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MepiAnym (exkTEVNC)

Ot BrooucOnmpeg €ovv €va onNUAVTIKO POAO GTNV EMGTAUN TNG YNHIKNG
aviAvong Kupiog 6to medio TV NAEKTPoYNUIKOV pnefddwv. Ta Khpla xopakTploTiKa
TV BroaicOntpmv, Tov ToVG TOTOOETOVV GTIC TAEOV GUYYPOVES TEYVIKEG TNG YMUKNG
avdivong, stvoar  vynAn evaicOnoiao, N HeydAn eKAEKTIKOTNTA, 1] YPYOPN OTOKPLION
KOL 1] EXOVOYPNCIULOTNTO. XE OAVOADCELS TPAYLATIKOV SEIYUATOV KPIVETOL ETTAEOV MG
amopaitn pHEB0d0g a&loAdynong to TocooTd NG AVAKTNONG, ONANON N KAUGLOTIKN
JPOPA TOL CNUOTOC HETOED TMV TPOYUATIKOV KOl TOV TPOTUI®V OEYUATOV. ZTO
TAEOVEKTNUATO TNG AVATTLENG Kol xpnong Tov Ploocnmipov yuo. eUmoptkcons
GKOTOVG, EVTIAGGOVTOL 1] EDKOAN KATAGKELT], ] POPNTOTNTA TOVG Kot TO YOUNAO KOGTOC.
H avoivtikn a&omiotio tov froaicOnmpov eivar mapdpota pe avtr GAA®V TOAD o
axpifov pefddwv g evopyavng ynukng avaivonc. H epappoyr tovg oty ypryopn
aviyvevon toEvov og €101, TOV KATOVOADVOLUE otnv kabnuepv pog Con, eivon
wwitepa ypnoun yo Ty onpocio vyeio.

2V mapovoa dtTpiPr| avartiydnke kot apynv Evag tpdtTumog froosOntnpog
pong (flow injection pe taydmro 2 mi/min) yia tpocdiopiopd g to&ivng e xorépag
o€ voaTKd pkpo-oetypata (10 uL 1 20 pl). O BroosOntipog owtdg KOTACKEVACTNKE
pe evandBeon vavooTiadmv Ypaeeviov 6 GUALA YOAKOD LE EVOMUATOUEVEG MITIOKEG
ueuPpdvec (BLMs), mov tpomonomdnkay pe euoikod vrodoyeic GM1 (receptors).
Y10V mpoteEVOUEVO BroatcOntpa £ytve EAEYYOC TG OVOYEVVIICILOTNTAG OveL 6 AEmTd
pe 10 emruyeis avayevvnoels (dtatnpnomn g apykng dpactikOTnTds Tov). O £Aeyyog
tov ProaicOnmpa oe mpoTLTO. dstypata VEPOV AlUVNG MTOV EMTUYNG KOU OEV
nopatnpiOnKoy onuaviikés HeTOPoAEg vmd v emidpacn 7 ocvvnbiopévev
TOPEUTOINGTOV oV  glonydnoav oe mpoétvma Octypata. To mAéov kaTdAANAO
neptPdAlov yio va yivouv ot petpnoelg Ppédnke va eivar pH=7. O PBroarcOnmpog
eAéyyOnike o€ €va duvoptkd gvpog g To&ivng (10NnM-10puM) ko to Opro aviyvevong
npocolopiotnke oe (LOD=1nM). Ztnv cuvéyeia £ytve peAétn ovtod Tov BroocOntpa
o€ 10 detypota Tpoypotikod vepov MuUvng Kot VITOAOYIGTNKE TO TOGOGTO TNG OVAKTN G
og dVo ovykevipmoelg ™G To&ivne (Xaunin 50 nM kot vynin 7 uM). Ta tocootd T
avaktnong mov Ppédnkav eivar amodextd copupwva pe to kprrnpto. tov ICH2005 yo
KataAAnAdANTa Tov ProocOnmpa yio yprion o€ enavorioppavopuevn toapokoiovdnon
TOV VOATOV.

2 ovvEKELD avamTOYONKOV TPELS TPOTLTOL ATTOGONTNPES Yoo TNV aviyvevon NG
Aoprato&ivng (AFM1) oto yéa.

O mpidTog antoasOntpog xwpig dciktn (Label-free) kataokevdotnKe e eM@avEIOKN
evandOeon devopylepovs (PAMAM-4G) 6e nAekTpdoo ¥pucsol 6mov aKvnTonomonke
éva apvotporonomuévo DNA antapepéc (aptamer 1-receptor). O oamtoousOntipog
avTOG YpNooToOmOnKe ®g MAEKTPOSIO otV evopyovn HEBOdO avaivong g
dmAektpkng pacpatookomiag (EIS). ‘Eywve éleyyog oe mpdtuma detypato yAAUKTOG G
duvoutko evpog ovuykévipmong g to&ivng (15-120 ng/l) kar mpoodiopictnke 10 OpLo




aviyvevong g to&ivne oe (LOD=8.47 ng/l). Eniong £ywve éheyyog o€ TPAyLOTIKA
delypoto 010 1010 SLVOUIKO €DPOG HE TOPOUOI0 OPlO AVIYVELONG KOl OVAKINOM
(recovery) ofjpotog peyorvtepn omd 78%.

211 GUVEYELN KATOOKEVAGTNKE 0 SEVTEPOG AMTOUICONTNPAG LLE EMPAVELNKT] EVATODEST
Neutravidin/Fe-COOH ka1 axwvnromoinon tpomomomuévey antapepov (aptamer 2-
receptor) pe Brotiv. O antoacOnTipag awTdg YpNoILOTOMONKE MG NAEKTPOSI0 GTNV
evopyovn pnéBodo aviaivong tng Atagpopikng morukng PoAtauetpiog (DPV). ‘Eywve
ENeYY0G OE TPATLTTO, OETYUATA YAAOKTOC GE OLVAUIKO EVPOC GVYKEVTIPWOONG TNG TOEIVNG
(15-120 ng/l) ko Tpoodiopictnke T0 Opto aviyvevons g to&ivng oe (LOD=8,52 ng/l).
O omtooioOntpog ovTOG £Yel EMITAEOV TO KOWOTOMO OTOWEIO TOL UIKPOL
£PYAOTNPLOKOD XPOVOL KOTAGKELNS (TEpimov 3 DPEC).

Téhog KaTAOKEVAGTNKE O TPITOG AMTOIGONTNPOG LE OKIVITOTOINGT] TPOTOTOULULEVOL
antopepovs pe kKoovod tov pebuliov (receptor) avapeprypévo pe pepkantoeEavorn. O
antoocONTpag ovtodg YpNooTomdnke ®g MAEKTPOSI0 oty evopyovn HEBoSO
avaivong ¢ Awapopikng moiukng Bortapetpiog (DPV). ‘Eywve éleyyog oe mpdTuTaL
detypoto yaAaktog o dvvapkd €bpog ovykévipmong tng toéivng (31.45-3145 ng/l)
Ko Bpébnke opro aviyvevong g to&ivig oe (LOD=37.7 ng/l). O ocvykekpiuévog
antoacONTpog mapovcioce UEYOAEC TUMIKECG OMOKAMOELS OTIC  KOUTOAEG
Baburovoumong Kot yio avTo YopakTnpioTnKe MG ovTiKeiptevo mepontépm peAénc. Opmg
10 0p10 aviyvevong eival cvykpicio pe BipAoypapikd dedopéva.

Ta op1a aviyvevong (LOD) kot t@v tpldv avetép®m TpdTLI®V anToocinTnpyV, Tov
avartoyOnkav, givol Kato ond 10 EMTPENOUEVO OPLO TIUOV TOL £XOVV OpicEL TOGO 1M
EE (47 ng/l) 660 kot ot HITA (471 ng/l) kot dvvavtor vo, xopokInpiotouy KatdAiniot
v v aviyvevon g AeAiatoéivng M1 oto ydAa.

Aéarc  khewa:  Agratogivn M1, To&lvn g XoAépac, ProocOntipag,
antoacOntpog,  Atapopiky  mwoApukn  PoAitaperpia (DPV),  AmAektpin
eacpatookomio. (EIS), otaBepomomuéveg Mmokég pepPpaveg (BLMs), ypapévio,
XPLGOG




Abstract

The biosensors have important role in science of chemical analysis in the field of
electrochemical methods. Their application in rapid detection of toxins in types, we
consume in our daily lives, is particularly useful for public health. The main
characteristics of evaluation of biosensors is the high sensitivity, high selectivity, the
quick response and the reusability. Analysis of the real samples need additionally a
method of evaluating the rate of recovery that is the fractional difference of signal
between real and simulated samples. The advantages of the use of biosensors are part
of the easy construction, portability and low cost. The provision of analytical results of
biosensors is similar to that of other far more expensive methods of instrumental
chemical analysis.

In this thesis developed a principle flow injection biosensor (velocity at 2 ml/min) for
detection of cholera toxin in aqueous fractions of samples (10 uL or 20 uL).). The
biosensor constructed by depositing copper-coated graphene nanoparticles with
integrated lipid membranes (BLMs), modified with native GM1 receptors. In the
proposed biosensor, regeneration was checked every 6 minutes with 10 successful
regenerations retaining its original potency. Control of the biosensor in simulated
samples of lake waters was successful and no significant changes were observed under
the influence of 7 conventional inhibitors introduced into the samples. The appropriate
environment to perform the measurements was set at pH = 7. The biosensor was tested
in a dynamic range of the toxin (10nM-10uM) and the detection limit was determined
to (LOD = 1nM). This biosensor was studied also in 10 samples of real lake water and
the recovery rate was calculated at two concentrations of Toxin (Low 50 nM and High
7 uM). The recovery rates found are acceptable according to the ICH2005 criteria for
the suitability of the biosensor for use in repeated water monitoring.

Three standard aptasensors were then developed to detect Aflatoxin (AFM1) in milk.
The first Label-free aptasensor was made by surface deposition of dendrimer
(PAMAM-4G) on a gold electrode where an amino-transformed aptamer -receptor was
immobilized. This aptasensor was used as an electrode in the instrumental analysis of
the electrochemical impedance spectroscopy (EIS). Control was performed on
simulated milk samples at a dynamic range of toxin concentration (15-120 ng/l) and the
toxin detection limit was determined at (LOD = 8.47 ng/l). Also, the aptasensor tested
in real samples at the same dynamic range with a similar limit of detection and signal
recovery greater than 78%.

The second aptasensor was made by surface deposition of Neutravidin/Fe-COOH on a
gold electrode, where a modified aptamer-receptor with biotin was immobilized. This
aptasensor was used as an electrode in the instrumental method of Differential Pulse
Voltammetry (DPV). Control was performed on simulated milk samples at a dynamic
range of toxin concentration (15-120 ng / I) and the toxin limit of detection was
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determined at (LOD = 8.52 ng / ). This aptasensor also has the innovative element of
the small laboratory manufacturing time (about 3 hours).

Finally, an aptasensor was constructed by immobilizing modified aptamer with
methylene blue (receptor) that mixed with mercaptohexanol. This sensor was used as
an electrode in the instrumental method of Differential Pulse Voltammetry (DPV).
Control was performed on simulated milk samples at a dynamic range of toxin
concentration (31.45-3145 ng / 1) and a limit of detection of the toxin in (LOD = 37.7
ng/l) was found. This particular aptasensor exhibited large standard deviations in the
calibration curves and was therefore characterized as a subject of further study.
However, the limit of detection is comparable to past data.

The limits of detection (LODSs) in the three aptasensors are below the permitted limit
either in the EU (47 ng / 1) or in the USA (472 ng / ) and can be qualified as good
aptasensors in a detection of Aflatoxin M1 in milk.

Keywords: Aflatoxin (AFM1), Cholera toxin, Biosensor, Aptasensor, Differential
pulse voltammetry (DPV), Electrochemical Impedance Spectroscopy (EIS), cyclic
voltammetry (CV), stabilized Bilayer Lipid Membranes (BLMs), graphene, gold




[IpoAoyog

H moapovoa owrpipn avatédnke amd tov Ko Nwkoroo TCoptln-ITiaéin
Kabnyntm om oyxol Xnukov unyovikov tov EMIT 1o 2015. H cuvoAikn dibpxeia
¢ SwTpPng NTav 3 £tn. QOnon vy v dSopdpe®on Tov BEUATOE TG TOPOVCOGC
STPIPNg NTav T PeYIAo evOLOPEPOV TTOV TOPOVGIALETOL CUEPA Y10 TIC YPNOELS TOV
Broaicnmpov oe Oodpopovg topeic g Xnukng Avdivong. H teyvoroyia
KOTOGKELNG Kol avamtuéng PlootcOnmpov evtdooetal 610 EMGTNUOVIKO TTedlo TG
Evopyavng Xnuikng Avdivong kot e1dikdtepa Kupimg otov topén g HAektpoynueiog.
Ot BroosOntpeg, oe cuVOLACUO e dAPOPES NAEKTPOYNUKEG LEBOSOVE avAALONC,
pmopovv va. Bpovv epappoy o mieioteg eEgdikevpéveg XnNUiKEG AvaADcEL OTmg
omv aviyvevon Sweopwv TovdV TOvV VRAPYOLV GE  €10M  JSTPOPNG TOL
KatavoA®voupe  kafnueptvd oAAd kol oty ypnyopn moporofr]  10TPIKGV
OTOTEAEGUATMV OV ALPOPOLV TNV avOpdTIvY VYEiaL.

Opiopéveg to&iveg €povv evdlopépov kol eA&yyOnkav pe v Pondeia twv
TPOTLT®V BroosONTHP®V AVTAS TNG A TPIPNC NTOV:

(o) H To&ivn ¢ XoAépag, mov eivar pio e£6XmG PAamTIK) ovaia Yo TV avOpdmivn
vyeia ToL TPOKOAEL TNV op@VLUN acBévela e KOpla cuvETELD TV GOPapn aPLOATOON
K0l 6€ TOAAEG meputtdGElS Tov Odvato. H duvatdotnta aviyvevong g to&iving avtg
07O VEPO GE YOAUKTOKOUIKA TTPOIOVTO KOl GE AALEC TPOPES TOV £xoVV HoALVOEl e€attiog
TOV avOLYlEVOV TPOTOV AEITOLPYING TOV GUGTNUATOV VOPELONG KOl OTOYETEVCNG
Kpivetal 1witepo CNUOVTIKN.

(B) H AgpAato&ivn, mov eivon pior ioyvpotota todikn Kot KapkKivoydva LuKoTto&ivn, Tov
umopel va avamtvoyfel oe yoloktopkd mpoidvta, ENpa @povta, ENPovg KoPTOvg
(Wwitepa otor apdmIKO PLOTIKIO Kot OUOYOOAD), UToyoplkd, Kot o€ oitnpd. ‘Etol n
aviyvevon autng ™ HLuKoToSivng, mov givor  dKpmg emikivovvn yoo v avOpdmTivn
vyela, etvon peiovog onuaciog, 10img otV YoAaKToKoUKY fropnyavio.

"Exovtag vroym tic avotépm emPrafeic dpdoelg TmV GLYKEKPIUEVOV TOEVAV,
elval onuavTIKOTOTOG TOPAYOVTOG 1 €yKoipr, €VKOAN, ypnyopn Kot a&ldmotn
aviyvevomn Tovg UE VEEG OVOAVLTIKEG TEYVIKEG OV B0l EVOOUOTMOVOLY  0pYOVOAOYia
YOUNAOV KOGTOVG, OVTOVOUIO GTNV (PO TOVG Kot EDKOAO XEPIGUO OKOpO Kot omd un
e€edkevpévo mpoommikd. EmmAéov ot véeg antég teyvikég Tpénet vo cuvaymvilovtat
oe oomotio pe dAleg, pebddovg Evopyavng Xmukrg Avdivong peyaAdtepov
k6otoug. H ovykexpipuévn dwtpin cvopPdiier onuaviikd ce ovtd to medio g
avATTUENG VEOV OVOALTIKOV GLOKELAV, TV Plrooucntpwv, mov £yovv avtd To
10104TEPQL YOPAKTNPLOTIKAL.

IMa v enitevén tov otdYOV ™G daTpIPrg xpnoomomdnke n opydvwoon, 1
TEYVOYVOGIQ Kol 1 opyavoroyia Tpudv gpyacstnpiov. AbVo and to epyactiplo ovtd
avikovv omv EMnvikn emikpdreio kot Mtav 10 €pyactiplo  mEPPOUALOVTIKNG
avdAivong tov EKITA kot g Avopyavng kot Avaivtikng Xnueiog tov EMIL. To tpito




gpyaotiplo nrav tov Iavemotuov Comenius e Mrpatiohdfa e ZAofakiog vod
mv devbuven tov kabnynt Tibor Hianik.

H Osopntikn perétn kot m ev ovveyelo avantuén ddpopwv mpdTunmV
BoaicOnmpov Paciotnke katd moAd 610 gpguvnTikd £pyo tov Kov A. NikoAéin
Kabnynt EKIIA. Mg Bdon 10 mpoyeveésTepo epeuvnTikd 1OV £pYyo £yve duvoTh 1M
avamtuEn evog ek TV TPOTLITOV BloolcHNTHP®Y Kot 1 EPAPUOYN TOL GE EAEYYO TNG
t0&ivng g yoAépoc. 1o mavemioto Comenius g MrpoticAafa Eyve  vroOAoN
€peuva Kol avAmTuén TV TPLOV EMOUEVOV TPOTLTTOV OTTONICONTAP®V, LE TN GVUPBOAN
tov kafnynt) Tibor Hianik aAld kot tov cuvepyatodv tov. H peiétn eotioce v
TPOGOoYN TS otV aviyvevon g Apiatoéivng M1 oto ydAa. Ta moAvTia epguvnTikd
epyorein TOV HEAETOV aVTOV d0NKay amd To gvpwmaikd Tpodypaupe Horizon 2020-
MSCA-RISE-for milk, mov Eexivnoe 1o 2014 Kol GUUUETEYEL TO MAVETIGTHO TNG
MnpoticAdPfo pe aviikeipevo pekétmg Tic véeg pebddovg aviyvevong g
dpactnproT TG TV VU@V OV TEPLEYovTaL 6To YoAa. To mpdypappa ovtd eoTidlet
Kuplowg oty mhaouivn kot v Aaktdon. Opwg meprropfdver Kor v aviyvevon
dpopmv Tovav Tov Ppickovtal 6To YaAa OTtmg 1 Aplato&ivy M1.

Mépog TV €£00®V Y10 TNV SIOLOVH HOV GTNV XDOPA 0VTH KOADEONKE amd To
npoypoppo Erasmus tov EMIL. H €€ ohokAnpov mopakorovdnon Olwv Tov ctadiov
™mg owtpPng éywe  oamd tov AtevBuvi) tov Epyactnpiov g Avopyoavng Kot
Avorvtikng Xnueiog tov EMIT Ko Tlaptln ITikdin, Kabnynt EMIT mov pe v
ovoveyn KaBodnynon Tov Kot pe v pebodoroyio otV  Swpdpemon Kot
TOPOKOAOVONON TOV  TEWPAUATIKOV KOKAOV NG STpiPng, 0dNynoe oty emtuym
olokAnpwon tg. [Ipénet va onueiwei dti 10 B0 ¢ dSrotpiPng Exetl peydro TpoakTiko
EVOLPEPOV KOl 1 TVYXOV EVTOEN TOL GE EPELVNTIKO TPOYPOUUA dVVOTOL VO ETIPEPEL
TEPALTEP® TEXVOAOYIKES PEATIOCEL.

Amd ) B€om vt Bepd VITOYPEWGT VO EVYOPLETICW OAOVS TOVG KOPLOVG GUVTEAECTEC
Yo TV OAOKANP®OT avThg TS OTpPng, Onwe: (o) tov kbplo emiPAémovia g
dwaktopkng pov dwrpiprig Ko Tlaptin-ITikdAn kabnynt EMIIL, (B) 6Aoc wwitepa
tov Ko Anuntpn NwoAéin Kobnynt tov Xnuwkod tunuotog tov EKITA yia 11g
BewpnTikég PAOEIC TOL ATOKOMGO KO TIG TOAVTIUES GLUPBOVAES Tov, (y) Tov Ko Tibor
Hianik xafnynt tov Iavemomuiov Comenius ¢ MapaticAdpa, 6mov o id10g kat o
pHéEAN ¢ epevvnTIKNG Tov opdoag Lenka Babelova, Marianna Sohova kou Alexandra
Poturnayova, pe Bondncav omv katovonon TV TEWPIUATIKOV JaTAEEDV Kol 6TV
TEYVOYVOGia avamTuéng TpoTLVTTV antoaicOntpov (Blooitstntpwv).

KAetvovtag 0o 0eha va guyaplotno® TOG0 T0 TPOCOTIKO TNG LYOANG T®V
Xnuikov Mnyavikov tov EMIT ov pe dievkdivve TOKILOTPOTMG 6€ TOAAOVS TOUEIS
Yy TV OleKmePaimon G oTping. Avoueifoio T€A0G EVYOPLOT® TNV OIKOYEVELQL
LoV, TOV HE OTNPIEE MOKE Kol OUKOVOUIKE Y10 GTNV OAOKANP®GT TOL KUKAOL TOV
KOplowv omovd®v pov oto Xnukd tunpe tov EKIIA, ommv olokAnpworn Tov
LETAMTUYIOKOD LoV, OAAG KOL GTNV TNV OAOKANP®OOTN TNG TapoDGOS OO0KTOPIKNG
dwtppng oto EMII mov amotedel 10 EMOTEYOOHO TOV GTOVIDV LOV.
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Elcaywyn

Ot ProaicOnmpec ®g OvOALTIKA oTolKEld YNUIKOD €AEyyov dvvaviol Vo
oLVOLACTOVV UE OLIPOPES MAEKTPOYMUIKES UEBOOOVE YNUIKNG OVOALONG KOl Vo
OmOTEAECOVV OTOTEAELG aVOALTIKEG cuoKeVEG. H dtapopomoinomn towv BroacOntipomv
o€ oY€omn Ue TIG AALEG CLUVAPELG KAUGIKEG NAEKTPOYNUIKES HeBOdOVE avaivong elval
TOC TPOKELTOL Y10 HKPEG POPNTES GUOKELES, TOV OLVOVTOL VO KAVOLV YP1YOPES
aVIVEVCELS KOl TOGOTIKOVG TPOGOIOPIGHOVG HE HeYOAn axpifelo oe pikpd cuviOmg
delypata. XtOx0c g TEYVOAOYiog €lvar m ypnon avtdv amd pun e&edikevpuévo
TPOCHOTIKO, Gpa €ivar oNUAVTIKY M YPNOOTTE TOVS G avOp®OTOVS oV £YOLV
erdyiot M undapvy oxéon pe v emotun. OvclooTikd amoteAodV Hid EPapLOYN
EMGTNUOVIKOV LEBOOwV mov amevBivetor 6e Adikn Pdor Kot mov agopd KOPLO GTOV
Eleyyo g avOpmmivng vyeiog.

H paydaio avdmrtuén tov froocOnmpov, katd Kbplo AOYo, LVITayopedTNKE Ao
avAyKeEG TNG WITPIKNG SLdyvmong Kot TG tayeiog avaivons KAMvikov detypdtov. Ot
QOPNTEG GLGKEVEG TTOL KUKAOPOPOVV KaTd KOPOV GTO EUTAPLO, Yo TV UETPNON TOV
emmédov G YAVKOLNG oto aipa (cvokevég pérpnong owPntm) Pacilovror otnv
evooudtoon Poaictntipa 610 s TS avaALTIKNG cuokevns. H épguva mov givan
oe e£€MEN Ta TeAevTaio ypovia yivetal otV KatehBuven G EUTOPIKNG TOPUYMYNGS
QOPNTMOV CLOKEVAOV HE PBeATiopEva XapoKTNPIOTIKA. TETOEG EUMOPIKEG GVOKEVEC
ONUEPA KLKAOPOPOUV Yol TOV EAEYYO TOL EMTEOOV CMNUAVIIKOV OEIKTOV Ylo. TNV
avOpomvn vyeio, Ommwg M Kpeativn, N ovpia kAt Ov PBrooacOnmpeg Ppiokovv
EQUPUOYES KOl GE AAALOVG TOUELS, OO GTNV KTNVIOTPIKT], GTOV EAEYXO TOV TPOPIU®V
[1-15] ka1 otV poctacio Tov mepiBaiiovtog [16-27].

H aviyvevon cuykekpipévav toivov pe Broosnmpeg, dnwg g apiatosiving
M1 oto yohoktopkd wpoidvto [1-15] ko g to&ivng e yoAépag o€ vepd [16-27],
Kpivovrtal apketd evolapepovta Oépata tpog perémn. [avm oe avtd 10 e€g1dkevpévo
OVTIKEILEVO LITAPYEL EAAYIOTY EPELYNTIKT eUTEPio AGY® TOV OTL EQaPUOLovTOL AALES
eCapeTikd a&lomioteg cvvageic niextpoynuikol pébodol, dmwg n ELISA, mov dev
€YoV OUMG TOL TAEOVEKTILLOTO TV ProoicOntipwv Tov avapépOnkay.

H to&ivn g Xoiépag (Cholera toxin 1§ CT) mopdyetarl omd 1o Paktiplo tov
dovakiov g XoAépag (Vibrio cholerae), mov mpokoieil TV opd@voun acHévela, OTOL
yopaxtnpileton amd €viovn Owbppola, m omoia pmopel vo mpokoAEsel cofapn
apudatwon kot pumopel vo amoPet Bavarneopa. H tolivn g XoAépog PBpioketon
ocLVNBWS 6TO VEPD, GE YOAUKTOUIKA TPOIOVTA, 1| TPOPEG OV £xovv HoAvvOel eEantiog
TOV avOLYlEVOV TPOTOV AEITOLPYING TOV CLUGTNUATOV VOPELONG KOl OTOYETEVCTNG
[28].

O1 epyaoiec [16-27] mov apopobv TNV aviyvenon Tov dovoKiov TG XoAEPaC UE
cvotnrata flootcOnTp®V ETIKEVTPOVOVTOL KUPIWG GE AEITOVPYIKES TAPAUETPOVS TTOV
oxetilovtoar pe TV otafepOTNTO TOV CLOTNUOTOC aviyvevong (Opro aviyvevong-
avaygvvnoluotnto Kot ypovor andkpiong). H npd epyoasio [16] mave oto 0ua
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onuooievtnke to 1989 pe 6KoOmd TNV AVAAVGT TOV UNYOVIGLOV TNG NAEKTPOYNKNG
avtiopaong ¢ to&ivng g XoAépag pe T MmOk pepppdvn o6mov Ppédnke vynid
OMAEKTPIKY KOl LOVTIKA S1omepatn OTIG SaTapoyEG TOV LOVOSTIPAdWV.

O mpdtog ProousHntipoag yww v aviyvevon g To&iving NG YOAEPaG
avantoyOnke omd tov Fischer kat tovg cuvepydteg tov [17] 1o 2000. Ztnv epyacio avt
neprypdpovtor Tpelg ProoucOnmpeg mov elyav Paon MmOKEG pepPpiveg yuoo v
aviyvevon tov dovakiov ¢ XoAépag Le TOAD amAd TPOTO KOTAGKELNG, KOAO YpOVO
amOKPIoNG GAAG Oyl KOAN OvOyeEVVNOIUOTNTO Kol Oplo aviyvevong, épa Oyt T0co
otabepd cvotua. To 1810 £tog emiong avaeépOnke pia amgvbeiog opoyevig aviyveoon
™¢ CT pe ™ pébodo petapopdg evépyetag tov pbopiopod (FRET) [18] pe kard opro
aviyvevong (LOD=10 pM) oAld peydro xpovo andkpiong (30 min).

M epguvnrtikny opdoa [19] to 2001 cvvdvace €vo €EEOIKELUEVO OVTIGMULAL
(HRP) pe avyvevt Mmocopatog evoopatopévor ce GMI1 emonpacpévov pe
avtpactipla evopwv yio v aviyvevon g toéivng g XoAépag. To cvotnua ovtd
NTov apkeTd TePITAOKO pe KaAd dpms opto aviyvevong (LOD=0,1pM) aA)rd pe peydro
xpovo amokpiong (10 min). Amo to 2002 ko petd Eywve po tpoomddeto vo Pertiombel
n otafepotra [20-22] TV cvoTNUATOV OAAL Oyl OE €QOPUOYEG AVIXVELONG TNG
t0&tvng g XoAépag.

To 2006 avanthydnke évag ontikdg froatsOnTipag xpuGoL e AKIVITOTOU LEVO
MTdIKO Pulp oV Elye evompotopévo 1o GM1 ypnoiporoidviog SPR [23] pe molv
wikpo opro aviyvevong (LOD=0,01 pM) aird pe peydro oyetikd xpovo amdkpiong (15
min). Emmpoc0eta to 1610 £10¢ avamtuyOnke o ToADTAOKN TEXVIKT LLE NAEKTPOEVEPYQ
detypota [24]. To 2007 avartiydnke pa eEicov TOADTAOKT TEYVIKT LE ETICTULOCUEVOL
avtdpootpo eBopiopod [25], mov eiyov KoAd Oplo. aviyvevong kot ypOVoLS
AmOKPIONG OAAG LEYAAO XPOVO KATOGKELTG Kot Oyt kaAn ovayevvnootnta. To id1og
£10G €MIONG L0 EPELVNTIKT OLAdO KoTaokeDaoe Evav BlroatsOntipa xpucov/Aaktolng
LLE OKIVNTOTOINUEVO ATTOKO QUALL TTOL €xel eveopaTopévo o GM1 ypnoiponoimdvag
UV o¢aocpoatookomion [26] pe moAd peyddo Opo aviyvevong (LOD=54 nM) kot
Bertiopévn amodkpion (10 min).

To 2010 «otaokevdotnke £€vog mefoniektpikdg ProacOntpog pe
KV TOTOMUEVT] AMTTIOIKT HEUPPAVT) TPOTOTOUMUEVN LE EMUPOVELOKA GUYKOAANUEVOL
Mmocopoto mov @épav to GML [27] ypnowonoidviog €vav TEPITAOKO TPOTO
kataokeuns. O ypdvog amdkpiong avtod Tov ProosOntipa eEakorlovbovse va givat
vrepPoikds (8 min).

Ov agAato&iveg (aflatoxins) eivor 1oyvpotata TOEIKEG KOl KOPKIVOYOVEG
povkoto&ives, mov mapdyovrar amd Tovg poknteg (Aspergillus flavus ko Aspergillus
parasiticus), Tov avanticcovtol kKuping oe Enpd epovta, ENpovc Kapmovg (Wwaitepa
OTO OPATIKO PIOTIKIO KOt OUOYOOA), Umaoptkd, oitnpd, o toptd (6tav vrdpEovv
KATAAANAEG GLVONKEC) KOl 6Ta YoAAKTOUKE TpoidvTa. 'Etol avtég ot pukoto&iveg ivat
peilovog onuaciog yio TV YoAOKTOKOMKN Plopmyoavia Kot wdiaitepa ) apAiatosiv M1
(AFM1), mov &ivon n uoévn mov gpaviletonr oe yoraktokopukd wpoiovra. H AFMI
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OVAKEL OTNV  KoTnyopio. TV OELTEPOYEVAOV HETOPOAITOV 7OV TopdyovTol omd
OPYOVIGHOVG TOL LUKNTIOHKOV Pactieiov [29].

Ot gpyaocieg [1-15] mov apopodv v aviyxvevon g AFMI1 pe cvomuota
BloaicOpov ETKEVIPOVOVTOL KUPIWG G AEITOVPYIKES TOPAUETPOVS TTOL GYETILOVTOL
HE TNV 6TafePOTNTO TOV GLGTHUOTOG AViXVELONC (0P CVIXVEVLONG-AVAYEVVT|CIUOTITO
KOl SUVOULKO €DPOC).XE TPONYOVUEVEG UEAETEG Yo TNV aviyvevon g AFMI1 pe
BroasOnmpeg ypvoov ypnoomombnkay to avricopata (antibodies) [1-9] kot ta
antopepn (aptamers) DNA/RNA [10-15] oc vmodoyeig (receptors).

H aviyvevon g AFM1 pe antoosOntpeg avagEépeTal yio TpmTn @opd arnd
tov Nguyen [10] to 2013 pe dvvoukd evpog (6-60 ng/l) kot modd younid Oplo
aviyvevong (LOD=1.98 ng/l). Xta mheovekToTo TNG EPYOCING EVIACGETOL 1] EDKOAN
KOTOGKEL TOVG Kot 1 aviyvevon g AFMI1 pe v pébodo g Atagpopikng TaApikng
BoAtapetpiog (DPV). To pelovéktnpo tng mopamndve epyociog givar 1o pikpod
duvoptkd gVPoC.

M gpevvntikn opdda [11] to 2016 epdpuoce po e&icov amin pébodo
KOTOGKELNG ATOOICON TP YPNOYLOTOIDVTOS EKTUTMUEVA NAEKTPOOLN. LE TTTOHYMON ETL
TOV OmoiV oKwNTOmOMONKAY TPOTOTONUEVO OULVOOTTAUEPT, LE OLOLOTOAIKTY|
obvvdeon. To 6pio aviyvevong g AFMI fitav kavoromriko (LOD=1,15 ng/L).

Xy epyacia [12] to 2017 avapépeton mapdporo LOD pe v epyacio [11], pe
tov antoaicOntipa avtd va Pacileton 6Ty akivntomoinom PloTviopévay antapuep®V
oe otpopa streptavidin, 'l v aviyvevon pe BoAtapeTpio TETPOY®VIKOD KOUOTOG
(SWV) ypnowomomnkay SmM Kz [Fe(CN)s]. O amtoacOnthipag &ixe éva
EKTANKTIKG peydAo Suvoukd svpog (1-10° ng/L) kar 1 avoyévvnon ywvotav pe 10%
SDS (Sodium Dodecyl Sulfate).

Ye dmpoocicvon tov Jalalian [13] to 2018 emredybnke moAd kokd  Oplo
aviyvevong mg AFM1 (LOD=0,9 ng/L). O unyaviopdg aviyvevong o€ avtn Tnv
nepintoon Paciletor o peTaforég SOUUOPP®ONG TOV antapep®V Tapovsio tng AFM1
pe emokdAov00 LVRPIOIGUO TOV OTTAUEP®V UE TPOCTIOEUEVEG CUUTANPOUATIKESG TVES
DNA oaktvnromomuéveg 6€ vavosouotiow ypvocod. Avtdg o amtoaicntipog Opmg
yperaletar £va TEPITAOKO oY£D10 Y10 TNV aVATTLEY TOV.

‘Evag omtikdg amtoaicOntipag mopovoialeton oty epyocioa [14] mov
yapaxtpiletor ond éva opro aviyvevong g AFM1 (LOD=10 ng/L). T'a v
aviyvevon g aeAaToEivNng AP CILOTOMONKE 1) EAAELYOLETPIO ECMOTEPIKNG AVAKANGNG
(TIRE) (Total Internal Reflection Ellipsometry) ce cuvdvacud e TO PUIVOLEVO TOL
eMEOveEONKOL ovvtoviopov mhaopoviov (LSPR) (Localized Surface Plasmon
Resonance). H Bdon g epyaciag avtg eivar o 1€yepomn mov TPOKVTTEL OO TNV
KBAvVTOon TV TOAOVIOCE®Y TOL TAACUATOS, AKPBOS Onmg ta pwtdvia. [Tapdro mov
0 antoalcONTPag ovTOg gival EOKOAN KOTAGKEVAGILOG TO POCIKO HEOVEKTNIO TOV
etvan n mepinhoxn ko mAéov eEeAypévn H€B0SOG TOL YPNGIUOTOLEL Yo TV avViyveELON
g AFML.




H m\éov mpdopatn perétn yi v aviyvevon e AFMI1 pe antooacOnmpeg,
elvar ekeivn Tov Smolko [15] to 2018, pe 6pro aviyvevone. Avtdg o antoocONTPOC
elye éva e&apetikd kard 6plo aviyvevong (LOD=0.5 ng/l) kot katockeLAGTNKE XOPIC
deixtec (Label-free) kau éywve epappoyn tov pe emtvyio o€ detypoto yolaktoc. To
HELOVEKTNLOL )TOV 1] TTLO GVVOETT KATAGKEVT] TOVL.

AVOKEQUAOLDVOVTOG GUVOTTIK(, OTIS LIAPYOVOES UEAETEG TTOL APOPOVV KT
TPOTOV TNV aviyvevon g To&ivng G YoAépag, Olamotdbnke pior EAAeyN
otafepOTNTOG  TOV CLOTNUATOV TV Plooactnmpov m omola o@eileTon GTOV
uNYoviopd ¢ aAinienidopaong petald g to&iving kot tov vmodoyéa. Ot aveTépm
HEAETES OTVOLV KOAQ OPLOL aVixVELONC OUMG OYL KAAOVS XpOvoug amdkpiong. Ot uéypt
TOPO HEAETEC KOTA OehTEPOV  TOL aPOPOVV TNV aviyvevorn pe ProocOntipes g
apAatosivinig M1, yopaxtnpilovion oamd TNV TOALTAOKOTNTO KOTOOKELNG TV
TEPIOCOTEP®V CLOTNUATOV, OO TOVG UEYAAOVS YPOVOVS KOTAGKELNG, TO GYETIKMG
KOAG Opla aviyvevong Kot SuVaULKE 0p).

Xmv zmapovoo SwTpn €ywve Katd TPOTOV avATTLEN €VOG TPOTLTOL
BroaicOnmpa yro v aviyvevon g 1o&ivng e XoAEpag e BAon Ta Y opoKTNPIETIKA
OV TPEMEL VO TALPOLGLALOVY TOL GVYYPOVA OVOALTIKE Opyava To omoia mpoopilovral
v polikn xpnon otov dNUOctlo topéa. Ztnv avartuén tov ProotcOntipa d60nKe
EUPOOT OTNV €UKOAN KOTOOKELN TOV, oTn tayeio aviyvevorn, ommv aSOToT
avayévvnon Tov, GTNV EQUPLOYT TOV GE TPOGMOUOIOUEVO OGO KOl GE TPOYUOTIKA
delypata Kot oty €0KOAN Guvapuoyr tov pe okomd vo eEedyBel o éva popntod
avyveLTH Tediov.

Koatd 6e0tepov €yve avamtoén antoosOnmpav yio v aviyvevorn tg AFML,
ue ypon omrapepmv (receptors) Ta amtopepn VIEPEXOLY OO AAAOVS VITOSOYEIC OC
TPOG T0 KOGTOG Kol TNV dvvatdtnra ovayevvnowomroas. Ta otoryeio avtd, og
oLVOLOGUO LE TNV TPOooTdOela oL YiveTar Yo TNV PEATIOGT TV 0pimV oviyveELONS Kot
™G OLVOUIKNG TEPLOYNS Asttovpyiog mov mapovoidlovior oty PifAoypagio, Hog
€000V TO £VOLGUO Yol TNV avAmTuén Tpudv TpdTLIEV ProatcOntmpov yoo TV
aviyvevon g AFM1 kot yioo GuYKeEKPIUEVES EQAPLOYEG OE YOAOKTOKOUK( TPOIOVTAL.
Xe auTovg ToVG amtoacOntpec 060nKe Eupaon o Béuata mov oyetiCovrol pe tO
YPOVO KATOGKELNG TOVG, TOV TPOTO OKIVTOTOINONG TOV OMTOUEPDV GTO NAEKTPOSIO
gpyaciog Kot v anhdtnta otnyv aviyvevon g AFML. H dopun ¢ mapovcag dtatpipnig
ToPOLGIALETOL KOTOTEP® Kot mePAapPivel cuvolkd 4 pépn (Oeopntikd péPos-
TEPOUOTIKO PEPOC-PiPAoypapia-TapapTiLaTaL).

210 BepnTiKo PEPOC LVIThpyovY 4 KepdAoia. Xto Ke@dAalo 1 yivetan elcaywyn
Yevikd otnv évvola Tov oaentpov, 610 KePAAoo 2, yiveTol (o E100YWYN GTOVG
BloasOntmpeg, oto kepdiono 3 divetar pa PpAoypa@ikn avacokOmTnon GLUVOEGV
BroaicOnmpov mov avamtHydnKay 6To TEPAUATIKO UEPOS KOL TV EPAPLOYADV TOVG,
070 Ke@AAato 4 divovtor eEEI0IKEVIEVES eQapOYEG ProonsnTipwv oTig To&iveg TOV
aoYoANOMKaLLE.




210 TEWPOUOTIKO PEPOG LEApyovy 4 KePAAoto. XTO KePOAowo 5 yivetor 1
TOPOVGIOOT) TOV TPADTOV TEPULATIKOD KOKAOV TOL apopd TNV avdmrtuén Brooactnmpa
pong yia v aviyvevon g to&ivng g XoAépag. X10 KePdioo 6 mapovotdletat o
de0TEPOG TEPALATIKOC KOKAOG TTOL apopd TV aviyvevon g AFML pe antoaicOntpa
xopic deikteg mov £yve aKvntomoinon devopiepols Kot ETELTO 1) AKIVITOTTOINGT TOL
QTTOUEPOVG. XTO KEPAANLO 7 TOPOVGLALETOL O TPITOG MEPAUATIKOG KOKAOG TTOL ApOopd
mv aviyvevon g AFM1 pe antooucOntipo pe deikteg mov £ytve axwvntomoinom
Neutravidin/Fe-COOH «xou énetta 1 0KIvNTOTOINGT TOL ATAUEPOVS Kol 6TO KEPAALO
8 Tapovc1aleTat 0 TETAPTOG MEPAUATIKOG KOKAOG TOL apopd TNV aviyvevorn g AFM1
pe omevOeiog aKvTOTOINGT TOV AMTAUEPOVS E LEPKOTTOEEOVOA

AxolovBel to televtaio ke@Aiato 9, 6mov divovion T YEVIKG GUUTEPAGLLOTOL
poll pe TIg TPOOTTIKES. TN GLVEXELD AKOAOLOOVV Ot BIBAOYPaUPIKES OvVaPOPES KaL TO
5 mapoptipata. To mpdto eivor ta akpmvOpLe, TO O£VTEPO Ol TITAOL T®V GYNUAT®V,
TOV €KOVOV KOl TOV TIVAKOV, TO Tpito €va POSter mov mapovcslicnke o€ OefvEg
oLVESPL0, IOV Eyve 6To TtavemoTuio Comenius g Mrpatichdfo Kot To T€TapTo ot
2 dnpootevoelg og debvi teprodwkd (Electroanalysis-Sensors) mov givat amdppota twv
TEWPAUATIKOV KOKA®V QUTNS TNG OtpPng Kot T0 TEUTTO T LEYPL TOPA Proypapikd
OTOL(ELN TOV GLYYPAPEN AVTAG TNG SLTPLPNS.
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A. OswpnTiko Mépoc

Keop 1:Ewcaymyn otouvg asOntipeg
Keop 2:BlrooasOnmpeg
Kep 3: Tomkég epappoyéc Broarsnmpov ypagpeviov Kot ypucod

Kep 4: BipAMoypagikn] avackoOnnon 6tov ELeyy0 TV ToEvdv 6To YéAa Kot
670 vePO pe ProosOntpec ypvoov kot ypapeviov
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Keg 1:Elcaywyn 6Ttoug aloBnTnpeg

1.1.0pLopog

AweOnmipag ovopdletor pio. GLGKELY] TOV AVIXVEVEL EVa PVOIKO PEyeBog Kot
Tapayel and ovtod pio petpnown £€€odo. Katd ) didpkela g aviyvevong yivetot
LETOPOPE EVEPYELOG OTTOLOGONTTOTE LOPPNG 6TO HETPNOIHO péEyeBog. To mo KAaoo1Ko
mapadetypo  owonmpa  eivar  to  vOpapyvpikd Bepuoduetpo, mov  Exel  Evav
Babpovounuévo coAva avayvmong TG OIGTOANG TOV VOPAPYHPOV, TOV AVIXVEVEL TIG
aAlayég otn Oepuokpacio Tov mEPPAALOVTOS KO TIC LETATPEMEL GE OLOUGTOAN WE
petpnowo péyedog tovg Pabuove kedoiov. To Bepuopetpo pali pe to PapoueTpo Nrav
amd Tovg TPMTOLG AGONTNPES TOV avarTOYONKaY otV avBpomivn otopia. Me v
avamtuEn OpmGg TG TEYVOAOYinG o1 aucOnTPEeg TAEOV YPNGUYLOTOOVVTOL GE EVOL VPV
QAGLLO KOO UEPIVAOV OVTIKEILEVAOV, OTMG TOVS OVEAKVGTNPES, TIG AAUITES POTIGUOV, TIC
TOPTEG TOV AVTOKIVITOV, TO GLOTHLOTO GLVAYEPLOV K.T.A.[30].

