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Implantable devices harvesting energy from biological sources and based on electrochemical tfransducers are currently re-
ceiving high attention. The energy collected from the body can be utilized to activate various microelectronic devices. This arti-
cle is an overview of the recent research activity in the area of enzyme-based biofuel cells implanted in biological tissue and op-
erating in vivo. The electrical power extracted from the biological sources presents use for activating microelectronic devices for
biomedical applications. While some microelectronic devices can work within a fairly broad range of electrical operating con-
ditions, others, such as pacemakers, require precise voltage levels and voltage regulation for correct operation. Thus, certain
classes of electronic devices powered by implantable energy sources will require careful attention not only to energy and power
considerations, but also to voltage scaling and regulation. This requires appropriate interfacing between the energy harvesting
device and the energy consuming microelectronic device. The paper focuses on the problems in the present technology as well
as offers their potential solutions. Lastly, perspectives and future applications of the implanted biofuel cells are also discussed. The
considered examples include a pacemaker and a wireless signal fransfer system powered by a implantable biofuel cell extract-
ing electrical energy from biological sources.
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INTRODUCTION: BIOELECTRONICS AND
IMPLANTABLE ELECTRONICS

The scientific research and engineering
in the area of implantable bioelectronic
devices (1) have been progressing rap-
idly in the last two decades, contributing
greatly to medical and technological ad-
vances, thus producing numerous appli-
cations. Additionally, this research is
benefiting from novel achievements and
discoveries in microelectronics, comput-
ing, biotechnology, materials science, mi-
cromachinery and many other science
and technology areas. The integration of
electronic elements with biological sys-
tems, resulting in novel devices with un-
usual functionalities, attracts significant

research efforts due to the fundamental
scientific interest and the possible practi-
cal applications. The commonly used
buzzword “bioelectronics” highlights the
functional integration of two different
areas of science and engineering, biology
and electronics, to yield a novel subarea
of biotechnology (2,3). Bioelectronics is a
rapidly developing multidisciplinary re-
search direction, combining novel
achievements from electronics miniatur-
ization allowing devices to operate with
ultralow power consumption (4), the de-
velopment of flexible devices for inter-
facing with biological tissue via advances
within materials science (5), bioinspired
unconventional computing for mimick-
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ing biological information processing (6)
and many other highly innovative sci-
ence and technology areas. The novel
electronic systems based on flexible sup-
ports (7) for direct interfacing with bio-
logical tissues are very promising for im-
plantable bioelectronic devices (8)
(Figure 1).

The most challenging developments in
bioelectronics are related to biomedical
applications, particularly advancing the
direct coupling of electronic devices/
machines with living organisms, where
electronics operate in a biological envi-
ronment implanted within a living body.
This technology is already highly ad-
vanced, at least in some medical applica-
tions such as implantable cardiostimula-
tors (9,10) and various other implantable
prosthetic devices (11,12), including
vagus nerve stimulators (13,14) to treat
rheumatoid arthritis (15). The most im-
portant issue in the biotechnological en-
gineering of implantable devices is the
interface between living tissues and arti-
ficial manmade implantable devices.
Cardiac defibrillators/pacemakers, deep
brain neurostimulators, spinal cord stim-
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Figure 1. (0) Flexible bioelectronic devices allow interfacing with biological tissue. (b) A new
type of a biosensor uses flat, flexible electronics (“tattoo” bioelectronics) printed on a thin
rubbery sheet, which can stick fo human skin for at least 24 h. (Photos *a” and “b” were
kindly provided by Joseph Wang, University California San Diego, USA, and John A Rogers,
University of lllinois at Urbana-Champaign, USA, respectively.)

ulators, gastric stimulators, foot drop
implants, cochlear implants, insulin
pumps, retinal implants, implantable
neural electrodes, muscle implants and
other implantable devices must perform
their functions by directly interacting
with the respective organs to improve
their natural operation or substitute a
missing function. The development of
sophisticated implantable devices (for
example, autonomously operating in-
sulin pumps) (16) can improve the qual-
ity of life and contribute to the novel
concept of personalized medicine (17).
More sophisticated implantable devices,
such as an artificial eye (18), currently
are being designed and studied in re-
search laboratories and will come to
medical practice in the near future. Im-
plantable medical devices also can re-
store function by integrating with non-
damaged tissue within an organ. The
artificially generated electrical and
sometimes electromechanical activity in
each of these cases must be engineered
within the context of the physiological
system and its biological characteristics.
Long-term implants for different bio-
medical applications present specific en-
gineering challenges related to the mini-
mization of energy consumption,
physical miniaturization and stable per-
formance optimization. The successful
integration of machines with biological
systems requires energy sources harvest-
ing power directly from physiological
processes (19,20) to unify the energy

supply for biological and electronic/me-
chanical parts of the integrated system.

