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Abstract 

 

This work describes the synergistic combination of ionic self-assembly and recognition-directed 
assembly with the aim of creating highly functional bioelectrochemical interfaces compatible with the 
supramolecular design of a wide variety of biosensing platforms. A recently synthesized 
glycopolyelectrolyte constituted of polyallylamine bearing redox-active osmium complexes and 
glycosidic residues (lactose) is used to create a self-assembled structure with sodium dodecylsulfate.  In 
turns, this supramolecular thin films bearing redox-active and biorecognizable carbohydrate units 
enable the facile assembly of functional lectins as well as the subsequent docking and “wiring” of 
glycoenzymes, like horseradish peroxidase (HRP) (an elusive enzyme to immobilize via noncovalent 
interactions). The assembly of this system was followed by quartz crystal microbalance and grazing-
incidence small-angle X-ray scattering (GISAXS) studies confirmed that spin-coated ionically self-
assembled films exhibit mesostructured architectures according to the formation of self-organized 
lamellar structures. In-depth characterization of the electrocatalytic properties of the bio-
supramacromolecular assemblies confirmed the ability of this kind of interfacial architecture to 
efficiently mediate electron transfer processes between the glycoenzyme and the electrode surface. For 
instance, our experimental electrochemical evidence clearly shows that tailor-made interfacial 
configurations of the ionic self-assemblies can prevent the inhibition of the glycoenzyme (typically 
observed in HRP) leading to bioelectrocatalytic currents up to 0.1 mA cm-2. The presence of 
carbohydrate moieties in the ionic domains promotes the biorecognition-driven assembly of lectins 
adding a new dimension to the capabilities of ionic self-assembly. 
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Introduction 

 

Polyelectrolyte–surfactant complexes are stable systems formed by charged polymeric chains 

(polyelectrolytes) and oppositely charged small amphiphilic molecules (surfactants). Such complexes 

combine in unique ways the properties of polyelectrolyte with those of low molecular weight 

amphiphiles.1-5 The polyelectrolyte components can provide, for instance, mechanical strength and 

thermal stability, while the surfactants retain their tendency to assemble in layered structures.6-7 They 

are able to form stable colloidal suspensions in water8 and they can be completely dissolved in organic 

solvents6, 9 allowing its handling and obtaining a very stable structure when it is dried. Recently, we 

have shown the ability of one of these complexes, polyallylamine-dodecyl sulfate, to form stable 

interfaces on different types of surfaces: graphite, gold and silicon with a mesoscopic order.10 The 

system has been modified in different ways by introducing ferrocyanide, carbon nanotubes10 or by 

modifying the polyelectrolyte with an osmium complex.11 All these modifications show very 

interesting electron transfer properties for different applications, however, always the main forces 

maintaining the system assembled were electrostatic and van der Waals forces. Even though these 

types of interactions have an important effect in the assembling of biological systems, sometimes they 

are not enough to maintain the structural integrity. In these cases other type of non-covalent 

interactions are needed; as an example of an alternative method of biosupramolecular assemblies, 

lectins have shown to be very efficient for the immobilization of glycoenzyme through a soft non-

covalent approach, i.e.: bioaffinity layering.12-15 Concanavalin A (Con A), the best studied among 

lectins, is extracted from easily available, inexpensive seeds by simple steps. The protein exists as a 

tetramer with a molecular mass of 104 KDa at neutral pH. Each Con A monomer contains one calcium 

ion binding site, one transition metal binding site, and one carbohydrate binding site (specific to α-D-

mannose and α-D-glucose), also referred to as the combining site. In the case of the bioaffinity layering 

the glycoenzyme is supramolecularly conjugated to the tetravalent Con A through its carbohydrate 

moiety.16-24 The carbohydrate regions in the glycoenzyme are generally located in areas that are not 

involved in the enzyme activity, and therefore they can retain their biological function even when their 

carbohydrate regions are conjugated on the lectin layer. These properties allow Con A to act as a 

bioaffinity bridge between a sugar-modified surface and a glycoprotein. 