Ov owoOntpeg elvar puépn €vog €upliTEPOL GLGTNUATOS, 7OV OVOUAlETOL
covotnuo aviyveveng (detection system). To cvotuo avtd evepyomoleiton OmoTE
VTAPYEL TO ONUO. €1GO00V Yo T0 omoio elvar e&edikevpévo. o mopdderypo ot
Oepuodpetpa omote vmdpler addayn Oeppokpaciag. To epédiopa (ofpo €16600v)
opiletar g N mocdTNTA, 1 1O1OTNTO 1] I KATAGTOCT TOL AUPAVETOL KOl LETOTPETETAL
og éva niektpcd onua. To gpébicpa tagvopeitor og 600 peyédn, oniadn Ta uokd,
nov pmopel va gtvar amd 1o emg pExpt T dovnon N T B€0M Kot To YNUIKE Tov pmopel
va givon amd ) Oepprokpacio mg v wieomn 1| T GLYKEVIP®OT TOV 1OVTWOV.

To gpéBiopa umopel va petatpanel 6 onjpa pe dVo Tpdmovs, SnAadT Tov Gueco,
omov petotpémetor to €PEOICUA 0 MAEKTPIKO ONUO 1] TPOTOMOLEITOL TO ONUO
YPNOUOTOIDVTOS OUMOG VO KATAAANAO PUGIKO QOVOLEVO KOt TOV TEPITAOKO, OOV
ypealetar EMmALOV £vaG 1) TEPICCOTEPOL HETATPOTELS EVEPYELNG (ETTECEPYAGTES) TPV
0 Quecog asnpag ypnotpomondel yio va Onpovpynoet po nAeKTpikn ££000.

To vrokeipevo pog péTpnong propet va eivor otidnmote, amd Eva ovToKivnTo
®G 0 YOPOG VO mAoiov 1 Eva Lo N Kamolo vypd, 1 aépro. To vokeipevo avtd pmopel
va unv Ppiloketon e QUECT EMOPN UE TOV OGONTNPA .. CLOKEVEG TTOL OVIYVEDOVV
axtivoPoAieg N} kOVeS (KAUEPES) OAAGL 1) LETOPOPA EVEPYELOG APO KO TO GO, ELGOO0V
o€ OUTH TNV TEpimTOon vo mpoépyetal and Evav gvepyomowty (actuator), mov
TPOPOJOTEITOL OO £val MAEKTPIKO ONUO KOL TO WHETATPEMEL GE L GAAN HOPOT
evépyelog. o mopddetypo 6TV Wneokn pUnyovn, o eakKog YpNoULOTOLEiTaL Yo Vo
OLYKEVIPMOVEL TO QMG OTOV oucnmpa g unyovig, o Omoiog TO HETOTPEMEL OE
nAektpwkod onuo. O @axkdg Aowmdv eivar o evepyomomtis. Ov ausOnthpeg, mov
YPNOLOTOLOVV EVEPYOTOINTY] OVOLALOVTOL UVETAPOL.




Ot aueOnmpeg amod 1ot TOV AVOKAAVPONKE 0 NAEKTPIoUOG, peTeeAlyOnkay Kot
Eptacay otV gupeia onuepviy xpnomn tovs. Ot chyypovolr mor oucOntipeg eival
niekTpikoi. O1 TpdTOl NAEKTPIKOL aeONTIPES ciyav avaroykn €000, TN GLUVEXELN
OL®G OVOKOADEOM KOV 01 MUIAY®YOi Kot avTd ElYE MG OMOTELEGLO 1) AVOAOYIKT] ££000
va yiver ynoeuwekn. O nAekTpiopog Kot ot Npoywyol ddcave o ToAd cofapn dnon
oV avantuén tov cOyypovev aictnmpov, mov péyxpt ekeivo to onueio MrTav
pnyoavikoi. Opmg n avakdAioyn TV OTTIKGOV VOV E000E oL TEPULTEP® MONoT Yo TV
LETATPOTY| TOV GO THPOV GE OTTIKOVG,.

1.2.AETOUPYLKA XOAPAKTNPLOTIKA

Ta yapoxtnprotikd vog acntmpa propet va tagvounbodv gite og otatTikd
gite og ovvapka. Or mopdpetpot avtol givol amopaitnTol 61N YOPTOYPAPENCN NG
TOTOTNTOAG TOV ONUATOV €E050V £VavTL TOV oNUdToV £16000V [31] Kot 1dwaitepa o€ OTL
a(POPd TO GTATIKA YOUPAKTNPLIOTIKA.

1.3.1.2TOTIKA XAPAKTNPLOTIKA

XraTikd eivor o YOpOKTNPOTIKA OV pmopohv va petpnBodv dtav ot
TOPOOIKES EMMTAOGELS €xovv otabepomomBel oty teMKkn M otabepn Koatdotaon.
Mepikd omd avTd TEPTYPAPOVTAL TOPAKATW:

1. H ITwetétnTa (Accuracy) evog acOntmpa mov kabopilel v eyydTnTa ™G TYWNG
€E600V TTPOG TN TN €16O00V.

2. To X@aipa (Error), mov givor 1 dtpopd HETAED TNG TPOYUOTIKAG TUUNG KO TNG
HETPOVUEVNC TIUNG TTOVL AapPaveTon amd Tov aucOnthpa.

3. H avoyin, mov givar to p€yioto opdApa mov pumopei va dnpovpyncet o cucOntnpoc.

4. H Awxkprrikn wovotnte (Resolution) mov onuotodotel v gldyiotn dvvarn
avéntikn petafoAn oto petpovpevo peEyehog mov Ba odnynoet e pia aviyvedholun
avénon oto onpa £ddov. H dakpirikn kavotnta meplopileton Evrova amd kdbe
06pvpo oto onua.

5. H EvawoOnoia (Sensitivity) eivar o Adyog g avéntikng LeTafoing 6to onua e
€€6d0v ToL aGONTAPA TPOG TV AVENTIKY UETAPOAN TOV HETPOVUEVOL HEYEDOLG
otV €icodo.

6. H Exiextikétnra (Selectivity) evog aicOntipa eivor n ikavotto vo LETPToEL Eval
LOVo GLGTATIKO VIO TNV TAPOVGID AAA®YV.

7. O Oopvufog (Noise) avapépetar oe TuYoieg dtakvpdvoelg oto onua e£600v, OTOV
To petpovpevo péyebog dev aArdlel. H autio tov Bopvfov pmopet va opeireton gite
o€ e0mTEPIKOVS (Y. NAeKTpovikol BOpvforl) 1| oe eEmTepikovg mapdyovteg (..
UNYOVIKES OOVIGELS).

8. To opro aviyvevong (Limit of detection, LOD), mov givatl 1 pkpotepn Ty Tov
petpovpevov peyéBovg. To dplo avtd pmopel va petpndel oe Evav asbntipa pe
axpifera wg S/N = 3, dnov S= 10 petpodevov ofua kot N= o 06pvfog.




9. H avayevvnowotnta (Regenaration) givor n ikavotnta tov ouodntipo va dhoet
TV 1010 TN Y10 Sd0YIKEG LETPNOELS TNG 10105 1600V, OTOV OAEG O1 AEITOVPYIKES
Kol TEPIPAALOVTIKEG cLVONKEG TOpapEVOVY oTabEPES.

10. H votépnon (Hysteresis) eivor 1 e&dptnomn tov onpatog e£650v evOg GUGTHHATOSG
Oyt LOVO Ao TO SN E16O30V OAAG Kot ad TNV «1oTOPioy TOV.

11. H otaBepotnta (Stability) eivarl n ikavomnta tov centipa va mapdyet v idwo
T €€600V Katd T HETPNON oG OTaBEPNG TUNG €10000V Yoo €val XPOVIKO
dlaoTnua.

12. O Xpoévog Amokpiong (Response Time) eivar avtdg mov amorteiton ®oTE 0
acOntpog va eBdacel o€ pio otabepn T, OnAadn etvar o ¥pdvog KaTd ToV 0moio
10 onpa €£600V POAEvVEL GE £va OpIoLEVO TOGOGTO TNG TEAMKNG TIUNG, GE OMOKPIoN
oe plo exBetikn addayn g €cddov. O ypdvog amokatactaong opiletal pe
TOPOUO10 TPOTO OALA KOl OVTIGTPOPMC.

13. To Avvopiko gvpog (Dynamic Range) eivar to pdopa tov onpdtov 16660V 1oV
B odnynoovv oe éva ovolaoTIKO onua €£000V Yoo Tov aicOnmpa. OAot ot
awcOnmpeg €xovv oyedaotel Yoo vo €KTEAEGOVV OE €va KOOOPIGUEVO €VPOG
petpnoels. nuota €@ amd avtd 10 €0poc pmopel va elvorl axaTovonto, Vo
TPOKOAEGOVV OTAPAOEKTEG LEYAAES avakpifeleg, akOUN KOl VoL TPOKAAEGOVY Un
avaoTpEyun {nud otov aicOntnpa.

1.3.2. AUVOULKA XOPAKTNPLOTIKA

Ta dvvopikd YOPEKTNPIOTIKG TEPLYPAPOVV TOPOSIKEG 1O10TNTEG  TOL
awcOnmpa. ' va teptypdeouvv avTég yivetan ypnomn LodnuaTik®v eEIlOoEDY, amo TIg
Omoieg UTOPOVUE VO OMOGTAGOVUE TANPOPOPIES EDKOAN KOl VO TAPOVLE LI YEVIKT|
e1IKOVOL GYETIKA P Ta cvothpota aviyvevong {Ilepiocdtepeg mAnpogopieg [31-32]}.

1.4.Ta&wounon

M ta&vopnon yo va yivel Tpémetl va opicelg 1o kpitnpilo tasvounone. Etot
aviAOYO TO KPLTNPLO0 UTOPOVLE Vo dtaympicovpe Toug acOnmpes. Edv to kpimmplo
tagwounong amotelel TV mP6oBeTn mMYN  evépyewns, TOTE Ol acONTpES
dwywpiloviar oe TaONTIKOVG, TOL OV Yperalovtar Kapio TpdcOetn Ty evépyelag,
a0l mapdyovv dpeca €va MAEKTPIKO ONUO. TOL TPOEPYETOL Omd €va eEmTEPIKO
epEBIoLO, KOl GE EVEPYNTIKOVGS, TOV ATOLTOVV EEMTEPIKY| TPOPOSOGIN PEVLLATOG Y10 TN
Aertovpyio TOLG.

Ot gvepyntikol acOnpeg Agttovpyodv pe TpoPodocio mov ovopdletol onpo
déyepong. To ev AOym oo tpomomoteiton amd Tov oeOnTipa Yo va TapaEEL TO Lo
€£6d0v. Ot evepynrikol aeOnTpeg LePkes popES ovopALoVTaL TOPAUETPIKOL ETELDT| OL
OKEG TOVG 1O10TNTEG UTOPOVV VO 0ALAEOVY oE amdkpilon pe pio eEmtepikn emidpaon
KOl 01 1010TNTEG AVTEG LWITOPOVV GTI GUVEYELD VO LETOTPOTOVY GE NAEKTPIKE GNLLOITAL.

Edv 10 xpurpro ta&vounong eivor 1o onueio ava@opag, 10te ot cucOnmpeg
dwywpilovial og ATOAVTOVG, TOL OViYVEDOLV Eva £pEBica GE GYEoN LLE TNV ATOAVTN




QULOIKN KAMpoko M omoio eivan aveEdptnn amd TIC cuvONKeg HETPNOMG, Kol OE
GYETIKOVG, TOV TTOPAYOLV £VOl GTI0L TO 01010 oYeTILETOL e KATTOLO GO AVAPOPAGS.

Edv 10 xprmpilo eivor to vmokeipevo mov Ppickovial, tOTE 01 ooONTPEG
dwywpifoviar 6 QUOKOVS, Tov Ppiokoviar 6Tovg (®VTOVOVS OPYOVIGHOVS TOV
TEPLEYOLV Prodoyikog aloONTNPES e AEITOVPYIEG TAPOUOLES LLE EKEIVEG TOV UNYOVIKDV
OLOKEVMOV, T.Y. TO AVOPMOTIVO LATL, KOl GE YNUIKOVS, TOL EIVOL ALTOOVVOLES CLGKEVES
OV TAPAGYOVY TANPOPOPIEC OYETIKA P TN YMUKTY cvvBeon tov TepPdAlovtog. Xe
aVTN TV KaTnyopio vadpyovy Kot ocintipeg agpimv kot vypav [33].




Ke@ 2:BloatocOnti)peg

2.1.0plopoc

Ot BroaicOnmpeg £xovv TapOUOIEG AEITOVPYIEG LE TOVG A0V aloONTHPES KOt
1GYVOLV OAN TO YOPAKTNPIOTIKA TOV avaAvOnKay oto kepdiato 1. H dtapopd dpmg ot
oY£0T1 LE TOVS aloONTPEC EYKELTAL GTO YEYOVOG OTL PN OLUOTO0VV GTotYElD PLOAOYIKNG
avayvapilong g vrodoyeis (receptor) mov Ppickovial o€ GUEST] YMPIKN ETAPT UE EVOLV
petatponéa onportog (transducer).

Yympoa 2.1: Tomikn aneikdvion g Asttovpyiag evog Kowov ProoisOntipa

O PwasOntipog (biosensor) yevikdtepo opiletar g (o eviaio avaAvTIKN)
dlataln mov TEPIEXEL EVOOUUTOUEVO vy TOPAYOVTa Bloavayvmdpiong, 0 0moiog eival
éva Prorloyikd vAké (m.y. 101oi, piKkpoopyovicpol, opyavidla, VOukKAETKE oEEa, T
DNA, évlopa, avtio®pato, KTA.) Tov 0po OC VITOOOYENS TPOCUPUOGUEVOS GE £Vol
QULGIKOYMMKO peTatpomén onpotos. O petatponéas avtdg pumopet va eivar omtikdg,
NAeKTPOYNUIKOG, Oeppopetpikdc 1 axkovotikd [34-35]. O perarpoméiag ofqpatog
OmOTEAEL TOV QUOIKO OVIXVELTN MOV UETOTPEMEL TIG PUOIKOYNUIKES UETAPOAES, OV
TPOKOAOVVTOL OO TN PLoymuky] oAANAETIOpaoT TG TPOGO0pILOUEVNS OVGING |LE TO
Bloloywkd poplo og avarvtikd onua. O vredoyéag cuvibwg eival aKIVNTOTOMUEVOG
(immobilized) oty emdveia Tov peTaTpomEéN GNUATOG.

O BroaicOnmpag pmopel va glvar £vag ¥nUiKog aicON PG IOV LETATPETEL TNV
eKAeKTIKT] Proynuikn avtidpaon oe avaAivtikd onpa [36] kot wg 16éa Eexivnooy petd
NV €PEVPEST TOL NAEKTPOSioV TOV 0EVYOVOL ard Tov kaBnynt Leland Clark to 1956.
To nAextpddlo avTd OVOUAoTNKE APYOTEPO TIUNTIKG TPOS TOV EPEVPETN TOV MG
nAektpodo tov clark xou amotédece v Pdon yw Tov Tp®dTOo ProaicOnTpa mOL




Kataokevdotnke 10 1962 amd tov e@gvpétn Tov niektpodiov avtov [37]. Avtog o
BroosOnpag ypnoyonotel 1o nAextpdoo tov Clark pali pe éva avtiotaduotikd
nAektpodio (counter electrode) kot Eva eEmTeptkd TOAVAVOPAKIKO PLAL O1ATEPATO OO
popla YAuko6{ng aAAd adlOmEPAGTO A0 TPOTEIVES KOl GAAN CLGTATIKG TOL OHHOTOG
(Zynmua 2.2). Eivol ouslaoTtiKd 0 TpOTOG OV AELTOVPYOVV TOL UNYOVILLOTA LETPNONG TOV
P mov TPpWTOKLKAOPOPNCAV TN dekaeTioo Tov 70°.

Insulating cap
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Silver electrode
Oxygen-permeable
Electrolyte Teflon
lectrolyte
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Yympa 2.2: Tomkn anekovion tov eviopatikod froasOntnipa tov Clark

To 1969 epevpébnke o TpdTOG TOTEVGIOUETPIKOS ProonsOntnpag, 6Tov yvoTtav
axwntonoinon evog eviOov 6 NAEKTPOSIO PUOVIOS Yo TNV aviyvevon g ovpiag.
"Evav ypdvo apydtepa evpébnke o mpmdtog 1oviikog ProaicOntpoc (ISFET).

To 1980 dnuovpyndnke o mpdtog ProaicOntipag yoo petproelg in vivo (o€
16T00G EVTOC TOL OPYOVIGLOV) T®V aepimV Tov aipatog. To 1983 avamtdiydnke o mpdtog
avocoarsOntpag (SPR) evd péca otn dekaetio tov 90 pmikav ov Bdoeig yo va
etdoovpe og floatcOnTipes TOL ¥PNGYOTOLOVCAY TAEOV OTTIKES TvEG (01 TEPIOCHTEPOL
oLYYPOVOL LGONTHPES YPNOLUOTOOVY TAEOV OTTIKES TVEC) Kol omd TIS apyES Tov 217
alova 1 Epgvva TALOV GTPEPETAL GE BlooncONTPES TOV YPGLOTOLOVY VOVOSOUN G
VAMKA, ONAAOT PLGIKA, TUYAIN 1) KATACKEVOCUEVO VAIKA TOV TEPIEXOVY COUATION, GE
[ ad€GIEVTN KOTAGTACT] G £VO GLCCOUATMA, OOV Yo T0 50% 1 TEPLGGOTEPO TV
cOUOTOIOV TOL, 1) KaTavour tov peyéboug Bpioketar otnv meployn petald 1-100 nm.




[Ipwv 6pwc amd 10 1956 wor ™ ypovid otabudg (1962) vanplav kdmoiot
ovolaoTikol otafuol Yo va tdoovpe oty pedpecn tov PlrooausOntpa, apod and To
1916 elye emrevybel n TpOTN 0KIVNTOTOINGON TPOTEIVOV VD TO 1922 avaxaidednke
T0 TPMOTO MAEKTPOSIO LAAOL Yy TN pétpnon pH. OAn avtq n wotopikr mopeia
anewoviletan otov mivaka 2.1.

IMivaxag 2.1: H wotopikn eEEMEN twv ProoisOntipwv

"Etog Ynueioon o€ oyéon pe v EEMEN TV ProorcOnTipov

1916 [Ipd™ avapopd GTNV AKIVNTOTOINGT TPOTEIVOV

1922 HAextpddio varov yio ) pétpnon pH

1956 H\extpddio tov o&uydvov (amd tov Clark)

1962 [Tpwtn meprypaen ProocOntpa: apmepopeTpikd evopikod

NAEKTPOSI0 Vi TNV YALKOIN
1969 [TotevolopeTpikdg ProosOnmpag: akivnronoinon evibpov oe
NAEKTPOSI0 appmViag yio TV aviyvevon ovpiog

1970 Evpeon lon-Selective field-Effect Transistor (ISFET)

1972/1975 Eunopwoc BroasOntipag (Yellow ?pring instrument): BioaisOntpog
yAvkoCng

1980 AteOnmpog pH yia in Vivo petpioeig aepiov aipatog

1982 BloaioOnmpag yAvkolng (pe ontikég iveg)

1983 [Ipdtog avocooicOnmpag SPR

1984 Apmepopetpikdg froacOntpag: O&etddon yAvkolng kot gepokeviov

Yo TV aviyvevon yAvkolng

1987 BuoaicOnmpag aviyvevong yAvkoing aipotog

1990 Eumopucd da0écipoc frooasbnpog

1992 I-STAT @opntog 0VaAVTNG OUUATOC

1998 BuoaioOnmpag yAvkoing aipotog

Z];ﬁgj:)-a Quantum dots, Navoiiikd (vavooouatiot, vavoo®AVveg K.AT.)

2.2.\ELTOUPYLKA XAPOAKTNPLOTIKA

To Bacwkd TAcovékTHa TV PlootsOntipov ivol 1 avtdvoun ¥p1on Tovg Kot
N Tapoyn opdf®OV TMEPAUATIKOV OTOTEAEGUATOV GE TOAD UIKPO Ypovo. O Auecog
EKAEKTIKOC, gvaicOntog Kot cuyvd in situ (eni TOTOV) TPOGOIOPIGUAS ivart Eva cofapd
TAEOVEKTNUA, OQOV He TNV amAomoinon g upeBodoroyiog elvar dvvatdv va
TPOyHatorotn 0oy cuvielg avalvoELS Kat amd Un eEEOIKEVUEVO TPOGMTIKO.

g €vo avaALTIKO pYOcTPlo Yevikd emntovviol Wlodtepa YopoKTNPLOTIKA
a&lomoTiog Kol TPOGOIOPIGHOD TMV TEYVIKOV OVOADONG KOl £TGL YPNGLULOTOI0VVTOL
Wiog Khaoowég nébodotl avaivong, OTwg 1 VYPN XPOUATOYPAPic. LYNANG omddooNng
(HPLC), n pacpatouetpio paloc (MS), n pacpatopetpio oTopKnG amoppdenons, N
eacpatookomio vépuBpov (IR) kar dAleg avarvtikég teyvikés. H ayopd avtdv tomv




opyavmv cuvNBmG £xel LeyAAo KOGTOG Kot ¥pelaleTon eEE1OIKEVIEVO TPOCHOTIKS Y10 TNV
xpnomn tovs. Mmopei BERata avtd t0 KOGTOG Vo avTicTadpileTon amd tov apOud Tov
NUEPNOIWV AVAAVCEWMV KOl TV EPYUCLOV. AVTE TO EPYUCTIPLO OLMG Elvor £1T€ KOUUATL
pog etapeiog 1 evog TavemoTNiov 1 €vOg EPELVNTIKOV KEVTIPOL KO Oyl KATL TOL
UTopel Vo ONovpYNGEL £voL amAdg 101D TNG,.

Ot BroaicOntpeg Opmg givarl epyaleion e youunAd KOGTOG TOL UTOPEL Vo, Ta.
aYOPACEL 0 €KOOTOG 1OUDTNG KOl VO KAVEL OVOAVGELS 106G KOl OOLEG LE OVTEG TOV
Kévouv ta e&gdikevpéva epyaotipto. OvGLUGTIKA e QVTAV TNV TEYVOLOYIL £YOVLLE EVa
EPYOOTNPO TGEMNG HE KOOTOG KOl YPOVO OVAADONG ONUAVTIIKA HELOPEVO, HE
anoteréopato €£icov 0EOMIOTO KOl OPYOvo TO OTOl0L TPOGPEPOVY  AVENUEVN
eKAEKTIKOTNTO Ko evancOncio wg mpog To voxeipevo Epevvag [38] kat T duvatodTnTa
eEmepyooTnNPloK®OVY 1M in situ 1} in vivo 1} og mpaypatikd ypdvo petproelg [39]. ‘Etot ta
OMUOVTIKOTEPO GTOTIKA YOLPOKTNPLOTIKA, OV amorteiton va £xel Evag Proaictnmpag,
éPa amd oVTA TOV oo TNPOV ToV avaAlvdnkay oto Kepdlowo 1, elvar Ta €ENG:

e H TIpopukn 1N AoyoplBukn omdkpon HE 1T GLYKEVIPOOYN NG
TPocdopoEVNG ovGiog.

e H Bioovppatomra (KatdAAnAo yio HeTpfiicelg in Vivo).

e To Mikpd kd66T0G KOt ¥pOVOG KOTOGKEVNC.

e H Avéxtnon onpatog, omAadn M KOAN KAOGUOTIKY O10POPO TOVL GY|LOTOG
UETAED TOV TPOYLOTIKOV KoL TOV TPOTUTOV OELYUATOV

2.3.Ta&wounon

INa va kataokevaotel Evag ProacsOnmpoag tpénet va Anedel vrdyn o tpomog
pe tov omoio Oa yivel n aAAnAeniopacn tov vrodoyéa (EvOpa, avVTICOUATO, PUGTIKOVS
VIOJ0YELS, KTA.) Kot TG TPpocsdloptlopevns ovsiag. Avto eoptdTol Kupimg amd To ehv
TO HOPLO-VTOJOYENS EYEL N OV €xEL ProKataAvTIKES 1010TNTEG. OTOV YpMCIHOTOIOVVTOL
®G VIOOOYElS LOPLEL YOPIS KATAAVTIKY dpaor), OTMS TO AVTICAOUATO 1] TO VOUKAETKA
oféa, M avtidpaon Oécupevong pmopel va yivel otn PACT NEGOETLOPAVELUKAOV
QUOLKOYNUIKOV RETUPOA®V, 0T T.x. Ol UETAPOAEC TOL Oeiktn SdbAaong Tov
SLAOHOTOG KOVTE OTNV EMPAVELD KOl KOTA TNV OIIPKED TNG OKWVNTOTOINonG evog
avTIOPAcTNPiov SEGHELONG OO TO CLYKEKPIUEVO OVTIOPAGTHPLO.

Ta €idn tov PoaicOnmpov pmopodv va dakpiBodv pe PBdon 10 ELGKS
oTo(El0 avayVAOPLoNG (LETOAAAKTNG) Kot TO YNUKO GTOXEl0 avayvmdplons, OmmG To
évloupa, ot 1otoi, To KOTTOPA K.T.A.

2.3.1.Tafwounon pe Baon to puaolko otolxelo avayvwplong (transducer)

To @uowkd otoryeio avayvdpiong cvvogetal Pe Tov TPOTO Tov yivetanl M
aviyvevon Kot tov TOmo Tov petatponia onuotog (transducer) mwov ypnoiuomotovue
(ITivaxag 2.2).




Mivakog 2.2: Ta&vounon BroaicOnmpov avdioya pe tnv apyn T HeBOdov kat pe To
€100¢ TOV peTaTpomEN GNUATOG (PLGIKO GTOLYEID AVOYVAPLOTG)

BroarsOntipeg Meratponéas oNpatog
[Totevolopetpicoi
HAextpoynuikoi Aumepopetpikot
Ayoywopetpikoi/epmédonong
AxovoTiKol [TielonAextpikol kpOGTOALOL
Ogppkot O¢puictop
AViyveuTég amoppoenong
R Dotavyelag
®Oopropov
ZopPoing

O1 BroaicOnmpeg mov ypnoonoodv gite apmepopeTpics | ToTEVSIOUETPia N
ay@yopeTpio g HEGo aviyvevong ovopdloviol NAEKTPOYTUIKOL.

Ymv apmepopeTpia, 1 aviyvevon yivetor pe PETPNON TNG TLKVOTNTOS TOV
NAEKTPIKOD PEOUOTOG TTOV TopdyeTol €Ml €vOG NAEKTPOdioL €pyaciag To omoio &xel
noAwBel oe kdmowa T duvapkoh Otav Eva MAEKTPOYNLUKO EVEPYO CMOUATIONW
veioTotol 0&gidmon 1 avaywyn oy enipdvelo Tov nAektpodiov [40] (Zymua 2.3).

Ovocia ctéxou

‘ Mopwdeg VALKS rtuprtiou
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Yympoa 2.3: Tomkn anewcovion ProosOntipa Tov YPNGYLOTOEITAL 6TV AUTEPOUETPIN

Ymv motevoewopeTpio N aviyvevon yiveron pe Exdexktikd Hiextpodwa [ovimv
(EHI) [41], onAadn pe exhektikn pepPpdvn 10OVIOV UE GLVEXN EMPAVELD KOl
YOPOKTNPIOTIKG EKAEKTIKOTNTOC, OV dtaywpilovv ta dvo dwAvuata. H pepfPpdvn
vt etvor vTevBovvn Yo ™ ONUoLPYio paG SPOPAS OLVOIKOD HETAED TV VO
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TAELPMOV TOL OTOV VIAPYEL PLGIKT EMOPN UE NAEKTPOAVTIKA SIHAVLOLTA, TTOL TEPIEYOVV
70 10V Y10 T0 omoio givan exAextikr. H dtapopd dvvapkov Aowmdv e€aptdtor amd Tig
EVEPYOTNTEG TOV 10VTOG G€ KABE TAELPA TNG HeUPpdvng Kot EpOGOV 1 EVEPYOTNTA TOV
0T0 €0MTEPIKO S1dAVHO avapopds eivarl otabepn, N LETPOOUEVT O1APOPO SVVOLLKOD
e€aptdTor HOVO amd TNV EVEPYOTNTA TOL 1OVTOG 6TO EMTEPIKO O1dAV L.

BoAtapupetpo

EcwTtepikod
HAsektpodlo

Huwdwamepatn
MeuBpavn

ALGAU A HAektpo&ilo avadopdc

HAsektpodlo gpyaciag

Yympo 2.4 :Tomk oanewkdvion  PoooacOntipa  mov  ypnoipomoleitor 6TV
TOTEVGLOUETPIOL.

v ayoylpopetpia yiveror mapakolovdnon tov HeTABOADY TG AyOYIUOTNTASG
TOV PLOAOYIKOV VYPOV Kol GOYKPION HETAED TOV TILMV OY®YILOTNTOS GE OVTICTOLYES
KATaoTAoELS (PuoloAoYIKeEG 1| Tabforoykég) Tov opyaviouol [40]. H ayoyidmta
ocvoyetileTon pe TNV TEPLEKTIKOTNTO TOV OWAVUATOG O 1OVTa. X  YOUNAES
GLYKEVIPAOOELG 1 EWOIKN Oy@YWOTNTO cLVNO®G peTafdAleTon oxeddV YPAUUKE pe TN
OLYKEVTPMOT TOV 1OVTOV.

Ot BroosOntpeg OV ¥PNGLOTOOVV OKOVGTIKA KOLOTO OG LEGO aviYVELONG
ovopalovior oKovoTIKOL 1 ovokevég Emeaveiokov Axkovotikov Kupdtov
[Surface Acoustic Wave (SAW) devices]. Ot peTaAAAKTEG O AVTAV TNV TEPITTO®ON
etvar  Wiowg meloniekTpikol  kpvoTOAAOL  dpa  evaAlokTikd  ovopdlovTot
meloniekTpikol ProacOntipes [43]. To akovoTiKd KOUO GE QLT TNV TEPITTOON
npoépyetal amd UHeTafoA] TOL MAEKTPKOD Tediov oTovV KPOOTOAAO eEaiTiog oG
YNUIKNG avTIOPAoNG OV TPOKUAEITOL UNYAVIKY TOPAUOPPOGCT] TOV VTOCTPDOUOTOS
KOTO UNKog NG empdvelng tov ProoacOntmipa. H aAinienidopaocn t@vV aKOLOTIKGOV
KOUAToV pe pio ovsio Tov €xel amotedel oTNV EMPAVELN TOV KPLOGTAAA®Y UTOPEL Vo
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TPOKAAEGEL LETAPOAES OTIC APYIKES 1O1OTNTES TV KLUATWV, TO TAATOG, TN Ao 1 TN
GLYVOTNTA TOVC.

)/ Avtiowpa

() Avardtng

MIKPOEUTOUNXAVLKO O O
KavdAl

MiefonAexTtpLko
Yrnéotpwpua EridAveLa AKOUOTIKWVY KUUATWY

Xympa 2.5:Tomwn angikdvion evog meloniekTpikov frooasOntipa

O1 BroaicOnpeg mov ¥PNGYLOTOLOVV TO. OTTIKG KOUATO O LEGO OViXVELOTG
ovopdlovtar omtikoi. Ta omtwkd wdpoto ocvvnbBwg mpoépyovtalr omd  TOVG
Kopotodnyovg (waveguides), mov glval ot OnTIKEG TVES, TOL UETAPEPOLY TO OTTIKO
onuo, Om®G To HETOAAKE KOADOwW TO mMAeKTpKO pedpa. H xotnyopio avt
avartoyOnke €metta omd TNV AVOKAALYT TOV OTTTIKOV VAV Kol EWOIKOTEPO LETA TNV
avaKaALY” TG €5’ amocTAGEMS aviyvevong (remote sensing). Zuvnhcuéva eovopeva
TOVL XPNGLOTOOVVTIOL KATO TNV aviyvevon eivor 1n amoppoenon, 1n eoTadyeld, O
@Boplopdc 1 M cVUPOA TV KLUAT®V.

E

Yyqpa 2.6: Tomikn areikovion evog ontikod ProoacOnmpa.[(1) Agaipoduevo Tunuo
nepipAnuatog, (2) oteyovomomtikoi daktoAlol, (3) Proevepyd cdvrovrrg (4) Kvplo
ochpo TepPANUATOS (5) ToUn ONTIKNG tvag, OOV aVOTTOGGOVTOL TO EMUEPOVS GTOLYEL
@Bopiopo? (mepipetpikd) kat “aviyvoone” (kévtpo).]
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Ot BrooacOntpeg mov ypNooTOI0vV T BepUOTNTA MG HEGO aviyvevong ovopaloviot
Oeppikoi. Ov ProaicOnmpec avtoi amotehovvionr amd &vav  GLVOLAGHO  EVOC
Brokatodvtn Ko gvog acOnthpa Oeppokpaciog, mov sivar cuvnbog évivpo (Enzyme
Thermistor, ET), mov unopet va ypnoipomomOet yio Tov Tpocsdioptopd KAmolg ovciog
og éva delypo [44]. Ot avtidpaoelg mov yivovial o€ avtode eivatl cuvnbwg eEdBeppes.

S—73] . F

/_ /

U
0
A 1§ e TS

/

Yyfpa 2.7: Tomkn anewdvion evog Oepuikod Brooodntipa [To pedua (a) diépyetan
HEC® TOV HovopEVOL eEmteptkd Kifwtiov (b) otov evaAildxtn Oepudmrog (C) dapéom
evog olovpviov (d). Amd exei dwoyéetar otov Bepuiotop kot péoo e Evov
BroowcOnmpa (f), mov yivovtar ot avtidpdoeig. Ov odlayéc ot Oeppokpooio
kobopiCovtar and tov Oeppiotop (g) ko to ddivpa doyéetar ot amopinta (h). Ta
eEmtepikd niektpovikd eEaptmuata (1) kabopilovv v dapopd oty avtictoon Kot
emopévag T Beppokpocio peta&d Tov Oeppikdv avtiotdoswy |

2.3.2.Tafwounon pe Baon To xNHULKO oTolxelo avayvwpLlong (receptor)

To ynuikd otoryeio avayvmdpiong ivar Kamolo PloAoyikd Hoplo, aKvNTOTOUEVO
OTNV EMPAVEIDL TOL QLGIKOD HETOAAGKTN, OnAadn £évivpa, wotol M KLTTOPA,
avtioopata, voukAgikd o&éa (DNA 1 RNA), Mmdkég pepufPpdveg 1 vavodounotpo
VAKEL.

Otav 10 yMukd otoryeio avayvopiong eivor éva €viopo ot ProosOntipeg awtol
ovopalovrot frokataivtikoi 1 evivpikoi. To évlupo dpa og £va LTOSTPOLN TTOV EiTE
axwnromoteitor (immobilized) og avtd N dpa eledbepa 1 drodlvtomoteitor Evrdg TG
emEaveldg tov Proactnmpa. H aviyvevon tov vrokeévon yivetan pe Tpocdtopiopo
TOV VITOCTPMOUATOG, OOV TPOKVITEL TO OVOAVTIKO GY|LLOL.
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Otav 10 évlupo eivor  oKIVNTOTOMUEVO VTAPYEL ONUAVIIKY oOENCN otV
otafepotnra Tov ProaicOntpa mov ekPpdleTon pe Tov ¥pdvo NMuLong tov evivpov,
OV TOL SIVEL TNV OLVATOTITO EMOVOYPTCLUOTOINONG OE TOALES LETPNGELS, Apal VITAPYEL
duvVaTOHTNTO AVOYEVVIIGINOTNTAS TOL PlootcOntmpa. Avtd cuvéPn Adym tov 0Tt Ta
axwntomompéva Eviopa pmopodv vo Unv veiotatol KOmTow HOALVGT Yol OPKETEC
LETPNOELG, O10TL TO akvnromomuévo Eviopo pmopel vo dtouymplotel TANP®S and To
OVOAVOUEVO OLAAVLLOL.

oupwvo pe d1dpopec dnuootevoelg [45-48], tpeig sivor ot kOplec TEYVIKEG
aKwnronoinong tov evOpw®v ol omoieg mepthapfavouy Tig:

1. dvowkéc pebddovg, 6mov M axwnromoinom yivetar y®PIig T0 GYNUOTICUO
OLLOIOTIOAMKADV SEGUAV,

2. Xnukéc peddodovg, 6mov peta&h evOOHOL Kot VIOGTPOUATOS 1 HeTAED VO

evlopov oynuatiCeTor opotomoAKos deG oG

3. YPprowkég teyvikég, ot omoieg elvar ouvovACUOS QUOIKMV KO YNUIKOV

TEYVIKOV.

Otav 10 ynuikd otoyeio avayvopiong eivor €va KOTTopo 1 €vag 16Tdg Ot
BroasOnmpec avtoi ovoudlovioar kvrtapwkoi [49-51]. Ta evepyd cvototikd mOL
TEPLEYOVTOL OTO KOTTOPA 1| GTOVG 10TOVG EX0LV ol avénuévn otafepodtnta Ady®m Tov
ot Bpiockovtar cuvBmG 610 PLGIKO TOVG TEPIPAAAOV Kat £Tat Ot froosOntnpeg avtol
&xouv yoaunAo koctoc. ‘Exyovv opmg cuvnbog petmpévn ekhekTikdtnto Kot HeydAovg
xpOvoug andkpions. To eEapeTikd Opmg evolapépov ototyeio elvar 0Tt TP amd 10 va
KOTOYPAQETOL £VO, AVOAVTIKO N0 vOADOVTOL Kot Ol Geces PLOAOYIKES EMOPACELS
OTIG OVGIEG TOL AVOADOVTOL.

Ortav 10 ynukd otoyeio avayvopiong eivor vovukieixd o&éa (DNA 1 RNA) ot
BroasOnmpec avtoi ovoudlovtar DNA 11 RNA aweOntipes (DNA or RNA Sensors).
Y& avtovg Tov ProosOntpeg yivovion e€E10IKEVUEVES OAUOPIOKES OAANAETIOPACELS
HETOED TOL VOUKAETKOD 0EE0G KO TOV avOAVTY).

Otav 10 yNukd otoryeio avayvopiong &ivar to avticopato ot froocOntipeg
ovopalovtor avosoareOntpes (immunosensors). H oyéon peta&d tov vrodoyéa Kot
™G mpocdloplopevng ovaiag opiletar wg Proroyikn ocvyyévewn. H mpoodiopilopevn
ovcio eivar éva avtiyovo 1 UIKPOOPYOVIGUOG HE YOPOKTNPLOTIKY] OAANAovyia
VOUKAEOTIOV, 7OV OEGUEVETOL EKAEKTIKA Omd VLTOdoYElG Ko M avdAvon TV
paxpopopimv yiveton eite Eppeca | Aueca.

H éppeon avdivon yivetor pe tpomomoinom Tov oviyvELCSIU®V OVLCLOV LE
KATAAANAO TPOTO OGTE VO amopovmbovy and To pUGIKO TOVS TEPPAAAOV Kot Vo Yivouv
aviyvevotlueg H tpomomoinon cuvinbwmg elvar amapaitntn oe @UTIKOVG Kot {muko0g
totovc. H e€etdtkevpévn aAANAETIOpOOT TOV TPOLYLOTOTTOLEITOL GE OV TN TNV TEPIMTWOO,
umopet va elvat gite OAANAETIOPACT] AVTICOUOTOS-AVTILYOVOL 1] OAANAETIOpOOT OEKTY-
avtayoviot [52].

Otav to yMukd ototyeio avayvmpiong etvar ot MmdKeg pepPpaveg, tote yiveton
L0 OTOUIUNOT TOV AEITOVPYIOV TOV PLCIKOV KVTTAPIKAOV pepPpoavov. O tomog g
MmdKnG pepppavne, mov cvvnbwg ypnolomoteital, givar or cTadepomormpéveg
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Mmmdkég pepppaves (BLMS). Ot pepfpdveg avtéc amotelodviol and d00 avTiKploTd
OTPOUATO AKPPDOG OTMG Kot 01 PUGIKEG LEUPBPAVEC.

yqpoe 2.8:Tvmkn amewkovion oG otabfepomonpuévng AmOWwnNg  pepPpévng.
[Tpodidotatn omewdvion mov mephapuPdvel ™ MmO SuwwhooTifddo Kot Tig
npoteiveg (fluid mosaic)]

Otav 10 yMuikd otoeio avayvoplong sivar €va omtapepéc (aptamer) ot
BroocOntpeg ovopdlovton amtoasOnTipeg (aptasensors). To amtapept| eivar popia
OAYOVOUKAEOTOIV 1 TENTIOiMV oL £Y0oLV Tpomomombel e T€T010 TPOTO MGTE VA
OEGEVOVY £VOL GUYKEKPIUEVO GTOYO.

H gpodvion g vavoteyvoloylag éotpeye v €peuva o€ dOUEG LE dLAPOPaL
VOVOOOUN GO DATKA, TTOV TAEOVEKTOVV (MG TPOG TNV AMOOOTIKATNTA, TNV EKAEKTIKOTNTA
Kot TV vaicnoia. Avtov tov gidovg ot froasOntipeg ovoudlovtol vavoarsOntipeg
(nanosensors). Ta vavodounoylo, VAKG pmopel vo eivar S10popmv WGV OT®G Ot
vavosoMves (nanotubes), ov vavopdafoor (nanorods) kor To vavooOppoto.
(nanowires) mov eivor UATPEG OKIVITOMOINONG TMV Sl0(QOP®Y GTOLXEI®V YNUKNAG
avayvoplons Omwg ovoivdnkav Tponyovtéves. To LAIKO Hog UATpag €L TOV TO
Kkpioyo poro g 6Tl apopd tov Kabopiopd tng otabepdtnTag, Tng evatcOnciog Kot g
ddpkerog Cong Tov Poastntipav [53]. Xta vavodopncipo vAKO £xovv mapatnpnoet
KOADTEPEG AMOJOGELS GTO, GTATIKA YOPOKTNPIOTIKE TV frooatsOntipov.
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Ke@ 3: TumikEG e@appoyég BroaioOntnpwv
YPUPEVIOU KAL XPUGOV

3.1.Elcaywyn

Ot BroaicOntpec Kabiotavtolr SLVOUIKG Kol EQAPUOCIUN. EPYOAEID OE TOWKIAM
medior TNG EMOTAUNG KOl NG TEXVOAOYiOG, OMMG OTOVG MEPPAALOVIIKOVG, GTOLG
Tatpucote Kot Toug Propnyavikong EAEYYOVS Le SLVATOTNTES OVIYVELGTNG KO S1AYVMOONG.
H épevva BéPata kot n avdntuén tov Poaictnmpov cuvibmg kabodnysitar amd Tic
aVAYKES TNG ayopds, TOV amoTeEAEL Kot TO Pacikd Kivntpo yio TNV avamtuén Toug Kot
eEVIELEL TNV €QOAPUOYN TOVG o€ Oldpopo medio. XVVOMTIKA, Ol EQOUPUOYEG TOV
BroatsOnmpav Ba propovcay va Kot yoplomotnfovy 6Toug TapakdT® TOUEIS:

1. Ileprparrovtikoi £reyyor

Ot BroosOntpeg Ppiokovv peydin spapuoyn o€ mepParloviikods eAEYYOLG,
KaOdS duvavtal vo oviyveHoovV ETKIVOLVES Yia TO TEPIPAALOV 0VGiES, OTMG amOPANT
N puravtikég ovsiec. H gukoAia otnv peta@opd kot tnv xpnon Tovg, ot Tayeic Kot ot
ovveyelg €leyyot, ot enl TOMOV AVAADGELS Kot TO XAUNAO KOGTOG, OMOTEAOVY TO KAEWT
OTNV EMTVYY| EQAPLLOYT| TOVG GE TETOLOVG EAEYYOVC. Ot froaicOntpeg cuvhBmg oe vt
NV TEPINTOGN UTOPOVV VO LELOGOLYV TOV aplipd TV SEYPATOV TOV OToLTOVV Ol
aKpPEG EpYOoTNPLOKES OVOAVGELS, ATOKAEIOVTOG OO TNV dladIkacia, To dEtyLaTo Tov
OgV TEPLEYOLV TNV TPOS OVAAVLOT OLGIo pHE €vav OmAO TPOKATOPKTIKO EAEYYO.
AvtavokAmvtog o €0pog TV HoAdveemv ot BroaicOntipec mov Exovv avamtuydel yio
™ xpNomn o€ TEPPAAAOVTIKEG OVOADGELS KAADTTTOLY UEYEAO 0plBUd EVOGEDY oo
SAPOPES YNUIKES Kot yopies, aAld Kot pikpoopyaviopovs. Etotl éxovv katackevaotel
BroatsOntmpeg yio aviyvevon mopacitoKTOVOV, YAMPOPOIVOADYV, PBapéwv LETAAA®V,
Baktnpiov, tovav kim.[54].

