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Localized Deposition of Au Nanoparticles by Direct Electron Transfer
through Cellobiose Dehydrogenase

Esteban Malel,”™! Roland Ludwig,"” Lo Gorton,! and Daniel Mandler*!*!

Abstract: Cellobiose dehydrogenase
(CDH) is a fascinating extracellular
fungal enzyme that consists of two do-
mains, one carrying a flavin adenine di-
nucleotide (FAD) and the other a cyto-
chrome-type heme b group as cofac-
tors. The two domains are intercon-
nected by a linker and electrons can

ated electron transfer (MET). This
characteristic makes CDH an interest-
ing candidate for integration in systems
such as biosensors and biofuel cells.
Moreover, it makes CDH an alterna-
tive for the reduction of metal ions
through DET and MET. In this work
we have explored the localized deposi-

tion of gold on Pd substrates by CDH
through DET and MET. For this pur-
pose we exploited the advantage of
scanning electrochemical microscopy
(SECM) as a patterning tool. We first
demonstrated that gold nanoparticles
can be formed in homogenous solution.
Then we showed that Au nanoparticles

shuttle from the FAD to the heme
group by intramolecular electron trans-
fer. Electron transfer between CDH
and an electrode can occur by direct
electron transfer (DET) and by medi-

cles

Introduction

The formation and deposition of metallic nanoparticles en-
compasses a major part of the activity in nanochemistry and
nanotechnology.l" # The most common approach is reduc-
tion of metal ions such as AuCl,” by a reducing agent in the
presence of a stabilizing substance. The rate and conditions
of the reduction process affect significantly the size and dis-
tribution of the nanoparticles. Nucleation and particle
growth, which are the two principal processes in nanoparti-
cle formation, are also influenced by the ratio between the
metal ions and the reducing and stabilizing agents."!

The introduction of biomolecules has enabled biocat-
alyzed formation of nanoparticles with milder reductants

[a] E. Malel, Prof. Dr. D. Mandler

Department of Inorganic and Analytical Chemistry
The Hebrew University of Jerusalem

Jerusalem 91940 (Israel)

Fax: (+972)26585319

E-mail: mandler@vms.huji.ac.il

Dr. R. Ludwig

APART Recipient of the Austrian Academy of Sciences
at the Institute of Analytical Chemistry/Biochemistry
Lund University, P. O. Box 124, 221 00 Lund (Sweden)
Prof. Dr. L. Gorton

Institute of Analytical Chemistry/Biochemistry

Lund University, P.O. Box 124, 221 00 Lund (Sweden)

[b

-

[c

—

Chem. Eur. J. 2010, 16, 11697 -11706

Keywords: biocatalysis - gold - elec-
trochemistry - enzymes - nanoparti-

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

can also be locally formed and deposit-
ed on surfaces through DET at low pH
and by MET at neutral pH using ben-
zoquinone/hydroquinone as mediator.

under more benign conditions.”! Different approaches have
been applied.”! For example, Wright and Sewell synthesized
TiO, by using a peptide and poly(L-cysteine) to form 50 and
140 nm particles, respectively.”® Similarly, Stone and co-
workers synthesized Ag nanocrystallites with different geo-
metries.”™ Different peptides were selected for silver reduc-
tion and precipitation on the basis of their ability to bind to
the surface of silver particles and clusters. The ability of bio-
molecules to produce and attach inorganic nanoparticles to
various surfaces has also been exploited and termed bio-en-
abling and biomimetic synthesis of nanoparticles.”! For in-
stance, Umetsu et al. immobilized flower-like ZnO struc-
tures onto gold using peptides. The affinity of the peptides
to Au was increased by anchoring cysteine moieties, whereas
glycine residues served as electron donors.* An interesting
approach was demonstrated by Tsukruk and co-workers for
the deposition of inorganic nanoparticles using a layer-by-
layer technique. This allowed controlled adsorption of dif-
ferent biomolecules which affected nucleation and growth
of nanoparticles. For example, poly-L-tyrosine was adsorbed
onto surfaces modified with poly(allylamine hydrochloride)
and poly(4-styrenesulfonate) to form gold NPs encapsulated
in the poly amino acid.®! Similarly, titania NPs were grown
by recombinant silaffin molecules attached to a polyelectro-
lyte-modified substrate.®
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Enzymes have also been used for the synthesis of metal
nanoparticles."” For example, glucose oxidase (GOx) has
been used to catalyze the oxidation of glucose to gluconic
acid producing hydrogen peroxide. It served as a mild reduc-
ing agent to form and enlarge gold nanoparticles.”! In a
similar study, Au nanoparticles were obtained upon oxida-
tion of L-dopa, which was formed by hydroxylation of r-ty-
rosine catalyzed by tyrosinase. Furthermore, the change in
the absorption spectrum of the nanoparticles allowed the
detection of L-dopa and other neurotransmitters.”" In most
of these studies, the reducing agent, for example, dopamine,
was generated by an enzyme-catalyzed reaction.

