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INTRODUCTION

In this work bioelectrocatalytic functions of multpper oxidases are
studied. Well-defined multicopper oxidases are daec(benzenediol: oxygen
oxidoreductase, EC 1.10.3.2), ascorbate oxidaseas€orbate: oxygen
oxidoreductase, EC 1.10.3.3), and human ceruloptagierroxidase, iron(ll):
oxygen oxidoreductase, EC 1.16.3.1). A combinatibdetailed spectroscopic
studies and X-ray crystallography has revealed a@famulticopper oxidases
contain at least one blue copper or T1 site an@/a&3ltrinuclear cluster as the
minimal functional unit. Human ceruloplasmin is ggatly uniqgue among the
multicopper oxidases in that it possesses additioopper centres (Solomon,
Sundaram et al. 1996). All multicopper oxidasespt®uhe four - electron
reduction of dioxygen to water, bypassing hydrogeroxide formation, with
the oxidation of substrate (Morozova, Shumakovithale 2007). In living
organism these enzymes perform various function®ling oxidation of
organic substances by different chemical mechanisms

Multicopper oxidase, i.e. laccase due to its cdjpplid oxidize numerous
organic and inorganic substrates and reduce dioxggectly to water without
formation of reactive oxygen intermediates (Solopfamndaram et al. 1996) is
the most interesting redox enzyme used for biogsnsailding (Kruus 2000;
Duran, Rosa et al. 2002; Minussi, Pastore et @&2p@nd cathodes of biofuel
cells (Yan, Su et al. 2007; Coman, Vaz-Dominguealet2008; Gallaway,
Wheeldon et al. 2008; Gallaway and Calabrese Ba009) It was
discovered in the Japanese lacquer ®Réeis verniciferain 1883 (Yoshida
1883). Laccases are found both in higher plantsfangi. Plant laccases are
involved in lignin synthesis, catalysing polymetiaa of monomeric units (p-
coumaryl, coniferyl, and synapyl alcohols), follogi the free radical
mechanism while fungal laccases catalyse lignin ratgion, fungus
development and morphogenesis, pathogenesis, aiodiaion (Thurston
1994; Zhao and Kwan 1999; Leonowicz, Cho et al1200



Human ceruloplasmin (ferroxidase, iron(ll):oxygewxidoreductase, EC
1.16.3.1) is the most complex multicopper oxidgsaomon, Sundaram et al.
1996). Its molecular structure is composed of smpact domains, with large
loop insertions, and it contains six tightly bowuapper atoms: three ions in the
T2/T3 cluster and three coppers bound to the thArgéebinding sites. In
addition, human ceruloplasmin is a monomer withigmicant amount of
glycosylation (7-8%) (Lindley, Card et al. 1997).

Electron transfer is ubiquitous in biological andemical systems. Thus,
understanding and controlling this process compoise of the broadest and
most active research areas of science nowadaysallijselectron transfer
occurs in nature in connection with energy trantidac The theoretical
framework of biological electron transfer is incseagly well understood, and
several properties, such as redox enzymes andsatarrying out many key
reactions of biological and technological impor@nmake biological redox
centres good systems for exploitation (Gilardi &attuzzi 2001). Particularly
interesting is development of direct electron tfan¢DET) bioelectrocatalytic
systems between the redox - active biomolecule thedelectrode surface
(Freire, Pessoa et al. 2003). The first publication DET for any large redox
protein with enzymatic activity were concerned weéthhigh potential laccase
from the basidiomyceteSrametes versicolo(Berezin, Bogdanovskaya et al.
1978; Tarasevich, Yaropolov et al. 1979). The awgtlod these papers showed
that in the presence of molecular oxygen, laccasdiffed carbon electrodes
exhibited DET. The mechanism of DET between eleletsoand multicopper
oxidases associated with reduction of moleculargery and oxidation of
substrates is not fully understood. The questioregpecially relevant for
electrochemical investigations of high potentiaindal laccases (Shleev,
Christenson et al. 2005).

In this work DET between gold nanoparticle (AuNRyface and active
centres of multicopper oxidases, specifically Ilsesa and human
ceruloplasmin, are studied. AUNP exhibit opticall @hectronic properties that

can be exploited in a variety of detection methodms (Pong, Elim et al.
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2007). Their inertness provides a basis for its rattarization as a
biocompatible material and a favourable environmiemt functionalization
with macromolecules, namely immunoglobulins, enzymectins, proteins,
streptavidin, DNA, etc. (Katz, Willner et al. 2004&anez-Sedeno and
Pingarron 2005; Pingarron, Yanez-Sedeno et al. ?B@nolecules combined
with the surface of AuNP retain the biologic adfryiwhere particularly
proteins have more freedom in orientation (Liu, dleeet al. 2003). If
multicopper oxidases would exhibit DET and DET -—sdzh oxygen
bioreduction, this research, besides general fuedéahknowledge of AuUNP -
enzyme electron transfer mechanisms, would cori&itmiconstruction of high
current density biofuel cell biocathodes, as theguire utilization of three-
dimensional structures for higher current outputar({ett 2008), what is

achievable by AUNP multilayer assemblies.

Aim of work is to investigate bioelectrochemical DET systems dairtg
multicopper oxidases and gold nanoparticles bygubiasic electrochemistry,
guartz—crystal microbalance and surface enhancedaRaspectroscopy. As
multicopper oxidases laccases froiframetes hirsutaand Trichaptum
abietinumand human ceruloplasmin were used. The goals efwbrk had
been set up:
e To establish biochemical properties of newly pedfiTrichaptum
abietinumlaccase, including redox potential of T1 coppés;si
e to assemble DET bioelectrochemical systems comigirAuNPs and
multicopper oxidases covered gold electrodes, apaljpem utilizing
electrochemical and surface analysis techniques;
e to analyse multilayer AUNP — laccase systems bwgusjuartz crystal

microbalance sensor with dissipation monitoring.
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Novelty of work:

e For the first time DET between gold nanoparticlel active centre of
laccase has been reported. The current densigesoanparable to current
densities of carbon based biofuel cell cathodes.

e It has been established that T1 copper site traeaot detectable at close
proximity to the surface of AuNP. A mixed type dlen transfer
(mediated and direct) mechanism is involved in ¢hggstems containing
immobilized enzymes.

e For the first time it was revealed that laccaseedédpnt oxygen reduction
by DET speed depends on AuNP size; larger (70 —-n®0) AuNPs
facilitate slower heterogeneous electron transfezomparison to medium
sized (40 — 50 nm) AuNPs.

Defended statements:

1. Laccase fromTlrichaptum abietinumbelongs to high redox potential
laccase with the T1 copper site redox potentiallef £ 12 m\Wws. NHE.

2. Laccases fronframetes hirsutand Trichaptum abietinujralso human
ceruloplasmin, exhibit direct electron transferwmsn active centres of the
enzyme and gold nanoparticles.

3. Laccases fromlrametes hirsutaand Trichaptum abietinumexhibit
efficient direct electron transfer based oxygen rddoction on gold
nanoparticle.

4. Trametes hirsutaand Trichaptum abietinunflaccases change orientation
of gold nanoparticle surface when changing eleetqootential, T1 copper site
Is not detectable near the gold nanoparticle sarfgcsurface enhanced Raman
spectroscopy measurements.

5. Heterogeneous electron transfer speed in gofpaticle - laccase
bioelectrocatalytic systems depend on nanoparsite. In general larger
diameter (60 — 90 nm) AuNPs systems exhibit slo®&rthan medium sized
(40 — 50 nm) AuNP systems. Heterogeneous ET caisstan reach as high as

12



45 s' and 11 ¥ in Trichaptum abietinunand Trametes hirsutdaccase DET

bioelectrocatalytic assays, respectively.
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1. LITERATURE REVIEW

1.1. Multicopper oxidases

The multicopper oxidases belong to the group ofyeres that can be defined
by their spectroscopy, sequence homology, andivégctThe currently well-
defined multicopper oxidases are laccase, ascorbaigase, and human
ceruloplasmin. Other multicopper oxidases that héeen isolated and
characterized are phenoxazinone synthase (EC 14)0b8irubin oxidase (EC
1.3.3.5), dihydrogeodin oxidase (EC 1.10.3.-) amdbchrin oxidase (EC
2.10.3.8). A combination of detailed spectroscomtudies and X-ray
crystallography has revealed that all multicoppddases contain at least one
blue copper or T1 site and a T2/T3 trinuclear @usis the minimal functional
unit. Ceruloplasmin is presently unique among thdticopper oxidases in that
it possesses additional copper centres (Solomondd&3am et al. 1996).
Functionally, all multicopper oxidases couple tloeirfelectron reduction of
dioxygen to water, bypassing hydrogen peroxide &ion, with the oxidation

of substrate, according to equation (Morozova, Stkawich et al. 2007):

AH, + % Q — A + H,0 (1.1)

In the well-characterized enzymes (laccase, ast®rbaxidase, and
ceruloplasmin), the substrate is oxidized by orectebn. In the less well-
characterized ones, it has not been establishedhessubstrate oxidation
occurs by two electrons or by two sequential ometebn oxidations
(Solomon, Sundaram et al. 1996).

Spectroscopic studies combined with crystallograpnye provided significant
insight into the mechanism of reduction of dioxygey the multicopper
oxidases (Fig. 1.1) (Shin, Sundaram et al. 1996¢ fllly reduced site reacts
with O, to generate a peroxide-level intermediate, bestrdeed as a bridged

hydroperoxide species. This is activated for furtfegluction (as compared to
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reaction of the peroxide or reversible, Ginding) to generate the ,native
intermediate” which is more appropriately descril@da hydroxide product
(one additional electron from the type 1 and anofien the type 2) bridging
the T2 and one of the T3 coppers in the trinuctagper cluster. Thus, the
reduction of Q by the fully reduced enzyme occurs in two, twoetlen steps.

The first is rate-determining and the second it fas

TZ{ 02 Peroxy 2e- reduced
#intermediah‘ i
T3 PI . SPECES. Plver
(PT) H,0
— ﬁ _—
rl[ . |
a .
) N 7P
k> 350 1 Aradboe '( .
Hy0 A
A e
Resting 5 M Nutne‘
idized intermediate 4e- reduced
oxidized - g 3451 (NI) species

Fig. 1.1. Mechanism proposed for the four-electron reduatib®, to H,O by the multicopper

oxidases (Solomon, Sundaram et al. 1996).

1.1.1. Laccase functions

Laccase is among the few enzymes studied sincltie 9th century. It was
first discovered in the Japanese lacquer Rbas vernicifergYoshida 1883).
This makes it one of the first enzymes ever deedrillater, other plant
laccases were found and partly describe@hus succedaneaAcer
pseudoplatanysPinus taedaPopulus euramericand.iriodendron tulipiferg
and Nicotiana tabacum(Sterjiades, Dean et al. 1992; Bao, O'Malley et al.
1993; Kiefer-Meyer, Gomord et al. 1996; LaFayetiksson et al. 1999;
Ranocha, McDougall et al. 1999; Sato, Wuli et 8DD).

Laccases are also common in fungi (Baldrian 2086)ually, they have been

found in most of the higher fungi. They occur im@al causative agents of soft
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rots, in most bracket fungi causing white rot, il saprotrophs and plant
pathogens, and in many agarics, including culttvagible fungi: champignon,
pleurotus, and medicinal shiitakeentinula edodesOther laccase producers
are wood-degrading fungitrametes (Coriolus) versicolpiTrametes hirsuta
Trametes ochraceaTrametes villosa Trametes gallica Cerrena maxima
Coriolopsis polyzona_entinus tigrinusPleurotus eryngijietc. Laccases occur
in saprophytic ascomycetes inhabiting compoltgceliophthora thermophile
and Chaetomium thermophjleand in the soil hyphomycetelycelia sterlia
INBI 2-26. They appear to be involved in humificati(Berka, Schneider et al.
1997, Chefetz, Chen et al. 1998; Vasil'chenko, keva et al. 2000).

Not all laccase functions are known yet (Thursta®94 Kiefer-Meyer,
Gomord et al. 1996; Mayer and Staples 2002). beigeved that plant laccases
are involved in lignin production, catalysing polgrzation of monomeric
units (p-coumaryl, coniferyl, and synapyl alcohpjlowing the free radical
mechanism. The main physiological roles of fungatchses are lignin
degradation, fungus development and morphogengmthogenesis, and
detoxication (Thurston 1994; Zhao and Kwan 1999%nrmvicz, Cho et al.
2001).

Biochemical properties

All plant laccases are monomeric proteins with roolar weights within 90 -
130 kDa and high carbohydrate contents (22-45%jleLis known about
higher plant laccases, probably because of thesation in cell walls
(Morozova, Shumakovich et al. 2007).

Current knowledge about the structure and physicbhemical properties of
fungal proteins is based on the study of purifiettgins. The laccase
molecule, as an active holoenzyme form, is a ditnesr tetrameric
glycoprotein, usually containing -per monomer- feopper (Cu) atoms bound
to three redox sites (Type 1, Type 2 and Type $&r. The molecular mass
of the monomer ranges from about 50 to 100 kDa wadillic isoelectric point

around pH 4.0. The high level of glycosylation (witovalently linked
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carbohydrate moieties ranging from 10 - 50% ofttital weight, depending on
the species or the heterologous host) may congrittuthe high stability of the
enzyme (Durdn, Rosa et al. 2002). Several laccesenzymes have been
detected in many fungal species. More than onenisgee is produced in most
white-rot fungi.

For the catalytic activity a minimum of four coppsioms per active protein
unit is needed. Three types of copper can be digshed using UV/visible
and electronic paramagnetic resonance (EPR) sgeopy. Type 1 Cu at its
oxidised resting state is responsible for the daur of the protein at an
absorbance of approximately 610 nm and is EPR tdtle¢ Type 2 Cu does
not confer colour but is EPR detectable and Ty@&toms consists of a pair
of Cu atoms in a binuclear conformation that giveveak absorbance in the
near UV region but no detectable EPR signal ((Movez Shumakovich et al.
2007) and citations therein). The Type 2 and Typeofper sites are close
together and form a trinuclear centre that are lied in the catalytic
mechanism of the enzyme (Thurston 1994).

The redox potential of the Type 1 site has beeardened for many laccases
using different mediators and varies from 430 8. NHE) for the laccase
from Rhus verniciferaree up to 780 mV for fungal laccase frdtolyporus
versicolor (Xu, Brown et al. 1996; Gianfreda, Xu et al. 199%ore
specifically, from an electrochemical point of viewased on the primary
structures of the enzymes all laccases can be atlvidito three groups
depending on the E%alue of the T1 site: low, middle and high potahti
laccases. The low potential group includes laccdsa®s trees, e.g.Rhus
verniciferawith a potential of the T1 site of about 430 m\heTmiddle group
includes laccases from basidiomycetes IMgceliophthora thermophiland
Coprinus cinereusThese enzymes have a potential of the T1 sitgimgrfrom
470 to 710 mV versus NHE. The high potential laesage.g., those from
TrametegPolyporus,Coriolus) hirsuta (hirsutug, T. versicolor T. villosg all
have a potential of the T1 site of about 780 m\busrNHE ((Shleev, Tkac et

al. 2005) and citations therein). It was previousdynd that the catalytic
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efficiency k../Ky) of laccases for some reducing substrates depdiroksaly
on the redox potential of the Type 1 copper, in dsbase that the higher the
potential of the Type 1 site the higher the catalgtficiency (Xu, Brown et al.
1996). That is why laccases with a high redox paaéof the Type 1 site are

of special interest in biotechnology, e.g., forduleing and bioremediation.

Catalytic properties

To function, laccase depends on Cu atoms distmbameong the three different

binding sites. Cu atoms play an essential rol@éncatalytic mechanism. There
are three major steps in laccase catalysis. Thee TlyfCu is reduced by a

reducing substrate, which therefore is oxidizede €lectron is then transferred
internally from Type 1 Cu to a trinuclear clusteaae up of the Type 2 and

Type 3 Cu atoms (Fig. 1.2). The, @olecule is reduced to water at the

trinuclear cluster ((Morozova, Shumakovich et 802) and citations therein).

Fig. 1.2. lllustration of the
active site of laccase
showing the relative
orientation of the

copper atoms (Enguita,

@ Martins et al. 2003).
/\‘

\
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——- N His
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N HI\ z /H@
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The G molecule binds to the trinuclear cluster for asyetno activation and it

Is postulated that the ;Obinding pocket appears to restrict the access of



oxidizing agents other than,(OH,O, is not detected outside of laccase during
steady state laccase catalysis indicating thauadtectron reduction of £to
water is occurring. A one-electron substrate oxwais coupled to a four-
electron reduction of oxygen so the reaction meisinancannot be
straightforward. Laccase must operate as a batstoying electrons from
individual substrate oxidation reaction to reducalenular oxygen. In fact, it
appears that bound oxygen intermediates are alsived ((Gianfreda, Xu et
al. 1999) and citations therein). Details of ther€@luction have not been fully
elucidated and continue to be studied.

From a mechanistic point of view, the reactionsalyged by laccases for
bioremediatory and biotechnological applications ba represented by one of
the schemes shown in Fig. 1.3. The simplest cagg (F3a) is the one in
which the substrate molecules are oxidized to threesponding radicals by
direct interaction with the copper cluster. Lacsasse oxygen as the electron
acceptor to remove protons from the phenolic hydrgxoups. This reaction
gives rise to radicals that can spontaneously aege, which can lead to
fission of C-C or C-O bonds of the alkyl side clsiar to cleavage of aromatic
rings. The radical can further undergo laccasehsdd oxidation (e.g., to
form quinone from phenol) or nonenzymatic reactigesy., hydration or
polymerization).

Frequently, however, the substrates of interesh@iahe oxidized directly by
laccases, either because they are too large tdrpen@to the enzyme active
site or because they have high redox potential.nByicking nature, it is
possible to overcome this limitation with the adixitof so-called “chemical
mediators”, which are suitable compounds that acintermediate substrates
for the laccase, whose oxidized radical forms &fe t interact with the bulky
or high redox-potential substrate targets (Figh)l @Kunamneni, Plou et al.
2008) and citations therein).
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Fig. 1.3. Schematic representation of laccase — catalyskik reycles for substrates oxidation

in the absencén) or presencéb) of chemical mediators (Kunamneni, Plou et al. 2008

The reducing substrate spectrum for laccase is rebve(Yaropolov,
Skorobogat’ko et al. 1994; Messerschmidt 1994; $tamr 1994), ranging from
inorganic/organic metal complexes (such as Fe(EBT@Yherland, Holwerda
et al. 1975), and ferrocyanide, anilines, benzealksthand phenols to other
redox inorganic, organic, or biological compound&i (1996). Phenols are
typical laccase substrates because their redoxfmate (ranging from 0.5 to
1.0 Vvs.NHE) are low enough to allow electron abstracbgrthe Type 1 Cu.
Commonly used phenolic substrates are syringaldaZ6-dimethoxyphenol
and guaiacol; however, laccases are also able tdizexelectron donor
substrates such as ABTS [2#ino-bis(3-ethylbenzothiazoline-6-sulfonic
acid)] or ferrocyanide [fFe(CN)] (Sakurai 1992; Yaropolov, Skorobogat’ko
et al. 1994; Giardina, Palmieri et al. 1999). Phiergubstrates are oxidized to
phenoxy radicals, which, depending on reaction tmms, can spontaneously
polymerize via radical coupling or rearrange thdmeseleading to quinones
(through disproportionation), alkyl-aryl cleavagey oxidation, cleavage of

Co—CB bond or aromatic ring (Kawai, Umezawa et al. 1988) general,
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laccase has low specificity for these reducing sabess, in contrast to its
strong preference for £as the oxidizing substrate (Gianfreda, Xu et 899).
Laccase can be inhibited by various reagents. Samins such as halides
(excluding iodide (Xu 1996; Kulys, Bratkovskajaatt 2005)), azide, cyanide,
and hydroxide bind to the T2/T3 site (Koudelka &ttinger 1988), resulting
in an interruption of the internal electron tramsé&d activity inhibition. The
inhibition order of F> CI > Br is attributed to limited accessibility of the
T2/T3 copper atoms. Different laccases can havée quifferent tolerances
toward inhibition by various halide species. If ih&ibition is mainly limited
by the size of the putative channel that leadsh® T2/T3 site, then the
observed variation in inhibition constaiit indicates a significant difference
among various laccases. While the pl&Mtuslaccase might have a “wide-
open” channel leading to the T2/T3 site (as indiddly the similaKi values
for F, CI, and BI), fungal laccases seem to have T2/T3 channels aith
defined “cutoff diameter” that corresponds to thentketer of hydrated chloride
or bromide ((Xu 1996) and citations therein). Tladide inhibition study does
not include iodide, because it reacts with the ifd and serves as a substrate
for laccase (Xu 1996). Laccase inhibition by Othn dominate catalysis at
alkaline pH (Xu 1997). Other inhibitors include mieions (e.g., HY), fatty
acids, sulfhydryl reagents, hydroxyglycine anda@t quaternary ammonium
detergents (Bollag and Leonowicz 1984; Banerjee d¥ptira 1991; Coll,
Tabernero et al. 1993; Yaropolov, Skorobogat’kaleti994), whose reactions
may involve amino acid residue modification, coppehelation, or
conformational changé&accases generally are more stable at alkalinehpH t
at acidic pH, probably due to the Okhibition on autooxidation (Nishizawa,
Nakabayashi et al. 1995; Xu, Brown et al. 1996)adidition to autooxidation,
laccases can be inactivated by loss of Cu or otheditions (proteolysis,

conformational denaturation, etc.) (Gianfreda, Xale1999).
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1.1.2. Laccase frorfirametes hirsuta

White rot basidiomycete Trametes hirsuta produces several laccase
isoenzymes with different enzymatic and physicorgical properties (Xu,
Brown et al. 1996; Schneider, Caspersen et al. ;]188f%ev, Zaitseva et al.
2003). Trametes hirsutdaccase isoenzymes have molecular masses ranging
from 55 to 82 kDa, a pl between 3.5 and 7.4, pHnogptetween 2.5 and 4.5,
and a carbohydrate composition from 11 to 15%. Tawmlytic site of the
laccase consists of four copper ions per enzymeecutd, which can be
classified into three types: one type 1 (T1), oyqpet2 (T2) and two type 3 (T3)
copper ions. Laccase has strong absorbance atrildhd 330 nm due to the
T1 and T3 coppers respectively. The T3 copper shavesescence emission
near 418 nm and an excitation maximum at 332 nrhr(&der, Caspersen et
al. 1999).