2. lotpwoi éheyyor

Ot BroacOntpec, xapn omv VYA e£€10ikELOT TOL TOVG YOPAKTNPIlEL AdY®
oV BLOAOYIKOU TUNLOTOG OV EUTEPLEXOVY, PBpiokovv apKeTEG eQPapPUOYES OTO TTEdTO
TOV KAMVIKOV S10YVOOTIKOV HEAETMV. ZTNV Sl0YVOOTIKY YPNCLOTOI00VTAL GLVHBM®G
WG OAOKANPOUEVO GUGTHHOTO OVOAVCEMVY, GTNV EOPUAKELTIKN epapudlovtol Yo TNV
AVIYVELOT] KoL TOV EAEYYO TNG AIOO00NG TOV POPUAK®OV Kol GTNV 1TPIKA Yo, iN VIVO
Syvaon.

Ot PuoacOnmpeg otov topéa avtd yopokmmpiloviar amd evpd QAo
EPAPLOYADV, EVKOAID GTNV YPNON KOl GOPNTOTNTA TAPEYOVTUS EAEYXOVG TPOALYLOTIKOD
YPOVOL Yo 6YEOOV KAOE avaAVLTEN 0VLGI, CUUTEPIAAUPBAVOLEVOL TOV PAPUAK®V, TOV
To& vV, TOV BakTnpiov Kol ToV 10V. XN eoploKoAoyia edtkdtepa o1 ProotcOntmpeg
YPNOUOTOL0VVTOL KLPIMG Y10 TOV TPOGOIOPIGHE TS KaBApITNTOS TOV QUPUAK®Y 0OV
TAPEYOLV TN OLVATOTNTA Y10 TOGOTIKO TPOGOIOPIGUO OLGLOV AVETIHVUNTOV OLGLOV
nov Ppickovtal ota eappaka [55].

16

—
| —



3. Buopunyoavikoi £reyyor

O1 BroosOntpeg YPNOILOTOLOVVTOL KOTE KUPLO AOYO G€ Blopnyavieg mopaywyng
vy va eAéyEovv TV Topaymyn cokydpmv, opvocEmvy, avtiBloTiKaV, E0IKELUEVOV
YNUIKOV 0LGLOV, GLVINPNTIKAOV, OVTIUIKPOPLOKAOV OVCIOV KOl UEPIKADG YEVETIKA
TPOTOTOMUEVOY  TPpOTEIiVOY. BloaioOnmpeg emiong eiéyyouv Tig dSwodikaocieg
TOPAYOYNG, TNV TOOTNTO TOV TPOIOVIMV KOl YPNCLOTOIOVVTOL Yo TNV dteEaymyn
LETPNOEDV TOV ATOPANTOV TV Bropnyavidv. AAAN EQapOYn TOVG Eival Ol TOLOTIKOT
ELeYYOL TOV TPOPIU®V, TOV OMOCKOTEL GTOV KOOOPIGUO NG MOOTNTOS KOl TNV
TIGTOTOINGN TNG CLUUOPPMONG LE TNV Vopobeaia.

H dvvatdmta cuveyovg mapoyng Sedopévev omd £vav GUYKEKPLUEVO OVOADTN
etvat Guyva avekTipnTn Yo Tov EAeYY0 TG O1adIKaGToC TapaoKEVNG TpoPipwy. 'Etot
OMUOVTIKN TAELPE TOV EPAPUOYDV TOVS PPICKETOL GTOV TPOGIOPIGUO TV GOKYAPWV
(.. YAokoln, epovktdln), ™G abavoing, TOV YAVKOVTIKOV, TOV OVTIUKPOPLUK®OV
TOPAYOVI®V, TOV GUVTNPNTIKOV, TOV BITapvodv, Tov ToEvov kAT.[56].

Ta avotépm sivar ot yevikég epappoyés. EEedikeboviag Opmg €101Ka Tig
ePapproyég mov Ba HeAeTNOOLY GTO TMEPAUATIKO PEPOG, Ol XPNOELG OV EUPAVICOVY
EVOLPEPOV Elval AVTEG TOV APOPOLY TTEPIPAAAOV (VEPD) Kat TN Propmyovia TPOPitmV
(yolo) oe empaveleg ue unqepeg (matrix) eite to ypagévio/yaiko 1 to xpvco. ‘Etot
TOPOKATO 0EOL Yivel [ oviAvon TV WTATOV TOV VAKOV NG UNTPOS,
epeavifovrat S1apopes papproyEG mTov Tpoépyovion and PipAoypapikd dedopéva.

O Xoikoc (Cu) eivor évo OAKLLO KO EAOTO HETAAAO UE WIKPT OPAGTIKOTNTO.
Agv Kdvel moAEG avTdpaoelg pe AL oTot el Kol dEV EPPAVILEL Avay®YIKOTNTO, Y10
avTO EMAEYONKE YO0 TNV UNTPO OE GLVOVACUO LE TO YPOPEVIO, TOV TOGO TO 1010 0G0
Kol T0 TApAy®Yd Tov (.. 0EEId10, AOTETAALL, VOVOPLALL TOV YpOaPEVIOV, Ypapitng,
eovAepévia K.T.A.) otV nhektpoynueio epeavilel otabepn doun (pLovatopkd moyd
@OAAO atopmV dvBpaka dtatetaypévo o oynue kKoyéing -oynua 3.1). H doun avtm
KAVEL TO YPOUQEVIO TO AEMTOTEPO, LGYLPOTEPO KOl MO GKOUTTO LAMKO GTNV ynueia,
KaO®G KoL Evay aploto aymyo g BepuodTnTag Kot TG NAEKTPIKNG evépyetag [57].

Yymqpa 3.1:Tomkn aneikdvion tov ypageviov. [Kpvotadiikod TAEypa atopmy dvopaka
og KOyeAmTN diodidotarn dtdtaén]
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O ypvodg(Au) eivar éva pETOAAO pE HEYAAN EAMOTIKOTNTO, OAKIUOTNTO,
OVTIOTOON OTNV EMOPUON TOV TEPIGCOTEPMY YNUIKAOV OLGLOV, OAAG KOl HEYAAN
NAEKTPIKN ay@yodTNTO. QG EK TOVTOV YIVETOL EAKVGTIKOG GTIV NAEKTPOYNUETDL.

3.2.Edappoyec

Ot ProoucOntpeg pe ypaeévio ¢ UNTPO EXOVV TOAAEG €QUPUOYEG, O10TL TO
YPapévio €xel moAAamAEG evepyég Béoelg. Ot 1010tNTeg TOVL Ypopeviov divovv v
SVVATOTNTO EVPECEMS KOADY AEITOVPYIK®V TOpapETpwV (EvaucOnocia-o6pto aviyvevong
K.A.7. [68-59]. Ta vavobiikd mov Paciloviatr 610 ypagévio uropodv va taivoundovy
o€ oyéomn pe ™ nEBodo Tapaymyng Tovg, AOy® Tov 0Tt UTopovV va TapayBodv cuviBwg
glte pe v avamtuén péocw g KNG evamdBeong atp@v (Chemical Vapor
Deposition, CVD). M. dAAn pébodo eivar n Bepuikn amorémion tov 0&gldiov Tov
ypopitn mov mopdyetar 10 Oeppik®dg avnypévo ypagévio (Thermally Reduced
Graphene, TRGO). Eniong 1 amoAémion pmopei va yivet pe tn Pondeta tmv nymrikodv
Kopdtov pe  anotélecuo to 0&gidoro tov ypageviov (Graphene Oxide, GO), mov
umopel vo avoyfel mepaltépw yMUIKA M NAEKTPOYNMKA og ymuiké aviypévo GO
(Chemically Reduced GO, CRGO) 1M niektpoynuikéd avnypévo GO
(Electrochemically Reduced GO, ERGO 1 rGO) o&gidro tov ypageviov (Zynua
3.2).

WA
Ve ‘%;.fff ]

ANV

(a) Graphene

(e) Graphene oxide (GO)

Yyna 3.2: Mepikéc dopéc vavoilkav ypapeviov. [To GO éxet pia doun mov dev ivat
TANP®G eninedn enewdn to dikTLO TOV GvBpaka £xel KotaoTpaesl oe peyddo Paduod
OAAG TEPIEYEL LEYOAES TOGHTNTEC OULAOWV TTOV TTEPLEYOLY 0EVYOVO, TTOV Eivol EMOPELEIG
Yo, T Agrtovpyia Tov Propopiov oty froavayvopion ([60])].

To ypagévio Tapovstdlel VYNAN NAEKTPOKOTAAVTIKY dpactnplotnTa Yo To H202,
KaOAdG Kol dpesn NAEKTPOYNUIKY amOKpIon Yo TV o&ewddon e YAvkONG Kot €161
umopel va Bewpndel ¢ €vag KaAdg ProosOntipag Yo Ty GUECT avixvevon g
ofeddone g yivkolng [61-62]. Emiong £xel KoTOOKELOOTEL OUTEPOUETPIKOG
BoocOnmpag erebBepov  evidpov 7y 10 LEEPOEEIdIO  TOL  VOPOYOVOL
YPNOLLUOTOIDVTOS TO NAEKTPOYNUIKE Topayduevo vavoohvieto avnypévo o&eidlo tov
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Ypapeviov kat 0EE1i0V TOV YELSUPYDPOL WE TNV TEYVIKN TNG NAeKTpoguPamtiong [63].
Muw dAAn epoapuoyn PBpioketor 6to eKAEKTIKO Kot gvaicOnto ProosOnmipa g
VIOTOUIVNG, OV YPNOIUOTOLEL VOVOPUAAL YPAPEVIOV KOl VAVOGOAVES GvOpaxa
TOAMATADV TOlYOUATOV o€ 1ovTiko vypoé (Ionic Liquid, IL) [64].

Emnpocheta, €xel avoamtuybel évag motevolopetpikodg ProocOnmpag ywoo v
aviyvevon g yoAnotepOANng Paciouévoc oe vavoeuilo ypageviov [65] kot €yet
avaeepBel évag ProaicOntpoag yww TV aviyvevon Tov KLTOYPAOUOTOS € TOV
ypnoporomOnke niextpdolo yrtoldvng (Chitosan, CS)/ypapeviov pe dueco pvOuo
LETOPOPAS NAEKTPOVI®V HETAED TOV NAEKTPOSIOV Kot ToL NAekTpoAvTn [66]. [Tépa and
avtd Opmg €xel epguvnbet kot n nAektpoynuikn o&eidmwomn tov NADH pe ovdétepo
ddivpa [67].

2mv kKhMvikn 01dyveor omovdoio poAo Exel 1 KaAn evoucOncio Kot eKAEKTIKOTNTO.
Eniong n anodkpion tov ProaicOnmpa npémet va etvar ypiyopn. Téhog ot froocOntipeg
avtol mPEMEL v EYOVV YOUNAO KOGTOG. XyeTKO TPOcPOTES HeAéTeg £de1Eav OTL O
oLVOLOGUOG TOV Ypaeviov pe sSDNA pmopel va ypnoyoron el yio Tov Tpocdtopiopo
Bropopiov [68-70] ko e1d1kdTEP TOEIKOV HOPI®V.

Ot onuovtikotepeg eQOPUOYES TOL  YpuvcoL Ppiokovior ot YprHon TV
vovooouatdiov tov ¥pvucod (Au-Nps), Tov dnuiovpyodv GLUTAYY VOVOGOUTAOKOL
(nanoclusters). Ta. AU-NpPS &xovv oNUOVTIKES OTTIKES KOl NAEKTPIKES WO10TNTEG EVOD
napovctdlovy potootafepotnto Ko ynuikn otabepdtra. Emiong mapovsialovv
@Bopilovceg 1010t TEG dpa Y0V EPAPLOYES KOl OE TEXVIKEG POOPIGLLOD.

To Au-Nps éyovv ypnoyonombei poli pe oAryovovkAeotidwn [71], avticodpata
[72] xau mpwteiveg [73]. H mpocappootikdttd toug £xel d0GEL TOADTIA DAKG o8
dupopes Protatpikés epapuoyéc. Adym tov peYEAOL TOLG gUPadOy UTOPOLV Vo
EMTPEYOVY TNV E0AYOYN QOPUAK®V Kol GAAOV LMKOV OTNV EMQAVELL TOVG
TPOKEEVOD VO, ypnotporoinboiv o Bepangvtikong okomods [74].

O ovvtovicpdc emoovelokdv miocpoviov  (SPR) kot m wavotto
e€ovoetépmaong tov PBopioov givat ot Bacikég uoikég 1010t TEG TV Au-NpS, evd ta
oc@apikd Au-Nps gpeoavifovv por celpd omd YpOUATO HETAED TOL KOOTOVOD, TOV
TOPTOKOAL, TOL KOKKIVOL KOl TOL TopeLPO o€ voatikd dtodvpata. To péyebog tov
mopnva Tovg eivar omd 1 £mg 100 nm kan 1 oxeTikd péyiotn amoppdenon ivor omd 500
é¢og 550 nm [75]. Avtq n Covn amoppoéenone ocvvibwe amovcldlel ota piKpa
VOVOO®UOTIONL.

Emmpdcbeta, o Au-Nps €xovv v kavomto o¢ OEKTEG NAEKTPOVI®OV Vo
amooPévouv Tig eBopilovoeg 1310 TES TOVG TV LTOPAALOVTOL GTY| JlAOIKAGIO TNG
o0TodEYEpONS petapopds niektpoviov (PET) [76]. H PET amelevbepmvel tov
YPLGO VPNV TOL UTOPEL Vo yPNCLOTOMOEl 6TV KOTAGKELT £vOC ProaicOnthpa.
Awgpopeg péBodot £xovv ypnotpomombel amd Tovg epevvnTég Yo va cuvBécovy Au-
Nps. Zovn0wg avto yivetor gite o€ VOATIKA 1 6€ OpYOVIKAE SloADLOTA.
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Yympo 3.3:T'evikn ameicovion evog vavoosmpatidiov tov ypvcov (Au-Nps)

210 TOPOKATEO VTOKEPAANLD TAPOLGLALOVTOL EOIKOTEPES EPUPUOYES TMV
BlroawsOnmpav gite pe untpa ypoaeeviov 1 pe ypnon Au-Nps aArd kot pe xprion omAng
YPLOTG EMLPAVELXG.

3.2.1/EAeyxoc yAukolng

IMa tpd™ Popd 0 Ereyyog YAvKOING ne ProosOnmpeg epappooctnke to 2009
pe  ypNom  YPOEEVIOL  TPOTOMOMUEVOL  HE  TOAVPVLAOTLPPOAOOVY) OV
xpnooromOnke og voatkd dtodvpata [ 77]. H teyvikn kotackevng mepteAapupave tnv
akwntonoinon g ProovuPatig ofewddong g yAvkolng oto ypagévio. O
TPOTEWVOUEVOG ProatsOntipag £6e1Ee KAAT YPAUUIKT OTOKPLOT GE SUVOULKO gVpog (2-
14 mM) ko koA avoropay@yudtta Kot otodepoTnTa.

To 2010 oyeddomnke £évag ProosOnmpag yivkolng ompilopevog o€
vavoeuiha ypoeeviov [78], mov cuvvdédnkav opotomolkd pe v ofewddon g
yAvkolng. H opotomoikn dopn ypa@pévio-oEeddon g YAVKOING Aeltovpynce otnyv
VOAMIN EMPAVELD TOV NAEKTPOdioL Tov AvOpaka. To VOADIEC NAekTpHOI0 AvOpaKka
TpoTOTOMONKE UE TOPMON TOALTVPPOAIO KO TO CLOTNUA €lxe Oplo aviyvevong
(LOD=3 uM). *

Tnv B ypovid mapovcidotnke po véo HEBOdO Yo TV KATOOKELY] €VOG
BroaicOnmpa yAvkO{NG SOUECH LG NAEKTPOKATAAVTIKNG OVOY®YNG TOL 0ELYOVOL
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070 NAEKTPOS10 TG 0EEBAGN G TNG YAVKOING Le Ypaévio [79]. e avti v epyocia o
Suvapkd gvpog (0,1-10 mM) siyape svonsdnoio 110 pA mM™ cm pe 6pro aviyvevonc
(LOD=12 uM).

To 2011 xotackevdonke évog ohvOetog PloaicOnmpag amotehovpevos and
YPOPEVIO Kot Bg100)0 KAdo Yo aktvntomoinon g o&eddong g yAvkoling [80]. O
PLOUOC PETAPOPAC TV MAeKTpOVioV yio TV ofgidworn g yAvkolne frav 5,9 s1.0
BroaicOnmpag eixe €va duvapukd gvpog (2-16 mM) ko 6pro aviyvevong (LOD=0,7
MM), pe apeAntéo andkpion e cuVNOIGUEVES TaPEUTOSIL0VGES OVGIES.

To 1010 éto¢ avamtHydnke Evoc ProotsOntipag ypageviov pe axvnTomotuéva
vovooopatidlo Tolhadiov/xtolavng yio tnv aviyvevon g yAvkolng [81] o duvapkd
g0pog (1 uM-1 mM) ko 6pro aviyvevong (LOD=0,2 uM) pe gvarcbnoia 31,2 pA mM”
L em yio ) yAokodn ko yopnh otafepd kopeopod (Michaelis-Menten) g taéemg
tov 1,2 mM. Tavtdypova £vog KavoTopog Brootsntipag pe voavosuvieTo aviyIévo
o&eido tov ypageviov (GO) pe SWETOAMKA VOVOCOUOTIOW XPUGOD Kol TOAAASIOV
(1:1) ko pe amovsion TOL AVUYOYIKOD TOPAYOVTO KOTACKEVAGTNKE [82] pe pio KaAn
Brocvpupatoma, évav PeATiopEVo puOUOG HETAPOPAG NAEKTPOVIOV KOl Lo LEYOAN
NAEKTPOEVEPYN TTEPLOYT] EMLPAVELNG, KOODS Kot YN evaicOncio Ko otabfepotnTa Yo
™V avaymyn Tov 0&uyovov. Avtog o ProatcOnmpag gixe 0pro aviyvevong (LOD=6,9
uM) ko svousdnoia 266,6 pA mM* cm2,

To 2012 avantdybnke é€vag ProaicOnmpag yYALkOING YPNOUYLOTOIDOVTAS
vpapévio [83] pe ocvvovaoud tov BeTikd POPTIGUEVOL 1OVTIKOL VYPOL Kol TNg
o&ewdaong mm¢ yAukolng vo mopéyel 10 KOTAAANAO KpOoTEPIPAAAOV £€TGL DOTE M
o&edaon g yAvkolng va dwutnpet t ProdpactikdTTa TNG Y10 LoKPOXpOVIK TEP0do.
O mpotewdpevog ProosOntnpag eiye vpv dvvopkd 0pog kot evarsOncia 5,59 pA/
0€KAO0 CLYKEVIPMOEWV.

To 2014 o Xue ka1 01 GLVEPYATEG TOL KATACKEDACAV £VOL TPLUEPES VOVOSLVOETO
amd dieomoppuéva Au-Nps og empavela Tov RGO pe ™ ypnon nolvmoppoing (Ppy)
OV TOPOVGIOLE CNUAVTIKEG NAEKTPOKATOAVTIKES 1O10TNTES Ko LEYAAO duvotkd €0pog
KOTA TV aviyvevon g YAvkolng [84].

To 2015 katackevdotnke £vog froaicOntpag yAvkoling pe evamobeon Au-Nps
pe Tpomomoinot and £va OpoloYEVEG Py TOALBIVOAOTLPPOMIGVIG-TOAVAVIAMIVIG GE
vaA®oN niextpodia yorikol (GCE). H o&eddon g yAvkolng (GOx) akivnromoOnie
eni Tov mapackevacHiviov vavoouvletwv ypnoyonoiwvtag Nafion wg otpdua
emkaioyng [85].

Tnv O ypovid xoatackevdomnke ProacOnmpog pe otabepomompuéva
BromoAvpepn mrtivng Kot Au-Nps o€ vavocoAnves avOpako Le YPOQEVIO Yoo TNV
aviyvevon g yAukolng. To évlopo g o&eddong tng yAvkolng (GOX) oe avti v
nepintwon okwnromomnke pe emtoyio oe @A mov mepieiyav Au-Nps kot
napatnprOnke queon petapopd niektpoviov [86]. O Sabury kot ot cuvepydteg Tov TO
1010 €10¢ TpoOTEWVAY £vay VEO BloocOnTipa Yo TOV TPOGIOPIGUO THG CLYKEVTIPMONG
™G YAukOLNG pe xprion Au-Nps [87].

H pelétn tov He tov 2016 mepieiye po epappoyn pe akwvnromoinon in situ (emi
t6mov) Twv AU-NpPS e onuavTiky evioyvorn o1t HETAPOoPA NAEKTPOVIMY Tov evidpov
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™m¢ o&eddong g yAwkolng (Gox) [88]. Tnv idwa ypovid dnuiovpyndnke £vag
BlootsOnpag, 6mov cvviébnke vavocmuatiolo oaldtov Tpomomomuévo pe (Au-
NPs/NG), ywo tqv aviyvevorn g yAvkolng kot e viomouivng [89]. Xe epyacio tov
0100 €10Vg KataokevAoTNKE £vag ProatcOntipag Yoo TV aviyvevon g YALkOIng
YPNOUOTOIDVTOS TOAVUEPT TNG OVIAIVIG Kol NG apivig, Omov Ttpomomombnke 1
EMPAVELD TOVG pE PEPKATTOUOOVOGOVAPOVIKO 0&D Kot e Au-Nps [90].

Other | Glucoseoxidase (GOD)
er large
substance m
i ' L L
4
-
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@) ‘\(/— - ‘ e e
C\‘.) Oxidation (X
O

g S \ Pt Anode
. h o > '
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Tl [ | x|
) " )

06 / R -—
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(2] L] L
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Yympoa 3.4: Tomkn aneikdvion ProaicOntpa yio v aviyvevon yYAvKoIng

To 2016 Eexivnoav ot £pevveg yia TV Kotackevn BroaicOntpmv tpitng yeviag
pe ovvheto moAvpepég amd ypoapévio kou Au-Nps, émov yiveton axwnromoinon g
0&g1daomng ¢ yAukoing amd v epguvnTikn opuddo tov Rafighi [91].

To 2017 o Gao kot ot cvvepydteg tov [92] ypnowomomcav ta Au-NPs cg
GLUVOLOCUO LE VOVOSOUOTIOW GAOLUIVIOL Yio v SNUIOVPYNGOLV L0 TAOGLOVIKNY
TAATEOPLO. XPOUOTOUETPIKNG aviyvevong g yAvkolng. Ta Au-NPs evipynoav
Bropuntikd wg mpog to Evivpo g o&eddong g yAvkoing (GOD), mpokeyévon va
napayBel vrepoleidlo Tov VOPOYOVOL, TOL TOL VOVOGOUATIOW TOL OAOVUIVIOV
SAVOVTAY GE QVTO LE OMOTELEGHA AALAYEG GTO YPAOUO TOV dtaAVpaTOG .Mia vEa Kot
amod0TIKY| HEB0S0G BroavOEKTIKNG EMPAVEINKNG VAVO-KATOGKEVTG LLE YPNOT VOVOTVDV
gykolmouévov e Au-Nps tpotddnke amd tov Sapountzi kat Tovg cuvepydteg tov [93]
70 1010 £10C. Xe TNV TNV gpyacio TepLypapeTal 1 amevdeiog LETAPOPA NAEKTPOVIDY
OTNV EMPAVELN TOV VOVOTVAOV Le KOAN gvonsOncia, Suvaptkd e0pog Kot EKAEKTIKOTNTAL.

Emiong 10 1010 €10¢ mMpotdOnke N kotackevn €vog ProoasOntipa pe Au-Nps
EYKOATTOUEVO GE VOVOPLUAAL LOALPOEVIOV YPNOLUOTOLOVTOS £va omAd, OV Kot
VYN Taéng dwodidotato Procvotnua, TOo omoio MTav eEapeTikd  gvaicOnto,
eklextid kot otafepd [94]. Tavtdypova EpELVNTES YPNOLUOTOINGOV TPOTOTOUEVO
BroawsOnmpa ypageviov pe o&elddon g yAvkolng kot yrrolavn [95] pe v mtocdTa
oV ev{OIoV otV em@aveta vo. sivon mepimov 1,12 x 10™° mol/ cm? kou va éxet Bpedei
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og duvvapikd gvpog (0,1- 10 mM) éva yaunio opro aviyvevong (LOD=12 uM) pe
goonsOnoio 110 =3 pA mM™* ecm™,

To ypagévio kot Ta vavoouvietd Tov Exovv ypnotpomombet yio v avantuén
kot un-eviopotikev Pooaicnmpov. O un-evlupotikodg froosntipog cuvodevetan
amod OPKETA TAEOVEKTALATO, OTTMG 1 KN ¥pnon okpPdv eviOUmV Kol amo@uyn TG
ATMOAELOG TNG OPOCTIKOTNTAG TOVG. AT ivar po vEa TPOGEYYIoT OTOV TO YPUPEVIO
Opa G mMAekTpoevePYd VLAMKO o€ oOvOeteg vovodopéc. o moapdostypo Exet
Kataokevaotel froactnmpag pe Au-Nps vynAng Tokvotntag pe ™ ypnon Beovivng
Kot 0&€1diov Tov Ypageviov, péow g yMUKNG avaywyng tov H AuCls pe kirpucod
vatplo [96]. H Berovivn evioyvel v mpospogpnon tov apvntikd eopticuévav AuCls
otV emedveln Tov 0&ediov Tov Ypapeviov, | omoia fondd oty evandbeon twv Au-
Nps. To valddeg NAekTpoOdto AvBpaxo mov Asttovpyel pe avtd Tov TpOmo £xel deilet
OMULOVTIKN NAEKTPOKATAALTIKY TAoM Yo To €viupo yopic v o&eidmon g yAvkolng
ue duvoutko gvpog (0,2-13,4 mM) kot younid 6pto aviyvevong (LOD=0,05uM).

"Evag pun-eviopatikdg froaicstnmpog yAukolng xpnoomomonke e evamodeon
UETOAMKOV VOVOSOUOTIOIOV YoAkoD e vavoeuAia ypoaeeviov [97]. Xe avtdv
wapoatnpnnke pio evioyvpévn NAEKTPOKATOAVTIKY otdKplon otn YALKOLN o€ oyéon
pe tov BroocOnmpa mov iye Eva amAd OALO Ypapeviov. Avtdg o Brooactntpag eiye
6p1o aviyvevong (LOD=0,5 uM) pe evauodnoio 500 mV.

3.2.2.EAeyxoc umepoeldiou Tou udpoyodvou

To 2010 xatackevdonke évag ProaicOnmpag pe cvvietn dour MnO2/o&ewdiov
TOL YPAPEVIOL YloL TNV oviyvevom avev evihov tov vaepo&edion tov vopoydvov [98].
To vPpWwKd avTd VAIKO £3€1Ee o LYNA NAEKTPOYNLUKY dPAGTNPLOTNTA Yo TOV
pocdoptopd tov H202. O pn-gvlopatikog Brooictntipag £0e1&e eEapetikn amddoon
pe Kpd dvvapiko Hpog Kot VYNAN valcOncia pe Yaunid 6pto aviyvevong Kot Leyoan
duapkewn Lomg. H anddoon avtod tov ProocOnmpa opeiletar 6tn pHeydAn enupdvelo
1OV 0&EE1310V TOL Ypapeviov 6oL propel va evamoteBodv vavosmpatidt MnOx.

To 2011 éywve pia S10QOPETIKN TPOGEYYIoN pe €vav ProaicOnmpa mov
Topackevdotnke otpopa mpog otpoua (layer-by-layer) péoo ocvvdvacpévov
APVNTIKA QOPTICUEVAOV VOVOSOUATIOIMV 0£€1310V TOL G101 POV Kot BETIKE POPTICUEVOL
TOAYA®PLovYoL dtodlvrodipebviappmviov dapéon niektpootatikng Aéng [99]. H
YPNON TOV YPOEeViov pe Eva moAVUEPES (TTOAVYA®PLODYO StoAAvAodiuebviapupdvio)
evioyvoe onuavtikd v amddoon tov ProoasOnmpa eEantiog e oxéong Tov epfadov
HE TNV em@Aveln Kol NG KOANG MAEKTIPIKNG ay@yotntas. Adym ovtdv TV
TAEOVEKTNUATOV LANPEE oL CNUOVTIKT MAEKTPOKATAAVTIKY TAGN YloL TNV aviyvevon
tov H202 pe peydro dvvapkd gopog (20 uM-6,25 mM) kot younid opilo aviyvevong
(LOD=2,5 uM).

To 2012 kataokevdotnke €vag avev eviopov ProocOntmpag pe ypnon
oVUVOETOV PIAL VOVOCLGCOUATOUATOV TOAVVOVKAEOTIOIOL OV evamoTédnKe oe Eval
e Ag/ypogeviov yia v aviyvevon tov H202 [100]. To @ulp avtd ypnoipomodnke
AMOY® TOV TOAMGOV EAKVOTIKOV 1O10THT®OV TOL, OT®MG 1 KOAN Oy®YLOTNTO KOl 1)
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BrocvuPatdomra KaTd TV avay®yn Tov VOPOYOVOL GTNV OKIVNTOTOINoMN Tov ViDL
ent ¢ emedvelag tov ypoeeviov. Emiong oe avtd to @uip vaipéov eAdyloteg
TapeUTodicelg and dAleg ovoieg mépa tov H202. 'Etot 0 froatsOntpag avtdg oe pikpod
duvoutko gvpog (15 mMM-23 mM) giye koA EKAEKTIKOTNTO KOl ETAVOANTTIKOTNTO

To 2013 avaeépbnke Evag ProacOntpoc H202 mov £yve yprion vavosvuvhetov
Nafion / amoAemicpévon o&gdiov tov ypageviov / CO304 og niektpddio GC [101]. O
BoaeOnmpag avtdg £0eiée otabepd ofeoovaymykd onua otav eréyynke oe
OAKOAKG Kot 0VOETEPA SLOAV AT e Eva YounAd opto aviyvevong (LOD= 0,3 umol I
1 xon svansOnoio 560 pA mmol™ cm.

To 2015 mpwtogppaviotnkov ot ProoucOntipeg pe ypnon Au-Nps kot
dumentdiov g dparvvraravivig (FF) mpokeyévouv va tpororomBel xatdAinia n
emodaven. ywoo vo axwvnrornombel oe HRP mpokeyévov va katookevaotel €vog
AUTEPOUETPIKOG ProasOntipog Yo tnv aviyvevon tov H202 [102].

To 2016 pia perétn tov Boujakhrout kat twv cvuvepyatdv tov [103] £dwoe pua
tétolo tpomonoinon oo AU-NpS, Tov €ytve pe 4-pepKantomupidtvn Kot 6-pépkomnto-1-
e€avoln, dote vo Kotaokevaotel €vag vEog aumepopetpikdg ProaicOntipog pe
VPpdd vavocivleta piypoto (Ag: 4,40-5utvpidivg), mov ypnoipomomdnkay ya vo
TPOTOTONGOVV T NAEKTPOSLO TOV VoA®SoVg dvBpaxa (GCE) dote va aviyvedouv to
H20: ¢ mikopoplakég mocotnteg [103].

To 2017 o Zhang xot ot Guvepydteg ToL ava@épov &vav pn evOLUOTIKO
BroawsOnmpa pe niextpoevandBeon Au-Nps oe mopddn niextpddio GaN yo v
aviyvevon tov vrepoiediov tov vopoydvov (H202). To mopddeg avtd nAiektpddio
eMESEIEE 0L KAAT NAEKTPOKATOAVTIKTY OPOCTIKOTNTA Yo TN U eVELUATIKY| aviyvevon
10V H202 pe avénpévn evarodnoio [104]. Evog omtikdg ypopopetpikog froaicbntpog
npotadnke amd tov Rivero kat tovg cuvepydteg Tov [105] o id10 ét0g, 6OV YO0 TOV
OYEGUO TOL Ypnoporomnkayv 1060 vavocsouotido Xpvcod (Au-NPs) 6co kot
vavooouatiole apyvpov (Ag-NPs). To amotéleocpo oe avtr| Vv mepintmon £0eée
ueydAn amddoom, Ko evacOnoia kot eKAEKTIKOTNTO 6TV aviyvevon tov H2O2 [105].
Tnv 010 emoyn avortoyOnke Evag evypnotog ProatsOntipag e ™ ovvOeon vPpdimv
10V SnSy/ ypvomv vavocwpatidiov (SnS2/Au-NPS) yia v aviyvevon tov H202 [106].
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Yymqpae 3.5: Tomikn areioévion ProotsOntipa yio v aviyvevon tov veepoleldiov Tov
vdpoyovov (H202)

3.2.3/EAeyxog vromnauivng

To 2010 avantiybnke évag ProaicOnmpog vavocopatdiov Pt/IL/ ypageviov
Y10l TOV TAVTOHYPOVO TPOGIOPIGHE TOL ackopPikov 0&Eog kat g vromapivng [107]. Ot
V0 KOpLEEG 0EEIdMONG S1EPEPAY CTUAVTIKA, (PO UTOPOVGE VO Yivel d1dKpion LETOED
Tov ackopPikov o&€og kot TG vromopivig. Q¢ ek ToLTOL TapaTNPHONKAY TPELS
KOPLEPEG EVOLAKPLTEG G AVOPOTIVO dEly Lo 0Vp®V TO 0Toio TePLeiye aoKopPikd 0&D Kot
vromopivn. Avtol ot frooacOntpeg giyav a&ldmoTo avtdvopo xpovo {oNG Kot KoAN
EMOVOANTTIKOTNTOL

To 2013 wo gpguvntiky] opddo avémtuée évav ProoucOntipo mov &deiée
eEapeTikn dpaocTikdTTA Yo TNV 0EEIdo TG viomapivig [64]. O BroacsOntipag eiye
KaAd dvvauikd gvpog (0,03 mM-3,82 mM) kot yauniod opro aviyvevong (LOD=1,20
NM) eved gpedviCe pa eEAPETIKN KATAAVTIKY 0pdon, evosOnoia, eravainmrikdtnTa
KOl EKAEKTIKOTNTO, .

To 2015 mapovoidotnke Evag ProotcOnthipac pe ypron Au-NPs [108] ya tnv
aviyvevon g vromapivng pe duvopkod e0pog (0.49 -23.0 umol/ L) ko dp1o aviyvevong
(LOD=0.26 umol/L). O Broarcbntipag mov avartoybnke @aivetal oto oyfua 3.5.
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Yyqpa 3.6: Tomikn anewodvion PoaicOnmpa v v aviyvevon g Ntomopivng
[avamtoyOnke ot avapopd [108]]

3.2.4EAeyX0G XOANOTEPOANG

H yoAnotepon eivan kdtt mov PpickeTor 1060 GTOVE AVOPOTIVOLG OPYAVIGHOVS
000 ko1 oto (wwo Paciiero. Eivar éva amd ta xvpidtepa GLOTATIKE TOAADV
BlravaAivtov, Kabdc Kot Tov ¥oAMKoL 0EE0G KOl TOV GTEPOEW®V TV oppovav. To
av&avopevo eminedo g YOANSTEPOANG 6TO avBpdmvo copa givor vtevhuvo yio Tig
acBévele, TG kopdlokég mobNoelg, TNV eykepolky OpopPoon kot v
afnpookAnpmaon, omoTe 1 akpPNg LETPNON TNG XOANGTEPOANG glvan amapaitnTn Yo
™V wTpikn yvoudtevon [109].

‘Etor to 2010 «otackevdotnke £€vag  evoicOntog  apmepopETPIKOC
BloasOntpag ypageviov pe ypnon vPpowod vAKoH Baciopévov 6to GUVOETO TV
vavooopotdiov Pt [110], 6nov £ywve akivntonoinon g 0&E0AoNG KO THG E0TEPACNG
™G XOANOTEPOANG pe YoUNAO Opto aviyvevong (LOD=0,2 uM) kot vynAn evaicncio
(2,07£0.1 pA /uM cm?), Tov opeileTon 6T SLOSPACTIKN PVGT] TOV YPAPEVIOV KoL TMV
vavosouoTdiov tov Pt.

H o&e1ddaon g yoinotepdAng mov akivntomomOnkKe e VavOeLALL YPapEVIOL
e Quotkn uéBodo mpospodenone oe epyacio mov £ywve to 2011 mapovoiace koA
EMAVOANTTIKOTNTO KOl gvotodnoia ce peydAo dvvopkd evpog (1uM-1mM) [65] pe
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Ypyopo ypdévo amdkpiong 4 s kot koA eravoinmrikomta. O Broosbnmipag avtog
angikoviletar oto oynua 3.7

Cholesterol 4%-3-ketosteroid A%-3-ketosteroid
isomerization

Yyqpe 3.7: Tomikn oanekdvion ProotsOntipa yio v aviyvevon g XoAnotepoing
[avomtOyOnke oy avapopd [65]]

3.2.5/EAeyX0C KUTOXPWHATOC C

To 2008 mapamnpnfnke o6tL yuoo va veap&el pon niextpoviov peta&d TOL
Kutoypopatog C kot g EMEAVELNG TOL Ypageviov ypeldletal va yivel n Tpomoroino
oe UM dvBpaxa [111] pe GO. 'Etor 1o 2010 £€yve ekt M Kotaokev €vOg
BroaicOnmpa (Zynua 3.8) 60V KOTACKELAGTNKE TPMTO. e EVATODEST) TOV UiYHOTOG
yrtoldvng (Chitosan)/ypagpeviov Kot 6T cuvéyela Tov kKutoxpdpotoc C pe otabepd
pong niektpoviov 1,95 s [110]

GO Chitosan 1212 1™ " \\{ ‘T \';
~ h%wb Bz % Glutaraldehvde
—— _—
Preparation of
Bare ITO GO-CHI fims GLU/GO-CHUITO Electrode

%é ; mg 3/3 :

>

dsDNA/GO-CHI/ITO ssDNA/GO-CHI/ITO

Electrochemical Signal Bioelectrode Bioelectrode
Yyqpae 3.8: Tomkn aneikdvion ProoarcOntpa yio v aviyvevon tov Kutoypopatog C
[avamToyOnke oty avapopd [110]]
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3.2.6.EAeyxog Nikotwvapibo-adevivo-divoukAeotidiouv (NADH)

To 2001 kataokevdotnKe 0 TPOTOG ProocOnTpog ypapeviov pe o&eldmon
t0v NADH oc¢ gmpdveio avOpakikod ypageviov (GC) oe ovdétepo didAvua pe apyod
puOud petagopds niektpoviov [67]. To NADH Bewpeiton évo anapaitnto cvvéviupo
mov eumAEKeTAl o€ pEYAAO aplBud eviopatikov avtopdoewv pe Paon v
a@uopoyovacn (dniadn, tave ond 300) [112]. H niektpokatodvtikn 0&eidmon Tov
NADH éyet pehetnfel g pépog evog MEPAUOTOC KOTE TNV KOTUGKEVT OVOAVTIKOV
Bloocvokevmv apudpoyovdons. 'Etor avamtoybnke évoag ProosOntipog NADH
YPNOWLOTOIOVTAG  NAEKTPOOTOTIKO — AEITOVPYIKO  YPOPEVIO  HE  VOATOOHAVTO
niextpoevepyd mpdoivo tov pebvieviov (Methylene Green, MG) [112].

0 Q0 Q)
13

NH NH, NH, NH; NH; NH,

!E><>¢

S=CHy—CH;~2
&
OO
#—CHy

4 CHy~CHy—
- — CHy—( u,

s::, Q

Yypoe 3.9: Tomkn omewoévion PootcOnmpa yuoo v avixvevon tov NADH
[avarToyOnke otV avaeopd [67]]

H apmepopetpikn pétpnon yu avtd to nAektpdoto €0e1ée 0Tl 6€ £val GYETIKA
wkpo  dvvapukd vpog (0,25-2mM) vapye pia péytotn evaicincio e taEeme Tov
37,43 pA mM?* cm?,

3.2.7EAeyxoc DNA

Elvar e&opeticd moAOTIHO v €(0VE GLOKEVEG Ol omoleg eivar gvaicOntec,
EKAEKTIKEG, YPNYOPES KOl OONVEG Yoo TV aviyvevon Propopiov kot yio TV KAWVIKNY
dwryvoon. ‘Etor o ovvdvaoudg tov ypopeviov kot tov ssDNA  pmopel va
ypnoonomOel yia tov mpocdiopiopd Propopiov. Ot (G, A, Evog, kar C) Baoeig sivor
aviyveDGIUEG NAEKTPOYNUIKE Kot Yio TNV avantuén tov ProaicOntipov DNA [68-70].

Mw pébodo mov ypnowomombnke to 2011 Mrav 1n  evoopdtoon
VOVOSMUOTIOIMV TOL apydpov 6e pUALN 0&ediov Tov Ypapeviov (GO) mov evicyvav to
ofua Yo tov kabopiopd tov Baktmpiov [113], v ypiyopn avdAvon Tov TpoTeEivedV
kot Tov DNA. T'w avtd 10 AOyo pie GAAN gpeuvnTiky] opdda kotackedooe €va
BroaicOnmpa ypaeeviov pe cuvovaopo pe aviyvedotpov ssDNA yio tov eKAeKTIKO Kot
gvaicnto mpocdioptopd S10eopwv avarvtdv [114]. Exiong po GAAn oudda avépepe
évav ProacOntmipa DNA pe evamobeon Prussian Blue (PB) oe po mhota dvOpoka
[115]. & avti Vv mepintoon TapatnpnOnke 6t 1 6vlevén Tov niektpodiov PB ue 1o
ypoeévio avéave to pedpa €E60ov, omiadn to onua. Emiong avaepépOnke évog
eKAEKTIKOG, evaioONTOg, OmMAGG Kot akpIPNG oy®YIHOUETPIKOS 0vOCOUGONTPAG TOV
ompiletar 6€ YpaPéVio Yo TOV TPOGdlopiopd Twv Bardociwv maboyovev Sulfate
Reducing Bacteria (axtipia mov avéyovv 1o Ogio) [116].
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To 2014 po epevvnTiky| opdoo EQTIOEE Evav amtooncOnN TP TPOTOTOUEVO LE
GO «xat RGO «xor DNA ontopepés TPOKEWWEVOL VO OVIXVEDCOLV  GTOLG
LKPOOPYOVIOUOVG TOV  oTa@LAOKOKKo [117] pe moAd vynAn ekAektikoOTnTo?
Tavtdypova epevpénke évag ProoasOntipog yio v aviyvevon tov yovidiov K-ras,
o6mov ypnoworomdnke po ovlevén peta& Au-Nps ko HRP yia tv evioyvon tov
onuatog. O PoocOnmpag ovtdg epoppdéoke o€ €va UIKPO  HOVOKA®MVO
OAYOVOUKAEOTIOKO HoVTELD Kat o€ €va dikhmvo yovidiakd DNA kot émeita amd v
dlepedivnon NG avAKTNGNG TOV G OEIYIOL 0POV VINPYE 1 SLVATOTNTO TOLOTIKNG KoL
TOGOTIKNG aviyvevLong Tov yovidiov K-ras atov kapkivo tov maykpéartog [118].

