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The development of soft bioelectronic interfaces with accurate compositional and

topological control of the supramolecular architecture attracts intense interest in the
fast-growing field of bioelectronics and biosensing. The present study explores the
recognition-driven layer-by-layer assembly of glycoenzymes onto electrode surfaces.

The design of the multi-protein interfacial architecture is based on the multivalent
supramolecular carbohydrate—lectin interactions between redox glycoproteins and
concanavalin A (Con A) derivatives. Specifically, [Os(bpy)-Clpy]* " -tagged Con A (Os-Con A)
and native Con A were used to direct the assembly of horseradish peroxidase (HRP) and glucose
oxidase (GOx) in a stepwise topologically controlled procedure. In our designed configuration,
GOx acts as the biorecognition element to glucose stimulus, while HRP acts as the transducing
element. Surface plasmon resonance (SPR) spectroscopy and quartz crystal microbalance with
dissipation (QCM-D) results are combined to give a close representation of the protein

surface coverage and the content of water in the protein assembly. The characterization is
complemented with in situ atomic force microscopy (AFM) to give a topographical

description of the layers assemblage. Electrochemical (EC) techniques were used to
characterize the functional features of the spontaneously self-assembled biohybrid

architecture, showing that the whole system presents efficient electron transfer and

mass transport processes being able to transform micromolar glucose concentration into
electrical information. In this way the combination of the electroactive and nonelectroactive
Con A provides an efficient strategy to control the position and composition of the protein
layers via recognition-driven processes, which defines its sensitivity toward glucose.
Furthermore, the incorporation of dextran as a permeable interlayer able to bind Con A
promotes the physical separation of the biochemical and transducing processes, thus
enhancing the magnitude of the bioelectrochemical signal. We consider that these results are
relevant for the nanoconstruction of functional biointerfaces provided that our experimental
evidence reveals the possibility of locally addressing recognition, transduction and amplification
elements in interfacial ensembles via LbL recognition-driven processes.
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Introduction

Interfacial supramolecular assemblies generated in a layer-by-
layer (LbL) fashion have found an incredible resonance and a
vast number of applications in many scientific areas during the
past decades."> An essential cornerstone for the construction
of multicomponent interfacial architectures is the development
of methods for integrating molecular building blocks into well-
defined organized assemblies. In most of the cases, such
interfacial architectures require accurate control of composi-
tion as well as of molecular orientation and organization at the
nanometer scale. One major attraction of LbL assembly is its
potential for the combination of diverse building blocks of
complementary affinities to create thin films on solid substrates
displaying functional groups at controlled sites in nanoscale
arrangements. During the early days, LbL assembly was almost
exclusively based on multilayered polyelectrolyte assemblies, in
which electrostatic attraction was the main driving force leading
to the film growth.> Thereafter, the hoped-for influx of new
approaches certainly happened and the LbL method was
successfully extended to other driving forces such as hydrogen
bonding, charge transfer, host—guest interactions, acid-base
pairs, metal-ion coordination, and biospecific interactions.* In
this regard, those biospecific ligand—receptor interactions have
proven to be very efficient in assembling different biological
functional units on surfaces.’ The use of multivalent bio-
supramolecular interactions to promote directional and selec-
tive self-assemblies of proteins represents a research topic of
growing relevance in supramolecular surface chemistry.®’

In a similar vein, multilayer assemblies containing redox-
active proteins are also attracting widespread interest within
the scientific community as versatile architectures to create
chemoresponsive biointerfaces or even biomimetic signal transfer
systems. Recent work of Lisdat and co-workers illustrates the
potential of self-assembling all-protein interfacial architectures
incorporating intrinsically electroactive biomolecules in order
to create biomimetic signal chains.® These authors demon-
strated the creation of electrostatic bioassemblies displaying
remarkable functional features constituted of cytochrome ¢, as
a redox mediator, and sulfite oxidase or bilirubin oxidase, as
sensing elements. For instance, the integration of redox
glycoproteins on conductive supports has enabled the design
of bioelectrochemical interfaces capable of molecular recogni-
tion. The electrical signal triggered by the enzyme can be
integrated into circuits leading to biosensors, miniaturized
labs-on-chips, bimolecular microelectronics, or biofuel cells.’
Recently, we have demonstrated that redox-tagged Con A, a
protein displaying carbohydrate-binding sites,'® can be used
not only as “biosupramolecular glue” facilitating the robust
and easy attachment of HRP onto electrodes without affecting
its catalytic activity but also as an electron-conducting phase
enabling the electrical communication between the prosthetic
group of the enzyme and the electrode support.'!

Here we propose an alternative strategy for attaining multi-
protein interfacial architectures, thus leading to the formation of
highly versatile enzymatic electrodes. The stepwise construction
of the bioactive self-assembled multilayers was accomplished on
the basis of multivalent supramolecular carbohydrate-lectin
interactions between glycoproteins (HRP and GOx) and

Con A derivatives.'!* The use of redox-active Con A as a
biorecognizable platform enabling the spontaneous assembly
and electrical wiring of multiple glycoenzyme layers onto electrodes
remains an unexplored research topic in contemporary supra-
molecular science and, consequently, we devoted particular
attention to explore these features. The experimental results
reveal that the combination of electroactive and nonelectroactive
lectins facilitates the nanoscale control over the positioning of the
glycoenzyme layers, which in turn promotes a better coupling
between biochemical and electron transfer processes taking
place within the supramolecular assembly. The positioning
and composition of the protein layers can be easily controlled
via recognition-driven processes between the biofunctional
units displaying ligand or receptor characteristics and have a
strong influence on the magnitude of the bioelectrochemical
signal obtained in the presence of the chemical stimulus.

