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1 Introduction

In recent years, there has been a steady increase in the demand
for renewable and sustainable energy sources for power
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The development of enzymatic biofuel cells (EBFCs) that operate under mild conditions and do not require
membranes as separators is crucial for advancing low-power device technologies. The use of redox
mediators for bacterial laccases represents a promising approach in these systems. In this study, a redox
polyelectrolyte based on branched polyethyleneimine modified with an osmium complex (Os(im)PEI)
was employed as the mediator. Os(im)PEl aggregates the nanomolar scale in the presence of species
containing sulfonate or phosphate groups, depending on their concentration and ionic strength (IS). At
1 mM tripolyphosphate (TPP) under high IS, the polyelectrolyte matrix yielded particles formation (400
nm), while with 50 mM HEPES under low IS resulted in smaller particles (220 nm) along with free
polyelectrolyte. These redox particles were self-assembled layer-by-layer in combination with the
bacterial laccase SilA to construct a biocathode. The catalytic current density increased consistently up
to the third bilayer in both systems, with the highest adsorbed mass observed in the presence of TPP.
Notably, the incorporation of both species enhanced the redox polyelectrolyte's function as an enzyme
mediator compared to its free form. This enhancement, linked to increased SilA adsorption, may stem
from stronger surface electrostatic interactions and changes in overall wettability—attributable to the
polyelectrolyte's globular conformation—or from specific interactions between phosphate groups and
basic residues on laccase. Using these biocathodes along with a biocanode, O,-glucose membraneless
EBFCs were constructed under neutral pH and static conditions, achieving power densities ranging from
25 to 47 pW cm~2. These values were comparable to, and in some cases exceeded, those reported in
previous studies under similar operating conditions.

generation, driven by growing concerns over the environmental
impact of fossil fuels. This shift has accelerated the transition
toward cleaner energy technologies aimed at securing a more
sustainable and resilient energy future.' Among power gener-
ation and storage technologies, lithium-ion batteries are
currently the most widely adopted. However, their inherent
rigidity and the use of potentially toxic materials pose envi-
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ronmental and safety risks, particularly for emerging applica-
tions such as wearable and implantable devices. Consequently,
there is an urgent need for the development of flexible,
biocompatible, and environmentally sustainable energy
devices.>®

Enzymatic biofuel cells (EBFCs) have emerged as a prom-
ising green power source that generates electricity through
enzyme-catalyzed redox reactions using renewable fuels (such
as biological fluids or metabolites), redox enzymes and
biocompatible materials. EBFCs offer several advantages,
including high energy conversion efficiency, easy recharge-
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ability, environmental friendliness, intrinsic safety and the
potential for miniaturization. Additionally, they can operate
effectively within the physiological pH and body temperature,
making them well-suited for powering on-body electronic
devices such as wearable or implantable biomedical
devices.">”®

Among EBFCs, those based on glucose oxidation and oxygen
reduction reactions, are especially attractive due to the abun-
dant availability of these reactants in biological fluids.**"
Recent advances in EBFCs design have focused on enhancing
performance enzyme immobilization—emphasizing stability,
control and surface coverage—, advanced redox mediation
strategies, and increased cathodic oxygen reduction
current.>>* Nevertheless, the oxygen reduction reaction
remains a limiting factor due to its slow kinetics, low solubility,
mass transfer issues, and the high bond dissociation energy of
0,.%* Laccases (EC 1.10.3.2) are frequently employed as
cathodic enzymes effectively reducing oxygen to water without
generating toxic intermediates.>*"” In particular, bacterial
laccases are gaining importance due their stability, halide
tolerance, and enzymatic activity at neutral pH.'$>°

Direct electron transfer between the active site of the enzyme
and the electrode surface remains challenging due to spatial
separation and enzyme orientation, thus mediated electron
transfer—using species that act as artificial substrate—emerges
as an excellent strategy to enhance current densities.>*>'”*!
Redox mediators must have fast electron transfer capabilities,
adopt a nanostructured conformation, possess high surface
charge density, remain stable in their oxidation states, and have
a formal potential close to that of the enzyme.>***>?* The usual
redox mediators employed in the construction of biocathode
with laccases include acetosyringone, promazine, 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and its
derivatives, and redox polyelectrolytes with osmium or copper
complexes and quinones as active groups.***?® Redox poly-
electrolytes can exhibit different characteristics in terms of
electron transfer and reaction kinetics, depending on their
structure, charge, the number of redox moieties, and reduction
potential. Those based on osmium complexes have been
extensively studied for bioelectrode construction, due to their
tunable redox potential, reversible redox behavior, pH inde-
pendence, and high stability.””*° To fulfill the additional
requirements of the device, such as fast electron transfer,
surface stability, and enzyme retention, a suitable immobiliza-
tion approach should be employed. The primary objective is to
create a gel-like structure that facilitates close interaction
between the redox polyelectrolyte and the enzyme while main-
taining segmental mobility to enable electron transport through
the film.>**”

The conformation of the backbone chains of a poly-
electrolyte is strongly influenced by medium pH, ionic strength
and the type of ions in the solution, enabling them to generate
complex structures with other macromolecules, such as
enzymes. Particularly, the most common polyelectrolyte
complexes are formed spontaneously through a self-assembly
process and are primarily driven by entropy change and elec-
trostatic forces, but also by other interactions such as hydrogen
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bonding or van der Waals.**"** It has been previously reported
that redox polyamines (linear or branched) can undergo
conformational changes in the presence of monovalent ions
(e.g., bromide, chloride, fluoride, etc.). These ions act as co-ions
forming ionic pairing and altering the hydrophobicity of the
polyelectrolyte. Also, the presence of multivalent ions (phos-
phate or sulfate ions) has significant effects on polyelectrolytes
inducing aggregation, altering rheological properties, modu-
lating adsorption on surfaces, and influencing the adsorption of
other macromolecules onto the polyelectrolyte, including posi-
tively charged macromolecules.”>*”* Organic molecules con-
taining phosphate groups have been evaluated with different
macromolecules including those with amine groups.*>*
Conversely, for molecules with sulfonate group the most widely
studied is polystyrenesulfonate (PSS), since other species have
primarily been used as pH regulators.*” In both cases, sulfonate
and phosphate species can interact with amino groups, specif-
ically with certain amino acids such as lysine and arginine,
through electrostatic and hydrogen bonding interactions,
thereby enhancing their interaction with an enzyme.****
Additionally, the structure of the organic part of the molecule
and the presence of other functional groups can play a signifi-
cant role in interactions with a polyamine or enzyme.