To 2015 n epevvnuiky opddo tov Sattaramady oavokdilvye Evav
vavoBroatcOntpa DNA Boaocicpévo ce Au-Nps/oiryovoukAeotidlo yloo TV OTTIKN
aviyvevon g Brucella spp. Ta Au-Nps evepyonoincav £va €101k 0AYOVOUKAEOTIOIKO
aviyveutn amd v epoyn tov yovidiov IS711 [119]. Tavtdypova avaeipbnke vag
BroaicOnmpag DNA mov ta Au-Nps tportornomOnkav pe tpaviictop ypagpeviov (FET)
v e&opetikd gvaicnm, emlextikn kot yopic deiktn (label- free) aviyvevon tov
miRNA [120].

X Avidin-HRP

Yt Biotin

KRR -

—_—
i ' g Target DNA
i 3 3¢
H0 v —
. Tt o BSA
. 4
/ o'\ Au-NPs
4
o ®  PEG20000
«

Yyqua 3.10: Tvmikn amekovion Prooodntipa yio thv aviyvevorn DNA [avamrtoydnke
oV avagopd [118]]

O wang kot ot cuvepydTeg Tov TV 110 Ypovid TpdTeEWVayY Evay Proosntnpa
DNA pe advodwt avtidpaon vpdomoinong (HCR), mov mpoxindnke and éva otdy0
v v aviyvevon DNA vyning niextpoynuikng ynuikng ootavyeag (ECL). O
a1 TPOg AVTOHC KATAGKEVACTNKE OKIVITOTOIOVTOG Evav aviyveutn déopevong (CP)
o€ YPVod NAEKTPOSI0 PES® evOg deapon Au-S [121].

To 2016 oyeddonke évag vrepevaicOnToc NAeKTpOYNUIKOS BroatcOntipoag
DNA Boaociopévog 6t cuvapuordynor mold aydyiumv Au-Nps ce eledBepo ydpo tov
aviyveut] DNA. O BrooacOntpog avtodg en€del&e 1o vpn IKOVOTNTA EKAEKTIKOTNTOG,

29

—
| —



avayévvnong kat vppidonoinong [122]. Avtdc sivor évag eEicov evaicOnrog
BroatsOnmpag DNA mov avortoyOnke amd tov Hajihosseini kot tovg cuvepydteg Tov
10 1010 £10¢ pe ypnom tov Au-Nps yio v aviyvevon tov eMkofakTnplov T TuPPOANG
YPNOUOTOIDVTOS S10pOoptkT] TaApk BoAtapetpio (DPV). Ze avt) ) mepintoon €va
novoxiwvo DNA akivnronomOnke oe GO/Au-Nps/GCE pe kodn exiextikotnto, [123].

To 1810 £10G 1 epevvNTIKY opado tov McVey [124] mpdtetve pio mpmTOTOPLOK
TPOGEYYLON YO TNV GLOCOUATMOOT TOV TAAcHoViov ota Au-Nps pe evéovovkiedon
ywo. v aviyvevon evog Paktnprokod DNA ywpig deiktn (label-free). Xe avty v
nepintwon o Au-Nps, Tov Agttovpyovcav oynudticoy etepodimokés dopuég DNA-
RNA péom €181ko0 vPpidiopon [124]. To id10 £t0¢ emionc KOTOOKEVAGTNKE EMTUYMC
évag ProacOnmpag DNA ond tov Mohammed kot tovg ocuvvepydteg tov [125]
ovvevavovtog to. AU-Nps pe Beppikd o&edmpévo Aentd euip SiO: .

M AN péBodoc mpotdbnke to 1010 £T0G GO TNV EPELVNTIKY OUASO TOL
Sattaramady, Baci{opevn oe tpomonoinon Au-Nps pe e1d1kd aviyveutn Hovig oAvcidog
DNA yia v aviyvevon Leishmania [126]. Eniong npotdfnke évog yopic Eviopo
eEapetikd gvaicOntog SPR ProaicOnmpag yio v aviyvevon tov miRNA ond tov
Wang kat Toug cvvepydteg tov [127].

O Esmaeili kot o1 cuvepydreg tov 1o 2017 [128] ypnopomomoay ta Au-NPS
0E GUVOLUGUO LLE TNV TOALTLPPOAN GTNV KOTACKELN €vOg ProacOntipa yo v
aviyvevon tov DNA. O ProoucsOntpog avtdg epapudotnke oy tavounon tov
yopuwv  Arowana. Tnv 10w ypovid évag vrepevaicOntog miekTpoymukds
BroaicOnmpag tOmov cdvtovitg avamtdiynke yoo v oviyvevon tov microRNA
(miRNA) pe Baon ta vBpida Tov o&ewdiov Tov payvnoiov (MgO) kot ta vpidia Tov
o&ediov tov ypapeviov-Au-Nps Tov cuvdovtol e To OGO TG Proaviyvevong pe
Ho KoAN ekdektikodTnTa Kot Eva yaunAd o6pio aviyvevong [129].

3.2.8/EAeyx0G BapEwv HETAA WY

O Peng kot ot cuvepydteg tov avakoidyav 1o 2014 évav ProaicOntipa yio
aviyvevon Tov Pb?, mov Baciletar og TVMKS sK0GAESPIKO aKktvromomuévo Au-NPs
kot o€ k0kho (RCA) [130]. To 2015 O yang kot 1 EpELVNTIKN TOV OUAdO TPOTELVOV
évav PoacOnmpa Paciouévo oe miektpoynuikdé DNA, mov amoteAeiton omd
moAvavikivn kot Au-Nps ywo v aviyvevon tng ovykévipoon tov Ag' pe Koln
eKAEKTIKOTNTA Kot ETovoAnyipotnTo [131].

To 2015 eniong mapovoidotnke &vog BrooicOntipag yio Ty aviyvevon tov Ag™,
mov Paciomke oe vPpowcpuévo DNA  ypnopomoiwvtog mpdcwvo obdio (EG)
EYKOATI®OUEVO TNV eMPAveELD VoG nAektpodiov avBpaka (CPE) pe akivnromomuéva
Au-Nps. Avtog o ProaicOntpag Topovcioce KOAN EKAEKTIKOTNTO LETAED TOV 1OVI®MV
Ag' 1o TV aviyveuon Tapovsio apKETOYV HETOAMKOV 10vVToV 6mmg Tov Pb2*, Cu?,
Ca?", Zn?*, Fe?* xon tov Hg?" [132]
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Yyqpae 3.11: Tomn ansikdvion ProoacsOntipa yio v aviyvevon Poapéov petdAiov
[avomtOyOnke oy avapopd [131]]

O Taghdisi ka1 ot cvvepydteg tov 10 2015 avémtvéav €vov eKAeKTIKO,
£V0{GONTO Ko YPOUOUETPLKS ProarsOnTipa Yo TV avixvevon Tov Pb*2, mov Paciletar
oe moAvatbviaviiv pe eykolrmopéva Au-Nps [133]. Avtdg o ProocHntipag eiye
VYNAN eKAekTIKOTNTO Kot yapnAd opo avixvevong (LOD) [133]. To idwo £tog
TPOoTEIVETOL QVTOC 0 VAioONTOC, EKAEKTIKOC Ko pOOpOoUETPIKOC BroonsOnthpag yio Tnv
aviyvevon tov Hg?* 6g vdatvo didlvpa ypnopomotdvtog Ostodn, DNA kar Au-Nps
O6mov Aettovpyovv pe peTapopd evépysiag @Bopiopod (FRET) peta&d tov 86t
(fluorescein, FAM) kot tov déktn (Au-Nps) [134].

To 2016 avantiybnke évog ProoasOntmpog pe dtacrtopd Au-Nps e vavoiveg
dvBpaxa (Au-NPs/CNFs) pe eopetikny opactikdOtnTo Kot gvoucncio yoo v
aviyvevon W0viov Poapémv HETOA®V HECH H0G MAEKTPOCLGOOUATOONG KO LG
Bepuknc avaywyng in situ [135]. Tnv id1a gpovid o0 Wang kot ot cuvepydteg Tov [136]
avaeépay €vav gvaicnto, exiextikd Kor ovoyevviiowyo ProaicOntmpa vy tov
TPoGdIopIopd 10vTev vdpapydpov (Hg?"), mov Pacilotav o Ovuivn (T) mov
akwnromombnke oe Au-NPS/RGO vavoovvbeta. O mpotevopevog BrooisHnthpag
Bpédnke 6Tt sivan Wraitepa svaicOntoc otov Hg?* [136].
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Ke@ 4: BifAloypa@iki] avacKOMNGl] GTOV
£AEYXO0 TWV TOLLWVWV 0TO YOAQ KOL OTO
VEPO uE ProatoONTNPEC XpPLOOV KAl
YpPO@EVioOU

4.1.Elcaywyn

O 6pog to&ivn avaeépetan o KaOe ovoia mov givar dNANTNPLOING YL EVOV
opyaviopd. O 6pog cuvnbmg ypnoyLomoteitor e GTEVOTEPT £Vvola Yo VO ONAMGEL
TPMOTOV TO INANTNPLO TOL OmaVTd G€ 0ploévovg Lovtavois opyaviopovs (Protoéivn),
devtepov ta Stodvtn To&ikn ovsia mov oynuatiCetat amd Ta Paxtipla Kot Tpitov and
pa €101kN To&ivn, mov gival 6pog g putomaforoyiag Kot avaeEpeTal 6 o TOEIKN
ovcio M omoio ekkpiveTol amd £va TAPAGITO TOL P OMOKAEIGTIKA GE OAOVG TOVG
Eeviotég mov PBpickoviol oTo QUTA.

O1 Baxtnprakés Tokiveg mpoépyovtat amd tov petaforiopd tov Baktnpiov To
omoia gite Covv og €évav mpoofefAnuévo opyavicpud 1N oto TpoOQUe (WY, M
aAravtotoéivny (botulinum toxin)). Ot puvkotoiveg eivar ot T0EKEG ovcieg mOL
napayovior omd Tovg pokntes. Or to&ikol HIKPOUOKNTEG TPOKAAOVLY  HOLYAQ,
alpoppayies, veuporoyikés dratapayés ko pmopel va yivouv Bovatneodpes.

IIpdtog o IMaotép to 1880 mapatpnoe v to&ikdtnta, dnAadr v WoTTo
pog ovoiag v mpokaiel tofukd @owvopeva, optopévav mpoidovimv dmbnong ond
pkpofrakéc KoAMEPYELES, Leptka ypovia apydtepa, To 1887, o1 Pov kot I'épotv (Roux-
Yersin) pelétnoov Tig T0&IKEG KOt EUPOMACTIKES 1O1OTNTEG TOL SNONUATOC MG
KaAMEpyYELoG Pakiimv.

O to&iveg drakpivoviar 6e €vo0ToEiveg, oL glval GLOTOTIKG TOV PaKTNPLOKOD
KLTTOPOL, Ol omoieg amelevfepdvovtot KoTd T Abon kot tov Bdvato tov Paktnpiov
Kot o€ eEMTOEIvVES -ONANTHpLa, IOV EKKpivovTal amd o, Paktipia gite in Vivo 1 in Vitro.

Ou evootoiveg civar OAVTEC 010 vepO Kol Beppoctabepés, OnAadn oev
katactpépovtal otovg 100°C kot dev KaTaoTPEPOVTAL OO TNV QOPUOAT Kol YEVIKA
TaVTOTolovVTAL amd KAmolo avtiyovo. Ot gEmtoiveg elvar moAd mo Tolkéc ko
Tpoépyovtal amd Tov PaKTnPloKd HETABOMGUO Kot 1) TOpay®Y] Tovg eEaptdtal amd
Vv ovotaon Tov mEPPEALovTOc kar e avtiBeon pe Tig gvdotofiveg eivar
Beppoaotabdeic, dniadn katactpépovtar oe Oeppokpacio 60-80°C. Eniong avtifeto pe
TG €vdoToEiveg, OV TPOKOAOLV OVTIWOPACELS Omol Kot av glval To Poaktiplo
(evooto&ivikd 60K), o1 eEmToiveg eivar £101KEC Ko 1 £veom Tovg o€ £va Lo TPoKaAel
TO GUUTTAOUATO EVOC VOoOU (T.). TETAVOS, oAAavTiooT), dpbepitida.

O e€wtoiveg onhadn eivar euPoies, dpa pmopodv va gppoAilactodv
TPoodevTIKd o€ éva (Do katl Tov Tpocdidovv pia €01k avocia. Emiong pumopodv va
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avayevvnBobv amd 11 QOPUOAN HE TPOCEKTIKN TPOGHNKN TOL TOVG TPOTMOMOlEl GE
avartofives. Ot eEmtoéiveg etvatl cuVHBOC TPMTEIVIKNG PHONC.

Ymv gpyacio avt) peretnOnke n emidpacn g Paktnpraxis Toivng g
XoAépag o€ LEAAPLPO VEPO Apvng kot G pokotofivng g Agiatolivng
M1(AFM1) oto ydio. ‘Etor mopakdto yiveton po BiprAoypa@ikn avookOTnon
LEAETAOV TOL TAPEAOOVTOC GYETIKG e AVTEG TIC TOETVEC.

4.2 .H totlvn tng XoAEpag

H yoAépa (yvoot) kot o¢ Actatikr yoAépa 11 Emdnukn yoAépa) sivon Eva
voonua Tov TpokaAgitatl omd To Paxtiplo Tov Aovdkiov g xoAépag (Vibrio cholerae)
10 omoio mapdyel v to&iv ¢ Xoiépag (Cholera toxin) kot yapaxtnpiletar amod
évtovn duappola, M omoia. pmopel va mpokoiésel coPapn apuvodtwon. OeeileTon
ouvNB®G GTNV KATAVAA®MOT VEPOD, YAAIKTOG, 1| TPOP®V OV £YoVV poAvvOel eEattiog
TOV avOLYIEWVAV TPOT®V AEITOVPYIONS TOV CLGTNUATOV VIPELONG KL ATOYETEVOTG.

Xoppova pe ta otoyeia tov Iaykdopwov IMapammpnmpiov yia v Yyeia
(WHO), 10 kpovopato g yoAépag avépyovial o€ 4,3 eKOTOUUDPLO TEPUTTOCELG
voonpottag kot 142.000 Bavdtovg eTncimg moykoopimg, e YNAL T0G0GTA EVOC GTNV
Appucy ko v Ivdia. H 10&ivn avt] avaxkaidednke and tov Ivdo pukpofrordyo
Sambhu Nath De 1o 1959 [28]

H to&ivn g yorépag elvar Eva oAyopepég GOUTAOKO OTOTEAOVUEVO amd £E1
TPOTEIVIKEG VTOLOVAJES: £val avTiypapo NG vropovadag A (népog A, evlupikd) Ko
névte  aviiypoea ™G B vmopovadag (puépog B, déopevon  vmodoyéa), mOL
yopaxtnpileton ¢ ABS. H vmopovada B cvvdéeton pe tv mpoteivn O evod 1
vopovada A evepyomolel v mpwteivy O n omoio evepyomolel TV OOEVUAIKT
KukAdon. H tpodidotarn doun ¢ to&ivig TPOoodopicTKE  YPNOLLOTOLOVTOG
KpvotoAloypaeio aktivedv X and tov Zhang kot tovg cuvepydteg tov to 1995 [137]
Emua 4.1).

O mévte vropovadeg B QuyiCouv 11 kDa xon oynuatilovv évav meviapeln
daktoMo. H vmopovéoa A 1 omoia eivon 28 kDa, €yt 600 onuovtikd tunquota. To
tuqua Al (CTA1) eivon éva o@édipo @optio Tov ceaipikod evidpov tov ADP, mov
poluidver Tic mpwteiveg G, evad To tunua A2 (CTA2) oymuoartilel po ektetapnévn
dApo éhka M omola kdBetal otEVA OTOV KEVIPIKO TMOPO TOL OokTvAiov B g
vropovadag [138].

AvTi 1 dopun| €Yl TOPOUOLO TYNIOL, UNYOVIGHO Kot aAANAovyia pe TV aotadng
ot Beppomra evtepotolivn mov ekkpiveTon amd pepikd oteAéyn Tov Paktnpiov
Escherichia coli kot €161 0 tehevtaio xpovia €xel avénbel to evolapépov yo v
avamTuén Toéov Kot evaictntov pedddmv yio v aviyvevon avtg g To&iving Aoyw
™G TPMOTOPAVOVS BovaTneOpag dpdomng TG mov HaoTilel TOAAES TEPLOYEG TOL TAOVITY
[139].
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Yyqpae 4.1: Tomkn angikdvion g Tplodidototng doun g to&ivng e XoAépog pe
TG TEVTE TPOTEIVIKEG VITOUOVADES

4.3."EAeyx0C TNC TOElvNC TNG XOAEPQC OTO VEPO

H to&ivn g yorépag opa pe cuykekppévo punyaviopd [140] mov o daxtdilog
B g vrropovéoag g to&ivng deopedetan pe tig GM1 yayyAlocideg oty empavelo
TOV KLTTAp®V o1oxwv. H vropovada B pmopel emiong va decuevetan o KOTTOP TOV
dev &govv GM1. H to&ivn 101e mBavotata cuvoéetat e ToALOVS THTOVS YAVKOVAV,

omwg v Lewis Y kot Lewis X, mov cuvdéovtar pe mpoteives avti pe Amidio [141-
143].

Mog cuvdebel, oAOKANPO TO cVUTAOKO TNG To&ivng evdokvTomoteital amd To
kOttopo ko 1 CTA1 anehevBepmdveton pe T peiwon piog St6ovAPOKng yépupag. To
evodompa petaxveitoar oto copdtio Golgi, 6mov n tpwteivn Al avayvopiletat amd to
EVOOTAOCUIKO OIKTLO, TNV 1GOUEPAOT TOV OIGOVAPLIIOV TG TPMTEIVING Kol €Kel
Eeommdvetor 1 CTAIL, 6mov petagépeton otn pepPpavn, O6mov evepyomoleiton m
aneAevBépwon g mpwteivig Al pe 0EeldmON TOL GLUTAOKOL HI0G TPMTEIVIKNG
GOVAPIOIKNG toopepdong [144]
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Xypa 4.2: Tomikn ameodvioT Tov UNYovicpob e taboyovag dpdong g to&ivng g
XoAépag.

Adym tov pnyaviopod dpdong g to&ivng g Xoiépag (CT) pe 1o GM1
avartoyOnkay diaeopa cvotiuato aviyvevong g toéivng g XoAépag. H mpdt
gpyoacio onmupooctevtnke to 1989 pe oxomd v avdivon Tov UNYOVIGUOD TNG
niektpoynuikng avtidpaong g CT pe ™ Amdwn pepfpdvn émov PBpédnke vynid
SMAEKTPIKY KOl LOVTIKA SLOTEPOTN OTIC SLOTOPAYES TV HovooTBadmv [16].

O mpdtoc ProaicHntpag ywoo TV aviyvevon NG To&ivng G YOAEPOS
avantoyOnke omd tov Fischer kat tovg cuvepydteg tov [17] To 2000. Znv epyacio avt
neprypbpovtar tpelg ProoacOnmpeg mov elyav Pdon Amidwkég pepPpaveg yo v
aviyvevon g to&ivng g XoAépag pe TOAD amAd TPOTO KATUGKELNG, KAAO YPOVO
amOKPIONG OAAL Oyl KOAY ovayevvnolotnTa Ko Opto. aviyvevong, apo Oyt 1060
otafepd cvotnua To 1610 €1og emiong avaeépOnie po amevBdeiog opoyevng aviyvevon
¢ CT pe ™ pébodo petapopdg evépyeia tov ebopiopod (FRET) [18] pe kakd O6pilo
aviyvevong (LOD=0.01 nM) aiAd peydro xpdvo andkpiong (30 min).

Mua gpevvntikn opdoda [19] to 2001 cuvovace Eva e£€101KELUEVO AVTICOO [LE
OVI(VELTI] AMITOCOUOTOS 7oL gixe evoopatopévo to GM1  emonuocuévo e
avtpactiplo evEOp®V yio v aviyvevor g toéivng g XoAépag. To cvatnua ovtd
nTov opketd mepimloko pe kaAd ouwg 6plo aviyvevong (LOD=0,0001nM) oArd pe
ueydio ypovo oamokpiong (10 min). Amd to 2002 kot petd €yve pia mpoomadeia vo
BeAtiwbei n otabepotnta [20-22] TV GLOTNUATOV ALY O)L GE EPAPUOYES OVIYVELONG
g to&ivng g XoAépag.

To 2006 avarntoydnke €vag ontikog ProosOnpag ¥pvool pe MTdkd eip
nov gixe evoopatouévo to GM1 ypnowonowwvtag SPR [23] pe modd pikpd opro
aviyvevong (LOD=0,00001 nM) aA)d pe peydio oyxetikd ypdvo andkpiong (15 min).

EminpooBeta 1o 2006 avoamtdybnke pio ToAOTAOKN TEYVIKY LE AEKTPOEVEPYAL
detypota [24] ko to 2007 o €€icov TOAOTAOKY TEYVIKN HE EMONUACUEVA LE
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avtdpootipo eBopiopod [25], mov eiyov KaAd Opto. aviyvevong kot ypOHVoOLS
amoOKPIonG aALG PEYAAO YPOVO KOTACKEVNG KOt O)L KOATY aVALYEVVIOCLUOTNTO .

To 2007 emiong (o epevvnTIK OpAdH KOTaoKELOSE £vayv Proasntipo
YPLGOV/AaKTOING LE aKIVIITOTTOIEVO AMTTdKd O Tov glye evowpotopévo 1o GMI
ypnopomotwvtoc UV pacpatookomio [26] pe moAd peydio 6pio aviyvevong (LOD=54
nM) ko Bertiopévn amokpion (10 min).

To 2010 «oataokevdotnke £€vog mefoniektpikdg  ProacsOntpog pe
KV TOTOMUEVT] ATTIOIKT HEUPPAVI) TPOTOTOUUEVN LE EMUPOVEIOKA GUYKOAANUEVOL
Mrnocopoto eykoAmopéva pe GML [27]. Ou gpguvntéc oe avty TV mepintmon
YPNOUOTOGAV EVOV TEPITAOKO TPOTO KOTOOKELNG HE YPOVOG OmOKplons Heyaro (8
min) kot 6plo aviyvevong vmepPforicd (LOD=294nM). Ta amotelécpoto ToV
TOAQOTEPOV EPYACIOV KATAYPAPOVTaLl 6TOV Tivaka 4.1.

Mivaxkag 4.1: Opw aviyvevong (LOD) kot ypdvor amdkpiong omd EMAEYUEVES
Biproypapucés myéc o ProaicOnmpeg yio tpocdopiopd g CT oe nM

, . , , | X.Amékp | LOD
Tpomog KaTaokeLG M£0. Aviy. (min) (NM) Ava@.
Ontikdc ProosOntnpog pe
Mmdkn pepPpdvn ko FRET 30 0.01 [18]
emonuacuévo GM1
AvocoaicOntpog pe
e€edikevpévo avticoua (HRP) EIS 10 0.0001 [19]
Ko Mmowkn pepPpévn pe GM1
Ontikdg ProasOntnpog xpucsod
pe Mmookt pepppdvn ko GM1 SPR 15 0.00001 [23]
BuoaioOnmpag
YPLGOV/AOKTOING e AMTTIOIKN uv 10 54 [26]
peuppdvn ko GM1
[TelonAextpucog ProacOntpog
XPLOOV LE MTOCHOUATOL QCM 8 294 [27]
tporomomuéva pe GM1

4.4 H AdpAatoéivn M1

O1 aprato&iveg (aflatoxins) yevikd eivor 1oyvpototo ToEIKEG KOl KAPKIVOYOVES
povkoto&ives, mov mapdyovral amd Tovg poknteg (Aspergillus flavus ko Aspergillus
parasiticus), Tov avanticsovtol kKuping oe Enpd epovta, Enpolc Kapmovg (Wwaitepa
OTO OPATIKO PIOTIKIO Kot opOYOaAn), Umoyapikd, citnpd, oe toptd (6tav vadpEovv
KATAAANAES GLUVONKEG) KOl 6T YOAOKTOUIKE TPOTOVTOL.

Mo avtd tov AdOyo ot pokoto&iveg avtég eivar peilovog onuaociog ywor v
yodaktokoutkn Bropnyavia kot Wwitepa 1 AeAato&ivny M1(AFML), mov givar n povn
mov gpeoviCetar oe ovtd. H AFM1 avikel oty Koatnyopio tT@v dgvTEPOYEVDOV
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UETOPOATOV TOL TTAPAYOVTOL OO OPYOVIGLOVG TOL HuknTiakoy PBactieiov [29]. Ot
HuKoto&iveg yevikd pmopodv va Tpokorécovy achéveleg 1 akopa kot Bavatovg [145].

Ov meplocodTepol pdknteg eivar aepoProt kot Ppiokovior oyeddv mavtov.
Kotavoldvouv opyovikn VAN € KatdAAnAn vypooio kot Beppokpocio kot ov ot
ovvOnkeg eivar KoTdAANAEG TOAAATAAGIALOVTOL GE OTOIKIEC Kot £TGL LEYUAMVEL KO 1)
ddpketo, {oNg Kot 1 cuykévipmon toug [146].

O1 K0pieg opddeg pokoToEvav givar n apAatolivn, n wypatolivn, N Kitpivivn,
N TotovAivn kot o eovlaplo. H aprato&iv M1 (AFMI) givat 0 puoikog petafolitng
¢ agratoéivinig Bl (AFB1). H mapovsio toug ot {wotpoen kot 1 emakdiovdn
éxBeom yoloktomapay®ydv (O®V 00Mnyodv oTn HOALVGN TOL YAAOKTOC Omtd TOV
voposvhmpévo petafoAritn tov, AFM1 [147-148].

Yoppova pe tig erionpeg apyés toco e EE 600 kot twv HITA, to vord ydia
TPETEL VAL EAEYYETOL TOAKTIKA Y10 LOAvVeN omd v AFMI1 Kot av 01 GUYKEVTPOGELS TNG
AFM1 givon wévo amd 47 ng/l (kavoviepoi tg EE) | 472 ng/l (kavoviopoi twv HITA),
avtd T0 YO mpémel va amocvpbel amd v ayopd. To 6plo owtd pewmvetar PEPara
TEPLOGOTEPO OTOV TPOKELTOL Yo Bpeptko yara 25 ng/l [149].

TovAdyiotov 14 drapopetikd £ion apratovedv mapdyovtal ot evon [150]. H
apAatoéivn Bl Oswpeitar n mAéov to&ikn. H agprato&ivn M1 vrépyet otov {opd tov
Aspergillus parasiticus, aAAd Kou 1 aprato&ivn M2 mapdyeton étav £va LOAVGUEVO
Nrap petafoiriler v aprato&ivny B1 1§ B2.

O é\eyxog ¢ adAatofivng oto yaha ta TeEAeuTai XpOVLA YIVETAL UE KAAOOLKEG
peB6doug avdaiuong oe epyaoctipla Tou eite  SlaBétouv oL 16leg ol
yaAaktoBlopnxavieg r kamolot EWTEPLKOL CUVEPYATEG, OTIWC TO TIAVETILOTAMLO 1} T
€peLVNTIKA KEvTpa. H kUpla péBodog eAéyxou tng AFM1 péxpl onpepa gival n vypn
xpwuatoypadia vpnAng anddoong (HPLC) [151], n omola avtikatéotnoe enwdeAwg
™V TeEXVIKA Xpwuatoypadiag Aemtig otolBadag (TLC) [152] evw Tta teAeuTtaia xpovia
yivovtal éAeyxol kat pe tnv evlupatiki avooomolntikr dokipaoia (ELISA) [152].

Ot KAaoOLKEC HEBOSOL OUWG XpeLalovTal EELOLKEVEVO TIPOOWTILKO Kol Elvat
OKPLBEC KaL XpovoBOpPEG WG TTPOG TOV EAEYXO TWV SELYUATWV YAAakTtoG. Ot SuokoAieg
mou epdaviovtat PBEPala pmopouv va emAUBOUV PE TNV TEXVOAOoyla Twv
BoatoBntipwyv. e avtiBeon ywa mapadewypa pe tnv ELISA ot BroaoBntrpeg
ETUTPEMOUV TNV avixveuon tng avaluopevng ouciag xwplic Seikteg (label-free),
6nAadn pe aviyveuon PpuOLKWV TTOPAUETPWY Kal OXL LE XPHON HOPLOKOU OrUATOG,
Omwg yivetat otnv ELISA.

4.5EAeyxoc Tnc ApAatotivng M1 oto yaia

Ov meprocodTepol ProaicOnmpeg xpvcov mov &yovv ypnoomondel péypt
onuepa ywo v aviyvevon mmg AFM1 éyovv dvo tHmOLE LVTOdoYE®V, INAUdT TO
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avticopoto (antibodies) ko ta amtapepn (aptamers) xpvcood yio TNV AviyvVELGN TNG
AFM1 cto ydha 1| og TpdTLTOL dElypaTa.

Ot avocoooOntpeg (immunosensors) Pacifovtalr oty  oKwntomoinon
eCEOIKEVUEVOV  LOVOKAMVOV  OVTICOUAT®OV o€ dldpopes emeaveles. To kdpla
TPOPANLOTA TOVG GLVIGTOVTOL 6TO AVENUEVO KOGTOS TOV OVIICOUATOV Kol 6€ MO
muoto. ZTv  TPOyHaTKOTTO Ol avocooeaipiveg mapdyovioar omd PAafepd
elpapota yio v vyeia Tov (dov. O TpdTo¢ NAEKTPOYNUIKOS AVOGooIsON TIPS Yo
v aviyvevon AFM1 avaeépOnke amd tov Micheli kot tovg cvvepydteg tov [1]. Xe
AT TV €pyacio o oxedlacidg Tov aeOnTpa Eywve pe Baon ™ pnébodo ELISA oAAd
o €W0wd avtiocopato ™ AFMI1  axwnromombnkov amevbeiag oe TumOUEVQ
niextpodia (SPCE). To devtepedov avticopa cvlevypévo pe vrepoéeddon (HRP)
YPNOLLOTOMONKE Y10 TNV YPOVOUUTEPOUETPIKN aviyvevon g AFMI pe oyetikd Kado
oplo aviyvevong (LOD=25ng/1) pe perétn mov £yve og kaAd duvopkd vpog 30-160
ng/l. Avtd 1o €bpog eivar cvykpioyo pe avtd g ELISA kot to kOpro mieovéktnud
TOV €lvar OTL ELPAVIGE LIKPOTEPO YPOVO OVIXVEVOTC.

211 ouvéyela 0 Vig [LE TOVS GLUVEPYATES TOV TEPIEYPAYAY VAV AVTIGTAOUIOTIKO
avocoatcOntipa pe Pdon To  emonuacpéva  oe  xpvcd  avticopoto. O
avocoocOnmpag avtog emétpeye Vv aviyvevon e AFMI1 ce axdun pkpotepeg
GLYKEVIPMGELS [E duvapkd g0pog 15-1000ng/1 kar 6pio aviyvevong (LOD=15ng/1) [2].
Emmpdcbeta o dAAN epevvnTiky] opddo epyalOpevn) GE 0L OVTOYMVIGTIKN
0VOGOJOKILOGI0 KATAPEPE VO OKIVIITOTOWCEL TO OVTICOUOTO GE GLGTOLYIO YPLCDV
rikponrextpodiov (Au-Nps) pe aviyvevon g AFMI pe v Pondeia g HRP og gupod
duvouko evpog 10-100 ng/l kot oyetikd kodd 6plo aviyvevong (LOD=8ng/1) [3].
Yyxetikd mpoOceata avamtOiyOnke pol EUUECT OVTOY®VIOTIKY OVOGOOOKILOGIO LE
oLOTOLYI0 TVTOUEVOV NAEKTPOOI®MV GE £va TPOTLTTO LKPOTAGKOS 96 Ppeatinv Yo TNV
OVOGOOOKILOGT0- KOTEYVYUEVOL Kot Avopiiomotpuévov ydiaktog [14]. O Paniel ko ot
ouvvepydteg Tov aviyvevoay v AFM1 pe évav avosoasOntipa mov Pacileton o pio
AVTOYOVIGTIKY 0vOG0d0KIpooia, ypnoipomoimvog vrepoéeddon (HRP) wg deiktn [5].
Ta detypata mov mepieiyoav AFM1 enwdomkay pe pio 6tadepn TOGOTNTA OVTICOIOTOS
ouvoedepnévou pe HRP (ovluyéc) €wg 6tov TOo cOOTNUO OTAGEL GE 1GOPPOTiR Ko
YPNOULOTOIDVTAG YPOVOUUTEPOUETPIR EpyacTRKAV 68 duvapkd evpog 10-150 ng/l pe
opwo aviyvevong (LOD=10ng/l). O Bacher kot ot cvvepydteg tov €ptiaav €vav
avTiotafoTikd avocsootsOntipa yopig deikteg (label-free) mov ta niekTpdoa TOL
apyovpov (Ag), emrpémovv v aviyvevon g AFMI og éva kadd duvapukd evpog 6,25-
100 ng/L, pe 6pro aviyvevong 1 ng/L [6]. Ta televtaio ypovia Exel meptypa@tel £vag
avocoacONTNPOG e LOVOKAMVE OVTIGMUOTO Y10, Lo TOAD gvoicOntn aviyvevon g
AFMI1 o¢ nactepiopévo Kot kovioromuévo yoia [7]. H opdda avti dodreye pe tv
pébodo ELISA og 0pro aviyvevong (LOD=7ng/l) kot duvapkd gbpog 7-36 ng/l. Tnv
0 mepimov emoyn SOKWACTNKE £vag MAEKTPOYNUIKOS avocoocOnTipoag e
OVTICOUOTO OEGUEVLONG, TOV OKIVITOTOONKAY GTO NAEKTPOSIO UE TUTMOUEVO TAEY LA
YPLGOV KOl ONUATOOOTNUEVE, avTIoOUATO 7oL giyov ovlevyBel pe  aAkaAkn
eooeatdon oe detypata yolaktog [8]. Q¢ ek TOOTOL OVOTTUYONKE KO U0l GLOKELT
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aviyvevong Tov amoTeAEiTAL OO TECCEPELS AVIYVEVTEG LIKPOKVKAMLOTOG TUPLITIOVYOV
o&uvitpidiov (SiON), mov aviyvevel v AFM1 pe portoaviyvevtég moprriov [9].

Mo evadhoktikn péBodog mov mpotdbnie ntav avt evoc DNA aicOntipa
Booiopévov oe Mmdwkég pepPpaveg (BLMS) [156], omov m aviyvevon éywve pe
notevolopeTpia kot 1 Aeloto&ivn ennpéace tov vpocpud tov DNA mdve ot
otolfdda tov BLMS. Xe avt v epyacia o duvapukd evpog frav (0,5-6572 ng/l) kar
10 6p1o aviyvevong (LOD=157 ng/l).

MMivaxkag 4.2: Opia aviyvevong (LOD) kot dvvopikd €0pog amd emAeYUEVES
Biroypapucég mnyéc oe avocoosOntpeg [1-9] kot DNA awsOnmpa [153] yia tov
npocdopopd g AFMI1 oe ng/l

Teyvuk KoTaoKEVNG M<0. Aviy. A(.nsgl)/pL(;g (Ir_lgoll[_)) Ava.

BloawsOnmpag aktvntomompévog
LLE EB1KA OVTIODUOTO GE ELISA 30-160 25 [1]
EKTUTTOUEVO NAEKTPOSLO

BroaicOnmpag axtvnrorompévog
LE ETONUOCUEVO OVTIGOUATO GE ELISA 15-1000 15 [2]
EKTUTOUEVO NAEKTPOOL0

BuoaicOnmpag pe cvotoryia

OVTICOUATOV UKV TOTOMUEVA [UE ELISA 1-100 8 [3]
ovvdeon og CeHa(NCO)2
BlooawsOnmpoag aktvntomompévog
pe TpOTLTO 96-IKPOTAUKIOI®Y GE ELISA 5-250 1 [4]
EKTUTOUEVO NAEKTPOOLO
, , Xpovooumep
Buoawsbntmpag pe ypnon HRP opeTpio 10-500 10 [5]
Avtictod ],Ll(S‘Cl,K(')g ﬁtoats@nrﬁ pog ELISA 1-100 1 [6]
YOPic- deiktn
BloaioOnmpag axtvntonompévog
pe oaApovpivn Kot avticopa ELISA - 200 [7]
AFM1
BloawsOntmpag axivnroromuévog
LE KOAVUUEVO OVTICOUOTO GE DPV - 37 [8]
EKTLTTOUEVO NAEKTPOOLO
BloawsOnmpag axivnroromuévog
pe Bpavcpata SEGUELONG
avtiyévoo (Fab ) og MRR - 1641 [9]
LKPOSOKTUAIOVG GUVTOVIGHLOD
SiO2
BloawsOnmpag pe Amiducég TOTEVOIOUETP
uepBpavec (BLMS) i(x 0,5-6572 157 [153]
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To antopepn etvar o eVOALAKTIKY ADOM EVAVTL TOV TO OKPPOV Ko AtyoTEPO
otafepmv avticopdtov. Ta antopepr mov ypnoorolovvToL ival ite LOVOKA®VA
DNA 1 RNA mov c¢ d1dpopa dtohdpata avadimiovoviot o€ 3d dopéc pe eEetdtkevpuévn
0éom déopevong otov avaivt. ‘Exouv younid kd6Tog, DYNAN amoTeAeGUATIKOTNTA,
eveMéio, evkoMMo Ttpomomoinong, vymin otafepdTnTo Kot cLpPaTOTNTO HE TNV
Topaymyn peyoing kiipakag [154]. Eniong mapdyovtot in vitro pe m pébodo SELEX
(Systematic Evolution of Ligand with Exponential enrichment) ypnoiponoidvrog
S OPIGUO YPOUATOYPOPIOG GVUYYEVOV He Tuyaio cuvTiBéueveg aAAnlovyieg [155-
156]. H &&edikevon TV onTOUEPOV GTNV avOAVOUEVN OvGia gival GuyKpiown pe
EKEIVN TOV OVTICOUATOV OALA EIVOL EDKOAOTEPN 1| AKIVIITOTOINGY| TOVG GE EMPAVELES
KO 1] YNUKT TPOTOTOINGT TOLG.

H aviyvevon g AFM1 pe antooucOntpeg avagépetal yio TpdTN @OpE amod
tov Nguyen [10] to 2013 pe dvvouikd eovpog (6-60 ng/l) kot modd younid Oplo
aviyvevong (LOD=1.98 ng/l). Xta mheovekTHOTO TG EPYOCING EVIACCETOL 1] EDKOAN
KOTAGKELY TOVG Kat 1 aviyvevon g AFMI pe v pnébodo g Atapopikng TTaApikng
BoAtapetpiog (DPV). To pelovéktnua tg mopoamdve epyoaciog eivor 1o pikpod
duvapkd gbpog. Mia gpgvvntikny opdda [11] to 2016 epdppooce po e€icov amin
péEB0OO KATAGKELNS OmTONIGHNTIPA YPTCILOTOLDOVTIOS EKTUTMUEVO NAEKTPOSIOL LE
TTOYOOT €Ml TV OMOI®V OKIVNTOTOMONKAV TPOTOTOMUEVO, OULVOLTTOUEPY| LIE
opotomoAtkr] ovvdean. To dpio aviyvevong e AFMI ftav ikavoromtikd (LOD=1,15
ng/L) kou 0 antoosOnpag NTav otafepodc. ZNUovtikd OUW®G GE 0T TN TEPITTMON
elval 1o yeyovog g £ywve SOKIUY GE TPAYUOTIKE OElyloTo YEAOKTOS LLE OVOKTIOELS
peta&y 99-111%. Xyeticd OnAodn KOAEG AVOKTNOELS, ApoL Alyeg TYES EemepvoDGaV TO
100%. Xty epyacia [12] tov 2017 avagépeton mapdpoto LOD pe v epyacia [11], pe
Tov antoaicOnmpa avtd vo faciletot oTNV aKvnTomoinoT POTIVIOUEVOV OTTOUEPDV
oe otpopa streptavidin. T v aviyvevon pe Poitapetpio TETpAy®VIKOL KOLOTOG
(SWV) ypnowomomdnkav 5SmM Kaz[Fe(CN)e]. O omtoaicbnmpog avtdc siyxe éva
ERTANKTIKG peydho duvapikd gvpog (1-10° ng/L) kar SuvatdTTo. AvayEvynonc Tov e
10% SDS (Sodium Dodecyl Sulfate). e onpocicvon tov Jalalian [13] to 2018
emredyOnke moAd kohd Opro aviyvevong g AFMI1 (LOD=0,9 ng/L). O unyovioprog
aviyvevong oe avt) Vv mepintoon Paciletor o HETABOAES SOUOPP®ONG TOV
antopep®v moapovcsia ™G AFMI pe emaxdAovbo vPPOICUO TOV ORTOUEPDV HE
npooTféueveg cvumAnpopatikés iveg DNA  axwvntonompéveg 6€ vovooouoTiow
¥PLG0V. AvTdHG 0 AMTONICONTNPOG SOKIUACTNKE KOl GE TPAYLLOTIKA SETYLLOTO YAAOKTOG
pe ToAy KavomomTikég avaktnoelg 91,3-96,5%. To pelovéKTnua avTig TG EPYOciog
etvar O6TL N Kotaokev] ToL amtootcOnTpa givar moAd mepimiokn owadwkacio. Evog
onTIKOG amtoaicOntipog mapovsidleton oy gpyocio [14] mov yapoknpiletar omd
éva 0pro aviyvevong g AFM1 (LOD=10 ng/L). I'a v aviyvevon ™¢ apAiato&iving
ypnoporomOnke 1 ehdewyouetpia ecotepikng avixiaong (TIRE) (Total Internal
Reflection Ellipsometry) oce ocvvovacpd pHeE TO QOIVOUEVO TOV EMLPOVELNKOV
ocvvtovicopov mhacpoviov (LSPR) (Localized Surface Plasmon Resonance). H Bdon g
epyaciag ovtng eivot po S1€YEPCT TOV TPOKVTTEL OO TNV KPAVTWOOT TOV TOALVTOGEDV
TOV TAACUATOG, aKPPDS OTTmG T pwTdvia. [Tapdro Tov o antoosOnTipas avtdg eivat
€0KOAOL KOTOOKEVAGIHOG TO POCIKO UEOVEKTNIO TOV €lvar M TepimAokn Kot TAEOV
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eEelrypévn néBodoc mov ypnotpomotel yio v aviyvevon g AFM1.H mAéov mpodcpotn
peAén yia v aviyvevon e AFM1 pe antooicOntipeg, eivon exeivn tov Smolko [15]
10 2018, pe 6p1o aviyvevong. Avtdg o amtoocsOnTipog eiyxe Eva eEopeTikd KaAd dplo
aviyvevong (LOD=0.5 ng/l) ka1 katackevaotnke ywpig deikteg (Label-free) kot £yive
EPOPLOYN TOL pE emTvyio og detypota yoAoktog. To pelovéknuo OPMG NTav 1 To
oVVOETN KATUGKELT TOV amTONNGON T PO.