The enzyme used in our research contained onedbthe monomeric protein
with a molecular weight of 69 kDa as determined3S-PAGE and HPLC
(data not shown). Laccase has a pH-optimum of 345+ the protein has
significant carbohydrate content — 12 + 1%. It iaend that the carbohydrate
moieties of the enzyme consisted of mannose andeldglucosamine. The
laccase is highly stable retaining 50% of theitiahiactivity after incubation at
50 °C for about 60 h. Afterwards kinetic investigas of the laccases were
performed and the catalytic constarkg,(@ndKy,) measured for some organic

and inorganic compounds are (Shleev, Morozova. &08l4):

Substrate K, UM Keat, S

Ka[Fe(CN)] 180+20 | 400 +40

HQ

Catechol >: 140+£10 390 £40
Hydroquinone HOOOH 61+6 450 £ 40
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It can be seen th&trametes hirsutdaccase possess large catalytic constants
with respect to all organic substrates, as wellwés inorganic substance
K4[Fe(CN)].

The potential of the T1 copper was measured bycdimedox titration using
mediators. The reduction of the T1 copper was apeoned by the
disappearance of the blue absorbance band at 610 menredox potential of
the laccase was estimated as 780wveM\HE, as expected for high — potential

laccases (Shleev, Morozova et al. 2004).

1.1.3. Human ceruloplasmin

Human ceruloplasmin (ferroxidase, iron(ll):oxygemxidmreductase, EC
1.16.3.1) is the most complex of multicopper oz (Solomon, Sundaram et
al. 1996). Contrary to three-domain structures theo multicopper oxidases,
such as ascorbate oxidase, bilirubin oxidase, @wtdake containing four
copper ions, ceruloplasmin composed of six comgantains, with large loop
insertions, and it contains six tightly bound capatms (Fig. 1.4): three ions
in the T2/T3 cluster and three coppers bound talihee T1-binding sites. In
addition, human ceruloplasmin is a monomer withigmiBcant amount of
glycosylation (7-8%) (Lindley, Card et al. 1997helthree copper ions of the
trinuclear cluster lie at the interface betweenfttst and last domains, 1 and 6
respectively, possessing ligands from each don@saimarrangement also seen
in the structures of ascorbate oxidase and lad®dsesserschmidt, Ladenstein
et al. 1992; Piontek, Antorini et al. 2002) (Fig4)l The remaining three
copper atoms are mononuclear centres held by danaain sites; those located
on domains 4 and 6 have a typical T1 copper enmiet with a set of four
ligands, two histidines, one methionine and onéetys (Fig. 1.4, Td,snisand
TlremoteCOPpPeEr sites), whereas the one (Fig. 1.4xFie) located in domain 2
has a different structure in that it lacks the nwatime, which is replaced in the
amino acid sequence by a leucine residue, Leu3#8pgous to the T1 site of
some fungal laccases (Shleev, Jarosz-Wilkolazkal.eR005). The Tdysnis

centre is connected to the T2/T3 cluste& the highly conserved Cys-2His
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electron transfer (ET) pathway, also found in theucdures of ascorbate
oxidase (Messerschmidt, Ladenstein et al. 1992)aswhse (Piontek, Antorini

et al. 2002), across a distance of approximateh32A. It is believed that O

is bound and reduced to twg® molecules at the three-nuclear copper cluster,
whereas the mononuclear d 4. site is able to accept electrons from reduced

substrates of ceruloplasmieg. F€* (Solomon, Sundaram et al. 1996).

O, +4H"

Fig 1.4. Proposed mechanisms of Fe(ll) oxidation andéduction by human ceruloplasmin.
The six domains are colour coded as red (1), luegteen (3), light blue (4), yellow (5), and
purple (6). Six copper ions are shown in cyan artdahydratesntacetil-d-glucosamine) are

in black.

The redox potentials of the dylyis and Tkemote COPpPEr sitesHr;) of human
ceruloplasmin were measured by mediated redostititraand found to be 490
mV and 580 mWs NHE (Deinum and Vanngard 1973). As for the-d gite,
its Er1-value was estimated to be very high, approximat®§0 mVvs NHE
(Machonkin and Solomon 2000).
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The possibility of direct electron transfer (DET@tlween ceruloplasmins from
different origins and electrodes were at focus nmestigations in different
laboratories (Kuznetsov, Mestechkina et al. 197&zuRnas, Vidugiris et al.
1986; Studnikova, Pitincova et al. 1991) due to the huge medical impoea
of this protein known since 1952 (Scheinberg antirG1952). However, no
electrochemical contact between the enzyme andeteotrode (Kuznetsov,
Mestechkina et al. 1977) or just irreversible efmchemical activity from
denaturized human and porcine ceruloplasmin (Raguwidugiris et al. 1986;
Studnikova, Pitincova et al. 1991) were observed until 1996, wthenfirst
and the last report of DET processes involving logdasmin was published
(Yaropolov, Kharybin et al. 1996). Small cathodiodaanodic Faradaic
currents corresponding to a reversible processas t@ seen under anaerobic
conditions withE,, values of approximately 340 and 410 m¥ NHE for
human ceruloplasmin adsorbed on a spectrograpaphde electrode (SPGE).
However, these redox potentials are more negahige those of the redox
potentials of the T1 copper sites of the enzym® @#¥, 580 mV, and- 1000
mV) (Deinum and Vanngard 1973; Machonkin and Solon®00). This
difference was explained by a conformational tramsftion in the vicinity of
the copper ions during adsorption of the enzymeamrovervoltage of the
electrochemical redox reaction of the copper ionhe protein structure on the
graphite electrode (Yaropolov, Kharybin et al. 1p%owledge of the redox
properties of ceruloplasmin might give insightsthe possible complex roles

of this enzyme in human bodies.

1.1.4. Direct electron transfer of multicopper @sds on electrodes

Electron transfer is ubiquitous in biological andemical systems. Thus,
understanding and controlling this process compoise of the broadest and
most active research areas of science nowadaysallijselectron transfer
occurs in nature in connection with energy transdac(Freire, Pessoa et al.

2003). The theoretical framework of biological eétea transfer is increasingly
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well understood, and several properties, such dsxrenzymes and proteins
carrying out many key reactions of biological aedhnological importance,
make biological redox centres good systems for agtgiion (Gilardi and
Fantuzzi 2001). Enzyme or protein mediated electransfer is a fundamental
phenomenon, not only in cellular processes, bub als reactions of
biotechnological interest.

Much progress has been made over the past tenipaamgerstanding how the
protein matrix finely tunes the parameters thatemsential to the regulation of
biological electron transfer. Undoubtedly, the pnetmatrix has a fundamental
role in regulating redox functions, even in simplectron-transfer proteins,
such as b-type and c-type cytochromes that cortteensame heme iron.
Physico - chemical investigations of direct electrvansfer using redox
enzyme/protein systems were the focus of intensivestigations during the
last two decades.

The electronic coupling between redox enzymes dectredes can be based
on the electroactivity of the enzyme substrate mdpct (first generation);
utilization of redox mediators, either free in gaa or immobilized with the
biomolecule (second generation), or direct electransfer (DET) between the
redox-active biomolecule and the electrode surf{titied generation) (Freire,
Pessoa et al. 2003).

The very first reports on DET with a redox activetpin were published in
1977 when Eddowes and Hill (Eddowes and Hill 1957 Yeh and Kuwana
(Yeh and Kuwana 1977) independently showed thatotybmec on bipyridyl
modified gold and tin doped indium oxide electrqdesspectively, showed
virtually reversible electrochemistry as revealgddyclic voltammetry. The
first publications on DET for any large redox piotaith enzymatic activity
were concerned with a high potential laccase frdre basidiomycetes
Trametes versicolor(Berezin, Bogdanovskaya et al. 1978; Tarasevich,
Yaropolov et al. 1979). The authors of these pamrswed that in the
presence of molecular oxygen, laccase modifiedarasdectrodes exhibited

DET. They found that addition of laccase into theceochemical cell shifts
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the equilibrium potential of the working electrdole 30 - 380 mV. The process
was dependent on the electrode material, its metiogoreparation and the
partial pressure of oxygen in the system. Moreoverthe presence of
molecular oxygen a reduction current was recordethe laccase modified
carbon electrode due to DET between the electradettee adsorbed enzyme.
A second publication about the electroreductiomofgen at laccase modified
electrodes was published in 1984 (Lee, Gray €1984). The electroreduction
of oxygen using highly ordered pyrolytic graphitéeatrode coated with
laccase fromTrametes(Polyporug versicolor (high potential fungal laccase)
was shown. The potential at which the laccase kedgm catalyse the
electroreduction of oxygen (about 735 m¥. NHE) is in the vicinity of the
redox potential of the T1 site (780 mx8. NHE). However, under anaerobic
conditions the laccase modified graphite electreghibited CVs that were
indistinguishable from the background voltammogratsined in the absence
of enzyme. In the presence of an electrochemidakytive promoter, 2,9-
dimethylphenanthroline, an electrochemical respomag, however, observed
with an average of the peak potentials of 645weMHE.

The characteristics of electroreduction of oxygen laccase modified
graphite/carbon electrodes depend on the origin @asd on the amount of
enzyme on the electrode surface (Yaropolov, Kharyddi al. 1996; Shleev,
Christenson et al. 2005). Laccases from differeotiraes (from Rhus
verniciferaand Trametes hirsufacatalyse the heterogeneous electroreduction
of oxygen in very different potential regions. Thél dependence of the
heterogeneous electrocatalytic currents for botlzymes adsorbed on
electrodes was found to be very similar to thatmigtd for the corresponding
enzyme reactions in homogeneous media (Yaropoldngrybin et al. 1996).
The difference in the redox potential of the T% sif the two laccases is most
likely the major determinant of this behaviour wigh similar mechanism
operating for both homogeneous catalysis in salutemd heterogeneous
electrocatalysis at an electrode. A mechanism fa bioelectrocatalytic

reduction of oxygen by laccase adsorbed on carlectrede materials has
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been proposed by Tarasevich et al (Tarasevich, @umakaya et al. 2001). At
potentials close to the steady-state potential, rdie-determining step is
proposed to be a concerted transfer of two elesttonthe oxygen molecule. In
the region of polarisation, where the current isseesially potential
independent, the process is limited by the fornmatiof “peroxide”
intermediate. Further support for this was receontijained for laccases from
different basidiomycetes (Shleev, Zaitseva et @032 Shleev, Jarosz-
Wilkolazka et al. 2005). Three high potential las®s (having differences in
the redox potential of the T1 site of only 50 m\Adithe same electrocatalytic
activity on graphite. In addition, the potential @fctroreduction of oxygen
correlated with the values of the redox potentfaheir T1 sites. This supports
the belief that carbon electrodes act as the pyirakctron donor to the T1 site
of the enzyme by DET. This would also explain tmeilsr catalytic behaviour
of laccases adsorbed on graphite electrodes wathirithomogeneous solution
in the presence of soluble electron donors (Chrsste, Dimcheva et al. 2004).
Experiments with carbon electrodes modified wittckses confirm that the T1
site is the primary electron acceptor from carbolecteodes during
heterogeneous reduction under both aerobic andr@biaeconditions. The
mechanistic scheme of this process is present&iginl.5. The electrons are
transferred from the electrode to the T1 site efaddsorbed enzyme and then
through an internal electron transfer (IET) mechkanito the T2/T3 cluster,
where molecular oxygen is reduced to water (Shl@axgsz-Wilkolazka et al.
2005).
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tunneling
distance Fig. 1.5. Proposed scheme
v “blue” for electroreduction of
multicopper
oxidase ©Xygen at carbon

electrodes with adsorbed
multicopper oxidase
(Shleev, Jarosz-Wilkolazka
et al. 2005).

Gold is often used as electrode material due tmégness, and it is important
to achieve and understand electrochemical reactbnsdox proteins on gold
electrodes both for fundamental research and aipits in biotechnology. As
early as in 1978 it was shown for the first timattthe presence of laccase
shifted the steady-state potential of a bare glddtede in oxygenated buffer
to a value about 100 mV more positive than thaheut the enzyme (Berezin,
Bogdanovskaya et al. 1978). However, only in 199%& widependent DET
shown forRhus verniciferdaccase (low potential enzyme) (Hyung, Jun et al.
1997). Laccase was adsorbed onto a mercaptopropamd modified gold
electrode and under anaerobic conditions well-punoced reversible CV peaks
were obtained with a difference in potential betwdlge anodic and cathodic
peaks AE) of around 60 mV and an Eof about 330 mVws. NHE. A
subsequent paper on gold electrodes modified véatitdse embedded in a
polymeric film of an anion exchange resin (Santugetrri et al. 1998) not only
confirmed these results but also reported a reMeraind diffusion - controlled
electrochemical process withAdE, of around 30 mV and an.fof about 410
mV, which is very close to the potential of the Site of the enzyme (420 mV
vs.NHE) (Shleev, Tkac et al. 2005).

The mechanism of DET between the high redox patklaccases and carbon

and gold electrodes are very different. At carbtatteodes DET is observed
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between the surface of the electrode and the El witereas in the case of
gold another electrochemical process can be saggesting the interaction of
the T2 site of the enzyme with the electrode. TWidemce to support such a
suggestion have been presented in (Shleev, Clsmteret al. 2005).

Spectroelectrochemical (EPR and UV-Vis) titratitudges using mediators as
well as electrochemistry of a T2 depleted laccaseadoare gold electrode
showed that not the T1 but rather the T2 site efahzyme was in contact with
the bare gold electrode (Shleev, Christenson €t(#l5). The electrochemical
action mechanism of high redox potential laccase @old surface has been
described in another article (Shleev, Jarosz-Wakk& et al. 2005) by a

mechanism presented in Fig. 1.6.

tunneling

multicopper| .
uxidagg ldﬂmnﬂe Fig. 1.6. Proposed scheme

for electrocatalytic activity

of laccases on the gold
electrode (Shleev, Jarosz-
Wilkolazka et al. 2005).

The mechanism of DET between electrodes and mplheo oxidases
associated with reduction of molecular oxygen ardiaion of substrates is
not fully understood as discussed in (Shleev, @mon et al. 2005), since in
many cases the DET processes recorded with CV loer ofoltammetric
techniques do not coincide with the formal potédntialues evaluated with
other techniques for the different copper sitesalparallel study involving
analysis of gold — bilirubin oxidase electrocherhggstems, the experimental
results indicated that under certain conditionslEie can be the rate - limiting

step in bilirubin oxidase catalytic cycle and orfetlee catalytically relevant
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intermediates formed during the catalytic cyclebdfrubin oxidase has a
redox potential close to 400 m¥. NHE, indicating an uphill IET process
from the T1 copper site (0.7 ¥.NHE) to the T2/T3 site (Shleev, Andoralov
et al. 2012). If these findings could relate todyel laccase electrochemical
systems, it would be another confirmation that T#& & important in DET
between T2/T3 site and gold surface, despite ientation when adsorbed on
gold surface (Fig. 1.6). In the light of studiesndoby different scientific
groups, a demonstration of efficient DET based exygioreduction catalysed
by laccase adsorbed on gold surface would poskhly to further insight into

mechanisms of DET between electrodes and multicopyadases.

1.1.5. Applications of multicopper oxidases in bielfcells

Fuel cells are electrochemical devices that conekemical energy into
electrical energy. Biofuel cells are a subset o€l feells that employ
biocatalysts. The main types of biofuel cells aefired by the type of
biocatalyst. Microbial biofuel cells employ livingells to catalyse the
oxidation of the fuel, whereas enzymatic biofuelscese enzymes for this
purpose. The current advantage to microbial biofedk is that they typically
have long lifetimes (up to five years) (Kim, Chagtgal. 2003; Moon, Chang et
al. 2006) and are capable of completely oxidizimgpée sugars to carbon
dioxide (Bond and Lovley 2005). They are limitechwever, by low power
densities (i.e. the power generated per unit eldetisurface area, typically in
uWi/cn?) owing to slow transport across cellular membra¢falmore and

Whitesides George 1994). By contrast, enzymaticfuklo cells typically

possess orders of magnitude higher power dengéldsugh still lower than
conventional fuel cells), but can only partiallyidize the fuel and have limited
lifetimes (typically 7 — 10 days) owing to the fii@gnature of the enzyme
(Calabrese Barton, Gallaway et al. 2004; Kim, diale2006). Enzymes have
the added advantage of specificity, which can elate the need for a

membrane separator.
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Both microbial and enzymatic biofuel cells are gitagued by the lifetime and
efficiency of their mediators. Mediators are th@senpounds that shuttle the
electrons from the oxidized fuel to the electroddace. These mediators are
typically organic dyes or organometallic complexedjich are either in
solution or immobilized at the electrode surfaceheil lifetime and
performance have proven to be as problematic asrthygmes themselves.
One of the most significant advances in biofuelscehs been the development
of biocathodes and bioanodes that employ DET idstdamediated electron
transfer. The importance of DET is that the eledrare transferred from the
catalyst (enzyme) directly to the electrode andblenms associated with the
use of mediators are overcome. Although DET has lobserved for several
enzymes in electroanalytical applications, it wasemployed in a biofuel cell
until 2006 when researchers developed biocathamtehd reduction of oxygen
using laccase (Yan, Zheng et al. 2006; Zheng, lale2006) and bioanodes
employing glucose oxidase (lvnitski, Branch e28I06).

A second key advance has been an increase in thee difetime of the
immobilized enzymes. Enzymes are proteins thataflyi have short lifetimes
(8 h to 2 days) in buffer solution (Kim, Jia et 2006), although their active
lifetimes can be extended to 7 - 20 days by imnmdtibn on electrode
surfaces via entrapment, chemical bonding, andstnégng (Kim, Jia et al.
2006). Recently, active lifetimes have even beetersied beyond 1 year
through encapsulation in micellar polymers. Thesdymers physically
confine the enzyme and prevent it from denaturing providing a
biocompatible hydrophobic nest and buffered pH midhemical environment
(Moore, Akers et al. 2004; Akers, Moore et al. 2005
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Fig. 1.7. (a) Configuration of a exemplary membranelessugbgell in which the anode and
cathode consist of carbon fibers coated with realttive polymers embedded with glucose
oxidase and bilirubin oxidase, respectively. Molacstructure of redox-active polymer used
in the (b) anode and (c) cathode (Palmore 2008).

The power density of typical biofuel cell is debed by the following

equation:

P=W&y—1XReey) X1 =V X1 —1*>XReoy (1.2)

where V% is the open circuit equilibrium potential (V) afge, is internal

resistance of biofuel cell.
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This equation suggests that for any given ratepefation in the fuel cell, there
are two clear paths to achieve improved power tenBhe first, which is not
affected by geometry, is the thermodynamic conattlan as represented in the
first term of Eq. 1.2, where the equilibrium potahtof the cell Vg is
governed by the cell chemistry through a judiciobsice of the oxidation and
reduction reactions at the anode and cathode, ceegply. The second term,
however, emphasizes the importance of kinetics &hde cell internal
resistancdce is a crucial parameter in determining the powaersdg in a cell
reaction.Rce is a lump sum of various attributes, including rgjeatransfer
resistance of the electrode, electrode connectimesibrane conductance, and
the electrolyte conductance.