Experimental
Materials

Canavalia ensiformis Concanavalin A (Con A, jack bean),
cystamine dihydrochoride (Cys), a-D-mannopyranosylphenyl
isothiocyanate (Man), B-p-glucose, 40 kDa dextran from
Leuconostoc spp. and horseradish peroxidase (HRP) (type VI;
RZ = 3.1) were purchased from Sigma. ([Os(bpy),Clpy]"-
PEG);»-Con A (Os-Con A) was synthesized as previously
described,'* where bpy stands for bipyridine, py for pyridine
and PEG for a 336 Da MW polyethylene glycol. Glucose
oxidase (GOx, Aspergillus niger) was obtained from Calzyme
Laboratories, Inc. All other reagents were of analytical grade.

Construction of self-assembled layers

The construction of molecular assemblies was achieved by
using a BK7 glass coated with 2 nm of chromium and 50 nm of
gold by evaporation. The substrate was incubated overnight
with a solution of cystamine dihydrochloride (5 mM) in
ethanol, then the electrode was rinsed with ethanol and dried
with N,, followed by 2 h incubation in a solution of o-D-
mannopyranosylphenyl isothiocyanate (10 pg mL™") in PBS
buffer (0.05 M, pH 7.4). Then the electrode was rinsed with
PBS buffer and immersed for 1 h in a solution of Con A or
Os-Con A (1 pM) in PBS buffer containing CaCl, (0.5 mM)
and MnCl, (0.5 mM). The same buffer was used to incorporate
the HRP, GOx and dextran onto the surface and to rinse the
electrode after a Con A, Os-Con A, dextran, HRP or GOx
assembling step. To immobilize the enzymes onto the lectin-
modified surface, the electrode was incubated in the corre-
sponding enzyme solution (1 uM) for 1 h. The incorporation of
the dextran was achieved under the same conditions described
for the enzymes. All steps were carried out at RT (ca. 22 °C).

Quartz crystal microbalance with dissipation monitoring

The QCM-D measurements were carried out at 21 °C using a
Q-Sense E1 microbalance (Q-Sense, Goteborg, Sweden). This
instrument allows for a simultaneous measurement of frequency
change (Af) and energy dissipation change (AD) by periodically
switching off the driving power of the oscillation of the sensor
crystal and by recording the decay of the damped oscillation.
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The time constant of the decay is inversely proportional to D,
and the period of the decaying signal gives f. Experiments were
performed using commercially available (QSX-301, Q-Sense)
gold-coated quartz crystals.

Surface plasmon resonance spectroscopy

SPR detection was carried out in a homemade device using the
Kretschmann configuration.'> The SPR substrates were BK7
glass slides evaporation-coated with 2 nm of chromium and 50 nm
of gold. Prior to and after injection of protein solution into the
liquid cell a measurement of the SPR signal at different angles was
recorded. This has been done in order to detect the shift of the
minimum angle of reflectance due to the protein bioconjugation
on the surface. The SPR angle shifts were converted into mass
uptakes using the experimentally determined relationship,
I'(ng mm~2) = A0(°)/0.19. The sensitivity factor was obtained
following procedures reported in the literature.'®

Electrochemical measurements

Cyclic voltammetry and chronoamperometry experiments were
performed with a pAutolab potentiostat (Echo Chemie) using a
three-electrode cell equipped with an Ag/AgCl reference electrode
and a platinum mesh counter electrode. All electrochemical
experiments were carried out at room temperature (ca. 22 °C)
in a Teflon cell designed to expose 0.18 cm? of the surface of
the electrode to the solution. Electrochemical experiments were
carried out in a 0.05 M KH,PO4/K,HPO,, 0.1 M KNO; buffer
solution at pH 7.4 under an oxygen atmosphere.

Atomic force microscopy imaging

Tapping-mode AFM in liquid was performed using a Nano-
scope Illa-Quadrex Multimode-AFM (Bruker, CA) with a
vertical J scanner having a maximal lateral range of approxi-
mately 150 pm. After a period of 15 to 30 min of thermal
relaxation, initial engagement of the tip was achieved at scan
size zero to minimize sample deformation and tip contamina-
tion. SNL AFM probes (Bruker, CA) with a nominal spring
constant of 0.24 Nm~! and a nominal tip radius of 2 nm were
used and imaging was performed in PBS buffer pH 7.4
containing CaCl, (0.5 mM) and MnCl, (0.5 mM). Images
were processed by flattening using NanoScope software to
remove the background slope. The roughness analysis of the
images was done with the NanoScope software.

Results and discussion

Recognition-driven layer-by-layer assembly of multi-protein
interfacial architectures

The platform to build-up the supramolecular assemblies was
constructed by modifying gold films with mannose groups
following the experimental protocol described by Willner and
co-workers for the immobilization of Con A via carbohydrate—
lectin interactions.!” Gold-coated glass slides were treated with
an ethanolic solution of cystamine. The resulting self-assembled
cystamine monolayer-modified surface was then modified with
isothiocyanatophenyl o-D-mannopyranoside in phosphate
buffer (pH = 7.4), to yield the thiourea monosaccharide
monolayer-modified electrodes of phenyl a-D-mannopyranoside.

