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Abstract

Flexible implantable medical devices (IMDs) are an emerging technology that may substantially
improve the disease treatment efficacy and quality of life of patients. While many advancements
have been achieved in IMDs, the constantly straining application conditions impose extra
requirements for the packaging material, which needs to retain both high stretchability and

high water resistivity under dynamic strains in a physiological environment. This work reports

a polyisobutylene (PIB) blend-based elastomer that simultaneously offers a tissue-like elastic
modulus and excellent water resistivity under dynamic strains. The PIB blend is a homogeneous
mixture of two types of PIB molecules with distinct molecular weights. The blend achieved an
optimal Young’s modulus of 62 kPa, matching those of soft biological tissues. The PIB blend film
also exhibited an extremely low water permittivity of 1.6-2.9 g m=2 day~2, from unstrained to
50% strain states. The combination of high flexibility and dynamic water resistivity was tested
using triboelectric nanogenerators (TENGS). The PIB blend-packaged TENG was able to stably
operate in water for 2 weeks, substantially surpassing the protection offered by Ecoflex. This work
offered a promising material solution for packaging flexible IMDs to achieve stable performance
in a strained physiological environment.

Graphical Abstract:
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INTRODUCTION

Implantable medical devices (IMDs) are rapidly evolving as a powerful component in
modern biomedical systems. They are typically affixed on tissue or organ surfaces

and provide continuous and in vivo monitoring, diagnosis, drug delivery, or therapeutic
functions. Popular clinically available IMDs include pacemakers, cardiac defibrillators,
cochlear implants, and implantable infusion pumps.1=8 While most current IMDs are still
rigid and metal-shelled bulk devices, the trend of IMDs is moving toward conformal,

soft, stretchable, and even degradable systems.%10 New evolution of IMDs imposes new
requirements for their properties. Due to their unique operation environment, the devices
need to ideally process tissue-matching mechanical properties to reduce the risk of tissue
injury and decrease burdens on organ functions.}1:12 Meanwhile the devices need to sustain
their proper function when the physiological surrounding is dynamically curved, strained,
or twisted. In addition, the physiological environment is typically full of liquid. It is critical
to protect IMDs from exposure to the body liquid to achieve a stable operation as well as
life-long safety in the body.

Encapsulation is an indispensable and effective way to protect IMDs from the physiological
environment and thus sustain the desired life span in vivo. A complete encapsulation
process can protect the IMD electronics from interacting with biofluids, prevent the

device from corrosion, and minimize electricity leakage from the IMDs to biological
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tissues. Nevertheless, most current encapsulation methods only consider static protection,
i.e., the devices are not subjected to any physical movements. While encapsulation

works for rigid IMDs, dynamic strains are often associated with flexible IMDs. Using
implantable nanogenerators (NGs) as an example, it is a promising powering device that
converts biomechanical motions into electrical energy in vivo. The operation of NGs
requires constant straining actions to generate electricity. How to ensure good insulation

of implantable NGs stands as a critical challenge for their practical applications. So far,
poly(dimethylsiloxane) (PDMS) and Ecoflex are commonly used as the packaging material
for NGs due to their good flexibility and biocompatibility.13-15 However, due to the high
permeability of water molecules, they are incapable of supporting the long-term in vivo
operation of implantable NGs. To address this challenge, researchers have tried to deposit
water-impermeable thin coatings such as metal oxides, Parylene, or hybrid multilayers onto
the elastomer surfaces to provide an extra barrier against water infiltration.16-19 Although
these coating could improve water resistance of the flexible encapsulation, they inevitably
increase the mechanical modulus of materials and induce much higher device stiffness
compared to the hosting tissue. Furthermore, these additional layers often have much lower
stretchability compared to the elastomer encapsulations. Continuous straining actions would
easily create defects to these thin coatings and diminish their water resistivity. As a result,
the actual improvement to the long-term stability of implantable NGs introduced by this
approach is rather limited.

Therefore, it is essential and urgent to develop a new flexible packaging material or strategy
that can satisfy all of the requirements simultaneously for in vivo dynamic operation of

NGs or most flexible IMDs, particularly being able to retain a constantly high water
resistivity under dynamic strains. Polyisobutylene (PIB), a Food and Drug Administration
(FDA)-approved and commonly used food ingredient such as gum,20 is known for its
intrinsically low water permeability. The fully saturated nonpolar C-C backbone together
with the alternative small methyl groups offers a unique possibility to achieve both low
water permittivity and relatively high chain mobility simultaneously.21:22 PIB can be formed
in different molecular weights that span from liquid to solid with a wide range of mechanical
modulus. In this work, a binary PIB blend-based packaging material was developed, where a
high-molecular-weight PIB (H-PI1B) was chosen as the matrix to form an entangled network
to endow desired stretchable and elastic properties and the low-molecular-weight PIB (L-
PIB) acted as a plasticizer to enhance the movement of molecule chains to decrease the
elastic modulus. The modulus of the PIB blend film at the L- to H-PIB weight ratio of 6:4
demonstrated an elastic modulus of 62 kPa, matching those of most body tissues. This PIB
blend film demonstrated excellent encapsulation performance in an aqueous environment
under dynamic mechanical strains, allowing a packaged triboelectric NG (TENG) to operate
continuously for 2 weeks in the water environment, substantially surpassing the protection
offered by Ecoflex. This work offers an effective solution for packaging flexible IMDs to
achieve long-term in vivo operations in the physiological environment.

