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a  b  s  t  r  a  c  t

Many  of  bioelectronic  and  biosensor  applications  are  based  on poly(3-alkylthiophenes),  conducting  and
solution-processable  polymers.  The  most  facile  approach  for the  fabrication  of  such  devices  relies  on
biofunctionalization  of  P3AT  surfaces  with  antibodies  through  adsorption.  The  success  of this  approach
depends  critically  on  antibody  orientation  that  affects  its biorecognition.  As  demonstrated  here  both  these
features  are  controlled  by  the  surface  structure  of spin-cast  P3ATs.  In particular,  a  multi-technique  and
multivariate  study  that  involved  Atomic  Force  Microscopy,  Grazing  Incidence  X-ray  Diffraction,  Angle-
Resolved  X-ray  Photoelectron  Spectroscopy,  Enzyme-Linked  ImmunoSorbent  Assay,  and  Time-of-Flight
Secondary  Ion  Mass  Spectrometry  combined  with  Principal  Component  Analysis  is  conducted  in order  to
deduce  the crystalline  texture  of  three  P3AT  polymers  as well  as its effect  on  orientation  of  adsorbed  rabbit
immunoglobulin  (IgG)  molecules.  An  edge-on  crystalline  texture  is  concluded  for  regioregular  poly(3-
butylthiophene)  (RP3BT)  and  poly(3-hexylthiophene)  (RP3HT),  while  amorphous  morphology  is  inferred
for  poly(3-butylthiophene)  (P3BT).  In  addition,  end-on  and  head-on  orientations  similar  for  all  P3ATs
were  concluded,  based  on the amount  of  adsorbed  rabbit  IgG molecules.  Examination  of  amino  acids  char-
acteristic  for  F(ab’)2 and  Fc fragments,  and  dominant  in  the external  regions  of  adsorbed  immunoglobulin

molecules,  points  to  end-on  IgG alignment  on RP3BT  and  RP3HT,  but not  on  P3BT.  Moreover,  the  binding
of  an  anti-rabbit  IgG  antibody  on  the  absorbed  rabbit  IgG  is  higher  (up  to 71%)  when  the biorecognition
reactions  are  performed  on regioregular  rather  than  regiorandom  P3AT  surfaces.  In  particular,  the  highest
biorecognition  efficiency  and  IgG  orientational  order  is  observed  for the  RP3BT  surfaces  with  the more
developed  crystallinity.

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

Poly(3-alkylthiophenes) (P3ATs), known for their high charge
obility [1] and good solubility [2], form an archetypical class of

onducting polymers [3] with increased potential for implemen-
ation in biomedical applications [4–8]. Easy solution processing
f P3ATs [9], compatible with additive fabrication and flexible

ubstrates enable the creation of various structures, that can
e then applied for the fabrication of biosensors [4,7], printable
ioelectronic devices [8] or scaffolds for tissue engineering and

∗ Corresponding author.
E-mail address: kamil.awsiuk@uj.edu.pl (K. Awsiuk).

ttp://dx.doi.org/10.1016/j.colsurfb.2016.08.028
927-7765/© 2016 Elsevier B.V. All rights reserved.
regeneration [3] since P3AT-based materials have been classified
as biocompatible [10,11]. In addition, the electronic properties
of P3AT polymers are expected to facilitate the transduction of
molecular recognition events to biosensor signal [4,7], and enable
electrical control of polymer and its interface [5,12]. Thus, they can
find also application in implantable electrodes, controlled molecu-
lar release systems or bioseparation devices [3,13,14].

The conducting properties of the P3AT depend strongly on their
microstructure [1]. P3AT macromolecules are made of a conju-
gated backbone of thiophene rings and solubility-providing alkyl
side chains attached to the backbone in a pattern specified by

head-to-tail (HT) couplings. HT regioregularity induces a crystalline
order [15] that dramatically improves conductivity [15]. Solution-
deposited films of regiorandom P3ATs are amorphous, but their

dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.08.028&domain=pdf
mailto:kamil.awsiuk@uj.edu.pl
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egioregular counterparts are semi-crystalline with self-oriented
rystallites [1]. In particular, the formation of edge-on textured
rystallites, with separated layers of conjugated backbones and
nsulating alkyl groups forming the lamellae parallel to film sub-
trate, results in significant enhancement of charge mobility.

The majority of the reported bioelectronic and biosensor appli-
ations of P3AT polymers rely on their functionalization with
ntibodies [6–8,13,14]. The attachment of the antibody molecules
nto the P3AT films for biosensing applications is usually per-
ormed through covalent binding, which, however, has a negative
mpact on their electrical performance [6,8]. This has been ascribed
o disturbance of thiophene rings arrangement by introduced func-
ional groups linked to bulky bioreceptor proteins [6,8]. In contrast,
irect physical adsorption of antibody onto P3AT films is consid-
red as the functionalization method of choice [6,7], since it can
e applied for the facile mass fabrication of biosensors based on
rganic thin-film transistors [7].

