Biosensors




Scheme of biosensor action

Biorecognition

Transducer  element .
Substrate recognition

_
Coupling of biochemical and

electrochemical reactions




Requirements:

*detection directly in object without pretreatment;
*a possibility for continuous monitoring;

*a possibility for miniaturization;

*low cost in case of mass production.
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C. Clark, and C. Lyons, Ann.NY Acad.Sci. 102, 29 (1962).
J. Updike, and J. P. Hiks, Nature 214, 986 (1967).
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NAEA ®PEPMEHTHOI'O DAEKTPOAA

ELECTRODE SYSTEMS FOR CONTINUOUS MONITORING IN
CARDIOVASCULAR SURGERY

Leland C. Clark, Jr., and Champ Lyons

ANNALS &t on coreces

Medical College of Alabama, Birmingham, Ala.

Enzyme containing membranes. Although still in the exploratory stage,
I want to mention the possibilities for use of enzyme layers trapped
between membranes used with electrodes. The principle is illustrated by
FIGURE 12, which shows how the specificity of response is regulated by the

Annals New York Academy of Sciences

L1

placement and nature of the enzyme, the nature of the detector electrode,
and the nature of the membranes. The active electrode surface bears
against a double layer of membrane between which is trapped a thin
layer of concentrated enzyme.

Volume 102 Issue Automated and
Semi-Automated Systems in Clinical Chemistry , Pages 3 - 180
(October 1962)
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NMMMODBUNAN3ALINA PEPMEHTA HA ITOBEPXHOCTHU DAEKTPOAA

The Enzyme Electrode

by
S. J. UPDIKE
G. P. HICKS

Department of Medicine,
University of Wisconsin,
Madison, Wisconsin

nature

The enzyme electrode is a miniature chemical transducer which
functions by combining an electrochemical procedure with immobil-
ized enzyme activity. This particular model uses glucose oxidase
immobilized on a gel to measure the concentration of glucose in

biological solutions and in the tissues in vitro.
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Fig. 1. Principle of enzyme electrode.
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NMMMODBUNAN3ALINA PEPMEHTA HA ITOBEPXHOCTHU DAEKTPOAA

GLUCOSE 03 Hﬁoz

X

NATURE, VOL. 214, JUNE 3, 1867

GLUCONIC
ACID

A 4

Pt
CATHODE

Fig. 1. Principle of enzyme electrode.

| ENZYME GEL
LAYER

+«— PLASTIC
MEMBRANE

2A0K030KcU0a3a

T'Aroxo3a + O2 — T'AFOKOHOBaA KHCAOTA + HZO2

I'AFOKO3A

+02lv

I'AFOKOHOBA#

Pt

—

e

KNCAOTA
+ HO
22
I'Aroxo3okcuaasa
B AKPHUAAMHAHOM
reAe

O ,~AQTYUK

Ag|AgCl

KC

emOpaHa



History

(potentiometric)

CO(NH,), +2H,0—2** 5 HCOO™ +2NH, + OH"

Glass pH electrode + immobilized urease:

\\\ Ag|AgCl

HCI

G. G. Guilbault, J. Montalvo. JACS 91 (1969) 2164

embrane




NMMOBUAN3AIINA PEPMEHTA HA ITOBEPXHOCTHU DAEKTPOAA

A Urea-Specific Enzyme Electrode -

Journal«,
George G. Guilbault, Joseph G. Montalvo, Jr. \m(‘l'i(‘:lll
Department of Chemistry, Chemical

Louisiana Stare University in New Orleans Sociely
New Orleans, Louisiana >

Received February 7, 1969 " 4

A urea transducer, suitable for rapid, continuous Ri AT

determination of urea in body fluids, has been developed.

The urea transducer is called a urease electrode because
it is made by polymerizing a gelatinous membrane of
immobilized enzyme over a Beckman cationic glass
electrode which is responsive to ammonium ions. Speci- A ¢
ficity for urea is obtained by immobilizing the enzyme -
urease in a layer of acrylamide gel 60-350 p thick on the i
surface of the glass electrode. When the urease elec- sl
trode is placed in contact with a solution containing w'r
urea, the substrate diffuses into the gel layer of immo- s 3
bilized enzyme. The enzyme catalyzes the decomposi- 3 r
tion of urea to ammonium ion as shown in the following o=
equation. o
10~
urease \\
urca 4+ H;O— 2NH.* + CO; : ; i \
1000 0o 0.0 e ol
The ammonium ion produced at the surface of the Jrea (mg /100 ml.}
electrode is sensed by the specially formulated glass
yvhlch measures the activity of this _mopovalgnt cation Figure 1. Response of enzyme electrode with 175 mg of urease/
in a manner analogous to pH determination with a glass 100 ml of gzl.
electrode.

