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ABSTRACT: Given the advantages of high energy density and easy deployment, -
biodegradable primary battery systems remain as a promising power source to achieve Mo /

bioresorbable electronic medicine, eliminating secondary surgeries for device retrieval. : .
el

However, currently available biobatteries are constrained by operational lifetime,
biocompatibility, and biodegradability, limiting potential therapeutic outcomes as
temporary implants. Herein, we propose a fully biodegradable primary zinc—molybdenum
(Zn—Mo) battery with a prolonged functional lifetime of up to 19 days and desirable
energy capacity and output voltage compared with reported primary Zn biobatteries. The
Zn—Mo battery system is shown to have excellent biocompatibility and biodegradability
and can significantly promote Schwann cell proliferation and the axonal growth of dorsal root ganglia. The biodegradable
battery module with 4 Zn—Mo cells in series using gelatin electrolyte accomplishes electrochemical generation of signaling
molecules (nitric oxide, NO) that can modulate the behavior of the cellular network, with efficacy comparable with that of
conventional power sources. This work sheds light on materials strategies and fabrication schemes to develop high-
performance biodegradable primary batteries to achieve a fully bioresorbable electronic platform for innovative medical
treatments that could be beneficial for health care.

KEYWORDS: fully biodegradable battery, primary zinc battery, electric field, electronic medicine, nitric oxide delivery

iodegradable electronic medicine is an emerging type of retention after operational time frames and avoid potential
B device platform that can modulate organ functions, hazardous constituents present in conventional lithium-based
improve therapeutic outcomes, and resorb safely in batteries that are often adopted in commercial implantable
physiological environments after treatment windows, eliminat- electronics.”’
ing secondary surgeries for device retrieval. Demonstrated Biodegradable batteries have been realized with biocompat-
. ; . 1 . : 7,8 1 10 . .
systems include bioresorbable cardiac pacemakers, devices ible and degradable metals,”” metal oxides, = and bioorganic
promoting nerve and neuromuscular regeneration,” " piezo- materials.”” Dissolvable metals including magnesium (Mg),
electric stimulators for cartilage regeneration,5 etc. Although zinc (Zn), molybdenungl\/zlé)), iron (Fe), tungsten (W),” and
current advances show great promise, the associated magnesium-based alloys™ ™ have been proposed as potential

electrode materials for primary batteries because of desirable
electrical conductivity, electrochemical activity, biocompati-
bility, and biodegradability. For instance, researchers have
achieved biodegradable primary batteries based on Mg anodes
such as Mg—Fe, Mg—Mo, and Mg—W cells.”®*® However, Mg

biodegradable power supply components remain the key
challenge to achieving miniaturized and robust functional
systems. Several strategies have been proposed to tackle the
problem,® including biodegradable energy storage systems
(batteries” "> and supercapacitors'*~"), biodegradable energy
transfer devices based on inductive coupling'® and photo-

voltaics,'”'® and biodegradable power harvesting devices Received: December 7, 2022
(triboelectric devices,"” piezoelectric harvesters,” etc.). In Accepted: March 2, 2023
particular, biodegradable primary batteries have attracted great Published: March 10, 2023

attention due to their high energy density, easy deployment,
and lower constrains in implantation locations. The biode-
gradable feature could eliminate unnecessary materials
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Figure 1. Schematic illustration of the fully biodegradable primary zinc—molybdenum (Zn—Mo) battery. The battery comprises Mo particle
electrodes as the cathode, Zn particle electrodes sintered by acetic acid as the anode, and normal saline solutions or hydrogels as the
electrolyte. The electric field provided by the Zn—Mo battery can stimulate the growth of dorsal root ganglia (DRG). Putting Zn—Mo
batteries in series can promote the output voltage and drive electrochemical reactions to produce signaling molecules such as nitric oxide

(NO) to modulate cellular behavior.

often undergoes intense side reactions with aqueous electro-
lytes due to its bioactivity, which limits the operational lifetime
and causes extra hydrogen production. Zn represents an
alternative candidate anode material with suppressed adverse
reactions and has a theoretical volume specific capacity up to
5822 mAh cm™>, low equilibrium potential (—0.763 V wvs
standard hydrogen electrode), and high hydrogen evolution
potential.”’~** Zn also plays an important role in biological
processes, including endocrine homeostasis, hippocampus
function, bone growth, etc.’® The National Institutes of Health
(NIH) Office of Dietary Supplements (ODS) of the U.S.
recommends a daily Zn intake of 12 mg for adults.”"
Although biobatteries with zinc anodes have been
investi§ated coupling with cathode materials such as gold
(Au),>* platinum (Pt),** or carbon nanotubes,° fully
biodegradable Zn battery systems have rarely been reported.
Dissolvable metals, alloys, and oxides (e.g, Fe,*** Mo,” W,’
iron—manganese alloy (FeMn)," and molybdenum trioxide
(M00,)"”) have been employed as cathode materials in Mg
biobatteries with great biocompatibility and performance,
which offers material strategies for biodegradable cathodes in
Zn batteries. In addition, gastric juice (pH ~2) consisting of
hydrochloric acid, potassium chloride, and sodium chloride is
often adopted as the electrolyte for Zn biobattery to improve
the output power.”’**” Different strategies have been
proposed to achieve enhanced performance in near neutral
environments, including the introduction of solid or gel
electrolytes, the construction of 3D porous anodes, surface
optimization, etc.”® For example, Zn biobatteries with desirable
characteristics have been realized in near neutral electrolytes
(e.g, 0.9% NaCl saline, gelatin—silk protein films with 2 M of
ZnSO, and 0.1 M of MnSQ,) with Zn electrodes sintered from
nanoparticles at room temperature.””***® Nevertheless, the
operational lifetime of reported zinc biobattery is limited to
around 8 days. Further materials strategies are critical to extend
the functional windows to provide sufficient power support to
ensure satisfied outcomes for electronic medicine, as tissue
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regeneration or function restoration could take weeks to
months.

