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A B S T R A C T   

The assembly of polyelectrolytes and biomacromolecules (proteins, DNA) has attracted great attention in several 
fields related to medicine, molecular biology, and clinical chemistry. Here, a quick and easy multicomponent 
self-assembly is used to unite two species with the same charge to form an electroactive polyamine-enzyme 
assembly. Phosphate ions are added as a crosslinker agent to create a stable structure. Osmium-derivatized 
polyallylamine is combined with horseradish peroxidase (pI = 8.6) or PQQ-glucose dehydrogenase (pI = 9.5) 
on graphite electrodes. The assemblies are built by layer-by-layer or one-pot deposition. In both cases, the 
electrocatalytical signals observed are comparable to the state-of-the-art results. The proposed construction 
method represents a new alternative for the assembly of polyamines with proteins independently of their charge.   

1. Introduction 

The association between charged biomacromolecules and synthetic 
polymers is generally attributed to electrostatic interactions. Even 
though this is an important driving force from a kinetics point of view, 
the association of charged macromolecules is a more complex phe-
nomenon involving an entropic component, the loss of counterions, and 
forces beyond the electrostatic interactions, like van der Waals and 
hydrogen binding forces [1–3]. 

The layer-by-layer (LbL) technique enables the creation of multi-
layered structures in which the adsorbed materials can be finely 
controlled, resulting in an improvement in the performance of the 
desired device. Due to the ability to control the architecture and main-
tain the enzyme activity, the assembly of electroactive polyelectrolytes, 
nanomaterials, and redox enzymes has been extensively exploited in 
different scenarios, ranging from bioelectrochemistry [4–7] and bio-
electronics to nanofluidic sensing [8–12]. However, as shown by the 
references included in recent reviews, [13,14] the majority of assemblies 
are restricted to electrostatic interactions. Another technique used is the 
addition of nanomaterials to enhance the functionality of the intended 
device, as demonstrated, for instance, by Zhang et al. in their work on 

the application of LbL assemblies to enzymatic biofuel cells [15]. An 
interesting method to go around the counter charge limitation was 
developed by the group of Gillian-Dupont, where the enzyme is wrapped 
with a polyelectrolyte of opposite charge, therefore it can be later 
assembled with a polyelectrolyte of the same charge. For example, 
positively charged lysozyme forms a complex with negatively charged 
heparin, and the complex can be assembled on a surface with positively 
charged chitosan [16]. Although this represents a step forward in the 
assembly of enzymes with polyelectrolytes, it has some limitations in 
bioelectrochemical applications because both polyelectrolytes must be 
derivatized with electroactive moieties. 

Polyamines are a class of weak polyelectrolytes that can change their 
charge at different pHs, interact with phosphate through hydrogen 
bonding allowing the formation of three-dimensional structures [17–23] 
and change their hydrophilic/hydrophobic characteristics depending on 
the ions present in solution through ion-pairing association [24]. 
Finally, the amino group can be easily modified in nature by the 
conjugation of biogenic oligoamines in plants [25] and by synthetic 
means by introducing new functionalities and generating new materials 
to address current challenges in energy, health, and sustainability 
[26–29]. Electroactive conjugated polyamines have been used in several 
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applications, including the creation of redox enzyme-based biosensors 
[30] and the comprehension of the electron transfer mechanism in 
modified electrodes [31]. However, most of these systems are con-
structed through covalent crosslinking or LbL assembly exploiting the 
opposite charge of the redox enzyme. Examples of polyamines used in 
bioelectrochemistry are polyallylamine, [5,32] polyelthyleneimine, [33, 
34] polyvynilimidazole, [35] polyvinylpyridine, [36,37] and chitosan 
[38]. However, from the characteristics previously described, different 
approaches can be explored considering the malleability of polyamines 
to improve the current generation of the electroactive polyamine–redox 
enzyme system, in this respect we have shown the ability of hydrophobic 
ions to improve the adsorption of glucose oxidase on electroactive pol-
yethyleneimine and polyallylamine [24]. 

A strategy that merits consideration is looking for the assembly of 
polyamines and redox enzymes that have the same charge because it will 
broaden the range of feasible configurations. In this work we show how 
using soft nanoparticles generated by the interaction of osmium 
complex-based polyallylamine with phosphate ions can assemble redox 
protein positively charged (horseradish peroxidase and PQQ-glucose 
dehydrogenase) through noncovalent interactions that shows competi-
tive electrocatalytical signals. 

2. Experimental 

Materials: OsCl6(NH4)2, pyridine aldehyde (pyCHO), sodium cya-
noborohydride (cat #156159), and polyallylamine (cat #479136) were 
procured from Sigma Aldrich; 2,2′-bipyridine (bpy) was provided by 
Fluka. Glucose dehydrogenase PQQ-dependent (GDH) was procured 
from Sorachim SA and Horseradish peroxidase (HRP) from Calzyme 
Laboratories, Inc. All other reagents were of analytical grade. Ultrapure 
water (18 MOhm) was used to prepare the solutions. The osmium- 
modified polyallylamine (OsPAA) was synthetized as previously re-
ported [24]. 