Nevertheless, to be able to effectively exploit the immobilized
ntibodies properties their antigen binding capacity should be pre-
erved to a great extent upon immobilization onto transducer
urface [16]. This is not an easy task since adsorption onto a sur-
ace induces changes in protein conformation [17,18] and leads
o different antibody orientation [16,19–25] that could modify
oth reactivity and accessibility of the antigen-recognition sites.

n our recent work [18], we have determined the impact of surface
tructure of RP3HT and P3BT on the adsorption and conformation
f bovine serum albumin (BSA), a protein widely used to block
iosensor surfaces against non-specific binding or to indirectly

mmobilize small molecular weight analytes in the form of conju-
ates. This study, concluded a higher degree of BSA denaturation on
he RP3HT surfaces as compared to P3BT ones, as it was evidenced
y determination of exposed hydrophobic residues [18].

The effects of antibody orientation on its bioactivity have been
emonstrated for various substrates modifications and immobi-

ization methods [6,16,20,22]. Nevertheless, such a study, at least
o our knowledge, has not been performed for conducting poly-

ers. Here, we examine how the surface structure, amorphous for
3BT and semi-crystalline for RP3BT and RP3HT, affects the orien-
ation of a model antibody – rabbit immunoglobulin (IgG), upon its
dsorption onto the polymer surface, as well as the immobilized
gG biorecognition by an anti-rabbit IgG antibody. To study these
ffects, we use as a tool constitutional isomerism in a way analo-
ous to stereoisomerism applied to analyze structure-recognizing
ntibodies [26]. In particular, sequence isomers with identical for-
ula but different bonding, P3BT and RP3BT, reveal a direct impact

n modified IgG orientation and biorecognition due to the changed
rystalline order of surface structure, resolved from the variations
ue to alkyl chain length using RP3BT and RP3HT.

The results section of this paper is organized as follows. First, the
urface structure of P3ATs films with dissimilar crystalline order
s discussed. Second, the amount of immunoglobulins adsorbed
n P3AT surfaces is determined enabling selection of plausible
olecular alignments. Then, the differences in IgG orientation on

he various P3ATs substrates are discussed. Finally, the effect of
ubstrate-induced orientation of adsorbed IgG molecules to their
ecognition by an anti-IgG antibody is examined.

. Materials and methods

.1. Materials
The polymers used in this work were poly(3-alkylthiophene)s
P3ATs) purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
SA): Poly(3-butylthiophene) (P3BT) was reported by the supplier

o have a 1:1 ratio of head-to-head: head-to-tail linkages; regioreg-
 Biointerfaces 148 (2016) 278–286 279

ular poly(3-hexylthiophene) (RP3HT) and poly(3-butylthiophene)
(RP3BT) were specified by head-to-tail regioregularity of >90.0%
and 80–90%, respectively. Silicon wafers with native oxidized sil-
icon layers (SiOx) were obtained from Si-mat (Germany). Rabbit
gamma  globulins (IgG), HRP-conjugated polyclonal anti-rabbit IgG
antibody, raised in goat against the whole IgG molecule (anti-
IgG-HRP), and 2,2′-azinobis(3-ethylbenz-thiazoline sulfonic acid)
diammonium salt (ABTS) were purchased by Sigma-Aldrich Chem-
ical Co. (St. Louis, MO,  USA). Bovine serum albumin (BSA; Cohn
Fraction V) was obtained from ACROS Organics (Thermo Fisher
Scientific; Geel, Belgium).

2.2. Sample preparation

Polymer films were spin-cast from analytical grade chloroben-
zene (coating speed � = 2.2 krpm, solution concentration
CP = 15 mg/mL) and post-apply baked for 1 h at 60 ◦C prior to
rabbit IgG adsorption. The spin-casting conditions (CP,ω) deter-
mine the thickness h of polymer film [27], h = Ah CP/ω½; this
principle applies also to P3AT films [9]. The coefficient Ah relating
film thickness with coating conditions was  determined to be ∼2.7,
3.9 and 3.3 nm krpm½.mL/mg for P3BT, RP3BT and RP3HT, respec-
tively. The surface wettability of polymer films was  expressed
by the water contact angle value, which was determined using
the sessile drop technique (Kruss EasyDrop DSA15 instrument).
Contact angle values equal to 91.9(1.7)◦, 99.0(1.5)◦ and 103.2(6)◦

were found for P3BT, RP3BT and RP3HT, respectively.
Rabbit IgG was adsorbed to the surface of thin P3AT films

through incubation for 1 h at RT from solutions with concentration
CIgG ranging from 5 �g/mL to 300 �g/mL prepared in 50 mM phos-
phate buffer, pH 7.4, followed by washing with buffer and distilled
water, and drying under N2 flow.

To evaluate biorecognition of adsorbed rabbit IgG from an anti-
rabbit IgG antibody, after IgG adsorption from a solution with
concentration of CIgG = 100 �g/mL the surfaces were washed with
50 mM phosphate buffer, pH 7.4, and blocked via immersion in a
10 mg/mL  BSA solution in 50 mM  phosphate buffer, pH 7.4 (block-
ing buffer), for 1 h at RT. They then were washed with the 50 mM
phosphate buffer, pH 7.4, and distilled water. After that, the samples
were incubated with a 10 �g/mL solution HRP-conjugated anti-
rabbit IgG antibody in blocking buffer for 1 h. The procedure was
completed by washing with buffer and distilled water and drying
under N2 flow.

