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In vivo implantation of a hollow
glucose/O, enzymatic fuel cell
beyond 70 days

Autopsy findings show no
rejection signs, demonstrating
2H0 O, +4H* effective biocompatibility
ATHODE “"Hollow" bioelectrodes exhibit
electrocatalytic activity after
74-day implantation

Berezovska et al. report a glucose/O, enzymatic fuel cell (EFC) using a “cavity
electrode” design for biocatalyst entrapment. The new hollow EFC exhibits
impressive performance and good stability. Implanted in living rats, voltages show
a strong correlation with animal weight. Postmortem analysis confirms robustness
and biocompatibility, offering a significant advancement in long-lasting
implantable EFCs.
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A hollow microcavity enzymatic fuel cell

for in vivo energy harvesting

Anastasiia Berezovska,”* Paulo Henrique M. Buzzetti,”* Yannig Nedellec,” Chantal Gondran,”
Fabien Giroud,” Andrew J. Gross,” Stephane Marinesco,® and Serge Cosnier'?:>*

SUMMARY

Enzymatic fuel cells (EFCs) have emerged in recent years as a prom-
ising power source for wearable and implantable electronic devices.
Here, successful in vivo implantation of a glucose/O, EFC beyond
70 days is reported that exploits an innovative “cavity electrode”
concept for biocatalyst entrapment to address lifetime and biocom-
patibility issues. The hollow bioanode shows long-term in vitro bio-
electrocatalytic storage stability of >25 days. The hollow buckypa-
per-based EFC exhibits attractive maximum voltage and power
outputs of 0.62 V and 0.79 mW cm 2, respectively, and high storage
stability of ~80% after 19 days. The maximum in vivo performance
outputs are 0.34 + 0.05 V and 38.7 + 4.7 uW. After 74 days in
Sprague-Dawley rats, the hollow EFC continues to present a stable
0.59 V. Postmortem analysis confirms high-level robustness and
operational performance. Autopsy findings reveal no signs of rejec-
tion and demonstrate effective biocompatibility.

INTRODUCTION

Implantable electronic devices (IEDs), such as the cardiac pacemaker or drug deliv-
ery devices, have revolutionized the management and treatment of human health
and diseases.' In recent years, a new era of implantable bioelectronics devices has
emerged, ranging from electrochemical devices for therapeutic wound healing
and deep brain stimulation to diagnostic devices such as continuous glucose sensors
for diabetes management.’~* The development of IEDs is driven by a growing de-
mand for personalized and precise medicine as well as advances in wireless commu-
nication and electronics device miniaturization, which include lowering the power
and size requirements. IEDs require a dedicated portable energy source that can
guarantee normal operation of periods of several months to years, depending on
the target application. Miniature batteries are conventionally employed but are
considered relatively bulky and require periodic replacement. Many miniaturized
batteries are also dependent on limited natural resources and involve toxic battery
chemicals. The need for periodic replacement is a burden, since it limits device use
and imposes the need for multiple surgeries if extended use of the |ED is required.
The development of alternative implantable power sources, such as energy harvest-
ing and wireless power transfer, including inductive coupling, is therefore a subject
of increasing importance.

Enzymatic fuel cells (EFCs) have emerged in recent years as promising power sources
for wearable and implantable electronic devices.’* EFCs can harvest electrical en-
ergy from chemical energy via the oxidation of organic fuels, such as sugars and al-
cohols (at the anode), coupled with the reduction of an oxidant, typically oxygen (at
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the cathode). The anode and cathode exploit oxidoreductase enzymes as catalysts
that provide highly specific and selective bioelectrocatalytic reactions under physi-
ologically relevant conditions and, thus, the possibility for clean energy harvesting
with limited side reactions. For over a decade, significant attention has been
directed toward the development of glucose/O, EFCs as implantable power sources
owing to the possibility of extracting reasonable voltages, typically around 0.5V,
and power outputs ranging from tens to hundreds of microwatts from single cells
in vivo or in artificial physiological fluids.> The possibility to extract microwatt po-
wer outputs at practical voltages, as well as the ability to deliver power for more than
a year, has been demonstrated under less challenging ex vivo conditions.®’ For
example, EFC experiments are typically performed at elevated substrate/oxidant
concentrations, in the presence of convection, at optimum pH, and, sometimes, in
the presence of high buffer salt concentrations. The possibility to power electronic
devices, such as sensors and stimulators, in vivo or in artificial fluids has been demon-
strated.® Nevertheless, there are many challenges to overcome for EFC to emerge as
a reliable power source; for example, the limited power output, lifetime, and
biocompatibility of devices. Alternative bioelectrode-compatible sterilization proto-
cols and further improvements in miniaturization are additional factors to take into
account.

