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An Anti-Biofouling Flexible Fiber Biofuel Cell Working

in the Brain

Yue Guo, Chuanrui Chen, Jianyou Feng, Liyuan Wang, Jiajia Wang, Chenggiang Tang,

Xuemei Sun,* and Huisheng Peng*

Biofuel cell (BFC) that transfers chemical energy into electricity is a
promising candidate as an energy-harvesting device for implantable
electronics. However, there still remain major challenges for implantable
BFCs, including bulky and rigid device structure mismatching with soft
tissues such as the brain, and the power output decreases due to the fouling
process in a biological environment. Here, a flexible and anti-biofouling
fiber BFC working in the brain chronically is developed. The fiber BFC

is based on a carbon nanotube fiber electrode to possess small size and
flexibility. A hydrophilic zwitterionic anti-biofouling polydopamine-2-
methacryloyloxyethyl phosphorylcholine layer is designed on the surface of
fiber BFC to resist the nonspecific protein adsorption in a complex biological
environment. After implantation, the fiber BFC can achieve a stable device/
tissue interface, along with a negligible immune response. The fiber BFC
has first realized power generation in the mouse brain for over a month,

catalysts, where the redox reactions drive
the electron transfer and thus generate
electrical power."'¢ Till now, there have
been some advances reporting wearable
integrated electronic systems using BFC
as an energy source, which offer promise
to construct next-generation wearable elec-
tronics for healthcare and personalized
medicine."1]

Unfortunately, for implantable applica-
tions, especially when operating in soft
and delicate regions such as the brain,
there still remain major challenges for
BFCs. First, most of the reported BFCs
were based on 3D bulky structures, which
made them difficult to be implanted and
may create large surgical wounds during

exhibiting its promising prospect as an energy-harvesting device in vivo.

1. Introduction

Neuroscience is in rapid development with the goal of under-
standing the brain function and developing therapies for neuro-
logical diseases.l! Significant efforts have been made to develop
advanced implantable electronics, such as neural probes, optoe-
lectronics, and electrochemical sensors for aiding neuroscience
research.l” These electronic devices are traditionally powered
by batteries or wireless power transfer systems.l?l Harvesting
energy from biofuels in vivo is an alternative promising strategy
for powering these implantable electronics, since the biofuels
are abundant and continuously replenished in the living body.
Biofuel cell (BFC) is such an energy-harvesting device by trans-
forming chemical energy into electricity.> 3! It is normally con-
structed by two electrodes modified with enzymatic or metallic
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implantation. Also, this restricted their
operation positions to the abdominal
cavity for mammals in most cases.B% To
tackle this problem, fiber BFCs have been
developed as implantable energy-harvesting devices. Due to
their 1D structure and small size, they can be implanted into
deep tissues, such as the brain"! and blood vessels.['>"3] How-
ever, these fiber BFCs were usually based on carbon fibers or
gold wires. These materials were stiff or brittle, and they did
not mechanically match soft tissues in living creatures, which
may cause severe foreign body reactions.?>?! In addition, the
efficiency and stability of BEC energy supply were impaired by
biofouling, a biological process caused by adsorption and accu-
mulation of biomolecules on implanted devices.?228] These
aforementioned problems limited the in vivo applications of
BFCs.

In this manuscript, we report a flexible and anti-biofouling
fiber BFC that can work in the brain with stable power output
in the long term. The fiber BFC is constructed based on an
intrinsic flexible carbon nanotube (CNT) fiber electrode,
which is biocompatible?*3°1 and mechanically match with
soft biological tissues,*®3U and thus commonly used for fab-
ricating neural probesP®?33 and implantable electrochemical
sensor.?%343] The simple in situ polymerized hydrophilic
zwitterionic  polydopamine-2-methacryloyloxyethyl — phos-
phorylcholine (PDA-MPC) layer modified on fiber BFC ena-
bles its resistance to nonspecific protein adsorption and main-
tenance of power output in complex biological fluids. As a
result, the fiber BFC demonstrated its good biocompatibility
and long-term stability after being implanted into the mouse
brain for 1 month.