2.3. AFM surface examination

An Agilent 5500 atomic force microscope (AFM)[18,28,29]
working in non-contact mode was  used to examine the P3ATs
surfaces in air prior to and after each step of proteins immobiliza-
tion. AFM cantilevers (PPP-FMR, Nanosensors) with force constant
of ∼2 N/m, resonant frequency of ∼75 kHz, and AFM tips with
standard beam shape and small radius (<7 nm)  were used. AFM
micrographs were analyzed with the PicoImage software.

2.4. XPS surface characterization

Angle-resolved X-ray photoelectron spectroscopy (ARXPS)
[18,28,29] spectra were recorded on a PHI 5000 VersaProbe II
(ULVAC-PHI, Chigasaki) system using a micro-focused (100 �m,
25 W)  Al K� X-ray beam for three different values of photoelec-
tron take-off angle � (10◦, 30◦ and 45◦), defined as the angle
between the normal to the surface and the axis of the XPS ana-

lyzer lens. A dual-beam charge neutralizer was used to compensate
the charge-up effect. High-resolution spectra were collected with
analyzer pass energy of 46.95 eV. The operating pressure was less
than 5 × 10−7 Pa. All XPS peaks were referenced to the neutral (C C)
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arbon C1 s peak, at a binding energy of 284.8 eV. Spectral back-
rounds were subtracted using the Shirley method. All samples
ere measured in three non-overlapping spots.

.5. ToF-SIMS surface examination

The P3ATs surfaces were analyzed prior to and after protein
mmobilization using time-of-flight secondary ion mass spec-
roscopy (ToF-SIMS) [18] (with a sampling depth of 1–1.5 nm).
he TOF.SIMS 5 (ION-TOF GmbH) instrument was  equipped with
0 keV bismuth liquid metal ion gun. Bi3 clusters were used
s the primary ions. The dose density deposited on the sur-
ace was identical for all samples and lower than 1012 ions/cm2

static mode conditions). Positive and negative ion static ToF-SIMS
ass spectra were acquired from six different non-overlapping

pots (200 �m × 200 �m)  of 27 samples. The mass resolution
/�m > 5800 at C4H5

+ (m/z = 53) and C6
− (m/z = 60) peak for posi-

ive and negative spectra, respectively, was maintained.

.6. Multivariate ToF-SIMS analysis with PCA

Principal component analysis (PCA) [18] was applied to two  dif-
erent sets of ToF-SIMS signals. This multivariate analysis technique
as performed in order to examine: a) the exposure of alkyl side-

hains on the surface of P3ATs thin films, and b) the orientation of
dsorbed IgG molecules. For the first analysis the negative ion frag-
ents corresponding to the alkyl side-chains and polythiophene

ackbones were selected. In turn, IgG orientation was assessed
ased on the positive ion peak list compiled from ToF-SIMS sig-
als characteristic for amino acids [21,30]. The different sets of
oF-SIMS peaks selected for PCA in each case are specified in the
orresponding figures. Prior to PCA, the intensities of the selected
eaks from each spectrum were normalized to the sum of their

ntensities and then mean-centered. PCA was performed using PLS
oolbox (Eigenvector Research, Manson, WA)  for MAT-LAB (Math-
orks, Inc., Natick, MA).

.7. ELISA assay

The recognition of adsorbed rabbit IgG by an anti-rabbit IgG anti-
ody was evaluated through an enzyme-linked immunosorbent
ssay (ELISA) [31]. For this purpose, the spin-casted and post-apply
aked P3ATs film surfaces were first incubated with a 100 �g/mL
gG solution in 50 mM phosphate buffer, pH 7.4, for 1 h at RT. They

ere then washed with the same buffer and blocked using the
olution mentioned in Section 2.2 for three different time periods
15, 30, and 60 min). After washing with phosphate buffer, dis-
illed water and drying under a stream of N2, the samples were
ncubated with a 10 �g/mL solution of HRP-conjugated anti-rabbit
gG antibody in blocking buffer, for 1 h. Finally, after washing with
hosphate buffer, the samples were transferred to plastic tubes
ontaining 1 mL  of enzyme substrate solution (0.03% H2O2, 1.9 mM
BTS in 0.1 M citrate–phosphate buffer, pH 4.5) and the solutions
ere stirred at RT. After 15 min, 100 �L aliquots from the solu-

ion in each tube were transferred to microtitration plates and
he absorbance at 405 nm was measured by using the Multiscan
C microtitration plate reader (Labsystems, Finland). Non-specific
inding was determined by using P3ATs film surfaces incubated
n blocking buffer for 1 h and then in the HRP-conjugated anti-
abbit IgG antibody solution. Absorbance value was normalized
o the sample surface. Samples were analyzed in duplicates, and
bsorbance was measured twice for each sample.
 Biointerfaces 148 (2016) 278–286

2.8. GIXD measurements

Out-of-plane X-ray diffraction measurements were performed
on a PANAlytical Empyrean diffractometer (CuK�-radiation, fixed
slits in the incident beam, a 0.18◦ parallel plate collimator and a
PIXcel3D detector in the diffracted beam). The grazing incidence X-
ray diffraction (GIXD) [32] measurements were carried out for 2�
between 3◦ and 15◦ (2� scan rate of 0.003◦/min) at the angle of
incidence � = 0.3◦. Each X-ray diffraction pattern is the sum of five
consecutive measurements.

