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ABSTRACT

This work was dedicated to development of novel biosensing technologies for detection of toxic
chemicals, such as heavy metalssticides and petrochemicals, which possess a serious threat to humans
and all living organisms in our planet nowadays. This was the main motivation for research in such
important field. In the present work a novel approach in detection of heavy mésa{HaCh, PbC),

ZnCl, and CdC)), pesticides (atrazine, simazine, DDVP), and pehlemicals (hexane, octane, pentane,
toluene, pyrene and ethanol) dissolved in water was proposed. It is based on a concept of inhibition
sensor array utiing differentwhole bacteria cellsThe main aim of this project is to develop novel,
simple and coseffective biosensing technologies forfield detection of the above pollutants in water
which effectively reduce the time and cost of analysis. Electrochemical detection appearectmbstth
suitable for such task.

In this project, three types of bacteria, ekgpcherichia coli Methylococcus capsulatu@ath) or
Methylosinugrichosporium(OB3b) and Shewanella oneidensisiere selected because of their different
inhibition patterns. The concentration of live bacteria (which is an indicator of the presence of pollutants)
was first characterised by the optical analytical methods of optical density, Oldorescence
microscopy and flow cytometry. The main findings of thisdgtwere the facts th&. coli (K12 strain,
gramnegative bacteria) are very sensitive to all above mentioned pollutaateanotrophidacteria
(Mc. capsulatuBath & Ms. trichosporiumOB3b) appeared to bmore resistant to petrochemicals; while
S. oneidensi@MR-1 strain, gram negative bacteria) are more tolerant to heavy metals. A series of AC and
DC electrochemical measurements were carried out on the same bacteria samples. As a first step, a
correlation betweepptical and electrochemical cla&teristics of bacteria concentrationsolution was
established. The study of the effect of heavy metals, pesticides and petrochemicals on DC and electrical
characteristics of bacteria in suspension revealed a similar inhibition pattern as was foptidain o
study. Then a similar study was carried out on samples of bacteria immobilized on the surface -of screen
printed electrodes, which is more suitable for sensing applications. The results of DC (cyclic
voltammograms) and AC (impedance spectroscopysorements were consistent with previous studies.

A possibility of pattern recognition of pollutants by their inhibition effects on the selected bacteria was
found. The classes of pollutants, e.g. heavy metals, pesticides, and petrochemicals, canibé foamntif
pseude3D graphs of responses of the three sensing channels, e.g. electrodes with different immobilized
bacteria. Much more accurate assessment of pollutants was achieved with Artificial Neural Network
(ANN) software which was developed using Malb. ANN programme was capable of both the
identification of pollutants with % accuracy and rough estimation of their concentrations in five bands
from 0.01 ng/ml to 1000 ng/nfppb). The developed bacteria sensor array could be suitable for simple,
inexpensive, and quick preliminary-field detection (screening) of water samples. The suspected highly
contaminated samples could be easily identified and passed to specialized laboratories for further more
detailed testing. In such way, the time and costralysis could be substantially reduced.

In addition to the inhibition sensor arrayilising non-specific biereceptors such as bacteria, the
electrochemical detection of heavy metal ions{Hmd PB") was attempted using novel highly specific
aptamer biereceptors labelled with redox groups. Such experiments were successful; the above metal
ions in very low concentrations down to 1 pg/ml (or 1 ppt) were detected sitig cyclic
voltammograms and impedance spectroscopy. The affinity of the eygtarmed was found to be very
high and similar to that of antibodies. Additional advantages of aptamers were their high stability and
simple recovery by thermoycling. Considering fast evolvement of aptamer research, their advantages
and low cost, the delopment of aptasensor arrays for accurate detection of large number of pollutants is
possible in near future.



ACKNOWLEDGEMENTS

It is a difficult task to thank all the people who made this PhD thesis possible with so few
words. However, | will try to do my best to extend my great appreciation to everyone who
helped me scientifically and emotionally throughout this stéahgt of dl, | would like to

thank my god (Allah) for giving me the patience and stamina to overcome the difficulties
that faced me during my PhD studyecondly,| would like to acknowledge mgounty

(Irag) and theinancial sponsor, Ministry of Higher EducationdaScientific Research in

Iraq and University of Basrah, Faculty of Science, Biology Department. Also | gratefully
acknowledge the lIraqgi Cultural Attaché in London for their support during my PhD
research. | would like to express my sincgratitude andhanks to my director of studies in
Materials Engineering Research InstitufdERI), Professor Alexei V. Nabok for his
excellent supervision, guidance and support during the study period, and for his discussion
and interpretation of various aspects of scegenexperimental procedures and the results
analysis.Without his support and encouragement, this work woulchaeeg been possible.

My deepesappreciations andugethanks go to mgorgeoussupervisor, Professor Thomas

J. Smith the head of research graipgMolecular Microbiologyin BioMolecularResearch
Centre BMRC), for his advice, help, discussion and suggestion. My special thanks and love
go tolovely wife and my children. My sincere thanks must go to Dr. Jim Yong (BMRC),
for his help with fluorescence microscope measurements. Many thanks are also due to Dr.
Sarah Small (BMRC) for her essential help and discussion about flow cytometer
measurements. Irddition, | would like to thanks Dr. Tilichol (BMRC), for his help and
advice with molecular microbiology laboratory and bacteria samples preparation. Also big
thanks go to Dr. Mohammad Akram Kharfor his essential help about the chemicals
preparation. Mny thanks must go to MERI reception staff for the help and assistance
especially CorrieHouton Amy McNally, Gail Hallewell and Rachael Toogoad would

also like to thank all technical staff of Sheffield Hallam University (MERI) and (BMRC)
training teamand workshop, especially Mr. Paallender for training and preparing the
SEM and AFM imaging process measurements andwWhael Cox for ICP-MS training

and measurementBinally | would like to thankall my brilliant Iragi and English friends,

PhD studats at MERI and BMR@Iso my colleages from University of Sheffield

v



E. coli

S. oneidensis
Mc. Capsulatus
Ms. trichosporium
OD600
UV/Vis

MTB

K12

MR-1

Bath

OB3b

DC

AC

DNA

BTEX

PAHs

PAH

pH

DDVP

ANN

PCA

LbL

Ccv

EIS

GLC

LIST of ABREVATION S

Escherichia colbacteria

Shewanella oneidendiscteria
Methylococcus capsulatimcteria
Methylosinugrichosporiumbacteria

Optical Density at 600nmwavelength of light
UltraViolate /Viside (spectroscopy)
Methanotrophidacteria

Strain ofE. colibacteria

Strain ofS. oneidensibacteria

Strain ofmethanotrophibacteria

Strain ofmethanotrophibacteria

Direct Current

Alternative Current

Deoxyribonucleic Acid

Benzene, Toluene, Ethylbenzene and Xylene
Polycyclic Aromatic Hydrocarbons

Poly Allyamine Hydrochloride

Measure of thecidity of an aqueous solution
Dichlorvos(commercial pesticide

Artificial Neural Network

Principal Component Analysis

layer-by-layer (deposition)

Cyclic Voltammogram

Electrochemical Impedance Spectroscopy

Gas LiquidChromatography

Vv



IDAM
NMS
PEM
ROS
LPO
H20,
dsDNA
SSDNA
SPGEs

BESs

AES
ICP-MS
CVAFS
HPLC
GC-MS
LC-MS
IFM
AFM
SEM
TEM
US EPA
IARC
SELEX
QCM

SAW

Interdigitated Array Microelectrodes

Nitrate Mineral Salts

Poly Electrolyte Multilayers

Reactive Oxygen Species

Lipid PerOxidation

Hydrogen Peroxide

double strand DNA

single strandNA

Screen printed gold electrodes
Bio-electrochemical systems
Atomic Absorption Spectroscopy
Atomic Emission Spectroscopy

Inductively Coupled Plasma Mass Spectroscopy
Cold Vapours Atomic Fluorescence Spectroscopy
High-Performance Liquid Chromatography

Gas Chromatographfflass Spectrometry

Liquid ChromatographyMass Spectrometry
Infinite Focus Microscopy

Atomic Force Microscopy

Scanning Electron Microscopy

Transmission Electrolicroscopy

U.S. Environmental Protection Agency
International Agency for Research on Cancer
Systematic Evolution of Ligands by Exponential Enrichment
Quartz Crystal Microbalamcand

Surface Acoustic Wave

\



™

™

™

™

™

™

™

™

™

™

LIST of PUBLICATIONS

Journals Publication

Abu-Ali, H., Nabok, A., & Smith, T. J(2019). Electrochemical inhibition bacterial
sensor array for detection of water pollutants: artificial neural network (ANN)
approach. Analytical and bioanalytical chemistr¢-10.

Abu-Ali, H., Nabok, A., Smith, T. J., & ABhanawa, M(2019). Development of a novel
electrochemical inhibition sensor array based on bacteria immobilized on modified
screenprinted gold electrodes for water pollution detectionBioNanoScience(2), 345
355.

Abu-Ali, H., Nabok, A., & Smith, T. J(2019).Development of novel and highly specific
ssDNA-Aptamer-based electrochemical biosensor for rapid detection of Mercury (I1)
and Lead (Il) ions in water. Chemosensor3(2), 27.

Al-Jawdah, A., Nabok, AAbu-Ali, H., Catanante, G., Marty, J. L., & Szekacs(2019).

Highly sensitive labelfree in vitro detection of aflatoxin B1 in an aptamer assay using
optical planar waveguide opeating as a polarization interferometer. Analytical and

Bioanalytical Chemistryl1-8.

Abu-Ali, H. F., Nabok, A., Smith, T., & AlShanawa, M. A (2018). Electrochemical

inhibition biosensor array for rapid detection of water pollutions based on bacteria
immobilized on screenprinted gold electrodes.European Chemical Bulletji7(10), 307

314.

Abu-Ali, H., Nabok, A., Smith, T., & AlShanawa, M(2017). Inhibition biosensor based
on DC and AC electrical measurements of bacteria sampleBrocedia technology?27,
129130.

Abu-Ali, H., Nabok, A., Smith, T., & AlShanawa, M.(2017). Development of
electrochemical inhibition biosensor based on bacteria for detection of environmental
pollutants. Sensing and Bi&ensing Research3, 109114.

Al-Rubaye, A., Nabok, AAbu-Ali, H., Szekacs, A., & Takacs, [2017). LSPR/TIRE
bio-sensing platform for detection of low molecular weight toxinsIEEE SENSORS (pp.
1-3). IEEE.

Hisham Abu-Ali, A. Nabok, T. SmititNovel inhibition electrochemical biosensoarray
based on bacteria fortoxic chemicals detection: Review and recent achievements,
Biosensors(in submission proceks

Alexei Nabok, Cansu Ozkaydjisham Abu-Ali, Frank Davis, Nik Walch, Deborah
Hammond, Seamus P.J. Higson, Rifat Capdefal sulphide subnanometre clusters
formed within calix[8]arene LB films, Langmuir Journal (in submission proceys

VI



™ Alexei Nabok,Hisham Abu-Ali, Cansu Ozkaya, Frank Davis, Nik Walch, Seamus P.J.
Higson.Electrochemical Aptasensor for Detection of DopamineSensors and Actuators:
B Chemical Journal(in submission procegs

Conference Publications

™ Hisham Abu-Ali, A. Nabok, T. Smith and M. ABhanawa, Inhibition Biosensor Based on
Bacteria for Environmental Pollution Detection Using Optical and Electrochemical
MeasurementsPpster), 1820 May 2016 MERI Student Symposium Sheffield Hallam
University, Sheffield UK.

™ Hisham Abu-Ali, A. Nabok, T. Smith and M. ABhana.hibition Biosensor Based on
DC and AC Electrical Measurements of Bacteria Sampéssensor 2016Congress
(Poster),25-27 May2016, GothenburgSweden

™ Hisham Abu-Ali, A. Nabok, T. Smith and M. AShanawa, Using Optical and
Electrochemical Measurements for Development Inhibition Biosensor Based on Bacteria
for Environmental Pollution DetectiorPgster), 16 December 2018JERI and BMRC
Student Symposium Sheffield Hallam University, SheffieldK .

™ Hisham Abu-Ali, A. Nabok, T. Smith and M. ABhanawa,(2017) Development of Novel
Inhibition Biosensor Based on Bacteria for Environmental Pollutants DetecMiBER|
Proceeding , 16th-17th May (1)6-8. Sheffield Hallam University, Sheffield)K .

™ Hisham Abu-Ali, A. Nabok, T. Smith Development of Novel Inhibition Biosensor Based
on Bacteria for Environmental Pollution Detection (Oral)-223 May 2017,MERI
Student Symposium SheffieldHallam University, SheffieldJK.

™ Hisham Abu-Ali, A. Nabok, T. Smith and M. ABhanawa, Development of a Novel
Inhibition Biosensor Based on Immobilized Bacteria for Environmental Pollution Detection
Using Optical and Electrochemical Measuremen®esier) Biosensing Technology
Congress 05-11 May 2017RivaDel Garda lItaly .

™ Hisham Abu-Ali, A. Nabok, T. Smith NanoBioreceptors DNAAptamerBased
Electrochemical Biosensor for Heavy Metal ions Detection in Water Samples (Oral),
Aptamer in Bordeaux Conference 21-23 September 2017, Bordeauxrance.

™ Hisham Abu-Ali, A. Nabok, T. Smith, The First Iragi Student Conference in UK,
Sheffield, University of Sheffield,2Septenber 2017, Sheffield UK.

Vil



™

™

™

™

™

™

™

™

Hisham Abu-Ali, A. Nabok, T. Smith Novel ssDNAptame&-Based Electrochemical
Nanobiosensor for Rapid Detection of Heavy metal lons in Water (PostenpToday
Conference 6-10 Decembe017, Hawaii- USA.

Hisham Abu-Ali, A. Nabok, T. Smith and M. ABhanawa Using Immobilized Bacteria as

a Novel Inhibition Biosensor for Environmental Pollutants Detection (Orgbplied
Molecular  Microbiology = Techniqgues Conference 1516 January 2018,
Zurich - Switzerland.

Hisham Abu-Ali, A. Nabok, T. Smith Using double strand DNA Based Electrochemical
Biosensor for H§ and PB" Detection in Water (Oral),Applied Molecular
Bionanotechnology Conferenceg23-24 January 201&#msterdam Netherlands

Hisham Abu-Ali, A. Nabok, T. Smith Using novel ssDNAptamerBased
Electrochemical Biosensor for Rapid Detection of Heavy metal lons in Real Water Samples
(Oral), Biosensor 2018 Congres23-25 Jun 2018. Miami USA.

Hisham Abu-Ali, A. Nabok, T. Smith Application of aficial neural network for
preliminary detection of water pollution using inhibition electrochemical sensor array based
on immobilized bacteria and modified scrgamted gold electrodes (Poster), kécember
2018, MERI and BMRC Student Symposium, Sheffield Hallam University, Sheffield,

UK.

Hisham Abu-Ali, A. Nabok, T. Smith ssDNAAptamerBased Biosensor for Rapid
Detection of Heavy metal lons in Real Water Samples (Jtat).2%" International
Conference of Lab on a chip device, system and technolqog?2324 May 2019,

Barcelona Spain.

A. Nabok,H. Abu-Ali, A. Al-Rubaye, A. AldJawdah, C. Ozkaya, G. Catanantd&;. Davis,
The use of aptamers immobilized on the surface of transders for detection of low
molecular weight analytes (Oral) 16" European Conference on Organized Films,
ECOF 16,8-12 July 2019Paris- France.

Cansu Ozkaya, Alexei Naboklisham Abu-Ali, Frank Davis, Nik Walch, Deborah
Hammond, Seamus P.J. Higson, Rifat Capdetal sulphide subnanometre clusters

formed within calix[8]arene LB films (Oral) 16" European Conference on Organized

Films, ECOF 16, 812 July 2019, ParisFrance.

IX



PRIZES and AWARDS

. The best presentation and paper placing in THel@@rnational Conference of
Environmental Microbiology, (Zurich, 516" January 2018, Switzerland).

. The best poster and paper placing in Th&lafernational Conference of Lab on
a chip devicesystem and technology (Barcelona™28" May 2019, Spain)

. Award from the Iragi Cultural Attachés oneof excellenceorganizersin the
First Iragi Student Conference in UK, Sheffield, University of Sheffield
(Sheffield,29™ Sepember2017, UK).

. Award from the Iraqgi Minister of Higher Education and Scientiiesearch as
one of the best 20 student in the UK during the PhD study period. (Londbn, 18
January 2018, UK).