Here, we develop a fully biodegradable primary battery
system composed of a Zn anode and Mo cathode materials
(Figure 1). By sintering of Zn nanoparticles using acetic acid at
room temperature, the specific surface area of the Zn electrode
can be effectively improved compared with the foil format. Mo
is selected as the cathode materials due to desirable
degradation rates, excellent electrical conductivity, and
biocompatibility,”***” enabling fully degradable Zn biobat-
teries. The dissolution rates of Mo thin films could achieve 7 X
10™* ym/h in pH 7.4 at 37 °C, and the tolerable upper intake
level of Mo for adults above 19 years old is 2000 ug daily.”"**
The discharge lifetime of Zn—Mo battery in aqueous
electrolyte up to 19 days is achieved, which exceeds the
lifetime of most reported primary biobatteries based on Mg or
Zn anodes. Zn—Mo batteries also reveal desirable biocompat-
ibility and biodegradability in biological environments. The
electric field supplied by Zn—Mo batteries is shown to
promote the proliferation of Schwann cells and the axonal
growth of dorsal root ganglia (DRG) (Figure 1). Zn—Mo
batteries have also been demonstrated as a power source to
drive the electrolysis of nitric oxide (NO) production to
regulate the behavior of cells (Figure 1). The work offers
another path toward the development of fully biodegradable
primary batteries with prolonged lifetime and sheds light on
power solutions for biodegradable and self-powered electronic
medicine.

RESULTS AND DISCUSSION

Materials Strategies and Battery Performance. Fully
biodegradable primary Zn—Mo batteries consist of Zn and Mo
electrodes with normal saline (0.9 wt % NaCl, pH ~7) or
hydrogel (gelatin with 9 wt % NaCl) as the electrolyte (Figure
1). Zn electrodes are achieved by sintering the nanoparticles at
room temperature. Due to spontaneous oxidation, a thin layer
of oxide is present on the surface of Zn particles, which affects
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Figure 2. Electrode materials and discharge characteristics of the fully degradable primary Zn—Mo battery. (a) Scanning electron microscopy
(SEM) images of Zn electrode before (i) and after (ii) room temperature sintering. (b) SEM image of the cross section of Zn electrode. (c)
SEM image of the cross section of Mo electrode. Inset indicates the enlarged view of Mo electrode. (d) Discharge behavior of Zn—Mo
batteries based on foils and sintered particles. (e) Discharge behavior of Zn—Mo batteries with sintered particles electrodes with different

current densities. (f) Long-term discharge behavior of Zn—Mo batteries

with sintered particles electrodes (current density: 5 gA/cm?). (g)

Dissolution of Zn—Mo battery at various stages after immersion in PBS (pH 7.4) at 37 °C.

the conductivity of Zn particle network.*” The use of acetic
acid solutions can gently remove the surface oxide layer,
exposing the metallic component without excessive corrosion.
In the mild acidic environment, the self-exchange of Zn and Zn
ions could occur between particles and acetic acid solutions,
through the dissolution of Zn metal and the deposition of Zn
ions.*!

Figure 2a shows the scanning electron microscopy (SEM)
images of Zn particles before and after acetic acid sintering. Zn
particles form an interconnected network after sintering, and a
significant decrease in resistivity from 20 MQ/cm to 2 /cm is
achieved. A thin layer of Zn oxide could be developed on the
newly formed surface of the porous electrodes to prevent
further oxidation. Mo particles are treated by hydrochloric acid
(HC1) solutions to remove the surface oxide layer and mixed
with the biodegradable polymer poly(lactic-co-glycolic) acid
(PLGA) to obtain the Mo electrode. The cross sections of Zn
and Mo electrodes are shown in Figure 2b,c, and the
thicknesses are around 150 and 65 um, respectively. Electro-
chemical impedance spectroscopy (EIS) measurements of Zn
and Mo electrodes are carried out in normal saline, phosphate-
buffered saline (PBS, pH ~7.4), and simulated gastric juice
(pH ~2) to investigate the impedance characteristics of foil
(20 pm) and particle electrodes. As shown in Figure S1, the
impedances of particle electrodes are mostly smaller than those
of the foil electrodes, especially in the low frequency region,
which is likely resulting from the improved effective surface
area based on metallic particles. In addition, highly acidic
electrolytes such as gastric juice tend to lower the interfacial
impedance of the Zn electrodes.
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The discharge performance of Zn—Mo batteries is tested
with normal saline as the electrolyte. The reaction occurring on
the anode is expected to be the oxidation of Zn:**

2 —_
Zn(s) “ Zn(;:l) + 2e (1)

Side reactions could also take place as Zn reacts directly with
the electrolyte, accompanied by an increase of pH near the
anode electrode. Byproducts such as Zn hydroxide or zinc
oxide (ZnO) could form as a coating layer on the surface of Zn
electrode,*" which is soluble slowly in the aqueous environ-
ments such as normal saline.””

Zn + 40H” © Zn(OH);™ + 2¢~
< ZnO + 20H + H,0 + 2¢ (2)

At the cathode, hydrogen evolution (eq 3) or oxygen reduction
(eq 4) could occur:*>*

2H,0 + 2¢” < H, + 20H" 3)
0O, + 2H,0 + 4¢ < 40H" (4)

The discharge behavior of batteries in normal saline appears in
Figure 2d. Under the same discharge current density (10 uA/
cm?), batteries with electrodes fabricated from particles
demonstrate greater output voltage around 0.6 V compared
with batteries with foil electrodes, which is similar to the
output voltage obtained in gastric acid solutions (pH ~2)
using foil electrodes (Figure S2). The results suggest that the
porous electrode based on metallic particles can ensure
desirable output voltage in near neutral environments, and
electrodes based on particles are therefore used for the rest of
the studies unless otherwise specified. The discharge behavior
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Figure 3. Fully biodegradable primary Zn—Mo batteries connected in series and associated performance. (a) Schematic illustration of the
fabrication process of integrating 4 Zn—Mo cells in series (Zn—Mo battery module) with gelatin as the electrolyte. (b) Photo of serial-
connected Zn—Mo battery module. (c) Blue LED (threshold voltage ~2.3 V) powered by 4 Zn—Mo cells in series. (d) Discharge behavior of
serial-connected Zn—Mo batteries with gelatin as the electrolyte. Discharge current: 40 gA/cm?.

