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ABSTRACT: High-power density output in enzymatic fuel cells is a key feature to reduce the size of self-powered implantable
medical devices. Electron transfer mediated through redox polyelectrolytes allows the transport of electrons from enzymes away from
the electrode, improving the current output. It is known that doping ions in polyelectrolytes introduce relevant characteristics in the
generation of assemblies regarding mass adsorption and stiffness. In this work, binary 1:1 sodium salts (NaX; X = F~, CI, Br’,
NO;7, ClO,") were studied as doping ions of two redox polyelectrolytes (osmium-based branched polyethyleneimine and osmium-
based linear polyallylamine) to enhance the adsorption and electron transfer process in glucose oxidase/redox polyelectrolyte
assemblies. Cyclic voltammetry, polarization modulation infrared reflection absorption spectroscopy, quartz crystal microbalance
with dissipation, and atomic force microscopy were used to understand the growth mechanism of these films and their performance.
Ion hydrophobicity plays a key role, bromide being the one that generates the greater absorption and the best electron transfer
efficiency for both redox polyelectrolytes. Branched polyethyleneimine doped with bromide was the best combination for the
construction of bioanodes. Its application on an O,—glucose enzymatic fuel cell yields a power density output of 2.5 mW cm™?,
achieving state-of-the-art performance.

KEYWORDS: doped polyelectrolyte, hydrophobic ion, redox hydrogel, mediated electron transfer, bioanode

B INTRODUCTION as a redox hydrogel. Due to the progress made in the
Oxidoreductases are a kind of enzyme able to catalyze knowledge of the properties and reactions involving poly-
reduction and oxidation reactions in nature. The comprehen- electrolytes,” ® new strategies regarding the casting to obtain
sion of the mechanisms involved in these reactions allows for stable and efficient hydrogels continue to emerge.’

their use in different applications, such as biosensors and Protein—polyelectrolyte assemblies in multilayers have
biofuel cells.”” A key point in these applications is a rapid shown to be a relevant issue in areas such as biosensing,
electron transfer process from a soluble substrate to an biocatalysis, and drug delivery.*” In their buildup process, the
electrode surface, which is sometimes overshadowed by the growth and stability of these systems are highly affected by the
size of the enzyme, restricting its direct reaction with the ionic strength of the used solutions. Most works have paid

electrode. To overcome this impediment, redox mediators

which are small molecules stable in both oxidation states and

able to undergo a rapid electron transfer process with the redox -

enzyme and the electrode are used. This process is called Received: July 27, 2022

mediated electron transfer (MET).? Accepted:  September 13, 2022
A convenient way to generate a stable immobilized system

involving the enzyme, the mediator, and the electrode, and

which in turn guarantees an efficient electron transfer process,

is the use of mediators bound to polyelectrolytes, which behave

attention to the concentration, mainly involving chloride ions,

© XXXX American Chemical Society https://doi.org/10.1021/acsapm.2c01300

v ACS Pu bl ications A ACS Appl. Polym. Mater. XXXX, XXX, XXX=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucy+L.+Coria-Oriundo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Santiago+E.+Herrera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucila+P.+Me%CC%81ndez+De+Leo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Battaglini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.2c01300&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=abs1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.2c01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(A)

NH
“N/\/ 2
ViL/ \/\NNN\/\NNNH\}%
n
N/\/NHz

|\
Z.
I~

OsPEI

(C) 1)Redox Polyelectrolyte
2)Glucose oxidase

-

(B)

Figure 1. Chemical structures of osmium-modified polyelectrolytes: (A) OsPEI and (B) OsPAA. (C) Scheme of the osmium-modified
polyelectrolyte@NaX/GOx@H,O LbL assembly system with X = F~, CI7, Br~, NO;~, or ClO,” over an in-house screen-printed graphite electrode.

analyzing the results in terms of the charges surrounding the
protein and the polyelectrolyte.'"~"* However, the nature of
the ion also plays a role as it is already known through the
Hofmeister series, where ions are ordered based on their
capability to alter the solubility of the proteins and
polyelectrolytes.'*~"° In this regard, the ability of a given salt
to enhance a property in a hydrogel has been proven. For
example, the generation of ductile and strong hydrogels in the
presence of ammonium sulfate,'” the use of weakly hydrated
anions to solubilize hydrophobic macromolecules,'® sodium
citrate to produce multilength-scale hierarchical hydrogel
architectures,’” and the effect of different ions on the
properties of polyelectrolyte complexes® are just a few of the
recent works using the nature of small ions to shape the
properties of a hydrogel. However, little is known about their
impact on the electron transport process in redox hydrogels.