In order to improve versatility and stability to the polyallylamine-dodecylsulfate complex, we 

have recently synthesized a polyallylamine derivative containing an osmium complex and a glycosidic 
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moiety (lactose) in order to generate a material able to self-assemble through two different 

mechanisms, ionic and biorecognition (Figure 1). Preliminary results25 have shown its ability to the 

construction of biomimetic signal chains using a redox-active Con A and HRP.  

 

 

Figure 1. Reactions involved in the preparation of the redox-active glycopolyelectrolyte (GOsPA). The 

first step involves the oxidation of lactose in presence of oxygen and galactose oxidase. Then, the 

oxidized lactose is covalently grafted to the OsPA backbone in the presence of borocyanohydride. 

 

 

In this work we explore the different configurations that this new glycopolyelectrolyte is able to 

build when self-assembled systems of different thickness are used to incorporate Con A and HRP, 

representing an alternative to the layer-by-layer construction method.  Quartz crystal microbalance and 

GISAXS experiments were carried out to understand the structure of the modified surface; while 

electrochemical experiments with Con A or redox-active Con A combined with HRP shows the ability 
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of this new system to govern electron transfer process in biomolecular systems, exemplified here by the 

control of HRP inhibition.  

 
 
 

Experimental 

 

Reagents and Materials 

 

Sodium dodecyl sulfate (SDS), poly(allylamine) (PA, MW: 65000), concanavalin A (Con A, 

Canavalia ensiformis from jack bean), horseradish peroxidase (HRP, Type VI), lactose, galactose 

oxidase (GO, from Dactylium dendroides) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) were purchased from Sigma Aldrich. The redox polymer Os(bpy)2ClpyNHpoly(allylamine) 

(OsPA) was synthetized as previously reported.26 The synthesis of redox-active Con A (Os-Con A) was 

achieved by labeling Con A with [Os(bpy)2Clpy]+ by using a 336 Da MW polyethylene glycol (PEG) 

bifunctional spacer containing amino and carboxylate terminal groups, following a procedure described 

in the literature.27 Briefly, Os(bpy)2ClpyCH2NH-PEG-COOH (20 mg, 0.02 mmol), NHS (15 mg, 0.13 

mmol), and EDC (31 mg, 0.16 mmol) in 0.5 mL of dry DMF were heated with stirring at 80 ºC under 

argon atmosphere for 1 h. After cooling the mixture to room temperature, portions of this solution were 

added to a 10 mg/mL Con A solution in phosphate buffer (0.1 M, pH 8.5). The mixture was left to react 

at room temperature overnight under smooth stirring. To remove unreacted osmium, the solution of 

modified Con A was purified using a series of two Hitrap desalting columns (GE Healthcare, 5 mL 

each) with phosphate buffer (25 mM, pH 7.4) at an elution rate of 3 mL/min. The product was then 

dialyzed at 4 ºC for 24 h against MilliQ water using a 3500 MWCO membrane and lyophilized. The 

Os/Con A ratio was determined by MALDI-TOF spectrometry.  A ratio of 12 redox probes per protein 

molecule was obtained. All other reagents were analytical grade. The synthesis of the 

glycopolyelectrolyte containing redox active moieties was previously described.25 Figure 1 shows the 

synthesis, final structure and stoichiometry of the polyelectrolyte.  

 

Synthesis of the supramolecular  material GOsPA-DS 

 

400 µL of SDS 1% in Milli-Q water were added to a 200 µL of GOsPA (0.2 mM). The mixture 

immediately generated a precipitate (GOsPA+DS), which was easily separated by centrifugation. The 
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precipitate was dissolved in 500 µL of DMSO and sonicated for 15 minutes to facilitate complete 

dissolution of the solid.  

  

Construction of modified electrodes 

 

The construction of the molecular assemblies was achieved by using silicon coated with 15 nm 

of Ti, 20 nm of Pd and 200 nm of gold by evaporation. The first step of the substrate modification was 

the application of a uniform layer of GOsPA+DS by spin coating. Afterwards, the electrode was left at 

room temperature for 1 h to allow complete evaporation of the solvent. Then, it was rinsed with Milli-

Q water and dried with N2. The incorporation of the subsequent building blocks was achieved through 

a series of sequential steps. Protein building blocks such as Con A, Os-Con A and HRP were 

incorporated by incubating the modified electrode for 1 h in 1 µM solutions in 0.05 M HEPES buffer, 

(pH 7.4) containing 0.5 mM CaCl2 and 0.5 mM MnCl2. The same buffer was used to rinse the electrode 

after each assembling step. To immobilize another layer of GOsPA onto the protein-modified surface, 

the electrode was incubated for 1 h in 0.2 mM GOsPA solution in 0.05 M HEPES buffer (pH 7.4). 

