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Abstract

Biodegradable batteries play an important role in fully degradable biomedical or environmental systems. The development of
biodegradable batteries faces many challenges including power content, device compactness, performance stability, shelf and
functional lifetime. In particular, a key driver in the lifetime and overall size of microfabricated biodegradable batteries is the
liquid electrolyte volume. Harnessing liquid from the environment to serve as the battery electrolyte may, therefore, be desirable;
however, for stable operation, maintaining a constant electrochemical environment inside the cell is required even in the presence
of changing body or environmental conditions. We report a biodegradable battery featuring a solid electrolyte of sodium chloride
and polycaprolactone. This approach harnesses the body fluid that diffuses into the cell as an element of the electrolyte; however,
the large excess of sodium chloride suspended in the polycaprolactone holds intracell ionic conditions constant. A constant
discharge profile can then be achieved even in the presence of varying external aqueous conditions, enabling compact, stable-
performing cells. This design also features easy integration and automatic activation, providing a simplified strategy to fabricate
batteries with long shelf life and desirable functional life span. In addition, the polymeric skeleton of the solid electrolyte system

acts as an insulating layer between electrodes, preventing the metallic structure from short-circuit during discharge.

Keywords Biodegradable batteries - PCL - NaCl - Transient electronics - Stable performance - Automatic activation

1 Introduction

MEMS devices have been extensively used for sensing and
modulation of a medical or environmental event to provide a
means to improve patient health (Allen 2014) or sustain envi-
ronmental protection. Many biocompatible MEMS devices,
either passive or active, have achieved commercial success
(Klosterhoff et al. 2017). Some typical examples include
stents for treating narrowed arteries (Chow et al. 2010), actu-
ators for pacing monitoring cardiovascular events (Chow et al.
2010; Dimarco 2003; Magalski et al. 2002), sensors for mon-
itoring pollutants present in the atmosphere and in water
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(Jackson et al. 2008; Baruah and Dutta 2009; Patel 2002;
Suzuki 2000), and electrodes for neuromodulation (Chew
et al. 2013; Kipke et al. 2003; Schmidt et al. 1996; Viventi
etal. 2011; Rousche et al. 2001). In some cases, however, the
medical or environmental need is transient; and as a result,
permanent devices can persist long after they are needed.
Such persistence can result in undesired problems; for exam-
ple, in biomedical applications chronic implants can be sus-
ceptible to persistent inflammation and may require revision
surgeries for device extraction after their functional lifetime.
Recently emerging transient implantable medical devices
(TIMDs) have garnered increasing interest due to their poten-
tial to eliminate the risks associated with permanent implants
(Kim et al. 2010; Bettinger and Bao 2010; Yin et al. 2014)
when treating or monitoring acute conditions. Specifically,
TIMDs can breakdown into non-toxic components after a
targeted lifespan, which excludes the need for revision surgery
to remove the device and reduces the risk of chronic inflam-
matory response frequently observed with permanent im-
planted devices. This feature of TIMDs makes them more
desirable in the monitoring and treatment of diseases and in-
juries that are transient in nature, such as bone fracture, trau-
matic brain injury, wound healing and drug delivery systems.
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An example is the wireless radio frequency (RF) pressure
sensor demonstrated by Luo et al. (2014). The sensor com-
prises zinc/iron bilayers as the sensor conductor material, and
biodegradable polymers poly-L-lactide (PLLA) and
polycaprolactone (PCL) as dielectric and structural materials.
The functional lifetime of the sensors was approximately four
days, and can be tailored by the choice of polymer encapsu-
lation and ratio of the zinc/iron galvanic couple. Passive te-
lemetry by analog inductive coupling is implemented in the
operating frequency range of 10-100 MHz. Output power of
the sensor is between 10-250 mW and the signal strength
along the coil axis decreases as the third power of distance.
Compared to chorionic devices, demonstrated TIMDs are still
limited in functionality and application domain. There are
many challenges that limit the development of biodegradable
devices with more advanced functions and higher perfor-
mance (Klosterhoff et al. 2017; Grayson et al. 2004; Bashir
2004). One prominent challenge is accommodating onboard
powering to overcome the constraint of passive designs or
wireless powering, and to support the design of self-powered
TIMDs, which can potentially demonstrate higher perfor-
mance over longer time intervals and exhibit greater function-
ality. Therefore, similarly biodegradable energy source is an
essential component in developing biodegradable implants to
facile handling transient injuries and diseases.