Enzyme’s isoelectric points: They were determined by isoelectric 
focusing analysis in PhastSystem Equipment (Amersham Biosciences, 
Uppsala, Sweden) [39]. 

Electrochemical measurements: A screen-printed three electrode 
system with graphite working electrodes was used [40]. For the 
layer-by-layer electrode modification OsPAA was dissolved in a final 
osmium concentration of 0.57 mM in the matrices listed in Table 1, 
while 2 mg mL-1 enzyme (GDH or HRP) was dissolved in water pH 6.1. 
Electrodes were modified following the procedure previously described 
by Coria-Oriundo et al.[34] For one-pot drop-casting experiments, the 
enzyme was added to the OsPAA solutions at a final concentration of 2 
mg mL-1. Electrodes were modified following the procedure previously 
described by Coria-Oriundo et al. [34]. 

Electrochemical Impedance Spectroscopy (EIS) measurements was 
performed in used the modified electrodes with OsPAA/GDH assem-
blies. Frequencies from 1 Hz to 50 kHz with an amplitude of 10 mV 
around E◦ were applied. Electrodes were immersed in 50 mM Buffer 
HEPES + 0.1 M NaCl, pH 7 solution. EIS Spectrum Analyser (EISSA) 
software (http://www.abc.chemistry.bsu.by/vi/analyser/) was used for 
data processing. 

Quartz Crystal Microbalance Measurements: The quartz crystal mi-
crobalance with dissipation (QCM-D) experiments were performed for 
layer-by-layer assemblies, using OsPAA and GDH solutions as described 

for electrode modification, following a procedure previously reported 
[41]. 

Dynamic Light Scattering Measurements: The hydrodynamic diam-
eter and z-potential of the colloids were determined by Dynamic Light 
Scattering employing a Zetasizer Nano as described previously [34]. 

Atomic Force Microscopy: An Agilent 5500 at. force microscope/ 
scanning probe microscope was used for atomic force microscopy 
(AFM). Contact mode and tapping mode measurements were carried out 
using insulating Si PointProbe Plus PPP-CONT tips (<10 nm tip radius, a 
force constant of 0.2 N/m, a resonance frequency of 13 kHz) and 
PointProbe Plus PPP-NCL tips (<10 nm tip radius, a force constant of 48 
N/m, a resonance frequency of 190 kHz), respectively. The topography 
of multilayer OsPAA/GDH was studied in the tapping mode over 
template-stripped (TS) gold substrates prepared as reported previously 
[42]. Mean film thicknesses were calculated in the contact mode by 
extracting a one-dimensional (1D) distribution of heights of a flattened 
AFM image exposing equal amounts of the surface and film and calcu-
lating the distance between the peak corresponding to the surface and 
the peak corresponding to the film. The roughness average parameter 
was calculated along an 8 µm straight line over a surface-representative 
AFM image. All images were analyzed using Gwyddion V2.49 
(http://gwyddion.net/). 

3. Results 

We used layer-by-layer deposition (LbL) or one-pot drop-casting 
(OP) to modify graphite electrodes with an osmium polypyridyl complex 
modified polyallylamine (OsPAA) and an enzyme (glucose dehydroge-
nase PQQ-dependent (GDH) or horseradish peroxidase (HRP)) (Scheme 
1). These processes allow for the formation of a supramolecular struc-
ture between a polycation and a positive charged surface enzyme at the 
interface of the electrode. The catalytic response of these bioelectrodes 
was evaluated in the presence of glucose and hydrogen peroxide, 
dependent on the immobilized enzyme. 

3.1. Layer-by-layer assemblies (LbL) 

We studied the conformational change on OsPAA in the presence of 
phosphate ions (10 mM, pH 6.1) at different ionic strengths (with or 
without 1 M NaCl) and how this affects the amount of redox cationic 
polymer adsorbed on the electrode surface. Then, the enzyme immobi-
lization was carried out in water adjusted to pH 6.1, where both GDH (pI 
= 9.5) and HRP (pI = 8.6) have a positive charge surface. 

Previous dynamic light scattering experiments of OsPAA in water or 
1 M NaCl showed that the polyamine is unable to form colloid structures 
in these matrices.[41] Table 2 shows that the presence of phosphate ions 
in OsPAA solution allows for a unimodal distribution of colloidal par-
ticles with a slightly positive Z-potential. Adding 1 M NaCl, the poly-
dispersity increases, and a bimodal distribution is obtained, showing 
smaller colloidal particles and the presence of free polymer. These redox 
particles can be adsorbed on a surface, forming a film on which an 
enzyme can be adsorbed. 

The growth of the LbL assemblies up to four bilayers was analyzed 
with a quartz crystal microbalance with dissipation (QCM-D) to study 
the formation of the layer-by-layer assemblies, establish the adsorbed 
mass of the components, and determine the stiffness of the films. 

