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Enzymes hosted in redox-active ionically
cross-linked polyelectrolyte networks enable
more efficient biofuel cells†

Lucy L. Coria-Oriundo, ab M. Lorena Cortez, c Omar Azzaroni *c and
Fernando Battaglini *a

Redox mediators are pivotal players in the electron transfer process between enzymes and electrodes.

We present an alternative approach for redox mediation based on branched polyethyleneimine (BPEI)

modified with an osmium complex. This redox polyelectrolyte is crosslinked with phosphate to produce

colloidal particles with a diameter of ca. 1 mm, which, combined with glucose oxidase (GOx), can form

electroactive assemblies through either layer by layer assembly (LbL) or one-pot drop-casting (OPDC).

The addition of NaCl to these colloidal systems induces the formation of films that otherwise poorly

grow, presenting an outstanding catalytic current. The system was tested as a bioanode delivering a

power output of 148 mW per nmol of mediator. These results are explained in terms of the interactions

of the ions with the polyelectrolyte and represent a new route for the development of

bioelectrochemical devices involving redox mediators and enzymes.

1 Introduction

Ionically crosslinked polyelectrolyte micro- and nanoparticles
are materials prepared by combining polyelectrolyte chains
with multivalent ions. Of these materials, polyamine/salt colloids
have been extensively studied, where multivalent anions trigger
the spontaneous self-assembly of the polyamine given a stable
colloidal suspension.1–5 Among these systems, those based in
chitosan or polyallylamine are the best characterized. More
recently, branched polyethyleneimine (BPEI) was incorporated
into the set of crosslinked polyamines combined with ferrioxalate
as a responsive material.6

Polyethyleneimine is a positively charged polyelectrolyte
widely used in enzyme immobilization.7 Its success is due to
several features such as chemical structure, solubility, and
charge density, among others. It can be obtained in linear,

branched, comb, network, and dendrimer architectures
depending on the synthetic route. BPEI presents primary,
secondary, and tertiary amino groups with different pKa,8

which introduces different options regarding further reactions
and molecular interactions. In contrast to polyallylamine or
chitosan, it is soluble in a broad range of solvents.9 As the
molecular weight of its monomer unit is 43, the charge density
is higher than other positively charged polyelectrolytes.

On the other hand, several applications related to the
combination of PEI with redox enzymes can be found in the
literature; for example, ferrocene modified linear PEI was
combined with glucose oxidase (GOx) as bioanode in LbL built
electrodes.10–13 Recently, BPEI was modified with ferrocene and
introduced in nanobeads to construct glucose biosensors.14

More complex constructions include the incorporation of
carbon nanotubes15,16 or gold nanoparticles.17 Even though
ferrocene derivatization is a fast and straightforward method,
the resulting product presents some limitations; for example,
its stability in the oxidized form is limited, and its redox
potential is too high for several applications.11

Chain conformation in polyelectrolytes is strongly influenced
by pH, ionic strength, and the type of ions present in the
solution. These properties can be exploited to integrate protein
to assemblies independently of its charge18,19 or improve its
electrochemical response, as we have recently shown
with polyallylamine and glucose oxidase.20 Little is known
about this influence on BPEI,6 which is a very suitable
polyelectrolyte.
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In this work, we present the assembly of a redox BPEI with
GOx manipulating the environment in which the buildup
process is carried out. The redox moiety is a polypyridyl
osmium complex (OsBPEI), providing a stable and reversible
electron transfer process. At high ionic strength, given by NaCl,
the presence of phosphate ions generates colloids that can
build up interfacial nanoarchitectures, presenting an efficient
electron transfer process. Layer-by-layer (LbL) and one-pot
drop-casting (OPDC) self-assembly techniques were explored
to establish the best way to generate a system able to produce
an efficient electron transfer process, exemplified in its
application as an anode in biofuel cells. The results presented
here show the impact of variables as ionic strength and ion
composition to control the nanoarchitecture of the assemblies
and its redox response, simplifying the construction and
improving bioelectrochemical devices’ performance.

