20-07-0027 2®90n Iznn N'1ON7 Ddon 'vn N"I7

01v 3 JINn 3 Apnnn nMy

D"7In> opTnn'T 7V DMIXI'AN D27V 7Y 100D DAL INTT ').7'3/70/77)\’ 2/010/"2 NIN'9

o'n "axn2

Electrochemical biosensor for rapid detection and quantification of Cyanobacteria toxins

in water reservoirs

2"y 195N NINSI NIXEZNN TN 'URIN VTN NP7 wam

17710 TOIN-'R77NN NN 700  N'RpPN N0TINYT [1DNn L1 190 T

P70 TN K700 AENNAN 700 L1t NINtAL NIDR? NR7NNn — RKY'OW IR T

Sefi Vernick, Department of Sensing, Information and Mechanization Engineering,

Institute of Agricultural Engineering, ARO The Volcani Center, HaMaccabim Rd. 68;

POB 15159, RishonLeZion 75288009, Israel

Orr Shapiro, Department of Food Sciences, Institute for Post-harvest and Food

Sciences, AROThe Volcani Center, HaMaccabim Road 68, P.O.B 15159,RishonLeZion,

Israel 7528809

D o1 B~DN

21
24

D"1'"MY DN

TN NN

NIan

37NN NNon
NIXXINI D101 7'V
niponi [IrT

n'oMarrhan



WTn xpn L1

N'Wwan nayn X
NINN 0"7'Y D' NARN2 ,01'00'XNZ'M 7'YAl DY7IND DTN 'Y 0'WI9INN D17V 7w DNINQVYN
NNIN N1IND N9'WNI ANIMNY DNA7 n717Y 0N 0Tn"N? no'wn Tiva nmy 7' nva
MC-LR jroo'xnpmn 7w 10'%/2"n 1 Ty A'mnn |70 1IxNX 071¥2 NI2Y DR L0000 NINN9NNY
NI 1NT? NIo'wn g 7pwn 27 A" m 0.04-n anir X7 7w n%%70 nmrr ndMx Ay ma
NI WA 72110101 17' 1IYIN2 win'y 1IN DD 290 72V 77'va Nywa D' 000N NEM
7V N1001IANN N7XD 1{7'Val ,NNIAA NRI9N N7V NIV'Y IXAIX NIINNRD DY .WINN n7Y90n |NTI
N'TIY" DTAYNI A DT DD NDAYN 17X NI0'Y 0000 [DNRNN' X 7V '0N'TIRRIM'R NN
D''00'XNPZ'M W 1'NN NINDIINT? NIV'Y NN qINTIEMMK )IIX 07 7297 .ANIAA TV NIyl
7¥ yn 7y 001NN MDNVPIR 11010117 [PNN NN97 O'WpPan AKX AT 7N "7219'0n N1y
NI'WO IX TN IY'R) 217N NIKN IR 'NN7 07201000 0T 2'WOMI DYNDNVEIR O'RN
— [TA11 NI0OIAN) NIY'A 19010 N7IY!' AT 7NN, X7 .(TTN1 DIT) "MDNLVFIR NIRYG (N'ONTIR
O'RN 7900 (9Uy1) 12w ny (D'VO'YNP'™MY? '9'¥O0N D'TIX NIOOIAN 21 NIMDNVFIRIIN'K
.NUY 'XINQ D'VO'XNP'N 7Y NN NRITA NTTN IWOXR'Y 1101012 NI NIX? D'ADNVRIN

NTIAY NIV'Y .2

,0"0TINI D'NDNVFIR ,0"'NDIA DXIN DY 7V NOOIAN AT 7NN NTIAYN NMAIZITINN
NTAY NIV'Y 2NdN DT PNN W MINND AN 120 L7119 1101011 137 DAI7'WIE DIOXR
["ON7 NN 7Y NAI7MANPMI NN21I7M ATIAY NYAT ZNNN 7Y [IURIN 17702 .NRIY N9 TN
NLIANN T1'VO'YNP™M D'TIRN NX 2'9n7 NI 2y1 (ELISA) |a'0ar-Tann on'l [Tann 112 DX 7%
y¥27 min 7y 21 1"9X71 OTIRN DX T907 NN 7Y D'WATI DY DR LD DD .0'PT'N]
NIMLVNLZIL NIMDNVPIR NITTA NITNLVRYRNP'MY? D'TINT VIR ,|TAD 729 mMD Wy
[AON TID' TTNIN DTN NI7N NXRIL,MDNOPIRN KNN DX ['9X7 NN 7V NIWATI NIMVNNDNKNI
NIX DI D'MDNVPIRN 0'9''¥N 7W DAIN'YI DIDN DX 771D A7NNN 7¢ '0TINN VPOONN .'UN'TIRND
¢ DXMA0VINRI NPT NOY Y MDNLVFZRE '77'0'D VIP'Y  ,N'9MAIM™I0I9 DN DXt
JTIVY DTN RN DY DITAVRIRN

NIMp7w NIXYIN A

7y ooiann (9"¥I111) 171" 1AW 11M'OXI1LIINND LN NMIYKRIN INAN NMYA pnnn Doy
NTTN RN XY NNND LD 10D NINUVF7RNE™M N'¥P129 NIV'YWA XM WTINN MDNLRR VN
JIRNAIT NNOTA AWONNIL (VVOI'YIVID) “NYWN DTN 7auN7 pPYNnnNn ,5"'XIan NX A7vunn TIn"

