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ABSTRACT

The threat of arsenic pollution to public health and wild life has led to an increased interest in developing systems
that can monitor biocavailable arsenic in potable water. This paper reviews the principal milestones in the
development of arsenic biosensor combining a selective biological recognition element (microorganism) and a
sensitive transducer (microilluminator), are environmental tools applied for environmental bioavailable arsenic
pollution monitoring. We have discussed here the mechanism of Arsenic intake and expression of reporter gene in
the bioreporter. The bioluminescent bioreporter integrated circuit (BBIC) can be developed in which a bioreporter
is engineered to luminescence when target substrate (arsenite) is encountered, while the circuit detects the
luminescence and after processing the signal, the results are communicated by remote sensing. BBIC provides a
low power, inexpensive, selective and highly sensitive Arsenic biosensors.
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INTRODUCTION

Life arose in an alien and hostile environment ki tearth. Before the atmosphere became oxidizihg,
concentration of dissolved metal ions in primordiakans were undoubtedly much higher than todag. @ihe
earliest challenges of the first cells would haeer the ability to detoxify heavy metals, transitimetals and
metalloids, including As (lll). The presence of emik resistance (ars) genes in the genome of elixng
organism sequenced to date illustrates that aresgamust be ancient [1]. The minimum set of genesied for
arsenic resistance is arsRBC [3]. The ubiquity o¥imnmental arsenic provides the selective presgshat
maintains resistance genes in present day orgariismsE.coli to humans [1].

Arsenic is the 20th most abundant element in thithsacrust, and found ubiquitously in nature. Abd%5,000
metric tonnes of arsenic are released into therenrmient each year [2]. Arsenic enters the biosphdmarily by
leaching from the geological formations. Anthropaeptoc sources include mining and arsenical contgini
fungicides, pesticides and herbicides [1]. Curmesttmates are that 35-50 million people in the \Retgal and
Bangladesh area, over 10 million in Vietham, anéro® million in China are exposed to unacceptal$eric
intake through potable water consumption [8]. Théety limit for arsenic in drinking water for moEuropean
countries and United states, A§/L; elsewhere, 5Qg/L [8].

Systemic and chronic exposure to arsenic is knowriedd to serious disorders, such as vascular sisea
(Blackfoot disease and hypertension) and irritagiaf the skin and mucous membranes as well as diéena
keratosis, and melanosis. Inorganic arsenic ismadmucarcinogen, and ingestion of inorganic arsarieases the
risk of developing cancer of the bladder, livedrdey, and skin. The clinical manifestations of arséntoxication
are referred to as arsenicosis. Currently, theelirgase of arsenic poisoning takes place in Bdegla It is
estimated that out of 4 million tubewells, 1.12 lrait are affected by arsenic contamination and Hedtveen 20
and 30 million people (15-25% of the populatiortted Bangladesh) are exposed to arsenic levels gL .

Arsenic is a toxic metalloid which belongs to groXy of the periodic system together with nitrogen,
phosphorous, antimony and bismuth and it has twadogically important states, As(V) and As(lll), dke
oxyacids arsenic acid gAsO,) or arsenous acid, also called arsenic trioxide;@4)[1,3]. In solution at neutral
pH, arsenic acid exists as the arsenate oxyanio®pKa of arsenous acid is 9.2, so that, at neptiait would be
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primarily present in solution as neutral As(OH)3 (W) as a soft metal ion, forms strong bonds withctional
groups such as thiolates of cysteine residues lamdntidazolium nitrogens of histidine residues[Afsenite is
uncharged at neutral pH and appears to gain adcefise cytoplasm by less specific mechanisms, pbssi
including diffusion across the membrane. It craddisulfhydryl (thiol) groups of enzymes, formirtglsle adducts
that permanently disable the enzyme. This mechaigsaen more destructive to the cell than thadreénate [6].
Arsenite has a high affinity for thiol groups anffeats respiration by binding to the vicinal thidls pyruvate
dehydrogenase and 2-oxoglutarate dehydrogenassolaffects the function of the glucocorticoideptor [7].

