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a  b  s  t  r  a  c  t

A  robust  procedure  for  the  surface  bio-functionalization  of carbon  surfaces  was  developed.  It consists  on
the  modification  of  carbon  materials  in  contact  with  an  aqueous  suspension  of  the enzyme  laccase  from
Trametes  versicolor  and  the  lyophilization  agent  maltodextrin,  with  the  pH  value  adjusted  close  to the  iso-
electric point  of  the  enzyme.  We  report  in-situ  investigations  applying  Quartz  Crystal  Microbalance  with
Dissipation  (QCM-D)  for carbon-coated  sensor  surfaces  and,  moreover,  ex-situ  measurements  with  static
contact angle  measurements,  X-ray  Photoelectron  Spectroscopy  (XPS)  and Scanning  Force  Microscopy
(SFM)  for  smooth  Highly  Oriented  Pyrolytic  Graphite  (HOPG)  substrates,  for  contact  times  between  the
enzyme  formulation  and  the  carbon  material  surface  ranging  from  20 s to  24  h. QCM-D  studies  reveals
the  formation  of  rigid layer  of  biomaterial,  a few  nanometers  thin,  which  shows  a  strongly  improved
wettability  of the  substrate  surface  upon  contact  angle  measurements.  Following  spectroscopic  charac-
terization,  these  layers  are  composed  of  mixtures  of laccase  and  maltodextrin.  The  formation  of  these
adsorbates  is  attributed  to  attractive  interactions  between  laccase,  the  maltodextrin-based  lyophilization
agent  and  the  hydrophobic  carbon  surfaces;  a short-term  contact  between  the  aqueous  laccase  mixture

suspension  and  HOPG  surfaces  is shown  to merely  result  in  de-wetting  patterns  influencing  the  results
of  contact  angle  measurements.  The  new  enzyme-based  surface  modification  of carbon-based  materials
is suggested  to  be  applicable  for the  improvement  of not  only  the  wettability  of  low energy  substrate  sur-
faces  with  fluid  formulations  like  coatings  or  adhesives,  but also  their  adhesion  in contact  with  hardened
polymers.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The interaction of proteins with solid surfaces drives their
dsorption from liquid formulations and governs the thickness and
tructure of the adsorbates formed [1]. Tailoring protein adsorp-
ion processes towards either avoiding [2] or promoting [3] the
ttachment of adsorbate structures is especially challenging when
sing formulations of biopolymers. When aiming for protein-

esistant monolayers, characteristics as hydrophilicity, hydrogen
ond acceptors groups, polymer net charge and hydrogen bond
onor groups may  be addressed [1]; criteria for optimization
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169-4332/© 2016 Elsevier B.V. All rights reserved.
are summarized; within the so-called Whiteside rules. However,
when aiming for strongly adhering biopolymer layers, individual
approaches are required which may  predominantly rely on cova-
lent, polar or dispersive interactions. The adsorption process and
the resulting adsorbates depend on the system combination given
by the solid surface, the liquid solvent and the protein [4].

Carbon materials often provide hydrophobic low-energy sur-
faces [5] which can be used as potential substrates for enzyme
adsorption in applications such as biosensors [6]. The interaction
of laccases with carbon-based materials has primarily been studied
for enzyme immobilization [7] on carbon electrodes for electro-
chemical applications [8], surface modification of lignocellulosic
materials and fibers [9] and the modification of synthetic polymers

such as poly(ethersulfone) [10] and polyethylene terephthalate
[11] by the grafting of phenolic compounds [12]. The surface prop-
erties of carbon materials govern their wetting [13], adsorptive [14],
adhesive [15], catalytical [16], electrochemical [17,21], sensorial
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http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.05.097&domain=pdf
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18], biocompatibility [19], or antimicrobial [20] behavior in a wide
ange of applications. Tailoring the carbon surface termination and
arbon-based interfaces for distinct technological applications may
e achieved by surface functionalization profiting from chemical
eactions, e.g. introducing chemisorbed oxygen-based species with
arious resulting functional groups [21] or by profiting from reac-
ions with free organic radicals [22]. Alternatively, layer systems or
eactive coatings may  be deposited on carbon surfaces, e.g. epoxy
ystems in sizings for carbon fibers [23], whereby the adhesive
roperties of these coatings are affected by the carbon surface ter-
ination.
Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) are

lycoproteins and multi-copper-containing type enzymes [24].
hey contain between 500 and 600 amino acids that are arranged
n three �-barrel domains [25]. Laccases often occur as isoen-
ymes that oligomerize to form multimeric complexes [24]. They
re widely distributed in nature and perform multiple functions
inked to either synthesis or degradation processes [26].