In this study, we present results using 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), isethionic acid, tri-
polyphosphate, and sodium dodecyl phosphate (Fig. 1) as
crosslinking agents to enhance the interaction between
a branched polyethyleneimine with pendant osmium
complexes and a bacterial laccase (SilA) in gel-like layer-by-layer
self-assembled structures immobilized on the electrode surface.
We investigated the effect of crosslinker type, concentration,
and ionic strength during the assembly of the redox poly-
electrolyte-laccase system on several parameters that charac-
terize biofuel cell performance, such as adsorbed material,
electron hopping efficiency, and oxygen reduction catalysis.
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Fig. 1 Chemical structures of osmium-based redox polyelectrolyte
(Os(im)PEI) and species with phosphate or sulfonate groups studied in
this work.
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Additionally, the biocathode was evaluated under neutral and
static conditions, together with a pyrroloquinoline-dependent
glucose dehydrogenase (PQQ-GDH)-based bioanode in a mem-
braneless enzymatic fuel cell saturated with glucose and oxygen.

2 Experimental

2.1 Reagents and materials

OsClg(NH,),, imidazole, 2-(2-bromoethyl)-1,3-dioxolane, tetra-
butylammonium bromide, ammonium hexafluorophosphate,
4,4'-dimethoxy-2,2’-bipyridine (dmobpy), and branched poly-
ethyleneimine (PEI, cat #408727) were procured from Sigma-
Aldrich; 2,2'-bipyridine (bpy) was provided by Fluka. All other
reagents were of analytical grade. Ultrapure water (18 Mohm)
was used to prepare the solutions.

2.2 Redox polyelectrolyte synthesis

The complexes OsL,Cl,, where L is a bipyridinic ligand, bpy or
dmobpy, were synthesized following the procedure reported by
Buckingham et al.*® The N-(2-(2-ethyl)-1,3-dioxolane imidazole)
(ImDiox) ligand was synthetized by reaction between purified
imidazole and 2-(2-bromoethyl)-1,3-dioxolane following the
procedure described by Mao et al®* The complexes OsL,-
Cl(imDiox)" were synthetized as reported by Kober et al.® for
OsL,CIX" complexes. OsL,Cl(imCHO)PF, complexes were
prepared by hydrolysis to form imCHO (1H-imidazole-1-
propanal) and subsequent precipitation. The redox poly-
electrolytes Os(im)PEI and Os(OMe)PAA were synthesized as
previously reported using branched polyethyleneimine (PEI) or
polyallylamine (PAA), and OsL,Cl(imCHO)PF, with bpy or
dmobpy ligand, respectively.”” The unreacted osmium complex
was removed by dialysis using a 3 kDa cut-off membrane against
acidified water at pH 3.0 with HCI. The content of the osmium
complex and the osmium : amine ratio was determined by UV-
vis spectrophotometry and 'H-RMN, respectively. The redox
polyelectrolyte studied for biocathode construction, Os(im)PEI,
has an osmium : amine ratio of 1:50.

2.3 Production and purification of recombinant SilA from
Streptomyces ipomoeae

Recombinant laccase SilA from Streptomyces ipomoeae was
produced in bacterial Escherichia coli and purified by Ni-NTA
(nickel-nitrilotriacetic acid) affinity chromatography as previ-
ously described.* The purified activity of SilA was determined
by 2,6-dimethylphenol (DMP) oxidation (4570 UEL ", pH 8, 25 ©
C) and total protein concentration (16.4 mg mL™') was
measured following the Bradford method, using bovine serum
albumin (BSA) as protein standard.>

2.4 Graphite electrode modification

A screen-printed three-electrode system with a graphite working
electrode was used.** For layer-by-layer assemblies, Os(im)PEI
was dissolved at a final osmium concentration of 33 pM in the
matrices listed in Table 1, while 0.5 mg mL ™" SilA enzyme was
dissolved in water pH 7. Electrodes were modified following the
procedure previously described by Coria-Oriundo et al.>” The
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Table 1 Composition and nomenclature of matrices used with the
redox polyelectrolyte®

Solution composition Nomenclature”
NaCl @Y
Tripolyphosphate + NaCl @TPPX,Y
Sodium dodecylphosphate + @SDPX,Y
NacCl

HEPES + NaCl @HEPX,Y
Isethionic acid + NaCl @ISEX,Y

“ All solutions at pH = 7.0. ? X represents the concentration in mM of
the phosphate or sulphonate groups and Y indicates NaCl
concentration: 0.1 (LIS: low ionic strength) or 1 M (HIS: high ionic
strength).

working electrode was sequentially exposed to 15 pL of redox
polyelectrolyte and SilA solution and left for 20 minutes in
a closed container with controlled humidity (92% RH). In
between steps, the electrodes were washed with ultrapure water,
and finally, they were dried with a flux of nitrogen and used for
electrochemical experiments.

