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data,[3–5] forefront research in bioelec-
tronics has shown that molecular inter-
faces between cells and electronics can 
in principle be incorporated into bioelec-
tronic implants that coordinate biomarker 
monitoring and information processing 
with the production and release of protein 
therapeutics by engineered cells.[6–8] Inter-
operability between biological and elec-
tronic systems has been achieved through 
recent advances in synthetic biology that 
established programmable genetic cir-
cuits capable of implementing electronic 
control and processing principles,[9] such 
as oscillators,[10–12] analogue-to-digital con-
verters,[13] and half- and full-adders.[14,15] 
This has enabled the design of bioelec-
tronic interfaces programming cellular 
behavior with traceless physical cues pow-
ered by electricity,[16] including light,[3,6,17,18] 
magnetic fields,[19] heat,[20] and direct elec-
trical fields.[7,21]

Stimulation of engineered cells by 
light,[17] or electrical fields,[7,21] which inter-

face with synthetic signaling cascades controlling cellular mem-
brane depolarization, is particularly attractive for biomedical 
applications, as such systems can trigger fast vesicular release 
of biopharmaceuticals within minutes. This is essential for the 
treatment for medical conditions such as type-1 diabetes that 
require sophisticated dynamic control.[22–24] Electro-stimulated 
fast vesicular release is achieved either by activating recombi-
nant retinal melanopsin with blue light,[17,22] or by sensitizing 
cells to electrical fields by co-expressing the L-type voltage-gated 
channel CaV1.2 and the inwardly rectifying potassium channel 
Kir2.1 in human cells.[7]

However, currently available bioelectronics and bioelectronic 
implants, in particular those based on optogenetics, consume 
too much power to be continuously operated on rechargeable 
batteries. They have to be wirelessly powered by extracorporeal 
field generators linked to a socket outlet, which limits safety, 
convenience and mobility.[6,7,21,25] Therefore, the future develop-
ment of bioelectronics and bioelectronic implants will depend 
on the availability of a reliable, self-sufficient, implantable elec-
trical power generator.

Circulating body fluids contain a variety of high-energy 
metabolites that could in principle be harnessed to continu-
ously produce the electrical power required to operate bioel-
ectronics in a self-sufficient manner. A particularly promising 

Currently available bioelectronic devices consume too much power to be 
continuously operated on rechargeable batteries, and are often powered wire-
lessly, with attendant issues regarding reliability, convenience, and mobility. 
Thus, the availability of a robust, self-sufficient, implantable electrical power 
generator that works under physiological conditions would be transformative 
for many applications, from driving bioelectronic implants and prostheses to 
programing cellular behavior and patients’ metabolism. Here, capitalizing on 
a new copper-containing, conductively tuned 3D carbon nanotube com-
posite, an implantable blood-glucose-powered metabolic fuel cell is designed 
that continuously monitors blood-glucose levels, converts excess glucose 
into electrical power during hyperglycemia, and produces sufficient energy 
(0.7 mW cm−2, 0.9 V, 50 mm glucose) to drive opto- and electro-genetic regu-
lation of vesicular insulin release from engineered beta cells. It is shown that 
this integration of blood-glucose monitoring with elimination of excessive 
blood glucose by combined electro-metabolic conversion and insulin-release-
mediated cellular consumption enables the metabolic fuel cell to restore 
blood-glucose homeostasis in an automatic, self-sufficient, and closed-loop 
manner in an experimental model of type-1 diabetes.

ReseaRch aRticle
 

1. Introduction

Interconnected smart electronic devices are increasingly dom-
inating our daily lives and shaping new opportunities in bio-
medical sciences.[1,2] While current electronic wearables mainly 
collect and process basic physical parameters and healthcare 
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substrate seems to be blood glucose, whose postprandial spikes 
could be available for electro-metabolic conversion. Chronic 
hyperglycemia associated with diabetes mellitus affects over ten 
percent of the global population,[26] and therefore could provide 
a permanent electrical power source for bioelectronics. Further-
more, the continuous dissipation of excess metabolic energy 
by electro-metabolic conversion might also help in restoring 
blood-glucose homeostasis.

First-generation glucose-utilizing biofuel cells relying on 
purified glucose oxidase have indeed established the general 
principle of electro-metabolic conversion,[27–31] However, low 
power output, limited electron transfer, poor shelf/half-life 
of the enzyme, and biofouling of implanted electrodes have 
so far limited real-world applications.[32] Electron-transfer 
efficiency and conductance were significantly improved by 
conjugating the glucose oxidase to 1D nanomaterials such as 
graphene or multi-walled carbon nanotubes (MWCNTs),[33] 
but the fact that these biofuel cells consumed oxygen, which 
promotes hypoxia and electrode corrosion, renders them 
useless for clinical applications.[34,35] Replacing glucose oxi-
dase with electro-active metal oxides such as cupric oxide 
(CuO) embedded in 1- or 2D carbon nanocomposites indeed 
improved the stability, shelf-life and long-term performance, 
but due to the lower electron transfer rate of glucose electro-
catalysis, the power-density of these non-enzymatic glucose 
biofuel cells is not sufficient to drive bioelectronic implants.[36] 
Furthermore, the use of free-standing composites and the lack 
of a biocompatible matrix material for the electrodes has so 
far prevented the development of clinical applications of non-
enzymatic biofuels cells.[33,37–39] However, hybrid enzymatic 
biofuel cells have recently shown promising performance. 
For example, biofuel cell fabrication based on glucose-oxidase 
(GOx)-coated metallic cotton fibers or GOx-loaded carbon 
cloth (CC) generated power density (PD) of 3.7 mW cm−2 and 
1.07 mW cm−2 in 300 mm and 100 mm glucose solution respec-
tively.[40,41] Further, GOx was also coated on crosslinked CNTs 
to achieve a PD of 0.94  mW cm−2 in 200  mm glucose solu-
tion under O2 saturation.[42] In a parallel study, GOx-loaded 
organic-metallic composite-based CNT-Ag/napthalenethiol 
afforded an output PD of 1.46  mW cm−2 in the presence of 
400 mm glucose.[43] Nevertheless, these enzymatic biofuel cells 
only work at glucose concentrations of 100 mm or above, con-
siderably above the physiological glucose concentration even 
under diabetic conditions.

To overcome these issues, we have designed a hier-
archically decorated three-dimensional matrix of CuO-
MWCNTs and poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)  (PEDOT:PSS) composite (CuO-
MWCNTs-PEDOT:PSS)  and fabricated a mediator-free meta-
bolic fuel cell that constantly monitors blood-glucose levels, 
exclusively produces electricity during hyperglycemia and 
generates sufficient electricity to power and control optoge-
netic- as well as electrogenetic-based bioelectronic implants. By 
programming these bioelectronic implants for rapid release of 
insulin from engineered human cells using optogenetic or elec-
trogenetic interfaces, we have established closed-loop metabolic 
control systems that can autonomously restore glucose homeo-
stasis in experimental type-1 diabetes.