Mivaxkog 4.3: Opua aviyvevong (LOD) xot dvuvopukd €0pog amd EMAEYUEVES
BiBroypaucég Tyég o€ antoalcOnpeg Yo Tov Tpocdiopiopd g AFM1 oe ng/l

Teyvuk KoTaoKEVNG

M<£0. Aviy.

A.
g0VPOG

(ng/l)

LOD
(ng/l)

Avao.

BiloawsOnmpoag pe niektpoynukn
demapn FesO4/PANI

DPV

6-60

1.98

[10]

BlooawsOnmpag aktvntomompévog
LLE TPOTOTOMNUEVA OTTAUEPT) GE
EKTUTTOUEVO NAEKTPOSLO

CV, EIS

2-150

1,15

[11]

BuoaioOnmpag og otpodpa
streptavidin Kot TpOTOTOINUEVO
OTTOUEPES OKLVITOTOINUEVO GE

EKTUTTOUEVO NAEKTPOOLO

CV, SWv

1-10°

[12]

BoaicOnmpag axivnronompévog
o€ AU-NPS pe 1o Kvavo tov
peBvAiov mg aviyveu
o&elvoavaymyng

DPV

2-600

0.9

[13]

Ontkog ProosOntipog yopig
OelKTn aKIVNTOTONWUEVOG GE
VOVOOOUNTIKES HepPpdveg

TIRE pe LSRP

10-10°

10

[14]

BloawsOnmpag pe pepuPpavn
TPOTOTOMUEVT UE
niextpomoAivpuepiopd o Neutral
red

EIS

5-120

0,5

[15]
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B.Ilsipapatiko MéEpog

Kep 5: Avantoén mpdtvmov Proosntipa  ypoaeeviov/XaAkov e
axwnromoinon MmoOKNg pepppdvng tpomomomuévng pe GMI1 ywo tov
TPOGOOPIoUO NG TOEIVNG TG XOAEPOAC GTO VEPD

Kep 6: Avantuén npdtumov antoousOnmpa ypvcod Ue akivntomoinon
JEVOPIUEPOVS YOl TOV TTPOGIOPIGUO NG Aprato&ivig M1 oto ydha

Kep 7: Avantuén mpdtumov amtoousOnmpo ypvcod Ue oakivntomoinon
Neutravidin/Fe-COOH ywo tov mpocdiopiopd e Aerato&ivng M1 oto
Yoo

Kep 8: Avantoén mpdtumov amtooucOnthipa ypvcov e omevbeiog
0KV TOTOINGT TOL HE UEPKOMTOEEOVOAN YO TOV TPOGOOPIGUO TNG
Aoplato&ivng M1 oto ydha
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Ke@ 5: Avantuvin mpotvmov BloaicOntmpa
YPU@eVIOU/XAAKOU HE QKLVIITOTIOWNOM)
ALTTS KT C LEUPBPAVIC TPOTIOTTOLUEVTC UE
GM1 ywx Tov TPoGSLOpLIoNO TG TOEIVNG
™G X0AEPAC GTO VEPO

5.1. Eloaywyn

H mopovoa epyacio meprypdpet évav ProaicOnmpa pe piqtpo (matrix)
YPAPEVIOV/XAAKOD Kol OKIVNTOTONUEVY ATOKT pepPpdvn, 6mov eyKOATOVOVTAL Ot
vrodoyeig (receptors) GM1 yia tov mpocdiopiopud g to&ivng g XoAépag 6To vePo
pe motevolopetpic. O PooacOnmpoag avtdg OSoKUACTNKE ®G TPOG TNV
avaysvvnolnotnto kot EAEYxOnKe 1660 oe mpdtuma OGO Kol € aANOwa detypata vepol
amo 1t Apvn Kovpovvoovpov, mov Ppicketar oty Attikn oto Opla TV SNV
Xoidapiov kot Acmpomdpyov. IIpodxertor ovclootikd Yoo AyvoBdracco, Kaddg
Bpioketon oto eminedo g OdAaccoc, moAy Kovtd otig BA axtég Tov KOATOL TNG
Elevoivac. To vepd g Alpvng avtig eivar vedApvpo Kabag eloympel 6e o Ko
Borlacovo vepd.

Ta mepdpota avtd £ywvav oto mavemotiuo AOnvav to £étog 2015-16 ko Ta
anotelécpoto dnpootenTnkay oto meplodkd Electroanalysis g willey (tepiocdtepeg
AEMTOUEPELEG OTO TAPOPTILLOLTAL).

5.2. Xnuika avtidpaotrpla

[Mpoxewévor va  yivoov ovtd t00  mEPauaTo  ypnowomomdnke 1
Ao utoHAP®oQATIOVAOYOAIVY (Dipalmitoylphosphatidylcholine, DPPC,
CaoHsoNOsP, Sigma St. Louis, MO, USA) wg moivpepés, to Mebaxpuikd o&d (CaHeOz,
Mr=86, Aldrich, Steinmheim, Germany) kot 1 AtpeBakpolikn oBvAevoyALKOAN
(Mr=208, Aldrich, Steinmheim, Germany) ®¢ LLOVOLEPT] Y10 VO KATOCKEVOOTEL UE TNV
dwdkacio mov Ba meptypapel mopakdTm 1 Amokn pepppdvn. Emiong og exkivnmg
TOV TOALUEPIGUOV ypnolponombnke 1o 2,2 -alwducofovtvpovitpidio (AIBN,
CgH12N4, Mr=164,21 Merck, Darmstadt, Germany).

H To&ivn g XoAépag (CT) ayopdotnke amd v Calbiochem (La Jolla, CA)
kot o GM1 eedn and v FIDIA Research Laboratory (Abano Terme, Italy).
AmdBepo tov SwAdpatog ¢ to&ivng g XoAépag NTav péco oe MeBavoin
ovykevipooems 1.0uM. Apard vdatikd dralvpata g to&ivng tpostoaldviovcay
kafnuepwvd mpv amd Evapén tov mEPOUITOV eved TO puiutoTikd odAvpa PBS
(Phosphate Buffer Saline) mpostopwalotav pe piEn oe katdAinio oyko pe 0.5 M
KH2PO4 ko 0.5M NapHPO4. Oha ta mepdpota yivévrovcav oe péon Oepurokpocio
dopatiov (25+1°C).
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[Ipokewévov Opmg va @toytel t0 @OAAO ypageviov ypnoiomodnioy
pupdéeitpo vérov (0,7 ko 1,0 pm, Whatmam Scientific Ltd., Kent, UK) kot
amovicévo vepo (pe ek avtictaon tovAdytotov 18 MQ cm) 1o omoio tpogpydTav
and v cvokevn eltpapicpatog Milli-Q (Millipore, El Paso, Texas, USA).

Oa npénet va onpewmdetl 6T1 n To&ivn g XoAépag elvar duvntikd emikivovvn
KOl Y100 OVTO O YEWPIGUOC NG YwOTOV HE UEYAAN TPOGOYN. ATOUKE gvdvpaTa
TPOGTAGIOG POPLOVIOVGAV GE OAN TOL TELPALATO KO Ol ETLPAVELES, TO YVUAKE Kot GALDL
doyeta mov ypnoonotovcae vrofAnOnkay oe emeEepyacia pe yAwpivn mptv and kdabe
TUTIKO TADGILO LE GOTOVVL Kot OmoVIGUEVO veEPD. Ta avol®dotpa PeTd tn xpnomn Toug
tonofetnKov oe GOKOVAEG PlOAOYIKOU KIVOUVOL KOl OOTEQPOOMKAY, €V® T
amoPANTO TOV NTAV GE HOPPN dSoAVUATOG VITOPANONKAY oE TADGIHO e YAmpivy TPV
Ao TV piyn TOVG OTIC GAKOVAES OVTEC.

5.3.0pyavohioyia

Olo T MAEKTPOYNUIKA TEPAUOTA Eyvav e XpNon €vOg MAEKTPOUETPOV
Keithley povtélo 614 (Keithley Model 614, USA) (Ewova 5.1).

Ewova 5.1: To niektpouetpo kethley mov ypnoipomombnke ota melpduotd v dpa
Aettovpyiag.

Mo tg perpioelg tov ypdévov amdkpiong, ovvoednke ommv €£odo Ttov
nAektpopeTpov évag kataypapéag Knauer (KNAUER GmbH, Berlin, Germany), éva
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niektpdoo avagopds Ag / AgCl, évac avadevtpoag dtvng (Vortex Genie), évag
avadevtnpag vrepnywv (Bek Nilas, Ultrasonic), ¢iltpo varovnuatov (GF/FTM,
Whatman Scientific Ltd, Kent, UK), tompia {écewc, mméta Pasteur, cipdvia, Kovikég
Kot oykopeTpkég eraiec. H drdtaén avt anewkovilerat oto oynua 5.1.

Mnek AvaAdtn \\é
BlonAektpodio epyaciag

Agfapevh
HAekTpOAUTN

HAekTpOSL0

avapopdg
Ag/AgCl \ i

AnopAnta /h
/ GMm1 AUUSIKO oTpWHQA

/ OiAtpo and iveg vua)émt’;
~ i

DOUMa ypadeviou '
o

Yyqpe 5.1: Tomk omeikdvion e TEWPAPATIKAG OdTaéng Kot TG EMPAVELNS TOV
Broniextpodiov epyaciog

5.4.Kataokeur Bloatobntipa

H «atookevr] tov ProosOnmipa mepthapupdver ovo otdda. I[Ipdrtov
Kataokevalovtal T VAL YPOEeviovL Kot €merto YIVETOL 1 oKvnTomoinon g
MTdKNG pepPpdvng mive oto GUAAL YPaEEVIOL e TopAAANAN eykOAT®OoN Tov GM1
VTOJOYEMV.

5.4.1.Kataokeur) twv UMWV ypadeviou kal evamobeon ota dUANa
XOAKOU

To @UAAC YpaPEVIOL TPOETOYAGTNKAV LE TN SL0OIKOGIO TOV £YEL TEPTYPOPEL
oe mponyovuevn omuocicvon [157]. Opoyevég ypagévio ovykevipooewng (C=0.4
mg/ml) mpoékvye pe ™ Ponbera ™ N-pebvro-2-muppordovng (NMP) pe Mmia
Katepyaoio og vVIEPNYOLS (xpnoponotwvtag o povtédo Bandelin SONOREX Digital
10P sonicator, Sigma-Aldrich, Taufkirchen Germany) yw 180 ®peg. ‘Enerta €yve
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euyokévtpnon oto 700 rpm yia 2 dpeg [157]. O xpdvog e puyokévTpnong Ty ToAd
peydrog mpokeevov va pewmbel 1o péyebog tv Opovoudtov ypageviov mov Ha
npokOyovv [158-159]. Avtd givar o kpioun mopapetpog, 610t 0 péyebog TV
OpavoudTomv ToL Ypaeeviov givat éva coPapd motoTikd ctoryeio, apov ennpedlel Tov
apBpd Kot ™ B€om ToVE, TOV PUITOPOVV VO EXNPEACOVY TIC NAEKTPOVIKEG 1010TNTEG TOL.
"Etot 10 e€mtepikd mepifAnpa tov OpavspdTov Tov Ypageviov ivol oyeTIKE oTeAEg
[160].

To axdpnpa Tov ypageviov exyvvetat péca oe Eva yaiktvo cvppa (d=0.25 mm)
tonofetuévo oe éva @iktpo amd tveg yvoiod. H g&dtuon tov opyoavikod Stodvtn
TPOLYLATOTOONKE ¥PNCYLOTOIDVTOG EVaV BeppavTipal.

5.4.2. Kataokeun tTwv AUudikwy pepBpavwy (BLMs) kal aklvntomoinor
TOUC EMAVW OTNV emidpavela Twv LAWY ypadeviou/xaAkol

H dwdikacio Kotookeung tov MmOK®OV peuPpovov €xel meptypoagel oe
mponyovueves epyacieg [161-162]. T va KaTaoKELOGTOOV Ol AMTIOIKES PEUPPAVES
npénel va yiver molvpepiopdg eite pe UV axtivoBoria 1 Oeppukd. Ilpv tov molvpepiopnod
eropdleran éva piypa 0mov €yet yiver avapuén 5 mg Mmodiov o 6kdVN, ATOTELOVUEVO
and 65% (x.B.) (3,2 mg) DPPC «ot 35% (x.B.) (1.8 mg) DPPA, 0,07 ml pebaxpoiikod
0&v, pe 0,8 ml dpebaxpovikn aBvievoyivkoin, 8 mg 2-2 -alwducsofovtupovitpiiio
(AIBN) o 1,0 ml axetovitpidio. 1o piypo ovtod yiveton Efpavon pe alwto yuo 1 Aentod
KoL LETE VITOPAAAETOL GE N0 KATEPYAGIOL LLE VITEPTXOVE (YPTCULOTOLDVTOG TO LOVTELOD
Bandelin SONOREX Digital 10P sonicator, Sigma-Aldrich, Taufkirchen Germany) yio
30 Aentd. o v Kataokevn otobepmdv Mmdikodv pepppovav 0,15 ml tov piyportog
aVTOV AMADONKAY GTO PKPOPIATPO VAAOL OV TEPLYPAPTNKE TponyoLuEvas (Ewova
5.2). To pkpo@Atpo pe to piypa otn cvvExelo aktvoBoindnke pe Adumo devtepiov
uv yio 4 ®peg yo va Yivel 0 TOAUEPIGHOG TNG ATLOKNG HEUPPAVIG.

®UAAo Cu/ypadeviov (d=0.25 mm)

®iAtpo and iveg yvaAto (1.0um péyebog ndpwv)
pali pe to piypa Avudiwv

Juvdetipag

Ewova 5.2: To pkpoeidtpo pali pe to piypo tov Mmdiov

Kotd ) dudpkela Tov molvpepiopov geykoindvovtol ot vrodoyeic GM1 oto
Mmoo otpodpa o€ tocdmra 10 pl. Metd tov molvpepiopd yivetor 1 axvnTomoinom
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TOV TPOTOTOMNUEVOV MITLOTKAOV HEUPPAVOV ETAV® 6TO GTP®UA XoAkov/ypapeviov. Ta
Bloniektpodia (Zympa 5.1) propovv va xpnoyomombovv pa eopd 1 va avayevvndotdv
OAAG 0TV OEV YPNOIUOTOIOVVTOL TPETEL VO, PUAAGGOVTOL GE Yuyeia pe Beppokpacio
4°C ko pe owtd TOV TPOTO UITOPOLV Va. TAPaUEiVOLY oTafepd Y10, TPEIG UVES

5.5.A\eltoupylkog €Aeyxog Tou Bloalocdntrpa

O Aettovpykog €leyyoc tov ProacOnmpa yivetor pe TPOKOTOPKTIKOVG
eAEYYOVE G TTPOG TNV eMidpacn Tov PH atov froaicOntipa, TNV avayevvnoluoTNTo Kot
NV €MOPOOT] TOV TOPEUTOINCTMOV TOL Ppickovtol o€ vepd AMpvng otov froocOntmpa,
TOV €AEYY0 G€ TPATLTO. OelypaTa Pe PLOOTIKO SIGAV IO KOl GE TPOYUOTIKA OElyLoTOL
vepoL g To&ivng ™ XoAépoac.

5.5.1.Mpokataptkikol EAeyxol o€ mpotuma Selypota

O Tp®OTOG KO GNUOVTIKOG EAEYYOG NTAV 1 HEAETN TG emidpaong tov pH otov
BroaicOnmpa ce cuykévipmon g to&ivng g XoAépag (C=100 nM). Zdpewva pe v
Broypaeia [19,24,167] ot Bértioteg Tyég pH yia v obvdeon petald g to&ivng
YoAEPaG Kot Tov vrodoysa GMI1 etvar petagd 7-8.5. O €heyyog Aowmov £yve 6e avt
TNV TEPLOYN| KOl TO AMOTEAEGLOTA TTapovstalovtat oto Zynua 5.2. H peyakdtepn tiun
g nAektpeyeptikng dvvaung (EMF 1 HEA) gppavileton oto pH=7.0. Mewdveron katd
ToAD 6€ yapunAotepeg Tiég pH, 0mov o decpdg ™S xoAépag g To&ivng kat tov GM1
napepnodiletar [167] ko Atydtepo oe peyorvtepo pH. H addvoun amdvinon oe
yopnAd pH mbovov va opeidetar 6 cvscoudtoon e toéivng ™ XoAépag otnyv
emeaveto, Tng Mmdkng pepPpdvng [168]. Etot yio OXa ta meipdpoto mov akolovbovv
emAéyetat évo ovdétepo epPaiiov (PH=7)

610
-600
-590
-580
-570
-560
-550

EMF (mV)

-530

pH

Yyfqua 5.2:H anoxkpion tov Proocdntipa oe cvykévipwon (C=100nM) ¢ to&iving
g YoAépag o pH= 6.5-7.8 .
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21 ovvéyela yve EAEYX0G MG TPOG TNV AVAYEVVICILOTNTA GE L0l KOTAGTOON
SLKOTTOUEVNG PONG OLHADLLOTOG TNG TOEIVIG YOAEPOG GE VOUTIKA KAAGLOTA OETYUAT®V
(10 uL 1 20 pL), mov gopéovv pali pe évav niektporvtn (pH=7.0). H pon «ébe 5
AEMTA OTAOATAEL KOL KOTOYPAPETAL 1] 0TOKPLOT TOV NAEKTPOUETPOV Kol EMELTO EEKIVAEL
N dwdwkacio ¢ avayévvnong Tov asntinpa mov yiveror cuviBmc pe Mo o&éa 1
QTOPPVTOVTIKG 1 S1APOopovg YaoTpomikoV mapdyovteg [163-164]. Xt pekétn g
AVayEVVINOLUOTNTOG TTPETEL TO StdAvo TOV Ba ypnotpomombet va unv datopalet tnv
doun g pepPpavng kot vo evvoel tov oynuotiopnd wviov. ‘Etol n dtodikocio g
avayévvnong 0éiet wwitepn mpoooyn. o moapdderypo moAlol yootpomikol
napayovieg emmpedlovv ta PloAoyikd cOumloka pe mOAD vynAn mBavotnTo pun
AVOCTPEYIUNG  HETOVGImoNG TV  Tpoteivovywv ouddwv [165]. Emiong 1o
OTTOPPLTAVTIKG UITOPEL VAL TPOKAAEGOVVY TNV SOAVTOTOIN G TNG LEUPPAVNGC LEC® HLOG
Jldkaciog TOAGMY oTadimv HE amoTELECUN TNV GPOoT TNG OKIWVNTOTOINONG TNG
MG pepPBpavng Ady® SoUeUPPaviK®V KIVIGEOY TV MTSImV Kot TG S10oTooNG
g olamepatotnrTag e pepPpavng [166]. Ta oféa mpénel emiong va apoamBodv pe
TETOL0 TPOTO, TTOL VO EMITPENETOL O SO OPLGHOC.

H avayévvnon tov BrooisOnmpa emtvyydvetar pe éva cOoTna cuveyoHs pong
070 0moio M JSYWPICUEVN TOEIVY] OTMOUOKPVVETOL GUVEXMG KOl EMTVYXAVETOL 1) 1N
EMOVOGVVOEST TNG LE TOV VTTOOOYEN KOt £MELTO YIVETOL EMAVAEIGPON TNG TOEIVING pe
pLOud pong (2.0 ml/min) avd Smin. O cvykekpEVOS pLOUOG pong emAEONKE S10TL
edv n pon Ntav peyorvtepn (m.y. 2.5 ml/min) n 1oyVg ToL VIOdoYEa Ba pElwVOTAV
OTOOLOKA KOl 101G LETA TOV TPITO KUKAO OVOYEVVNGIULOTNTOG KoL 0V 1 TaOTNTO POTG
Nrav K4Te ard o 2 ml/min anoitodhviay TEPIGGATEPOS XPOVOS Yot VoL OAOKANPpmBEL N
avayévvnon (my. 12 demtd pe pvBud pong 1.0 ml/min). O Xpdvog twv 5 Aentv
CLUPMVEL e TIG TIEG TTOV KaTaypaeovtol otn BifAoypagia [19, 24,167].

>10 oynua 5.3 eaivetar 1 amdKpion Tov acntipa petd and kdbe TpoomdOeia
avayévvnons. Avtd mov mopatnpeitor elvar 0Tt petd v dékartn mpoomddein
avayévvnong aAldlel dpapotikd niektpeyeptikn dvvaun (EMF) kot avtd pdiiov
yivetoar AOy® TG amokOAANoNG TAEOV TOV VTOJOYEN amd TNV MO HeUPpdvn.
Ovclootikd onhadn apyilel va yavetor oTadtoKd 1 OpacTIKOTNTA ToL PlooicOnTmpa.
Av16 10 amotéleoua kKabopilel Kot Tov HEYIGTO 0plOUd TOV TEPUUATOV TOL KAVOLLLE
pe kéBe ProosOnmpa mov katackevacapue. O péyiotog aplBuog eival to déka, d10TL
OTMG POIVETOL KOl GTO SLAYPOLLLO TOV GYALOTOC 5.3 TOL OTOTEAEGLOTO OO KEL KO TTEPQL
yxévouv Vv aglomotio Toug AdY® TG pelmwong ¢ dpactikdtnTag Tov froosOntnpa.
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Yyqpe 5.3: H andkpion tov aisOntipa petd and kébe mpoonddeio avayévvnong pe
gmovaelspon g to&ivng g XoAépag.

21 cuvéyela £Yve EAEYYOS NG EMOPACNG TOV OL0POPOV TOPEUTOIGTAOV TOL
umopovv va Bpebovv ata vepd piag AMpvng. O éleyyoc £yve EeymploTtd e TOV £KOGTO
TopeUnodot) péoa oe pubuotikd ddAvpo (PBS). Entd oamd tovg mo Pacikovg
nopepnodlotéc mov e€etdomnkav (otic mopeviEcelg givar ta. duvoutkd €Opn TOV
YpNoLomomdnKav) etvar ot eENg:

To Mg?* (8-40 mg/L)

To Ca?* (30-155 mg/L)

To HCO®™ (100-800 mgL),
To SO (50-200 mg/L),
To CI" (100-300 mg/L),

To NO*~ (200-800 mg/L),
To NH*" (10-70 mg/L).

Ye ovtn ™ pHeAETN O TapaTnpNONKE KATOW CNUOVTIKY LETOPOAT, 0poV GTIG
TEPIOCOTEPEG MEPIMTAGELG TO GYETIKO SOAALLN deV VITEPPave T 5%.

5.5.2/EAeyxoc o€ mpotuna delypata

2t ovvégela éywve €leyxog tov ProoucOHntipa mapovsio g to&ivng g
XoAépag oe pLOOTIKO StdAvpa. ZTOV EAEYY0 OVTO TAPOLGLICTNKE U0 EENLPETIKN
KOUTOAN gvaicnoiag pe Ty ion mepimov pe 60 mV avd d€KATO GLYKEVTIPMONG,
emPefordvoviog TV OLVNTIKY €vioyLon NG TWMNG KOVIQ OTNV EMPAVELDL TOL
Boaenmpa kobohg kol v avénomn e ovykévipwong tov oavorvtn. H vymin
evacOnoia emTvyydvOnke pe ™V VYNAN avaroyio TG EMPAVELNG MG TPOG TOV GYKO
TOV VOVOPUAA®V Ypapeviov. H petafintomta pog pétpnong Kabmg Kot T0 oYETIKO
TUTTIKO GOAApa (5.95 % Opro eumioTocvvng), Bpédnke va elvar £3.8—4.4 %, (n=40, ctov
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010 aeOnpoa, avarlvtn kol v O pépa) ko 4.6-5.2 % (n=30, o6& OOPOPETIKES
HEPEC e AAAOV ausOnTpa Kot avaAdTn).

Ta vavopuAla Tov ypageviov emttpéyav v opikpouvon tov froaicOntpa. H
NAEKTPOYNUIKT avTidpacm Tov frootsOnTipa 6€ L TA TO TEPAUATO TPOGIOPIGTNKE MG
n Oeopd duvapkod HETAEL TOL MAekTpodiov epyaciag kot TOL MAEKTPodiov
avaQopdis. Xe pio eEaPETIKA 6TaEPT TOPAY®YT EVPEON Hid KOAN YPOUUIKT KOUTOAN
evatcnociog o peydro dvvoukd gopog (10 NM-10 uM) oe pH=7.0. O cvvteheotng
TpoGdlopiopon, 2, Bpédnke icoc pe 0.9992 (n=3) (Zyqpa 5.4). To opa avixvevong
(LOD) opiomkoav pe Baon Tig YOUNAES CLYKEVIPMOGELS TOV LITOPOVV VO, ETTEVYHOVV
Katd ™ pétpnon (S/N=3) kot to amotérecpa nrav (LOD=1 nM).

-650
y = 59,329x - 135,45

-600 R? = 0,9992
S
E 550
[T
E -500

-450

-400

-8,5 -8 -7,5 -7 -6,5 -6 -5,5 -5 4,5
log [Cholera Toxin, M]

Yympoa 5.4:Kaumdoin Babpovounong yio v aviyvevon g toéivng e Xorépag. [Ot
PAPOOL GRAALATOG VITOONADVOLY TNV TLTTKN amdkAion (n=3)].

5.5.3/EAeyxoc o€ mpaypatika Selypata

INo to oxomd avtd eMednoav delypata amd ™ Apvn Kovpovvsovpov, mov
Bpioketar 610 SVTIKO KOUUATL TG ATTIKNG HE TOAD YVOOTEG QUOIKOYNUKEG Kot
Brodoyikéc 1d10tnteg [169]. Ta deiypata amobnkevtnkav otovg 4 °C. Ilpwv TG
HETPNOELS €yve OmONoM dVo Qopég dapécm eiltpov Whatmam, mov €xovv Babuod
dmdnong (GF/A=1.6 um).

[ Tovg mepapoTicoVs oKomovs ta delypato PLAtpapictnray Kot dtopédnkay
oe Oéka KAdopata, O6mov kdbe wAdopo eumotiotnke pe OdAvpo to&ivng oto
OTOITOVUEVO EMimedo POALVONG Kot avopiydnke pe pvOuotikd dwaivpo (PBS) oe
pH=7.0. Ta delypato TPOETOIUACTNKOAY LE LIl KATAAANAT LATPO. TTOL YPTCLUOTOIEITOL
eVpEmG o€ OOKIUES BroatcOnTpov Yia mtepBarlovtikd detypato, apod TPONYOLUEVHS
£ywve LIKpoPlodoyikn Kot ynukn peAétn 0t oamovotdovv Paktnplakés ToEives.
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[Tévte detypata ypnowomomOnkay yo EAeyyo youniov emmédov pe to&ivn
YoAépag cvykevipdoemg (C= 50nM), kot ta Ao TévTe oo EAeyy0 VYNAOD ETTESOV
ue to&ivn yoAépag ovykevipmoewe (C=7 uM). Auyég vepd diymg to&ivn e€etdotnke
pe tov 1010 Tpomo e T epPollacuéva detypaTa Yo va VITApYEL SEly o avapopds yio
TNV OLVATOTNTA GUYKPIOTG TOV OMOTEAECUATMV.

Olo ta delypato petpndnkov Gueco PETO TNV TPOETOLOGIO TOLG KO TO.
amoteAéopato amd to epPoAlacuéva delypota vepov @aivovtol otov mivaka 5.1. H
avéktnon kopowvotay petasd 92-106 % yua t1g yapuniés cuykevipaocelg kat 96-103 %
Y10 TIG VYNAEG GUYKEVTIPADGELC.

Mivaxag 5.1:H avaktnomn tov ProosOntmpa yoo v aviyvevon g XoAEpag g
to&ivng o€ mpaypaTikd deiypoTo vepon

YVYKEVTPOOT TNG
To&ivng g Agtypo Avaxktnon%
XoAépag

1 92.14

2 105.7

XapnAn (50 nM) 3 92.85
4 104.1

5 96.33

6 102.8

7 98.84

Yyni (7 uM) 8 96.63
9 101.1

10 97.26

H avaxrnon vroloyiotnke amo tov tomo (Hlopotnpovuevy T/ tiun avopopdg)x100

5.6. 2ulTNON AMOTEAECUATWY

O ProosOntpog Tov TOPOVCIAGTNKE TAPOLGLALEL CYETIKA HEYOAN OldpKELD
Cong, apov pumopet va avayevvnBet 10 popég ympig va xdoetl v 0pacTtikOTNTA TOV.

[TpoxatapktiKéc Epevveg oe GYéon He TV avtidopact tov ProosOntipa g
to&ivng g XoAépag amovsio vtodoya dev iyav koA amddoot). 'Etol amodeucvietat
0 ONUAVTIKOG POAOG TOL VITOJOYEN GTNV aviyvevon g To&ivng avng.

Emiong ot vynAég ouykevipdoelg tov GM1 emifpadtvouv v Guveeon e TV
to&ivn g XoAépag [170]. Ta avtd 6€ TPOKOTOPKTIKEG LEAETEG TTOV £YVAV TO HEYIOTO
onuo mponABe pe ovoroyie Aumdiov:GM1 (20:1), oniadn 5% w/w GM1 og
OLYKEVTPMOOT AMOI0V, UEYOADTEPEG GLYKEVIPMOELS TPOKOAOVCHV [0 EACPPA
aoTa0e10 TNG MITOKNG HEpPpavnc.
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H swooaymyn pepikdg @opTIGHEVOV COUATOIOV TG TPOTEIVIG HEGOH OTNV
MO pepPpdyvn kot ot aAAOYEG GTNV OO TV ATOKOV GTPOUATOV TPOKOAEL
NAEKTPOOTATIKEG AAAAYEG OTIG HepPpaveg, dnhadn oty yopntikotnta. H to&ivn g
YoAEpaG deopedeTon 0TI pEUPpdves Mmidiov pe TV VTopoVAda A TPOGAVATOMGUEVT
Hokpld omd v empavelo. TG HepPpdvng. Avtd €xel wg amotédecpo PHeETOPOAES TOV
duvapukov g pepPpdvng. H to&ivn g XoAépag £xet €va tooniektpikd onpueio pl=6.6.
Ot YpOUOTOYPOPIKES 1WO10TNTEG Oeiyvouv OTL 1 KOTIOVTIKY €mPdveln extifeTon og
pH=7.0, 6mov mpopavag Eykettor oty vopovada B [171]. Avti n mapadoyn EpyeTon
o€ oLUE®Via e Ta amoTeAécpatd pag, 0Tt To BédTioto pH= 7.0.

5.7.2uvunepdopota
Ye avtn TV epyacio Kataokevdotnke évag ProarcOntipag porg (flow-

injection), 6mov dokipaletat TPMOTN EOPA Yo, TV aviyvevor g To&ivig TG YoAEPaS
dtvovtog oA KaAd amoteAéopata, dSNAadN:

e Mo TOAD AN TEYVIKN KOTOAGKELNG

e Mo moAd anmin pébodo aviyvevong (totevolopetpio)
e 'Eva xoAo 6pro aviyvevong (LOD=1 nM)

¢ 'Evag kaAidg xpovo amdkpiong (5 min)

e  Mia koA avayevvnopdmta (10 popég)

o Avektég avaxktoels (92-106 %), cOppova pe TG KatevBuvinpleg YPOUES TOV
ICH2005 (80-115 %)

O Boaenmpag Aomdv givar Kavdg yio ypnom 6€ ETAVOAUUPAVOLEVEG LETPNCELS
HETA TNV OVAYEVVNOY] TOL GE LOOTIKAE SIOAVLOTO KOl UTOPEL VO YPNCIUEVGEL OC £Vl
KOTAAANAO HOVTEAO Y10 TV AVATTLEY CLGTNUATOV OVIXVELONG KO Y10l AL GYTLLOTOL
to&ivng-vmodoyéa [171-173].
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Ke@ 6: Avantuin mpotumov antoaicdntnpa
XPUGOU HE QKLVIITOTOINOT) SEVEpLUEPOVC
YW TOV TTPOGSLopLlopnd TS A@Aatoiivng
M1 oTo yaix

6.1.Eloaywyn

H napovca epyacio meptypdpet évav amtooiodntipo pe uitpo (Matrix) xpvcon
Kar éva axwvnromomuévo devopuepés (PAMAM) e ProocvpPatd omtapepny og
VodoYelg Yy tov mpocdlopiopd g AAatoéivinig (AFM1) pe dmAextpikn
eaopatookomion (EIS).O antoacOntipag avtdg eléyyOnke oe mpodTLmAL detypoTo pe
pLOoTIKO dtddlvpa kot og aAnOwd delypoato YOAAKTOG amd TNV ayopd TNG
MnpaticAdfa.

Ta mepdpata avtd £yvov oto mavemompuo Comenius g MrpoaticAdfa to
¢ 2016-18 oto epyactipo tov kabnynty Tibor Hianik kot to oamoteAéopota
dnpoctevTNKav 610 TEPLodKd Sensor g MDPI evo pépog avtdv mapovcidotnke o
poster cvvedpiov tov mavemoiov ™ Mrpatichdfa (Teplocdtepeg AETTOUEPELES
OTO TOPOPTILATOL).

6.2.0pyavoloyia

Ye auti TNV €pyocio ypNoOmToOMmONKeE 0 YOABOVOOSTATNG-TOTEVOIOGTATNG
AUTOLAB PGSTATI2 pe loywopkd nova (Metrohm Autolab b.v., Herisau,
Switzerland) (ewova 6.1).

Ewoéva 6.1: To punyavnuoa AUTOLAB PGSTATI12 mov ypnopomomnke yio to
TEPALOTO TPV TN YPNoN (apLoTEPA) Kot KOTA TN dtdpKeLln TG Xpnong (0e&id)
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H aviyvevon tc AFML éywve yopic deixteg (Label-free), onAaon pe aviyvevon
(QLOIKOV TOPOUETP®V Kol Oyl XPNON HOPLOKOD ONUATOS, GE MAEKTPOOIO EPYOCIOG
xpvcov (Au), avagopds Ag/AgCl kol petpricemc mhativoc (Pt). O yoiPavootding
pvOuiomke £tol dote N Pabuovounon va yivel pe Baon Tig oxeTikég LETAPOAES TG
avtiotaong petapopdc optiov Ret oto kokAmpa Randles (Ecmtepikd tov oynuatog
6.5).

To bpoc cuyvomrag (frequency range) mov ypnoiporotyOnke frav (0.1Hz-100
kHz) pe epappoyn 5 mV mAdrovg téong (voltage amplitude) kot Svvapukd DC 0.22 V.
Ta mepdpata avtd Eywvav oe vypd epyaciag omov mepieiye PBS won SmM (1:1)
[Fe(CN)s]-¥. H enefepyacio tov amoteleopdToV £YIVe e TO TPOYPOpLLa originlab.

6.3.XNULKA avtidpaotrpLla

g ot ™ péEB0d0 aKIVNTOTOINGNS YPNCLOTOMONKAY Yo THV KOTOGKELT TOL
antoocOnTpa dStoddpata dStyAwpidov ™ kuotapivig (Cys) 96%, ylovtapdehion ot
vepo 25% (GA), devopuepéc poly(amido-amine) (PAMAM, G4) 4" yevidg oe
pebavoin (10 wt.%) kot vopoPopikd vatpio NaBH4. To devopuepéc (dendrimer) sivon
Eva TOAVUEPEG E CLUUETPIKA SLoKAASIGHEVE HOPLO YOP® OO TOV TUPNVO TOV TOL
oLYVva VIoBETOVVY pia oeaPIKT TplodidoTtatn popeoroyia [174]. O vrodoyéac rav Eva
21-pepég DNA amtapepés, mov giye v e&ng owdtaén: 5°- ACT GCT AGA GAT TTT
CCA CAT-3’ (APT1) mov meprypdoetar oty avoeopd [10] kot to 5 dkpo g £xet i
apudikn opdda 1 Osukn opdda(-SH).

X1 ovvéyela ypnoworomnke n Agprato&ivn M1 (AFM1) (M.w. 328.27 Da),
mpoidv g pvkotoivng Aspergillus flavus, evd vy Tic SoAvTOMOMGES TOV
dwAvpatev ypnotpomomdnke éva pvOuiotikd dwdivpo PBS (137 mM NaCl, 27 mM
KCI, 10 mM NaxHPO4, 1.8 mM KH2PO4, pH=7.4). Ot petpnoeig éywvav og €va
ddAvpo [KaFe(CN)e3H20, KsFe(CN)s].

[Tpwv v évapén ™¢ Katackevng Tov antoocOntpa kabapictnie TOG0 yNuKd
0G0 KO NAEKTPOYNUKA LE CUYKEKPLUEVT] OLOOTKOGIO TOV £XEL TEPLYPOPEL OE EPYaATial
Tov mapeAbovtog [175-176] 1o xpvod nAektpddio. H ypvon empdavela yvariotnke
YPNOLOTOIMVTAG £VOL KIT YVOMGLOTOC ATOTEAOVEVO 0O okOvN adovuivag 1.0 kot 0.3
um (CH Instruments). ‘Eneito kaBapiomke pe vrepnyovg yo 15 Aentd o€ aBavoin
axolovBovpevo and niektpoynukd Kabapiopd 20 kKhkkmv oe KukKAKN BoAtapetpiog
(CV) pe ddhopa 1 M H2SO4 og duvopiko €6pog 0.2-1.5 V pe nhektpodio avopopig
Ag/AgCl xou puBud cdpwong (scan rate) 100 mV/s. AkorovBwg to MAekTpoOdio
exmAvOnkov mdAl oe aBavorrn, amovicpévo vepd kot Enpadnkav vrd dlmto Ko
apéowg Eexivnoe M axkwnromoinon. Ta niektpdolo mov ypnoipomomOnkay giyov
owapetpo 2 mm (CH Instruments, Austin, TX, USA).

6.4.Kataokeur Tou antoolodnthpa
H ovykekpuévn pébodog akivnromoinong viobetbnke amd mpoOGOOTN

dnpooievon [176]. Ta devopiuepr| akivnromomdnKoy Tave Ge GTPOUO KOGTOUIVIG,
omov &iye amoppoenOel ynuIKd v 6To NAEKTPOSI0 Tov XpLcov. e va yivel avtd,
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éva KaBapod niektpodio ypvcov Pubictnke oe 0.1 M vypd ddAvpa dtyhwpidiov g
KLUGTOUIVIG Yo 2 ®PES. TN oLVEXELN KABOPIoTNKE TPOGEKTIKA GE OMOVIGUEVO VEPO
Kot To NAekTpddo Pubictnre oe 5% yrlovtapdehion (GA) yw 1 dpa Ko TAVONKe o€
pvOuoTIKG dtdAvpa (PBS).

‘Exyovtag @tudéer 10 mpdto oTtpdpa, to nAektpdolo Puvbictnke oe 70 uM
(PAMAM,G4) dwivpévo oe PBS yo 5 mpeg. TIpokeévov vo umAokapiotodyv ot
avevepyEC opadeg Tov GA kot va UmodloTovy ot ur eEe10IKEVIEVES OAANAETIOPAGELS,
5 mM NaBHjs enidpacav oty empdveia tov otpdpatog yo 30 Aentd.

"Emerta 1o nAextpooio kabapiotnke pe PBS kot emovafobiotnke oe 5% GA yia
1 opa kot emavaxkabopiotnke pe PBS emikoivntopevo dueco pe 1 pM antopepéc
(APT1) y1a 16 dpeg. Xt cvvéyela emavapmlokapicTKay ot avemfounteg opuades pe
5 mM NaBH4 kot apod 10 niektpooio kabapictke pe PBS, o aioOntmpag miéov nrav
£TOLOG Y10 TNV NAEKTPOYN KT aviyvevon g AFMI.

Xympa 6.1: Tomikn aneikdvion Tov artoosOnTipa ToL PN GIULOTOONKE

H aviyvevon tmg AFMI éywve pe ypron g SNAEKTPIKNG QOCUATOCKOTIOG
(E1S) napovsio. 5 mM [Fe (CN)s] ¥ kot Baciotnke 6TovV TpOGSI0PIGHS THE AVTIGTACTC
petapopds eoptiov Ret mov dArae mapovcia g avaivdpevns ovsiog Avtr gival pua
YVOGTN TPOGEYYIGT OV TOPOVGIACTNKE GE GYETIKN EpYacio 6To mapedov [177].

6.5.AelTOUPYLKOC EAEYXOC TOU amtoalobntrpa

O éheyyog tov amtoocOnmpa yiveton oe mpdtumo detypoata pe puOuoTikd
SldAvpa Kol o€ Tpaypatikd oelypato yahaktos. H teyvikn mov ypnoomomdnke frav
n dmiextpikn pacpatockomnia (EIS), ot 1 AFMI1 dev €xet o&edoavaywyikn dpaon
oV aviyvevon ¢ pe 10 APTI1, oAlé mapovsio tov [Fe (CN)e]¥* oe Suvauiko
nepimov 0.22 V évavtt tov Ag/AgCl og niektpodiov avapopds yivetor n péylom
petaopd @optiov HETOEL TOL (eVYaPLoD OEEBOOVOY®YNG KOl TNG EMPAVELNS TOV
NAekTpodiov.
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Ot aAhayég oty emepdaveln petd v oéopevon mmg AFMI1 umopel va
emmpedoovy v petapopd eoptiov. Ilapdia avtd aviyvedoviag Tic aArayéc oy
petopopd ¢ avtiotaong, Rcet, aviyvedetar n oAAnieniopaon g AFMI1 pe v
EMLPAVELX TOVL OTTOOICONTPOL

6.5.1.'EAeyxoc og mpotuma delypata

Ta amoteAéopato ToL EAEYYOL GE TPATLTO OELYLOTO TOPOVGLALOVTOL GTO GYNLLOL
6.4 A, 6mov givon o1 amokpicelg oty EIS o¢ kéBe suykévrpoon AFML kot avev to&ivng
(0 ng/L). Z& avtd ta Stoypaupoato SLoKPIVETAL OO TOL EUTEPIEYOUEVA NUIKOKALLL OTL
000 1 ovykévtpoon e AFMI avédvetan 1060 T0 TAATOG TOV NMUKVKAIOL avEaveTan
poli pe v avtiotaon petapopdg eoptiov (Rct) oto koklwpa Randles (esmtepikd tov
oyfquatog 6.3). H d1quetpoc tov muikvkiiov eivar avdAoyn pe v avtictaon
petapopds eoptiov. H adénon avt) pmopel va opeileton otnv dnuovpyio epoyprond
7oV eUmodilel pepkmg ™ dudyvon tov {evyovg oeldoovaywyng omd to SidAvpa TNV
EMLPAVELX TOL NAEKTPOSIOL.

Me 1 ypnon tov Aoyiopikod NOVA (Metrohm Autolab b.v.) kat Tov originlab
KOTOOKELAGTNKE N KAUmTOAN Babuovounong oto oyfua 6.2 B tov ARCt/RCto évavti g
AFML1, nov givon Tpaxtikd pia gvbeio ypouur oto dvvapkd evpog (15-120 ng/l) mov
&ywe n aviyvevon. Amd v avaroyio g SD/kiion g kapmoing (SD=tvmikn
andkiion) e€nydn to dpro aviyvevong (LOD= 8.5 ng/L).

Ta amoteléopata oto 6.4 B gppoaviCouv tov péco 0po £ Tumikn amdKALoT amd
3 avegapnta tepdpata. To éva ek Tov tepapdtov epgaviCetor oto Zynua 6.4 A. Ta
nepuato £ywvav o PBS mov mepisiye 5 mM [Fe (CN)s]*™* og avoroyio (1:1) cav
0&e10avay®YIKO TopAyovTa.