Fuel cells require porous anode and cathode stagtthat support fuel
transport to the catalyst reaction sites. Enzymfted cells are no different
except that, if they are to compete against prinfietyeries as a power source,
they will require anodes that maximize power densithis requirement
demands a solution to three technical hurdles:

1. Biofuel cell anodes should be three-dimensioaalppposed to biosensors
which are less sensitive to this requirement. Téleguld be able to optimize
the need for surface area, which generally mearadlempores that increase
the reactive surface area and thus the currentgiege and the need for larger
pores, which generally supports the mass transgdritjuid phase fuel. This
could be achieved by employing gold nanopartiches\Ps) as a 3D structural
building component of enzymatic biofuel cell.

2. The successful immobilization of multi enzymeatsyns that can completely
oxidize the fuel to carbon dioxide is needed. Quirenzymatic biofuel cells
have low efficiency, as only a single type of eneyimemployed and can only
partially oxidize the fuel.

3. The anode must support efficient charge transisrhanisms, whether it be
direct or mediated, and balance electron transfén proton transfer. It is

therefore crucial to understand this interplay tesw porosity (for fuel
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delivery and effluent flow), surface area (for ¢gia rate), and electronic and
proton conductivity (to minimize resistive lossé3artlett 2008).

The field of research continues to move forwarchwiew approaches being
used in the development of biofuel cells. The curgd interest in biofuel cells
Is premised on the idea that biology offers a ranfjeenzymatic catalysts
capable of all sorts of chemical transformations imariety of environments,
and that most of these catalysts are yet to beodised and exploited for
energy conversion. Knowledge gained from researchiofuel cells has high
translational value to nanotechnology, in which toon of chemical
transformations at the interface between functidmalogy and engineered

materials is crucial (Palmore 2008).

1.2. Gold nanoparticles

Gold nanoparticles (AuNPs) have become one of thst mommonly studied
metallic nanoparticles for the development of badgiic assays. This is due in
part to the relative ease of synthesizing stabl&lRAwf controlled size with
narrow size distribution. Also, AuNP exhibit optiGnd electronic properties
that can be exploited in a variety of detectionhdblogies (Pong, Elim et al.
2007). Among metal molecules, AuNP are particulantiensively studied due
to their utility in biological systems, particulgrin labelling, drug delivery,
heating sources, and sensors applications (Luo,riMoet al. 2006;
Bhattacharya and Mukherjee 2008; Sperling, Rivatal. 2008).

Besides that AUNPs are relatively easy to syntkesizthe same time they also
remain colloidally stable with no corrosion indicet (Sperling, Rivera Gil et
al. 2008). Their inertness provides a basis for dkaracterization as a
biocompatible material and a favourable environmiemt functionalization
with macromolecules, namely immunoglobulins, enzymlectins, proteins,
streptavidin, DNA, etc. (Katz, Willner et al. 2004&anez-Sedeno and
Pingarron 2005; Pingarron, Yanez-Sedeno et al. XO@omolecules

combined with the surface of AuNP retain the biatogctivity, where
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particularly proteins have more freedom in orienta(Liu, Leech et al. 2003).
Regular polycrystalline gold itself is a poor cgttlin a bulk, but nanometre
size gold particles exhibit excellent catalytichates due to their high surface
area to volume ratio and the high surface energy.

The novel interesting usage of AuNPs comes fromwireng of enzymes
where the particles become an electron pathwayctwhy direct connection
decreases the distance between proteins and ttieodle surface, enables to
conduct and facilitate the electron transfer betwgsthetic groups of redox
proteins and the electrode surface (Xiao, Patottkal. 2003; Willner, Katz et
al. 2006).

1.2.1. Synthesis of gold nanoparticles

Some of the interest in AUNPs is a prominent optieaonance in the visible
range and their sensitivity on environmental changéze, and shape of the
particles as well as the local field enhancemenlighft interacting with the
resonant system. Therefore, applications requirghggis protocols, which
deliver well-defined shapes and sizes (Cushing.e®&mkchenko et al. 2004;
Burda, Chen et al. 2005). Several classes of sgisth®utes exist, which
display different characteristics of the final puots. Examples of widespread
usage are the organic phase synthesis after BBusst( Walker et al. 1994),
involving a two phase process, or the single phester based reduction of a
gold salt by citrate, introduced by Turkevich e(Rlirkevich, Stevenson et al.
1951; Turkevich 1985) and refined by Frens (Fre@g3), which produces

almost spherical particles over a tuneable rangezet (Fig. 1.8.).
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Fig. 1.8. Electron micrographs of the gold sols with sizE&®&nm (A), 24.5 nm (B)
(C), 71.5 nm (D), 97.5 nm (E), 147 nm (F) (Fren33)9

, 41 nm

To create large-particle colloidal gold dispersioas aqueous solution of
tetrachloroauric acid is treated with trisodiunraté in aqueous solution. The
colloidal gold will form because the citrate iong as both a reducing agent,
and a capping agent. This would result in partisiesd 15 - 150 nm, the final
range depending on the concentration of the citteted in the reduction
process. Medium-sized gold particles with diamebetsveen 6 and 15 nm and

an average size of 12 nm are formed by reducingtdétrachloroauric acid
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solution with an aqueous sodium ascorbate solufitre smallest particles,
measuring less than 5 nm in diameter, are prodbgectduction with either
white or yellow phosphorus in diethyl ether (Ha¥889; Hermanson 1996).

In our works it was focused on the research of Ib@ieocatalytic systems
containing AuUNPs produced by tetrachloroauric aeduction by trisodium
citrate, mainly because the size range of this atkthas projected as optimal
and also because AuNPs with different coatingsygiblleneimine — covered
(Song, Du et al. 2010), chitosan — covered (Luo,eXwal. 2004), also plain
AuNPs obtained by laser ablation method (Mafunéhriko et al. 2001))
revealed to be unsuitable for construction of wagkibioelectrocatalytic
systems. Such AuNP synthesis mechanism involvewmichéreactions that are
broadly classified as either homogeneous or heéeregus. In a homogeneous
reaction, all the reactants are miscible and forhomogeneous solution. The
products that are formed from the reaction are atdoble; therefore, there is
no phase separation at any time during the codrseaction. The rate of such
a reaction depends on the concentration of theaecand on the operating
temperature. The temperature influences the ratestant of the reaction.
Usually, a 10° rise in the operating temperatureaeces the rate of reaction
by a factor of two. In a heterogeneous reactiorrentioan one phase is present.
The reaction might be gas-liquid, liquid-liquid, sgsolid, liquid-solid, gas-
liquid-solid, or liquid-liquid-solid, or display $we other progression of phases.
Any solid involved could be a catalyst or a reattdhe relatively simple rules
for controlling homogeneous reactions are not apple to the control of
heterogeneous reactions. In addition to conceatratiand temperature, the
physical shift of reactant from one phase to ano#issumes great importance
in heterogeneous reactions.

The chemical reaction between an aqueous soluticdet@chloroauric acid
and an agueous solution of trisodium citrate isrgsting in that the reaction
begins as a homogeneous one, but then, within atejithe reaction mixture
becomes heterogeneous. This phase transition fra@mogeneous to

heterogeneous occurs very rapidly, making the pod#ficult to monitor or
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control effectively. Moreover, the reaction is cdeipd so quickly that one
does not have much time to take any correctiveoacdtiecessary to ensure
reproducible product (Hayat 1989).

The reaction model, described in (Chaudhuri andcRaydhuri 2001), is as
follows. Before the addition of the reducing agel®0% gold ions exist in
solution. Immediately after the reducing agent dslead, gold atoms start to
form in the solution, and their concentration risapidly until the solution
reaches super saturation. Aggregation subsequectiyrs, in a process called
nucleation. Central icosahedral gold cores of binatare formed at nucleation
sites. The formation of nucleation sites, in reggoto the super saturation of
gold atoms in solution, occurs very quickly. Oncesiachieved, the remaining
dissolved gold atoms continue to bind to the nueasites under an energy-

reducing gradient until all atoms are removed fsotution (Fig 1.9.).

Nucleation

Fig. 1.9. AuNP synthesis

Supersaturation _ _ '
____________ reaction model illustration
Growth . (McFarland, Haynes et al.

Au0 2004).

} Time
Addition of reducer

The number of nuclei formed initially determinesahmany particles finally
grow in solution. At a fixed concentration of tetindboroauric acid in solution,
as the concentration of the reducing agent is as@é the number of nuclei
that form grows larger. The more nuclei, the smatlee gold particles
produced. Finding the optimal concentration of tigate in solution is
therefore an important, even crucial, task. If nfaoturing conditions are

optimized, all nucleation sites will be formed #mstaneously and
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simultaneously, resulting in formation of final doparticles of exactly the
same size (monodisperse gold). This is indeed cdiffito achieve. Most
manufacturing methods fail to accommodate this lideaad generate
irreproducible gold (gold inconsistent from batohbatch) that gives unstable
gold conjugates in most situations.

Gold colloids are composed of an internal corewkpyold that is surrounded
by a surface layer of adsorbed [AuClpns. These negatively charged ions
confer a negative charge to the colloidal gold #nds, through electrostatic
repulsion, prevent particle aggregation. All ca@li gold suspensions are
sensitive to electrolytes. Electrolytes compress itnic double layer and
thereby reduce electrostatic repulsion. This ddstady effect results in
particle aggregation, which is accompanied by @awothange and eventual
sedimentation of the gold. The detrimental effetctcloloride, bromide, and

iodide electrolytes on the stability of the goldlgil is greatest for chlorides

and least with iodides.

60 s

Fig. 1.10. A solution of ImM HAuC] is heated until it comes to a boil (far left). &fta 1%
sodium citrate solution is added, the formatiorgolid nanoparticles proceeds first as a faint
blue color (30 s), followed by a dark violet apmeare (60 s), and finally a brilliant orange
red (120 s) (Kumar, Aaron et al. 2008).

All gold colloids display a single absorption paakhe visible range between
510 and 550 nm. With increasing particle size,ahsorption maximum shifts
to a longer wavelength, while the width of the aption spectra relates to the

size range (Fig. 1.11).
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Fig. 1.11. Theoretical spectra
of 10 — 140 nm AuNPs, when
the peak maximum values are

equalized (top) and without

equalization (bottom). Spectra
were generated by using

3.5E-10

MiePlot software from

3E-10 http://www.philiplaven.com/m

ieplot.htm

2.5E-10

2E-10

1.5E-10

1E-10

5E-11

The smallest gold colloids (2 - 5 nm) are yellovatgge, midrange particles (10
- 20 nm) are wine red, and larger particles (3@ n6) are blue-green. Smaller
gold particles are basically spherical, while mde8 in the range of 30 - 80 nm
show more shape eccentricity related to the rdtrmajor to minor axes.
Researchers have observed several factors that #fiee quality and stability
of the gold colloid. An important consideration désg to the preparation of
stable gold colloids is employment of thoroughlgaried glass apparatus,
micro filtered solutions, and, at least, tripleggalistilled water (Hayat 1989).
The use of ultrapure water is recommended. Theseaptions suggest the
adverse effect that even trace contaminants hawleeopreparation of colloidal
gold. Although the use of siliconized glasswarefien recommended, good

results have consistently been obtained withoutspagial glassware.
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The effect of the order of reagent addition - tisatadding citrate solution to
the tetrachloroauric acid solution or vice versan-the quality of the gold
colloid formed has been noted by researchers. Hewew clear indication of
how addition order might relate to methods of manotifring colloidal gold
suspensions reproducibly has been given.

Researchers have not explicated the role of mixmghe formation of the
suspension, nor have they mentioned the negatipadhof the use of a stir
bar (for laboratory-scale preparation) in a magdy agitated system on the
guality and stability of the gold sol. It must bepk in mind that it is not only
the chemistry of the process that is important, dsb its perhaps seemingly
insignificant physical parameters. Small changeprotess conditions can so
adversely affect the quality of the product that uttility to users will be
minimal (Chaudhuri and Raychaudhuri 2001).

1.2.2. Crystal structure of gold nanoparticles

Gold nanoparticles are typically heterogeneous yadhesized, and though
their size distribution may be narrowed by fractiton or other means,
atomically monodisperse preparation is very difficit is well known that a
material’'s properties arise from collective atomifects that are very sensitive
to the atomic ordering, including the presenceocal structural disorder (Liz-
Marzan and Mulvaney 2003). The atomic disorder ldgnano-sized
structures is seen as broadening in the electrosityeof states that leads to
distinct optical responses for nanoparticles offedént sizes and local
structures (Schaaff, Shafigullin et al. 1997). Aailed knowledge of AuNP
structure, including its imperfections, has beeangixed by several scientific
groups. One study, described in (Petkov, Peng .eR@05), utilizing pair
distribution function technique, while examiningnoegarticles with an average
size of 3 nm, 15 nm, and 30 nm, clearly showed tti@tnanoparticles possess
a well-defined atomic arrangement resembling tree4@entred cubic (FCC)

structure occurring in bulk gold. Also, they showttht the FCC — type
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arrangement becomes more prominent with increasiagoparticle size.
According to authors, the models based on a fragwiea locally disordered
FCC - type structure describe quite well the atoanrangement in 15 nm and
30 nm nanopatrticles. The atomic arrangement in 3namoparticles is best
described by a model that takes into account thesgmce of extended
structural defects and domains inside the nanapesti

More recent study, revealed in (Jadzinsky, Calém.e2007), investigated the
chemistry of such AuNPs by creating a crystal eith- a huge achievement in
itself - that could be investigated using X-ray ste}lography. The particles
they investigated consist of 102 gold atoms arrdngea ball and covered on
the surface by a one-molecule-thick layer of 44pisuf-containing p-
mercaptobenzoic acidp{MBA) molecules (Fig. 1.12.). A clear, three-
dimensional picture of the structure of this mongteolecule reveals that
atoms in the core of this nanoparticle are arrargjgularly to those in bulk
gold, as expected. But this “grand core” is themawnded by two caps, each

with 15 slightly twisted gold atoms.
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Fig. 1.12. X-ray crystal structure determination of the ;(p-MBA)44 nanoparticle. (A)

Electron density map (red mesh) and atomic strac{gold atoms depicted as yellow
spheres, and p-MBA shown as framework and with lsspdleres [sulphur in cyan, carbon in
grey, and oxygen in red]). (B) View down the clusigis of the two enantiomeric particles.
Colour scheme as in (A), except only sulphur atoms-MBA are shown (Jadzinsky, Calero

et al. 2007).

The sulphur groups, rather than binding directly the gold surface as
predicted in some models, forms an alliance with ditermost shell of gold,
which then interacts weakly with the grand core.aldition to that, the
nanoparticle is chiral — it has a handedness —edhiced by the arrangement
of the gold atoms with the sulphur groups.

Another study, reported in (Heaven, Dass et al.8208eported the crystal
structure of the thiolate gold nanoparticle [TQJAu5(SCH,CH,Ph)s],
where TOA = N(GH;7)*". The crystal structure revealed three types ofl gol
atoms: (a) one central gold atom whose coordination nungé2 (12 bonds

to gold atoms); (b) 12 gold atoms that form thetiges of an icosahedron
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around the central atom, whose coordination nunsér (five bonds to gold
atoms and one to a sulphur atom), and (c) 12 golchathat are stellated on
12 of the 20 faces of the Aicosahedron. The arrangement of the latter gold
atoms may be influenced by aurophilic bonding. Toege they form six
orthogonal semi rings, or staples, of -f&CHCH,Phk- in an octahedral
arrangement around the Auwcore.

These studies suggest that AuUNPs could be condidese=CC — type gold
alloy particles in the core, while macro scale AgNWRith orderly crystal
structure is difficult to synthesize for X-ray aysis. Such feat would be
valuable, as our study reveals dependence of lygreous electron transfer
rate between active centres of oxidoreductasesAamtP surface on AuNP
size, and it would be very interesting to relatesamded enzyme kinetic

properties with crystal structure differences afimas size AUNPs.

1.2.3. Protein adsorption on gold nanoparticles

The utilization of AUNPs as a building block in thelf-assembly of nanoscale
functional devices has become important in both éhectrochemistry of
proteins and biosensing (Elghanian, Storhoff et 18197). Colloidal gold
nanocrystals have been used to develop a new ofassnobiosensors to
recognize and detect specific DNA sequences (Mdxwalylor et al. 2002).
Application of AuNP systems has greatly expandece do its good
biocompatible action with a wide variety of macrdeonles
(immunoglobulins, enzymes, lectins, proteins, saeidin, DNA, etc.). The
biofunctionalized colloidal gold nanoparticles rmtly reveal extraordinary
stability and regeneration properties, but alscspss the undisturbed, specific
recognition capabilities of the colloid - bound f®as, which allow the
fabrication of devices such as sensors or bioaelsegmical devices with great
control over selectivity, sensitivity, and functaiity. The application of other
molecular or biomolecular crosslinking units, eahiral molecule, or antigen

Is anticipated to yield new functional nanoparticdectrodes exhibiting
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chiroselectivity and immunoassay features. With thpid development in
biology and surface modification with nanoparticld®e emergence of many
novel applications of these nanoparticle constonstiin the near future is to be
expected (Liu, Leech et al. 2003).

Nanoparticle films have been applied on variousases in order to improve
stability and electron transport from enzyme actsiges to the electrode.
However it is difficult to obtain the formation afense films of metal
nanoparticles from the aqueous media as dispehsioss. It has been showed
that the surface coverage of AUNP adsorbed frone@agisolutions onto solid
substrates is less than 30% (Schmitt, Decher €t987). In order to achieve
close-packed films the following two methods haeerbapplied. The one way
to increase the surface concentration is to ugedimolecules to bind extra
nanoparticles to the surface (Hicks, Seok-Shonlef@02), however, the
disadvantage of this method is that the typicallyatently bound molecules
will unfortunately affect the catalytic reactiviof the nanoparticles (Yu, Liang
et al. 2003). The other solution is to increase nla@oparticle loading by
building multilayers based on electrostatic intécac between metal particles
and e.g. polyelectrolytes (Yu, Liang et al. 2008jr€a, Garcia-Morales et al.
2005). It was shown that such a structure exhibitggeat permeability of the
layers allowing AuNP to be in contact with both #lectrode surface as well
as inter-contact with the particles present wittha layers (Chirea, Pereira et
al. 2007; Zhao, Bradbury et al. 2008).

Considering protein adsorbtion on AuNP surface,esav strategies are
available for conjugation of proteins to AuNPs.sEifnon-specific’ adsorption
can be employed: the nanoparticles are incubated thie protein, which
adsorbs to the particles by electrostatic attradfiboth partners are oppositely
charged, by van der Waals forces, hydrogen bridgas, - thiol bonds (from
cysteine residues) or by hydrophobic interactiog, ehen the pH is close to
the pl of the protein or the nanoparticle so tlne ¢lectrostatic repulsion is
reduced. After adsorption, the protein can be ersily immobilized by those

forces or a combination of them (Gole, Dash et2801). Potentially, the
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protein can get into intimate contact with the j#&t surface by partial or
complete denaturation (Gao, Chan et al. 2002)ngivise e.g. to hydrophobic
interaction of the inner part of the protein andéor increased contact area
between the binding partners. Electrostatic bindiag been demonstrated e.g.
for protease to 3-mercaptocarboxylic acid - modifggiantum dots (Lin, Cui et
al. 2003), and desorption of proteins can be trgdeby increasing the
electrolyte concentration that effectively shieltte attractive electrostatic
interaction (Bucak, Jones et al. 2003). Traditibnahese effects have been
exploited for the preparation of the so - calleanamogold (Geoghegan 1988),
and small AuNPs conjugated with antibodies thaiehasen used as labels for
immunostaining in electron microscopy and haveaalyebeen commercially
available for many years (Sperling and Parak 2010).

Due to several protein adsorption on AUNP mechasisivolved, there are no
clear guidelines for initial AUNP and enzyme prep@an that could lead to
definite and predictable enzyme orientation on AudNRace, besides probably
the introduction of protein side — chain amino aciy directed mutagenesis
enzyme engineering, etc. In this work the only @geisite that has been taken
in consideration was that pH of the AuNP — enzywlet®on would be lower
than pl of the enzyme. This should had ensured ématyme surface had
positive charge, while AUNPs were covered by negéticharged citrate ions,

thus ensuring that the electrostatic repulsion W reduced.
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2. MATERIALSAND METHODS

2.1. Equipment

Potentiostats:

a) Computer-assisted Autolab potentiostat from btetr Autolab;

b) Compact potentiostat Ivium CompactStat fromiviliechnologies B.V.;
Spectrophotometers:

a) Anthelie Advanced spectrophotometer;

b) Thermo Spectroniddelios Betacomputer-assisted spectrophotometer;
Quarzt — crystal microbalance with dissipation nanmg equipment Q-Sense
E4 with QWEM401 electrochemistry module from Q-S&nsBiolinScientific
AB, Sweden,;

Echelle type spectrometer RamanFlex 400 from PEtier, Inc., equipped
with thermoelectrically cooled (-5C) CCD camera and fiber-optic cable for
excitation and collection of the Raman spectradule surface enhanced
Raman spectroscopy measurements. Equipment islpaitie 785 nm laser as
excitation source;

EVO® scanning electron microscopy platform Life Scieh&40, produced by
Carl Zeiss SMT, used with LaBilament;

NICOMP™ submicron particle sizer from Nicomp 380 ZLS, $aBarbara,
California, used in dynamic light scattering spestopy.

