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Hydrophobic interactions leading to a complex
interplay between bioelectrocatalytic properties
and multilayer meso-organization in layer-by-
layer assemblies
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The present study explores the development of mesostructured bioelectrochemical interfaces with
accurate compositional and topological control of the supramolecular architecture through the layer-
by-layer assembly of ternary systems based on poly(allylamine) containing an osmium polypyridyl
complex (OsPA), an anionic surfactant, sodium dodecyl sulfate (SDS) or sodium octodecyl sulfate (ODS),
and glucose oxidase (GOx). We show that the introduction of the anionic surfactant allows a sensitive
increase of the polyelectrolyte and the enzyme uptake at pH 7.0, enhancing its catalytic behavior in the
presence of glucose as compared to the surfactant-free system (OsPA/GOx), constructed at the same
pH. Structural characterization of the multilayer films was performed by means of grazing-incidence
small-angle X-ray scattering (GISAXS), which showed the formation of mesostructured domains within
the composite assemblies. results indicate that the balance between ionic and
hydrophobic interactions plays a leading role not only in the construction of the self-assembled system

but also in the functional properties of the bioactive interface. The structure of the ternary multilayered

Experimental

films depends largely on the length of the alkyl chain of the surfactant. We show that surfactants
incorporated into the film also play a role as chemical entities capable of tuning the hydrophobicity of
the whole assembly. In this way, the deliberate introduction of short-range hydrophobic forces was

Received 28th May 2014, exploited as an additional variable to manipulate the adsorption and coverage of protein during each

Accepted 11th August 2014 assembly step. However, the integration of long-chain surfactants may lead to the formation of very
DOI: 10.1039/c4cp02334j well-organized interfacial architectures with poor electron transfer properties. This, in turn, leads to a
complex trade-off between enzyme coverage and redox wiring that is governed by the meso-

www.rsc.org/pccp organization and the hydrophobic characteristics of the multilayer assembly.

with a well-defined supramolecular architecture.® Therefore, such
interfacial architectures require strict control over the organization
at the nanometer scale, and therefore it is essential to study and
develop methods for the controlled assembly of multicomponent
nanostructures on surfaces.® Research efforts on this matter are
often referred to as “nanoarchitectonics”, a term popularized by

Introduction

Construction of self-assembled systems into thin film formats
and immobilization of functional molecules on suitable surfaces
are often required for implementation of practical devices that

address specific applications.’? A prerequisite for the construction
of such functional interfaces is the development of methods for
integrating molecular components into well-ordered assemblies®*
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Ariga and co-workers.” "

During the last decade there have been numerous examples
of functional supramolecular nanosystems comprising organized
monomolecular films on surfaces."''*> However, a significant
body of literature demonstrated that multilayer films can enhance
the properties of monomolecular films' and offer the chance to
create interfaces possessing functional groups at controlled sites
in three-dimensional arrangements.'**® Within this framework,
layer-by-layer (LbL) assembly has emerged as a very versatile
method for fabricating structured and functional thin films on
solid substrates. First proposed by Iler in 1966, and then
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rediscovered by Decher and Hong in the early 1990s,"” the LbL
electrostatic adsorption is nowadays firmly established as a
general method for alternately depositing dense monolayers of
charged molecules onto oppositely charged surfaces.'®'® The
power of the approach relies on the attractive forces between
oppositely charged molecules, namely polyelectrolytes, proteins,
nanoparticles, etc. LbL assembly of multilayer films involves
the construction of complex composite materials with nanoscale
precision in film thickness and composition, enabling the
development of novel structures and devices with properties
tailored by controlling the molecular arrangement."®?°* These
advanced preparative strategies are essential in the case of
bioelectrochemical interfaces provided that electrical contacting
of redox proteins with electrodes is the cornerstone of enzymatic
electrodes for biosensor applications and biofuel cells’ design.** >
Different supramolecular strategies to electrically contact redox
proteins and electrodes have been reported, including the LbL
integration enzymes and redox polyelectrolytes.>®

The seminal work by Kotov** demonstrated that strong
electrostatic attraction of opposite charges located on the
substrate and on the building block to be assembled does not
guarantee the formation of multilayers. Along with pure electro-
static forces, hydrophobic interactions have to be considered
when designing LbL assemblies. Short-range hydrophobic forces
were identified as one of the important factors determining the
ability of a compound to self-assemble via the LbL technique
and consequently they should be considered as a major driving
force in layer-by-layer deposition.