© 2022 Wiley-VCH GmbH
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Figure 1. Schematic diagram and characterization of fiber BFC. a) Schematic diagram of construction and reaction mechanism of fiber BFC. b,c) SEM
images of bare CNT fiber electrode at low and high magnifications, respectively. Scale bar, b) 30 um; c) T um. d,e) SEM images of fiber bioanode at
low and high magnifications, respectively. Scale bar, d) 30 um; e) 1 um. f,g) SEM images of fiber cathode at low and high magnifications, respectively.
Scale bar, f) 30 um; g) T um. h) XPS spectra of PDA-MPC modified (red curve), PDA modified (blue curve), and bare CNT fiber electrodes (gray curve).
i) High-resolution XPS spectra of P 2p peak of PDA-MPC modified (red curve), PDA modified (blue curve), and bare CNT fiber electrodes (gray curve).

2. Results and Discussion

Since glucose and oxygen are the most widely distributed bio-
fuels for energy metabolism in body fluid, here we constructed
the glucose/oxygen BFCs toward implantable applications.
The electrode design and reaction mechanism are illustrated
in Figure 1a. The CNT fiber was chosen as a flexible electrode
substrate, which can be synthesized by floating catalyst chem-
ical vapor deposition at a large scale (Figure Sla, Supporting
Information). The CNT fiber was flexible and can maintain
its structural integrity even after being knotted (Figures S1b
and S2, Supporting Information). The glucose oxidase (GOx)
and platinum on carbon (Pt/C) were chosen as catalysts to be
immobilized on the CNT fiber electrodes to enable the redox
reaction of biofuels (glucose and oxygen). Both of the cata-
lysts are high-performance and commercially available, and

Small Methods 2022, 6, 2200142

2200142 (2 of 7)

thus extensively used for biosensing and biofuel cell.[:19:36-38]
On fiber bioanode, tetrathiafulvalene (TTF) was adopted as a
mediator for shuttling electrons between the redox center of
enzyme and CNT fiber electrode,”! and then GOx was immo-
bilized through glutaraldehyde crosslinking to catalyze glu-
cose to glucolactone. The Pt/C catalyst was modified on a fiber
cathode in order to reduce oxygen to water. To endow the fiber
BFC with anti-biofouling performance, a hydrophilic zwitteri-
onic PDA-MPC layer was designed and fabricated via simple in
situ chemical reactions (Figure S3, Supporting Information).
Briefly, the electrodes were first immersed in dopamine solu-
tion, which lead to PDA formation on the electrodes by oxida-
tive self-polymerization of dopamine.*”) Later, the electrodes
were treated by MPC solution, leading to the conjugation
between the amine groups of PDA and acrylate zwitterionic
MPC molecules via Michael addition.[*!

© 2022 Wiley-VCH GmbH
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Scanning electron microscope (SEM) images of fiber bio-
anode (Figure 1d,e) and cathode (Figure 1f,g) were taken to show
the morphology and distribution of active materials on CNT fiber
electrodes. SEM images of bare CNT fiber electrode (Figure 1b,c)
showed its porous structure originated from the nanoscale gaps
among CNT bundles, which can provide large surface areas and
thus enable high loading amount of active materials. Figure le
shows the cross-linked enzyme was homogeneously covered on
CNT bundles, which enabled efficient electron transfer among
enzyme, mediator, and electrode. The nanoparticles observed
in Figure 1g and Figure S4 (Supporting Information) can be
attributed to Pt/C catalyst, which were packed densely and uni-
formly on CNT fiber electrode. The SEM images of PDA-MPC
modified and unmodified electrodes showed no significant dif-
ference (Figure S5, Supporting Information), possibly because of
the ultrathin thickness of the PDA-MPC layer on fiber electrodes.
Analysis by atomic force microscopy suggested the thickness
of the PDA-MPC layer was only =5 nm (Figure S6, Supporting
Information). In order to confirm the successful modification
of the PDA-MPC layer, X-ray photoelectron spectroscopy (XPS)
analysis was performed on PDA-MPC modified, PDA-modified,
and bare CNT fiber electrodes. As shown in Figure 1h,i, after
PDA formation, a new peak at 399.7 eV was shown, which was
ascribed to the binding energy of N 1s. After the following MPC
modification, there further appeared a new peak at 133.2 eV (P 2p
peak), which indicated a successful chemical reaction between
MPC and PDA.

