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ARTICLE INFO ABSTRACT

Keywords: The possibility of creating a biofuel cell based on a metal stent was shown in this study. Given the existing stent
Biosensors implantation approaches, the integration of a biofuel cell into a stent naturally entails capacity for biofuel cells to
PEDOT:PSS be installed into a human body. As a counter electrode, a hydrogel based on iota-carrageenan, polyvinyl alcohol,
Biotechnology

and PEDOT:PSS, with an immobilized glucose oxidase enzyme, was proposed. Tension tests demonstrated that the
hydrogel mechanical behavior resembles that of a bovine's vein. To obtain an analytical description, the defor-
mation curves were fitted using Gent and Ogden models, prompting the fitting parameters which can be useful in
further investigations. During cyclic biaxial studies the samples strength was shown to decreases insignificantly in
the first 50 cycles and, further, remains stable up to more than 100 cycles. The biofuel cell was designed with the
PEDOT:PSS based material as an anode and a Co—Cr self-expanding stent as a cathode. The maximum biofuel cell
power density with a glucose concentration of 5 mM was 7.87 x 10> W in phosphate buffer and 3.98 x 10> W

Internet of things
Biofuel cell

in blood mimicking buffer. Thus, the biofuel cell integration in the self-expanding stent was demonstrated.

1. Introduction

Now, the active development of implantable medical devices is
largely limited by the lack of permanent sources of power supply that can
generate energy through the processes in the human body [1, 2]. Among
many approaches to power generation, much attention is paid to biofuel
cells (BFCs), which use various chemical substances as a substrate to
generate energy. Glucose being an active participant in metabolism is
presented in many physiological fluids and considered as the most
promising BFC substrate [3, 4]. Nowadays, BFC are used to power
various implantable devices. For example, in [5] BFC acted as an energy
source for an animal brain stimulator, and in [6] it was used to supply
ingestible device. Microelectronic sensors also can be supplied with en-
ergy from BFC [7]. The critical component of BFCs is electrodes. They
should be made of materials that not only provide sorption of the enzyme
acting as a catalyst, but also are biocompatible and have the required
mechanical properties for interaction with physiological tissues and en-
vironments. The choice of materials also strongly affects the power
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properties of a BFC [3, 8, 9]. Besides, simple and effective implantation of
a BFC is important as well.

Various types of materials for BFC electrodes are currently consid-
ered, including carbon nanomaterials [7, 10], systems with gold nano-
particles [11], modified textiles [12] and polymer hydrogels [13]. The
latter are interesting because, depending on the selected polymers and
the preparation technique, materials that mechanically behave almost
the same as biological tissues can be obtained. Integration of an electri-
cally conductive component into hydrogels provides use of such systems
as electrodes for a BFC.

The most spread strategy for the electroconductive hydrogel synthesis
is the inclusion of conductive polymers into a hydrogel [14]. Conductive
polymers contain conjugated structures in backbone, which provide
electrical conductivity due to the n bonds overlapping and creating of
large chain segments where n-electrons are delocalized. Popular conju-
gated polymers, such as polyaniline, polypyrrole and polythiophene are
extensively used in various applications since they show satisfying pro-
cessability and high electrical conductivity [15, 16, 17]. Among others,
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polythiophene derivative, poly(3,4-ethylenedioxythiophene) (PEDOT),
in a complex with poly(styrenesulfonate) (PSS) exhibits many valuable
properties, in particular, water solubility, electrochemical and thermal
stability, and relatively large conductivity — up to 900 S em ™! [18].
Furthermore, PEDOT:PSS has adequate biocompatibility, which, com-
bined with the other features, determines its usage in biomedical devices
[19]. The polymer has been successfully used as an electrode component
in BFC [20, 21]. In the present study, PEDOT:PSS provides conductivity
of the materials.

The hydrogel component, in this study, is formed by two biocom-
patible polymers — polyvinyl alcohol (PVA) and iota-carrageenan (CRG).
PVA is a non-toxic water-soluble synthetic polymer [22], whose chemical
stability, acceptable mechanical and adhesive properties make it a strong
candidate for electroconductive hydrogels production [23, 24] via
physical cross-linking. Although different polymers, like polyacrylic acid
or gelatin [13], can be used in such systems, PVA has been shown to
exhibit good compatibility with PEDOT:PSS and even enhance conduc-
tive properties according to certain studies [25, 26]. Carrageenans are a
family of high molecular weight sulfated polysaccharides extracted from
red algae. This linear polymer consists of alternate units of D-galactose
and 3, 6-anhydrogalactose, which are arbitrarily sulfated or non-sulfated.
Subunits are connected by alpha 1-3 and beta 1-4-glycosidic bonds [27].
Due to its temperature-induced gelibility, excellent biocompatibility and
bio-adequate mechanical properties, carrageenans are used for biotech-
nological applications, for example, biosensors, electrodes for biofuel
cells [28, 29].