Here, we explore the effect of different anions (F~, CI~, Br~,
NO;7, and ClO,”) on the buildup and electron transfer
process of a layer by layer (LbL) redox-enzyme/redox-
polyelectrolyte system [a glucose oxidase—osmium complex
bound to polyethyleneimine (PEI) or polyallylamine (PAA)].
Our data show that the nature of the anion present in the
process has an important impact on the amount of the loaded
material after each deposition. The system containing bromide
exhibits the best electrocatalytic response, and it was used in
the construction of an enzymatic fuel cell displaying
competitive results compared to those presented in the
literature.

B MATERIALS AND METHODS

Reagents and Materials. OsCl,(NH,),, pyridine aldehyde
(pyCHO), sodium cyanoborohydride (cat #156159), branched PEI
(cat #408727), and PAA (cat #479136) were procured from Sigma-
Aldrich; 2,2-bipyridine (bpy) was provided by Fluka. Glucose oxidase
(GOx) was procured from Aspergillus Niger, Calzyme Laboratories,
Inc. All other reagents were of analytical grade. Ultrapure water (18
MOhm) was used to prepare the solutions.

Redox Polyelectrolyte Synthesis. The complex [Os(bpy),Cl-
(PyCHO)]Cl was synthesized as previously reported by Kober et al.*’
The osmium-modified branched PEI (OsPEI) was synthesized as
previously reported.”’ The osmium-modified PAA (OsPAA) was
synthesized by adapting the procedure reported by Hermanson.** 1
mg/mL PAA and 4.6 mM osmium complex in 0.2 M carbonate/
bicarbonate buffer solutions at pH 9.6 were prepared. These solutions
were mixed to obtain a complex/amine molar ratio of 1:3.7 and left
for 2 h at room temperature. Then, a S M sodium cyanoborohydride
solution was added to a 1:10 complex/cyanoborohydride molar ratio
and left for 1 h at room temperature. The unreacted osmium complex
was removed by dialysis using a 3 kDa cutoff membrane against water
acidified at pH 3.0 with HCL. The osmium complex content was
determined by measuring its absorbance at 490 nm.

Graphite Electrode Modification. A screen-printed three-
electrode system with graphite working electrodes was used.”> The
electrodes were modified by alternating exposure to solutions of redox
polyelectrolytes (0.48 mM in osmium, OsPEI or OsPAA, dissolved in
water or sodium salts at pH 7.0) and GOx (1 mg mL™", water, pH
7.0). Electrodes were modified following the procedure previously
described by Coria-Oriundo et al.”!

Electrochemical Experiments. Cyclic voltammetry measure-
ments were carried out in solution containing a SO mM 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) + 100 mM
NaCl buffer solution at pH 7.0 or in 100 mM glucose in 50 mM
HEPES + 100 mM NaCl using a purpose-built potentiostat (TEQ-04,
NanoTeq, Buenos Aires, Argentina). Carbon cloth (Morgan Specialty
Graphite, National Electric Carbon Products, Greenville, South
Carolina, USA) electrodes were activated with a 1:1 isopropanol/
water solution and washed with Milli-Q water. Two-compartment
biofuel cells were constructed using the carbon cloth electrode
modified following the same procedure for graphite electrodes and a
high-platinum-loading gas diffusion electrode (HLDGE, 4 mg cm™
Platinum Black-Cloth, FuelCellsEtc, College Station, Tx, USA). The
modified carbon cloth electrode was immersed in 100 mM glucose in
a S0 mM HEPES + 100 mM NaCl solution. The HLDGE was
immersed in 0.1 M HCIO,, and oxygen was bubbled through the
solution until saturation. The electrode—electrolyte systems were
connected through a fritted glass. Scan polarization was carried out as
previously reported by Coria-Oriundo et al.*!

Quartz Crystal Microbalance Measurements. The quartz
crystal microbalance with dissipation (QCM-D) experiments were
performed, using redox polyelectrolyte and enzyme solutions as
described for graphite electrode modification, following a procedure
previously reported.”!

IR Spectroscopy. Polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) experiments were performed
following a procedure previously reported.”* The gold substrate was
modified following the same procedure as that described for graphite
electrode modification.

Atomic Force Microscopy. An Agilent 5500 atomic 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. While the topography of single polyelectrolyte
layers was studied over highly oriented pyrolytic graphite (HOPG) in
the tapping mode, the topography of multilayer redox polyelectrolyte/
GOx was studied over H,-flamed annealed Arandee Robax Au
surfaces in the contact mode. Mean film thicknesses were calculated
by extracting a one-dimensional (1D) distribution of heights of a
flattened AFM image exposing equal amounts of the surface and film
and calculating the distance between the peak corresponding to the
surface and the peak corresponding to the film. The roughness
average parameter was calculated along a 1 ym straight line over a
surface-representative AFM image. All images were analyzed using
Gwyddion V2.49 (http:// gwyddion.net/ ).

B RESULTS

We performed the sequential adsorption of an osmium
modified-polyamine and glucose oxidase (GOx) enzyme over
a graphite electrode using the LbL technique. This method-
ology allows one to create an enzymatic hydrogel at the
interface of the electrode that can be further utilized as a
bioanode. Two redox polyelectrolytes were investigated, one
branched (OsPEI, Figure 1A) and the other linear (OsPAA,
Figure 1B).