2. Results

2.1. Concept of the Metabolic Fuel Cell

We have designed an implantable metabolic fuel cell that 
plugs into mammalian energy metabolism by catalyzing the 
conversion of excess blood glucose into non-insulinogenic 
renally secreted gluconate, thereby releasing an electron and 
converting metabolic energy into electrical power (Figure 1). 
The electrical power management circuit constantly moni-
tors blood-glucose levels, and connects the metabolic fuel cell 
to wearable and mobile devices for communication, recording 
and external tuning. Its low-power boost charger and capacitor, 
charged during hyperglycemia, provide over 4 volts, which is 
sufficient to power electrogenetic and optogenetic control of 
biopharmaceutical production by implanted engineered human 
cells (Figure 1). Connection of the metabolic fuel cell to electro- 
or opto-genetic insulin production by engineered human cells 
produces a closed-loop control circuit in which the metabolic 
fuel cell is switched ON during hyperglycemia and triggers 
electro- or opto-genetic rapid release of insulin. The combined 
effect of glucose consumption by the metabolic fuel cell and 
insulin-release-mediated cellular glucose uptake restores blood-
glucose homeostasis, which switches the metabolic fuel cell 
OFF to prevent hypoglycemia (Figure  1). Since the blood-glu-
cose level itself adjusts the charge storage of the metabolic fuel 
cell, diabetes control is achieved in a completely autonomous, 
self-sufficient, and seamless manner (Figure 1).

2.2. Design of the Metabolic Fuel Cell

The metabolic fuel cell employs flexible interconnected elec-
trodes assembled by 3D monolithic amalgamation of dif-
ferent nanomaterials. The anode consists of a flexible graphite 
felt, providing 3D support for the spatially decorated CuO-
MWCNTs-PEDOT:PSS complex. While Cu(II) to Cu(III) 
transition of the CuO catalyzes the oxidation of glucose into 
gluconate, the multi-walled carbon nanotubes capture, remove 
and transport the resulting electron supported by the conduc-
tive filler, PEDOT:PSS (Figures 1, 2A). The cathode consists of a 
flexible CC providing 3D support for the carbon black (CB)-dec-
orated platinum nanoparticles (PtNP), which are deep-coated 
with Nafion to maximize and selectively harness protons from 
the anode-based glucose-to-gluconate oxidation, enabling plat-
inum-catalyzed reaction of the protons with oxygen to generate 
H2O, thus closing the electrical cycle of the metabolic fuel cell 
(Figures 1, 3A).

2.3. Characterization and Validation of the Anode

Morphological analysis of the anode by field emission scanning 
electron microscopy (FESEM) (Figure  2A-i,ii) and transmis-
sion electron microscopy (TEM) confirmed the 3D structure 
consisting of MWCNTs (≈30  nm in width) homogeneously 
coated with small aggregates of CuO nanoparticles (≈50–
150  nm in diameter) and filled with conductive PEDOT:PSS 
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(Figure 2A-iii,iv). The π–π interactions between MWCNTs and 
PEDOT:PSS harness the electrons from the CuO-mediated glu-
cose-to-gluconate conversion and improve the charge transfer 
across the entire anode toward the cathode without the need 
for any mediator (Figure  2A-iv). The anode was stable over 
time and no changes in the morphology of the 3D nanocom-
posite were observed even after 60 days of continued use, sug-
gesting that material is sufficiently robust when operating in 
an implantable metabolic fuel cell (Figure  2A-v,vi). The X-ray 
diffraction peaks match those of standard cuprous oxide 
(CuO) monoclinic-phase structure (JCPDS Card No. 48–1548) 
(Figure S1, Supporting Information).

Electrochemical characterization of the anode nanocomposite 
showed a clear set of redox peaks for CuO-MWCNTs and CuO-
MWCNTs-PEDOT:PSS; these peaks were absent in pristine 

MWCNTs, indicating that the CuO nanoparticles are indeed 
generating the redox potential (Figure 2B). Additionally, Nyquist 
impedance plots analyzed by means of a modified Randle’s 
equivalent circuit revealed that CuO was restraining the transfer 
of electrons to the MWCNTs, since charge transfer resistance 
(Rct) exclusively increased when the MWCNTs were decorated 
with the CuO nanoparticles (CuO-MWCNTs) (Figure 2C). This 
effect was compensated by the conductive filler PEDOT:PSS, 
which substantially reduced the overall Rct of the anode nano-
composite CuO-MWCNTs-PEDOT:PSS (Figure  2C; Figure S2, 
Supporting Information). The peak current increased with 
higher scan rates, and the anode peak (IPA) and cathode peak 
(IPC) currents were directly proportional to the square root of 
the scan rate, which indicates that glucose freely diffuses across 
the entire metabolic fuel cell (Figure 2D, E).

Adv. Mater. 2023, 35, 2300890

Figure 1. Schematic of the non-enzymatic metabolic fuel cell for closed-loop control of blood-glucose homeostasis. A) Operation of the metabolic 
fuel cell. After implantation, the metabolic fuel cell connects to the bloodstream. At the anode, consisting of cupric oxide (CuO) nanoparticles 
embedded into multi-walled carbon nanotubes (MWCNTs) and coated with poly-(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) 
(CuO-MWCNTs-PEDOT:PSS), glucose is catalytically converted to gluconate with concomitant generation of protons (H+) and electrons (e−). While 
gluconate is either renally cleared or enters the pentose-phosphate cycle, the electronic circuit is supplied with the electrons, and the protons travel 
to the cathode, consisting of Nafion-coated carbon black (CB)-containing platinum (Pt) nanoparticles (Pt-CB/Nafion), where they reduce oxygen to 
water (H2O). The electrons travel to the power circuit which provides a wireless interface with wearables for communication, recording and tuning, 
manages glucose sensing and processes the operation of the metabolic fuel cell at blood-glucose levels above 10 mm glucose. The harnessed electrical 
energy is used to stimulate engineered human cells to release therapeutic proteins such as insulin in response to light (optostimulation of Opto-β 
cells) or electric fields (electrostimulation of Electro-β cells). B) Closed-loop blood-glucose homeostasis. The power circuit of the metabolic fuel cell 
constantly monitors the blood-glucose levels and switches on the metabolic fuel cell when blood-glucose levels are above 10 mm. The metabolic fuel 
cell not only reduces the blood-glucose by glucose consumption but also uses the harnessed energy for electro- or opto-stimulation of rapid vesicular 
insulin release by engineered human cells. The combination of these actions reduces the blood-glucose to normal levels and the metabolic fuel cell is 
shut off. As a consequence, electro- and optostimulation ceases, as does the insulin release, providing time for an insulin refill before the next glucose 
surge occurs. The metabolic fuel cell and the human designer cells form a closed-loop control circuit that maintains blood-glucose homeostasis in an 
automatic, seamless, and self-sufficient manner.
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Amperometric glucose sensing confirmed that the anode 
nanocomposite is highly sensitive to glucose and is fully opera-
tional within the human physiological blood-glucose range 
between 5  mm and 50  mm (Figure  2F; Figure S3, Supporting 
Information).