Implantation of electrodes into bloodstream can be a challenging
task. Thus, the integration of a biofuel cell into a stent has the benefit of
using stent implantation systems to install BFCs. Both arteries and veins
are actively stented as a part of different cardiac illnesses treatment. In
this study, we have concentrated on vein stenting systems as they are
more convenient to use due to the lower pressure in the vessel, around 5
mmHg in large veins in comparison to 100 mmHg in arteries with the
similar diameter [30, 31, 32, 33, 34].

The geometric configuration of a vessel flow channel is determined by
its elastic-deformation state, or tone. The discrepancy between the me-
chanical behavior of the stent and the segment of the blood vessel can
disrupt the structures of the blood flow boundary layer, change the ve-
locity field and pressures in the lumen of the vessel, which inevitably lead
to a rise in hydrodynamic resistance and increase risks of activating
biologically active components of blood and the vascular wall, thrombus
formation or hyperplasia [35, 36]. Ideally, the stent materials, in addition
to the properties of thromboresistance and the ability to germinate
should be biomechanically compatible to maintain adequate flow con-
ditions and minimize perturbations in the blood flow [37, 38, 39]. The
implantable electrode should as well be biomechanically suitable.

This article demonstrates the possibility of integration biopolymer-
based electrodes into a stent for the vessel installation [40, 41]. The
unification of a BFC and a stent creates an implantable electric generator,
which, using already existing system of implantation, could be embedded
into a human body.

2. Experimental section
2.1. Anode synthesis

The anode material is an electrically conductive biocompatible flex-
ible hydrogel based on iota-carrageenan (Special Ingredients, Great
Britain), polyvinyl alcohol 122000 g mol™! (Avilon-Kompani Khim,
Russia), and an electrically conductive polymer PEDOT:PSS (1.3 wt.%
dispersion in HyO, Sigma -Aldrich, USA) containing the glucose oxidase
enzyme. The gel was prepared according to the technique presented
earlier [42].

At the first stage two separate aqueous solutions of carrageenan and
PVA with a concentration of 1.3 wt.% at the temperature 70 °C were
made. Then equal amounts of the obtained solutions were mixed with a
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double amount of PEDOT:PSS aqueous suspension (1.3 wt.%). At the next
stage, the resulting mixture was steered on a magnetic stirrer at the rate
of 500-550 rpm and the temperature of 70 °C for 3 h. After cooling the
reaction flask to room temperature, the mixture was processed by four
sequent freezing/thawing cycles. During freezing, the sample was kept at
the temperature of -12 °C, whereas during thawing — at room tempera-
ture. One cycle of freezing/thawing lasted for 24 h. At the last stage, the
obtained samples were dried at 40 °C till constant weight. Glucose oxi-
dase from Aspergillus Niger (Sigma Aldrich, USA) was added as a 10 mg
ml~! aqueous solution immediately prior to the sequential freeze/
thawing step.
The size of the anode is approximately 5 x 15 mm.

2.2. Electron microscopy study

The morphology of the developed flexible electroconductive mate-
rials was investigated in a scanning electron microscope Versa 3D
DualBeam (SEM, FEI, USA) in environmental scanning mode (ESEM).
The SEM gaseous secondary electron detector was tuned on an acceler-
ating voltage of 10 kV and a current of 60 pA. The samples were pre-
cooled to 3 °C on the Peltier stage before the experiment. For
microstructural study the humidity in the vacuum chamber was consis-
tently decreased from 100% to 60% during the experiment.

2.3. Mechanical properties study

Mechanical properties in uniaxial tension mode at a constant speed (1
mm min~!) were studied using Instron 5965 universal testing machine
(Ilinois Tool Works Inc., USA) equipped with a +50 N load sensor. The
working part of the sample was 10.00 x 3.25 mm. The hydrogel prepa-
ration before testing includes swelling for two hours in physiological
saline at 25 °C (this is enough to achieve equilibrium). A statistical
sample were comprised of five vein specimens cut along the generatrix
into 30 x 5 mm rectangles.

Also, the material was tested in puncture test and cyclic test (biaxial
stress test). Thus, the strength of the hydrogel was estimated on surface
stress.