3. Results and discussion

3.1. Surface structure of P3AT films with different crystalline
order

Constitutional isomers, a regiorandom P3BT and two regioreg-
ular P3ATs with different chain length, namely RP3BT and RP3HT,
were used to spin-cast polymer films from chlorobenzene, a good
solvent for all these polymers. The cast P3AT films were post-apply
baked for 1 h at 60 ◦C, to minimize any solvent effect on protein
adsorption [33]. All the results presented in this work refer to P3AT
films prepared as described above.

3.1.1. Crystalline order of P3AT films determined from AFM, GIXD
and PCA of ToF-SIMS data

The AFM micrographs acquired by AFM (Fig. 1) indicate a dis-
tinct crystalline order for regioregular and regiorandom P3ATs. In
particular, a semi-crystalline morphology with randomly dispersed
rod-like crystallites is revealed by the topographic AFM images for
RP3BT (Fig. 1c). Fibrillar nanocrystals are evidenced by phase AFM
images on RP3BT and also RP3HT surfaces (Fig. 1d,f), with phase
contrast originating from the difference in the mechanical proper-
ties of crystalline and amorphous regions. Similar structures have
been reported previously [1,18]. The fibrillar morphology is more
pronounced for RP3BT than RP3HT suggesting higher crystallinity.
This is also reflected on the surface roughness with root-mean-
square average of height values, RMS, equal to 2.21(12) nm and
0.99(8) nm for RP3BT and RP3HT, respectively. In contrast, the
featureless morphology of P3BT films in phase AFM micrographs,
with the lower RMS  value of 0.23(1) nm determined from topo-
graphic AFM images, indicates an amorphous surface structure
(see Figs. 1a,b). The smooth surfaces of P3BT films are secured by
the casting solvent, chlorobenzene, which has a very low vapor
pressure (Pvp = 1.2 kPa), in contrast to substantial roughness of
spin-cast films obtained when rapidly evaporating solvents are
employed (Pvp > 10 kPa) [34]. The semi-crystalline surface struc-
tures of regioregular P3AT films depend on the particular conditions
of solution deposition, such as the P3AT molecular weight, the sol-
vent used, the casting method, the coating speed and the additional
thermal treatment [1]. In addition, increase of edge-on oriented
crystallites has been reported for decreasing alkyl side chain length
(since the reduced solubility induces film formation with earlier
initiated nucleation) [35]. Since edge-on oriented P3AT chains are
related with nanofibrils [36], this accords with our observation of
pronounced fibrillar morphology for RP3BT as compared to RP3HT
films (Fig. 1c,d,f).

Polymer films were also examined with grazing incidence (out-
of-plane) X-ray diffraction (GIXD). The GIXD data presented in
Fig. 2a verify distinct crystalline order of regioregular and regio-
random P3ATs films: the diffraction patterns show a Bragg peak at

∼5.35◦ and ∼6.99◦ for RP3HT and RP3BT, respectively, whereas no
peaks are observed for the amorphous films of regiorandom P3BT
(Fig. 2c). The peak positions allow to calculate a lattice spacing equal
to ∼1.26 nm and ∼1.65 nm for RP3BT and RP3HT, respectively. The
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Fig. 1. Topographic (a,c,e) and phase (b,d,f) AFM images showing amorphous morphology of P3BT (a–b) and semi-crystalline microstructure of RP3BT (c–d) and RP3HT (e–f)
fi  sugge
t

o
f
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a
t
t
f

p
t
d
r
s
s

lms.  Fibrillar morphology is more pronounced for RP3BT (c,d) than for RP3HT (f),
he  mean determined from 6 images of two samples.

btained values are in good agreement with the values reported
or the (100) lattice planes of edge-on textured crystallites [32]
Fig. 2b). The longer the alkyl side chain, that separates the par-
llel to surface layers of polythiophene backbones, results in larger
he interchain distance for RP3HT as compared to RP3BT. In turn,
he integrated intensity of the Bragg peak is higher for RP3BT than
or RP3HT, indicating higher crystallinity order for RP3BT.

The distinct film structures of regiorandom and regioregular
oly(3-alkylthiophenes) imply different surface exposure of poly-
hiophene backbones and alkyl side-chains [18]. As it has been
emonstrated in our recent report [18], these two  situations can be

esolved with Principal Component Analysis of large ToF-SIMS data
ets corresponding to negatively charged polymer fragment ions. A
imilar multivariate approach is applied also here, as described in
sting higher crystallinity. RMS  roughness values are the mean ± standard error of

details in the Section S1 of Supplementary material. PCA reduces
the dimensionality of ToF-SIMS data with the essential informa-
tion retained by the first principal component PC1 (see Fig. S1),
that explains most (86.08%) of the data variance. Positive PC1 val-
ues, corresponding to enhanced ion fragments of polythiophene
backbones, are obtained for regiorandom P3BT, while negative
PC1 scores, characteristic for alkyl side-chains, are determined for
regioregular RP3BT and RP3HT films. In addition, the magnitude of
negative scores on PC1 is somewhat smaller for RP3BT compared
to RP3HT due to the shorter alkyl side-chains of this polymer. The
effect of the edge-on textured crystallites is clearly demonstrated