HARVESTING POWER FROM
BIOLOGICAL SOURCES—IMPLANTABLE
BIOFUEL CELLS

Harvesting power from living species
(21,22) including the human body
(19,23-25) using a broad variety of physi-
cal and chemical methods (19,26) has re-
cently attracted significant attention.
Physical methods of energy harvesting
from living species often employ trans-
ducers utilizing mechanical energy (27):
muscle stretching (28), arm/leg swings
(19), walking /running (19,29,30), heart
beats (31,32), blood flow (26), gas flow
due to respiration (19,31,33) and so on.
Different thermoelectric (19), and piezo-
electric (19) effects also can be used for
energy harvesting from a living body. It
should be noted, however, that all physi-
cal energy conversion methods are based
on complex machinery and represent an
engineering rather than a biological ap-
proach. They are highly dependent on
the human/animal physical activity and
conditions of the environment. Methods
based on the internal physiological activ-
ity rather than physical/mechanical ac-
tivity should be much more reliable for
energy harvesting due to relatively stable
physiological conditions in a living body.
Implanted devices used for electrical
power generation based on biological in-
spiration are the most biocompatible and
promising. These systems include biolog-
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ical potential gradients (34) or interfacial
electron transfer processes (that is, redox
reactions) (35). Natural biological ele-
ments, usually enzymes, interfaced with
electrodes in implantable bioelectro-
chemical systems, typically biofuel cells
(36-38), have illustrated significant
importance.

Biofuel cells (39) that extract electrical
energy by oxidizing biomolecules have
been developed based on the biocatalytic
activity of enzymes (40-49). Despite the
fact that implantable biofuel cells operat-
ing in vivo had been suggested a long
time ago (50), they are still exotic, and
highly challenging to design, bioelec-
tronic systems. While potentially im-
plantable biofuel cells have been dis-
cussed, in reality, most of the experiments
were performed in model solutions
(51-53) or at best in human serum or
blood in vitro (54,55). A few examples of
fuel cells and biosensors operating in vivo
being implanted in living organisms were
published already in the 1970s, however,
this research was not extensively contin-
ued because of many scientific and engi-
neering problems which were not possi-
ble to address at that technology level.
This research direction was reborn in the
2010s when new approaches to the effi-
cient bioelectrocatalytic processes became
possible (56) (Figure 2). Significant break-
through has been achieved in the last
three years with several papers reporting
implanted biofuel cells operating in vivo
in living animals: insects (57), mollusks
(snail and clams) (58,59), lobsters (60)
(Figure 3), rats (61-65) (Figure 4) and rab-
bits (66). The implanted biofuel cells gen-
erated electrical power by enzyme-modi-
fied electrodes, utilizing physiologically
produced “fuel” and oxygen already
abundant in biofluids. Typically, glucose
was used as the “fuel” in the freely circu-
lating hemolymph of invertebrates
(snails, clams, lobsters) (58-60) and in the
blood vessels of vertebrate animals (rats,
rabbits) (61-66).

Despite the fact that enzyme-based bio-
fuel cells progressed a lot in the last 20
years, reaching the state where the elec-
trodes operate in vivo being implanted in



2013: In vivo power Rat
supply of 0.5V, 40pW
an electronic device -
from a mammal

4

Cockroach
0.5V, 4pW

Rat
2010: 1st implanted @
glucose biofuel cell =« %25 6HW

Human beings power
their own
implanted devices?

2012: In vitro power
supply
of a pacemaker

Lobsters
0.5V, 150pW

Snail

. |05V, 8 W

1970: 1st implanted
glucose fuel cell

Figure 2. The timeline of development of implanted biofuel cells/biosensors operating in

vivo in living organisms. Note that in the early devices the catalytic electrodes were

based on inorganic materials, while later enzyme-based electrodes became available for

the in vivo operation. (The scheme is adopted from reference (56) with permission.)

