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Topics that will be covered in the course
H History of biosensor development, applications and requirements of biosensors and classification

U Principles of molecular recognition and transduction signal acquisition
v'Sources of Biological Recognition elements — enzymes/proteins, ssDNAs, antibody and Others
v'Design considerations for use of recognition elements in biosensors
v'Modeling of reactions for various biosensor applications- electrochemical, optical, piezoelectric, colorimetric, fluorometric
and others.
U Modification of sensor surfaces and immobilization techniques
v'Covalent modification of surfaces using surface chemistry
v'Self Assembled Monolayers (SAM) and adsorptions
v'Other ways to immobilize biological macromolecules on various solid surfaces
U Detection methods and Physical Sensors
v’Electrodes/transducers — electrochemical (amperometric, potentiometric, and conductimetric transductions)
v'Other sensors - for e.g., optical sensors (colorimetric/fluorimetric/luminometric sensors), Surface Plasmon Resonance (SPR)
sensors, and piezoelectric resonators.
U Fabrication of biosensors
v’ Miniaturization-application of nano-materials, nanoparticles, carbon nanotubes (CNTs) and others
v'Biocompatibility — stability, reproducibility and repeatability of biomolecules on transducer surfaces
U Data acquisition, statistical and error analysis
YInter and Intra-assays and Coefficient of variation (CV)
v/Signal to noise ratio
v'"Normalization/optimization and signal retrieval

U Examples of commercial biosensors



Chemical modifications of surfaces and their applications

Chemical modification - two major reasons

1. to attach selective groups (binding sites or catalysts) to the sensor surface in order to
recognize target species in the sample.

2. to increase the selectivity of the sensor by reduction of interfacerences arising from
non-specific interactions.

Surface modification - Covalent and non-covalent strategies

1. Covalent approaches- a chemical bond is made between the surface and the
attached species - irreversible process.

2. Non-covalent approaches- weaker, non-bonding, interactions b /w the surface and
the adsorbed species are utilized - reversible

Eg., charge-charge, charge-dipole, dipole-dipole, dipole-induced dipole, and induced
dipole-induced dipole interactions (van der Waals interactions)

-these are less surface specfic than the covalent approaches - can be more readily
achieved
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Covalent modification of sensor surface

The formation of a bond to some functional group on the surface.
The different surface modifications are as follows:

1. Reactive organo-silane surfaces are widely used sensor surfaces for modifcation
Metal oxide surfaces were
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Figure 6.2 Development of surface chemistry starting from an alkylamine

silane-modified surface.\/\, represents a generalized linking chemical group such as
an alkyl chain.
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Figure 6.3 Some examples of functional groups which have been attached to surfaces
by use of the corresponding reactive organosilanes../\, represents a generalized linking
chemical group such as an alkyl chain.



Cyanuric chloride activation on hydroxyl surfaces
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Figure 6.5 The use of cyanuric chloride to couple to hydroxyl groups on surfaces.



Covalent attachment on acrylic surfaces (plastic)
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Figure 6.6 The use of thionyl chloride (SOCI;) to activate polyacrylic acid surfaces.
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Activation of carboxy surfaces by DCC
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Figure 6.7 Activation of an oxidized carbon surface using a carbodiimide (in this case
DCC).



Eg., Modification of surfaces (sensor/biomolecule) through carbodiimide, avidin-biotin interactions
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EDC-NHS coupling (covalent)

5 0 Cl, CH |
oH ~ \NH;\NH’\/——NE 3 .
NHS o N ‘CH
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o G NH2
EDC ~ ANTEMA N, 3 ~ ~N
P/NH_{\\ I NH \i\ INH
\'\ CHo, ~ \0 o
EDC/NHS Activation Protein displacement of NHS

Figure 1 Reaction scheme for EDC/NHS mediated amine coupling to a CM Dextran cuvette.



covalent coupling of proteins and nucleic acids

* EDC/NHS affinity ligand coupling chemistry
» EDC couples COC/PMMA with primary aminogroups of proteins
» NHS enhances coupling, stabilizes intermediate stage
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EDC/NHS protein coupling
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Table 1. Reactive Crosslinker Groups and Their Functional Group Targets