with different current densities of Zn—Mo batteries appears in
Figure 2e. The output voltage decreases as the current density
increases. The corresponding calculated power densities are
summarized in Figure S2a. A power density of 6 yW/cm? is
achieved with a discharge density of 10 uA/ cm? in normal
saline. The influences of electrolytes on the discharge behavior
of Zn—Mo batteries are investigated, and the results are given
in Figure S2b,c. Strong acidic electrolyte can reduce charge
transfer resistance on the electrode surface and improve the
output characteristic, which however could also lead to severe
side reactions and the rapid consumption of Zn anode
materials. PBS can serve as an alternative electrolyte, but the
presented phosphate ions tend to form insoluble zinc
phosphates on the electrode surface and hinder long-term
operation. The prolonged lifetime of Zn—Mo battery of
approximately 19 and 12 days is demonstrated with a discharge
current density of 5 and 10 uA/ cm? in normal saline,
respectively (Figures 2f and S2d), which exceeds the reported
functional time frames of most biodegradable primary Mg and
Zn batteries. The extended operational window is attributed to
the relatively slow side reactions due to the coating of
associated byproducts (e.g, Zn hydroxide and ZnO) on the
electrode surface. It is worth mentioning that the constant
spalling and precipitation of Zn oxides and Zn hydroxides
could introduce minor instability of the discharge curve, as
shown in Figure 2f. Furthermore, the degradation rates of
metallic Mo are slower than that of Zn in aqueous solutions.
Thus, the degradation of Zn electrodes often determines the
operational time frame of the battery. Compared with
previously reported Zn primary biobatteries, the fully
biodegradable Zn—Mo cells demonstrate a prolonged lifetime,
high voltage, and comparable energy capacity (Table S1).
The degradation process of a Zn—Mo battery fabricated on a
PLGA substrate in PBS at 37 °C at various stages is shown in
Figure 2g. The electrodes gradually dissolve overtime and the
PLGA substrate degrades through swelling, hydrolysis, and
depolymerization. Obvious disintegration of electrodes and
substrate materials occurs around 25 days. The leftover of
traces of metallic electrodes are observed after 70 days, and the
constituent materials of Zn—Mo batteries completely disappear
after 85 days. Based on reported corrosion rates of Zn and Mo
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under different pH environments, strong acidic (pH <2) or
alkaline solutions (pH >12) are expected to significantly
expedite the degradation of Zn—Mo batteries.”***

Zn and Mo electrodes achieved with metallic particles and
polymeric encapsulation endow the battery with a certain level
of flexibility. As shown in Figure S3a, fabricated electrodes can
be rolled to a glass rod (5 mm in diameter) and remain
conductive, demonstrating desirable flexibility. The mechanical
properties of Zn and Mo electrodes are evaluated by tensile
tests, and the results appear in Figure S3b—d and Table S2.
The elongation at break of Zn and Mo electrodes is more than
30%. The Young’s modulus of Zn and Mo electrodes is 0.251
+ 0.092 and 0.509 + 0.267 MPa, respectively, greater than
those of pure PLGA (0.012 MPa) or gelatin electrolyte
(0.0235 MPa at 90% water content).” The battery is expected
to be able to adapt to the movements of the body without
extremely large deformation. Nevertheless, repeated bending
could create microcracks in the electrodes and provide more
pathways for the infiltration of body fluids, resulting in
accelerated degradation. Optimization of battery size, config-
uration, and encapsulation polymers could further improve
flexibility.

To promote the output performance, a fully biodegradable
primary battery module connecting 4 Zn—Mo cells in series
using biodegradable Mo powder slurry has been achieved
(Figure 3a). Gelatin, a biodegradable and biocompatible
natural hydrogel that has excellent formability with salt
concentrations of wide ranges, is adopted as the electrolyte
to facilitate battery assembly. Concentrated saline (9 wt %
NaCl, ten times that of normal saline) is incorporated in the
gel electrolyte to further improve the discharge behavior. The
photograph of the battery module appears in Figure 3b. As
shown in Figure 3c, a blue LED (threshold voltage ~2.3 V)
can be lit up by the battery module with 4 Zn—Mo cells. The
output voltage of the battery module can be improved by
increasing the number of batteries in series, and the voltage of
1, 2.2, and 3.6 V are realized with serial connection of 2, 4, and
6 batteries, respectively, with a discharge current density of 40
uA/cm?® (Figure 3d). The gradual decrease in output voltage is
probably due to the dehydration of gel electrolyte exposed in
air and the insufficient dissipation of dissolution byproducts
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Figure 4. Influence of primary Zn—Mo batteries on the growth behavior of DRG and Schwann cells. (a) Growth behavior of Schwann cells
after 3 days of culturing in the control group. (b) Growth behavior of Schwann cells after 3 days of culturing in the Zn—Mo group. (c)
Proliferation assay of Schwann cells using the CCK-8 test. (d) Schematic illustration of DRG cocultured with Zn—Mo batteries. (e) Confocal
microscope image of the DRG of the control group after 7 days of culturing. (f) Confocal microscope image of the DRG of Zn—Mo group
after 7 days of culturing. (g) Statistical analysis of the averaged neurite length of DRG of the control, Mo, Zn, and Zn—Mo groups. Data are
shown as means + standard deviations; n = 3 independent experiments per group. The SPSS software package (version 23.0) is used for the
statistical analysis, followed by one way ANOVA (¥*P < 0.01, ***P < 0.001). (h) ICP-MS analysis results of Zn release in cell culture
medium. (i) ICP-MS analysis results of Mo release in cell culture medium.

within the gel matrix which could hinder further discharge
behavior. Nevertheless, these results offer potential strategies
to promote the output voltage and discharge current density of
biodegradable Zn—Mo batteries.

Zn—Mo Batteries Offering Electric Fields to Promote
Cell Growth. To evaluate the biocompatibility and the
feasibility as a power source for electronic medicine, Zn—Mo
primary batteries are cultured with Schwann cells and DRG.
Schwann cells represent important active glial cells in
peripheral nerves and play an important role in the survival
and regeneration of damaged axons. An extra thin layer (1 ym)
of PLGA is coated on the surface of Zn and Mo electrodes to
control the release rate of metallic ions. The fluorescent images
of Schwann cells cocultured with Zn—Mo batteries and the
control group (without Zn—Mo batteries) after 3 days appear
in Figure 4a,b, and the proliferation assessment based on CCK-
8 assay is given in Figure 4c. The results suggest that the
proliferation of Schwann cells is greatly promoted in the
presence of Zn—Mo batteries, while the extracts of Zn or Mo
electrodes soaking in PBS do not show an obvious difference in
promoting cell growth compared with the control group
(Figure S4a). The release of Zn and Mo ions in the culture
medium on day 3 is analyzed by inductively coupled plasma-
optical emission spectrometry (ICP-OES), and the concen-
trations of Zn and Mo are in the range of 15—175 and 5—165
UM, respectively. The wide deviation of detected ion
concentration is probably due to varied effectiveness of the
thin PLGA encapsulation. Nevertheless, no significant adverse
effects are observed within the range of measured ion
concentrations. The electrode materials and open circuit
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voltage of Zn—Mo batteries also retain after coculturing with
Schwann cells, suggesting a stable electric field could be
provided through cell proliferation. In all, the results
demonstrate desirable biocompatibility of Zn—Mo batteries
with Schwann cells, and the electric field provided by Zn—Mo
batteries could effectively promote cell growth.