2.0 4 —=— 0 nglL (A) 1.0 q

—a— 15 ng/L (B)
—&— 30 ng/L 0.8 1
g 1 —w60nm I_______i/
o —e— 90 ng/L 2 0.6+ s
Q —a— 120 ngiL o /
210 04
™~ |
0.2
0.5 A /E
007 =
00 0.2+ . . . . . .
0 20 40 80 80 100 120
[AFM1], ng/L

Yyna 6.2: A) TTotevolopetpikd didypappo eréyyov tov AFML tov artooicOntipa o€
SrapopeTikég ovykevipwaoelg B) Kopmoin fabpovounonc tov oyetik®dv petaformdv g
Rct (ARct/Reto=(Rct-Rcto)/Rcto) évovit g cuYKEVIPOGEMG, TOV TPOEKVYE OO TO
Swypappo A.

Evtopetagd pe ™ pnébodo EIS éyve avdivon oe OAa Ta enineda TposOKng tov
antoalcOnTApa Mg TPOC TNV dlapopomoinon g avtictaong petapopds optiov(RCt).
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To dudypappa ovt) TG avaALce®S eppaviieton oto oynua 6.5, dmov dakpivovtor ot
NUKVKAIKEG S1opopEG 6€ KAOE 0TAO10 TPOSHNKNG, OOV £YIVE GTPMOUO TPOS GTPON

(layer by layer).

270 €0MTEPIKO TOL JYPAUUOTOS TOV akoAovBel (ZyMua 6.5) eppoaviletar to
kokhopo Randles 6mov o€ avtd £ytve | avdAvon Tov 1010THTOV TV 6TpOoEmV. RS kot
Rct, mov elval o1 avTioTAoES TOL NAEKTPOAVTN KO 1] LETAPOPE POPTION avTiGTOLYO.
To Zw givon n ovvBetn avtiotaon Warburg, mov mpokvmtel and ) O1dyvon Tov
aviyveut o&ewoovoaymyng kot C egivor n yopntikdtnTo TG EMPAVELNG/ dtdAvua
niektpodiov. Ta mepdapata avtd £ytvay eEicov Tapovsio pLOLGTIKOV AV UATOG TOV
nepieixe 5 mM [Fe (CN)e]*™* kar PBS oe avodroyia (1:1) cav ofeidoavoywmyucd
TOPAYOVTOL.

3.0 —m— Bare ®
T —@ — Cystamine ///7
2.5 —A— Dendrimer A'./-
1 - 7
S 20- A— Aptamer @ -/ /‘
il = i
& 454
N 1.0-
! -
0.5 +
0.0

00 05 “1.0 1.5 20 25 30 B35 40 45
Z, kOhm

Yyqpo 6.3: TTotevolopeTpikd SloypaUOTO TOV  OVTIGTOLOLV OTA OTAdWL NG
TOPOCKELNG TOV OTOOLGOHNTPA 0) GTNV EMPAVELX TOL GKETOV Ypvcov (bare) B) oto
oTpOMHO NG Kvotapivng (cystamine) y) to Oevopylepéc (dendrimer) d)otnv
aKwvntomoinomn tov antauepovg (aptamer).

6.5.2.EAeyxoc o€ delypata yaAaKTog

Ta Oetypoto yOAOKTOG TPOETOUACTNKAY GOUE®OVO HE TN O1001KAGio TOL
neprypheetan € Tpoceatn onpocicvon [15]. To detypa ayeladivod yaAaKTOG TOV Eiye
nactepuwBet pe v péBodo UHT eiye 3.5% Amapd kot ayopdostnke amd TV TOmTKN
ayopd ™G Mrpatichdfa. Xto yoAo TpdTO EVOTOTEONKAV GUYKEKPIUEVES TOGOTITEG
AFM1 og duvapukod €vpog (15-120 ng/L) ko énerta Oeppootatbnkay og 40°C. Enetta
T0 LOAVGUEVO YaAa aponmBnke pe pebavodn og avaroyia 3 :1 v/v Ko puyokevtpnOnke
og toyvnTa S000 rpm Yo 5 Aemtd.
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To vmepkeipevo vypd oapaddnke oe avaroyio 1: 10 v/v pe PBS. O
antoocOntpog KatoPubictnke ota detypoto ydAaktog yio 60 Aemtd Kot Kotoypaepnke
10 onua. H avaktnon tov asOnmpa vmoloyiotnke pe v e&icmon [(ARct/Rcto)
PBS/(ARct/Rcto) milk]x100%, 6mov (ARct/Rcto) PBS eivat ot addayéc otnv avtiotaon
LETAPOPAC QOPTIOV  OE CLYKEKPIUEVEG ovykevipmoelg g AFM1 oto avdioyo
pvOotikd ddivpa kot to (ARct/Rcto) milk ot avdroyeg dwapopéc oe detypota
YAAOKTOG,.

e ovtd To TEpdpato £ywve evPuOion tov antoocOnpa o€ yaia yopic AFMI
v 1 dpo. ‘Enerra éyve éxmivon pe PBS kou pétpnon o EIS pe 5 mM [Fe(CN)s]**
o¢ ofewoavaymywkd mapdyovia dwAvpévo oe PBS pe avaroyio (1:1) ko
npoodopiotnke T0 Ret ko €merta €ywve 1 10w Sadkacio kKot oto delypata TOv
YOAOKTOC IOV TTEPLEiyay cvyKeKpiuéveg mocotnteg AFMI og duvapkd €vpog (15-120

ng/L).

210 oyfua 6.4 cuykpivovtarl ot aAAayEC GTNV aVTIGTACT LETAPOPAS POPTIOV
Evavtt TG ovykevipaoewc ¢ AFM1 g pubuiotikd ddivpa kot yoro. Awd avtd to
LAY POLLO LTOPOVLLE VOL SOVUE HOVO GYETIKA UIKPEG OmOKAGELS HETAED TMV KOUTLADY
OV OTOJELKVOOLV TNV KOAN avaktnon tov aicdnmpa. Reto, Ret givat o1 avtiotdoeig
HETOPOPEG PopTimV Ywpic Kot pe cvykekplévn cuykévipoon AFMI, avtictoyya oto
PBS ka1 610 poivopévo yara (milk). Ta arotelécpata tapovctalovy tov HEGO Opo +
TUTIKY AOKALOT oo 3 EeywPloTd TEPALATAL.

= - -
—a—PES

—d— MILEK

o ﬂfg
- !

AR TR

i 20 40 & 100 120
[AFK 1], ng/L

Yympo  6.4: Kopmoleg Pabuovopmong tov  oxetikov  oAloyov g Rct
(ARct/Rcto=(Rct-Rcto)/Rcto) o yaro (Milk) ko puOuiotico didivpo (PBS) évavtt g
ovykevipooems s AFM1
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ATO TIC KOUTOAES VTOAOYIGTNKE 1) TOGOOTIONO OVAKTINGN amd TN dpopd
ueta&d tov (ARct/Rcto=(Rct-Rcto)/Rceto)pes kat tov (ARct/Rcto=(Rct-Rcto)/Rct)miik
(mivaxa 6.1). Ot TOocOGTIOIEG OVAKTNOELS TOV amToatcOnTipa avtod vVIoAoyicTnKay
peta&d tov 78.04 kot tov 106.25 %.

MMivakag 6.1: XHykpion T@V KOPLEOV GTIS KAUTOLAEG fabovounong tov oynuatog 6.4

Zﬁﬁ‘ljtﬁ;ﬁn AII{)EIS{cm All;?lzm Aveaetnon %
5 016 | 017 106.25 %
20 041 | 032 78.04 %
0 061 | 055 90.16 %
% 065 | 063 97.00 %
120 078 | 062 79.5%

H rwooocuioia avaxthon vmoloyiotnie amo tov tomo: [(ARct/Reto)milk/(ARct/Reto) PBS]x100%.

6.6.20{ATNON ATIOTEAECUATWY

O ovykekpyévog amtooicOntnpog sivar yopic deiktes (label free), emeon dev
YPEBLETOL KATO1OV OEIKTN TPOKEIUEVOL VO TPOGOLOPIGTEL 0 avaADLTNG. AvTo elvan Eva
TAEOVEKTNUA GE OTL 0QOPE TPOKTIKA TNV EPOPLOYN TOV, OQOV TAPEXEL avaALGN
HEYAAWV OELYLATOV YAAUKTOG LE YOUNAO KOGTOC.

Katd v avaivon etpopatog tpog stpopa (layer by layer) oto oynua 6.3
n evbela ypapun g YNUEATOPPOPNONS TNG KLGTAUIVIIG GTNV YPLOY| ETLPAVELL
dglyvel v VYA ayoywoTTo. OVTAG TG OOUNG, Omov OPeileTOn GTNV YPNYoPN
duvon tev dekTOV ¢ o&ewoavaymyns. Otav €ytve mpostnkn tov PAMAM, to
BeTikd QopTio d1ELVKOAVVE TN O1dYVOT TOV O0EEWOAVAYMYIKOD OVIXVEVLTI KOVTH GTNV
EMPAVELD, TOL MAEKTPOOIOV Kol £TGL 1 OKLWVNTOMOINGY TOL ORTOUEPOVS &ivan
amOTEAECHO, TNG aOENONG TNG MUIKVKAIKNG OpéTpov dpo Kot TNng ovIiotaomg
petapopds @optiov. Avtd 1o amotéhecpo Ogiyver 0Tt o DNA oamtopepéc sivon
(QOPTIGUEVO OPVNTIKA KOl £TGL TO 0EgWoavaywykd (evydpt amoppintetor omd v
EMPAVELL TOL MAeKTPOodiov mov avidaver g Tiwég tov Ret. Avt n mpocéyyion
ovpemVel pe ToperbovTikn epyacia [176].
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210 TPAYUATIKG OElyLoTa | GvAKTN61), ONA0ON 1| TOGOGTINI SLOPOPE GNLOTOG
HETOED TPAYHOTIKAOV KOl TPOTLTOV OEIYUAT®V, OEiYVEL TV LEPIKT EMIOPAOCT] GAAW®V
0LGLMOV TTOL BploKovTal G TPAYLATIKA delypata pe Tov amtoucOnmpa, pe Alyeg Tyég
va Egmepvovv 10 100% (mivakag 6.1) kdtt TOV €lvol IKAVOTOMTIKO TG TPOS OVTH TNV
avaivon. To 100 % etvon n avapevopevn Betikn amd300M omd P TUTKY KOTOVOUN
TOV OVOAVTIKOV OTOTEAEGLATOV 0O OVOAVTES TTOL epPavifovy Tipég kKovtd ato 100 %,
7OV £Vl LIGOJVVOLLO ATOTEAEGLLATOL [LE TV OPVNTIKY] T TOL pEGov Opov. H enidpaon
AOUTOV TOV TPOTEIVOV TOL YAAOKTOC GTNV ETPAVELN TOL OTTONIcONTHPO EUTOOILEL
HEPIKMG OALG GE OVEKTO EMITESO TNV S1UYLOT TOVL 0EEWDOOVOY®YIKOD OVIYVEVLTH OTNV
EMLPAVELN QViyVELOTC.

Eniong mpénetl va toviotel 0Tt £ytvav TpokatopkTikd mewpdpato 1060 o AFB1
060 Ko og Qypoto&ivn e TOV CLUYKEKPIUEVO OmTOGONTNPA KOl TO. OTOTEAEGLOTOL
NTOV APVNTIKG MG TPOG TNV OViYVELGT] TOVG. AVTO ATOJEIKVVEL OTL O amToosONTHPOC
aVTOG £XEL KOA| EKAEKTIKOTTA, ALPOV OV UOPEL vor aviyveDoel GAAEG LUKOTOETIVEG.

O amtocOnmpag avtdg emiong €xel avayevvnoypndTnTe (TovAdylotov 3
(POPEC), YOPIS VoL LTTAPEEL GNUAVTIKT OTAOAELD THG OPACTIKOTNTAS TOV, OTTMG JElYVEL KO
nohootepn pedétn [176]. Avtd copPaivet 010tL 11 GAANAETIOpAGT TOL AVOADTY UE TO
antapepés PacileTal 6 NAEKTPOSTATIKEG OAANAETIOPAoELS 1 AN emdpdoelg Van der
Walls kot €161 1 avayévvnon tov amtoocOntipa eivor dvvotny pe eupamntion Tov
awcOnmpa ce SdAvpo VYNANG 1OVTIKNG woyvog, Yoo mapadstypo 2M NaCl 1
dmdekvAoBeuxo vatplo (SDS) (avapopd 12) 11 0,2 M drodvpatog yAvkivng.

To 6pro aviyvevon mov vpébn (8,5 ng/l) eivan péoa ota Opro. Tov Exel opicel
1660 1 EE (LOD=47,2 ng/l) 660 a1 ot HITA (LOD=472,0 ng/l).

6.7.2UUMEPACHATA

Y outn NV €PYOcios KOTOOKELAGTNKE &vag amtoocOntipag mov glxe
ypnowonomBel Eava oto TapeABov yua aviyvevon g AFBL pe diio antopepés wg
vrodoyéa [176]. T TpdTn Popd dokudaleton yo v aviyvevon g AFM1 divovtog
oA KoAG amoteléspata. To petovéktnua avtod Tov artoocOnTpa eival o peyahog
YPOVOG KaTaoKELNG (TEPimov 26 dpeg) aAAA £yl piat TANOD P AAA®V TAEOVEKTNUAT®V
nov gtvon Ta €Ng:

e H kol avayevvnoydmra (3 opég ympic va YAceL TV dpacTIKOTNTA
TOV)

e H kol exdextikdtra (umopel va dpdoet uovo yuo tnvy AFM1)

e  Avekto kot younAd o6pio aviyvevong (8.5 ng/l)

e H xoAn mocooTioio 0vAKTNON GE TPOYUOTIKA Oty LoTol
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Ke@ 7: Avantuin mpotumov antoaiedntnpa
XPUoov TE3 KLV TOTION O
Neutravidin/Fe-COOH Ylx TOV
TPOocsdLoplopo ¢ ApAatoiivng M1 oto
yaAx

7.1.Elcaywyn

H mapovca epyacia meprypdoet Evav amtoosOntipa pe untpo (matrix) ypvcob
Kot éva akvnromoinuévo otpopa Neutravidin/Fe-COOH pe rocvpupatd antapepn og
VTOd0YElS Yoo ToV TTpocdlopiopd e AeAiatolivng (AFM1) pe Awgopikn Mok
BoAtapetpio (DPV).O artoocOntpog avtdg eréyyOnke oe mpdtuma delyporto pe
pLOGTIKO ddAv .

Ta mepdpata avtd £ywvav oto mavemomuo Comenius g MrpoticAdfa to
¢t 2016-18 o710 gpyactpro tov kadnyntr Tibor Hianik kot pépog tmv amotelecpdtmv
dnpoctevnKav oto meplodikd Sensor e MDPI (nepiocdtepeg Aemtouépetes ota
TOPOPTILLOTCL).

7.2. Opyavoloyia

Ye ovt) Vv gpyocio ypnowomomdnke o motevowootatng CHI 440 (CH
Instruments, USA).

Ewova 7.1:To unyavnuo CHI 440 mov ypnciponombnke yio to Teipapoto

H aviyvevon pe avtév tov antooasOntipa £ywve pe deikteg, oe niektpodio
epyaciag ypvool (Au), avagopds Ag/AgCl ko petpnoewnc mhotivag (Pt). H
OCLYKEKPIUEVN OViYVELOT £YLVE TPOKEIUEVOL VO GLYKPOEL pe TV aviyvevon yopic
oeikmn (Label-free), mov €ywve oto xepdiao 6. O motevolooTatng pvbuictnke €161
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wote N Pabpovounon va yiver pe Paon Tig OYETIKEC UETAUPOAEG TNG KOPLPNG TOV
pevpatog I 6to BoAtapoypdenua Tov eKAGTOV AmTapeEPOVS TOV YPTCLUOTOMONKE.

Ot nkektpkol TopdpueTpol TV antouicONTpOV Tpocdlopictnkay pe xpron 4
mL Teflon kvuyelida pe dwopdpemon tpuwv Niektpodiov. To nlextpddio epyaciog
nepieiye ypoon empavelo SLapUETPov 2 mm, To NAEKTPOSI0 avapopas nrav to Ag/AQCI
Kot To BondnTikd nAekTpodio eivar Eva cupuatdkt amd tiativa (Pt). Ola ta niektpdoa
npoépyovtal amd tv CH Instruments. To dvvouikd €Opog (potential range) mov
ypnoporomOnke frav (-0,2- 0,7 V) pe ypodvo mpoetopaciog (quiet time) 2s.

Ta wepdpata avtd £ytvav og vYpod epyaciog Omov mepieiye SdAvpa PBS yio to
APT2a kot HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 10mM pH
7.4 o to APT2b. H enefepyacio TV omoTELECUATOV E€YVE UE TO TPOYPOLLLLOL
originlab.

HAektpddio avadopdg Ag/AgCl

HAektpobio petprioswc pt

HAektpddio epyaoiag Au

Kupehida 4ml pe to PA

Ewova 7.2: To chotpa Tpiddv nAekTpodiov ev dpa epyaciog.

7.3.Xnuika avtildpaotipla

Xe aut ™ HEB0So aKvNnToToiNoNG YPNCLOTOMONKAV Y10 TNV KOTOGKEVT TOV
antoatcOntipa dtodvuata Neutravidin (NA) and tnv Biotech (Bratislava, Slovakia)
kot [Fe-COOH]. T v evepyomoinon tov [Fe-COOH] ypetdomkav tol-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) ko1 To N-hydroxysuccinimide (NHS). Xt
oLVEYELD PN CILOTOMONKaY 600 antapepn g vrodoyeis. IlpdTo ypnoipomombnke to
15-pepég antapepéc mov 6To S Akpo £xet po apdkn opdda 1 Beuxn opdda(-SH) kot
tpomomomOnke pe Protivn. To antapepéc oavto Exer v e€ng popen: S>-TTTTTTTTT
TTT TTT ACT GCT AGA GAT TTT CCA CAT-3" (APT2a). EvaAilaxtikd
ypnoporomOnke to 50-pepég DNA antapepég mov tpomomomnke 610 5° Akpo Tov pe
Brotivn ko Exer v popoen: 5°- GTT GGG CACGTG TTG TCT CTC TGT GTC TCG
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TGC CCT TCG CTA GGC CCA CA -3’ (APT2b), mov yapaxtmpiletor omd peydin
exiextikotnta otnv AFM1 xon €xet otabepd ddotaons (Kd = 10 nM) [9,178]

21 ovvéyela ypnoponombnke n Aprato&ivn M1 (AFM1) (M.w. 328.27 Da),
mpoiév g pvkoto&iving Aspergillus flavus evd yio g dwwhvtonomoel; tov
Stdvpatwv ypnooromonke pvbuiotikd didivpa PBS (137 mM NaCl, 27 mM KCl,
10 mM NazHPQOg4, 1.8 mM KH2PO4, pH=7.4). Ot petpriceig £yvav oe didAvpa PBS yia
10 APT2a ka1 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 10mM pH
7.4 ywo.to APT 2b.

H pébodoc xabapiopod twv mAektpodiov eivoar 1 10 pe ooty mov
ePLYypAeTNKE oTNV evotnta 6.3.

7.4 .Kataokeur Tou antoalobntipa

Avtol ot oamtooucOntnpec katookevdotnKav pe ypnon oamtapepdv DNA
(APT2a 1 APT2b) tpomtomompéva 6to 5° dkpo ¢ pe Protivn axwvnromomuévn oe
otpodpo  neutravidin ynueloomoppoPnuéva o emPAveLn. YpLSdV Miektpodiov. H
aAAnienidpaon tov amtoocOntipa pe v AFM1 ompiletor oty oyvpnq YUK
ovyyévela petald g Protivng kan g neutravidin. [Ipokeyévov g va aviyvevtel n
AFM1 mlextpoynuikd 1o otpodua tng neutravidin mpénet vo tpomonomei and (Fe-
COOH), mov £yet Kahd o&gdoavaymykd onpa. 1o oynuo 7.1 mapovcidletot o TpOTOC
oL dMUoLPYNONKE TO CTPOUA AVTOV TOL BroatcOnTipa.

O AmtoacOntpoc mpoetoywdotnke pe ta akdAovba Pruata. Ilpodta o
kaBopd nAextpoda Pubilovrar omn neutravidin, mov &xel apoumbel pe amoviopuévo
vepo, cvykevipmoews 125 pg/ml ywo 15 Aentd. Avtr| elvor o Kowdtonn dadikacio
otafepomnoinong tov otpdpatog g Neutravidin o otpdpa ypvcov [179]. ‘Ererta to
NAEKTPOOI0 EKTAVVETOL LLE OTIOVIGUEVO VEPO KOL TO MAEKTPOSIO LE TO OTPAOLO
neutravidin fuBileton o dSidhvpa mov TepLEyel evepyomompévo ddivpa Fe-COOH ya
2 opec. H gvepyomoinon €ywve cOppovo pe v 01odkocion Tov TePtypaPETAL OTN
avagopd [180]. H dwdwacia éxet wg e&ng: 20 nM Fe-COOH npoctifevion oe pelypa
1 mM EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) kot 5 mM NHS (N-
Hydroxysuccinimide) ywo 15 Aentd. Avtd mov £yl onpacio o avth T dtadikocio efvor
N evepyomoinon va yivetar Alyo mpwv v evPovbiom, mov £yel ©¢ okomd va
0KV TOTTOWOEL TO GTPpMLa TNG Neutravidin.
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Xyqpa 7.1: Tomikr anetdvion Tov antoocOnTpa Tov pncLoTotonke

H mpocOnkn tov evepyomomuévov Fe-COOH éxer wg amotéhecpa v
OUOOTOAKY] GUVOEST] TNG avOpaKiKig opddas pe to puoplo tov neutravidin, Xtm
OGULVEYELD TO NAEKTPOSIO EKTAVVETOL e amloVIGHEVO vepo Kot PBS kot fubileton péca
oe dilopa 1 uM antapepdv (APT2 a 1 b) ywa 30 Aentd. Meténerta 10 NAEKTPOS10
exkmAovetar pe PBS kot ovolaotikd o aicOnmpag mpostopdleton yroo aviyvevon g
AFMI1. H aviyvevon Paciotnke ot puétpnon tov o&etdoavaymyikod pedUaTog TG
OLLAdOG TOV GLONPOV. XE QLTI TN TEPITTO®ON avapéVove 6Tt 1| mapovsio tov AFMI Oa
EMOEPEL OAAOYEG TNV EmMEAve TOL ProacOnmpa o6mov Bo emmpedost v
0&e1oavaymYIKn KATAGTOoN TNG EMPAVELNG. AVTH 1) TPOGEYYIOT XPNOLLOTOLEITOL Yo
TPMOTN POPA GE AT TNV £PYAGLA, TAPOAO TOV VIAPYEL L0 TAPOLOLY TPOGEYYIOT| GTO
noperfov [15]. Xe ekeivn v mepimtwon g ot 0éon g Neutravidin
YPNOLOTOONKE EVO NAEKTPOTOAVUEPIOUEVO GTPDOLA TTOV StapopdOnke amd Neutral
red.

7.5.\elTOUPYLKOC EAEYXOG TOU amtoaloBntrpa og mpotuma delypota

H DPV yw tov antoasOnmpa mov Paciletar oto APT2a napovsidletot 610
oynua 7.2 A kot eketvn tov APT2b 610 oynua 7.2 B. Bdoegt avtdv tov daypappdtov
@oivetTal 6Tt TO €0POC TOL PEVUOTOS PELDVETOL KOL TNG OVO TEPUTTACELS LE TV avENoN
™G oVYKEVIpOGE®S TG AFMI. Aapfdavovtog véy v mboavn actddeio g opnddog
tov cwnpov (Fe) oe paxpoypodvia mepdpata £yve kow DPV yopic v mapovsio g
AFM1, mov ypnoyomotndnke wg avoapopd.

‘Encita and 5 dpeg petpnoeov mapotnpndnke povo ghoepd avénomn tov
PEVULOTOG TOV KOPLO®OV, TO 0Toio dev Egmepvaet 1o 26 %. Xpnowomolwvtag CV petd
a6 30 khxklovg yia Tov antooicOntipa mov cvvtifetor pe 10 APT2 méve og oTpdOUQ
neutravidin tpomomoinpévo pe Fe 1660 yia PBS 660 kot yio HEPES, moapatnpnonkav
KOl GTIG OVO TEPIMTAOGELG apeAnTéeg aAlayég oto CV.

64

—
| —



——0ng/L 0.30 -

08 | —15nglL (A) :?5”9“/L
-30ng/L 0251 ng
——60ng/L gng;t
< 08 90 ng/L < o020 — 90”9/L
€ = = 120ng n
& 041 § 0154 .
: :
0.10-
O 2] o
0.051
00 |
0.00-
00 01 02 03 04 05 0.1 02 03 04 05
Potential, V Potential, V

Yyqpe 7.2:  Awypdppota €AEyyov TOL anTocHNTNPU LE SLPOPIKT TOALUKN
BoAtouetpion oto omtapepy A) APT2a (PBS), B) APT2b (HEPES) mov
aKwnTonovVTAL 6€ oTpde neutravidin tporomompévo pe Fe-COOH.

[Tpokeévov va cuykpBei n evarcsOncio Tov antoaicOnpa mov Paciletar ota
dvo amtopepn (APT 2a kot APT 2b) kotackevdotke 1 kopmdin Badpovounong pe
™G oyetikég petaforéc [Al/lo=(I-Io)/1o), 6mov 10 I givor 1 KopLEN TOL PEVUATOG GE
ovyKekpluévn ovykévipmon tov AFM1 kot lo ekeiv yopic AFMI1] évavtt g
ovykevipooews s AFMI (Zynmua 7.3). Opoimg e Tov mponyodUevo ortooicintipa
mpocolopiotnie To Optlo aviyvevong LOD ko yuo g 600 antoocOnmpeg: 8,5 ng/l ywo
tov APT 2a kot 8,6 ng/l ywo tov APT 2b, avtiotoyo. 'Etotl dev vdpyet onpavtikn
dpopd 6To OPLO AViYVELOTG TOV dVO ATTONGONTNPWV.

o
(o)}

o
(6)]

—=— APT 2b
—e—APT 2 a

o
N

Alllg
o
w

o
N

=
—

o
o

0 20 40 60 80 100 120
[AFM1], ng/L

Yympoa 7.3: Kapmoreg fabpovounone mov tpoékoyay amd To 1oy paLOTe EAEYYOL LUE

TIG OYETIKEG aAAAYES TV KopLe®V pevuatog (Al/lp) Evavtt TG GLYKEVTIPOGE®S TG

AFM1 cta dvo antapep).
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7.6.20{ATNON AMOTEAECUATWY

O ovykekpipévog antoocOnipag eivol pe oeikTeg, emedn ypewdletor ¢
deikng 1o Fe mpoxeyévou vo mpocsdtopiotel o avaivtnc. H evepyomoinon tov Fe-
COOH éywve Atyo mpwv v evpfvbion tov otov amtooucOnmmpa mPoKEWEVOL val
emrpanel 1 oviyvevon TV OAOYOV TOL GCLVIEAOLVIOL OTNV EMLPAVED TOL

antoorcOnpa. H o&etdoavaywyn mpokadeitor Aowmwdv amd 10 6idnpo mov TePEyeTaL
oto Fe-COOH.

Xe auTn TNV TEPITTOOoN £Yve YPNOT TNG OPOPIKNG TOAUKNG PoAtapeTpiog
(DPV) mpokeipévou va, dtakptfodv ot aAAayEG 6To 0EEWB0OVAY®YIKO pev. AVTO TOL
avapevotav pe PBdon mponyoduevn epyacio [181] rav po Babpaio avénon oy
KOPLOT TOL PEVUOTOC, O10TL N TPddeon Tng AFMI mpokodel addayéc otn SlopOpPon
TOV OATOUEPOVS, TTOL UTOPOVV VO, EMNPEACOVY TO 0&etdoavaymyiko pgopa. H dtapopd
elvar 0Tt T0 oidnpo oe ekeivn TV epyacio NTAV OKIVNTOTOMUEVO GE EMLPAVELQ
OEVOPILEPDV TTOV AKOVUTOVGE GE TOAAATAOVS VOVOSWANVES AvOpaka. To chotnuo £0M
g dev elvarl 1060 moAvmAoko. O eEeldikevpévog vodoysag onpov (Fe) diver v
duvatdTTo. GUYKPIONG NG evocOnciog tov amtousOnTpo 6e VO OLUPOPETIKA
amtopepn (APT2a ko b).

AntoouoOntpog pe akwnromoinon antapepovg oe otpmpo Neutravidin/Fe-
COOH y1a v aviyvevon g AFM1 €yet doxypaotel Tpdt Qopd. O GLYKEKPLUEVOC
antoatcOntipag BéPata giye doxpuaotel oto mapeAdov yio. tnv Qypatoivn [182] ue
OTTOUEPY] TPOTOMOMUEVO, G TPOG TNV GLYKEKPUEVT pvkoto&ivn. To onuovikd
TAEOVEKTN LA AV TOD TOV aToonsOnTpa elvar 0 HIKPOG xpOVOG KOTAGKEVNG (Ttepimov 3
hpeg). XtV gpyacia pe v Qypato&ivn [182] eiyxe doxpaotel Eva mAnbog antopepmv
TOV MTOV TPOTOTOMUEVOL VTTOJOYELS Yo TV Qypato&ivi) Kol To OTOTEAEGLOTA TV
OYETIKO KOVTA G TPOG TOL KVPLXL YOPOKTINPIOTIKA (Op1o aviyvevons, EKAEKTIKOTNTA
k.T.A) pe t Neutravidin, mov amodeikvietal 0Tt emdpd EAAYIOTO OTN OYXECT UETAED
AMTOULEPOVG KOt TOETVNG.

Eniong mpénet va toviotel 6T Eytvov TpokatapkTikd telpdpata toco oe AFBL
660 ka1 og Qypatolivn Le TOV GLYKEKPLUEVO OTTTOGHNTPO KOl TO, OMOTEAEGLOTO
NTOV APVNTIKG MG TPOG TNV OViYVELGT] TOVG. AVTO ATOJEIKVVEL OTL O ATOOSONTHPOC
aLTOG £YEL KOAN EKAEKTIKOTNTO, 0poV deV Umopel va aviyvedoel GAleg pukoto&ivec.

O oantoausOntpoag avtdg emiong £xel avayevviolpoTnTe (ToLvAdyIeTOV 3
QOPEC), YOPIG VoL LITAPEEL GNUAVTIKT] OTAOAELD THG OPACTIKOTNTAG TOV, OTTMG JEl)VEL KOt
nohonotepn perétn [176]. Avtd copPaivet 10Tt 1| GAANAETIOpOGT TOL AVOADTY UE TO
antapepés PacileTal 6 NAEKTPOSTATIKEG OAANAETIOPACELS | aAANAemdpaoelg Van der
Walls kot €161 1 avayévvnon tov amtoocOntipa eivor dvvotny pe eupamntion Tov
awonpa 6€ SGALHO VYNANG 1OVTIKNG 1oY00G, Yia mopdoetypa 2M NaCl 1
dwdexvrobeuxd vatpro (SDS ) (avapopd 12) 11 0,2 M droddpatog yAvkivig.

66

—
| —



Ta 6pra aviyvevon mov gvpébnkav (8,5 ng/l yia tov APT 2a kot 8,6 ng/l yia tov
APT 2b) givon péoa ota opro mov £xet opioet toco n EE (LOD=47,2 ng/l) 660 kot ot
HITA (LOD=472,0 ng/l).

7.7.Zuunepaoporta

Ye outq TV €Pyocio KATOOKELAOTNKE 1Tng omtoousOntipa mov &iye
ypnoonomBel Eava oto moperbov yuo aviyvevon g Qypatofivng [182] pe dila
antapepn ®¢ vIodoyels. ' TpdT Popd g dokiudletal yio tnv aviyvevon g AFM1

dtvovtag moAd kald amoteléopata. To HELOVEKTNHO TG TPOGEYYIONG TNG Elval OTL OV

Eyvay SOKIUEG GE TPAYUATIKG SelyLoTa Yo VoL Yivel cOyKplon LETAED TOV TPAYUATIKOV
KoL TPOTLTTOV SEYUATAOV OAAG ExEL Lot TANODpa TAEOVEKTNUATOV TToV €lvar To ENG:

H oA avayevvnopdmera (3 gopéc xopig va xdoet v dpactikOTnTd
TOV)

H xaAn exiextikotnta (pmopei va dpdcet povo yo tnv AFM1)

AveKTO Kat YoUnAO Oplo aviyveuong

O nkpdg xpovog Kataokevns (3 dpeg)

Ovodétepo oTpOUA OOV OV OAANAOETIOPE GTNV GYXEGT TOL LITOOOYEN LLE
v to&ivn

To younho oyetikd kdéotog tng Neutravidin
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Ke@ 8: Avantuin mpotumov antoaicOntnpa
XPUOOV E ATIEVOELAC AKLVI)TOTIONOT) TOV
IE LEPKATTTOEEAVOAT Y TOV
TPOocsdLoplopo ¢ ApAatoiivng M1 oto
yaAx

8.1. Eloaywyn

H nopovoa epyacia meptypdeet évav antooicOnmpa pe pntpa (matrix) ypucov
pe amevbeiog axwvnronoinon ProsvuPfatov vrodoyéa (amtapepés) pe v fondeta g
HePKOTTOEEAVOANG YIoL TOV TTPOGdloptopd ™G Aprato&ivng (AFM1) pe Awagpopikn
[MoApkn BoAtapetpia (DPV).0O antoousOntipog g eAEyyOnke o mpdTLTO delypata
pe puOoTiKo ditdAvpa.

Ta mepdpato avtd Eywvav oto mavemctiuo Comenius g MnpaticAafa ta
¢t 2016-18 oto gpyastipro tov kabnynt Tibor Hianik.

Ewoéva 8.1: O ydpoc mov £ytvav to TEPAUATO TOV TPIOV KEQPOA®V Kol 1 EOTEPIKN
oym tov mavemotniov g MapaticAdfa (méve de&1d)
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8.2. Opyavoloyia

Ye oavty Vv gpyocio ypnowomombnke o motevowootatng CHI 440 (CH
Instruments, USA) (sikdva 7.1).

H dwdwaocia g oaviyvevong €do Paciletor ot PETPNON TOL ONUOTOG
ofewoavaymyng g MB, d10t 1 €icodog ™ AeAiato&ivng omdel v aAvcida Tov
QTTTOUEPOVG TTOV TEPLEYEL GTO £VOL AKPO TOV KVavd Tov pebviiov (MB) dnpovpydvrog
éva onueio oHvdeong pe tov avaAdvtn. H aviyvevon €yitve oe nhektpdola epyociog
xpvcov (Au), avagopag Ag/AgCl ko petpnoemg miativag (Pt) oe peyoidvtepo
duvoutko gvpoc 0,1-10 nM (31,45-3145 ng/l).O motevorootdtng pubuiotnke £Tol dote
N PaBuovounon va yiver pe Béon g oxetikés petaforés g kopueng tov pevpatog I
670 BOATOLOYPAPN O TOV EKAGTOV AMTAUEPOVS TOV YPNGLLOTOONKE.

O niextpikol ToPAUETPOL TOV AMTONICON TPV TPOocdopioTnKaY LE Yprion 4
mL Teflon kvuyelida pe dwopdpemon tpuwv niektpodiov. To nlextpddio epyaciog
neplelye xpvon enpaveta dtapéTpov 2 mm, 10 NAeKTpOS10 avapopdg ftav to Ag/AgCl
Kot 7o BondnTikd nAekTpodto eivar Eva cupuatdkt amd taativa (Pt). Ola ta niektpdoia
npoépyovtal amd tv CH Instruments. To dvvapikd €0poc (potential range) mov
ypnoworomdnke nrav (-0,2- 0,7 V) pe xpdvo mpoctonaciog (quiet time) 2s.

Ta nepdpata avtd Eyvav og vYPO epyaciog 0mov mepieiye otdAvpa (0.1M Tris
(pH 7.4) pe 140 mM NaCl, 20 mM MgCl, koau 20 mM KCI).H eneéepyacio tomv
OTOTEAECUATOV £YvE e TO TpdYpappa originlab.

8.3. Xnuika avtidpaotrpla

Ye oty ™ HEBodo axvnromoinong ywo TNV KATOGKELY] TOV amtooucOnTipa
ypnowonomOnkav  dwAvpate  MepxamntoeEavorng (MCH), TCEP  (Tris(2-
CarboxyEthyl) Phosphine hydrochloride)kxot éva DNA antapepéc mov tpomomomdnke
010 5’ dkpo e Beukn| opada kot Kvavod Tov peBuvieviov 61o 3’ dipo kot £xeL TNV LOPON:
5-ATG TGA CTG CTA GAG ATT TTC CAC AT-3’ (APT3).

To APT3 ayopbotnke amd tnv Biosearch Inc. (Petaluma, CA- USA) kot
TEPLElYE CUUTANPOUOTIKY OAVGI00 5 VOUKAEOTIOIMV Kot oTa dVO GKPO OV TOV
EMTPENAV TO oYNUATICNO poprakng aivcidac. [Tapovsia g AFM1 n alvcida vt
OTAEL KOl TO OMTOUEPES EESMADVETAL GE TPLOOACTOTN SO oL £xEl BEGT LITOOOYNG
yw mmv AFMI1 (Emuo 8.1). T va pmopécovpe va egtodoovpe to APT3
ypnoonomoape Eva puiuiotikd ddivpa (10mM Tris-HCI, 1 mM EDTA, pH=8) mov
Baoileton o€ vepd erevBepo amd vovkieotidwa (Dnase free water) (Sigma-Aldrich).

21 ovvégela ypnotpomombnke Apilatoéivn M1 (AFM1) (M.w. 328.27 Da),
mpoidv g pvkoto&ivng Aspergillus flavus evd yio g Swwhivtonomoelg tov
dtdvpdtov ypnotponombnke pvbuiotikd ddAvpa PBS (137 mM NaCl, 27 mM KCl,
10 mM NazHPOg4, 1.8 mM KH2POg4, pH=7.4).
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8.4. Kataokeun Tou amtoalodntrpa

To oamtopepéc ovtd emrpémer v omevbelag akvntomoinon  pe
YNUEOQTOPPOPNON GE ¥PLON EMPAVELD. [0l VTO TO oKOTMO YpnoyomomOnkKe Eva
OTTOUEPES LE TPOTOTOMMUEVO 5° AKpo amd opdda B1OANg Kot 3’ akpo amd Kvavo Tov
pebvriov (MB) (APT 3). To amtapepéc evdvetonr oto 0VO TOL GKpo petald S
voukAeoTdiov (Zynua 8.1) kot 0tav Epyetar oe emapn pe v AFM1 n alvcida avt
OTAEL Y10, VO UTOpEGEL VoL Onpovpyn el onpeio cuvoeong pe tov avaivtn. H diadikacio

g aviyvevong Paciletat otn PETPNoN TOV CHUATOG 0EEWB0AVAYMYNG TOV KLOVOD TOV
uebvriov (MB).

PR Q.

Yympa 8.1: Tvmikn angikdvion Tov antoarcOntipa mptv TV £10000 Kot LETA TNV £IG0J0
m¢c AFM1

Xwpig tov avorvtn, 10 MB 1detl kovid oy em@dvela Tov nAekTpodiov omdTe
OVOULEVETOL TO UEYOADTEPO OGN 0EEW0AVAY®MYNG, OTOTE OGO TPOGTIBETAL OVAAVTNG
1660 T0 MB petoxkiveitor mo pokpid amd v emedveld Tov aiohntipa kot apa 1o
TAATOG TNG KOPLPNG LEUDVETOAL. AVTY 1] TPOCEYYIoT £xEL xpnoyonombeil 6to TapeAbov
ue avantoén tov antoacOnTipa pe d1apopovs avarvtes (dsite avapopés [185-186]
v Aewtopépeteg). O AnroaioOntpog avtdg mpostolpndotnke pe Katafvoion kaboapov
Niektpodiov og peiypo omtapepovg (1uM) kot pepkantosEavorng (MCH)(7uM) pe 10
puM TCEP (Tris(2-CarboxyEthyl) Phosphine hydrochloride) ywa 16 opec.

8.5. AeLTOUPYLKOG EAeyXOC TOU amrtoalocbnthpa o€ mpotuna Selypata

To DPV vy tov antoaucOntipa avtd mopovcialetor oto oynuo 8.2 A ya
duvapkd €bpog 0,1-10 NM. Avtd mov emPefaidveror oty wpaén sivar 6t 660
avéavetal n wpostnkn g AFMI1 1660 1 Kopven peldvetol. Ao TIG AALAYEC OTIG
KOPLQEG TOV oyfroTog 8.2A kat pe avapopd to onua dvev to&iving (O nM) gtoudoape
TNV KATGAANAN kapmoAn Baduovounong oxfiua 8.2 B (ng/l n cvuykévipwon tg AFM1L
YL AOYOUG GUYKPLIoNG). TNV KOUTOAN Babpovounong pmopovpe va dodpe TS Tpoyelg
AALOYEG TNG KOPLPEG TOL PEVUATOG O GYETIKA LKPES GVYKEVIPOGELS TG AFML aArd
KOl TOV KOPEGUO OV EUQAVIOTNKE GE PEYaADTEPES GLYKEVTpMGELS amd 1 nM (314,5
ng/l). To 6p1o aviyvevong (LOD) yia awtdv Tov antoacOnmpa extyundnke og 37,7
ng/l.
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Yyquna 8.2:A) Awypoppo €AEyyov TOL OmTONIOONTAPO HE OLOPOPIKT] TTOALIKY
Boitapetpion oto amtopepn Yo tov  amtoucOntipo (APT3) og  dibpopeg
ovykevipooelg s AFMI1. B) Koumdin Babpovounong pe tig oxetikés oAAayEs ot
Kopve1 oV pevpatog Al/lp évavtt g cuykevipdcews s AFML mov mpoékuye amd
10 dtdypoppa A.

8.6.2u{NTNON AMOTEAECUATWY

e auTn TNV €pyacia YPNOOTOmONKE ol GAAN TEYVIKT TOL £XEL VO KAVEL IE
™MV MUK amoppoenon g agAato&ivinig  omd 1o amtouepss.  Eywve
TPOTMOPOCKEVOOTIKY]  HEAET] NG avoAoyiag — peta&y  (amtapepodg Kot
HePKATTOEEAVOANC), TapOAd autd Ppédnkav peydreg tumikés omokAicels otV
KOUmOAn Pabpovounong, dpa ypetaletor mepuITéEP® UEAETN G TNG TNV €VPECT NG
oMOTNG AVOAOYiOG.

Eniong mpénetl va toviotel 0Tt £ytvav TpokatapkTikd meipdpato t10co o AFB1
060 Ko og Qypoto&ivn He TOV CLYKEKPYEVO OTTOOGONTPO Kol TO AMOTEAECUATO
NTaV OPVNTIKA OC TPOG TNV OViXVELGT TOVG. AVTO ATOJEIKVOEL OTL O amToosOnTNPag
aVTOG £XEL KOA| EKAEKTIKOTTA, ALPOV OV UIOPEL vor aviyveDoeL AAAEG LUKOTOEIVEG.

O amtocOnmpag avtdg emiong €xel avayevvnoypndoTnte (TovAdylotov 3
QOPEG), YMPIG VO VTTAPEEL GNLLOVTIKT OTTMOAELY TG OPACTIKOTNTAG TOV, OTMC OELYVEL Ko
nahootepn pedétn [176]. Avtd cvuPaivet 010tL 11 aAANAETIOpaGT TOV AVOADTY UE TO
antopepEs Paciletal 6 NAEKTPOSTATIKEG AAANAETIOPAGELS 1] AAANAETOpAcES Van der
Walls xou étotr 1 avayévvnon tov amtoaicOntipa sivar dvvarn pe euPdmtion tov
awcOnmpa oe SdAvpo VYNNG 1OVTIKAG oyvog, ywo. mopaderypo 2M NaCl 7
dmdekvAoBeuxo vatplo (SDS) (avapopd 12) 11 0,2 M drodvpatog yAvkivng.

To 6pro aviyvevong mov gupébn (37,7 ng/l) ivan péoa ota dpla Tov £yl opicet
1600 1N EE (LOD=47 ng/l) 660 kou ot HITA (LOD=472ng/l).