RESULTS AND DISCUSSION

L-PIB (M,:920) was blended with H-PIB (M,:600 000) with a hypothesis that the PIB
oligomers can facilitate the molecular chain mobility while still sustaining a close contact
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of all molecules to keep PIB’s good water barrier property (Figure 1a). The PIB blend films
were prepared by casting a well-mixed PIB-hexane solution on a flat surface. The solid
film was obtained after the solvent was completed evaporated (see Experimental Section for
details). The film thickness could be controlled by applying more solution in the container,
while there was no limitation on the size of the film, demonstrating excellent scalability of
this preparation technique. No phase separation features can be seen from the film surfaces
and cross sections, as revealed by the uniform contrast under scanning electron microscopy
(SEM) (Figure S1), suggesting that L-PIB molecules could well distribute within the
network of entangled long H-PIB molecular chains. As a result, the as-received PIB blend
films exhibited uniformly high transparency (Figures 1b and S2). Fourier transform infrared
(FTIR) spectroscopy was performed to analyze possible chemical structure alteration after
blending. As shown in Figure 1c, both pristine H-PIB and PIB blend films showed the same
characteristic absorption peaks of the PIB chains. No new peaks were observed from the PIB
blend film, indicating that there were no new chemical interactions between the molecular
chains of H-PIB and L-PIB. To confirm that the desired hydrophobicity of PIB was not
changed after blending, water contact angles were measured and compared with those of
the pristine H-PIB and PIB blend films. As shown in Figure 1d, both films exhibited a

very close water contact angle at ~113°, confirming that short-chain L-PIB had negligible
influences on the hydrophobic property, which is preferred for achieving good protection in
the physiological environment.23

To gain insights into the blending ratio, PIB blend films were fabricated with different
L-PIB to H-PIB weight ratios, ranging from 2:8 to 7:3. All of the films were made with

the same thickness, and all exhibited similarly smooth and homogeneous surfaces with high
transparency. As an essential property for flexible NGs, the film’s mechanical properties
were studied in correlation to the weight ratio. Figure 2a presents the stress—strain curves
measured from all PIB blend films with an identical rectangular shape (30 x 7 x 0.3 mm3)
at a strain rate of 50 mm min~1. For comparison, the same measurement was also conducted
on the same-sized films of PDMS, Ecoflex, and medium molecular weight PIB (M-PIB,
molecular weight ~200 000, which was close to the median of L-PIB and H-PIB). All of the
PIB blends exhibited excellent stretchability and survived under large stains of at least 75%,
suggesting that the integration of L-PIB did not jeopardize the integrity of long-chain PIB
networks. All of the PIB blends showed a typical elastomer behavior. In general, the strength
decreased as the content of L-PIB increased in the blends. The stress—strain relationships of
all samples were mostly linear within the strain range of 0-30% and then slightly tapered
off as strain further increased. The elastic modulus values of all of the samples were thus
determined from the slope within the linear range (three samples for each blend ratio). As
shown in Figure 2b, the elastic modulus of pristine H-PIB was ~400 kPa. As L-PIB was
added, the moduli of PIB blend films decreased monotonically. When the weight ratio was
6:4, the modulus reached as low as 62 kPa. A further increase in the L-PIB content to 7:3

in the blend exhibited minimal impacts on the modulus. The introduction of short-chain
L-PIB could reduce chain entanglement of H-PIB and enhance the chain mobility, thereby
reducing the material modulus. The 6:4 ratio appeared to be the maximum point where the
freedom of long-chain PIB could reach by L-PIB facilitation. Therefore, it is essential to
blend two types of PIB with distinguishing molecular weights to achieve desired modulus
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modification. For just one single type of PIB with a medium molecular weight that was
similar to the average of the L-PIB and H-PIB at the weight ratio of 6:4, the interaction
among molecules was still strong and the modulus (350 kPa) was only slightly smaller than
that of H-PIB. Ecoflex and PDMS, as two benchmark packaging elastomers, had a modulus
of 70 KPa and 1 MPa, respectively, within the measurement range, which could be reached
and surpassed by the blends with a 6:4 weight ratio and above. Therefore, PIB blends with a
6:4 weight ratio were chosen in our further studies.

Because the operation of implantable NGs requires continuous straining actions, the
dynamic mechanic properties need to be evaluated. The dynamic modulus of the blend
film was tested under varying strains ranging from 1 to 7% at 1 Hz from two samples (both
showed nearly identical results, Figure S3). As shown in Figure 2c, the storage modulus
(~75 kPa) and loss modulus (~15 kPa) remained stable across the entire testing strain
range, indicating that the PIB blend film was able to function normally under a consecutive
straining condition. The substantially larger storage modulus compared to the loss modulus
demonstrated that the film had a characteristic elastic property.24 The repeating cycling
test also presented a good reproducibility of the stress—strain curves of the PIB blend film
(6:4), evidencing the film’s stable mechanical property during multiple loading—unloading
cycles (Figure 2d). To further evaluate the mechanical stability of the PIB blend film in

an aqueous environment, the film was stretched repeatedly in water to a strain of 30% for
18 000 cycles at a frequency of 1 Hz. The stress—strain curves were measured before and
after the endurance test. As shown in Figure 2e, identical mechanical behavior was obtained,
confirming that the PIB blend film could retain high mechanical stability after a long-term
stretching operation in water.