OsPEI-GOx Assemblies. The LbL surface modification
was performed by controlling the ionic strength conditions in
each of the steps of the process. Different anion types and
concentrations, always as sodium salts, were used in the
presence of the redox polyelectrolyte during the adsorption
process on the electrode surface. The washing process was
performed with ultrapure water. The step corresponding to the
enzyme adsorption was carried out in the absence of salts. In
this way, different assemblies were built in the presence of 0.2
M sodium salts of the corresponding anions on a three-
electrode screen-printed system (Figure 1C).

After electrode modification, the electrochemical perform-
ance was evaluated in the absence of glucose. Cyclic
voltammetry displayed the typical electrochemical response
of a reversible redox process centered at 0.30 V corresponding
to the osmium center tethered to the surface. In the presence
of glucose, the anodic current density increases, reaching a
catalytic plateau corresponding to the osmium-mediated
glucose oxidation through GOx.

The effect of the absence and the presence of glucose on the
electron transfer process is shown in Figure 2 and compared to
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Figure 2. (A) Cyclic voltammograms after deposition of each bilayer
(OsPEI@NaX/GOx@H,0) without glucose. (B) Maximum catalytic
current densities in the presence of 100 mM glucose. Scar rate: 10 mV
s™'. Buffer: 50 mM HEPES + 0.1 M NaCl, pH 7.0.

an OsPEI/GOx system that was constructed without adding
any salt (black squares). In the absence of glucose (Figure 2A),
the current response increased as the number of bilayers
increased for all anions following a linear behavior. When the
polyelectrolyte is adsorbed in the absence of a salt, an almost
constant current density lower than 1 uA cm™ is observed.
Current densities for systems using CI~ and F~ in OsPEI
solutions were similar for the three bilayers and slightly higher
for Br™. Also, the buildup process was studied in the presence
of NO;™ and ClO,". These results are not presented in this
figure since the values obtained for NO;™ were similar to those
for Br~ (see Supporting Information, Figure S1), while the
addition of ClO,~ to OsPEI yielded a precipitate under these
conditions.”

In the presence of glucose (Figure 2B), the difference in the
behavior of the LbL systems built in the presence of different
salts is more noticeable and follows the same trend: as the
number of bilayers increases, a greater amount of the
polyelectrolyte is exposed for GOx adsorption, and higher
catalytic current densities are observed. In contrast, the
assembly grown without any salt shows low catalytic current
densities and decreases with an increasing number of bilayers.

To discern if this tendency was due to a stronger interaction
between the enzyme and polyelectrolyte or simply a major
amount of GOx adsorbed, the growth of the LBL assemblies
was analyzed with a QCM-D to evaluate the adsorbed mass
and the changes in the stiffness of the films. The results are
shown in Figure 3. For the first bilayer, the adsorbed mass
increased; however, exposure to the OsPEI solution resulted in
a slight decrease in the mass, followed by an important increase
when the film was then exposed to GOx again. The same

https://doi.org/10.1021/acsapm.2c01300
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


http://gwyddion.net/
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c01300/suppl_file/ap2c01300_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

A
*) 18 - NaBr 0.2 M B) 5. NaCl 0.2 M
A
15 1 i 15 4
Ng “‘”,' Ng
12 - 512 A
=2 / = /
£ 9 :" € 91 /
- / k-] ;
g J’ g /
5 6- ] 5 6- VAN
< A <
3 s n 3. A
O
L — o
NNV DAY DD NNV AV DD
& o &t & o & o & o & o
o® o’ o’ o® o’ o®

Figure 3. QCM-D experiments: adsorbed mass for OsPEI/GOx using
OsPEI solutions with (A) 0.2 M NaBr or (B) 0.2 M NaCl.

pattern was observed for the third bilayer. This behavior could
suggest that OsPEI was not adsorbed, and a part of GOx was
desorbed from the film. Nevertheless, as seen in Figure 2A, the
peak current density for these assemblies increased with each
OsPEI layer, verifying that more OsPEI was adsorbed in the
following layers, indicating that the presence of salt in the
polyelectrolyte-adsorption step partially removed the enzyme.

To follow the adsorption/desorption of GOx from the film,
its growth was also studied using PM-IRRAS. In PM-IRRAS
experiments, the adsorbed matter and thin layers on metal
surfaces are analyzed in the reflection geometry mode under
grazing incidence. In this way, the buildup process was
followed through the bands at ~1660 and ~1550 cm™!
corresponding to vibrations associated with the enzyme’
(Figure S2A in the Supporting Information shows the spectra
obtained through the buildup process). No peaks correspond-
ing to OsPEI were observed, even at high wavenumbers.
Hence, these spectra allowed the analysis of the construction of
the assemblies exclusively following the enzyme deposition.
The PM-IRRA spectra showed a decrease in the peak
intensities when the surface was exposed to OsPEI solution
in the presence of bromide, for the adsorption of the second
and third OsPEI layers, and an increase in the peak intensities
when it was exposed to GOx solution. Similar behavior was
observed when chloride ions were used as doping ions in
OsPEI solutions (Figure S2B). These results follow the trend
observed in QCM-D experiments.