Afterwards, the electrode was rinsed with the same buffer. All steps were carried out at room 

temperature (ca. 22 °C).  

 

Electrochemical measurements 

 

Cyclic voltammetry experiments were carried out using a purpose-built potentiostat (TEQ-02) 

using a three-electrode teflon electrochemical cell equipped with a platinum mesh counter electrode 

and an Ag/AgCl reference electrode. Unless otherwise stated, all electrochemical experiments were 

performed at room temperature (ca. 22 °C) in a 0.05 M HEPES, 0.1 M KNO3 buffer solution at pH 7.4. 

 

Quartz crystal microbalance monitoring (QCM)   

 

QCM experiments were carried out at 22 °C in a 5 MHz QCM200 (Standford Research 

Systems) coupled to a flow injection system. All experiments were performed at a flow rate of 50 µL 

min-1. 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, ∆R, in all cases is 

negligible compared to the inductive quartz impedance component, ∆XL. Therefore, the films behave 
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as acoustically thin in the gravimetric regime and the mass uptake was calculated in each case with the 

Sauerbrey equation.28  

 

Surface Profilometry 

Profilometry measurements were carried out in a Dektak 150 Stylus Surface Profiler. 

 

Grazing-incidence small-angle X-ray scattering (GISAXS) 

GISAXS measurements were performed at the D10A-XRD2 line of Laboratório Nacional de 

Luz Síncrotron (LNLS, Campinas, Brazil). A monochromatic beam of 7709 eV (λ=1.608 Å) was used 

to perform the experiments. Si(100) wafers were used as support substrates and were pretreated before 

coating. They were rinsed with acetone and dried with argon before coating. Thin polymer films were 

prepared by spin coating. 

 

Results 

 

Glycopolyelectrolyte-SDS complex structure 

 

 Recently, we have synthesized a redox polyelectrolyte capable of presenting two different types 

of interactions/functional features for the construction of self-assembled systems. The strategy used in 

that work was the introduction of glucose moieties to the redox polyelectrolyte allowing the subsequent 

binding of lectin-type proteins. To carry out this task lactose was chosen. This carbohydrate is a dimer 

composed by galactose and glucose through a β-glycosidic 1-4 bond. 

The resulting glycopolyelectrolyte is soluble in water and upon mixing with a SDS solution 

yields a precipitate, a result already observed with OsPA;11 however, in this case, the supramolecular 

complex is not soluble in methanol and dissolves very slowly with DMF, while DMSO easily dissolves 

the precipitate. Apparently, the introduction of the carbohydrate moieties produces changes in its 

solubility in organic solvents.  

The solution of glycopolyelectrolyte-surfactant complex can be easily manipulated and applied 

onto gold or silicon surfaces, producing a stable layer after solvent evaporation. Previous SAXS 

studies25 have shown the presence of a narrow scattering peak corresponding to the long period of ca. 

3.7 nm. This result is consistent with the formation of lamellar mesostructures in the 

supramacromolecular assembly. In this work, complementary GISAXS studies on these films show a 
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bright region (highest intensity) in the direction qz (for qy→ 0) and the presence of an appreciable 

intensity halo (Fig. 2). This suggests that while there are lamellar domains oriented parallel to the 

substrate there is a strong contribution of multi-oriented lamellar domains (randomly oriented small 

domains), thus the modification of -NH2 monomer units with lactose and osmium-bypiridine redox 

centers may introduce some structural disorder in the supramolecular system. This assertion relies on 

the fact that similar GISAXS studies performed on PA+DS assemblies only revealed a very weak halo 

arising from the contribution of multi-oriented lamellar domains.10  

alkane layers

ionic layers

hydrophobic tails

sulfate heads

biorecognizable groups

redox centers

electrode

d

self-assembled
supramolecular

architecture

(a)