living organisms, the motivation for their
design is not always clear. In most of the
published papers, the authors claim their
use as a source of sustainable power ex-
tracted from renewable biological re-
sources, while some of the researchers
emphasize their specific operation as im-
plantable devices providing power for
biomedical electronic implants. It is obvi-
ously naive to believe that enzyme-based
systems will ever produce cheap and
large enough electrical power for electri-
cal or electromechanical devices in house-
holds or industry. From the very begin-
ning of their developments, biofuel cells
were considered as potential sources of
microscale power for biomedical use
while operating in the biological environ-
ment being implanted in biological tissue
(67,68). Famous schematics of a biofuel
cell implanted in a blood vessel and ex-
tracting electrical power from oxidation
of glucose present in blood was sug-
gested by Adam Heller as early as the
1990s (Figure 5). However, this design
was not yet realized because of numerous
scientific and technological problems. In

some recent publications, nanoscale bio-
fuel cells have been suggested for har-
vesting nanopower from biological
sources (35). While numerous specula-
tive/futuristic suggestions for practical
use of nano-/micropower implantable
sources have been discussed in the litera-
ture, most of the research results are lim-
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ited to the measurements of the produced
power, optimization of bioelectrocatalytic
processes and increasing the lifetime of
the biofuel cells with no specific empha-
sis on their practical applications. One of
the recent examples of such research (58)
is shown in Figure 6. Electrodes modified
with enzymes biocatalytically oxidizing
glucose and reducing oxygen were stud-
ied by cyclic voltammetry to demonstrate
the bioelectrocatalytic processes and eval-
uate the potential difference produced by
the cathodic and anodic processes. Upon
recording cyclic voltammograms for the
PQQ-GDH-electrode (PQQ-dependent
glucose dehydrogenase; E.C. 1.1.5.2), the
anodic current corresponding to the bio-
electrocatalytic glucose oxidation was de-
veloped at the potentials more positive
than -0.1 V (versus Ag/AgCl) (Figure 6a).
The cyclic voltammograms obtained for
the laccase-modified electrode (laccase is
an oxygen reducing enzyme, E.C. 1.10.3.2)
demonstrated the cathodic bioelectrocat-
alytic current corresponding to the oxy-
gen reduction starting at 0.6 V (Figure 6b)
thus allowing about 700 mV potential dif-
ference between the anodic and cathodic
reactions. The biocatalytic electrodes
were implanted in a snail (Neohelix albo-
labris) (Figure 6¢) and current—voltage
characteristics of the biofuel cell were ob-
tained for a variable load resistance (Fig-
ure 7). The maximum power, P_.. pro-

Figure 3. Implanted biofuel cells for operating in vivo in invertebrates: (a) snail, Neohelix
albolabris; () clam, Mercenaria mercenaria; and (c) lobster (Homarus americanus). (Part
“a”is adapted from reference (68) with permission, copyright American Chemical Soci-
ety, 2012; parts “b” and “c” are adapted from references (59,60), reproduced with the
permission of the Royal Society of Chemistry.)
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Figure 4. Implanted biofuel cells operating in vivo in rafs: (a) a photograph of the catheter
implanted into the jugular vein of a rat (Raftus norvegicus) for use as a glucose/O, biofuel
cell, () an optical microscope image of the enzyme-modified electrodes inside the
catheter, (¢) the catheter surgically infroduced at the ventral surface of the living rat, (d) a
rat (Sprague Dawley) with the cremaster tissue surgically exposed to enzyme-modified bio-
catalytic electrodes, (e) the cremaster tissue exposed to the biocatalytic electrodes (close
view). (Parts “a-c” are adapted from reference (62) with permission of the Royal Society of
Chemistry; parts *d-e” are adapted from reference (65), with permission.)

duced by the implanted biofuel cell on
the optimum resistance, 20 kQ (equal to
the internal resistance of the implanted
cell), was 7.45 uW (power density ca.

30 uW-cm™) (Figure 7, inset). The current
produced by the implanted biocatalytic
electrodes rapidly decreased due to slow
glucose diffusion through the viscous bi-
ological medium; however, it was re-
stored when the electrodes were discon-
nected and glucose diffused to their
surfaces. The most impressive was the
observation that the electrical output pro-
duced by the implanted biofuel cell in-
creased upon feeding the snail, thus con-
firming that it is indeed proportional to
the physiological concentration of glu-
cose in hemolymph (snail’s analog of
blood) (Figure 6d). While the reported
results are scientifically novel and inter-
esting, particularly due to the biofuel
cell operation in vivo, the practical appli-
cability of the produced power is still
questionable.