8.6.2uunepaocpota
Xe ot TNV €&pyacio KATOOKELAOTNKE TNG omrtooucOntnpog mov &ixe

ypnoworomBel Eava oto mapeAbov yu aviyvevon g Opoupivng [183] ko g
wtepeepovng [184]. TNa mpd™ Qopd dokpaletar yuo tnv aviyvevorn g AFM1 kot
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YEVIKOTEPQ Y10 TNG MVKOTOEIVEG BIVOVTOG AMOTEAEGUATO UE LEIOVEKTILOL TTOV £XEL VO
Kével pe G ovoloyiec HETOED TNG HEPKOMTOEEOVOANG KOl TOL OmTOUEPOVG. Tao
TAEOVEKTNLATO, TNG Elvat Ta, €ENG:

e H kol avayevvnoomnta (3 eopég xwpic va xacel v dpacTikOTNTA
TOV)

e H xoAn exhektikotnra (Lropet va dpdoet povo yuo v AFM1)

o To peydro duvapkd ebpog

e O amhog TPOTOG KOTAGKEVNG
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Keg 9: Zvpunepaocpata-IIpooTTIKEC

9.1. Zuumepaopata

Mo wpod™ @opd avamtdydnke £évog ProacOnmpog, pe iaitepa
KOTOGKEVAGTIKG YOPOKTNPLIOTIKA Y PN CILOTOI®VTAG UNTpa (Matrix) ypapeviovn/Xoiko
KOl 0KV TOTTOMNIEVT MITdKn Lepfpdvn, 6mov ixe eykodnwbel o vrodoyéag (receptor)
GM1. O Broactnmpog avtdg EPAUPUOCTNKE Y0 TOV TPOGOHIOPICUO GUYKEKPIUEVDV
nocottov ¢ toéiving ™ XoAépog (CT) oe mpdtuma delypoto pe puOUIGTIKO
dtlvpa Kot o€ Tpaypatikd eppoitacuéva pe to&ivn voaTIKA delypata vEPO, TOV
dayvnkav otov ProocOntipa pe ™ péBodo g otabepng pong (flow injection).
[Ipémer va onpelmBel 6Tt avT M TEYVIKN KOATAGKELNG HE TNV GLVOLOCUEVT HEBODO
aviYVELOTG TNG TOTEVGIOUETPLOG QOKILAGTNKE TPADTN POPE Y10 TOV TPOGOIOPIGUO VTG
g to&ivng. Ta AneBévta amotedéopata cuykpvopeva Le molotdtepes avapopés [18-
27] poli pe 10 younAd KOGTOC KOTAOKELNG, Oltvouv v dvvatdtra e£EMENG TOL
BroaicOnmpa ce o @opnTn GLOKELT] Yo Taela aviyvevon g modtntog vepdv. Ot
peAietnOeiceg mapdapetpotl Tov Proaichnmpa OmT®G 0 ¥POVOS AmOKPIGNG Kot TO OpLo
aviyvevong (LOD), deiyvouv v cvykprtikd kaAn aglomiotio Tov ProaicOntmpa dnwg
eaivetal otov mivaka 9.1.

Mivaxkag 9.1: ZVYKPIoN  KATOGKELOOTIKOV KOl AETOVPYIKAOV OTOXEIWV TOV
avartuyBévtog ProocOntipa yio tnv aviyvevon g to&ivng g YoAEPOS LE TPOGPATES
OVTUTPOCMOTEVTIKES OLVAPOPES

. . B , Xpovog
Teyviki KoTaoKEVNG M<£0. Aviy. Anoxp LOD | Avae.
+ + + - [18]
+ + + - [19]
+ + + - [23]
+ + + + [26]
+ + + + [27]

(+) Getricd, (-) apvnrind, ororyeio mov wopéxer o avomtoyleic Ploaichntipos o€ cyéon ue T0 avTioToryo
OTOLYELO TNG AVAPOPLS OV YIVETAL 1] GUYKPLOH).

‘EToL o€ OUYKPLON HE TIC TIPOOPATEC AVILTPOOWITEUTIKEC AVADOPES N TEXVLKN
KOTOLOKEUNG E(vOLL N TILO OTTAN TTOU EXEL XpNoLomonBel péxpL otypng. H cuvéuacopévn
néBodog avixveuong (motevolopetpia) ival o anAn anod tv FRET[18], SPR [23],
UV[26] kar QCM [27] aAld xor amd v EIS [19]. Q¢ mpog T1g peretnOeioeg
TOPAUETPOVG EYEL TOV KOADTEPO YPOVO amdkprons (5 Min) oe oyion pe T TPOGPATES
avaeopéc [18,19,23,26-27] evd €xetl oyetikad yapnio opro aviyvevong (LOD=1 nM),
mov glvol YaUNAOTEPO Ao TIG avaPOpES [26-27] oAl VYNAOTEPO amd TIG AVAPOPES
[18-19,23] mov 1o O6p1o etavel oty meployn twv PM. O avartvybeic ProaicOntipag
emmAéov pmopel evxora ko aglomota va avayevvn0ei (10 popéc) yopic va pewmbein
dpacTikOTNTd Tov. 'ETol ovvovdlel pio povadikn TEXVIKY] KOTAOKELNG, 0L OTAN
ocvvdvacuévn nEBodo aviyvevong, pio tayeio amdkpion Kot £vo IKOVOTOmTIKO Oplo
aviyvevong. Ta oavotépw ce cvvovacud pHe TO YEYOVOG TG EYEL MOl OTOOEKTN
nocooTwio. Olo@opd oNUOTOS UETOED TPAYHOTIKOV Kol TPOTUTOV  OEIYUATOV,
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avaktnon (recovery) (92-106%), ue Baon tic korevbvvinpieg ypapuég tov ICH2005,
avéktmon (80-115%), tov miotomowodv ®¢ éva kotdAAnio ProocOntipa yo
EMOVOALOUPOVOUEVES LETPNOELG LETA TV OVAYEVVIOT] TOV GE VOATIKA SLADHLOTAL.

21 ovvéyela avoartoydnkav 3 antooucOntipeg aviyvevong g Aeiato&ivng
M1 (AFM1) og mpaypatikd deiypoto yOAOKTOG Kot 6€ TPOTLTO SEY AT LE PLOOTIKO
dopa. Ot amroonsOnTpeg 0w Tol TOPOVSIALOVV CTLOVTIKA TAEOVEKTNLOTO O GYEOM
LLE TOVG avTioTOLYoVS avocootoOnTpeg [1-9] ko amroosOntpec [10-15] aAdd kot pe
tov DNA awcOnmpa [156], mov eixe avamntuybel oto mopehbov. Ot avamtuydévieg
ATOOICONTAPEG YPNOUOTOIOVV MAEKTPOSOIO ¥PVCOD MG UNTPO UE OLOUPOPETIKES
EMKAADYELC.

210V IPATO ATTOULGONTIPA 1| UNTPA EMKAAVPONKE e £VOL AKIVIITOTOUUEVO
devopuepic kol ot ovvéyewn axwvntomoumiOnke to amrapepés (receptor) g
AFM1 (xeo. 6). O antoaicOnpag ovTdG dOKIUAGTNKE TOGO GE TPOTLTOL OELYLOTOL [UE
pLOUIOTIKO O1dAVLA OGO Kol GE TpayLATIKA OelypaTa YoAakToc. Ot emKaAVYELS Eytvay
LLE TN TEYXVIKT TOL oTpdUaToC i otpodua (layer by layer), eved n aviyvevon g AFM1
&ywve yopig ocikteg (Label-free), onAadn| e aviyvenon UOIKOV TapapuETpov Kot oyt
xpNoN Hoprakov onpatos. H puoikh mopapetpog mov £€1doTnKe, 6GTO KATAGKELAGTIKO
oTAd10, NTOV Ol GYETIKEG HeTABOAEG NG avTiotaong petapopds goptiov Rcet oto
kokAopo Randleg pe v pébodo tng diniektpikng pacpatookomniag (EIS). H obykpion
™G  TEYVIKNG KOTOOKEVNG kol NG pedoddov aviyvevong e mpooeateg
AVTIPOCOTEVTIKES  avapopés [1-15,156] poli pe 10 oxeTikd YopnAd KOGTOG
KOTOOKEVNG Olvel v dvvordmra e£EMENG Tov amtoacOntipa o pol GopnT
OLOKELTN Yo TNV Tayeio aviyvevon g modtntog Tov yoAaktog. Ot peletnBeiceg
TOPAUETPOL OGS TO JUVOKO €Vpog, 10 Oplo  aviyvevong (LOD) xor 1
AVOYEVVNOLUOTNTO OELYVOVV TNV GUYKPITIKAE KOAT GUUTEPLPOPA TOV amToosOnTipa.

Mivakag 9.2: XHykpion KOTOUGKELOGTIKOV KOl AELTOVPYIKAOV GTOLYEIOV TOL TPMOTOL
avartuyBéviog amtoocOnmpa yioo Vv aviyvevon g AFMI1  pe mpdopateg
OVTUTPOCMOTEVTIKES OLVAPOPES

(0) ZOykpron pe avapopéc AvosoarsOntpov [1-9] kot avaeopég DNA aicOntpov
[153]

Teyvucn Xpovo Me0. A. )
Kur(f;’lcs:ﬁg Ku'rgmcaf)ﬁg Aviyvevoeng | Evpog HOID | AR | AT

} + 0) + + [1]

- : i N B

" ) + 0 O + [3]

. : + : : v [

> : : — [+ [+ [

- : + : : NG

* : + i + + |

+ - @) * + + [ 8]

- : ' S R B




- - — - [ v [ - Jos]

(B) ZOykpiom pe avopopég amtoacOnTpmv

Teyvucn Xpévog Me6. A. ]
Kataokevg | Kataokevng | Avixvevong | Evpog HOID | ASTRERIE) | £S04

© - 0 + . 0 [10]

- - 0 0 - o) [11]

- - 0 - - o) [12]

* - 0 - - o) [13]

- : + i 0 [14]

* - O 0 - o) [15]

(1) Beuixo, (-) apvytino, (0) mapouoto aroryeio mov wapéyel 0 avartvybeic frooicOntipas oe oyéon e to
OVTIOTOLYO OTOLYEIO THG AVOPOPLS TOV YIVETOL ) GOYKPIOH.

Me BAaon To OVWTEPW N TEXVLKN KOTAGKEUNG £ival OXETIKA oAl oAAG N 1o
XpovoBopa mou €xeL xpnoipomolnBel péxpt otypng. H péBodo aviyvevong mov
rpnowporo)Onke (EIS) sivar mo amkin omd v ELISA [1-4,6-7], qv MRR [9] kot
TIRE pe LSRP [14]. Zyetikég dnpootedoels epappoymv antooucdntipov [10-13,15]
ypnowonoovv texvikés (DPV,SWV,CV) mov givar mapdpotag gukoriog. Ymapyovv
Oumg kol avagopés [5, 156] mov ot avaivtikég pébodor (ypovoaumepopetpio,
TOTEVGLOUETPIO) €lvol TEPIGGOTEPO €VYPNOTEC Ko amiéc. O amroalodntripag mou
avamtuxOnke €xeL to xapnAotepo Oplo avixveuong (LOD=8.5 ng/L), amod Ttoug
TEPLOCOTEPOUC avadepOUeVous avoooalodntnpeg [1-2,5,7-9], mapduolo O6plo Le
autov t™¢ avadopdg [3] kat uvdnAdtepo pévo amd Tov avocoaloOntipa TG
avadopdg [6]. Auto eival éva amd TA XOPAKTINPELOTIKA TAEOVEKTAUATA TIOU
OVTLOTOLXOUV 0TNV PEYAAUTEPN €valoOnoia Twv amtapepwy (receptors) Evavit Twv
avtlowpatwy (receptors). EmumpdoBeta o antoaodBnTApAg aUTog EXEL XAUNAOTEPO
oplo avixyveuon¢ amd tov DNA aiwoBntriipa tng avadopdg [156], Sev €xel OpwG
KaAUTEpa Opla aviyveuong amd Toug umoAoutoug amtoatodntipeg [10-13, 15] pe
povn g€aipeon autov tng avadopag [14]. Autd elval éva HELOVEKTNHUO WG TIPOC TNV
ovixveuon, TapoAa autd To Oplo avixveuong €lval LKAVOToLNTKO, adol KOAUTITEL
TO0O Ta Opla ou €xel B€oel n EE (47,2 ng/l) 600 kat ot HMNA (472,0 ng/l), 810t yla
napadelypa o antoalcdOntipag tng avadopdg [9] £xel mOAU peydAo 6pLo avixveuong
(LOD=1641 ng/l) kaw dgv KAAUTITEL TA OpLa AUTA. To Suvaptko e0pog (15-120 ng/l) ou
nmapouaotalel o antoalobntipag eival kKaAutepo and auto tng avadopadg [10] kat
TIAPOUOLO UE TOUG avoooalodnTipeg Twv avadopwv [1,3] Kal Toug amtoalcdntripeg
Twv avoadopwv [11-15]. To Suvapikod eupoc Sev to avadépouv 6AoL oL cuyypadeic Twv
SnNUOOLEVOEWV TIAPOAX AUTA OTOTEAEL L0l GNUOVTLKN TIOPAUETPO a€LOAOYNoNG Tou
awodNnTAPA. INUELWVETAL OTL 0 antoalcOntrpag tng avadopdg [12] mapouoidlet Eva
EKMANKTIKO Suvapiko gUpog (1-10° ng/l). O antoacONTApOC TG £pYyOsiog oVTAG
umopel emiong ebkora kot a&lomota va avayevvn0el (3 gopéc) yopic va peiwbei n
OpacTIKOTNTA TOV. TeAkd o avamtuxBeig Bloalodntripag cuVOVALEL HoL GYETIKE aTAn
TEYVIKY] KOTOUGKEVNG, M. KOAN ovvovoouévr péEBodo aviyvevong kot €va
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KOVOTIOUTIKO OPp1o aviyvevong o€ &va KoAO duvoutkd e0pog pall pe pio omodekt
TOGOGTIOH O10(POPE GUATOG LETAED TTPOYLATIKOV OEYUATOV YOAOKTOC KOl TPOTLTTMOV
detypdtov, avakmnon (recovery) (78,04-106,25%), mov tov mioTomoovvV ¢ Eva
KatdAAnAo artoosOntipa yio v aviyvevon g AFM1 oto ydAa.

Ytov dgvTtEpo  amToancOnTipa M unATpo  EMKOALEONKE pe  éva
akwvnromompévo  otpope  Neutravidin/Fe-COOH kov ot ovvéyewn
akwvnromou)Onke to amtopepis (receptor) (kee. 7) e AFMI kot dokiudotnke oe
wpdtuma detypata. Ot EMKOADYELS EyVay LE TN TEXVIKT TOL GTPAOUOTOS EML GTPOUO
(layer by layer), evdo m oaviyvevon g AFMI1 éywve pe deiktn 10 Fe 1ov
akwnromomuévov otpdpatog g Neutravidin., H mopduetpog mov eEetdotnke fTav 1
Kopve1| ToV pevpatog I pe v péBodo g drapopikng maripkng Bortapetpiag (DPV).
H ovykpion g texVIKNG, TOL XPOVOL KOTACKEVNG Kal TNG LeBddov aviyvenong avtov
ToV antoocOnTpa, HE TPOGPATES OVTITPOCOTELTIKEG avapopés [1-15, 156] o
oLVOLOOUO HE TO TOAD YOUNAO KOGTOG KOTOOKELNG TOV, Oivouv TNV dSuvaTOTNTO
eEEMENC ToL amtooucONTAPO GE O POPNTI] GLOKELT Yo TNV TayElo aviyvevon g
ToOTNTAG TOL YAAUKTOG. Ot pedetnBeioeg mapdpueTpot 0Tme 10 SuVaKo £0pPOC, TO OPLO
aviyvevong (LOD) kot m avayevvnopndmmra Oeiyvouv TNV GCLYKPITIKA KOAN
CLUTEPLPOPE TOV OTTONIGON TP

MMivaxkag 9.3: X0yKp1on KOTOCKEVAGTIKOV KOl AEITOVPYIK®Y GTOLYEIDV TOV dEVTEPOV
avartuyBéviog amtoocOnTpa ywo v aviyvevon g AFMI1  pe mpdopateg
OVTUTPOCOTEVTIKES OVOPOPEC.

(o) XOykpiom pe avoapopéc AvocsoaicOntpov [1-9] kot DNA aieOnmpeg[156]

Teyvik Xpovo Mzes0. A. i

Kar(:(cks:ﬂg Ka‘r(‘;cksf)f]g Aviyveveng | Evpog HOID) | ANTGEERT ) | 4500
+ - + O + + [1]
. : * - |+ + [2]
+ - + 0 0 + [3]
: : * - |- + [4]
- : : S + [5]
’ : * - | - + [6]
i : * i + [7]
i : © * ] + [€]
i : * i + [9]
* + - - + - [153]

(B) Zuykpion e avapopég antoocOnmpov

Teyvuci Xpovog Mze6. A. ]
LOD | A A
Kataokev)g | Kataokev)g | Aviyvevong | Evpog © VAYEVVION | AVOQ
+ + O + - 0 [10]
* + 0 0 - o) [11]
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+ o @) - - @) [12]
+ + @) - - ) [13]
+ - + - + @) [14]
+ - 0 o) - 0 [15]

(1) Betiro, (-) apvnriro, (0) mopouoto, (*) dev vrapyet aroryeio, mov mopéxel o avartvyeic frooicOntipag
0€ OYETN UE TO OVTIOTOLYO TTOLYEIO THS OVAPOPAS TOV YIVETAL I GOYKPIOH.

‘EToL 0€ oUYKPLON HE TNG MPOCHATEG QVTLIPOCWIIEUTIKEG AVADOPES N TEXVLKN
KOTaoKEUNG €ival mo amAn kat B€éAel eAdyloto xpovo katoaokeung H péBodo
aviyveveng mov ypnoeiporomiOnke (DPV) eivan mo omAr amd v ELISA [1-4,6-7],
mv MRR [9] wxour TIRE pe LSRP [14]. Zyetikéc OMUOGIEVCELS EQUPUOYDV
antooucOntipov [10-13,15] ypnoomotovv cvuvdvacpéves texvikés (EIS, SWV, CV)
nmov givol mapopolng evkoAlag. Ymhpyovv Opmg kot avoaeopés [5, 156] mov ot
avaAvtikés  péBooor  (ypovoaumepopetpio, motevolopeTpicr) etvor  mepiocdTEPO
evypnoteg Kot anrég. O amtoaloOnTripag autog €XeL To XapnAdtepo OpLo avixveuong
(LOD=8.52 ng/L), amd toug mepLocotepout avadepOUeVoUS avoocoolobntrpeg [1-
2,5,7-9], mapopolo pe autov tng avadopag [3] kot uPnAotepo pOVO OO TOV
avoooaloBntipa tng avadopag [6]. Auto eival €va amd TA XAPOKTNPLOTIKA
TIAEOVEKTAMOTO TIOU QVILOTOLXOUV OTNV UEYOAUTEPN uoLloBnoia Twv ANMTOPEPWY
(receptors) €vavtl Twv avtlowpdatwyv (receptors). EmumpdoBeta o antoatcOntrpag
QUTOC €XeL XapunAdtepo Oplo avixveuong kat aro tov DNA alwoBntrpa tng avadopdg
[156]. O antoatcOntrpag mou avantuxbnke dev €xel OLWG KAAUTEPA OpLAL AViXVEUONG
oo Toug umoAoumoug amrtoalodntipeg [10-13, 15] pe povn €€aipeon autdv NG
avadopag [14]. Auto ival €va HELOVEKTNHA, TTAPOAQ QUTA TO Oplo aviyveuong ival
LKAVOTIOLNTLKO, apol KAAUTITEL TOOO Ta Opla Tiou €xeL B€oeL n EE (47 ng/l) 600 kat ot
HMA (472 ng/l). To Suvapiko epog (15-120 ng/l) mou rapouctdlsl o antoaodnTApag
elval kaAUTepPO amo auto tng avadopdg [10] kal mapdpoLo e ToUuG avoooalocbntripeg
Twv avadopwv [1,3] kal toug antoalcdOntipes Twv avadopwyv [11-15]. To Suvauiko
gupog Oev to avadépouv OAoL oL cuyypadei¢ Twv SnUooleloEwV TIAPOAd auTd
QTOTEAEL Lot ONUAVTLKA TTAPAPETPO afloAdynong Tou aloBntApa. ZNUELWVETAL OTL O
antoatoOntripag tng avadopadg [12] mapouoctdlel £va eKTANKTIKO SuVOpLKO eupoc (1-
10° ng/l). O avarttuxBeic artoalodntrApag sival TapOUOLOG LE TOV QITTOaLoOnTAHPA TNE
avadopac [12] aAa n neutravidin ivat xapnAotepou KOOTOUG oo tnv Streptavidin.
O amtoocOnpog g epyaciog avtng pmopel emiong gvkoAo Kot a&lOTIOTA Vo
avayevvn0ei (3 eopéc) yopig va peltwbel n dpacTKOTTA TOV. ZVUTEPAGHOTIKG O
antoocONTpag cuvoLALEL Lo ATA TEYVIKY] KOTOOKELNG, Lo g0ypnoty pédodo
AVIYVELONG KOl £VO LKAVOTOUTIKO OpPLo aviyvevong e £vo KaAO OVVORIKO gVPOg
aviyvevong g AFMI1 oto ydAa.

Y1ov 1Tpito amtoorsOnTipo oy ptpa £yve amevbeiog aKvnTomoinon Tov
antapepovg (receptor) pe tnv pondera g peprantoeavorns. O antoacONTpPOC
avtog ypnoomomdnke  ywoo v aviyvevon e AFMI1 oe mpotvna detypato. H
aviyvevon g AFMI éywve pe xataypaen g Kkopveng tov pevuatoc I pe v pébodo
™e dpopikng moAukng Portapetpiog (DPV). H ovykpion g te)vIKNG, Kol NG
nedddov aviyvevong avtod Tov omTOOUSOHNTAPO, HE TPOCPUTES OVIUTPOCOTEVTIKEG
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avapopég [1-15,156] oe GuVOLAGUO LLE TO TOAD YOUNAO KOGTOG KATACKEVTC TOV, divOouV
Vv ovvatodHTnTa EEEMENG TOV amTtoosOnTNPa GE Lo POPNTH) GVCKELN Yo TNV Ta)El
aviyvevon g moldtntog Tov YoAaktoc. O amtoocOnmpag avtdg £xel Evav TOAD
€VKOA0 TPOTO KATAGKEVNS OALA OYL TOGO KOAO XpoOvo katackevns. Emiong éxet yivet
HEAETN o€ évo TOAD KaAd duvapiké eopog (31-3145ng/1), evd £xet Evo tkavoTOMTIKO
6pro aviyvevong (LOD=37,7ng/l), apod kaAUTTEL TOOO T OpLa Ttou €xeL BéoeL n EE
(47,2 ng/l) 600 kaL oL HMA (472,0 ng/l).

Ev xotakdieidr yio mpdm) @opd avamtdydnke €vag ProoicOntipog yw v
aviyvevon g to&ivng g XoAépag oTo vepd Kot TPELS OmToonsOnTiPeS Yo Tov EAEYY0
™™g ApAato&iviig M1 6to yaAa e TOAD 1KovOTomTikd £l LEPOVE KATACKEVOGTIKE Kol
Aertovpyikd otoryeia o€ oyéon e oxeTKES PIPAIOYPAPIKES aVOPOPES.

9.2. MPOOTITLKEG

H neportépm épgvuva mov Oa apopd v peimon tov opiov aviyveveng (LOD)
oV TEePLoyn Tmv picomolar tov avartuybéviog frooasdntipa g ToEiving e XoAEPOC
070 vepo amoteAet Eva onuavtikd Prpa yo v edtioon Tov.

e 0Tl 0Qopd TOV TPMTO OTTONICONTAPO, OTOV £YVE 1 OKIVNTOTOINGT TOV
OEVOPIUEPOVG, TTEPALTEP® UEAETT dUVATAL VO Yivel PE 0TOXO v pewmBel o ypovog
KOTOOKEVTG, KATL TOV EVOEYOUEVMGS VAL XPEWCTEL TPOTOTOMCELS MG TPOS TNV HEB0JO
KV TOTTOINGNG TOL OEVOPLEPOVS, OV Etvat TOAD YpovoPopa.

Xe OTL apopa Tov 0e0TEPO OmTONICONTAPA, OOV £YVE 1 OKIVNTOTOINGM TNG
Neutravidin wepartépm peiétn dvvotor va yivel HE GTOYO TNV EQPOPUOYT TOL GE
apaypotikd gpporracpéva pe toéivn oeiypata yaraktog, KATL IOV dgV £YVE £0M
AOY® YPpOoVOPOP®V TPOKATUPKTIKMV EPEVLVMV TTOL FIVOLV GG TIG KATEVOVVGELS Yo TNV
emitevén Tov MO TV GKOTOV.

Ye OTL agopd TovV Tpito amroousHnTpa, OMOL £ywe AKWVNTONOINGT TOL
OTOUEPOVG LE TNV UEPKATTOEEAVOAN TEPULTEP® HEAETT OVVaTOL VAL YIVEL LE GTOYO TNV
€0PEDT TNG OPLOTOTOMUEVNG OVOAOYIOG ETKOAVLYNG TNG UEPKATTOEEAVOANG KOl TOL
OTTOUEPOVG TPOKEEVOL VAL S10pO®O0VV 01 PHEYAAEC TUTTIKEG OTOKAIGELS OTNV KAUTOAN
Babupovoumonc.

Yeg Okec TIc peAetnbelosg MEPMMTAOGCELS TOV  OVOTTLYOEVTIOV TTPOTLTTOV
BroaicOnmpov mpémet va yivouv SoKIHES Ge LEYOADTEPO dUVOUIKO EDPOG TPOKEYEVOD
VO EVTOTIIGTOVV TO, TPOYLOTIKA Opta aviyvevong Tov froastntpwv. Eniong npénet va
yiver peAétn o€ TeplocdHTEPA TPAYUOTIKA deiypaTa, O10TL Yo TapAdey Lo 1) apAaToSiv
VILAPYEL TGO G€ ENPovg KAPTOVS OGO Kol GTO KOAAUTOKL VA 1 To&ivn TG YoAEpag
Bpioketot Kot 610 YOAQ AALG KOL GE Lo GOPEIR GAADV TPOQ®OV. AV AVOAOYIOTEL KOVEIS
ot o1 toiveg, yevikd kot v duvdpel, Bpiockovtal o TPOEIULN EVPELNG KATAVAADGNG
0AAG KO 6TO TEPIPAAAOV, TOTE 1) EpYOGi0 VTN 0VOTYEL TOV SPOLO Y10l TOV EAEYYO OVTMV
TOV PLOYNUKOV E0GV LE KATUOKEDT KOl P61 GOPNTOV OVOAVTIKOV CUGKEVMV TOV
0a g yepilovton amhoi moiiteg. Avtd eivor o (State of art) mpoomtik g doTpPng
NG oL OVVaTAL VO BEATIOGEL PEVOS TNV TTOOTNTA TNG KoM peptvig Long Kot apeTEPov
va uropet vo Tpo@LAGGGEL Tovg TANOVGLOVE ad aveEELEYKTOVG TOEIKOVS TOPAYOVTEG
ne ovveyn EAeyyo TEPPUALOVTIKMV TOPAUETPOV
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Development of an Electrochemical Biosensor for the
Rapid Detection of Cholera Toxin Based on Air Stable
Lipid Films with Incorporated Ganglioside GM1 Using

Graphene Electrodes
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Abstract: The present work describes a miniaturized po-
tentiometric cholera toxin sensor on graphene nanosheets
with incorporated lipid films. Ganglioside GM1, the natu-
ral cholera toxin receptor, immobilized on the stabilized
lipid films, provided adequate sclectivity for detection
over a wide range of toxin concentrations, fast response
time of ca. 5 min, and detection limit of 1 nM. The pro-

posed sensor is casy to construct and exhibits good repro-
ducibility, reusability, selectivity, long shelf life and high
sensitivity of ca. 60 mV/decade of toxin concentration.
The method was implemented and validated in lake
water samples. This novel ultrathin film technology is cur-
rently adapted to the rapid detection of other toxins that
could be used in bioterrorism.

Keywords: Stabilized lipid films - Cholera toxin biosensor - Graphene electrodes - Gangliosides - Electroanalysis

1 Introduction

Cholera toxin (CT) is a bacterial polypeptide belonging
to a diverse group of biologically active substances that
interact with specific gangliosides in natural and artificial
membranes. It is now well known that the specific inter-
action between the cholera toxin and the membrane-
bound monosialo-ganglioside GM1 causes the activation
of adenylate cyclase [1], a scheme considered as a classical
example for signal transduction through biological mem-
branes [2]. CT has been shown to form channels in artifi-
cial bilayers containing GMI1, presumably in an analogous
way. In addition to its role as a specific binding site for
the toxin, GM1 appears to facilitate the transmembrane
movement of CT [3]. Other toxins, such as tetanus, botu-
linium and shiga, use polysialic gangliosides as cell sur-
face receptors [4], whereas E.coli toxins share with CT
a preference for GM1 [5].

Cholera toxin, produced by the bacterium Vibrio chol-
era, can causc an cpidemic discase leading to rapid dehy-
dration, acidosis, and death within a few hours of expo-
sure. According to WHO Global Health Observatory
data, cholera outbreaks may sum up to 4.3 million mor-
bidity cases and 142.000 deaths per year worldwide, with
high rates, though, in Africa and India. Since CT fits the
bioterrorism profile, there has been increasing interest in
the development of rapid and sensitive methods for its
detection [6].

There are many analytical techniques for CT. Specific
detection is based cither on the CT antibody or the gan-
glioside GM1. Antibody-based immunosensors for CT
have been developed using impedance measurements on
ion-sensitive ficld-effect transistor devices coupled with
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surface plasmon resonance (SPR) [7] and fluorescence
microarray technology [8]. Ganglioside GM1 offers cer-
tain advantages over the antibody, mainly in two aspects:
(i) GM1 cxhibits higher affinity for the toxin resulting in
a much more rapid binding process [9]; (ii) GM1 can be
casily incorporated into a phospholipid bilayer structure
to develop a nature-mimicking CT detection probe [10],
thereby avoiding the resource-intensive multi-step anti-
body protocols. The binding affinity and specificity of
GM1 to CT have been investigated by surface plasmon
resonance and impedance spectroscopy [11]; thereafter,
the receptor and its analogues have found widespread use
in cholera toxin detection. Lipid film with incorporated
GM1 has been packed into an optical CT biosensor using
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resonant mirror and SPR [12-13]. The construction of
a piczoelectric lipid membrane biosensor modificd with
surface-agglutinated ganglioside-bearing liposomes has
been recently reported in literature [14]. Direct homoge-
nous detection of CT has been also reported based on
color changes [15] and fluorescence quenching [16]. In
a following attempt to improve the detection sensitivity,
sandwiched immunoassay techniques have been devel-
oped using a combination of capturc antibody and GM1-
incorporated liposome probe labeled with fluorescent re-
agents [17], enzymes [18] and clectroactive species [19];
sensitivity has been much enhanced, although the regen-
cration of the sensor proved problematic in retaining the
antibody activity during the clution treatment.

The electrochemical interactions of CT with lipid films
have been previously investigated, suggesting high diclec-
tric, ion-permeable perturbations in the monolayers [20].
Notwithstanding, this carly system is not suitable for
sensor development as the films were formed by the hair-
brush technique using a lipid solution prepared in n-
decade; it is now well known that these lipid films suffer
from instability and low reproducibility.

Significant progress has been recently achieved in the
design and stabilization of biosensors based on lipid films
[21-23], demonstrated in the development of rugged sen-
sors for dopamine and ephedrine [22,23].

The present work describes a miniaturized potentio-
metric cholera toxin biosensor using GM1 - incorporated
lipid films on graphene nanosheets. The results indicate
that the proposed lipid platform allows the natural recep-
tor to retain its activity. The sensor exhibited fast re-
sponse times of ca. 5 min over a wide range of toxin con-
centrations. Validation studies indicated good reproduci-
bility, rcusability, sclectivity, long shelf life, nanomolar de-
tection limit and high sensitivity of ca. 60 mV/decade of
toxin concentration. The influence of sample matrix com-
ponents on sensor’s response was also investigated using
a range of anionic and cationic species at concentrations
usually met at waters. The suitability of the sensor devel-
oped for assessing lake samples was further verified on
CT-spiked lake water samples.

2 Experimental
2.1 Materials and Solutions

Dipalmitoyl phosphatidylcholine (DPPC) was purchased
from Sigma Chemical Co., St. Louis, MO, USA. DPPC
was used as lipid for the formation of the films supported
on a polymer. The functional monomer, methacrylic acid,
and the crosslinker, ethylene glycol dimethacrylate, were
both supplicd by Aldrich (Aldrich-Chemie, Steinheim,
Germany). The initiator, 2,2-azobis-(2-methylpropioni-
trile) (AIBN), was supplicd by Merck KgaA (Darmstadt,
Germany). Cholera toxin (CT) was purchased from Cal-
biochem (La Jolla, CA) and GM1 was obtained from
FIDIA Rescarch Laboratory (Abano Terme, Italy).
Water was purified by passage through a Milli-Q car-
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tridge filtering system (Milli-Q, Millipore, El Paso, TX,
USA) and had minimum resistivity of 18 MQcm. All
other chemicals were of analytical-reagent grade. The fil-
ters and (nominal) pore sizes used were glass microfiber
(0.7 and 1.0 pM, Whatmam Scientific Ltd., Kent, UK).
The stock solution of cholera toxin in methanol was
1.0 pM. Dilute aqueous solutions of cholera toxin were
prepared daily just before use. Buffer solutions (PBS)
were prepared by mixing appropriate volumes of 0.5 M
KH,PO, and 0.5 M Na,HPO,. All experiments were per-
formed at 25+1°.

Note that CT is potentially hazardous and should be
handled with extreme care. Personal protective garments
were worn at all times. All surfaces, glassware and other
containers used were treated with bleach prior to stan-
dard washing. Disposables were placed in biohazard bags
and incincrated. Analyte solutions were treated with
bleach before disposed of as hazardous waste.

2.2 Fabrication of the Lipid-based Sensor Electrode with
Incorporated Receptor on a Graphene Electrode

The graphene clectrode has been prepared as previously
described [24]. A homogencous graphene dispersion (ca.
0.4 mg/mL) has been obtained in N-methyl-pyrrolidone
(NMP) through mild sonication (using a Bandclin SO-
NOREX Digital 10P sonicator, Sigma-Aldrich, Taufkirch-
en Germany) for 180 hours and centrifugation at 700 rpm
for 2 h [24]. It has been noticed that this increased sonica-
tion time is required because the size of the flakes is se-
verely reduced [25,26] which is a critical parameter for
several applications [25,26]; in addition to the reduced
flake size, long sonication of graphite can also affect the
quality of graphene (i.c., number and position of broken-
conjugation arcas in graphene, so-called graphene
atomic- or point-defects, which can affect the clectronic
properties of graphene; these defects are predominantly
located at the edges of the graphene flakes, and the basal
plane of the flakes is relatively defect free [27].

This graphene suspension has been poured onto
a copper wire (d=0.25mm) mounted on a glass fiber
filter; the evaporation of the organic solvent was carried
out using a fan heater. This copper wire has been utilized
to establish the connection for the extraction of voltage
signals for the calibration curve.

Stabilized lipid films were prepared by polymerization,
as previously described in literature [28,29]. The polymer-
ization could take place cither by using UV irradiation or
thermal polymerization; 5 mg of DPPC were added to
a mixture of 0.070 mL of methylacrylic acid, 0.8 mL of
cthylene glycol dimethacrylate, 8 mg of 2,2-azobis-(2-
methylpropionitrile), 1.0 mL of acctonitrile. The mixture
was spurged with nitrogen for about 1 min and sonicated
for 30 min. For the preparation of the stabilized lipid
films, 0.15 mL of this mixturc was spread on the microfil-
ter. The filter with the mixture was then irradiated using
the UV deuterium lamp. Polymerization was completed
within 4 hours. Alternatively, the polymerization could
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take place by thermal polymerization in 80°C, but the
time of polymerization is longer. These membranes were
stable to store in air for periods of more than two
months.

GM1 was incorporated in bilayer lipid membranes
(BLMs) during polymerization by spreading 10 pL of the
receptor suspension along with the polymerization mix-
ture (i.c., for the preparation of the GMIl-incorporated
lipid films, the microfilter was spread with 0.15 mL of the
polymerization mixture and 10 pl. of receptor suspen-
sion). These clectrodes can be used once (and then dis-
posed of) or repetitively (after regenerated — see below);
when not in use, they are kept at 4°C.

The preparation of the potentiometric biosensor con-
cluded after the ecncapsulation of the filter-supported
polymerized lipid film onto the copper wire containing
graphene nanosheets (Figure 1). The bioelectrode can be
stored at 4°C when not in use; it remains stable for over
three months.

2.3 Electrochemical Measurements

A two clectrode system, i.c., the working bioclectrode:
stabilized polymeric lipid membrane/graphene, and the
reference clectrode: (homemade) standard Ag/AgCl,
used to measure the potentiometric clectrochemical re-

Ag/AgCireference

electrode \

Fig. 1.
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sponse of the fabricated cholera toxin biosensor using
a Keithley Electrometer Model 614 (in the voltage
mode); the voltage was measure against the reference
clectrode (Figure 1).

Sensor calibration performed in a stopped-flow mode:
CT solutions, at 10-pL. or 20-pL aliquots, were injected
into the carrier electrolyte (pH=7.0) inflow; the flow
stopped for 5 min (adequate time to record the responsc)
and then re-started for sensor regencration. The flow rate
used was 2.0 mL/min.

2.4 Simulated and Real Lake Samples

Seven potential interferents usually met in waters were
selected (the tested concentration range for each is shown
in parcnthesis): Mg>* (8-40 mg/L) Ca** (30-155 mg/L),
HCO* (100-800 mg/L), SO, (50-200 mg/L), CI- (100~
300 mg/L), NO;~ (200-800 mg/L), NH," (10-70 mg/L).
Each species was tested individually throughout its stated
range and in mixtures on freshly prepared sensors, ac-
cording to the procedures developed in [24,28,29].

Real water has been obtained from Lake Koumoun-
dourou, located at the western part of Attica region
(Chaidari City, Greece), with a well known physicochemi-
cal and biological profile [30]. Water has been stored in
4°C, according to the procedures described in [30]. Fol-

analyte Iniector\i %
L J

I
&

flow in

electrolyte
reservoir

}—

micormachined
recess

Schematic of the experimental set-up and the bioelectrode edge surface.
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lowing filtration (two times through Whatman filters
Grade GF/A: 1.6 um), ten lake samples were spiked with
CT solution; the samples were mixed with phosphate
buffer to pH=7.0 and analyzed immediately similarly to
the sensor calibration procedure. An unspiked lake
sample, treated similarly to the spiked ones, was used as
control.

3 Results and Discussions

The preparation of stabilized in the air lipid films for re-
petitive uses has been reported in literature [29,31] using
thermal polymerization 60-80°C. These high temperature
profiles prohibited the incorporation of proteinaceous
moicties into the lipid film during the polymerization pro-
cess; to avoid deactivation, enzymes or receptors could
be incorporated afterwards. UV polymerization used in
the current study permitted the incorporation of the re-
ceptor during film construction, allowing, thereby, opti-
mizing receptor loading.

Previous studies with Raman spectroscopy have provid-
ed information on the mechanism of polymerization and
how the lipid film is attached to the polymer [32]. The
lipid is attached to the polymer through clectrostatic
bonding. A peak at 1690 cm ' (corresponding to the C=0
stretching of the methacrylate) was decrcased with time,
showing that the C=0 bond is altered to C—O; this signi-
fies the formation of clectrostatic bonding between the
C-O" and -NHR;" of phosphatidylcholine. There was
also a shift of the 1176 cm™ peak to 1195c¢m™' that
showed a strong clectrostatic interaction between those
two groups. These forces can preserve the film, in struc-
turc and function, for multiple uses after storage in air;
noticeably, air stabilized films exhibit responses similar to
frecly-suspended BLMs and can be considered as ade-
quate analogues [28,29].

Graphene nanosheets used herein allowed sensor mini-
aturization in a facile manner. The electrochemical re-
sponse of the biosensor has been measured as the poten-
tial difference between the working electrode and the ref-
crence electrode. A highly stable output has been extract-
cd along with a good linear sensitivity curve over a large
dynamic range from 10x10°M to 10x10°°M at pH 7.0;
the coefficient of determination, r’, was found to be
0.9992 (n=30) (Fig. 2). The detection limit, based on the
lowest concentration that could be reliably (S/N=3) mea-
sured, was 1 nM. The sensor exhibited an excellent sensi-
tivity slope curve with the value of ~60 mV per decade
confirming the enhancement in the potential value near
the surface of the biosensor as the concentration of the
analyte increases. The high sensitivity achieved can be at-
tributed to the high surface to volume ratio of graphene
nanoshcets. The variability of the measurement, as rela-
tive standard error (5.95% confidence limit), was found
to be £3.844%, (n=40, on the same sensor, analyst
and day) and 4.6-5.2% (n=30, on diffcrent days with
newly constructed sensors and different analysts).
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Fig.2. Calibration curve for CT detection using the miniatur-
ized potentiometric cholera toxin sensor: GM1 receptor incorpo-
rated in polumerized lipid films on graphene nanosheets. Experi-
mental conditions: pH 7.0 (PBS); Temperature: 25°C; CT con-
centration range: 10x10° M to 10x10° M; responses obtained
at stop flow mode; reference electrode: Ag/AgCl. Error bars
denote standard deviation (n=3).

Preliminary investigations on the response of the
sensor to CT in the absence of a receptor, indicated
a poor output with a sensitivity slope of ~3mV per
decade of concentration, over a concentration range of
1x10°M to 1x10*M (at pH=7). Thus, it is evident
that non-specific binding is not a critical issuc in the relia-
bility of measurements of the sensor developed.

Recent studies in the association-dissociation kinetics
of cholera toxin binding to GM1 revealed that high GM1
concentrations lead to slow CT association kinetics [11];
total internal reflection fluorescence and atomic force mi-
croscopy in supported phospholipid membranes [3] di-
rectly showed that high molar GM1 densities inhibit CT
binding due to ganglioside clustering at the film’s surface.
Thus, the variation of GM1 density on the sensor was
considered in this work as a signal optimization option.
Various amounts of GM1 were tested up to 10% w/w of
lipid concentration. This largest signal recorded was ach-
icved for ratios of lipid to GM1 of 20:1, i.c., 5% wiw
GMI to lipid concentration; nonetheless, larger amounts
of GM1 have caused a slight instability of the lipid film.

The responsc times recorded herein (i.c., 5 min) arc in
good agreement with values reported in literature
[10,18,19], whereas optimum pH values for CT-GM1
binding range between 7-8.5, depending on GM1 density
[3,10] and GM1 to CT molar ratios [8,9]. The effect of
pH on sensor’s response towards a CT concentration of
100 nM is provided in Fig. 3. The maximum response was
obtained at pH 7.0, whereas at higher values response de-
crcased dramatically. At lower pH values, CT binding to
GM1 is inhibited [10]; the weak response obtained at pH
is probably due to CT aggregation at the film surface
[33].

Mixed lipid bilayer/GM have shown that the polar
GM-~ head group has a maximal extension of 15 A from
the center of the phosphocholine (PC) group at the mem-
brane surface and that the carboxylate group of the sialic
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Fig.3. The response of the miniaturized sensor to 1x107" M
CT over the pH range 6.5-7.8 (PBS).

acid moiety is located 10 A from the PC. The binding of
CT to GM1 results in a substantial rcorganization of the
lipid membrane structure [11].