Once the surfaces were functionalized, we proceeded to monitor
the formation of the glycoassemblies on the gold surfaces and
estimate the mass coverage of the respective building blocks
under saturation conditions, i.e., 1 uM protein.'® The multi-
layer assembly was created using different building blocks
including the lectins (redox-active and nonelectroactive) and
the glycoproteins (HRP and GOx). We used a quartz crystal
microbalance with dissipation monitoring (QCM-D) to follow
the growth of the multilayer assembly driven by the molecular
recognition between the corresponding building blocks.!"
Fig. 1 shows the layer-by-layer multi-protein assembly of
Con A, HRP and GOx as measured by QCM-D at the third
overtone. The protein layers were assembled from 1 uM
solutions in 0.1 M PBS buffer. A rinsing step between the
assemblies of the different layers was included in order to
remove any unbound protein remaining on the substrate.
A Dbaseline was first measured for the mannosylated gold
coated quartz crystal in contact with 0.1 M PBS buffer. Then,
the Con A solution was injected into the QCM-D chamber.
A rapid decrease in frequency was observed due to the conju-
gation of the protein onto the ligand-modified substrate. The
Con A solution was in contact with the mannose-terminated
surface for approximately 15 min, thus enabling the formation
of a protein layer on the Au surface. The frequency changes were
accompanied with small (increasing) changes in dissipation
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Fig. 1 QCM response on (a) frequency and (b) dissipation at the
overtone number n = 3 (15 MHz) describing the layer-by-layer growth
of the protein assembly.
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indicating that the first Con A layer resembles a rather
compact and rigid film. After rinsing, the buffer solution
was replaced by the HRP solution, which was acting as a
“multivalent” glyco-building block bioconjugating the Con A
layer.?® In contrast to the first Con A layer, the recognition-
driven assembly of HRP displayed a slower decrease in
frequency and a significant increase in dissipation. The
increase in energy dissipation might be ascribed to the non-
rigid layer structure of HRP onto the Con A layer. Rinsing
with buffer did not evidence major changes in frequency and
only slight changes in dissipation. These slight changes in
dissipation could be attributed to relaxation or conforma-
tional changes of the HRP layer resulting in a more compact
assembly.21 Once rinsed, we assembled the second Con A layer
onto the HRP layer. The initial exposure to the Con A
solution led to a rapid decrease in frequency followed by a
slight steady decrease. The assembly of the second layer of
Con A only described a slight increase in dissipation, implying
that the protein contributes to the dissipative characteristics of
the interfacial architecture to a minor extent. After rinsing, the
assembly of the GOx layer on the Con A-terminated protein
film was accomplished. This led to a significant decrease in
frequency accompanied by a sharp increase in dissipation.
Further rinsing with buffer demonstrated that the glycoprotein
was efficiently anchored to the supramolecular architecture
and no weakly bound proteins were at the sensor surface.
The results indicate that by increasing the number of layers
the viscoelastic characteristics of the interfacial architecture
are increased. The recognition-driven multilayer growth of the
protein assembly was also characterized by surface plasmon
resonance spectroscopy (SPR).?* Fig. 2 shows the different
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Fig. 2 Reflected intensity as a function of the angle-of-incidence scan
(0) plot describing the recognition-directed assembly of the multilayered
protein film on the Au electrode. The reflectivity shifts evidence the
sequential assembly of the different molecular building blocks into the
interfacial architecture. The different reflectivity curves correspond to:
(1) mannosylated gold surface, (2) Au/Os-Con A, (3) Au/Os-Con
A/HRP, (4) Au/Os-Con A/HRP/Con A, and (5) Au/Os-Con
A/HRP/Con A/GOx.

reflectivity curves obtained during the layer-by-layer growth of
Con A, HRP and GOx mediated by the polyvalent carbohydrate—
lectin interactions between the constituting building blocks.
SPR response originates from refractive index changes as water
is replaced by the biomolecules and the shifts in the minimum of
the angular 0 scans of reflected intensity (A0) reflect the sequen-
tial assembly of the different building blocks into the interfacial
architecture. This gives clear evidence that the multivalent
character of the glycoproteins and the lectin enables the creation
of a biorecognizable interface on top of the Con A layer where
the upmost glycoprotein is able to biorecognize the carbo-
hydrate binding site ligands without affecting the stability of
the supramolecular architecture or the recognition properties of
the protein. In close analogy to polyelectrolyte multilayers,
where each polyion is responsible for the charge reversal of
the interface, the multivalent character of each building block is
responsible for reversing the ligand/receptor character of the
interface. It is worth mentioning that these reflectivity shifts can
also be correlated to mass coverage values of the respective
proteins and, hence, the SPR technique will be used to quantify
the protein assembly in each sequential step of the multilayer
growth. In a similar way, differences in mass uptake obtained
from QCM and SPR experiments were used to offer a rough
estimate of the solvent incorporated into the film after assem-
bling each protein layer.?

Glycoenzyme “wiring” to electrode supports by redox-active
lectin layers. Recognition-driven construction of
chemoresponsive biointerfaces

So far, we have demonstrated that lectin—carbohydrate inter-
actions can be exploited as a powerful driving force to assemble
multiprotein interfacial architectures. Next, we will study the
bioelectrochemical features of the protein modified electrodes as
well as the routes to manipulate the chemoresponsive activity of
the multiprotein assemblies. In our experimental scenario, each
building block contributes to a particular function of the whole
assembly (Fig. 3). GOx is the biorecognition element that
catalyzes the chemical transformation of the chemical stimulus,
i.e.. glucose, HRP is the transducing bioactive element that
reduces the H>O, produced in the primary reaction, Con A acts
as a biosupramolecular bridge connecting the glycoprotein
layers and Con A-Os as an electron-conducting phase enabling
the assembly and electrical wiring of HRP. Bienzyme bio-
electrodes combining HRP with GOx were formerly proposed
by Kulys e al.>* during the early 1980s to detect glucose and
since then many bienzyme approaches were developed.>

