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Abstract

The enzyme p-diphenol:dioxygen oxidoreductase (laccase, EC 1.10.3.2) was isolated from Cerrena unicolor fungus and embedded in a sol—
gel film obtained by acidic condensation of TMOS. The gel was cast to thin films on glass. The laccase-containing silicate films were inspected by
confocal laser scanning microscopy (CLSM), scanning force microscopy (SFM) and scanning electrochemical microscopy (SECM). CLSM
images in the reflection mode showed aggregates within the silicate films. SECM images in the substrate-generation/tip-collection mode using
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) as electron donor for laccase showed that the position of aggregates coincides with
increased enzymatic activity within the silicate film. The flux from individual aggregates was detected. SECM images in the redox competition
mode confirmed the assignment and could exclude that topographic features observed by CLSM and SFM could be the reason for the image
contrast. SFM images showed that the aggregates partially dissolve during prolonged exposure to aqueous buffer. The experimental setup allowed
following one individual aggregate over time with all three microscopic techniques which enabled the collection of complementing information on
morphology and catalytic activity as well as their development over time.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Laccases (p-diphenol:dioxygen oxidoreductases, EC 1.10.3.2)
belong to the larger group of multicopper enzymes. They are
produced by plants, fungi, some bacteria and insects [1-3]. The
active site of most of the fungal laccases (i.e. blue oxidase)
contains four copper ions in the 2+ oxidation state. One of the
most important properties of laccases is its capability to oxidise
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numerous organic substrates and to reduce dioxygen directly to
water without formation of reactive intermediates [3]. These
phenomena can be utilised in electrochemical devices if an
efficient electron transfer path between the protein and the
electrode is provided. Recently, the successful application of
laccase-modified electrodes was reported for the oxidation of
phenolic substrates [4—6], electrochemical sensing [6—9] and
electrocatalytic dioxygen reduction [4—24]. The last system can
potentially be applied in biofuel cells [25-28 and refs. cited
therein].

For all these applications the stable immobilisation of intact
laccase plays a crucial role in the construction of enzyme
electrodes. Among others, the use of sol—gel technology seems
to be promising. The protein encapsulation into a sol—gel
processed silicate matrix preserves its activity and prevents its
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leaching to the surrounding solution [29,30]. Not surprisingly,
the sol—gel process has already been applied successfully for
the immobilisation of laccase on the electrode surface
[8,14,15,18,20—24] and efficient electron exchange between
electrode and embedded enzyme was demonstrated. The porous
hydrophilic silicate film allows fast diffusion of the redox
mediator between the immobilised protein and the electrode.
The encapsulation of laccase in silicate matrix has not been
restricted to electrochemical devices but was also used in an
optical sensor [31].

Among other factors the distribution of laccase immobilised
in a silicate matrix and the specific laccase activity affect the
efficiency of the resulting electrochemical devices stimulating
an interest in local characterisation of such electrodes. Scanning
electrochemical microscopy (SECM, [32—-34]) has already been
widely used to monitor distribution and activity of enzymes
immobilised on flat surfaces, e.g. on electrodes and within thin
films [35—-39]. A number of schemes can be used to monitor the
activity of oxygen-reducing enzymes. If H,O, is formed, this
compound can be detected in the substrate-generation/tip-
collection (SG/TC) mode [38]. If a quantification shall be
attempted the modified regions must be a microstructure by
itself, in order to form a steady state diffusion layer. The four
electron reduction favourable for biofuel cells is more difficult to
detect, since the reaction product H,O is the solvent. If the
enzyme is connected to an electrode and an efficient electron
transfer is possible, one may use the tip-generation/substrate
collection (TG/SC) mode in an oxygen-free solution and use the
UME to produce dioxygen by water electrolysis. The locally
available dioxygen is then consumed by the enzyme-modified
electrode [40]. Plotting the sample current vs. the UME position
provides a reactivity image that has been used to screen
immobilisation procedures for bilirubin oxidase (BOD) and
laccase [40]. One of the drawbacks of this arrangement is the
potentially high background currents due to the reduction of
dioxygen traces at a macroscopic sample independent of the
UME position. The additional contribution from the locally
increased oxygen availability has to be determined on this
background. Furthermore, the sample has to be an electrode
because otherwise the substrate conversion cannot be measured.
These problems have been circumvented by the redox competi-
tion (RC) mode. In this mode, active areas on the sample and the
microelectrode compete for dissolved dioxygen [41]. Catalyti-
cally active areas on the sample are identified by reduced
oxygen-reduction currents at the UME. The sensitivity can be
enhanced by applying a pulse programme to the UME. In a pre-
pulse the UME is used to produce dioxygen by water electrolysis
in order to supersaturate the solution between the UME and the
sample. In the detection pulse, dissolved dioxygen is reduced at
the UME and the detected amount is decreased if the sample is
also consuming dioxygen [42]. This concept has been applied to
BOD wired to a redox polymer [41].