The work in energy sources featuring biodegradability and
biocompatibility remains relatively unexplored. Researchers are
still coming to grips with different types of transient batteries
that offer output powers useful for the target class of devices
(Yin et al. 2014; Heller 2006; Tsang et al. 2015; Jimbo and Miki
2008; Kim et al. 2013a, b; Park et al. 2009; Kim et al. 2014).
Other practical challenges associated with the battery design
include output stableness, device compactness and life time (in-
cluding shelf life and operation life span) of the battery. Yin et al.
(2014) demonstrated a series of biodegradable batteries featur-
ing magnesium (Mg) as the anode, iron (Fe), molybdenum
(Mo), or tungsten (W) as the cathode, and phosphate-buffered
saline (PBS) as the electrolyte. This approach packaged all the
battery components including the electrolyte within a cell and
provided a constant electrochemical environment for stable
operation of the battery. However, this structure incorporated
liquid electrolyte at the expense of amenability to assembly
and battery compactness. Electrolyte needs to be manually
injected into the battery prior to implantation to eliminate
corrosion of the electrodes for longer shelf life. In addition,
this structure did not feature an insulating layer between anode
and cathode, which might lead to short circuit of the electrodes
within the liquid electrolyte. Jimbo and Miki (2008) reported an
ingestible battery that is activated upon exposure to the gastric
fluid, which eliminated the need to design for a bulky electrolyte
and automatically simplified battery component integration and
prolonged shelf life. While this approach achieved compactness
by harnessing the surrounding body fluid, the electrochemical
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cell design did not allow for encapsulation of the electrolyte to
obtain stable battery performance in the presence of varying
external aqueous conditions. The discharge profile of the battery
was very unstable and the output current was susceptible to
transient spikes.

This study presents the design, fabrication and testing of a
biodegradable battery that satisfies the powering requirements
for the target class of electronics and features easy integration,
automatic activation, prolonged shelf life and improved sta-
bility. In our attempt to address the challenge of accommodat-
ing the bulk volume of the battery electrolyte, we integrated
the anode/cathode pair with a solid electrolyte system that
supports compact packaging. Specifically, this design com-
prises a Mg/Fe galvanic pair as the electrodes, and an
immobilized electrolyte system which simultaneously utilizes
body fluid as an element of the electrolyte. This approach
harnessed the physiological solution by allowing a minimum
amount of body fluid to penetrate and activate the battery,
while maintaining a constant electrolytic environment within
the cell for the stable powering of transient TIMDs.

2 Materials and methods
2.1 Battery design and working principle

The envisioned structure of the biodegradable battery is sum-
marized in Fig. 1. The battery consists of two key functional
components: (1) a Mg/Fe galvanic couple and (2) a NaCl/PCL
electrochemical cell. Mg is incorporated as a sacrificial anode
that galvanically protects an Fe cathode and powers the exter-
nal device. NaCl particles are dispersed in PCL to form a solid
system to serve as immobilized electrolyte, which defines the
size of the battery. The top side of the NaCl/PCL cell is en-
capsulated by a laminated layer of PCL that dually serves as
the packaging for the battery and a semipermeable membrane
for infiltration of the electrolyte. A thick PLA film on the
bottom side of the electrochemical cell, together with a PLA
spacer, is used to emboss the electrode pair and confine the
NaCl/PCL composite within the cell.