Regarding their application in technical processes, laccases are
ostly used in the food, textile and paper industries, in oxidation

nd polymerization processes of undesirable phenolic compounds
hat affect the organoleptic properties of beverages, as well as for
ber whitening and waste water treatment [27].

When composing liquid protein formulations, polysaccharides
re often added, mostly to inhibit dehydration-induced protein
nfolding due to the hydrogen bonding between sugar and pro-
ein [28]. For example, maltodextrins, i.e. water soluble mixtures
f carbohydrates obtained by partial hydrolysis of starches, often
re applied for the lyophilization of proteins for the protection
rom inactivation during freeze-drying [29]. Therefore, protein-
olysaccharide conjugates are used as emulsifying agents for
il-water emulsions in the food industry [30] and for water based
dhesives [31].

In the present contribution, the mixture suspension investigated
or the modification of carbon based materials is composed of lac-
ase from Trametes versicolor and maltodextrin. We  report on a
imple method approach based on laccase enzyme-maltodextrin
iopolymer formulation for increasing the wettability of low
nergy substrates without applying organic solvents or energy con-
uming processes.

. Experimental

.1. Materials

HOPG (quality ZYH from NT-MDT, Russia) cleaved in air was
sed as a substrate. Acetic acid, sodium acetate and sodium chlo-
ide were used in reagent grade (from Aldrich). The laccase mixture
uspension (concentration 0.1 mg/ml) was prepared with laccase
rom Trametes versicolor (from ASA Spezialenzyme GmbH, Wolfen-
üttel, Germany) in 0.2 M acetate buffer, pH value 4.75, containing
altodextrin as a stabilizing agent. This pH value and the sodium

cetate buffer were chosen to study the common conditions in
hich the enzyme presents the highest catalytic activity [32]. The

uspension was prepared at 25 ◦C using deionized water and aseptic
onditions. Sodium acetate buffer and deionized water were used
or rinsing.

.2. Preparation of laccase/carbon samples

For the ex-situ investigations, 100 �L/cm2 of the laccase mix-

ure suspension were pipetted onto the HOPG substrate. After the
espective contact time, the surface was rinsed gently for some sec-
nds with deionized water, and then blown with air. Finally, the
amples were allowed to dry and stored under environmental con-
ace Science 385 (2016) 216–224 217

ditions at room temperature and 50% relative humidity. The buffers
and laccase mixture suspensions were freshly prepared prior to
each use. Investigations into the effects of short-term contact for
20 s, 20 min, 30 min  and 24 h between the laccase mixture suspen-
sion and the HOPG were performed using the same concentration
and buffer. Results of investigations highlighting the reproducibil-
ity of the developed bio-functionalization process are detailed in
the following section. In contrast to using HOPG substrates, when
investigating the adsorption of laccase on carbon substrates in-
situ,  polystyrene-covered quartz crystals (QSX 310 from Q-Sense,
Sweden) were coated with evaporated carbon using a High Vac-
uum Cressing Carbon coater 208 MTM-10, and the formation of
a carbon layer was verified using XPS surface investigations of a
silicon substrate positioned next to this sensor sample.

2.3. QCM-D

Quartz crystal micro balance with dissipation monitoring (QCM-
D E4, Q-Sense, Sweden) was used to evaluate the adsorption from
aqueous laccase mixture suspension on carbon-coated QCM-D sen-
sors. The adsorption was monitored in real time at 25 ◦C and a flow
rate of 100 �L/min. The sensors were mounted in the flow mod-
ules and the system was  equilibrated with buffer for 10 min  to
generate a stable baseline. The aqueous laccase mixture suspen-
sion was then flushed over the carbon surfaces of the crystals. The
changes in f are attributed to the mass adsorbed (including cou-
pled water) and changes in D are attributed to changes on the
frictional (viscous) properties of the adsorbed laccase layer. The
values were recorded using QSoftTM control software (Q-Sense,
Sweden). The adsorbed mass was  calculated using the Sauerbrey
equation, which details how much the frequency of the oscillator
is reduced by the attaching mass. Details of the procedure have
been described by Corrales et al. [33], and an assessment of the vis-
coelastic, mechanical, and dielectric properties of a loaded quartz
crystal microbalance has been detailed by Johannsmann [34]. The
measurement was  repeated two times.