This paper presents investigations of laccase distribution
within sol—gel processed silicate films by SECM. A glass plate
was used as support because of its flat surface, strong affinity to
silicate films and insulating character. The SECM investigations
are performed with 2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonate) (ABTS?") as one-electron donor for the laccase-
catalysed reduction of dioxygen (Eq. (1)).

0, +4 H' +4 ABTS* -2 H,0 + 4 ABTS*~ (1)

The measurements are performed in the SG/TC mode and
the RC mode detecting amperometrically either ABTS®™ or
ABTS?" at the ultramicroelectrode (UME) scanned over the
laccase film.

2. Experimental

Laccase was obtained from the Cerrena unicolor fungus
according to a literature procedure [43,44]. This protein was
purified by ion exchange chromatography on DEAE Sepharose
(fast flow, Pharmacia, Uppsala, Sweden) connected into
ECONO-System chromatograph (Bio-Rad, Herkules, CA,
USA) and concentrated on a Pellicon 2 ultrafiltration semiprep
cell (10 kDa cut off, Millipore, Billerica, MA, USA). Then
laccase was distributed into lyophilisation vials and lyophilised
in Labconco FreeZone 12 (Labconco, Kansas, MO, USA).
Each vial contained 1.4 mg of protein and 3x10° nM s~ ' of
laccase. The activity of the laccase was determined by
following the oxidation of 0.025 mM syringaldazine (Sigma-
Aldrich, Steinheim, Germany) in 0.1 M citrate—phosphate
buffer at pH 5.0 [45] by kinetic measurement at A=525 nm
(655=6.5x10* M~ ' cm ™" at 25 °C). The protein content was
determined with bovine albumin (Sigma, St. Louis, MO, USA)
as a standard [46].

The hydrophilic sol—gel matrix for immobilisation of laccase
was prepared by mixing tetramethoxysilane (TMOS, Sigma-
Aldrich, Steinheim, Germany), H,O and 0.04 mol L! aqueous
HCIl in volume ratio 18:4.5:1 [18,23]. This mixture was
sonicated for 20 min. After mixing with water in volume ratio
1:1, the sol was sonicated for 3 min, diluted with water in 1:100
volume ratio and sonicated for another 3 min. Finally, 145 pg of
laccase was added to 250 pL of this solution. 10 pL of the
laccase—sol was placed on an area of 0.5 cm?® on a glass surface.
For sol—gel processing and drying these samples were left for at
least 20 h at room temperature.

SECM experiments were carried out on two homebuilt
SECM [47,48]. The first setup consists of three closed-loop
piezo actuators (PI HERA, P625.1CD piezos and LVPZT
Amplifier E-509 C3A, PhysikInstrumente, Karlsruhe, Ger-
many) mounted on an inverted optical microscope (Eclipse
TS100, Nikon, Diisseldorf, Germany) and an analogue
potentiostat (uP3, M. Schramm, Heinrich Heine University of
Diisseldorf, Germany). The maximum scan range is
500 umx500 pmx=500 pm with a resolution better than
1 nm. The motors and the potentiostat are interfaced via AD/DA
cards (PCI-DDAS and PCI-DAS1602/16, Plug-in Electronic
GmbH, Eichenau, Germany). The second SECM mounted on a
confocal laser scanning microscope (Leica TCS SP AOBS,
Leica Microsystems GmbH, Wetzlar, Germany) uses closed-
loop piezo motors (mechOnics AG, Miinchen, Germany),
controlled via USB interface and a microprocessor controller
and a digital potentiostat (CompactStat, Ivium Tech-
nologies, Eindhoven, Netherlands). Maximum scan range is
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17 mmx 17 mmx 17 mm with a nominal resolution of 50 nm.
Both instruments run on the homebuilt software SECMx [47].
Data analysis was performed with the in house package MIRA
[49].