2.2. Reagents
All the chemicals were of analytical grade. Theadet list below provides
information about the chemical reagents used ieareh regarding the sources

of purchase:

Reagent Source

2,2'-azino-bis(3-ethylbenzothiazolineSigma — Aldrich
6-sulfonic acid) (ABTS)
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Citric acid monohydrate Sigma - Aldrich

HAuCl, x 3 H,0 Sigma - Aldrich

Nitric acid Merck, Darmstadt, Germany
Polyethyleneimine, Mw 750kDa Sigma - Aldrich
Poly-L-lysine Sigma - Aldrich

Potassium fluoride Merck, Darmstadt, Germany
Sodium fluoride Merck, Darmstadt, Germany
Sodium chloride Sigma - Aldrich

Sodium phosphate dihydrate, dibasic ~ Sigma — Aldrich

Sodium sulphate Sigma — Aldrich

Sulphuric acid Merck, Darmstadt, Germany
Trisodium citrate dihydrate Riedel-de-Haén, Germany
Potassium octacyanomolibdate Sigma - Aldrich

K4[Mo(CN)g]

Potassium ferrocyanide Reachim, Russia

Catechol (PYR) Reachim, Russia
Hydroquinone (HQU) Reachim, Russia
Syringaldazine (SYR) Sigma - Aldrich

2.3. Solutions

Buffer and all other solutions were prepared usuager (18 M2/cm) purified
with a PURELAB UHQ II system from ELGA Labwater @ Wycombe,
UK). When needed, anaerobic conditions were estaddi using pressurized
nitrogen (N) from AGA Gas AB (Sundbyberg, Sweden), or pregadiargon
(Ar) from AGA (Vilnius) which was bubbled throughd working solutions.
Main buffer solution used — 50 mM sodium phosphdi@) mM sodium
sulphate when pH was adjusted by controlled additibcitric acid. The pH
was usually 4.0, but also buffer solutions adjustedther pH (2.5, 3.0, 3.5,
4.0,4.5,5.0,5.5,6.0, 6.5, 7.0, 7.5, 8.0) wenpleyed. Sodium phosphate and

citric acid provided a system requiring but two gmunds and covers a range
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of from pH 2.2 to pH 8.0 without the need of seVéypes of buffer solutions
(Mcllvaine 1921), and sodium phosphate was chosetfiéviate ionic strength

differences in solutions at various pH.
2.4. Enzymes

2.4.1. Biochemical properties of enzymes

The homogeneous fungal laccase frommetes hirsutaolution was kindly
provided by dr. Sergey Shleev, and has been pré@arelescribed in (Shleev,
Morozova et al. 2004). The molecular weight and ¢aebohydrate moiety of
the enzyme were 70 kDa and 12%, respectively (Hgmhdarosz-Wilkolazka
et al. 2005). The concentration of tfieametes hirsutdaccase in the stock
solutions was 14.4 - 17.9 mg/ml. A homogeneous ampn was stored
frozen in 0.1 M phosphate buffer, pH 6.5, at -18T0e stock and diluted
enzyme solutions were kept at 4-8°C.

The homogeneous fungal laccase frénchaptum abietinunwas purified at
the Department of Molecular Microbiology and Bidtaeology of VU Institute
of Biochemistry. The purified enzyme showed thec#eactivity about 1100
U/mg protein and appeared as a single band on BD%PAGE (Fig. 2.1.).
Activity of laccase was determined via the oxidataf ABTS. The 1 ml of
reaction mixture consisted of 50 mM sodium citratéfer, pH 3.5, 0.25 mM
ABTS and 5 - 10 ul of laccase. The ABTS oxidatioaswmonitored by the
increase of absorbance at 420 nn¥(36 000 M'cm?) (Childs and Bardsley
1975) at 30 °C. One unit of enzyme was definedasuat of enzyme that
oxidized 1 pmol of ABTS per min. Specific activityas defined as the unit per
mg of protein. Protein concentration was measuoetirrely by the method of
Lowry, using bovine serum albumin as the standaaidv(y, Rosebrough et al.
1951). The concentration of thEichaptum abietinuniaccase in the stock
solutions was 20.76 mg/ml.

The molecular mass was 51 +2.5 kDa according to-BBGE (Fig. 2.1). The

molecular mass determined by gel filtration chraygatphy on Superdex 200
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10/300 column was 55.6 + 2.5 kDa. These resultsveddhat the enzyme is a
monomer (Fig. 2.1). A homogeneous preparation waed frozen in 10 mM
phosphate buffer, pH 7.0, at -18°C. The stock aihdedi enzyme solutions
were kept at 4-8°C.

kDa Mr E
116

66.2 —

o Coctimm Fig. 2.1. SDS-PAGE of the purified laccase
- Trichaptum abietinunh AC2.

35 —

25—

184 [

14.4  —

Human ceruloplasmin (Cp) was purchased from Sighdaigh and used

without further purification. The concentration tfe enzyme in the stock
solution was determined by the established metfidthcesmann (Ehresmann,
Imbault et al. 1973).

2.4.2. Catalytic properties of enzymes

The kinetic reactions of laccases catalysing reastibetween oxygen and
various oxidized substrates were registered spaguttometrically using the
Anthelie Advanced (in Malmd University) or ThermpesgtronicsHelios Beta
computer-assisted (in Institute of Biochemistry)edpophotometers. The
kinetic curves were recorded at the wavelength Wwhiorresponds to the
maximum of absorbance of electron-donor substr&& 3\ (2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid),which has tletinction coefficient
36000 M'cmi* at 420nm wavelength (Temp and Eggert 1999) (Ghéldd
Bardsley 1975).
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The maximal reaction rate was determined in aiursséd buffer solution
(oxygen concentration 0.25 mM (Koppenol and BufléB5)) and 5 mM of
ABTS, i.e. the concentration of oxygen and ABTS waes highest possible.
The initial reaction rate speed was measured asstbpe function of
absorbance change over time curve at the beginoiintge reaction. It was
calculated as a slope of absorbance change at X)-48@rvals. Then the
observed reaction rate constaitd was calculated using this equation:

_ slopeV, - Mw

Kovs ext-m,,,- 60

(2.1)
whereslope — initial rate (A/min),V, — total volume of solution (L)Mw —
molecular weight of enzyme (kDagxt — extinction coefficient of oxidized
substrate at certain wavelength t&'), m.,, — total mass of enzyme in
solution (mg). Reaction rate constakt,s measured ins®, provides
information about how many molecules of ABTS doew anolecule of
enzyme oxidize (single electron process) in onersec

For biochemical characterisation ofrichaptum abietinumlaccase, the
oxidation of the substrates was monitored specttmphetrically in 50 mM
sodium acetate buffer solution pH 5.5 or 50 mM psitam phosphate- citric
acid buffer solution pH 4.0. The kinetic curves werecorded at the
wavelength corresponding to the maximum of absabanof oxidized
substrate. The concentration of the oxidized satesrwas calculated using the
extinction coefficients: ;0 = 1.02 mM'cm™ for hexacyanoferrate(ll)
(Schellenberg and Hellerman 1958);, = 65 mM'cni™* for syringaldazine
(Harkin and Obst 1973340 = 0.74 mM'cmi™ for catechol (Shleev, Nikitina et
al. 2007),e45 = 17.5 mM'cmi* for hydroquinone (Minussi, Miranda et al.
2007).

Kinetics of the substrates oxidation also was medrby using a homemade
computer-assisted membrane oxygen electrode and nmil.lcell. The
concentration of oxygen was assumed as 0.25 mM saturated 0.1 M buffer

solution at 25°C. The kinetic measurements wertopaed in 50 mM sodium
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acetate buffer solution pH 5.5 or 50 mM potassiunogphate- citric acid
buffer solution pH 4.0.

The initial rate V) of the oxidation of the substrates was calculdteditting
the kinetic curves by linear functions. For theein dependence the initial rate
was calculated as a slope. To analyse the depemddn¢ on the substrate
concentration and determine the apparent kinet@mpaters/,.xandKy, of the
reactions, the Michaelis — Menten equation was .ugealtalytic constantk(,)
was calculated as rati®,,, and [E] - the total enzyme concentration.
Bimolecular enzyme and substrate reactivity congiay) was calculated as a
ratio of catalytic constank{,) andKy.

Effect of addition of inhibitors, specifically Na&nd NaCl, to the solution
where the reaction of substrate oxidation by oxycgalysed by either laccase
takes place was studied. NaF was considered axoropetitive (Koudelka
and Ettinger 1988; Shleev, Christenson et al. 2@0bis) NaCl — competitive
inhibitor (Ali and Varfolomeev 1981).

2.5.Electrochemical methods

2.5.1. Cyclic voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamelectrochemical
measurement, during which the working electrodemiid! is ramped linearly
versus time. The current at the working electradplotted versus the applied
voltage to give the cyclic voltammogram trace. G\Wenerally used to study
the electrochemical properties of an analyte irutsmh. CV has the further
attraction of providing information not only on tfleermodynamics of redox
processes but also on the kinetics of heterogenelegtron-transfer reactions
and coupled chemical reactions (Heinze 1984).

In our research CV was performed in an electrocbehaell containing 20 ml
of solutions. Saturated calomel electrode (Hg|H®@CI (242 mVWs. NHE,
provided in received electrode data sheet)) wad asea reference electrode

and a platinum wire as a counter electrode. Comjagsisted Autolab
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potentiostat from Metrohm Autolab was used for measents. All potentials
reported in this work ares.NHE.

A working disk polycrystalline gold electrode witgeometrical area of 0.02
cn?, received from Bioanalytical Systems (West LaftgetN, USA), was
mainly used in experiments. For surface — enhariRathan spectroscopy
measurements the flat circular gold electrode w#lometrical area of 0.196
cnt, press - fitted into a Teflon rod, was employediriBy the cleaning
electrodes were polished with a 0.3 um alumina esasipn to obtain smooth
surface, then rinsed with pure® and sonicated for 10 min. The electrodes
were additionally cleaned by about 5 - 10 CV scahs 0.2 V/s scan rate
between 0 and 1.9 Vs. NHE in 0.5 M HSQ,, then rinsed thoroughly with
H,0.

For the experiments where electrochemical systeomtaming AuNPs and
multicopper oxidases were studied, gold electrode modified by AuNPs —
about 10 pl of stock AuNP solution was added ortifnef electrode, then the
electrode was allowed to dry and has been rinsecbtighly with Milipore-
H,0. Secondly, about 10 pl of concentrated laccaggposolution was placed
on the gold surface. . The electrode was then aliow dry, and rinsed with
Millipore H,0 before measurements.

In several experiments, the correct concentratiosh @amount of AuUNP and
enzyme solutions were adjusted to get the desitgdPA— enzyme ratio, and
the amounts of adsorbed AuNPs or enzymes were laduas a relative of
maximum possible amount of material for full mony@acoverage. In case of
AuNPs, the calculations were based on assumptian tthe nanoparticles
arrange into two dimensional hexagonal packing rayews structure (Evans
1993). As for Trametes hirsutalaccase solutions, from the analysis of
published PDB structure (PDB ID: 3FPX) by RasMdiware it was assumed
that enzyme covers the ellipsoid with diametersa&hd 5.4 nm, if T1 copper
active site would be closest to gold surface. Tlenalayer percentage was

calculated as a ratio of total enzyme area to sighce area.
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CV was the main tool employed to directly observed electron transfer
(DET) bioelectrocatalysis of multicopper oxidasdsabed on AuNP covered
electrodes. CV experiments were usually conductedchnning the electrode
potential from 1000 to 200 mVs.NHE and back at the specific scan speed (5
or 10 mV/s). When screening electrodes containingtioopper oxidases,
three situations should be considered in respediuféer solution used for
experiment — a) regular buffer solution, b) solatwith air removed by Nor
Ar c) solution with inhibitor present (usually 15-mM NaF). The removal of
oxygen from the solution or addition of enzyme bitur should result in
disappearance of the reductive peak responsiblBEIr oxygen bioreduction.
The reductive peak should not be observed if theoparticle modified
electrode wouldn’t be additionally modified with ficopper oxidase. Such
results would confirm that the current is due te tmulticopper oxidase

catalysed heterogeneous electroreduction of oxygen.

2.5.2. Rotating disk electrode voltammetry

A rotating disk electrode (RDE) is a hydrodynamiarking electrode used in a
three electrode system. The electrode rotates glekperiments inducing a
flux of analyte to the electrode. These workingctlmdes are used in
electrochemical studies when investigating reactimechanisms related to
redox chemistry, among other chemical phenomena.

As the disk turns, some of the solution describedtt®e hydrodynamic
boundary layer is dragged by the spinning disk #redresulting centrifugal
force flings the solution away from the centre lod £lectrode. Solution flows
up, perpendicular to the electrode, from the balkeplace the boundary layer.
The sum result is a laminar flow of solution towsa&hd across the electrode.
The rate of the solution flow can be controlled iy electrode's angular
velocity and modelled mathematically. This flow cajuickly achieve
conditions in which the steady-state current istmdied by the solution flow

rather than diffusion. This is a contrast to sild unstirred experiments such
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as cyclic voltammetry where the steady-state ctiiselmited by the diffusion
of substrate.

By running CV and other experiments at various trota rates, different
electrochemical phenomena can be investigatedudimgy multi-electron
transfer, the kinetics of a slow electron transtafsorption/desorption steps,
and electrochemical reaction mechanisms (Bard antkRer 2000).

Rotating disc gold electrodes with adsorbed AuNm®s$ raulticopper oxidases
were used in DET bioelectrocatalysis researchzutgi CV experiments. The
experiments conditions were as described in 2.8xtept that the rotating disk
gold surface electrode had geometrical area of10ddi# and saturated silver
chloride electrode (Ag/AgCl/sat. KCI (201 mx6. NHE, as stated in electrode
commercial data sheet)) was used as referenceazlect

The RDE voltammetry was used in research becauseniains a wealth of
information on the electron transport processes fAAUNP surface to oxygen
via enzyme active centre. In order to establishaaidfor interpreting the
results, it is first of all necessary to formulatéskeleton” model which can be
elaborated to account for all aspects of the olesebehaviour. Let us focus
upon this task by considering the system to belvabte into three separate,

independent processes as illustrated in Fig. 2.2.
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ELECTRODE ENZYME SOLUTION
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Fig. 2.2. Scheme showing the sequence of steps in electaosport between electrode and substrate
molecules during catalysis by an enzyme moleculsodbd at the electrode surface (Sucheta,
Cammack et al. 1993).

Under steady-state conditions such a reaction sehgines rise to Eqg2.2,
which is analogous to an expression giving the lt@su conductance

(reciprocal resistance) of a group of resistorseated in series.

1o

i iLev iE icat

1

(2.2)

The first term deals with transport of substratdetwles between the enzyme
and bulk solution. This process is addressed bynexXag the rotation rate
dependence of the current, which for a diffusiontoaled reaction is

described by the Levich equation:
iy = 0.62nFAD?/3Cv=1/6w1/? (2.3)

Here, A is the electrode surface aré€ajs the bulk concentration of substrate
(mol per unit volume)D is the diffusion coefficient of substrate,is the
kinematic viscosity of the solution (a typical valtor aqueous solutions - 0.01

cnf/s at 25 °C), ana is the electrode rotation rate (specifically, tmeyaar
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frequency in rad/s). In the limit of an electro@daction occurring under such
conditions that it is entirely diffusion - contredl, only this term contributes
and the limiting current is directly proportional the square root @b (Levich
and Spalding 1977)

The second term is the “exchange current” contidioutdue to interfacial
electron transfer between the electrode and thmegoyi electron entry/exit site
on the enzyme. The potential dependende & given by the current-potential
characteristic shown by Eq. 2.4.

i = nFAkg[T, exp {— —anF(;:“T—E"/)} — Tz exp {(1—a)n:;E—E°')}] (2.4)

Here,I'c andI'r are the respective surface concentrations of xdized and
the reduced form of the enzyme (expressed as nmalmpesurface areayp is
the transfer coefficient, n is the number of elees$rtransferred in the transition
state,E is the applied electrode potential, aB® is the appropriate apparent
standard reduction potential of the system. ®tandard first-order rate
constantks (the exchangeate constant), reflects the ease of moving elastro
between the electrode and the enzyme. At appliggngals much more
positive or negative tharE®, only oxidation or reduction components
(respectively) become significant. Eq. 2.5 showw lilke potential-dependent

termsig andkg (the first-order electrochemical rate constant)iaterrelated.

The quantity” is the total number of enzyme molecules adsorleedipit area

of electrode and thus equalg + I'r.

The third term of Eq. 2.2 describes the intrinsatatytic properties of the
enzyme in its reaction with substrate and is asslutoebe independent of
driving force and electrode rotation rate. It cae kxpressed as an

electrochemical form of the Michaelis - Menten egsion:

lcqt = NFATk4:C/(C + Ky) (2.6)
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The quantitieKy and k., are the apparent Michaelis - Menten parameters,
which are assumed to be independent of appliechpateln the limit ofC >>

Kw, icat becomes independent Gf(Sucheta, Cammack et al. 1993).

The detailed description of electron transfer psses by Eq. 2.2. — 2.6 was
considered in the research, as we would obserteragscomprising of AUNPs
and multicopper oxidases in RDE experiment conajavhen electrode spins
at sufficient angular frequenay wherei.,; becomes the limiting factor in Eq
2.1.,, and the amount of electrons transferred frelectrode surface to

dioxygen would relate to enzyme turnover rate.

2.5.3. Spectroelectrochemistry

An electrochemical cell and appropriate devices aeguired to run
electrochemical experiments, whereas spectrophdtmmeaneasurements
require a spectrophotometer and a spectrophotamairiette. However, the
two methods should often be used simultaneouslyekample, redox titration
of proteins having active centre with differentiogt properties depending on
oxidation state requires both reduced and oxidfpechs of the proteins to be
determined. Spectrophotometric methods are mostrmorty used in these
experiments (Shleev, Kuznetsov et al. 2000).

The design and procedure for use of a bioelectroata cell were described
by Taylor and Hastings in 1939 (Taylor and Hastih§39). A similar cell was
designed by Henderson and Rawlinson in 1956 (Heodeand Rawlinson
1956). A manual spectroscope with a special langialled behind the
spectroscopic cell containing a sample was usedetord the absorption
spectra of heme - containing proteins (Hendersod Appleby 1972).
However, there are some methodological problemb thié use of the cells,
particularly when the sample must be examined uadaerobic conditions.
The use of spectroelectrochemical cells allows mnavoid methodological
disadvantages such as analyte or solution expdsuag during its transfer
from one vessel to another and time delays in samgllection during kinetic

measurements (Shleev, Kuznetsov et al. 2000).
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In our research spectroelectrochemical cell wasl@yeg for estimation of
redox potential ofTrichaptum abietinumlaccase T1 site. For such task a
common T1 copper site redox titration method wasdusxploiting reduced
mediator K[Mo(CN)g] (Xu, Brown et al. 1996). In all these experimerat$.1
ml spectroelectrochemical cell setup was usedddsegn of the cell and the
technique of titration have been described preWo(hleev, Kuznetsov et al.
2000).For the electrochemical measurement in tlasec a two-electrode
voltmeter (lonomer 1-130.1, Russia) was used. Eierence electrode was an
Ag|AgCI|KClsat electrode (201 = 2 mXé.NHE). The capillary gold electrode
was used as a working electrode; platinum wire wssd as the counter
electrode. The gold electrode was kept at pirardhatisn for 24 hours, the
cleaned by electrochemical cycling in 0.5 M sulptacid, with a scan rate of
0.05 V/s between 0.2 and 1.9w&. NHE (5 scans), and finally rinsed with
Millipore water. The titration procedure was stdrteith addition of 100 pl of
laccase solution (10.38 mg/ml) into the cell camtag 0.5 mM of mediator and
using 10 mM phosphate solution at pH 7.0 as a bufiee redox potential was
registered on the gold electrode after equilibrivas established (40 min from
initial solution application) - beginning at 500 nvg. NHE, then potential was
gradually increased by 50 mV steps, let to staybfamin, then the absorbance
spectra were recorded. Such procedure was repeatddthe potential has
reached 1000 mV (oxidative scan) and dropped backOD mV (reductive
scan). The light passage had been being closedebrtgpectra recordings in
order to avoid unnecessary heating of the laccasgian in the cell. The
oxygen was assumed as depleted in the solutioce $he presence of laccase
and mediator in the cell under low potential andi@ of equilibration time
are good conditions for complete oxygen reductmowater.