The use of layer-by-layer electrostatic assembly of redox-
labeled polyelectrolytes and redox glycoproteins led to interesting
biosensing architectures,”® but these electrostatic assemblies
were almost limited to GOx. Even if the construction of
bienzymatic assemblies in polyelectrolyte multilayers on flat
substrates and colloids has been demonstrated for several
enzymes,” its extension to redox polyelectrolytes in the absence
of crosslinking agents has been so far scarce.?’ Along these lines,
other groups explored the use of covalent binding to assemble
monolayers®® and multilayers of HRP and GOx mediated by
redox-active metal nanoparticles.”® However, it is well known
that in some cases a deliberate covalent modification in an
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Fig. 3 Illustrative schematic of the glucose-responsive LbL-grown film spontaneously assembled via molecular recognition processes. The figure
describes the constituting building blocks participating in the generation of the bioelectronic signal in the presence of glucose: redox-active Con A,

HRP, Con A and GOx.

uncontrolled way can induce conformational changes in the
enzyme, which could be accompanied with a significant loss of
enzymatic activity.*® Typically, covalent multipoint attach-
ment is more likely to disrupt the folding and functionality
of the native biomolecule if essential groups are involved in the
binding process.>’ With this in mind, the recognition-driven
assembly technique represents an interesting and attractive
alternative due to its simplicity and versatility. This is applic-
able to native glycoproteins and is exclusively based on the
different supramolecular interactions that living organisms use
to form molecular complexes, which in turn lead to fast and
easy immobilization protocols avoiding the deterioration of
the catalytic activity of the enzymes.

However, important limitations arise when the ‘“‘biosupra-
molecular” approach is intended to be implemented at electro-
chemical interfaces to integrate redox glycoproteins. Electrical
communication between the glycoenzyme and the electrode is
not feasible because the non-electroactive lectin acts as an
insulating biorecognizable spacer, not only inhibiting the
shuttling of electrons across the interface but also demanding
the use of leachable diffusional redox mediators in solution to
overcome this limitation. Recently, we have demonstrated that
controlled decoration of Con A with Os(11) redox-active com-
plexes enables the construction of electroactive biosupra-
molecular building blocks displaying carbohydrate recognition
properties similar to those observed in native Con A.'* To explore
this redox-biosupramolecular concept, we have assembled protein
multilayers in a sequential order: Os-Con A/HRP/Con A/GOx,
on mannosylated gold electrodes. To quantify the amount of
lectin and glycoenzyme incorporated into the interfacial
bioconjugate, we monitored the sequential immobilization
process using SPR as was previously described. These reflec-
tivity shifts were correlated to mass coverage as indicated in
Table 1. Con A bearing 12 redox centers retains its ability to
bind not only the mannose groups on the electrode surface but
the glycosidic portion of the enzyme as well.

Table 1 Surface coverage of proteins constituting the Au/Os-Con A/
HRP/Con A/GOx assembly, as determined by SPR. The table also
offers rough estimates of the amount of solvent (water) incorporated in
the multilayer film after the assembly of each layer. These rough
estimates were obtained from differences in mass uptake derived from
QCM and SPR experiments

Protein Amount of  Mass percentage
Protein  Building coverage solvent of water in the
layer block [pmol cm™] [ng cm %] protein layer
1 Os-Con A 1.92 ~174 ~44
2 HRP 0.61 ~271 ~72
3 Con A 0.56 ~287 ~81
4 GOx 0.90 ~360 ~71

In this interfacial architecture the innermost lectin layer
(Os-Con A) is responsible for acting not only as a “biosupra-
molecular glue” to facilitate the robust and easy attachment of
HRP without affecting its catalytic activity but also as an
electron-conducting phase to enable the electrical communica-
tion between the prosthetic group of the enzyme and the
electrode support (Fig. 3). Conversely, the role of the outer-
most lectin layer (native Con A) is only to assemble the HRP
and GOX in close proximity via robust, specific noncovalent
interactions. We used cyclic voltammetry to study the chemo-
responsive bioelectrocatalytic properties of the supramolecular
assemblies of HRP/Con A/GOx formed on the redox-tagged
Con A-modified Au electrodes. Fig. 4 describes the linear-sweep
voltammograms of the Au/Os-Con A/HRP/Con A/GOx
interfacial architecture from 0.5 to 0.0 V (vs. Ag/AgCl) in
the absence and in the presence of increasing amounts of
glucose. The voltammetric response eloquently illustrates not
only the glucose responsiveness to micromolar concentrations
but also the sensitivity of the biosupramolecular enzymatic
electrode due to the closeness of both enzymes, minimizing
mass transport limitations of the hydrogen peroxide generated
by GOx and consumed by HRP, revealing that an efficient
biomimetic signal chain operates within the assembly (Fig. 3).
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Fig. 4 (a) Cyclic voltammograms describing the electrochemical response of Au/Os-Con A/HRP/Con A/GOx assemblies in the presence of
increasing amounts of glucose. (b) Blank experiments describing the electrochemical response of Au/Con A/HRP/Con A/GOx assemblies in the
absence (red trace) and in the presence of 200 pM glucose (dashed line). Phosphate buffer, pH 7.4, T = 295 K, scan rate = 10 mV s~ '. The term

“Qs-Con A” refers to (Os(bpy),Clpy] " -PEG);,-Con A.