2 Experimental

Reagents, quartz crystal balance (QCM-D), electrochemical, and
dynamic light scattering experiments are described in ESI.†
[Os(bpy)2Cl(PyCOH)]Cl was synthesized following the procedure
of Kober et al.21 The complex was bound to the polyelectrolyte
adapting the procedure of Danilowicz et al.22 Details are given in
ESI.† Electrode modifications: in-house constructed screen
printed 3-electrode system with graphite or gold working
electrodes were used.23,24 Layer by layer electrode modification
was carried out on gold working electrodes. OsBPEI was
dissolved in a final osmium concentration of 0.48 mM in the
matrices listed in Table 1, while 1 mg mL�1 glucose oxidase
(GOx) was dissolved in water pH 7.0. The working electrodes
were sequentially exposed to 15 mL of the OsBPEI and GOx
solutions and left for 20 minutes in a closed container with
controlled humidity (92% RH, controlled with a potassium
nitrate saturated solution). Then, the electrodes were rinsed
with Milli-Q water; finally, they were dried with a flux of nitrogen
and used for the electrochemical experiments. For one-pot drop-
casting experiments, graphite was used as the working electrode,
while GOx was added to the OsBPEI solutions at a final concen-
tration of 1 mg mL�1; otherwise, it is stated. 10 mL of the
corresponding solution was left to dry in a closed container with
controlled humidity (30% RH, controlled with a saturated CaCl2
solution) and then rinsed with water and dried with a nitrogen
current. PEGDE crosslinking was carried out by adding to the
matrix; the used concentrations are stated throughout the text.

Nomenclature. For clarity, we employ the following short-
hand to identify the different solutions used in the buildup
process: X@Y; where X represents OsBPEI or GOx, and Y
represents the medium where they are dissolved (Table 1); for
example, OsBPEI@1 mM Pi–NaCl represents OsBPEI dissolved
in a 1 mM phosphate solution in the presence of 1 M NaCl
(second entrance in Table 1).

3 Results and discussion

As BPEI is readily soluble in methanol, its modification with a
mediator bearing an aldehyde group was straightforward, yielding
a redox polyelectrolyte containing one osmium complex every 16
amino groups. These results represent two advantages over a
similar redox polyelectrolyte based on polyallylamine (PA), it is
easier to handle, and the density of redox groups achieved here is
higher.20,25 Another feature to consider is its branched structure,
presenting different amino groups, primary (terminals), secondary
(backbone), and tertiary (ramification points) (see Fig. S2, ESI†).
Studies on the PEI protonation established pseudo-acid dis-
sociation constants (K0) based on the chemical shifts observed
in the neighbor methylene groups by NMR.8 In this way, it was
determined that the primary amino groups are the first to be
protonated, with a pK’ of 9.4, while the tertiary amino groups
cannot be protonated at pH above 0. The secondary amino
groups, which constitute the polymer backbone, behave differently
depending on their neighbors, with pK’ values ranging from 8.6 to
4.4. Potentiometric titrations and NMR studies carried out on BPEI
of different molecular weights have found that 30% or more of the
amino groups cannot be titrated, representing a high number of
tertiary amino groups meaning that most of these polymers are
highly branched.8,26 In our case, the potentiometric titration of the
BPEI used in this work shows that 40% remains unprotonated,
and 17% of the amino groups are protonated at pH 7 (see ESI† and
Fig. S3).

Considering these features, we studied the OsBPEI under
different conditions to manipulate its conformational state and
determine to what extent the polyelectrolyte conformation
affects the electron transfer process once assembled with
GOx. Anions can interact with polymers and their hydration
waters by different mechanisms: (a) polarizing adjacent water
molecules, (b) increasing the surface tension around the polymer
backbone, and (c) the anions may bind to the polymer. The two
first effects lead to a salting-out process, while the last one leads to
the salting in of the polymer.27 Here, we study the effect of
chloride and phosphate ions on the OsBPEI conformation in
solution in different conditions: 1 M NaCl, 1 mM phosphate at pH
7.0, and the combination of 1 M NaCl and 1 mM phosphate at pH
7.0, also the polyelectrolyte in deionized water was studied as
reference. Dynamic light scattering experiments in water and 1 M
NaCl show that the polyelectrolyte presents sizes ranging from 0.5
to 5 nm, evidencing that it is unable to form a colloidal structure.
When OsBPEI is dissolved in the presence of 1 mM phosphate
forms colloidal particles in a bimodal distribution (730 and
1300 nm) and with a positive Z-potential (11 mV) (see Table 2),