Localized biocatalyzed metal deposition was reported by
dip-pen nanolithography with GOx, galactose oxidase and
other enzymes."! Recently, Wang etal. used AFM tips
modified with horseradish peroxidase to generate nanopat-
terns of conductive polymers.®!

Our study takes advantage of scanning electrochemical
microscopy (SECM) as a patterning tool. The main feature
of SECM is its ability to generate a controlled flux of elec-
troactive species close to an interface. This allows charge-
transfer processes as well as electroactivity and morphology
of the interface to be studied.”

SECM has also been widely used for micro- and nanopat-
terning.l'*?1%1 Of particular relevance to this study is local-
ized metal deposition, which has been explored by SECM in
different approaches.!'*'%<et1 We recently described elec-
troless deposition (ELD) of gold nanoparticles by SECM
using hydroquinone (H,Q) as reducing agent and Pd as a
catalytic substrate.'® The approach involved anodic dissolu-
tion of a gold microelectrode close to a catalytic surface in
the presence of H,Q. In spite of the fact that localized ELD
was successful, there is at least one major drawback to this
approach. The potential applied to oxidize the gold micro-
electrode also oxidized H,Q. Hence, a milder or kinetically
more stable reductant that is not oxidized upon electro-
chemically generating a flux of AuCl,” is preferred. This
could be resolved using enzymes that would allow less reac-
tive reductants, such as glucose, to be employed. Moreover,
the mediator (e.g., H,Q) which can be enzymatically gener-
ated could be added in catalytic concentration.” Finally,
direct electron transfer (DET) between an enzyme and
metal ions could completely eliminate the need for a media-
tor.[3!

Cellobiose dehydrogenase (CDH, E.C. 1.1.99.18) is the
only known extracellular flavocytochrome of fungal origin
and contains two domains: the catalytically active flavin
domain (FAD, containing flavin adenine dinucleotide) and
the heme domain (heme, carrying a cytochrome-type
heme b). This enzyme, which was also known as flavopro-
tein cellobiose :quinone oxidoreductase (E.C. 1.1.5.1, deleted
in 2002) has been studied in detail.'**>) The two domains
are interconnected by an approximately 25-residue-long
linker, which allows different ET pathways. Electron trans-
fer to the final electron acceptor depends on the environ-
ment and on the conformation of the two domains in the
protein. Gorton and co-workers found that electron transfer
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between CDH and an electrode could be achieved by DET
and MET.'"¥ Cellobiose and other higher cellodextrins are
oxidized to their corresponding lactones in the FAD domain
by two-electron two-proton transfer with a proper mediator,
that is, a two-electron two-proton acceptor such as benzo-
quinone (BQ).'*!%! If a one-electron acceptor is available,
electron transfer can occur also in the FAD domain or heme
domain. This pathway requires internal electron transfer be-
tween the two enzyme domains. Besides cytochrome c, dif-
ferent electrodes have been used as one-electron accept-
orsl'l requiring the presence of a heme domain.'¥ On
graphite DET was observed and used as a biosensor for dif-
ferent substrates.'”’ Direct ET was also achieved through in-
teraction of self-assembled monolayers on an Au surface.'*"!
In general, the ET path is primarily controlled by the pH
and the enzyme source. Deprotonation of surface-exposed
amino acid residues on both domains of CDH affects its
conformation and increases the distance between the FAD
and heme domains. As a result, the DET process diminishes
and the addition of a mediator favours an MET process.
Hence, at pH 5 and below, the preferred electron-transfer
path is DET, while at pH 7 MET prevails.

This characteristic makes CDH attractive for integration
in systems such as biosensors and biofuel cells, in which
DET occurs between enzyme and the electrode.'!”! More-
over, its properties make CDH an excellent candidate for
reduction of metal ions through DET and MET.

In this work we explored the deposition of gold nanopar-
ticles on Pd through DET and MET of CDH. We clearly
demonstrate that gold nanoparticles can be formed in homo-
genous solution and locally deposited on surfaces through
DET at low pH and by MET at neutral pH with benzoqui-
none/hydroquinone as mediator.