The preparation of LbL assemblies integrating surfactants
and polyelectrolytes is very appealing since these building
blocks would provide a broad set of interactions to the supra-
molecular assembly.’® The association between oppositely
charged polymers and surfactants in water is driven by both
electrostatic and hydrophobic interactions and many factors
can influence the properties of these assemblies, e.g. molecular
weight, charge density, hydrophobicity, backbone rigidity, etc.>*

Indeed, it has been demonstrated that in polyelectrolyte
films, fine-tuning of surface wettability by using surfactants
may provide additional physical or chemical robustness.>” On
the other hand, long-chain surfactant assemblies can function
as hierarchical structure-directing agents at both the meso- and
microstructural levels.>*"** Exciting opportunities are revealed
when we think in this manner. Surfactant-polyelectrolyte inter-
actions provide a complementary perspective from which one
can consider the manipulation of the supramolecular ordering,
and ultimately control the functional features of interfacial
architecture via dimensional intra- and interlayer control.>**”

LbL assemblies displaying mesostructural organization are
not trivial compared to typical surfactant-free LbL polyelectro-
lyte assemblies. As extensively demonstrated by Jonas and
co-workers, employing X-ray techniques, the internal structures
of most polyelectrolyte-based electrostatic self-assemblies
are highly disordered.*®*° Sequentially deposited layers of
polyelectrolytes interpenetrate so strongly that the composi-
tional fluctuation perpendicular to the surface is completely
smoothed out. This leads to a situation in which many LbL thin
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film assemblies should be considered as macromolecular
blends of polyelectrolytes.”” The lack of true layering and
mesostructural organization in LbL films may be a limitation
of the technique, because well-organized multilayers are
required for a number of applications requiring the precise
placement of active functional groups in confined layers.*"**

Despite the attractive features of surfactant-polyelectrolyte
complexes there appears to be extremely few examples of
surfactant-based LbL assemblies in the literature*® and, to
our knowledge, functionally mesostructured surfactant-poly-
electrolyte LbL assemblies have not been previously anchored
onto electrode supports. In addition, although some functional
films have been fabricated by the LbL assembly of polyelectrolyte—
surfactant complexes,* the structural tailoring of LbL-assembled
films using surfactants as building blocks is far from being well
investigated. Herein we describe the stepwise construction of a
novel kind of self-assembled mesostructured multilayers on the
basis of the integration of surfactants within the inner structure
of the multilayer assembly. A quartz crystal microbalance (QCM)
and cyclic voltammetry (CV) have been used for estimating the
protein and redox polyelectrolyte coverage and for monitoring
and quantifying the growth process and the evolution of the
redox connectivity upon increasing the number of multilayers.
The present work aims to understand the role of hydrophobic
interactions in the deposition behavior and structural and
functional tailoring of the surfactant-containing LbL assembled
films. Our results reveal an interesting trade-off between protein
and polyelectrolyte coverage (manipulated by surface hydro-
phobicity) and bioelectrocatalytic activity (dominated by meso-
organization) that is affected by the presence of the surfactant.
To the best of our knowledge this is the first report based on
experimental results describing how hydrophobic interactions
affect the functional and structural characteristics of LbL
assemblies.

Materials and methods

Sodium 3-mercapto-1-propanesulfonate (MPS), sodium dodecyl
sulfate, and octadecyl sulfate were purchased from Aldrich.
Glucose oxidase was from Biozyme. All other reagents were
of analytical grade. The synthesis of poly(allylamine) containing
a pyridine based osmium complex (OsPA) is described else-
where.*” Self-assembled multilayers were obtained by immer-
sing the gold surface subsequently in each of the corresponding
solutions. Depending on the dipping step, the following
conditions were used: thiol adsorption: clean gold electrodes
were immersed in a 20 mM 3-mercapto-1-propanesulfonate
solution in 10 mM H,SO, for 60 min. OsPA adsorption: the
modified electrodes were immersed in 50 mM Tris solution
(pH 7.0) containing 0.4% w/v OsPA for 10 min. Anionic alkyl
surfactant adsorption: the electrode was immersed in 1% w/v
SDS or 0.5 mM ODS solution in water for 10 min. GOx adsorp-
tion: the electrode was immersed in 1 uM GOx solution in
50 mM HEPES buffer (pH 7.0) for 10 min. In the case of GISAXS
experiments silicon surfaces were oxidized and modified with
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polyethyleneimine (PEI) as a primer and thereafter the process
was the same as that for gold electrodes.