LIST of FIGURES
Figure 1-1. 7KH VFKHPDWLF GLDJUDP Rl ELRVHQVRU DSSOI

Figure 1-2. 6 FKHPH Rl HOHFWURFKHPLFDO ELRVHQVRU«««c«
Figure2-1. 7TKH VRXUFHV DQG SURGXFWYVY FRQWDLQLQJ KHD"
Figure 2-2. 8RPPRQ FRPPHUFLDO SHWURFKHPLFDOV «««««««
Figure 2-3. Types of pesticideD QG KHUELFLGHV X&/dk& « « «« « «

Figure 224. 6 FKHPDWLF GLDJUDP RI $WRPLF OEMRUSWLRQ
Figure 2-5. Schematic diagram of inductively coupled plas® VV VSHFWURPHWL
Figure 2-6. Schematic diagram of Chromatography Measuring process «

Figure 2-7. 7\SLFDO ELRVHQVRU HOHPHQWYV «««««&&«&«KKK KK
Figure 2-8. Schematic of wholeelFEDVHG ELRVHQVRUYV «««««k«««««
Figure 2-9. Schematic fHOHFWURFKHPLFDO '1$ ELRVHQVRU«««
Figure 2-10. Schematic of aptameEDVHG ELRVHQVRUV«««««c B« «
Figure 2-11. SELEX SURFHV YV « « € € «€ «€ « « « « « K K« &KL KL LKL KL K

Figure 2-12 $SWDPHU VHFRQGDU\ VWUXFWXUHVY « «««««««K

Figure 2-13. The schemigc structural image of a typical Grapositive and Gram
negative bacteria cell « « « « « « « « I X EZ X R XX R X 61

Figure 2-14. E. coli bacteria cells (GranrtHIDWLYH DQG WKHLU FRORQ
Figure 2-15. S.oneidensisbacteria cells (GramtHJDWLYH DQG WKHLU FR
Figure 2-16. Mc. Capsulatus bacteria cells (Grarhegative) and their colonies....65

Figure 3-1. Fluorescence microscope OlympBX60 (A), and its schematic diag8®

Figure 3-2. (A) 6715 UV/Visspectrophotometer; (B) Schematic of optical process... 85
Figure 3-3. (A) Flow cytometry instrument (B);Schematic diagram of measurements88

Figure 3-4. (A) Scanning Electron Microscope FEIRYD % 6FKHPDWLF GLDJ

XI



Figure 3-5. (A) Atomic force iFURVFRSH % 6FKHPDWLF GLDJUDP«
Figure 36. &KDUJHV H[FKDQJHV RQ PHWDO HOHFWURGHYV

Figure 3-7. Electrical double layer (EDL) at metalectrolyte interface and the resulted
distribution of surface potential i’/ « « « « « « € € € € € € € K € K K «

Figure 3-8. Two-electrode system (a) and potential distribution in it (b); tieteetrode

(C)and foFHOHFWURGH VIVWHPYV G «&&&««&&KKLLK KK L KKK KKK
Figure 3-9. Circuit for voltammetry in threelectrode cell (a), the same circwith
SRWHQWLRVWDW E ««««««€&«EELH LR LKL L KL L LK
Figure 3-10. 7\SLFDO F\FOLF YROWDPPRJUDP RI UHGR[ UHDF
Figure 3-11. &ODUN R[\JHQ HOHFWURGH D *OXFRVH VHQVR

Figure 3-12. The scheme of mediated enzyldleHD FW LR Q « « « « « « « « € « «

Figure 3-13. (A) Fourchannel C.Vexperimental setip; (B) Typical voltammogram

and scree'SULQWHG WKUHH HOHFWUR&GdHk O/ VHREOLHV ««««
Figure 3-14. (A)Typical plot of C.\, and (B) Dependence of scan rate (a) aiate

constant of electrotransfer procest Q WKH F\FOLF YROWDPPR@UDP E

Figure 3-15. (A) PARSTAT 4000A impedance analyzer instrument; (B) Schematic
diagram of impedance measurements, and DropSens interdigitated electrode used....108
Figure 3-16. ' HVLJQ RI LOQWHUGLJLWDWHG HOHFWWRGHV DQC
Figure 3-17. Equivalent circuit for impedance measurement in electrohgéal system

(a) simplified equivalent circuit (b} « €« €« € € KKK KKK KKK

Figure 3-18. Nyquist plot Z"vsZ'; Dotted line indicate the outcome of binding ananlyte

to receptor (a) schematic graph of the affinity (k. « « « « « « € €« ««

Figure 4-1. Fluorescence microscopy images ©f coli before (A) and after (B)

treatment with HQGI VD O W 0 « €« & QKKK KKK KKK KKK K K K

Figure 4-2. Fluorescence microscopy imageshMs. trichosporium(OB3b) before (A)
and after (B) treatment with HgCIV D O W 0 €& &K KKK LK

Figure 4-3. Fluorescence microscopy imagesSbneidensibefore (A) and after (B)
treatment with HQGl VD O W 0 AL LEL KELELLLCLKL

Figure 4-4. Flow cytometry results foE. coli (A) , S. oneidensi¢B) and Ms.

trichosporium(OB3b) (C) ; (a) and (b) were obtained, respectively, before and after
treatnent with HgC} (IR EZZEZLZZZZZZZZ X X %= 3

Xl



Figure 4-5. CV recorded or6. oneidensi¢A), E. coli (B) of different dilutions (1:10,
1:5, 1:2, 1:1, and stock solutions) aMd capsulatus(C) treated with different of
HgCl,; CV curves for clear LB brothDUH VKRZQ RQ DOO JUDSKV««:«

Figure 4-6. CV of E.coli (A) S. oneidensigB) and Ms. trichosporium(OB3b) (C)
treated with of HQGI« « « « « « « « «€ & « & € & K « « € « 4

Figure 4-7. The dependence of relative changes in cathode curref.3V for S.

oneidensisMs. trichosporium{OB3b)andE. colitreated with HGl « « « « « 5
Figure 4-8. The Nyquist plots-gZim vs Zre) for interdigitated electrodes with bacteria
suspension treated with Hg ions (A); equivalent circuit
(B) K LA LELEKLK KKK KL KKK KK 126

Figure 5-1. DropSens threelectrode assembly (a), DropSens interdigitated electrodes
E 6FKHPDWLF GLDJUDP RI EDFWHULD LPPRELOL]DYV

Figure 5-2. Fluorescence microscopy images of immaetl Shewanella oneidensis
bacteria before (A) and after (B) treatment with BRbZID O W 0 IRU KD ««w« «

Figure 5-3. Fluorescence microscopy images of immobiliZgewanella oneidensis
before (A) and after (B) treatment with ZnGhlt (IM)for 2 hr « « « « « «  « 2

Figure 5-4. SEM images oE. coli after treatment with pentane (1M) (A, oneidensis
after treatment with ZnGl1M) (B) andMc. capsulatuBath after treatment witdnCl,
salt(1M) (C)for 2 hr « « « « « « « « « « « « I EZZ IS .« 4

Figure 5-5. AFM images of modified SPGE with immobilized bacteria before gAJ
after (B) treated bacteria with poly- O\WLQH « « « « « « « «  ««««c««« 5

Figure 5-6. Cyclic voltammograms in the selected voltage range fréhd (V to +0.5

V) for: E.coli in solution (A) and immobilizecE.coli (B) treated with hexane; M.
capsulatus in solution (C) and immobilized capsulatugD) treated with atrazine; and
Shewanella oneidensis in solution (E) and immobilized Shewanella oneidensis (F)
treated with PDGl« « « « « « « € « € € € € € € € € € € & « & « « « 7

Figure 5-7. Comparison of relative changes of anodic curr&)tdt +0.5V of all three
types immobilized bacteria samples on modified electrodes exposure to (RpCI
$WUDJLQH % DQG +H[DQH & «««&««««««««c )«

Figure 5-8. 3D plot of relative changes in anodic currentEocoli, M. capsulatusand
S. oneidensiscaused by different pollutants. Arrows show the direction of the
SROOXWDQWVYT FRQFHQWUDWLRQ - 100 HDVH

ALK KKK KKK K KKK LK KL 3

X1



Figure 5-9. The Nyquist plots-Zim vs Zre) for interdigitated electrodes modified with
immobilized bacteria treated with Efgions of different concentrations (A); equivalent
FLUFXLW %W «q&&&&KLKK KKK (UL LLLLLLLLLKL « 4

Figure 6-1. 6 FKHPDWLF GLD J&kDaR R« & & ke « « « KK 49
Figure6-2.The strategy of ANN development for water pollutadentification......151

Figure 6-3.The ANN design used in the work for data analysis of bacteria sensor
DUUD\ &« & &« KKK KKK KL KKK KL KKK LK LKL LKL LKL A5

Figure 6-4. ANN training: Reduction of MSE during the 250,000 epochs of data

IHHGLQ J«&&&QELLLELLLLLLEL CLLLLLLLL LKL 6

Figure 7-1. PCR activation proces$A) SPGEsfunctionalized with H§" and PB'*-
specific aptamers; (B) heating up to 95 °@&hd (C) cooling aptamers at
f & UKL KKK KK LKL KKK KK K K K 6

Figure 7-2. Schematic diagram of electrochemical detection of heavy metal iofis Hg
(A) and PB* (B) using redoxODEHOOHG DSWDPH U V « s e « €K «
Figure 7-3. Cyclic voltammograms of scregainted electrodes with immobilized anti
Hg** (A) and antiPt** (B) aptamers in HBB solutions with different concentrations of
HgCl, and PbC salts. The reference curves were recorded in pure HBB without heavy

metal salts adde@ « « « « « & € € & &€ € K & K K & K K K & K KKK L 69

Figure 7-4. Cyclic voltammograms of scregwinted electrodesvithout immobilized

aptamers in HBB solutions with different concentrations of Hg@t PbC] salts. .170

Figure 7-5. The concentration dependences of changes in anodic current at 0.2V upon
binding of HF* (A) and PB* (B) ions to respective aptamersséts show the zoomed
in calibration curves with the data of five real samples of water (marked as star

SRLQWV [CERCER (O (O CER AR GO (O COR CER AR (O (O GO CER (O (O (AR CER GO (O COR COR G (O (O COR CER CER (Q (¢ 1

Figure 7-6. The crosssensitivity tests: responses of aHt’* aptamer (blue) and anti
PK¥* aptamer (red) to Z#i CU, Cd*, Hg*, and PB' ions in 100 ng/ml
FRQFHQWUDWLRQV « &« &« & &K KKK KK KL KL KL KL LKKKKKRK

Figure 7-7. The Nyquist plots -Zim vs Zre) for interdigitated electrodes with
immobilized antiHg?* aptamers binding Hg ions of different concentrations (A); the

XV



Nyquist plot for bare interdigitated electrodes in solutions with different concentrations

Of HJCL 90 « « « « <€ &« & & &€ <€ & K € € &K K €L LK KKLLK K K 5

Figure 7-8. Typical kinetics for antHg?* aptamers binding Hg ions of dfferent
concentrations. Inset shows the dependence fagainst the concentration of fg

I_RQV(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( 7

XV



LIST of TABLES

Table 1-1. Historical overviewof biosensorSGHYHORSPHQ W « « « « « «  « « « «
Table 21. % DFWHULDO ELRVHQVRUV IRU GLIITHUHQW SROOX
Table 4-1. The results of OBy after exposure to Hgefor 2 KU « « « «  « «

Table 4-2. Values for the EIS parameters obtained from fitting the Nyquist plots shown

in Figure 49 to theequivalent CircUtP R G H O « « « €« € € € € € € & € € K ........ 1z

Table 51. The numbers of live and dead bacteria immobilized on microscopic images
of modified screen printed gold electrodes for all three bacteria before and after
treatment with 1M solutions ofie threH SR O O XW D Q¥ d R Wk « U « 3

Table 52. Values for the EIS parameters obtained from fitting the Nyquist plots shown
in Figure 59to the RanNdIESF LUF X LW €« € € € € € € € € K K K € K K K &« 5

Table61. '‘DWD VHW RI WKH QH X U@« QdkWZR UN W UIBAL QL Q J

Table 6-2. The results of ANN identification of pollutants and estio@ their
FRQFHQWUDW L@ « « & € &€« K KKK KKK KKK KKK 6

Table 7-1.ICP-06 WHVWLQJ UHVXOWY Rl UHDO VDPSOBV ««««c

Table 7-2. Values for the EIS parameters obtained from fitting the Nyquist plots shown

in Figure 76A to the equivalent circuit model« « « « « « « « « 6

XVI



TABLE of CONTENTS

DECLARATION ... et e e e e e e e e e n s nmmmr e I
DEDICATION ..ottt e e e e e et e e e e e e e et ammmrsa e e e eeeee 1
AB ST RA CT ettt e e e e ettt e e e e e e nnmeeeenaa e e i
ACKNOWLEDGEMENTS.....cee e ememe e e \Y
LIST OF ABREVATION ... .ot e ennenans V.
LIST OF PUBLICATIONS. ..ottt emme e e e e eaeanns VI
PRIZES AND AWARDS ... ..ot X
LIST OF FIGURES ... .o s Xl
LIST OF TABLES. ...t rmme et e e e e e e e enen s XVI
TABLE Of CONTENTS ...t ernnn e e e e e e e e e e e e e ees Xl
CHAPTER 1 ,1752'8& 7,21 «&«&KKKKKKKLKLK KKK KKK 1
1.1  The need Of DIOSENSQALS........uuuiiiiiiiiiiii et e e 1
1.2 Sensing and bioSENSING SYSIEM.........cccoiiiiiiiiiiieeee e 2
1.3  BiosSensors and SENSOr @rTAYS.....cccceieeeeeeeeeiiieeeiiieeeeeeeeeeeeeeeeeeerrrenneaeeaaens 4
1.4 The history of electrochemical bIOSENSOIS...........cccoiiiiiiiieemniiee 5
1.5 Bio-electrochemical systems (BESS)..........cuuuiiiiiiiiiiicesiiiiiiiiiiiiieeeeeee 8
1.6 Inhibition electrochemical biosensor principles.............coooovviiiicceiienen. 9
1.7 AIMS and ODJECHIVES.........uuii e 10
RETEIEINCES. ...ttt e e e e e e e e e e 12



CHAPTER 2 LITERATURE REVIEW ..., 18

2.1 Toxic chemicals and environmental pollution...............ooooiiiiicce e 18

2.2 Detection of toxicchemi@l pollutants...........ccccveiiiiiiiiicc 19

2.3 Classification of toxichemicalpollutants« « « « « « « « « € «  «« 22

2.3.1  Heavy MetalS........cccooiiiiiiiiiiiiieiee e 22
2.3.2 Petrochemicals and BTEX cOmpounds............cccuevvveeeieeminvennnnenenne. 24
233 3HVWLFLGH DQG KHUELFLGHV «««&«&««««RE KK KKK
2.4 Effects oftoxic chemicabollutants on living organisms...........c...cccvvvee. 29
2.5 Detection and remediation of toxic pollutants..............ccccoovvieeeeeeeeene. 33
2.5.1 Atomic absorption spectroscopy (AAS).......ccooeriiiiiiiiiiiicme e 34
2.5.2 Inductively coupled plasma mass spectrometry {M3P)..................... 36
2.5.3  Chromatography..........coooiiiiiiiiiiiee e 37
2.6 BI0SENSOrS and SENSOI AITAY...........ccuvvrrruuuuuimmmeeeeeeeerrnrannaeeeesemenssnnnnns 38
2.6.1 Classification Of BIOSENSOIS...........uuuiiiieiiiiiimeeiiieee e e e seeeaas 41
2.6.2 Whole-cell bacterial SENSOr array........ccccccceeeeeiiiiiccceeeeeeen . 43
2.6.3 DNA Biosensors and MICIOAITAYS.........cceeeerrriiiiiiiicmee e e 44
2.6.4  APLaSENSOIS..ccciiiiiiiiieeiiii e et e s eri e snnmeeern e eannneeennnnee s 4D
$SWDPHU VHOHFWLRQ SURFHVV 6(/(; ««««
BWUXFWXUH DQG W\SHV RI DSWDRHT V « « ««
2.6.5 Immobilization strategy of bioreceptars..........ccccoeeeevviiiicriiinnnn..... 48

XVIII



2.6.6 Methods of ImMMODIlIZAtION..........oeoeeee e 49

2.6.7 Inhibition bacterial SENSOr array..............uuuvvveriiccceeeeeiiiiiieeae e 52
2.6.8 Electrochemical sensor based on immobilized bacteria.cells......... 54
2.7 Bacteria as sensing elements and pollutants remediatars.................... 56
2.7.1 General description of bacteria.............ccceeeiiiiiieccviiiciiir e 57
2.7.2 Bacterial cell wall StrUCTULE...........eiiiiiiiiiiiii e 59
2.7.3 Growth of bacteria.............ooooiiiiiiiiiee e 62
2.8 Types of bacteria used as sensing elements in this.work.................... 63
2.8.1 Escherichia col(K-12 Strain)...........ccceeeviiiiiiiiiiiene e 63
2.8.2 Shewanella oneidengiBIR-1Strain)...........ccooccuvviviiiiimeeiieieeeieeeee 64

2.8.3 Methanotrophic bacterisic. capsulatugBath)& Ms. Trichosporiun{OB3b)..65

RETEIENCES. ... it 66
CHAPTER 3 EXPERMENTAL METHODOLOGY ..o 83
3.1 Experimental equipment used in this Wark...............c..ovvvieeciiiieeeeiiiiiiinns 83
3.1.1  Optical MEthOUS.......cooiiiiiiii e 83

3.1.1.1 OlympuBX6 )OXRUHVFHQFH PLFURYER& « d«««

89 9LV VSHFWUD PHDVXUHPHQWY &&VLQJ

3.1.1.3 Flow cytometry usinddecton 'LFNLQVRQ )$&6&DOLIXU

3.1.1.4 Scanning Elecon Microscopy using FEILRYD 6 (0« «« 88

3.1.1.5 Atomic Force Microscopy (AFMlisingNanoscop&FM « .. « « 90

XIX

K« K«



3.2 Electrochemical DC and AC methods for biosensing approaches......... 92
3.2.1 DC electrochemical measuremMents...........cccuuveeeeeiieemernnenrieeeeneeeeess. 92
Cyclic voltammetry usingglBTAT4000 ««««««««« «...101

3.2.1.2 Cyclic voltammogramB Q D O\ V L V « « « « « « « € « € € « &
3.2.2 AC electrochemical measurements...........ccccoevvvvrieemieeeeeeessivneee. 105

3.2.2.1 Electrochemitémpedance Spectroscopy (PSR $7 $ ...405

3222(OHFWURFKHPLFDO LPSHGDQFH DQDO\VLV««««

Reference3< LCER SO CER G COR CER CER (O (O GO (R GO GO (O GO GO GO O (O (O GO GO COR (O (O (O (R (¢

CHAPTER 4 Optical and electrochemical results of bacteria in suspension

Samples« UL LK K KK LKL K K KK 116
4.1 Bacterial culture conditioning.............ooovviiiiiiiiicc e 116
4.2 Preparation of analyte Samples..........cooooriiiiiicce e 116
43 Optical Measurements of bacteria suspension samples..................... 117

4.4  Electrochemical measurements of bacteria suspension samples........ 120

441 CV MEASUIEMENTS ...ccvuiiiiii e iiiii et irmmeii e et e et e e et rmnne e e aa e e ennns 120
4.4.2 Electrochemical Impedance Spectroscopy measurements.......... 126
] (=] €= o P 128

CHAPTER 5 Optical and electrochemical results of immobilized bacteria

Samples« LK KK KK KL LUK KK KK KL 129
5.1 Bacterial immobilization proCess...........coeeiiiiiiiiiiiccciiee e 129
5.2 Preparation of analyte SOIULIONS..........ccoeeiiiiiiiiiiccce e 130

XX



5.3 Optical and SEM characterization of immobilized bacteria.................. 130
JOXRUHVFHQW PLFURVFRS\ VWXG\ RI IOPPRELC(
6(0 VWXG\ RI LPPREk®ddKH&G<&EOF Wk WL M« «
5.3.3 Fixation of immobilized bacteria samples for SEM measurementd.31
5.3.4 AFM imaging of immobilized live bacteria...........ccccccovvvvvvimnnnnn. 131
5.4 Electrochemical measurements of immobilized bacteria samples....... 135
5.4.1 Cyclic voltammograms (CVS) measurements...........ccccvveeeeeeeeennne 135
5.5 Sensor array data analysSiS..............uuiiiiiiiiccmeriiie e errn 141

5.5.1 Identification of water pollutants using pseudo 3D graphs of sensor

UHVSROVHV U EUALULLULLLLEULLR e« 141
5.5.2 Electrochemical Impedance Spectroscopy (EIS) measurements.143

5.6 Discussion of the optical and electrochemical measurements results.145
RETEIENCES. ... et nner e e e e e e e e eees 147

CHAPTER 6 Analysis of Environmental Pollutants using Artificial Neural (ANN)

Network Algorithm « « « « « « « « « LTI XXX .« 148

6.1 Statstical analysisof HBQVRU DUUD\ GDWD « « « « « @& « <8

6.2 The concept of artificial neural NEtWOIK.............ooooiiiiiiieeciii e 163
6.3 The desigstrategy of ANN for data analysis of bacteria sensor array......... 164
6.4 The ANN AESIGML...ciiiiiiiiiiiiii e 165
6.5 ANN TrAINING....eeiiiieieeee et e e e e e e s seereeeees 166
6.6 ANN testing (SIMUIALION)........ccoiiiiiiiii e eree e e eeees 179



6.7 BXPPDU\ & & & & L L&KL LKL KKK 8
REfErEeNCES......cooiii 180
CHAPTER 7 Detection of heavy metals using aptameEDVHG DVVIDB\V « «
7.1 Expemental OHW KR GR O R J\ « « « « « « € «a&&&K& « «
7.1.1 AptamersandotHU FKHPLFDOV X¥ &G« « e «« « 3
7.1.2 Immobiliz2W LR Q R DSWDP H U V « « @« « & && & « « 4
7.2ICP-06 PHDVXUHPHQWYV « € €« € «®&KKK « KLLKL & 4
7.3 ElectrochmicDO PHDVXUHPHQWYV ««« « « «aa &«  « 5
74ResuWV DQG GLVFXVVLRQ ««&«««&KLK KK «.« 6
7.4.1 Design strategy of the aptAH Q VR U « « « « « « « &« « .« «  «...166
7.4.2 Cyclic Electr&c KHPLFDO PHDVXUHPHQ¥WV. «««« « «««
7.4.3 Impedance g FWURVFR S\ PHD V. X ¢ HRK QV.V « « «

7.4.4 The kinetics of aptangefHd* and PB* ELQGLQW««« «.« 8

7.5 DiSCUSSIOR « « « « « « « « « L RS L« o« 719

REFEIENCES......coii 181
CHAPTER 8 Conclusion and future Work.............c.cccooiiiiiiieeciiine, 181
8.1 TheSIS CONCIUSIONS.........ooiiiiiiiiiiiiieee e 181
8.2 Suggestions for future Work............oooooiiiiiiiceeii e 185

Appendix A- & « « « « € €« € € € K & « R R R R EE LR 7

XXII



CHAPTER 1 INTRODUCTION

The needof biosensos andthe use okensingand biosensingechnologyapproach are
outlined in this chapteralso the invention history of electrochemical biosensand
classification of biosensors aoeveredin this chapterThe concept of the proposed
inhibition biosensor based on bactedad inhibitionbiosensor array, hdseenoutlined

At the end of this chapter, the aims and objedtiuf this research are given.
1.1 The needsof biosensos

The &plosive development of industrial and agricultural activities contaminated the
environment with large number of toxic chemicals, particularly, heavy metals,
pesticides, petrghemicals and BTEX compoundwhich refer to benzene, toluene,
ethylbenzene andylené. High concentrations dhese toxic chemicalere observed at
industrial and agricultural areasThe above chemicalsonsideed amongthe most
abundantly produced chemicals in the wosloread in the atmosphere and aquatic
environment, and have retgve impacts on all the living organismaich led to call for

fast and coseffective analytical techniques to be used for extensive in field monitoring
programs [15]. The detection of the abotexic chemicaldn low concentratiosis a

quite difficult task, though not impossible and can be achieved with the existing
advanced analytical methods such as atomic absorption or atomic emission
spectroscopies (AAS, AES), inductively coupled plasma mass spectroscopV8CP
cold vapours atomic flarescenceectroscopy (CVAFS) antigh-performance liquid
chromatography(HPLC). These methods are extremely sensitive but expensive,
requiring specialized laboratory conditions and highly trained person@l [&s a
result, both the time and cost of analysis lbeewery high.