(b)

(c)
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sulfate heads
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(b)
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Figure 2. (a) GISAXS pattern corresponding to the GOsPA-DS complex. (b) Schematic of the redox-

active glypolyelectrolyte-surfactant lamellar assembly (d = lamellar spacing). (c) Schematic of the 

different layers constituting the lamellar assembly: ionic layers correspond (orange) to the 

polyelectrolyte and dodecyl sulfate head groups, whereas the alkane layers (blue) correspond to 

interdigitated hydrophobic tails (dodecyl groups). 

 

Self-assembly of Con A onto GOsPA-modified electrodes 
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As was reported in previous works,10-11 one of the main advantages of this type of 

supramolecular material relies on the fact that they can be applied practically in any surface without 

requiring previous modification steps; for example, surface pre-conditioning with thiol or silane 

derivatives is not necessary. In our experiments gold surfaces were modified with a solution of the 

complex by spin coating yielding a very stable material. In order to study the ability of this modified 

surface to recognize lectins, it was exposed to a 1 µM Con A solution in 50 mM HEPES buffer 

solution. Crystal quartz microbalance was used to follow the adsorption of Con A, Figure 3 shows the 

decrease in resonant frequency that can be attributed to a change of mass due to the adsorption of Con 

A. The initial exposure to the solution of Con A led to a rapid decrease in frequency, followed by a 

slight and steady decline. Then, the system was rinsed with buffer solution and the frequency remains 

constant, indicating that Con A is firmly anchored in the polymer. This frequency change corresponds 

to a change in mass of 4.4 µg cm-2, which involves protein and water. It is worthwhile to mention that 

similar experiments performed with OsPA+DS-modified electrodes show no adsorption neither of Con 

A nor HRP, verifying the role of the glucose moiety as anchor for the recognition-directed assembly of 

Con A.  
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Figure 3. QCM frequency change due to the flow of 1 µM Con A solution onto a gold electrode 

modified with GOsPA-DS and then rinsed with the flow of  buffer solution (50 mM HEPES, pH 7.4) 

 

Self-assembled construction of modified electrodes: Au/GOsPA+DS/Con A/HRP  

 

Recently, Con A modified with osmium complex moieties (Os-Con A)15, 27 was presented in 

self-assembled systems in order to successfully mediate the electron transfer process between a gold 

surface and HRP. In order to build such systems gold electrodes were modified with cystamine 
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followed by the covalent binding of α-D-mannopyranosylphenyl isothiocyanate; in this way the gold 

surface was modified with mannose moieties onto which the Os-Con A could be assembled. 

Furthermore, the same biorecognition process involving the mannose residues of HRP directed the 

immobilization of the enzyme. For this system, an efficient electron transfer process could be observed 

between gold and HRP. Based on this knowledge, our first question regarding the GOsPA-DS/Con A 

system was whether the combination of the electroactive glycopolyelectrolyte with Con A might lead 

to a supramolecular structure capable not only of incorporating HRP but also conducting an efficient 

electron transfer process between the electrode and the enzyme. To clear up this question we 

functionalized a gold electrode with GOsPA+DS and Con A, and then HRP was immobilized through a 

recognition-driven process. One interesting feature of this system is the fact that cyclic voltammograms  

carried out before and after of the proteins incorporation are practically equal, suggesting that the close 

proximity between redox centers is not influenced by the introduction of ConA and HRP in the film.  

HRP incorporation was also evaluated by QCM producing a frequency shift equivalent to 0.38 

µg cm-2, and no changes in frequency were observed when the system was rinsed with a buffer 

solution, showing that the glycoprotein is also firmly anchored. Even though HRP was introduced in 

the system, there was no connection between its prosthetic group and the redox centers in the polymer 

as revealed by the cyclic voltammogram in the presence of 500 µM of H2O2 (Fig. 4, red trace). 

