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Abstract: A cyanide biosensor based on a pH-sensitive p-dadectrolyte-insulator-
semiconductor (EIS) structure with an immobilisedygne (cyanidase) is realised at the
laboratory scale. The immobilisation of the cyaselas performed in two distinct steps:
first, the covalent coupling of cyanidase to an yd#oxysuccinimide- (NHS) activated
Sepharos®' gel and then, the physical entrapment of NHS-ativ SepharoS# with the
immobilised cyanidase in a dialysis membrane ohéoEIS structure. The immobilisation
of the cyanidase to the NHS-activated Sephdltbsis studied by means of gel
electrophoresis measurements and investigationsg ush ammonia- (Nil selective
electrode. For the electrochemical characterisatioh the cyanide biosensor,
capacitance/voltage and constant capacitance nesasnts, respectively, have been
carried out. A differential measurement procedwepliesented to evaluate the cyanide
concentration-dependent biosensor signals.
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1. Introduction

Cyanide and its derivates are widely used in inthlsnining and metal plating industry. Besides,
many medical and food plants are toxic for humandsebecause of their (high) content of cyanogenic
glycosides. Already a few mg/kg human weight (agertethal dose: 1.5 mg/kg human weight) can
lead to death. Hereby, the enzyme cytochrome Cageidwhich is responsible for the cell-respiration
cycle, is reversibly inhibited by cyanide so thiaé taerobic respiration of cells shifts to anaerobic
conditions resulting in their acidification. Theateased carbon dioxide generation and oxygen uptake
potential lead to a reduced buffer potential oftteod. The pH value of the blood decreases regplti
in a slowed down glycolysis by inhibition of phogfuctocinase ending in a metabolic disaster, e.g.
the cardiac arrest and apnoea. Due to their highirement of oxygen, the nervous system, heart and
lung are most affected by cyanide [1-4].

In nature, cyanogenic glycosides, from which cyargen be liberated by enzymatic hydrolysis, can
be found in more than 2500 plant species, e.cerhatimonds, corn, wheat, rice, legumes, stonesfruit
and roots. On the one hand, cyanogenic glycosidess natural protection mechanism of plants
against insects, fungi, etc.. On the other handaang preparation or consumption of these plants ca
cause poisoning. Especially in developing countriks rootCassava, containing a high amount of
cyanogenic glycosides, often causes chronic paigpf8,5-7]. Aside, cyanide is still (illegally) use
for fishing in Asia, affecting the underwater emviment as well as persons [8]. Due to its high#jfi
to metal components, cyanide is also often apgbedhe extraction of gold and/or silver in metal-,
electroplating-, agricultural- and pharmaceuticalustries. Since cyanide attains as industrial evast
by-product, ecological damage and accidents [940%t be minimised and thus, the direct and fast
determination of cyanide in small amounts is ofé@asing interest.

For the detection of cyanide, different methods ehéeen reported in literature: colorimetric
methods such as the so-called Konig reaction ombgns of methyl violet [11-14], amperometric
detection of cyanide utilising an enzyme-based dsiesr or by means of a flow-injection system
together with an ammonium-selective electrode [3,1p sensing gaseous hydrogen cyanide
employing an embedded piezoresistive microcantileee a purge system [18,19], and the
potentiometric determination of cyanide by means afjanide-ion selective electrode (ISE) [20-23].
The major drawbacks of all these analytical methas however, their insufficient possibility of
miniaturisation and/or their difficult handling. 6gequently, there is still a lack in miniaturisied
analytical (bio-)sensor systems for independenfi&ll” measurements of cyanide.