INTERFACING IMPLANTED BIOFUEL
CELLS WITH BIOMEDICAL
MICROELECTRONIC DEVICES

Despite the fact that many papers
demonstrated power release from biofuel
cells, which may potentially be enough
for activating electronic devices, real in-
terfacing of electronics with implanted
biofuel cells was limited to very few ex-
amples. The major problem is the low
voltage produced by biofuel cells, which
is thermodynamically limited by the
redox potentials of the biological fuel
(usually glucose) and oxygen. In most of
the reported biofuel cells the open circuit
voltage hardly exceeds 0.5 V being de-
creased upon consuming current from
the cells (39—41); at best the voltage was
measured as high as 0.78 V while operat-
ing under nonphysiological conditions
(69). However, this voltage is still not
enough for most electronic devices,
which usually require several volts for
their operation. Improving efficiency of
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biofuel cells includes mostly increasing
their current production and results in a
very little effect on the voltage, which is
thermodynamically limited. It should be
noted that most papers on biofuel cells
do not discuss the problem of their inter-
facing with electronics, but remain con-
centrated on resolving internal problems
of the biofuel cells, such as current effi-
ciency, stability and so on. Two ap-
proaches have been applied to resolve
the low voltage problem: (i) assembling
biofuel cells in series electrically, thus in-
creasing the total output voltage
(59,70-72), and (ii) collecting produced
electrical energy in capacitors/charge
pumps for the burst release in short
pulses (73-76). The latter approach has
already been applied for activating a
wireless transmitting electronic device,
however using nonimplantable enzyme-
based (76,77) or microbial biofuel cells
(73). These approaches, particularly as
used with implantable enzyme-based
biofuel cells, will be exemplified and dis-
cussed below.

The first approach, based on stacking
biofuel cells, increasing the output volt-
age upon their serial connection, can be
illustrated by the biofuel cells implanted
in living lobsters (Homarus americanus)

blood
vessel

blood flow

Figure 5. Schematic futuristic vision of a
biofuel cell implanted in a blood vessel for
extracting electrical power by oxidation of
glucose.This schematics was suggested by
Adam Heller as early as in the 1990s, and
similar images are shown in numerous
wesites.
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Figure 6. A biofuel cell implanted in a snail: (@) cyclic voltammograms of the PQQ-GDH-
anode: curves b and a were obtained in the absence and presence of 20 mmol/L glu-
cose, respectively; (b) cyclic voltammograms of the laccase-cathode: curves b and a
were obtained in the absence and presence of O,, respectively. All cyclic voltammo-
grams were obtained in vitro in a buffer solution, pH 7.4, scan rate 1 mV-s™'; (c) the electri-
cal circuitry including a biofuel cell implanted in a snail and connected to a variable
load resistance; (d) variation of the voltage produced by the biofuel cell in vivo in real
fime upon feeding the snail. (Parts “a-c” are adapted from reference (68) with permission,

copyright American Chemical Society, 2012.)

(60). A single pair of the biocatalytic elec-
trodes, PQQ-GDH-anode and laccase-
cathode on the buckypaper conductive
support (buckypaper is the composite
material made of compressed multi-
walled carbon nanotubes), were im-
planted in lobster tissue in contact with
hemolymph containing glucose and oxy-
gen. The biofuel cell was connected to a
variable load resistance, producing the
voltage and current (Figure 8a). In a typi-
cal experiment, open circuit voltage, V_,
and short circuit current, I, achieved in
the biofuel cell in vivo were ca. 550 mV
and ca. 1 mA, respectively. The maxi-
mum power, P, produced in the typi-
cal experiment by the implanted biofuel
cell at the optimum resistance of 500 Q