However, by adding a small amount of a mediator in solution it was possible to observe the evolution 

of the catalytic wave, thus confirming the presence of HRP within the assembly. Control experiments 

with Au/GOsPA+DS as precursor layer for the immobilization of the enzyme evidenced no catalytic 

response, indicating that HRP cannot be directly bound to the glycopolyelectrolyte. Therefore, the 

enzyme is immobilized on the Au/GOsPA-DS/Con A-modified electrode through the carbohydrate-

lectin interaction; however, Con A acts as an insulator hindering the electron transfer between the 

redox centers in the glycopolyelectrolyte and the catalytic domain of HRP. It is worthwhile to mention 

here that efficient redox communication between osmium containing polyelectrolytes and HRP has 

been already demonstrated in hydrogels.29  
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Figure 4.  Cyclic voltammograms for Au/GOsPA-DS/Con A/HRP in 50 mM HEPES buffer (pH 7.4, 

0.1 M KNO3) in the absence  (black) and in the presence of 500 µM H2O2 (red) and in the presence of 

500 µM H2O2 + 20 µM [Os(bpy)2pyCl]+ (blue). Scan rate: 10 mV s-1. 

 

Au/GOsPA+DS/Os-Con A/HRP 

 

To avoid the insulating effect of Con A, we built up a supramolecular system incorporating a 

redox-active Con A (Os-Con A) as a bifunctional building block to direct the assembly of HRP on the 

redox glycopolyelectrolyte complex and also to connect its prosthetic group to the electrode surface.27 

Os-Con A refers to Con A containing 12 Os(bpy)2ClpyCH2- moieties bound to the protein through a 

bifunctional amino-PEG-acid spacer. The location of these redox centers in the  protein periphery are 

not involved in the recognition process of the carbohydrate, therefore Os-Con A and Con A display 

very similar carbohydrate recognition properties. The gold electrodes were first modified by spin 

coating of GOsPA-DS solutions, followed by immersion of the modified electrode into the 

corresponding protein solutions. As the spin coating process allows producing layers of different 

thicknesses, we also investigated the influence of thin and thick layers on the bioelectrochemical signal 

generation through the supramolecular assembly (Fig. 5).  
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Figure 5. Simplified schematic of the H2O2-responsive interfacial supramolecular architecture. Redox-

active Con A and HRP are spontaneously assembled via molecular recognition processes onto the 

redox-active glycopolyelectrolyte-surfactant supramolecular thin film. The figure displays the 

constituting building blocks participating in the generation of the biolectrochemical signal in the 

presence of hydrogen peroxide as well as a simplified view of their organization in the interfacial 

architecture.  

 

In the case of the thin layer configuration, a thickness of 110 nm was measured using a Dektak 

150 Stylus Surface Profiler, Figure 6 shows the behavior of Au/GOsPA-DS/Os-Con A/HRP in the 

absence of hydrogen peroxide; a charge of 8.5 µC cm-2 is observed. After the addition of hydrogen 

peroxide to a final concentration of 250 µM the typical behavior corresponding to an electrochemical 

catalytic mechanism is observed, even though the backward voltammogram display a small hysteresis. 
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This behavior is related to a relatively slow electron transfer process between the osmium centers and 

the heme site of the glycoenzyme. 
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Figure 6. Thin layer system. Cyclic voltammograms for Au/GOsPA+DS/Os-Con A/HRP in 50 mM 

HEPES buffer (pH 7.4, 0.1 M KNO3) in the absence (black) and presence of 250 µM H2O2 (red). Scan 

rate: 10 mV s-1. 

 

In order to determine whether this response can be enhanced, a new layer of the redox 

glycopolylectrolyte was assembled on the HRP layer (Au/GOsPA-DS/Os-Con A/HRP/GOsPA      

electrode). Figure 7 shows the behavior of this system in the absence and the presence of hydrogen 

peroxide. The introduction of this new top layer produces a slight increase in the osmium charge. When 

hydrogen peroxide is added to the same final concentration than before, the maximum current rises to 