,E. Coli 'p71n2 T™N0%9 A"y xviann (MIrA) 11'00'¥xNpP'M DTIRD DX 2'907 T2 A7 7270



A"V |TaN 7Yy NU'Y NNNO NN I7NNN NIYWA .D'TIRD 7¢ ' mMDI2 |I'9X VXA L, INImY
71" MNIRY ,NNN'OY ATTAN KNI 9'XINN NIYXAXA 10ATN L] 11D .VIA'7N DX 79X NITNLVRIRN
NMDNLVPIR N2OY NTTN NIWXYNXA ,N0'7/DNam 3 7w 0 Trn Yon niwan o oy MC-LR jro7iv%
NTNLPIR 1INN'D 110101I"ANN 770D LD D .0'7T"N2 D'MANITA D' 7¢ 7T |'OpIv Nw'n DI
0IVOAION NINJIA T¥D NNATAI 7N 1N'219 N2OW 7w UM MIrA D'TaRN DR N'7'DNN N'ON'TIR
NMLVNLVIIA NTTN? NN MDNLVRYR NIK? NNNIN DTIRN 7w 7200 Niven ,MC-LR
D20 0'9''Y 7¥ NI07IN'0 DTN TWONNN DTN NNIISVYT79 7w 1DIWN DAT X' ,90112 .NVIYD
'UN'TIR-NIN'R 'NAN - ECI-D no'w NR DNN9 MINNRD NIWA .NIRAAITA NNt 1) N
yann '‘7nun DT DT NNATAEY7NNA DIIYNN DIIYD DNVNI9N NN DX 119X . MDNVFINR
oN1 ' TTNIN NIKNY 1'RIN .NOMNA ['O710 MIY'PN NRXIND N'Mwn 7'y9 VIVOIIOo NIT'NN
,9102%7 .NI90NN NTTAN NIV'Y MY DK 197 11DWUNN 90112 .19%) ,nnama MC-LR-n 11517 3190
01097 NY{ZA 1IMYAI 0'01D 190N NNTIAYA 7N 11a¥N ,0INNA 721N 'Y [IN'Y2 19NN 111019
NIXXINN DIY" 1237 NIXY7NNI Nzon . T
D'INTA NTTNA NIMYNNN NIFMYYYN NINAN 1901 1172 20 2y NI agnnn Nikvm .1
.Tiy1 BlueGreen nnan ,01'ul70X N1an ,NNIENA NN2N (0221 0'na
wnn? "nNipn" n>mnal nnwTNn nivan ("M9n") payna 12'D7 Apnan NIRYIN 0'0a 7y .2
TRL 6-8 157 n'niynwn N1I¥a NIN'O2 0TPNNY N1'N 7NNn NNV 1101010 NIN'D
M0N0 NN KT DT APNNA 17701Y NRIYA NTTTAN NI0'Y W7wa ninTpnnn D tx7 v .3
MY NIN'O] Y7YIN 11 17NN ,N"IYN NIY21 12D NIN'0aN NIRXIN N0 EIS no'ww Tiva
JINNRN NIV'YN
P12 2I9'WN DX 7T NIY¥NKAI N1I'0' NDINYT NN 7Y DYNN AZNn wam D 0Nno X .4

JI0'W AW NN DR TN NRXIND 'U0NAR'TN



1. Introduction

Harmful blooms produced by Cyanobacteria (blue-green algae) are a worldwide problem
in surface water and brackish water reservoirs[1]. This problem is well known in lakes
undergoing eutrophication processes, including Lake Kinneret in drinking water reservoirs
and effluent reservoirs. CB blooms can pose a significant health risk due to the production
of toxins that are concentrated in water and can cause harm to humans and animals
through drinking, swimming, and probably also eating food contaminated with the
toxins[2,3]. These HCBs can contain multiple cyanotoxin (CT)-producing species. The
toxins are collectively called cyanotoxins. Fish ponds are particularly prone to
contamination, thus placing the aquaculture industry at risk[4]. Exposure to the toxins
(e.g., Microcystins) is mainly associated with hepatotoxicity and carcinogenesis and leads
to both acute and chronic damage[5,6]. Microcystin-LR (MC-LR), the most common
microcystin, accounts for most of the reported poisonings and is considered an imminent
threat to human and animal health. Consequently, stringent regulation has recently been
imposed by the World Health Organization (WHO), limiting the allowed MC-LR
concentration in drinking water to <1 ug/L and a maximal daily intake of 0.04 ug/kg body
weight[7-9]. Current detection methods have proven relatively efficient in accurately
guantifying MCs in water. However, conventional methods that are based on analytical
and immunoassay techniques are time-consuming, demand highly skilled personnel and
expensive equipment, and are not suited for on-site detection. Thus, there is an urgent
need for an advanced portable detection tool to enable a frequent examination and quick
monitoring of MCs in fish ponds, drinking water reservoirs, and other surface water. This
would help mitigate the risks associated with the safety of aquaculture produce as well as
drinking water and rapidly apply the necessary remedial measures. The overall
objective is to design and develop an electrochemical biosensing platform that can
perform several complementary tests, combining immuno- and enzymatic (Fig. 1)
assays for the detection of ultra-low concentrations of MC-LR in water, while

increasing accuracy and reducing detection time.
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Fig. 1: Schematic illustration of the proposed biosensing system. A) A miniaturized array of
electrochemical cells containing microelectrodes is produced by conventional microelectronics fabrication
methods. After chemical modification of the surface of the electrodes, antibodies specific for the tested
cyanotoxin are immobilized. The biochip easily connects to the "electronic reader", which is also portable (in
a USB-stick form). Following exposure to a water sample that contains many organisms including
cyanobacteria that secrete the target toxins, the toxins bind specifically to antibodies and thus result in a
change in the electrical conductivity of the electrode. This change can be measured and processed in real
time allowing the quantification of toxins in the sample. B) Schematic representation of MIr-A enzymatic
reaction (a), electro-polymerization of Polypyrrole (PPy) on a screen-printed gold electrode (b), and (c)

covalent immobilization MIr-A enzyme on PPy-modified SPE and Ferrocene functionalization.