In the presence of phosphate ions (Fig. 1A), the mass adsorbed in-
creases with each layer deposition, reaching a total adsorbed mass of 
23 µg cm-2. In the assembly of OsPAA in the presence of both phosphate 
ions and 1 M NaCl, with the deposition of 2nd, 3rd and 4th OsPAA 
layers, the adsorbed mass decreases (Fig. 1B). This can be attributed by 
the removal of the loosely adsorbed material (smaller particles and/or 
free polymer, see Table 2) by a washing effect. The total adsorbed mass 
only reaches 8.5 µg cm-2 in the @Pi,HIS matrix. 

Mass adsorbed change, dissipation change, and relative dissipation 
change for each layer of the assemblies OsPAA/GDH using OsPAA in 

Table 1 
Composition and nomenclature of matrices used on LbL assemblies.  

Solution Compositiona Nomenclature 

10 mM phosphate buffer @Pi 
10 mM phosphate buffer + 1 M NaCl @Pi,HIS 
0.2 M NaBr @NaBr 
Water @H2O 

aAll solutions at pH 6.1 
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different matrices are reported in Table 3. When the redox polymer is 
adsorbed on GDH, the relative dissipation has a significant increase, 
suggesting that OsPAA adsorbs simultaneously with a significant 
amount of water, producing a more flexible film. Although the amount 
of GDH always increases, its adsorption from the second layer produces 
an increase in the stiffness of the film. In the assembly with OsPAA@Pi, 
HIS, however, the relative dissipation changes increases slightly 

Scheme 1. Simplified general description of the electrode modification strategies implemented via different self-assembly processes: (A) layer-by-layer assembly, (B) 
one-pot drop-casting assembly. 

Table 2 
OsPAA solutions in different matrix studied by Dynamic Light Scattering (DLS).  

Matrix Diameter (nm) PLD Zeta potential (mV) 

@Pi 580 ± 30 0.40 + 3 
@Pi,HIS 6 ± 1 

350 ± 70 
0.96 + 10  

Fig. 1. QCM-D experiments: Adsorbed mass for OsPAA/GDH using (A) OsPAA@Pi or (B) OsPAA@Pi,HIS.  
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regardless of whether mass is adsorbed or desorbed. Also, the mass 
removed by the incubation with OsPAA increases from 2nd up to 4th 
layer, which shows that despite GDH being adsorbed, more of it is lost as 
the number of bilayers increases. 

Also, we performed AFM measurements over a single layer of OsPAA 
adsorbed over TS Au using water or phosphate as matrices (Fig. 2A). 
These AFM images shown a poor surface coverage for the layer adsorbed 
with OsPAA aqueous solution, while using OsPAA in the presence of 
phosphate ions, the coverage is enhanced and presents areas of greater 
accumulation of adsorbed material. Fig. 2B shows AFM images for the 
assemblies up to two bilayers with the same matrices. Here, for both 
systems all the gold surface was modified. However, the assembly of 
OsPAA in the presence of phosphate displayed grains of bigger size in 
comparison with using water as matrix. Furthermore, for these last 
systems we determined the roughness resulting in 13.4 nm and 3.3 nm 
for the assemblies using @Pi and @H2O as matrix (Fig. 2C), respectively. 
Also, the thickness of the films obtained from the height distribution 
(Fig. S1) shows the formation of a thicker film when OsPAA is in the 

Table 3 
Mass adsorbed change (Δm), dissipation change (ΔD) and relative dissipation 
change (-ΔD/ΔF) for each layer of the assemblies OsPAA/GDH using OsPAA in 
different matrices.  

Layer OsPAA@Pi OsPAA@Pi,HIS  

Δm 
(µg cm-2) 

ΔD 
(10-6) 

-ΔD/ΔF 
(10-6 Hz-1) 

Δm 
(µg cm-2) 

ΔD 
(10-6) 

-ΔD/ΔF 
(10-6 Hz-1) 

OsPAA-1 1.334 10 0.13 1.688 17 0.17 
GDH-1 9.456 32 0.06 3.474 2 0.01 
OsPAA-2 1.559a 115 1.31 -2.799 -3 0.02 
GDH-2 1.319 -39 -0.52 4.508 66 0.26 
OsPAA-3 4.537a 210 0.82 -3.431 -49 0.25 
GDH-3 0.310 -25 -1.45 4.069 59 0.26 
OsPAA-4 3.041a 143 0.83 -3.619 -61 0.30 
GDH-4 1.258 -15 -0.21 4.519 73 0.29 

a Mass adsorbed assuming Sauerbrey behavior. 

Fig. 2. AFM topography images of (A) one layer of OsPAA@X and (B) (OsPAA@X/GDH@H2O)2 over TS gold surface. (C) Height profiles corresponding to selected 
lines displayed over AFM images from Fig. 2B. 
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presence of phosphate ions (80 nm), than when it is in aqueous solution 
(20 nm). 

The previous experiments show that an assembled LbL system is 
formed using OsPAA and GDH, and that the characteristics of the 
polymeric film depend on the matrix used. With these findings, elec-
trode modification was carried out until four bilayers were formed; the 
OsPAA/GDH electrodes were tested first in the absence of enzyme 
substrate. The cyclic voltammetry displayed a typical response associ-
ated to a reversible redox process of the osmium centers in OsPAA 
(Fig. S2A). 