was ca. 0.16 mW. While the generated
power might be enough for activating
some low-power microelectronic devices,
the voltage output was obviously below
the threshold required by electronics. To
increase the voltage, two pairs of the bio-
catalytic electrodes were implanted in
lobster’s tissue and connected in series
(Figure 8b). The result was quite disap-
pointing; the series connection of two
biofuel cells showed only a minor (50 to
100 mV) increase in the produced volt-
age, falling markedly short of the ex-
pected doubled voltage. This negative
experimental result was easily explained
by the low internal electrical resistance of
the lobster’s body tissue, Ry (the resist-
ance between the electrodes implanted in
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the lobster’s back at a distance of 2 cm
was ca. 180 kQ), which formed a low im-
pedance path (jumper) between the an-
odes and cathodes (Figure 8c), thus pre-
venting the desired operation of the two
fuel cells in series. To resolve the prob-
lem, two biofuel cells were implanted in
two different lobsters and then con-
nected in series (Figure 8d). In this con-
figuration the voltage output doubled, as
expected, producing enough electrical
energy to successfully activate and con-
sistently power an electronic watch, in-
tended as a “proof-of-concept” electronic
load with the minimum required voltage
of ca. 1V (Figure 9). While connecting
more living lobsters with implanted bio-
fuel cells is possible, further augmenta-
tion of the voltage by the connection of
additional lobsters to the circuit is im-
practical. Therefore, the next set of exper-
iments moved to the in vitro model sys-
tem. Again, as was demonstrated with
two biofuel cells implanted in the same
lobster, two pairs of biocatalytic elec-
trodes immersed in the same solution do
not produce drastically increased output
voltage when the electrodes are con-
nected in series (Figure 8e). Therefore,
five separate flow biofuel cells filled with
human serum solution, mimicking the
human circulatory system, were con-
nected in series (Figure 8f) resulting in a
voltage output increase up to ca. 3V,
which was already enough to activate
most microelectronic devices. Note that
the biofuel cells were connected to sepa-
rate flow pathways to prevent electrical
shortcut connections between the elec-
trodes. To illustrate the interfacing of the
biofuel flow cells with an implantable
biomedical device, a pacemaker (Affinity
DR 5330L; St. Jude Medical Inc., St. Paul,
MN, USA) was selected as an example
(60). A sealed pacemaker was cut open
and the internal battery was removed, al-
lowing the pacemaker to be wired to the
external biofuel cell (Figure 10a). When
the pacemaker was connected to the bio-
fuel flow cell (Figure 8f) it started to gen-
erate pulses, as expected. The pulses
being registered by the oscilloscope
demonstrated voltage spikes of ca. 5V
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Figure 7. Polarization curve of the biofuel cell implanted in a snail and operated in vivo.
Inset: Power generated on a variable load resistance. (Adapted from reference (58) with
permission, copyright American Chemical Society, 2012.)

with the duration of ca. 0.6 ms, separated
by the time gaps of ca. 1 s, indicative

of normal pacemaker performance (Fig-
ure 10b). Particularly important was that
the shape of the generated pulses was
characteristic of the normal behavior of
the pacemaker (10). The present result,
while being the very first to activate a
pacemaker by a biofuel cell mimicking
the human circulation system, is still
very disappointing and impractical; the
power was extracted from five indepen-
dently working biofuel cells connected to
separate fluidic channels. In other words,
translating this approach to real-world
applications, five people with an im-
planted biofuel cell, connected together
with wires, could activate only one im-
planted pacemaker. Note that five bio-
fuel cells cannot increase the voltage if
they are implanted in the same body, as
was shown with lobsters and flow cells.
Therefore, this approach cannot be prac-
tically useful, at least for the implantable
biofuel cells.

The second approach based on elec-
tronic interface devices such as charge
pumps and other forms of DC-DC con-
vertors has already been applied for the
activation of a wireless transmitting elec-
tronic device; however, using nonim-
plantable enzyme-based (76,77) or micro-

bial biofuel cells (73). The application of
an interface device to increase the volt-
age is rather well-known (78), however it
should be remembered that the voltage
increase is achieved at the expense of the
current consumed by the charge pump,
thus putting additional demand on the
current output of the biofuel cell. Im-
plantable microsize electrical energy gen-
erators connected to an electrical inter-
face can be used effectively for activating
microelectronic devices operating in the
short-pulses regime, using the time be-
tween pulses for the accumulation of en-
ergy (34). However, an implantable bio-
fuel cell connected to a charge pump and
used for the continuous operation of im-
plantable biomedical devices, for exam-
ple, a pacemaker, requires constant cur-
rent production sufficient to keep the
device continuously running. To satisfy
the high current demand for the opera-
tion of the charge pump, large biocat-
alytic electrodes (buckypaper with a geo-
metric area of 6 cm?) modified with
PQQ-GDH on the anode, and laccase on
the cathode, were used in a biofuel cell
filled with human serum solution and
operating under conditions mimicking
human physiological bloodflow (79). The
biofuel cell was connected to a variable
load resistance and polarization was
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measured, demonstrating the open cir-
cuitry voltage, V_, ca. 470 mV and short
circuitry current, I , ca. 5 mA. The bio-
fuel cell mimicking an implantable de-
vice was connected to the charge pump
and DC-DC converter interface circuit,
which was further connected to a pace-
maker (Figure 10c). To analyze the pace-
maker performance, the pacemaker out-
put leads were connected to an
implantable loop recorder (ILR), a subcu-
taneous electrocardiographic (ECG)
monitoring device. In the present setup,
it was used as a medically relevant ana-
lyzer of the electrical pulses produced by
the pacemaker receiving the power from
the biofuel cell. The loop recorder output
was read wirelessly by the sensor device
of the Medtronic CareLink Programmer,
Model 2090 (Medtronic, Minneapolis,
MN, USA), typically used for the pro-
gramming and maintenance of pacemak-
ers and loop recorders after implantation
(80). Two borderline indistinguishable
functions were generated by the ILR
upon registering the electrical pulses
produced by the pacemaker: one from
the pacemaker powered by a standard
battery, and one from the pacemaker
powered by the implantable biofuel cell.
The profound similarities in these two
results confirm the correct pacemaker
operation while receiving power from
the external biofuel cell through the
charge pump and DC-DC converter in-
terface circuit. This approach for power-
ing the pacemaker using a single biofuel
cell is already practically applicable for
future biomedical applications. Still addi-
tional research and engineering are nec-
essary to solve remaining major prob-
lems. The biocatalytic electrodes
presently used in the fluidic system op-
erating in vitro are too large to be im-
planted in a human body, thus current
efficiency should be increased to allow
for smaller electrodes.