2. Research objectives

This study seeks to develop an integrated multi-method biosensing system for
rapid on-site detection of MC-LR. Immuno-electrochemical sensing employing anti-
MC-LR antibodies and additional enzyme-based amperometry, employing the MC-LR
degrading enzyme, MIrA, will be applied by a custom-designed biochip and a
measurement platform. The electrochemical immunoassay (ECI) will enable highly
sensitive detection of MC-LR via impedance spectroscopy and amperometry (using an
equivalent ELISA method) while the enzyme-based electrode, comprising MIrA
embedded in a conductive polymer, would complement the assay. Our specific
objectives: i) create a fabrication process that would provide high quality electrochemical
chips containing micro-electrodes, with a very high yield, ii) develop and fully characterize
electrode bio-functionalization methods that include the conjugation of antibodies,

antigens, and enzymes, iii) demonstrate the feasibility of the biosensor to detect different
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concentrations of MC-LR while exceeding the reported limit of detection, iv) develop the
biosensor measurement platform that comprises the biochip, the electrical contacts, and
the liquid chambers, v) demonstrate the combined electrochemical detection of MC-LR
by applying different methods with the same biochip platform.

3. Main Results

3.1. Electrochemical chip fabrication: biochips were designed as electrochemical
cells with a three-electrode configuration (working, counter and reference electrodes),
microfabricated on a p-doped Si/SiO2 substrate (with 285 nm thermally grown oxide) by
a combination of photolithography (to define the electrodes pattern) and sputtering (gold
deposition). The process flow showing the step-by-step fabrication of electrochemical
chips is shown in Fig. 2. The wafer-scale fabrication yielded 31 chips, each comprising
three gold electrodes (100 nm thick Au layer) as well as contact pads. The working
electrode diameter was 0.6 mm. On-chip Ag/AgCl reference electrodes were prepared in-
house by electroplating and the individual chips were finally diced. The generated chips
were characterized electrochemically and by scanning electron microscopy.

A

A

4

4” silicon wafer with Coating with photoresist Lithography - UV
500 nm Si0, layer and soft bake expasure

°IIII'_ Ltrtrd _ WP ;

Development 10nm Cr\Ti, 80nm Au Photoresist removal by
evaporation “lift off” by NMP

EC chips

Fig. 2. Fabrication of electrochemical chips. A. process flow of chip fabrication by photolithography
and sputtering: (a) The wafer is cleaned with acetone, isopropanol, and distilled water; (b) Photoresist
(PR) coat is spun onto the wafer and soft baked. C) Patterns are projected onto the wafer
(photolithography); D) The substrate is developed and unexposed PR is removed. E) Titanium and gold
are sputtered onto the substrate F) The PR and gold are removed by a lift-off process. Following this,
the wafer is rinsed with ACT, IPA, and DI, and G) The wafer is ready for electroplating. B. Following
fabrication (and surface characterization of the deposited electrodes), the reference electrodes are
electroplated. Briefly, the formation of a reference electrode is carried out by electroplating silver (from a
silver plating bath) followed by anodic generation of a silver chloride layer to obtain a silver/silver chloride



layer (Ag/AgCl). The electroplating of silver yields a typical white luster deposit that appears, in a SEM
analysis, as a homogenous crystalline deposit with dense Ag nuclei of ~1um (Bar: 5 pm).

3.2. Electrochemical Characterization of chips: The quality of the electroplated
Ag/AgCI quasi reference electrode (RE) and of the whole cell were electrochemically
characterized. The RE potential demonstrated a linear dependence on the electrolyte
(NaCl) concentration log, as expected, following the Nernst equation (Fig. 3).

An example of cyclic voltammetry (CV) for the EC biochip is presented in Fig. 4A, where
four different scan rates were used consecutively. The peak heights increased with
increasing scan rates and were linearly proportional to the square root of the scan rates
(Fig. 4B), as expected, following the Randles-Sevick equation. In addition, the peak
separation was not significantly affected by the scan rate (Fig. 4C).

0- Figure 3. Characterization of the RE. Verification of a
newly formed Ag/AgCl reference electrode is carried out by
-20+ measuring its potential versus a commercial reference electrode
-40- in varying electrolyte (KCI) concentrations. The response of the
electrode is plotted against the log[KCI] such that any log change
in KCI concentration is expected to yield a 59 mV potential
-804 difference, according to the Nernst equation. In practice,
-100- deviations from this value are expected to evolve from the nature
’ . . . . of the measured electrode (an open reference electrode), the
-2.0 -1.5 -1.0 -0.5 0.0 0.5 quality differences, and experimental conditions (mainly varying
L distances between the measuring electrodes that affect solution
og [NaCl] ) .

resistance). Our reference electrodes demonstrate a ‘Nernstian
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Figure 4. Characterization of the EC cell. Verification of the whole cell is obtained by i-E curve
(cyclic voltammogram) with the well-known redox couple ferricyanide. A. CV at different scan rates with a
solution of 20Mm ferricyanide/ferrocyanide. Four different scan rates were used, consecutively. B.
Corresponding analysis obtained from the biochip. The peak height increased as the scan rate increased
and was linearly proportional to the square root of the scan rate, showing the anodic peaks (top) and
cathodic (bottom). C) peak separation is relatively independent of scan rate.



3.3. Development of biochip and an electrochemical (EC) biosensing platform.
An in-house Polytetrafluoroethylene (PTFE) apparatus providing electrical contacts for
EC chips and serving as a platform that enables simultaneous measurement of multiple
chips and continuous flow was developed (Fig. 5). The purpose of the platform is to
integrate all the components of the EC biosensing platform, including a flow channel,
biochips, and contacts, and to easily interface with a commercial potentiostat and to

enable simultaneous measurement of multiple chips.