2.4. X-ray photoelectron spectroscopy

XPS spectra were taken using a Kratos Ultra facility. The
following acquisition parameters were applied: base pressure:
4 × 10−8 Pa, sample neutralization applying low energy electrons
(<5 eV), hybrid mode (electrostatic and magnetic lenses are used),
take-off angle of electrons 0◦, pass energy 20 eV (or 40 eV in the
case of most N1s spectra) in high resolution spectra and 160 eV in
survey spectra, excitation of photoelectrons by monochromatic Al
K� radiation. The analysis area was  elliptically shaped with main
axes of 300 �m × 700 �m.  The information depth thus obtained
was approximately 10 nm.

2.5. Contact angle measurements

The apparent contact angles were measured with a goniome-
ter (OCA15 Plus, from Data Physics Instruments, Germany) using
the sessile drop technique, and HPLC grade water (from Across
Organics) was used as probe liquid. The volume of the drops was
10 �L for each measurement. The reported contact angle values
were an average value from the investigations of at least three sep-
arate drops on different substrate areas. The recorded images were
analyzed using SCAN 20 Data Physics software.
2.6. Atomic force microscopy AFM

The sample topography and local material properties were
investigated using a scanning force microscope (SFM) (Digital
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ig. 1. Results of the QCM-D measurements of f (A) and D (B) as a function of time
as  flushed over the crystal surface (stage II–IV) followed by rinsing with 0.2 M sod

nstruments Nanoscope III multimode SPM) operated in the tap-
ing mode in air, using the scanner with ser. no. 6965JVH and
anoscope software (Version 5.31R1) for acquiring the height and
hase images. Cantilevers (model Veeco OTESPA made from 1 �
ilicon; back side of the cantilever covered with 50 nm Al coating)
ith resonance frequencies of 12–103 kHz were used. For charac-

erizing the structures of the adsorbates, height differences, among
ther criteria, were evaluated. The values reported are an average
f at least 50 height differences measured.

. Results and discussion

This section details first the in-situ QCM-D investigations follow-
ng the mass gain of carbon-coated substrates immersed in aqueous
accase mixture suspensions. Subsequently, ex-situ investigations
ocusing on composition and structure of adsorbates formed on
OPG surfaces after contact with such formulations are reported.

.1. In-situ investigations

.1.1. QCM-D
The QCM-D technique was applied to characterize the adsorp-

ion process from aqueous laccase mixture suspensions on
arbon-coated quartz sensors in-situ.  During the first eleven min-
tes of the experiment, and before assessing the adsorption
rocesses, a pure acetate buffer solution was flushed over the
rystal surface, thus accounting for the measured signal baselines
f frequency f and dissipation coefficient D being set to zero. As
hown in Fig. 1A, the measured frequency of the oscillator remained
nchanged during this period of time, stage I. Next, the introduction
f the suspension into the QCM-D cell began, and the suspen-
ion came into contact with the crystal surface. In the following
fteen minutes a decrease in frequency and an increase in dissi-
ation coefficient were observed. The gradient of the frequency
hift was highest shortly after introducing the suspension. The
ecrease in frequency indicated a mass adsorption, and the decreas-

ng gradient is related to a reduction of the adsorption rate. The
ndings revealed that the main adsorption event occurred during
he first few minutes. A frequency shift of −25 Hz, as compared
o the probe oscillating in the buffer solution, was observed and
hown to be the result at the end of stage III. Fig. 1B shows the fast
ncrease in D to 0.7 × 10−6 during stage II following the change of
he dissipation coefficient. During stage III, D remained essentially

nchanged. Subsequently, within stage IV, the oscillation frequency

 decreased slightly, accompanied by an increase in D over approx-
mately 38 min. During this period, saturation was  being reached,

hich could be related to establishing equilibrium between the
Fig. 2. Static water contact angle for: A) freshly cleaved HOPG, B) HOPG modified
for 20 s, C) 30 min, and D) 24 h. A 0.1 g/mL laccase mixture suspension was applied,
and  then the subtrates were rinsed with deionized water (three replicates).

adsorption and desorption processes. Until the end of stage IV, the
total frequency shift was −30 Hz, and the changes to the dissipa-
tion coefficient were not higher than 1 × 10−6, which indicated the
formation of rigidly attached material [35]. Within stage V and VI
(rinsing step), the frequency increased slightly, accompanied by
an increase in dissipation. These findings could be related to the
absorption of water that made the layers more dissipative [36]. As
the medium-term contact for 30 min  with flowing buffer solution
during stage VI did not affect the adsorbate mass, it was concluded
that the adsorbate formed from the formulation of biopolymers was
remarkably stable with respect to possible desorption in an aque-
ous environment. Subsequently, as implied by the experimental
findings shown in Fig. 1A, the achieved layer thickness and struc-
ture will be estimated and discussed.