The electrochemical performance of fiber bioanode and
cathode was evaluated using a three-electrode system with a
platinum wire counter electrode and a Ag/AgCl reference elec-
trode. Linear sweep voltammograms (LSVs) were performed
to indicate the occurrence of glucose oxidation and oxygen
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reduction on fiber anode and cathode, respectively (Figure 2a,b).
Through modulating the enzyme concentrations and loading
amounts of catalysts modified on electrodes, the electrochem-
ical performance of fiber bioanode and cathode can be opti-
mized (Figure S7, Supporting Information). The optimal condi-
tions were selected as 40 mg mL™ GOx solution for bioanode
and 0.44 mg cm™2 of Pt/C catalyst for the cathode. In addition,
since the cathodic current density was lower than the anodic
current density (Figure S7, Supporting Information), the area
of the cathode was designed to be twice as that of bioanode to
ensure the power output of BFC was not limited by the oxygen
reduction reaction on the cathode. It is expected that the addi-
tional modification layer on fiber electrodes should not compro-
mise the power output of BFC. Thus, the impacts of PDA-MPC
modification on the electrochemical properties of bare CNT
fiber electrode, fiber bioanode, and cathode were evaluated. The
cyclic voltammetry performance of PDA-MPC modified and
unmodified CNT fiber electrodes in potassium ferricyanide was
investigated (Figure S8, Supporting Information). It appeared
that the PDA-MPC modified electrode had a higher capaci-
tive current and similar redox peak current compared to the
unmodified one, indicating that the PDA-MPC modification did
not impede mass transport or electron transfer process, which
might be attributed to the ultrathin feature of the PDA-MPC
layer. As shown in Figure S9 (Supporting Information), PDA-
MPC modified fiber bioanode showed higher overpotential
(=60 mV) than unmodified one, but they reached nearly the
same oxidative current density at 0.15 V. As for cathode, the
PDA-MPC modified one showed a lower overpotential of the
oxygen reduction reaction.

The power output performance of fiber BFC was investigated
using a two-electrode system with fiber cathode as the working
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Figure 2. Electrochemical performance of fiber BFC. a) LSVs of fiber bioanode in phosphate buffer saline (PBS) and glucose solution (glu) at 5 mV s™.
b) LSVs of fiber cathode in air-saturated and nitrogen-saturated PBS at 5 mV s7\. c) The power density—voltage curves of fiber BFC in different con-
centrations of glucose. d) Corresponding maximal power density—glucose concentration calibration plot. €) The power density—voltage curves of fiber

BFC in glucose solution at different periods. f) The calculated relative change of maximal power density of fiber BFC over 6 h. g) The power density—

voltage curves of fiber BFC bending at 30° for 0, 25, 50, 75, and 100 cycles. h) The calculated relative change of maximal power density of fiber BFC

over 100 bending cycles.
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electrode and fiber bioanode as the counter and reference elec-
trode, and LSVs were recorded in different concentrations of glu-
cose solution. The maximal power density increased when the
glucose concentration increased over the range of 0-6 x 107 m,
and then reached the saturated point at =6 x 107> m of glucose,
where a maximal power density of 32.6 UW c¢m™ was obtained
(Figure 2c,d). As a proof-of-concept, the fiber BFC was integrated
with a strain sensor® in vitro into a self-powered sensing
system. A distinguishable signal can be recorded according to
the change of strain (Figure S10, Supporting Information), dem-
onstrating the feasibility of combining the fiber BFC with sen-
sors to construct a functional system for future use.

It is a necessity for BFCs to stably generate power over
periods of time for practical usage. In this regard, the stability
of power output of fiber BFC was investigated by performing
LSVs in glucose solution over a period of 6 h (Figure 2e). As
shown in Figure 2f, the maximal power density of fiber BFC
maintained over 92% during the period. As for implantable
applications, it is known that the brain tissue in the living
body bears constant micromovements due to respiration and
heartbeat,®] which raises the requirement for implantable
electronics to perform stably under repeated deformations.
The mechanical stability of fiber BFC performance was moni-
tored by performing LSVs after every 25 cycles of bending at
30°. As shown in Figure 2gh, the maximal power density of
fiber BFC maintained over 91% during 100 cycles of bending.
The maximal power density of fiber BFC bending at different
angles also remained stable (Figure S11, Supporting Informa-
tion), which validated the mechanical stability of the fiber BEC
as a practical implantable energy-harvesting device.