The effect of the formation of colloidal particles with the presence of 
phosphate ions as well as the effect of ionic strength on the electron 
transfer process through the films are shown in Fig. 3 and compared 
with films grown in water and in a hydrophobic environment (0.2 M 
NaBr, @NaBr) [24]. Using water as matrix for OsPAA solutions, a slight 
increase in non-catalytic current densities is observed, reaching only 
5.5 µA cm-2, a similar behavior is observed in the presence of sodium 
bromide. Both systems containing phosphate show a similar increase in 
current densities with the number of bilayers adsorbed is observed, 
reaching 24 and 22 µA cm-2 without and with NaCl, respectively. Here, 
the effect due the presence of colloidal particles formed in each of these 
matrices in comparison with the use of an aqueous OsPAA solution 
(@H2O) is noticeable. Finally, in contrast to previous results with 
glucose oxidase in the presence of bromide ions, [24] the 
polyelectrolyte-enzyme system does not show remarkable adsorption 
using OsPAA@NaBr. 

Charge propagation in the film was studied using electrochemical 
impedance spectroscopy (Fig. S3). The results were analyzed consid-
ering an equivalent circuit (Fig. S3A) that includes a solution resistance 
(Rs), a charge transfer resistance (RCT) and a Warburg element (ZW). In 
parallel to the RCT and the ZW a constant phase element (CPE) is added, 
that considers the double layer capacitance and the inhomogeneity of 
the electrode surface. The Warburg element for film modified electrodes 

is modelled as an open circuit finite Warburg element (Eq. 1) [38,43], 
which includes parameters A and B. 

Z(w) = A(w)−
1
2(1 − j)coth(B(jw)

1
2) (1) 

A (Eq. 2) es related to the concentration of the electroactive species 
in the film (C) and the electron diffusion (D), and thus has the same 
dependence that an infinite Warburg impedance at high frequencies 
since the system cannot detect the limit of the film in these conditions. 

A =
RT

n2F2A21/2

[
1

DO
1/2CO

+
1

DR
1/2CR

]

=
RT21/2

n2F2AD1/2C
(2)  

working at E = E0, CO = CR = C, and DO ≈ DR = D. 
On the other hand, B (Eq. 3) is related to the ratio between the 

thickness of the film (d) and the electron diffusion (D). 

B =
d

D1/2 (3) 

Table 4 shows the parameters of EIS analysis and some characteris-
tics of the films formed while Fig. S3B shows the fittings for each 
experiment. 

RS and RCT are solution and charge transfer resistance. Qdl and n are 
the parameters describing constant phase element (CPE). A and B are 
related to the finite open Warburg (ZW) (Eqs. 1 to 3). Γ, d and D are the 
coverage surface, thickness of the film and electron diffusion coefficient, 
respectively. aThickness obtained using Saurbrey model for films with 
50% hydration. bCalculated from the mass ratio with @Pi matrix for two 
bilayers (see Table 2). cCalculated from Ref [44]. dCalculated from 
parameter B and thickness of the film. 

Cyclic voltammetry experiments in the presence of glucose, where 
osmium centers act as GDH mediator in the oxidation process are 
depicted in Fig. S2B. The modified electrodes were analyzed in the 
presence of glucose to study the catalytic response of the systems sta-
bilized by electrostatic (@H2O), hydrophobic (@NaBr) or hydrogen 
bond (@Pi or @Pi,HIS) interactions. In the systems with hydrogen bond 
interactions, current densities increase up to the second bilayer and then 
a decrease is observed (Fig. 4). Using @Pi as matrix for OsPAA, the 
catalytic current density reaches 117 µA cm-2 for the second bilayer, ca. 
20 times the response obtained for the assembly using water. In the 
presence of NaCl, the catalytic response for the assembly formed is lower 
(69 µA cm-2 for the 2nd layer); even though the electrochemical 
response in the absence of glucose shows that the amount of OsPAA 
would be the same (Fig. 3). This may be the case because, as the QCM-D 
experiments revealed, the bulk of GDH is lost following each poly-
electrolyte deposition at high ionic strength. The catalytic current den-
sity obtained for the assembly stabilized by hydrophobic interactions 
(@NaBr) reaches only 6.2 µA cm-2 for the first bilayer, compared to 
117 µA cm-2 for OsPAA@Pi. As the number of bilayers increases, the 
catalytic behavior is deteriorating, and current densities decreased. 

The use of phosphate matrix in OsPAA solutions allows the formation 
of LbL assemblies with a positive charge enzyme such as GDH. Thus, this 
type of self-assembly was further evaluated with HRP, which, similarly 
to GDH at pH 6.1 has a positive surface charge. In the presence of 
hydrogen peroxide, osmium centers act as HRP mediator in the reduc-
tion process, generating a catalytic current density (Fig. S2C). 