The issue of the small current, insuffi-
cient for the continuous operation of
charge pumps, should be discussed fur-
ther because many papers are reporting
on micro- or even nano-size electrodes
(35). Indeed, when the biocatalytic elec-



Fuel Cell 1 ﬂ
\
\

Figure 8. (0-d) The cartoons showing schematically different wirings of the biocatalytic
electrodes implanted in lobsters: (o) a single pair of the biocatalytic cathode-anode elec-
frodes implanted in the lobster; (b) two pairs of the biocatalytic cathodes-anodes im-
planted intfo the same lobster and connected in series; () the electrical circuitry equiva-
lent to the wiring scheme shown in (b); (d) two pairs of the biocatalytic cathodes-anodes
implanted info two different lobsters and connected in series. (€) A flow biofuel cell with
two pairs of the biocatalytic electrodes immersed in the same solution and connected in
series. (f) The sefup composed of five separate flow biofuel cells used for powering the
pacemaker (three biofuel cells are well visible in the front row, while two other biofuel cells
are only partially visible in the back row). (Parts “a-d” and “f” are adapted from reference
(60), reproduced with permission of the Royal Society of Chemistry.)

Figure 9. The biofuel cells composed of two pairs of the biocatalytic cathodes-anodes
implanted in two lobsters wired in series and used for powering an electronic watch.

(o) The operating watch powered by the implanted biofuel cells; (b) the wiring scheme;
(c) the photo of the setup. (The figure is adapted from reference (60). reproduced with
permission of the Royal Society of Chemistry.)
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trodes are implanted in small animals
(rats, rabbits) (61-66) or even insects (57)
their size is rather small (some electrodes
have micro- or even nano-size dimen-
sions). For very small electrodes, even if
their operation is very efficient and the
generated current density is large, the
total current produced will be small and
likely insufficient for continuous opera-
tion of microelectronic devices interfaced
through the charge pump. In some cases,
these nanosized electrodes may not pro-
duce enough current to power even the
charge pump itself, let alone any addi-
tional microelectronics. Figure 11 shows
the polarization functions of various im-
planted /implantable biofuel cells, as
well as the demand curve of the charge
pump used for activating the pacemaker.
The low voltage generated by the biofuel
cell can be increased with the help of the
charge pump only if the current supplied
by the cell to the charge pump is above a
certain threshold value. In the present
plot, it is represented by any polarization
curve of the biofuel cells positioned
above the demand I-V curve of the
charge pump. It is very clear that only
the large size electrodes operating in vitro
satisfy the current demand of the charge
pump, while the biofuel cells implanted
in snails, rabbits and rats do not provide
enough current to activate the charge
pump for the continuous powering of
the pacemaker. This problem can be re-
solved by using more efficient biocat-
alytic electrodes as well as using more ef-
ficient charge pumps. From this, it is
clear that any small implanted biofuel
cells, for example, operating in insects
will never satisfy the conditions required
for the continuous operation of microelec-
tronic devices. One circumstance where
these small-size biofuel cells may still
prove useful is for devices activated for a
short time, with significant time gapes
between their active states, thus allowing
accumulation of the electrical energy for
the burst release.

It should be noted that the original fu-
turistic vision for the in vivo operation of
biofuel cells suggested their location in-
side a blood vessel (67) (Figure 5) thus
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Figure 10. (a) Open pacemaker—a close view showing the microscheme and wiring
leads connected to the external power source. Note the empty space (left part of the
device) from which the original battery was removed. (b) Oscilloscope measuring the
electrical pulses produced by the pacemaker activated by the biofuel cell. (c) Experi-
mental setup including (from right fo left): () the biofuel flow cell with the inlet/outlet
connected to a peristaltic pump (not shown in the scheme); (b) the charge pump-DC-
DC interface circuit; (¢) Affinity DR 5330L, St. Jude Medical, pacemaker; (d) Medtronic Re-
veal XT, Model 9529, implantable loop recorder (ILR); (€) sensor device for the Medtronic
Carelink Programmer, Model 2090; and (f) registered pulses generated by the pace-
maker powered by the biofuel cell. (Part “c” is adapted from reference (79), reproduced
with permission of the Royal Society of Chemistry.)