Journal of the American Chemical Society | 91:8 | April 9, 1969



History

(optic)

Acetylcholine + H,Q —2"eeae sy choline + CH ,COOH




Biorecognition modes

Productive Nonproductive
E+S<ES—>E+P Ab+ Ag < AbAg
Enzymes Antigen-antibody

Ligand-receptor
DNA







Immunoglobulin

Antigen binding

leG molecule




DNA

1 turn = 10 base pairs = 3.4 nanometers
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Transducer types

Electrochemical Gravimetric

Thermistors




Quartz crystal microbalance

G. Sauerbrey, 1959
2 £ am

Y o)




Quartz crystal microbalance

U. 5 quartz plate :g g

electrocies

f=1,, - large amplitude of motion
= large current

H unloaded

loaded
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conductance G [mS]

5-10 MHz <-> 0.1-0.01 Hz
0.1 —0.01 ng cm™
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urface plasmon resonance
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Surface plasmon resonance
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Coupling of the enzyme and the electrode
reactions

[ generation: detection of the coupled substrate or side product

II generation : the use of mediators

Oxidase o
> Oxidized

Analyte
/\ Analyte

M ox M red

[II generation : direct b

___ FElectrode

7
7 7

ioelectrocatalysis




Ist generation biosensors

(amperometric)

Oxidase o
Analyte > Oxidized

Walyte
02

Glucose oxidase and Clark O2 electrode ‘ l
Pt

Ag|AgCl

ik
embrane




Ist generation biosensors

(potentiometric)

CO(NH,), +2H,0—2* 5 HCOO™ +2NH," +

Glass pH electrode + immobilized urease:

G. G. Guilbault, J. Montalvo. JACS 91 (1969) 2164

HCl

™ Ag|AgCl

embrane




Potentiometric biosensors

Use the enzymes from almost all groups

Enzyme
Substrate — '___A> Product
e o
+ +
H H
Transducer: gé]u lectode +Udi
» glass Ph electrode . H S T
. k- ff;:Esrc}Elu{ﬁo;ﬁf _' -
* field effect transistor ”' s
| Si02 |
. n-Si n-Si
» modified electrode source drain
p-Si
|




lInd generation biosensors

Glucose Oxidase

Glucose > Gluconic
/\ acid
. ~_
Fc Fc Fe
\ / N=
 Electrode //

A. E. G. Cass, G. Davis, G. D. Francis, H. A. O. Hill, W. G. Aston, I. J. Higgins, E. V.
Plotkin, L. D. L. Scott, and A. P. F. Turner, Analytical Chemistry 56, 667-671 (1984).




What Is Diabetes?

Can cause:
Blindness
Heart attack

Poor circulation
Gangrene

Kidney dysfunction
Death

No cure, but glucose monitoring
can prevent long-term problems



Glucose tests

Accu-Chek Complete BG System
Accu-Chek Easy
Accu-Chek Instant
Accu-Chek Instant Plus

Autolet® Il Clinisafe

'
E I m l e Autolet® Lite Starter Pack
p Blood Glucose Strips
Exatech®

o
? b2 ‘\._s"te p Fingerstix Lancets
S

Glucofilm™ Test Strips

Glucose Control Solution

Procedure S

Lifescan One Touch® Basic™ System
Medipoint Blood Lancets
Monolet Lancet
Soft-Touch® Il

Softclix

Unilet Long-Body™ Lancets
Unistik™-2
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ONETOUCH Optium

UltraSmart
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ESPRIT#

ACCU-CHEK'
|- Active

R e

More than 33 different meters are
commercially available from 11 companies.
They differ in several ways including:

- Amount of blood needed for each test
- Testing speed

- Alternative site

- Overall size

- Ability to store test results in memory
- Cost of the meter

- Cost of the test strips used

ONETOUCH
Ultra




Blood Volume Requirements of Test Strips

Blood Glucose Meter Blood Volumes
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Meter Testing Times

Blood Test Meter Testing Time
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lInd generation biosenors

.

__—Glucose

| *Gluc. ac.

B.A. Gregg, A. Heller. Anal. Chem. 62 (1990) 258




Wiring of glucose oxidase

=T acr
]f‘ﬂ
[f ﬂ 15 CHy
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Lo
CHs

E=-0.195 mV (Ag/AgCl)

Heller, A. Physical Chemistry Chemical Physics 2004, 6, 209-216.