2.4. Characterization and Validation of the Cathode

The cathode of the metabolic fuel cells was fabricated by chem-
ical deposition of PtNP on a carbon-black (CB) surface, followed 
by uniform coating with Nafion (Figure 3A). Nafion coating of 
the PtNP-CB electrode enables exclusive transfer of protons to 
the cathode, where they react with PtNP in the presence oxygen 
to form H2O. In addition, Nafion efficiently protects the elec-
trode from fouling, which enables continuous use, increases 
the longevity, and renders the metabolic fuel cell biocompatible 

for implantation. Conventional platinum cathodes used for 
classical enzyme-based biofuel cells oxidize in the presence of 
OH− radicals leading to Ostwald ripening and fouling of the 
electrode, which drastically reduce the lifetime and prevent con-
tinuous operation in an implant.[40]

Morphological analysis of the cathode by field emission scan-
ning microscopy (FESEM) and transmission electron micros-
copy (TEM) confirmed the 3D structure of the cathode nano-
composite (Figure  3A), in particular the distinct and uniform 
decoration of PtNP (Figure 3A-i,ii) (≈2–5 nm in diameter) on the 
CB surface (≈100 nm in width) as well as the uniform Nafion 
surface and PtNP-CB intersection coatings (Figure  3A-iii,iv). 
The cathode was stable for at least 60 days with no apparent 
morphological change of the 3D nanocomposite, indicating 
that material is sufficiently robust for operation in an implant-
able metabolic fuel cell (Figure  3A-v,vi). Importantly, Nafion 
increases the cohesive force between PtNP and CB as well as 

Adv. Mater. 2023, 35, 2300890

Figure 2. Anode of the non-enzymatic metabolic fuel cell. A) Schematic of the nanocomposite anode material consisting of cupric oxide (CuO) nano-
particles, multi-walled carbon nanotubes (MWCNTs), and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) immobilized on a 
graphite felt (GF). The redox transition of copper catalyzes the conversion of glucose to gluconic acid and a proton (H+) while releasing a single elec-
tron (e−). i,ii) Field emission scanning electron (FESEM) and iii,iv) transmission electron (TEM) micrographs of CuO/MWCNTs/PEDOT:PSS/graphite 
felt-modified anode material after v) 1 day and vi) 60 days (FESEM only). B) Cyclic voltammetry and C) impedance spectroscopy of MWCNTs, CuO/
MWCNTs, and CuO/MWCNTs/PEDOT:PSS electrodes. Cyclic voltammetry of the CuO/MWCNTs/PEDOT:PSS anodes with different scan rates (10, 50, 
100, 200, 300, 400, 500 mV s−1) in presence of D) 10 mm glucose and E) the corresponding correlation between current and scan rates. F) Steady-state 
amperometric profiling of CuO/MWCNTs/PEDOT:PSS catalytic glucose oxidation at 0.50 V with sequential addition of glucose.
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improving the longevity of the cathode by boosting the onset 
potential for oxygen reduction, thereby protecting metabolic 
fuel cell from biofouling in body fluids.

Cyclic voltammetry (CV) of the cathode revealed that Nafion 
reduced the electron transfer rate, and that PtNP decoration 
of the PtNP-CB nanocomposite compensated for this effect 
(Figure  3B). Likewise, impedance measurements confirmed 
that the PtNP compensated for the charge transfer resist-
ance (Rct) decrease produced by the Nafion layer (Figure  3C; 
Figure S2, Supporting Information). Nafion not only serves as 
the proton-selective membrane of the cathode, it also substan-
tially increases the overall performance, shelf-life, and longevity 
of the metabolic fuel cell (Figure  3A-v,vi). Cyclic voltammetry 
(CV) measurements confirmed that the cathode peak (IPC) and 
anode peak (IPA) currents were linearly related to the square 
root of the scan rate (Figure  3D), which indicates free diffu-
sion of glucose across the entire metabolic fuel cell (Figure 3E). 

Cyclic voltammetry (CV) also confirmed the cathode’s capacity 
to efficiently transfer electrons for conversion of protons and 
oxygen into H2O (Figure 3F).

2.5. Performance of the Metabolic Fuel Cell

Assembly of the anode and cathode provided a metabolic fuel 
cell that could be plugged into the mammalian energy system 
to efficiently generate electrical energy within the physiolog-
ical blood-glucose range of 4–50  mm (Figure 4A–D). Indeed, 
the basic metabolic fuel cell showed increasing PD  and open 
circuit voltage (OCV) with increasing blood-glucose levels 
(Figure  4A–D), matching or exceeding the performance of 
conventional non-physiological biofuel cells that, critically, 
are neither biocompatible nor implantable. Likewise, the total 
current density (CD, mA cm−2) also substantially increased 

Adv. Mater. 2023, 35, 2300890

Figure 3. Cathode of the non-enzymatic metabolic fuel cell. A) Schematic of the nanocomposite cathode material consisting of Nafion-coated carbon 
black (CB)-containing platinum nanoparticles (PtNP). The PtNPs catalyze the reduction of protons (H+) and oxygen (O2) to water (H2O). i,ii) Field 
emission scanning electron (FESEM) and iii,iv) transmission electron (TEM) micrographs of Nafion-coated platinum nanoparticle-coated carbon black-
modified cathode material (PtNP-CB/Nafion) after v) 1 day and vi) 60 days (FESEM only). B) Cyclic voltammetry and C) impedance spectroscopy of 
carbon black (CB), PtNP-CB, and Nafion-coated PtNP-CB-modified electrodes. Cyclic voltammetry of the Nafion-coated PtNP-CB cathodes with D) dif-
ferent scan rates (10, 20, 30, 40, 60, 80, and 100 mV s−1) and E) the correlation between current and scan rates. F) Cyclic voltammetry of Nafion-coated 
PtNP-CB cathodes saturated with air, nitrogen cover gas (N2), and oxygen (O2) in phosphate-buffered saline (PBS).
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under hyperglycemic conditions (Figure  4C). Thus, in prin-
ciple, the metabolic fuel cell should be able to generate suf-
ficient electrical energy (0.45 mW cm−2 (PD), 0.6  V (OCV), or 
3.6 mA cm−2 (CD)) from blood glucose (10 mm) to power pace-
makers (≈10–20 µW),[44] or to light up LEDs for optogenetics 
(≈4.6 µW).[45]

Besides utilizing blood-glucose in the physiological concen-
tration range as a metabolic energy source, an implanted meta-
bolic fuel cell has to operate in a complex tissue environment 
with strictly controlled physical (body temperature of 37 °C) and 
chemical parameters (ionic conductivity of body fluids such as 
serum, pH of 7.4). Indeed, we found that the metabolic fuel cell 
generated sufficient energy at 10  mm glucose (Figure  4E–H) 
in ionic body fluids (Figure  4E), and at physiological pH 
(Figure  4F) and temperature (Figure  4G), to boot-start a low-
power booster while amplifying the output . The performance, 
stability, and robustness of the metabolic fuel cell were pro-
filed for over a month of continuous use under physiological 
conditions (10 mm glucose, 37  °C, pH 7.4) (Figure  4H) during 

time which the device maintained up to 70% of its initial per-
formance. Furthermore, the performance could be restored to 
93% simply by washing and heating the device, thereby indi-
cating that it would be reusable (Figure S4, Supporting Infor-
mation). Considering that real-world biomedical applications 
would require intermittent operation rather than continuous 
use, the practical longevity can be expected to be even greater.