In other words, a consecutive sequence of biochemical trans-
formations involving electron transfer processes and mass
transport takes place in the organized protein assembly. As
expected, control experiments performed on analogous supra-
molecular assemblies that contained native (non-electroactive)
Con A revealed no electrocatalytic activity (Fig. 4b). This
experimental evidence corroborates that the Os"/™-modified
Con A layer serves not only as a bioaffinity platform to anchor
the peroxidase but also as a conducting phase to electrically
connect its heme center to the Au electrode.
Recognition-directed assembly introduces a very simple
means to locate each pre-designed building block into the
interfacial architecture in an arbitrary manner. As a result,
topological, chemical and functional aspects of the protein
assembly can be easily explored by exchanging building
blocks. For example, replacing the native Con A in the
outermost lectin layer by redox-active Con A strongly affects
the functional properties of the bienzyme bioelectrode. At first
sight, one should expect that upon increasing the electro-
activity of the protein assembly the electrochemical response
to the chemical stimulus should be enhanced. However, the
experimental evidence revealed that this is not the case. Fig. 5
depicts a comparative chart including the cyclic voltammo-
grams corresponding to multiprotein assemblies in different
configurations in the presence of 200 uM glucose. It is clear
that the presence of Os-Con A in the innermost layer inter-
facing HRP with the gold electrode leads to a better bio-
electrocatalytic activity as compared with the protein assembly
presenting Os-Con A on each lectin layer. To interpret these
data we need to consider that in the case of Au/Os-Con
A/HRP/Os-Con A/GOx assembly both glycoproteins are in
close proximity to Os centers. In this scenario GOx can catalyze
the glucose oxidation reaction using O, or Os™ as a mediator. The
O, is the natural redox partner in the re-oxidation process of the
enzyme, exhibiting a rate constant twice the value of the osmium
complex (1.6 x 10° M~! s7! (ref. 32) and 82 x 10° M~! 7!
(ref. 33) respectively). Consequently, if the transport of O, to
the enzyme is not limited, then the generation of H,O, will

play a determinant role in the functional features of the
bioelectrode and consequently the protein assembly will display
a superior sensitivity to the chemical stimulus, i.e.: glucose. On
the other hand, if Os™ centers located in the surroundings of
the GOx layer compete with O, for mediating the glucose
oxidation reaction, then the generation of H,O, will be lower,
and consequently the interfacial assembly will display a limited
sensitivity to glucose.

In our case, the experimental evidence indicates that Os
centers indeed compete with O, as redox mediators of the
glucose oxidation. Otherwise, if glucose reaction proceeds with
O, as the only mediator we should observe superior bio-
catalytic behaviour in Au/Os-Con A/HRP/Os-Con A/GOx
rather than in Au/Os-Con A/HRP/Con A/GOx. Other
examples of the order imposed by the construction method
can be observed in the amperometric response when Os-Con A
is exchanged with native Con A. When only native Con A is
used as a building block (magenta voltammogram in Fig. 5)
no catalytic response is observed since the enzymes are
not able to exchange directly electrons with the electrode
surface. Furthermore, the Au/Con A/HRP/Os-Con A/GOx
assembly (Fig. 5, green trace) presents an unexpected
behaviour. Given the sequence employed for its construc-
tion, a similar response to that observed for the Au/Con
A/HRP/Con A/GOx assembly (Fig. 5, magenta trace) would
be expected since the non-electroactive lectin should act as an
insulating barrier. The observed response, although very
moderate compared with other architectures, can be explained
by considering that after the Con A layer assembly, the
successive protein building blocks assemble as submonolayers.
Additionally, the high water content within the assembly
(see Table 1) suggests an open structure.>® These charac-
teristics denote that layer interpenetration is, at some level,
facilitated allowing osmium centers from the Os-Con A layer
to access the electrode surface and consequently mediate
the reduction of H,0, catalyzed by HRP. Later on in the
next section we will discuss how this phenomenon can be
minimized by assembling dextran as a promoter for the

111
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Fig. 5 Comparative chart displaying the voltammetric response of Au/Con A/HRP/Con A/GOx (magenta trace), Au/Con A/HRP/Os-Con A/
GOx (green trace), Au/Os-Con A/HRP/Os-Con A/GOx (blue trace) and Au/Os-Con A/HRP/Con A/GOx (red trace) in the presence of 200 uM
glucose. Phosphate buffer, pH 7.4, T = 295 K, scan rate = 10 mV s~ '. The figure also includes an idealized picture of the constructed interfacial
architectures under different spatial configurations. The assembly sequence of Con A, Os-Con A, HRP and GOx and the building blocks is
indicated in different colors. The nature of the coverage in brackets is relative to a closely packed monomolecular layer of protein considering the
molecular size of the proteins and the amount of water trapped in the film (see Table 1).**

creation of a physical barrier between biochemical and trans-
duction processes.

In this section we have shown that recognition-driven LbL
assembly enables the formation of multicomponent protein
films in which electroactive sites and biofunctional entities can
be located within the multilayered interfacial nanostructure in
an arbitrary manner. This paves the way to the facile creation
of biosupramolecular systems exhibiting structural and active
components that ultimately will lead to concerted functions
when put together in an organized way. However, when
dealing with supramolecular systems exhibiting nanoscale
dimensions it is crucial to understand the critical interplay
between topological and functional aspects. In the previous
example we have seen that increasing the electroactivity of the
assembly has a deleterious effect on the generation of the
biomimetic signal chain. This fact reflects that an actual
rational design of biosupramolecular multilayered assemblies
is necessary to achieve full potential of the active elements.