Table 1 Nomenclature and composition of the solutions used in
this work

Solution name Solution compositiona

1 M NaCl 1.00 M NaCl
1 mM Pi–NaCl 1.0 mM K2HPO4 + 1.00 M NaCl
10 mM Pi–NaCl 10 mM K2HPO4 + 1.00 M NaCl
1 mM Pi 1.0 mM K2HPO4
10 mM Pi 10 mM K2HPO4

a All solutions at pH = 7.0.
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showing the ability of phosphate to interact with the amino
groups through hydrogen bonds. Adding 1MNaCl, a less disperse
suspension is obtained with particles of 860 nm diameter. Cl�

ions’ high concentration increases the surface tension around the
polymer backbone and screens the interaction between phos-
phate ions and amino groups, leading to narrower particle size
distribution.28,29 Recently, the study of the physicochemical
interactions between polyallylamine and phosphate ions was
systematically addressed, varying the pH and the ionic strength
of the solution.2 The authors found that the driving force leading
to the formation of colloids is the electrostatic paring of proto-
nated amino groups and the HPO4

2�, while the addition of a
monovalent salt weakens this interaction, in agreement with
previous works with chitosan.28,29 BPEI presents a more complex

structure with different types of alkylamino groups. The primary
amino groups and part of the secondary amino groups are proto-
nated at pH 7.0; therefore, they are the best candidates to interact
with the phosphate ions. However, they represent less than 20% in
contrast to linear polyallylamine and chitosan, thus promoting the
bridging between phosphate groups and different BPEI molecules
that, in turn, facilitates the construction of greater colloidal parti-
cles. Finally, in those cases where Z-potential was determined, a
positive charge was observed due to the excess of amino groups.
The Z-potential measurements are limited to relatively low ionic
strength solutions (o0.1 M); when solutions have high ionic
strength (e.g., 1 M), the streaming potential signal shows values
below the acceptable threshold for electrode polarization.30,31

From DLS results, we can assert the formation of self-limited
assemblies in solution. They were combined with glucose
oxidase to construct glucose-responsive electrodes through
different strategies, layer by layer (Scheme 1A) and one-pot
drop-casting (Scheme 1B); both techniques are carried out in
mild conditions, representing a friendly environmental method
of production.

One of the advantages of PEI to build self-assembled sys-
tems is its ability to bind directly on gold,32–34 and avoid its
previous modifications with thiol groups, representing a source
of instability.

The layer by layer deposition of polyelectrolytes in the
presence of small ions is a technique widely studied; depending

Table 2 OsBPEI solutions studied by Dynamic Light Scattering (DLS)

Samplesa Diameter nm�1 PDL Zeta potential mV�1

@1 M NaCl 0.5–5 1.0 4
@1 mM Pi (7.3 � 0.9) � 102 0.6 11

(1.3 � 0.1) � 103 0.3
@1 mM Pi–NaCl (8.6 � 0.7) � 102 0.4 BATb

@10 mM Pi (8 � 1) � 102 0.6 16
@10 mM Pi–NaCl (1.5 � 0.4) � 103 0.6 BATb

@GOx,10 mM Pi–NaCl (1.5 � 0.2) � 103 0.5 BAT

a Nomenclature of the samples is given in Table 1 (Experimental
section). b Below the acceptable threshold.

Scheme 1 Description of the electrode modification via different self-assembly processes: (A) layer-by-layer assembly, (B) one-pot drop-casting
assembly.
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on the type of ions and their concentration, different results can be
achieved.35–37 The interaction between phosphate ions and poly-
allylamine is an interesting example since the polyelectrolyte’s
primary amino groups can form hydrogen bridges with the phos-
phate groups.38,39 Depending on the pH and the ionic strength, this
interaction can contribute in different ways; for example, avoiding
the further assembly of an enzyme at low ionic strength35 or
improving its adsorption at high ionic strength.20

Fig. 1 shows the current response for a film assembled by
alternative OsBPEI and GOx layers at different conditions. The
represented current densities correspond to the values
obtained by cyclic voltammetry at 10 mV s�1. In Fig. 1A the
plotted values correspond to the peak currents in the absence
of glucose, while for Fig. 1B, the values correspond to the
catalytic current in the presence of 100 mM glucose.