Results and Discussion

Enzymatic reduction of AuCl, : Enzymatic biocatalyzed
deposition of gold was explored through two pathways
(Figure 1). In the first approach (Figure 1A) CDH is used
to regenerate a redox mediator, namely, hydroquinone

Figure 1. Schematics of biocatalyzed gold reduction. A) MET approach
and B) DET approach.

Cellobiose Dehydrogenase CDH
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(H,Q), which is consumed by reduction of AuCl,” to Au cat-
alyzed by a substrate.'™ Therefore, the amount of H,Q
needed for the reaction could, in principle, be reduced to
catalytic levels. This MET process, namely, the biocatalyzed
reduction of BQ, has already been exploited for biosen-
sors,” but never as a source for depositing nanoparticles.
As mentioned above, under proper conditions CDH could
also participate in DET to carbon or gold electrodes. The lo-
cation of the heme group in CDH facilitates oxidation of {3-
D-lactose by the FAD group and the transfer of electrons to
the electrode. Metal ions could also be used as electron ac-
ceptors if they interact tightly with the heme group.”” This
would lead to the second approach (Figure 1B), in which a
mediator is no longer needed.

We began by studying the first approach (Figure 1A),
whereby formation of H,Q was monitored with a rotating
disc electrode (RDE), which allows the homogeneous for-
mation of H,Q in stirred solutions to be determined. The
potential of 1.0 V applied to the gold electrode assured dif-
fusion-controlled oxidation of enzymatically formed H,Q.
The substrate used in the experiments was [3-pD-lactose, and
BQ was used as electron acceptor. Figure2 shows the
number of moles of H,Q oxidized as a function of time. The
current and therefore the number of moles generated in the
absence of CDH were negligible. The activity of the enzyme
was studied at pH 5 and pH 7. Previous reports (vide supra)
indicated that the mechanism of ET by CDH depends on
pH and electron acceptor. At pH 7, DET is impossible be-
cause no electrons can be transferred from the FAD domain
to the heme domain due to the lack of intramolecular elec-
tron transfer. From our experiments it is evident that H,Q is
enzymatically formed and its formation is faster at pH7
than at pH 5. The same amount of CDH was added in both
experiments. The enzymatic activity was calculated from the
initial slope of these curves. We found that CDH activity
was 58.240.6 and 25.840.2 UmL"™! for pH 7 and 5, respec-
tively. Our findings, which show higher activity of CDH at
elevated pH, are in accordance with the literature[!"! and
previous photometric measurements.'” At this pH internal
ET between the two enzyme domains is almost shut off.
Hence, electron transfer occurs solely through the FAD
domain.
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2 020 58.2+0.6 U mL™
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Figure 2. Amount of H,Q formed as a function of time measured by an
RDE (E=1.0V vs. Ag|AgCl, rotation speed 1500 rpm) in 0.1M phos-
phate buffer (pH 5 and 7) containing of 0.3 mm BQ, 0.3 mm lactose and
20 pL. of CDH solution.
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The enzymatically generated H,Q was further coupled to
the reduction of AuCl,” ions to form Au nanoparticles
(NPs), formation of which was monitored spectroscopically
(Figure 3). This reaction was studied by us recently,"*™ and
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Figure 3. Gold nanoparticle absorption at pH 7. A) Absorption spectra of
the reaction solution that contained 0.3 mm BQ, 0.3 mm [3-p-lactose,
0.3mM HAuCl, and 582 UmL™' CDH. Interval between runs 1 min.
B) Absorption spectra as function of time showing the absorption
maxima (@) and shift in maximum wavelength ().

we found that it required a catalyst, such as a Pd or Au sur-
face, which dramatically enhanced the rate of AuCl,” reduc-
tion. Furthermore, the size, shape and distribution of the
nanoparticles were controlled by the pH of the solution. At
pH 1-5, deposition was very fast and the deposit was dense
due to fast nucleation and growth. At pH 6-7 the overall
rate was sluggish, nuclei growth dominated and larger nano-
particles resulted.