The influence of the Zn—Mo battery on axonal growth of
DRG is also investigated, and the experimental setup appears
in Figure 4d. The fluorescence microscopic images after 7 days
of culturing of the Zn—Mo, Zn, Mo, and control groups are
given in Figure 4e,f and Figure S4b,c. The statistical results of
the axon length are quantified by Image] software, and the
results appear in Figure 4g. The results suggest that Zn and Mo
electrodes possess desirable biocompatibility and Zn—Mo
batteries significantly promote axonal growth, consistent with
previously reported results with Mg batteries.* The electric
field provided by the primary Zn—Mo battery could promote
calcium activity and stimulate brain-derived neurotrophic
factor (BDNF) and associated tropomyosin kinase B (TrkB)
in the neuronal cell body, which could subsequently upregulate
the expression of regeneration-related phospholipids by
boosting cyclic adenosine monophosphate (cAMP) pathways,
assisting the axonal growth.”*® ICP-OES analysis is performed
on DRG culture medium, and the ion concentrations of Zn
and Mo are in the range of 150—250 and 20—-30 uM,
respectively (Figure 4h,i). To summarize, Zn—Mo batteries
could potentially work as electronic medicine directly by
offering an electric field to promote the proliferation of
Schwann cells and the axonal growth of DRG, which is
beneficial for peripheral nerve regeneration.
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Figure 5. Electrochemical NO generation driven by the biodegradable Zn—Mo battery module (4 cells in series). (a) Schematic diagram of
Ca® influx through TRPV1 mediated by NO. (b) Time-lapse images of Ca®" responses in HEK 293T cells expressing TRPV1 (TRPV1*)
upon DEA NONOate (10 mM) infusion. (c) Schematic illustration of electrochemical NO delivery achieved by the Zn—Mo battery module.
(d) Electrochemical generation of NO driven by the Zn—Mo battery module. (e) Individual GCaMP6s fluorescence traces for TRPV1* cells
(n = 50 cells for each condition): (i) without NaNO, (—) and with an electric field of —1.6 V provided by a potentiostat; (ii) without NaNO,
(=) and with an electric field provided by a Zn—Mo battery module; (iii) with 10 mM NaNO, (+) and with an electric field of —1.6 V
provided by a potentiostat; (iv) with 10 mM NaNO, (+) and with an electric field provided by a Zn—Mo battery module. Electric fields are
applied at 300 s (white dash line). (f) Statistical results of the maximum fluorescence intensity of TRPV1" cells. The SPSS software package
(version 23.0) is used for the statistical analysis, followed by one way ANOVA (***P < 0.001).

Zn—Mo Battery Module as a Power Source to Deliver
NO and Modulate Cell Behavior. The biodegradable
battery module consisting of 4 Zn—Mo batteries with gelatin
electrolyte is used to investigate the feasibility as the power
device to deliver NO on demand and modulate cell behavior.
As an important signaling molecule,*”** controlled NO
delivery in biological systems remains a challenge due to its
short halflife.*”>° In situ NO release has been achieved
through light triggering and electrochemical electrolysis for
treating spinal cord injury (SCI)*" and regulating biological
functions.”” Exploring biodegradable batteries as potential
power sources could offer a candidate platform for the
controlled release of NO.

To investigate the effects of NO on cellular behavior, human
embryonic kidney (HEK) 293T cells are selected in which
DNA fragments are transferred by human adenovirus type S.
Transient receptor potential vanilloid family membrane 1
(TRPV1)***® is chosen for the characterization of NO-
mediated signal transduction, since it has been demonstrated
to mediate NO-induced nociception in peripheral nervous
system of mouse response to NO stimulation.”*> The calcium
indicator GCaMP6s plasmid is cotransfected to observe NO
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associated response.”® As illustrated in Figure Sa, when TRPV1
on the cell membrane is stimulated by NO, calcium channels
are simultaneously opened, and extracellular calcium ions flow
into the cell and combine with the indicator, resulting in
changes in intracellular fluorescence intensity."” The improved
influx of calcium ions is observed after adding NO donor DEA
NONOate (10 mM) as shown in Figure Sb, demonstrating
that HEK 293T cells are successfully transfected with TRPV1
and the GCaMP6s plasmids. Nitrite (NO,™) or nitrate (NO;")
is present in biological systems and could serve as substrates to
generate NO by an enzymatic denitrification reaction.”” >’
Sodium nitrite (NaNO,) has been used for electrolytic NO
generation.49 The biodegradable Zn—Mo module (serial
connection of 4 cells) is therefore used to induce electrolysis
in NaNO, solutions (10 mM) and generate NO to modulate
the behavior of HEK 293T cells (Figure Sc), evaluating the
potential of Zn—Mo batteries as a power source for electronic
medicine with NO delivery.

The feasibility of electrochemical NO generation is first
verified in Tyrode’s solution with different concentrations of
NaNO,. NO can be generated by the reduction of nitrites:*
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Figure 6. Biocompatibility and biodegradability studies of Zn—Mo batteries. (a) Images of batteries implanted in the subdermal region of SD
rats at different stages of degradation over 12 weeks. (b) Three-dimension-rendered CT images of SD rats over 12 weeks after the
implantation of the Zn—Mo battery (red dash line indicates the implantation site). (c¢) Hematoxylin and eosin (H&E) staining images of
tissues surrounding the implantation regions; n = 3 independent experiments.

2NO; + 2¢” + 4H" « 2H,0 + 2NO (s)

The cyclic voltammetry (CV) curves are measured by a two-
electrode configuration, and the results are given in Figure SS.
In the presence of 10 mM NaNO,, response current increases
significantly at around —1.6 V and reaches the reduction peak
at approximately —1.84 V versus Pt electrode, while only broad
redox characteristics are observed in similar voltage range in
the solution without NaNO, (Figure SSa), suggesting a
potential voltage window for electrochemical NO production
which is comparable with the previous report.*” The reduction
peaks shift negatively with greater current as the NaNO,
concentration increases. The measured current over time
with different NaNO, concentrations by chronoamperometry
appears in Figure S6. In the 10 mM NaNO, solution, the
electrolysis current is greater at the reduction peak voltage
(—1.84 V) which is consistent with the CV results.