Therefore, in this work, the development and etattemical characterisation of a miniaturisable
silicon-based cyanide biosensor is presented. B&hmmobilisation of the enzyme cyanidase on top
of a capacitive EIS field-effect structure and biesensor performance will be discussed. In order t
improve the reliability and accuracy of the cyanitosensor, a differential measurement
procedure/set-up is suggested.
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2. Experimental Section

The cyanide biosensor consists of a pH-sensiti&diiucture with immobilised enzyme cyanidase
[EC 3.5.5.1]:

Cyanidase has been obtained by including the gegeesmce of cyanidase froPseudomonas
stutzeri [9,24] in a plasmide along with a six-fold histidi tag at the N-terminus of the protein. The
plasmide has been transformed iEBszherichia coli BL21. This strain has been used for expression of
cyanidase. After growing the bacteria in lysogemgtio medium, they have been disrupted using
lysozyme and sonification. Cyanidase has then lpegified via the histidine-tag on a nickel ion-
loaded HiTrap Chelating HP column (Amersham Biasoés) and stripped off the column with
60 mM sodium phosphate buffer (pH 7.5, 150 mM Na@DO mM imidazole).

For the EIS structure, a p-doped (boron) 3” sirglestal silicon wafer (Wacker-Chemitronic) with
<100>-orientation, specific resistance 1-®8m and thickness of 356-406 um has been used. By
means of thermal dry oxidation, a 30 nm thick Si&er has been grown on the silicon substrate as
insulating layer. To realise the pH-sensitiveQzalayer onto the Si@layer, a 25 nm thick Ta layer has
been evaporated by means of a physical vapour diepoprocess that is subsequently oxidised to a
50 nm thick TaOslayer. As rear-side contact, 300 nm Al has beep@nzed and treated by a rapid
thermal annealing process. Finally, the wafer heenlxut into single 10 mm*10 mm chips. For more
process details, see elsewhere [25].

Onto the TaOs layer of the EIS chip, ~24 mg of covalently couplsyanidase to NHS-activated
Sepharosg' (4 Fast Flow, Amersham Biosciences) has been gdifisimmobilised under a dialysis
membrane (moleculare weight cut off 1200-1400, pdiemeter 25 A, Servap®t 44144, Serva
Electrophoresis). This entrapment method has bleesen in order to increase the enzyme activity on
the EIS sensor chip. The covalent immobilisatiorthef cyanidase to NHS-activated Sephafdes
been performed at 4 °C for 20-25 hours: NHS-aatidaepharos¥ has been filled into a column
with 35 um filter pore size (MoBiTec GmbH) for tmamobilisation and activated by 1 mM HCI for
5 min. After equilibration with 60 mM sodium phosgté buffer (pH 8.0, 200 mM NacCl) for 1 min,
cyanidase has been coupled to the NHS-activatetiaBese" in a closed circuit system from the
cyanidase solution. The “cyanidase gel” has beemedtin 150 mM sodium phosphate buffer
(pH 7.0, 200 mM NaCl + 0.2% Na]Nat 4 °C.

The amount of the covalently immobilised cyanidaas been determined by means of the sodium
dodecylsulfate  polyacrylamide gel electrophoresiSD$-PAGE) and a gel scanner
(CS-9001 PC, SHIMADZU). To denaturise first the yme, each sample that has been taken regularly
during the immobilisation process from the immdation solution, has been diluted with
247 pl SDS-buffer (0.01 M trishydroxymethylaminommate (TRIS)/HCI, pH 8.0, 0.001 M disodium-
ethylene diamine tetraacetic acide {¥dDTA), 25 g/l SDS, 5 vol-% 2-mercaptoethanol) dnedited in
a water bath for 5 min. In order to mark the frd@,ul of bromophenyl blue solution has been added
to each sample. Then, the samples as well as theipimolecular weight marker Roti-Mark standard
(Carl Roth GmbH & Co. KG) have been applied to ge¢ (PhastGel Homogeneus 12.5, Amersham
Biosiences) and the proteins have been separategklbglectrophoresis at 6 mA and 15 °C from
0 V up to 200 V (PhastSystem, Pharmacia LKB Biotetbgy). The gel has been developed by means
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of silver stain and evaluated quantitatively by neaf a gel scanner determining the absorption at
A =550 nm.

The measurements of the enzyme activity of therfitigse gel” have been performed by means of a
NHs-sensitive ISE (PY-102, Sartorius AG) in 60 mM sodi phosphate buffer
(pH 8.0, 150 mM NaCl) at 30 °C in order to keep toaditions for the optimal activity of cyanidase.
The calibration of the electrode has been done itandsard ammonia solutions
(60 mM sodium phosphate buffer (pH 8.0, 150 mM Njaét 30 °C from 18 M to 10% M.