SECM measurements were performed in a three electrode
cell consisting of a Pt UME as working electrode, a Pt wire as
auxiliary electrode and a silver wire as quasi-reference
electrode to which all potentials are referred. The UME was
obtained by sealing a Pt wire (10 um diameter, Goodfellow
GmbH, Bad Nauheim, Germany) into borosilicate glass
capillaries (Hilgenberg GmbH, Malsfeld, Gemany) and shaping
the apex according to Kranz et al. [50]. The ratio RG between
the radius of the insulating glass and the radius 7 of the active
electrode area was approximately 9. The sample was mounted
and 1 mM ABTS® in 0.1 M phosphate buffer (pH 4.8,
dearated) was used as working solution. Ar was passed over the
cell. After assembling all parts, oxygen from air was allowed to
diffuse into the electrolyte which started the reaction at the
laccase. Oxidation of ABTS?™ was carried out at +0.4 V (RC
mode), reduction of ABTS®™ at —0.1 V (GC mode). Horizontal
and vertical translation rates vy were 4-15 pm s~ ' and 0.6—
3 um s ', respectively.

AFM micrographs were recorded at ambient conditions in
Tapping Mode™ with a RTESP probe (Veeco, Mannheim,
Germany) using a Nanoscope IIIA controller and a Dimension
3100 sample stage (Veeco Instruments Inc., Santa Barbara, CA,
USA).

Optical micrographs were obtained by CSLM TCS SP2
AOBS (Leica Microsystems GmbH, Wetzlar, Germany) built
as an inverted optical microscope in the reflection mode at a
wavelength of 488 nm with a HC PL FLUOTAR 10x
objective (numerical aperture NA=0.3, Leica) and a HC
PL FLUOTAR 50x objective (numerical aperture NA=0.80,
Leica).

3. Results and discussion

The investigation of thin films of laccase immobilised in
sol—gel matrices using optical microscopy or CLSM (Fig. 1A)
reveals features that are considered to be aggregates of laccase.
In order to confirm this assignment, combined SECM/CSLM
experiments were performed that correlated the optically
detectable features in the laccase/silicate film to electrochemical
signals (Fig. 1). Several spots are visible in the CLSM image
recorded in the reflection mode (Fig. 1 A). The inverted setup of
the optical microscope allowed to observe the sample during
SECM imaging. This feature was used to position the UME of
the SECM close to the features of interest by means of optical
observation. The UME is visible at the starting point of the
experiment as a white spot at the bottom right corner of Fig. 1 A.
With the help of the motorised and digital stage of the CLSM
the UME to sample distance d was adjusted to d~4 rr=20 pm.
The image frame corresponds to the bright region in the optical
image in Fig. 1A.

The SECM experiments were carried out in the SG/TC mode
(Fig. 1B). A solution of ABTS?™ in phosphate buffer was used.
ABTS? serves as the electron donor in the enzymatically

driven reduction of dioxygen (Eq. (1)). The reaction product,
ABTS®", diffuses into the solution and forms a diffusion layer.
At the UME a potential is applied that is sufficiently negative to
reduce ABTS® so that the reaction proceeds according to

Eq. (2)
ABTS® + e —ABTS?" (2)

ABTS was selected as electron donor, because of its
good solubility in water, its ability to diffuse through the
silicate film and efficiently exchange electrons with the
prosthetic group of laccase. The insulating nature of the
glass support eliminates positive feedback contribution in SG/
TC experiment.