In the mechanical tests we used the equipment which is similar to that
used in testing film materials in ASTM D5748. As described in [43],
"Performed at standard conditions, the test method imparts a biaxial
stress that is representative of the type of stress encountered in many
product end-use applications." ASTM D5748 assumes only a single
loading of the test material until it fails. Since the primary interest was
not to test the limiting characteristics but the stability of the mechanical
behavior during long-term operation, we supplemented this type of test
with multiple loading in the typical physiological load range. We used a
scaled down version of the equipment described in ASTM D5748. The
sample was fixed in a frame with a hole with a diameter of 8 mm. The
indenter tip diameter was 3.5 mm. Preload was 0.02 N. The tests were
carried out in the following modes: a single loading until the sample
fracture and a cyclic loading (1000 cycles) in a physiological range of
deformations and uniaxial tension.

2.4. Electrochemical study

The current-voltage characteristics (CVC) were measured on Autolab
PGSTAT204 potentiostat-galvanostat (Metrohm, Switzerland) (NOVA
2.0 software) using a two-electrode circuit. The reference electrode was a
saturated silver chloride E = 0.222 V. All measurements were carried out
at room temperature (25 + 1 °C) with a specified voltage from -300 to
+300 and back to -300 mV (without interruption) with a potential sweep
rate of 10 mVs? in a phosphate buffer solution (PBS), pH 7.4, with the
addition of 0.15 M NaCl. No mediator was used in the experiments.

Different implantation conditions correlate with diverse physiolog-
ical fluid compositions, including the content of fuel (substrate) and
oxidant, as well as pH, and the presence of various components that can
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influence the functioning of biological devices. Therefore, in order to
simulate the conditions inside a blood vessel, electrochemical measure-
ments were carried out in a solution that reproduces plasma composition,
a blood mimicking buffer (BMB). One liter of the solution contains
5.9258 g NaCl, 0.3019 g KCl, 3.1643 g NayHPO4*2H50, 0.6935 g
NaH,PO4*H20, 0.05 mM ascorbate, 0.423 mM urate, 2.96 mM lactate,
pH 7.39. The concentrations of ascorbate, lactate, and urate in the BMB
were 0.058, 2.3, and 0.423 mM, respectively, which correspond to the
average concentrations in human blood plasma [44, 45]. The measure-
ments were carried out both in the absence of a substrate, glucose, and at
a concentration of 5 mM. The substrate concentration of 5 mM corre-
sponds to the normal glucose content in human blood plasma.

A Wallstant-Uni Endoprothesis self-expanding stent (Boston Scienti-
fic, USA) made of Co—Cr L605 alloy with a diameter of 6 mm was used as
a cathode. To manufacture a biofuel cell, an electrically conductive Gox
gel with a size of 5 x 20 mm was placed inside the stent; a hydrogel
containing no electrically conductive components served as an interlayer
between the stent and the electrically conductive gel. The entire system
was immersed into the solution (PBS or BMB).

3. Results and discussion
3.1. Morphology study

Electron microscopy images showed in Figure 1b reveal classical gel
film surface of PEDOT:PSS/PVA/CRG hydrogels. The surface has a
smooth relief with the aggregates caused by cryogel formation proced-
ure. Figure la shows that the presence of the carrageenan molecules
leads to the appearance of folded elongated aggregates on the surface
(and probably in volume) of the gels because of the double helices of iota-
carrageenan, stabilized by K* ions during cryogel formation.

3.2. Mechanical study

The hydrogel was tested under uniaxial tension to calculate volume
mechanical properties. A typical deformation curve (red) is shown in

Figure 1. ESEM images of the hydrogel. (a) Folded elongated aggregates on the
surface. (b) Classical hydrogelgel film surface. The scale bar is equal to 10 pm.
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Figure 2a. Also, bovine jugular veins (Miratorg, Russia) were tested
under the same conditions.

The hydrogel deformation curves have the characteristic shape for
swollen polymers. The mechanical properties of the studied material
were calculated: the elastic modulus — 42.2 + 3.0 kPa, strength — 8.9 +
0.9 kPa, and fracture strain — 20.8 4= 2.5 %

The result of hydrogel uniaxial tension tests is in a good agreement
with mechanical behavior of vein under radial deformations. Figure 2a
represents the first regions of the vein and the hydrogel deformation
curves during uniaxial tension. They correlate well up to 20% strain
(especially considering the fact that biological samples often have a range
of results). Therefore, the hydrogel is likely to be non-traumatizing to
ambient tissues. The observed mechanical properties of the sample are
sufficient for the use, because the material is not expected to bear stress in
the assumed application.