PCL film <+——

PLA spacer —
PCL/NaCl composite

Mg/Fe galvanic pair «—
PLAfilm +————

Fig. 1 Schematic diagram of immobilized electrolyte biodegradable
battery
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The constituent materials of the battery are all biocompat-
ible, and spontaneously break down into non-toxic compo-
nents after the functional life span of the battery (Witte et al.
2008; Langer 1998; Sodergard and Stolt 2002; Garlotta 2001;
Zhu et al. 2009; Sun et al. 2006). Polycaprolactone is selected
as the primary component of the solid electrolyte system due
to its attractive chemical, mechanical, and physiological prop-
erties. Polycaprolactone has a very low glass-transition tem-
perature (Tg) of about -60 °C and a melting temperature
around 60 °C. Therefore, polycaprolactone is in the rubbery
state at body temperature where it is soft and flexible and
exhibits high permeability to low molecular weight species.
In addition, polycaprolactone could be easily integrated with
microfabrication techniques due to its low melting point and
good solubility in a wide range of organic solvents including
tetrahydrofuran, chloroform, acetone and ethyl acetate.
Further, both polycaprolactone and polylactic acid have been
demonstrated in long-term drug delivery systems and struc-
tural implants with confirmed biocompatibility in vivo. In
turn, polylactic acid is selected as material for the supporting
spacer structure because it has good tensile strength and is
remarkably compatible with polycaprolactone. Sodium chlo-
ride is the ideal material for the electrolyte system since Na+
and Clare the main ionic constituents of the body fluid. Mg/Fe
galvanic couple is chosen as the anode/cathode pair because it
has been previously investigated and proven to be a great
candidate for the construction of biodegradable batteries.
The anodic reaction of the electrochemical cell is given by:

Mg—Mg*" +2¢”

and the oxidation of Mg releases electrons into the external
part of the circuit. The following side reaction also takes place
on the anode and forms hydrogen gas and magnesium hydrox-
ide (Mg(OH),) simultaneously:

Mg + 2H20—>Mg(0H)2 + H,
The cathodic reaction is dominated by hydrogen evolution:
2H,0 +2e —H, +20H

while oxygen reduction reaction is limited by the amount of
oxygen diffused onto the surface of the cathode. The follow-
ing oxygen reduction is therefore considered as a side reaction
in this article:

Oy +2H,0 + 4e —40H

Consequently, the overall governing reaction of the battery
is given by:

Mg + 2H,0—Mg(OH), + H,

The activation of the battery requires the presence of water-
based electrolyte to both act as a reactant on the cathode and

serve as an ionic pathway for the completion of the battery
circuit. We have shown in our previous work (Tsang et al.
2015) that PCL film enables almost instantaneous penetration
of physiological solution to activate the battery, and supports
hydrogen diffusion. In the present design, the separate use of
PCL in the encapsulating film and immobilized electrolyte
permits greater flexibility in designing for electrochemical
performance and compact packaging, as shown in Fig. 2.
Much like a dry cell, liquid from the surrounding body per-
meates the immobilized electrolyte and activates the battery.
The encapsulating PCL film would hinder the efflux of NaCl
from the battery to confine the electrolyte within the electro-
chemical cell during battery discharge. Hydrogen gas formed
during the battery discharge is released by diffusion across the
thin PCL film. For longer functional time span of the battery,
the PCL layer should selectively support water and hydrogen
transport, but retard NaCl transport.

The schematic diagram of the circuit model representing
the DC equivalence of the battery is shown in Fig. 3. The
voltage V denotes the potential difference of the two half cells
of the battery which varies with the parasitic reactions on the
electrodes. A leakage path enabled by the parasitic corrosion
reaction on the anode is denoted by the serial connection of R,
and R3. When a closed loop circuit is formed at the terminals,
the discharge current drawn from the battery flows through R,
and R, and powers the external device. In the discharge loop,
R, denotes the ohmic resistance of the battery which describes
the polarization resistance and electrolyte resistance in the
cell. R, denotes the electrolyte resistance and connection re-
sistance of the battery. The cumulative effect of side reactions
need to be considered when understanding the parameters in
the circuit model and evaluating the performance of battery.

2.2 Fabrication and assembly

The fabrication process of the immobilized electrolyte biode-
gradable battery is schematically shown in Fig. 4. The PCL/
NaCl composite was prepared by solvent-casting.
Commercial 80 kDa PCL pellets were solubilized in acetone
at a concentration of 100 mg/mL. 150 g sodium chloride
(NaCl) with a particle size of 300-400 pm was dispersed in
100 mL PCL solution and casted. The composites were dried
under ambient conditions for 24 hours and vacuum-dried to
remove residual solvent for an additional 12 hours.