Fig.5. The biosensing platform. A.
Silicon-based electrochemical chips are
microfabricated using photolithography and
metal deposition. B. Custom manufactured
apparatus. Image of a machined PTFE
apparatus providing electrical contacts to
electrochemical chips and chambers for
interrogating multiple samples.

3.4  Electrochemical impedance spectroscopy (EIS): Impedimetric immunosensors
are based on immobilized antibodies to detect antigens using EIS on a solid-state
electrode. This detection method is based on the direct detection of antibody-antigen via
binding of a target analyte to a biofunctionalized chip (biochip). Impedimetric
immunosensors show great promise in rapidly detecting low concentrations of target
antigens within a highly simplified testing setup. We sought to demonstrate this diagnostic
potential by developing a miniature electrochemical biochip, integrating it with a
monoclonal antibody (mAb) targeted against the microcystin MC-LR, and applying the
developed immunosensor in the rapid detection of low MC-LR concentrations. A
schematic illustration of the developed biochip and method is presented in Fig. 6A.

3.4.1 Electrochemical measurements: The EIS method measures the current response
to an AC voltage over a frequency range. In a faradaic impedance measurement, a small
sinusoidal AC voltage probe is applied while monitoring the current response at different
frequencies. The real (resistive) component of the impedance (determined by the in-
phase current response) is plotted against the imaginary (capacitive) component

(determined by the out-of-phase current response) to frequency. Both are described by

R R2.Cqw . . . .
Z'=R;+—%— and 7" = —%2—_ where Rs is the solution resistance, R is the
1+w2?R%CE; 1+w?R%C3;



charge transfer resistance, Cq is the double-layer capacitance, and w the angular
frequency, which is commonly represented in a Nyquist plot (Fig. 6B). The Nyquist plots
arising from EIS measurements were fitted to the following Randles circuit from which the
parameter of interest, Rct, values were calculated: If an analyte affects one of these circuit
parameters, then impedance methods can be used for analyte detection. The Rct depicts
the opposition experienced to electron movement and it increases in the presence of
bound biomolecules. For a one-electron process, the Re, which controls the electron

transfer kinetics of Fe(CN)e*/3- at the interface of the electrode, can be described by: R, =

RT
F2K2C

the electron transfer rate constant, and C is the concentration of the electroactive

where R denotes the gas constant, T is temperature, F is Faraday constant, k0 is

species[11,12]. The semi-circular region represents a slower charge transfer at higher

Aquatic bacteria  Cyanobacteria  Secreted MC-LR

Potentiostat ~ Contact A T e | !
circuit pads ',’

Counter electrode
Working electrode
Reference electrode

Fig. 6. EIS-based biosensor for MC-LR detection. A. Schematic illustration of the developed biochip.
Multiple electrochemical cells are fabricated by microelectronic manufacturing techniques. Anti-MC-LR
monoclonal antibodies are chemically modified and covalently immobilized to an activated gold working
electrode surface. The biochip is interfaced with a portable potentiostat device (a generalized circuit
diagram is shown on the left). Exposure to a water sample contaminated with MC-LR-secreting
cyanobacteria results in specific binding of the toxins to the electrode-bound antibodies, affecting the
electrode's impedance. This change can be measured and analyzed in real-time, allowing the
quantification of toxins in the sample. B. An EIS measurement is used to interrogate the electrochemical
system and separate the individual components that affect the circuit. A Nyquist plot depicts the change
in the "real" component of the impedance (Z' or Zrea) versus the “imaginary" component (Z” or -Zimag,
which results from capacitance) over a wide range of frequencies. The generated Nyquist plot is fitted to
an equivalent circuit from which the different resistance values are extracted (inset). Solution resistance,
Rs, charge transfer resistance, R, Warburg resistance, Zw, and double layer capacitance, Ca, can all be
modeled and calculated. Adapted from ref. ([18])

frequencies, whereas the straight line describes a faster mass transfer at lower

frequencies. Also, a change in Warburg impedance, Zw, dominated by mass transfer, can



occur when the diffusional transport of electroactive species from the bulk solution to the
electrode surface is impeded due to the binding of biomolecules and targets onto the
electrode[13]. However, both Rct and Z, depend on the concentration of electroactive
species and the applied potential[14].

3.4.2 Modification of EC chips with antibodies: The immobilization strategy of antibodies
is of critical significance in the development because it determines the orientation of the
antibody on the electrode’s surface. Our immobilization approach is based on the direct
covalent attachment of thiolated antibodies to an activated gold electrode surface. The
gold surface of the working electrode (WE) can be readily reacted with the sulfur head of
thiolated molecules (following activation to yield the desired functional groups for
subsequent immobilization). An anti-MC-LR Mab was thiolated using Traut's reagent (2-
IT) via thiol-activation of primary amines (-NH2) of the Mab, following the mechanism
shown in Fig. 7A. The introduced sulfhydryl (—-SH) group provides a strong affinity to a
gold surface, thus enabling the covalent immobilization of the antibody. The thiolation
reaction was optimized to obtain an average of ~6 —SH group per antibody by tuning the
ratio of reagent to antibody. This fine-tuning enables control of the level of thiolation.
The estimation of introduced sulfhydryl groups was performed by Ellman assay used to
guantify the number or concentration of thiol groups in a sample. Ellman’s reagent (5,5'-
dithiobis-(2-nitrobenzoic acid, or DTNB) quantifies the number or concentration of thiol
groups in a sample. It is very useful as a sulfhydryl assay reagent because of its specificity
for -SH groups at neutral pH, high molar extinction coefficient, and short reaction time.
DTNB reacts with a free sulfhydryl group to yield a mixed disulfide and 2-nitro-5-
thiobenzoic acid (TNB). The target of DTNB in this reaction is the conjugate base (R—S-
) of a free sulfhydryl group. TNB is the “colored” species produced in this reaction and
has a high molar extinction coefficient with a value of 14,150M1cm at 412nm. The DTNB
reduction reaction and its structure are shown in Fig 7B. Introduced —SH groups were
guantified by reference to the extinction coefficient of TNB following: C=A/bE; where
A=absorbance, b=optical path length (cm), E=molar extinction coefficient, and C=
concentration (molar).