2.6. Voltage Management of Metabolic Fuel Cells

To maximize programmable power output for various applica-
tions, the metabolic fuel cells can either be stacked in series 
and/or in parallel or equipped with a power management 
circuit containing a low-power booster linked to a capacitor 
(Table S1, Supporting Information),[46,47].We therefore con-
nected basic metabolic fuel cells in different configurations (two 
or four in series, two in series, and two in parallel) and profiled 
the OCV as well as total CD in the presence of 10 mm glucose 

Adv. Mater. 2023, 35, 2300890

Figure 4. Characterization and performance analysis of the metabolic fuel cell (MFC). A) Power density, B) glucose-dependent power density, 
C) polarization curves (4, 6, 8, 10, 20, 30, 40, 50 mm glucose), and D) open circuit voltage for different glucose concentrations. Power density of MFCs 
recorded in the presence of 10 mm glucose under different conditions: E) N2-purged solutions (PBS, mouse serum, NaCl, and KOH; 0.1 m, 37 °C), 
F) N2-purged 0.1 m PBS at different pH values (pH 9.8, 7.4, 7, 6; 37 °C), G) N2-purged KOH at different temperatures (20 °C, 30 °C, 40 °C, 50 °C; 0.1 m, 
37 °C), and H) for different periods of time (1, 5, 14, 24, 32 days, 0.1 m KOH, 37 °C). I) Linear sweep voltammetry polarization and J) power curve 
for different parallel- and in-series-connected MFCs (MFC1 = 1 in-series MFC, MFC2 = 2 in-series MFCs, MFC 3 = 4 in-series and 2 in-parallel MFCs, 
MFC 4 = 4 in-series MFCs). K) Open circuit voltage profiling of a single MFC with a power-management circuit (PMC). L) Power densities of a single 
implantable MFC in vitro, an implanted MFC in a mouse and an MFC explanted after seven days.
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(Figure  4I,J). While the four-in-series configuration generated 
the highest OCV ( 1.65 V; Figure 4I; Table S1, Supporting Infor-
mation) and continuously maintained 95% of this value for 
more than 30 h (Figure S5, Supporting Information), the four-
in-series arranged in a two set-in-parallel configuration pro-
vided the highest total CD (20.71 mA cm−2, Figure 4J; Table S1, 
Supporting Information). The performance parameters of all 
the tested metabolic fuel cell configurations compare favorably 
with those of reported non-enzymatic glucose biofuel cells, and 
appear to be well suited for powering of bioelectronic devices 
(Table S1, Supporting Information). However, since implants 
combining multiple-stacked metabolic fuel cells are too big for 
real-world clinical applications, we connected a single meta-
bolic fuel cell to a power-management circuit consisting of a 
low-power boost charger collecting glucose-generated electrical 
power exclusively during hyperglycemia and charging a capac-
itor (330 µF) providing a peak voltage of over 4 volts (Figure 4K; 
Figure S6, Supporting Information).

2.7. In Vivo Characterization of Implanted Metabolic Fuel Cells

To validate the basic metabolic fuel cell in vivo, we implanted 
the device in type-1-diabetic mice and profiled the resulting 
OCV (0.42  V) (Figure  4L). While the metabolic fuel cell gen-
erated only half of its in vitro PD when implanted, the 
OCV decreased by only 15% (Figure  4L). The performance 
decrease of implanted metabolic fuel cells may be associ-
ated with the lower ionic conductivity in the tissue as well 
as possible interference due to fibrosis. However, the overall 
PD of 0.241 mW cm−2 is the highest reported to date for an 
implanted non-enzymatic metabolic fuel cell. When explanted 
and refurbished by washing, the performance of the metabolic 
fuel cells increased to over 100% of that in in vivo operation, 
which highlights the stability, robustness, and longevity of 
the device (Figure  4L). To prepare the metabolic fuel cell for 
therapeutic in vivo applications and to improve its biocompat-
ibility, we deep-coated it with FDA-licensed alginate. This did 
not significantly alter its key performance values (Figure S7, 
Supporting Information).

2.8. Closed-Loop Control of Experimental Type-1 Diabetes by 
the Implanted Metabolic Fuel Cell Stimulating Electrical-Field-
Induced Rapid Insulin Secretion

We have recently established that human cells engineered for 
ectopic co-expression of the L-type voltage-gated channel CaV1.2 
and the inwardly rectifying potassium channel Kir2.1 in human 
cells (Electroβ) rapidly release insulin in response to electrical 
field-stimulated membrane depolarization.[7] To validate autono-
mous control of electrical-field-stimulated insulin release by the 
blood glucose-powered metabolic fuel cell for closed-loop gly-
cemic control, we implanted the metabolic fuel cell connected 
to Electroβ cells into type-1-diabetic mice (Figure 5A,B).

The metabolic fuel cell was able to generate 4.2  V, which 
stimulated rapid vesicular secretion of insulin within minutes 
(Figure  5C). Since glycemic control requires repeated shots 
of insulin whenever blood-glucose levels are increasing, the 

metabolic fuel cell needs to repeatedly provide stimulating elec-
trical fields at appropriate intervals. The metabolic fuel cell was 
indeed able to power repeated hyperglycemia-triggered stimula-
tions of insulin secretion with similar release kinetics and final 
insulin doses, confirming that the device recharges its power 
and the Electroβ cells refill their insulin storage vesicles on an 
appropriate timescale to program therapeutic insulin doses 
(Figure  5D). This synchronous reversibility of the implanted 
metabolic fuel cell and the Electroβ cells is a prerequisite to estab-
lish closed-loop control for the treatment of type-1 diabetes 
(Figure 5D).