Electrochemical experiments were carried out using a poten-
tiostat (TEQ-02). The system consisted of a working electrode, a
platinum mesh counter electrode, and an Ag/AgCl reference
electrode. Quartz crystal microbalance experiments were carried
out in a 5 MHz QCM-200 Stanford Research Systems setup.
The variation in the resistive parameter of the Butterworth-Van
Dyke electrical equivalent circuit that represents the composite
quartz crystal resonator loaded with the film, AR, in all cases is
negligible compared to the inductive quartz impedance compo-
nent, AX;. Therefore, the films behave as acoustically thin in the
gravimetric regime and the mass uptake was calculated in each
case using the Sauerbrey equation.*®*” Advancing water contact
angle experiments were carried out on a KSV CAM200 optical
contact angle meter. GISAXS measurements were performed
at the D10A-XRD2 beamline of Laboratorio Nacional de Luz
Sincrotron (LNLS, Campinas, Brazil). A monochromatic beam
of 7689 eV (4 = 1.6124 A) was used to perform the experiments.
Large size (2 x 2 cm?) silicon wafers were used as GISAXS sample
substrates. GISAXS scattering intensities were recorded using a
Pilatus 100 K detector (DECTRIS Ltd - Baden, Switzerland) at a
distance of 631 mm from the sample (calibration: 64 pixel per
degree). Exposure times under these conditions ranged from 60 s
to 80 s depending on the contrast and sample quality. The beam
size was 150 pm x 4 mm. Lamellar spacings were determined
according to the procedure described by Di et al.*®

Paper

Results and discussion

Multilayer films were fabricated by alternating deposition of
redox-active Os-tagged poly(allylamine) hydrochloride, sodium
dodecyl sulfate and glucose oxidase (GOx). The protocol leading
to the layer-by-layer formation of multicomposite molecular
assemblies comprised of Os-PA/SDS/GOx multilayers is schema-
tically outlined in Fig. 1.

First, quartz crystal microbalance (QCM) experiments®® were
conducted to confirm the regular formation of (OsPA/SDS/OsPA/
GOx),, multilayers on planar supports. Integration of each building
block was recorded online in a liquid cell. The electrode surface
was primed with a sodium 3-mercapto-1-propanesulfonate self-
assembled monolayer which was chemisorbed from an aqueous
solution. Alternating layers of OsPA, SDS and GOx were then
deposited using solutions with concentrations, 0.4% w/v, 1% w/v
and 1 pM, respectively. The washing steps following the adsorption
of each building block were performed using Milli-Q water. The
buildup of multilayers can be seen in Fig. 2, which shows the mass
of the film as a function of layer number. The repetition of the
adsorption of OsPA, SDS and GOx in a cyclic fashion led to a
multilayer assembly. The film made from alternate layers of OsPA/
SDS/OsPA/GOx shows an increase in the film mass as a function of
layer number. Different sets of experiments of film formation
showed that the growth of such films is not strictly linear, but fully
achievable with good reproducibility. In particular, it is systema-
tically observed that the assembly of SDS onto the OsPA layer leads
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Fig. 1 Schematic of the film deposition process. Steps 1 to 5 represent the formation of OsPA/SDS/OsPA layers whereas step 7 represents the
integration of glucose oxidase within the assembly. The figure also describes the chemical structure of the surfactant and the redox polyelectrolyte.

20846 | Phys. Chem. Chem. Phys., 2014, 16, 20844-20855

This journal is © the Owner Societies 2014



Paper

20
18 A
16
14 4
12 4
10 A
8 -

0

*
_; §+
+ +

.

-
=

Total mass / ug cm™

61 5@# 1

4 - 4

L J
@
L
L]

2 4

0+

oW
O
wl

L} 1 1
N X<
ooOon
nasO @D

GOx 4
OsPA

L} T T
W< X< W
0o Oa 0
naA0An|

OsPA
OsPA @
GOx -
OsPA -
OsPA A
OsPA 4
OsPA
OsPA
OsPA
OsPA
GOx A

Fig. 2 Total deposited mass as a function of layer number for (OsPA/SDS/
OsPA/GOx),, assemblies. Different colors were used to indicate the assembly
of OsPA (red), SDS (green) and GOx (blue) in the multilayered film.

to a reduced mass increase as compared to the rest of the
assembling layers. Recently, Rahim et al>® showed that SDS is
able to remove polyelectrolyte chains that are loosely integrated in
layer-by-layer films. Our results might indicate that the present
system behaves in a rather similar way and the assembly of SDS
could remove OsPA chains weakly adsorbed on the outermost layer
of the film. In addition, we should consider that multilayer growth
was tracked by in situ QCM.>'~>* Hence, the adsorption of SDS may
also lead to partial dehydration of the film with the concomitant
decrease of the mass viscoelastically coupled to the quartz crystal.