Starting from the measured frequency shift, the amount of
adsorbed material was  calculated using the Sauerbrey equation,
and the resulting quasi-gravimetric time dependent mass change
is displayed in Fig. 3A. After 79 min  of adsorption time, at the end
of stage VI, a mass uptake of 530 ng/cm2 was calculated.

Values between 250 and 500 ng/cm2 may  be expected as a rule of
thumb in a typical protein monolayer [37], with the exact coverage
depending on the size and type of the respective protein molecules.
Fogel et al. found a value of 569 ng/cm2 for laccase adsorbed on gold
by QCM-D, and the authors interpreted that such coverage corre-
sponds to a monolayer [38]. For comparison,supposing a smooth
layer of a hydrated polypeptide an effective thickness of 4.1 nm
was calculated, thus yielding a coverage of 530 ng/cm2 based on a
density of 1.3 g/cm3 [36]. It is considered that the adsorption from
a suspension containing a mixture of laccase and maltodextrin may

have led to a mixed layer composition. In order to identify the actual
layer structure, additional ex-situ characterizations will be subse-
quently presented to verify whether one of these simplified models
applies.
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ig. 3. A) Mass changes obtained from laccase suspension on carbon coated sensor
uring  the first 30 min  in contact with the suspension. B) Ratio of the surface conc
ollowed  by rinsing with deionized water.

.2. Ex-situ investigations

Ex-situ investigations were based on freshly cleaved HOPG sub-
trates in contact with the laccase mixture suspension. As the
ndings of QCM-D in-situ investigations indicated a major mass
ain during the first minutes of immersion and only minor changes
f the adsorbed mass after 30 min, the substrates were in contact
ith the formulations for 20 s, 20–30 min  and 24 h, followed by

 short rinsing with water and air-drying. Among the investiga-
ions performed, water contact angle measurements were expected
o probe a fully hydrated adsorbate; XPS investigations were per-
ormed in a vacuum at ambient temperature and were expected
o address dried adsorbates; and SFM measurements, done in air,
ossibly assessed partly hydrated adsorbates.

.2.1. Wettability of bio-functionalized substrates
Fig. 2 shows photographs of the freshly cleaved HOPG and mod-

fied substrate for 20 s after the application of water droplets.
s a consequence of contact for 20 s, the contact angle changes

rom 79 ± 1.5◦ to 46 ± 4◦, indicating a modification of the sur-
ace to a more hydrophilic domain. Upon longer exposure of the
OPG substrate, from 30 min  to 24 h, contact angle values between
7 ± 2.5◦ to 54 ± 1.5◦ were obtained. The contact angle decreases

n comparison to the freshly cleaved HOPG surface and underwent
hanges during progressive contact with the suspension for periods
etween 20 s and 24 h.

As the wetting behavior of adsorbate-covered HOPG substrates
as observed to be significantly influenced by the immersion time,

t was concluded that the surface composition was  modified and
hat these modifications at least partly persisted during the contact
ngle measurements. Considering the findings of the QCM-D inves-
igations, the modification corresponded to a significant increase
n the sample mass and, thus, the contact with the biopolymer
ormulation was expected to effectuate more clearly than the intro-
uction of functional surface groups to the HOPG substrate. Surface
nalytical investigations were intended to reveal the composition
f the layer system modifying the HOPG surface.

.2.2. Composition of the bio-functionalized surface
The chemical composition of sample surfaces was studied using

PS. As the information depth of XPS is approximately 0.01 �m,
nvestigations of thin adsorbates on HOPG facilitate the assess-

ent of the composition of the adsorbates which, according to

CM-D measurements, were thinner than 10 nm.  However, esti-
ating the thickness of the adsorbate based on XPS results required

 structural model for an assumption the adsorbate layer. For
eference and for comparison, freshly cleaved HOPG surfaces, a
g/ml  in sodium acetate buffer and normalized surface concentrations [O] and [N]
tions [N]/[O] obtained for HOPG substrates after contact with laccase suspension,

powder containing laccase and maltodextrin, purified laccase and,
finally, maltodextrin powder were investigated. Table 1 presents
the results of elemental surface concentrations obtained after con-
tacting freshly cleaved HOPG with laccase mixture suspensions for
various periods of time. Moreover, in Table 1 the labelling of the
various freshly prepared laccase mixture suspensions is indicated.