To determine the redox potential of the T1 site, dependence of absorbance
values at 602 nm (peak maximum) on the appliedpmkntial was taken into

consideration. The data points were approximatel Mernst equation:
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E; = Ereqox + omIn (222 2.7)

NeXF 1-rAbs;

whereE; — applied potential at thestep,Eeq0x— redox potential of T1 sit@, —
number of electrons involved in the redox proceabs — relative absorption

at thei step, calculated as:

AbS;i—AbSmin

AbSmax—AbSmin

rAbs; = (2.8)

where Abs — absorbance value at thestep,Abs,.x and Abs,, — maximal in

minimal absorbance values.
2.6. Gold nanoparticles synthesis and charactesizat

2.6.1. Gold nanoparticles synthesis

Bioelectrocatalytic systems containing AuNPs pratldy tetrachloroauric
acid reduction by trisodium citrate in aqueous haeen examined in our
research. AUNPs were synthesized as reviewed etésevfBchmid and Corain
2003). Briefly, 50 ml of 1 mM HAuGIsolution in water was heated to about
90° C while stirring. Then, 1 to 4 ml of 1% trisodiuaitrate solution was
added to HAuCl solution. The heating was continued for 15 mirhvetirring,
and 10 min without stirring. After that the solutiovas left to cool down to
room temperature and then excessive citrate wasvweanby dialysis using
cellulose membrane with a cut-off size 12 - 14 kgainst ultrapure 30 at the
volume ratio 1:200 for 12 h. However, the dialypi®cedure has not been
applied in all cases. The solutions were storettifiC.

As stated before, the amount of citrate used dulimiyP synthesis determines
the final NP size (Schmid and Corain 2003) (Fig) 2.
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However due to possibility of experimental errassociated with dilution of
solutions, evaporation of reaction solution duringating, unknown water
amount in weighted samples of HAYQl 3 H,O and trisodium citrate due to
exposure to air, it is hard to predict the exaze s3r concentration of AUNP
after the synthesis just by the amount of citrakeedu The size and
concentration was additionally determined by vagiadirect and indirect

methods.

2.6.2. Gold nanoparticle analysis by spectrophotopme

A prominent spectroscopic feature of noble metaloparticles is the so -
called surface plasmon resonance, which givestdsa sharp and intense
absorption band in the visible range. The physecajin of the absorption is a
collective resonant oscillation of the free elentr®@f the conduction band of
the metal.

For a spherical nanoparticle that is much smahantthe wavelength of the
incident light its response to the oscillating #éliecfield can be described by

the so - called dipole approximation of Mie thedMulvaney 1996). This
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theory is employed in Mie scattering algorithm,,iMiePlot software, which

could be found as a freewarehdip://www.philiplaven.com/mieplot.htm

To determine the size of AUNPs the optical absonpsipectra of their colloidal
dispersions were recorded using Thermo Spectrdded®s Betacomputer-
assisted spectrophotometer. The wavelengih.,, corresponding to the
maximum absorption due to surface plasmon absoebafcAuNPs in the
spectrum, was determined. By comparingy with the theoretically expected
Amax the diameter of the NPs has been defined. Theatét},,, values for
different diameters of the particles were obtaifieiin spectra generated by
using the software, the parameters were choseallasvé: monodisperse, the
refractive indexes of of medium (water) — 1.331384d@ld sphere real —
0.1557086, gold sphere imaginary — 3.6016265 aC_23% suggested by
software. The output was set to generate extinceficiency, Q,, VS
wavelength,A. Depending on the size of NPs, the shape of spactand
absorption peak maximum is different, and the prioge of theoretical
spectrum should be close to the spectrum of thePsusblution if the size of
AuNPs set up in the algorithm is the same as imghesolution.

The concentration of AuNPs in the dispersion caralse assessed by using

MiePlot software according to this formula:

__ Au*In@o (2.9)

C =
AuNPreaI * *
Cexi,, ¥10*1 %N,

where Gumax— parameter depicting maximum absorbance of oneFPANL ml

of solution, obtained frorMiePlot, A,.x— Mmaximum absorbance of measured
spectrum AuNP solution,— length of cuvette (cm), N~ Avogadro constant.
Additionally, AuNP can be calculated by considematiof geometrical
dimensions of AuNPs. This was done by taking intooaint the amount of
HAuUCI, used in AuNP synthesis and dividing this by a nendf gold atoms,

Nau constituting the AuNP. The later was calculatgdibing the equation:
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4 Ryp\>
Npw = = koomp (222) (2.10)

Rau

where k.omp — atomic packing factor of the nanoparticles cosegbof face-
centred cubic crystal (FCC) structures, taken @ (Ryp — radius of NPRy, —
covalent radius of gold atom (0.144 nm (Nyholm 136However, this
method would valid if the yield of tetrachloroauracid reduction reaction
would be 100%, and it is evident that some of #dectants adsorb on the walls
of reaction beaker. By combining two concentrata@iermination methods,

the reaction yield could be calculated:

yield = =M 4« 100% (2.11)

geom

where Cyie and Cygom — AUNP concentrations determined byliePlot
calculations and by consideration of estimated AsiE, respectively.

2.6.3. Gold nanoparticle size analysis by dynargiatIscattering

Dynamic light scattering (DLS) also known as Phot&orrelation
Spectroscopy or Quasi-Elastic Light Scatteringrie of the most popular light
scattering techniques because it allows partidegidown to 1 nm diameter.
Typical applications are emulsions, micelles, paysy proteins, nanoparticles
or colloids. The basic principle is simple: the gdanis illuminated by a laser
beam and the fluctuations of the scattered liglet @etected at a known
scattering anglé by a fast photon detector (Fig 2.4). Simple DLStimments
that measure at a fixed angle can determine the padicle size in a limited
size range. More elaborated multi-angle instrumeats determine the full

particle size distribution.
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Fig. 2.4. Principle of operation of dynamic light scatteriequipment.

From a microscopic point of view the particles tgrathe light and thereby
imprint information about their motion. Analysis tiie fluctuation of the
scattered light thus yields information about tlagtiples. Experimentally one
characterizes intensity fluctuations by computiig tintensity correlation
functiong,(t), whose analysis provides the diffusion coefficiehthe particles

(also known as diffusion constant) (Fig. 2.5).
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Fig. 2.5. Graphic explanation of intensity correlation fuontg,(t) calculation from the

intensity fluctuations in timgt).



The diffusion coefficienD is then related to the radilisof the particles by

means of the Stokes-Einstein Equation:

D=2 (2.12)

- 6TTRN

wherek is the Boltzmann constari,- temperature ang - viscosity.

The correlation of the intensity can be performgdebectronic hardware or
software analysis of the photon statistics. Becdlustuations are typically in
the range of nanoseconds to milliseconds, eledrbardware is typically
faster and more reliable at this job.

To obtain the diffusion coefficient the intensttgrrelation function must be
analysed. The standard procedure for this is tipdéicgpion of the cumulative
method. By fitting a polynomial of third degree tbe logarithm of the
intensity correlation function, the decay rafé is obtained (for single

cumulate). The decay rate is directly related eodiffusion coefficienD:
I =q?D (2.13)

where isg is the wave vector, which is dependent of thetesgat angle.

Higher orders of the fitting resultt2and ¥ cumulate) give the polydispersity
index of the sample. Modern dynamic light scatgrinstruments perform
cumulative analysis automatically (Berne and Pe20G0).

In our research, the diameters of AUNPs were détedrusing a NICOMP
submicron patrticle sizer, Nicomp 380 ZLS (SantabBea, California). The
particle sizer was set to a fixed angle of 90°ynainic light scattering mode
with a 300 kHz set point for sensitivity and autd parameters for channel
width and baseline adjustment. UHQ water was usetthe@ solvent in all DLS
experiments. Measurements were performed at 238Cthan viscosity of the
solvent was found to be 9.538* kg/m*s at said temperature and used in DLS

parameter‘'s setup. The solvent of different batehee found to have similar
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viscosity with negligible differences. Data was ccddited with intensity
weighting, using both Gaussian and NICOMP distidout AuNP suspensions

were diluted 1:10 in UHQ water prior to application

2.6.4. Gold nanoparticle size analysis by scanalagtron microscopy

In our research SEM was used to image AuNP usedmaoce importantly, to
check their size. The research was conducted mguEV3® SEM platform
for Life Science LS10, produced by Carl Zeiss SNFbr the SEM a LaB
filament was used at 2nd peak (1.96 A) in high wacuDepending on the
individual sample, electron high tension parameta&s set to 8-10 kV,
working distance to 5-7 mm, SEI collector bias ta350-400 V and ylope
between 10-100 pA. A thin layer of carbon epoxy waplied to the sample
holder prior to the deposition of the AuNP dispamnsdroplets. The droplets
were covered to prevent evaporation and were rinffedith water after 15-20

minutes. When the sample was dry it was insertextire SEM carousel.

2.7. Analysis of enzyme — gold nanopatrticle intaoars

2.7.1. Surface enhanced Raman spectroscopy

Surface enhanced Raman spectroscopy or surface@th&aman scattering
(SERS) is a surface-sensitive technique that emsafaman scattering by
molecules adsorbed on rough metal surfaces. Theneeiment factor can be as
much as 18 to 10" (Blackie, Ru et al. 2009), which means the techaimay
detect single moleculed.he increase in intensity of the Raman signal for
adsorbates on particular surfaces occurs becauss @nhancement in the
electric field provided by the surface. When thecident light in the
experiment strikes the surface, localized surfaeesmons are excited. The
field enhancement is greatest when the plasmomndémy is in resonance with
the radiation. In order for scattering to occug glasmon oscillations must be

perpendicular to the surface; if they are in-plamth the surface, no scattering
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will occur. It is because of this requirement thatighened surfaces or
arrangements of nanopatrticles such as AuNPs aigatlypemployed in SERS
experiments as these surfaces provide an area aoch whese localized
collective oscillations can occur (Smith and Deb®®).

The light incident on the surface can excite aetgriof phenomena in the
surface, yet the complexity of this situation cannbinimized by surfaces with
features much smaller than the wavelength of tbktlias only the dipolar
contribution will be recognized by the system. Thgolar term contributes to
the plasmon oscillations, which leads to the enbar@nt. The SERS effect is
so pronounced because the field enhancement obwigs. First, the field
enhancement magnifies the intensity of incidenhtligzhich will excite the
Raman modes of the molecule being studied, thexefmreasing the signal of
the Raman scattering. The Raman signal is therdurmagnified by the
surface due to the same mechanism which excitethtdent light, resulting
in a greater increase in the total output (KneMpskovits et al. 2006).

The choice of surface metal is dictated by themptas resonance frequency.
Visible and near-infrared radiation (NIR) is usem @xcite Raman modes.
Silver and gold are typical metals for SERS experita because their plasmon
resonance frequencies fall within these wavelengtiges, providing maximal
enhancement for visible and NIR light (Creighton & adon 1991).

In our experiments SERS effect from AuNP surface w&amined, which is

relevant only at specific distance from the surfg@eg. 2.6).

Ag colloid
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It was demonstrated both experimentally and theaigt that SERS intensity
(I) from adsorbed species rapidly decreases witlreasing of the adsorbate -
surface distanced). Theoretical analysis has indicated that anotmgortant
parameter is the radius of curvaturg@ ¢f the nanostructure generating the
surface enhancement (Murray and Allara 1982; Kovaocsitfy et al. 1986;
Kennedy, Spaeth et al. 1999):

a\—10
[ = (%) (2.14)
100 4 Fig. 2.7. Dependence of
SERS intensity I} on
80 1 distance from AuNP

surface ¢), when round
shape AuNPs of 39 nm
diameter would be used,
according to Eq. 2.14 .
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In the research the working gold electrode comagir89 nm diameter AuNPs
and laccase was prepared as described in 2.5.1. RdliRan spectra were
recorded using Echelle type spectrometer Raman#dx(PerkinElmer, Inc.)
equipped with thermoelectrically cooled (-80) CCD camera and fibre-optic
cable for excitation and collection of the Ramaact@. The 785 nm beam of
the diode laser was used as the excitation soliree180 scattering geometry
was employed. The laser power at the sample wascted to 30 mW and the
beam was focused to a 2(fh diameter spot on the electrode. The integration

time was 10 s. Each spectrum was recorded by adationu of 30 scans.
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Spectroelectrochemical measurements were carriednoa cylinder-shaped
three electrode moving cell, arranged with a, ageking electrode, platinum
wire as a counter electrode, and a KCI saturated@@l reference electrode.
During the experiment solution was continuously kg by ultra-pure Ar
gas to remove dissolved oxygen. The working eléetroas placed at approx.
3 mm distance from the cell window. In order touee photo- and thermo
effects, the cell together with the electrodes mased linearly with respect to
the laser beam with the rate of about 15 - 25 miNiaura, Gaigalas et al.
1997; Bulovas, Dirvianskyte et al. 2006). The Ranfaequencies were
calibrated using the polystyrene standard (ASTMBEQ) spectrum. Intensities
were calibrated by NIST intensity standard (SRM D2%&Experiments were
conducted at 2C temperature.

Potential dependent SERS spectra were recordetihgtétom 0.8 V to 0 V
and back to 0.8 WE.NHE) electrode potentials.

2.7.2. Quartz crystal microbalance with dissipatiwonitoring

A quartz crystal microbalance (QCM) is a technithe measures a mass per
unit area by measuring the change in frequency qiiatz crystal resonator.
The resonance is disturbed by the addition or renolva small mass due to
oxide growth/decay or film deposition at the suefat the acoustic resonator.
The QCM can be used under vacuum, in gas phasmararecently in liquid
environments. It is useful for monitoring the rate deposition in thin film
deposition systems under vacuum. In liquid, it ighly effective at
determining the affinity of molecules (proteins, particular) to surfaces
functionalized with recognition sites. Larger d@mst such as viruses or
polymers are investigated, as well. QCM has alsenbesed to investigate
interactions between biomolecules. Frequency measemts are easily made
to high precision; hence, it is easy to measuresrdassities down to a level of
below 1pg/cnt (Sauerbrey 1959).

Traditional QCM has been used for more than 50 sy¢ar analyse mass

changes on rigid surfaces, most effectively inaaivacuum. QCM relies on a
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voltage being applied to a quartz crystal caustntp ioscillate at a specific
frequency. Changes in mass on the quartz surfaceetated to changes in

frequency of the oscillating crystal through thei&drey relationship:

Am = - (2.15)

where C — 17.7 ng HZcm? for a 5 MHz quartz crystal4f — change in

resonance frequency,— overtone number (1, 3, 5, 7). The Sauerbreyioela
is valid for rigid, evenly distributed, and suficitly thin adsorbed layers.
However, for soft or viscoelastic films that do nfatlly couple to the

oscillating crystal, the Sauerbrey relationshipenedtimates the mass.

QCM with dissipation monitoring (QCM-D) measuresttbdrequency and
dissipation of the quartz crystal. Dissipation asowhen the driving voltage to
the crystal is shut off and the energy from theillading crystal dissipates

from the system. D is defined as:

— Slost (2.16)

2MEstored

whereE, is the energy lost (dissipated) during one od@liacycle antEggreq

is the total energy stored in the oscillator (DiX2008). Figure 2.8 shows how
the frequency of the oscillating quartz crystal rades with the mass on the
sensor. Figure 2.9 shows the dissipation for a (gwéten) and rigid (red) film

when the driving voltage is turned off.
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When molecules adsorb to an oscillating quartztatysvater (or other liquid)
couples to the adsorbed material as an additiogadrdic mass via direct
hydration and/or entrapment within the adsorbed.firhus, the layer is sensed
as a viscoelastic “hydrogel” composed of the mdkexand the coupled water.
By measuring the dissipation, one can determittigeifadsorbed film is rigid or
viscoelastic (soft). The amount of water in an aded film can be as high as
95% depending on the type of material and the sarfeing studied.
Dissipation measurements enable qualitative armlysi the structural
properties of adsorbed molecular layers. QCM-D rnebtbgy allows
quantitative analysis of the thickness, shear ielasbdulus, and viscosity of
the adsorbed films whereas these measurementseirbeyond the Sauerbrey

regime. This is achieved by combining frequen€y and dissipation §)
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measurements from multiple harmonics (overtones) aplying simulations

using a Voigt-based viscoelastic model:

~—— K] _ n3 2 njw?

Af ~ an0h0{63+2,~=1.2 [hjpjw 2y () u,2-+w2n,2-]} (2.17)
I S N YA (N

AD ~ —— {53 + X1z [zh, (3) #]2,+w2njz]} (2.18)

which describes acoustic response of quartz cr{isidéx “0”) covered by two
thin viscoelastic overlayers (j = 1,2) under a bdlewtonian liquid (index
»3"), where p is layer of liquid densityh — thickness,u — elastic shear
modulus,n — shear viscosityy — viscous penetration depth aad— natural
frequency of quartz crystalo(= 2xf), the indexes are specified accordingly
(Voinova, Rodahl et al. 1999). Thus, if the adsdrbknm is assumed to have a
uniform thickness and densit&f andAD can be described as functions of-
overtone numbed — thicknessp — densityy — viscosity ang: — elasticity. By
fitting experimental frequency and dissipation datem 2 or more harmonics,
the unknown parameters can be extracted. This nuakelbeen successfully
used in many publications studying a variety of eskpental systems;
however, it is important to note that it is a modeth certain assumptions
being made (Q-Sense). The bulk liquid should canfas Newtonian fluid
where stress versus strain rate curve is lineac(igtor 2000).

Q-Sens@ (BiolinScientific AB, Sweden) has developed a p&d QCM-D
technology for surface analysis, enabling real-fitabel free measurements of
molecular adsorption and/or interactions on varigwgface with mass

sensitivity of several ng/cm
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Fig. 2.10. Quartz sensor with
. gold surface, provided by Q-
Sens@ and used in the research.

The Q-Sense QWEMA401 Electrochemistry Module allsimsultaneous QCM-
D electrochemistry measurements. The design endlues measurements,
which is important for well - controlled experimentAlso, the module
withstands the harsh conditions necessary for sogfectrochemistry
applications. The QCM-D sensor doubles as a workeigctrode for
electrochemistry measurements. A platinum courlegt®de also acting as
the top wall of the chamber reduces the volume alitbg sensor to about 100
ul. A low-leak reference electrode from WPI (essahti saturated silver
chloride electrode) is included and is fixed in thetlet flow channel.

QCM-D experiments were carried out in our reseancbrder to estimate the
amount of AuNPs and laccase molecules attachechdosurface, and to
evaluate the bioelectrocatalytic properties of AuNRccase layer on a planar
electrode. All measurements were made at 23 + WO2mperature controlled
by Peltier elements included in QWEM401 module. TRQEM-D sensor
surface was modified with poly-L-lysine (PLL), AuNRNnd the enzyme by the
following procedure. PLL was adsorbed on the QCMs&nsor and then
laccase was deposited. After that an AuNP layer adsorbed followed by
adsorption of laccase. We assume that this finetase adsorption step
resulted into the enzyme adsorption only on AuNRsesadsorption of laccase
directly on PLL covered gold sensor was alreadgl®#d by the first laccase
adsorption step. After each adsorption step theackeristics of the resulting

surface structures were assessed by QCM-D andathemistry.
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Experiment initiation procedure was as follows. Tlosv cell was cleaned by
consequent purge of Hellmanex® Il solution (recdiveom LabShop) and
pure water. QCM-D gold sensor was rinsed with 99 p&te ethanol and
Millipore water, then dried under a flow of nitragegas, and placed in a
Harrick plasma cleaner, model PDC-32G, for 10 ntirthe highest plasma
intensity setting. For measurements the sensomeasmited into a QCM-D cell
module and a stable baseline, iZd.andAD responses time, was obtained in
distilled water at a fixed flow rate of 100 pl/mamd maintained the same all
the time. The external potentiostat, Ivium ComptaitS(Eindhoven,
Netherlands), was set to record CVs starting fr@@01to 400 mWs. NHE
and back at the speed of 5 mV/s. The flow sequermseas follows - 0.002 %
PLL solution in water (w/v) for 5 min, water for I0in, buffer solution for 20
min, 50 pug/ml laccase solution for 10 min, buff@lusion until the stable
frequency, CV recorded, then water for 10 min, Audtiution for ~3 h in
order to get the fullest possible layer of nanaplkags, water for 2 min, buffer
solution for 20 min until the stable frequency, @¢torded, 50 pug/ml laccase
solution for 10 min, buffer solution for 20 min unstable frequency, CV
recorded, buffer solution with inhibitor (1 mM N&Br Trametes hirsuta5
mM NaF for Trichaptum abietinumaccase assays) for 5 min and final CV
recorded.