In the absence of hydrogen peroxide, the assembly with OsPAA@Pi 
(Fig. 5A) shows a similar behavior to that observed with GDH (Fig. 3) 
but reaching only 14 µA cm-2. The electrodes modified with OsPAA@Pi 
and HRP, in the presence of hydrogen peroxide (Fig. 5B), show a higher 
catalytic current density, which increase linearly up to 3rd bilayer, 
reaching 323 µA cm-2. In the assembly with OsPAA@Pi,HIS the non- 
catalytic current densities remain constant while the catalytic current 
densities decrease with the number of bilayers. These results suggest 
that the adsorption of HRP is less favored than that of GDH. 

Fig. 3. Peak current densities of cyclic voltammograms after deposition of each 
bilayer (OsPAA@X/GDH@H2O) without glucose. Scan rate: 10 mV s− 1. Buffer: 
50 mM HEPES + 0.1 M NaCl, pH 7.0. 

L.L. Coria-Oriundo et al.                                                                                                                                                                                                                      



Synthetic Metals 294 (2023) 117308

6

3.2. One-pot (OP) drop-casting assemblies 

We investigated the effect of phosphate (10 mM, pH 6.1) as a 
crosslinker for both OsPAA and the enzyme (GDH o HRP) with or 
without 1 M NaCl by casting a drop of these solutions onto an electrode 
surface to promote spontaneous casting. 

DLS measurements show that in the presence of 1 M NaCl no cross-
linked particles are formed with GDH or HRP (Table 5). The presence of 
phosphate ions allows for a unimodal distribution of colloidal particles 
with GDH (550 nm) and HRP (510 nm). In addition, the absence of free 
enzyme molecules (4–8 nm) indicates that all of them have been suc-
cessfully integrated into these particles through phosphate crosslinking. 
The addition of 1 M NaCl produces the same effect observed for OsPAA 
solutions (Table 2), the polydispersity increases and smaller colloidal 
particles (200 nm for GDH and 390 nm for HRP) and the presence of free 
polymer and/or enzyme (7–10 nm) were observed. 

The results of electrochemical measurements with modified elec-
trodes by OP assemblies with GDH are shown in Fig. 6. In the absence of 
glucose, the system with phosphate reaches a similar non-catalytic 
current density (29.5 µA cm-2) to that obtained for 4th bilayer in LbL 
assembly using OsPAA@Pi (23.6 µA cm-2). On the other hand, the cur-
rent density obtained with the addition of NaCl gets a value of 
16.5 µA cm-2, indicating a lower amount of OsPAA adsorbed, and also 

this current density is lower than the one observed with the LbL as-
sembly. In the presence of glucose, the current density achieved for the 
system OsPAA@GDH,Pi (87.3 µA cm-2) was higher than that obtained 
with OsPAA@GDH,Pi,HIS (74.9 µA cm-2). 

As well, OP constructs with HRP were evaluated (Fig. 7). In the 
absence of hydrogen peroxide, a greater current density is obtained for 
the OsPAA@HRP,Pi system, reaching 95 µA cm-2. In the presence of 
hydrogen peroxide, a similar catalytic current density is obtained for 
OsPAA@HRP,Pi (354 µA cm-2) in comparison to the OsPAA@Pi/HRP 
LbL assembly (323 µA cm-2 for the 3rd bilayer). For OsPAA@HRP,Pi, 
HIS, the catalytic current density only reaches a value less than one tenth 
of the current density (see Fig. 7). 

4. Discussion 

The interaction between phosphate ions and polyamines allows the 
formation of stable colloidal particles. Depending on the concentration 
of these species, pH, and ionic strength, their adsorption or desorption 
on surfaces and the formation of assemblies with enzymes can be tuned 
[19,41,45]. 

Hydrogen bond interactions with primary amines cause the redox 
polyelectolyte’s conformation to change in the presence of phosphate 
ions, resulting in the creation of globular structures [19]. An increase in 
ionic strength up to 1 M NaCl, produce a highly polydisperse mixture of 
smaller particles (Table 2). Furthermore, not all the polyelectrolyte 
forms these particles, some of them retaining a random-coil structure 
similar to that in the absence of phosphate. The OsPAA particles forming 
by phosphate ions are adsorbed on a gold surface (AFM experiments) 
with a higher coverage compared to a random-coil conformation. With 
the adsorption of GDH, the distribution of these globular structures is 
evidenced by a thicker and rougher film with respect to the absence of 
crosslinker ion (Fig. 2 and S1), based on this analysis we proposed the  
Scheme 2 which represent the assemblies obtained from the different 
matrixes. 

The formation of these redox particles allows for a higher adsorption 
on graphite forming a film on which an enzyme can be adsorbed. This 
last adsorption process will depend on the interactions between the 
redox polyelectrolyte film and the enzyme, as well as entropic factors. 
Using a positive enzyme such as GDH, electrostatic interactions are not 
favored. However, the presence of phosphate ions causes a change in the 
polyelectrolyte configuration, allowing interaction with the enzyme’s 
arginine and lysine residues [34,41,46,47]. 