Antibodies incubated with Traut's reagent at a ratio of 1:10 and 1:15 yielded an average

-SH groups per antibody of 3.63 and 6.7, respectively.
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Gold surfaces can be readily reacted with the sulfur head of thiolated molecules enabling
the immobilization of biorecognition molecules[10]. An assessment of the immobilization
efficiency was carried out by fluorescence microscopy analysis, using a fluorescently
(Cy3)-labeled thiolated antibody compared with a non-thiolated antibody. Fluorescence
microscopy images shown in Fig. 7C confirm the immobilization of antibodies to the gold
electrode. Electrode surface characterization by AFM, as shown in Fig. 7D, provides

further indication for the immobilization of antibodies.
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Fig. 7. Biofunctionalization of EC chips. A. Immobilization of antibodies is based on covalent
attachment using well-established gold-thiol chemistry. Antibodies were thiolated by using the thiolating
reagent 2-imminothiolane hydrochloride (Traut's reagent), which reacts with primary amines (-NH2) to
introduce sulfhydryl (-SH) groups while maintaining charge properties similar to the original amino group.
The reaction was optimized to obtain an average of ~6 —SH group per antibody. B. Ellman assay using
DTNB (left) was used to assess the thiolation efficiency. The reaction is monitored by a
spectrophotometer. Surface characterization of functionalized electrodes: C. Assessment of
thiolated antibodies immobilization to the gold working electrode is carried out by fluorescence
microscopy analysis. Thiolated Cy3-labeled antibody is incubated on the gold WE. As a control, a non-
thiolated Cy3 antibody was used. Incubation is followed by rigorous rinsing of the electrodes. D. AFM
image of gold working electrode surface before and after the covalent immobilization of thiol-modified
antibodies.

This direct approach to electrode functionalization is advantageous compared to well-
established self-assembled monolayer (SAM) generation methods since it involves a
straightforward preparation and avoids complete electrode passivation often attained with
SAM. Furthermore, this functionalization procedure can be readily scaled up, as it is

compatible with microarray printing technology.
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To measure the effect of immobilized antibodies on the R, impedance spectra were
recorded and analyzed before and after antibody immobilization, and these were
compared with measurements taken after 30 minutes of incubation with MC-LR, as shown
in Fig. 9. It should be noted, that a 10 min incubation was found to significantly affect the
recorded impedimetric signal, as shown in Fig. 8. Using the Nyquist plots, we observed
the effect of antibody immobilization on the R In a bare electrode, the Rct is small and
impedance is dominated by the diffusion of the electroactive species, the so-called
Warburg impedance, which is evident in low frequencies. Following antibody
immobilization, the Warburg impedance is no longer a significant factor. Instead, the
contribution of Rct to the impedance becomes largely dominant as an insulating layer of
biomolecules is attached to the surface. Incubation with a solution containing 3 ug/L MC-
LR resulted in a further increase in Rq, as the bound toxin further ads to the resistive

component of the impedance.
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Fig. 8. Nyquist plots of antibody-functionalized Fig.9. EIS response of the developed

electrodes following incubation with MC-LR. immunosensor. The impedance spectra of a
Change in R signal following MC-LR binding to bare electrode (‘bare GE’) are characterized by
MC10E7/GE at different incubations times was low charge transfer resistance (Rc) and high

evaluated. Measurements conducted in PBS pH Warburg (Zw) impedance. After antibody
7.4 containing 10 mM Fe(CN)6*/3-and 0.1 M KCI immobilization (‘GE+mAb’), the Ry increases,

show the dependence of impedimetric response and the Z, is no longer dominant. Following the
(Rer) on immunoreaction time. Bar plots (change in binding of the toxins (‘3 pg/L’), the R increases
R response) were calculated from the ratio of MC- dramatically. This increase is proportional to the
LR/MC10E7/GE and MC10E7/GE normalized to 1 concentration of the bound toxin and allows its
(error bars: SEM, n=3). quantification in the sample.
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The sensitivity and dynamic range of the device were measured by briefly immersing
biochips in MC-LR solutions with concentrations spanning six orders of magnitude, from
0.0003 pg/L to 30 pg/L, as shown in the Nyquist plots of Fig. 10A. The addition of MC-LR
was found to affect Rct in a dose-dependent manner, clearly seen in Fig 10B, with a
positive correlation observed between MC-LR concentration and Rc response. The
calibration curve of the R¢: response exhibited an exponential dependence (R?=0.9812)
(Fig. 10C). Nonlinear calibration curves have been previously reported in impedimetric
biosensors[15,16]. The inset in Fig. 10C shows a linear response (R?= 0.9915) to the log
of MC-LR concentrations ranging between 0.003 ug/L to 3 pg/L, with 0.003 ug/L yielding
a mean R increase of 40.8 %( £3.4) while 3 pg/L affected a mean R increase of 143.3
% (+£10.1).