An alternative approach to those sophisticated methods is based on the use of
biosensors, which could be much simpler, easyse, and inexpensive. The main
problem of biosensors, however, is the selection ofdéeeptors which actuallyrpvide

the function of recognition of target analyte molecules. Typicalréeeptors used in
biosensors, i.e. enzymes, antibodies, aptanmerseic acids angbeptides, can easily

provide such functionality [2Q4]. However the traditional biosensing apach may



struggle with a difficult task of detecting a large nhumbethefsetoxic chemicalsn a
complex natural environment because every analyte may require a specific receptor. In
this context,nhibition biosensorsand biosensoarray appear as suitabalternativeto

traditional biosensors.
1.2 Sensing and biosensingystens

Sensing andibsensing technologies habeenexpandedsince 1962 whenClark and

/\R Q Mverted the first electrochemical biosenstor blood glucosedetection [B],

Chen and Chzaoyere differentiated between sensor and biosensor, depending on their
active recognizing material immobilized on the surface of electwddeh was used
Selecting this material differs with respect to the nature of the target analyte and the
kind of effedive reaction between both of thg¢i6]. A sensor is a device that responds

to a physical stimulus (such as heat, light, sound, pressure, magnetism, or a particular
motion) and transmits a resulting impulse (as for mesaBent or operating a control)

[17]. While, biosensor is an analytical device which uses living bioreceptors or
biological elements such as tissue, microorganisms, organetede cell, enzymes,
antibodies, nucleic acids to measure the presence of chemical substance by generating
signals poportional to detect the concentration of an analyte insgfecimeng18].
Figure(1-1) presents the schemelmbsensor application areas.



Figurel-1: The schematic diagraof biosensor application areas.

Heavy metals, pesticides, and petrochemicals possessing serious threat to humans and
living organisms are of the main concern for the environmental seawwtsadays The

most common sources of environmental pollution are manufacturing, automotive,
agricultural, chencal, and medical industriegor instance, three of the most common
heaw metals released from road travel are zinc, copper, and lead, accounting for at least
90% of the total metals in road runof)], 20].

Theseanalytesdo not remain where they originate. They can be transported to different
locations in a number of different ways. Soofethese toxiccompoundge.g. heavy
metals, pesticides and hydrocarbonah evaporate and drift away by winds before
precipitating asrainfall. In addition, runoff from agricultural and urban areas into
drainage pipes and sewers also contributes to significant pollution of surface and ground
waterwith this kind of pollutantsThe rain droplets includedolubleheavymetal salts

with the KLJKHVW FRQFHQWUDWLRQY ZIHIRR LG, an@l /



OHDG 3E *). TEM reveals that 76% of cloudtopsinclude metal particles that
UDQJH IURP QP W Rith a MeddnDiiBrhevé-bf 250 rfidl, 27. A study

from Switzerland revealed that much of the rain in Europe contains high levels of
GLVVROYHG SHVWLFLGH \initthphahxIDtBe® it would e ilRdal to

supply this water for drinking purpose&3]. A field conditions study in Hungary
revealed KH SUHVHQFH RI J O RI DWUD]LQH J O
SURSLVRFKORU DQG J O RI BAORUS\ULIRV LQ UXQ

1.3 Biosensors andiosensor arrays

The emergent needs for a portable, rapid, sensitive, and specific screening instrument
for multiple pollutants detection at the site of sample collection in the field could be
solved viabiosensors antiosensor arraydf2erumal andHashim (2014), were defed
biosensor array as a device composed of three elements (biological molecules,
bioreceptors and transducers) wharke intimately associatdé5]. There areife of the

most important features that must be available in the biosensgrvaniah are (i)
sensitivity; (i), reproducibility; (iii), repeatability (iv), stability and (v), smplicity in

the procedure of surface modification andidgical molecule immobilizatiof26]. The

use of biosensor arrays have several very significant advantages over using a single
biosensor for such applications lie in fedlowing fact (1) Biosensor array adds new
dimensions to the observation, helping to estimate more parameters and improve the
estimaton performance 7). (2) The number of analyte which can be detected
simultaneously can be expanded as need dictates aanificpnalyte become available

(3) Thebiosensor arrays and tracer reagents are reusable if no target agent binds to the
array surfae. This feature significantly decreases the cost and operational burden for
the user and simplifies automation fottended monitoring applicatior{8]. (4) The
biosensor array is simple to use. It is easily portable for first responder applications. The
insertion of the sensor array, tracer reagents and samples is very simple with no
requirement for llgnment operations by the ug@9]. (5) The biosensor array is a lew

cost system which can be made even more cost effective with mass production. (6) The
biosensor array can be easily adapted for continuous monitoring operations by

integration with a computerontrolled sampler to format automatic analytical system.

4



Because of these advantages, more and more biosensor arrays are applied in varied
areas inluding environmental monitoring0]. (7) The identification of many types of
pollutants in the environment and the evaluation of their concentratimugh more

difficult task which is impossible to solve using a single type of biosensor. However
the bosensor array approactitilising several types of biological materials being
inhibited differently by different types of pollutants could solve the problem of

environmental pollution detection.
1.4 The history of electrochemical biosensor

Electrochemical biemnsorscomprise potentiometric, ampenetric, and impedimetric
sensing techniques, with amperometric senadrish beingthe first type of biosesors
described in 1953Electrochemical biosensors have subsequently become the most
developed group witbreatest commercial success, largely due to amperometric glucose
detection in diabetesnonitoring Their key advantages are low cost, paficare
testing and miniaturization capacity31]. Electrochemical biosensois a device
composed of two intimatelyassociated elements, bio-receptor and transducers
shown inFigure (1-2) which presents this schemighe dectrochemical biosensor is the
first form of all biosensor types and started to be common in labs of chemical industries,
and many other searclgrfields, the histry of electrochemical biosensbeganwhen

the pH thin glass electrode inventedy Max Cremer, which was the oldest
electrochemical sensor in 1906fter that, Sgren Peder Lauritz Sgrensen demonstrated
the concept of pH (hydrogen ion aamtration) in 1909and the first electrode for pH
measurementsvas brought tothe world in 1922 by W.S. Hughe87. During the
period from 1909 to 1922, Griffin and Nelson, demonstrated the first immobilisation of
the enzyme invertase oruminium hydroxide and charco4B3], and then Leland
Clark, was invenbnedthe first electrochemical biosensor for detectidblood oxygen

in 1956. He is known as the IDWKHU R BrdRhs Hh@evitei of the oxygen

electrode bearhis name:Clark electrod€ [34].

The feasibility and their recognition abilitymake electrochemical sensors a good

candidate for application in many disciplines such as food, biomedical, environmental,



agricultural, and industrial fields. That is owing to their ppeccost effective, fast, and
reliable detection of many organic and inorganic compounds. Howdwgher
development othesebiosensorsrequiresmultidisciplinary research in the fields of

material science, electronics, and computer science to meeintbggent needs in

different fields[35].

Figure 1-2: Scheme ofelectrochemical biosensofA) bio-receptors, (B) modified

SPGE, (C) DropSen8&Stat equipmentD) cyclic voltammogram.

The demonstration of an amperometric enzyme electrode for the detection of glucose by
Leland Clark in 1962 was followed by the discovery of the first potentiometri
biosensor to detect urea1869 by Guilbault and Montalvdr [36]. Eventually, in 1975

the first commercialelectrochemicalbiosensor was developed by Yellow Spring

Instruments (YSI). Tablé-1 showsthe historical overview of biosensors in the period

1916till 2018



Table 1-1: Historical overviewof biosensorslevelopment.

Year The invention and developmenevent

1916 First report on the immobilization of proteif7].

1922 First glass pH electrod&g].

1956 Invention of thg(Clark) oxygen electrodg39].

1962 First description of a biosensor: an amperometric enzyme electrode for glucose [@Djark)
1969 First potentiometric biosensor: urease immobilized on an ammonia electrode to detpét]urea
1970 Discovery of ionsensitive fieldeffecttransistor (ISFET) by Bergveld ).

1975 Fibre-optic biosensor being carbon dioxide and oxygen detection by Lubbers and43pitz
1975 First commercial biosensor for glucose detection by [¥g].

1975 First microbebased immunosensor by Suzuki ef48].

1982 Fibre-optic biosensor for glucose detection[d¢].

1983 Surface plasmon resonance (SPR) immunosensor by Liedberddéf.al.

1984 First mediated amperometric biosensor: ferrocene used with glucose oxidase for glucose {é8kctio

1990 SPRbased biosensor by Pharmacia Biadd@}
1992 Handheld blood biosensor BWSITAT [50].
1996 Glucocard launchefb1].
1996 Abbott acquiredMediSense for $867 milliofb2].
1998 Launch of LifeScan FastTake blood glucose biosef&gjr
1998 Merger of Roche and Boehringer Mannheim to form Roche Diagn$Séts
1999 2018 BioNMES, Quantum dots, Nanoparticles, Nanocantilever, Nanowiréandtubg 55).

Ever since the delopment of the-BTAT sensor foglucoseremarkable progress has
been achieved in the field of biosensors. The field is now a multidisciplinary area of
research that bridges the principles of basic sciences (physics, chemistry and biology)
with fundamentals of micro/nanotechnology, electronias applicatory medicine. The
GDWDEDVH p:HE RI 6FLHQFHYT KDV LQGH[HG RYHU

in the lasten years $FFRUGLQJ WR WKH FDWHJRULHV W\SLFDO
introduced by Clark and Lyons in 19626 57 wasan amperometric biosensor. This
milestone in biosensor development was followed by other electrochemical biosensors,
but it was not until ten years later that biosensors based on other transduction principles
were published. Electrochemical biosensorsjrstance, are meanwhile comparatively
easy to miniaturize, which is one of the reasons for their widespread availability In fact,
detectors for biosensors used today depend mainly on electrochemical transduction,
followed by optical and acoustic effectsg]. Thermal transduction is less frequently
used, as are magnetic effects. However, the latter is increasingly employed as a

separation tdan bioanalytical assay$9, 60.



1.5 Bio-electrochemical systems (BESS)

Electrochemical properties of mterials such aswhole cells and bacteria, were
studied extensively in the pas6l]. Recently, the subject of electrochemical
characterisation of cells came back because of recent developmenicill lsensors
[62). The dectrochemical biecell sensor is a ratively young field, but is now
achieving substantial succassscience, engineering, and technologlgere are several
advantages oélectrochemical techniqueg), the measurements can be made quickly,
which refer to the environment activities and d¢eneasily transmitted, amplified and
digitized, (ii), the measurements can be carried out in the laboratory, as a portable
device (portable detector). Bmlectrochemical systems (BESs) take advantage of
biological objects (enzymes,microbes, plants) forhe catalysis of electrochemical
reactions $3]. Some examples of BES are: Microbial Fuel Cells, Phicrobial Fuel
Cells, Enzymatic Fuel Cells, Microbial Electrolysis Cells, Microbial Elesymothesis
Cells and Microbial Desalination.

BESs have recentlgmerged as a promising technology for energy recovery and for
providing valuable products, such as hydrogen, ethanol and other organic molecules
[64]. BES appears as a promising alternative for trgatiifferent types of wastewater

BESs use whole cellitcatalysts to drive oxidation and reduction reactions at-stéite
electrodes. The most widespread application is presently the microbial fuel cell, which
aims to generate power or at least decrease the usage of power associated with
wastewater treatménin the slipstream of microbial fuel cells, microbial electrolysis
cells haveemergedecently. The versatility of the latter has notably expanded the range

of applications of BESs. Key applications are wastewater treatment, sediasect
electrical pover generation, value added product generation, bioremediation and

detecing of the biomass (biological elements concentration).

The electrical properties of biologicahaterial have been studied usisgitable
instrumentation. In addition,mpedance techques have been used to study and
monitoring the growth rate of organs-vivo, whole blood and erythrocytes, cultured

cell suspensions and bacterial growdb][ The integration of impedance with biological



recognition technology for detection of bactetias led to the development of
impedance biosensors that have come to be widely used in recent years. In addition, DC
and AC properties of bamtia cell havdeen studied and monitored.

1.6 Inhibition electrochemicalbiosensorscenario

In the last 20 years many researchers described the realighimmbition biosensors
for environmental pollution detection. This study has focused on thelapewent of
inhibition bacteria based electrochemical biosensors for the determination of
envionmental pollutants. We have indeed designed, realaetl applied inhibiter

bacteriadbased biesensors

Electrochemical deces are the most common mommercial sensor development
because of their simplicity of construction and therefore low cost, iéjalf
performance, high sensitivity with minimal concentrations of analytes down%e,10

and wide dynamic range (up to 4 orders of magnitude in analyte concentration). The
first biosensor, i.ethe JOXFRVH VHQVRU EDVHG RQ &OWDUNTV

electrochemical

Electrochemical and electrical sensors are clearly distinguishable. Electrochemical
sensors are based on detection of electrochemical reactions on electrodes in solutions,
while electrical sensors detect variations in electrical paemnef materials or devices
(current, voltage, conductance, resistance, impedance) during molecular adsorption,
mostlikely in a gaseous environment (gas sensors) as well as in liquids (ion sensors).
These devicewvill be outlined in more detail in the sens below. However, before

going into analysis of different electrical and electrochemical sensors, the physico

chemical processes in the electrolgtdid state system have to be discussed first.

In this study the biocell sensor that included the microorganisms (bacteria) was
employed for detection of heavy metajsesticides and petrochemicalghich is
considered to be a cheap (cost effective), simple (easy to use), powerless (portable) and
sensitive technigat Other and more sophisticated techniquidse HPLC, GCMS

and/or LGMS VKRXOG EH XVHG DV FRQILUPDWLRQ WHFKQLT,



is detected. The use of this and analogous inhibition biosensors in environmental field
can repesent an impoant tool forenvironmental monitang activity. In particular
inhibition based bio sensors for their simplicity of realization. In recent years the
research in the field of the biosensors was diktd the development of highly
selective and sensitivdevices, but it isour personal opinion that ienvironmental
DQDO\WVLVY DV ZHOO DV LQ IRRG DQEDO\WLVY WKH XVH R
(like it may be for instance in the case of biocompatible implantable devices to be used

in clinical chemistry). The role of biosensors in the determination of environmental
pollutants is in our opinion not to completely replace the traditional, more sophisticated
instrumental techniques, but to represent a valid complement to them, especially in all
thoseVLWXDWLRQV ZKHUH LW LV QHFHVVDU\ WR FDUU\ R
overall times of analysis and minimizing the sample-tpgatment process. In such
situations a biosensor (or better an array of biosensors) would be the analytical tool
supplying all the necessary information to monitor, in real time, the state of pollution of

the matrix under investigation. In the case of a positive resspmf one or more
biosensorss WUDGLWLRQDO” VDPSOLQJ SURFHGXUH #c. OO EF
assays aimed to confirm and quantify more precisely the extent of each case of
environmental contamination. In this field the development of inhibition based
biosensors would be a very powerful tool for the screening of huge populations of
samples fodifferent classes of pollutants, thus detecting any compound belonging to
the same class on the basis of the common biological effects, and representing an

effective and powerful aid for the early detection of environmental contamination.
1.7 Aims and objectives

The main aim of this project is the development of navebition biosensing array for

the detection of environmental pollution. Tk&udy utilizes three types of bacteria
samples Escherichia coli, Methylococcus capsulatugBath) or Methylosinus
trichosporium (OB3b) and Shewanella oneidensiy for the study of their optical and
electrochemical properties under effects of petrochemicals, pesticides and heavy metals.
One of the main reasons of using bacteria is their versatilitgetecting differen

pollutants. Another reason is the cesffectiveness of bacterial inhibition sensors.

10



Potentially, this work may lead to the development of novel, inexpensive, low power,
and portable sesor array for early detectidpreliminary screening) of petrochecais,
pesticides and heavy metals.

These aims can be achievedoiigh the following objectives:

1. To select thesuitable bacteria species angse poly-L-lysine for their
immobilization protocol.

2. To utilise several optical technigs, such as Optical Densit{O.D600)
Fluorescencemicroscopy, andflow cytometry for counting the bacteria number
and percentage which is affected by the environmental pollutants such as
petrochemicls, pesticides and heavy metals, also establishing a correlation
between optical fpperties of bacteria (in suspension and immobilized forms).

3. To utilize AC and DC electrochemical measurements for detection of these
pollutantsand b establish a correlation between optical and electrochemical
properties and bacteria concentration.

4. To sudy the effect ofheavy metal salts (Hggl PbCh, ZnCl, and CdCh),
pesticides (atrazine, simazine, DDVP), and petremicals (hexane, octane,
pentane, toluene, pyrene and ethawal)optical and electrochemical properties
of bacteriasuspension andhmobilized bacteria.