2.5 Electrochemical experiments

Cyclic voltammetry measurements were carried out in a buffer
solution containing 50 mM HEPES + 100 mM NacCl at pH 7.0
saturated with O, or N,, using a Gamry potentiostat (Gamry
Interface 1000E, Gamry Instruments). For the enzymatic biofuel
cell evaluation, carbon clothes (Morgan Specialty Graphite,
National Electric Carbon Products, Greenville, South Carolina,
USA) electrodes were used, previously activated with a 1:1
isopropanol/water solution and washed with MilliQ water. The
biocathode for the enzymatic biofuel cells were prepared using
carbon cloth electrode modified following the same procedure
for graphite electrodes. Moreover, bioanode was prepared using
carbon cloth electrodes modified with glucose dehydrogenase
(PQQ-GDH) and Os(OMe)PAA adapting the procedure described
by Coria-Oriundo et al.*® Here we use a mixture with final
concentrations of 0.57 mM in osmium centers from Os(OMe)
PAA, 10 mM phosphate buffer pH 7 and 2 mg mL~" PQQ-GDH.
The modified carbon cloth electrodes were immersed in
100 mM glucose in a 50 mM HEPES + 100 mM NaCl solution
saturated with O,. Scan polarization at 2 mV s~ was used to
obtain polarization and power curves by monitoring the current
as a function of potential (from the open circuit potential to
0 mV) as previously described.””

2.6 Dynamic light scattering (DLS) measurements

The hydrodynamic diameter of the colloids was determined by
DLS employing a Zetasizer Nano ZS (ZEN3600, Malvern, UK)
configured in the backscattered detection optic arrangement,
that is the detector at 173° of the incident light beam, a 633 nm
He-Ne laser and a temperature of 25 °C.

2.7 Infrared spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectra were obtained with a resolution of 4 cm™" using
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a NICOLET 6700 spectrophotometer endowed with an MCT-A
detector and a VeeMax™:-II accessory from PIKE Technologies
for reflectance measurements. A silicon prism beveled at 60°
was used as an IR window. The surface silicon prism exposed
was modified with redox polyelectrolyte or SilA aqueous solu-
tions for 20 minutes, between incubation solutions the prism
was washed with MilliQ water and exposed to 100 mM NacCl
aqueous solution. After each layer deposit, 500 reflectance
spectra were collected with p and s polarized light (polarized in
the reflection plane and in the normal to the reflection plane,
respectively). In each case, the spectra of the first two bilayers
were recorded. The final absorbance spectrum is represented as
logarithmic (Ro/R) where R, and R are the reflectance spectrum
of the previous redox polyelectrolyte layer and enzyme layer,
respectively in the same working conditions.

2.8 Quartz crystal microbalance measurements (QCM-D)

The QCM-D experiments were performed using a Q-Sense
instrument (QCM-D, Q-Sense E1, Sweden) equipped with Q-
Sense Flow Module (QFM 401) following the procedure previ-
ously reported.” For all measurements, QSX 301 gold sensors
were used. Samples were perfused using a peristatic microflow
system (ISMATEC, ISM 596 Glattbrugg, Switzerland). Gold
sensors were activated with O; and UV for 15 minutes imme-
diately before use. All experiments were performed at a flow rate
of 50 pL min~' at 25 °C. The redox polyelectrolyte and SilA
solutions were passed for 4 minutes, then the flow was stopped,
and each solution was left in contact with the gold sensor for 20
minutes. Then, the solution was removed by fluxing MilliQ
water until signal stabilization was achieved.

2.9 Atomic force microscopy (AFM)

Atomic force microscopy was conducted using an Agilent 5500
atomic force/scanning probe microscope. Tapping mode
measurements were carried out using insulating PointProbe
Plus PPP-NLC tips (<10 nm tip radius, a force constant of 48 N
m™’, a resonance frequency of 190 kHz). The topography of
multilayer redox polyelectrolyte/SilA was studied over
a template-stripped (TS) gold substrate with a 0.6 nm root mean
square roughness prepared following the method of Weiss
et al.>>*® To determine the mean film thickness, a film area of 1
pm x 1 um was gently removed by means of a soft cantilever in
contact mode with a typical setpoint force of 9 V. Then, two-
dimension height distribution was extracted from the AFM
image, ensuring equal exposure of the substrate (etched area)
and the film (non-modified area). The mean film thickness was
then calculated by measuring the distance between the peaks
representing the surface and the film. The average roughness
parameter was determined by analyzing a 1 pm straight line
across a representative AFM image of the surface. All images
were analyzed using Gwyddion V2-49 (http://gwyddion.net/).

3 Results and discussion

With the aim of optimizing the performance of a biocathode for
an O,-glucose EBFC, we sequentially adsorbed a redox
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polyelectrolyte, Os(im)PEI (Fig. 1) and SilA recombinant laccase
onto a graphite electrode using the layer-by-layer (LbL) self-
assembly method. This method creates a macromolecular
multilayer film with the enzyme immobilized on the electrode
surface. In this EBFC, chemical energy is obtained through the
reduction of oxygen and oxidation of glucose. The oxygen
reduction process at the biocathode is catalyzed by laccase, with
the redox polyelectrolyte acting as the mediator, with a formal
potential of 0.15 V vs. Ag/AgCl and an osmium : amine ratio of
1:50.

3.1 Crosslinking study of Os(im)PEI polyelectrolyte

First, we explored the conformational changes of the redox
polyelectrolyte when exposed to different species containing
phosphate or sulfonate groups (Fig. 1), as well as at varying ionic
strengths (see Table 1). Dynamic light scattering experiments
with 33 pM Os(im)PEI in NaCl solutions, at concentration of
0.1 M (@LIS) or 1 M (@HIS), showed the formation of small
colloidal particles (Table 2), associated to conformation
changes between extended chains and random coils due to the
ability of chloride ions to modulate the hydrophobicity of
polyamines, as previously reported.*"*"-%°

Numerous studies over the past years have reported that
phosphate ions serve as cross-linking agents for amino groups,
forming crosslinked particles through electrostatic and
hydrogen bonding interactions.?****~%* These studies examined
phosphate concentrations ranging from 1 mM to 10 mM and
varying ionic strengths, with lower concentration yielding the
higher current densities. The effect of ionic strength (IS) varied
depending on the specific polyamine and the species involving
in the self-assembly process.”””® For similar redox poly-
electrolytes, 1 mM phosphate was optimal for crosslinking,
forming particles with diameters between 500 and 700 nm.