Figure 3 A shows the formation of Au NPs at pH 7. The
solution contained BQ (0.3 mm), B-p-lactose (0.3 mm) and
CDH (58.2 UmL™). The increase in absorption at 639 nm is
due to the surface plasmon of Au NPs,”!! which corresponds
to relatively large NPs with a size of 270 nm. No change in
absorption was detected at 639 nm for BQ-free solution
even after 3 h (not shown). This clearly implies that at pH 7
no DET between CDH and AuCl,  took place. Hence,
MET (Figure 1 A) can be assumed for nanoparticle forma-
tion at pH 7. The broad absorption curve indicates wide NP
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size distribution. Figure 3B shows a continuous increase in
absorption and an almost constant maximum wavelength.
These results suggest a continuous nucleation and growth
mechanism for the formation of Au NPs.

It is somewhat surprising that Au NPs are formed in the
absence of a catalytic surface. Control experiments conduct-
ed at pH 7 in the absence of gold nanoparticles and enzyme
in a solution containing of H,Q (0.3 mm) and AuCl,~
(0.3 mm) resulted in the appearance of absorption at 570 nm
due to the formation of Au NPs. We believe that at this pH
the reducing potential of H,Q (which increases with pH?)
is sufficient to reduce the gold salt (in the absence of a cata-
lyst) and form a few gold clusters, which serve as catalytic
sites for further reduction. The concentration of H,Q was
relatively low, and it was not regenerated by the reduction
of AuCl,” (vide infra), and therefore the amount of Au NPs
was limited by the initial concentration of H,Q.

On the other hand, carrying out exactly the same experi-
ment as described in Figure 3, but at pH 5, resulted in a neg-
ligible change of the spectrum (not shown). This is attribut-
ed to the driving force of AuCl,” reduction by H,Q in solu-
tion, which decreases with increasing acidity. Interestingly,
some Au NPs were formed when the experiment was per-
formed in the absence of BQ at pH 5 (also not shown). This
suggests that at pH 5, BQ competes for the flow of electrons
that are generated by lactose oxidation. Yet, reduced BQ,
namely, H,Q, does not lead at this pH to efficient AuCl,™ re-
duction in the absence of a catalytic surface.

Hence, we carried out a series of experiments at pH 5 in
the absence of BQ (Figure 4). The formation of Au NPs can
clearly be seen in a solution consisting of lactose, CDH and
Au NPs. Furthermore, the continuous increase in the ab-
sorption is correlated also with a red-shift of the maxima
(Figure 4 B). Both the increase of absorption and the shift of
wavelength vary almost linearly with time. This indicates
that AuCl,” reduction causes continuous growth of the ini-
tial gold nanoparticles.

The fact that the presence of Au NPs at pH 5 contributes
significantly to the kinetics of AuCl,” reduction suggests
that Au NPs act as mediators that transfer electrons from
lactose through CDH to the chloroaurate ions (Figure 5). In
other words, it seems that CDH is capable of DET with Au
NPs in solution. The Au NP acts as an electron mediator,
which transfers the charge to the AuCl, . Hence, DET from
CDH to Au NP through the heme moiety is a plausible
pathway due to the position of this domain at the margins
of the protein packaging and its polarity at this pH.”*

Application of metal nanoparticles as catalysts in biologi-
cal and biomimetic systems is well documented. The control
of their size, structure and composition enables fine-tuning
of their physical and chemical properties and therefore inte-
gration into biological constituents. Nanoparticles have been
applied as nanoconducting elements for enhancing electron
transfer between active domains in enzymes or proteins and
electrode surfaces."*“4*!. Gold nanoparticles have been
used extensively for the design of different biosen-
sors.[:94. 23424 Moreover, numerous studies have demonstrat-
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Figure 4. Gold nanoparticle absorption at pH 5. A) Absorption spectra of
the reaction solution which contained 0.3 mm $-p-lactose, 0.3 mm AuCl,H
and 25.8 UmL ™' CDH catalyzed by 8 nm Au NPs. Interval between runs
5 min. B) Absorption spectra as a function of time showing the absorp-
tion maxima (@) and shift in maximum wavelength ().
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Figure 5. Schematic of DET between CDH and Au NP seed.

ed the ability of Au NPs to wire enzymes to an electrode
surface, allowing direct electron transfer .**! For example,
Willner and co-workers designed a neurotransmitter biosen-
sor based on induced growth of Au NPs seeds by tyrosina-
se.l’a]

Adding BQ (0.3 mm) to the solution consisting of lactose,
CDH and Au NPs at pHS led to a much faster reaction
(Figure 6). The absorption maximum grew much faster until
it levelled off after 6 min (instead of 25 min in the absence
of BQ). Similarly, the fast change in the absorption wave-
length maximum reached a plateau after 6 min, was red-
shifted again after 12 min and reached an absorption maxi-
mum at 557 nm after 20 min. The simultaneous changes in
absorption and wavelength indicate efficient particle