5. To develop an inhibition bacterial biosensor array prototype suitable for
identification and concentration evaluatiaf petrochemicals, pesticides and
heavy metals iwaterusing Artificial Neural Network ANN) data processing
This study includes a possibility of using aptamers for electrochemical detection
of (Hg?* andPE*) ions analysis of real samples of water from different sources.
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CHAPTER 2 LITERATURE REVIEW

This chaptercoves the toxic chemicad which causethe environmental pollution,
classificationof environmental pollutantse. heavy metals, pesticidegetrochemicals
andBTEX compoundspndtheir spreadof theses toxic chemicakndtheir impact on
the environmenas well and thenethods for detection of these pollutarmtsd the effect
of these pollutants on living organisnand bacteria mass in particulAfso the more

detaileddescription of the sensing material (bacteisaiven at the end of this chapter.
1.2 Toxic chemicals and avironmental pollution

Environmental security is one of the important requirements for protecting living
organisms in our planet. However, it Istémains a major global challenge [1, 2]. The
environmental pollutionvith toxic chemicalss considered as a main and the vital issue

of the global biosphere. The evolution in agriculture, pharmaceutical, and chemical
manufacturing is essential to fulfithe requirements and demands of the growing
human population. However, such developments often caused additional pollution of
environment [3]. These pollutants are spread into the different parts of the environment
and have negative impacts on the livieganisms [4]. Environmental pollution has
been described as any natural or industrial reledshe chemical, thermal, biological

or radioactive elements to some part of the environment which makes a threat to the
health and wellbeing of the living spes [5]. Today, environmental pollution has been
became a significant problem which threatening the wellbeing of the living organisms.
There are so many other sources of hazardous and pollutants, such as chemical plants,
roads whichreleaseheavy metals,agriculture which use pesticides and chemical
industry usingpetrochemicals andthertoxic components. These sites pose a serious

threat to the human been, animals, plants and microorganisms [6].
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Pollutants might cause either destruction with direct visible effects on the environment,
or minor destruction in the system of living organism life cycle due to disturbarece of
delicate balance of the biological nutrition which are noticeable aftetarcéme [7].

Water pollution is of particular concern nowadagad the needs of the methods of
detecting and eliminating pollutants is growing. There are many different pollutants
with petrochemicals, heavy metals, and pesticides being the most coomesn\Water
pollution can be defined as the presence of any chemical or microbial objects in the
freshor seawater which reduce the water quality and affect the living bodies in it. [8].

A large number of unregulated chemicals are consistently introdiimedatercourses.
Furthermore, several of the mining processes cause discharges of chemical waste which
damages the surrounding environment. Monventional waste product varies from

naturally inactive substances, for instance, clay and ferrous rergins [

2.2 Detection of toxic chemical pollutants

Removal of toxic pollutants from the environment, i.e. air, soil and water should start
with the detection of these harmful elements. Ecological monitoring is all about sensing
the pollution which currently occurs in the air, soil and in water. The treatofe
environmental pollutiorwith toxic chemicalsproblem needs sequence of processes,
firstly, to have reliable methods of detection and identification of pollutants and
secondly, adequate remediation procedures which can be applied.

The environmental plutants detection and monitoring in air, water and soil is very
important in the overall safety and security of humans, other animals and plants. Highly
sensitive traditional analyticale¢hniques such as chromatognapind inductively
coupled plasma masspectroscopy are considered time consuming, expensive and
require a lot of expertiseMany of analytical techniques for the detectiontoxkic
pollutants and chemical pollutions have been established in the &8 y€ars, [10].
Powerful analytical toal such as gas liquid chromatography (GLC) and inductively
coupled plasma mass spectrometry mass -3 can identify any chemical

contamination in very low concentrations down to the part per billion (ppb). However,
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very often these methods are expensreguire the use of sophisticated equipment,
specialized laboratories, and highly trained personnel, and thus cannot be used for in
field trials. At the present time, the needs for HJowst, portable, easp-use sensor
devices, which can be used even byspecialists in field conditions, is increasing.
Therefore, there is need for simple, rapid, none expensive, highly sensitive, specific and
portable device for ahgsing environmental pollutants.

There are many methods tixic chemicalenvironmental pollution detection, but this
study focuses orthe development of novel, portable and ceffective inhibition
biosensor array for preliminary analysis (screening) of the presence of petrochemicals,
heavy metals, and pesticides in water amakstly on the development of simple and
rapid method of their detection.

The main problem of sensor development, however, is the synthesis of specific
receptors for a huge variety of pollutants. The use of naturateb&ptors such as
enzymes and antibagl or their artificial analogs such as aptamers could be the way
forward, though such bio receptors are quite expensive. The idea of usiolyjduts

such as enzymes, whole cell, and microorganisms) which can be inhibited by pollutants
IS a new trend inib-sensing. The inhibition sensor arrays are capable of differentiation
and quantification of pollutants [11].

The highly sensitive electrochemical sensors dominate biosensing market, and they are
the most common biosensors for detectiordiffierent analyes[12]. In addition, the
inexpensive, simple design and small size make them excellent candidates for the
development of portable biosensors [13]. The new idea which recently appetred is
use ofmicroorganisms which can resist the high concentratafnpetrochemicals,
pesticides and heavy metalhere areseveralreportsaboutbiosensing applications of
microorganisms such dsscherichiacoli, Pseudomonas putid&hewanella oneidensis
bacteria and\nabaena algaehich have the ability to pollution sestivity [14].

Recently, the utilize of whole bacteria cell as a biosensor to detect the toxins in the

environment was reported withShewanella oneidensisMIR-1 which is a
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Gammaproteobacterium, that is mean it has the ablidetoxifymany kinds of heaw
metals and some organic solvel’,[16)].

In this projectjt was proposetb use some of these microorganisms for detection of the
presence of toxic chemicals (heavy metals, hydrocarbons, and pesticides) by monitoring
live and dead bacteria count. The pollution detection processes of above pollutants we
developing by discovarg optical and electrochenat microbial biosensordlf, 18]. A
number of experimental techniquesl be usedin this project, such as electrochemical
methodssuch ofcyclic voltammogram using threeelectrode assemblies and DropSens
potentiostat, alsalectrochemicalimpedance spectroscopy, optical methedsh as
fluorescence microscopgptical densityand flow cytometry. These measurements will
be carried out before and after exposure of llheteria in suspension as well as
immobilized bacteria on ¢hmodified screen printed gold electrode to detect the above
mentioned toxic compound¥he most favourable methods will be selected to provide
the dependable response and high sensitivity. Ottréeria for selection of
experimental methodare the costand the sensor development suitability. Trieawv
trendof the sensor array in this project will be explored about using different types of
bacteria in the same sensor cHiy, example, a screen printed gold electrode containing
differentimmobilized bacteria coloniesould beused For ths purpose, the bacterial
responses such as anode or cathode current, AC impedaalysisand DC cyclic
voltammogrars coud be utilized from each welDifferentlevels of different pollutants
concentrations will beecorded and provide a database for pattern recognition. Such
sensor array approadiased on ANN (Artificial Neuro Networkyill be applied for
recognitionof pollutants andevaluationof their concentratiofil9- 22]. For this work

three strains of bacter were selected, namelEscherichia coli (E. coli),
Methanotrophic bacteria Methylococcus capsulatugBath) and Methylosinus
trichosporium(OB3b) andShewanella oneidensMR-1 (S.oneidens)s E.coli and (M.
capsulatugBath) or M. trichosporium(OB3b) being quite sensitive to heavy metal and
pesticides and could be suitable for monitoringhe contamination at a low

concentration. WhileS. oneidensiss knows by it is resistanc® these kinds of
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pollutants[23, 24] In the meantimepreliminaryresults were olined by AtShanawa

et al (20132014)[25, 26],and this study is a further development of the concetteof
inhibition bacterial sensor array, dbese bacterlasamples will be tested under
treatment withheavy metals, pesticidesnd tydrocarbons. In order to acquire the
fundamental knowledge and understanding of the mechanism of bacteria inhibition by
different pollutants, the correlation between the badteaacentration with the optical

and electrochemitaroperties of liquidand immobilized bacteria sampldgve to be
established. For this purpose, several optical methods, incluflingrescent
microscopy,optical density, andflow cytometry will be used inhis study, along with
electrochemicaRC and DC measurements, in order to study the effebeafy metal

salts (HgCJ, PbC}, ZnCl, and CdChL), pesticides (atrazine, simazine, DDVP), and
petrachemicals (hexane, octane, pentane, toluene, pyrene and ethrarib above
bacteria. Electrocimical measurements are considered promising for the development
of simple inhibition bacteridased biosensors for the detection of these pollutants. The
use of three (or more) types of bacteria will be lead to the development of sensor arrays
utilizing the principles of pattern recogniticsuch as (ANN) forinhibition elements
detection

2.3 Classification oftoxic chemicaal pollutants

2.3.1Heavy metals

Heavy metal pollution is a serious global environmental proldadamong the most
abundant, toxic angersistent ingganictoxic chemicalswvhich adversely affectiving
organismsand causegeneticmutation[27, 28] Due to their highatomic weight and

high density they areommonlyreferred to trace metals; many of these trace metals
(e.g. Hg, Pb, Cd antli) are highly bxic to humansand other living organisms, and
their presence in surface water at above background concentrations is undez@able [
The detection of toxic metal ions in agquatic environment is an important global issue

because these camhinants may have sevesfectson microorganismsplants, animals
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and human, and on ecosystem in genaral these metalare able toaccumulatein

plant leaves[30]. Among the most toxic metallic water lpdgants in aquatic
environmentare mercury and lea®]]. The extensive usef heavy metals itndustries

such astransport,medical andchemcal manufacturinghas led to their widespread
presence in the world and causedreasd concern about the potential impadtthese
pollutantson the life cycle of living organisms and biosphere. The toxicity of heavy
metals depends onwaral factors which include traose, route of exposure, atyge of

metal as well as agesex, genetics, and dietary condisafi the infected living species.
These metallic elements are considered to be general contaminants which are known to
cause many of genetic disorders, even at low doses of exposure. In addlitienof
heavy metalare classified as human carcinogens atiogrto the U.S. Environmental
Protection AgencyUS EPA)and the International Agency for Research on Cancer
(IARC). [32]. Heavy metal pollution is a problem associated with areas of intensive
industry; roadways and automobiles are now considered ad tme largest sources of
heavy metal pollution. Zinc, mercury, and lead are three of the most common heavy
metals released from road travel, accounting for at lee4t &0the totalnumber of
different type metals in road runoff. Lead concentrations, hosvevhave been
decreasing consistently sin@atled gasoline was discontinuédgure (2-1) shows the

types of heavy metasource products

Figure 2-1: The sources and products containiegvy metals

Smaller amounts of other metals, sucmakel and cadmium, are also found in road

runoff and car exhaus88]. Heavy metals are considered as loosely defined solbset
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elements that exhibit metallic properties. These mainly include transition metals, some
metalloids, lanthanides, and actinid&everaldefinitions have been proposed, some
based on density, some on atomic number or atomic weight, and some on chemical
properties or toxicity. Heavy metals occur naturally in ecosystems, with large variations
in concentration34]. During precipitaton on roadsurfaces, most heavy metals become
bound totheroad dust or other particulatesbecome solubleln either case, the metals
enter the soil owater resourcedVhether in the soil or aquatic environment, metals can
be tansported by several gmesses, hich are governed by the chemical nature of
metals, soil and sediment particles, and thegpkhe surrounding environmer@ther
commonsources of metal contaminants in the environment are mining and smelting
activities; other industrial emissie and effluents; urban development; vehicle
emissions; dumped waste materials; contaminated dust and rg@falin conclusion,

there are seven major categories of sources of metals contamination of the environment.

1. Natural sources, such as surfacenenalization, volcanic gasses, spontaneous
combustions or forest fires.

2. Metal containing agricultural sprays or soil amendments.

3. Emissions from large industrial sources, sushnaetal smelters and refineries,
chemical and pharmaceutical industries.

4. Thedisposal of wastes from mines or mills.

5. Emissions from municipal utilities, such as coalpmwer stations or municipal

incinerators.

6. Emissions from transport automobiles.

7. Other relatively minor sources of contamination, such as smaller scale industries

that process metals.

2.3.2Petrochemicalsand BTEX compounds
The extensive use of petrochemgahd hydrocarboproductssuch aslfexane, octane,

pentane, pyrene and ethanchnd BTEX compounds (e.gbenzeng toluene,
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ethylbenzeneand xylene leads to thecontamination of almost all environmental
resources. Particularly in the zones of petrochemical production, the surface soils and
water environments are exposed to contamination by the industrial pradostadays,

the growths of urban industry processade to greater than befoneleaseof the
petrochemical products into the esgstem.Petroleum production processdistribute
many of environmental pollutants whiemterthe water environmerue toreleases of
manufacturing products such as urban ueffits, shipping activities, offshore oil
production, oil spills, fossil fuel combustion, and natural see&§§. [Petroleum
production is costly and globally degrading; most of the petroleunsanifces are
associatedwith visible large escapes, and many fieélds are found due to natural
outflows. In addition to the main use of oil as a fuel, oil is extensively used in chemical
industry for productiorof large varietie®f chemicals Figure (2-2) shows the number

of petrochemical productstlo make a full assessment of the petroleum extraction
processes impact on the environment, the detailed characterizatimmenivironment,
such as water, air, vegetation, and s@ilrequired.For this eason, the detectioof

petrochemical pollutiors vital to give information orenvironmental quality.

Figure 2-2: Common commercial petrochemicals.
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It was described by some researchers that petroleum extrgctoasses commonly
mount up heavy metaéleasdrom many sourcg for instance rocks, sea salt intrusion,
during migration to its present reservoir, refining, transportation, and han8ihg [
Wastewater of some petrochemical plants, in addition to hydrocarbons, contains
chlorinated chemicals. The biological treatmepdyticularly by the activated sludge
process has been widely used for removal of organic compounds from petrochemical
wastewater. The microbial composition of the activated sludge and its activity depend
on the nature and availability of petroleum hydntons, nutrient composition, and
other environmental conditions (pH, temperature, dissolved oxygen, mixing system,
plant configuration). The microbial degraders of organopollutants of contaminated areas
are normally chemoorganotrophic species, which &te o use a huge number of
natural and xenobiotic compounds as carbon sources and as electron donors for the
generation of energy. Numerous microorganisms, including bacteria, fungi and yeasts,
predominantly aerobics, are known for their ability to degrdtese organopollutants

[38, 39. The typical aerole degrading bacteria in orggmalluted site belong to a
spectrum of genera and species includingseudomonas spAcinetobacter sp
Alcaligenes sp Flavobacterium gtophagagroup, Xanthomonas sp Nocrdia sp,
Mycobacterium sp Corynebacterium sp Arthrobacter sp Comamonas sp and

Bacillus sp [40].

2.3.3Pesticidesand herbicides

The environmental impacts of pesticidaad herbicidesdepend ontheir toxicity,
solubility, distribution and the concentration in the environment. During the 1940s, the
first synthetic pesticides come to be available, making huge benefits and increasing the
food manufacturelNegativeeffect of pesticides on the esgstem ad on the life cycle

of living organisms started be&moticed in the early 1960s [45ince thenthe debate

on the risks and benefits of pesticides has not ceardddargeamount of research has

been conducted into the impact of pesticides on thea@ment. 2.5 million tons of
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pesticides have been estimated and applied to the crops agriculture worldwide yearly,
the amount of pesticide coming in direct contact with or consumed by target pests is an
extremely small percentage of the amount appliedmbst studies the proportion of
applied pesticides reaching the target pest has been found to be less tharafd3%,
99.7% went 'somewhere else' in the environmdé®]. [The use of pesticidesand
herbicidesin agriculture inevitablyaffects nontarget org@nisms (including humans)
Undesirableside-effects may occur isome species, communities or on ecosystems as a
whole. The environmental effecdf pesticide applications increasingandit has been

taken into account by regulatory bodies, leading to increased restrictions on the use of
pesticides or their complete ban. Although somethdse pesticides have been
eliminated the most harmful agents environmentally. The inputs of fertilisers and
agrochemicals were reduced since the late 1970s and there has been considerable
interest in ‘integrated’ arable farming systems, which attempt to retlacase of

pesticideg43]. Figure(2-3) shows thdypes ofcommerciapesticidesand herbicides
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Figure 2-3: Types of gsticidesand herbicidesised

In traditional cultivation farming systems, there are several reasons interfering with the
farmerq thoice to make use of a specific pesticide such as the anticipated effectiveness
against the pest, the risk of phytotoxicity to the crop and the cost of the application. In
combined agricultural, the ecologicaifluence of the pesticide ha® be a most

important condition to take intaccount Several approaches were planned to assist
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agriculturalists in estimating the environmental impact of piests in the last few years
[44].

Manuel, et al (2008Mp] defined pesticideand herbicidesas any substae or mixture

of substances intended for preventing, destroying, repelling, or mitigating of any pest or
weed. Frank, et al (199136] reported that pesticidesd herbicidesrethe most cost
effective means of pest and weed contkabwn to contain nunmieus geneoxic
compounds. Pesticides can be classified according to their target, their mode or period
of action, or their chemical structur€here are different types of pesticides which are
herbicides, insecticides, fungicides and nematocidese than 500 different pesticide
formulations are being used in our environment, mostly in agriculture, although the
control of biological public health hazards also continues to be an important field of
application. In the last 50 years, the use of pestididssgreatly increased the quantity
and improved the quality of food for the growing world populatiBalow, the three
compounds used in this work are described in rdetails

Atrazine (6Chloro-N-ethylN-1-methylethytriazine2,4-diamine) is one of he
herbicides discovered in 1958 and used first to control the agricultural weeds in 1960
and it is still in useoccupying 83% of U.S pesticides market.

An atrazine monitoring program has been established in water sydigmto atrazine
being discoverednd treatedh polluted water. In addition, the program investigated the
metabolites of atrazine derivatives which have the same poisonegsasfthe parent
compound [47] Several studies ithe U.S on the role of atrazine in causing cancer in
human andanimals have been performedut they concluded this program need to
regulate the using of this pesticide rather than preve#8|it |

Simazine (6-chloroN2, N4-diethyt1,3,5triazine2,4-diamine), was oe of the first
compound of atizines #19], registeed in 1957. From 1990 to 1993 it was among the
most widely used herbicides in the US for pre and-posrgence weed control. It is a
white crystalline solid with a melting point of 226 °C, slightly soluble in water

(5 mg I”) and highly soluble in organic solvents. When applied to the soil it is absorbed
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by leaves and roots, causing inhibition of photosynthesis in the entire pG@rard

[51]. It is biodegradable, metabolized in plants and soil through both chemical and
microbial processes.

Simazine was used to prevent and control the growth of any unwanted plant and algae
in water resource Due to these negative impacts simazine use is banned in the
countries of the European Union and currently simazine is consideredrdasdor the
environment.

Dichlorvos or 2,2-dichlorovinyl dimethyl phosphate (commonly abbreviatedaas
DDVP) is anorganophosphateidely used as an inseciife to control household pests

and protedhg stored product from insedt§2]. The compoundhas been commercially
available since 1961 and has become controversial because of its prevalence in urban
waterways and the fact that its toxicity extends well beyond insects. The insecticide has
been baned in European Union since 19P53).