Arsenate is a chemical analog of phosphate andunaauple mitochondrial oxidative phosphorylationsénate
enters the microbial cells readily through phosphaptake proteins. Its primary mode of toxicitytigen to
displace phosphate in the production of adenosipbdsphate(ATP), the primary energy currency ef ¢ell. The
resulting molecules hydrolyze spontaneously, causie cell to deplete its energy sources rapid)y @gganisms
take up As(V) via phosphate transporters and Asfiyl aquaglyceroporins. As(V) is reduced to As(llich is
either extruded from the cells or sequestered tradellular compartments, either as free arsenitescconjugates
with GSH or other thiols[1]. Arsenic is an essentiaxin; it is required in trace amounts for growé#md
metabolism but is toxic at elevated concentratidxisenic is used as an osmolite in some marinenisges and
its use for energy is widespread in prokaryoted wiipresentative organisms from Crenarchaeotamthynilic
bacteria, low and high G + C gram-positive bactearal Proteobacteria[6].

In higher eukaryotes, glutathione reduces arsdnadesenite, which then accepts a methyl group f8atdenosyl-
methionine producing MMA or DMA with the help of mhgltransferase. The methylated forms of arsenichsas
monomethylarsonic (MMA) and dimethylarsonic acidB) are less toxic and are main route of detoxtiima in
some mammals [7].

TOXICITY OF ARSENIC COMPOUNDS

Arsenic occurs in four oxidation states: As+5, AsA30 and As-3.

Arsenate
This oxyanions is analog of phosphate, and as guishpotent inhibitor of oxidative phosphorylatiothe key
reaction of energy metabolism in metazoans, incgidhiumans.

Arsenite
It is the most toxic of arsenic oxyanions. It réadiinds to reactive sulphur atoms (SH groups) ahgnenzymes,
including those involved in respiration.

Arsenic Trioxide (As,O5)
It is the most common form of arsenic used for @efa of agricultural, manufacturing and medicatpases. It is
highly toxic.

Methylated Forms of Arsenate and Arsenite
Compounds such as methylarsonic acid (MMAY), montbrylarsonous acid (MMAIII) and dimethylarsenic acid
(DMAV) are produced by algae and as excretory pctslof animals.

Arsines
Arsines in the -3 oxidation state, occurring ashhigoxic gases, such asAs and (CH)sAs.

Organoarsenic Compounds

Arsenobetaine is molecular analog of osmotic rdgudacompound, betaine, where arsenic substituteshe
original nitrogen atom. They occur in marine anisndut are not toxic to animals that eat these asgas)
including humans.

Synthetic Organoarsenic Compounds

Substances, such as roxarsone (4-hydroxy-3-nitropaesonic acid) are used as feed of poultry. THeynot
accumulate in these organisms, and are ultimatetye¢éed. And their subsequent breakdown by bactersoils
will release As(V) into the environment.

Arsenate anion is the prevalent chemical specie®munxic conditions and tends to be strongly adsrbnto
several common inorganic mineral surfaces, esgga@ahorphous iron minerals like ferrihydrite, andrainium
oxides in clays. In oxic sub-surface systems withigh Eh (oxidation-reduction potential) and an radance of
adsorptive minerals, As(V) tends to be immobilizsdremaining sorbed onto the solid phase. Also]IBd6 the
prevalent chemical species under anoxic conditipawEh), and because it sorbs to fewer such miserl
partitions into aqueous phase and is thus morelmahd off course more toxic than As(V)[4].

The Ecology of Arsenic
There are two kinds of prokaryotes which reduceVAgp As(lll). These are Dissimilatory arsenatepieing
prokaryotes (DARPs) and Arsenate —resistant mico@&RMs). DARPs make use of As(V) as an electron
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acceptor in anaerobic respiration. These prokasyoxidize a variety of organic (hydrogen and sudghielectron
donors resulting in production of As(lll) using Aais reductase. Whereas ARMs do not gain energy frmm
process, but use it as a means of coping with higknic in the environment. Similarly, there ar®e tinds of
organisms which oxidize As(lll) to As(V). These a@hemolithoautotrophic arsenite oxidizers (CAOsY an
Heterotrophic arsenite oxidizers (HAOs). Althoudie tarsenite oxidases of CAOs and HAOs have notable
similarities, the arsenate reductases of DARPsA&RMSs are very different [4]. These prokaryotes assenic
oxyanions for energy generation either by oxidizargenite or by respiring arsenate. The predomifam of
inorganic arsenic in aqueous, aerobic environméntarsenate whereas arsenite is more prevalennhaxi@a
environments. Arsenate is strongly adsorbed tahfdrite and alumina, a property that constraigshiydrologic
mobility. Whereas arsenite adsorbs less stronghychvmakes it the more mobile oxyanions[5].