Chem. Eur. J. 2010, 16, 11697 -11706
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Figure 6. Gold nanoparticle absorption at pH 5. A) Absorption spectra of
the reaction solution that contained 0.3 mm f-p-lactose, 0.3 mm BQ,
03mm AuCLH and 258 UmL™' CDH, catalyzed by adding 8 nm Au
NPs. Interval between runs 5 min. B) Absorption spectra as function of
time showing the absorption maxima (e) and shift in maximum wave-
length ().

growth. The fast change in wavelength and absorption (first
6 min) can be explained by rapid Au NP growth. We specu-
late that this fast process is driven by the MET process
through reduction of BQ to H,Q, whereas the second pro-
cess (12-20 min) is the result of DET between lactose and
the Au NPs catalyzed by CDH.

Regeneration of BQ by AuCl,™ reduction was also investi-
gated. For this, we used catalytic amounts of BQ (3x107°m)
to assure that it was the limiting reactant in the enzymatic
reaction. The set of experiments was carried out at pH 7. It
was found (not shown) that the reaction terminated shortly
after injection of CDH (582 UmL™) into the solution
(0.3 mm B-p-lactose, 0.3 mm AuCl,”, 3x10°m BQ) with a
slight change in absorption due to Au NP formation. This
clearly indicates that BQ is not regenerated by reduction of
AuCl,".

We conducted similar experiments to those shown in
Figure 6 but at pH 7, where the role of BQ and therefore
the mechanism of AuCl,” reduction were elucidated. Fig-
ure 7 A shows the change of absorbance in a BQ-free solu-
tion upon adding CDH to a solution consisting of AuCl,~
(0.3 mm), B-p-lactose (0.3 mm) and Au NPs (8 nm diameter).
Only a minute change in absorbance could be detected after
30 min, and this suggests that DET is not dominant under

Chem. Eur. J. 2010, 16, 11697 -11706
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Figure 7. Gold nanoparticle absorption at pH 7. A) Absorption spectra of
the reaction solution that contained: 0.3 mm f-p-lactose, 0.3 mm AuCl,H
and 58.2 UmL™' CDH, catalyzed by adding 8 nm Au NPs. Interval be-
tween runs 5 min. B) Absorption spectra of the reaction solution A) that
also contained 0.3 mm BQ. Interval between runs 30s. C) Absorption
spectra as function of time of graph B), showing the absorption maxima
(@) and shift in maximum wavelength (i>).

these conditions. This is in accordance with previous studies
by Gorton et al.,'®1*2% who showed that ET between the
enzyme domains is blocked at pH 7 and therefore no DET
can take place. The change in pH affects the enzyme confor-
mation due to electrostatic repulsion between the different
domains, which increases their separation and diminishes

www.chemeurj.org
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the possibility of intramolecular ET.?*?7 On the other
hand, a rapid change in absorbance (Figure 7B) can clearly
be seen upon adding BQ (0.3 mm) to the same solution. Fig-
ure 7 C shows the change in absorbance and wavelength as a
function of time (taken from Figure 7B). The absorption
grows rapidly and reaches a plateau after 10 min, although
the maximum particle growth reached its highest value after
5 min. While the change of absorption is the result of two
processes, namely, nucleation and growth, the change in ab-
sorption maximum is affected only by the growth. Thus, we
can conclude that nucleation proceeds after growth of the
NPs has ceased. Clearly, the rate of growth in the presence
of Au NPs is much faster than the rate of nucleation, and
therefore nucleation continues until the particles have
reached their maximum size. The nanoparticle size greatly
affects the NP—protein complex activity.”®! Large NPs could
lead to protein denaturation ending the deposition process
on the Au seeds."!

Localized deposition of gold nanoparticles by biocatalytic
methods: After studying the reduction of AuCl,” catalyzed
by CDH, we now aimed at local deposition of gold nanopar-
ticles by SECM. Two basic approaches could be used
(Figure 8). In the first approach (Figure 8 A) gold ions gen-
erated by anodic dissolution of an Au ultra-micro-electrode
(UME) are reduced by a mediator (e.g., H,Q) in close prox-
imity to a catalytic substrate such as Pd. The reduced media-
tor, H,Q, is generated in situ through oxidation of B-b-lac-
tose catalyzed by CDH. In the second, mediatorless ap-
proach (Figure 8 B) reduction of metal ions occurs by direct
electron transfer from the enzyme involving a catalytic sur-
face.