When the UME scans across the surface, an increased
reduction current it is observed at the UME (Fig. 1C) when it is
scanned across the features visible in the CLSM image Fig. 1A.
A rising background is observed in Fig. 1C because the
macroscopic silicate film contains laccase also in areas outside
the optically visible aggregates. After allowing the influx of
dioxygen into the previously dearated solution from air after
assembly and positioning the electrode, the macroscopic
laccase—silicate film provides an increasing flux of ABTS®”
leading to a steadily increasing bulk concentration. Oxygen
from air had to be excluded from the cell during assembly
because otherwise the solution composition (ABTS®  con-
sumption) would change too rapidly for recording reasonable
images. In order to highlight the signals from the additional
flux above the laccase aggregates on the rising background, the
colour scale (but not the vertical position of the datapoints) was
corrected by subtracting a second order polynomial (Fig. 1C
and E).

A control experiment was performed in order to exclude
that topographic features lead to variations of it in Fig. 1C
and are wrongly interpreted as enzymatic activity. In the SG/
TC mode experiment an increased reduction current is also
expected if small amounts of ABTS®™ are present in the bulk
solution and d is increased for instance when scanning over a
depression in the silicate film. In this case an enhanced
diffusional mass transport of ABTS®™ to the UME would take
place because the shielding of sample and insulating sheath of
the UME is reduced at larger d. For the control experiment, a
potential was applied to the UME in the same working
solution at which diffusion-controlled oxidation of ABTS*"
takes place. Due to the consumption ABTS® by the
enzymatic reaction at the sample, a decrease of it is expected
if the UME is scanned over an area with increased laccase
activity (Fig. 1D). Compared to the RC mode procedure by
Eckhard et al. [42], no pulse programme has been used here.
However, for a qualitative detection of enzyme activity the
sensitivity was sufficient here in order to detect an additional
contribution of the laccase aggregates (Fig. 1E). It even seems
that the noise is significantly lower if no potential pulses are
applied to the UME. Possible topographic features of the
silicate film would lead to the same signal variations as in the
SG/TC mode: an increase of d leads to an increase of the
oxidation current at the UME. The opposite trend is observed
in Fig. 1E: the reduced oxidation current above the enzyme
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Fig. 1. Combined SECM/CLSM mapping of laccase aggregates. A) Reflection mode CLSM image (10% objective); B) schematic of SG/TC mode SECM imaging of
laccase activity (not in scale) 1) microscope objective; 2) glass slide; 3) laccase—silicate film; 4) laccase aggregate; 5) UME; C) SG/TC mode SECM image; E1=

—0.1 V, 7r=5 pm, I mM ABTS* +0.1 M phosphate buffer (pH 4.8), vy=7.7 pm s~

'; D) schematic of RC mode SECM imaging of laccase activity (not in scale);

E) RC mode SECM image, Er=+0.4 V, other conditions as in C. Current scales in C and E are inverted to show high activity as “hills”.

aggregate indicates the consumption of ABTS®> by the
enzymatic reaction. This observation is supported by AFM
micrographs (vide infra) and CLSM surface reconstructions
(supporting information). In those topographic data, only
small features are observed that cannot be responsible for

the signals in the SG/TC mode or RC mode experiments at the
given d=4ry where topographic effects do not play an
important role.

For quantification of the additional flux from the laccase
aggregate, a cross section above the centre of the spot has been
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Fig. 2. Flux of ABTS®™ produced by individual laccase aggregates. Flux values
are obtained from the extracted profile along the white line in the inset and fits to
Egs. (3, 4); symbols — experimental data, curve 1) — fitted curve using
4Drres=1.583x10""° mol s !, xy=126.92 pm, d=23.31 pm, r¢=14.54 pm,
iofrser=0.0484 nA, curve 2) fitted result using 4Drrcs=1.4631x10""" mol s~ ',
x0=126.80 um, d=20 um, rg=13.5 um, iype=0.0508 nA (d and rg fixed);
Experimental parameters: scan area 250 pumx250 um, Er=-0.1 V, rr=5 pm,
1 mM ABTS? +0.1 M phosphate buffer (pH 4.8), vr=4.2 pm s~ .