The electrolytic production of NO by the biodegradable
battery module consisting of 4 Zn—Mo cells in series is
evaluated as a function of time in Tyrode’s solution with
NaNO, (10 mM), and the results are shown in Figure 5d. The
measured output voltage provided by the battery module
during electrolysis is approximately —1.8 — —2.0 V. 3-Amino-
4-(N-methylamino)-2',7’-difluorofluorescein (DAF-FM), one
of the most sensitive fluorescence probes for capturing NO
proposed in recent years,” is used as the quantification agent,
and the corresponding calibration curve appears in Figure S7a.
The results indicate that the power offered by the
biodegradable Zn—Mo battery module successfully enables
the generation of NO (100—300 yM) and that the amount of
detected NO increases with time (Figure 5d). Electrolytic NO
production with various voltages (—1.6, —1.8, and —2.0 V)
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applied by a potentiostat is also performed (Figure S7b), and
the amount of generated NO increases monotonically with the
electrolysis time (200, 400, and 600 s). Given the similar
applied voltage, the amount of NO generated by the
biodegradable battery module is comparable to that by the
potentiostat. These results suggest that the electrochemical
generation of NO can be modulated by applied voltage and
electrolysis time. The Faraday efliciency of NO production
(FEN©) is calculated to be from 7 to 20% and increases with
the electrolysis time (Figure S7c).

Electrochemical NO generation with power sources
provided by the biodegradable Zn—Mo battery module is
then performed to modulate the activities of the HEK 293T
cells. HEK cells are immersed in Tyrode’s solution containing
0 or 10 mM NaNO,. In the first 300 s, the fluorescence
intensity remains unchanged in the absence of an electric field,
which serves as the baseline for subsequent experiments
(Figure Se). At 300 s, a voltage is supplied to the solution by a
potentiostat (—1.6 V) (Figure Se(i,iii)) or a Zn—Mo battery
module (Figure Se(ii,iv)) to trigger the electrolytic generation
of NO. A significant change in fluorescence intensity is
observed within 400—500 s in the solution with 10 mM
NaNO, (Figure Se(iiijiv)), while the fluorescence intensity
remains unchanged without NaNO, regardless of whether a
voltage is applied (Figure Se(j,ii))). The output voltage of the
battery module is measured to be approximately —1.7 V during
the electrolysis with HEK cells. Representative fluorescent
intensity changes in HEK cells triggered by NO generation
driven by Zn—Mo batteries appear in Figure S8. The maximum
fluorescence intensity of each cell is quantified, and the
statistical results are given in Figure Sf. These results confirm
that the biodegradable Zn—Mo batteries accomplish power
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supply for electrochemical NO production capable of
modulating the behavior of cellular network, with efficacy
comparable to that with power offered by an external
potentiostat. The proposed Zn—Mo primary battery system
can therefore enable an innovative and fully degradable
electronic medicine platform for controlled NO delivery,
providing timely and accurate treatments of NO associated
diseases, which could be beneficial to regulate disorders or
injuries of the nervous system at the cellular level.’** As NO
has essential roles in regulating vasodilation, facilitating spinal
cord repair, and offering chemical pathways for neuro-
modulation, the development of electrochemical generation
of NO based on fully degradable biobatteries could therefore
offer an alternative route that benefits future medical
treatments.

Finally, to evaluate the biocompatibility and biodegrad-
ability, the biodegradable Zn—Mo battery module (4 Zn—Mo
cells in series) is encapsulated with PLGA and implanted into
the subcutaneous area of the posterior back of SD rats. As
shown in Figure 6a, 2 weeks after implantation, swelling is
observed at the implantation site, which is speculated to be
related to the swelling and deformation of the battery
constituent materials and the immune response associated
with implantation surgeries. Hematology and blood chemistry
analyses at 2 weeks postoperatively show minimal differences
compared with the control group (Figure S9), indicating no
sign of significant adverse effects associated with battery
implantation. At 12 weeks postoperatively, the battery module
completely degrades, and subcutaneous tissues at the
implantation sites remain in healthy status (Figure 6a). The
degradation process of the battery module is tracked by micro-
CT, and the results at 4, 6, 8, and 12 weeks are shown in
Figure 6b. After 4 weeks of implantation, micro-CT images
show the battery in a round shape with an inner holler cavity,
probably due to the continuous swelling of polymeric
components during hydrolysis. The remaining battery
components gradually decrease in size over time and almost
disappear altogether after 12 weeks, indicating the degrad-
ability of Zn—Mo battery module in vivo. Hematoxylin and
eosin (H&E) images of the tissues at the implantation sites
appear in Figure 6¢, and results at 12 weeks postoperatively are
comparable with those of the control group, indicating
desirable biocompatibility and the complete biodegradation
of Zn—Mo batteries. The blood analysis and H&E images of
major organs in different stages are shown in Figures S9 and
S10, respectively. No significant inflammatory response is
observed.

CONCLUSION

In this work, we propose a fully biodegradable primary Zn—Mo
battery with anode electrodes based on sintered nanoparticles
and normal saline or gelatin hydrogel serves as the electrolyte.
The battery has the advantages of full degradation, prolonged
operational lifetime (up to ~19 days) and desirable output
voltage (up to ~0.7 V) and energy capacity (>1500 xWh)
compared with reported primary Zn biobatteries. The
constituent materials of Zn—Mo batteries demonstrate
excellent biocompatibility and biodegradability both in vitro
and in vivo. The biodegradable Zn—Mo batteries are shown to
promote the proliferation of Schwann cells and the axonal
growth of DRG. By the introduction of gelatin electrolyte and
putting 4 Zn—Mo cells in series, a fully biodegradable battery
module is achieved with a promoted voltage up to 2.3 V. The
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biodegradable battery module successfully works as the power
source for electrochemical NO generation and can modulate
the behavior of cellular network, with efficacy comparable to
conventional power supply.

The materials strategies and fabrication schemes proposed in
this work lay the foundation for the development of fully
bioresorbable power devices and could enable innovative,
biodegradable, and self-powered electronic medicine. Future
interesting directions include the exploration of biodegradable
primary batteries with voltage and operation time frames in a
wider range, fully implantable platform to achieve self-powered
drug delivery, the incorporation of intelligent switches to
realize on-demand electric field, the integration of multiple
drug sources capable of electrolytic production, etc. The
advancement of biodegradable power devices for electronic
medicine could have great potential in putting forward
emerging disease treatments and fulfilling unmet clinical needs.