Generally speaking, the XPS investigations detected carbon,
oxygen, nitrogen, sodium and sulfur species as well as trace
amounts below 0.1 at.% of copper species. The increase in oxy-
gen and, especially, nitrogen surface concentrations governed the
changes of the surface elemental composition following immer-
sion in the liquid formulation, as shown in Table 1. The highest
values of these surface concentrations were obtained for immer-
sion times between 30 min  and 24 h. These values were attributed
to have reached a saturation state of the surface.

Fig. 3A shows the plot of the mass adsorption curve measured by
QCM-D. In Fig. 3B the normalized oxygen and nitrogen surface con-
centrations obtained from XPS investigations are displayed, varying
the time of the carbons substrates in contact with the biopoly-
mer  formulation. In both cases, i.e. under continuous flux during
the QCM-D measurement or when modifying the surface in static
contact with the liquid formulation before XPS investigations, after
30 min  a saturation of the surface was  achieved. Therefore, the com-
position of this deposited material was  evaluated in more detail
by calculating and plotting the [N]/[O] surface concentration ratio
from the XPS results, as can be seen in Fig. 3B. After 20 s of immer-
sion time there was a higher ratio of [N]/[O] in comparison with the
values obtained between 20 min  and 24 h. Considering the investi-
gations of laccase-containing powders, the [N]/[O] ratio after 20 s
was similar to that observed for purified laccase, and the ratio after
extended time in contact with the liquid formulation was  simi-
lar to that observed for the mixture of laccase and maltodextrin.
In Table 1, the elemental compositions are shown for a powder
mixture containing laccase and maltodextrin, for pure maltodex-
trin, and for a purified laccase. Based on these findings, detecting
a lower [N]/[O] ratio in the adsorbate than in purified laccase may
be related to the adsorbed species comprising not only laccase but
also maltodextrin. This hypothesis will be explored in more detail
below, based on the deconvolution of C1s XPS signals.

The adsorbate richest in nitrogen-containing species was
obtained after 20 s of contact between HOPG and the biopolymer
formulation, strongly increasing the wettability as compared to the
pristine HOPG surface. Similarly, the change in the wetting behavior

observed when comparing samples in contact with the laccase mix-
ture suspension for 20 s, 20 min  or 24 h, on the other hand, seems
to be accompanied by a decrease in the [N]/[O] ratio.
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Table 1
Elemental surface composition given in atom% (at.%) as obtained by XPS investigations performed after contact of HOPG with aqueous laccase mixture suspension for
suspension contact times varying between 20 s and 24 h. Additionally, results obtained for laccase-containing powders (* sample without graphite substrate and rinsing
samples with water) and maltodextrin powder are shown. Finally, contributions to the C1s signal measured by XPS and obtained after deconvolution are listed.

Contact time [O] [N] [N] /[O] [S] [Na] [C] Normalized C1s HOPG
signal (a.u)

Fraction of C1s signal
attributed to HOPG, (%)

C1s signals not attributed to HOPG substrate

285 eV 286.1 eV 286.7 eV 288.2 eV 289 eV

0 s 1.1 – – <0.1 – 98.8 1.0 100 – – – – –
20  s 1.2 0.6 0.51 <0.1 <0.1 98.1 0.9 ± 0.05 93.6 2.8 1.1 1.2 0.9 0.4
20  min  7.96 1.9 0.24 <0.1 0.12 89.0 0.67 ± 0.05 77.7 6.1 4.5 6.8 3.2 1.8
30  min  8.4 2.3 0.27 <0.1 0.3 89 0.61 ± 0.05 74.7 6.3 5.3 8.1 3.5 2.1
24  h 8.2 2.9 0.20 <0.1 2.1 87.7 0.58 ± 0.05 70.7 10.9 5.3 7.7 3.4 2.0
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Purified  laccase 22.4 11.3 0.51 0.3 0.2 65.4 –* 

Laccase  mixture 27.3 5.4 0.2 0.3 0.4 66.5 –* 

Maltodextrin 35.9 <0.1 – – – 63.6 – 

Table 1 displays the percentage contributions obtained after
econvolution of the C1s signal area. It also shows the results of
he C1s percentage contributions of the purified laccase by curve-
tting into five components. Based on the primary structure of

accase from Trametes versicolor [39] and the elemental compo-
ition (cf. Table 1), aliphatic carbon species C* C and C* H (C1s
inding energy (B.E.) of 285.0 eV), C* N (B.E. 286.1 eV), C* OH and
* O C (B.E. 286.7 eV), amide/peptide C*O N (B.E. 288.2 eV), car-
on atoms in carboxylic groups (B.E. 289.0 eV), and carbon from
he polypeptide side chains contributed to the C1s signal [40].
he laccase-maltodextrin mixture contributions differ from that of
he purified laccase due to a higher concentration of oxygen and
* O bonds characteristic of polysaccharides such as maltodex-
rin and a lower concentration of nitrogen, C* N and C*O N bonds
41] [42]. Moreover, taking into consideration that maltodextrin-
ontaining carbohydrate is rich in oxygen but does not contribute
o the nitrogen content, the [N]/[O] concentration ratio and the
[C* N] + [C*O N]}/[C*O] ratio were expected to be indicative of
he molecular composition of the adsorbate on carbon.