2.4 Effects of toxic chemicalpollutants on living organisms

Heavy metals are one of the toxic and 4bdodegradable pollutants eglsed into the
environmentby industrial, mining and agricultural activities4]. The density of heavy
metals is 6.0 g/cthwhile the soils density is 2.65g/énbut concentrations are
frequently elevated; becsg of the contamination of saithich occus naturally. The
most important heavy metalsave potential hazards andccurrences in contaminated
soils arecadmium (Cd), citomium (Cr), mercury (Hg), lead (Pb), nickel (Ni) and zinc
(Zn).

&DGPLXPYV &G WR[LFLW\ KDV EHHQ OyaféctihGth&/ R UH:
number, shape anakctivity of sperm in additionreducing the weight of the neonate.
Moreover it is causingossible carcinogenic anomalies and seems to be a causal factor

in cardiovasculadiseases and hypertensid&b].
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Chromium (Cr)in inorganic systems occurs in several chemical forms. OnliIr
and Cr(VI) are significant in biological systems. Trivatechromium is an essential
nutrient componenis6]. Chromiumis required for carbohydrate and lipid metabolism
and the utilization of amino acid§7]. The biological functionof Cr is also closely
associated with that of insulin and mostsfimulated ractions depend on insuli®§].
However,excess of Cr (VI) in biological procebss been implicated in specific forms

of cancer

Lead (Pb) is known to be toxic. It is a widespread contaminant inssudlsvater Lead
poisoning is one of the mogirevalent public health problems in many parts of the
world [59]. It was the first metal to be linked with failures in reproduction due i®
penetratiorthe placenta easily, andis also affectstte brain, causingamaging brain

development in infast 60].

Mercury (Hg) is toxic even at low concentrations to a wide raof®rganisms,
including humansthe organic form of nreury can be particularly toxi&1].

Zinc (Zn) is essential micronutriem plants, animaland humar{62]. However, the
excesive amount of inc salts affectseveral organs simultaneously as exemplified by
zinc phosphide. When this rodenticide is ingested, it reacts with water and stomach
juice to release phosphine gas which can enter the blood stream and affect the lungs,

liver, kidney, heart and central nervous sysféBj.

Nickel (Ni) occurs in the environment only at very low levels. Foodstuffs have a low
natural content of nickel but high amounts can occur in food crops grown in polluted
soils. Uptake of high quantities ofickel can cause cancer, respiratory failure, birth

defects, allergies, and heart failu6]

Recent research showed the ability of microorganism to survive in the presence of

different types of heavy metals @&wide range of concentratiof).
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On the other hand, the possibility of using metal resistant bacteria-asdlwators of
polluted environment has been shown to be a sensitive and reliable tool in detecting the
sublethal toxicity of thesd¢oxic compound$66].

Saturated noncyclic hydcabons, cyclic hydrocarbons, dieic hydrocarbons,
aromatic hydrocarbons, sulphur compounds, nitrageygen compounds and heavy
metalsare considered the main contains of the petrochemical products. On the other
hand, the chemical structures and thgsotal features were widely varies of any crude

oil or refined product depending of its origin for producti@7][ As a result of the
petrochemical entrance to the marine environment, these pollutants may possibly suffer
physical, chemical and biologicahanges due to the weathering processes, which could
be considered as one of the main causes which inducing the toxicity and the potential

ecotoxicological impacts of these ecological pollutarGg] [

The most toxic componé&n of petroleum products argolycyclic aromatic
hydrocarbons (PAHSs) alcohols ketones, benzene derivativesr (BTEX), etc.
Considering the adverse effects of the above pollutants on humans, animals, and wild
life, the environmental agencies and World Health Organization set quitéinhits

(from 0.1 to 0.5 mg/l) for heavy metals, pesticides and some petrochemical (i.e. methyl
alcohol and BTEX) pollutants in drinking water, food and fegluatic organisms have

the ability to takeup these hydrophobic compounds due to their abititgdnnect with
cellular molecules after binding to the lipophilic sites on organism cell wall. If the target
substance is an important molecule of a cellular process, a toxic response may be
induced, and, at the extreme, the integrity of the organism @ansdriously
compromised §9]. After being taken up by an organism, hydrocarbons and their
metabolic products may enhance the production of reactive oxygen species (ROS) by
several mechanisms that can lead to cellular damage through protein oxidation, lipid
peroxidation(LPO) and DNA émage 70].
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Reactive oxygen species (ROS) are generated in all living organisms mainly during
mitochondrial metabolism7[l]. ROS may include superoxide anionz(p hydroxyl
radical (OH), hydrogen peroxide (,) and nitric oxide (NO). Excessive amounfs o
ROS may overwhelm natural antioxidant defences promoting DNA, lipid and protein
oxidative damage and oxidative stress, which may lead to cell apoptosis andr&gath |
ROIs play a cendéd role in the defence of plaahd animal celagainst pathogen atia

[73].

Enhancementof DNA damage was due to oxidative stress, indicating that ROS
accumulation in tissues caused subsequent DNA damage,. A number of studies have
shown that ROSare the major source of DNA damage by causing strand breaks,
removal of nuaotides, and various modifications of the nucleotide bas§s There

are manyernvironmental factors which cause or indube DNA damage and there are

differences in DNA repair capacity.

Pesticidesand herbicidesisually cause unplanned ecologirapacts, when they are not
completely selective to the target organism. Living species possibly will uptake the
pesticdes during the digestionf contaminated supplemertisth food and water or by
respiration ofcontaminated air red throughdirect skin contact Agriculturalists and
farmlandworkerssuffer more than other peopfeom higher dermal and respiratory up
take and genetidisorders due to direct contasfth mixed and sprayegesticides
causingexposurg 76]. Althoughthe majority ofpesticids were used to contrgestsin
aboveground plant partighey carreachthe soil directly The soil biological population
consist of different types of micro and macro organisms such as bacteria, fungi, algae,

earthworms and insectg{], which can beffected by pesticides.

Deathof animals may berelatedto feeding onsourcesontaminated with pesticideand
herbicides Widespread mortality of wildnimalsin association with major pest control
programmes was reported, when organochlorine pestigidesused in particulai§].

Peri and neonatanimals exposedo pesticides such as aldrin, atrazine, chlordane and
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dieldrin, hasshown these substances can elicit a variety of perturbations in the sexual
differentiation Birth defectsn the male repmuctive trac{79] and reductions in sperm
count have been associated with the presence of endocrine disrupting chemicals in the

environment §0].

In the assessment qlesticide toxicityto living species (humans and animalff)e
phenomena of carcinogenesis, immundisfunction, mutagenesis, neurotoxicity,
endometriosis and teratogenesis should be considered along with toxicity in the
restricted sense3fl]. A recentreport shows thabxic chemicals such geesticides may
damage the immune sgsh [82], and can mimic hormones thus disiagt the
endocrine system in both humans and animals, causing a variety of dis@8ers [
Human health issues such as increased incidenfcéreast cancer, prostate cancer,
testicular cancedue to the highlydxicity of atrazine and simazine pesticides to human

and other living organisms84, 83.
2.5Detection andremediation oftoxic pollutants

There are many techniques used for detection of environmentatandd@as toxic
chemicals,for example heavy metals, pesticides and hydrocarbAnsumber of
analytical methods, such as atomic absorption or atomic emission spectroscopies (AAS,
AES), inductively coupled plasma mass spectroscopy-MSy, cold vapour atomic
fluorescence spectraggy (CVAFS), and high pressure liquid chromatography (HPLC)
are capable of deting traces of toxic pollutantddowever these methods require
sophisticated analytical equipment, specialised laboratories and highly qualified
personnel, which make such &sas very expensive and time consumi@gnventional
analytical techniques such atomic absorption spectroscopy (AAS)nductively
coupled plasma mass spectroscopy ({M¥) andchromatographyare very sensitive

and reliable $6]. However, theyalsosuffer from the disadvantages of high cdmting

time consuming, the need for highly trained technicians and the fact that they are mostly
laboratory lasel [87]. Therefore, the development of alternative detection technologies,
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for example, simple and inexpgwe biosensor devices, capable of rapid detection of

environmental pollutions, is urgently needed.
2.5.1Atomic absorption spectroscopy (AAS)

Atomic absorption spectrometry has been described as a spectral analytical procedure
for the quantitativedetermination of chemical elements employing the absorption of
light by free atoms in a gaseous st#AS is one of the most important instrumental
techniques for both quantitative and qualitative analysis of metallic ananatailic
elements in organior inorganicchemicals[88]. The atomic absorption phenomenon
KDV EHHQ QRWLFHG ILUVWO\ LQ Z L \Weitectdrte@dpkv W R Q |
bandsin the emission spectrum of sunligBg]. In 1859, Kirchoff and Bunsen correctly
explained Wollast@ 1V REVHUYDWLRQ E\ VKRZLQJ WKDW WKH
absorption ofsolar radiation by groundtate gagphase atomg90]. However, the
process of absorption by atomiapourswould not be used as a quantitative analytical

tool for nearly a centuryuntil Alan Walsh fabricated the first analytical atomic
absorption spectrophotometer in 190&l]. Since its invention, atomic absorption
spectroscopy (AAS) has gained acceptance as a standard method for the analysis of both
metallic andnonmetallic elements. AAS is widely accepted becao$ets high
sensitivityat the partgpermillion level andbelow. Example of applicationof AAS as

a routine method ofchemical analysis include various forms of industrial
manufacturing, geology, matne, and agriculture. The AAS technique has been
divided into two stages: the conversion of an analyte moleculésn¢onstituenatoms
(atomization), and the subsequent absorption of radiation by these free atoms. AAS
guantiation is accomplished by easuring the amount of absorbing species at a given
wavelength.AAS quantitation principlesre basedn the Beetambert law, which
establishes linear relationshifpetween the absorbance ahe concentration of gas

phase atoms. The AAS instrumentatisrsimilar to other higitesolution spectroscopic
technigues, witthe main difference in the radiation sous@nd theneed of heating to

vapourise materialsThe atomicspectometer schematicallghown in Figire (2-4)
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which operatesas the follows radiation sourceln short, electrons of atoms in the
atomizer can be promoted to higher orbitals (excited state) for a short period of time
(typically in nanoseconds) by absorbing a defined quantity of energy (radiation of a
given wavelength). This amount energy, i.e., wavelength, is specific to a particular
electron transition in a particular element. In general, each wavelength corresponds to
only one element, and the width of an absorption line is only of the order of a few
picometers (pm), which gés the technique its elemental selectivity. The radiation flux
without a sample and with a sample in the atomizer is measured using a detector, and
the ratio between the two values (the absorbance) is converted to analyte concentration
or mass using the BeLambert Law 92]. Usually, this requirement is met by using a
spectralsource, such as the hollow cathode la®g.[AAS can be used to determine

over 70 different elements in solution or directly in solid samples employed in
pharmacology, bidpysics ad toxicology researchThe technique makes use of
absorption spectrometry to assess the concentration of an analyte in a sample. It requires
standards with known analyte content to establish the relation between the measured
absorbance and the analyte cemication p4].

Focusing Lenses

Wavelength
Selector

Detector

Radiation Source

Signal Processor Amplifier

Figure 2-4: Schematic diagram @omic absorption spectroscopy (AARR].
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2.5.2Inductively coupled plasma mass spectrometry (ICRVS)

The quantitative analysis of priority hazardous substances in the environment becomes
more and more challenging because new legislation often requires more sensitive
methods, or even completely new approaches, for the determination at very low
concentrations (pg/L levels) of already defined priority compounds or newly emerging
contaminants thashow up in the environment as substitutes for already banned
substances or as a resuitchanging industrial processg35]. Since its introduction in

the 1980s, inductively coupled plasma mass spectrometryNIEPhas evolved to
become arguably the most versatile, elefspecific detection techniqu86].

In parallel, because of the fast developments in the field of elaingmciation, the
utilization concept of ICRMS has undergone a significant chame type of mass
spectrometry which is capable of detecting metals and severametats at
concentrations as low as one part irt?ipt (parts per trillion). Inductivig coupled
plasmamassspectrometry (ICPMS) is a very sensitive analytical technique with a high
linear dynamic range (ultfiace to main components). It is capable of analysing all
elements from Li to U and can be appliedsolutions, solids and gasq4€3]. ICP-MS
sampled material is transferrbgl an argon flow as shown kigure 2-5 into inductively
coupled plasma in whicheaeffective temperature of 7000%esults in atomisation and
ionisation of the material. Subsequently, the ions are extradted mass spectrometer,
with which the elemental composition of the material is determi®&fl [This is
achieved by ionizing the sample with inductively coupled plasma and then using a mass
spectrometer to separate and quantify those ions. Comparetbrac aabsorption

techniques, ICAMS has greater sed, precision, and sensitivit99].
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Figure 2-5. Schematic diagram of inductively coupled plasma mass spectrometry (ICP
MS) [104.

2.5.3Chromatography
Chromatography is one of the most importanalytical techniques used in pollutants
residue analysis. It has two advantages which are, firstly, the senstindtgpecificity
of the detectiorsystems, secondly, the ability separate the mixture of analytes in the
column. Until recentlygasliquid chromatographyGLC) of pesticides was conducted
using packed columns containing a variety of liquid phases and sufp@fisA wide
range of volatilities and specific responses of pesticides necessitated numerous
analytical conditions in order to chmatograph several classes of pesticides in a single
sample. Many pesticides are too polar or do not respond on a packed column while
others are thermallynstableand degradduringthe chromatographianalysis Electron
capture is equipped to determing/lamounts of residues from small samples of various
substrates. Although total reliance should not be placed on the analytical data obtained
from GLC for the identification of a pesticide residue, themerised to compari with

othermethods like GEMS and LC-MS alsousing alternate column packings.

GLC deploysa physical method of separatiohtwo phases, one stationary phase and
the other mobile phase moving in @articular direction. Chromatography is the

collective term for a set of laboratory techniques for the separation of mixtures. The
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mixture is dissolved in a fluid, the mobile phase it shownin Figure 2-6), which
carries it through a structure holding anotheramat calledasthe stationary phase. The
different componentef the mixture travel at different speeds, causing them to separate.
The separation is based on differential partitioning between the mobile and stationary
phases. A subtle difference in a cayapd'sadsorptioncoefficientresults in differential
retention in the stationary phase and thus the separationof compounds

Chromatography may be preparative or analytical.

The purpose of preparative chromatography is to separate the componentnir@

for more advanced us#h(sis a form of purification) 102]. Analytical chromatography

is done normallyusing small amount©f material andit measuresthe relative
proportions othe analytes in a mixture. The two are not mutually exclusive.abiwe
mentiored techniques are very expensive in both the actual equipment cost and

exploitation costwhich requires special laboratoriesnd highly qualiied personnel
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Figure 2-6: Schematic diagram dfie chromatographimeasuring proce4403.

2.6 Biosensors andsensor arrays
Much more affordable option of pollution detection is the use of chersé&eorsor

biosensas which involves integration of recognition elementswith transducing
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materials for identifying the analyte activity @oncentrabn which present in the
sample Since the miedl980s there has been a continuous growth in the use of
biosensors for environmental analysis owing to their advantages, such as screening of
various contaminants in environmental matrices, minimizsagnple preareatment,
reducing the cost and time of analysis, and displaying sufficient sensitivity and
selectivity [L04]. Biosensors are formday acombining molecular recognitiQisuch as

an enzyme,an antibody, a microorganism, whole plantcell and tissue) and
physicochemicatransdweer which convert chemical reaction into physical measurable
parameter such dke signal for example: an electrochemicaptical, piezoelectric and

so on). A particular subclass of biosensors is represented by theoaieatical
biosensors or bielectrodes, in whichcombined enzymes and electrochemical

transducer

The general mechanism on which alldeiectrodes are based depends on the interaction
between the analyte, present in the samgtel the biochemical compemt (typically
enzyme)immobilized on the surface of the electrode: the consequent formation of one
or more electro active species generates an electrical signal or a varidatieexisting
electrical signal,such signal can beasily recordedusing suitable electrochemical
apparatusand thereforeit is proportional to the concentration or the activity of the
chemical species to be determined.

Inhibition biosensors have been used for indirect monitoring of organic (e.g., pesticides)
or inorganic substares (e.g., heavyetals) which inhibit its bieatalytic propertiesf
enzyme The problem withthese types obiosensors based in enzymatic inhibition is
that only a few enzymes are sensitive to heavy met@s] pnd majority of enzymes

are extremely sensitive to \dronmental conditions such as temperature andaptl

thus can not faction for long.

The development and research of (bio) sensors is becoming one of the most popular
scientific areas at the intersiem of the biological and the engineering sciences.

Semiconducting technology has developed so much that we see now a rapid infiltration
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of new nanotechnologlgased approaches in the field of sensors. The resulting new
discipline of nanobiosensing is agbexample of how engineering sciende@ssensor
related research has experien@dexplosive growth over the last two decades. A
biosensor is generally defined as an analytical device which converts a biological
response into a quantifiable and procbssasignal L06]. Figure (2-7) shows
schematically the following parts comprising a typical biosen&)r:bioreceptothat
specifically bindg the analyte(b), an interface architecture where a specific biological
event takes place and gives rise togaai picked up byc), the transducer elemerithe
transducer signalhich could be anything from the-goupling angle of a laser beam to
the arrent produced at an electrod® converted to an electronic signal and amplified
by a detector circuit usinthe appropriate reference and sent for processingl),
computer softwarewvhich convers a physicalparameter describing the process
electrical signalsFinally, the resultingsignals argoresented througte), an interface to

the human operator.

Biosensors can be applied to a large variety of samples including body fluids, food

samples, cell cultures and be used to analyse environmental samples.
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In order to construct eeliablebiosensosuitable the use by general pukdiciumber of

conditions must be met:

1. The biocatalyst (i.e. enzyme, antibody and whole cell) must be highly specific for
particular analyte of interedbe stable under normal storage conditions and sHow a

variationof performancéetweerbatches

2. The reaction should ebindependentfrom variations of basicsuch physical
parameter®f the environmenastemperaturepH and highly controlledstirring. This
will allow the analysis of samples with mmal pretreatment. If the reaction involves

co-factorsor coenzymes these should akso immobilized on the surface of transducer

3. The response should be accurate, precise, reproducible and linear over the
concentration range of interest, withoutudibn or concentratiof sampleslt should

also be free from electrical or other transducer induced noise.

4. If the biosensor is to be used for invasive monitorintheclinical environment
the probe must be tiny and biocompatibi®t causingtoxic or antigenic effects.

Furthermore, the biosensor should not be prone to inactivation or proteolysis.

5. For rapid measurements of analytes from human samples it is desirable that the
biosensor can provide retne analysis.

6. The complée biosensor should be cheap, small, portable and capable of being
used by sermskilled operators.

2.6.1Classification of hiosensors
Biosensorgan bebroadly classified on the basis of bioreceptors types and transducing

elements used:
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) On the basisof biological elements

a) Enzyme Ilosensors: enzynsehaving high selectivity and activity towards
specific substrata are the best candslate be used adio-receptors Most of the
enzymes used in biosensor are oxidizes but there are certain limitagitresraactivity

is susceptible to pH, temperature, ionic strength etc.

b) Microbial hiosensors: they useither cell ormicroorganisms as biological
element .The metabolism o€ll or microorganism is used as a basis of their activity.
They are cheaper dmmore versatile as compared to other sensor elements.