0.5

Voltage / V

Current/ mA

Figure 11. Polarization curves of the biofuel cells measured on the variable resistances,
voltage and current produced by the cell as the function of the Ohmic resistance load:
(o) an implantable biofuel cell operating in vifro in a flow device filled with a human
serum solution (79); (b) a biofuel cell implanted in a snail and operating in vivo (68); (c) a
biofuel cell implanted in a rabbit and operating in vivo (66); (d) a biofuel cell implanted
in a rat and operating in vivo (61); and (e) |-V curve characterizing the operation of a
charge pump interfaced with a pacemaker (79). Curves “c” and “d” were recalculated
from the data available in the original publications.
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microfluidic biofuel cells were the origi-
nal conceptual model of implanted bio-
fuel cells (81) assuming small size of the
implanted electrodes. However, larger
electrodes could be simply deposited on
the surface of the tissue where blood
within the capillary bed supplied glucose
and oxygen to the electrodes as it natu-
rally supplied nutrients to the tissue.
While being not limited by the blood
capillary size, the larger electrodes could
potentially generate higher current. This
approach was demonstrated recently on
the rat cremaster muscle where the bio-
catalytic electrodes were supplied with
glucose and oxygen from the tissue (65)
(Figures 4d, e). Another approach re-
sulted in the design of “tattoo” biocat-
alytic electrodes externally located on a
human body (82) and assembled in
wearable biofuel cells extracting energy
from externally accessible human bioflu-
ids, such as saliva or sweat, containing
different biofuels, for example, lactate
(83) (Figure 12). The external location of
the biocatalytic electrodes allows their
larger size, not limited by a blood vessel,
thus allowing higher power production.
Also many other issues of biocompatibil-
ity can be easier satisfied for the exter-
nally located electrodes.

The issue of the small current insuffi-
cient for the continuous operation of bio-
electronic devices such as pacemakers
might be not important for powering
electronic devices switchable in the active
mode only for a short time with relatively
long periods of time in a sleeping mode.
One exceptional example of such interfac-
ing of the implanted biofuel cell with
electronic devices for their short-time ac-
tivation was reported recently (64). The
biofuel cell was implanted in the abdomi-
nal cavity of a rat, with the wiring to the
external devices organized on the head of
the animal (Figure 13). The biofuel cell
electrical output was interfaced with an
ultra-low power boost converter (another
kind of a charge pump allowing accumu-
lation and release of the electrical energy
in short pulses) and then connected to a
light-emitting diode (LED) or a digital
thermometer as example electronic de-



Figure 12. Electrochemical tattoo biosen-
sor for real-time noninvasive lactate mon-
itoring during fithess activity. Similar exter-
nally located biocatalytic electrodes
can be used for assembling wearable
biofuel cells producing electrical power
extracted from external biofluids, for ex-
ample, sweat. (The image was kindly pro-
vided by Joseph Wang, University Califor-
nia San Diego, USA.)

vices. The system allowed flashes of the
LED and thermometer operation after pe-
riods of energy accumulation by the
boost converter. This technology cannot
be applied for activating biomedical de-
vices requiring continuous power supply,
for example, pacemakers (note that even
though pacemakers produce short electri-
cal pulses, they must be continuously
electrically active) (9,10). However, it
might be sufficient for biosensing and
data transmitting when the electronic de-
vices operate in short periods of time sep-
arated by mute time periods, allowing for
the accumulation of electrical energy. Ad-
ditionally, this approach could potentially
be used for activating implantable med-
ical biosensing devises, monitoring physi-
ological parameters and periodically
transmitting the data. For example, en-
zyme-based biocatalytic electrodes oxidiz-
ing glucose and fructose were implanted
in an orange and the in situ—produced
electrical power was used to activate

a wireless transmitting device (84) (Fig-
ure 14). The voltage management was
organized with a charge pump and en-
ergy was accumulated in a capacitor until
the voltage reached the threshold value
required by the transmitting module. The
wireless signal transmission powered by
the biofuel cell implanted in the orange
was performed in short pulses separated
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- Electronic
"
device

J

Ultra low power
boost converter

Figure 13. A biofuel cell implanted in the abdominal cavity of a rat and interfaced with a
voltage boost converter for increasing the output voltage to activate external electronic
devices: (a) electrical connection of the biofuel cell implanted in a rat (the output wires

are fixed to the rat’s skull); (b) the wiring scheme. (Part “a” is adapted from reference

(64), with permission.)

by long time periods when the system ac-
cumulated energy.