extracted from a SECM image (Fig. 2). The resulting profile has
been fitted to Egs. (3,4)

it = AnFD(ABTS® )rr[ABTS® g { (3)
(= galrctan V2,
m 2
< (Ax2 +d? — rg) + \/(sz +d?— rg) +4d2rsz>
(4)

that have been developed for diffusion at an isolated disk-
shaped pore [51,52], where n=1 is the number of transferred
electrons from the UME per ABTS®™ molecule, D(ABTS® )=
32x10 % em® s~ ! [19] is the diffusion coefficient of ABTS®,
rr=5 pum is the UME radius, rg is the radius of the enzyme
aggregate, [ABTS® ] is the increased concentration of ABTS®~
at the enzyme aggregate surface, and { is a dimensionless
factor describing the decrease of the ABTS®  concentration as
a function of the lateral distance Ax=x—x, and the vertical
distance d from the centre of the spot at (xo, d=0). Non-
linear curve fitting yielded the following adjustable parameters:
4Drres=1.583x10""° mol s~ ', xo=126.92 pum, d=23.31 pum,
rs=14.54 pm, iymge=0.0484 nA (Fig. 2B, curve 1).

The fitted value of d=23.3 um agrees well with the working
distance retracted from the surface, checked through an inverted
optical microscope, and compared to an approach procedure
over glass. The fitted rg=14.5 um is consistent with the optical
microscopic observation that yielded rs=13.5 pum. The small
offset current is a consequence of the slowly increasing bulk
concentration of ABTS®". Fitting of the profile by fixing the
parameters d and rg to the independently determined values
leads to results deviating less than 10% from the results of the
other fitting strategy (4Drrcs=1.4631x10""" mol s ',
X0=126.80 um, i,sre;=0.0508 nA; Fig. 2B, curve 2). Therefore,
derived values will be reported only for the fit with adjustable rg
and d because the derived values are also within a 10%

uncertainty interval. The additional surface concentration
[ABTS® ]s can be estimated to be 9.8x10 % M. From this
value, the flux Q of ABTS®™ from the enzyme aggregate can be
calculated according to Eq. (5) [52].

Q = 4D(ABTS® )rs[ABTS® |g = 1.7 x 10 *mols™".  (5)

Assuming a uniform flux over the enzyme aggregate a
generation rate J can be determined according to Eq. (6).

J=Q/(nr}) =3.0 x 10 "mols™' cm™2. (6)

This value is 38 times higher than the average flux
determined from the current density of 0.03 mA cm™ ? measured
at a silicate—laccase-modified ITO electrode with ABTS
dissolved in solution [24].

To further investigate the laccase aggregates, SFM micro-
graphs of some aggregates were recorded (Fig. 3). The radius of
the particular spot shown in Fig. 3A, B is approximately 7 pm
and the height is 1.8 um. As discussed above, these height
variations are not sufficient to cause the current variations in
SG/TC mode investigations at d~20 pm. The aggregate is
surrounded by a dendritic-like structure that is approximately
100 nm high. At the edges the thickness increases and lies in the
range of 150—650 nm. The nature of this dendritic-like structure
is unknown at present but is reminiscent of other crystallisation
and de-mixing processes that are connected with formation of
new solid phases.

After exposing the sample to 1 mM ABTS® in 0.1 M
phosphate buffer (pH 4.8) for 22 h and drying it, the very same
aggregate was imaged again (Fig. 3C, D). The lateral
dimension of the central aggregate has not been changed
significantly compared to Fig. 3A, B. The height of the
surrounding dendritic-like structure has significantly been
reduced to a few nanometres. Only the edges show a peak
height of a few tens to several hundred nanometres indicating
that some material has been dissolved during the exposure to
the aqueous buffer.