Since the spectra signals are dependent on the amount of
adsorbed GOx and considering the difference between the
intensities of peaks before and after OsPEI deposition, it is
possible to estimate the fraction of GOx retained in the film
after each OsPEI adsorption. For assemblies using OsPEI
solutions with bromide (Figure 4A), when the system was
exposed to OsPEI solution to assemble the second OsPEI
layer, almost 57% of GOx was desorbed from the surface, while
after the third OsPEI layer, about 38% of GOx was lost. The
effect of the chloride ion is similar: 77 and 36% of GOx are lost
after the second and third OsPEI layers are assembled,
respectively (Figure 4B).

If GOx desorbs with its respective hydration water molecules
and the difference between peak intensities of the spectra of
OsPEI-1/GOx-1 and OsPEI-2/GOx-1 is directly related to the
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Figure 4. PM-IRRA spectra: variation in the intensities of the main
signals as a function of layer increment. OsPEI solutions with (A) 0.2
M NaBr or (B) 0.2 M NaCl.

amount of GOx lost from the film, the same mass percentage
lost can be considered in QCM-D experiments. Taking this
information into account, the QCM-D experiments can be
analyzed as follows: for the assembly in the presence of
bromide, 0.60 ug of OsPEI and 3.82 pg of GOx are adsorbed
at the first bilayer (details are given in Table S1, Supporting
Information, page S8). When the surface is exposed to the
OsPEI solution for the second OsPEI layer, a fraction of GOx
is desorbed. Considering the PM-IRRAS result (57% lost), the
amount of GOx lost should have been 2.20 yg. However, the
change in mass obtained using QCM-D indicated that only
0.86 ug is lost (Table S1). As this process occurred in the
presence of OsPEI, the decrease in the amount of the mass loss
can be attributed to a net exchange process: part of the GOx is
lost, and some OsPEI is adsorbed. The difference between
these values represents the mass of OsPEI adsorbed (1.34 ug).
The same analysis was carried out for the following layers, and
their results are shown in Table 1. A similar procedure was
carried out for the assembly with chloride using the data from
QCM-D and PM-IRRAS measurements. In this way, we can
estimate the amount of the enzyme and redox polyelectrolyte
for each system at any layer (GOx or OsPEI) and the total up
to each bilayer (Table 1).

After the three bilayers are assembled, the masses adsorbed
of both species, OsPEI and GOx, are found to be almost 6
times higher in the presence of bromide than in the presence of
chloride. Additionally, the ratio between GOx/OsPEI is
practically the same for both cases (2.4 for Br~ and 2.3 for
Cl7), and the ratios between current densities in the presence
and the absence of glucose are 59 and 32 for bromide and
chloride, respectively, indicating that the presence of the
bromide anion not only promotes a higher adsorption but also
promotes a better interaction between the redox mediator and
enzyme molecules. This fact can be understood considering
that a more flexible film is formed. In the case of the bromide
ion, with each OsPEI layer added, the dissipation increases
(data shown in Table S1), independent of the sign of the mass
change, suggesting a more flexible film.

The results from QCM-D measurements show that a higher
mass was adsorbed in the QCM-D sensor when bromide was
used, which is in accordance with the higher current density
obtained with respect to that of chloride as shown in Figure
2A. These results indicate that the film has a higher content of
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Table 1. OsPEI and GOx Adsorbed Masses for Each Deposited Layer and Bilayer of the Assemblies OsPEI/GOx with Bromide

and Chloride

OsPEI@NaBr OsPEI@NacCl
bilayer layer OsPEI mass (ug cm™2) GOx mass (ug cm™2) OsPEI mass (ug cm™) GOx mass (g cm™)
OsPEI-1/GOx-1 OsPEI-1 0.60 0.35
GOx-1 3.82 0.94
total 0.60 3.82 0.35 0.94
OsPEI-2/GOx-2 OsPEI-2 +1.34 —2.20 +0.41 —0.720
GOx-2 +6.81 +0.977
total 1.93 8.44 0.76 1.195
OsPEI-3/GOx-3 OsPEI-3 +2.82 —-3.25 +0.085 —-0.44
GOx-3 +6.41 +1.20
total 4.75 11.6 0.85 1.96
ratio 2.4 2.3

OsPEI due to the presence of a more hydrophobic anion. The
same behavior was observed for GOx; a higher mass is
adsorbed on the OsPEI film grown in the presence of bromide,
which follows the same behavior observed for catalytic current
densities (Figure 2B), a trend that continues throughout the
assembly.