A 25 pym-diameter Au microelectrode was brought close
to a Pd surface by following the negative feedback current
of oxygen reduction.'”*?! Once the microelectrode was a
few micrometers from the surface, it was stopped and
pulsed for different times vary-
ing from 1 to 10s. Another set
of experiments involved 1-5
pulses for 1-10s.

As described above, MET
allows fast gold reduction on
catalytic substrates at pH?7.
Our attempts to locally deposit
Au particles by the MET ap-
proach (Figure 8 A) failed, that
is, no deposition of Au was ob-
served. This was surprising re-
calling that the same system
yielded Au NPs in homogenous
solution. A possible explanation
for the failure to locally deposit
Au NPs by the MET approach
of SECM can be found in the
application of a negative poten-
tial (—0.75 V for oxygen reduc-
tion) at the tip for approaching
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Figure 8. Schematic representations of the two approaches for the local-
ized electroless deposition of Au A) MET biocatalyzed deposition and
B) DET biocatalyzed mediatorless deposition of Au NPs.

to the surface.’ This potential is sufficient to reduce BQ to
H,Q, which reacts with BQ in solution producing insoluble
oligomers that are absorbed onto the Au microelectrode
and block it.’*?*] Indeed, we observed a continuous de-
crease of the feedback current at the tip even when the mi-
croelectrode was held at constant distance from the surface.

Hence, we examined the second, mediatorless approach
at pH 5, which is optimal for DET. Gold deposition was car-
ried out at different -p-lactose concentrations (0.3, 3 and
30 mm). Higher sugar concentrations were capable of reduc-
ing AuCl,” spontaneously (in the absence of a catalyst).
Figure 9 shows SEM images of localized gold deposition by
SECM in a solution containing [-p-lactose (0.3 mm). To
obtain Au deposition the microelectrode was brought close
to a Pd surface (1.24+0.5 um). The gold ions were generated
by applying a positive potential (1.35 V) as described above.
The substrate-microelectrode distance is a key parameter in
successfully depositing Au by CDH. At distances larger than
2 um no deposition was detected even at higher 3-p-lactose
concentrations. On the other hand, pulsing the Au micro-
electrode close enough resulted in clear formation of local-

Figure 9. SEM images of localized deposition of Au by SECM applying different deposition times and pulses.
A) a) 5 pulses, ty.,=1s, b) 3 pulses, t4,=5s, ¢) 5 pulses, ty,=5s, d) 3 pulses, t,,,=10s, €) 5 pulses, t4,,=10s.
B) and C) Magnification of spot d). General conditions: B-p-lactose 0.3 mm, KCI 20 mm, buffer phosphate
20 mm pH 5, CDH 25.8 UmL ..
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ized Au spots and nanostructures (Figure 9). However, at a
B-p-lactose concentration of 0.3 mM no deposition of Au
could be found for a single pulse (1, 5, 10s). It seems that
gold deposition is not sufficiently fast and presumably re-
quires the formation of some small Au nuclei for massive
deposition.

When the pulses were repeated successively at the same
spot a characteristic disc-shaped Au deposit was obtained.
The shape of the deposited spot matched perfectly the
cross-section of the Au microelectrode. Magnifying the mi-
crometer spots (Figure 9B and C) revealed that they are
made of nanoparticles with an average diameter of 12+
3 nm. Figure 9 shows that neither the duration of the anodic
pulse nor the number of pulses significantly affected the size
and density of the deposited gold structures under these ex-
perimental conditions (0.3 mm f-p-lactose). For example,
the diameter of the spots varied by only by 2-3 um on in-
creasing the pulse duration between 1 and 10s. Clearly, if
diffusion were the rate-limiting step of deposition, we would
anticipate that the diameter of the deposited spots would
grow linearly with the square root of the anodic pulse dura-
tion. Moreover, we did not find any significant effect of the
number of pulses and their duration on the nanostructured
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deposits. This suggests that the concentration of -p-lactose
dictates the amount of gold that is deposited.

Therefore, we decided to carry out the same set of experi-
ments with a higher concentration of 3-p-lactose. Increasing
the sugar concentration tenfold allowed deposition to be de-
tected after a single pulse, but it had no major effect on the
size and density of the deposits. Figure 10 shows the local-
ized deposition of Au with B-p-lactose (30 mm). Now, the
number of pulses and their duration had a significant effect
on the deposition.