8.3 µA  cm-2 (Fig. 7, red trace), against 3.5 µA cm-2 of the previous experiment (Fig. 6, red trace). The 

evidence clearly alludes to an improved electron transfer process by the addition of a new layer of the 

redox glycopolyelectrolyte. The forces involved in the adsorption of GOsPA can be mainly attributed 

to the presence of remaining sugar binding sites in the Os-Con A, improving the catalytic current 

almost three times. A similar experiment carried out with native Con A does not show any catalytic 

response, suggesting that the incorporation of the polyelectrolyte improves the connection between the 

osmium moieties present in the modified Con A and the polyectrolyte-surfactant complex.  These 

results illustrate the advantages that “soft” biorecognition assembly process can introduce in the 

construction of molecular devices as well as demonstrate that the presence of percolation effects can 

lead to more efficient redox connectivity.  
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Figure 7. Cyclic voltammograms for Au/GOsPA-DS/Os-Con A/HRP/GOsPA in 50 mM HEPES buffer 

(pH 7.4, 0.1 M KNO3) in the absence (black) and presence (red) of 250 µM H2O2. Scan rate: 10 mV s-1. 

 

The description of the electrochemical mediated catalysis and inhibition processes exhibited by 

HRP was thoroughly studied by Savéant and co-workers,30 a complete catalytic cycle is presented in 

Scheme 1. It is well established that as the concentration of H2O2 increases, the formation of 

oxyperoxidase (E3 in Scheme 1) becomes more important and a decrease in the catalytic current is 

observed. This process can be moderated whether a greater amount of osmium complex is present to 

regenerate the enzyme (see step 5 in Scheme 1), a fact that can be evidenced when a second layer of 

GOsPA is introduced. Comparing the catalytic responses of both systems at increasing concentrations 

of substrate (Fig. 8) it is evident that the saturation of the enzyme occurs at a higher concentration 

when a new layer of GOsPA is added, suggesting that new osmium sites are able to regenerate the 

enzyme deferring its inhibition to higher substrate concentrations. 
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Scheme 1. HRP catalytic cycle. 
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Figure 8. Variation in the electrocatalytic current density as a function of the concentration of H2O2 for 

the two thin layer systems presented. Au/GOsPA-DS/Os-Con A/HRP (black) and Au/GOsPA-DS/Os-

Con A/HRP/GOsPA (blue). 
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This experimental observation is in agreement with previous results reported by Pallarola et al. 

for layer-by-layer Os-Con A/HRP self-assembled systems.15 To evaluate the possibility of increasing 

the current density, gold electrodes were modified with a thicker layer of GOsPA-DS, assuming that a 

higher amount of Os-Con A and HRP can be assembled. In this case a layer of 820 nm was generated. 

The density of electroactive Os sites connected to the gold electrode in the thick film configuration 

increases more than 10 times, yielding a charge density of 111 µC cm-2 (Figure 9). It is worth 

mentioning that even thick films of GOsPA-DS display a remarkable quasi-reversible electrochemical 

behavior, expressing a notable connectivity between redox centers that allows a fast intrafilm electron 

transfer process. Sequential assembly of Os-Con A and HRP layers achieves the completion of the 

system. In the absence of H2O2, recognition-driven assembly of Os-Con A practically does not produce 

significant changes in the voltammogram, and its contribution to the total charge density of osmium 

centers is negligible. By adding the substrate a catalytic wave evolves. In the presence of 250 µM H2O2 

an important increase in the cathodic current (reaching a peak current of -40 µA cm-2) was detected 

(Fig. 9). Comparing both films, it can be observed that the amount of electrically connected osmium 

increases 13 times and the catalytic current increases 11 times for the Au/GOsPA-DS/Os-Con A/HRP 

configuration. However, when the concentration is increased to 1000 µM the electrochemical response 

increases, in contrast to the behavior observed in the thin film configuration, where at this 

concentration an evident inhibition process is observed. This behavior is different to that observed by 

Pallarola et al 
15 and Savéant et al

31
 where the inhibition of HRP by H2O2 is observed at 200 µM and 

100 µM, respectively. These results suggest that in the present configuration the osmium:HRP ratio is 

higher than that used in previous reports, and as a consequence this fact minimizes the formation of 

oxiperoxidase. 
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Figure 9. Thick layer system. Cyclic voltammograms for Au/GOsPA-DS/Os-Con A/HRP in 50 mM 

HEPES buffer (pH 7.4, 0.1 M KNO3) in the absence (black) and presence of 250 µM (red), and 1000 

µM H2O2 (blue). Scan rate: 10 mV s-1. 