Glucose test

Therasense: FreeStyle®—For Virtually

Pain-Free Testing

0.3 IJL of blood In An Easy-To-Hold,

Easy-To-Read Meter




Enzyme
bioelectrocatalysis




BIOELECTROCATALY SIS

o 2
(Berezin I. V., Bogdanovskaya V. A., Varfolomeev S.D. et al.
Dokl.Akad.Nauk SSSR (Proc. Acad. Sci.) 240 (1978) 615-618)




Direct enzyme
bioelectrocatalysis




Protein electroactivity
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Cytochrome C

S.R. Betso, M.H. Klapper, L.B. Anderson. J. Am. Chem. Soc. 94 (1972) 8197-204.
M.R. Tarasevich, V.A. Bogdanovskaya. Bioelectrochem. Bioenerg. 3 (1976) 589-95.
M.J. Eddowes, H.A.O. Hill. J. Chem. Soc. , Chem. Commun. (1977) 71

P. Yeh, T. Kuwana. Chem. Lett. (1977) 1145-8

Niki K, Yagi T, Inokuchi H, Kimura K. JACS 101 (1979) 3335-40.




BOCCTAHOBAEHUE LIUTOXPOMA C HA ITOBEPXHOCTH | | i
DAEKTPOAA Chemical

Society

Electrochemical Studies of Heme Proteins. Coulometric,
Polarographic, and Combined Spectroelectrochemical Methods
for Reduction of the Heme Prosthetic Group in Cytochrome ¢

Io 1 microamp

Stephen R. Betso, Michael H. Klapper, and Larry B. Anderson*

o

Contribution from the Department of Chemistry, The Ohio State University,
Columbus, Ohio 43210, Received December 22, 1971

CURRENT
=]

Fe’* + e — Fe?t T

-Q. ~1.0
POTENTIAL ( VOLTS y3 SCE.)

Figure 4. Polarogram of 64 uM cytochrome c in Tris—cacodylate
buffer, pH 6.05: (1) ferricytochrome ¢, (2) protein reduced at
—0.3V; (3) protein reduced at —1.2 V,

Abstract: The detailed electrochemical behavior of native horse-heart cytochrome ¢ is described. This heme
protein is shown to reduce at a variety of electrode materials producing freely diffusing ferrocytochrome c¢ that is
fully active in the cytochrome oxidase enzyme system. Adsorption of the protein onto the electrode surface has
significant influence on the observed electrochemistry, but it does not cause electrode fouling or loss of the elec-
trode’s ability to transfer electrons. On the basis of these results, it is not possible to distinguish between an
electron transfer mechanism involving charge conduction through the protein fabric and a mechanism wherein
electron transfer occurs only at the exposed heme edge. The relaxation techniques developed here appear suitable
for electrochemical study of high molecular weight proteins in general.

Journal of the American Chemical Society | 94:23 | November 15, 1972



Promoters for protein electroactivity

M.J. Eddowes, H.A.O. Hill. J. Chem. Soc. , Chem. Commun. (1977) 71
P. Yeh, T. Kuwana. Chem. Lett. (1977) 1145-8




OBPATUMBIU ITEPEHOC
HDAEKTPOHA C LIUTOXPOMA C HA T e
TTOBEPXHOCTDH DAEKTPOAA A . A

REVERSIBLE ELECTRODE REACTION OF CYTOCHROME C B

N

Peter YEH and Theodore KUWANA K ] S
Department of Chemistry
The Ohio State University i e ! ! i
Columbus, OHIO 43210 USA AL i B
L - Ip 4r- N
T (HA)
L .Mr - Sl .
CHEMISTRY L g 1 | , |
LETTERS o o0z o4 08 08 10
E 7 vl vy
| Fig. 2 A, Plot of cyclic peak currents
103 o -03 (at 50 mV/s) as a function of cyto ¢

Ag/AgCl
b concentration. B. Plot of cyclic peak
Fig. 1 A. Cyclic i-E curves of 52 uM

= currents as a function of scan rate
cyto ¢ at 10, 20, 50, 100, and 200 (52‘% eyto ¢).

(a to e) mV/s. B. Differential pulse

i-E curve of 204M cyto ¢ at 2 mV/s

scan rate, 50 mV pulse height, and

0.5 s pulse width.

The heme protein, cytochrome c, was found to exhibit reversible
electron transfer characteristics at an indium oxide electrode.
The electrode reaction at this electrode was evaluated using
cyclic voltammetry and differential pulse method.