Based on this, we studied the effect of tripolyphosphate
(TPP) solutions containing 1 mM phosphate at low (@TPP1,LIS)
or high (@TPP1,HIS) IS (matrices for Os(im)PEI). In both
conditions, colloidal particle formation was observed, with no
free polyelectrolyte detected, indicating the complete integra-
tion of the redox polyelectrolyte into the particles. TPP promotes

Table2 Os(im)PEl solutions studied by Dynamic Light Scattering (DLS)

Matrix Diameter (nm) PDI
@LIS 33+4 0.4
@HIS 70 £+ 40 0.8
@TPP1,LIS 600 + 100 0.6
@TPP1,HIS 400 =+ 50 1.0
@SDP1,LIS 600 £ 100 0.5
150 £ 20
@SDP1,HIS* 740 + 90 0.5
@HEP50,LIS 34+6 0.9
220 + 30
@HEP50,HIS® 30 £ 10 0.6
@ISES50,LIS 140 £+ 20 0.4
@ISE50,HIS 150 + 20 1.0

“ Particles larger than 2 pm and solid precipitation are observed.
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the formation of large colloidal particles (400 to 600 nm) with
a unimodal size distribution (see Table 2). TPP has been widely
used as a crosslinking agent with chitosan and linear poly-
ethyleneimine, where its degree of ionization plays a pivotal role
in determining its crosslinking efficacy.®*”° Increasing IS results
in smaller colloidal particles due to weakened electrostatic
interactions caused by charge screening. Higher TPP concen-
trations were also evaluated (see Table S1), resulting in smaller
particles, as more phosphate groups interacted with amine
groups; therefore IS had a lesser effect on particle size.

Next, dodecylphosphate (SDP) was compared with TPP to
investigate the impact of altering the hydrophobicity of the
crosslinker. While both SDP and TPP crosslinkers induced the
formation of colloidal particles, a bimodal size distribution was
observed for the Os(im)PEI@SDP systems at low IS
(@SDP1,LIS), and larger particles precipitated under high IS
condition (@SDP1,HIS). This result is in line with the Derja-
guin, Landau, Verwey, and Overbeek (DLVO) theory since SDP
enhances attractive van der Waals forces between colloids that
compete with repulsive electrostatic forces, leading to an
increase in the size of the colloid and a tendency to aggregate
more easily when increasing the IS.

Consequently, from now on, the results using matrices with
phosphate groups will refer to those studied at concentrations
of 1 mM in phosphate units.

Although HEPES is not typically used as a crosslinker,
previous studies have reported interactions between its sulfo-
nate and amine groups under different pH and IS conditions,
including electrostatic forces and ionic or neutral hydrogen
bonding. Notably, interactions between phosphate and amino
groups are stronger than those between sulfonate and amino
groups since phosphate are multivalent ions.”>”> As a result,
higher concentrations are required to produce colloidal parti-
cles for species with sulfonate groups compared to those with
phosphate groups.

The addition of 10 mM HEPES to Os(im)PEI solution at low
IS does not result in any significant differences (see Table S1)
owing to the inherent conformational changes of the poly-
electrolyte, while at 50 mM larger particles begin to appear
(220 nm, Table 1). These behaviors demonstrate that the capa-
bilities of these crosslinkers differ, and higher concentrations
of sulfonate are necessary to achieve similar results compared
to phosphate groups. With the increase in IS, large particles
predominantly form and precipitate, leaving free polyelectrolyte
in solution. Furthermore, based on dissociation equilibrium,
HEPES at pH 7.0 is a neutral molecule containing sulfonate,
hydroxyl, and quaternary amine groups (see Fig. 1). Each of
these groups can contribute to different interactions and will be
influenced by variations in ionic strength.

To evaluate the effect of HEPES structure and the role of the
heterocycle and quaternary amine, isethionic acid (ISE) was
studied as a sulfonate-based crosslinker. At low concentrations
(10 mM), the effect of ISE is similar to HEPES: free poly-
electrolyte at low IS and bimodal distribution of particles at
high IS. At 50 mM ISE, no free polyelectrolyte or solid precipitate
is detected at either low or high IS, and the system exhibits an
unimodal particle size distribution centered at 140-150 nm.
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Considering the above, there are differences between HEPES
and ISE due to their spatial arrangement and the presence/
absence of the heterocycle. HEPES generates larger particles,
whereas ISE results in no free polyelectrolyte at high
concentration.

Therefore, in the following analyses, matrices containing
50 mM in sulfonate groups are presented.

3.2 Electrodes modification for catalytic O, reduction

Os(im)PEI was designed to have a formal potential between 0.1
and 0.2 V vs. Ag/AgCl, corresponding to the redox potential of
bacterial laccases from S. ipomoeae.”> The osmium complex
Os(bpy),Cl, exhibits a formal potential of 0 V vs. Ag/AgCl.>*>>
However, when a chloride anion is substituted by imidazole
acetaldehyde (imCHO), a metal-ligand charge transfer occurs,
leading to an increase in the formal potential. This ligand was
chosen to raise the redox potential to 0.15 V and to allow
covalent bonding with the amine groups of PEL.”*”* Os(im)PEI
colloidal particles, formed by the addition of sulfonate or
phosphate species, were utilized to modify graphite electrodes,
creating a film on which laccase SilA was assembled.
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Fig. 2 Peak current densities of cyclic voltammograms after deposi-
tion of each bilayer (Os(im)PElI@X/SilA@H,0), where X is a matrix listed
in Table 1, in a solution saturated with (a and b) N, or (c and d) O,. Scan
rate: 10 mV s~*. Buffer: 50 mM HEPES + 0.1 M NaCl, pH 7.0.