 

The assembly of a new GOsPA layer does not produce significant changes in the catalytic 

behavior already exhibited by the electrode. However, subsequent assembly of a new Os-Con A/HRP 

bilayer presents interesting changes. Figure 10 shows the behavior of this system in the absence and in 

the presence of H2O2. In the absence of H2O2 there is practically no increase in the current density due 

to the addition of new osmium centers; however, upon exploring the catalytic response two interesting 

features come to light: (i) the current density for 1000 µM H2O2 solutions reaches -97 µA cm-2, and (ii) 

the voltammetric features reveal that the local consumption of the substrate is important provided that 

the signal acquires the shape of a peak current instead of a plateau.  In fact, the typical plateau shape for 

EC’ mechanism is reached at a concentration of 2 mM. It can be observed that the inhibition process is 

shifted again to a higher concentration. Figure 11 presents the catalytic current at different 

concentrations for two systems built from an initial thick layer of GOsPA-DS:  It is worth pointing out 

that for both systems the response is practically the same at low concentrations. This can be related to 

the fact that at these concentrations diffusional control prevails, as it was previously observed by 

Savéant and collaborators,31 whereas at higher concentrations the maximum current that can be 

obtained depends on the number of osmium centers and the amount of peroxidase present in the 

system.  
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Figure 10. Thick layer system. Cyclic voltammograms for Au/GOsPA-DS/Os-Con 

A/HRP/GOsPA/Os-Con A/HRP in 50 mM HEPES buffer (pH 7.4, 0.1 M KNO3) in the absence (black) 

and presence of 250 µM (red), 1000 µM (blue) and 2000 µM H2O2 (green). Scan rate: 10 mV s-1. 
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Figure 11. Variation in the electrocatalytic current density as a function of the concentration of H2O2 

for two systems presenting a “thick layer configuration”: Au/GOsPA-DS/Os-Con A/HRP (black) and 

Au/GOsPA-DS/Os-Con A/HRP/GOsPA (red). 
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Discussion and Conclusions 

 

The incorporation of lactose moieties in a redox polyelectrolyte and its subsequent 

complexation with dodecyl sulfate produces a supramolecular material that is amenable to the 

formation of robust, biorecognizable redox-active thin films compatible with different substrates (in 

this work gold and silicon). Equally important is the excellent dimensional stability displayed by these 

assemblies provided that no evidence of delamination was observed over a wide range of electrolyte 

and electrochemical conditions. GISAXS studies show that the system also retains its mesostructural 

characteristics which correspond to a lamellar organization parallel to the substrate (with additional 

contributions from multioriented lamellar domains) in close resemblance to osmium-free systems.10  

This glycosidic-functionalized redox polyelectrolyte exhibit a new functionality, which is the ability to 

undergo carbohydrate-recognition assembly of lectins, exemplified by Con A, thus promoting the 

lectin-mediated assembly of glycoproteins such as HRP. A striking feature of this supramolecular 

nanocomposite is the fact that the electron transfer process within the electron-conducting film is not 

affected by the assembly of Con A, evidencing that the redox centers are able to find alternative 

pathways for the electrochemical signal propagation. However, it can be observed that despite the high 

loading of osmium centers along the film the electron transfer process between HRP and the electrode 

is not facilitated. This indicates that the incorporation of HRP in the film is highly dependent on the 

population of pre-assembled Con A, which acts as an efficient insulating biorecognizable barrier 

between the redox polyelectrolyte and the catalytic domain of HRP. In this particular case electron 

transport is a functional limitation that can be easily overcome by using Con A modified with redox-

active osmium complexes.  

Film formation on the electrode surface can be readily done through spin-coating which allows 

for the facile control of film thickness via variation of the deposition solution and/or spin-coating 

conditions, and therefore routine fabrication of these supramolecular thin films is easily achievable. 