Another important problem, which
should be resolved prior to real biomed-
ical applications of implantable biofuel
cells, is the stability of such cells. The
biofuel cells presently used for activating

pacemakers can operate for hours, at best
for several days, while the current batter-
ies operating as electrical power supplies
for pacemakers provide power for at
least 10 years (9,10). Therefore, im-
planted biofuel cells will be competitive
with the presently used batteries only if

Charge on Capacitor / V o

0 1 2 3
c Time / Hours
O 00 []logs — bash — 42x12 '

euclid:logs kevin$ cat 109142136.1l09
== PUTTY log 2014.04.24 4:01:45 =~=

////the 2.2aV @ 6 mF voltage transmissions
with 3.75 cm2 electrodes

Clarkson University 108
Clarkson University 108
Clarkson University 108
Clarkson University 108

Figure 14. (o) The orange tree with an orange containing the implanted biocatalytic
electrodes. (b) Voltage variations of the supercapacitor upon charging by the biofuel cell
implanted in an orange. The asterisks show the time when the voltage reached the value
required for activation of the fransmitting device and the actual fransmission was per-
formed. (¢) The wireless transmitted message “Clarkson University” read on a computer

screen through the receiver operation.
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Figure 15. Brain-machine interface allow-
ing control of moving robotic vehicles. Rat-
robot hybrid involves implanted neural
electrodes that allow the rat’s brain signals
to control a motorized vehicle. (Photo was
kindly provided by Kunihiko Mabuchi and
Osamu Fukayama, The University of Tokyo,
Japan.)

they can operate in vivo more than 10
years, which is not achievable at the
present level of technology, at least using
enzyme-based biocatalytic electrodes. On
the other hand, there is an alternative ap-
proach to biofuel cells, where the cat-
alytic electrodes are modified instead
with inorganic materials. These biofuel
cells are called “abiotic” (85-90) and they
demonstrated excellent performance
(91-95), including operation in vivo
(91,96), to allow their competition with
the enzyme-based biofuel cells. Abiotic
biofuel cells also were successfully ap-
plied for activation of biomedical de-
vices, such as pacemakers (91,97,98). Abi-
otic biofuel cells can offer much better
stability compared with the enzyme-
based cells, at least when they operate in
clean buffer solutions. However, this ad-
vantage is not obvious for their opera-
tion in biofluids, where the high concen-
tration of biomolecules, particularly
proteins, can result in rapid inactivation
of the inorganic catalytic species due to
the biomolecular adsorption. Also, the
inorganic species do not have high selec-
tivity for catalyzing redox reactions char-

acteristic of enzymes. Thus, the anodic
oxidation of glucose may interfere with
the reduction of oxygen on the same
electrode and vice versa, resulting in a de-
crease in the voltage generated by the
cell.

CONCLUSIONS AND PERSPECTIVES

Rapid progress in science and engi-
neering has made possible and commer-
cially available many implantable bio-
medical devices, including pacemakers
(9), deep brain neurostimulators (99),
spinal cord stimulators (100) and others,
improving natural operation or substitut-
ing a missing function of a human body.
The development of sophisticated im-
plantable devices, for example, au-
tonomously operating insulin pumps
(16), can improve the quality of life and
contribute to the novel concept of per-
sonalized medicine (17). Long-term im-
plants for different biomedical applica-
tions present specific engineering
challenges related to the minimization of
energy consumption, physical miniatur-
ization and stable performance optimiza-
tion. The successful integration of ma-
chines with biological systems requires
energy sources harvesting power directly
from physiological processes (19) to
unify the energy supply for biological
and electronic/mechanical parts of the
integrated system. The design of im-
planted biofuel cells (38) operating in
vivo promises for future various medical
electronic implants powered by im-
planted biofuel cells and resulting in
bionic human-machine hybrids (101).
Aside from biomedical applications, one
can foresee bioelectronic self-powered
“cyborgs” (102) based on various ani-
mals (Figure 15) which can operate au-
tonomously using power from biological
sources and used for environmental
monitoring, homeland security and mili-
tary applications. In all bioelectronic sys-
tems, regardless their applications and
complexity, the power sources will be
highly important, and implanted biofuel
cell are promising devices for providing
electrical power extracted from the inter-
nal physiological resources.
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