In order to better understand the changes produced by this
new assembling strategy integrating SDS, i.e. (OsPA/SDS/OsPA/
GOX),, all the experiments were always compared to (OsPA/GOX),
self-assembled systems contemporarily constructed. For a system
of (OsPA/SDS/OsPA/GOx),, multilayers the amount of GOx incor-
porated into the multilayer films containing the SDS is ca.
3.5 times higher than in a comparable system of SDS-free
multilayers. These meaningful differences in GOx incorporation
can be observed in Fig. 3a. SDS-containing films add 2.8 pg cm™>
of GOx per dipping cycle whereas SDS-free films only incorporate
0.82 pg cm 2 during each self-assembly step. This clearly
demonstrates that the relative amount of GOx incorporated into
the systems of layered (OsPA/SDS/OsPA/GOX),, is higher than in
the classically assembled films. Hence, the current approach
provides an alternative means to enhance the integration of
proteins in electrostatically LbL assembled multilayers.>*

In both cases GOx is adsorbed atop the cationic OsPA layer via
electrostatic interactions; however, it is evident that hydrophobic
interactions within the film play a dominant role in the case of
films containing SDS. For instance, changes in surface hydro-
philicity are evident in SDS-containing multilayers. Contact
angles of OsPA-capped films in (OsPA/SDS/OsPA/GOx), and
(OsPA/GOx),, multilayers are 104° and 57°, respectively. Conco-
mitantly, wetting measurements and QCM data reveal that
hydrophobic surfaces of opposite charge to that of the protein
were found to be more effective at promoting protein adsorption.
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Fig. 3 (a) Total glucose oxidase (GOx) mass contained in (OsPA/SDS/

OsPA/GOXx),, (red)and (OsPA/GOx), (blue) multilayers as a function of
dipping cycle (n). (b) Total osmium polypyridyl complex-modified poly-
electrolyte (OsPA) mass contained in (OsPA/SDS/OsPA/GOx),, (red)and
(OsPA/GOx), (blue) multilayers as a function of dipping cycle (n).

A rather similar scenario is observed when we analyze the
QCM data corresponding to the integration of OsPA in the
SDS-free and SDS-containing multilayer assemblies separately
(Fig. 3b). The amount of OsPA incorporated into (OsPA/SDS/
OsPA/GOx),, and (OsPA/GOx),, multilayers during each dipping
cycle is 2.1 and 0.74 pg cm 2, respectively. It is worthwhile
mentioning here that in (OsPA/SDS/OsPA/GOx), multilayers
each dipping cycle involves two OsPA assembly steps (see
Fig. 1). The ratio between the OsPA content in conventional
and SDS-containing multilayers is 2.8. This experimental obser-
vation suggests that hydrophobic interactions also play an
important role in determining the amount of redox polyelectrolyte
that is adsorbed on the modified surface. The association between
oppositely charged polymers and surfactants in water is driven
by both electrostatic and hydrophobic interactions.>® The best way
to illustrate the critical role of hydrophobicity is to compare the
wettability of substrates onto which OsPA is assembled. In our
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case GOx-capped (OsPA/GOx), films display contact angle (CA)
values close to 40° whereas SDS-capped (OsPA/SDS/OsPA/GOX),
multilayers exhibit a very pronounced hydrophobic character, CA
~ 115° The increasing hydrophobicity of the surface further
supports the finding that the changes in the adsorption charac-
teristics are influenced by the presence of SDS on the surface of
the film. The anionic headgroups of the SDS molecules bind to
the positive sites of the OsPA layer, leaving the hydrophobic
hydrocarbon tails exposed, which would increase the hydrophobi-
city of the OsPA-SDS outer layer. Notably, OsPA assembly on SDS-
capped surfaces also leads to hydrophobic surfaces, CA ~ 104°.
The increase in the contact angle for the capping OsPA layer might
indicate that the hydrophobic alkyl chains of SDS are present on
the outermost polyelectrolyte layer. We hypothesize that when
OsPA is added onto a SDS underlayer, the alkyl chains of the
surfactant likely interpenetrate through the new polyelectrolyte
layer, causing an increase in surface hydrophobicity. A similar
observation was reported by Johal et al. for the adsorption of SDS
on poly(ethylenimine) in multilayered thin films.*® Within this
context we should also emphasize that incubation of GOx in the
presence of SDS yields cooperative (hydrophobic) binding with
retention of activity.>” Considering these aspects, it is plausible to
consider that the effective SDS integration in the self-assembled
system could be also ascribed to the interaction with hydrophobic
pockets on the surrounding enzymes.