For adsorption of PLL layer on surface thiewas relatively small andD was
negligible. During the enzyme and AuNP adsorptiorasurements with
QCM-D fairly largeAf andAD were observed. Relatively large valuesA@f
indicate that the adsorbed Lc and AuNP layer wasoalastic and that the
adsorbed mass was not linearly proportional toctenge of the normalized
frequency as assumed by Sauerbrey equation. Diméngiscoelastic modeling
the adsorbed layer density (or thickness) and tisooelastic parameterse.,
shear viscosity and shear modulus, were set asgfigarameters. The fluid
density p = 1 g/cr), fluid viscosity (4 = 1 g/ms), and thickness @ensity) of
adsorbed layer were set constant. The modelingpsdg®rmed with QTools

software using the'8 5", and 7' overtones.
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The mass of the enzyme layer on the PLL treated €@CIensor was
calculated as a mass difference of the total m&é€83La and laccase layer
minus the mass of PLL layer measured before enagserption.

In order to fit the data of the adsorbed AuNP aadcése layers, having
extremely different properties, modeling was perfed using a two-layer
system. First layer corresponded to a structure Placcase and second layer
consisted of the AuNP layer in the structure PLlacease - AuUNP. In order to
evaluate the viscoelastic properties and thickiésse PLL - laccase layer, it
was assumed that the density of the adsorbed préger was 1.20 g/cin
(Rodahl, Hook et al. 1997). All modeled first layearameters were set as
constant parameters, then second layer was incladddhe properties of the
AuNP layer were modeled. The thickness,, the diameter of AUNPs used,
measured in nm, was set as a constant parametiee ofiodeled AuNP layer.
For the evaluation of the thickness of the enzymatyer adsorbed on AuNPs,
similarly as in the previous modeling analysis, fitted viscoelastic properties
and thickness of the PLL - laccase - AuNP layeremgsed for modeling as
fixed parameters.

The best fit between the Voigt model and the expental data for all the
overtones was obtained considering the minimumevaluthe error function
v%. The mass (g/cth was obtained after multiplying the modeled valoés
density and thickness.

The experimental number of adsorbed AuNPs and $&ccaolecules per
geometric area was estimated by dividing the sensess by the mass of a one
AuNP or the mass of enzyme molecule, respectivehg mass of one AUNP
was obtained by calculating the mass of a spheite avdetermined diameter
and density of 19.3 g/cnThe maximum possible monolayer coverage of
AuNPs was established in assessment that AuNPshgaranto two-
dimensional hexagonal packing monolayer structdais 1993).

The QCM-D experiments were primarily used in order establish the
heterogeneous electron transfer constants betwkenattive centres of

laccases (botfirametes hirsutand Trichaptum abietinuinand the surface of
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AuNP. The average difference between cathodic nusteength in the interval
of 0.4 to 0.5 Ws. NHE from CV measurements of PLL — laccase — Au-NP
laccase multilayer assembly and the same aftectiaje of buffer solution
containing the inhibitor was taken into considerati After establishing the
number of laccase molecules on the sensor sutttaedieterogeneous electron
transfer constant, which accounts for amount ofted@s passed through one

enzyme molecule per second, was calculated:

_Alcat
NgXeXnyqc

kObS = (219)

wherekgps — turnover constant , 41, — cathodic current strength difference
between working and inhibited systems (A), N Avogadro constanig —
elementary chargen,. — amount of laccase present on the sensor surface

(mol).

2.7.3. Null ellipsometry

As mentioned in 2.7.2., in the QCM-D measuremewsster (or any other
liquid or solvent molecules) couples to analyseatgin film as an additional
mass via direct hydration, viscous drag, or enteumn cavities in the
adsorbed film. This means that the layer is essinsensed as a viscoelastic
“hydrogel” composed of the macromolecules and thepted water (HO0K,
Kasemo et al. 2001). Therefore, the water amoulttierprotein film adsorbed
on AuNP needs to be established by other meanadaurate estimation of
number of laccase molecules on the AuNP surface.

Such tool chosen for the research is ellipsometny eptical technique able to
detect changes in the polarization state of lighemvit is reflected at the
interface between two media with different optipabperties: solid-air, solid-
liquid, air-liquid or liquid-liquid. If the surfaceés optically modified, e.g., by
protein adsorption, the associated change in paildon is detected (Tiberg
and Landgren 1993; Tiberg 1996).
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To describe the changes in polarization it is v@gnmon to use the so called
ellipsometric angles psiy, and deltaA. The first one describes the relative
change in amplitude between the perpendicular ardllpl components of
light (with respect to the surface), p and s respely in Figure 2.11. The

latter is related to the phase shift between them.

Fig. 211. Principle of
ellipsometry, depicting
relation between the
perpendicular and parallel
components of light.

In order to simplify calculationsy and A are combined to form a single

complex numberp:
p = tan(yp) e*® (2.20)
Null ellipsometry is one of the methods used toesxpentally obtain the

ellipsometric angles. In Figure 2.12 the set-upaohull ellipsometer in the

PCSA configuration is described.
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Fig. 2.12. Null ellipsometer in PCSA configuration

As illustrated, light coming from the source fipgtsses through a polarizer (P),
then, it goes through a retardation plate or corsgim (C) and is reflected
upon the sample, finally, it passes through a sg:patarizer, denoted analyser
(A), and is detected by a photodetector. The meth@dlled null ellipsometry
because the components are set so as to producenaum in the transmitted
light. In other words, light is extinguished at tlamalyser. The output
parameters obtained are the angular positionshépolarizer and the analyser
that result in light extinction. As the compensatan have its fast axis oriented
at + 45° relative to the plane of incidence, thaee4 possible relative positions
(or zones) for P and A that allow the null conditiand for each of these

relative positions there one expression that relat@ith A andA with P:

Compensator angle vy A
Zone 1l - 45° A 2P + 90°
Zone 2 - 45° A - 2P - 90°
Zone 3 + 450 180°- A 2P - 90°
Zone 4 + 45° 180° - A - 2P +90°

In order to obtain the optical properties of thédgsurface a two-layer model,
gold surface-ambient, has to be applied. The idjpis are the experimentally

determinedy andA needed to solve Equation 2.20, and the refraatdex for
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the ambient mediunm,, and the angle of incidence of light that together

with the value obtained fqr, are inserted in this equation:

4

Ny = Mg tan 90\/(1 — il sin 6,) (2.21)

wheren,, corresponds to the complex refractive index ofgblel surface.

To be able to calculate the adsorbed amount oéjrdt, calculated as mg/m
of the enzyme the optical properties of the enziewyer (refractive indexyy,
and thicknessq) should be determined. To do so, a three layerdeinoas to
be used, and the layer is assumed to be homogeaeduplane parallel. No
analytical expression can be obtained, and antiiergprocedure has to be
performed in order to obtain the refractive indexl ghe layer thickness. Once
these parameters are known, the adsorbed amougatcislated by using this
equation:

_ o

r="Ld (2.22)

dc

where dn/dc reflects the dependence of the refractive indexh wthe
concentration of enzyme in solution (0.18 ml/g) (Beijter, Benjamins et al.
1978).
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3. RESULTSAND DISCUSSION

3.1. Kinetics ofTrichaptum abietinunaccase in solution

Before the synthesis and research of bioelectriytigtaystems consisting of
AuNPs and laccases, the biochemical propertiesatynpurified Trichaptum
abietinum laccase had to be established. Particularly iniegswas
establishment of kinetic parameters of inorgania arganic substance
oxidation catalysis and also determination of laecal active centre redox
potential. Obtained results were compared to knparameters offrametes
hirsutalaccase.

As described in 2.4.2., the oxidation of the vasigubstrates in solution
catalysed by Trichaptum  abietinum laccase was  analysed
spectrophotometrically and by using a homemade otemassisted
membrane oxygen electrode. Calculated kinetic parars are presented in
Table 3.1. and 3.2.

Table 3.1. Spectrophometricaly determined kinetic parametdrdrichaptum abietinum

laccase catalysed substrates oxidation at pldrt®.5 at 25C.

Substrate | pH | Ky, uM Vinas UKM/S | Keay ST | Kow pM ™St

ABTS 55| 42+7 | 0.056+0.004 87+6 | 2.1+0.3
ABTS 40| 1108 | 0.25+0.02 39030 3.5+05
KJFe(CN)] | 55 | 55+0.7 | 0.132+0.004 110+ 3 19+ 2

KJFe(CN)] | 4.0 | 54+1.2 | 0.088+0.005680+40 | 130+ 20

PYR 5.5 | 620+ 250 0.45+0.12 62 +170.11+0.01
HQU 5.5 | 390+100 0.15+0.02 22+3 0.06+0.01
SYR 5.5 15+2 0.063+£0.005 21+2 1.4+0.1
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Table 3.2. Kinetic characteristics of substrates oxidatiotalyged by Trichaptum abietinum

laccase (according to oxygen consumption)

T
Substrate | pH | Ky, pM Vimass UM/s Keay S* Kox “1M S
ABTS 55| 140+20 020+001]| 32+2 0.22+0/03
ABTS 40 | 180+40| 027+001| 140+10 082016
KJ{Fe(CNY] | 55 | 250+90| 042+006| 67+2 026+0/1
KJFe(CNY | 40 | 46+10 | 019+001| 480430  10#2
PYR 55 1312% | 043+003 | 34+2| 003+0.01
0022 %
HQU 55| 320+40| 044002 7.0%03 Yoo
0.0084 + 0.27
SYR 55| 3010 0% 2% | 0094003

Unlike Trametes hirsutdaccase, described in 1.1.2., this new laccaselypoo

catalyses oxidation of organic compounds, meanvéxtebiting fast catalysis

of oxidation of inorganic substance ferocyanidec8iwe currently don’'t have

an established 3D structure dfichaptum abietinumlaccase for detailed

insight, this result could lead into speculatioattsurface area of T1 active

centre of the new laccase has a larger surfacgel{possibly positive, since

ferocyanide ion is negative), thus posing diffimgdtfor hydrophobic organic

substances to reach the catalytic centre.

Spectroelectrochemical T1 copper site titration Tofchaptum abietinum

laccase was performed as described in 2.5.3, thdtseare presented in Fig.
3.1. and Table 3.3.
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Fig 3.1. Redox titration of the T1 copper site of laccasenfTrichaptum abietinunasing the
redox mediator Mo(CN)g]. The inset shows dependence of relative absar@idc02 nm
on the electrode potential, calculated by Eq. Zl8 curves connecting points are drawn

following model, described by Eq. 2.6 - 2.8; saligtve represents oxidative, dotted curve —

reductive scan direction.

Table 3.3. Estimated redox potential of the T1 siteToichaptum abietinunfaccase and

number of electrons involved in the redox procasgjescribed in 2.5.3.

E cdoyy MV VS.NHE Ne
Anodic scan 709 +4 1.161 + 0.007
Cathodic scan 720+7 0.688 + 0.007
Average 714 + 12 0.92+0.24

It can be observed that estimated redox potenfialr@haptum abietinum
laccase (714 m\Ws. NHE) is lower than redox potential drametes hirsuta
laccase (780 mWs. NHE (Shleev, Morozova et al. 2004)). Both enzymes

could be considered as high — potential laccases.

3.2. Size and concentration of gold nanopatrticles
AuNPs were synthesized as described in 2.6.1. Bbte&hlsolutions were kept

refrigerated at 4°C before the use in construabiohioelectrocatalytic assays.
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The solutions proved to be stable throughout tinoeyever, batches older than
6 months were discarded from experiments.

Some of the AuNPs used in the experiments thathneid size estimated using
different techniques, described in 2.6.2, 2.6.8,4&.the results are compared
in Table 3.4. The exemplary SEM pictures of sevAtallPs are shown in Fig.
3.2, and DLS analysis of several AuNPs using th€ ®DWMP distribution
algorithm is depicted in Fig. 3.3. DLS results a¢al by Gaussian distribution
algorithm are also presented — this method is ticadilly employed in DLS
data analysis, whereas Particle Sizing Sysfemsgards their patented

NICOMP distribution algorithm superior than Gausstistribution algorithm.

EHT =10.00 kv ignal Date :6 May 2011 L EHT = 10.00kV signalA:Esi Date :6 May 2011
q Time :14:27:45 WD = 6.0 mm Time :15:34:43

200 nm EHT = 800KV Signal A = SE1 Date -9 May 2011 n = 8 Date 3 May 2011
WD = 60mm Photo =485 Time :13:56:61 | =8 Time 116:41:63
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200 nm EHT = 10,00 kv Signal A= SE4 Date :25 May 2011 100am
— WD=75mm Photo No. = 47 Time 9:32:19 F

EHT =10.00 kv
WD = 75mm

Signal
Phote

A Date :25 May 2011
o Time :10:02:36

Fig. 3.2. SEM images of several batches of AUNPs used &areh.
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Fig. 3.3. Diameters of AUNPs measured with DLS. Minimum dian was set to 10 nm, Plot
size to 60, Smoothing to 2, and Plot range to 1@f&. Plot range foF had to be set higher
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(15) due to the diameter of the particles. Dianseéze;A: 20.2 nmB: 30.6 nm,C: 36.5 nm,
D: 52.0 nmE: 60.1 nmF: 91.6 nm.

Table 3.4. Estimated and measured diameters of some of AulPBessions. The errors
calculated in SEM analysis were attributed by Vissgaessment of AUNPs (see Fig. 3.2.).

AU Ei);pr)r?g::? dsea | g nm NICOMdPDLS’ nIrT(IBaussian

e Lo T dist. dist,
1 15 <20 33.3x2.4 20.2+£0.8 79.5 £ 695
2 15 <20 41.3+2.9 30.6 0.7 62.5 + 45|3
3 20 35 57.7%5.9 35.6+1.0 33.9+14.0
4 20 28 51.2+3.9 365+1.4 32.8+9.8
5 20 32 50.0x4.9 39.3+x1.6 25.4 £ 82
6 30 39 58.2+4.0 454 +1.1 24.0+£9)2
7 60 49 61.3+6.6 469+x1.4 31.0+99
8 70 54 70.2+1.0 52.0+1.8 44.7 + 16.6
9 70 52 74.2 £ 3.9 60.1+£1.6 68.5+43.1
10 75 64 103.9+10.p 91.6+3.1 32.3+23.6

The sizes measured with DLS are larger than the faiz the same particle
(Tabie).
differences in diameters using surface plasmonrabsce and DLS methods

batches measured with the spectrophotometer However,

are not entirely unexpected. The DLS is based endiffusion properties of
the particles and measures how fast the partialesnaoving through the
solvent. The actual size obtained from these measemts is the
hydrodynamic radius, or Stokes radiris(Berne and Pecora 2000):

_ kgT
- 671D

S
(3.1)

whereD is the diffusion coefficientkg is the Boltzmann constang, is the
viscosity andT the absolute temperature. The actual shape (ndéeqgbly
round) of the particles would influence the diameterived through Stokes

radius. In case of AuNP obtained through the @tnaduction method the
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thickness of the hydrodynamic layer is considerlthin to have an impact
on the results.

In all DLS measurements a large amount of artefaete visible at 5 - 10 nm
in the spectrum, using the NICOMP distribution aitjom (intensity weighted)
(Fig. 3.3). Whether these artefacts were due &rfmtence, contamination, or
aggregates of non - reacted compounds from théesistis unknown.

When absorbing particles on surface, it is verglijjkthat the particles will
arrange in a way that assures maximum surface rignenergy. Hence, the
same particle suspension may yield different diansetising techniques that
measures different properties of the sample. le cd<itrate reduced AuNPs,
the measurements could be further complicated @ueaccumulation of
substances present in solution.

SEM was used to view the shape of the particle rhgsbon a carbon surface.
This was used as a reference to the other siziclonigues. While the SEM
most likely views the “flattest” side of the patés, citrate in the solvent may
also absorb on the particles and yield a strudiuae looks bigger. However,
the differences between DLS, SPA and SEM diametene consistent, as
seen in Fig. 3.4.

One technique cannot be deemed inadequate or eugngmply because the
resulting diameters are different compared to thoseother techniques.
Discrepancy in diameters between two or more tegles should instead be
seen as a potential tool for evaluating the thredimensional shape or
roughness of AuNPs. It could be concluded thatsitbést to use several
methods to determine the exact size of AUNPs. iinjgortant that the results
obtained by several methods correlate, so for thgemof simplicity, we used
AuNP size measurements results obtained by DL&iatgl NICOMP particle
distribution algorithm (Table 3.4 and Fig. 3.3) further experiments and
references, unless stated otherwise.

The concentrations of each AuNP batch were caledlas described in 2.6.2.
by using Eq. 2.9 — 2.11. Typically, AuNPs of appardiameter between 40

and 50 nm resulted in concentrations of about 0®4-nM (the smaller the
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size, the higher the concentration), and the yoéldeactions were about 70 —
80 %. The yield results were not reproducible aad ho relation to obtained

AUNP size.

120 -
100 - i
g 80 -
o ¢ o
N °
5’_’ 60 % g % 4
Z ¢ § e ° L
> h 4
< 40 - 2 . °
Q - ° h
¢ ® SPA
20 - = ) O SEM
v DLS
0 T T T T 1
0 2 4 6 8 10

AuUNP sample number

Fig. 3.4. Comparison graph correlating AuUNP sizes obtainedutih DLS, SEM and SPA

techniques.

3.3. Interaction between gold nanoparticles @rainetes hirsutéaccase

Before the DET bioelectrochemical research, AUN® lancase interactions in
the buffer solution were studied. Two aspects otdae — AuNP interaction
were addressed — the enzymatic activity of the unextn respect to the size of
nanoparticles, and the activity change over tinieAUNP surface would
completely or partially block T1 copper site ofdase, we could see the drop
of laccase enzymatic activity in catalysis of AB®&dation by oxygen. The
influence of AuNP to the activity of laccase wasgdstigated according to the
method for determination of.k described in 2.4.2. In order to have the
maximum number of enzymes in solution to be coretetd AuNP, the ratio
of enzyme — AuNPs was adjusted so that 30% of tReshrface would be
covered by enzyme. After immediate mixing the eneyattivities usually
stayed between 54 and 73% compared to native igctend after 20h the
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activity dropped to 30 - 49% (Fig. 3.5). Tlkg,s of pure Trametes hirsuta
laccase after thawing from -20°C to room tempegatas 140 + 10°5(mean
value of five measurements), and after keeping°@ fbr 20h (as well as
laccase — gold NPs mixture) — 130 + 20 s

100

7 100 -
R 1
= n 73
80 - 2 & 568 56 g o4 .
S 50 4 % 46 40 ¢ 49
<C
* 30 = Activity Oh
60 - * Activity 20h
o\— \' 0 T T T T 1
= A 20 40 60 80 100 120
= ‘\Q
© AuNP size, nm
< 40 - NS
* P
20 -
0 T T T 1
0 5 10 15 20
Time, h

Fig. 3.5. The relative activitiy of 40 nm AuNP — laccase taie dependence on time after
mixing. 100% stands for theys of laccase solution at the same time. The exp@alenbdel
implies that initial relative activity of the mixte is 56 + 4 % at the beginning and 30 + 2 %

after 20h. The inset shows such values of relatevities when using different size AUNP
in the mixture.

Apparent laccase activity on AuNPs could be alténgdarious means, such as
enzyme denaturation on metallic surface, decreédssulostrate diffusion to
active centre of enzyme, etc. Thus, this reseaahwsed only as incitement to

further electrochemical analysis of AUNP and laecB&T bioelectrocatalytic
systems.
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3.4. Direct electron transfer of multicopper oxigle®n gold nanoparticles

3.4.1. Gold nanoparticle and laccase electrocheynist

After observation that AuNP interact with tA@ametes hirsutdaccase, the
experimental work was directed to investigate tliéecé of AuNP on
heterogeneous ET of this enzyme. AuNPs were degbsih the surface of
solid gold electrode and the laccase was adsofitiexllaccase ability for DET
at these electrodes has been studied by running e€deriments. The

experimental results are shown in Fig. 3.6.

0.
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— ]

E, V vs. NHE
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Fig. 3.6. CVs of Trametes hirsutdaccase immobilized on gold electrodes modifiethwiO
nm (top) and 50 nm (bottom) AuNPs. The black liepresents CV of bare gold electrode

with AuNPs, red line — the same electrode with dsecadsorbed on the surface, green line —
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the electrode modified with AUNPs and laccase m phesence of 1mM NaF. CVs were
recorded at 10mV/s potential scan rate. Buffer timuwas 50 mM NaPQ, with 0.1 M
Na,SQ,, pH 4.0, adjusted by citric acid.

From Fig. 3.6 it can be seen that by gradually lngean applied potential
(starting at 1 V) the reduction current beginsrtoréase at approximately 850
mV and levels off at the potentials below 650 mV¥ tie case of 40 nm AuNP
system). The current is observed due to the biteleatalytic reduction of
oxygen at laccase - AUNP modified electrode. Timeoneal of oxygen from the
solution resulted in the disappearance of the basicatalysis (data not
shown). Additionally, the current (Fig. 3.6, grdame) was strongly suppressed
in the presence of NaF. The bioelectrocatalyticenirwas not observed if the
AuNP modified electrode was not additionally moelfiwith the laccase (fig.
3.6, black line). These controls confirm that therent is due to the laccase
catalysed heterogeneous electroreduction of oxygeagreement with many
other experiments (Shleev, Christenson et al. 280fev and Ruzgas 2008) it
was not possible to observe any substantial oxygeerlectroreduction at
laccase modified planar gold electrodes (data nodbws). Thus, the
modification of the electrode with AuNPs is of keyportance for enabling the
bioelectrocatalysis of oxygen at the electrodesifieatiwith the laccase.