We can observe that the OsBPEI/GOx assembly can be built
from pure aqueous solutions and even at high ionic strength, in
contrast to the observed with osmium derivatized polyallylamine
(OsPA).20 However, the ratio between the catalytic and the peak

currents is around 4, showing that GOx is poorly incorporated
into the film, or its connection to the OsBPEI is relatively weak.
In the presence of phosphate, we observed that the adsorption of
OsBPEI is possible. The current in the absence of glucose grows
as the number of layers increase; however, in the presence of
glucose, a poor catalytic process is observed. Finally, the higher
currents are obtained when OsBPEI is assembled from a solution
containing 1 mM phosphate and 1 M NaCl. In the absence of
glucose, it is possible to observe a notable difference concerning
the other construction methods, that it is enhanced in the
presence of glucose where a catalytic current of 52 mA cm�2 is
observed. A ratio equals to 19 is obtained between the current in
the presence and in the absence of glucose ( jc/j0), which is
higher than those observed in LbL assemblies with GOx and
other redox polyelectrolytes ( jc/j0 E 10),20,40 indicating that this
construction allows a more efficient interaction between the
redox centers, FAD in GOx and the osmium complex in PEI.

The growth of the system when OsBPEI is dissolved in pure
water can be explained by the electrostatic interaction, while in

Fig. 1 (A) Peak current densities for cyclic voltammetries carried out at 10 mV s�1 after deposition of each bilayer (OsBPEI/GOx) on gold screen printing
electrodes in the absence of glucose. (50 mM HEPES buffer + 0.1 M NaCl, pH = 7.0). (B) Maximum catalytic currents in the presence of 100 mM Glucose
in 50 mM HEPES buffer + 0.1 M NaCl, pH = 7.0. (J) (OsBPEI/GOx)n@H2O, (m) (OsBPEI@1 M NaCl/GOx@H2O)n, (’) (OsBPEI@1 mM Pi/GOx@H2O)n, (K)
(OsBPEI@1 mM Pi–NaCl/GOx@H2O)n. All solution at pH 7.0. (C) Cyclic voltammetries for (OsBPEI@1 mM Pi–NaCl/GOx@H2O)4 in the presence of
100 mM glucose (black line) and the absence of glucose (grey line).
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NaCl by a salting-out effect promoting van der Waals inter-
actions. When phosphate is present in the solution, the
polyelectrolyte in the film can be re-dissolved due to the
competition between the phosphate already in the film and
those in the solution, showing the poorest performance during
the growth cycling (Fig. 1A, green squares). The introduction of
NaCl to the phosphate solution produces a synergic effect. It
promotes a salting-out effect due to the increase of the surface
tension between the macromolecules and water.27 Favoring the
bridging of the phosphate ions in the film. This bridging effect
is also known in proteins through the basic amino acid
residues such as lysine and arginine, several of them in the
periphery of the GOx. In this sense, phosphate ions have shown
to be suitable promoters to stabilize several proteins onto
electrodes due to their ability to interact with amino
groups.41–43 This ionic environment improves the interaction
between the enzyme and the osmium mediator bound to the
polyelectrolyte, notably evidenced by the catalytic current
observed in this case (Fig. 1B and C).

At high ionic strength and in the presence of phosphate,
QCM-D data show that the incorporation of OsBPEI and GOx in
the film is similar (Fig. 2, frequency change, circles). While the
dissipation change for OsBPEI, in each adsorption step, is
around 5 times higher than for GOx (Fig. 2, squares), this is
evidence of the gel-like structure of the OsBPEI particles
compared with the more rigid and smaller structure of the
protein. An immediate consequence of the OsBPEI:GOx ratio in
the adsorbed mass is the number of redox centers surrounding
the GOx, ca. 90 : 1, while in the case of OsPA is 10.20

We have demonstrated that OsBPEI can form microgels by
ionic phosphate crosslinking, a behavior already observed in
other amino-based polyelectrolytes.29,35,44 Also, it can be
observed that these colloidal particles in the presence of a high
concentration of monovalent salts are stable, and they can be
used in the buildup of the LbL system with GOx, showing an
important effect on the electrochemical response.