A “biomolecular LEGO Kit” to create multi-protein functional
bioelectrodes — “brick-by-brick” nanoconstruction of
biomimetic signal chains

As we discussed in the previous section our biosupramolecular
assemblies exhibit structural and active components. GOx is
responsible for performing the primary biochemical transformation

whilst HRP acts as a transducing bioactive element. We have
also observed that the electroactivity of the innermost lectin
layer plays a fundamental role in the electrochemical trans-
duction of the chemical stimulus and, in contrast, the presence
of Os centers in the outermost Con A layer decreases the
catalytic efficiency of the biomolecular assembly. Hence, in
order to improve the design of the biomimetic signal chain we
have created a multilayer assembly in which the innermost
layers were constituted of two Os-Con A/HRP bilayers in
order to boost the electrochemical readout of the H,O,
diffusing into the surroundings of the peroxidase layers.

Fig. 6 shows the cyclic voltammograms corresponding to
Au/(Os-Con A/HRP),/Con A/GOx. The voltammetric response
indicates that the increase in the content of HRP and Os-Con A
in the innermost region of the biofilm (Fig. 6a and b) has a
marked effect on the efficiency of the biomimetic signal chain,
as compared with Au/Os-Con A/HRP/Con A/GOx assemblies
(Fig. 4a). Furthermore, time-resolved amperometric measure-
ments (Fig. 6¢) clearly reveal that the sensitivity of assemblies
containing two Os-Con A/HRP inner bilayers is signifi-
cantly higher than those assemblies containing only one
Os-Con A/HRP inner bilayer. Next, we estimated the
sensitivity of the biomolecular assembly by plotting the bio-
catalytic current as a function of the glucose concentra-
tion. These values corresponded to 4.6 nA cm > pM~! and
7.6 nA cm 2 pM~! for assemblies containing one and two
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Fig. 6 (a) Simplified schematic describing the spatial localization of native and redox-active Con A within the interfacial architectures. (b) Cyclic
voltammograms describing the electrochemical response of Au/(Os-Con A/HRP),/Con A/GOx assemblies in the presence of increasing amounts
of glucose. Phosphate buffer, pH 7.4, T = 295 K, scan rate = 10 mV s~ '. (c) Chronoamperometric response at 0 V vs. Ag/AgCl in phosphate
buffer, pH 7.4, T = 295 K, of Au/Os-Con A/HRP/Con A/GOx (red trace) and Au/(Os-Con A/HRP),/Con A/GOx (blue trace) assemblies upon
successive addition of a substrate. Each cathodic current increase is correlated to an ~7 uM increase in glucose. The circles indicate the presence of
an undesired pathway for the electrochemical transduction of glucose oxidation designated as “anodic spikes”. (d) Bioelectrocatalytic currents
measured on Au/Os-Con A/HRP/Con A/GOx (red trace) and Au/(Os-Con A/HRP),/Con A/GOx (blue trace) assemblies as a function of substrate
concentration.

inner Os-Con A/HRP bilayers, respectively (Fig. 6d). Hence,
changing from a one-bilayer to a two-bilayer configuration
leads to a 65% increase in ‘‘sensitivity”’. However, it is
worthwhile noticing that changing from a one- to a two-

Results depicted in Table 2 suggest that upon increasing the
total surface coverage of HRP from 0.57 to 0.81 pmol cm™>
(~33%) the sensitivity of the assembly increased nearly 65%.
For the sake of comparison we have normalized both sensitivities

bilayer configuration does not necessarily mean that the
content of Os-Con A and HRP increases 100%. The actual
surface coverage of the proteins incorporated during the
sequential assembly was estimated by SPR (Table 2).

Table 2 Surface coverage of proteins constituting the Au/(Os-Con A/
HRP),/Con A/GOx assembly, as determined by SPR

Protein layer Building block Coverage [pmol cm 2]

1 Os-Con A (Ist layer) 1.71
2 HRP (Ist layer) 0.57
3 Os-Con A (2nd layer) 0.51
4 HRP (2nd layer) 0.24
5 Con A 0.54
6 GOx 0.90

(one- and two-bilayer configurations) against total HRP cover-
age. Normalized results are 7.54 and 9.38 nA pM~! pmol™!
(pmol refers to HRP picomole) for one-bilayer and two-bilayer
assemblies, respectively, indicating that upon increasing the
number of layers the redox efficiency of the protein assembly
improves. To address this point in more detail it is important
to analyze the intrinsic electroactivity of the supramolecular
assembly. The electrochemical charge values associated with
the voltammetric response of the supramolecular assemblies in
the absence of glucose gives a quantitative estimation of the
density of electroactive Os sites “wired” to the gold electrode
(Fig. 6b, red trace). In the case of Au/Os-Con A/HRP/Con A/GOx
this value is 0.63 pC cm™2 or 3.9 x 10'? redox sites per cm>
(6.5 pmol cm™2) “wired” to the underlying gold electrode.

11034 | Phys. Chem. Chem. Phys., 2012, 14,11027-11039
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The combination of electrochemical and SPR measurements glucose to the electrolyte solution, which indicates that the
enables a good estimation of the actual population of local concentration of substrate can play an important role.
“electroactive” Os sites. The average number of redox sites For instance, this tendency became even more pronounced at
per Con A is 12 (as estimated from MALDI-ToF'*) and the higher glucose concentrations. This observation can be attrib-
surface coverage of the redox-tagged Con A is 1.92 pmol cm 2. uted to the presence of GOx in close proximity to a number of
This value corresponds to 23 pmol cm 2 (surface coverage of Os centers. After the monolayer of Os-Con A, the subsequent
Os centers = 12 x 1.92 pmol cm™?). A direct comparison of protein building blocks are assembled under submonolayer
electrochemical and SPR-derived values indicates that only conditions allowing the direct contact of GOx with Os centers
28% of the Os centers are actually connected to the underlying present in the Os-Con A layers. GOx in the reduced form can
electrode surface. However, when the same comparison was react with Os™™" generated through the reaction of the HRP,
done with the Au/(Os-Con A/HRP),/Con A/GOx assembly thus promoting a temporary decrease in magnitude or extent
we estimated that ~70% of the redox centers are connected to of the cathodic electrochemical signal arising from the bio-
the gold electrode. These experimental results suggest the mimetic signal chain. Hence, the presence of Os centers in the