Moreover, Table 1 includes the values obtained for freshly
leaved HOPG, and for HOPG in contact with the laccase mix-
ure suspension for 20 s, 20 min, 30 min  and 24 h. Concerning the
OPG-based samples, the obtained C1s percentage contributions
f the HOPG substrate were dominated by an asymmetric peak
entered at 284.4 eV. This signal is considered a characteristic for
raphitic carbon species, and signal features at 6.9 eV higher bind-
ng energy values are ascribed to an energy loss of these electrons
ue to exciting �-�* transitions [43,44]. The low concentration of
unctional groups is indicated by the carbon concentration amount-
ng to approximately 99 at.%, as shown in Table 1. As presented
n Fig. S1D of the supplementary material, an analytical descrip-
ion for the silhouette of the graphitic C1s signal was  developed,
nd this silhouette will be used when evaluating the C1s signal
f biopolymer adsorbates on HOPG substrates. Fig. S1E, F and G
how C1s XPS spectra of the adsorbates comprising laccase and
altodextrin after 20 s, 30 min  or 24 h in contact with the biopoly-
er  formulations. Considering the elemental compositions and the

1s percentage contributions of the biopolymer/HOPG samples and
he mixed biopolymer powder, respectively, similar signals and,
hus functional groups, contribute, on the one hand, to the adsor-
ates obtained after more than 20 min  of contact time and, on the
ther hand, to the mixture of laccase and maltodextrin.

Fig. S2 displays the XPS signals in the N1s region obtained for the
accase mixture powder, purified laccase powder and the biofilm
ormed after 30 min  of immersion on HOPG. The observed signals
how an N1s binding energy of 400.1 ± 0.1 eV and are essentially

entrosymmetric [45], thus representing the signal shape found
or all the samples investigated. Binding energies of around 400 eV
ere reported by Lucci et al. [46] as the nitrogen related to the

mide bonds of the peptide backbone. Accordingly to the Cu2p3/2
–* 40 18 23 12 6
–* 36 23 19 20 2.4
– 15.5 66.1 16.9 1.3 –

peak signal approximately 0.04 at.% of Cu species were detected
for the laccase mixture powder, and a binding energy of around
933 ± 0.5 eV was  obtained [47]. The S2p3/2 signal shows two peaks
centered at 163.8 eV for S* H or S* S [48] and 167.9 eV to sulfur
oxidized species due to the methionine and cysteine residues.

As indicated in Table 1 by the decrease in the normalized
graphitic C1s signal intensity, an attenuation of the signal from the
HOPG substrate was observed for samples which had been in con-
tact with the laccase mixture suspension. Based on a layer model
assuming a homogeneously distributed adsorbate layer with a uni-
form thickness. An attenuation of the C1s substrate signal by 40%
was observed; for contact times between 20 min  and 24 h. This indi-
cates that the effective layer thickness in the saturation state of the
adsorption corresponds to half of the inelastic mean free path of
C1s electrons in the adsorbate [49]. Assuming the same inelastic
mean free path (IMFP) as for self-assembled monolayers alkylth-
iols on gold, i.e. 3 nm [50], a dry layer thickness of 1.5 nm for a
smooth adsorbate layer is calculated from the investigations in a
vacuum. However, assuming a rough adsorbate with a corruga-
tion in a similar magnitude as the IMFP would yield a considerably
higher amount of adsorbed material.

The composition of a film composed of a mixture of laccase
and maltodextrin was  estimated on the basis of surface sensi-
tive XPS investigations. As substrate signals were detected with
these measurements, the calculation was based on the assumption
that the XPS results were representative of the film composi-
tion. Concerning the geometrical film structure, a homogeneous
mixture of the constituents was  assumed. The constituents consid-
ered were laccase and maltodextrin. The nitrogen concentration
[N] in the maltodextrin powder was found to be lower than
0.1 at.%. Therefore, all the nitrogen species detected by XPS were
attributed to laccase, and, based on the above mentioned stoi-
chiometry of laccase, the oxygen and carbon concentrations [O] in
laccase were applied to obtain the film fraction occupied by laccase
and, complementarily, by maltodextrin. The film composition was
approximately 66.4 wt%  laccase and 34.6 wt%  maltodextrin.