Then, we proceeded to examine and compare the electro-
chemical properties of both types of assemblies. Typical cyclic
voltammograms for multilayers assembled during 1-4 dipping
cycles are depicted in Fig. 4a. Evidently, an almost linear
increase in the content of electroactive units as a function of
dipping cycles is observed. Cyclic voltammograms exhibit charac-
teristic features of redox surface processes with a peak separation of
less than 15 mV and a full width at half maximum (FWHM) slightly
larger (~ 110 mV) than the theoretical value for an ideal Nernstian
surface layer, i.e.: 90.6 mV for a one electron transfer process. This
fact might reflect repulsive interactions of the osmium complex in
the multilayer matrix.”’® As described by several authors the redox
potential depends on the local electrostatic environment due to
Donnan potential contribution. In our case we observed no differ-
ences in redox potentials between films assembled in the presence
or in the absence of SDS. Fig. 4b shows that the integrated charge
also increases with the number of dipping cycles or self-assembled
layers. Charge propagation through the consecutive layers takes
place by electron hopping between adjacent osmium redox centres
in the polymer in a diffusion-like process. The electrochemical
charge involved in the voltammetric response of the supra-
molecular assemblies provides a quantitative estimation of the
density of electroactive sites connected or “wired” to the
electrode.*” Data displayed in Fig. 4b reveal that both types of
assemblies, (OsPA/SDS/OsPA/GOx),, and (OsPA/GOx),, present a
similar amount of “wired” redox centers connected to the
underlying gold electrode. On the other hand, as discussed
above, QCM data indicate that the amount of OsPA in (OsPA/
SDS/OsPA/GOXx),, is 2.8 times higher than in (OsPA/GOx), multi-
layers. By comparing the information derived from cyclic voltam-
metry and QCM we can infer that only 35% of Os centers are
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Fig. 4 (a) Cyclic voltammograms of self-assembled (OsPA/SDS/OsPA/
GOx),, multilayers built up over several dipping cycles (n). Scan rate:
10 mV s~ % Supporting electrolyte: 50 mM HEPES, 0.2 M KNO3z buffer
solution at pH 7.0. (b) Representation of the electrochemical charge
associated with the oxidation—reduction of the osmium centers incorpo-
rated into the supramolecular assembly as a function of the number of
dipping cycles (n). Error bars are comparable to the data symbol size.

connected to the electrode support in the (OsPA/SDS/OsPA/GOx),
multilayers. It is evident that the presence of SDS alters the redox
connectivity of the supramolecular assembly. As we already
mentioned the alkyl chains of SDS might interpenetrate through
the OsPA layer precluding the hopping between Os centers.

In addition, the presence of surfactants in the supramolecular
assembly might also introduce drastic changes in the inner
structure of the multilayered film with their concomitant effects
on the “wiring” efficiency. Therefore, a non-destructive method is
required for the quantitative structural analysis of the multilayer
thin films deposited on substrates in the out-of-plane and
in-plane directions of the film. Recently, grazing-incidence
X-ray scattering has emerged as a very powerful technique for
characterizing both surface and internal structures in supported
thin films.>*®® In particular, GISAXS is well suited for structural
characterization of thin films due to a highly intense scattering
pattern with high statistical significance always obtained, even
for films of nanoscale thickness, because the X-ray beam path-
length through the film plane is sufficiently long.°" Unlike local
techniques, like atomic force microscopy, statistics derived from
GISAXS investigations are representative of the most dominant
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structural features of the sample as a whole. In our studies,
experimental parameters were chosen such that the dominant
contributions to X-ray scattering arise from the bulk of the
LbL films.

GISAXS patterns obtained from (OsPA/GOx); and (OsPA/SDS/
OsPA/GOx); films are shown in Fig. 5. Direct visual comparison
of both GISAXS patterns eloquently reveals the absence of
meso-organization in the case of (OsPA/GOx); films as well as
the presence of mesostructured domains in the multilayers
containing SDS. GISAXS characterization of (OsPA/SDS/OsPA/
GOx); films show a bright region (highest intensity) in the
direction g, (for g, — 0) and the presence of an appreciable
intensity halo (Fig. 5b). This suggests that while there are lamellar
domains oriented parallel to the substrate there is a strong
contribution of multioriented lamellar domains (randomly
oriented small domains). This GISAXS pattern closely resembles
those obtained in phase segregated Nafion films in which the
halo is often referred to as the “ionomer ring”.®*% It is evident
that the integration of SDS in the assembly introduced meso-
structural order in the supramolecular system; however, meso-
organization in large domains is rather poor.

On the other hand, it is well known that water uptake may
lead to swelling of hydrophilic polyelectrolyte domains in
phase-segregated materials.*”®® Considering that aqueous
environments represent a more realistic scenario for studying
the function-structure properties of these systems we assessed
the influence of water on the lamella dimensions. To this end,
we performed GISAXS experiments at various humidity levels
until reaching saturation (Fig. 6). We observed a slight increase
in lamellar spacing (/) from 4.08 to 4.22 nm upon increasing the
relative humidity from 1 to 75%. Then, further increase of RH
to 95% led to a slight decrease in /, 4.16 nm. In few words, the
lamellar domains experience only slight dimensional changes
(~2%) in the presence of water. These experiments indicate

q, (nm )
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g, (nm )
(spun “qre) Aususyu

Fig. 5 GISAXS patterns corresponding to (a) (OsPA/GOx)s and (b) (OsPA/
SDS/OsPA/GOx)s multilayers. GISAXS experiments were performed at room
temperature and RH: 20%. The color scale of both diagrams are identical
and the angle of incidence (relative to the film surface) o; was 0.17°.
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Fig. 6 Out-of-plane scattering profiles extracted along the g, direction
(atg, =02 nm~ with Ag, width corresponding to +£0.01 nm™) from the
GISAXS patterns of (OsPA/SDS/OsPA/GOx)s multilayers obtained under
different humidity conditions.

that the way in which the redox centers accommodate during
the self-assembly process is preserved after immersion in water.