In essence, increasing the number of pulses increased the
density of the deposited nanoparticles, although the average
particle size remained unchanged. On the other hand, ex-
tending the duration of the pulse increases the average size
of the Au nanostructures, as can be seen in Figure 11. Ex-
tending the duration of five consecutive pulses from 1 to
10 s increased the average diameter of the Au nanoparticles
from 10+2 to 40+ 11 nm.

At concentrations of (3-p-lactose greater than 30 mm re-
duction of gold by the sugar on a catalytic surface (e.g., Au
NPs) proceeds spontaneously. When working with 30 mm
lactose concentration minute deposition is seen in the ab-
sence of CDH. This could imply that the enzyme is not es-

1200 pm

Figure 10. SEM images of Au locally deposited by SECM at different deposition times and pulses. A) a) 5 pulses, t4,=10s, b) 3 pulses, #4,=10s, ¢) 1
pulse, t4,=10s, d) 5 pulses, t4.,=5's, €) 3 pulses, £y, =5 s. f) 1 pulse #4,,=5s, g) 5 pulses, ty, =15, h) 3 pulses, t,,,=1s, i) 5 pulses, t4,,=1s. B) and C) and
D) and E) are magnified images of spots a) and g), respectively. [B-D-lactose] was 30 mwm, all other conditions are as in Figure 9.
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Figure 11. SEM images of Au nanoparticles locally deposited by SECM as a result of five successive pulses of

A)1,B) 5, and C) 10 s. All other parameters are as in Figure 10.

sential for AuCl,” reduction. Yet, at lower concentrations of
p-p-lactose and in the absence of CDH, AuCl,”~ reduction
was not observed. Moreover, in SECM experiments increas-
ing the lactose concentration (from 0.3 to 3 mm) had no in-
fluence whatsoever on the deposition characteristics, density
or size of the nanostructures. In such case CDH is the main
factor in Au deposition. The fact that in 3 mm lactose a
single pulse also resulted in gold deposition can be ex-
plained by the availability of a higher flux of charge due to
higher sugar concentration. Layer-by-layer deposition, in
which the number of active sites in the surface increases
after each deposition, and instantaneous nucleation and
growth can explain Au NP deposition at lower sugar concen-
trations. We expect that increasing the pulse length and its
repetition will increase the size of the deposited particles, as
was observed in solution (from the change in spectra),
where the particles continue to grow after several minutes.
This effect was observed only at 30 mm of (3-p-lactose. It
could be speculated that at lower sugar concentration, the
amount of B-p-lactose under the electrode is rapidly con-
sumed and its diffusion from the bulk is not sufficiently high
to maintain the reaction. Moreover, it is plausible that in
30 mm P-p-lactose two processes take place simultaneously,
namely, initial reduction of AuCl,” on the Pd surface cata-
lyzed by CDH and slow particle growth due to the non-en-
zymatic reaction between lactose and AuCl,~ in solution. As
mentioned above, it is well known that the interaction be-
tween enzyme and NP is greatly affected by the NP dimen-
sions.®!! This fact could explain the results obtained at
higher sugar concentrations, in which an increase in Au NP

11704 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dimensions was seen upon in-
creasing the deposition time.
This effect can in particular be
noticed in Figure 10 (also in
Figure 9a, d and g). We could
hypothesize that a threshold
size of Au particle is necessary
for efficient ET when the
enzyme is adsorbed onto the
nanoparticle surface. Combin-
ing these effects could result in
a substantial increase in Au
NPs size when a minimum par-
ticle radius is reached, as bio-
catalyzed gold deposition is
aided by electroless deposition,
such as the reaction observed
under 30 mm lactose in the so-
lution.

Conclusion

Biocatalyzed deposition of Au
nanoparticles was demonstrat-
ed. We found that direct elec-
tron transfer between cellobiose
dehydrogenase and Au nanoparticles is not only plausible,
but is essential for achieving Au deposition.

The enzyme-catalyzed reduction of AuCl,”~ was accom-
plished through different paths. The pH-tuneable character-
istics of CDH make it possible to form gold nanoparticles in
solution by mediated (pH 7) and direct electron transfer
(pH 5). At pH5 AuCl,” reduction takes place in the pres-
ence of a catalytic surface (e.g., Au NPs). The nanoparticles
act as an electron mediator, which transfers the charge from
the enzyme to the gold ion. Under these conditions rapid
particle growth can be detected by the change in the solu-
tion absorption and red-shift of the absorption maxima.