It is obvious that the bioelectrocatalysis is du®ET between the laccase and
AuNP modified surface since no any ET mediatorspaesent in solution or
are confined to the surface. It can be arguedttieelectrons are transferred
from the AuNP modified electrode surface to the cbpper site and further
onto the T2/T3 copper cluster where the oxygeneduced to water. The

proposed electron transfer mechanism is schemigtobaepicted in Fig. 3.7.
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Fig. 3.7. The proposed mechanism of direct ET of laccasgolt nanoparticle modified
electrodes. The T1 and T2/T3 copper sites are piedein blue spheres. Red arrows
represent the direction of heterogeneous ET anddaetion of oxygen reduction to water
when the applied potential is below 850 mV (see Bi§).

The conclusion, that the T1 site accepts the @astfrom the electrode first, is
based on several facts. First, the midpoint patenfi LSV (Fig. 3.6, red line,
730 mV) is sufficiently close to the formal potextiof the T1 copper in
Trametes hirsutaaccase, i.e., 780 mV (Shleev, Christenson et2@05).
Secondly, the midpoint potential in LSVs remainagically the same in the
absence and presence of fluoride ions (Fig. 316)s known that fluoride
complexes at the T2/T3 copper site and blocks yatabxygen reduction
(Shleev, Christenson et al. 2005). Additionally, Dbetween the T2/T3
copper site of high potential laccases and therelée surfaces was previously
postulated to appear at much lower potentials, ipaity, at 300-400 mV
(Shleev, Christenson et al. 2005; Ramirez, Marad.€2008). All this supports

the heterogeneous electron transfer mechanismtddpicFig. 3.7.
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Based on the provided explanations and experimeasalts presented in Fig.
3.6 it can be concluded for the first time that @esy electroreduction catalysed
by laccases is possible on gold, i.e., metal, eddes following the mechanism
schematically presented in Fig. 3.7. The efficieioelectrocatalysis seems to
require nanostructured gold surface. Additionally, comparing the results
presented in Fig. 3.5 to the bioelectrochemicatdae investigation on carbon
electrodes (Shleev, Jarosz-Wilkolazka et al. 2@0S)possible to state that the
laccase-catalysed electroreduction of oxygen on PRAuhbdified electrode is

similar to the well know oxygen bioelectrocatalysislaccase modified carbon
surfaces. At this point, a detailed molecular modklthe laccase - AuNP

interaction is not clear. The experimental resulicate that AUNP might

enable shorter electron transfer distance betwhenetectrode and the T1

copper site (Fig. 3.7).

Further experiments involved DET bioelectrocatalysiystems with newly
purified Trichaptum abietinumaccase. The CVs of gold RDE, covered by
AuNPs andTrichaptum abietinunlaccase, as described in 2.5.2, were recorded
and analysed. From Fig. 3.8 it can be seen thagrbgually lowering an
applied potential (starting at 1 V) the reductiamrent begins to increase at
approximately 900 mV and levels off at the potdstiaelow 700 mV. The
current is observed due to the bioelectrocatahgituction of oxygen at AUNP
and laccase modified electrode.

The removal of oxygen from the solution resultedhia disappearance of the
bioelectrocatalysis (data not shown). Additionathe current (Fig. 3.8, green
line) was strongly suppressed in the presence & Nlhe bioelectrocatalytic
current was not observed if the AUNP modified etet® was not additionally
modified with the laccase (Fig. 3.8, black lineheBe controls confirm that the
current is due to the laccase catalysed heterogenelectron transfer based
bioreduction of oxygen. The bioelectrocatalytic remt was the highest ever
recorded for such laccase — AUNP system, reach?@® xA/cm2. Since the

current doesn’'t change significantly at potentiedaer than 700 mV, we
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assume the process is limited by enzyme turnovecalse: a) the current
doesn’t increase by increasing RDE rotation raiey»g/gen diffusion is not the
limiting factor, and b) higher overpotential doest head to higher current
density, as it would in case the process wouldilngdd by heterogeneous

electron transfer between electrode surface anghemgrefer to 2.5.2). .
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Fig. 3.8. CVs of Trichaptum abietinuntaccase adsorbed on gold electrodes, modified with
AuNPs. Black curve represents CV recorded withld gtectrode modified with AuNPs, red
curve — same electrode after addition adsorptidaaifase, green curve — the same electrode
in the presence of laccase inhibitor, 2 MM NaF. @¢se recorded at 5 mV/s by using RDE,

spinning at 400 rpm.

Similar RDE CV experiments carried out with DET dlectrocatalytic systems
consisting of AUNPs an@irametes hirsutdaccase showed that current density
does not increase with increasing electrode ratasioeed (data not shown),
implying that the current density is limited eithby heterogeneous ET
between enzyme active centre and AuNP or by catabttivity of the
immobilized enzyme.

The RDE CV experiments for AUNP size effect to lea&rocatalytic current
output were also carried out. Amount of AuNP foeottode coverage was

selected so that the number of used AuNP would meugh to form a
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monolayer of AUNPs on gold electrode surface, axriged in 2.5.1. The

results are presented in Fig. 3.9.
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Fig. 3.9. CVs of Trametes hirsuta(top) and Trichaptum abietinum(bottom) laccases

adsorbed on RDE gold electrodes modified with d#fife size AUNPs. CVs recorded after
fluoride addition to solution are shown for 95 nma-APs’ systems, in case of other size Au-

NPs the CVs are very similar.

The results indicate that smaller diameter AuNPtrifmute to higher current
density output of laccase — AuUNP DET bioelectrdgéitasystem. However,
this research could be considered only as advisimge adsorption of needed

amount of AUNPs in orderly monolayer manner ontebele surface cannot be
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controlled. The results proposed idea for QCM-D RuN laccase interaction

experiments.

The effect of fluoride and chloride addition to thelectrocatalytic system

was analysed. In these experiments 0MsMNHE potential was applied to the
prepared RDE gold electrode spun at 400 rpm, thmeeguchange over time

was analysed during consequent addition of inhildibothe reaction solution

(Fig. 3.10 - 3.11). Since the time required obtagnihe steady current at each
inhibitor addition step would be quite long (usyathore than 15 minutes), the

simple exponential growth model was used for ditiad:

i =axel*ti+c (3.2)

wherei; andt; — current density and time values at thetep. The offset is
considered as the last - point current density ezalthe dependence of such
values on the inhibitor concentration present ie thuffer solution was
analysed. In the case of fluoride addition, norompetitive inhibition model
was considered, and in the case of chloride thepetitive model was applied
to the data (Dixon 1953). The inhibition researasuit comparison is

presented in Table 3.5.
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Fig 3.10. Effect of fluoride addition to the solution on bathodic current density of gold
electrode coated with AuNPs affdichaptum abietinumaccase at 0.4 Ws. NHE. The
simple exponential growth models are presented theedata points. The inset shows current
response dependence on fluoride concentrationersdfution, non - competitive inhibition

model curve whek equals 87 uM of NaF is drawn over the data points.

0 10 20 30 40 50 60
0 1 1 1 1 1 - ]
t, min
" -100 -
H
L
I
Z. -200 A NE 150 290
[ 5}
> E
s .
< 3.
S g
8 -300 A z
Y
s
< -
o
T
-400 - S -0.04

Fig 3.11. Effect of chloride addition to the solution on tédhodic current density of gold
electrode coated with AuNPs affdichaptum abietinumaccase at 0.4 Ws. NHE. The

simple exponential growth models are presented ¢iwerdata points. The inset shows
inverted current response dependence on chlorideeotration in the solution, competitive

inhibition model line whelk; equals 5.6 mM of NaCl is drawn over the data points
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Table 3.5. Comparison of laccase inhibition constarifg (mM) in either homogenous (in
solution with 2 mM ABTS) and heterogenous (on AuiBdified gold electrode) systems.

Buffer solutions used in measurements were the same

NaCl (competitive NaF (non — competitive
Laccase inhibition) inhibition)
In solution | On electrode In solution | On electrode
Trichaptum 0.087
abietinum 20.2+£2.6 56+1.1 12.4+2.0 0.003
: 0.037 0.071 «
Trametes hirsuta| 8.8 £3.7 13.8+£5.7 0.009 0.007

The experiments revealed tHaichaptum abietinuntaccase, which is resistant
to NaF in homogeneous system in comparisoffreametes hirsutdaccase,
loses resistance to NaF in AuUNP — laccase DET éobecatalytic system,
possibly after adsorption on AuNP surface. Thesoga of this behaviour
remain unclear; however, we speculate that T2/Ti& sif Trichaptum
abietinum laccase experience structural changes upon adsorgim gold
surface, meanwhile such effect is not observed Witametes hirsutdaccase

IS used.

3.4.2. Gold nanoparticle and human ceruloplasnantedchemistry

The possibility of working heterogeneous DET bigtlecatalytic system
containing human ceruloplasmin (Cp) and AuNPs wadiad. AUNPs were
deposited on the surface of solid gold electrodi @p was adsorbed. The Cp
ability for DET at these electrodes has been studsy running CV
experiments. Electrode modification procedure wadalows. Firstly, gold
electrodes were modified with AuNPs. fiDof a solution containing 50 nm
AuNPs was added on the top of the electrode, aftech the electrode was
allowed to dry and then rinsed thoroughly with lddre water. Secondly, 10
of Cp (10 mg/ml in 10mM phosphate buffer, pH 6.@swplaced on the gold
surfaceThe electrode was covered to avoid evaporationefhtb react for 90

min.
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The CVs of AuNP modified gold electrodes with adeat Cp in the presence

and absence of NaF are shown in Fig. 3.12.

10 ~

Fig. 3.12. CVs of gold electrode modified with AUNPs and @ghe absence (solid line) and
presence (dashed line) of 1 mM NaF. Conditionsl-M.phosphate buffer solution, pH 7.4,

scan rate 10 mV/s, starting potential - 1 V.

An electrochemical process at about 730 n8/NHE could be seen. This
process could be assigned to the redox transfasmati Cp though not with
certainty. The graph indicates that Cp exhibit D&T AuNP but without
significant oxygen bioreduction. No clear conclumsioabout which of the
copper active sites of Cp come into contact coaehbeen made. The results
were included to a study exploiting advances iie®@ nanotechnology, where
Cp was immobilized on different electrodes: bared aarbon nanotube
modified glassy carbon; spectrographic graphiterebdhiol- and AuNP
modified gold. In no case, however, was DET baseamkléctrocatalytic
reduction of @ by Cp was registered. It was concluded that bamed
comprehensive picture of the thermodynamics andtkis of the mechanism
of Cp function, the bioelectrocatalytic inertne$<p is associated with a very
complicated mechanism of intramolecular ET in ttasnplex redox protein.
The study was published in (Haberska, Vaz-Domingued. 2009).
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3.5. Laccase T1 site detection on gold nanoparsigtéace

Surface enhanced Raman spectroscopy measurememS)Svere performed
on AuNP andTrametes hirsutdaccase modified gold electrode. The idea
behind these experiments was an attempt to obitgirB&RS signal of laccase
T1 copper centre at AUNP and laccase interfacecdfdper centre usually
exhibits intense resonance Raman feature near 430 -cnm (Augustine,
Kragh et al. 2008) excited with red laser line, éaample at the wavelength of
647 nm. Pre-resonance enhancement is expectedpéutra recorded with
near-infrared (785 nm) excitation. Indeed, Fig.33dlearly demonstrates
enhancement of predominantly Cu cysstretching vibrations coupled to Cys
deformation motion at 367, 388, 409, 428, and 494 ¢Han, Adman et al.
1991).

5 20} 2 A, =785 nm
; . Fig. 3.13. Raman spectrum of
% 15 - ) Trametes hirsutdaccase in buffer
i solution. Raman bands of
E & phosphate anions present in buffer
e W % MII :|| z"' solution are indicated by asterisks.
!,“ HE‘E Measurement conditions: excitation
5 g l:’rl . 1 IHI ) wavelength - 785 nm, laser power
1 S:L'I | im I,J"!IL ,rill poo the sample - 100 mWw, total
o lf e ',NT'J '\/ \@ W integration time - 2000 s.
200 400 Bo0 B0 1000
h.ocm

The broad mode near 268 ¢roontains high contribution from the Cu - His
stretching vibration (Han, Adman et al. 1991). Towe intensity feature at 735
cm’' is associated with -GS¢y stretching vibration of Cys residue ligated to Cu
center (Blair, Campbell et al. 1985; Andrew, Yeomak 1994). However,
vibrations associated not only with the T1 center wasible in the Raman
spectrum excited with 785 nm radiation. The shauldear 1003 cih

corresponds to ring stretching vibration of Pheidwss §¢,,). We have
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estimated the relative intensityd|yne of the T1 center and Phe bands located
at 428 and 1003 cm respectively, after decomposition of the experitak
contours into the mixed Gaussian - Lorentzian shapmponents. The
estimated intensity ratio ,4l,,—=6.8 clearly demonstrates preresonant
enhancement of the T1 center bands upon excitati@85 nm wavelength.

Fig. 3.14 shows SERS spectra of adsorbesinetes hirsutdaccase at gold
electrode covered by AuNPs in the 300 - 1800"and 2600 - 3200 cm
spectral region, respectively. Potential depen@&RS spectra were recorded
starting from 0.8 V to 0 V and back to 0.8 Vs(NHE) electrode potentials.
Presence of adsorbed protein is clearly evidencech the sharp Phe ring
stretching peak near 1004 ¢n(Fig. 3.13, left) and aromatic ring(=C—H)
stretching vibration at 3059 ¢m(Fig. 3.13, right). Sharp 1004 ¢nrband
broadens and shifts to lower wavenumbers (1001Y)cat more negative
electrode potentials, while the high frequency comgmt at 3059 cth
completely disappears at 0 V. These findings irtdi¢hat potential dependent
reorientation of adsorbed protein takes place avttie domain rich with Phe
residues moves away from the electrode surfaceoes¢ megative potentials.

It should be noted that at relatively more negatlectrode potentials high
frequency SERS spectra exhibit shoulder near 2820 (Fig. 3.14, left, d, e)
assigned previously to ,soft* @ stretching mode of methylene groups
directly contacting the metal surface (Razmute-RgzKuodis et al. 2010).
Thus reorientation of the protein takes place atenm@gative potentials so that
the methylene groups of amino acid residues dyectntact the AuNP
surface. SERS bands of adsorbed protein are visibkdl studied potentials
and reversible changes take place when electrosafed was switched back
to 0.8 V after excursion to more negative valuedicating irreversible
adsorption of biomolecule (Fig. 3.15, Table 3.6anBs from other amino acid
residues and amide bonds are also visible in thetsp Tentative assignments
of the SERS bands based on references (Wen 20@fjnds, Talaiky et al.
2008; Podstawka, Niaura et al. 2009) are listetienTable 3.7.
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Fig. 3.14. SERS spectra dframetes hirsutdaccase, immobilized on gold electrode covered
by AuNPs at 0.8 V (a), 0.6 V (b), 0.4 V (c), 0.2(¥), 0 V (e), and 0.8 V (f) potentialsq,
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Measurement conditions: excitation wavelength, @6 laser power at the sample, 30 mW;

total integration time, 300 s. One increment of Rarmtensity equals to 100 AU.
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Table 3.6. Parameters of the Gausian - Lorentzian compor@drB&RS spectra in Phe ring
vibrational region 980-1060 c¢h related to adsorbe@irametes hirsutdaccase on AuNP

surface. Total experiment time — 70 min.

Experimental | Peak position| Area, | Intensity, hl;:;llmvggit:“?rtn
conditions cm’t AU AU ot
0.8 V, before 1003.5 543 76 6
excursion to 0 V
1031 668 44 10.4
0.8V, after 1002.7 471 64 6.7
excursion to 0 V
1030.4 597 41 11.2

Table 3.7. Tentative assignments of the SERS bands. Abbiengtv, stretching;s,

deformation;vs, sSymmetric stretching),s asymmetric stretching; t, twisting; w, wagging.

Frequency, cm Assignment | Frequency, ci Assignment
729 v(X-X) 1440 S(XH,)
824 Tyr, 1532 vad X0O0), 3(NH,)
868 Trp 1595 vad XOO0), 3(NH,)
1004 Phe 1663 Amide |
1031 Phe 2950 v(XH,)
1237 Amide IlI 2924 Vv(XH,)
1304 w(CH), t(CHy) 2965 vad XH3)
1372 v{COO), citrate 3059 v(=X-H), aromatic

Coadsorbed citrate anions are visible from the 18%2 band (Munro, Smith

et al. 1995), and, probably, from the strong 158@ broad 1595 cth SERS
features. . The 1372 ¢hband belongs to symmetric stretching vibration of
COO groups. lIts frequency is lowered as comparintp witrate solution
spectrum (1417 ci) (Munro, Smith et al. 1995) and provides evidefme
direct interaction of carboxylate groups with tha@dyelectrode surface. The
bands at 1532 and 1595 ¢mmight be associated with asymmetric stretching
vibration of carboxyl group or due to vibrations otrate decomposition
products (acetonedicarboxylic and acetoacetic adiisinro, Smith et al.
1995).
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It should be noted that we were not able to obs&&&S bands from the
copper centre T1 in our spectra. Low frequency baatd416 and 444 cin
cannot be attributed to T1 centre because:
e Position of the bands does not correspond to thet nmiense mode
observed in the solution spectrum at 428'dfFig. 3.13);
¢ Intensity of the bands increase at more negativenpials where T1 centre
must be reduced resulting in loss of preresonamhd®aenhancement
(Gaigalas and Niaura 1997).
Absence of enhanced T1 bands indicatesThamnetes hirsutdaccase adsorbs
in such the geometry that the copper center isagated in the close proximity
to the electrode surface.
Also, SERS spectra dfrichaptum abietinumiaccase adsorbed on AuNPs in
the middle and high frequency spectral regions Hmen recorded. The main
spectral pattern is rather similar comparing wlttametes hirsutdaccase.
However, intensity of the surface bound citratecbasar 1375 chis higher
Trichaptum abietinuntaccase at the similar electrode potentials, whitgein
bands are of lower intensity.
In conclusion, SERS spectra provided evidence rfeversible adsorption of
protein at AUNP interface. Comparison of areaBluéring stretching mode at
1004 cnt at 0.8 V before and after excursion to 0 V (TehB) showed that ~
87 % of proteins remain adsorbed at AuNP surface duralgctrode
polarization. Also, the potential dependent redagan of adsorbed protein at
Au/Au NP interface was detected in the potentiglioe from 0.8 V to 0 V.
Presence of “soft” €H stretching mode (2820 ¢th at more negative
electrode potentials indicates direct contact ajtgin side chain methylene
groups with the AuNP surface. Citrate anions auméoto be coadsorbed at the
AuNP surface with the protein molecules.
Failure to observe T1 copper site signal could mesat T1 site is farther
AuNP surface. Fig. 2.7 indicates that SERS sigralld/ be lost at a distance

of 2 — 4 nm when 39 nm size AuNP are used in measemts. This would
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mean that both laccases work under mixed type ETchamsm in

bioelectrocatalytic systems.

3.6. Heterogeneous electron transfer at gold natiolgaand laccase interface

3.6.1. Water element in protein films

Before the QCM-D measurements of AUNP and laccaskilayer systems,
the water content in laccase protein film has kestimated. As stated in 2.7.2.,
when QCM-D technique is used to measure mass charigeotein films, the
calculated mass of the films corresponds to callecamount of protein and
the entrapped water. So in order to accurately hviig laccase content in such
film one should know how much water such film comsa

In this research the ratio of protein film massetal@ished by combining
ellipsometry that measures ,dry“ protein build-up surfaces and QCM-D
technique. The combination would provide the watexss ratio in laccase
film, under provision that both experiment are iealrout in the same
conditions. So in QCM-D measurements the plasmaaned gold sensor was
set up to the flow cell, cleaned as stated in 2.haffer solution flow was
initiated at 100 pl/min and maintained throughd& &xperiment, temperature
was set at 23 °C. Then 50 pg/ml of laccase soluiias flown at the same
speed. By usingtools software, provided by Q-Sense, the amount of “wet”
laccase present on the surface of the sensoratiaelto time was determined.
In ellipsometry measurement the plasma cleaned giofdhce was used in the
cell, temperature was set at 23 °C, and laccaseti@ol of the same
concentration was poured into the cell with gestiering. The protein mass
build-up in relation to time was determined. Théadaom both measurements

were fitted to simple exponential growth model:

Myge = X172 + x5 (3.3)
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wheremy,. — adsorbed laccase mass in the time, X, andx; are modelled
parameters. Since experiments were done in diffeetups, the laccase mass
build up speed was different. Singgerelates to the laccase mass growth rate,

the following models were considered:

chm — qu % e(xQZ"'xez)/Z*tqcm + xq3 (3.4)

My, = xeq x e¥9zt¥e2)/2xtel 4 yo, (3.5)

where mycm and mg correspond to adsorbed laccase mass in tjgeand tg
obtained from QCM-D and ellipsometry measurememispectively xc,, Xtp,
Xz and xe,, X&, X& are X;, X, X3 parameters modelled from QCM-D and
ellipsometry, respectively. Then by divimg, to m,., the water percentage in

the protein film was established.

m mg/m2
m, mg/m2
-

—_——
—
—_——
—_
—

T T T 1 T T 1
0 5 10 15 20 (] 5 10 15 20

t, min t, min
Fig. 3.16. Modelled dependence of adsorbed protein mass vdnsie plots ofTrametes
hirsuta (left) andTrichaptum abietinunfright) laccase on gold surface in QCM-D (solitk)

and ellipsometry (dashed line) measurements.