For the electrochemical sensor characterisatiom,cfanide biosensor has been mounted into a
Plexiglas measuring cell in contact with the aralgblution together with a silver/silver chloride
(Ag/AgCl) double-junction reference electrode (Métm AG). The biosensor measurements have
been performed with an impedance analyzer Im5d r{@aliclektronik) in the capacitance/voltage
(C/V) and constant capacitance (ConCap) mode, cégply. For all measurements, an a.c. voltage
with an amplitude of 20 mV and a frequency of 120H4s been chosen. A detailed description of the
C/V and ConCap mode is given, e.g. in [26,27]. HRsesprepared cyanide standards
(5 mM sodium phosphate buffer (pH 8.0, 150 mM Na€&Hm 10° M to 10% M as well as pH buffer
solutions (pH 3 to pH 11, Titrifix, Merck KGaA) werused in order to determine the substrate
specifications of the biosensor and the pH behawbthe transducer structure, respectively.

3. Results and Discussion
3.1. Immobilisation of cyanidase to NHS-activated Sepharose™

In order to evaluate the covalent immobilisationgadure of the cyanidase on the NHS-activated
Sepharosg', samples of the circulating cyanidase solutionirdurthe immobilisation have been
investigated by means of the SDS-PAGE with siltamsafterwards. The quantitative determination
of the immobilised cyanidase has been calculatech fthe decreasing peak area at 37.5 kDa that
corresponds to the molecular mass of cyanidase [24]

Figure 1 (top) shows a photograph of the gel indgdstandard proteins and the quantitative
evaluation by means of a gel scan (bottom). Aslmaseen from the figure, the width of the band at
37.5 kDa has been reduced from sample S1 at thereg of the immobilisation procedure to sample
S7 at the end of the immobilisation process. Catauhs of the peak area at 37.5 kDa have resuited i
an amount of 11 mg (originally 27 mg) of cyaniddksat has been covalently coupled to 2 ml of
NHS-activated Sepharo®e(“cyanidase gel”) (comparison between sample Sflsample S6) after an
immobilisation time of 22 h and 20 min. The invgations also exhibit that the enzyme is not
completely homogenously distributed in buffer siont (see e.g., sample S4 and sample S5).
Nonetheless, a decreasing band width with incrgagmmobilisation time has been found that
underlines the bonding of the cyanidase to the MESrated Sepharo5é

The activity of the immobilised cyanidase to NH$hsated Sepharod¥ has been qualitatively
tested by means of NHdetermination with an ammonia-sensitive ISE. Imegal, calibration
measurements with an Nidensitive ISE result in a decreased output sigratage) with increasing
ammonia concentration. In the presented experimteatNH-sensitve ISE was placed together with
100 pl ,cyanidase gel” in a baker glass with 10buffer solution. By successively adding a certain
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amount of potassium cyanide salt to the test sanipéelSE signal has been shifted towards smaller
output signals, which corresponds to an active Wiebaof the immobilised enzyme.
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3.2. Electrochemical characterisation of the cyanide biosensor

To systematically investigate the influence of tbganidase gel” and dialysis membrane onto the
curve behaviour of the EIS structure and to deteenthe working point for the subsequent ConCap
measurements, the different EIS sensor set-upsq&iSor bare; EIS sensor with dialysis membrane;
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EIS sensor with dialysis membrane and NHS-activ&epharos&' without immobilised cyanidase;
EIS sensor with dialysis membrane and NHS-activaegharose' with immobilised cyanidase) have
been operated in the C/V mode. The total capaataf@a bare EIS structure can be simplified by a
series connection of the two insulator capacitarfbese, SiQ and TaOs layer) and the space-charge
capacitance. In figure 2, all C/V curves show adgpbehaviour of a p-type EIS structure that can b
distinguished into three regions: accumulation,letegn and inversion [27]. The difference in the
maximum capacitance values can be explained dtreetearying active sensor area, depending on the
respective sensor configuration.
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Figure 2. C/V curves of the field-effect-based EIS sensoe iiiluence of both the immobilised
“cyanidase gel” and the dialysis membrane ontddhécurve behaviour is shown (bare EIS sensor;
EIS sensor with dialysis membrane; EIS sensor didtysis membrane and NHS-activated
Sepharosé' without immobilised cyanidase; EIS sensor withydis membrane and NHS-activated

Sepharosg' with immobilised cyanidase).