The applicability of the immunosensor was further demonstrated by detecting MC-LR
in bacterial suspensions of Microcystis aeruginosa PPC 7806 and Spirulina sp., used as
models for contaminated water. These samples represent highly complex matrices
containing various aquatic bacteria, biomolecules and cell debris, as evident by the
images shown in the inset of Fig. 10D. Both raw and filtered Microcystis aeruginosa PPC
7806 samples (2.08 x 107 cells/mL) demonstrated an increased impedimetric response,
as shown in Fig 10D. Higher R values were consistently recorded for filtered samples
(mean R¢ change = 1.33 + 0.77), compared to unfiltered samples (mean R change =
0.85 £ 0.46), both relative to the antibody-modified electrode. Incubation with the non-CT-
producing Spirulina suspension (4.9 x 107 cells/mL), used as a negative control, did not
affect the recorded impedance, as shown in Fig. 10D. In addition, no response was
observed when MC-LR was incubated on electrodes functionalized with a non-specific
antibody, mAb-EspB-B7 (that targets the virulent EspB protein in pathogenic E. coli [17]).
The Nyquist plots of these control measurements clearly demonstrate the specificity

towards MC-LR, lending further support to the feasibility of our detection method.
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Fig. 10. MC-LR detection with an impedimetric immunosensor. A. The obtained Nyquist plots from
measurements of a bare gold electrode (‘bare GE’), electrode after the immobilization of anti-MC-LR mAb
(‘GE + mAb’), and after incubating with six different concentrations of purified MC-LR toxin: 0.0003, 0.003,
0.03, 0.3, 3, and 30 pg/L. (The lowest concentration yielded a similar impedimetric signal as the
background). B. Relative R values of purified MC-LR toxin protein demonstrating a dose-dependent
increase in Rq. C. An exponential increase in R is observed. Inset shows a linear dependence at lower
concentrations, yielding a calibration curve for target MC-LR. D. Detection of MC-LR from cyanobacterial
suspensions is feasible with the developed biosensor. Specific binding of MC-LR, contributing to an
increase in Rt is indicated with Microcystis suspensions, whereas no response was observed with Spirulina
suspensions. Higher signals were obtained from filtered Microcystis suspension, as expected. Incubation
of MC-LR on an electrode functionalized with an unrelated antibody (mAb-EspB-B7), showed no MC-LR
binding, further supporting the specificity of the biosensor. The changes in R values (%AR) are the
means of the R ratios (before and after antigen-capture), calculated from triplicates. The error bars
represent + SD. Inset of Fig D: Raw cyanobacterial cultures used as a model for contaminated water.
bacterial cell suspensions of: A. Microcystis aeruginosa PPC 7806 and, B. Spirulina sp. Both samples were
cultured, grown, and maintained in BG-11 at a temperature of 24-26°C and light intensity of 6 pmol photons

m2s1,
3.5 Electrochemical Immunoassay (ECI). A second detection method is an EC

indirect competitive Enzyme-linked immunosorbent assay (ic-ELISA). It is based on

substrate-mediated amperometric detection of MC-LR, whereby the level of surface-
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bound enzyme immunoconjugate following catalysis of an electroactive substrate is
evaluated by a chronoamperometric detection using various standard MC-LR
concentrations and raw cyanobacteria culture samples. A schematic description of the
method is shown in Fig. 11.
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Fig. 11. Schematic description of the steps involved in the development of the amperometric
biosensor for the ECI assay.

This chronoamperometry uses a fixed potential and measures the reduction current of an

electroactive substrate as a function of time.

We first developed a conventional ELISA using a chromogenic reagent and obtained
an MC-LR detection limit of 0.03 pg/L (Fig. 12A) and a linear fit of quantitative detection
ranging from 0.1 pg/L to 3 pg/L (Fig. 12A). Then, we have characterized the electroactive
substrates and enzyme (Fig. 12B) and the MC-LR toxin (Fig. 12C). As previously
mentioned, the substrate APAP (Acetaminophen) is oxidized by the immuno-conjugate
enzyme, horse-radish peroxidase (HRP), into the electroactive product NAPQI. The
irreversible electro-reduction of NAPQI was measured at a potential of -100 mV. This
potential was applied in the ECI to monitor the reduction of NAPQI following incubation
with samples containing different concentrations of MC-LR and after incubation with the
primary antibody and secondary antibody-enzyme complex, as shown in Fig. 13. The
current signal resulting from the binding of the secondary antibodies to the coated
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electrodes was inversely proportional to the concentration of MC-LR in the samples, as
expected. At a high concentration of 1.65 ug/ml (mg/L) the current signal ratio (relative to
background) was =1.5 whereas lower concentrations exhibited higher currents signal
ratios (2.3 for 0.33 pg/ml and 8 for 0.066 pg/ml).
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Fig. 12: Development of ECI based on ic-ELISA. A) A standard curve of ic-ELISA for MC-LR at
concentrations ranging from 0.03 pg/L to 30 ug/L (error bars: SD, n=8). It was measured in eight repeats.
ELISA plate wells were coated with 3 pg/mL MC-LR toxin. The antibody MC10E7 dilution was 1:3,000;
enzyme Immunoconjugate dilution was 1:4,000. The experimental data are shown as discrete plot with
error bars in black. The solid black curve fits the Hill equation to the experimental data and the inset image
is the range of quantitative detection with good linearity. B) Cyclic voltammetry at a scan rate of 50 mV/sec
of PBS, pH 7.4 with the substrate (a mixture of 0.3 mM Hz202, and 0.45 mM APAP), and the reaction of HRP
with the substrate. Scan initiated following 1min incubation of solution reactants. CVs were performed
separately. C) Cyclic voltammograms of 8 mM Fe(CN)s*/*- and two different concentrations of MC-LR
solutions (20 and 30 pg/L) in PBS (pH 7.4) at a scan rate of 100 mV/sec.
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3.6 Development of Microcystinase (MIrA)-based electrochemical system for MC-
LR detection.
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3.6.1 Expression and Purification of MIrA. The heterologous expression of MIrA with his-
tag in E. coli (BL 21) host, using pET21a expression vector was performed. The
expressed MIrA was isolated, quantified (4.0 mg/mL of proteins), and characterized by an
MIrA assay. The initial velocity of MIrA (Vo) was calculated (0.05 pM/min) and it was found