Dissimilatory Arsenate-Reducing Prokaryotes

It has been discovered that As(V) serves as aemitto certain anaerobes by functioning as thespiratory
oxidant. The reaction is energetically favorableewhcoupled with the oxidation of organic matter dnexe
As(V)/As(Ill) oxidation/reduction potential is +18%. Two of the e-Proteobacteria, Sulfurospirillum
arsenophilum an&ulfurospirillum barnesii, conserve energy by linking the oxidation of laett the reduction of
As(V) to As(lll) [Gibbs free energyAG°) = -295kJ/mol lactate]. DARPs use a varietylet®on donors including
hydrogen, acetate, formate, pyruvate, butyrateateit succinate, fumarate, malate, and glucose.

A haloalkaliphileBacillus selenitireducens grows well at 10 mM As(V), possibly because thedurct As(lll) is
charged at high pH and cannot enter the cell, Ssgfirillum species grow best at 5mM. To date, bligate
DARPs have been found, because all the strains iagdnctan use other electron acceptors for growtr. F
example, Desulfotomaculum auripigmentum and Desulfomicrobium strain Ben-RB also respire sulphatg.
Barnesii also respires selenate, nitrate, fumarate, FetHipsulphate, elemental sulphur, dimethylsulpbexiand
trimethylamine oxide[5].

Arsenite-Oxidizing Prokaryotes

Arsenite-Oxidizing Prokaryotes include both hetmphic arsenite oxidizers (HAOs) and Chemolitho#eishic

arsenite oxidizers (CAOs). Heterotrophic oxidatafrAs(lIl) is viewed primarily as a detoxificatioreaction that
converts As(lll) encountered on the cell's outemmbeane into the less toxic form, As(V), perhaps mgkt less
likely to enter the cell. CAOs couple the oxidatiofiarsenite (e.g., electron donor) to the reductid either
oxygen or nitrate and use the energy derived toCid2 into organic cellular material and achievevgto In

HAOs the oxidation of As(lll) is catalyzed by a fpdasmic enzyme that is distinct from the dissirulg arsenate
reductase[5].

Environment Depletion

One of the theory of subsurface mobilization afesnic includes (i) the oxidation of As-containingrifes, (ii) the
release of As(V) from reduction of iron oxides hyt@hthonous organic matter(e.g., peat), (iii) tbeéuction of
iron oxides by allochthonous organic matter (froissdlved organics in recharging waters), (iv) tkehange of
adsorbed As(V) with fertilizer phosphates. Micraangsms play a crucial role in the direct reductiom oxidation
of arsenic species, as well as the iron mineratsadoed in these aquifers [5]. Fig. 1 shows Arsé&ycling.
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Fig. 1 Arsenic cycling occurs in the region of thehemocline. Arsenate reduction is mediated by DARRbat use released organic matter
from dying plankton to fuel their respiration. Arsenite oxidation (aerobic and anaerobic) is mediately CAOs that also contribute to
secondary production by “fixing” CO; into organic matter [5]
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In Bangladesh, perhaps the initial process is thidation of the original As(lll)- containing mindsa(e.g.,
arsenopyrite) during transport and sedimentatiothieypioneering CAOs and HAOs. This results in anglation
of As(V) onto surfaces of oxidized minerals likerrfeydrite. Human activities such as intensive gated
agriculture, digging of wells, and lowering of graliwater tables would provide oxidants (e.g., oxygdtrate)
that would further stimulate As(lll) oxidation. Tieeis buildup of microbial biomass (and its asswmtlaorganic
matter) and the creation of anoxic conditions. Tdrniganic matter, in conjunction with other souregker from
decomposing buried peat deposits or from thatotliesl in seasonal recharge from agricultural serfaaters,
would in turn promote the dissimilatory reductiohaslsorbed As(V) by DARPs and the eventual dissmubf
adsorbent minerals like ferrihydrite [4].