For the ConCap measurements, working points at 60%e maximum capacitance (flat-band
condition) have been determined, which correspan®B8.4 nF, 53.0 nF, 59.1 nF and 62.7 nF,
respectively, for the bare EIS sensor, the EIS@enih dialysis membrane, the EIS sensor with NHS-
activated Sepharoé and dialysis membrane without immobilised cyanédamd the EIS sensor with
“cyanidase gel” and dialysis membrane.

In the ConCap mode, the surface-potential change tua varying analyte concentration
(e.g., pH value) can be directly recorded with lileép of a feed-back control voltage, which sernes a
sensor output signal [26,27]. ConCap measureméntare EIS structures have demonstrated a nearly
Nernstian pH sensitivity [24].
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Figure 3 shows a typical ConCap cycle of the bagdensor in comparison to the EIS sensor with
dialysis membrane, the EIS sensor with dialysis brame and NHS-activated Sephaf8s&vithout
immobilised cyanidase and the EIS sensor with sigslynembrane and NHS-activated Sephdtbse
with immobilised cyanidase EIS sensor in differé@N solutions (0 M to 18 M). For all sensor set-
ups with increasing KCN concentration the voltaggnal raises, too. For higher cyanide
concentrations (> 1D M), the sensor signals shift noticeably to highettage values because the
buffer's capacity gets exhausted due to its vergllsbuffer molarity of 5 mM. The pH shift can be
described by the chemical dynamic equilibrium ofNK{@ solution:

KCN+H,O K"+CN™ +H,0 K" +HCN+OH" @)

The higher the KCN concentration, the more hydrexwhs are released into the analyte solution
and the higher is the pH value. For KCN concerureti< 10" M, only a slight increase of the voltage
signal in the order of several millivolts has bedserved.
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Figure 3. ConCap measurement of the field-effect-based EiSmeThe influence of both the
immobilised “cyanidase gel” and the dialysis memieranto the biosensor signal is shown (bare EIS
sensor; EIS sensor with dialysis membrane; EISosemish dialysis membrane and NHS-activated
Sepharose' without immobilised cyanidase; EIS sensor witHydiss membrane and NHS-activated

Sepharos®' with immobilised cyanidase). Measurement concébtraanges
from 0 M to 10° M KCN.

For higher cyanide concentrations €101 to 10° M), a potential shift of about 70 mV has been
achieved that corresponds to a pH change fromnadigi pH 8.5 to pH 9.5. At the same time, the
“intrinsic” properties of the different sensor sgis (average pH sensitivity) show a distinct variat
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The pH sensitivity has decreased from about 56 mdMVir the bare EIS sensor, to 52 mV/pH and
approximately 43 mV/pH for the EIS sensor with ys& membrane and the EIS sensor with dialysis
membrane and NHS-acitvated Sephaf8seithout and with immobilised cyanidase and diaysi
membrane, respectively. Thus, the dialysis memblreaseonly a slight effect on the sensor’s signal
behaviour, whereas the additionally applied NHSvated Sepharos¥ without and with cyanidase
has reduced the sensor signal about 23%. This nbighdue to a limited diffusion of the analyte
through the NHS-activated Sephardsand paritially “blocked” pH-sensitive sites of thie,Os layer.
The response time has prolonged from originatedsf&® the bare EIS structure to about 10 min for
the EIS sensor with dialysis membrane and cyanidgse The increased response time can be
explained by a raising diffusion time of the analyo reach the pH-sensitive transducer surface. The
ConCap measurements with NHS-activated Seph2fokave shown relatively high noise which
might be probably explained due to dynamic inteoast of the analyte with both the pH-sensitive
transducer surface and the NHS-activated Sephatose

To determine the biosensor signal that is origin&lbm the catalytic reaction of the enzyme
cyanidase, the ConCap measurement of the cyanidersor has been compared to an identical EIS
sensor chip but without immobilised enzyme (seed)g
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Figure 4. ConCap measurement of the cyanide biosensor (BEbs®ith dialysis membrane and
NHS-activated Sepharo®ewith immobilised cyanidase) compared to a ConGapecof an EIS
sensor with dialysis membrane and NHS-activateth&esé" but without immobilised cyanidase.
Both measurement curves are normalised to thergfarbltage value at 0 M in the beginning of the
measurement cycle. Measurement concentration rdrae) M to 16 M KCN.