Therefore, the surface topography resulting from the contact of
freshly cleaved HOPG substrates with the laccase mixture suspen-
sion was  investigated by SFM. The same samples as investigated by
XPS were characterized. Moreover, phase contrast images governed
by an adsorbate stiffness differing from that of the HOPG substrate
were recorded under environmental conditions in tapping mode.
The phase images thus allowed the determination of the changes to
the surface properties related to viscoelasticity and compositional
variation, based on the distinct damping of the oscillating tip in
different regions on the surface. In soft deformable sample regions,

as may  be expected for an organic adsorbate like a protein layer, it
may  be assumed that a higher loading force leads to a larger contact
area between the tip and the sample [51].
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ig. 4. AFM (1 �m × 1 �m)  obtained after contacting HOPG with laccase mixture su
cetate buffer). Height images are shown for A) 20 s, C) 30 min, and E) 24 h of suspen
ontact time.

The adsorbate-covered HOPG substrates after modification with
he laccase mixture suspension were investigated for different con-
act time lengths between 20 s and 24 h. Concerning the shorter
ontact time, Fig. 4A and B shows elevated structures in the height
mage which cover less than 10% of the sample surface area, and
hey are related to regions showing a high phase shift. The nar-
ower elevated structures exhibited heights of around 18–26 nm,
nd the height of wider structures was found to be 60–97 nm.

Considering the height of the adsorbate, the values detected
ere much higher than the diameter of globular laccase monomers.
oreover, the arrangement of the adsorbate deposits appeared

s a disrupted net with wide and high deposits situated around
ranching points. The appearance of the adsorbate surface was
nterpreted to result from a dewetting of the aqueous film upon
rying, with the organic ingredients of the film being oriented
long borderlines of receding water spots. Similar dewetting-
ion for various suspension contact times (concentration 0.1 mg/mL in 0.2 M sodium
ontact time. Phase images are presented for B) 20 s D) 30 min  F) 24 h of suspension

driven adsorbate patterns were reported to result from the rupture
of films on smooth substrates, e.g. for polystyrene films on the sili-
con wafers Sharma [52,53], or for thiol-passivated Au nanoparticles
dissolved in organic solvents and deposited on silicon substrates
[54]. In general, the dewetting of a liquid organic film is a self-
organized process that forms microscale and nanoscale features
[55,56], induced by dispersion forces, leading to the rupture of
the initially homogeneous film, typically by nucleation of holes
on the film defects or in spots with high residual stress. Evaluat-
ing the pattern observed on the sample that was  in contact with
the suspension for short contact times such as 20 s, it may  be
considered that the interplay between short- and long-range inter-
facial forces and, especially, the wettability of the substrate, govern

whether films break up via spinodal dewetting or via (heteroge-
neous or thermal) nucleation [57]. As XPS investigations showed
only minor concentrations of around 1.2 at.% of oxygen and 0.6 at.%
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ig. 5. AFM images obtained after 24 h of contact between HOPG and the laccase 

uffer), showing A) height 330 nm × 330 nm,  B) phase, same position.

itrogen containing species, the smooth regions were attributed
o the surface of the HOPG substrate which is free from laccase
nd polysaccharides. Apparently, the rupture of the drying aque-
us film was favored compared to the transport of the adsorptive
owards the substrate surface or the formation of an adsorbate layer
ollowing nucleation and growth. This is generally attributed to the
eak interactions between the carbon surface and the aqueous film

nd short contact times that do not favor irreversible adsorption
4]. Nonetheless, according to the results of the reported contact
ngle measurements the organic material inside the elevated struc-
ures that is insoluble in water appears to effectuate a significantly
ncreased wettability of the sample surface.

A closer insight into the surface topography at a smaller scale
s presented in AFM height images encompassing a width of 1 �m
fter 30 min  and 24 h, as displayed in Fig. 5A and B. No high agglom-
rates or branched structures were found on the surface, and the
hase images showed that a homogeneous layer had formed (data
ot shown). Thus, we conclude that the occurrence of the dewetting
bserved pattern may  be characteristic for the poorly wettable pris-
ine HOPG surface, and that this is not representative of the surfaces
ith adsorbed biopolymer layers.