METHODS

Fabrication of Zn—Mo Primary Batteries. Zn powders with a
particle size of 50 nm (Deco Island Gold, China) were mixed with
isopropyl alcohol (IPA) with a ratio of 1 g/3 mL by a magnetic stirrer
(IKA, Germany) at room temperature to achieve Zn slurries. Mo
powders with a particle size of 2 ym (Deke Island Gold, China) were
cleaned 3 times with diluted hydrochloric acid (10%) and anhydrous
ethanol to remove surface oxides. Mo powders, PLGA, and acetone
were mixed with the ratio of 6 g/1 g/10 mL to achieve Mo slurries.
To evaluate the characteristic of battery electrodes, Pt foils were
encapsulated with epoxy resin, exposing an area of 1 cm?® as the
current collector. The Zn slurry (100 xL) was slowly drop-cast on the
exposed area of Pt foils, and the acetic acid solution (10%) was then
uniformly added onto the surface of Zn slurries. Electrochemical
sintering was carried out at room temperature, and the remaining
acetic acid is completely dried out to achieve the Zn electrodes.
Twenty microliters of PLGA in acetone (PLGA/acetone = 1 g/10
mL) was added to the surface of the Zn electrode as a thin
encapsulation layer to stabilize the sintered structure. Similarly, the
Mo slurry was drop-cast onto the exposed surface of Pt foils to
achieve Mo electrodes. A biodegradable battery module with multiple
Zn—Mo cells in series was achieved by the process method shown in
Figure 4a. Fifty microliter Mo slurries were drop-cast on the surface of
polytetrafluoroethylene (PTFE) mold to realize Mo electrodes (0.5
cm X 0.7 cm). A 10% PLGA/acetone solution was drop-cast on top of
the Mo electrode with an area of 0.5 cm X 1.2 cm. Then the two-layer
thin film was removed from the PTFE mold, and 40 uL of Zn slurries
(0.5 cm X 0.5 cm) was drop-cast on the PLGA surface without the
Mo electrode. With the diffusion and volatilization of IPA, a small
amount of Zn powder entered the region of the Mo electrode,
forming an overlapping area with a width of 1 mm to achieve a
connection between different cells. Acetic acid was applied to realize
sintering and complete the formation of the Zn electrodes. Gelatin
with NaCl (9 wt %) served as the electrolyte for the battery module.
The gel electrolyte was obtained by mixing sodium chloride (NaCl)
and gelatin particles with deionized water with the ratio of 0.9 g/1 g/
10 mL through stirring at 40 °C for 1 h, followed by cooling and
shaping in molds with a size of 2 cm X 2 cm X 0.5 cm. The gel
electrolyte was then cut into small pieces (0.5 X 0.5 cm) and assemble
with the individual Zn—Mo battery (0.5 cm X 0.5 cm) in a sandwich
structure to achieve the serial connection of multiple Zn—Mo cells.

Materials and Characterization of Zn—Mo Batteries. Zn
electrodes before and after room temperature sintering are observed
under an SEM (Zeiss GEMINISEM 500, Germany). A potentiostat
(Gamry, USA) was used to conduct EIS tests on Zn and Mo
electrodes based on foils and particles and evaluate the differences in
charge transfer resistance. The EIS tests were conducted with a three-
electrode configuration. Normal saline (0.9 wt % NaCl, pH 7,
Leagene Biotechnology, China), PBS (pH 7.4, Solarbio, China), or
gastric juice (pH 2, Leagene Biotechnology, China) was used as the
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electrolyte, with silver/silver chloride (Ag/AgCl) and Pt as the
reference and counter electrodes, respectively. The scan frequency
ranged from 0.1 to 10,000 Hz. The electrode area was 1 cm?, and the
foil electrodes were polished with sandpaper to obtain a smooth
surface before the measurement. The evaluation of battery perform-
ance was carried out in a beaker with two electrodes immersed in the
electrolyte to assemble a primary battery with an electrode spacing of
2 cm. A multichannel battery test system (Neware, Shenzhen China)
was used to investigate the discharge behavior as a function of time,
type of electrolyte, and current densities. The discharge behavior of
the battery module with 2, 4, and 6 Zn—Mo cells in series was also
tested, with a discharge current of 10 yA, corresponding to a current
density of 40 ,uA/cmZ. The mechanical properties of Mo and Zn
electrodes were measured by micro-in situ mechanical experimental
system (CARE Test IBTC-300SL, Tianjin) with a strain rate of 1%/s.

In Vitro Studies with Schwann Cells. Schwann cells were
obtained as described previously®® and were cultured with the extract
solutions of Zn and Mo electrodes to evaluate cytocompatibility.
Detailed procedure is as follows: Zn and Mo slurries (1 uL) were
drop-cast, respectively, on top of the cell climbing sheets of the 24-
well plates to achieve Zn and Mo electrodes. PLGA/acetone solution
(10 pL) was added on top of the metallic electrodes as an
encapsulation. According to the standard ISO-10993, the ratio of
sample surface area to the volume of the medium of 1.24 cm* mL™!
was realized by covering 1.54 cm? electrode surface with 1.25 mL of
Schwann cell culture medium (DMEM/F12 (Gibco, USA), 10% FBS,
2 mmol L™ GLUTamax-1, 1X cynostreptomycin double antibody, 2
uM phloressin, 10 ng ML-1 EGF-D). After soaking for 1 and 3 days,
the extracts of Zn and Mo electrodes were collected and stored at 4
°C in the refrigerator. Schwann cells were seeded in 96-well plates
with a density of 3000 cells per well and placed in an incubator for 6
h. The culture medium was then replaced with the extracts of Zn and
Mo electrodes and cultured for 3 days. A CCK-8 kit was used to
quantify cell proliferation. Zn—Mo batteries are also cocultured with
Schwann cells to study the potential influence of electric field. 1 yuLof
Zn and Mo slurries was drop-cast onto the surface of cell climbing
sheets with a spacing of 8 mm, followed by the addition of 10 uL of
PLGA/acetone solution as an encapsulation. Schwann cells were then
seeded into 24-well plates with Zn—Mo batteries at a density of 6000
cells per well and incubated for 1, 3, and 7 days, respectively. Cell
proliferation was detected using the CCK-8 kit.