for the P3AT polymer with the same alkyl chain length (in contrast
to Ref. [18]), when P3BT is compared with RP3BT.
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F 100) diffraction peak for regioregular P3ATs originating from edge-on textured crystallites
( ed parallel to surface) [32]. In turn, amorphous films are suggested for P3BT (c). Note the
l on to RP3HT, indicating higher crystallinity.
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Fig. 3. The amount of rabbit IgG adsorbed on the surface of P3BT (squares), RP3BT
ig. 2. Grazing incidence (out-of-plane) X-ray diffraction patterns (a) indicating the (
b)  (with alternating layers of alkyl side chains and polythiophene backbones orient
arger  intensity (synonymous to peak area) of the (100) peak for RP3BT in comparis

.2. Adsorption of IgG on P3AT films.

.2.1. IgG surface density determined from ARXPS
To evaluate the amount of IgG protein adsorbed on P3AT sur-

aces the angle-resolved XPS data were analyzed using a model
ntroduced in previous publications [18,28,29] (see also Section
2). The determined surface densities of rabbit IgG adsorbed on
he different P3AT surfaces are plotted in Fig. 3 as a function of
he IgG concentration in the coating solution. The results are quite
imilar for all polymer surfaces. The immunoglobulin surface den-
ities are identical for P3BT and RP3BT, with the RP3HT values being
ystematically lower but not statistically different from the values
btained for the two other surfaces (the mean values are within the
error bars limits). The amount of IgG determined through adsorp-

ion experiments are in accord with those reported for RP3HT by
ther researchers (2.7 mg/m2 for 50 �g/mL solution) [6]. In addi-
ion, the amount of antibody on the P3AT surfaces, with a value of
.5 mg/m2 for a maximum coverage, is at least two  times higher
hen compared to amino-silanized SiO2 surfaces [28].

.2.2. Adsorption based preselection of immunoglobulins
rientation

Immunoglobulins have a three-lobed structure, with two  Fab

ragments each one containing an antigen binding site and one
rystallizable Fc fragment that is responsible for the activation
f the cellular immune response. Due to its unique structure,
mmunoglobulins can adapt four distinct molecular orientations
(circles) and RP3HT (triangles) polymers determined with angle-resolved XPS as a
function of IgG concentration in the coating solution. Dashed lines are a guide to
eye.
upon adsorption onto a surface leading to four specific values of
molecular mass loading [22,23,37,38]: a flat-on (all three lobes
attached to surface; 2.0 mg/m2) [37], a side-on (Fc and one Fab at
substrate with cross-sectional area of ∼85 nm2 ∼2.9 mg/m2) [37],
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Fig. 4. (a) PCA scores plot of the positive ion ToF-SIMS spectra of rabbit IgG adsorbed on P3BT (squares), RP3BT (circles) and RP3HT (triangles) surfaces. The solid lines
correspond for each polymer to the mean score on PC1 averaged over all the concentrations of IgG solution used for coating. For RP3BT, the data points corresponding to
I g/mL
d of IgG
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gG  concentration ranging from 5 to 50 �g/mL (open circles) and from 100 to 300 �
istinguishes between ion fragments of amino acids dominant in the outer regions 

nd  negative direction, respectively.

n end-on (Fab-up, Fc attached to surface; 2.6–5.5 mg/m2) [37]
nd finally a head-on (Fc-up, both Fabs attached to the substrate;
.6–5.5 mg/m2) [37]. In addition, the surface density values corre-
ponding to the different orientations must be lower than molecular
ass loadings, since adsorption cannot led to closely-packed IgG
onolayers (coverage limit) [38]. Therefore, the relatively high

up to 3.5 mg/m2) amount of IgG determined for all P3AT sur-
aces (Fig. 3), excludes both flat-on and side-on orientations to
revail in the adsorbed antibodies. Instead, the dominant molecular
rientation of the immunoglobulins adsorbed onto P3AT surfaces
ight vary between end-on and head-on alignment both yielding

dentical surface densities. The above conclusion made for P3AT
urfaces covered with an incomplete monolayer of IgG molecules
s in agreement with our AFM results (see Section S3 in Supplemen-
ary material).

.3. Orientation of immunoglobulins adsorbed on P3AT surfaces

.3.1. Multivariate ToF-SIMS analysis of adsorbed IgG
To detect differences in amino acid composition on the outer-

ost regions of immunoglobulins adsorbed to various P3AT films,
ultivariate PCA is applied to a set of 35 ToF-SIMS signals, speci-