C) Immune biosensors: they use antibodies as a bioreceptors which are
immobilized on the surfaces of transducer

d) Chemical biosensors: they use aptamer©DNA oligomersor synthetic binding
proteins named affimeras a bioreceptors which are immobilized on the surfaces of
transducer

1)) On the basisof transducing elenents

a) Electrochemical ransducers: he three common types of electrochemical
transducers are impedimetric, amperometric gmatentiometric transducer In
amperometric transducers the potential between the two electrodes is set, and the
current produced by oxidation / reductiontioé electro- active species is measured and
correlated with the concentratioof the analyte ofinterest. Potentiometricsensors
measure the potential of electrochemical cell vziéino current.Impedimetric sensors

are based on AC measurements of impedance.

b) Optical ransducers: they are used for determining the concentration of analyte
on the bas of change in optical density or other optical parameters at appropriate
wavelengthof light, for example absorptionteflection , polarization, interference
Photodetector as a function of incident angle. The examples are bpgahsors based

on SPRsurface plasmon resonaneeqve guidanterferometers and optical fibres

C) Calorimetric tansducers: they used for calculating the heat of biochemical
reactions by measuring the temperature difference between the reaction vessel and

isothermal heasink surrounding if108].
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d) Gravimetric tansducers: they are based on measurements of resonance frequency
of piezoelectric materials which depends on the mass of adsorbed analyte. Typical
examples are QCMyuartz crystal necrobalanceand SAW surface acoustiavave
sensor$109].

2.6.2Whole-cell bacterial sensorarray

Whole-cell bacterial biosensors have recently been used in environmental studies to
quantify heavy metals and xenobiotic and antibiotic compouhtid.[Bacteria display
many suface epitopes that can lead to nonspecific augons with the sensor surface

[111].

In the last fewyears, there have been dramatic adeasnnnew analyical formas such

as microarray which haverevolutionized our ability to characterize awgantify
biologically relevant molecek[112. The prnciple in all cases is the sanf.large
family of well-defined reactive molecules is fixed onto a mapped solid surface grid and
exposed to a mutomponent analyte mixture. Sites on the chip in whichcognition
event has occurred (e.g. by a complementary nucleic acid sequence) are identified by
one of several possible detection techniqués example fluorescéice. The
characteristics of the sample can therrdmognizedrom the nature of the bieceptor
moleculeswhich binding to these sites. Using this principle, an increasingly large
number of applications are being developed in medicine, biology, toxicology, drug
screening and more. The idea of whoedl arrays has been advanced by Van Dyk and

co-workers [113].

A whole-cell-based biosensor is an analytical device that assimilates a whole cell as the
biological component of the sensor. It gives high selectivity and has a physical
transducer to generate an assessable signal relative to tlemtcation of the analyte

[11]. Whole-cell biosensors are very specific in nature and the costidfdevices is

generallylow. They havemany advantagesuch aghe ease of use, transferability, and
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the capacity to provide constant réiahe signals[114]. The concept of synthetic
biology offers a platform for redesigning of novel gene composition of a cell. This can
be done by pairing a reporter gene that generates a signal with a contssairang
component that responds to chemical or physical chamgexposure to a specific
analyte. A schematic of wheleell biosensor is given in Figu(2-8)
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Figure 2-8: Schematic of wholeell-base& biosensp[115].

2.6.3DNA Biosensors andnicroarrays

In recent years, there has been an enormous increase in the utilization of nucleic acids to
recognize toxic compounds, specifically metal ions, because manycteaaicalssuch

as pollutantsshow a high affinity toward DNA/RNA. Metal ions exhibit a venginh

affinity toward DNA, as the interaction between DNA and metal ions either gives
favourable or adverse effedach adDNA damage and gene mutation. For this reason,
nucleic acidbased biosensors have been developed and used. DNA biosensors exploit
the preferential binding of complementary singieanded nucleic acid sequences. They
usually rely on the immobilization of a singlgtranded DNA probe onto a surface able

to recognize its complementary DNA target sequence by hybridizatigh [

Recently,an electrochemical DNA biosensor was developed to study DNA damage
caused by several pesticides, such as atrazinep,2 dlufosinate ammonium,
carbofuran, paraoxonethyl and difluorobenzurdh7. A biotinylated DNA probe was
immobilized on a streptavidimodified electrode surface. This DNA probe was

hybridized with biotinylated complementary DNA target analyte. Streptavidin labelled
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with ferrocene was further attached to the hybridized biotinylated DNA. The close
proximity of ferrocene to the electrodertace induced a current signal. The presence of
pesticides caused an -winding of the DNA and thus a decrease of the ferrocene
oxidation currentwhich was observed(seeFigure 2-9) in voltammetry experiments.
Paraoxonethyl and atrazine caused the faatebtmost severe damage to DNA.

- pecbe
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Figure 2-9: Schematic belectrochemical DNA biosensft18].

2.6.4Apta-sensors

, Q (O OLQJIWRLQ faporidd Rhé Slevelopment of am vitro selection
technique which allowed the discovery of specific nucleic acid sequences that bind non
nucleic acid targets with high affinity and specificity. The tegbha was called SELEX
(systematicevolution of ligands byexponential enrichment) and thestdting DNA or

RNA oligonucleotides are referred to as aptam&2$)|

Aptamers show high affinity towards a wide range of target analytes, including proteins,
metal ions and variousorganic and pathogenic microorganisms. Aptamers possess
several compeiite advantages over antibodiefitst of all, their accurate and
reproducible chemical productioiZl]. The selected nucleic acids bind their targets
with affinity and specificity comparable to those of amidies. Aptamers are more
stable than antibodée They can be selected in extreme conditions whereas antibodies
are only stable in physiological conditions. Aptamers can undergo reversible
denaturation and they can be easily modified with new functional groups without

affecting their activity.Also apames are able tochangetheir secondarystructure by
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engulfing the target. Such transformations can be detectesing eitherferrocene or
electrochemical labels as shown Higure (2-10). Because ofthese advantages,
numerous aptamdrased biosensors habeen developed for the detection of a wide
range of targetslPZ. There islittle information for the detection of pesticides using
aptamersHowever,a single stranddNA aptamerwith specificbinding toacetamiprid
was described123. The potential of aptamers fahe pesticide and petrochemical
detection has not been exploitge@t but aptamerbased biosensors could be an

alternative to the conventional methods of pollutants analysis.

Y — @

Aptamer before incubation Aptamer after incubation
with analyte wi hanalyxe

- §

Label based aptasensor

Label free aptasensor

Figure 2-10: Scheméc of aptameibasedbiosensors (A) hairpin and gadruplex
shapes; (B) linear labelled and label free aptih24].

2.6.4.1Aptamer selection proces$SELEX)

Much of the success of nucleic acid aptamers is due to SELEX (systematic evolution of
ligands by exponentiaénrichment;an elegant process by which aptamers can be
generated dr a given target (e.g proteifil29. In SELEX, a singlestranded DNA
library is first generated and exposed to the target. dligonucleotideswithin the
library that bind to the targetre retained, while the ndynding sequences are washed
away[126q. Typically, the sequences in the library that bind to the target will be a small
fraction of the total library so, after this first step, most of the library will have been
washed away, ahthe overall concentration of DNA will been significantly reduced.

The remaining (bound) sequences are then eluted and retained. In the next step, the
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remaining (binding) sequences are amplifiedpblymerase chain reaction (PCRhis
increases the conetation of DNA in preparation for the next round of SELEX. The
library is now biased, or enriched, towardgqgences that bind to the targ&27].

The process is repeatadany times. Often, the binding conditions are made more
stringent as SELEX proceeds through each round, increasing the selection pressure.
Successive selection and amplification result in a library that, at the end of the SELEX
process (typically 45 rounds)contains only sequences that bind strongly to the target.
After SELEX is complete, the binding sequences need to be identifiech vghilone by
sequencing12§. Figure(2-11), showsthe SELEX process

initial library of randomly Q
generated sequences is {/\f;?

aexposed to the target 2

?j 2 target
L~ only some sequences
\J’B hind to the target, some
,lj\f‘ Q _SJ} maore strongly than others
{/\f '21”\_{1
the process is repeated
10-15 times, each time resulting ?j

in stronger hinding to the target \% i
L~
Q& AU
remaining sequences are \ 2 z

amplified by PCR to
\f\\b binding sequences are
eluted off the target

non-hinding
SRCUENCES are

N5
I
-

generate more material

Figure 2-11: SELEX process129.
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2.6.4.2Structure and types of aptamers
Aptamers have different types of secondary structure which depends on the nucleotide
sequence used to accommodaégticular targets. TypicdlD secondarystructures are
shown below and illustrated Figure (2-12)
1. Hairpin (or stemloop) occus when two regions of the same strand are
complementary to one another and t@m WatsorCrick base pairs.
2. Quadruplexoccuss in guaninerich sequences, when four guanine bases can
assocate through hydrogen bonding.
3. Kissingcomplexformed when the unpaired nucleotides in one hairpin loop base
pair with the unpaired nucleotides in another hairpin loop. Usually occurs in
RNA.

Figure 2-12: Aptamersecondarygtructure§13Q.

2.6.5Immobilization of bioreceptors

The basic requirement of a biosensor is that the biological material should bring the
physicochemical changes in close proximity the transducer. In thissense the
immobilization technology has played a major rdie get the solution[131].
Immobilization not only helps in forming the required close proximity between the
biomaterial and the transducer, but also helps in stabilising it for reuse. The biological
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material has been immobilised directly on the transducer or in most cases, Iin
membranes, wikh can subsequently be mounted on the transducer. Biomaterials can be
immobilised either through adsorption, entrapment, covaderglectrostatidinding,
crosslinking or a combination afhese techniques.

Several immobilization techniques such as cawaleinding, physical entrapment,
adsorption, crosbnking, and encapsulation have been reported in literature but not a
single technique can be considered as a universal method of immobilization to achieve
the better biosensor responsghe most importantfactor to be consided while
designing a biosensor i® attain higher sensitivity, and functional stabilifyor
immobilization of whole bacteria as bsensitive cells on the sensor surface, a bio
receipting membrane was coated usingeectrostatidayerby-layer (LbL) deposition
method. In recent years indeed, polyelectrolyte multilayers (PEM) represented a new
attractive way for creating bifunctionalized surface coatings. The LbL assembly
technique consists in the alternate deposition of polyani&md polycations from
aqueous solutions to build ultrathin mdtyered films on flat substrate$32. It was

first introduced to immobilizéiomacromolecules such as doxorubici33].

2.6.6Methods of immobilization

Immobilization of bioreceptorsin biological processes can occur either as a natural
phenomenon or through artificial proceds34. Different immobilization types have

been defined: covalent coupling/cross linking, capture behind -pemreable
membrane or encapsulation, entrapmend asmdsorption 135] The types of
LPPRELOL]DWLRQ FDQ EH JURXSHG DV pu&D&MedoH™ XV
attach to surface DWXUDO RU V\QWKHWLF DQG fldddiRantsR Q W K
agents, chemical attachment and gel encapsu)4tiag.

2.6.6.1Covalent binding/oss linkingprocesses
The mechanism involved in this method is based on covalensbomdation between

activated inorganic support aride cell in the presence of a binding (crosslinking)
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agent. For covalent linkinghemical modification of the surface is necessary. Covalent
attachment and crodisking are effective and durable to enzynaesl antibodigsbut it

is rarely applied for immobilization of cells. It is caused mainly by the fact that agents
used for covalenbonds formation are usually cytotoxic and it is difficult to find
conditions when cells can be immobilized without any damagd][ There are few
reports of successful covalent binding of cells and most of #remelated toyeast.
Navarro and Durand 877) [137], published an article describing a successful way of
covalent binding ofSaccharomyces carlsbergensis porous silica beads. Two years
later, there was another publication concerning ye&stcqharmyces cerevisiae
Saccharomyces amurgeanmobilization with this method on borosilicate glass and

zirconia ceramicsl38].

2.6.6.2Entrapmenprocess

Entrapment is an irreversible method, where immobilized cells are entrapped in a
support matrix or insidébres. This technique creates a proteetbarrier around the
immobilized microbes, ensuring their prolonged viability dugimgcessingandstorage

in polymers [39] Entrapment is the mosextensively studied method in cell
immobilization. The matrices used are agar, alginate, carrageenampsee and its
derivatives, collagergelatine epoxy resin, photo crodisikable resins, polyacrylamide,
polyester polystyrene and polyurethah#&34]. Entrapment of the microorganisms in
porous polymer carrier was often used to capture the microorgafiem suspended
solution and then obtain the immobilized microorganisms. As a rule, the entrapment
methods are based on the inclusion of cells within a rigid network to prevent the cells
from diffusing into surrounding medium while still allowing penetmatof the analyte
Entrapment of cells in alginate gel is popular because of the requirement for mild
conditions and the simplicity of the used procedure. Entrapment allows high mechanical
strength, buthassome disadvantages, such as, cell leakegstsof immobilization,
diffusion limitations, and deactivation during immobilization and abrasion of support
material during usage. Another disadvantage is low loading capacity as biocatalysts

have to be incorporated into the support mattd0j.
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2.6.6.3Encapsulatiomprocess

Encapsulation is another irreversible immobilization method, similar to entrapment. In
this process, bieceptorsare restricted by the membrane walls (usually in a form of a
capsule), but frefloating within the core spacel39]. The membrane itself is semi
permeable, allowing for free flow of substrates and nutrients (when cells are used as a
biocatalyst), yet keeping the biocatalyst inside. The factor determining this phenomenon
is the proper pore size of the membrane, attunetheosize of core material. This
limited access to the microcapsule interior is one of the main advantages of
microencapsulation, for it protects the biocatalyst from the harsh environmental
conditions. As most immobilization method, it prevents biocatddgtage, increasing

the process efficiency as a resuléd]]. However, even though in encapsulation, high
cell loading can be achieved, but the capsules are still very Wd&k The diffusion
limitation is one of the inevitable drawbacks associated witbapsulation method
[143]

2.6.6.4Adsorptionprocess

Cell immobilizationis probably the simplest method of reversible immobilizatibé].

This technique is based on the physical interaction between the microorganism and the
carrier surfaces, simp| cheap and effective. The immobilization of microorganisms on
properly chosen adsorbents stimulates microbial metabolism, protects cells from
unfavorable agents, and preserves their physiological activiib][ This cell
immobilization techniquénvolves the transport of the cells from the bulk phase to the
surface of support (porous and inert support materials), followed by the adhesion of
cells, and subsequent colonization of the support surtaé.

Adsorption is based on weak forcétowever it still enablesefficient binding process.
Usually in bonds formation, several forces are involved: van der Waals forces, ionic and
hydrophobic interactions and hydrogen bonds. Both electrostatic and hydrophobic
interactions govern the calppat adhesion, which is the key step in controlling the
cell immobilization on the suppori39].
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Due to their high specific surface area, void volume, mechanical and permeability, low
pressure drop, diffusion problems and toxicity, maximum loading, biadebility and

durability andlow cost and high availability, they are widly applicajdd7].

2.6.6.5Metal-link/chelation process

A partial explanation of this immobilization method seems to be the formation of
covalent bonds between the gelatinous hydrmetal oxides used as support materials
and suitable ligands contributed by proteins and carbohydrates present on the cell
surface 148. Hydrous titanium(IV) and zirconium(lV) oxides seem to have minimal
effects on the activity of enzymes immobilizéa these supports, and yeast cells
immobilized in this way have remained viable, according to measurements of their
external invertase activity in the periplastic spat¢d. The cells also appezdto be

quite firmly attached to the surface of the metdatie. Cellsof Arthrobacter globiformis

have also been covalently bound to silica gel after activation with chrorfiilm
chloride andsuch immobilized cellsvere capablé of steroid transformation. Cells
immobilized on transitioimetatactivated inorganic supports appsdrto be
operationally stable1f4§.

2.6.7Inhibition bacterial sensor array

The main problem of using chemical and biosemdor detection of any toxic
chemicals which considered as environmental pollutarise requirements of specific
receptors fo every analyte of interestAdvances in synthetic chemistry and
biochemistry allow these requiremertis be fulfilledthough it is not easy and appeared

to be the most expensive part of sensor development. An alternative approach lies in the
development of inhibition sensors which utilize enzymes, cells, microorganisms as
bioreceptorswhose functioncan beinhibited by pollutants. Such reactions are not
speific, e.g. bioreceptors could be inhibited simultaneously by different analytes, so
that a single sensor can not differentiate the analytes. This can be done smirsgpr

array approach in which each sensor is aftedtéferently by different analyteSSucha
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sensor array equipped with the apprate data processingystem such aan artificial

neural network ANN) is capable of differentiating respondesseveral analytes. Our
recent research, proved the concept of such inhibition sensor arraybasitegia as
sensing elements. Series of optical and electrochemical measurements of two types of
bacteria E.coli andDeinococcusadiodurance allowed discrimination of two types of
pollution, i.e. heavy metals (Ni,Cdnd radionuclides which emitradiation [L50].

There are rany previousstudies focused on usirlgacteria as sensinglementsfor
different analytes detection and differerdample source based on optical and
electrochemicaltransducers which aresummarized in Table(2-1) as lacterial
biosensors fodetectionof differenttoxic chemicals angollutants

Table2-1. Bacterial biosensors for different pollutants detection.

Analyte Bacterial type Biosensor Transducer Sample Reference
type

Zinc, copper, Pseudomona#uorescens Optical Sall [151]
cadmium, and 10586s pUCDG607 with the
nickel lux insertion on a

Plasmid
Zinc, copper, Chlorella vulgaristrain Electrochemical Waste [152]
cadmium, nickel, CCAP 211/12
lead, iron, and
aluminium
Zinc, cobalt, and Pseudomonasp. B4251, Electrochemical Water [153]
Copper Bacillus cereuB4368,

and Escherichia coli

1257
Organophosphates, Flavobacteiunsp., Potentiometric Laboratory [154]
urea, and ethanol Bacillussp.,Saccharomyces Isolate

Ellipsoideus
Mercury,lead,znicgadmium E.colik12 Electrochemical Laboratory This work
atrazine, Shewanella oneidensis Isolate

simazine,DDVP,hexane,octan Methylococcus capsulatu:
pentane pyrene,toluene and (Bath)andMethylosinus
ethanol. trichosporium(OB3h)
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2.6.8Electrochemical sensorshasedon immobilized bacteria cell

The examples whichare given in the previoudable are important as a further step
towards the development of bacteb@sednhibition sensor arrgybut it is still far away

from real sensor development. Dealing with liquid bacteria samples is not the way
forward because of natural variatiois bacterid concentration even in laboratory
VDPSOHVY QRW WR PHQWLRQ 3UHDO" robemSOHaNngVaD NH Q
reliable reference for such measurements is a very difficult one. It would be much more
useful for real sensor development to use bacteria immobilized on the electrode surface.
Changes inbiological parameters, including the cells numbercells size, can be
studied and monitored in the electrical properties of thecélis, i.e. with a biecell

sensor. A typical biosensbased whole cetionsists of an anode and cathode, separated
with an electrolyte solution, where the cathode edeletris coated with a cetulture

[155. The current that easily passed through the agueous electrolyte solutions can be
affected by less conductive bactepa cells which contain the lipid bilayer of the
bacteria cells' membrane acting as an insulatoes& measurements can be performed

on two or three electrode systems, with working electrodes coated with cell cultures.
The applied external electrical field catalyses the live bacteria (that had a lipid layer)
accumulating on the working electrode, ciregian isolation layer coating the electrode,

the conductivity decreasing as a result of this effect. Different artefacts, such as some
toxic chemicas and radiation, may affect the functioning of cells (increasing or
reducing the number ov¥iable bacterid that appear as conductivity decreases or
increases156q. Therefore, comparing the results of electrochemical tests performed on
a fresh cell culture and after exposure to the artefact can provide information on the
concentration of pollutants or rad@ati dose. In the current project, thisead was
explored using bacteridhe three electrodes electrochemical set up is more stable than
the two electrodes. Firstly, it contains an additional reference electrode having a stable

electrochemical potential iaviant of applied voltage and chemical composition of the
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solution; the potentials of other two electrodes are measured in respect to a reference
electrode 157].