So far, we have demonstrated that the integration of the
surfactant in the LbL can be exploited as mesomorphic
structure-directing agents as well as a driving force to increase
the adsorption of the enzyme through hydrophobic interac-
tions.®®®” Next, we will study the bioelectrocatalytic features
of (OsPA/SDS/OsPA/GOx), assemblies in the presence of the
enzyme substrate. Their voltammetric response eloquently
illustrates the responsiveness of the GOx-containing supra-
molecular assembly to the presence of the glucose in the
surroundings of the electrode surface. Fig. 7 shows the ampero-
metric responses of (OsPA/SDS/OsPA/GOx)s and (OsPA/GOXx)s
enzyme electrodes in the presence of the substrate. Even though
the (OsPA/GOx)s enzyme electrode yields a well-defined ampero-
metric response, the supramolecular array composed of (OsPA/
SDS/OsPA/GOx)s reveals a significant anodic current implying
that glucose is efficiently oxidized by the enzyme-containing
mesostructured redox-active assembly. Control experiments (not
shown) confirmed that in the absence of Os tethers on the poly-
electrolyte layers, no amperometric responses are observed in any
of the enzyme electrode configurations, although the immobilized
enzymes exhibit biocatalytic activity. To better describe the influ-
ence of the GOx overlayers on the electrocatalytic activity of the
assembly we have plotted the increase of the current density
developed through the electrochemical interface upon increasing
the number of GOx monolayers assembled on the electrode
surface (Fig. 8). As expected, the glucose responsiveness of the
interfacial assemblies is proportional to the amount of immobi-
lized enzyme. However, we observe a remarkable increase in
the catalytic response of (OsPA/SDS/OsPA/GOx), assemblies with
respect to the traditional (OsPA/GOXx), LbL multilayers. As previously
discussed the introduction of a negatively charged surfactant in
the construction of the self-assembled structures comprising a
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redox-active electrolyte and GOx allows the incorporation of a
greater amount of each species. In the case of OsPA we observed
that even though the content of the redox polyelectrolyte in the
assemblies is higher in (OsPA/SDS/OsPA/GOx), the population of
redox active centers is the same in both type of assemblies.
On the other hand, we have estimated that the content of GOx is
2.8 times higher in (OsPA/SDS/OsPA/GOx), films with respect
to (OsPA/GOx),. In principle the sensitivities of these enzyme
electrodes is controlled by the amounts of protein immobilized
onto the electrodes. An estimation of glucose responsiveness
from data displayed in Fig. 8 reveals sensitivities of 18.4 and
2.1 uA em™? per added GOXx layer for (OsPA/SDS/OsPA/GOx), and
(OsPA/GOx),, assemblies, respectively. This suggests that for the
same population of redox active centers, a 3-fold increase in
enzyme coverage in SDS-containing assemblies led to sensitivity
enhancement by a factor of 9. We attribute the marked improve-
ment in the catalytic current to a better interaction between the
enzyme and the polyelectrolyte due to the presence of SDS.

By following the same line of reasoning that led us to the
integration of SDS in the LBL assembly we proceeded to assemble
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Fig. 8 Bioelectrocatalytic current as a function of GOx layers incorpo-
rated into the supramolecular assembly for (OsPA/GOx), (O) and (OsPA/
SDS/OsPA/GOx),, (@). Bioelectrochemical experiments were performed in
the presence of 50 mM glucose in 50 mM HEPES, 0.2 M KNOs buffer
solution at pH 7.0. Error bars are smaller than the symbol size.

analogue systems integrating sodium octadecylsulfate (ODS)
instead of shorter-chain SDS. ODS represents a long-chain
amphiphilic molecule that could confer a more hydrophobic
character to the film with the concomitant effect on the
adsorption of GOx. Fig. 9a shows the cyclic voltammogram
corresponding to the bioelectrocatalytic current of a (OsPA/
ODS/0sPA/GOx);-modified electrode in the presence of 50 mM
glucose. Clearly, an electrocatalytic anodic current is observed
at the oxidation potential of Os centers. This bioelectrocatalytic
current is significantly larger than that measured on (OsPA/
SDS/OsPA/GOx);-modified electrodes. This fact would indicate
that the increased hydrophobicity of ODS-containing films play
a role in the enhancement of the bioelectrochemical signal.
Indeed, QCM data confirmed that the amount of GOx immo-
bilized during the first adsorption step is significantly larger
than that observed in SDS-containing films, ie. 1.47 versus
0.53 pg cm™ 2. Thereafter, continuing the multilayer buildup
through a second dipping cycle a very interesting fact was
revealed. Surprisingly, the bioelectrocatalytic current measured
in (OsPA/ODS/OsPA/GOx), assemblies is much lower than
that measured in (OsPA/ODS/OsPA/GOx);-modified electrodes.
In addition, cyclic voltammograms in the absence of glucose
indicate that the population of “wired” redox centers does not
increase after adding a second composite layer although QCM
data indicated that during the second dipping cycle 1.07 pg cm >
of OsPA and 2.47 pg cm™ > of GOx were integrated in the multi-
layer assembly. These electrochemical results strongly suggest
that in the case of ODS-containing films the multilayer buildup
has a detrimental effect on the functional properties of the
biofunctional assembly.