Implantation of the metabolic fuel cell connected to sub-
cutaneous microencapsulated Electroβ cells into type-1-diabetic 
mice indeed established closed-loop blood-glucose control inte-
grating hyperglycemia-driven glucose-based electrical energy 
production by the metabolic fuel cell with electrical field-stim-
ulated rapid vesicular insulin secretion to maintain real-time 
blood-glucose homeostasis (Figure  5E–H). In type-1-diabetic 
mice, blood insulin peaked within only 30 min (Figure  5E), 
restoring blood glucose to wild-type levels without overshoot to 
hypoglycemia (Figure 5F). Stable wild-type insulin (Figure 5G) 
and blood-glucose (Figure  5H) levels were maintained during 
repeated daily feeding over longer periods of time. It is impor-
tant to note that the power-management circuit of the meta-
bolic fuel cell only releases the voltage to stimulate Electroβ above 
a threshold potential of 330  mV reached at a blood-glucose 
level above 10  mm. The metabolic fuel cell stops catalyzing 
glucose-based electrical power generation as soon as normo-
glycemia (<10  mm glucose) is reached, thereby preventing 
hypoglycemia (Figure  5H). Once the glucose concentration 
rises above 10 mm, the glucose biofuel cell generates an output 
voltage above 330 mV, which activates the power-management 
circuit (PMC) and delivers an output voltage of 4.2 V. As soon 
as it drops below 10 mm, the PMC is deactivated/switched off to 
stop the stimulation process.

2.9. Closed-Loop Control Treatment of Experimental Type-1 
Diabetes by the Implanted Metabolic Fuel Cell Stimulating 
Light-Induced Rapid Insulin Secretion

Most bioelectronic implants designed for biomedical applica-
tions, in particular those based on optogenetics, will require 
more power than is needed for electric field stimulation of 
Electroβ cells.[6,18,25,48] To validate the metabolic fuel cell for 
optogenetics, we used it to power blue-light illumination of 
iβ cells, which are human pancreatic beta cells engineered for 
blue-light-stimulated vesicular secretion of insulin triggered 
by the retinal G-protein coupled receptor (GPCR) melanopsin 
(Figure 6A).[17] The implanted metabolic fuel cell was employed 
to switch on a blue-light-emitting LED during hyperglycemia; 
the LED illuminates subcutaneous microencapsulated iβ cells 
to coordinate rapid vesicular insulin release in a closed-loop 
manner (Figure  6B). The 4.2 volts generated by the metabolic 
fuel cell was indeed able to power the LED and trigger rapid 
(within minutes; Figure 6C) and repeated (Figure 6D) vesicular 
insulin release from iβ cells.

Next, we implanted the metabolic fuel cell connected to 
microencapsulated iβ cells in type-1-diabetic mice in order to 

Adv. Mater. 2023, 35, 2300890
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establish closed-loop blood-glucose control. Hyperglycemia-
driven glucose-based electrical energy generation by the 
metabolic fuel cell was successfully integrated with blue-light-
stimulated rapid vesicular insulin secretion to maintain blood-
glucose homeostasis in real time (Figure 6F–H). In the type-1-di-
abetic mice, blood insulin peaked within only 30 min (Figure 6E) 
restoring blood glucose to wild-type levels (Figure  6F). Stable 
wild-type insulin (Figure  6G) and blood-glucose (Figure  6H) 
levels were maintained during repeated daily feeding over longer 
periods of time. Blue-light illumination is only switched on 
when the metabolic fuel cell is powered at blood-glucose levels 
above 10  mm glucose, corresponding to a threshold voltage of 
330 mV, preventing hypoglycemia (Figure 6H).

3. Conclusion

Wearable and implantable electronic devices have become 
increasingly powerful for in situ monitoring of physiological 
information and providing information for real-time medical 
interventions.[36,49–51] The recent development of biomolecular 
sensors and designer cells processing and transmitting physi-
ological information to electronic devices as well as electronic 
devices programming cellular release of biopharmaceuti-
cals in response to light,[17] or direct electrical fields,[7,21,52] has 
led to the establishment of electro–genetic interfaces that 
enable reversible communication between biology and elec-
tronics,[36,53] sparking visions of novel treatments based on 

Adv. Mater. 2023, 35, 2300890

Figure 5. Metabolic fuel-cell-powered electrical field-stimulated vesicular insulin release by engineered human Electroβ cells. A) Schematic representation 
of metabolic fuel cell (MFC)-powered insulin secretion by Electroβ cells. The power management circuit of the metabolic fuel cell controls the conversion 
of blood glucose into electrical energy and provides the electrical field for the stimulation of the rapid vesicular insulin release by Electroβ cells. Electroβ 
are pancreatic β-cells engineered for constitutive expression of the L-type voltage-gated calcium channel (Cav1.2) and the inwardly rectifying potas-
sium channel (Kir2.1) as well as proinsulin to enable exclusive insulin release in response to electrical field-mediated depolarization. B) Encapsulated 
Electroβ cells implanted on the dorsal side were electro-stimulated by a metabolic fuel cell subcutaneously implanted at the dorso-ventral side of a 
mouse. C) Rapid vesicular insulin secretion by MFC-powered electrical field stimulation of Electroβ cells (MFC) compared to unstimulated Electroβ cells 
(0 V). D) Reversibility of MFC-powered insulin release by Electroβ cells electro-stimulated twice for 30 min within 5 h. E) Blood-insulin levels and F) cor-
responding blood-glucose levels of wild-type mice compared to type-1-diabetic mice implanted with MFC-stimulated and unstimulated Electroβ cells. 
G) Long-term blood-insulin and H) blood-glucose homeostasis of wild-type mice compared to type-1-diabetic mice implanted with MFC-stimulated 
and unstimulated Electroβ cells. Bars represent mean ± SEM, (n = 5). Statistical significance was calculated between stimulated and unstimulated TD1 
mice by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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bioelectronic implants.[54,55] No matter whether such bioelec-
tronic devices and implants use light as the middle-man for 
electro-genetic control,[7,17,18] or direct electro-genetic interfaces 
based on electrical fields,[21] they all require substantial elec-
trical energy to support monitoring, processing, and communi-
cation.[32] Therefore, currently available bioelectronic implants 
cannot be operated on battery power, but require wired,[18] or 
wireless power,[6,7] for continuous operation, which limits self-
sufficiency, reliability, and patient convenience. Ideally, it would 
be preferable to operate bioelectronic implants using an endog-
enous power source for self-sufficient, continuous, and reliable 
operation. In principle, body fluids contain sufficient excess 
metabolic energy in the form of fatty acids,[56] and glucose,[57] 

which could be harnessed to power bioelectronic implants as 
well as wearable electronic devices. Since fatty acid metabolism 
is functionally linked with glucose production via gluconeo-
genesis.[58,59] and glucose levels often increase and spike due to 
dietary habits and lifestyle in industrializing countries, or are 
chronically increased in diabetes, which affects over 10% of the 
global population,[60,61] excess blood sugar could be an optimal 
metabolic energy source to power bioelectronic implants.