Reporter Gene Technology

Reporter genes code for proteins that producersbthat allows a protein to be determined in a lem mixture

of other proteins and enzymes. Reporter genes@kebeing used as part of a signal transduction tevemany
biosensing systems and have been used to devedagsafor such diverse compounds as metal ions; toganic
species, viruses and antibodies. A molecular reitiogrevent is usually coupled to a reporter everpprovide the
required sensitivity and selectivity to detect #malyte. The molecular recognition event recognibesselectivity

of the system and reporter event generates a sighiah controls the sensitivity of the bioreport&eporter
proteins can be monitored by a variety of detectisystems such as electrochemical, fluorescence,
bioluminescence and chemiluminescence .Table ktilites several reporter proteins, and their reastito
produce biological signal. Many organisms havingoréer proteins with different emission waveleng#ve been
found e.g., single-celled algae, sea walnuts, fisly fireflies, worms and even some mushrooms are
bioluminescent because certain photoproteins oyraag are present[9].

Several types of reporter genes are available derin the construction of bioreporter organismsl @@ signals
they generate can usually be categorized as cadtricn fluorescent, luminescent, chemiluminescent o
electrochemical. Although each functions differgntheir end product always remains the same — asuorable
signal that is proportional to the concentratioritef arsenite to which they have been exposedresdnstances,
the signal only occurs when a secondary substsaaelded to the bioassay (luxAB, Luc, and aequoFiaj.other
bioreporters, the signal must be activated by aereal light source (GFP and UMT), and for a seliest
bioreporters, the signal is completely self-indycedgth no exogenous substrate or external actimateing
required (luxCDABE). The following sections outlime brief some of the reporter gene systems availabd
their existing applications.

Bacterial Luciferase (Lux)

Bacterial luciferases are flavin dependent monoergges that catalyze the oxidation of reduced rflavi
mononucleotide (FMN) and a long chain aldehydeMtiNFand the corresponding long chain carboxylic agith
light emission at 490nm. The gerlegA andluxB code for thex andp subunits of bacterial luciferase, and genes
such aduxC, luxD, andluxE code for enzymes responsible for the synthesthefong chain aldehyde substrate.
Although tetradecanal is the natural substrate h@gired by luciferase-containing bacteria, shortbain
aldehydes (e.g., decanal) elicit a much higher h@®stence response than does tetradecanal. It shjeot use
theluxA andluxB genes in reporter systems without the othrrgenes. The luciferase activity is then determined
by adding decanal to the system exogenously [9]. Eishows bioluminescence by bioreporters comgihix
genes.

luxAB Bioreporters

IuxAB bioreporters contain only tHexA andluxB genes, which together are responsible for geimgrde light
signal. However, to fully complete the light-emitji reaction, a substrate must be supplied to theTogically,

this occurs through the addition of the chemicalad@l at some point during the bioassay procedimenerous
luxAB bioreporters have been constructed within baadteyeast, insect, nematode, plant, and mammal&h
systems [10].

3-galactosidase
Lactose > Galactose + Glu@ps

Fig. 2 Bioluminescence emitted from individual colnies of
microbial cells containing the genes for bacteriduciferase [10]

Fig. 3 Structure of lactose Sugar
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IluxCDABE Bioreporters

Instead of containing only thieixA and luxB genes, bioreporters can contain all five genethefux cassette,
thereby allowing for a completely independent ligi@nerating system that requires no extraneoudiawisliof
substrate or any excitation by an external lightrse. So in this bioassay, the bioreporter is syngdposed to a
target analytic and a quantitative increase iniohescence results, often within less than one.Houe to their
rapidity and ease of use, along with the abilitp&sform the bioassay repetitively in real-time amdline, makes
I[uxCDABE bioreporters extremely attractive. Conseqlyerthey have been incorporated into a diverseyaofa
detection methodologies ranging from the sensingrfironmental contaminants to the real-time maiitp of
pathogen infections in living mice [10].