Localized biocatalyzed deposition of Au NPs by scanning
electrochemical microscopy was achieved at pH 5. The main
factors affecting deposition are the distance between the mi-
croelectrode and surface and the -p-lactose concentration,
both of which play an important role in the characteristics
of the deposited gold nanoparticles. At low -p-lactose con-
centrations the Au nanostructure is affected by the number
of pulses but not their duration. The former increases parti-
cle density, whereas the latter does not affect the average
size of the gold nanoparticles. It could be speculated that
under these conditions the limiting factor for nanoparticle
growth is the ability of the CDH to interact with the grow-
ing Au NPs. At high (3-p-lactose concentrations two process-
es take place: initial Au reduction by CDH on Pd followed
by slow particle growth under high sugar concentrations.
Under these conditions the deposition time has a major
impact on nanoparticle size.
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Experimental Section

Electrochemical measurements were conducted by a PC-controlled CHI-
750B electrochemical workstation bipotensiostat (CH Instruments Inc.,
USA) with a rotating disc electrode (RDE) system (EG&G Princeton
Applied Research, Model 636). The Scheme of the SECM used in the ex-
periments has been previously described.®*! The SECM tip (25 um di-
ameter Pt disc) was positioned by using miniature linear-stage stepper
motors (MFA-PP NewPort Corp. USA) with a resolution of 0.075 pm.
The actuators mounted in a Z-Y configuration were controlled by a
NewPort MM2500 motion controller. The SECM apparatus was placed in
a grounded home-made Faraday cage.

Images of the deposited structures were acquired by high-resolution scan-
ning electron microscopy (HRSEM Sirion, FEI Company, USA). UV/Vis
experiments were carried out on a Cary 100 Bio spectrophotometer
(Varian, Australia).

All reagents and solvents were of the highest commercial quality and
were used without further purification. Cellobiose dehydrogenase (CDH)
from Myriococcum thermophilum CBS 208.89 was grown in submersed
culture in shaking flasks and purified to homogeneity according to a pre-
viously published method.'” The purified enzyme solution had a volu-
metric activity of 63 UmL "' and a specific activity of 3.71 Umg . The ac-
tivity was measured with 500 um BQ (ey,=2.24 mm 'cm™') as electron
acceptor and 30 mm lactose as electron donor in 50 mm phosphate buffer
(pH 7.0) at 30°C. At pH5.0 the volumetric and specific activity was
down to 47% (29 UmL " and 1.71 Umg ", respectively).

Preliminary studies on the system were performed by cyclic voltammetry
(CV) in a 10 mL electrochemical cell with a standard gold disc electrode
(2mm diameter, CH Instruments Inc. USA) as working electrode, Pt
wire as counter-electrode and an Ag|AgCl (KCI saturated) reference
electrode. In a typical experiment 0.3 mm BQ and 0.02M buffer phos-
phate (pH 7.0) were added to the electrochemical cell and deaerated for
Smin with N, flow. A CV was then recorded (04V to —0.1V at
100 mVs™'). In a similar manner the electrochemical behavior of B-b-lac-
tose, and CDH was studied.

CDH activity was determined at different pH by chronoamperometry
with B-p-lactose as electron donor and BQ as electron acceptor. Typical-
ly, the RDE was rotated (1500 rpm) in a solution containing 0.3 mm -D-
lactose, 0.3 mM BQ and buffer. After 100 s a known amount of CDH was
injected into the cell and the H,Q produced was oxidized to BQ by ap-
plying a constant potential of 0.3 V versus Ag|AgCl.

SECM experiments were carried out with an Ag|AgCl quasi-reference
electrode (QRE) and a Pt wire as counter-electrode. A Pd substrate was
immersed in the deposition bath containing 20 mm KCl, B-p-lactose at
different concentrations, buffer phosphate 20mm (pHS5) and CDH
(0.32 U). Gold deposition on the Pd surface was carried out by approach-
ing the substrate with the Au ultra-micro-electrode (E;,=-0.75V at
pH 5.0) and following the negative feedback current due to oxygen re-
duction.?” The exact tip-surface distance was determined by fitting the
approaching curve with the theoretical negative feedback current.
Once the tip was positioned a few micrometers above the surface a series
of anodic potential pulses (5-10 s each) was applied to the Au tip to gen-
erate a flux of AuCl,” ions. These pulses were repeated at different loca-
tions (while maintaining the same distance from the surface) or upon
changing the length of the pulse or the number of pulses applied at the
same location.
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