Recent advances in the field of in vivo EFCs include the development of biocompat-
ible interfaces, such as zwitterionic” and chitosan'® matrices, and our recent report
on the ongoing development of bactericidal treatments for implanted enzymatic
bioelectrodes and EFCs."" Lately, we started to explore the possibility of using en-
zymes and redox mediators in solution as opposed to their conventional immobili-
zation at surfaces. For example, we developed the solubilized EFC concept as a
strategy to help overcome EFC lifetime limitations. With the presence of freely
diffusing enzymes, mediators, and substrates, we showed a power loss of only
~26% after 7 days of continuous charge-discharge cycling at 50 pA, which corre-
sponded to very promising performance for quasi-continuous power operation.'?
The use of freely diffusing enzymes and mediators is considered attractive for bio-
electrocatalysis; for example, thanks to orientation and improved mass transfer ef-
fects. More recently, we reported an original "hollow” or “cavity” bioelectrode
concept fabricated with carbon nanotube (CNT) materials."? In this first design, we
developed a Bilirubin oxidase (BOx)-based biocathode that was constructed using
two opposed and spatially separated carbon buckypapers (BPs) with a microcavity
between them for storage of enzyme initially present in powder form. Thanks to
the bioelectrocatalyst entrapment inside the cavity, the optimized hollow microcav-
ity biocathode retained good electroactivity (i.e., 30% of its initial activity after
3 months and 11% after 6 months of periodic testing) and was still capable of deliv-
ering ~120 pA cm™2. The microcavity bioelectrodes benefit from the use of lab-
made and commercial BPs that have been proven to have a very high surface area
and flexible materials for bioelectrode construction.*'®

Lab-made BP electrodes, to the best of our knowledge, have not yet been reported
for use in in vivo EFCs despite their attractive properties, including their thin form
factors (~200-300 pm thick), which make them perfectly suitable for hollow-elec-
trode experiments. In the present work, we report the development of a hollow-elec-
trode enzymatic biofuel cell that builds on the concept of enzyme entrapment in
solution at high-surface-area BP electrodes (Figure 1A). A BOx-powder-based bio-
cathode and an optimized FAD-GDH powder-based bioanode are used for the
EFC elaboration. Electrochemical, bioelectrocatalytic, and EFC performance are
first examined in vitro before moving on to device implantation and long-term in vivo
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cavity thickness

Figure 1. Hollow enzymatic electrodes
(A) Top-down and side view.
(B) Laser image of the vertical cross-section of the hollow biocathode. Scale bar, 200 um.

performance testing. Postmortem studies, including voltammetric half-cell charac-
terization, are also reported.

RESULTS AND DISCUSSION

Miniaturization of hollow BOx bioelectrodes for bioelectrocatalytic reduction
of oxygen

With a view to developing the first hollow EFC and its application in vivo, our first
objective was to miniaturize the hollow bioelectrodes and to test their performance
in more physiologically relevant conditions; i.e., at pH 7.4. The electrode outer
diameter was decreased from 30 mm to 13 mm, providing a more practical and
reasonable implantable device footprint. A laser image of the vertical cross-section
of a hollow electrode is given in Figure 1B, showing a cavity volume of 12.0 + 1 uL for
a hollow biocathode composed of a lab-made BP modified with hemin via a one-pot
method (Lopy), coupled with an unmodified commercial BP (C,). The hollow bio-
cathode conception involved a direct electron transfer (DET) mechanism reported
previously, since it exhibited attractive long-term stability."*'* In this design, lab-
made BPs were functionalized with hemin molecules (an analog of the enzyme's nat-
ural substrate, bilirubin) through physical interactions (e.g., m-m stacking on CNT
sidewalls) to promote oriented immobilization of BOx by electrostatic interactions.