In Vitro Studies with DRG. DRG were obtained from newborn
SD rats following a previously reported procedure.”* Zn and Mo
electrodes were cocultured with DRG to explore biocompatibility and
the effects on axonal growth. Four groups of experiments were
performed: control group (without electrode materials), Zn—Mo
group (with Zn—Mo batteries), Zn group (only Zn electrodes), and
Mo group (only Mo electrodes). The electrodes were achieved on
glass culture dishes with a diameter of 6 cm, and 10 uL of PLGA was
applied for encapsulation. The electrode spacing was 2 cm. The
culture medium consisted mainly of DMEM/F12 (Gibco, USA), plus
2% B-27 (Gibco, USA), and 1% penicillin-streptomycin and was
changed every 2 days. After 7 days of culturing, DRG were stained
with specific steps as follows: cells were fixed with 4%
paraformaldehyde and cleaned 3 times with PBS (S min for each
wash). 0.1% Triton X-100 (China) solution was used for 5 min,
followed by PBS cleaning. 10% common goat serum (Solarbio,
China) was used for incubation at 37 °C for 30 min. After the goat
serum was removed, mouse anti-NF200 antibody (Sigma-Aldrich,
USA) and rabbit anti-S100 antibody (Sigma-Aldrich, USA) were
added and incubated overnight at 4 °C. Goat anti-rabbit antibody
(IgG H+L, Alexa Fluor 594, Abcam, USA) and goat anti-mouse
antibody (IgG H+L, Alexa Fluor 488, Abcam, USA) were added and
incubated at room temperature in dark conditions for 1 h, followed by
washing with PBS 3 times. 4/, 6-Diamidine-2-phenylindole dye (4’,6-
diamidino-2-phenylindole, DAPI) was added under dark conditions
to stain the nucleus for $ min, followed by cleaning with PBS three
times. Cells were observed by confocal laser microscopy (LSM780,
Zeiss, Oberkochen, Germany). The axonal growth of DRG was
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statistically analyzed using Image] software (Wayne Rasband National
Institutes of Health, USA).

NO Calibration Curves. In order to quantify the concentration of
NO generated through electrolysis, the diamino fluorescein derivative
DAF-FM was used as the fluorescent probe. DEA NONOate was used
as the NO donor to establish a calibration curve. The equivalent ratio
of DEA NONOate to NO was 1.5:1. Tyrode’s solution (Leagene
Biotechnology, China) with different concentrations of DEA
NONOate (300, 150, 75, 37.5, and 18.75 uM) was prepared.
Fluorescence probe DAF-FM was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 300 uM. DEA NONOate solutions
(100 pL) and DAF-FM solution (100 uL) were mixed in 96-well
plates, followed by standing for 20 min at room temperature. The
absorbance value of the mixed solution in 96-well plates was measured
by a microplate reader (PerkinElmer, USA), with the emission
wavelength of 495 nm and the absorption wavelength of 515 nm. The
standard calibration curve of NO was obtained by linearly fitting the
measured fluorescence intensities and concentration of NO.

Electrochemical NO Generation and Analysis. CV and
current—time (I—t) curves were first measured with a two-electrode
configuration (Pt wires as the counter and reference electrodes) with
a CHI650 potentiostat (Chenhua CHI6S0, China) to obtain suitable
electrolysis conditions. The scan rate of the CV was 20 mV/s. In a
dark environment, 100 pL of DAF-FM solution and 100 uL of
NaNO, solution were mixed in 96-well plates, and two Pt wire
electrodes were used as electrodes with a spacing of 5 mm for
electrolytic NO generation. A CHI650 potentiostat and a
biodegradable battery module (4 Zn—Mo cells in series) were used
to apply voltage for electrolysis. The voltage provided by the
potentiostat was —1.6, —1.8, and —2.0 V, and the voltage provided by
the battery module was measured to be around —1.8— —2.0 V by a
multimeter during the electrolysis process. The fluorescence
intensities of sample solutions with electrolysis for 200, 400, and
600 s were measured successively.

Transfection of HEK 293T Cells. The plasmids carrying TRPV1
and the plasmids carrying GCaMP6s were cotransfected into HEK
293T cells by the following steps: HEK 293T cells were placed in 35
mm cell culture dishes to proliferate to a density of ~70% for later
transfection. OPTI-MEM Medium (125 uL) was added to centrifuge
tubes (2 tubes, each of 1.5 mL), with Lipo 2000 (4 uL) added in one
tube and TRPV1 (1 pg) and GCaMP6s (1 ug) added in the other
tube to make a Lipo volume to total plasmid volume ratio of 2:1. The
two centrifugal tubes were then shaken for S s, centrifuged for 2 s by
hand-held centrifuge, and left to stand for 2 min. The opti-MEM
medium containing plasmids in one centrifugal tube was then mixed
with the other centrifugal tube containing Lipo, pipetted slowly to
avoid bubbles, and left still for 3—S min. All 250 uL of liquid was
slowly and evenly added into a 35 mm Petri dish and was placed in a
cell culture incubator. After 12 h, the cell status was observed and the
medium for normal feeding was replaced. After 48 h, the cells were
digested and cultured on a glass coverslip (1 cm in diameter) in a
culture dish. Twelve hours later, the adhered cells were used for
calcium imaging.

Calcium Imaging of HEK 293T Cells upon Electrolytic NO
Generation. The glass covered with transfected HEK 293T cells was
placed in a 35 mm Petri dish containing 2 mL of Tyrode’s solution.
The fluorescence intensity changes in HEK 293T cells were observed
with an inverted fluorescence microscope and recorded by a micro-
Manager software at an interval of S s. The exposure time is 33 us
(excitation wavelength at 488 nm, emission wavelength at 507 nm).
HEK 293T cells were stimulated by DEA NONOate (a NO donor).

In the case of testing transfection efficacy, 100 uL of 10 mM DEA
NONOate solution was added into the Petri dish through a
microperfusion device three hundred seconds after the experiment
started, and the change of cell fluorescence intensity was observed. In
the case of testing electrochemical NO production, the response of
HEK 293T cells upon the generation of NO driven by a potentiostat
(—1.6 V, CHI650) or a Zn—Mo battery module were measured, with
different NaNO, concentrations in Tyrode’s solution (0 or 10 mM).
Two Pt electrodes were fixed near the glass coverslip in the same Petri
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dish. After 300 s, voltage was supplied and lasted for 150 s. During the
electrolysis process, a multimeter was used to monitor the output
voltage of the battery module. Image] software was used to analyze
the changes of the fluorescence intensity of each cell over time. Three
batches of experiments were performed for each condition.