4 MiIr A enzyme activity vs Time MirA Enzyme Kinetics - Hill Plot that 50% Of CyCIIC MC_LR
g 1 ® il hydrolysis was achieved within
= 1.0 £ 9 %
- E . .
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< 0] ® SN S — maximum velocity of the MIrA
2 02
B A - enzyme was also calculated
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using the Hill equation and plot.
Figure 14: MIrA enzyme kinetics study. A) Determinination L
of ilnitial velocity of MIrA enzyme and MIrA enzyme kinetics | he kinetic parameters Vimax=9.53
~ Hill Plot (8). UM/min, Kos=4.77 uM, and
n=1.40 were obtained from the plot (Fig. 14B). Hill coefficient (n) greater than 1 indicates

a positive co-operativity between substrate MC-LR and MIrA enzyme.

3.6.2 Electrochemical study of MC-LR and MIrA enzyme using unmodified SPE (screen-
printed electrodes). First, MC-LR and MIrA were studied electrochemically and found to
have no electroactivity under the applied potential window. However, MC-LR was shown
to significantly affect the non-faradic (charging) current, as opposed to MIrA. As seen in
Fig. 15A (black bar), following MC-LR addition, the charging current increases
dramatically, by up to 95%, and remains relatively stable over time (up to 30 mins). The
charging current is likely attributed to the adsorption of MC-LR to the electrode surface.
The slight decrease in the charging current following 20 min incubation suggests a

desorption mechanism that is time and voltage-dependent.
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Fig. 15: Electrochemical analysis of MIrA assay with cyclic MC-LR using unmodified SPE A). Black
and red bar graphs indicate the capacitance of MC-LR and MIrA assay, respectively, at different
incubation times. B). Polypyrrole modified working electrode and their corresponding FCN CV with
control. C) Electrochemical analysis of MIrA assay with SPE-Ppy. Black and red bar graphs indicate the
capacitance of MC-LR and MIrA assay, respectively, at different incubation times. Error bars show
standard deviations of means for triplicate (p= < 0.05).

The effect of MC-LR enzymatic degradation was also studied. The addition of MC-LR to
a MiIrA-containing solution results in a gradual decrease in charging current over time
(Fig. 15A, red bar). A decrease of 32% was observed following MC-LR addition, further
decreasing by 52% after 30 min incubation. The addition of MIrA alleviated the capacitive
effect observed during the CV measurement of MC-LR. These findings suggest that the
binding of MIrA to MC-LR may hinder its adsorption to the electrode surface. The gradual
decrease in capacitance may also indicate that the linearization of the cyclic MC-LR,
catalyzed by MIrA, yields a less adsorptive product. Seemingly, the hydrolysis reaction
did not involve any redox activity or charge transfer [19].

However, to better associate MIrA reaction with charge transfer, an enzyme electrode
needs to be constructed. To facilitate effective wiring of the MIrA active site to the
electrode surface, a conductive polypyrrole (Ppy) layer was electro-polymerized on the
working electrode, as seen in Fig.15b (left). Ppy-modified SPE (SPE-Ppy) was
characterized by CV using the Ferrocyanide (FCN) redox couple. The anodic and
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cathodic currents increased significantly up to ~ 6 £ 0.2 times higher than unmodified
SPE, as shown in Fig. 15B (right). The SPE-Ppy electrode was then used to study the
MIrA assay electrochemically in bulk solution. A CV analysis revealed an increase in the
charging current following the addition of MC-LR, similar to that measured with the
unmodified SPE. Current levels remained relatively stable over time, as shown in Fig.
15C (black bars). Upon the addition of MIrA, a significant decrease in charging current
was observed, in a similar fashion to that obtained with an unmodified SPE, as shown in
Fig. 15C (red bars). Although current amplitudes were, as expected, significantly higher
in the case of SPE-Ppy compared with unmodified SPE, the relative change was
significantly lower. As seen in Fig. 15C, the addition of MC-LR to SPE-Ppy resulted in a
29% increase in charging current, compared with an 80% increase previously measured
with an unmodified SPE. Accordingly, the addition of MIrA has decreased the charging
current by 4%-6% with the SPE-Ppy compared to a decrease of 30%- 50% measured
with unmodified SPE. These findings indicate serial capacitance following MC-LR
adsorption.

Monitoring the charging current may therefore serve as an indicator of the enzymatic
breakdown of cyclic MC-LR in real-time and provide useful information. In the next step,
MIrA enzymes were covalently immobilized to the SPE-Ppy surface via a glutaraldehyde
cross-linker (Fig. 1B-c).

3.6.3 Covalent Immobilization of MIrA enzyme on SPE-Ppy using glutaraldehyde
crosslinkers. Fig. 16A illustrates the FCN CV for unmodified SPE, Ppy-modified SPE, and
MIrA covalently immobilized to SPE-Ppy electrodes. The immobilization of MIrA was
clearly indicated by the reduction in redox peaks.

A redox mediator is often included to enable EC detection when using enzymes that lack
a measurable redox activity. Consequently, we conjugated a ferrocene molecule
(Ferrocene carboxylic acid, FcA) to MIrA. The yield of FCA conjugation, estimated from
CV data, was found to be 4.3-6% and the calculated number of FCA molecules per MIrA
was found to be ~7. Furthermore, the residual enzymatic activity of MiIrA-FcA
bioconjugates was investigated by MIrA assay and HPLC analysis, and found to be lower

by a factor of 3.5 compared to the unmodified enzyme due to the functionalization (Fig.
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16B). MIrA-FCcA conjugates were used for the preparation of SPE-PPy-GA-MIrA-FcA
electrode.