The importance of consideration of topographic informa-
tion for SECM image interpretation has been emphasised
earlier [53] and it is a re-occurring problem for most technical
samples. Besides distance-control mechanisms (for an over-
view see [37]), the usage of combined SFM/CLSM/SECM is a
useful tool in this context as it does not only allow for precise
positioning of the UME with respect to features on the sample.
Previously, combinations of CLSM and SECM have been
used to characterise diffusion layers in front of microelec-
trodes using fluorescent dyes [54—57]. In this study, a
combined CLSM/SECM setup has been used to generate
high quality optical micrographs of the sample to relocate
specific features in laccase—silicate films and to precisely
position the UME above areas of interest. It was thus possible
to obtain images of identical surface regions by means of
complementing microscopic techniques (CLSM, SFM, SECM,
Fig. 4). The laccase aggregate has been identified using
CLSM. This is advantageous because optical microscopy
allows to screen large regions on the sample rapidly and then
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Fig. 3. SFM micrographs of a laccase aggregate. A) False colour representation of the topography of the aggregate of a freshly prepared sample; B) cross section along
the black line as in (A); C) false colour representation of the topography of the same aggregate after 22 h exposure to 1 mM ABTS? in 0.1 M phosphate buffer
(pH 4.8); D) cross section as indicated in part (C). Note the different colour scales in (A) and (B). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

to increase magnifications for a more detailed inspection.
CLSM measurements allow in addition the reconstruction of
topographic information from recorded image stacks [58,59].
As an example, the reconstructed topography of the spot in
Fig. 4B is shown in the supporting information. However, the
resolution in vertical axis is limited by the wavelength of the
light and — more importantly — by the numerical aperture
(NA) of the objective used. In the particular experiment that
led to Fig. 4B, an objective with a large working distance and
suitable for imaging through microscope slides with a
thickness of 1 mm had to be used (e.g. HC PL FLUOTAR
10x objective, NA=0.3). In this case, the nominal resolution
in z direction is 4.77 pm. This is too large to make a detailed
topographic analysis of features that had been seen in
SFM images of laccase—silicate films (Fig. 3). In order to
achieve higher resolution, it is important to be able to
characterise the very same region on the sample additionally
using either SFM or CLSM with an objective with higher
numerical aperture (e.g. 50x objective, NA=0.8, nominal z

resolution=0.549 pm). Typically such objectives cannot
image through objective slides and it is required to turn the
sample upside down and relocate the region of interest. The
same holds for SFM images, in which relocation is typically
performed by an optical microscope attached to the setup. Due
to the high quality of the optical images, this relocation was
possible in the present study. The topography was imaged
using Tapping Mode™ SFM (Fig. 4A) and the height of the
aggregate was determined to be 2.7 pm. A topographic feature
of this height cannot be the reason for the features observed in
SG/TC SECM images at working distances of 20 um. In order
to verify the catalytic activity of the aggregate studied in
Fig. 4, the imaged area was relocated and reflection mode
CLSM image (Fig. 4B) and SECM image (Fig. 4C) were
recorded. The CLSM image has a high enough resolution to
prove the identity of the aggregates investigated by SFM and
SECM (see the structure of the dendritic-like phase around the
central aggregate) and can be used to position the UME
exactly relative to this feature. The SECM image shows the
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Fig. 4. Subsequent images of one and the same laccase aggregate. A) SFM
image, B) CLSM reflection mode image (50x objective), C) SG/TC mode
SECM image, Er=—0.1 V, r/r=5 um, 1 mM ABTS? +0.1 M phosphate buffer
(pH 4.8), vp=7.7 um s .

enhanced catalytic activity of the particular aggregate under
study (Fig. 4C).
4. Conclusion

The embedding of the enzyme laccase in silicate films

obtained by a sol—gel process using TMOS as precursor leads to
films that show scattered aggregates. The aggregates have been

characterised. They extend around 2—4 pum above the film.
Around the aggregates a dendritic-like phase is often observed.
This phase has a height of 100-500 nm above the film and
partially dissolves in aqueous buffers. The exact chemical
nature of the dendritic-like phase could not be determined. The
central aggregate is most likely laccase. This is concluded from
the enhanced catalytic activity that has been determined above
such regions using the SG/TC and RC modes of SECM. It has
been demonstrated how SFM, CLSM and SECM can be used as
complementing techniques to relocate specific features on
complicated transparent samples. This opens interesting
perspectives for characterisation of a number of technologically
important surfaces.
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