Two parallel plate electrodes are indicatedtss working andcounter electrodes, the

third reference electrode was placed close to the working electrode. The electrical
potentials of both working and counter electrodes are measured in respibet to
reference electrode having a constant potential in electrolytes solutions. Typically
Ag/AgCI reference electrodes are used in such measurements. Working and counter
electrodes are typically made of metalcarbon The working electrode is coated with

the investigated substance, in this project-cellure. Goldcoated glass slides seem to

be the met common for working electrodes, since the chemistry of modification of
gold is well established for coating gold with different biomaterials. Counter electrodes
should be chemically inersuch aglatinumor gold whichis commonly used for this
purposeHowever, even chemically inert metals, such as Au and Pt, show instability of
surface potential during electrochemical reactions, when a current flowing between
electrodes is accompanied with chemical ion exchange electrode reactions. In this case,
the rde of the reference electrods crucial for performing accurate electrochemical
measurements that are typlgatarried out using potenstat. In some cases, however,
when electrochemical reactions are not essential, simple measurements can be
perfamedin a twoelectrode systerwithout using refegnce electrode and potentiostat.
These simple electrochemicaheasurements are used in order to establish the
correlation between electrical properties (conductivity, capacitance, current or
resistance) of liqui bacteria samples and live bactegaunts, after that studying the

H 11 HF Wadiation and heavy metal ions on bactefiae usebacteria in suspension
wereessential for preliminarin-vitro studyof the effect of pollutantddowever,it is of

limited use in biosensors. Immobilized bacteria are much more promising for such
applicatiors. The measurements have to be taken twice, first on freshly immobilized
bacteria, then on on bacteria exposed to pollut&strochemical measuremenisre

successfully used for studying electrical properties of cells deposited on metal
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electrodes and showed great prospects in using suebaseltl sensors for detection of
various analytic 25, 24. In the previous study, the principles of esdinsorswere
extended further to more complexganisms such ask. coli, and another type of
bacteriaD. radiodurans whichknownfor LWV KL JK U HredisMoN D5Q.FH W R

2.7 Bacteria as sensing elements and pollutante-mediators

Different types ofmicroorganismskfacteria)were utilised as a sensaelementsn this

study for detection o& large number otoxic chemicals dependhg on if they were
highly resistant osensitive tahese pollutantsThe types of bacteria which can resist or
tolerant ®me of environmental pollahts which are in general classified as gram
negative, may be due tbe presence of agxtra membrane layerAtypical exampleof

such speciess S. oneidensiknown asa highly resistance and tolerant bacteria to
different pollutants. On other hand, highly sensit&am negativédacteria such ak.

coli which is considered to be sensitive to the pollutants wMiethylococcus
capsulatug(Bath) and Methylosinus trichospoum (OB3b) may be highly sensitive to
some pollutantsfor instance bavy metals angdesticides and highly resistartio othes

such as petrochemicdh this study HgGl PbC}, ZnCl, and CCl, were used to study

the effect of heavy metals ions &n coli, Mc. capsulatugBath) & Ms. trichosporium
andS.oneidensisamplesin the current project this approach will be developed further
using simple electrochemical measurements on electrodes with immobilized bacteria,
for extended range of analytes including heavy metals, pesticides and petrochemicals.
The selection of bacterican serve the purpose sitceoliis predominantly affected by
heavy metals, whil&.oneidensisequires them asutrientand Methanotrophidacteria

thrive in the presence cdfomehydrocarbons. The desirable outcome of this PhD project
will be the developmen& sensor array prototype capable of differentiating the above
pollutants Such an inhibition sensors array not be sensitive enough for all

environmental pollutants, howeydhey can be used for quick preliminadgtection
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(screening)of water sampleautilizing ANN sub sequentlythese suspected samples

could be transferred wonventionalaboratoryfor furtheranalysis

2.7.1General descriptionof bacteria

Bacteria are typically between Oin and 5um in size, displaying differerdhapes
including spherical cocci, rodhaped ballli, and spiratishaped spirilla or spirochetes,
among others. Uike eukaryotic cells, most bacteria are encapsulated by a cell wall
which is present on the outside of the cytoplasmic membrane. The cell walligesnpr
mainly peptidoglycan, a negatively charged polymer matrix comprising of-néssl

chains of amino sugars, nameli-acetylglucosamine andN-acetylmuwamic acid.
Bacteria can be classified as either Gram positive or Gram negative depending upon the
architecture and thickness of the cell wall. Gipositive bacteria retain the violet Gram
stain due to their thick peptidoglycan layer on the outside of the cell membrane. In
contrast, Granmegative bacteria do not take up the stain, as their thinnedpglytan

layer is sandwiched Bwveen two cell membranes. The outer lipid membrane of Gram
negative bacteria also contains lipopolysaccharides (LPS), which act as endotoxins and
elicit a strong immune response in humans, as well as various proteinglingclu
porins. The thick peptidogtan wall surrounding Graspositive bacteria contains extra
components such as lipids, surface tpins, and glycoproteind?athogenic Gram
negative bacteria includeEscherichia coli Salmonella Shigella Legionellg
Haemahilis influenzaeNeisseria gonorrhoeaendNeisseria meningitidesxamples

of pathogenic Granpostive bacteria includétreptococcusStaphylococcysBacillus
andClostridium[158§,.

Bacteria comprise a large domain of prokaryotic microorganisms.caljji a few
micrometres in length, bacteria have a wide range of shapes, ranging from spheres to
rods and spiralslb9. They were among the first life forms to appear on Earth, and are
present in most habitats on the planet, including soil, acidic hotgsp radioactive

waste, water, and deep in the Earth's shell, as well as in organic matter and the live
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bodies of plants and animals, providing outstanding examples of mutualism in the
digestive tracts of humanggQ. There are typically 40 million bagtial cells in a gram

of soil and a million bacterial cells in a millilitre of fresh water. In all, there are
approximately5x10® bacterialiving on our planet[161, 163, forming a biomass that
exceeds that of all plants and animals. Bacteria are imite¢cycling nutrients, with

many steps in nutrient cycles depending on these organisms, such as the fixation of
nitrogen from theatmosphere and putrefaction [163n biological communities
surrounding hydrothermal vents and cold seeps, bacteria prdtiglesitrients needed

to sustain life by converting dissolved compounds such as hydrogen sulphide and
methane. Most bacteria have not been characterised, and only about half of the phyla of
bacteria have species that can be grown in the laboratory. Backts are about one

tenth the sizes of eukaryotic cells and are typically5005um in length. However, a

few species are up to half a millimetre long and are visible by the naked@&fefpr
example,Epulopisciumfishelsonireaches 0.7 mmlp5. Among the smallest bacteria

are members of the genl/coplasmawhichare parasitic organism in animal cell and
measure only 0.8m, as small as the largest viruses. Some bacteria may be even smaller
[166].

Most bacterial species are either spherical, datlecci or roeshaped, called bacilli.

The bacterial cell are surrounded by a lipid membrane, or cell membrane, which
encloses the contents of the cell and acts as a barrier to hold nutrients, proteins and other
essential components of the cytoplasm withia cell. As they are prokaryotes, bacteria

do not tend to have membrabeund organelles in their cytoplasm and thus contains
few large intracellular structures. They consequently lack a true nucleus, mitochondria,
chloroplasts and other organelles prése eukaryotic cells, such as the Golgi apparatus
and endoplasmic reticuluri§7]. Bacteria were once seen as simple bags of cytoplasm,
but elements sicas prokaryotic cytoskeletdd6g and the localization of proteins to
specific locations within theytoplasm have been found to show levels of complexity.
These sufzellular compartments have been called "bacterial hyper structures".-Micro
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compartments such as carboxysomes supply a further level of organization, which are
compartments within bacteriaahare surrounded by polyhedral protein shells, rather
than by lipid membranes. These "polyhedral organelles" restrict and compartmentalize
bacterial metabolism, a function performed by the membbawn@d organelles in
eukaryotes.

Many important biochemit¢areactions, such as energy generation, occur by
concentration gradients across membranes. The general lack of internal membranes in
bacteria means reactions such as electron transport occur across the cell membrane
between the cytoplasm and the periplasispace. However, in many photosynthetic
bacteria the plasma membrane is highly folded and fills most of the cell with layers of
light-gathering membrane. These ligigthering complexes may even form lipid
enclosed structures called chlorosomes in gregrhar bacteria]69. Other proteins

import nutrients across the cell membrane, or expel undesired molecules from the
cytoplasm.

Bacteria do not have a membrameund nucleus, and their genetic material is typically

a single circular chromosome locatedthe cytoplasm in an irregularshaped body,

called the nucleoid. The nucleoid contains the chromosome, with associated proteins
and RNA. The order Planctomycetes are an exception to the general absence of internal
membranes in bacteria because they hrawmuble membrane around their nucleoids
and contain other membrabeund cellular structures. Like all living organisms,
bacteria contain ribosomes for the production of proteins, but the structure of the
bacterial ribosome is different from those of eykées and Archaea. Some bacteria
produce intracellular nutrient storage granules, such as glycogen, polyphosphate, and
sulfur or poly hydroxyal kanoates. These granules enable bacteria to store compounds
for later use 17(. Oneof bacterialphyla namedphotosyntheticyanobacteriaare able

to produce internal gas vesicles, which they use to regulate their buoyancy, allowing
them to move up or down into water layers with different ligitensities and nutrient

levels and split HO and make @
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2.7.2Bacterial cell wall structure

In most bacteria a rough external layer, the cell wall, protects the delicate protoplast
IURP PHFKDQLFDO GDPDJH DQG RVPRWLF O\VLV LW
Additionally, the cell wall acts as a molecular filter, arpeability barrier that excludes
various molecules. It also plays an active role in regulating the transport of ions and
moleculesThe cell walls of different species may differ greatly in thickness, structure
and composition. There are broadly speaking different types of cell wall in bacteria,
whether a given cell has one or the other type of wall can generally be determined by
the cells reaction to certain dyes, these two types called -Goaitive and Gram
negative. The names originate from the neacof cells to the Gram stain (red stain), a

test longemployed for the classification of bacterial species. (Gpasitive bacteria

(are a class of bacteria that take up the crystal violet stain used in the gram staining
method of bacterial differentiatiy, which possess a thick cell wall (about3 nm)

and it generally has a simple, uniform appearance under the electron microscope. Some
40-80% of the wall is made of a tough, complex polymer, peptidoglycan. Essentially,
peptidoglycan consists of lin@etero polysaccharide chains and teichoic gdidg]. In
contrast, Granmegative bacteria (are a class of bacteria that do not retain the crystal
violet stain (stained red) used in the Gram staining method of bacterial
differentiation),which it have a rafively thin cell wall (2630 nm) with a distinctly
layered appearance under the electron microscope. The inner layer nearest the
cytoplasmic membrane is widely believed to consist of a few layers of peptidoglycan
(15 nm thick) surrounded by a second lipigmbrane, containing lipopolysaccharides

and lipoproteins. Most bacteria have the Giaegative cell wall, and only the
FirmicutesandActinobacteria(which are known as the low G+C and high G+C Gram
positive bacteria, respectively) have the alternativan®ositive arrangemently2).

These differences in structure can produce differences in antibiotic susceptibility.
Therefore, the lipid membrane reaction for gram stain helped the researcher to
distinguish between the bacteria. The simple structure lwdcteriacell is shown in

Figure (2-13).
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Figure 2-13: The schematic structurainage of atypical Grampositive and Gram

negative bacteria cdlL73].

The lipid membrane is a thin polar membrane consisting of two layers of lipid
molecules. These membranes are flat sheets that form a continuous barrier around cells.
The cell membrane of almost all living organisms and many viruses are covered by a
lipid, as are the membranes surrounding the cell nucleus and otheelksudr
structures. The lipid layer is the barrier that keeps ions, proteins and other molecules
where theyare needsnd prevents them from diffusing into areas where they should not
be. Lipd layers are ideally suited to this role because, even though they are only a few
nanometres in with, they are impermeable twatersoluble (hydrophilic) molecules

and are particularly impermeable to ions, which allow cells to regulate salt
concentratios and pH by pumping ions across their membranes using proteins called
ion pumps. In many bacteria there are fine, hair like proteinaceous filaments extending
from the cell surface; these filaments can be divided into three main types: flagella,
fimbriae am pili. Sex pili (singular: pilus) are elongated or Héie proteinaceous
VWUXFWXUHY ZKLFK SURMHFW IURP D FHOOfV VXUIDI
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Gramnegative cells which have the ability to transfer DNA to other cells by
conjugation, a proess in which the pili themselves play an essential role. The various
types of pili differ in size and shape: for example, some are long, thin and flexible,
while others are short, rigid and rbkKe, the type of pilus correlates with the physical
condition under which conjugation can take place.

2.7.3Growth of bacteria

Bacteria cell growth involves a coordinated increase in the mass of its constituent parts;
it is not simply an increase in total mass, since this could be due, for example, to the
accumuldéion of a storage compound within the cell. Usually, growth leads to the
division of a cell into two similar or identical cells. Thus, growth and reproduction are
closely linked in bacteria, and the term growth is generally used to cover both
processes. BEWHULD JURZ RQO\ LI WKHLU HQYLURQPHQW LV
may occur at a lower rate or not at all or the bacteria may die, depending on species and
condition. Essential requirements for growth include, (i) a supply of suitable nsjtrient

(i) a source of energy; (ii) water; (iv) an appropriate temperature; (v) an appropriate
pH; (vi) appropriate legls (or the absence) of oxygebonsider the growth of bacteria

on a solid medium of one common type of solid medium widely used in baotgca
laboratories, which is a jelly like substance (an agar gel) containing nutrients and other
ingredients. Suppose that a single bacterial cell is placed on the surface of such a
medium and given everything necessary for growth and division. Theg®ils,
division continues, the progeny of the original cell eventually reach such immense
numbers that they form a compact heap of the cells that is usually visible to the naked
eye; this mass of cells is called a colony. In addition, either bacteriumaas freely
through a liquid medium by diffusion or, in motile species, by active movement; thus,
as cells grow and divide, the progeny are commonly dispersed throughout the medium.
Usually, as the concentration of cells increases, the medium becomessimgiye

turbid (cloudy), so Hat each bacterial species neggbcific medium and particular
environmental conditions for pure growfh74]. This study utilizedthree kinds of

bacteria to scan a wide range of environmental pollution.
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2.8 Types of Bacteriaused as sensing elemenits this work

2.8.1Escherichia coliK-12 strain
E. coliK-12is a Gramnegative, roeshaped bacterium commonly found in thiestine
of warmblooded organisms (endotherms). MostEofcoli strains arenonpathogenic
but some of them can causerious food poisoning in humang. E. coli 0157 and
several kinds of disease in animals, which are occasionally responsible for product
recalls due to food contaminatiod7p]. The nonpathogenicstrains are part of the
normal flora of the gut, and can benefit their hosts by producing vitamin K2, and by
preventing the establishment of pathogenic bacteria within the inteBhilsework aims
atthe development of novel sensing technologies baseliffenent types of bacteria as
inhibition sensing array for detection of petrochemicals, pesticides and heavy Eetals.
coli belongsto the Gram-negative bacteriaand was selected for this tagkiso, it is
facultative anaerobic, roshape As mentionedn previous sections, there are hundreds
of different strains oE. coli. some are harmless; others cause serious illness. A non
pathogenic strain dE. coli (K12) normally present in the intestinal tract in humans and
animabk was used in this study. kg (2-14) shows theE. coli bacteria cells and their

colonies.

Figure 2-14: (A) SEM image ofE. coli (K12 strain) GrarrNegativebacteria cellgB);
their culturecolonies
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2.8.2Shewanella oneidensi®R -1 strain
Shewanella oneidensigMR-1 a facultative anaerobe classified as a gamma
proteobacterium, can utilize numerous inorganic compounds as electron acceptors (e.g.,
oxygen, nitrate, and metalsphewanella oneidensi®R-1 (formerly Alteromonas
putrefaciensand Shewanella putrefacigh best known for its respiratory versatility,
including the ability to reduce metal oxides and radionuclides. Like many other
members of th&hewanellagenus, it can also grow aerobically or use any of a broad
variety of organic (fumarate, trimethgimine oxide, dimethyl sulfoxide, and glycine)
and inorganic (nitrate, elementallphur thiosulfate, andsulphit§ compounds as
terminal electron acceptors in the absenceofl@is strain was originally isolated from
anaerobic sediments of Oneida Lake in Néark through the selective enrichment of
bacteria that could respire M(V) [176]. Members of theShewanellagenus are
frequently isolated from redestratified freshwater and marine environments, where
they are proposed to play an important role in geechemical cycling of nitrogen
[177], metals 78] and sulphur [179]. Figure (2-15). Shows theSEM image of
S.oneidensiVIR-1 strain) GraraNegative bacteria ce{A), and their colonies (B)

HV spot| det ‘ |
10.00 kV| 4.0 | TLD |80 000 x | 5.8 mm

Figure 2-15: (A) SEM image ofS.oneidensi@MR-1 strain)GramNegativebacteria

cell (B); their culturecolonies
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2.8.3Methanotrophic bacteria
Methaneutilizing bacteria (methanotrophs) are a diverse group of -gregative
bacteria that are related to other members of the Proteobadibese bacteria are
classified into three groups based on the pathways used for assimilation of
formaldehyde, the major source of cell carbon, and other physiological and
morphological features. The type | and type X methanotrophs are found within the
gammna subdivision of the Proteobacteria and employ the ribulose monophosphate
pathway for formaldehyde assimilation, whereas type Il methanotrophs, which employ
the serine pathway for formaldehyde assimilation, form a coherent cluster within the
beta subdivisin of the Proteobacteriddethanotrophic bacteria are ubiquitous. The
growth of type Il bacteria appears to be favored in environments that contain relatively
high levels of methane, low levels of dissolved oxygen, and limiting concentrations of
combined itrogen and/or copper. Type | methanotrophs appear to be dominant in
environments in which methane is limiting and combined nitrogen and copper levels are
relatively high. These bacteria serve as biofilters for the oxidation of methane produced
in anaerols environments, anddhen oxygen is present in satmospheric methane is
oxidized A limited number of methanotrophs have the genetic capacity to synthesize a
soluble methane monooxygenase which catalyzes the rapid oxidation of environmental

pollutants ncluding trichloroethylene. BO]. (SeeFigure 2-16)

HV
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Figure 2-16: (A) SEM image ofMc. capsulatugBath strai) Gram-Negative bacteria

cell (B); their culturecolonies
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CHAPTER 3 EXPERIMENTAL METHODOLOGY

This chaptedescribs with more detailsa number of experimental techniques, such as
fluorescence microscopylow cytometry, andoptical density (Olsoo) which were
utilized in thisstudy for the purpose of counting the percentage of live and dead bacteria
and then studying the effect of environmental pollution on bacterial concentration. The
development of sensor array devices for detection of heavy metals, pesticides and
petrochemial pollutions is the desirable outcome of this work. In addition, to the above
mentioned optical technigs, scanningelectron microscopy (SEM) andatom forces
microscopy (AFM) will be describedas well Also, the use of simple DC and AC
electrochemical nmesuremats e.g. cyclic voltammogram Y and electrochemical
impedancespectroscopy (EIS) for studying the effect of these pollutants on bacterial

suspension and immobilized bactesi#l be described.