After a contact time of 30 min, a layer with a high package
overs the surface and height differences of 2.3–4 nm were found
etween the bottom level of the holes and the predominant termi-
al level of the adsorbate, as can be seen in Fig. 4C and, similarly, in
ig. 4E. The HOPG surface consists of an atomically flat hexagonal
rrangement of atoms in the basal plane (0001), and the terraces
re limited by steps, i.e. defects resulting the cleavage process. No
tep-terrace defects could be distinguished due to the homoge-
eous coverage of the surface after 30 min. A similar adsorbate
tructure was previously reported for bovine fibrogen adsorbed on
OPG, and Ta et al. attributed the formation of such a pattern to

trong protein-protein interaction [58] as compared to the protein-
ubstrate interaction as for Lo et al. in hydrophobins adsorbed in
OPG [59]. Moreover, Fig. 5A and B shows the height and phase

mage of the substrate in contact for 24 h at a smaller scale and at
he same surface position. Spherical regions with distinct material
roperties compared to the underlying adsorbate layer and with an
dditional height of 3.2–4.3 nm were imaged all over the surface.
ard tapping was applied for imaging and the contrast in the phase

mage reveals that there is a difference in hardness between the
articulate elevations and the regions around them. There are par-
icles embedded in these regions which seem to be homogeneously
mooth. They were interpreted to be laccase particles which give
 contrast in the height and in the phase image with respect to
he surrounding, and in places also the embedding, biopolymer
ayer.
re suspension (0.1 mg/ml  concentration of the laccase mixture in sodium acetate

In summary, height differences in the range of up to 8 nm were
obtained from AFM investigations of the biopolymer layer systems
for contact times between 20 min  and 24 h. The values correspond-
ing to particle dots with a height of 5 nm agreed with the other data
relating to single laccase molecules immobilized on HOPG with-
out linkers [4]. Gonzáles et al. also observed a complex branched
network with greater height values [4] of around 3–5 nm [23].

It is proposed a model of layer formation where the lac-
case monomers are surrounded by the maltodextrin that fills the
voids between the protein particles, and thus a lateral interaction
between laccase particles is not ruled out. Such a model struc-
ture can be associated with the experimental results shown, e.g.,
in Fig. 5A and B, which could be interpreted as two  materials which
have different degrees of stiffness and adhesive interaction with the
tip, and, consequently, are imaged with a different phase contrast.
The [N]/[O] is similar to the laccase-maltodextrin mixture accord-
ing to XPS, while the QCM-D based layer thickness calculation value
is thinner than 10 nm and according to the AFM measurements, a
layer with a roughness higher than 1 nm was  imaged after 30 min.

Finally, the effect of the water content in moist or even hydrated
biopolymer layers on layer structure and thickness should be
considered. Generally speaking, when discussing estimations of
thickness of biomaterial adsorbate layers on smooth substrates
in detail, there are several aspects of importance. Firstly, due to
swelling effects [60] the water content of the adsorbate should be
considered. The water uptake into proteins is considerable, and
may  amount to 30 wt%, with the water uptake being related to
the water binding capacity of the contributing amino acids. More-
over, the sorption isotherm may  sharply increase at high water
activities [61]. Thus, the thickness of a protein-based adsorbate
layer will increase with increasing moisture and, consequently,
the in-situ QCM-D investigations in aqueous environment may be
expected to provide a higher layer thickness than the ex-situ mea-
surements performed by AFM in air at 50% r.h. or – even more –
the XPS studies performed in a vacuum. Secondly, the gravimetric
and spectroscopic investigations enable an estimation of an effec-
tive layer thickness because the layer topography is not accessed.
On the other hand, the microscopic investigations by AFM are local
measurements considering the adsorbate roughness. Finally, AFM
and XPS investigations were performed as rather static measure-
ments, whereas during dynamic QCM-D investigations changes in
the environment were shown to affect the mass of the adsorbate.
3. Conclusions

In this study changes in the surface composition and mor-
phology of carbon based materials after contact with an aqueous
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iopolymer suspension containing maltodextrin and laccase from
rametes versicolor were investigated. Drying carbon substrates
overed with liquid films obtained after suspension contact times
ower than one minute gave rise to dewetting and laterally inho-

ogenous material deposition. Applying a contact time between
0 min  and 24 h resulted in the hydrated adsorbate being approx-

mately 4 nm thin and composed of hydrocarbonaceous species
ontaining oxygen and nitrogen as heteroatoms and, especially,
ydroxyl, carbonyl, amide and carboxyl groups. The findings indi-
ate that in the saturation state the layer on carbon substrates
onsisted of adhering laccase and maltodextrin moieties and that a
ixed polypeptide-carbohydrate layer was formed in a solid liquid

nterface. This is a promising and simple method for modifying to
ore hydrophilic domains the surface carbon based.
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