This orientation is crucial for achieving efficient electron transfer.'®""?

The cyclic voltammograms recorded in Ar-, air-, and O,-saturated solutions are
shown in Figure 2A. First electrochemical testing displayed high onset potentials
of ~0.56 V at pH 7.4 for the oxygen reduction reaction, which is consistent with
our previous studies with efficient enzyme orientation of BOx. As expected, the elec-
trocatalytic currents strongly depend on the oxygen concentration. In quiescent air-
saturated solution, the current reaches —0.20 mA at 0.405 V before dropping due to
diffusion limitations. Meanwhile, in the presence of oxygen-saturated solution, the
catalytic current increases to —0.86 mA (—=1.12 + 0.18 mA cm~?, 0.77 cm?) at
0.3 V before reaching a semi-plateau associated with diffusion limitations owing
to the finite diffusion layer thickness. Since a DET mechanism is involved here, it is
important to note that the recorded electrocatalytic currents included a contribution
from the unmodified commercial BP forming the cavity electrode. According to our
previous work on commercial and cavity BPs, this current accounts for a maximum of
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Figure 2. Electrocatalytic studies of the hollow half-cells and in vitro hollow EFC power outputs as functions of time and distance between half-cells
(A) CVs recorded in 0.1 M PB (pH 7.4) at 1 mV s~ under Ar-saturated (dots), air-saturated (red dashes), and O,-saturated conditions (red line) at hollow

CuLnopy-based biocathodes.

(B) CVs recorded in 0.1 M PB (pH 7.4) under Arat 1 mV s~ in the absence (dots), in the presence of 0.1 M glucose (blue line), and in the presence of 5mM

glucose (blue dashes) at hollow CLp| o(pc)-based bioanodes.

(C) Hollow EFC polarization (l) and power curves (#) recorded in 0.1 M PB (pH 7.4) with 0.1 M glucose under O,-saturated conditions via galvanostatic

discharge with applied currents ranging from 0.005-3.100 mA for 10's.

(D) Evolution of the hollow EFC power as a function of inter half-cell distance via potentiostatic discharge at 0.5V for 10 s (B) and EFC power (inter half-

cell distance of 0.5 cm) as a function of duration via potentiodynamic polarization at 0.2 mV s7 (@)

10%-12% of the current recorded at the biocathodes.'*?° The catalytic current is
smaller than the —1.63 mA (—2.11 mA cm ) at 0.3 V observed at pH 6.5 (Figure S2).
This drop is consistent with the activity loss of BOx beyond neutral pH, which is due
to the structural dependence of the T1 copper center on protonation/deprotonation
of its amino acid residue neighborhoods.'® At the same pH and potential, the cata-
lytic current reported here for the smaller cavity design was in the same range as that
obtained for larger electrodes (approximately —1.16 mA em 2,5 =2.26 cm?).

“One-pot” and "“drop coat” quinone-functionalized BPs for bioelectrocatalytic
oxidation of glucose

We then developed the first hollow enzymatic bioanodes with FAD-GDH (FAD-
glucose dehydrogenase) as a favorable alternative to glucose oxidase in terms of

specificity, activity, and stability.”’ As this enzyme does not display a DET
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mechanism, conventional quinone mediators (1,4-naphthoquinone [NQJand 1,10-
phenanthroline-5,6-dione [PLQ]) were used to ensure the protein “wiring” for
glucose oxidation via mediated electron transfer (MET) at low potentials.14 Two con-
figurations of hollow electrodes were compared: one based on BP whose nanotubes
were modified by redox mediators before the BP fabrication (one pot) and the other
based on BP modified after their elaboration (drop coat). Table ST summarizes the
composition of both the electrodes and the hollow bioelectrodes used in this work.