3.1 Experimental equipment used

3.1.1 Optical methods

The effect of the above pollutants on the bacterial cultures was examined using three
different optical experimental techniques: fluorescence microscopy,isilile
spectrophotometry, and flow cytometry. A Beciitkinson FACSCalibur flow
cytometer was sed to characterisebacteria after staining them with the BacLight
live/dead bacterial viability kit (Molecular Probes). Fluorescence microscopy of
bacterial suspension and bacteria immobilized on the screen printed gold electrodes was
performedwith an OympusBX60 instrument using the BacLight kfor staining
bacteria Optical density of bacterial culturegs measured at 600 nm with a 6715

UV/Vis spectrophotometer (Jenway).
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3.1.1.1Fluorescence microscopy usin@lympus-BX60 instrument

The most common imaging technique used to study the morphological structures of
different materials including organic films and biological objects is optical microscopy.
The limitations in resolution of optical microscopy duethe diffraction limit and
aberrations in optical elements do not allow observing objects innscion
dimensions. Alternative modern microscopic techniques, such as electron microscopy
and scanning probe microscopy, offer much better resolution doWf nanometers

(nm). However they can be invasivdue to the use of high vacuumdirect contact of
naneprobesand thus not suitable for biolmgl objects. In this respeatoninvasive
optical microscopy is advantageous for studying biological objects. Recent advances of
optical mcroscopy, such as near field optical microscopy, managed to overcome the
diffraction limit. The use of modern imagegocessing software can also enhance the
performance of optical instrumentation, suchiaterfacial forcemicroscope(IFM).
Another problen in optical microscopy is the lack of contrast of some objects, such as
organic and biological thin films. This problem can be solved using polarised light in
darkfield microscopy as shown in Rige (3-1A,B), or staining the material with light
absorbing or fluorescent dy¢&]. The biological cells are typical example of Ron
contrast objects, and the most common way to increase isiaitdhe cell culture with

selective dyes for example (BacLig]-M Bacterial Viability Kit, for microscopy and

flow cytometry) [2]. Therefore, the fluorescence dyes that used in this stuggcisight
bacterial viability kit contain two dyes the first one is SYT@r8en fluorescence DNA
dye, and the other is red fluoresce DNA (popidium iodide) dye Those dyes have
different physical and biological effect in their spectrum and permeability into the living
bacteria cell membranén short bacteria with intact @l membranes stain fluorescent
green (live cell), whereas bacteria with damageanbranes stain fluoresceetl (dead
cell) depends on the chard8]. Typical dark field images of bacteria stained with
BaclLight are given in Chapter Zhe background remains virtually néloorescent.

The ratio of (excitation/emission) wavelength about (480/500 nm) for SYTQO9 stain
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which show green spot, and (490/635 nm) for propidium iodide enabling to see the red

spots which refers to the dead cells.
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Figure 3-1: (A) Fluorescence microsco@ympusBX60, (B); its schematic diagram

3.1.1.2 Optical density measurementausing 6715 UV/Vis spectrophotometer
One of the most common methods of detectiptical density of cell culture at 600 nm
is (ODso0) which used to determinate tlkells density[4]. A linear relationship exists
between the number density of cells) and the absorption rate at 600 nm as urd-ig
(3-2A,B).

Figure 3-2: (A) 6715 UV/Vis spectrophotomete(B); Schematic of a typical ptical

density device imaging process
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The calibrateODesoo measurements in concentration units (cell/ml) the calibration has to
be performed using an independent technigueh as optical microscopy [5The
feature single wavelength allows simple absorbance (Abs) or transmission (T %)
measurements at a single wavelength defined by ts®never, when light hits
bacteria, the light may be scattered and/or absofbledecausebacteria are usually
trans@rent thgODgog) Of a bacteria liquid culture is mostly due to light scattering. The
(ODsog) outcome representbe amount of light passed through a sample relative to a
reference. In this study, the optical density g@jpwas studies and plotted aguaction

of time exposed to pollutant§he concept 0ODggo device is based on the principle of
light scattering. When measuring light scattering, it is important to consider the
wavelength of light used, so that the light absorption is minimal for masehal
cultures.A wavelengthof around 600 nm is a good chojand it is the middle of
visible range. Sthe measured absorbance in such samples is due tedagtering, and

not the resulof molecular absorptioand ODeoo gives true account ofiable bacteria

assuminghat deadacteria are not motile and sediment [7].

3.1.1.3Flow cytometry using Becton-Dickinson FACSCalibur

Quantification of the total counting of bacterial numbers is a basic and essential task i
several areas of microbiologpuring the last two decadeabg direct counting methods

that use fluorochrome stains and fluorescence microscopy have become increasingly
popular because most naturally occurribagteriacannot be enumerated accuratelyas
colony-forming unit (CFU) by culturing onagar media .Advances in fluorescent dye
technology and flow cytometry now allow the application of this rapid, automated

technique to such studies.

Flow cytometry has become increasingly popular because it offers the advantage over
microscoly in rapid, easy, and accurabacteriaenumeration [8]. This increasing
popularity is also due to the recent development ofdost compact flow cytometers.

In this work flow cytometry was used to count bacterial cells of different types: i.e.
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E. oli, S.oneidensiandMc capsulatugBath). To verify the accuracy and the precision

of this technique, total bacteria counts made by flow cytometry were compared with
those obtained usinfjuorescence microscopy. The results of this study showed that
flow cytometry was a reliable technique for counting a mixture of bacteria in samples
from aquatic ecosystems.

Flow cytometry has been described as automated microscopy that has the agvantage
automation, objectivity and speed (flow cytometers can analyse thousands of cells per
second). To achieve this flow cytometers quantitatively measure the optical
characteristics of cells (or other particles) as they are presented in single fil& iof f@o
focused light beam. In order to present cells in single file they are introduced, in the

flow cell, into a fast flowing fluid stream termed the sheath flow.

The basis of the flow is a jet of isotonic sheath fluid (approximately [@r0in
diameter)into which samples are injected at a controlled rate, typically between 10 and
60 ml/min. The light source used to illuminate samples is either a-griggsure
mercury vapour lamp or an assortment of lasers. As particles pass through the light
beam the ftbowing three parameters are measured using photomultiplier asb&sown

in Figure (3-3A,B); theseare forwardlight scatteing (also called FALS or FSC), side
scatteing (also called 908 LS SALS or SSC) and fluorescence (FL).

The amount of lightscattered forward and at right angles by any particle tends to
increase with the bacterial cell size or numbers. In addition, the cell refraction ability is
related to surface properties and internal structamd these also affect FSC and SSC.
Natural fuorescence (autftuorescence) is emitted by cellular components such as
flavin nucleotides, pyridine and photosynthetic pigments. A typical flow cytometer
measures fluorescence in three wavelength ranges. Light of defined wavelengths is
channelled to padular detectors, for example detector FL1 will typically measure
green fluorescence, FL2 orange fluorescence and FL3 red fluorescence. All these
information eferred to Sapiro (1995) [9], and Robins¢h997) [10].
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Figure 3-3: (A) Flow cytometry instrument (B)Schematic diagram of flow cytometry
measuements.

3.1.1.4Scanning Electron Microscopyusing FEI-Nova SEM

Scanningelectron microscopy is one of the traditional and westiblished methods in
surface sciencelThe SEM operates in a vacuum, with a high energy electron beam
(typically from 5 to 20 keV) focused into a spot of several tens of nanometers in
diameter (or fraons of nanometers in modernghiresolution instruments) [11]
Because of very short wavelengthfdhe electrons usedaf example electrons with

an energy of 1@eV have a wavelengtre = equal to 0.12 nm), the resolution of SEM is
limited by the beam diameter and image distortions, (astigmatism) introduced by the
focusing sygeem. A complex electrmagnetic system provides both the formation of the
electron beam and its scanning over the sample (seeei3gl). The electrons that are
reflected (backscattered) from the surface, or the emitted secondary electrons, are
collected with a sensitive detectto provide imaging of the studied surfacBEM can

be used to study samples of different nature randphologies practically without any
limitations. Ideally, the samples for SEM study should be conductive to avoid electrical
chargingof the sample wvith an electron beamvhich causesmage distortion. Therefore,

the samples of insulating materials for SEM study are recommended to coat (decorate)

88



with thin of carbon or gold film whicleproduces the surface profile. Another possible
drawbackof SEM liesin the film damage caused by high energy electrons, which is
particularly important for organic film study. The interpretation of SEM images of
composite samples may not always be straightforward. This is especially true for
secondary electron images, whicepresent a combination of both the surface émel

work function profiles [11] In scanning electron microscopy (SEM), besawf
electronsarefocused by thelectranagnetic lenses on the sample with energy up to 40
KeV in high vacuum chamber and scannedh parallel lines. Conspiently, the
reflected signaldackscattered or secongaelectronsare collected to estimate the
sample morphology and provide an image. [12]. Up to date, SEM is widely used in
several fields, for istancein semiconductor manufacturing, medical and make
science research. Figu8-4 A,B) shows the SEM scheme and operation with the
instrument imageAn SEM instrument containsn electron source which is the electron
gun, two magnetic or condendenses, scanning coils which facilitates the deviation of
electron beam in x and y dimensions, objective lens and detectors for backdcatiz

secondary electrons[13The scanning electron microsce-ElI-Nova SBV has been

used in this research

Figure 3-4: (A) Scanning Electron MicroscogeEl-Nova (B); Schematiadiagram of a
typical SEM.
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3.1.1.5 Atomic Force Microscopy using Nanoscope Illa Brucker AFM

Atomic force microscopyAFM) is a scanning probe technique widely usedesearch

and industrial applications for visualizing surfaces at the nanoscale as well as measuring
surface physical propertiesEven though electron microsgpptechniques like
transmission electron microscopy (TEM) or scanning electron microscopy (SEM) ca
be utilized for similar surface investigations, the high vacuum environment and specific
sample preparation required, prevents the real time imagidgnsitu monitoringof

biologicalsystems.

AFM, with its ability to obtain high resolution images under ambi@mt or fluid)
conditions, therefore, has been used to follow kinetic processes in many systems
ranging from polymeric and crystalline materials [1#) cellular membranes and
biomolecues [15] Atomic force microscopyAFM) is a highresolution scanning
microscopy with a verified nanometer resolutioGerd Binnig and Heinrich
Rohrerwere developedoth SEM andAFM in the early 1980s dBM Research-

Zurich, an achievement that earned themNlobel Prizein Physics in 1986The first

atomic force microscope was available in the market in 1989.

AFM includes acantileverwith a sharp tipivhich is used to scan the film surface. This
probefollows the surface profile anthe nformationrecordedusing a laseas shown in
Figure(3-5A), and Figue (3-5B) shavs the AFM principles operatidi6].

The topographic image of the surface cambguiredby recordingthe deflection othe
cantilever, which results from the difference of interaction force between cantilever
and the sample surface |[17AFM can operate in three different modesntact mode,
noncontact mode, dntapping mode [11]Figure (3-5B) shows the dependence of the
interaction force on the distance between the tip and the sample surface. At larger
distances from the surfadie attraction force is dominating, while the repulsion force
starts to dominate at smaller distances (in the range of a few angstfom$jasic idea

of AFM is slightly different from &M, Although the main unit is the same [X,Y,Z

90


http://en.wikipedia.org/wiki/IBM_Research_-_Zurich
http://en.wikipedia.org/wiki/IBM_Research_-_Zurich
http://en.wikipedia.org/wiki/Cantilever

piezoceramic positiond, the principle of registration of vertical movement of the tip,

which is usually madef Si3N4 by CVD, on a flexible cantilever, is optical.

The laser beam reflected from the cantilevedesectedwith the position sensitive
photodetector. This construction is universal, and is adopted by the majority of scanning
nanoprobe instruments [11ln the contact mode, the tip is brought into close contact
with the sample surface, so that the force betwentip and the sample becomes
repulsive. The deflection of the cantilever caused by this force is registered with a
photodetector. The signal is compared to the predefined value of deflection (force), and
the DC feedback system generates a certain vel@gplied to the part of the piezo
ceramic to keep the value of deflection (force) constant. Diisvoltage therefore,
measures the surface roughness. The vertical resolution of the ARMcomode is in

the range of 18 nm, while the lateral resolath cn reach the values less than 1 nm,
dependng mostly on the tip radid1]. The disadvantage abntact mode is that ian
damage both the sample and the @omparison of AFM tapping and contact modes

shows clearly the advantage of the former for this particular application.

3
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Figure 3-5. (A) Atomic force microscopéNanoscope llla (Brucker]B); Schematic
diagramof a typical #aomic force microscope.
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3.2 Electrochemical DC and AC methods for biosensing approaches

Electrochemical sensors can be classified by their operational principles, e.g.
amperometric, conductometric (impedimetric), and potentiometric, which are based,
respectively, on measurementsetéctric current, conductivity in DC measurements or
geneal impedance in AC measuremengsmd voltage (potential). Different biological
reactions and processes can be monitored using their electrochemical characteristics;
this approach is not invasive dams relatively cheap. The parameters and metabolic
activity of cells and microorganisms can be studied and monitored using their
electrochemical properties. Cell growth, cell activity, changes in cell composition,
numbers, shapes or cell locations ardy aome examples of characteristics can be
detected by microelectrode cell sensors. The electrochemical properties of a biological

sample reflect actual physical properties of the cell membrane.
3.2.1 DC electrochemical measurements

DC measwementis a very reliable technique for investigating the electrical properties
of a liquid bacteriasuspensionlf a DC potentialis applied across the electrodes, a
current may flow under certain conditions. Thus, it is important to consider the addition
of a resstive path in parallel with the capacitive in the electrical model of this surface.
This resistor can be ndimear with the applied voltage. The flow of a current through
this metalelectrolyte interface requires the net movement of a charge ionsstp an

electric field due to the applied voltage

The conductivity of metals and semiconductors is due to electrons (holes in
semiconductors are missing electrons) while electrolgtegluct the current due to

ions. Thereforethe processes of discharging ions must take p&cehe interface
betweenmetal as semiconductor and electrolyia, example, in the casa a simple
system of two metal electrodes dipped into NaCl aqueous solution and connected to a

battery (see Figure&-6) the following electrochemical reactions are taking place:
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Figure 3-6;: Charges exchange on metal electrodes in contact with electrolyte

In reality, the reactions are more complex: highly readtigevill most likely react with
water to formNaOH near cathode, whil®, and Cl, gas may cause the corrosion of
anode by forming metal oxides and metal chlorides, respectively; alterna@igetyay

react with water to forrllCl neartheanode.

As a result of such charge exchange processes electrical double layers will form on the
surface of both electrodes. For example on the cathode, the negative electron charge on
the surface of metal will beoanterbalanced by positive ions in solution, as shown in
Figure 37. Becausethe concentration of ions in solution is much lower than
concentration of electrons in metals, the space charge of ions will be extended (by few

microns) into solution.
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Figure 3-7: Electrical double

resultingdistribution of surface

The diagram o&nEDL in Figure 3-7 is schematic andh reality both cations ananions
in the electrolyte are solvated pglar water molecule§.he main feature oBnEDL is
however represented correctlyith an actual doublayer calledthe Helmholtz layeat
the very surface ral an extended diffusion layer called as G@hapman layer
According to the Sterns model gL the resulted surface pot&d distribution is

described by a linear potential drop withime Helmholtz layer between 0 and outer

Helmholtz plane(X,,p) also called as Stern plane

X .
< <1 X 3.
© Xonp !
and an expoential dependence withthe Gouy-Chapman layer beyond the Stern plane
8 X Xoup -
< <gexp —G“P 1. (3.2)

The potential S at shear plane (boundary of diffuse layer) is kown &potential or
electrokinetic potential. X ! X5p). Because Stern and shear planes are clese
/] | < Another characteristic parameter, e.g. Debye leidlh is introduced at the

point of <g,/€e. The Debye length depends on the ion concentration C in solution as

G|1/ JC, and typically is in the nanometres rangépotential and thus the voltage
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drop on a particular metalectrolyte cortact depend on many parameteihere
include thesurface potential ofthe metal, electrolyte contents, concentrations of
chemicalspresent, pH, and temperatuRassing current through the contact may alter
the chemical composition and concentrationsthe vicinity of the electrode and
WKHUHIRUH DIIHFW WKH SRWHQWLDO GURS DW WKH
potentials should be taken into account during electrical measurements in electrolytic
cells. The simplest electrochemical cell shown Figure (3-8a) consists of two
electrodes traditionally called as working electrode (WE) and counter electrode (CE).
The working electrode is usually the electrode being studied, i.e. the electrochemical
processes on this electrode which could be functionalised with biological receptors,
such as enzymes, are of interest. The distribution of the elpoteatial in this sysim

in Figure(3-8b) exhibits potential drops at both electrodes as well as a potential drop in
the electrolyte in the middle. Since both contact potentials are not #tel#@ectrical
measurements in twelectrode system have some uncertainty. In dadeliminate the
instability of one of lhe electrode (typically WE)ts potentialis be recorded against the

third referenceelectrodewhich a stablepotential.

H \_-

Figure 3-8: Two-electrode system (a) and potential distribution {ib)f three-electrode

(c) and fourelectrode systensl).
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as shown in Figre (3-8c). The construction ahe RE is such thagotential is invariant

of the electrolyte content. One of the most popular RE designg/iBggl electrode
which consistof an Ag wire in contact with the saturated AgCl solution incapsulated
into a glass probe connected to the cell via porous glassStigh threeslectrode
systems are very common and widely accepted in electrochemistry. If, however, the
stability of potentials of both WE and CE are of concarsecond reference electrode
(RE1) coupled to CEEanbe introduced in fouelectrode cell ash®wn inFigure(3-8d).

One more condition should lodeyedwhen using reference electrodes in thi@efour-
electrode systems, the electric current should not pass between WE and RE (or CE and
RE1). The circuit design for basic DC electrical measuremehtsurrent voltage
characteristics in threelectrode cell, called voltammetry, is shown in Fig(Bea).

The current is passed between WE and CE and recorded with theoarefezrwhile

the voltage at WE is measured against the RE. Usually such meastsare carried

out using a potentiostat (see Figure-9b) which automatically provide such
functiorality. The potentiostat allows operating in different modes, for example, cyclic

voltammetry during which the current is recorded during scanning overedefined

voltage ra