ed in Fig. 4b, examined simultaneously for 108 recorded spectra.
enerally, each secondary ion is a fragment of an individual amino
cid but some ions correspond to a pair (Ala, Lys; Gln, Lys; Thr,
la; Ile, Leu; Asn, Asp) or a triplet of amino acids (Pro, Val, Arg).
he PCA results (Fig. 4a) reveal that the first principal component
C1 (explaining 46.59% of total variance) captures an interesting
irection of the uncorrelated variation in the data set. In contrast,
C2 and PC3 are not informative (PC3 is used merely to separate
he measurements with similar PC1 values). The PC1 scores plot
Fig. 4a) clearly distinguishes between amino acids dominant in the
xternal regions of rabbit IgG immobilized on regioregular P3ATs,
xhibiting positive PC1 values, and those adsorbed on regiorandom
3BT (marked with squares), having negative PC1 scores. In addi-
ion, two further distinctions between the data points presented
n Fig. 4a can be deduced. Firstly, the magnitude of positive PC1
cores, averaged over the different samples (the solid lines marked
n Fig. 4a), is larger for the IgG immobilized on the RP3BT (circles)
ather than the RP3HT films (triangles). Secondly, the PC1 values
btained for the antibody adsorbed on the RP3BT substrate are
omewhat larger when IgG solutions with concentration equal to

r higher than 100 �g/mL are used for coating (solid circles). The
ositive and negative PC1 scores (Fig. 4a) are induced by positive
nd negative loadings on PC1 (Fig. 4b) and originate from differ-
nt magnitude of various amino acid ion fragments. A detailed
 (solid circles) are distinguished. (b) Corresponding loadings plot for the PC1. PCA
 adsorbed to regioregular and regiorandom P3ATs that load the PC1 in the positive

interpretation of these PC1 loadings is provided in the following
section.

3.3.2. Immunoglobulin orientation from multivariate ToF-SIMS
analysis

To interpret subtle differences in the outermost surface compo-
sition of immunoglobulin adsorbed on the different P3AT polymers
based on amino acid ion fragments recorded with ToF-SIMS, we
examine the PC1 loading plot (Fig. 4b) taking into account the dif-
ferent molecular orientations.

In particular, two orientations are selected based on the IgG
adsorption results, the end-on and head-on alignment, which result
in different exposure of the F(ab’)2 and Fc fragments onto the
surface. To resolve the end-on from the head-on orientation, the
percent ratio of each amino acid in the F(ab’)2 and the Fc frag-
ments could be used [21,39]. However, as noted above some of the
observed ToF-SIMS signals do not correspond to individual amino
acids but pairs or even triplets of them (Fig. 4b). Therefore, we  apply
a more general parameter, referring to all the ToF-SIMS signals, but
consistent with the F(ab’)2/Fc composition ratio [21]. This is the rel-
ative prevalence, RP, of amino acid ion fragments originating from
the F(ab’)2 versus the Fc fragments, extended from that introduced
by Wang et al.[21], and plotted in Fig. 5a against the loadings on
PC1 (from Fig. 4b). The RP parameter is defined (as a principal com-
ponent) by the results of PCA performed [21] for ToF-SIMS spectra
of a model antibody molecule and its reference fragments, F(ab’)2
(negative RP values) and Fc (positive PR values). Fig. 5a compares
the RP parameter values [21] with the PC1 loadings determined
in this work for identical ion fragments (squares) and/or amino
acids (circles). As it can be concluded (Fig. 5a) the outer regions
of IgG adsorbed to regioregular P3AT (positive PC1 values) are
dominated by the F(ab’)2 portion of the molecule (negative RP),
while the exposed regions of IgG immobilized onto regiorandom
P3BT (negative PC1 loadings) correspond both to the Fc and F(ab’)2
fragments. Therefore, a dominant end-on (Fig. 5b) and a mixed
end-on/head-on (Fig. 5c) orientation is concluded for adsorption
of IgG molecules on regioregular and regiorandom P3AT polymers,
respectively. With this interpretation, we  could reanalyze the data
plotted in Fig. 4a for regioregular P3ATs to point out two additional
distinctions. The PC1 scores, higher for IgG on RP3BT (circles) than

RP3HT (triangles), must reflect to some extent the higher orienta-
tional order of the end-on molecular alignment on this polymer.
The same is true for immunoglobulins adsorbed on RP3BT from
solutions with high IgG concentration (solid circles).
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Fig. 5. (a)Loadings on PC1 (shown in Fig. 4b), corresponding to IgG adsorbed to regioregular (positive PC1 values) and regiorandom P3ATs (negative PC1 values) plotted
as  a function of relative prevalence, RP, of amino acid ion fragments originating from the F(ab’)2 versus the Fc fragment. The RP parameter is defined by the results of PCA
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erformed [21] for ToF-SIMS spectra of a model antibody molecule and its fragmen
nd/or amino acids identical to those of the Ref. [21]. Ellipses mark schematically th
o  a dominant end-on orientation (b), both Fc and F(ab’)2 for P3BT corresponding to

.3.3. Immunoglobulin orientation controlled by the substrate
Charge distribution within the IgG molecule can be induced even

t pH values close to its isoelectric point (IEP), due to the fact that
he Fc and F(ab’)2 fragments, have different IEP values and thus, are
egatively and positively charged, respectively at these pH values
21,22,40]. Thus, the whole IgG molecule has a dipole momen-
um pointing from Fc to F(ab’)2 fragment. Alignment of the formed
ipole with end-on (Fc down) and head-on (F(ab’)2 down) orien-
ation, depends on the strength of electrostatic interactions with
he substrate, as it has been reported for antibodies immobilized
n self-assembled monolayers [21,22,40].