Firefly Luciferase (Luc)

Firefly luciferase was isolated froPhotinus pyralis and differs from the bacterial luciferases instaucture and
light-emitting reaction. Firefly luciferase is emtmml by theluc gene. In the presence of adenosine triphosphate
(ATP) and molecular oxygen, firefly luciferase dgra&s the oxidation of its substrate luciferin teyluciferin
yielding CQ and light {yax = 560nm, quantum yield is approx. 0.88). The bithescence signal is linear over 8
orders of magnitude of luciferase concentratiow, #ue enzyme can be detected at subattomole lewaldng this
luciferase an attractive choice for quantitativalgtical applications [9].

B — Galactosidase (Lac 2)

Beta galactosidase is an enzyme that indicatebréfmkdown of the sugar lactose. Lactose is a typeigar found
in milk. It is composed of two rings. The rings tain 5 carbon atoms, one at each corner and aneoxgtpm.
Attached to the carbon atoms area a hydrogen atoham OH group or another carbon. Fig. 3 showstheture
of lactose. The rings are bound together by an emylgridge. This bridge can be broken when the eezeta
galactosidase binds to lactose and a water molemdets with the oxygen atom in the bridge (Hydsdy
reaction). Association of lactose with beta galsictase facilitates the reaction between water antb$e. This
breaks the oxygen bridge and results in the préoluaf two simple sugars (glucose and galactosie lactose
ONPG (o-nitrophenyp-D-galactopyranose) is a molecule composed of timgsr held together by an oxygen
bridge. Beta galactosidase also forms a complelx @XPG molecules and is able to hydrolyze them. #ighows
the hydrolysis of ONPG.

CH,OH CH -OH
2 B-galactosidase D

| O |
- __ih____q.. oH 'f' 0
OH NO 5

OH >
ONPG Galactose o-Nitrophenol
(colorless) (colorless) (vellow)

Fig. 4 Hydrolysis of ONPG

The amount of o-nitrophenol formed can be meashyedetermining the absorbance at 420 nm. If ex€#$RG

is added, the amount of o-nitrophenol producedapgrtional to the amount of 3-galactosidase aedithe of the
reaction. The reaction is stopped by adding Na2@®hi8h shifts the reaction mixture to pH 11. At thid most of

the o-nitrophenol is converted to the yellow cotbrenionic form and beta galactosidase is inacttatehe
reaction can be run using whole cells that havenlermeabilized to allow ONPG to enter the cytomlas
However, since whole cells are present, the abseihat 420 nm is the sum of the absorbance due- to o
nitrophenol and light scattering due to the celibe contribution of light scattering can be detered by
measuring the absorbance at 550 nm where o-nitrmphimesn't absorb. The light scattering at 420is1h.75x

the light scattering at 550 nm, so the absorbamfeeritrophenol is determined by subtracting 1.76&R550 nm.
The corrected absorbance is then used to caldhiatectivity of 3-galactosidase.

Cell- Based Sensing Systems or Bioreporters

Whole cells as the sensing element offers someuenaglvantages compared with isolated proteins, evtells are
often less susceptile to changes in environmemtadiitions such as pH and temperature and the presaother
solutes. Cell based sensing systems provide a meagthe bioavailability of a given analyte, besauhe analyte
must be transported inside the cells or bound tlulae receptors to produce a response. The bidetitity of
certain analytes, such as toxins and pollutantanisnportant consideration in decisions regardamediation of
contaminated environment because it is better measfutoxicity than the total analyte concentrati@ell-based
sensing systems can either be specific for a cedaalyte or can respond broadly to a group ofya@sl Fig. 5
shows anatomy of bioreporter organism.
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Fig. 6 Arsenate (As(V)) is taken up by phosphate
transporters, and As(lll) is taken up by
Fig. 5 Anatomy of a bioreporter organism. Upon expsure to a specific aquaglyceroporins (GlpF in E. coli, and arsenate is
analyte, the promoter/reporter gene complex is trascribed into messenger  reduced to arsenite by the bacterial ArsC enzyme.
RNA (mRNA) and then translated into a reporter protein that is ultimately Glutathione and glutaredoxin serve as the source of
responsible for generating a signal [10] reducing potential. In E. coli, arsenite is extruded from
the cells by ArsB alone or by the ArsAB ATPase [1]

One type of sensing system of broad specificitysuseeporter gene as a marker for bacterial cethlpadism. This
reporter gene codes for a protein, typically a flreise,that gives rise to a signal under normalabudic

conditions. When the sensor is exposed to an emviemt containing toxic ions, the cell metabolisninisibited,

decreasing the reporter enzyme activity. This gavegialitative estimate of ecotoxicity. The ligheasured in the
cells is related to the toxicity of the environmeintthese whole cell sensors, any compound tHat@f either the
cellular metabolism or causes stress in the cdlides a response. This system can be applied tdeavariety of
potentially hostile environments to provide initimhrning of adverse effects and trigger subseqaratysis and
remediation actions [13].