presence of “‘percolation effects” within the protein film that surroundings of the GOx layers introduces an undesired path-
might lead to better redox connectivity upon increasing the way for the electrochemical transduction of the biochemical
number of Os-Con A/HRP bilayers in the inner region of the transformations (Fig. 7a). A similar scenario has been already
biomolecular assembly. Or, in other words, the improved described in bienzymatic electrodes by other authors.>® There-
electrical connectivity between the redox mediators leads to fore, an optimal conversion of the biomimetic signal chain into
an enhanced electrochemical transduction of the chemical an electronic signal would imply “decoupling” of the bio-
stimulus. chemical process occurring in the outer region of the assembly
However, a careful look at the amperometric response of the (glucose oxidation in the presence of GOx and physiological
bioelectrode reveals intriguing features related to the glucose 0,) from the “wired” interfacial electron transfer in the
responsiveness of the heteroprotein interfacial architecture. presence of HRP in the innermost layers of the interfacial
Upon increasing the concentration of glucose in the electrolyte bioconjugate.
solution “‘anodic spikes” followed by a slow current stabili- To this end, we explored the use of dextran as a permeable

zation started to appear in the chronoamperometric recordings interlayer enabling the physical separation of the Os centers
(Fig. 6¢c). This effect is more significant immediately after adding attached to the innermost electroactive Con A from the GOx
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Fig. 7 Schematic depiction of the different scenarios in which the biomimetic signal chain takes place. (a) The presence of GOx in the reduced
form can react with neighboring Os"! sites generated through the reaction of the HRP. This interfacial configuration can promote a temporary
decrease in the magnitude of the cathodic signal arising from the biomimetic signal chain due to undesirable pathways for signal transduction.
(b) An optimal quantitative conversion of the biomimetic signal chain into an electronic signal implies glucose oxidation in the presence of GOx
and physiological O, without any interference from the neighboring Os"" species. This can be achieved using bio-assembled dextran layers as
physical barriers separating the Os redox centers from the FAD cofactor sites in the GOx layer without hindering the free diffusion of H,O, into
the “wired” HRP layers.
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Fig. 8 (a) Simplified schematic describing the spatial localization of
native and redox-active Con A and dextran within the interfacial
architecture. (b) Chronoamperometric response at 0 V vs. Ag/AgCl in
phosphate buffer, pH 7.4, T = 295 K, of Au/(Os-Con A/HRP),/
dextran/Con A/GOx assembly upon successive addition of a substrate.
Each cathodic current increase is correlated with an ~7 pM increase in
glucose. (c) Bioelectrocatalytic currents measured on Au/(Os-Con A/
HRP),/dextran/Con A/GOx (orange symbols) and Au/(Os-Con A/
HRP),/Con A/GOx (blue symbols) assemblies as a function of sub-
strate concentration.

layer assembled on top of the protein film (Fig. 8a). Dextran is
a polysaccharide that specifically binds to Con A.*” For
instance, it has been reported that biospecific binding between
Con A and dextran leads to the formation of a hydrogel-like
system which changes its viscosity in response to free glucose
concentration.®® Fig. 8b describes the chronoamperometric

response of a multiprotein assembly incorporating dextran
(molecular mass: 40 kDa — surface coverage: 0.31 pmol cm 2,
as determined by SPR) as a permeable interlayer, i.e.:
Au/(Os-Con A/HRP),/dex/Con A/GOx, in the presence of
increasing amounts of glucose. It is evident that the presence
of dextran enables better defined and more stable glucose
response as revealed by the biocatalytic amperometric recording
(Fig. 8b) as well as better sensitivity — see Fig. 8c, biocatalytic
current as a function of the glucose concentration. Even though
dextran does not play an active role in the assembly, its role as a
structural component is decisive to optimize the electronic
readout and sensitivity of the biomimetic signal chain. This
would imply, at first sight, that recognition-directed assembly of
dextran on exposed sites of the Os-Con A layer would fill the
voids of the HRP/Os-Con A architecture and, consequently,
may help to separate the Os redox centers from the FAD
cofactor sites in the GOx layer without hindering the free
diffusion of H,O, into the innermost “wired” layers of the
biomolecular assembly (Fig. 7b).

To further explore this hypothesis based on the use of
dextran as a structural building block we carried out in situ
atomic force imaging during the sequential layer-by-layer
assembly of the protein multilayers. Fig. 9 shows in situ
AFM images of a gold electrode consecutively modified with
Os-Con A, HRP, dextran, Con A and GOx.

It is clear that consecutive protein assembly promotes
changes in the topography of the surface-confined bio-
conjugate. Structural characteristics of the supramolecular
assembly at different growth stages are clearly evidenced by
the in situ imaging technique. Topographic imaging of the
biosupramolecular LbL assembly reveals roughness changes
upon multilayer growth. Sequential addition of Os-Con A and
HRP is reflected as a decrease in the roughness (RMS) of the
film (Table 3).