Self-assembled colloidal nanoparticles are acquiring an
important role in materials science to develop functional
materials with molecular-level control. Previously, we have
studied the formation of colloidal nanoparticles combining
concanavalin A and glucose oxidase, obtaining a supramolecular
protein with enzymatic activity.45 Considering these results, we
decided to study the integration of GOx to the supramolecular
system already presented. DLS studies of a solution containing
the four components (OsBPEI, phosphate, NaCl, and GOx) shows
the formation of nanoparticles of 1.5 mm diameter (Fig. 3) and
the absence of free GOx molecules (average hydrodynamic
diameter 9 nm45), indicating that they are incorporated to these
particles. Also, there are no essential changes regarding the
identical particles in the absence of GOx (see Table 2), suggesting
that the incorporation of the enzyme does not affect the colloid
structure.

We decided to study these polyelectrolyte-enzyme colloids’
electrochemical response and compare their behavior against
other systems where OsBPEI was cast from water, 1 M NaCl,
and 10 mM phosphate. These combinations were used to
modify electrodes using a one-pot strategy, where the different
components are left to dry onto the electrode surface at a
controlled humidity (30% RH). In all cases, the ratio between
the current in the presence and the absence of glucose ( jc/j0) is
higher than 20 (Fig. S4, ESI†).

The best jc/j0 ratio is obtained when the solution contains
10 mM phosphate and 1 M NaCl, achieving a value of 45. This
increase in the ratio as the system is incorporating different
elements can be rationalized as the fact that each component
contributes to a better interaction between the polyelectrolyte
and the enzyme, NaCl screens local charges and promotes a
salting-out effect. At the same time, the phosphate groups act
as the crosslinker. However, the current density in the absence
of the glucose (0.38 mA cm�2) is similar to a 2 bilayers system
built by LbL assembly (Fig. 1A, black circle). This result implies
that the colloidal particles are adsorbed on the electrode surface
but cannot interact among them to form a thicker layer.

Poly(ethylene glycol) diglycidyl ether (PEDGE) was added to
stabilize the modified electrode. This diepoxy compound has

Fig. 2 QCM-D results for the self-assembly of OsBPEI@1 mM Pi–NaCl,
and GOx@H2O. Green circles correspond to frequency changes and red
squares to dissipation changes.

Fig. 3 Particle size distribution obtained by DLS for the system OsBPEI@-
GOx,10 mM Pi–NaCl.
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been widely used to construct electrodes involving enzymes and
polyelectrolytes for in vivo applications.46–48 The crosslinker
was tested at different concentrations from 0.2 to 1.5 mg mL�1,
resulting in 0.8 mg mL�1 the best option regarding stability and
current response. In this case, the current density in the
absence of glucose was 1.3 mA cm�2, representing an increase
of more than three times in the amount of osmium; while in
the presence of glucose, the catalytic current is 32 mA cm�2,
denoting that part of the enzyme is lost, or its interaction with
the redox centers is reduced, therefore decreasing the jc/j0 ratio.
However, it presents a higher catalytic current and a more
stable response (see ESI,† Fig. S5 and S6).

Finally, we have evaluated the one-pot stabilized PEGDE
electrode as an anode in a biofuel cell. Here, glucose is used as fuel,
while oxygen is used as the oxidant in a compartment-less cell. This
type of device works at mild conditions (room temperature
and neutral pH),49 allowing to pursuit applications like logic
devices50 and implantable power supplies,51 including self-powered
biosensors.52 For the oxygen reduction, a high platinum loading
gas diffusion electrode was used as the cathode.

Fig. 4 shows the results for the one-pot bioanode at physio-
logical pH, the maximum power output is 148 mW nmol�1 cm�2

with a maximum current density of 106 mA cm�2, and an open-
circuit voltage of 0.36 V. From these results, we can observe that
the system presents a behavior according to the reactions
involved since the open circuit potential is established by the
redox mediator and the oxygen reduction potentials. In Fig. 4,
the power output is presented as a function of the nanomoles of
mediator since we found that our redox polyelectrolyte yields a
maximum power output per nmol of redox centers higher than
similar systems10,48,53–55 (see Table S1, ESI†).