An ideal glucose-powered metabolic fuel cell should pro-
duce high levels of electrical energy during hyperglycemic 
conditions, where blood glucose concentration exceeds 10 mm. 
First-generation glucose biofuel cells required glucose oxidase 
for catalytic breakdown of glucose into gluconate to generate 

Adv. Mater. 2023, 35, 2300890

Figure 6. Metabolic fuel-cell-powered optogenetic stimulation of vesicular insulin release by engineered human iβ-cells. A) Schematic representation of 
metabolic fuel cell (MFC)-powered blue-light-stimulated insulin secretion by iβ-cells. The power management circuit of the metabolic fuel cell controls 
the conversion of blood glucose into electrical energy and provides the electrical power for blue-light-stimulated optogenetic rapid vesicular insulin 
release by iβ-cells. iβ-cells are pancreatic β-cells engineered for constitutive expression of melanopsin as well as proinsulin to enable exclusive insulin 
release in response to blue-light illumination. B) Encapsulated iβ cells implanted on the dorsal side were illuminated by a blue-light LED powered by 
a metabolic fuel cell subcutaneously implanted at the dorso-ventral side of a mouse. C) Rapid vesicular insulin secretion by MFC-powered blue-light 
optogenetic stimulation of iβ-cells (blue light) compared to unstimulated iβ-cells (dark). D) Reversibility of MFC-powered insulin release by iβ-cells 
opto-stimulated twice for 30 min within 5 h. E) Blood-insulin levels and F) corresponding blood-glucose levels of wild-type mice compared to type-
1-diabetic mice implanted with MFC-stimulated and unstimulated iβ-cells. G) Long-term blood-insulin and H) blood-glucose homeostasis of wild-type 
mice compared to type-1-diabetic mice implanted with MFC-stimulated and unstimulated Electroβ cells. Bars represent mean ± SEM (n = 5). Statistical 
significance was calculated between stimulated and unstimulated TD1 mice by two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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electrons as a source of electrical power.[30,62] Although enzyme-
based glucose biofuel cells have seen impressive improvements 
over the past decade, boosting power-generation efficiency to 
oOCV of almost 800 mV, the limited shelf-life of the enzymes 
and the need for glucose concentrations two orders of mag-
nitude above physiological blood-sugar levels have prevented 
any biomedical applications. Typical results include: >300 mm 
glucose, 298  mV;[63]  >300  mm glucose, 370  mV;[40] 1  m glu-
cose, 750 mV;[64] 200 mm glucose, 360 mV;[65] 170 mm glucose, 
770 mV.[66]

Second-generation glucose biofuel cells replaced glucose 
oxidase with metal–organic frameworks (MOFs) containing 
mesoporous CuCo2O4 (100  mm glucose, 850  mV),[67] carbon 
nanotubes decorated with Co3O4 nanododecahedras (100  mm 
glucose, 298  mV),[68] graphene nanosheets decorated with 
nickel oxide (100  mm glucose, 750  mW),[69] or cerium oxide 
ceramics (500  mm glucose, 110  mV).[70] Although the replace-
ment of glucose oxidase by metal oxides was an important step 
in increasing the stability and longevity of glucose biofuel cells, 
their need for glucose levels orders of magnitude beyond the 
physiological range and their non-flexible rigid structure render 
them incompatible with bioelectronic implants and biomedical 
applications. The performance parameters of recently devel-
oped enzymatic and non-enzymatic glucose biofuel cells are 
compared in Table S2, Supporting Information.

Here, by integrating a hierarchically-decorated flexible 3D 
nanostructured inorganic CuO catalyst, we fabricated a meta-
bolic fuel cell generating an OCV of over 330 mV at physiolog-
ical blood-glucose concentrations. The efficient conversion of 
metabolic to electrical energy is mediated by nanocatalytic CuO, 
which converts glucose into gluconate and generates protons, 
while transferring the resulting electrons by ballistic transport 
through the backbone of MWCNTs coherently supported by the 
conductive filler PEDOT:PSS. This filler interacts with free π 
electrons on the walls of the MWCNTs, leading to π–π conjuga-
tion wherein PEDOT oligos form conductive clusters aligned 
to the PSS chains, thereby forming localized conducting grains 
which increase the ballistic transport of electrons. The resulting 
metabolic fuel cell not only efficiently sensed glucose across the 
entire physiological blood-glucose range, but also maintained 
its performance and stability over extended periods of time. The 
harnessing of electrons by the catalytic breakdown of glucose at 
the anode was combined with a smart, mediator-free nanocom-
posite Nafion-coated cathode, where incoming protons serve to 
reduce oxygen to H2O. The 3D architecture of the metabolic 
fuel cell increases the reaction area and maximizes the electron 
entrapment efficiency and transport capacity.

While today’s drug-based medications are open-loop control 
systems for which physicians generally prescribe a number of 
pills to be taken several times a day based on the patient’s body 
weight,[71,72] most metabolic activities are maintained at homeo-
static levels by closed-loop circuits in which the output feedback-
controls the input. For example, blood-glucose homeostasis 
is mainly controlled by pancreatic beta cells which constantly 
monitor blood sugar.[73] The beta cells detect postprandial blood-
glucose surges and release insulinogenic peptide hormones 
such as insulin, which promotes cellular glucose uptake and 
restores blood-glucose homeostasis. Including a power-man-
agement circuit in the metabolic fuel cell not only boosted the 

OCV to levels able to power bioelectronic devices, such as rapid 
vesicular insulin release by direct electrical field-stimulated 
Electroβ cells (1 V) or blue-light-stimulated iβ cells (3 V), but also 
enabled the fuel cell to drive electro- or opto-stimulated insulin 
release by implanted designer cells exclusively under hypergly-
cemic conditions, when the OCV rose above 330 mV. Thus, the 
metabolic fuel cell behaves like a human beta cell, constantly 
monitoring blood-glucose levels and stimulating rapid cellular 
release of insulin during hyperglycemia to restore blood-glu-
cose homeostasis. The fact that the metabolic fuel cell achieves 
the glucose-lowering effect by a combination of stimulating 
insulin release and consuming glucose for electrical power pro-
duction enables glucose homeostasis to be maintained at lower 
insulin levels, which would be therapeutically relevant, particu-
larly in cases of insulin resistance.[74,75]

In this work, we have validated our fully integrated, implant-
able, non-enzymic glucose metabolic fuel cell for closed-loop 
electro- and opto-genetic control of insulin delivery, and con-
firmed that it can restore and maintain glucose homeostasis 
in experimental type-1 diabetes. The availability of metabolic 
fuel cells converting excess metabolic energy into electrical 
power under physiological conditions can be expected to open 
up many new opportunities for application of bioelectronic 
implants as well as wearable electronic devices.