Microgravimetric measurements (Fig. 1) show that the growth of the 
polyelectrolyte/phosphate-enzyme assembly is affected by the ionic 
strength. At low ionic strength, both species are readily adsorbed, while 
at high ionic strength, a more complex phenomenon is observed. Even 
though the enzyme can be adsorbed on the polyelectrolyte, in the next 
step, the OsPAA@Pi,HIS solution removes part of the adsorbed mass, 
suggesting that OsPAA was not adsorbed and GDH was removed from 
the surface. However, electrochemical analysis showed an increase in 
the current density response with the number of bilayers (Fig. 3), which 
is associated with more OsPAA adsorbed in each deposition step. A 
similar behavior to the assembly with OsPAA@Pi,HIS was previously 
obtained with the use of hydrophobic anions [24], where it was 
demonstrated that the decrease in adsorbed mass is a balance between 
the removal of the enzyme and the deposition of the electroactive 

Table 4 
Parameters of EIS measurements for modified electrodes using OsPAA in different matrix.  

Matrix RS 

(kΩ) 
RCT 

(kΩ) 
CPE ZW Γ (nmol cm-2) d 

(nm) 
Dd 

(cm2 s-1) 
Qdl 

(Ω-1 sn) 
n A 

(Ω s-1/2) 
B 
(s1/2) 

@Pi 0.34 0.38 1.5 × 10-4 0.72 497 4.0 × 10-2 2.33 107a 7.2 × 10-8 

@Pi,HIS 0.37 0.33 1.1 × 10-4 0.78 778 4.3 × 10-2 2.06 54b 1.6 × 10-8 

@H2O 0.28 0.12 2.8 × 10-5 0.75 1240 3.9 × 10-3 0.34 25c 4.2 × 10-7  

Fig. 4. Maximum catalytic current densities after deposition of each bilayer 
(OsPAA@X/GDH@H2O) in the presence of 100 mM glucose. Scan rate: 
10 mV s− 1. Buffer: 50 mM HEPES + 0.1 M NaCl, pH 7.0. 
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polyelectrolyte. 
Although Fig. 3 suggests that there is not a large effect due to ionic 

strength on the electrochemical response of osmium centers adsorbed, 
DLS measurements show that the addition of 1 M NaCl induces the 
destabilization of the colloidal particles, reducing its size, and leaving 
free OsPAA which can be easily rinsed from the electrode surface. The 
presence of a high concentration of chloride disturbed the interaction 
between the polyelectrolyte and the phosphate ions. Here, the ion 
pairing between chloride and amino groups competes with the 
phosphate-amine interaction, generating a system with a more hydro-
phobic character that displaces the proteins from the film to introduce 
more electroactive polyelectrolyte, as shown in the electrochemical re-
sults, where, in the absence of glucose, the system has a response similar 
to the one built in the presence of only phosphate, but in the presence of 
glucose, the signal is poorer. 

If we only consider electrostatic interactions, the formation of 
OsPAA/GDH self-assembly should not be favored. However, using water 
as matrix, a layer-by-layer assembly with components of equal charge 
was built, showing that the systems is stabilized by other interactions 
and entropic factors [15,48–50]. When phosphate ions are present, the 
formed particles not only allow for more adsorbed OsPAA, but also for 
more GDH adsorption. This can be due to the fact that the colloidal 
particles have a charge surface close to zero (see Table 2), which reduces 

the electrostatic repulsion with the enzyme, and that phosphate ions can 
interact with amino acids from the enzyme by hydrogen bond in-
teractions or enhance hydrophobic interactions [34,41,46,47]. 

To evaluate the effect of hydrophobic interactions between GDH and 
OsPAA, we performed an experiment using OsPAA in the presence of 
0.2 M NaBr (@NaBr, Fig. 3). Bromide ions through ion pairing introduce 
a stronger hydrophobic character in the polymeric chains of OsPAA 

Fig. 5. (A) Peak current densities of cyclic voltammograms after deposition of each bilayer (OsPEI@X/HRP@H2O) without hydrogen peroxide. (B) Maximum 
catalytic current densities in the presence of 2 mM H2O2. Scan rate: 10 mV s− 1. Buffer: 50 mM Acetate + 0.15 M NaCl, pH 5.0. 

Table 5 
OsPAA and enzyme solutions studied by Dynamic Light Scattering (DLS).  

Samplesa Diameter (nm) PLD Zeta potential (mV) 

@GDH,HIS 8 ± 2 0.9 BATb 

@GDH,Pi 550 ± 50 0.5 BATb 

@GDH,Pi,HIS 10 ± 4 
200 ± 80 

0.9 -2 

@HRP,HIS 4 ± 1 0.6 + 15 
@HRP,Pi 510 ± 10 0.2 + 11 
@HRP,Pi,HIS 7 ± 1 

390 ± 40 
0.3 + 10  

a @Enzyme,X followed the same nomenclature as described on Table 1 with 
GDH or HRP at final concentration 2 mg mL-1. 

b Below the acceptable threshold. 