Reactive Group Functional Group Reactive Group Functional Group
Aryl Azide H{I:1-SE|E[:|I'|.I'E!: {or primary Maleimide Su y
aming) L
Carbodiimide Amine/Carboxyl MHS-ester Amine
Hydrazide Carhohydrate (oxidized) PFP-ester Amine
Hydroxymethyl ; _ .
Py hine Amine Fsoralen Thymine (photoreactive intercalator)
Imidoester Amine Pyridyl Disulfide Sulfhydryl
lsocyanate Hydroxyl (non-aqueous) Vinyl Sulfone Sulftwydryl, amine, hydroxyl

How to Choose a Crosslinker

Crosslinkers are selected on the basis of their chemical reactivities (i.e., specificity for particular functional groups)
and compatibility of the reaction with the application. The best crosslinker to use for a specific application must be
determined empincally. Crosslinkers are chosen based on the following characteristics:

Chemical specificity

Spacer amm length

Reagent water-solubility and cell membrane permeability

Same (homobifunctional) or different (heterobifunctional) reactive groups
Thermoreactive or photoreactive groups

Reagent crosslinks cleavable or not

Reagent contains moieties that can be radiolabeled or tagged with another label

L] - L] - L] * L]
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Figure 5. Active halogen reaction scheme.
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Figure 6. Pyridyl disulfide reaction scheme. Reaction efficiency can be monitored by determining the concentration of
the released pyridine-2-thione by measuring the absorbance at 343 nm (molar extinction coefficient at 343 nm =8.08 x
103 M1 em-1 ).



Hydrazides

Carbonyls (aldehydes and ketones) react with hydrazides and amines at pH 5 - 7. The reaction with hydrazides is faster
than with amines, making them useful for site-specific crosslinking. Carbonyls do not readily exist in proteins; however,
mild oxidation of sugar glycols using sodium mefa-periodate will convert vicinal hydroxyls to aldehydes or ketones (Figure
7). The oxidation is performed in the dark at 0-4°C to prevent side reactions. Subseguent reaction with hydrazides results
in formation of a hydrazone bond. Carbohydrate modification is particularly useful for antibodies in which the carbhohydrate
i5 located in the Fc region away from binding sites. At 1 mM NalO4 and a temperature of 0°C, the oxidation is restricted

to sialic acid residues. At concentrations of 6-10 mM perniodate, other carbohydrates in proteins (including antibodies) will
he targeted.
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ABH, or Azidobenzoyl Hydrazide, reacts with the aldehyde on the
protein to lorm 2n arylazide aclivated pratein.
Figure 7. Hydrazide reaction scheme.



Carbodiimides

H
0 R1—y—G=H-R,
Ry~ N=C—N-R;+Ry—C—0H — = Ry—C-
(EDC) * I
0

EDC reacts with carbexylic acid group and zctivates the carboxyl
group, allowing it to be coupled to the amina group (R,NH;) in the
reaction mixture.

H 0 H 0
Ay —CH—R —2 o R—C—NR, + O
B R T ST
Ry—C—0 R4HN MNHRA,
| {Urea)

0

EDC is released asa soluble vrea derivalive aller displacement by the
nucleophile, RyNH;.

Figure 8. EDC coupling reaction scheme.



Aryl azide cross-linkers
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Figure 10. Possible reaction pathways of aryl azide crosslinkers.



SELF ASSEMBLED monolayer (SAM)

Figure 6.12 The structure of self-assembled alkylthiol films at a gold surface. In general
the molecules form close-packed layers with the polymethylene chains tilted at about 30°
from the vertical. The interfacial properties of the films are determined by the end groups,
X, of the chains. (Adapted from [50].)
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Figure 1. Gold thiclate monolayer and alkylsilane monclayer
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Fig.3. Structure of amonolayer designed to covalently immobilize cutinase.
The phosphonate capture ligand is present at a density of =1% of total
alkanethiolate. After cutinase binds to the phosphonate capture ligand, an
active-site serine residue displaces p-nitrophenol, resulting in irreversible
covalent immobilization of the protein. The tri{ethylene glycol) groups pre-
vent nonspecific protein adsorption to the monolayer.