The resistance mechanism of microorganisms to sia@tadl organic compounds is the result of severajyreas
and proteins acting in concert to neutralize thecity of these compounds. The production of pna¢eand
enzymes that confer this resistance is regulated bgntrol system made up of regulatory proteirnd specific
promoter regions of chromosomal or plasmid DNA. Teteins and /or enzymes are expressed only wen t
specific compound is present. By inserting a gemeafreporter protein into the plasmid, a signgbrisduced in
response to a specific compound. Certain strainbaafteria can survive in environments contaminateth
arsenite, arsenate, and antimonite because theggothe necessary genetic configuration to makma tlesistant
to these species. Resistance is conferred by theomeron, which consists of five genes that codetlicee
structural proteins, ArsA, ArsB, ArsC, and two régary proteins, ArsR and ArsD. The proteins ArgésB, and
ArsC form a pump system that extrudes antimonitegrate and arsenate from the cell once the anigash the
cytoplasm of the bacterium. Arsenite and antimotiitgger the transcription and translation of thengs that
constitute the pump proteins. Although all orgargsmave their own defense mechanism against arbeiibere
we are interested in exploiting arsenic resistaneehanism irescherichia coli.

Arsenic Resistance Mechanism ifescherichia coli

Arsenic uptake irE.coli: GlpF is an aquaglyceroporin, a member of the pqria superfamily. Aquaglyceroporins
are multifunctional channels that transport neubrglanic solutes such as glycerol and urea. Chémicperties
of Sb(lll) and As(lll) are very close and GIpF paigs role in their transport into the cell. UptadeAs(V) is via
phosphate transport system. Under abundant phaspuaiditions, the high Vi but less specific Pit system
fulfills the phosphate need of the cell and leald® @0 arsenate accumulation. Under conditions hafsphate
starvation, the more specific Pst-system is induést discriminates between phosphate and arsédggtdold
better than Pit. Thus one way for the cell to adaparsenate stress is to inactivate the Pit sydigmmutation,
which leads to moderate arsenate tolerance duleetaliscrimination between arsenate and phosphatbdiPst
system [11]. Arsenate is reduced to arsenite byo#uterial ArsC enzyme and glutathione and gluaxedserves
as the source of reducing potential. The bacteabxification of arsenic is often based on indiecilon efflux
systems that reduce the intracellular concentratibrarsenic by active export. Since anion expodmirthe
bacterial cells is driven by the chemiosmotic geatli simple arsenic As(lll) efflux systems are cosgd of just
on efflux protein. As(V) cannot, however be trandpd with this system [23]. The solution to the leon of
As(V) efflux is the enzyme arsenate reductase (Ars€ase of E.coli), which catalyzes the reductdis(V) to
As(lll), the substrate of the efflux system. Thhgstenzyme extends the spectrum of resistanceclade both
As(lll) and As(V)[12]. Fig. 6 and Fig. 7 shows angeuptake and extrusion mechanisniafoli.
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Fig. 7 Transport and resistance to arsenate in E. @i, Arsenate and phosphate enter the periplasmispace through the outer membrane
porin, the PhoE protein. Both anions are transporte into the cytoplasm by the Pit protein or the Pssystem (which is more specific for
phosphate). Within the cell, arsenate is reduced tarsenite by the ArsC protein (dependent on glutardoxin and glutathione) and
arsenite is pumped out of the cell by the ArsAB efifix ATPase. The arsRDABC operon is regulated by thArsR repressor protein and
the ArsD co-regulator protein. OM, outer membrane;Peri, periplasmic space; CPM, cytoplasmic membraneCyto, cytoplasmic space;
G-SH, reduced glutathione; G-S-S-G, oxidized glutaione. Phosphate, arsenate and arsenite are shows tetragonal or trigonal
oxyanions [11]