This journal is © The Royal Society of Chemistry 2025



Paper

The current response of the LbL assemblies, using NaCl
solutions (@LIS or @HIS for 0.1 M or 1 M concentration,
respectively) as the Os(im)PEI matrix, is shown in Fig. 2a and
b (black lines). In both cases, the non-catalytic response
increases with each additional bilayer, although it is lower at
higher IS. This reduction in response may be attributed to the
weakening of the interaction between the polyelectrolyte and
the electrode surface. The halide effect has been previously re-
ported for polyamines, as the coiled conformation adopted by
the redox polyelectrolyte due to ion pairing enhances its
adsorption, however, adsorption decreases at higher concen-
trations. Also, in the presence of O, a significant decrease in
current density with each bilayer deposited is observed (black
lines, Fig. 2c and d). As the catalytic and non-catalytic current
densities ratio (j./jo) increases, the ability of the redox poly-
electrolyte to act as a redox mediator for laccase in the con-
structed system is enhanced. For both systems using NaCl as
matrix, j./jo tends to 1 as the number of bilayers increases,
demonstrating that when the assembly is formed by the free
polyelectrolyte and the enzyme, the efficiency of electronic
transfer between redox sites decreases.

By using TPP 1 mM an increase in non-catalytic current
density up to the third bilayer is observed, reaching 37 and 77
HA cm~? for high and low IS, respectively (Fig. 2a and Sia).
These values represent 1.9 and 2.5 times those obtained in the
absence of TPP. The higher current density at elevated IS could
be associated with the enhancement of hydrogen bonding
interactions between phosphate groups of TPP and amine
groups of Os(im)PEI, due to charge screening. This type of effect
due to ionic strength has been previously reported in the
analysis of systems containing phosphate ions and polyamines
both redox and non-redox active.””?***% In our systems, the
non-catalytic current density is related to the osmium centers
present in the redox polyelectrolyte adsorbed in the electrode
surface. Larger particles formed with crosslinkers of high
charge density, such as TPP, promote increased redox poly-
electrolyte adsorption, resulting in high non-catalytic current
density.

Although colloidal particles (150 and 600 nm hydrodynamic
diameter, Table S1) are formed due to the presence of 1 mM SDP
at low IS, which should result in a higher amount of poly-
electrolyte adsorbed, no increase in j, is observed (Fig. S1a).
This could be attributed to the internal structure of each
particle, wherein the osmium centers may be rendered inca-
pable of electron hopping. At high IS, the response is even lower
than in the absence of SDP (Fig. 2a, blue line), indicating poor
adsorption of Os(im)PEI. Considering that larger particles are
formed with embedded redox polyelectrolyte, these particles
could be easily removed during washing steps.

For HEPES matrices at 50 mM, an increasing linear trend is
observed, however lower j, values were obtained compared to
systems without a crosslinker, regardless of the IS (Fig. 2b and
S1a). Based on DLS measurement for @HEP50,LIS matrix, free
polyelectrolyte and a portion of the particles are being adsorbed
reaching 18 pA em ™2 for the third bilayer. However, there is no
improvement compared to the free polyelectrolyte. At high IS
a lower and constant current density is observed, indicating that
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these conditions are not appropriate (Fig. S1a). This results in
a lower and constant current density, probably due to the
presence of larger particles. The responses obtained for ISE did
not show a defined trend but were similar in value than those
for HEPES at any IS level (Fig. 2b and S1a).

In addition to examining the effect of the crosslinkers on the
redox polyelectrolyte, this study also investigates how the
formation of different Os(im)PEI films influence SilA laccase
adsorption, thereby affecting the catalytic O, reaction.

The catalytic response in the presence of TPP is significantly
higher compared to SDP and the matrices in the absence of
a crosslinker (Fig. 2¢). The measure current density increases
with the number of bilayers, reaching up 265 and 319 pA cm >
maximum values for the third bilayer at high and low IS,
respectively. This result shows that the adsorbed particles allow
for the efficient adsorption of laccase without observable poly-
electrolyte loss (Fig. 3a). Several factors may contribute to the
enhanced adsorption of SilA compared to the free poly-
electrolyte. First, the greater amount of polyelectrolyte adsorbed
onto the surface induces more significant changes in surface
electrostatic charge. Second, conformational rearrangements
(globular vs. linear) may alter the hydrophilic/hydrophobic
balance, further influencing enzyme interaction.”® Third, the
phosphate groups present on the particles can interact with
basic amino acid residues of laccase—such as arginine and
lysine—a well-established phenomenon.***** The relative
contribution and interplay of these mechanisms require further
investigation.

Although j, nearly doubled with TPP compared to matrices
without crosslinker, j. increased by eight to nine times. Despite
the catalytic response being higher at low IS, a greater j./j, = 7

2" bilayer

1st bilayer

2" bilayer

1st bilayer

i silA

Free Os(im)PEI

Os(im)PEI crosslinked particles
Fig. 3 Description of modified graphite electrode with LbL assemblies

using Os(im)PEl in (a) @TPPLHIS or (b) @HEP50,LIS matrix and SilA
laccase.
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ratio is obtained at high ionic strength. This finding suggests
that particles formed at high IS enhance enzyme adsorption or
improve the connectivity between redox centers.

While the values achieved with SDP are higher compared to
those without crosslinker (@HIS), they are much lower than
those obtained with TPP. Additionally, given that non-catalytic
values are very low, this results in higher j./j, ratios. This
suggests that, despite the adsorption of only a small amount of
redox polyelectrolyte, the formation of these colloidal particles
enhances the adsorption of the enzyme and electron transfer.
This could be associated with the fact that the polyelectrolyte
film becomes less hydrated, thereby, enhancing enzyme
connectivity with the polyelectrolyte matrix and with the elec-
trode surface.” However, for the intended application, both
high catalytic currents and high j./j, ratios are required.