A direct comparison of electrocatalytic currents measured in
(OsPA/GOx),,, (OsPA/SDS/OsPA/GOx), and (OsPA/ODS/OsPA/
GOx), multilayers during the first two dipping cycles unequi-
vocally reveals the strong influence of the surfactant on the
bioelectrocatalytic functional properties (see Fig. 10).
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voltammograms are depicted in different traces for the sake of clarity.

Temperature: 298 K and scan rate: 10 mV s~

The present question is whether the presence of ODS in the
LbL assembly would significantly affect the mesoorganization
in such a way that promotes a dramatic effect on the electro-
chemical activity of redox-active film. In order to answer this
question, we further studied the mesoorganization of (OsPA/
ODS/OsPA/GOx), films under different humidity conditions
(Fig. 11).

GISAXS characterization conclusively confirmed the presence of
lamellar domains strongly oriented parallel to the substrate. In fact,
the absence of a halo further suggests that ODS acts as an efficient
mesostructure-directing agent inhibiting the formation of multi-
oriented domains. It is evident that the surfactant alkyl chain
length plays a role in defining not only the film mesostructure
but also the water uptake characteristics in aqueous environments.
These are crucial aspects to understand the electrochemical beha-
vior of the redox centers confined in the polyelectrolyte domains.
Fig. 12 depicts changes in lamellar spacing in (OsPA/ODS/OsPA/
GOx), films under different humidity conditions. For the sake of
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Fig. 11 (a) GISAXS pattern corresponding to a (OsPA/ODS/OsPA/GOx),
multilayer assembly obtained under ambient conditions (RH: 20%, the
angle of incidence of the beam «; was 0.17°). (b) Out-of-plane scattering
profiles extracted along the g, direction (at g, = 0.2 nm~1) from the GISAXS
patterns of (OsPA/SDS/OsPA/GOx), multilayers obtained under different
humidity conditions.

comparison, data from (OsPA/SDS/OsPA/GOx), were also included
in the plot. We observe that in the presence of water (OsPA/
ODS/OsPA/GOx), assemblies display significant swelling of the
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100

polyelectrolyte domains. Indeed, lamellar spacing increases
from 4.15 to 5.00 nm upon increasing the humidity from 1 to
95% (~18% increase). Contrarily, SDS-containing films exhibit a
much less pronounced change in lamellar spacing when sub-
jected to similar conditions.

These figures translate into important implications for
charge transport within the film. To understand how the meso-
organization of redox centers confined into the film affects the
electron transport we need to consider GISAXS patterns in water-
saturated environments. In the case of (OsPA/ODS/OsPA/GOx),
films a strong anisotropy in the intensity distribution arises due
to in-plane confinement effects. Because of this effect, swelling of
the lamellae in the in-plane direction is limited, whereas that in
the direction normal to the substrate (out-of-plane) is uncon-
fined; this results in greater levels of swelling from domains with
periodicity in the out-of-plane direction as evidenced by higher

Enhanced Bioelec

Paper
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enzyme (GOx)
gluconic acid / redox
polyelectrolyte

(—/ self-assembled

/ bilayer of surfactant

Bioelectrochemical Signal

Fig. 13 Simplified schematic of the glucose-responsive ternary supramo-
lecular architecture. Poly(allylamine) containing an osmium polypyridil
complex (OsPA), octadecyl sulfate (ODS) and glucose oxidase (GOx) are
spontaneously assembled via electrostatic and hydrophobic interactions
onto electrode surfaces. The figure displays the constituting building
blocks (not to scale) participating in the generation of the bioelectro-
chemical signal in the presence of glucose as well as a simplified view of
their organization in the interfacial architecture. The distance d refers to
the lamellar spacing estimated from GISAXS experiments.

scattering intensity in the GISAXS patterns away from the
specular position. This scenario implies that octadecyl sulfate
molecules strongly favor the stratification of the redox-active
polyelectrolyte domains and at the same time the surfactant
bilayers formed by octadecyl chains act as spacers between
electroactive regions (Fig. 13). The convolution of both effects
has a detrimental effect on the electron transfer across the film
if we consider that electron hopping, and even tunneling, is
strongly inhibited in the presence of long insulating aliphatic
chains, i.e.: octadecyl chains.