Voltammograms recorded in argon exhibited well-defined electrochemical pro-
cesses at E1/o,na = =185 + 10 mV and Eq/2,p.0 = —130 £ 10 mV, consistent with
surface-bound species that are accessible to the electrolyte (Figure S3). “One-
pot” electrodes displayed slightly faster electron transfer than “drop coat” elec-
trodes, as shown by the smaller AE, for each quinone (Culnaor = 30 mV vs.
Clnapc) = 97 mV and Cylpioop) = 65 mV vs. Clp apc) = 82 mV). This could be ex-
plained by the large surface coverage obtained after functionalization. The values
were estimated to be I'noor) = 3.84 1078 mol cm™2, Thioop = 1.26 1077 mol
cm~?, I'nopc) = 6.55 107 mol cm™2 and Tpiapc) = 7.18 1077 mol ecm™2 (which
represent a 16.9- and 5.6-fold increase, respectively). However, the low surface
coverage of NQ suggests that this quinone is prone to being washed away during
the one-pot fabrication. Conversely, drop coating afforded reproducible functional-
ized electrodes and allowed for the functionalization of the commercial BP support
so that the complete inner geometric surface exposed to solubilized enzyme can
participate in MET.

Next, bioelectrocatalytic studies for the glucose oxidation reaction were conducted
for all four different types of hollow bioanodes with the same enzyme loading (4 mg)
and cavity size. The significance of having a high mediator loading is clearly high-
lighted by the better efficiency of PLQ as a mediator for FAD-GDH in terms of cata-
lytic current output (turnover) compared to the NQ at electrodes with very similar
surface coverage (Figure S3). In the presence of 0.1 M glucose, CV (cyclic voltammo-
gram) showed sigmoidal current shapes that corresponded to a well-defined bio-
electrocatalytic signal that reached a nearly steady state at higher potentials. In
agreement with the calculated E;,;, values, the onset potential for glucose oxidation
was lower for NQ compared to PLQ, approximately —0.21 V and —0.14 V, respec-
tively. For one-pot hollow bioanodes, the maximum bioelectrocatalytic currents at
0.3 V reached 0.46 mA (1.20 mA cm™2, S = 0.385 cm?) with NQ and 2.88 mA
(7.48 mA cm™2, S = 0.385 cm?) when PLQ was used. For drop coat bioanodes, the
CVs exhibited similar shapes as observed for the one-pot hollow BP with maximal
current reached near 0.1 V for both quinones. The CLygpc) hollow bioanode ex-
hibited a catalytic maximum current of 4.06 mA (5.27 mA cm 2,5 =0.77 cm?), rep-
resenting a 9-fold improvement compared to the C,Lnoop) bicanode. At the
CleLopc) biocanode, a catalytic current of 5.27 mA (6.84 mA em™2, S5 =0.77 cm?d
was reached that represents a 2-fold improvement (Figure 2B). We finally evaluated
the electrocatalytic behavior at a low glucose concentration for the best-performing
hollow bioanodes. At physiologically relevant conditions (i.e., 5 mM glucose),
the bioanodes were able to generate between 0.48 and 0.55 mA (0.62-
0.71 mA cm~?) in the range of 0.1 V-0.35 V.

The long-term storage stability was evaluated by periodically recording catalytic CVs
in fresh PB buffer in the presence of 0.1 M glucose (Figure S4). For this step, elec-
trode configurations were investigated (Clnapcy, Culeioor), and Cleopc) due
to their ability to sustain the most attractive catalytic currents on day 0. After 20—
26 days with 6 tests performed for each electrode type, the drop-coat hollow
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bioanodes still exhibited ~1-1.4 mA (~1.30-1.82 mA cm™2), while less than 0.1 mA
(0.26 mA cm™~?) was obtained at the one-pot hollow bioanode after only 17 days. The
different time-dependent behaviors were not evaluated further, but evidence for a
catalytic “burst” effect was observed at day 5 to day 7 for CLp q(pc), Which is highly
unusual and could be linked to the delayed solubilization of the enzyme and/or
mediator in the cavity that results in an increased amount of electrical wiring. The
phenomena may be also ascribed to the hydrophobic and heterogeneous nature
of the BP. Moreover, the storage stability outperforms what we reported previously
using an optimized single one-pot BP bioanode based on PLQ and FAD-GDH, where
the current density dropped from almost 6 mA cm ™2 to ~1 mA cm~2 after only
10 days."*

