ag: 4Ag+ + 4Cl- → 4AgCl + 4e-

Cathode Pt: O2 + 4H+ + 4e- → 2H2O

• The electrode to measure H2O2 has an anodic potential of 
+0.68V where hydrogen peroxide is oxidized to oxygen

Anode Pt: H2O2 → O2 + 2H+ + 2e-

Cathode Ag: 2AgCl + 2e- → 2Ag+ + 2Cl-

Oxygen and hydrogen peroxide are electrochemical species
of biological interest because they are produced or consumed
in many enzymatic reactions



Optical transducer

• Optical fibers with the biocomponent at one 
end and components for excitation and 
detection of absorption and/or emission of 
light at the other end

• Useful when the enzyme reaction produces
colored, fluorescent or luminescent products 

• SPR technology



Acoustic transducer

• Piezoelectric quartz crystals in an alternating electric field are 
subject to mechanical deformation that induces resonance at a 
specific frequency. 

• The resonance frequency depends on the mass of the crystal: 
mass changes are detected as variations in oscillation frequency 
of the crystal.

• The biocomponent (antibody, receptor or nucleic acid) is
immobilized on the surface of the crystal. 



Methods of immobilization of 
biocomponents

• Adsorption on insoluble matrices
• Entrapment in a gel
• Cross-linking with multifunctional reagents
• Covalent binding on solid supports
• Screen-printed technology (miniaturization) 

and nanomaterials

It is necessary to preserve the biological
activity of the biocomponent



Nanomaterials

Nanomaterials allow to functionalize electrodes and 
improve sensitivity (they are good electrical conducers)
• Graphene

– monostrato di atomi di carbonio con ottime proprietà di 
stabilità meccanica, conducibilità elettrica e termica, 
biocompatibilità e elevato rapporto superficie/volume

• Carbon nanotubes
– Graphene sheets forming tubes long from nm to µm

• Zinc oxide nanoparticles (ZnO)
• Gold nanoparticles



The Glucose biosensor

• DIABETES is a metabolic pathology where pancreas 
produces no insulin (type 1) or low levels (type 2). 
Insulin is necessary for glucose absorption by cells.

• High glicemia associated to diabetes causes damage
to the vascular system, increased cardio-vascular risk, 
blindness, kidney damage.

• Over 170 million diabetics are estimated in the world.
• Frequent glicemia monitoring is critical to evaluate

when to administer insulin.



Glucose biosensor

• The biological component is the enzyme glucose
oxidase that calyzes the reaction:

glucose + O2 → gluconate + H2O2

glucose + FAD → gluconate + FADH2
FADH2 + O2 → FAD + H2O2

• The enzyme requires oxygen for reoxidation of 
the coenzyme FADH2 produced in the first phase
of the reaction



Structure of glucose oxidase
of Aspergillus niger



Glucose biosensor

• Transducer: 
Clark electrode to measure O2
Electrode to measure H2O2
Current will be proportional to concentration of O2 or H2O2 and 
thus to the amount of glucose in the sample

• Glucose oxidase is immobilized on a nylon or cellulose membrane 
in contact with the electrode

• Problems:
oxygen diffusion
low selectivity of the H2O2 electrode due to high anodic
potential



Second generation biosensors

• Use of chemical mediators
that replace oxygen for 
reoxidation of FADH2 (E0 -
220 mV) and are reoxidized
at the electrode

Enzyme Mediator E0 (mV)

Glucose
oxidase

1, 1-dimethyl 
ferrocene

100

ferrocene 165

hydroxymethyl
ferrocene

185

vinyl ferrocene 250

ferrocene
carboxylic acid

275

[Ru(CN)6]4- 685

TTF (tetrathia 
fulvalene)

300

[Fe(CN)6]4- 180

NMP (N-methyl
fenazinium)

-161



Second generation biosensors



Biosensors based on novel
materials: carbon nanotubes
with immobilized FAD



Commercially available biosensors for 
glicemia monitoring



Organophosphate pesticides

Organophosphate
pesticides are inhibitors of 
acetylcholinesterase





Biosensors for organophosphate
pesticides

• Biocomponent: 
the enzyme organophosphate hydrolase (OPH) 
of Pseudomonas diminuta, catalyzes the 
reaction

• E. coli cells expressing recombinant OPH / 
purified OPH

• Immobilization: 
cryopolymerization in polyvinyl alcohol
covalent binding on nylon membranes
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Biosensors for organophosphate
pesticides

• Transducer:
pH electrode optical fiber



Whole cell OPH sensor for 
organophosphate pesticides

MAP: mussel
adhesive protein



Biosensors for organophosphate
pesticides

• Biocomponent:
The enzyme acetylcholinesterase catalyzes the reaction:

Acetyl-(thio)-choline è (thio)-choline + acetate

• Transducer:
Amperometric electrode that measures current
produced by oxidation of thio-choline

The biosensor is immersed in a solution containing the 
pesticide and incubated 10-30 min, then residual activity 
of acetylcholinesterase is measured



Principle of analysis of biosensors based
on AChE inhibition





Biosensors based on AChE

• To improve sensitivity and selectivity
– Enzymes from different sources (Torpedo, 

Drosophila…)
– Mutagenesis of the substrate binding pocket









Nucleic acid-based biosensors

• Exploit the interaction between DNA fragments used
as probes and complementary sequences present in 
the sample

• Higher stability and immobilization efficiency
compared to protein probes

• Hybridization between probe and complementary
DNA must generate a measurable signal



Detection of genetically modified organisms
(GMO)

• GMO are defined as organisms with a genome
modified by introduction of an exogenous gene that
produces a protein that confers new properties (es. 
resistance to herbicides, antibiotics, virus or insects)

• Exogenous DNA is inserted in a gene ‘cassette’ that
contains all elements necessary for expression: a 
promoter and a terminator

• The cauliflower mosaic virus 35S promoter (CaMV) 
and the Agrobacterium tumefaciens Tnos terminator 
are used for production of most commercial 
transgenic plants



Detection of genetically modified organisms
(GMO)



Biosensors for detection of genetically
modified organisms (GMO)



Biosensors for detection of genetically
modified organisms (GMO)

• Biocomponent: oligonucleotides with P35S and Tnos
complementary sequence

• Transducer: 10 MHz piezoelectric quartz crystals
sandwiched between two gold electrodes

• Principle of analysis:
PCR on the sample to amplify 35S and Tnos DNA 
regions
hybridization of the PCR product with the probe 
immobilized on the crystal
variations in oscillation frequency indicate that
the sample contained 35S and Tnos DNA



Immobilization of probes

Probes are immobilized on gold
electrodes

A) 11-mercaptoundecanol and 
carboxylated dextran to immobilize
avidin (via NHS-EDC coupling) that
will bind biotinylated probes

B) Probe derivatized with a C6-SH 
group is immobilized directly on the 
gold surface



Structure of avidin



Separation of DNA strands obtained by 
PCR

• It is necessary to separate the two DNA 
strands to allow hybridization with the 
probe

• Thermal denaturation at 95°C for 5 
minutes



Scheme of the biosensor

• PCR (60-90 min)
• Denaturation (6 min)
• Hybridization (10-

20 min)
• Wash (10 min)
• Regeneration (10 

min)

Mannelli et al. (2003) Quartz
crystal microbalance (QCM) 
affinity biosensor for genetically
modified organisms (GMOs) 
detection. Biosensors and 
Bioelectronics 18, 129-140.







Cell-based biosensors