5048-5052 | PNAS | April 16,2002 | vol.99 | no.8
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Fig. 4. SPR spectroscopy data showing the biospecitic and irreversible
immobilization of cutinase to the phosphonate-tethered SAM shown in Fig. 3.
Conditions are described in Materials and Methods. The change in resonance
angle (Af) is plotted on thevertical axis. The scale bar applies to all data, which
are offset for clarity. (4) Cutinase (25 wM)was irreversibly immobilized to the
monolayer. (B) Incubation of cutinase with four equivalents of soluble inhib-
itor 1 before immobilization completely inhibited immobilization of the
protein. (€} Cutinase within crude E. coli periplasmic lysate also underwent
efficientimmobilization, demonstrating that the protein does not need to be
purified before immobilization. (D) An analogous experiment using periplas-

vww.pnas.org/cgi/doi/10.1073/pnas.072685299  Nstrates
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Controlling local disorder in
self-assembled monolayers by
CR— patterning the topography of

| Eromemei e g ofr metallic su pports
?"' M (50 nm) / Ti (2 nm)

Evaporate second metal (M =AgorAu)  Joanna Aizenberg, Andrew J. Black & George M. Whitesides

TSEt'anmld) through a mask
gri s - _ e
Photoresist  Dpartment of Chemistry and Chemical Biology, Harvard University,
ﬁ :ﬁ 3: W 12 Oxford Street, Cambridge, Massachusetts 02138, USA
Removal of Liftoff of Micropatterning is a powerful method for controlling surface
the mask the photoresist s s s s " s 1-8
J, J, properties, with applications from cell biology to electronics
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or different)
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at the transition
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Exchange with
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268 Nature @ Macmillan Publishers Ltd 1998 NATURE | VOL 394| 27 AUCUST 1998



Soft-Lithography-Mediated Submicrometer Patterning of
Self-Assembled Monolayer of Hemoglobin on ITO Surfaces
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Figure 1. Process flow for preparation of an ultrathin layer
of ITO on An electrode of a Pz crystal for Hb passivation.

ITO-Indium tin oxide

Langrmusir 2000, {6 5221—5226
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Figure 2. Two process flows for submicrometer patterning of Hb 5AM on ITOWS1(001) surfaces. Schematic representations of
proposed ester bonds and hydrogen bonding are also shown.
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Immobilization Technology

Must be oriented in a specific direction - immobilization technology

Five major immobilization methods used in the preparation of Chemical and bio-
sensors.

1. Covalent binding - attachment of the active component to the transducer surface
using a chemical reaction such as peptide bond formation or linkage to activated
surface groups (thiol, epoxy, amino, carboxylic, etc)

2. Entrapment - physical trapping of the active component into a film or coating.
3. Cross-linking - similar to entrapment, only a polymerization agent (such as
gluteraldehyde) is used to provide additional chemical linkages between the active,

entrapped component and the film or coating.

4. Adsorption - association of the active component with a film or coating through
hydrophobic, hydrophilic, and/or ionic interactions.

5. Biological binding - association of an active biomolecule to a film or coating
through specific, biochemical binding



The covalent binding method is based on the binding of enzymes and water-insoluble
carriers by covalent bonds. The functional groups that may take part in this binding are
listed below:

Amino group Carboxyl group Sulfhydryl group,
Hydroxyl group Imidazole group Phenolic group
Thiol group Threonine group Indole group

Covalent attachment to a support matrix must involve only functional groups of the enzyme that

are not essential for catalytic action. Higher activities result from prevention of inactivation

reactions with amino acid residues of the active sites. A number of protective methods have been

devised:

Covalent attachment of the enzyme in the presence of a competitive inhibitor or substrate.