The preservation of the Au roughness when the mannosyl
derivative is adsorbed indicates that its adsorption follows,
practically in an atomic level, the topography of the gold
surface. On the other hand, the assembly of the Con A and
HRP layers levels off the surface topography. This could be
ascribed to the filling of the voids as the number of proteins
layers is increased. It is interesting to note the differences
observed when a second layer of Con A is added compared
with dextran (see Table 3). The first one, a globular 104 kDa
protein promotes an increase in surface roughness; while the
addition of dextran, a branched polymer, does not produce
appreciable changes in the roughness. This behavior can be
understood by considering dextran as a flexible polymer
architecture that can fill the voids left by the peroxidase.
Recent work of Venturoli and Rippe based on a comparative
analysis between dextran and globular proteins revealed that
whereas globular proteins seem to behave in a way similar to
hydrated hard spheres, dextran behaves like a flexible random
coil. In situ AFM imaging supports our hypothesis that the
dextran interlayer optimizes structural features of the complex
biosupramolecular assembly. Recognition-directed assembly
of dextran on exposed recognition sites of the Os-Con A/HRP
inner bilayer would not only lead to a more homogeneous and
compact Con A outer layer but also facilitate the filling of
the voids in the Os-Con A/HRP bilayer itself. As a result,
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Fig. 9 In situ AFM topographic imaging (1 x 1 pm?, pitch: 45°) describing the biorecognition-driven layer-by-layer assembly of the multiprotein
thin film onto the gold electrode. Images correspond to: (a) freshly evaporated Au surface, (b) mannosylated Au electrode, (¢) Au/Os-Con A,
(d) Au/Os-Con A/HRP, (¢) Au/Os-Con A/HRP/Con A, (f) Au/Os-Con A/HRP/Con A/GOXx, (g) Au/Os-Con A/HRP/dextran, (h) Au/Os-Con A/

HRP/dextran/Con A, (i) Au/Os-Con A/HRP/dextran/Con A/GOx.

Table 3 Root mean square (RMS) roughness values measured by
AFM of protein layers assembled onto the freshly evaporated gold
electrode

Layer Roughness [nm]
Freshly evaporated Au surface 2.8+ 0.1
Mannosylated Au electrode 29+0.1
Au/Os-Con A 2.5+0.1
Au/Os-Con A/HRP 2.0 £0.1
Au/Os-Con A/HRP/Con A 25+03
Au/Os-Con A/HRP/Con A/GOx 39+ 14
Au/Os-Con A/HRP/dextran 2.0 £0.7
Au/Os-Con A/HRP/dextran/Con A 22+1.0
Au/Os-Con A/HRP/dextran/Con A/GOx. 34+ 1.0

the presence of the dextran interlayer physically hinders the
electronic communication between the Os redox centers and
the FAD cofactor sites in the GOx protein, but this permeable
physical barrier does not preclude the free diffusion of H,O,
into the innermost “wired” Os-Con A/HRP layers.

Conclusions

We have successfully fabricated layer-by-layer multiprotein
chemoresponsive assemblies by means of multivalent supra-
molecular carbohydrate-lectin interactions between glyco-
enzymes and a redox-active Con A. The catalytic response
of the assembly toward glucose revealed an efficient electrical
communication between the different building blocks along the
assembly and the conductive support. Furthermore, a detailed
study by cyclic voltammetry and chronoamperometry illustrates
that a rational and predefined disposition of the bio-
interface elements can be conducted to reach optimum efficiency.

This concept was exhibited by the specific location of the
electroactive and non-electroactive Con A inside the assembly.
The compartmentalization of the electroactive Con A was an
underlying requisite to favor the reaction mediated by O, thus
enhancing the glucose-sensitivity of the biointerface.

In another set of experiments we demonstrated that the
design of the biomimetic signal chain could be improved by
creating a multilayer assembly with two Os-Con A/HRP
bilayers as the innermost layer. This was due not only to an
increase of Os centers and HRP coverage, but also to the
presence of percolation effects within the assembly. This led to
an improvement in the population of Os sites electrically
connected to the electrode from 28% for the interface with
Os-Con A/HRP to 70% for the corresponding one with
(Os-Con A/HRP),, which increased the sensitivity of the
assembly by 65%.

An interesting feature displayed by these heteroprotein
interfacial architectures was the presence of a non-desirable
electrochemical pathway for the electrochemical transduction
of glucose oxidation. This process was attributed to the
presence of Os centers in the surrounding of GOx. To reduce
this phenomenon, we incorporated dextran after the Os-Con A/
HRP immobilization step, thus promoting a physical barrier
between the electroactive Con A and GOx layers. The resulting
supramolecular architecture displayed a better-defined and
more stable signal and an enhanced sensitivity toward glucose.
Furthermore, in situ atomic force microscopy revealed
smoother films for the case where dextran was assembled on
HRP-terminated films compared to the analogues without dextran.
This observation is consistent with the role assigned to dextran as
that responsible to fill the voids in the Os-Con A/HRP architecture,
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leading to a more homogeneous and compact Con A outer
layer, which decouple the biochemical and transduction pro-
cesses within the assembly.

These results using supramolecular assemblies based on
redox-active lectins, polysaccharides and glycoproteins
demonstrate the potential of using LbL recognition-directed
assembly as a key enabling tool granting access to the rational
molecular design of complex multiprotein assemblies. This
LEGO-type approach enables us to locally address redox
centers and prosthetic groups within the supramolecular
bioassembly with nanoscale precision, representing a crucial
feature for the nanoconstruction of bioelectronic interfaces as
well as the generation of efficient biomimetic signal chains.
The elegance of the approach lies in the rational choice of the
positioning of individual components that, in turn, determine
the overall features of the whole bio-assembly — different
intercalation and 3D organization of the same building blocks
lead to major changes in sensitivity. We envision that this
strategy would facilitate the creation of functional soft bio-
interfaces displaying specific building blocks at controlled sites
in 3D interfacial nanoarchitectures.
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