Glucose/O; in vitro hollow EFC

After confirming the bioelectrocatalytic performance of the half-cells, a hollow-elec-
trode based EFC was mounted with the CLyop) biocathodes and the optimized
ClpLa(pc) bioanodes. The two electrodes were placed face to face in PB containing
0.1 M glucose and O,-saturated (= 1.1 mM). The tests with saturating substrate con-
centrations were chosen to identify the maximum voltage and power output that
may be reached by the device. A large OCV (open circuit potential) of 0.62 V was
observed that agrees with the estimated maximum voltage of 0.66 V from the
half-cell measurements. The OCV is notably higher than the 0.50 V obtained previ-
ously in similar conditions for a dialysis bag biofuel cell prepared with CNT bio-
pellets."’ Galvanostatic discharges were performed with currents ranging from
0.005 to 3.100 mA and an operation time of 10 s to determine the polarization (Fig-
ure S5) and power curves (Figure 2C). The shape of the polarization curves obtained
during 10 s indicates that the hollow EFCs do not exhibit excessive capacitive
discharge contributions after the first 2 s of operation. The hollow EFC produced
a maximum average power output of 0.61 + 0.05 mW (0.79 + 0.07 mW cm~2,
S =0.77 cm?), which compares to the ~0.1 mW obtained with biopellet EFCs tested
under the same conditions."’

In a side experiment, we investigated the influence of the inter-electrode spacing
(0.2-2.0 cm) between the two bioelectrodes. For these measurements, the power
was determined from the current obtained by potentiostatic discharge at 0.50 V
for 10 s (Figure 2D). These results point to a near optimal spacing of around
0.5 cm. A shorter distance (x = 0.25 cm) led to an approximately —20% decrease,
while a spacing greater than x > 1.0 cm resulted in a small but progressive decrease
down to —25% for the largest inter-electrode spacing. The results are not surprising,
considering that very closely spaced electrodes can hinder substrate diffusion while
large inter-electrode spacing can amplify ohmic losses.?” Finally, we evaluated the
storage stability of the EFC with 0.5-cm electrode spacing in terms of the power
output obtained on different days relative to the initial power output, Po. Figure 2D
shows the storage stability, revealing excellent storage stability and activity after
19 days with ~70% of the initial Po remaining. This progressive decay is attributed
to the loss of activity of the biocathode that limits the overall power performance
of the EFC. The increase in stability performance beyond 1 week is very unusual
for an in vitro EFC and points to a “catalytic boost” effect linked to biocatalyst stor-
age and solubilization effects thanks to the cavity design.

In vivo glucose/O, hollow EFC in a dialysis bag with surgical tissue

After demonstrating attractive in vitro performance under largely ideal conditions,
implantation experiments were carried out in two adult Sprague-Dawley rats,
referred to here as SDR1 and SDR2. For the in vivo EFCs, the protocols were adjusted
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Figure 3. Pictures of the final hollow EFC ex situ and of the rat with the implanted EFC and the corresponding power performance of the hollow EFCs
(A) Face and side profile photographs of the hollow EFC inside a sealed dialysis bag.

(B) Photographs taken during and after EFC implantation surgery of the rat that display the location of the implanted EFC and the electrical contact.
(C) Photograph of the rat’s abdominal implanted region (74t day of implantation) and the hollow EFC recovered after euthanasia within the adipose
tissues (above) and ex situ outside of the sealed bags (below).

(D) Evolution of the weight (l) and the OCV (A) of the rat with the implanted hollow EFC as a function of time.