This antibody orientation model [21,22,40] could be extended
entatively to P3AT polymer surfaces. Polythiophenes are elec-
roactive polymers known for strong electrostatic interactions with
ntibodies [13,14]. For instance, upon contact with antibody solu-
ion they can turn to positively charged conjugated backbones,
ounter-balanced by the antibodies acting as molecular dopant
nions [14]. For the regioregular P3AT surfaces, the positively
harged conjugated backbones form a well-ordered and densely
acked chains in the edge-on oriented crystallites covered by insu-

ating alkyl side-groups. Thus, the electrostatic interactions of the
ubstrate with the IgG molecules are expected to favor the position-
ng of the negatively charged Fc fragment to be located closer to the
urface, resulting in the ‘end-on’ orientation of the IgG molecule.
n turn, the amorphous surfaces of regiorandom P3AT, with dis-
rdered polymer chains, are expected to result in less effective
lectrostatic field hence leading to a mixed end-on/head-on IgG
rientation. This model explains also two additional features of
he results presented in Fig. 4a. The effective field ordering IgG

olecules would be enhanced for the surfaces with higher crys-
allinity as compared to less crystalline ones, hence leading to
igher orientational order and PC1 scores for IgG adsorbed on
P3BT rather than RP3HT. In addition, the end-on orientation of

gG molecules is expected to be more pronounced when the IgG
urface density on RP3BT substrates is increased, taking advantage
f the inter-molecular interactions between F(ab’)2 fragments.
Apart from the described mechanism that governs IgG orienta-
ion on P3AT, another one induced by the surface nanostructuring
nd its effect on optimal protein density could be considered [41].
owever, this model is not applicable here since, as it has been
b’)2 (negative RP values) and Fc (positive RP values). Marked are the ion fragments
luded exposure of antibody fragments: F(ab’)2 for RP3BT and RP3HT corresponding
ed head-on/end-on orientation (c).

already mentioned, the surface density of adsorbed IgG is quite
similar for all P3AT surfaces. In addition, the difference in RMS
roughness between P3AT surfaces (<2 nm)  is quite small, as com-
pared to the values (∼8 nm)  reported to affect protein adsorption
[42].

3.4. Biorecognition of immunoglobulins adsorbed on P3AT
surfaces

It is of interest to compare and relate orientation of adsorbed
immunoglobulins, determined with PCA of ToF-SIMS data, with
biorecogntion experiment results [20]. For this purpose, the P3AT
surfaces, after adsorption of rabbit immunoglobulin, were blocked
with bovine serum albumin to prevent non-specific adsorption, and
then probed with a secondary polyclonal anti-rabbit IgG antibody,
raised in goat against the whole IgG molecule and conjugated with
HRP, in order to quantify the recognition of adsorbed IgG.

The whole procedure is also monitored by AFM (Fig. S2)
and multivariate ToF-SIMS (Fig. S3)  after each functionaliza-
tion/reaction step so as to record changes in surface nanostructure
and chemistry after each individual step (see Section S3).

3.4.1. Biorecognition estimation using ELISA
The relative amount of anti-IgG antibody-HRP conjugate bound

to the rabbit IgG-coated P3AT surfaces was determined through an
enzyme-linked immunosorbent assay. The results obtained from
the various P3AT polymers coated with rabbit IgG, blocked with
BSA solution for 15, 30 and 60 min, and then reacted with the
anti-rabbit IgG antibody are provided in Fig. 6a. As shown, indepen-
dently of the blocking time, when the rabbit IgG is adsorbed on the
regioregular P3AT surfaces, a 31–71% higher biorecognition from
the HRP-conjugated secondary antibody is observed as compared
to regiorandom P3AT surfaces, indicating a larger amount of rab-
bit IgG molecule epitopes exposed to the anti-rabbit IgG antibody.
This accords with the conclusions from the multivariate ToF-SIMS

analysis, since a more accessible IgG molecule is expected when the
molecule is adsorbed adopting an end-on orientation (F(ab’)2 up)
upon adsorption onto regioregular P3ATs rather than with a head-
on alignment on, regiorandom P3ATs. These two orientations were
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Fig. 6. Biorecognition of rabbit IgG adsorbed from a 100 �g/mL solution onto different polymer surfaces (P3BT, RP3BT, RP3HT) by an anti-rabbit IgG antibody conjugated to
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RP.  All surfaces have being blocked for 15, 30 or 60 min  through incubation with a
eacted  with the adsorbed rabbit IgG as determined by ELISA (bars correspond to m
ntibody-HRP conjugate evaluated with angle-resolved XPS.

onfirmed, based on the amount of adsorbed rabbit immunoglob-
lin.

In addition, the ELISA results presented in Fig. 6 show that the
iorecognition of the adsorbed IgG molecules is to some extent
igher on the RP3BT rather than the RP3HT surfaces. This is in agree-
ent with the enhanced orientational order of IgG, concluded for

he RP3BT surfaces with higher crystallinity.
Based on previous data about the adsorption and denaturation

f BSA molecules onto regioregular P3AT films [18], one should
xpect increased denaturation of rabbit IgG molecules and there-
ore, reduced accessibility of rabbit IgG epitopes by the secondary
ntibody. Nevertheless, the results presented in Fig. 6a indicate a
ather minor effect on biorecogntion due to IgG denaturation by
he edge-on crystalline texture of regioregular P3ATs.