1. A reversible, covalently linked enzyme-inhibitor complex.

2. A chemically modified soluble enzyme whose covalent linkage to the matrix is achieved by
newly incorporated residues.

3. A zymogen precursor.

Zymogen: Any of a group of compounds that are inactive precursors of enzymes and
require some change (such as the hydrolysis of a fragment that masks an active
enzyme) to become active



Hence, covalent binding can be brought about by the following:

Diazotization : SUPPORT--N=N--ENZYME.
Amide bond formation : SUPPORT--CO-NH--ENZYME
Alkylation and Arylation: SUPPORT--CH,-NH-ENZYME
SUPPORT--CH,-S--ENZYME
Schiff's base formation : SUPPORT--CH=N--ENZYME
Amidation reaction : SUPPORT--CNH-NH--ENZYME
Thiol-Disulfide interchange : SUPPORT--S-S--ENZYME

UGI reaction
Gamma-Irradiation induced coupling

Carrier binding with bifunctional reagents :
SUPPORT-O(CH,), N=CH(CH,); CH=N-ENZYME



Table 8.1 Commonly used methods for immobilization of active sensor components.
(i) Peptide bond formation. (ii) Other immobilization methods.
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Glutaraldehyde coupling/cross-linking
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Table 1: Methods of Immobilization

Attachment
Without support
With support

Entrapment

Aggregation of floc for formation of cross-linking
Co-valent hinding

Adsorption to ion-exchangers or inorganic
Biofilm formation

Organic polymer

Inorganic polymer

Semi-permeable membrane

Immobilization of Microorganisms by Covalent Coupling

Glutaraldehyde- The surfaces
(proteins) of microorganisms are
linked with the surfaces of other
microorganisms by aldehyde
groups of glutaraldehyde

By these methods microorganisms are crossliked by chemical substances, e g, by ghitardiald:

aldehyde groups of glutardialdehvde. Yeast cells, for instant, react with free s-amino group or N-termr

groups to double linkages of =- f-unsaturated oligomers, which are present in commercial aqueous solu

and toxic influences on the microorganisms are very intensive. These reactions are onlv partly understoo

Table 2: Microbial cells covalently linked to various supports

Species Support Product
Actobacter Metal hvdroxides Acetic acid
Aspergillus niger Glveidyl methacrvlate Ghuconic acid
Micrococcus huteus CM-cellulose Urocanic acid
Saccharomyces cerevisiae Aminopropyl silica Ethanol
Saccharomyces cerevisiae Hydrocyalkyl methacrylate Killer toxin
Saccharomyces cerevisiae Cellulose Ethanol

Zvgosaccharomyces lactis

Hvdroxvalkyl methacrvlate

[-galactosidase




Table 3: Experimental studies of diffusion in immobilized cell systems and their associal

Cell Tvpe Immobilization Sohute
Saccharomycess cerevisiae Ca-alginate glicose
Balcer's yeast Ca-alginate ghicose
Ehrlich ascites tumor agar, collagen ghucose
Zymomonas mobilis k-carrageenan, Ca-alginate glicose
Pseudomonas aeruginosa  Ca-alginate glucose
Saccharomycess cerevisiae Ca-alginate ghicose
Plant Ca-alginate SUCrose
Baker's veast Ca-alginate galactose
Zymomonas mobilis Ca-alginate galactose
EBaler's yeast Ca-alginate lactose
Ehrlich ascites tumor agar, collagen lactic acid
Clostridium butvricum polvarvlamide, agar collagen hydrogen
Escherichia coli natural aggregates nitrous oxide
Saccharomycess cerevisiae fermentation media oxyZen
Saccharamycess cerevisiae Ca-alginate, Ba-alginate oxvZen
Escherichia coli fermentation media oxvgen
Penicillium clrysogenum  fermentation media oxygZen
Bacillus amilaliguefaciens  Ca-alginate, PVA-Sh() gel oxvgen
Saccharomycess cerevisiae (Ca-alginate ethanol
Baker's veast Ca-alginate ethanol




Table 1. Immobilization procedures for enzymes

Method Advantages Disadvantages

Adsorption on insoluble matnces  Simple, mild conditions, less Enzyme linkages are highly dependent
(e.g. by van der Waals forces, disruptive to enzyme protein on pH, solvent and temperature;
ionic binding or hydrophobic insensitive
forces)