Fig. 6. Current densities for cyclic voltammetries carried out at 10 mV s-1 

performed in 50 mM HEPES buffer + 0.1 M NaCl, pH 7.0 (filled) and in the 
presence of 100 mM Glucose in the same buffer (black lines) for different 
matrices with GDH. 
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enhancing the hydrophobic interaction with the enzyme [24]. The 
current response in the absence of glucose increases with the number of 
bilayer and is slightly higher in comparison with water as a matrix. The 
non-catalytic response of this system shows that hydrophobic in-
teractions between OsPAA and GDH are poor and has no consequences 
in the assembly buildup. 

EIS measurements allow the analysis of the current propagation 
through the film [38,51,52]. Each film was analyzed by fitting an 
equivalent circuit (Fig. S3A). The main differences among the films can 
be observed in the values of the constant phase element (CPE) and open 
Warburg element (A and B) that are related to the physical character-
istics of the film. CPE is an order of magnitude higher for the systems 
built in the presence of phosphate, that can be related to a more compact 
film and therefore a higher concentration of ions. With respect to the B 
parameter, related to the thickness/diffusion ratio (Eq. 3), the film 
grown in water presents a smaller value than the others, in agreement to 
the amount of mass adsorbed on the surface. All the films have D in the 
order of 10-7-10-8 cm2 s-1 in agreement with early results for this type of 
electroactive polyelectrolytes, [37] meaning that the presence of phos-
phate allows the adsorption of a higher amount of material maintaining 
an efficient electron diffusion in thicker films. On the other hand, RS, 
considers primarily the solution’s resistance, which is always the same, 
and RCT, the charge transfer related to the ability of the redox centers to 
exchange electrons with the surface, yielding similar results in all cases 
studied. 

The modified electrodes were evaluated by cyclic voltammetry at 
several scan rates ranging from 2 to 500 mV s− 1 in buffer solution. From 
these voltammetries, peak currents of anodic and cathodic process were 
obtained. Log (ip) vs Log (v) (Fig. S4A) shows a linear dependency with 
slopes near one unit for the three systems, which indicates that charge is 
propagated fast enough to not be limited by diffusion. All the systems 
present some degree of repulsion since the widths of the current peaks at 
half-height are broader than 90 mV (Fig. S4B), the @Pi system show a 
value slightly smaller probably due to the chains of the polyelectrolyte 
are bound through phosphate ions balancing the charge repulsion [53, 
54]. 

Regarding the catalytic process, a higher catalytic and non-catalytic 
current density ratio (jc/j0) demonstrates an effective electron transfer 
between redox centers of mediator and enzyme. The assemblies stabi-
lized by hydrogen bond (@Pi or @Pi,HIS) showed a higher maximum 
value compared to the system stabilized by electrostatic interactions. 
Nevertheless, at high ionic strength, the catalytic response decreases, 
this can be explained by the smaller amount of enzyme incorporated to 
the electrode, as the microgravimetry results suggested. The assembly 
with phosphate gets a jc/j0 of 5.6, while with the addition of NaCl this 
value decreases up to 4.6 and only reach 2.6 for the assembly with 
water. These results reveal that the colloidal particles formed by the 
presence of phosphate ions is the main driving force to assemble the 
positive GDH. 

As well as the non-catalytic current was analyzed for the assembly 
stabilized by hydrophobic interactions, the response in the presence of 
glucose using @NaBr as OsPAA matrix was evaluated. The catalytic 
response of this system shows that although hydrophobic interactions 
were enhanced, they do not improve in the enzyme adsorption as it was 
previously observed for glucose oxidase, [24] an issue that deserves a 
more detailed study regarding the hydrophobic/hydrophilic surfaces of 
both enzymes. 

The performance of these LbL systems using phosphate as matrix 
were evaluated for HRP immobilization, another enzyme with high pI 
and relevant for biotechnological applications. The current densities in 
the absence of hydrogen peroxide for the assembly with @Pi matrix 
(Fig. 5A) increases with each bilayer following a similar behavior 
observed for the assemblies with GDH (Fig. 3). However, the maximum 
current density with GDH reaches ca. 2 times than with HRP (24 vs 
14 µA cm-2). These results suggest that OsPAA adsorption on HRP is less 
favored than on GDH. This difference could be explained by the fact that 

Fig. 7. Current densities for cyclic voltammetries carried out at 10 mV s-1 

performed in 50 mM acetate buffer + 0.15 M NaCl, pH 5.0 (filled) and in the 
presence of 2 mM H2O2 in the same buffer (black lines) for different matrices 
with HRP. 