The anti-biofouling performance of fiber BFC must be seri-
ously considered for the capability for prolonged implantation. It
has been widely accepted that the implanted electrodes inevitably
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suffer from nonspecific adsorption of proteins and cells (that is,
biofouling) immediately when the implants are in contact with
biological components, which causes the continuous device
performance deterioration within several hours. The biofouling
processes will further trigger foreign body reaction and lead to
the formation of a fibrous capsule on implanted devices, which
severely hinders substrates from reaching the electrode and
hence inactivates the implanted electrochemical devices.??~28] As
a consequence, the biofouling processes will restrict the availa-
bility of fuel at the BFC electrodes, leading to reduction of power
output. To investigate the anti-biofouling performance of fiber
BFC, its power output was recorded before and after incuba-
tion in 10 mg mL™ bovine serum albumin (BSA) solution. After
incubation in BSA solution, the discharge curves of PDA-MPC
modified and unmodified fiber BFCs were immediately recorded
(Figure 3a). It showed that PDA-MPC modified fiber BFC gen-
erated higher power output. The LSVs of PDA-MPC modified
and unmodified fiber BFCs were recorded after incubation in
BSA solution for a longer time. The maximal power density of
PDA-MPC modified fiber BFC was maintained by =70% of the
initial value after incubation in BSA solution for 2 h, while that
of unmodified fiber BFC dropped down to 55% (Figure 3b).

The excellent anti-biofouling performance of fiber BFC can
be attributed to the hydrophilicity of PDA-MPC modification.
As shown in Figure 3¢, the water contact angle of the PDA-
MPC modified electrode was 13°, lower than that of PDA modi-
fied (42°) and bare electrode (116°), indicating that PDA-MPC
modified electrode was the most hydrophilic and thus had the
ability of resisting nonspecific protein binding in a complex
biological environment. Furthermore, the nonspecific protein
binding of PDA-MPC modified, PDA modified and bare elec-
trodes were characterized by immersing them into fluorescein
isothiocyanate-tagged BSA (FITC-BSA) solution for 2 h. As

PDA modified PDA-MPC modified

PDA modified PDA-MPC modified

Figure 3. The anti-biofouling performance of fiber BFC and its mechanism. a) The power output change at 2 HA cm™ of PDA-MPC modified and
unmodified BFCs after incubation in 10 mg mL™ BSA immediately. b) The calculated relative changes of the maximal power density of PDA-MPC modi-
fied and unmodified BFCs after incubation in 10 mg mL™ BSA for 0.5, 1, and 2 h. All values represent means + standard deviations (n = 3; *p < 0.05,
paired two-sided Student’s t-test) c) The water contact angles of unmodified, PDA modified and PDA-MPC modified CNT electrodes. d) Confocal
fluorescence microscopy images of FITC-BSA treated unmodified, PDA modified and PDA-MPC modified CNT electrodes. Scale bar, 30 um.
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Figure 4. The mechanical match demonstration, biocompatibility, and in vivo performance of fiber BFC. a) Photoacoustic (PA) images of the mouse
brain implanted with a fiber electrode before (left) and after (middle) compression. The contour lines (right) were extracted from PA images. Scale
bar, T mm. b) Immunohistochemical staining images of cross-sectional brain slices at 1 month after implantation of fiber BFC. Blue, red, and green
colors correspond to DAPI (label of cell nuclei), GFAP (label of astrocytes), and NeuN (label of neuron somata), respectively. The white dotted circles
indicate the position of fiber bioanode or cathode. Scale bar, 50 um. c) Photograph showing the implantation of fiber BFC electrode into the mouse
brain through tungsten wire-assisted strategy. Scale bar, 1 cm. d) The power density-voltage curve of PDA-MPC modified fiber BFC in the mouse brain
on the first day after implantation. e) The maximal power density of PDA-MPC modified BFC generated in vivo for over a month.

shown in Figure 3d, no sign of massive protein adsorption was
observed on the PDA-MPC modified electrode. In contrast, the
bare electrode showed bright green fluorescence, which mani-
fested the prominent adsorption of proteins onto the electrode.

For implantable applications, the soft devices can reduce
foreign body reaction and irreversible tissue damages com-
pared to their rigid counterparts, as well as retain stable
performance during operation in dynamic biological tis-
sues.[?%2 The intrinsic flexibility of the CNT fiber electrode
made the fiber BFC feasible as an implantable device. The
bending stiffness of the CNT fiber was close to those of the
biological tissues, which indicated that it could mechanically
match soft tissues and thus establish a stable device/tissue
interface.}%3%34 To obtain the dynamic interface between
fiber BFC electrode and the mouse brain under deformation,
a fiber BFC electrode was implanted into the mouse brain,
and photoacoustic (PA) images were collected before and after
a compression was applied to the brain (Figure 4a). It indi-
cated that the fiber electrode bent along with the compression
deformation of the mouse brain, and achieved a stable device/
tissue interface. In addition, the internal stress of the CNT
fiber electrode under deformation was measured by recording
force—compression curves (Figure S12a, Supporting Informa-
tion). The results showed that the internal stress of CNT fiber
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was more than one order of magnitude lower than that of
carbon fiber and gold wire (Figure S12b, Supporting Informa-
tion). It demonstrated that CNT fiber electrodes would cause
the minimal shearing force to the surrounding tissues under
deformation, thus having the potential of reducing immune
response after implantation.