This effect can be explained considering that a coiled
conformation is adopted by the polyelectrolyte due to a higher
ion pairing with bromide, a more hydrophobic anion.”’ ™%
Similar results were reported for polyelectrolyte assemblies
involving polystyrenesulfonate (PSS) and PAA.””*°

We performed AFM measurements over a single layer of
OsPEI (OsPEI-1/GOx-0) adsorbed on HOPG in the presence
of Br™ and Cl” anions to investigate their effect on the
structural characteristic of the LbL assembly. Figure 5 shows
two main differences: the surface coverage and homogeneity
are higher for the OsPEI@NaBr film, and the mean film
thickness is almost 2 times higher than that of the OsPEI@
NaCl film (2.0 nm for OsPEI@NaCl and 3.7 nm for OsPEI@
NaBr). Both results are consistent with the enhanced
interaction between the surface and the bromide-doped
polymer (note that the incubation time was the same for the
two cases). As HOPG is a highly hydrophobic surface,” the
fact that the bromide-doped polymer interacted more strongly
with the surface indicates that the bromide anion increases the
hydrophobic character of the polymer. Conversely, when
chloride ions are present, only a few isolated polymer chains
adsorb over the surface, which is indicative of fewer polymer—
surface interactions and a more hydrophilic character.

GOzx-containing films were also studied over Au substrates
(hydrophilic surface) to match QCM-D experimental con-
ditions. Figure S3A shows AFM images of OsPEI-2/GOx-1
and OsPEI-3/GOx-3 films deposited in the presence of Br~
and CI™ anions. Although there are no major differences in the
surface coverage, as was observed with HOPG, the presence of
the bromide ion in the OsPEI film assembly displayed grains of
bigger sizes (the polymer—polymer interaction is stronger than
the polymer—surface interaction), leaving voids that can be
further occupied by GOx, allowing a stronger interaction
between the polyelectrolyte and enzyme that in turn improves
the electron transport through the film. This feature has a
direct correlation with the surface roughness, especially for
OsPEI-2/GOx-1 assemblies, as the film exposes both materials,
gold and organic matter. The calculated surface roughness was
0.588 and 1.35 nm for OsPEI-2/GOx-1 with chloride and
bromide anions, respectively (Figure S3-B). Again, the result is

consistent with enhanced hydrophobicity due to the addition
of bromide ions.

The effect of the anion concentration on the generated
current was evaluated. For chloride, in the absence of glucose
(Figure S4A), the current density increases when the salt
concentration is varied from 0.2 to 1.0 M and slightly decreases
at higher concentrations (2.0 M). The catalytic current
response shows a maximum at 0.5 M NaCl and a decrease
of ca. 30% at higher concentrations when glucose is present
(Figure S4B). On the other hand, with bromide, no significant
differences are observed from 0.2 to 0.5 M in any case (Figure
S4C,D). However, at a higher concentration (0.8 M), a sharp
decrease in current densities is observed.

OsPAA-GOx Assemblies. The presence of chloride,
fluoride, and bromide ions at the same concentration was
evaluated in OsPAA solutions used for OsPAA/GOx
assemblies to compare the effect of these ions on a linear
redox polyelectrolyte. OsPAA (Figure 1B) has been widely
studied in assemblies with enzymes, incorporating metallic
nanoparticles, surfactants, and phosphate ions.*”>*

In the absence of glucose, the current densities with OsPAA
at the first layer were 2 times larger than that with OsPEI
(Figure SSA,B), suggesting a greater affinity of this
polyelectrolyte to the electrode surface (graphite). Chloride
and bromide ions showed similar and higher noncatalytic
current densities compared to those of fluoride. Then, the
bilayer growth follows a linear trend, with a higher slope
compared to that of OsPEI (ca. 3 vs 2 uA cm ™ per bilayer).
On the other hand, in the presence of glucose, the current
response presents the following order: F~ < CI” < Br™. Despite
OsPAA introducing a greater amount of osmium centers than
OsPE], the catalytic current densities only reach ca. 40% than
those obtained with OsPEI even with bromide ions (240 vs
570 pA cm™2).

The OsPAA/GOx assembly in the presence of NaBr was
also studied using QCM-D and PM-IRRAS. The adsorbed
mass determined by QCM-D experiments (Figure SSC) and
the PMIRRAS spectra (Figure S6A) show the same behavior as
OsPEI/GOx assemblies, and a decrease was observed in both
adsorbed mass and PMIRRAS signals after the second and
third OsPAA layers.

Using the variations in PMIRRAS peak intensities (Figure
S6B) and the QCM-D data, the GOx and OsPAA adsorbed
masses for the second and third bilayers were calculated (Table
S2, Supporting Information, Page S9). In the case of OsPAA,
the GOx/polyelectrolyte ratio is 14 versus 2.4 for OsPEI This
indicates a greater affinity of OsPAA for GOx, but, at the same
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Figure S. AFM topography images of (A) OsPEI@NaBr and (B) OsPEI@NaCl over HOPG. Insets show height profiles corresponding to selected

lines displayed over AFM images.

time, this higher amount of GOx in the system seems to act as
an insulator instead of improving the catalytic current
(compare Figures 2B and S5-B).