Our experimental studies were focused on two different configurations: thin and thick supramolecular 

films. In both cases the incorporation of Os-Con A and HRP successfully took place through a 

recognition-driven assembly process. For the Au/GOsPA-DS/Os-Con A/HRP thin film system, 

substrate inhibition occurs at the same concentration as for the analogue layer-by-layer (LbL) self-

assembled system.15 However, the maximum catalytic current observed in this work is almost twice the 

current measured in a typical LbL film, 3.5 vs 2 µA cm-2. When an addtional layer of GOsPA was 

added atop the film an important increase in current was detected. This fact indicates a layered 

Page 18 of 23

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19 
 

structure where sugar-binding sites in the Os-Con A are still available to incorporate and interact with a 

new glycopolyelectrolyte layer and facilitate the communication between the heme group of the HRP 

and the electroactive sites. In the presence of H2O2 the catalysis observed in both configurations under 

low concentration conditions (less than 25 µM) does not exhibit major differences. This indicates that 

the kinetics of the redox process is mainly governed by substrate diffusion, a phenomenon already 

observed by Savéant and co-workers in their study on the electron transfer between electrodes and HRP 

mediated by osmium complexes.31 At higher substrate concentrations the catalytic current increases, 

reaching the maximum value (9 µA cm-2) at 250 µM H2O2. In this case the current is 4 times higher 

than that obtained with a single Os-Con A/HRP bilayer assembled on a gold electrode. This 

enhancement of current activity can be attributed to a more efficient connection between the catalytic 

site of the enzyme and the conducting support. In a similar vein, the inhibitory effect of H2O2 is 

evidenced at a higher concentration (500 µM) compared to other systems,15, 31 which can be attributed 

to a higher density of redox centers in close proximity to the HRP active site and hence preventing the 

formation of oxiperoxidase. 

In the case of GOsPA-DS thick films the shape of the voltammograms at low concentrations of 

H2O2 (less than 100 µM) clearly evidenced that a significant amount of the Os centers are not involved 

in the electrochemical signal chain. The catalytic response of the biointerface exhibited a mixed 

behavior under these conditions, showing an increase in the cathodic current due to the presence of 

H2O2, but also an oxidation peak in the reverse scan, corresponding to the population of the redox 

centers that do not participate in the catalytic cycle of HRP. On the other hand, when H2O2 

concentration increases, no inhibition process is observed up to a concentration of 2 mM. This is 

attributable to the high concentration of osmium centers surrounding the peroxidase, which in turn 

minimize the formation of oxiperoxidase.  

This work has shown that it is possible to modify a polyelectrolyte with a redox center as well 

as with glycosidic residues to favor biomolecular recognition, in this case a lectin. The presented 

system can be applied on almost any surface and shows a great stability. This novel polyelectrolyte, 

combined with a redox mediator-conjugated Con A has proved to be capable of immobilizing HRP by 

a soft method. Another interesting feature of the results presented in this work is the possibility to 

control the optimal H2O2-responsiveness range by tuning the thickness of the redox-active 

glycopolyelectrolyte film.  

We consider that the results presented here provide a novel contribution, yet simple to integrate 

glycoproteins into conducting supports, which we believe will have a positive impact in the field of 
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bioelectronic device development. A direct implication of these results is the integration of complex 

biological entities on bioelectronic interfaces such as microorganisms as part of sensors or fuel cells,32 

which has attracted considerable interest in the scientific community in recent years. The cell walls of 

bacteria are composed of carbohydrates recognized by lectins that could be linked to the redox 

glycopolyelectrolyte thus allowing the electrical connection of bacteria to the surface of an electrode. 

On the other hand, high local concentrations of these lectins on the surface of the electrode would 

generate electronic tongues for the recognition of these microorganisms at very low concentrations.33 

These explorations are currently underway in our laboratory. Finally, there is renewed interest in the 

use of neurons as biosensor elements because they use electrical signals to process information.34-35 In 

many cases, the silicon-neuron junction is performed using Con A as an adhesive between cell and 

substrate.36 In this context, the combination of our glycopolyelectrolyte-surfactant complex, able to 

adhere to almost any surface, with Os-Con A could introduce a new variable for electrical 

communication between the cell and the transistor by introducing new perspectives in the development 

of biosensors. 
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