To define the solid electrolyte shape, a polylactic acid
(PLA) spacer was fabricated using 3-D printing technology
(Makerbot Replicator 2X). PLA was selected due to its high
processing temperature (approximately 180 °C), which is inert
to the following high temperature process of PCL. The solid
electrolyte was molded into the PLA spacer with a lamination
press at 65 °C, which is above the PCL melting point (approx-
imately 61°C). The PCL/NaCl composite (93.75 wt% NaCl)
then softened and adopted the shape defined by the spacer.

@ Springer



17 Page4of9

Biomed Microdevices (2019) 21: 17

Fig. 2 The principle of operation
of the biodegradable battery.
Liquid absorbed into the cell
activates the battery by converting
solid NaCl into a super saturated
NaCl solution. Na + and Cl—, as
well as hydrogen gas, leach out
from the PCL film. The governing
chemistry in the electrolytic cell is
the cathodic protection of Fe

through the oxidation of Mg
anode and, parasitic corrosion of
the Mg

Porous PCL cell

Discharge reactions:
Mg+20H — Mg(OH)z+2¢~ Mg+2H0 —Mg(OH)z+ Ha |

Anode:

Parasitic reactions:

Cathode: 2H"+2e—> HzT

Next, the Mg and Fe electrode pair was embossed onto one
surface of the battery and encapsulated with an PLA film.
Finally, a thin PCL film is laminated onto the opposite surface
of the PCL/NaCl composite at 65 °C to seal the battery.

2.3 Characterization and testing

The permeability of NaCl in PCL films was characterized to
support design of the battery packaging. Samples used to eval-
uate the barrier properties of the PCL structure were fabricated
with same geometries as those used in the battery, except that
no electrodes were incorporated. Samples were immersed in a
large volume of deionized (DI) water (250 mL) to (1) establish
zero concentration conditions of NaCl external to the battery
and (2) minimize concentration changes in the external envi-
ronment. At periodic time points, the samples were removed
from the liquid, air-dried at slightly increased temperature
(e.g. 35°C) for 12 hr, and weighed to determine the rate of
NaCl transport across the polymers. As discussed, the PCL
layer the should selectively support water and hydrogen

Fig. 3 The schematic diagram of
the circuit model

transport, but retard NaCl transport. As high mass transfer
resistance of NaCl is required to retain the electrolyte within
the battery, PCL films with varying thicknesses were com-
pared to determine the optimum parameters that satisfy these
mass transfer and battery discharge design constraints.

To further understand the role of water and its influence on
the discharging behavior, batteries were tested under constant
load discharge in a DI water environment. The batteries were
dipped into water to evaluate the activation behavior.
Additionally, after the battery stabilized after a certain period
of time, it was removed from water to evaluate the deteriora-
tion in performance originated from loss of water. After the
potential fell below the cutoff point, the battery was immersed
in water for the second time to observe the subsequent perfor-
mance of the battery.

The electrochemical performance of the battery was tested
under galvanostatic conditions in a two-electrode-cell config-
uration at various discharge rates up to 0.1 mA/cm?2 using a
potentiostat (WaveDriver 10, Pine Instruments). The batteries
were discharged in 100 mL of SBF at 37 °C to emulate the

|discharge

TIMD
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Fig. 4 Fabrication process of the
battery

physiological environment. The internal resistance (R;) and
the open circuit voltage (V,,.) of the battery can be investigated
using the following equation:

V,= VRl (1)

where V,,, I, R; and V, refer to the open circuit potential (V),
discharge current (A), internal resistance ({2), and output volt-
age (V) at the terminals of the cell, respectively.

In addition, the batteries were tested in a series of liquids
(i.e., either DI water, 0.1 M NaCl, and SBF) to investigate how
the external ionic environment affects the ionic transport
across the PCL encapsulation and stability of the immobilized
electrolyte within the battery. The battery was first activated in
DI water and discharged at a constant current of 25 pA/ cm?2.
After 1 hour of stable discharge, the battery was removed from
the DI water and immediately immersed into the NaCl solu-
tion. After another hour of stable discharge, the battery was
immersed into SBF solution. Finally, the solution was again
changed to DI water after another hour of stable discharge.

l WF‘ (i) o (i)
Di.sg::;CL in acetone, mm.&!{l m

mix with solid NaCl, then
evaporate the solvent.