In these experiments, dissipation changes increased with
each OsPAA layer, as in the case of OsPEI], but decreased when
GOx was adsorbed. These results show that as the LBL system
grows, the film becomes more rigid. Therefore, even though
the amount of GOx is 14 times the OsPAA mass and the GOx
total mass is higher in the presence of OsPAA than OsPEI], the

osmium centers and the active sites of the enzyme connect less
effectively, generating lower catalytic current densities with
OsPAA compared to that with OsPEI This suggests that the
linear backbone of the polyelectrolyte produces a more rigid
structure and a thinner film, limiting the interaction between
redox moieties in the polyelectrolyte and the enzyme.
Therefore, the difference in the electrochemical behavior
between OsPAA and OsPEI in the presence of the same
hydrophobic anion is due to the higher hydrophobicity of the
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Figure 6. Cell voltage and power output density vs current density for two biofuel cells. Anodes: (A) OsPEI/GOx or (B) OsPAA/GOx assemblies
using redox polyelectrolyte solutions in the presence of 0.2 M NaBr. Cathode: a HLDGE.

linear polyelectrolyte and to the difference in the stiffness of
the systems that affect the redox interactions.

Enzymatic Fuel Cells. The LbL system built with a
branched redox polyelectrolyte in the presence of bromide has
shown to be extremely effective since three bilayers can achieve
a current density similar to that of systems built with linear
polymer containing tethers binding redox centers to linear
polymer backbones.*>*°

Furthermore, the modified electrodes with OsPEI/GOx and
OsPAA/GOx assemblies in the presence of NaBr were used as
bioanodes in a glucose/oxygen hybrid enzymatic fuel cell.
Figure 6 shows the results for the two-compartment biofuel
cells. The OsPEI/GOx bioanode shows an open-circuit voltage
of 0.97 V, yielding a maximum current density of 12.4 mA
cm™? and a power output of 2.5 mW cm™> Moreover, the
OsPAA/GOx bioanode shows an open-circuit voltage of 0.79
V, yielding a maximum current density of 5.6 mA cm™?, and
the power output reaches about 0.80 mW cm™> The higher
power output and current density of the OsPEI/GOx bioanode
are due to a higher catalytic response of this system in
comparison with that of the OsPAA/GOx assembly.

B DISCUSSION

The presence of salts in polyelectrolyte solutions has two main
effects, the ions can act as counterions of charged units in the
polyelectrolyte through ion pairing and as co-ions not forming
pairs (Debye screening).” The first effect is considered a short-
range interaction where the hydrophilic/hydrophobic character
of the ion is the main driving force, while the second,
considered a long-range interaction, can be modeled by
continuum electrostatic. Most of the works related to the effect
of ionic strength on the construction of polyelectrolyte—
protein multilayers focus on the range of concentrations of a
given salt, generally sodium chloride, and the results are
explained through an electrostatic model.”

In this work, we have used five binary 1:1 sodium salts
(NaX; X = F, CIT, BrT, NO;7, ClO,7). A first screening
combining OsPEI with 0.2 M NaX shows that the electro-
chemical response of the films follows a trend F~ =~ Cl™ < Br~
~ NO;~, while in the presence of ClO,”, the polyelectrolyte
precipitates. These similarities and differences among ions have

also been observed in the construction of multilayers involving
polyelectrolytes of opposite charges.””*”*® In particular, El
Haitami et al.”’ studied the interaction of different anions with
PAA in the buildup of PAA/PSS and its effect on the
permeability of electroactive probes. As in our case, they found
greater adsorption in the presence of chaotropic anions (NO;”,
ClO,") related to a loopier conformation.

On the other hand, although F~ and CI” have similar
hydrophobicity, in our case, the assembly with F~ shows higher
currents due to a higher redox polyelectrolyte mass adsorbed.
Note that F~ is a highly hydrated ion able to form hydrogen
bonds with the polyelectrolyte and water molecules;” therefore,
different interaction forces should be considered. Considering
these results, we decided to focus on chloride and bromide
ions to establish the differences that these doping ions can
produce in the catalytic current response observed in the
presence of glucose.