On the other hand, (OsPA/SDS/OsPA/GOx),, assemblies exhibit
a much less anisotropic scattering thus suggesting that swelling
of multi-oriented lamellar domains can take place in both

alytic Properties Hindered Electron Transfer

(OsPA/GOx), (OsPA/SDS/OsPA/GOx), (OsPA/ODS/OsPA/GOx),
Incorporating
surfactants Increasing
in the LbL surfactant
assembly chain length

gel-like LbL: assembly

Increasing Level of Mesoscale |

=)

mesostructured LbL: assembly

Fig. 14 Schematic describing the mesoorganization of surfactant-free and surfactant-containing layer-by-layer assemblies. Simplified cartoons are
depicted according to experimental results obtained from GISAXS characterization.
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in-plane and out-of-plane directions. This might lead to a
situation in which electron hopping between Os centers can
take place in hydrophilic domains percolating across the
boundaries of multi-oriented lamellae. This picture closely
resembles the formation of highly ion- and water-conductive
channels in Nafion films. In our case the LbL assembly leads to
the mesostructural organization of structural domains and
redox conducting domains into which enzymes are hosted.

In general terms, according to our structural characterization,
integration of SDS in the LbL assembly confers short-range
mesoorganization to the typical gel-like (OsPA/GOx) assembly
(Fig. 14). The presence of the amphiphilic molecules leads to
phase separation between redox conducting and structural
domains as well as an increase in protein and polyelectrolyte
coverage due to the dominant role of hydrophobic forces. As the
alkyl chains of the surfactants increase in length, supramolecular
assemblies show a higher degree of mesoorganization with the
concomitant increase in the order of redox conducting domains
oriented parallel to the electrode surface. This new scenario is
completely different from the classical notion of redox-active
hydrogel-like LbL assemblies in which the electron transfer
efficiency, ie. redox “wiring”, is almost exclusively dominated
by the swelling/shrinking of the hydrogel.*®

Conclusions

The preparation of mesostructured layered assemblies integrating
redox proteins and displaying optimized functional properties is
important for both fundamental materials research and practical
applications of bioelectrochemistry. These results using supra-
molecular assemblies based on redox-active polyelectrolytes,
enzymes and surfactants demonstrate the potential of using LbL
as a key enabling tool granting access to the rational molecular
design of complex interfacial assemblies. In summary, we want to
emphasize three points, which appear to be the most significant
aspects of our investigation: (1) surfactants in LbL films play a
dual role as mesomorphic structure-directing agents as well as a
driving force to increase the adsorption of the enzyme through
hydrophobic interactions; (2) there is a trade-off between enzyme
coverage and the bioelectrocatalytic signal that is governed by the
meso-organization and hydrophobic characteristics of the multi-
layer assembly; and (3) hydrophobic interactions may dictate 3D
organization of multilayer assemblies and lead to major changes
in functional properties.

The present study demonstrated the superior bioelectro-
catalytic properties through the (OsPA/SDS/OsPA/GOx),, compo-
site system as compared to the traditional (OsPA/GOx), system.
The enhanced bioelectrocatalytic functions of the (OsPA/SDS/
OsPA/GOx),, composite material originate from the increased
masses of the protein and redox polyelectrolyte adsorbed on the
hydrophobic multilayer assemblies. Charge hopping within the
composite (OsPA/SDS/OsPA/GOx) assembly proceeds through
the boundaries of multi-oriented lamellar redox domains.

Upon further increasing the length of the surfactant alkyl
chain, the degree of lamellar organization increases as observed
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in GISAXS experiments. Similarly, protein coverage increases
upon increasing the surfactant alkyl chain. Hydrophobic inter-
actions between the hydrocarbon tails of the surfactants and
polyelectrolyte and/or proteins significantly increase the attrac-
tive component of the surfactant-polyelectrolyte and surfactant-
enzyme interactions. However, the formation of well-organized
lamellar domains oriented parallel to the electrode surface leads
to composite assemblies with poor bioelectrocatalytic properties.
This observation has been ascribed to the presence of long alkyl
chains located between organized redox domains that act as
spacers precluding the electron transfer among electroactive
sites. These findings are important for understanding the inter-
dependence of forces resulting in the layer-by-layer buildup,
rational selection of the surfactant-polyelectrolyte systems, and
control of the structure of the multilayer. From a preparative
point of view, the elegance of this assembly approach lies in the
rational choice of individual components that, in turn, deter-
mine the overall features of the whole bioelectroactive assembly.
This concept represents a crucial feature for the nanoconstruc-
tion of bioelectronic interfaces as well as the development of
amperometric biosensors with higher sensitivity and biofuel
cells with larger current values.
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