Regarding sulfonate species, colloidal particle formation was
observed at a sulfonate concentration of 50 mM for both HEPES
and ISE crosslinkers. From the HEPES matrices, free poly-
electrolyte could also be adsorbed onto the graphite surface
(Fig. 3b). Despite the fact that the j, response for @HEP50,LIS
was lower compared to the matrix without the crosslinker, the
maximum catalytic current density achieved was five times
higher, reaching a value of 162 pA cm 2 (Fig. 2d). In the case of
@HEP50,HIS matrix (Fig. Sla), the formation of the self-
assembled system does not seem to be fully utilized, as the
redox polyelectrolyte is largely washed away. The significant
increase in catalytic current density with @HEP50,LIS matrix
demonstrates that the formed particles not only enhance the
enzyme adsorption. This improvement may result from two key
factors: (i) the adoption of a new globular conformation by the
redox polyelectrolyte, which alters its electrostatic properties
and overall wettability,” and (ii) a specific interaction between
the sulfonate groups of the redox polyelectrolyte and the gua-
nidinium groups founds in the arginine residues of the SilA
laccase.*®*

With the matrix containing ISE at low ionic strength, the
highest catalytic current value was observed only for the first
bilayer, after which it drastically decreased, even reaching
values lower than those obtained in the absence of crosslinker
(@LIS). In this case, the experimental evidence shows that the
redox polyelectrolyte is washed out during successive adsorp-
tion steps, a behavior that requires further investigation.

The ionic crosslinkers that generated the highest catalytic
current densities as well as the most favorable j./j, ratios were
TPP and HEPES. The cyclic voltammetries from the catalytic
and non-catalytic current densities obtained for the third
bilayer are shown in Fig. 4. As shown, in the absence of oxygen,
the voltammogram displays the characteristic profile of the
surface-adsorbed osmium redox couple. In contrast, in the
presence of oxygen, the voltametric response reflects catalytic
reduction process mediated by osmium complexes, exhibiting
minimal hysteresis. Even though higher catalytic current
densities are achieved with the @TPP1,HIS matrix compared to
@HEP50,LIS, the j./j, ratio with HEP increases by 30% (9.5 for
HEP vs. 7.2 for TPP). This result suggests that the amount of
adsorbed enzyme increases, or that the connectivity between
the redox centers is optimized.
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Fig. 4 Cyclic voltammetries in the presence (red lines) or in the
absence (black lines) of O, for (a) (Os(im)PEI@TPPLHIS/SilA@H,0)3
and (b) (Os(im)PEI@HEP50,LIS/SilA@H,0)s. Scan rate; 10 mV s,

To assess the efficiency of electron transfer in the self-
assembled systems, the electron transfer between both
components in solution was also studied (Fig. S2), resulting in
a jefjo = 4. Based on this reference value, the assemblies
incorporating sulfonate and phosphate groups, HEPES and
TPP, respectively, demonstrate a notable enhancement in elec-
tron transfer. The assembly using HEPES as the polyelectrolyte
matrix improves the efficiency of electron transfer in oxygen
reduction by 130% compared to that obtained in solution.

3.3 Film structure

To evaluate the difference between the films formed with
@TPP1,HIS, and @HEP50,LIS due to the amount of adsorbed
material or the stiffness of the film, these systems were analyzed
by QCM-D. The results shown in Fig. 5 demonstrate a similar
trend in frequency change in both systems, with a ca. 35%
increase in the total mass adsorbed when TPP is incorporated in
the Os(im)PEI matrix, as compared to HEPES, up to the third
bilayer. The stiffness of the adsorbed film affects electron
transfer, since a more rigid film reduces the mobility of osmium
centers, thereby decreasing their probability of interacting with
the enzyme's active sites or participating in electron hopping. In
particular, the system with TPP in the polyelectrolyte matrix
exhibited a 170% increase in the dissipation parameter
compared to the system with HEPES. This demonstrates that
the presence of TPP in Os(im)PEI results in a film with higher
adsorbed mass and a lower stiffness, facilitating greater
mobility of both osmium centers and the biomacromolecule,
allowing it to exchange electrons more efficiently with the redox
centers of the polyelectrolyte, which could be associated with
the high catalytic current density obtained with @TPP1,HIS.
The structural characteristics of the LbL assemblies were
investigated using AFM on a 3-bilayer Os(im)PEI/SilA film
adsorbed onto a TS gold substrate, with @TPP1,HIS or

This journal is © The Royal Society of Chemistry 2025
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@TPPLHIS or @HEP50,LIS matrix and SilA@H,O. Blue symbols
correspond to frequency changes and red to dissipation change.

@HEP50,LIS serving as the polyelectrolyte matrix. Fig. S3 shows
the height distribution from the substrate surface to the film.
Both films formed are thin, exhibiting film thicknesses of
6.6 nm and 8.3 nm for assemblies with @HEP50,LIS and
@TPP1,HIS, respectively, consistent with the adsorbed mass
obtained in Fig. 5. From the topographic images (Fig. 6), it can
be observed that the film obtained using TPP as the poly-
electrolyte matrix exhibits greater coverage, higher thickness,
and lower roughness (0.6 nm) compared to the one prepared
using HEPES (1.3 nm). The hydrated film thickness was esti-
mated using QCM-D measurements and the Sauerbrey model,
applying densities of 1000 kg m > for redox polyelectrolyte and
1175 kg m ™2 for enzyme films. These values follow the same
trend observed via AFM, with the TPP-based film being thicker
(11.1 nm) than that formed with HEPES (8.3 nm). This is
consistent with microgravimetry results, which shows higher
adsorbed mass for TPP, while the HEPES-based film presents
lower mass and higher stiffness.

Moreover, to investigate the effect of enzyme orientation
upon adsorption onto these redox polyelectrolyte films, ATR-
FTIR measurements were conducted. For this purpose,
a silicon substrate was utilized, and the LbL assemblies were
constructed following the same procedure used for the modi-
fication of graphite electrodes. The collected spectra were
measured in the presence of 100 mM NaCl, simulating the
conditions of electrochemical measurements, and were subse-
quently corrected for baseline and water signals. Each spectrum
was subtracted relative to that of the preceding layers.

The ATR-FTIR spectra, presented in Fig. S4, displays the
bands corresponding to amide I (1600-1700 cm ') and amide II
(1490-1600 cm™"), which are associated with SilA enzyme
adsorbed in the second bilayer.”” Since an aqueous solution was
used to assemble both the enzyme and the redox poly-
electrolyte, the water absorption band associated with H-O-H
bending (1650 cm ')® overlaps with the amide I band.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 AFM topography images obtained for 3-bilayer assemblies over
TS gold surface using @HEP50,LIS or @TPPL,HIS as Os(im)PEI matrix.