Exploitation of Bacterial Defense Mechanism againsirsenic

Bioluminescent Bioreporters are bacteria that cangdenetically engineered to achieve bioluminescence
response to specific contaminants (arsenic herey Tontain two essential genetic elements: a ptengene and
a reporter gene. With reporter gene fusion techgybo promoterless reporter gene that lacks regylatgnals of
its own, is coupled to the regulatory signals o aromoter. The promoter gene (ars promoter) isediron
(transcribed) when the contaminant (arsenite) résgnt in the cell’s environment. In a normal cile promoter
gene is linked to other genes that are likewisasttdabed and then translated into proteins thap tie¢ cell in
either combating or adapting to the contaminant, g operon containingrsA, arsB, arsC, arsD, andarsR is
present in E.coli to provide resistance to arsemiganions. ArsR is an arsenite sensing protein. tAke
advantage of the biochemical capacities of ArslRal two binding capacities: In the absence ofréeseit binds
to a specific element on the DNA and thereby preséime arsenic defence genes from becoming trdmestiby
RNA polymerase. Repression however is not comgatesmall amounts of ArsR, the arsenate reductade¢he
arsenite pump are always present. When arseniggsetiite cell, ArsR changes its habits; it will indiaely bind
to the arsenic compound and lose affinity for tHg¢ADbinding site with the result that the proteiralté off” the
DNA. As a consequence, ArsR no longer repressegdéfience mechanism so that the arsenic pump, ad th
arsenate reductase are produced by the cell irdamounts [9, 10, 13].

In case of a bioreporter, these genes, or portidrthe genes, have been removed and replaced wigparter
gene. Consequently, turning on the promoter geme causes the reporter gene to be turned on. Aadivaif
reporter geneslgx gene cassette) leads to production of reportetemr® that ultimately develops sometime of
detectable signal (light). Many of the bioluminesoe assays utilize the bacteriak system, consisting of five
genesluxC,D,A,B, and E.luxA and B together encode for the enzyme luciferasechvis responsible for
generating the bioluminescent response. Lucifereseverts long-chain aldehydes into fatty acids wéh
concomitant production of photons, visible as bjween light at 490nm. The fatty acids are recytladk into the
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aldehyde substrate by a multienzyme fatty acid dermponsisting of three proteins, a reductase sfeaase, and
synthetase encoded by thC, D, and E genes, respectivdiyx fusions can consist of just thexAB complex or
the completduxCDABE cassette. If only thixAB genes are used, the cells must be supplied avitaldehyde
substrate, typically decanal, before light produetis possible. Utilization of the entileixCDABE cassette,
however, allows for a completely self-contained llnginescent response, negating the requirementafgr
exogenous substrate additions. Therefore, the pcesef a signal indicates that the bioreporter sassed a
particular target agent (Arsenite) in the environi@able -2. Lists some of the arsenic biosendexzloped. Fig.
8 shows exploitation of arsenic resistance mechatismake arsenite biosensor. Fig. 9 shows some fysions
to make arsenite biosensors.
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, B “: f 3 Arsenate reductase i _--._'l-,.‘x.

[ i [ Arzenite Arsenate

‘ RINA polymerase ‘ /
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@ = ‘ D :
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|| | \\ Avsentis /]
Bacterial cell /) /)
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— 5 - _
y ) ' e
[ I )
‘ | AR
ENA polymeraze
AnR N
‘ Arsenite RNA polymerase
‘ L Eeporter gene ‘ Reporier gene
Promoter Promoter
| i !
'\ Barterial arsenic hiosensor // \ _‘-_ _ Q Reporier gene

Fig. 8 Principle of the arsenic biosensors. A) TharsR regulatory protein binds to a specific DNA etément and thus inhibits the
expression of the genes coding for the arsenic def® mechanism. When arsenite enters the cell, itrtas to ArsR. ArsR dissociates from
the DNA and RNA polymerase can access. The arseniefense genes (the ArsR protein itself, the arseaipump and the arsenite
reductase) are expressed in high amounts. B) In tH#osensor cells, the ArsR control DNA element isoeipled to a reporter gene.
Expression of the reporter gene is inhibited by thé\rsR, but when arsenite enters the cell, it agaidissociates and the reporter gene
product is synthesized. These products are eitheudiferase, green fluorescent protein of-galactosidase[13]

pRLUX plasmid
ars promoter arsR arsD luxAB

pT0031 plasmid

ars promoter arsR |ucFE

Fig. 9 pRLUX plasmid [15] and pT0031 plasmid [19]