The numerical estimation of the curve parameters was made using
different constitutive hyperelasticity models proposed by Arruda and
Boyce, Haward, Gent, and Ogden. The last two models fit the experi-
mental data best. Apparently, this is due to the fact that the first two
models are based on the cross-links. In the proposed cryogel the cross-
links include physical links formed by PVA crystalline areas as well as
carrageenan double helices. The Gent and Ogden models, in turn, do not
take into account molecular structure of the material. The approximation
results are summarized in Table 1.

The Gent model [46] was originally introduced for the unfilled rubber
vulcanizates as an empirical relation for the elastically stored energy
density, W (Eq. (1)):

_E I
W= 6Jmln(1 Jm) ¢3)

where J; is the first invariant, defined as J; = /1% + /1% + A%, where
M, A2, A3 are the principle stretch ratios.

Jn is the maximum value of J;, which corresponds to the fully
stretched state of a network. £ is equal to y, the shear modulus.

In case of uniaxial tension of incompressible material, the principle
stretch ratiosare Ay = 1, 1y = A3 = % Using the obtained value for the
Jn we can estimate the deformation at which the network is fully
stretched. For the hydrogel the value is around 30%, and for the vein the
value is 40%.

As well as the Gent model, the Ogden model [47] is a strain-energy
function for isotropic incompressible rubbers. The relation is based on
a linear combination of the strain invariants. The one-term Ogden model

appears to be (Eq. (2)):
2
W=a—’2‘(/1;‘+/1;+/1g—3) @

And for the uniaxial tension the stress-strain relation takes the form ¢ =
2 (3=t — )7571), where y is the shear modulus, and « is a strain hard-
ening exponent.

Both models (Eq. (1)) and (Eq. (2)) have been successfully applied for
synthetic materials as well as for the native tissues [48, 49].

Mechanical puncture test were made to evaluate the strength char-
acteristics of the developed materials. The Young's modulus of the sample
was 63.3 kPa, and the strength was 10.2 kPa. A typical view of the
deformation curve is shown in Figure 2b.

Thus, the strength properties of the 2:1:1 PEDOT:PSS/PVA/CGR
hydrogel provides withstanding vessel pressure in excess. However,
taking into account the pressure fluctuation in human body, the materials
were tested under cyclic loads. The results are systematized in Table 2.
Figure 2c shows typical curves for the 3™ and 997" loading cycle.

The analysis of the load amplitude during cyclic biaxial studies
demonstrates that the samples strength insignificantly decreases in the
first 50 cycles. Further, it is flattened and does not change until the end of
the experiment as it is shown in Figure 2d. Apparently, this is caused by
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the elimination of initial inhomogeneities in the sample. The hysteresis
during the initial phase of the experiment also changes noticeably (de-
creases by more than a half), which indirectly confirms the aforemen-
tioned assumption. In addition, the analysis of the ratio of the hysteresis
work to the total work of the deformation shows that after the 100™ cycle
this ratio is almost constant (the proportion of the hysteresis is 15-16%).
This result indicates the mechanical stability of the studied sample.

The study of the composite mechanical behavior has revealed that the
material strength properties correspond to those of the body soft tissues
(tensile test). Biaxial studies have demonstrated a high biomechanical
stability of the PEDOT:PSS/PVA/CGR composite material under the
conditions close to the real organism. This is defined by the fact that each
of the material components enhances the mechanical properties of the
entire hydrogel. The proposed composite is a classic double network gel
[50, 511, where each component contributes to the mechanical behavior
of the hydrogel as a whole. The main gel-forming polymer is polyvinyl
alcohol, which forms physical crosslinks during the freezing thawing
process through the hydrogen bonds formation [52]. This network is
responsible for increasing the overall elasticity modulus and also for
strength characteristics. Carrageenan forms physical crosslinks by en-
tanglements and aggregating helical regions [53, 54]. It is important that,

Table 1. Fitting results.

Sample Model

Gent Ogden

u, kPa I u, kPa a
Hydrogel 145+ 21 0.23 £ 0.09 13.3+22 9.2+1.9
Vein 16.2 +£29 0.37 £ 0.07 14.6 £ 2.0 84+1.6
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0,2

t, min

Figure 2. Typical deformation curves of the sample under (a) tension, (b) puncture, and cycle deformation (c) in 3™ and 997" cycles, (d) time scan.

in contrast to the polyvinyl alcohol crosslinks, the entanglements of
carrageenan macromolecules are dynamic and labile. Such crosslinks,
since they can be restored, enhance biomechanical stability under
repeated cyclic loads. PEDOT is a rigid chain conjugated polymer, which
also increases the elastic modulus of the hydrogel due to the greater ri-
gidity of the elastically active chains.