Entrapment in a gel {eventually Universal for any enzyme, mild Large diffusional barriers, loss of enzyme
behind a semipermeable procedure activity by leakage, possible denaturation
membrang) of the enzyme molecules as a result of

free radicals

Crosslinking by a multifunctional ~ Simple procedure, strong chemical  Difficult to control the reaction, requires

reagent (such as binding of the biomolecules; a large amount of enzyme, the protein
glutaraldehyde bis-isocyanate widely used in stabilizing physically  layer has a gelatinous nature (lack of
derivatives or adsorbed enzymes or proteins rigidity), relatively low enzyme activity
bis-diazobenzidine) that are covalently bound onto a
support
Covalent bonding onto a Stable enzyme-support complex, Complicated and time-consuming;
membrane, insoluble supports leakage of the biomolecule is possibility of activity losses due to the
very unlikely, ideal for mass reaction involving groups essential

production and commercialization  for the biological activity (can be
minimized by immobilization in the
presence of the substrate or inhibitor
of the enzyme)




Entrapment and encapsulation

The immobilized enzyme can be classified into four types:
particles, membranes, tubes, and filters. Most immobilized enzymes are in particle form for
ease of handling and ease of application.

Particles - The particle form of immobilized enzyme on solid particles.

Membranes - Enzyme membranes can be prepared by attaching enzymes to membrane-
type carriers, or by molding into membrane form. The molding is done after the enzymes
have been enclosed within semi-permeate membranes of polymer by entrapment.

Tubes - Enzyme tubes are produced using Nylon and polyacrylamide tubes as carriers. The
polymer tube is first treated in a series of chemical reactions and the enzyme is bound by
diazo coupling to give a tube in a final step.

Fibers - Enzymes that have been immobilized by entrapment in fibers to form enzyme
fibers.

The solid supports used for enzyme immobilization can be inorganic or organic . Some
organic supports include: Polysaccharides, Proteins, Carbon, Polystyrenes, Polyacrylates,
Maleic Anhydride based Copolymers, Polypeptides, Vinyl and Allyl Polymers, and
Polyamides.



Immobilization through Entrapment

entrapped in a matrix entrapped in droplets
The entrapment method of immobilization is based on the localization of an enzyme
within the lattice of a polymer matrix or membrane. It is done in such a way as to retain

protein while allowing penetration of substrate. It can be classified into lattice and micro
capsule types



Cross-linking is based on the formation of chemical bonds,
as in the covalent binding method. The immobilization is
performed by the formation of intermolecular cross-
linkages between the enzyme molecules by means of bi or
multifunctional reagents.

The most common reagent used for cross-linking is
glutaraldehyde. Cross-linking reactions are carried out
under relatively severe conditions. These harsh conditions
can change the conformation of active center of the
enzyme; and so may lead to significant loss of activity.

solid

The carrier-binding method is the oldest immobilization technique support

for enzymes. In this method, the amount of enzyme bound to the
carrier and the activity after immobilization depend on the nature
of the carrier. The following picture shows how the enzyme is
bound to the carrier:

The selection of the carrier depends on the nature of the enzyme
itself, as well as the:

Particle size

Surface area

Molar ratio of hydrophilic to hydrophobic groups

Chemical composition -polysaccharide derivatives such as
cellulose, dextran, agarose, and polyacrylamide gel.

enzyme



Physical Adsorption Mode
Based on the physical adsorption of enzyme protein on the surface of water-insoluble carriers.

The processes available for physical adsorption of enzymes are: Static Procedure
Electro-deposition

Reactor Loading Process

Mixing or Shaking Bath Loading

Adsorption tends to be less disruptive to the enzymatic protein than chemical means of
attachment because the binding is mainly by hydrogen bonds, multiple salt linkages, and Van
der Waal's forces.

Because of the weak bonds involved, desorption of the protein resulting from changes in
temperature, pH, ionic strength or even the mere presence of substrate, is often observed.
Another disadvantage is non-specific, further adsorption of other proteins or other substances as
the immobilized enzyme is used. This may alter the properties of the immobilized enzyme or, if
the substance adsorbed is a substrate for the enzyme, the rate will probably decrease
depending on the surface mobility of enzyme and substrate.

Adsorption of the enzyme may be necessary to facilitate the covalent reactions described later
in this presentation. Stabilization of enzymes temporarily adsorbed onto a matrix has been
achieved by cross-linking the protein in a chemical reaction subsequent to its physical
adsorption.
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