.4.2. Biorecognition estimation confirmed with ARXPS
The absolute amount of anti-rabbit IgG antibody-HRP conju-

ate bound to the P3AT surfaces that have been coated with rabbit
gG was determined indirectly from angle-resolved XPS (see Sec-
ion3.2), as the difference between protein surface density prior to
nd after immunoreaction. The values determined for the differ-
nt P3AT surfaces (Fig. 6b) confirm those obtained for the various
ubstrates with the ELISA (cf. Fig. 6a).

. Conclusion

Control and monitoring of biomolecular interactions at the sur-
aces of poly(3-alkylthiophenes) and their derivatives has led to
umerous applications in the area of bioelectronics [3,5,14] and
iosensors [6,7,8,43], that often rely on spin-cast polymer films
iofunctionalized with adsorption of antibodies [6,7,8,43]. The per-
ormance of such devices depends to a great extent on the biological
ctivity of the immobilized antibody that can be affected by surface
nduced changes in antibody orientation modifying the accessibil-
ty of its antigen-recognition sites [16,19–25]. Although several
n depth studies have aimed at understanding and control the
dsorbed antibody orientation and/or biorecognition as a function
f surface modification on various substrates [16,19–23], such a

tudy has not been performed for conducting polymer surfaces.

In the present study, both the orientation and biorecogntion of
odel antibody adsorbed on spin-cast films of different sequence

somers of poly(3-alkylthiophenes) with distinct surface structures
olution. (a) The relative amount of anti-rabbit IgG antibody-HRP conjugate that has
lues ± standard deviation, n = 4). (b) The absolute amount of bound anti-rabbit IgG

have been examined. Regioregular P3ATs films are observed to form
semi-crystalline surface structure with edge-on texture that pro-
motes end-on immunoglobulin orientation leading to increased (up
to 71%) biorecognition of adsorbed molecules. This finding in con-
junction with the enhanced charge mobility of regioregular P3AT
polymer films with edge-on textured semi-crystalline structure
supports their implementation as substrates for bioelectronics and
biosensing devices. On the other hand, the amorphous regioran-
dom P3AT films led to lower order of adsorbed immunoglobulins
(with mixed end-on/head-on orientation) and reduced biorecogni-
tion efficiency by a secondary anti-IgG antibody.

Acknowledgments

This work was  supported by the Polish National Science Center
(NCN) under the Grant No. UMO-2011/03/N/ST5/04764, equipment
purchased thanks to the financial support of the European Regional
Development Fund (POIG.02.01.00-12-023/08) and the European
Regional Development Found Operational Program Infrastructure
and Environment (POIS 13.01.00-00-062/08).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.colsurfb.2016.08.
028.

References

[1] A. Salleo, Mater. Today 10 (2007) 38–45.
[2] J. Jaczewska, A. Budkowski, A. Bernasik, I. Raptis, J. Raczkowska, D.

Goustouridis, J. Rysz, M.J. Sanopoulou, Appl. Polym. Sci. 105 (2007) 67–79.
[3] M.J. Higgins, P.J. Molino, Z. Yue, G.G. Wallace, Chem. Mater. 24 (2012)

828–839.
[4] M.  Magliulo, M.Y. Mulla, M.  Singh, E. Macchia, A. Tiwari, L. Torsi, K.J. Manoli,

Mater. Chem. C 3 (2015) 12347–12363.
[5] R.B. Pernites, C.M. Santos, M.  Maldonado, R.R. Ponnapati, D.F. Rodrigues, R.C.

Advincula, Chem. Mater. 24 (2012) 870–880.
[6] W.M.  Albers, J.M. Pelto, C. Suspène, J.A. Määttä, A. Yassar, V.P. Hytönen, I.M.

Vikholm-Lundin, K. Tappura, ACS Appl. Mater. Interfaces 4 (2012) 4067–4077.

[7] P. Lin, F. Yan, Adv. Mater. 24 (2012) 34–51.
[8] K. Manoli, M.  Magliulo, M.Y. Mulla, M.  Singh, L. Sabbatini, G. Palazzo, L. Torsi,

Angew. Chemie Int. Ed. 54 (2015) 12562–12576.
[9] J. Jaczewska, A. Budkowski, A. Bernasik, I. Raptis, E. Moons, D.  Goustouridis, J.

Haberko, J. Rysz, Soft Matter 5 (2009) 234–241.

http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://dx.doi.org/10.1016/j.colsurfb.2016.08.028
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0005
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0010
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0015
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0020
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0025
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0030
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0035
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0040
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045
http://refhub.elsevier.com/S0927-7765(16)30605-1/sbref0045


2 ces B:

[

[

[
[
[
[
[
[
[

[

[

[
[
[
[
[

[
[

[

[

[
[

[

[

[

[

[
[

[
[

[

[

[42] B. Müller, M.  Riedel, R. Michel, S.M. De Paul, R. Hofer, D. Heger, D.
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