The pH shift that is derived from the enzymaticctem is described in eq. 2 (conversion of
hydrogen cyanide to ammonia and formic acid by ase) [28]. In the diagram, both ConCap curves
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have been normalised to their starting voltageesht a cyanide-free test sample. As can be deen, t
resulting output voltage signals of the EIS sessttup with immobilised cyanidase has been digyinct
higher than the ConCap signal recorded with theeskis sensor set-up but without enzyme. This is
due to the additional catalytic conversion cyarigeyanidase.

HCN+2H,0 O PRI . HCOOH +NH, 2

The differential voltage from both EIS sensor ge$-thias been calculated in figure 5. An average
differential voltage shift of about 4 mV/pCN witimareased KCN concentration has been found.
Calculations of pH values for a homogeneous systémcyanidase in KCN solutions result in an only
slight pH shift to higher pH values in comparisonain identical system but without enzyme. These
calculations have been performed assuming equifibrconditions in aqueous solutions at room
temperature. In the performed experiment, sengprats have been observed as expected from the
calculations. The even somewhat higher pH shift lmarexplained by a time-dependent effect due to
the catalytic reaction in immediate vicinity of teensor surface and thus, by a generated congentrat
gradient of the reaction products. This interpretathas been supported by means of additional
experiments using micro pH electrode in KCN buffelutions containing cyanidase.

differential voltage (mV)

0 I ! I ! I

-500 0 500 1000 1500 2000 2500 3000 3500
time (s)
Figure 5. Differential output signal of the biosensor seteafculated from normalised ConCap
measurements. The EIS sensor with dialysis memtaradd&HS-activated Sephard¥ewith
immobilised cyanidase is compared to a ConCap cofre@ EIS sensor with dialysis membrane and
NHS-activated Sepharo$ewithout immobilised cyanidase. Measurement cormeéioh ranges
from O M to 10° M KCN.
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These results are in contrast to former findingagua similar experimental set-up [17]. In these
investigations, a pH shift of the sensor towardselo pH was observed, which was explained by
enzymatically formed formic acid. However, thisctan is only possible, if the by-product ammonia
can either pass the dialysis membrane faster thranid acid or ammonia is chemically trapped. The
second possibility is more likely because immohtiisn of cyanidase to NHS-activated Sephafdse
was carried out over a shorter time in these ewrpis resulting in succinic acid functions after
hydrolysis of free binding sides of the NHS-actachSepharos¥. This succinic acid functions might
trap the enzymatically formed ammonia. The sameceftan be gained if a second, ammonia
consuming enzyme like an ammonia transferase ischtidthe system.

4. Conclusions

A biosensor set-up for the detection of cyanide thdbased on a pH-sensitive EIS structure in
combination with the enzyme cyanidase has beersegalThe experiment showed that about 5.5 mg
of cyanidase could be covalently coupled to 1 miS\kttivated Sepharoe yielding a still active
enzyme. The electrochemical behaviour of the cyamidsensor has been studied by means of C/V
and ConCap measurements. Here, the influence ointingobilised “cyanidase gel” and dialysis
membrane onto the intrinsic pH behaviour of the Ei®sducer structure as well as the biosensor
performance towards cyanide have been investigaBsd.applying a differential measurement
procedure consisting of a sensor with and a semgbout enzyme, an average cyanide sensitivity of
about 4 mV/pCN in the concentration range fron® M to 10> M could be found. The resulting
sensor signal can be explained by the catalytiweson of cyanide to ammonia and formic acid by
means of the enzyme cyanidase. Future work will @éh further optimisation of the biosensor set-up
(sensitivity, stability, detection limit) and apgdition of the developed biosensor set-up to resl te
samples.
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