Consequently, due to the attenuation of the amide I band
caused by the aqueous environment, the amide II region was
thoroughly analyzed to examine bands corresponding to (-
sheet, a-helix, random coil, and B-turn structures. In addition,
due to the penetration range of the evanescent wave generated
on the surface of the silicon prism, it was possible to analyze up
to the second bilayer, as the wave decreases in intensity, leading
to lower absorbance values.

Dichroic relation could be determined from the integrated
intensity of each tension with p- or s-polarized light (see SI
section). From the spectra, it is possible to determine the ratio
of the bands of the secondary structures (a/p) for both s- and p-
polarized light and the angle of each with respect to the elec-
trode surface normal (6, and 6g) (Table S2).7* To assess the
effect of these parameters on the catalytic response of the
evaluated LbL systems, the j./j, ratio obtained from these
systems assembled using a crosslinker under optimal condi-
tions was included in Table S2. Based on the results, no clear
evidence can be established between these parameters and the
obtained catalytic response. It should be noted that in each
formed layer, the enzyme adsorbs onto different surfaces,
depending on the structure adopted by the redox polyelectrolyte
due to the presence of cross-linking agents. The redox
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(a) Scheme of measurements with a O,—glucose membraneless EBFC, WE is connect to bioanode and CE + RE to biocathode. (b)

Polarization and power curves for the EBFC using (b) (Os(im)PEI@HEP50,LIS/SilA@H,0)s or (c) (Os(im)PEI@TPP1,HIS/SilA@H,0)3 biocathode with

a bioanode, with GDH and Os(OMe)PAA immobilized, in a 0.1 M glucose in 50 mM HEPES + 0.1 M NaCl solution saturated with O, (pH 7). Solid
and dashed lines represent the first and fifth polarization cycle, respectively.

polyelectrolyte chain, as well as the redox centers, adopt
different spatial arrangements within the particles. Addition-
ally, the organization of these particles generates surfaces with
varying roughness, as observed in the AFM topographic images.
Consequently, the lack of a trend in the obtained parameters
from ATR-FTIR spectra could be associated with the diversity of
surfaces and the wide range of orientations that the enzyme
may adopt upon adsorption.®*** In these types of systems, due
to their complexity, conducting a thorough analysis of the
preferential average orientation of the enzyme remains
a challenge "%

Overall, the presence of TPP at low concentration and high
ionic strength leads to a greater amount of adsorbed material,
resulting in less rigid films with increased coverage and thick-
ness. This contributes to high current densities, reaching
a maximum of 270 pA cm 2 In contrast, in the presence of
HEPES at higher concentrations and low ionic strength, the
adsorbed mass and thickness are lower, as is the catalytic
current density (162 pA cm™?).

3.4 O,-glucose membraneless enzymatic biofuel cell

Finally, the LbL systems with Os(im)PEI in @TPP1,HIS and
@HEP50,LIS with SilA laccase were evaluated as biocathodes in
an enzymatic biofuel cell. Here, dissolved oxygen is used as
oxidant, while glucose is used as fuel. This type of EBFC works
at mild conditions, (room temperature and neutral pH), does
not require a membrane as a separator, and operates under
static conditions. These characteristics make it suitable for use
in implantable medical devices or self-powered biosensors that
require low energy consumption. For glucose oxidation, a bi-
oanode based on a similar redox polyelectrolyte with a lower
formal potential was used (see Fig. S5). Additionally, since
a membraneless cell is used, glucose dehydrogenase (GDH) was
selected as the biocatalyst, as dissolved oxygen in solution does
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not compete as a co-substrate and therefore does not suppress
the electrical response. This contrasts with enzymes like glucose
oxidase, which are commonly used to catalyze this reaction but
rely on oxygen as their natural co-substrate. Also, to assess the
optimization of biocathode construction, electrolyte containing
100 mM glucose was employed in order to mitigate anodic
limitations.

Fig. 7a schematically represents the assembled EBFC, con-
sisting of a two-electrode system with modified carbon felt
electrodes: bioanode and biocathode, submerged in a solution
with the oxidant (oxygen-saturated) and the fuel (100 mM
glucose), connected to a potentiostat.

The EBFC with Os(im)PEI@HEP50,LIS as biocathode shows
an open-circuit voltage (OCV) of 0.43 V, yielding a maximum
current density of 363 uA cm > and a power output of 47 W
cm ? (Fig. 7b). Moreover, when the EBFC with Os(im)PEI@TP-
P1,HIS is used biocathode, an open-circuit voltage of 0.38 V,
yielding a maximum current density of 248 pA cm™>?
a power output of 25 pW cm > (Fig. 7c).

Table 3 presents power output and circuit voltages obtained
from recent literature, highlighting key characteristics such as
the use of enzymes as catalysts at both electrodes, operation
under neutral pH conditions, and the absence of membranes.
These parameters facilitate a more accurate comparison with
the EBFCs constructed in this study. In most of these studies,
fungal laccases were employed as biocathode catalysts, as they
are characterized by a higher redox potential compared to
bacterial laccase. However, the latter are resistant to high halide
concentration and remain active in neutral to basic media,

which enhances the catalytic current response and allows their
use in biological fluids.