3.6.4 Electrochemical detection of MC-LR using enzyme electrodes. The SPE-Ppy-GA-
MIrA electrodes were used to monitor the MIrA assay by measuring charging currents
during a 30 min period (Fig. 16C). In these recordings, a gradual increase in charging
currents (from 26% to 53%) was observed over time following MC-LR addition. These
results suggest that despite the proximity of the enzyme to the electrode surface, an
effective catalysis-related charge transfer does not occur. Alternatively, the residual
activity of MIrA may be dramatically affected. Such charge transfer may be facilitated by
employing a redox mediator, as previously described. Therefore, a similar experiment
was carried out using a MIrA-FcA conjugate, covalently immobilized to SPE-Ppy electrode
via GA cross-linker. Indeed, a gradual decrease in charging current (from -8% to -23.3%)
was observed over 30 min following MC-LR addition (Fig. 16C, red bar). These findings
significantly differ from the results obtained without the redox mediator, suggesting that
the EC wiring of MIrA can only be achieved by using an electroactive mediator and that
conjugation of such mediator may effectively “restore” the residual enzymatic activity that
was reduced due to immobilization and bioconjugation. Overall, the MIrA-immobilized
SPE-PPy electrodes may be used to monitor the enzymatic cleavage of MC-LR in real-
time.

Furthermore, combining these enzyme electrodes with electro-immunoassay on a single
platform may serve as an ideal tool for monitoring and detecting cyanotoxins with high

specificity.
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B) Enzyme activity of partially purified and unpurified MIrA and C) Electrochemical investigation of MIrA
assay using SPE-PPy-GA-MIrA and SPE-PPy-MIrA-FC electrodes. Error bars show standard deviations
of means for triplicate (p= < 0.05).
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4. Discussion
The need for robust, on-site, and rapid water testing is widely accepted yet still hindered
by the lack of enabling technology. In this study, we have developed a miniaturized
electrochemical biosensor comprising a custom portable measurement platform and a
combination of microelectrodes, each functionalized with a different probe and applying

different electrochemical methods that complement each other.

Label-free EIS-based detection of MC-LR was enabled by simply incubating a sample for
several minutes on an electrode functionalized with specific anti-MC-LR antibodies. The
biosensor exhibited a high signal-to-noise ratio and a broad detection range of over five
logarithmic concentrations. A calibration curve was constructed, achieving a detection
limit at 3 ng/L (3 parts-per-trillion), superior to most reported sensors with only a few
publications that demonstrate lower LODs [20], albeit at the cost of a considerably

narrower dynamic range.

The performance of EIS-based biosensors is often limited by insufficient specificity due
to non-specific adsorption and high false-positive rates. Therefore, we have coated the
developed chip with a thin MC-LR layer, covalently immobilized via SAM, and constructed
an electrochemical indirect competitive ELISA. After careful fine-tuning the reaction
parameters and ensuring the stability of the electroactive substrate, we have applied a
chronoamperometric measurement and obtained a specific cathodic current signal due
to NAPQI electro-reduction, which was inversely proportional to the added MC-LR
concentration, as expected.

The exceptional chemical and physical resistance of MC-LR, its persistence in the
environment, and lack of distinct optical or electrochemical signature fuel the need for a
specific biocatalytic recognition element that can provide a rapid and accurate diagnosis.
It is widely accepted that probes with catalytic properties, e.g., enzymes, are instrumental
in conferring biosensors with specificity and reusability. Therefore, the integration of MIrA
as an active component in an enzyme-based biosensor for MC-LR detection is particularly
promising and, to the best of our knowledge, has not been reported yet.

Here we developed an electrochemical biosensor employing MIrA as a probe for the

detection of MC-LR from contaminated water. Detection of MC-LR can be achieved by
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monitoring the potential during the enzymatic reaction and measuring the capacitive
current of a MIrA-based composite electrode in the presence and absence of MC-LR. The
feasibility of this newly developed electrochemical biosensor was demonstrated in the
detection of MC-LR. Such a device may monitor enzymatic reaction in real-time and

measure low concentration of MC-LR in the environment.

The developed integrated platform enabled measurements in highly complex matrices
containing various aquatic bacteria, cell debris, and different biomolecules without any
pretreatment. In comparison, previous studies have mostly reported on measurements
conducted in buffers containing purified antigens [21,22] or, alternatively, filtered and

centrifuged environmental water samples [23].

In addition, compared with other reported immunosensors for environmental applications,
which usually rely on bulk electrodes in a conventional three-electrode setup [24], we
have optimized microelectronic fabrication to generate a miniaturized, highly reproducible
thin-film based electrochemical setup with an on-chip quasi-reference electrode that

enables high-throughput measurements.

Most importantly, despite their complexity, detection of MC-LR from raw cyanobacteria
cultures exhibited high specificity and the ability to discriminate between different

cyanobacteria strains.

This new tool may largely contribute to an imminent water contamination crisis by
enabling intensive testing on-site and alleviating most of the hurdles that plague current
diagnostics. EIS-based devices may be further extended to allow automated continuous
monitoring of surface water, which is highly desirable for novel on-site environmental

diagnostics.

Finally, we would like to emphasize that the results of this study enticed water
providers and companies such as Mekorot into forming new and promising
collaborations. Based on this research, we have secured considerable funding
from the Israeli Innovation authority to continue developing this biosensor and

bring it to an advanced technology readiness level.
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Patent applications
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[3] Development of MIrA enzyme- based electrochemical biosensor for real-time and
direct detection of cyclic MC-LR. Dharanivasan Gunasekaran, Sefi Vernick. 240t
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