3.3. Electrochemical study

A Wallstant-Uni Endoprothesis self-expanding stent (Boston Scienti-
fic) made of Co-Cr L605 alloy with a diameter of 6 mm was used as a
cathode. The potential of the open circuit of the stent relative to the
saturated silver chloride electrode in the first measurement was 0.297 V,
then dropped to -0.003 V. In the second measurement, the potential
dropped to -0.039 V. In the third measurement, carried out in both
phosphate buffer and BMB, the same tendency to the negative direction
shift was observed for OCP (up to -0.107 V in the first measurement cycle,
-0.124 V in the second, and -0.138 V in the third). Such a shift negatively
affects the power characteristics of the fuel cell and may be caused by

Table 2. Cyclic test results.

Hysteresis area x1073 (3 umkn) 8.87 + 0.04
Hysteresis area x10~> (997 ki) 4.54 +0.10
Hysteresis area difference (3 and 997 cycles) 51.60 + 1.70
Slope of the elastic region, N/mm 0.46 + 0.07
Slope of the elastic region, MPa 0.21 + 0.01
Estimated strength, kPa 8.80 £+ 0.70
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Figure 3. (a) Cathodic cyclic voltograms of the stents in PBS and BMB, sweep rate 10 mV s~ ; (b) Anodic cyclic voltograms of the hydrogel with Gox in PBS and BMB
in the presence of 5 mM glucose and without it, sweep rate 10 mV s~ *. Cyclic voltograms of the biofuel cell, where the anode is the hydrogel with Gox and the cathode
is the coronary stent, in (c) PBS and (d) BMB in the presence of 5 mM glucose and without it, the sweep rate is 10 mV s~ ', Polarization curves and power curves of the
biofuel cell, where the anode is the hydrogel with Gox and the cathode is the coronary stent, in (e) PBS and (f) BMB in the presence of 5 mM glucose

electrochemical material behavior in the presence of electric current and
pH changes in the near-surface layer.

Cathodic cyclic voltograms in PBS and BMB are shown in Figure 3a.
Anodic cyclic voltograms in PBS and BMB are shown in Figure 3b. From
the CV data of the anode in PBS and BMB in the presence of 5 mM
glucose, a catalytic current of 2.6 pA and 0.8 pA, respectively, was
observed (at an electrode potential of 0.2 V). Probably, a decrease in the
catalytic current at the anode in BMB is associated with a decrease in the
conductivity of the gel as a whole. This effect can be explained by the
lesser swelling of gels based on CRG-PVA with an increase in the salt
content of solutions and the effect of solution components on the gel
structure [55].

Data presented in Figures 3c and 3d shows that the current in the BFC
operating in the BMB reaches 2.4 x 10™* A, which is slightly higher than
that in the case of PBS. These figures also demonstrate that in the pres-
ence of glucose, the BFC generates larger currents. Figures 3e and 3f
demonstrates polarization curves, which were used for the cell power
calculation according to (Eq. (3)):

P=IxU, 3

where P is power, I and U are current and voltage, respectively. The
maximum cell power density with a glucose concentration of 5 mM was
7.99 x 10~ W in PBS and 8.75 x 10~® W in BMB.
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It is worth noting that the cell power can be further increased using a
stent made of more cathode suitable material.

4. Conclusion

In this study, we proposed a three-component electroconductive
hydrogel containing polyvinyl alcohol, carrageenan and PEDOT:PSS for
application as a BFC electrode integrated into a stent. This composite is a
typical double network gel, which determines its mechanical stability. As
the expected application of the hydrogel is the integration into the car-
diovascular system, the mechanical behaviour of the material was
compared to that of a vein. To obtain analytical parameters of the
deformation curves, we selected constitutive models relevant for both
vein and the hydrogel. The Gent and Ogden models fit the deformation
curves best. Analysis of the hydrogel properties showed that it has the
similar shear modulus to the vein one. Along with good cyclic stability
this suggests the PEDOT:PSS-based material is sufficient for the stable
operation under mechanical impacts typical for the blood flow. Electro-
chemical study demonstrated that such system can achieve power equal
to 3.98 x 10~> W. The further power increase is possible by means of the
cathode part improvement, namely, modification of the stent material
considering its operation as a BFC cathode. Thus, it is possible to create a
biofuel cell integrated into a stent for vascular surgery, which allows the
use of all stenting options for the installation of such power-generating
devices. Future research will focus on the investigation of the proposed
system under dynamic conditions with the imitation of implantation
using existing solutions for the vascular stenting and real fluid flow.
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