Based on the formal potential of the redox mediators used in
each bioelectrode, the theoretical cell voltage is 0.25 V. The
obtained OCV is higher than the expected value, which depends

and
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Table 3 Power output (P) and open circuit voltage (OCV) for membraneless O,—glucose enzymatic biofuel cell employing laccases as a bi-
ocatalyst and operating at neutral pH*

Biocathode Bioanode OCV (V) P (uW cm™?) Ref.
CT/Au/PEI-Lac CT/Ag/PEI-GOx-ferritin 0.51 98 86
Paper/FR/Shellac/rGO/Lac A. niger Paper/FR/Shellac/rGO/GOx 0.39 67 87
CMEMS/PEDOT-PGAL/Lac T. versicolor CMEMS/PEDOT-PGAL/GOx 0.08 0.2 88
CC/Lac A. niger CC/GOx 0.48 86 89
Au/(Lac A. bisporus-SWCNT-(PVI-Os-dCl)),/ Au/GOx-SWCNT-(PVI-Os-dmo)s/ 0.58 1.2 90
(Lac A. bisporus-(PVI-Os-dCl)), GOx-(PVI-Os-dmo);/Aga-TREH

CP/PTFE/SWCNT/Lac T. versicolor CP/PTFE/AuNPs/C12/GOx 0.45 53 91
Graphite/AuNPs/Lac T. hirsuta” Graphene/AuNPs/CtCDH-C291Y/PVA-SbQ? 0.58 1.6 92
AuNT/polyimide/MUA/Lac T. versicolor AuNT/polyimide/MUA/GOx 0.56 112 93
CF/(Os(im)PEI@HEP50,LIS/SiA@H,0); CF/Os(OMe)PAA@GDH, Pi10 0.43 47 This work
CF/(0s(im)PEI@TPP1,HIS/SilA@H,0), CF/Os(OMe)PAA@GDH,Pi10 0.41 26

% CT: carbon thread, GOx: glucose oxidase, Lac: laccase, FR: fire retardant, rGO: reduced graphene oxide, CMEMS: carbon microelectromechanical
system, PEDOT: poly(3,4-ethylene dioxythiophene), PGAL: poly(gallic acid), CC: carbon cloth, SWCNT: single walled carbon nanotube, PVI-Os-dCl:
poly(N-vinylimidazole)-[Os(4,4"-dichloro-2,2'-bipyridine,)Cl,], PVI-Os-dmo: poly(N-vinylimidazole)-[Os(4,4'-dimethoxy-2,2'-bipyridine,)Cl,], Aga:
agarose, TREH: trehalose, CP: carbon paper, PTFE: polytetrafluoroethylene, C12: 1-dodecanethiol, CtCDH-C291Y: cellobiose dehydrogenase

C291Y, PVA-SbQ: poly(vinyl
mercaptoundecanoic acid, CF: carbon felt. > EBFC operating at pH 6.5.

on the equilibrium potential, in turn influenced by the
concentration of osmium centers present due to the poly-
electrolyte film formed on the electrode.**** The OCV and power
values obtained for the EBFCs constructed in this study were
found to be comparable to, and even higher than those reported
in the literature. The OCV values obtained can be considered
suitable for bioelectronic applications powering sub-1 V devices
such as organic electrochemical transistor and graphene-based
electrolyte-gated transistors.”>*® It is worth noting that most
previous studies employed carbon-based nanostructured
materials, which are characterized by increasing the modified
surface area or incorporating metallic nanoparticles to enhance
electron transfer. In this study, we highlight the use of a simple
self-assembly formation process that enables device miniaturi-
zation, and without the incorporation of intrinsically conduc-
tive nanostructures.

Polarization curves in Fig. 7b and ¢ show a decrease in cell
voltage when current flows due to overpotential, a characteristic
behavior in fuel cells.”” It is noteworthy that the polarization
curve of the system with HEPES exhibits a dependency on
ohmic loss, whereas the system with TPP is also influenced by
mass transport loss. Several polarization curves were conducted
without fuel or oxidant replenishment and without interme-
diate recharging steps. The dotted lines in Fig. 7b and c repre-
sent the polarization curves for the fifth measurement cycle.
After these five discharge cycles, the EBFC with @TPP exhibits
a 60% reduction in maximum power and a 24% decrease in
OCV. In contrast, the EBFC with @HEP shows only a 45%
reduction in maximum power and a decrease of less than 10%
in OCV, while the changes in current density remain similar for
both systems. Since the bioanode exhibits the same character-
istics, these differences are likely associated with the stability of
the biocathode. Consequently, the self-assembled structure
formed by polyelectrolyte particles crosslinked with
@HEP50,LIS is less affected during the EBFC discharge
processes.

This journal is © The Royal Society of Chemistry 2025

alcohol)-N-methyl-4(4'-formylstyryl)pyridinium methosulfate

acetal, AuNT: gold nanotip, MUA: 11-

In terms of durability and stability, successive polarization
curves provide insight into the changes observed in EBFCs
constructed under specific conditions. While it is indeed
possible to enhance the stability and longevity of these devices
through tailored approaches, the present work aims to show-
case the state of the art in biocathode optimization using
a straightforward methodology. Just as the open-circuit voltage
(OCV) can be improved through the use of DC-DC converters or
serially connected EBFCs, long-term stability will depend on
advances in enzyme engineering, the development of self-
healing and mechanically robust matrices, or the integration
of microfluidic systems.

4 Conclusions

For the design and optimization of the biocathode, crosslinking
agents bearing phosphate and sulfonate groups were evaluated
within the redox polyelectrolyte matrix. These species promote
the formation of redox-active particles that enhance surface
adsorption and facilitate electron transfer with the immobilized
bacterial laccase. This effect was evidenced by increased cata-
Iytic current responses and improved j./j, ratios. Notably, these
parameters were optimized through the incorporation of
HEPES and TPP into the polyelectrolyte matrix under low and
high ionic strength conditions, respectively. The resulting bi-
ocathodes enabled the operation of an O,-glucose membrane-
less enzymatic biofuel cell (EBFC) under neutral pH and static
conditions, yielding competitive values of power density and
open-circuit voltage (OCV). The systems developed in this study
offer a promising alternative for powering low-consumption
devices,”®*® as they can operate under mild conditions,
require no nanostructured conductive materials or separators—
thus reducing costs—and are amenable to miniaturization. Key
challenges remain, improving long-term stability, optimizing
current density and replacing osmium complexes.”>**% They
may be addressed through the addition of a protective layer, the
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use of mutant laccases and novel redox polyelectrolytes
featuring organic redox centers.
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