Scheme 2. Description of modified surfaces via LbL self-assembly process using 
GDH and OsPAA as (A) unimodal redox particles in @Pi matrix, (B) bimodal 
smaller redox particles in @Pi,HIS matrix and (C) random-coil in @H2O. 
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GDH surfaces are more evenly distributed with basic aminoacids like 
lysine and arginine, which can create hydrogen bridges with phosphate 
ions found in OsPAA particles (Fig. S5) [47]. Furthermore, in the pres-
ence of hydrogen peroxide, this system gets a jc/j0 ratio of 25 for the 3rd 
bilayer, 4.5 times higher than the ratio obtained for OsPAA/GDH as-
sembly (5.6 for the 2nd bilayer), showing that despite a lower OsPAA 
adsorbed, the formed film reveal a more effective electron transfer with 
the active site of HRP and the higher catalytic turnover of this enzyme. 
In contrast to GDH, the assembly with OsPAA@Pi,HIS exhibits poor 
non-catalytic current densities (2.5 µA cm-2) and remains constant. 
OsPAA@Pi,HIS, particles were unable to adsorb on HRP attributable to 
fewer amino acids available to interact with phosphate and then can be 
easily rinsed and as a consequence catalytic currents are not observed 
(Fig. 4B). 

Recently, the formation of enzyme-polymer complexes (EPC) has 
been studied as an alternative that allows to avoid electrostatic repulsion 
between enzyme and polymer. EPC is formed by electrostatic interaction 
using a polyanion which surrounds a positive charged surface enzyme, 
standardizing its charge. Then, this EPC could be self-assembled with a 
polycation that interacts with the EPC forming an electrostatic LbL. This 
was evaluated for different proteins such as lysozyme, insulin and 
glucose oxidase with several polyanions and polycations [16,55]. Here, 
we proposed an alternative methodology to electrostatic LbL assembly, 
simply with an addition of a multivalent anion able to crosslink the 
polycation to form redox particles, screening the electrostatic in-
teractions as is indicated by the low Z-potential, and capable to interact 
with amino acids on the enzyme surface by hydrogen bond interactions. 

OP self-assembly technique is an easy and quick option to modify 
several types of surfaces with macromolecules. Since phosphate ions can 
act as amino crosslinker group, enzymatic-polyelectrolyte electroactive 
particles can be formed [34]. Redox particles formed using @GDH,Pi 
and @GDH,Pi,HIS were deposited on the electrode surface and evalu-
ated in the presence and in the absence of glucose. In the absence of 
glucose, the system with phosphate reaches a higher non-catalytic cur-
rent density to the obtained for 4th bilayer in LbL assembly using 
OsPAA@Pi. In the presence of glucose, the current density achieved 
using @GDH,Pi matrix was higher although the jc/j0 ratio was lower 
reaching a value of 3. These findings show that the OP approach is a 
quick and effective means of immobilizing a significant amount of 
polyelectrolyte, but that the enzyme retention or interaction in the 
produced film is less satisfactory. On the other hand, the addition of 
NaCl indicates a less amount of OsPAA adsorbed ay high ionic strength 
and a poor catalytic current density compared to the results obtained in 
the absence of NaCl. 

As in the case of LbL assemblies, OP technique was also evaluated for 
HRP and OsPAA immobilization. This self-assembly methodology allows 
to incorporate a higher amount of OsPAA on the electrode surface using 
@Pi matrix related to non-catalytic current density, in comparison to 
LbL technique (95 µA cm-2 for OP vs 14 µA cm-2 for LbL assembly). 
Nevertheless, a similar catalytic current density is obtained in compar-
ison to LbL assembly using the same matrix. Non-catalytic and catalytic 
current densities in films generated in the presence of NaCl only reach 
values less than one tenth of the current density obtained without NaCl. 
The similarity observed with the addition of NaCl for both enzymes 
indicates that an important part of the material does not form particles 
and they are easily removed by rinsing. Although a slightly higher cat-
alytic current for HRP immobilization is achieved by OP, the ratio jc/j0 
equals 25 indicates that the LbL technique is the more efficient process 
to assemble this enzyme to enhance the electron transfer with OsPAA. 

5. Conclusions 

In this work, we presented and alternative methodology for the 
construction of polyamine-protein assemblies regardless the protein 
charge used in the construction process taking advantage of the ability of 
amino groups, present in the polyelectrolyte and the enzymes, to form 

hydrogen bonds with phosphate ions, acting as effective crosslinking 
agent. 

Two assembly techniques were used, layer by layer, which allows a 
molecular control of the material adsorbed on the electrode and a more 
detailed analysis of the results, and one-pot drop-casting, which repre-
sents a quick and simple way to build this kind of systems, both showing 
excellent catalytic behavior. For example, the currents obtained with the 
layer by layer with GDH are similar to those obtained by GOx in the 
presence of phosphate ions [41] or surfactants [5]. On the other hand, 
HRP was previously adsorbed on a electroactive polyamine by glyco-
sylation of the polyelectrolyte and using as crosslinking agent an 
osmium derivatized concanavalin A, able to be bound the glycosylated 
polyelectrolyte and a glycosylated protein, exemplified by HRP and 
obtaining maximum catalytic currents in the order of 100 μA cm-2 [56, 
57] while in this work are in the order of 300 with a simpler experi-
mental procedure. 

The results presented here introduced a novel strategy that broaden 
the range of options to build electroactive-enzyme films and can be 
extended in the development of immobilized enzyme biocatalysts [58]. 
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