(E) Estimated power profiles for the in vitro EFC () and the postmortem-explanted hollow EFC recovered on day 4 (@) and day 76 (A) analyzed in vitro
(power profiles were calculated from forward scans of anodic and cathodic CV curves given in Figure S7).

slightly to enhance sterility and biocompatibility. We utilized a dialysis bag wrapped
with a biocompatible porous mesh specifically designed for surgical applications.
Figure 3A displays photographs of the face and side profiles of the hollow EFC de-
vice within the dialysis bag. For surgery, in brief, SDR1 and SDR2 (~530 g) were anes-
thetized with isoflurane and subjected to two incisions through the skull (5 mm long)
and the abdominal wall (6-7 cm long). A surgical mesh-coated hollow EFC device
was then carefully placed on the viscera, and the abdominal wall and the skin
were sutured (complete details can be found in the supplemental information). Fig-
ure 3B depicts the location where a hollow EFC device was implanted, along with a
post-surgery photograph of the rat.

Just before implantation under in vitro non-saturated O, conditions and with 5 mM
glucose, the hollow EFCs presented an OCV of 0.49 + 0.13 V. Just after the rats had
recovered from the anesthesia used during the implantation, the hollow EFCs ex-
hibited an OCV of 0.34 + 0.05 V. Potentiostatic discharge at 75% of the OCV values

for 10 s revealed a maximum power output of 38.7 + 4.7 pW (50.3 + 6.1 uW cm~?,
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S = 0.77 cm?). Although the voltage values were much lower than those observed
under more ideal saturated substrate conditions, they were higher or similar to
the OCV values reported previously for implanted biopellet EFCs.""**** The power
output was also higher when compared with data provided in the aforementioned
literature; i.e., power outputs ranging from 2-10.4 pW. The OCV values as well as
the animal’s weight were monitored periodically. Figure 3D displays a swift drop
in OCV during the initial days following implantation, which is a common observa-
tion for in vivo EFCs. On the fourth day, both the OCV and the rat's weight reached
their most critical values of 74 + 10 mV and approximately 450 g, respectively.
Consequently, a low power output value of 0.5 + 0.1 uW was observed. The large
OCV drop is strongly correlated with the weight of the animal in this study. Since
food intake was severely reduced during the first days after surgery, it is possible
that low glycemia could at least in part explain this drop in OCV, highlighting the in-
fluence of the health state of the animal on performance in the early stages after im-
plantation. For example, metabolic effects (i.e., more limited substrate concentra-
tions available) and/or inflammatory reaction effects could hinder O, mass
transport due to poorly vascularized connective tissue around the implant and can
also result in the release of deactivating substrates.?” Due to the aforementioned
factors, SDR2 had to be euthanized on day 4, whereas SDR1 could be monitored
for 74 days. Starting from day 5, SDR1 experienced a gradual weight increase of
approximately 1.5 g day™" that is consistent with effective recovery of the rat. This
was accompanied by an OCV elevation of 2.0 + 0.2 mV day™', showing a steady
improvement in EFC performance as well as health over time. The operational
OCV beyond 1 month ranged from 0.17-0.26 V, with the maximum operational
OCV observed at around 2 months, and was still below the OCV measured after im-
plantation (0.318 V).

This time frame also corresponds to the point when the rat made an apparent full re-
covery with good weight stability (527 + 6 g) between days 60 and 74. On day 74,
the last in vivo OCV measurement (0.23 V) was recorded before the rat was eutha-
nized. After 2.5 months, it was decided to euthanize the rat according to the regu-
lations imposed by the ethics committee.

Postmortem analysis of SDR1 revealed complete skin recovery after 74 days of im-
plantation (Figure 3C). Autopsy findings showed no signs of rejection or inflamma-
tion in the visceral region where the device was implanted. The EFC device was
entirely enveloped by a thick layer of vascularized tissue (Figure 3C), which is consis-
tent with a healthy immune response and effective biocompatibility. Histological
analysis revealed that the adipose tissue was fully fused to both the artificial mesh
and the dialysis bag, as shown in Figure S6. Subsequently, the recovered hollow
EFC, after removal of the bags and adipose tissue, was immersed in 0.1 M PB (pH
7.4) containing 0.1 M glucose and O, saturation. The OCV initially increased to
0.42 V and then reached a maximum value of 0.59 V 48 h post autopsy. This almost
full recovery in OCV (—6%) suggests that the hollow EFC exhibited a high level of
robustness and remained operational even after 74 days in vivo.