The insertion of partially charged protein parts into the
lipid membrane and the structural changes in the lipid
layer induce a change of the membrane eclectrostatics
(i.c., capacitance); CT is bound to the lipid membranes
with the A subunit oriented away from the membrane
surface in an edge-on adsorption mode. This will result in
alterations of membrane potential difference that is been
measured using our present system. Cholera toxin has an
isoclectric point (pl) of 6.6. Chromatographic propertics,
however, suggest that a cationic surface is exposed at
pH 7.0, which apparently resides in B subunit [3]; this is
in agreement with our obtained results that the optimum
pH is at a valuc of pH level of 7.0.

The use of stabilized filter-supported BLMs in toxin de-
tection provides a measuring system in which the recep-
tor, bound onto the lipid membrane, interacts with the
toxin reversibly. GM1 locks its structure in place after CT
binding, becoming firmer [3]; the interaction is reversible
albeit its slow dissociation kinctics that depend on CT to
GM1 molar ratios and the lipid film density of GM1
[9,11,17,18,20]. Sensor reversibility has been extensively
studicd herein. Fast and (to certain extend) cfficient ap-
proaches to lipid platform regencration involve mild
acids, detergents or chaotropic agents [34,35]. Regenerat-
ing, however, the sensor while retaining its sensing capa-
bilitics is not an casy task. Acidic conditioning may dis-
rupt membrane structure and induce the formation of ion
channels. Chaotropic agents generally disrupt biological
complexes at a high chance of irreversibly denaturing
proteinaceous moieties [36]. Detergents may cause mem-
branc solubilization through a multi-step process that in-
volves transmembrane lipid motion (flip-flop), break-
down of thec membrane permeability barrier (lcakage),
and reassembly or lysis [37].

Regeneration of the sensor can be made by infinite di-
lution allowing dissociation to occur by mass action. This
method is casily implemented by the use of the continu-
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Fig.4. Sensor response to repetitive injections of 7x107*M CT
(pH=7.0); after each response (recorded at 5-min stop flow
mode), the sensor was regenerated at 2.0 ml/min flow rate for
6 min before the next CT injection.

ous flow system in which the dissociated toxin is continu-
ously removed and prevented from re-associating with
the receptor. The effect of the flow rate on both, platform
regeneration and receptor washing off, has been studied
herein. The results indicated that at flow rates higher
than 2.5 ml/min, the sensor’s signal returned to back-
ground (noisc) level within 2-5 minutes; the higher the
flow rate, the faster the regeneration. Some loss of the re-
ceptor has been observed, however, particularly cvident
after the third washing cycle (as decline of sensor re-
sponsc). At flow rates lower than 2.5 ml/min, platform re-
generation required more time to conclude (reaching
12 min at a flow rate of 1.0 ml/min); yet no receptor de-
sorption has been observed. The optimum regeneration
flow rate has been set to 2.0 ml/min for 6 minutes.

The maximum number of experiments that could be
performed, within the accuracy level set during sensor
calibration, was about 10, given that the potential differ-
ence and not the absolute value of the potential is record-
cd (Figure 4). The sensor drifts for larger number of in-
jections, possibly due to receptor detachment from the
lipid film.

4 Application in Simulated and Real Water Samples

The suitability of the sensor developed for assessing the
quality of waters has been investigated using simulated
samples with varying levels of seven potential interferents
(the tested concentration range for each is shown in pa-
renthesis):  Mg?t  (840mg/L) Ca®"  (30-155 mg/L),
HCO* (100-800 mg/L), SO, (50-200 mg/L), Cl~ (100~
300 mg/L), NO;~ (200-800 mg/L), NH,* (10-70 mg/L).
These ions have been selected as they are expected to be
found in waters (at various concentration levels and com-
position); minimum and maximum concentrations are in
accordance with the scasonal variation observed for Lake
Koumoundourou [30]. Each species was tested individual-
ly throughout its stated range and in mixtures on freshly
prepared sensors. No significant interferences were no-
ticed from the presence of these compounds, cither indi-
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vidually or in mixtures; at all cases the relative error did
not exceed 5%.

Water from Koumoundourou Lake has provided an ap-
propriate recal sample matrix for testing the applicability
of the sensor for environmental samples. The microbio-
logical and chemical quality of the lake has been previ-
ously investigated, confirming the absence of bacterial
toxins [30]. Water has been filtered and divided in ten ali-
quots; cach aliquot was spiked with toxin solution to re-
quired contamination level and mixed with phosphate
buffer to pH=7.0. Five samples have been used as low-
level control, with a CT concentration of 50 nM, and the
remaining five as high-level control, with a CT concentra-
tion of 7 uM. Unspiked water, treated similarly to the
spiked samples, provided no measurable response from
the sensor.

All samples were analyzed immediately after prepara-
tion on the same sensor, using the calibration plot pre-
sented in Fig. 2 and the 6-min regencration scheme de-
scribed above. The results from the analyses of the spiked
lake samples are presented in Table 1, as % apparent re-

Table 1. Cholera toxin detection in lake water spiked samples
with the potentiometric minisensor based on GM1 - incorporated
lipid films on graphene nanosheets

CT Contamination level  apparent recovery (%, observed

value/reference value)

Low (5x107* M) #1 92.14
# 105.7
#3 92.85
#4 104.1
#5 96.33
High (7x 1075 M) 6 102.8
#7 98.84
#8 96.63
#9 101.1
#10 97.26

covery [38]. Recovery ranged between 92-106% for the
low concentration and 96-103% for the high concentra-
tion. According to the 2005 ICH guidelines for analytical
validation Q2(R1), apparent recoveries of 80-115% arc
acceptable; values greater than 100% are the expected
positive side from a typical distribution of analytical re-
sults from analytes present at or near 100% that arc bal-
anced by cquivalent results on the negative side of the
mean.

The high recoveries achieved at the present study indi-
catc an almost complete mass balance of the recovery an-
alyte, i.c., a good alignment of spiked toxin concentration
and calibration. No positive or negative trends, indicative
of standard errors, were observed at both CT levels.
These results verify the analytical development data,
thereby proving the suitability of the minisensor for re-
petitive water monitoring.

www.electroanalysis.wiley-vch.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ELECTROANALYSIS

5 Conclusions

The present paper describes the preparation of a novel
minisensor, based on a polymer stabilized lipid film and
an incorporated natural receptor packed on graphene
nanosheets. The sensor exhibits long shelf life and ade-
quate operational stability for cnvironmental analysis,
whereas it is constructed in a three-step, amenable to
commercialization, routinc: (i) preparation of graphenc
clectrode, (ii) lipid film UV polymerization and receptor
incorporation, and (iii) encapsulation of the lipid film
onto the graphene clectrode. The sensor has been suc-
cessfully validated for cholera toxin detection in water;
the results indicate that the GMI1-cholera toxin interac-
tions employed herein might serve as a suitable model for
developing detection schemes for other receptor-mediat-
ed toxin uptake, such as FE.coli, Clostridium, Shigella or
Pertussis toxins. GM1 receptor can also serve for E.coli
toxin detection, whereas polysialic gangliosides might be
more appropriate for other toxins [3-5].

The method offers fast response times (~5 min) and
nanomolar detection levels without significant interfer-
ence from other water constituents. The limit of detection
in the proposed method is 1.0 nM which is comparable or
lower to most biosensor systems reported in literature,
c.g., the piczoclectric membrane sensor has a detection
limit of 2.5 nM and similar responsc times [14], whercas
immunosensing can provide nanomolar detection within
5-8 min at very complex and tedious assay platforms [17-
19]. The color detection scheme proposed in [15] exhibits
a detection limit of 54 nM and a response time of 10 mi-
nutes. The SPR CT biosensor reported in [13] exhibits
a detection limit of 1x 10" M at optimized conditions, al-
though the time of response is 15 min; similarly, the fluo-
rescence quenching platform proposed in [16] provides
a 10 pM detection limit at a response time of 30 min. A
detection limit of 0.06 micromolar has been previously re-
ported for a similar lipid membrane platform [39], al-
though bioclectrode regeneration or real water applicabil-
ity has not been established. Limits of detection of as low
as 45.6 ng/ mL. were recently reported in the literature
[40]. However, the thin lipid biosensor platforms pro-
posed herein can be casily engincered into portable ficld
detectors for onsite alarm monitoring.

The biosensing surface can be easily and reproducibly
prepared and renewed. The lipid membrane interface at
the biosensing surface provides a biocompatible environ-
ment that has proven beneficial in resisting nonspecific
adsorption of anionic and cationic species, thus ensuring
a low background signal in the assay. The proposed
sensor reveals good reproducibility, reusability and sclec-
tivity along with high sensitivity of ca. ~60 mV/decade
over a wide logarithmic range of cholera toxin concentra-
tions ranging from 10x10°M to 10x10° M. Notwith-
standing, further experiments arc required for sensor vali-
dation, utilizing ficld protocols for water quality assess-
ment through a pilot-scale study that would also provide
data on the reliability of the sensor.
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The CT detection technique developed offers certain
advantages over the commonly preferred immunoassay
approaches: (a) the incorporation of the receptor in the
lipid membrane platform is performed through a simple
polymerization step avoiding any activity loss; (b) the re-
ceptor binds rapidly to CT with strong affinity that allows
rapid detection; (c) the sensor can be casily and reliably
regenerated in a flow system without receptor leakage or
memory cffects. In effect, the proposed scheme can be
casily packed into a portable field detector for rapid
water quality preliminary assessment for life-threatening
contaminants and bioterrorism attacks.
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Abstract: We performed a comparative analysis of the sensitivity of aptamer-based biosensors for
detection mycotoxin aflatoxin M; (AFM1) depending on the method of immobilization of DNA
aptamers and method of the detection. Label-free electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) for ferrocene labeled neutravidin layers were used for this
purpose. Amino-modified DNA aptamers have been immobilized at the surface of polyamidoamine
dendrimers (PAMAM) of fourth generation (G4) or biotin-modified aptamers were immobilized at
the neutravidin layer chemisorbed at gold surface. In the first case the limit of detection (LOD) has
been determined as 8.47 ng/L. In the second approach the LOD was similar 8.62 ng/L, which is
below of allowable limits of AFM1 in milk and milk products. The aptasensors were validated in a
spiked milk samples with good recovery better than 78%. Comparative analysis of the sensitivity of
immuno- and aptasensors was also performed and showed comparable sensitivity.

Keywords: biosensors; aflatoxin M1; aptasensors; electrochemical impedance spectroscopy;
differential pulse voltammetry

1. Introduction

One of the main toxic factors in dairy products is the concentration of mycotoxins, which are
secondary metabolites produced by organisms of the fungus kingdom [1]. They can cause diseases
and even deaths either in humans or in animals [2]. The term “mycotoxin” is usually intended for the
toxic chemical products of fungi. The fungi consume organic matter where humidity and temperature
are adequate. If the conditions are appropriate, fungi proliferate into colonies and mycotoxin levels
become high. The reason for the production of mycotoxins is not yet known [3].

The major groups of mycotoxins are the aflatoxin, ochratoxin, citrinin, ergot alkaloids, patulin and
fusarium. In this work we focused on development of biosensor for detection aflatoxin M1 (AFM1),
which is important pollutant of dairy products. Aflatoxin M1 is the natural metabolite of aflatoxin Bl
(AFB1). Its presence in feed and the subsequent exposure of lactating animals lead to the contamination
of milk by its hydroxylated metabolite, AFM1 [4,5]. Therefore, fresh milk must be regularly checked
for the concentration level of AFM1. If the concentration of AFM1 is above 0.05 pg/kg (0.15 nM),
or 0.5 ug/kg (1.5 nM) (according to EU or USA regulations, respectively), this milk cannot be used in
the human food chain. This limit is even lower (0.025 pg/kg or 0.08 nM) for infant milk, follow-on
milk, and dietary foods for infants [6].
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The commercially used methods for AFM1 determination are mostly based on high-performance
liquid chromatography (HPLC) [7], which advantageously substituted the thin layer chromatography
technique (TLC) [8]. Enzyme-Linked Immunosorbent assay (ELISA) has become also very popular
for mycotoxin analysis, leading to the development of many commercially available kits, which are
essentially based on competitive assays [8]. Although the abovementioned techniques allowing detection
of AFM1 with the required sensitivity and selectivity, they are rather expensive, time consuming and
require qualified staff.

Biosensor technology can overcome the abovementioned difficulties. For instance, some biosensors
in contrast with ELISA allow label-free detection of the analyte. Most of the biosensors for aflatoxin
detection reported so far use one of two types of receptors as recognition elements—antibodies and
DNA aptamers. Immunosensors are based on the immobilization of specific monoclonal antibodies
on various surfaces. DNA (or RNA) aptamers represent a new alternative to expensive and less stable
antibodies. Aptamers are single stranded DNA or RNA that in solution folds into a 3D structure with
a binding site specific to the analyte. Aptamers are produced in vitro by the Systematic Evolution
of Ligands with Exponential enrichment (SELEX) method using affine chromatography separation
of randomly synthesized sequences [9,10]. The specificity of aptamers to the analyte is comparable
with those of antibodies, but aptamers are more stable, easier to immobilize on surfaces and easier to
modify chemically.

The main problems of immunosensors are the elevated cost of antibodies and in the ethical
issues, as immunoglobulins are produced through animal immunization. Among potential recognition
element alternatives, aptamers have been proposed as very promising tools in biosensing applications
owing to their many advantages such as cost effectiveness, flexibility, ease of modification, high stability,
and compatibility with large-scale production [11].

The first electrochemical immunosensor for AFM1 detection was reported by Micheli et al. [12].
In this work the design of the sensor was adopted from ELISA, but AFM1 specific antibodies were
immobilized directly on screen-printed electrodes. The secondary antibody conjugated with horse
radish peroxidase (HRP) was used for chronoamperometric detection of AFM1 with a detection limit
of 25 ppt (25 ng/L) and a working range between 30 and 160 ppt. This range was comparable with
those of ELISA, but the detection time was shorter. Vig et al. described an impedimetric immunosensor
based on gold-labeled antibodies. This sensor detected AFM1 in a concentration range between 15
and 1000 ng/L (45 pM-3 nM) [13]. A competitive immunoassay based on antibodies immobilized on
a gold microelectrode array and horseradish peroxidase (HRP)-AFM1 conjugate has been reported by
Parker et al. [14]. The assay allows detection of AFM1 with a LOD of 8 ng/L in a dynamic range of
10 to 100 ng /L.

More recently, an indirect competitive immunoassay has been elaborated with a screen-printed
electrode array adapted with a standard 96-well microplate for the analysis of frozen and lyophilized
milk [15]. Paniel et al. detected AFM1 with a sensor that was based on a competitive immunoassay
using HRP-AFM1 conjugate as a tag [16]. The samples containing AFM1 were incubated with a fixed
amount of antibody and HRP-AFM1 tracer until the system reached equilibrium. The sensor allowed
detection of AFM1 with LOD 10 ng/L. Bacher et al. reported a label-free impedimetric immunosensor
based on a silver wire electrode that allows the detection of AFM1 within the range 6.25-100 ng/L
(18.75 pM-0.3 nM), with a LOD of 1 ng/L (3 pM) [17].

In the last years an immunochromatographic strip with monoclonal antibodies was described
for sensitive AFM1 detection in pasteurized and powdered milk [18]. Later, an electrochemical
immunosensor with capture antibodies immobilized on the Au screen-printed electrode and signaling
antibodies conjugated with alkaline phosphatase was tested in spiked milk samples with a LOD of
37 ng/L [19]. Chalyan et al. developed a sensing device that consisted of four silicon oxynitride (SON)
micro-ring resonators that detected AFM1 with off-chip silicon photodetectors onto which either DNA
aptamers or antigen binding fragments (Fab’) were immobilized [20]. The most reproducible signal
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was obtained for sensors based on a Fab’-functionalized surface with a LOD of 5 nM (1641 ng/L).
Immunosensors for AFM1 detection have been recently reviewed [21-24].

The first electrochemical aptasensor for AFM1 detection was reported by Nguyen et al. [25].
The sensor design was based on an interdigitated electrode array (IDA) fabricated on a silicon
substrate via a lithography technique. Silicon wafers were covered with a SiO; layer. Chromium (Cr)
and platinum (Pt) layers were sputtered on the top of the wafer. After electropolymerization with
Fe3;04/PANIi, the aptamers were immobilized on this layer and detection of AFM1 was performed by
differential pulse voltammetry (DPV). The sensor allowed detection of AFM1 with LOD 1.98 ng/L
in the range of 6-60 ng/L. AFM1 has been also detected by square wave voltammetry (SWV) using
an aptamer-based biosensor designed with a streptavidin layer coated by biotinylated aptamers with
a dynamic range of 1-10° ppt [26]. Later an impedimetric aptasensor designed with a 4-carboxy-
phenyldiazonium salt surface on screen-printed electrodes (SPCE) has been proposed by Istamboulie
et al. [27]. The working range of this sensor was 2-150 ng/L with a LOD of 1.15 ng/L.

The latest works described an AFM1 sensitive aptasensor based on a glassy carbon electrode (GCE)
covered with polymeric Neutral Red dye (NR) obtained by electropolymerization in the presence of
a polycarboxylated pillar[5]arene derivative [28]. In this case the detection of AFM1 was performed
using electrochemical impedance spectroscopy (EIS) in a dynamic range of 15-120 ng /L (LOD 0.5 ng/L).
An optical label-free aptasensor using total internal reflection ellipsometry (TIRE) combined with
a localized surface plasmon resonance (LSRP) phenomenon in nanostructured gold films immobilized
with specific aptamers was reported [29]. The working range was 10 ng/L-100 pg/L and the LOD
10 ng/L. Jalalian et al. also reported a novel electrochemical aptasensor based on a hairpin-shaped
aptamer, gold nanoparticles (Au-NPs) and a complementary strand of the aptamer (CS). The DPV
allowed detecting AFM1 in the range of 2-600 ng/L with a LOD of 0.9 ng/L [30]. Recent achievements
in electrochemical DNA sensors and available techniques have been reviewed by Fojta et al. [31].

Among alternative methods of detection, it is worth mentioning a biosensor based on a metal-
supported bilayer lipid membrane (s-BLM) [32]. It has been shown that AFM1 affected hybridization
of DNA at the surface of s-BLM, which was recorded as changes of the displacement current. The LOD
obtained by this approach was 0.5 nM of AFM1 in a working range of 1.9-20.9 nM.

In aptasensors the sensitivity and dynamic range depend on the method of aptamer immobilization
as well as on the signal detection method. However, a comparative analysis of the effects of the aptamer
immobilization and the method of detection has not been reported yet. In this work we present
electrochemical sensors based on two methods of aptamer immobilization on a surface composed either
of dendrimers or neutravidin. Impedance spectroscopy (EIS) and differential pulse voltammetry (DPV)
have been used for the detection of AFM1 with aptamers.

2. Materials and Methods

2.1. Reagents and Aptamers

Aflatoxin M1 (AFM1, m.w. 328.27 Da) from Aspergillus flavus, cystamine dihydrochloride 96%
(Cys), sodium borohydride NaBHy, glutaraldehyde solution in H,O 25% (GA), poly(amido-amine)
dendrimers generation 4.0, 10 wt.% in methanol (PAMAM G4), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), potassium hexacyanoferrate(ll) trihydrate
K4Fe(CN)g-3H20, potassium ferricyanide(Ill) K3Fe(CN)g, ferrocene carboxylic acid, Fe-COOH, tablets
for preparation of phosphate buffer saline (PBS) as well as other standard chemicals were of p.a. grade
and purchased from Sigma-Aldrich, (Schnelldorf, Germany). Neutravidin (NA) was supplied by
Biotech (Bratislava, Slovakia). Sulfuric acid 96% H,SOy, hydrogen peroxide 30% HyO,, and ethanol,
p-a. grade were from Slavus (Bratislava, Slovakia).

We used following buffers: PBS (137 mM NaCl, 27 mM KCl, 10 mM Na;HPOy, 1.8 mM KH;POy,
pH =7.4) and HEPES 10 mM pH 7 4.
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Following aptamers were used in experiments: 21-mer DNA aptamer of following sequence:
5-ACT GCT AGA GAT TTT CCA CAT-3' (APT1) described by Nguyen et al. [25] and modified at
the 5’ end by an amino group or by biotin at the 5" end, but containing a dT;5 spacer: 5-TTT TTT
TTT TTT TTT ACT GCT AGA GAT TTT CCA CAT-3' (APT2) and 50-mer DNA aptamer modified by
biotin at the 5’ end: 5'-GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC CCT TCG CTA GGC
CCA CA-3' (APT3) [20,33] that is characterized by high specificity to AFM1 (dissociation constant
K4 =10 nM). Aptamers were purchased from Eurogentec (Seraing, Belgium). For preparation of stock
solution of aptamers, we used TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH = 8) based on DNase- free
water (Sigma-Aldrich Schnelldorf, Germany). The working solutions of aptamers were prepared by
dilution of the abovementioned stock solution in a corresponding working buffer.

2.2. Preparation of Aptasensors

The aptasensors were prepared using gold electrodes of 2 mm diameter (CH Instruments, Austin,
TX, USA). The electrodes were carefully cleaned according to the procedure described earlier [34,35].
The gold surface was polished using an electrode-polishing kit consisting of 1.0 and 0.3 um alumina
powder (CH Instruments) and then sonicated for 15 min in ethanol followed by 20 successive cycles
of electrochemical cleaning in 1 M H350j in the potential range from +0.2 to +1.5 V vs. Ag/AgCl
reference electrode with a scan rate of 100 mV /s. After that the electrodes were properly rinsed again
in deionized water, ethanol and dried under nitrogen and the immobilization started immediately.

2.2.1. Aptasensors Based on Immobilization Aptamers at Dendrimer Modified Surface

The preparation of an aptasensor on a dendrimer surface was adopted from our previous work [35].
Briefly, after cleaning the gold surface, the electrode was immersed in 0.1 M aqueous solution of
cystamine for 2 h. This resulted in formation of a self-assembled cystamine layer due to chemisorption.
After careful cleaning of the surface in deionised water it was immersed in 5% glutaraldehyde (GA) in
water for 1 h, rinsed with PBS and incubated with 70 uM PAMAM G4 dendrimers in PBS buffer for
5 h. The unreacted groups of GA were blocked by immersion of the electrode in 5 mM NaBH4 during
30 min. The electrode has been then rinsed in PBS and again immersed into 5% GA solution for 1 h.
This surface was ready for immobilization of amino-modified APT1. For this purpose, the electrode
was immersed in 1 uM APT1 dissolved in PBS for 16 h and then again in 5 mM NaBHj; for 30 min.
After rinsing the surface by PBS the aptasensor was used for AFM1 detection.

(B)
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Figure 1. The schemes of aptasensors: (A) aptamers are immobilized at the surface of PAMAM G4
dendrimers. (B) biotinylated aptamers are immobilized at the neutravidin (NA) layer modified by
ferrocene carboxylic acid (Fc). GA—glutaraldehyde, CYS—cystamine.

The sensing surface scheme is presented in Figure 1A. The AFM1 detection was performed using
electrochemical impedance spectroscopy in the presence of 5mM redox couple [Fe(CN)g > /# . Itis based
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on determination of the charge transfer resistance Rt that changes in the presence of an analyte. This is
known approach that was used in previous aptasensor research (see [36] and Section 2.3 for details).

2.2.2. Aptasensors Based on Biotinylated Aptamers Immobilized on Neutravidin Layers

These aptasensors were prepared using DNA aptamers (APT2 or APT3) modified at the 5’ end
with biotin and immobilized on a neutravidin layer chemisorbed at the surface of gold electrodes.
This is based on the strong affinity of biotin for neutravidin. In order to detect AFM1 electrochemically
the neutravidin layer was modified by ferrocenecarboxylic acid (Fc-COOH), that displays well-resolved
redox signals. The scheme of the sensing layer is presented in Figure 1B. The aptasensor has been
prepared using the following steps. First a clean gold electrode was immersed in neutravidin dissolved
in deionised water at a concentration of 125 pg/mL for 15 min. This is the common way to prepare a
stable neutravidin layer on a gold surface [37]. After rinsing in deionised water the electrode with the
neutravidin layer was immersed in a solution containing activated Fc-<COOH for 2 h. The activation has
been performed according to the procedure described in [38]. Briefly, 20 nM Fc-COOH has been added
into the mixture of 1 mM EDC and 5 mM NHS for 15 min. Activated Fc-COOH was prepared freshly
before its immobilization at neutravidin layer. Addition of activated Fc-COOH onto the neutravidin
layer resulted in its strong binding to NA molecules. After rinsing the ferrocene-neutravidin layer
with deionized water and PBS the electrode was immersed in a 1 uM solution of biotinylated aptamer
for 30 min. After rinsing with PBS, the sensor was ready for AFM1 detection. The detection was based
on measurement of the ferrocene redox current. It can be expected that in the presence of AFM1 the
environment close to the sensing surface changes which may affect the redox current. This approach
has been used in this work for the first time, although similar principle was applied in our recent
work [28]. In this case, however instead of Fc we used redox properties of electropolymerized layers
formed by Neutral Red. In all cases the detection of AFM1 was accomplished by immersion of the
sensor into the AFM1 solution in a concentration range of 15-120 ng/L. The sensor was incubated
with corresponding concentration of AFM1 during 1 h at ambient temperature (approx. 22 °C).

2.3. Electrochemical Measurements

2.3.1. Instrumentation

The electrical parameters of aptasensors were determined by an AUTOLAB PGSTATI2
potentiostat-galvanostat equipped with a FRA impedance module (Metrohm Autolab b.v., Herisau,
Switzerland) or a CHI 440 potentiostat (CH Instruments) in a 8 mL Teflon cell using three electrode
configuration consisting in working gold electrode (diameter 2 mm), Ag/AgCl reference electrode and
Pt wire as auxiliary electrode. All electrodes were from CH Instruments. The sensor response following
addition of AFM1 was measured by electrochemical impedance spectroscopy (EIS) and differential
pulse voltammetry (DPV) with the following parameters. EIS: frequency range from 0.1 Hz to 100 kHz
by applying 5 mV voltage amplitude and DC potential 0.22 V. EIS experiments were performed in
PBS containing 5 mM (1:1) [Fe(CN)s]* /4. Data from Nyquist plots were fitted according to Nova
software version 1.7 (Metrohm Autolab, b.v). Randle’s equivalent circuit (see inset in Figure 2) has been
used in the analysis of the charge transfer resistance, Re. In the case of DPV detection, the following
parameters were used: potential range from 0 to +0.5 V with a resting time of 2 s.

2.3.2. Validation of the Aptasensors in Milk Samples

The milk samples were prepared according to the procedure described in our recent paper [28].
A sample of UHT cow milk, 3.5% fat, obtained from local supermarket was first spiked with a certain
amount of AFM1 in a concentration range of 15-120 ng/L and then thermostated at 40 °C. After that,
the sample was diluted with methanol in the 3:1 v/v ratio and centrifuged at 5000 rpm for 5 min.
The supernatant was diluted to 1:10 v/v ratio with the PBS. The aptasensor was incubated in the milk
sample for 60 min and then its signal was recorded. The sensor recovery was calculated according
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to: [(ARct/Reto)milk / (ARct/Reto)pes] % 100%, where (ARct/Reto)pps are changes of charge transfer
resistance at certain concentration of AFM1 in a buffer and (ARc/Rcto)milk those in a milk, respectively.
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Figure 2. Nyquist plots corresponding to the main steps of aptasensor preparation from bare gold
surface to cystamine layer, dendrimer adlayer and finally after immobilization of aptamers (see the
legend). Inset represent Randles equivalent circuit that models electrical properties of the layers. Rg and
Rt are the electrolyte and charge transfer resistances, respectively. Z, is the Warburg impedance
resulting from the diffusion of the redox probe and C is the capacitance of the electrode surface/solution
interface. Experiments were performed in the working phosphate buffer containing 5 mM (1:1)
[Fe(CN)s]> /" as a redox probe.

3. Results and Discussion

3.1. Determination of AFM1 by Aptasensors Depending on Aptamer Immobilization and Detection

In this part we compare the response of aptasensors depending on the method of immobilization
and detection. As a first we used aptamers APT1 modified at the 5 end by an amino group.
The aptamers were immobilized at the surface of PAMAM dendrimers (see Figure 1A). Because AFM1
is not electroactive, as a convenient tool for detection of AFM1 we selected electrochemical impedance
spectroscopy (EIS) at the presence of the [Fe(CN)g]> /4~ redox couple. At a formal potential of approx.
0.22 V vs. Ag/AgCl reference electrode (determined by CV) the charge transfer between the redox
couple and the electrode surface is maximal. The changes at the sensing surface such as binding of
AFM1 can affect this charge transfer. Therefore, detecting the changes in the charge transfer resistance,
R, allows analysis of the interaction of AFM1 with the sensing surface. In addition, EIS allows
analysis of all steps of the sensing surface preparation. This is demonstrated on Figure 2 where the
corresponding Nyquist plot is presented. It can be seen that the plot consists of semicircles and linear
parts which depend on the diffusion of the redox couple to the sensing surface. The Nyquist plot can
be characterized by its Randles equivalent circuit (inset in Figure 2). The diameter of the semicircles is
proportional to the R values. The straight line corresponding to cystamine layer chemisorbed at the
gold surface is due to the high conductivity of this structure, which is caused by a more rapid diffusion
of redox markers. Also the PAMAM adlayer revealed these properties partially due to its positive
charge that make the diffusion of the redox probe close to the electrode surface easier. Immobilization
of aptamers resulted in an increase of semicircle diameter. This is due to the fact that DNA aptamers are
negatively charged. As a result, the redox couple is repulsed from the electrode surface which increases
the Rt values. This agrees well with our previous work [39].

Figure 3A shows a Nyquist plot following stepwise incubation of the sensing surface with
an increased concentration of AFM1. It can be seen that addition of AFM1 to the sensor surface
resulted in an increase of the diameters of semicircles. This can be due to establishment of a barrier that
partially blocks the diffusion of the redox couple from the solution to the electrode surface. Using the
NOVA software (Metrohm Autolab b.v.) we fitted the Nyquist plot using the Randles equivalent circuit
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(lines in Figure 3A) and determined the charge transfer resistance with (R¢t) and without (Ry9) AFM1.
The plot of the relative changes of charge transfer resistance (AR¢t/Rto) vs. AFM1 concentration is
presented in Figure 3B.
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Figure 3. (A) Nyquist plots corresponding to the aptasensor without AFM1 and after incubation
with various AFM1 concentrations (see the legend). (B) plot of the relative changes of R values vs.
concentration of AFM1 (AR /Reio = (Ret — Reto)/ Reto, where Ry, Ret are charge transfer resistances
without and with certain concentration of AFM1, respectively). Results represent mean |- SD from
3 independent experiments. Experiments were performed in working phosphate buffer containing
5mM (1:1) [Fe(CN)s >~ /4~ as a redox probe.

It can be seen that with increasing concentration of AFM1 the relative changes of the resistance
increase. The plot of AR /Rcto vs. AFMI1 concentration is close to linear up to 60 ng/L of AFM1,
then saturation started. Using the signal to noise ratio rule (5/N = 3) we determined LOD as 8.47 ng/L
(see also Table 1). This is below the allowable limit established by EU legislation, so the sensor can
be used in practical applications. The validation of this sensor in a spiked milk samples is presented
below in the Section 3.3.

The aptasensor presented above and the EIS method of analysis can be considered as label-free,
because does not require any labeling of aptamers or the sensing surface. This is advantageous in
respect of practical applications for which the low cost is among the priorities considering the rather
large number of milk samples that should be analyzed.

In order to compare the sensitivity of AFM1 detection using label-free and label-based detection,
we applied the following approach: we prepared an aptasensor using DNA aptamers (APT2 or
APT3) modified at the 5’ end by biotin. The aptamers were immobilized on the surface of gold
electrodes with a chemisorbed neutravidin layer. Prior to aptamer immobilization the neutravidin
molecules were modified by Fc-COOH according to the procedure described above in Section 2.2.2.
This modification allows detection of the changes at the sensing surface by monitoring the redox
properties of ferrocene (Fc). This is possible by using a DPV method. We can expect that binding of
AFM1 will cause conformational changes of the aptamer and as a result the redox current can also be
affected. This principle has been used in our earlier work, but Fc has been immobilized at the surface of
dendrimers attached to the multiwalled carbon nanotubes [40]. For this purpose, a special Fc-linker
has been synthesized. This approach gives us also possibility to compare the sensitivity of the sensors
prepared from two different aptamers. The DPV for the sensor based on APT2 is presented in Figure 4A
and those for APT3 in Figure 4B. It can be seen that the amplitude of the current decreases in both
cases with increasing AFM1 concentration. Considering the possible instability of Fc during long term
experiments and during CV cycling we also performed 30 CV scans for the aptasensor composed of
APT2 on a neutravidin layer modified by Fc both in PBS and HEPES. In both cases only negligible
changes of CV have been observed (results are not shown). Thus, the decrease of the peak current cannot
be caused by instability of Fc. In order to compare the sensitivity of the aptasensors based on APT2
and APT3, we constructed a plot of relative changes of the peak current Al/Iy vs. AFM1 concentration
(Figure 5). Similarly, like above we determined the LOD for both sensors (8.52 and 8.64 ng/L for APT2
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and APTS3, respectively). Thus, the sensitivity of AFM1 detection by both aptamers does not differ
significantly and is close to the values obtained based on the label-free aptasensor presented above
using APT1 and the EIS method of detection. We should also mention that the sensitivity of Fc-based

detection by APT3 is much higher in comparison with optical detection as reported in [20].
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Figure 4. DPV of aptasensors based on biotinylated aptamers immobilized at Fe-modified neutravidin
layer. (A) APT2 (in PBS), (B) APT3 (in HEPES).
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Figure 5. Plot of the relative changes of peak current Al/Ij vs. concentration of AFM1 constructed
based on the DPV presented on Figure 4. (AI/Iy = (I — Iy)/ly, where I is the peak current at certain

concentration of AFM1 and I those without AFM1). Results represent mean -+ SD obtained from 3
independent experiments in each series.

3.2. Comparison of the Sensitivity of Immuno- and Aptasensors in AFM1 Detection

As we mentioned above the aptasensors developed so far detect AFM1 with sufficient sensitivity
comparable with that of immunosensors. However, aptasensors are more stable and cheaper in
comparison with immunosensors. In addition, aptasensors are in principle reusable. Because the
interaction of an analyte with the aptamer is based on electrostatic or Van der Walls interactions,
the regeneration of the aptasensor is possible by immersion of the sensor in a solution of high
ionic strength, for example 2 M NaCl, sodium dodecyl sulfate (SDS) or 0.2 M glycine-HCI solution.
In particular, we proved this in our previous work on the detection of aflatoxin B1 using a dendrimer
immobilization platform [35]. The sensor can be regenerated in 0.2 M glycine-HCI at least three times,
without any significant lost of the sensitivity, which reduces the cost for its preparation. Similar
aptasensor regeneration results were reported in [26]. In this case 10% SDS was used as regeneration
agent. In contrast, immunosensors based on antibodies cannot be regenerated mostly due to the
strong binding of the analyte to the antibody. Application of regeneration methods that are suitable for
aptasensors resulted in irreversible changes in the antibodies that lost their binding affinity [41].

Table 1 compares the basic properties of immunosensors, DNA sensors and aptasensors for
detection of AFM1 published so far.
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Table 1. Comparison of the LOD values of electrochemical aptasensors for AFM1 determination.

. : Dynamic
Sensor Preparation Method of Detection Range, ng/L LOD, ng/L  Reference
Immunosensors
Immobilization of the specific antibodies ELISA 30-160 2% [12]

on the screen-printed electrode

An amperometric immunosensor based on the
gold-labeled antibodies immobilized at ELISA 15-1000 15 [13]
screen-printed electrodes

A screen-printed electrode array adapted
with a standard 96-well microplate R 5-250 1 [15]

A sensor based on a compelilive immunoassay

using horseradish peroxidase (HRP) Chonoampiemstey 10-500 N el
A label-free impedimetric immunosensor

based on silver wire electrode EEE, =100 ! (7
Immunochromatographic strip with immobilized

AFBl1-bovine serum albumin as the immobilized ELISA B 200 (18]

antigen and anti-AFM1 antibody labeled with
gold nanoparticles as tracers

An electrochemical immunosensor with
capture antibodies immobilized on the gold DPV - 37 [19]
screen-printed electrode. Competitive assay

Microelectrode array immunosensor with
antibodies immobilized by cross-linking ELISA 1-100 8 [42]
with 1,4-phenylene diisothiocyanate.

Bl S ing oy’ MRR - o o)
DNA Sensors

Metal-supported bilayer lipid membranes (s-BLMs) Amperometry 0.5-6572 157 [31]
Aptasensors

Aptasensor with electrochemical Fe;0Oy4 /PANI interface DPV 6-60 198 [25]

Aptasensor based on biotin-modified aptamer at CV, SWV 1-10° 1 [26]

streptavidin layer on a screen-printed electrode

Hexaethyleneglycol-modified aptamers g
immobilized on a carbon screen-printed electrode R ED 0 e o

Neutral Red electropolymerized film KIS

modified by pillar[5]arene 5120 05 28]
Optical label-free. Aptamers immobilized on :

AR Y e TIRE with LSRP 10-10° 10 [29]
Hairpin-shaped aptamer immobilized on gold 00

nanoparticles. Methylene blue as a redox probe bPV 2 - (301
Aptamers immobilized at PAMAM dendrimers EIS 15-120 8.47 This work
Biotinylated aptamers immobilized at DPV 15-120 852 This work

neutravidin layer modified by ferrocene

CV-—cyclic voltammetry; DPV—differential pulse voltammetry; EIS—electrochemical impedance spectroscopy;
ELISA—Enzyme linked immunosorbent assay; LSRP—localized surface plasmon resonance; MRR—optical
microring resonator; SWV—square wave voltammetry; TIRE—total internal reflection ellipsometry.

It can be seen that the sensitivity of aptasensors is comparable with that of immunosensors.
The only exception is work by Chalyan et al. [20] in which an immunosensor based on an AFM1-selective
Fab’ fragment revealed higher sensitivity in comparison with those based on aptamers analyzed by the
micro-ring resonator method. However, the LOD of this immunosensor (1641 ng/L) is not sufficient
for practical applications. Among so far published AFM1-sensitive aptasensors the highest sensitivity
is revealed by those based on immobilization of aptamers on pillar[5]arene Neutral Red layers (LOD
0.5 ng/L) [28]. This sensor was label-free because does not require labeling of the aptamers. It has
been successfully validated in various milk samples. A label-free aptasensor based on immobilization
of an electroactive Fe304/PANI interface also revealed a rather good LOD of 1.98 ng/L. The only
disadvantage of this sensor was its relatively low dynamic range (up to 60 ng/L), but the fabrication
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of this sensor as well as detection using DPV method was relatively easy. Unfortunately, the sensor
has not been validated in real milk samples. A similar LOD (1 ng/L) has been reported in [26].
This electrochemical sensor was based on immobilization of biotinylated aptamers on streptavidin
layers. For detection by square wave voltammetry (SWV), a 5 mM Kj[Fe(CN)4] redox probe has
been used. The sensor provided a surprisingly high dynamic range of 1-10° ng/L. The advantage
of this sensor was possibility of its regeneration in 10% SDS. However, validation in milk samples
was missing. A rather simple aptasensor preparation method was presented in [27] using carbon
screen-printed electrodes onto which amino-modified aptamers were immobilized by covalent binding.
The sensor revealed good sensitivity (LOD 1.15 ng/L) and dynamic range. The sensor also revealed
good stability and was validated in real milk samples with recoveries between 99-111%. The sensor
can also be considered as label-free due to the application of the EIS method in the presence of 1 mM
[Fe(CN)e]>~/*~ redox couple. Rather good sensitivity (LOD 0.9 ng/L) has been obtained in recent work
by Jalalian et al. [30] using hairpin-shaped aptamers. The detection is based on conformational changes
of the aptamers at the presence of AFM1 with subsequent hybridization of aptamers with added
complementary DNA strands immobilized on gold nanoparticles. The only disadvantage of this assay
is a more complicated scheme that requires both DNA-modified nanoparticles as well as methylene
blue as a redox probe. This sensor has also been validated in real milk samples with recoveries of 91.3
to 96.5%. Finally, the optical sensor reported in [29] revealed also good LOD (10 ng/L). It was relatively
easy to fabricate. The only disadvantage is that for detection of AFM1 more sophisticated methods
of total internal reflection ellipsometry (TIRE) combined with localized surface plasmon resonance
(LSPR) are required. The sensor, however, has not been validated in milk samples. The sensor presented
in our work based on label-free EIS detection and those based on Fe-modified neutravidin layers are
of comparable sensitivity and dynamic range, therefore they can be used in practical applications.
We should especially point out the new method of AFM1 detection based on biotinylated aptamers
immobilized at chemisorbed neutravidin layer modified by Fc. This aptasensor can be easily prepared
and detection of AFM1 can be performed by DPV or CV methods that are not difficult to handle, so can
be used even in remote milk laboratories. The preparation of this sensor is relatively rapid and requires
approx. 3 h, which is much faster in comparison with those published so far. In addition, due to
availability on the market of low cost potentiostats this detection is also cost effective.

3.3. Validation of the Biosensors in Spiked Milk Samples

Considering the advantages of label-free detection of AFM1 using aptasensors based on
immobilization of aptamers on a dendrimer surface, we used these aptasensors for validation in
a real milk sample. The samples were prepared according to the procedure described in Section 2.3.2.
The experiments in a spiked milk samples were performed as follows: first the aptasensor was
incubated in a milk without AFM1 during 1 h. After washing the surface in a buffer, it has been
immersed in PBS containing 5 mM (1:1) [Fe(CN)g]? /%~ redox probe and the R value has been
determined. The same procedure has then been performed but with milk samples spiked with certain
concentrations of AFM1 in a range from 15 to 120 ng/L. Figure 6 compares the changes of charge
transfer resistance vs. AFM1 concentration in buffer and in milk. It can be seen that there are only
relatively small deviations between the values that evidence a good sensor recovery.
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Figure 6. Plot of the relative changes of Ry values vs. concentration of AFM1 (ARqt/Reto =
(Ret — Reto)/Reto, where Reto, Ret are charge transfer resistances without and with certain concentration
of AFM1, respectively) in a PBS and in a spiked milk samples (see the legend). Results represent

mean + SD from 3 independent experiments in each series. Experiments were performed at presence
of 5 mM (1:1) [Fe(CN)g]>~/#~ as a redox probe.

This is also demonstrated in Table 2 where the sensor recovery is calculated. The recovery varied
between 78.04 to 106.25% which may be due to certain influence of milk proteins on the properties of
the sensing surface, such as non-specific binding that can partially block the diffusion of the redox
probe to the sensing surface.

Table 2. Comparison of the EIS response of the aptasensor in a PBS and in spiked milk samples.
Recovery was calculated as: [(ARct/Reto)mitk / (ARct/ Reto)pps] x 100%.

» Buffer Milk &
Concentration of AFM1, ng/L ARa/Rato AR4/Rao Recovery, %
15 0.16 0.17 106.25%
30 0.41 0.32 78.04%
60 0.61 0.55 90.16%
90 0.65 0.63 97.00%
120 0.78 0.62 79.5%

4. Conclusions

Two aptasensors for the sensitive determination of aflatoxin M1 (AFM1) in aqueous solutions and
in milk samples were developed and compared in respect of aptamer immobilization and method of
detection. For the first time we report aptasensors for the detection of AFM1 based on aptamer
immobilization on a dendrimer layers as well as on neutravidin layers modified by Fc-COOH.
Comparison of label-free EIS based biosensor with those utilizing Fc-labelled neutravidin revealed
a similar limit of detection (LOD), which is below the allowable contamination of the milk and
milk products by AFM1. The aptasensor based on dendrimer layers has been validated in spiked
milk samples and revealed recoveries between 78.04-106.25%. The possible deviation can be due to
effect of milk proteins on the sensing layer properties. This will require further efforts to overcome
this influence.
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