Heat up to 65°C, cast
in PLA spacer

Laminate to emboss electrode
and form electrolyte cell

The solution volumes were 200 mL and tests were performed
under room temperature.

3 Results and discussion
3.1 Characterization of battery components

Figure 4 shows optical images of the PCL/NaCl composite
and the configuration of the battery. The simple structure of
the battery facilitates miniaturization. It is designed to have a
volume approximately defined by the solid electrolyte system.
The geometry of the presented batteries is depicted in Fig. 2.
The battery has a solid electrolyte volume of 12 mm x 10 mm
x 2 mm, which contains 0.48g NaCl/PCL composite
(93.75 wt% NaCl), and the total size of the fabricated battery
is 16 mm x 16 mm x 2 mm. Mg foil with 0.45 cm? active area
and thickness of 45 um was put into the battery, and the anode
cathode spacing was 1 mm.

Fig. 5 NaCl leach rate of the 0.6
NaCl/PCL composite structure
with top PCL membrane thick-
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Fig. 6 Discharge behavior upon
activation of four batteries with
the same configuration and
discharge parameters

Voltage (V)

|Stabi|ization point|
T

1 = o=

Towards finding the optimum coating area and thickness of
the PCL film for hindering NaCl efflux from the NaCl/PCL
composite without appreciably increasing the mass transfer
resistances of hydrogen and water, NaCl permeability tests
were conducted to evaluate its diffusion properties in PCL.
As shown in Fig. 5, the leaching of NaCl from the battery is
hindered by the polymeric binder in the NaCl/PCL composite,
as well as the PCL membrane encapsulating the composite.
The leach rate of NaCl across 20 pm and 50 gm membranes
were approximately 22 mg/cm2/h and 9 mg/cm2/h, respec-
tively. These findings showed that the lifetime of the battery
is limited by depletion of the active material (Mg), as well as
loss of the solid electrolyte. For a battery to last more than 24
hr, a membrane between 30 um and 50 pm thick has been
experimental determined to be the optimum coating thickness
for maximizing the stability and performance of the batteries.
In addition, the battery depicted in Fig. 3 contains 0.45 g
NaCl, which could support stable discharge for about 40

0.7

1
1
1
6

| I .
8 10 12 14 16 18 20
Time (min)

hours, and 4 mg Mg, indicating that the battery lifetime in this
configuration is limited by depletion of the anode.

Figure 6 demonstrates the discharge behavior upon activa-
tion in DI water of four batteries with the same thickness of
PCL membranes (30 pum). The output voltage of the battery
statistically stabilized in 6 minutes, which demonstrated that
the PCL structure allows sufficient water transport for activa-
tion of the battery. Increasing the PCL thickness to 50 ym was
experimentally proven to not appreciably prolong the activa-
tion time of the battery.

After the battery was stabilized in DI water and discharged
for 24 hours, it was removed from the water and continued
with discharging. Figure 7 shows that the liquid retained in the
cell supported continued discharge for up to 6 hours in air.
When the discharge potential fell below a cutoff potential of
0.1V, immersion of the battery in water enabled the battery to
resume to the steady state discharge potential after 10 minutes,
verifying that the voltage decline or termination of the battery

Fig. 7 Discharge behavior of a
battery removed from DI water
after being discharged for 24 h.
The battery terminates in 6 h due
to liquid loss, and resumes its

Removed from water

performance shortly after 05
reimmersion in water for a second
time g

N

()

()]

=

5 0.3

>

0.1

Reimmersed in water

5 10 15 20
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Fig. 8 Discharging behavior under constant current. The operating
voltages are approximately 0.95 V, 0.75 V and 0.45 V for discharge
rates of 12.5 pA/em?, 25 pA/em? and 0.1 mA/cm?, respectively

was caused by the consumption of water inside the battery.
The deterioration in battery performance was due to the loss of
water, as water is consumed in the governing reactions of the
battery, as well as undergoes evaporation. These findings sug-
gested that the PCL structure offers functional advantages for
retaining the electrolyte even in air. Further, the PCL film was
mechanically robust to accommodate for releasing of hydro-
gen during the discharge of the battery for prolonged periods.
It was also speculated that capillary force contributes to the
fast absorbance of water, especially in the second immersion,
and internal pressure might have contributed to the release of
hydrogen from the PCL membrane.