CHEMISTRY LETTERS, pp. 1145-1148, 1977. Published by the Chemical Society of Japan



OBPATUMBIN ITEPEHOC
HDAEKTPOHA C LIUTOXPOMA C HA
TTOBEPXHOCTDBH DAEKTPOAA

Novel Method for the Investigation of the Electrochemistry of
Metalloproteins: Cytochrome ¢

By Marx J. Eppowes and H. AvLex O. HiLr®
(Imorgansc Chenmiistry Laboratory, South Parks Road, Oxford OX1 30R)

ChemComm

J. Chem. Soc. , Chem. Commun. (1977) 71

Summary The d.c. and a.c, cyclic voltammetries of horse
heart ferricytochrome ¢ have been investigated and it 1s
shown that, in the presence of 4,4-bipyridyl, the electro-
chemistry corresponds to a quasi-reversible one-electron
process, from which an E° value of 4025 V vs. normal
hydrogen electrode can be derived.

(a) (b)

(]

1 ]

1
-£/V —> .005 -025

-£/V —>» .005

(c) A (d) $

i i

-025 -£/V —» ,005 -025 -£/V —= <005

FIGUrRe. Cyclic voltammograms of an aqueous solution of
horse heart ferricytochrome c¢ (2 mm), containing NaClO,
(0-1 M), and Na,HPO, (0-02 M), pH 7, at a planar gold disc
electrode in the potential range + 0-05 to —0:256 V vs. 0-1 M
KCl-calomel (E° + 0-336 V vs. NHE). (a) A.c. cyclic voltam-
mogram at a scan rate of 10 mV s-! in the absence of 4,4’-
bipyridyl; (b) d.c. cyclic voltammogram at a scan rate of 10 mV
s~! in the presence of 4,4’-bipyridyl (6 mm); (c) a.c. cyclic
voltammogram at a scan rate of 10 mV s-! in the presence of
4,4’-bipyridyl (6 mm); (d) a.c. cyclic voltammogram at a scan
rate of 2-5 mV s—! in the presence of 4,4’-bipyridyl (5 mm).

J.C.S. Cuem. Comu., 1977




Direct bioelectrocatalysis

O, +4H" +4e—2 >2H0

E. =12V
st

Berezin I. V., Bogdanovskaya V. A., Varfolomeev S.D., M.R. Tarasevich, A.l Yaropolov.
Dokl.Akad.Nauk SSSR (Proc. Acad. Sci.) 240 (1978) 615-618




Enzymes for direct bioelectrocatalysis

lron-sulfur clusters

Others




A.l Yaropolov, V. Malovik, Varfolomeev S.D., Berezin I. V.
Dokl.Akad.Nauk SSSR (Proc. Acad. Sci.) 249 (1979) 1399-401




Direct bioelectrocatalysis

Py Rt
2 H+ 4 2 e < Hydrogenase N "‘ ;

A.l. Yaropolov, A.A. Karyakin, S.D. Varfolomeyey, |.V. Berezin.
Bioelectrochem. Bioenerg. 12 (1984) 267-77




BIOELECTROCATALY SIS

by Th. roseopersicina hydrogenase

<q

& _
| 2! H,-2e—>2H"
0.1}
-0.1 0.1 0.2 0.3 3
ERV T B v
G/@efp 2 o
OH* +2e—>H, A (1), (3) - H, ; (2) - Ar
’ (3) - without active enzyme

(Yaropolov A.I., Karyakin A.A., Varfolomeyev S.D., Berezin 1. V.
Bioelectrochem. & Bioenergetics 12 (1984) 267-277)




Equilibrium hydrogen potential

(100% energy conversion)

pH

6 7

30

., mV
.

20 2

10

-Lg PH2

Nernst’ equation for H, < 2H" +2e




Bloelectrocatalysis

substrate product

\// substrate product
active site ﬁ'\ \ /‘
[ ]
]

electron

transport - |
chain ><
electrode

Medox Med red

e protein orientation;
e clectroactivity of terminal group;




Direct bioelectrocatalysis

Electrode E/c activity
hydrogenase ICarbon material [E,, MB [max, pA/cm’
Desulfomicrobium LSG-240 173 2
baculatum TVS 145 -
Lamprobacter
Modestogalofilum A 8 115
L.SG-240 12 40
Thiocapsa roseopersicina
TVS 1 600
Thiocapsa roseopersicina L5G-240 16 200

S R IR BT




Effect of promoter
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Cellobiose dehydrogenase u3 Myriococcum
thermophilum

2e/H* acceptor
1e- acceptor

CAT) 5o

cellobiose Linker

KoM ) (ke / Ki) /O / K D crose
Lactose 55.3 £ 0.8 1
Cellobiose 26.9 £ 1.6 1.75
Maltose (2.80 £ 0.08)*10° 3.5%107
Glucose 2.4%10° + 1.5%10° 5.8%10™