To further evaluate the immune response of fiber BFC,
immunohistochemical staining was adopted to analyze the cell
distribution around fiber BFC after being implanted into the
mouse brain for 1 week and 1 month (Figure 4b, Figures S13
and S14, Supporting Information). The cross-sectional brain
slices were stained with monoclonal antibodies for glial fibril-
lary acidic protein (GFAP), ionized calcium-binding adapter
molecule (Iba-1), and neuronal nuclear antigen (NeuN) to label
astrocytes, microglia, and neuron somata, respectively. In addi-
tion, the cell nuclei were stained by 4’,6-diamidino-2-phenylin-
dole (DAPI). Fluorescence microscopy images showed that the
expression of GFAP, Iba-1, and NeuN around the devices had
no significant difference compared with that of a control group
without implantation. It indicated that there was no obvious
accumulation of astrocytes and microglia or the depletion of
neurons around the implanted fiber BFC. These results dem-
onstrated the fiber BFC elicited negligible immune response
after implantation and thus had good biocompatibility.

© 2022 Wiley-VCH GmbH
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Furthermore, the fiber BFC was implanted into the mouse
brain (Figure 4c) to validate its efficacy and stability as an energy-
harvesting device in vivo. The fiber BFC could generate a power
density of =4.4 uW cm™ in the mouse brain (Figure 4d). The
power density and open-circuit voltage of fiber BFC in vivo were
lower than those in vitro, possibly because the concentration
of oxygen in the brain was lower than that in the air-saturated
solution.™ The discharge curves of PDA-MPC modified and
unmodified fiber BFCs in vivo were recorded. The power output
of PDA-MPC modified fiber BFC was stable, while that of
unmodified one decreased remarkably during the same period
(Figures S15 and S16, Supporting Information). It was possibly
because of the more severe adsorption of protein on the surface
of unmodified electrodes (Figures S17 and S18, Supporting Infor-
mation). In order to evaluate the stability of the PDA-MPC modi-
fication layer during implantation, XPS analysis was performed
on PDA-MPC modified electrodes before and after implantation
(Figure S19, Supporting Information). It showed that the charac-
teristic P 2p peak still existed, indicating the PDA-MPC modifi-
cation layer on the electrodes remained stable during implanta-
tion. To further evaluate the long-term stability of the PDA-MPC
modified BFC in vivo, its power output was recorded for over a
month (Figure 4e). It showed that the PDA-MPC modified BFC
could still generate a power density of =2.5 uW cm™ after being
implanted for over a month. For comparison, the open-circuit
voltage of unmodified BFC decreased to below zero after the
first day of implantation, and it could not provide power in vivo
thereafter (Figure S20, Supporting Information). These results
indicated that PDA-MPC modified BFC had higher resistance
to nonspecific adsorption of protein and higher retention of
power density than unmodified one. Our fiber BFC has first
realized power generation in the mouse brain for over a month
(Table S1, S2, Supporting Information), exhibiting its promising
prospect as an energy-harvesting device in vivo.

3. Conclusion

In summary, we have developed a flexible and anti-biofouling
fiber BFC toward implantable applications in the brain. The
flexibility of the fiber BFC enabled it stably generate power
under repeated deformations, mechanically match the soft
brain tissue and establish a stable device-tissue interface. The
hydrophilic zwitterionic PDA-MPC modification endowed the
fiber BFC with anti-biofouling performance, resulting in higher
power retention in a complex biological environment compared
to an unmodified one. After minimal-invasively implanted into
the mouse brain, the fiber BFC elicited negligible immune
response, while capable of generating power output in long
term. Our fiber BFC has first realized power generation in the
mouse brain for over a month, exhibiting its promising appli-
cation prospect for powering implantable electronics and con-
structing a functional system in vivo.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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