3.2 Electrochemical testing of biodegradable
batteries

To emulate the in vivo environment where the battery would
be surrounded by physiological fluid, electrochemical testing

Fig. 9 Battery terminal voltage at 1.6

different discharge currents. V¢
changes nonlinearly with I at
smaller currents

Output Voltage (V)

was conducted in SBF, as its composition approximates the
inorganic content of human blood plasma. The discharge be-
havior with a PCL membrane thickness of 50 ym is shown in
Fig. 8. The operating voltages are approximately 0.95 V,
0.75 V and 0.45 V for discharge rates of 12.5 A/ em2, 25
pA/em2 and 0.1 mA/ em2, respectively. In each case, the
terminal voltage is stable for at least 24 hours during the
constant-current discharge. The current is linearly related to
the voltage in relation to Ohm’s law, which indicates that in
applications involving a purely resistive load, the output cur-
rent would still be fairly constant.

Figure 9 illustrates how the battery behaves at different
discharge currents. As discussed, the open circuit potential
and internal resistance are related to terminal voltage and dis-
charge current as described by equation (1). In this case, V,
changes nonlinearly with I, which leads to a varying V,,. and
R; at different discharge currents. At each current point, tran-
sient V,,. and R; can be determined using an assisting tangent
line, of which the absolute value of the gradient is equal to R;,
and the intercept on the y-axis is equal to V,.. Note that at
increased discharge currents, there is a decline in both V,,. and
R;, as indicated by the dotted line. It is speculated that the
higher V,,. and R; observed at lower discharge current is at-
tributed to the corrosion mechanism of magnesium. It has
been previously demonstrated in other literatures (Tsang
etal. 2015; Witte et al. 2008; Xue et al. 2012) that magnesium
features a passivation layer of Mg(OH), at the surface, and the
discharge chemistry relies on the continuous formation and
breakdown of the passivation layer. The formation of poorly
soluble Mg(OH), film hinders the corrosion of magnesium,
which may lead to both high leakage and discharge path re-
sistances at low discharge rate. When a current is drawn from
the battery, the Mg(OH), layer is mechanically disrupted to
expose the underlying magnesium. As the current increases,
the rate of film breakdown overcomes the rate of Mg(OH),
reformation, which subsequently leads to a decrease in inter-
nal resistance.

10 20 30 40 50
Discharge Current (upA)
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Fig. 10 Discharging behavior under a constant current of 25 pA/cm?.
The liquid volume outside of the battery was changed every one hour

Physiological fluid, such as human blood plasma, com-
prises mainly of water (up to 95% v/v) and inorganic salts
(e.g., NaCl). To demonstrate that the immobilized electrolyte
approach renders the biodegradable battery immune to the
external liquid environment, Fig. 10 shows the discharge of
a battery sequentially in DI water, 0.1 M NaCl, and SBF.
Further, the liquid solutions selected increasingly approximate
the composition of human blood plasma. Hence, the stable
discharge profile achieved from this experiment suggested
that the performance of the presented battery is not susceptible
to the surrounding physiological environment.

4 Conclusions

This study detailed an approach to achieving a biodegradable
battery with immobilized electrolyte for transient implantable
medical devices. Specifically, the battery features a Mg/Fe
galvanic pair as the electrodes, and encapsulates a solid sys-
tem comprising NaCl dispersed in a polymeric (PCL) volume.
Since the ionic concentration within the encapsulation is high,
the cell performance is reasonably independent of external
environment as long as the internal moisture content and
NaCl concentration remain above a threshold. This approach
harnesses bodily fluid as an element of the electrolyte, thereby
features auto activation of the battery and reduces processing
complexity of sealing liquid within a cell. Besides, since the
cell is ‘dry’ prior to implantation, this design eliminates con-
cerns with shelf life and unwanted corrosion prior to desired
use of the battery. Moreover, the battery encapsulation pro-
vides a barrier for retaining the electrolyte and potentials of
preventing influx of large organic molecules, and the cell
structure naturally prevents the short circuit of the electrodes.
In addition, since the electrolyte is highly concentrated salt,
the activity of the electrolyte space can be maintained at the
saturation concentration of NaCl, thus providing the desired
constant environment to support stable battery performance.
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