Both anions at 0.2 M concentration promote the assembly
on graphite, an ill-defined process in their absence. Also, after
only three bilayers, the current densities are 7.3 (CI”) and 9.8
(Br™) uA cm™ in the absence of glucose and 233 (CI”) and
570 (Br™) uA cm™ in the presence of glucose. In the case of
bromide, the catalytic current is comparable with those
obtained with systems built using polyelectrolytes containing
tethers binding redox centers to linear polymer backbones,***°
using less material and a redox polyelectrolyte obtained by a
simpler synthesis. For example, Godman et al,*® with four
bilayers of a ferrocene-modified linear PEI and GOx, obtained
a maximum catalytic current of ca. 300 A cm ™2, while Mao et
al.*® adding tethers binding redox centers to polyvinylpyridine
through a laborious synthetic method obtained a catalytic
current density of 1150 #A cm™ In this last case, the current
density is calculated from an experiment where a micro-
electrode is used, and therefore, the mass transfer process is
optimized.

The ratio between current densities in the presence and the
absence of glucose can be used as an estimator of the rate
constant for the electron transfer reaction between the
mediator and the enzyme. The ratio between catalytic and
noncatalytic currents obtained for bromide is close to the ratio
observed for OsPAA containing gold nanoparticles and

https://doi.org/10.1021/acsapm.2c01300
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01300?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

dodecylsulfate, 59 (Br™) versus 90 (dodecylsulfate), respec-
tively; however, in that case, a thinner film was prepared, and
therefo;ze, a smaller catalytic current was observed (ca. S0 uA
cm™).;

Using QCM-D and PM-IRRAS, it was possible to establish
the amount of the polyelectrolyte and enzyme adsorbed in
each layer and the effect of the presence of the salt in the
construction process. Combining both techniques, it was
possible to determine that GOx can be adsorbed from an
aqueous solution at pH 7.0, while a consecutive exposition to
the polyelectrolyte doped with the salt produces a rinsing
effect, removing part of the enzyme and adsorbing a new
OsPEI layer. This process can be understood considering the
model proposed by Fu and Schlenoff,” in which the generation
of polyelectrolyte complexes on multilayer systems is mainly
driven by an entropic effect, where the GOx exposure to a
doped polyelectrolyte layer produces an exchange, releasing
the small anions and adsorbing GOx. In the following step, a
more complex mechanism is involved, where a part of GOx
loosely adsorbed is removed by the ionic strength of the
polyelectrolyte solution, and the doped polyelectrolyte is
adsorbed due to hydrophobic interaction with the enzyme and
liberation of positive ions (Na*).

The mass balances for the two systems (Table 1) show that
a higher amount of the mass is adsorbed in the presence of
bromide, indicating the relevance of the nature of the ion,
while the mass ratio between GOx and OsPEI is practically the
same (2.4) for both anions. This ratio is another piece of
evidence supporting the idea that the presence of bromide
generates a hydrogel with better interactions between the
enzyme and mediator. This can be explained considering the
structure of the film by analyzing the relative dissipation
change (—AD/AF), where greater changes are observed for
bromide, indicative of a more flexible film, which in turn
improves the interaction between osmium centers and flavin
adenine dinucleotide (FAD) cofactors buried in the enzyme.
On the other hand, AFM data reveal the hydrophobic
character of the bromide anion as it (1) enhances the
interaction between the polymer and the hydrophobic HOPG
surface and (2) causes bulky adsorption of the polymer over a
gold surface, which is indicative of a strong polymer—polymer
interaction.

The concentration of the anion has a similar effect to that
observed in other works.””****’ In the case of bromide, the
amount of the adsorbed mass increases up to a certain
concentration and then decays due to the screening effect of
the same ions. The maximum is observed in the range of 0.2—
0.5 M. Then, the electrochemical response decays abruptly at
0.8 M. On the other hand, the maximum current densities for
chloride appear at a higher concentration (1 M). This can be
ascribed to the fact that the doping of the polyelectrolyte takes
place at a higher concentration than bromide, and therefore,
the screening effect begins to prevail at higher concentrations.
These results agree with those from the study by Yang et al.’
reported for the PDADMAC/PSS polyelectrolyte complex
(PEC) with several salts. They report that there is 2 maximum
concentration where these ions act as counterions and the
most hydrophobic ions reach this stage at lower values.

For OsPAA, a linear polyelectrolyte, the same trend is
observed regarding the chemical nature of the ion. Adsorption
of the redox polyelectrolyte is higher in this system, and the
GOx/enzyme ratio is strikingly higher (with Br™: 14 vs 2.4 for
OsPEI), even though this is not reflected in a better catalytic

current. The relative dissipation (—AD/AF) observed here is
smaller and with the opposite sign compared to that of OsPE],
indicating a more rigid system, which can affect the electron
transfer process between GOx and the osmium complex. Also,
the greater amount of GOx present in the film can act as an
insulator due to the formation of enzyme clusters. It is
important to highlight that for both redox polyelectrolytes, the
presence of bromide in the construction process yields systems
with higher catalytic currents, leading to the conclusion that
GOx adsorption is heavily dependent on the hydrophobic
character of the precedent layer. Also, the OsPAA ion doping
has a striking effect on graphite electrodes in the adsorption
process and in the catalysis; the current observed here, 240 A
cm™?, is 2.5 times higher than those observed with OsPAA in
the presence of phosphate, gold nanoparticles, surfactants, and
their combinations.*”***!