In Vivo Evaluation of Biodegradation and Biocompatibility.
The in vivo degradation of the Zn—Mo battery module with PLGA
encapsulation was investigated by using SD rats. Animal procedures
were performed in agreement with the institutional guidelines of
Tsinghua University. Protocols were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) at Tsinghua
University. With isoflurane gas anesthesia, the back skin of the
anesthetized animal was open and the battery module was implanted
at the exposed subcutaneous tissue and sutured. Micro-CT was used
to track the degradation process at various stages. Blood samples from
the tails of SD rats were collected for hematology and blood chemistry
analysis. HE staining analysis were performed on the surrounding
tissues at the implantation sites 12 weeks postoperatively.

Statistical Data Analysis. Data are shown by mean =+ standard
deviation. SPSS (IBM, USA) and PrismPad software were used for
analysis of variance (ANOVA) and independent ¢ test analysis. *P <
0.0S was considered as significant difference, with **P < 0.01, ***P <
0.001, with “ns” representing no statistical difference.
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impedance spectroscopy (EIS) characteristics of
electrodes based on foils and metallic particles in gastric juice (pH 2), phosphate-
buffered saline (PBS, pH 7.4) and normal saline (NaCl, pH 7). a, Nyquist curves of Zn
electrodes based on foils and sintered particles in different electrolytes, with enlarged view
on the right. b, Bode curves of Zn electrodes based on foils and sintered particles in
different electrolytes. ¢, Nyquist curves of Mo electrodes based on foils and metallic
particles in different electrolytes, with enlarged view on the right. d, Bode curves of Mo
electrodes based on foils and metallic particles in different electrolytes.
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Figure S2. Discharge behavior of Zn-Mo batteries with foil and particle electrodes in
gastric juice (pH 2), phosphate-buffered saline (PBS, pH 7.4) and normal saline (NaCl,
pH 7). a, Voltage and power density at different discharge current densities. b, Open circuit
potential of batteries with different electrolytes. ¢, Discharge behavior at 10 uA/cm? with
different electrolytes. d, Long-term discharge behavior of Zn-Mo batteries based on particle

electrodes at 10 pA/cm?.
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Figure S3. Mechanical properties of Zn-Mo battery materials. a, Photographs of Zn and
Mo electrodes demonstrating a certain level of flexibility. b, ¢, d, Mechanical stress-strain
curves of Mo electrode, Zn electrode and pure PLGA film, at a strain rate of 1%l/s.



[V
o
(2]

= 1 day
E 1.0 e 3days
o
n
S
[ ] | |

o5 °* .
«© e ]
X
(]
(]

Control Mo Zn

Figure S4. Influence of Zn and Mo electrodes on proliferation of Schwann cells and
the growth behavior of DRG. a, Proliferation assay of Schwann cells using the CCK-8 test.
b, ¢, Confocal images of the DRG in the Zn and Mo groups. n = 3 independent experiments.
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Figure S5. CV curves with different concentrations of NaNO, in Tyrode's solution.
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Figure S6. I-t curves of NO generation with different concentrations of NaNO, in
Tyrode's solution. a, 0 mM. b, 10 mM. ¢, 20 mM.
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Figure S7. Characteristics of the electrochemical generation of NO. a, Calibration curve
of NO quantification using DEA NONOate and DAF-FM. b, Electrochemical generation of
NO driven by potentiostat and the Zn-Mo battery module. ¢, Corresponding calculated
faradic efficiency (FE) of NO generation.
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Figure S8. Representative fluorescent intensity changes in HEK cells triggered by NO
generation driven by Zn-Mo batteries. a, Time-lapse images of Ca?* responses in TRPV1*
cells upon the production of NO by the Zn-Mo battery module. b, Representative trace of the
fluorescent intensity of TRPV1* cell response to the production of NO. n = 3 independent
experiments.
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Figure S9. Hematology (a) and blood chemistry (b) analysis of SD rats implanted with
Zn-Mo batteries (experimental group) and the control group. Abbreviations and
corresponding units include, RBC: red blood cell (x1,000,000 pL'); HGB: blood
haemoglobin level (g dL-'); HCT: haematocrit level (%); MCV: mean corpuscular volume (fL);
MCH: mean corpuscular haemoglobin (pg); MCHC: mean corpuscular haemoglobin
concentration (g dL-'); RDW: red cell distribution width (%); PLT: platelet count in blood
(x1,000 pL-"); MPV: mean platelet volume (fL); WBC: white blood cell (x1,000 uL-'); NEUT:
neutrophils (x1,000 pL"); LYMPH: lymphocytes (x1,000 upL'); NEU: percentage of
neutrophils (%); LYMP: percentage of lymphocytes (%); MONO: percentage of monocytes
(%); EOS: percentage of eosinophils (%); BASO: percentage of basophils ALT: alanine
aminotransferase (U L-'); AST: aspartate transaminase (U L'); ALP: alkaline phosphatase
(U L); ); TP: total protein (g dL-"); : ALB: albumin (g dL"); GLO: globulin (g dL"); A/G:
albumin to globulin ratio; ); UREA: blood urea nitrogen (mg dL-"); CREA: creatinine (mg dL"");
Ca: calcium (mg dL-"); P: phosphorus (mg dL-'). n = 3 independent experiments. Data are
represented as mean + standard deviation.
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Figure $S10. Hematoxylin and eosin (H&E) staining images of major organs of SD rats
(heart, liver, spleen, lung and kidney) at different stages after the implantation of the
Zn-Mo battery module. n = 3 independent experiments.



Table S1. Comparison of reported primary Zn biobatteries.

Energy
Voltage Power . ] .
Materials Electrolyte Lifetime capacity Degradability Ref
V) (W)
(uWh)
Gastric Partial
Zn-Cu . 0.14 69 7 days 5796 . [1
juice degradation
Gastric . Partial
Zn-Pt . 0.6 300 40 mins 200 . [2]
juice degradation
Gastric Partial
Zn-Pd . 0.25 1250 1h 1250 . [3]
juice degradation
NaCl 0.55 (10 pA) 5.5 200 h Partial
Zn-Au . 1100 _ [4]
solution 0.4 (30 pA) 12 - degradation
. NaCl 0.7 (5 uA) 3.5 19 days 1596 Full This
n-Mo
solution 0.6 (10 uA) 6 12 days 1728 degradation work




Table S2. Mechanical properties of electrodes, PLGA and gelatin electrolyte.

Materials State Young’s Modulus (Mpa)
Gelatin Hydrogel with 90% water content 0.024 [5]
PLGA Dry film 0.012
Zn electrode Dry film 0.251+0.092
Mo electrode Dry film 0.509+0.267
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