The voltage vs. current plot has the typical shape of a fuel
cell (Fig. 4, gray line); when current flows, the cell voltage

decreases, and the difference between the new voltage and
its equilibrium cell voltage is defined as the overpotential.
There are three types of overpotential in any fuel cell:
activation, ohmic, and concentration overpotentials. Activation
overpotential is observed at low currents and related to the
finite rate of the electrode’s reaction. Ohmic overpotential is
observed at intermediate currents, the output voltage practically
decays linearly as the current increases, mainly related to the
electrolyte conductivity. Concentration overpotential is observed
at high currents with a sharp decrease in the voltage output,
and it is attributed to the mass transport limitations of the
electrochemical reaction.56 Here, and in the mentioned
examples, the concentration overpotential corresponds to the
segmental movement of the redox centers and the electron
hopping efficiency in the film. In all the cases, the concentration
overpotential is the region where the maximum power output is
obtained, reinforcing the concept that in our case, the
polyamine-phosphate aggregates contribute to the strong inter-
action among the redox centers, the enzyme, and the electrode
surface, delivering a higher output power density.

4 Conclusions

Crosslinked polyelectrolytes have been subject of intensive
research due to their key advantages: they are synthesized in
mild conditions, they can encapsulate proteins, they can be
responsive to external stimuli, their properties can be enhanced
by combination with other species or conjugating active molecules
to their functional groups.57 In this work, we use some of these
features to generate a redox polymer with a gel-like structure to
efficiently mediate the electron transport process between a redox
enzyme and an electrode. A condensation reaction between a
carbonyl functionalized osmium complex and BPEI was carried
out, yielding a redox polymer with a RNHx :Os ratio of 16 : 1 (where
RNHx represents the different amino moieties present in the
polyelectrolyte). This redox polyelectrolyte was dissolved in water,
allowing its combination with phosphate as an ionic crosslinker.
This combination yields stable colloidal particles, which in
the presence of 1 M NaCl can be adsorbed on graphite or gold.
The effect of this high salt concentration to facilitate the film
growth and the electron transfer mediation can be explained
considering the model proposed by Zhang et al.27 regarding the
effects of anions on polymer solvation. As a chaotropic anion,
chloride ions increase the surface tension around the poly-
electrolyte backbone, shifting the equilibrium towards the film
formation instead of the redissolution as it happens when phos-
phate is only present.35 The results obtained by DLS and QCM-D
show that we are in the presence of particles of ca. 1 mm diameter,
with a high content of water, suggested by the dissipation change
by QCM-D. The outstanding electrocatalytic response observed in
cyclic voltammetry experiments and its behavior as bioanode
considering the power output per nanomol of mediator indicates
a strong interaction between the polyelectrolyte and the enzyme to
present a fast electron transfer mediation through the film.
From these results, we can assume regions with hydrophobic

Fig. 4 Cell voltage (gray line) and power output density per nmol of
mediator (black line) as a function of the current density in a
compartment-less system. An electrode cast from OsBPEI@GOx,10 mM
Pi–NaCl-PEDGE was used as bioanode. A high platinum loading gas
diffusion electrode was used as the cathode for oxygen reduction.
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assemblies containing the polyelectrolyte and the enzyme in close
contact within a gel-like structure, allowing the redox centers’
segmental motion to facilitate the electron transfer process
throughout the film.

As an application, a fuel cell was constructed where the
microgel was stabilized with PEDGE. As the redox
polyelectrolyte-GOx assembly presents a fast electron transfer
in all its steps, the power output obtained per mass unit surpass
previous results reported in the literature. Electrochemical based
energy storage devices still face enormous challenges to become
everyday products.58 The results presented here based on the use
of an ionically crosslinked redox polyelectrolyte, where moieties
as osmium complexes or enzymes like glucose oxidase can be
easily replaced, opens a new route to tackle challenges referring
electron transport and power density in electrochemical devices.
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and O. Azzaroni, Colloids Surf., B, 2020, 190, 110895.

6 S. E. Herrera, M. L. Agazzi, M. L. Cortez, W. A. Marmisollé,
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