Bioluminescent Bioreporter Integrated Circuit (BBIC)

The bioreporters are placed on a CMOS integratexiiti(IC) that detects bioluminescence and perfosignal
processing to get the sensor data digitally. Thsicbduilding blocks of the integrated circuit arbet
microluminometer and the transmitter. The microlnometer includes integrated photodetector and bkigna
processor and the transmitter perform wireless ttatesmission. The concept of System-on-Chip diegble in
BBIC. Bioreporters are joined to microluminometethich are chips designed to measure the emittdd. lihe
amount of light generated by bioluminescence ispprtional to the concentration of the analyte dieiast
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(arsenic). The light is absorbed by a photodiodayaon the device resulting in the generation adtpburrent,
which is proportional to the intensity of the ligithe signal-processing portion of the microlumireden should
filter the luminescent signal from photodetectiaise, digitize this signal, and prepare it for gaission. It can
easily detect very small optical signal, which iopgortional to the concentration of the targetetbssance.
Incident light on the photodetector produces aenirthat is collected (integrated) on the feedbmpacitor of the
integrator. The photocurrent is converted to atdigsignal by an analog-to-frequency converterutrcRemote
frequency (RF) transmitters can be incorporated the overall integrated circuit design for wiralefata relay.
BBIC mass, size, and power requirements are minimadl, since they are completely self containedsuni
operational capabilities are realized by simplyasipg the BBIC to the desired test sample. The chn be as
tiny as 2.25sq mm (1.5mm X 1.5mm) [10, 24]. Fig.shdws assembly of BBIC.

Opaque
porous
barrier

Encapsulated
Bioluminescent

4 l Bioreporters
i
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Processing

Circiufry

' Light

Photodetectors © |/ ™

Fig. 10 Assembly of a bioluminescent bioreporter itegrated circuit (BBIC) sensor [10]

CONCLUSION

Worldwide, arsenic along with fluoride is now reoded by the WHO as the most serious inorganicamirtant
in drinking water. The regional distribution of thégh-arsenic waters in Bangladesh is extremelghpatnd
shows seasonal variation. Because of this highede@f variability, all wells must be tested sepelsatand
repeatedly for arsenic. The identification of safbe wells is an important mitigation strategy. people are
unaware of the water quenching their thirst is bypgi or toxic. In Bangladesh, wells are tested paitited green
if waters contain arsenic concentrations below§Q and painted red if arsenic concentration a@vetboug/L.
In order to test each one of the roughly 9 milljnivate drinking water wells, BBIC looks as an ipersive,
reliable and sensitive field method. BBICs can lefted to sense many contaminants such as ammemsinic,
cadmium, chromate, cobalt, copper, lead, mercuBBs and zinc. It is possible to design BBICs tteat survive
in extreme or highly contaminated surroundingsBémgladesh and West Bengal, water containing ardeas to
be pumped and sent to an off-site laboratory fagemic analysis using Hydride generation AAS/ICP-MS
techniques. HG-AAS/ICP-MS analysis is extremelys##re and accurate, and is by far the best methvailable
for detecting arsenic in environmental sources. e\mw, it also requires expensive and bulky instmuaigon, a
trained technician, the use of hazardous chemiaaisl, a significant allotment of time. As an altdivig
bioreporters may be used as sensors for the growatdr contaminants. Analysis can occur on-site, rethe
bioreporters can be simply combined with groundewatamples and be allowed to incubate for a seinad.
Resulting bioluminescence can be measured usiniglé fortable photomultiplier unit interfaced tolaptop
computer. Duplicate samples can be sent to anitefflab for HG-AAS and ICP-MS determination of arke
concentration. bioreporter technology will providerobust, cost-effective, quantitative method fapid and
selective detection and monitoring of bioavailaBlsenic in Potable water. Environmental monitorimg rapid
and remote monitoring using BBIC devices can sfjiatdly pinpoint areas of Arsenic hazard.
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