4. Experimental Section
Reagents and Materials for the Metabolic Fuel Cell and Power Circuit 

Fabrication and Characterization: Acrylic acid (C3H4O2), chloroplatinic 
acid (H2PtCl6), copper chloride dihydrate (CuCl2.H2O), glucose, 
hydroxylamine hydrochloride (NH2OH.HCl), Nafion 117 solution (cat. 
no. 70160, C7HF13O5S.C2F4), N-hydroxysuccinimide (NHS, C4H5NO3), 
phosphate-buffered saline (PBS, cat. no. P5493), N,N′-bis(acryloyl)
cystamine (BAC, C10H16N2O2S2), polycellulose ([C12H20O10]n), sodium 
borohydride (NaBH4), sodium dodecyl sulfate (SDS, NaC12H25SO4), 
1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide (EDC, C8H17N3), 
2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH, 
C8H20Cl2N6), and PEDOT:PSS were purchased from Sigma-Aldrich. 
Acetone, CB, ethanol, potassium hydroxide (KOH), and sodium 
hydroxide (NaOH) were purchased from ThermoFisher Scientific. 
MWCNTs functionalized with COOH groups were purchased from 
Nanocyl Inc. (cat. no. 7000). All reagents were used as received without 
further purification. Insulating copper wire and silver ink (cat. no. 186–
3600) were purchased from RS Components. Graphite felt (GF) (cat. no. 
G100) was purchased from Fuel Cell Store. Bio glue (cat. no: BG3510-
5-US) was purchased from CryoLife Inc. The low-power boost charger 
BQ25504 (Texas Instruments) was purchased from Digi-Key Inc. and the 
330 µF capacitor (Panasonic, tantalum capacitor; cat. no. 10TPB330M) 
from Distrelec.

Fabrication of the Metabolic Fuel Cell Anode Design: CuO was prepared 
by mixing 1.5  g of sodium dodecyl sulfate (SDS) with 200  mL ddH2O 
while stirring (1 h, 200  rpm, 50 °C), followed by sequential addition of 
100 mL of a 1:1 v/v mixture of 0.2 m CuCl2.H2O and 0.5 m KOH as well as 
of 10 mL of 0.2 m hydroxylamine hydrochloride while stirring for another 
4 h at 200 rpm and 140 °C. The CuO precipitate was washed five times 
with ddH2O by centrifugation for 5 min at 8000 × g and dried overnight 
at 180  °C.[76] Subsequently, 100  mg CuO and 10  mg of MWCNTs were 
added to 10  mL PEDOT:PSS solution (10% v/v dissolved in DMSO by 
bath sonication (Bioruptor, Diagenode), stirred (30  min, 200  rpm, 
30  °C), and probe-sonicated for 10  min (82% amplitude, 20  kHz, 
250 W, 5 s on/off cycles; Sonopuls HD4100, Bandelin Electronic GmbH) 
to produce a homogenous CuO-MWCNTs-PEDOT:PSS solution. To 
produce the anode, 1 cm2 GF (washed 5× in 75% ethanol, rinsed 5× in 
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ddH2O, dried at 60 °C overnight) were dip-coated with CuO-MWCNTs-
PEDOT:PSS solution and dried for 2 h at 150 °C four times consecutively 
to produce a uniform coating.

Cathode Design: PtNP-decorated CB (PtNP-CB) was produced by first 
dissolving 1  mg mL−1 CB powder (CB) in 100  mL 75% ethanol while 
stirring (30  min, 300  rpm, 40  °C), followed by sequential addition of 
50 mL of chloroplatinic acid (1 mg mL−1 in ddH2O) while stirring (4 h, 
300  rpm, 80 °C) and dropwise addition of 5 mL of 0.1 m NaBH4 while 
stirring for 30 min at 300 rpm and 80 °C. The PtNP-CB precipitate was 
washed five times with ddH2O by centrifugation for 5 min at 8000 × g 
and dried for 4 h at 120 °C. To produce the cathode, 1 cm2 CC (washed 
5× in propanol, rinsed 5× in ddH2O, dried overnight at 60 °C) was dip-
coated with PtNP-CB solution and dried for 2  h at 60  °C four times 
consecutively to produce a uniform coating. Nafion 117 solution was 
then drop-cast onto PtNP-CB-coated CC and the Nafion coating on 
PtNP-CB was repeated another four times before drying the cathode 
overnight at 60 °C.

Assembly: Anode and cathode were connected via thin insulated 
copper wires using silver ink and BioGlue for sealing and protection. 
Anodes and cathodes were separated and packed into a polycellulose 
membrane bag that was sealed with BioGlue.

Encapsulation of the Metabolic Fuel Cell: In order to protect and 
insulate the metabolic fuel cell from the tissue environment it was 
encapsulated in clinically licensed alginate. The metabolic fuel cell was 
packed in a cellulose dialysis membrane and further coated in alginate 
hydrogel, which is a biocompatible FDA-licensed biomaterial used in 
many proof-of-concept animal studies,[7,17,77–79] as well as in human 
clinical trials (ClinicalTrials.gov, e.g., NCT01379729, NCT00790257, 
NCT01739829).[80] The alginate shell was prepared by dissolving 
1.6  g of alginate (cat. no. 11061528; Büchi AG) in 100  mL aqueous 
solution containing 3% w/w acrylic acid, 0.01% w/w N,N′-bis(acryloyl)
cystamine (BAC) and 0.05% w/w 2,2′-azobis(2-methylpropionamidine) 
dihydrochloride (AAPH), stirring (30 min, 300 rpm, 60 °C), and dropwise 
addition of 10 mL of an aqueous solution containing 5 mL of 1% w/w 
1-ethyl-3-(-3-dimethylaminopropyl)carbodiimide (EDC) and 5 mL of 0.5% 
w/w N-hydroxysuccinimide (NHS). The metabolic fuel cell was deep-
coated by immersion first in the resulting alginate solution for 1 h and 
then for another hour in 0.1 m aqueous calcium chloride solution to gel 
the alginate. The alginate-coated metabolic fuel cells were stored at 4 °C 
until implantation.

Power-Management Circuit: A power-management circuit was 
designed for the metabolic fuel cell to harvest the energy, boost the 
voltage, and release the power to activate the blue LED or the electrical 
field at blood-glucose levels above 10  mm. The power-management 
circuit consisted of a low-power boost charger (BQ25504 Texas 
Instruments; Digi-Key Inc., cat. no. Q25504RGTT) connected to a 
330 µF capacitor (Panasonic, tantalum capacitor; cat. no. 10TPB330M, 
Diselectric) which was charged by the metabolic fuel cell to obtain 
a final output voltage of 4.2  V from the low-power boost charger. The 
circuit diagram of the power management circuit is shown in Figure S6, 
Supporting Information.

Characterization of the Metabolic Fuel Cell: Anode and cathode 
morphologies were characterized using field emission scanning electron 
microscopy (FESEM; FEI Versa 3D Dualbeam, ThermoFisher Scientific) 
and transmission electron microscopy (TEM; FEI Tecnai G2 Spirit, 
ThermoFisher Scientific). The crystal structure of the metabolic fuel 
cell was analyzed using a single-crystal diffractometer (Bruker Kappa 
Apex II, Bruker corporation, Billerica, MA, USA) set to the Kα radiation 
of Cu (λ  = 1.542 Å). Cyclic voltammetry, polarization curves, electrical 
impedance spectroscopy, and open circuit potential of the metabolic fuel 
cell were analyzed in phosphate-buffered saline (PBS; pH 7.4) at 37 °C. 
The CD, OCV, and PD were calculated based on the anode surface area. 
For electrochemical measurements, an Ag/AgCl electrode was used as 
the reference, while a platinum wire was used as the counter electrode. 
Power was calculated according to the following Equation (1):

= ×P V I  (1)

where P is power (W), V is voltage (V), and I is current (A).