' ”I" (Ilu

wl[ll



Improvement of CDH bioelectrocatalysis with

polyaniline
. ,  ——Jraphite lactose Sox
5- /A\_._ +polyaniline —r
. —
é 1.0- @ \ e- 0mV
omm <€ A} D/D
0.5- D//5'<. ° lactose
. BQ
—
D/
0.0 — : . ' . )
-200 0 200 400
E, mB (AglAgCI|0.TM KCI) e- +400 MV
Mediated Hydroquinone
bioelectrocatalysis oxidation
graphite 4.1 nA 1.1 nA
+polyaniline 1.8 nA 0.55 nA




Surface design by polypyrrole

R: -(CH2)12-N@—@N+-CH3, 2PF4
_(CH2)1203-N©—@N+-CH3, 2PF4

-(CH,);,-N"(C¢H3)3 .BFy




Different hydrogenases in
bioelectrocatalysis

electrode E/c activity
enzyme Carbon material [ max, uA/cM2 Eo, MV
Lamprobacter LSG + polypyrrole- 1200 -6
Modestogalofilum viologen
(homogeneous)
Thiocapsa roseopersicinal|[ SG + polypyrrole- 1400 0
(homogeneous) viologen
Desulfomicrobium LSG + polypyrrole- 1700 -6
baculatum viologen

A. A. Karyakin, S. V. Morozov, E. E. Karyakina, N. A. Zorin, V. V. Perelygin, S. Cosnier.
Biochemical Society Transactions 33 (2005) 73-5 ;
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Limiting performance characteristics of
hydrogenases 1n bioelectrocatalysis

Hydrogenase Enzypne Ly ke i kkfn,

source load-ing, mA s S
pmolcm? cm™

Thiocapsa 45+£10 1.4 160+ 120+

roseopersicin +0.2 10 10

a

Lamprobacte 42+10 1.2 150+ 100+

r +0.2 15 10

modestogalof

illum

Desulfomicro 40+10 1.7 220+ 450+

bium +0.2 10 20

baculatum

A.A. Karyakin, S.V. Morozov, O.G. Voronin, et. al. Angewandte Chemie 46 (2007) 724




Enzyme orientation:
limiting efficiency in bioelectrocatalysis
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Hydrogen-oxygen energy sources

Turbines effective starting
from MWts

High temperature  high temperature
H -0, tuel cells (>850 C), fragile

Alkaline H -O, fuel low energy density
cells

Pt-based H,-O, fuel require Pt as
cells electrocatalyst




Hydrogen-oxygen fuel cell

(Oy) in
Hydrogen
(Hz2) in
Water
(H20) out

FUEL CELL




Problems with Pt-based
electrodes

» Cost and availability;
* Poisoning with CO, H_S etc.;

* Low selectivity.




Fuel cell cost problems

1 kW $ 10000

Fir S

50 kW (<s 10000y > 200 000




Dynamics of Pt cost
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Available amount of Pt

Annual production: Assured resources:

130 tonnes 100 000 tonnes

every year: >60 - 10° cars

2 g of Pt per kW

50 kW engines > 6 000 tonnes Pt




Poisoning by fuel impurities

Reforming gas (H,):  1+2.5 % of CO

-under 0.1% CO activity
irreversibly decreases 100
times after 10 min;

Pt electrodes:

- inactivation by H,S 1s 100
times more efficient.

Solution:

increase of potential | Short circuit




Low selectivity problems

Pt — catalyst ot both H, oxidation and O, reduction

Contamination of Decreased efficiency

electrode space ~ of energy conversion
from 90% to 40-60%




Comparison with Pt-based fuel
electrode
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Hydrogen-oxygen biofuel cell

Hydrogenase

7
o
P
M"
A
v

0
P
N

H, — 2H* +2¢

£

© DE=1198Y
Theoretical [JE = 1,23 V/

[.accase

E/m
120
I.'
,l

2l 0, +4H  +4e -

E

/ZHZO



Direct
bioelectrocatalysis by
intact cells




Cell membrane
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Respiratory in mitochondrion
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Bacterial cell membranes
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Inorganic ion reducing bacteria

Shewanella putrefaciens

Lactate as electron donor
Insoluble Fe’* as electron acceptor




Electroactivity of Shewanella putrefaciens
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Geobacter sulfurreducens on graphite electrode
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Acetate enriched consortium on graphite electrode
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Current response of Desulfobulbus propionicus
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Advantages of bioelectrocatalysis:

* a possibility for electrochemistry of complex organic
reactions;

* high efficiency at room temperature and moderate
overvoltages;

« achieve high specificity.

Disadvantages:

* inherent instability,
* large dimensions
of biological catalysts.