As seen from Fig. 3.16mycny is significantly higher thamn,, indicating that
indeed protein films have significant amount of evaentrapped that is
detected by QCM-D. Calculated percentage of watéwr) in Trametes hirsuta
laccase film was 84 * 5%, and Trichaptum abietinumaccase film — 68 +
2%. The “dry” protein mass in the film is recaldeld accordingly in further

experiments.
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It is worth to emphasize that such experiment wasedoy adsorbing laccases
on flat gold surface, not the nanoparticle surfadeich would be difficult to
simulate in the grounds of ellipsometry experimeRotein films on AuNP
surface probably have different amount of wateraged, but ellipsometry
experiments with laccase adsorbed on AuNP for amalgf protein film

properties are complicated.

3.6.2. Analysis using quartz crystal microbalance

Simultaneous QCM-D and electrochemical experimemse conducted as
described in 2.7.2. The consecutive gold sensor iffoation procedure
involved flowing different solutions over assembl@€M-D electrochemical
cell — PLL, laccase, AuNPs and again laccase. Tkelayer of laccase was
used to cover the PLL layer, so that after AuNPogaison most of the enzyme
film would accumulate on AuNP surface only.

The measurement of PLL adsorption onto a gold sarfpuartz crystal sensor
by QCM-D showed very small changes in frequency aodany observable
variation in dissipation. The adsorbed PLL masd¢cutated using QTools
software at 8, 7" and §' overtones was statistically the same and equa#to
+ 39 ng/cm. It could be stated that the dry mass of the dm=brPLL
practically must be less than estimated, if takimgp account that the mass
usually measured by QCM-D also accounts for watarpted to the layer
(Halthur and Elofsson 2004). A low surface concatidin and very small
AD/Af ratio indicate that PLL molecules should adsorbairflat, rod-like
conformation. Such PLL structure in the film canexplained by a strong PLL
interaction with the gold surface and high eled¢tatis repulsion between the
positively charged lysine monomers in PLL, partely because PLL was
adsorbed from water.

After the PLL layer had been adsorbed on the sarfsica goldsensor and

rinsed with water the sensor was exposed to eifframetes hirsutaor

Trichaptum abietinuntaccase solutions. QCM-D measurements revealed that

Trametes hirsuta laccase adsorbed on top of PLLpestehbly also directly on
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the PLL unoccupied gold surface. The surface masheoTrametes hirsuta

laccase film including the entrapped water waswutated as 440 + 250 ng/ém

and in case ofrichaptum abietinuntaccase — 50 + 32 ng/ém

After the sensor surface was pre-treated with Phd kaccase, the layer of
AuNPs was assembled on the sensor surface. The fadémbled in the way
that nanoparticle packing density was lower thamatayer of hexagonal

packing. The results are presented in Fig. 3.17.
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Fig. 3.17. Amount of AuNPs adsorbed on sensor surface (lafilf AUNP monolayer

coverage percentage (right) in relation to AuNRR stata collected from several experiments.

After AUNP addition, the procedure was completedabgorbing the second
layer of laccase on AuNP surface. Laccase solwtias flown over the sensor
for exactly 10 min, followed by rinsing with buffesolution. The results of
,dry“ mass of the enzyme, obtained by including Weger content calculations
presented in 3.6.1., are depicted in Fig. 3.1819.3The data indicate that
Trichaptum abietinumlaccase accumulates faster on AuNP surface, when
considering that the protein solution flow over santime was similar. This is
expected, since it was shown tAaametes hirsutéaccase entraps more water

in the protein film (as discussed in 3.6.1.).
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Fig. 3.18. Dependence oframetes hirsutdaccase amount adsorbed on AuNP on sensor
surface (left) and laccase — AuNP amount ratioh{yign relation to AuNP size. Presented

values refer to ,dry" amount of protein.
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Fig. 3.19. Dependence ofrichaptum abietinunlaccase amount adsorbed on AuNP on
sensor surface (left) and laccase — AuNP amouitd (aght) in relation to AuNP size.

Presented values refer to ,dry“ amount of protein.

After establishing the number of laccase molecoleshe sensor surface and
CV analysis of resultant PLL — laccase — AuNP -edae film (with presence
and absence of 5 mM NaF in buffer solution), théefogeneous electron
transfer constarit,,s which accounts for amount of electrons passeautiir
one enzyme molecule per second, was calculatedwimlfy the technique
described in 2.7.2., were made. The results aretéepn Fig. 3.20.
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Fig. 3.20. Dependences of turnover constakys on AuNP size fofTrametes hirsutdleft)
and Trichaptum abietinungright) laccases. AuUNP size errors correspondritore of AUNP
size establishment by DLS as described in kg, errors are calculated taken into

consideration of “dry” protein amount in film errdescribed in 3.6.1.

QCM-D experiments revealed that AuNP size readifiecss the enzyme
turnover rate based on DET bioelectrocatalysis. égected, laccases
adsorbed on smaller size AuNPs facilitate fasterym® turnover rate.
However, it is interesting to notice that enzymesaabed on small AuNPs
(=20 nm) exhibit lower enzyme turnover rate asdghes adsorbed on medium
size AuNPs (~30 — 40 nm). Further experiments wareed out to clarify this

effect.

3.6.3. Gold nanoparticle - gold surface contacliggua

After several attempts to reveal any irregulariteQQCM-D experiments, the

idea was proposed that it could be reasoned that |&er responsible for

AuNP adhesion to sensor surface provide pooreracortetween small size
AuNPs and gold surface. In other words, maybe passible that some of
AuNPs cannot “sink” deep enough into PLL layer toyide good contact. In

this case, provided that average protein coverdgeery AuNP is thorough

and consistent, a relative amount of laccases rematiof contact with sensor
surface. Then the relative amount of “disconnec#&alP and laccases should

be similar.
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Further calculations were conducted by comparirgrésults of integration of
background currents voltammograms obtained of Q\é&dyaing PLL - AUNP

surfaces. The integrated area, correlating to ivelaamount of total AUNP
amount connected to sensor surface, was divideduNP amount obtained
from QCM-D modelling; the result corresponds tol r&@a of single AuNP.
The data was plotted against theoretical relatipnbletween AuNP surface
area and AuNP size (Fig. 3.21).

800 - 800 -
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400 1

200 1

Relative AuNP surface area, %
S
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o

Relative AuNP surface area, %

26 4‘0 6‘0 86 160 20 4‘0 (;0 86 160
AuNP size, nm AuUNP size, nm
Fig. 3.21. Dependences of relative surface area for singlBlFAwn AuNP size, 100% -
surface area of 36.5 nm size AuNP. Solid dots ssredata from PLL — AuNP QCM-D
modelling results, which belong firametes hirsutgleft) or Trichaptum abietinun{right)
laccase experiments and represent real relativePranda, if 100% is taken as an area of 36.5

nm sized AuNPs.

The enzyme turnover constants depicted in Fig. 3ae recalculated
accordingly —kyps at AUNP size of 36.5 have been taken as referehue.

recalculation results are depicted in Fig. 3.22.
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Fig. 3.22. Dependences of turnover constalkyg on AuUNP size fofTrametes hirsutdleft)
andTrichaptum abietinunfright) laccases after recalculations in respe@uUNP connection
to sensor surface. AuNP size errors correspondooseof AUNP size establishment by DLS
as described in 3.Xgpserrors are calculated taken into consideratiordo§™ protein amount

in film error described in 3.6.1.

The results indicate that in case Dfametes hirsutdaccase system small
AuNPs (~20 nm) are responsible for similar hetenegels ET constant values
as medium size AuNPs (~30 — 40 nm). However, theciple that enzymes
adsorbed on small AuNPs exhibit lower enzyme tuenosate as the ones
adsorbed on medium size AuNPs is still relevaniTtizhaptum abietinum
laccase systems. Maximum heterogeneous electrosféraconstank,,s for
Trametes hirsutalaccase system reached 17; swhile its activity in
homogeneous solution was about 200. $n comparison, Trichaptum
abietinum laccase reachell,,s of 45 s!, when its activity in homogeneous
solution was about 300'sdepending on enzyme batch used. It is interesting
note that the best AUNP size for both laccasesguréo be the same — 36.5 +
1.4 nm as determined by DLS technique using NICO$it# distribution

algorithm.

3.6.4. Gold nanopatrticle size effect to electramsfer
After observation that AUNP size influendesgs the hypothesis was proposed
that it is possible that different AuNP curvaturesuld lead to different

orientation of adsorbed enzymes. This should resutthanges of direct and
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mediated electron transfer rates, as in averagat&h the T1 copper active
site of laccase would get closer or further fromN&usurface depending on
AuUNP size.

In order to test this hypothesis, QCM-D experimgas performed again using
Trichaptum abietinuntaccase and various size AuUNPs with some changes —
laccase was adsorbed before addition of AUNP. fHsiglted in PLL — AuNP —
laccase multilayer structure. ABTS was chosen asekattron mediator
between T1 copper centre and AuNP surface. Sucliilawer approach
ensured that all the laccases involved in mediatecent output are quantified
by QCM-D analysis. This was not necessary in pteviQCM-D experiments,
where only DET bioelectrocatalytic current outpaswegistered.

The potentiostat was set to record chronoampergnat600 mVvs. NHE,
then buffer solution was flown over sensor surfaiwe record DET
bioelectrocatalysis based current density, afterichvhbuffer solution
containing 2 mM ABTS was flown while recording cemt density based on
either ABTS partial reduction by electrode surfaoed/or ABTS mediated
electron transfer based oxygen reduction by adslolbecase molecules.
Current density attributed to reduction of oxidizRBTS form by electrode
surface was determined by flowing 2 mM ABTS solanticontaining 2 mM
NaF over the sensor surface and was subtractedtbtaincurrent in presence
of ABTS without inhibitor to calculate total MET ment density. The

exemplary chronoamperometry experiment is depictédg. 3.23.
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Fig. 3.23. Example of chronoamperometric measurementsrichaptum abietinuntaccase
adsorbed on QCM-D sensor with 20.2 nm size AuNRst PET oxygen bioreduction
current density is registered, then after addiib@ mM ABTS the total mediated ET current
is registered, and after addition of 2mM NaF therent related to electrochemical ABTS
oxidation on electrode surface is registered. Tdtemial was set at 500 mXé. NHE. Simple
exponential growth model was used in data anatgsidetermine last point current density

values.

After establishing the adsorbed laccase mass byl@Bwoftware according to
methods of previous QCM-D measurements, the curdensities were
recalculated to represent current density facddaby 1 ng of enzyme. The

results are depicted in Table 3.8.

Table 3.8. DET and total bioelectrocatalytic current densiigpendence on AuNP size,
recalculated to represent the current output pealidy 1 ng of laccase. The errors are

calculated in respect to water content in protiin &€rror as determined in 3.6.1.

: DET current| MET current| DET/MET AuNPs surface|
AUNP size, . . .
am density, density, current density| area vs total
nA/cnt nA/cnt ratio, % area, %
20.2+0.8 3.8+0.1 24.9 £ 0.2 15.4 £ 0.6 56
365+1.4 9.3+0.1 34.3+0.2 26.9+0.4 55
91.6+3.1 | 1.28+0.03 27.0+0.3 47 +0.1 27

The results indicate that middle size AuNPs in leiceocatalytic systems
contribute to highest DET and MET current densitidgghest DET could
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indicate that middle size AuNPs contribute to moptimal connection of
laccase active centre to AuUNP surface. Highest M&ld mean that laccases
adsorbed on middle size AuNPs are least denatpredjded that substrate

diffusion had no influence in current output.

3.7. Discussion

The most interesting find of this study is revelatthat laccases are capable of
efficient oxygen bioelectroreduction of gold nandicée (AuNP) surface
without the need of additional redox active substanor polymers. By the
time of our publication describing direct electrotransfer (DET)
bioelectrocatalytic system consisting Tilametes hirsutdaccase and 40 — 50
nm size AuNPs at the year of 2010, the modificatbelectrodes with AUNPs
was shown to enable DET of cytochrome ¢ (Ju, Liwale2002),myoglobin
(Liu and Ju 2003), horseradish peroxidase (Zhaopkeles et al. 1992),
superoxide dismutase (El-Deab and Ohsaka 2007) kalmdibin oxidase
(Murata, Kajiya et al. 2009). Despite the fact tlaacase was the first enzyme
for which DET was discovered on carbon electrodzs€zin, Bogdanovskaya
et al. 1978), no efficient DET bioelectrocatalybiss been realized at metal
electrodes (Shleev, Christenson et al. 2005; Shéewl Ruzgas 2008) before
our research.

It was obvious that DET bioelectrocatalysis of osygeduction inframetes
hirsuta laccase — AuNP system was efficient, as in CV grpnts the
reduction current begins to increase at approxiya@®0 mV (vs. NHE) and
levels off at the potentials below 650 mV, whilee tredox potential of the
laccase was estimated as 780 mV (Shleev, Morozbeh 2004). However,
the achievable current densities in these systetmsn AuUNP amount on gold
electrode was enough to form a two dimensional ¢pexal packed monolayer,
failed to achieve the values higher thanu®8cm?. Later it became known that
this laccase has to be in the right orientatiorespect to gold surface — further
study by our research colleagues and their partesesaled that by using gold

surface modified with a mixed monolayer of an arbena@iazonium salt
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derivative and 6-mercapto-1-hexanol to immobillzametes hirsutdaccase it
is possible to achieve current densities up top#dcm’ (Pita, Gutierrez-
Sanchez et al. 2011). Laccase orientation on AulNR&e could possibly be
changed by AuNP surface modification with differesdating ligands, or
directed mutagenesis of enzyme itself to introdoew surface amino acids
with affinity toward gold surface, however, thigadegy was not pursued.
Instead, we tried using different multicopper osiela to obtain high current
density DET bioelectrocatalytic systems with AuNPs.

Two more multicopper oxidases proved to exhibit DBi AuNPs. One
enzyme was human ceruloplasmin, which showed astretdhemical process
at about 730 mV in AuNP — enzyme DET bioelectrdgéitasystem. This
process could be assigned to the redox transfavmaif the enzyme but
without certainty. No efficient DET oxygen bioredionn was observed.
Another enzyme — laccase purified frohnichaptum abietinun+ has been
revealed as much more capable of generating higlerdudensities on AuNP
covered gold electrodes even thRrmametes hirsutdaccase. Gold electrodes
covered by monolayer amount of AUNPs and this nezyme were capable of
generating current densities up to 1#cm?® when solution flow towards the
electrode surface was enhanced by using rotatitd) djek electrode system.
The DET process was apparently limited by enzymeoteer rate.

The special interest was to analyse Wiighaptum abietinuntaccase systems
are superior to analogicalrametes hirsutalaccase systems. The redox
potential of the new laccase has been establisheti4 mV, which is lower
than redox potential oframetes hirsutdaccase 780 mV (Shleev, Morozova et
al. 2004), however both enzymes could be consider®dhigh potential
laccases. UnlikeTrametes hirsutdaccase, the new laccase loses its native
resistance to NaF (non — competitive T2/T3 coppé mhibitor) when
attached to AuNP by about 140 times, meanwhile tasimg high sensitivity
to NaCl (competitive T1 copper site inhibitor). AlJsin comparison to
Trametes hirsutdaccase, the new laccase exhibit poor catalysisrgénic

compounds oxidation, meanwhile exhibiting fast lysia of oxidation of
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inorganic substance ferocyanide. Since we curratdlyt have an established
PDB structure offrichaptum abietinunfaccase for detailed insight, this result
could lead into speculation that surface area ofa€tlve centre of the new
laccase has a larger surface charge (possibly pusitive, since ferocyanide
lon is negative), thus posing difficulties for hgghobic organic substances to
reach the catalytic centre. If this speculation lddoe true, it could lead to
further thinking that maybe the positively charg&dl copper site of this
laccase interact better with negatively charged Ruwirface thus providing
shorter distance between T1 copper and gold surfdee crystal structure of
Trichaptum abietinumaccase is being analysed, and possibly furthetiesu
would provide more answers.

However, the importance of close proximity of Tlper site to AUNP surface
Is debatable. In surface enhanced Raman spectypseepwere unable to
detect T1 copper signal in AuUNP — laccase DET systéor either laccase,
even though potential dependent enzyme reorientaticas observed.
Moreover, addition of ABTS, which act as electroediator between electrode
surface and T1 copper site, increased the reductivent in AUNP — laccase
bioelectrocatalytic system, which means that inraye T1 copper site is
exposed to solvent. This is in agreement with (8hldarosz-Wilkolazka et al.
2005), where the authors speculated that not thieut tather the T2 site of the
enzyme was in electric contact with the gold swfads mentioned,
Trichaptum abietinumunlike Trametes hirsutdéaccase, loses resistance to NaF
when adsorbed on AuNP surface, which could leaspexulation that maybe
AuUNP adsorption process has something to do with I 2opper site changes.
In that case, T2/T3 copper site Dfichaptum abietinunlaccase should have
gotten closer to surface thdmametes hirsutdaccase, thus leading to higher
current output.

Another interesting find of this work — heterogenglectron transfer (ET)
rate of both laccases adsorbed on AuNPs depend wwPAsize. It was
revealed that using middle size (40 — 50 nm) Auléad to higher ET rates in

respect to single average laccase molecule thease of using large size (70 —
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90 nm) AuNPs. Usage of optimal AuNP size ensuresntiost efficient DET
and the least denaturation or degradation of ttayrea. The reasons of this
phenomenon are speculative. To our best knowledgeently there are no
clear studies leading to explanation of AUNP ciystaicture in sizes of 10 —
100 nm. There were successful attempts to prodU€e §ystems of enzymes
adsorbed on monocrystalline Au(111) surfaces (GemzArzola, Gimeno et
al. 2010). However, if AuNP structure would appé&arbe monocrystalline,
probably there would be no clear distinction betwe&uNP size and
heterogeneous ET rates provided the surface ardaMiPs are kept similar. If
AuNPs are in fact polycrystalline, we could spetaitiat probably the optimal
curvature of AuNPs is responsible for proper aligntrof multicopper oxidase
active centres, ensuring the shortest distance higterogeneous electron
transfer. Recent study (Suzuki, Murata et al. 202) revealed opposite effect
— in AuNP - bilirubin oxidase DET systems the usafjé0 nm AuNPs lead to
higher current densities than in case of 7 and b AuNPs. This would
probably support the idea that the optimum AuNR/ature is responsible for

optimal heterogeneous ET between enzyme activeecantd AuNP.
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CONCLUSIONS

1. Newly extracted and purified laccase fra@mchaptum abietinunis a high
redox potential laccase with the T1 copper sit@xgubtential of 714 + 12 mV
vs.NHE.

2. Laccases fronTrametes hirsutaand Trichaptum abietinumas well as
human ceruloplasmin, are capable of exhibit diedettron transfer between
active centre and gold nanoparticle.

3. Surface enhanced Raman spectroscopy indicate strae amino acid
residues of adsorbedrametes hirsutalaccase change orientation during
electrode potential change but SERS of T1 copperhsid not been produced.
4. Electron transfer rate depends on size of ga@ldoparticles. In general,
laccases adsorbed on large diameter (60 — 90 nid)rgmoparticles exhibit
slower rate in comparison to ones adsorbed on medized (40 — 50 nm)
gold nanoparticles. Heterogeneous electron tramsifier constants can reach
value as high as 45'sand 11 % if Trichaptum abietinunandTrametes hirsuta
laccase were used, respectively.

5. Laccases fromirametes hirsutand Trichaptum abietinurcatalyses oxygen
reduction when adsorbed on gold nanoparticles. mhgimum biocatalytical
current is limited by enzyme turnover rate or bigifacial electron transfer for
Trichaptum abietinumlaccase ofTrametes hirsutdaccase, respectively. In
contrast to homogeneous solution, bioelectrocatalytsystem containing

Trichaptum abietinuntaccase is strongly inhibited by fluoride ions.
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