Cultivation and Stimulation of Electroβ and iβ Cells: Electroβ cells (electro-
sensitive human β-cells),[7] and iβ cells (iPhone-induced insulin release 
in β-cells),[17] were monoclonal cell lines based on the 1.1.E7,[81] -derived 
glucose-insensitive pancreatic human cell line INSVesc,[7] engineered 
for constitutive expression of either i) Cav1.2 and Kir2.1 channels to 
promote rapid vesicular insulin release in response to electrical fields,[7] 
or ii) the retinal GPCR melanopsin to trigger rapid vesicular insulin 
release in response to blue light.[17,18] Both cell lines were cultivated in 
Roswell Park Memorial Institute 1640 medium (RPMI; cat. no. 72400-021, 
ThermoFisher Scientific) supplemented with 10% v/v fetal bovine serum 
(FBS, cat. no. F7524, lot no. 0001638271; Sigma-Aldrich) and optionally 
1% v/v penicillin/streptomycin solution (P/S, 100 U mL−1 penicillin and 
100 µg mL−1 streptomycin; cat. no.15140-122, lot no. 147173; ThermoFisher 
Scientific). For electrostimulation, 1  ×  105 Electroβ cells were seeded per 
well of a 6-well plate containing 1.4 mL of culture medium and cultivated 
for 24 h before they were electro-stimulated for the indicated periods of 
time using a C-Dish cover (IonOptix Inc.). Pairs of carbon electrodes 
were placed in the culture medium,[7] and connected to the metabolic 
fuel cell (4.2 V) for stimulation. For optogenetic stimulation, 1.5 × 104 iβ 
cells were seeded per well of a 96-well plate containing 100  µL of cell 
culture medium and cultivated for 24  h before they were illuminated 
for the indicated periods of time using a 96-well plate compatible blue-
light LED (475  nm, cat. no. B56L5111P; Roithner Lasertechnik GmbH) 
array cover,[7] powered by the metabolic fuel cell (4.2  V). Insulin levels 
were profiled at the indicated time points after stimulation using an 
ultrasensitive ELISA assay (cat. no. 10-1247-01; Mercordia).

Microencapsulation of Electroβ and iβ Cells: To protect the human 
Electroβ and iβ cells from the mouse immune system while enabling free 
diffusion of nutrients and therapeutic proteins such as insulin, clinical 
trial-validated, FDA-licensed alginate-based encapsulation technology 
was used.[80] Prior to microencapsulation, Electroβ and iβ cells were 
grown to 80% confluence in standard cultivation medium (DMEM, 
10% FBS), trypsinized and resuspended at 3.5  ×  107 cells per mL in 
3-(N-morpholino)propanesulfonic acid (MOPS) buffer (10  mm MOPS, 
0.85 NaCl, pH 7.2). Electroβ and iβ cells were microencapsulated in 
coherent alginate-poly(l-lysine) (PLL)-alginate microcapsules (500 cells 
per capsule) of 400 µm in diameter by mixing 7 ×  107 cells with 12 mL 
alginate (cat. no. 11061528; Büchi AG), 200  mL 0.05% PLL solution 
(cat. no. PLKB50, Alamanda Polymers). The encapsulator (B-395 Pro, 
Büchi AG) was set to the following parameters: 200 µm nozzle with a 
vibration frequency of 1000 Hz, a 25 mL syringe operated at a flow rate 
of 20 mL min−1 and 1.2 kV voltage for bead dispersion. After harvesting, 
the capsules were resuspended for 10 min in 200 mL 0.05% PLL solution 
to provide an additional layer of PLL for improved biocompatibility.

Animal Experiments. Experimental Type-1 Diabetes: Type-1 diabetic (T1D) 
mice were generated by injecting 8-week-old male wild-type C57BL/6JRJ 
mice (25  g, Janvier Labs) intraperitoneally (IP) on 4 consecutive days 
with streptozotocin (STZ; 50 mg kg−1, 0.2 m citrate buffer, pH 4.2; cat. 
no. S0130, Sigma-Aldrich) after fasting for 6  h.[82] Non-diabetic control 
animals received injections without STZ. After 1 week, the T1D status 
of the STZ-treatment group was confirmed by quantifying the persistent 
fasting hyperglycemia using clinically licensed ContourNext test strips 
and the ContourNext ONE reader (Ascensia Diabetes Care; cat. nos. 
84191451 and 85659367, respectively).

Implantation of Microencapsulated Cells and the Metabolic Fuel Cell: 
The dorsal and dorsoventral sides of the mice were shaved and the 
animals were anesthetized using 4% isoflurane and maintained under 
2% isoflurane during surgical interventions. The microencapsulated 
cells were subcutaneously implanted by injection (0.5  mL DMEM, 
5  ×  106 Electroβ or iβ cells, 500 cells per capsule) on the dorsal side 
using a standard 5  mL syringe equipped with a 21-gauge needle, 
which strategically placed the cells in the region just below the cervical 
vertebrae to minimize aseptic loosening of the microencapsulated 
cells. After stabilizing the mice for 6  h, the metabolic fuel cell was 
implanted via surgical incision subcutaneously at the dorsoventral 
side and connected either via wired platinum electrodes directly to the 
implanted Electro β cells for electrical-field-mediated stimulation or to the 
blue LED (475  nm, cat. no. B56L5111P, Roithner LaserTechnik GmbH) 
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to directly illuminate the implanted iβ cells from a distance of 5  mm. 
Blood glucose was profiled using clinically licensed ContourNext test 
strips and the ContourNext ONE reader (Ascensia Diabetes Care; cat. 
nos. 84191451 and 85659367, respectively) and blood-insulin levels were 
quantified in serum collected in Microtainer serum separator tubes 
(centrifugation 10  min, 6000 × g; cat. no. 365967, Becton Dickinson), 
using an ultrasensitive ELISA assay (cat. no. 10-1247-01, Mercordia,).

Animal Experimentation Licenses: All animal experiments were 
approved by the authorities of the Canton of Basel-Stadt, Switzerland 
(license number: 2996_34477) and conducted by P.G.R. (license number: 
LTK 5507) at the Department of Biosystems Science and Engineering 
(D-BSSE) of the ETH Zurich in Basel, Switzerland.

Statistical Analysis: All data sets were analyzed using GraphPad Prism 
software (version 8.4.3, La Jolla, CA, USA), following a two-way ANOVA t 
test. The criterion for a significant difference between data sets was p < 
0.05. All experiments data are presented as mean ± standard deviation 
(SD) for n = 3 or n = 5, as noted in the figure legends.
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