In a concluding supplemental experiment, both hollow half-cells that were explanted
from SDR1 and SDR2 were examined under saturated substrate concentrations to pro-
vide further insights into the EFCs’ performance and limiting electrodes. The data
reveal well-defined bioelectrocatalytic curves for both bioanodes and biocathodes (Fig-
ure S7). Estimated power profiles were calculated from first sweeps of CV experiments
(similar to linear sweep voltammetry) to assess power loss over an extended period.
Initially, a hollow EFC could generate up to 608 + 56 uW (790 £+ 73 uW em™?) in
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Table 1. Enzymatic hollow half-cell bioelectrocatalytic performance recovered in vivo and tested
in vitro under substrate-saturated conditions

Days Half-cell Bioanode Biocathode Power output
implanted analysis (mA cm 2)a (mA cm 2)b (MW cm ?)
In vitro - - 6.06 + 0.78 -1.12 £ 0.18 790 £ 73
SDR2 4 4" day 3.20 (—53%) —0.43 (—-62%) 180
SDR1 74 76" day 0.15 (—98%) —0.29 (—74%) 49

SDR1, Sprague-Dawley rat 1; SDR2, Sprague-Dawley rat 2.

2Current density measured from CV experiments recorded at 1 mV s~ ' at 0.3 V in the presence of 0.1 M
glucose.

ECurrent density measured from CV experiments recorded at 1 mV s ™" at 0.3V in the presence of O, satu-
ration.

saturation conditions. At days 30 and 76, the maximal power output dropped to
138 pW (180 pW cm™2) and 38 pW (49 pW cm~?), respectively (Figure 3E). Table 1 com-
piles the evolution of in vivo recovered hollow half-cell bioelectrocatalytic performance
in vitro under substrate saturation conditions.

In summary, despite the exciting prospects offered by biofluids for in vivo electrical en-
ergy generation to power battery-less implanted electronic devices, significant hurdles
related to power output, lifetime, and biocompatibility remain, delaying their practical
applications. In this work, mainly addressing lifetime and biocompatibility issues, we
present the in vivo implantation of a glucose/O, EFC based on an innovative concept
of biocatalyst entrapment using carbon BPs. A hollow bioanode involving a drop-
coated quinone for a MET mechanism with FAD-GDH during catalytic glucose oxida-
tion was reported. It presented in vitro long-term storage stability greater than 25 days.
The bioelectrocatalytic performance of the hollow enzymatic half-cells was evaluated
before complete EFC characterization. A glucose/O; hollow EFC displayed attractive
0.62 V maximum voltage and 0.79 + 0.07 mW cm™2 maximum power output. More-
over, an unusual behavior linked to enzyme storage and solubilization provides
notable storage stability and activity (>80% vs. initial power output) over 19 days. Im-
planted into the abdomen of adult Sprague-Dawley rats, the glucose/O; hollow EFC
initially displayed OCV of 0.34 £ 0.05V and power output of 38.7 + 4.7 pW, followed
by a progressive loss attributed to the animal’s immune response. The OCV was moni-
tored until the animal’s health state and weight recovered over 74 days. Autopsy find-
ings showed no sign of rejection or inflammation, and vascularized tissue enveloping
the EFC demonstrated effective biocompatibility. In vitro postmortem analysis re-
vealed that the hollow half-cell structure remained intact and still presented a well-
defined bioelectrocatalytic response.

EXPERIMENTAL PROCEDURES

Materials and methods

A complete description of the materials and methods used in this study (supple-
mental experimental procedures), along with the results that directly support the
main conclusions, can be found in the supplemental information.
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