Finally, the use of enzyme-redox hydrogel modified
electrodes as bioanodes in enzymatic fuel cells has shown
outstanding performance for this type of fuel cell, mainly
devoted to self-powered implantable medical devices. In this
type of cell, a size reduction is extremely important. In this
work, by combining our assembly process (OsPEI@NaBr/
GOx@H,0) with a carbon cloth as an electrode, we obtain a
higher power output compared to that of most enzymatic fuel
cells recently presented in the literature (Table 2).

Table 2. Comparison of the Maximum Power Density
Output (P,,,,) for Biofuel Cells

max
biofuel cell features (mW cm™2) references

mediator entrapped in polyelectrolyte 8§ X 10-° 4
enzyme cascade based biofuel cell 0.04 4S
self-assembled ferrocene—CNT—-GOx 0.09 46

paper based biofuel cell 0.10 47
self-powered diaper sensor 0.12 48
self-assembled enzyme-redox polyelectrolyte 0.15 21
FAD-glucose dehydrogenase biofuel cell 0.27 49
increased real surface using graphene 0.38 50
N-doped CNTS@C;N, network 0.57 S1
stacked biofuel cell 0.58 52
gas-diffusion biocathode 0.66 53

gold nanoparticle-modified carbon nanotube 12 43

gold nanoparticles are LbL assembled with small 3.7 44

organic linkers
biofuel cells with circular electrodes distribution 4.7 54
glucose oxidase is repeatedly assembled with 7.3 42
hydrophobic metal nanoparticles
(OsPEI@NaBr/GOx), 2.46 this work
(OsPAA@NaBr/GOx), 0.80 this work
4244

The results obtained by Kwon’s group correspond to
biofuel cells where direct electron transfer is obtained by
combining GOx with gold nanoparticles (AuNP), which
requires a highly porous architecture for an eflicient current
output involving an amount of AuNP and enzyme that
surpasses several times the amount of polyelectrolyte and
enzyme used in this work. On the other hand, MET, a process
in which electrons are shuttled between the enzyme and
electrode by redox moieties, is able to build multilayers
connecting more molecules of the enzyme, multiplying by
several times the current obtained. The immobilization on the
electrode surface and the interaction among the redox centers
(redox shuttle and enzyme cofactor) is key to obtaining an
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effective electron transport through the film and then transfer
to the electrode. Previous studies by our group show that the
introduction of surfactants enhances the hydrophobic charac-
teristics of the redox polyelectrolyte, allowing better adsorption
of the film on practically any surface, and improves the enzyme
adsorption and the interaction between the enzyme and
polyelectrolyte.”' Recently, Yang et al.’ studied the effect of the
nature of the doping anions on the behavior of polyelectrolyte
complexes. As the anion becomes more hydrophobic, its ability
to ion pair with the positively charged polyelectrolyte increases
and therefore its hydrophobic character. In this work, this
phenomenon was exploited to improve the adsorption on
different surfaces (graphite, gold, and carbon felt) and the
interaction with GOx, as it can be observed by the obtained
currents, the amount and ratio of the polyelectrolyte and
enzyme adsorbed, and the AFM data, revealing the hydro-
phobic characteristics given by the bromide ion. Fine-tuning
the anion and polyelectrolyte used should be considered. More
hydrophobic anions, like perchlorate, transform the polyelec-
trolyte into an intractable material, while a more hydrophilic
anion reduces the interaction between the polyelectrolyte and
the enzyme due to an increase in free volume as it was
proposed for polyelectrolyte complexes.” On the other hand,
even though bromide-doped PAA has shown a higher
adsorption of GOx, the result is an insulation effect with a
lower catalytic current.

B CONCLUSIONS

The presence of salts and their nature play an outstanding role
in the assembly buildup. Branched PEI was demonstrated to be
a more suitable polyelectrolyte for electrode modification since
a higher power density output can be obtained with less
material adsorbed onto the electrode, ascribable to its more
flexible character and better interaction. With the use of a more
hydrophobic anion such as the bromide ion, a greater amount
of the redox polyelectrolyte and enzyme is adsorbed, and
higher catalytic and non-catalytic current densities and more
efficient electron transfer between redox centers in the
hydrogel are obtained. Also, the combination of QCM-D,
PM-IRRAS, and AFM allows understanding of the buildup
mechanism of these films, shedding light on the effect of these
doping anions on the characteristics of the film and its effect on
the electron transfer process. This study not only introduces
new evidence regarding the mechanism governing protein
adsorption on polyelectrolytes but also offers a new strategy for
the design of enzymatic-based bioanodes with an outstandin%
performance compared to similar enzymatic fuel cells.*>***>*
We plan long-term performance studies and the replacement of
osmium for a more economical and environmentally friendly
source as future steps in this development.
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