Temperature sweeps of the dynamic mechanical properties were then conducted to
determine the glass transition temperature ( 7g) within the temperature range from —90

to 0 °C at 1 Hz (Figure 2f). A sharp peak of tan & was observed at —38 and -45 °C

for pristine H-PIB and PIB blend (6:4), respectively, which corresponds to their 7. The
shift of 74 to lower temperatures indicates that blending L-PIB into H-PIB could improve
segmental mobility. This could also be supported by the reduced storage modulus (E”) and
loss modulus (E”) of the PIB blend compared to those of pristine H-PIB (Figure S4). In
addition, only one 74 peak was identified from the PIB blend film, which also indicated the
good homogeneity of PIB blend films. In addition, there was a shoulder peak located at —58
°C in the tan & spectrum of pristine PIB, but not shown in that of the PIB blend (6:4). This
shoulder peak can be attributed to the sub-Rouse modes.2%:26 Introducing L-PIB disrupted
the chain packing of PIB, endowing larger motion units (the Rouse mode) with higher
mobility. Thus, the Rouse mode had a tendency to shift toward the local segmental motion.
As a result, the shoulder tan & peak disappeared. This also evidenced that the introduction of
L-PIB can improve the segmental mobility.

The essential function of the packaging material for implantable NGs is to prevent body
fluid infiltration. The water permeability of all PIB blend films and a few commercial
packaging elastomers was measured by the gravimetric method using glass vials filled with
desiccant over a 3-weeks period (Figure S5). All of the film samples had the same thickness
of 300 um. Each sample was measured three times to obtain the mean values and standard
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deviations. As shown in Figure 3a, the values of water permeability for Ecoflex and PDMS
were found to be 260 and 230 g m~2 day~1, respectively, whereas all of the PIB blend films
exhibited water permeability at the level of ~1 g m=2 day~1. The more than two orders of
magnitude lower water permeability of the PIB blend can be attributed to the combined
effect of the nonpolar C—C chain and dense small pendant methy! groups.2” Compared

to the silicon-based elastomers, the repeating C—CHj3 units offer weaker intermolecular
interaction with water molecules and reduce their adsorption. In addition, the small and
dense pendant methyl groups on the main C—C chain minimized the internal free volumes,
further restricting the diffusion of water molecules.?1:28 The water permeability values for
all PIB blend films increased and are shown in the inset of Figure 3a. The water permeability
increased monotonically following the L-PIB ratio. The pristine H-PIB showed the lowest
water permeability of 0.75 + 0.14 g m™2 day 2, which increased to 1.6 + 0.18 g m=2

day~1 for the PIB blend film at 6:4. This result is intuitive because the short-chain L-PIB
could facilitate the overall polymer chain motions and thus provide more accessible internal
free volumes, allowing water molecules to diffuse through. Despite this small increment,
the PIB blend film still substantially enhanced the water resistivity behavior compared to
Ecoflex and PDMS. Considering both modulus and water permeability, the PIB blend film
(6:4) demonstrated the first combination of both properties (Figure S6) and was selected
for further study and packaging applications. Considering the devices need to work under
dynamic straining conditions, the water permeability of the PIB blend film (6:4) was further
tested under a series of static strains. Figure 3b shows that the water permeability slightly
increased from 1.6 + 0.18 to 2.9 + 0.1 g m~2day 1 as the strain increased from 0 to 50%.
This could be attributed to the small thickness reduction. Nevertheless, the generally low
H,0 adsorption and diffusion ensured the very low water permeability compared to other
materials.

The unique combination of high flexibility and low water permeability brought a substantial
advantage for the PIB blend films to be used as a stretchable packaging material for flexible
NGs. To demonstrate this advantage, a scatter plot was constructed to compare the modulus
and water permeability of our PIB blend film to other state-of-the-art commercial or
literature-reported packaging materials (Figure 3c).2%-34 It can be clearly seen that the PIB
blend film from this work resides uniquely at the lower left corner. Ecoflex, a commercial
elastomer with a similar modulus, had substantially higher water permeability. Typical
water-insulating packaging materials, such as PHB, PP, and LDPE, had similar levels of
water permeability, but their moduli are all in the GPa range, ~3 to 5 orders of magnitude
higher than our PIB blends. This comparison demonstrated that only our PIB blends

can satisfy both high water resistance and tissuelike mechanical property requirements
simultaneously for the development of implantable NGs. As the PIB blends were designed
to act as a flexible packaging material for implantable medical devices, the biocompatibility
of the PIB blend films (6:4) was also evaluated. First, the biocompatibility of the PIB blend
was studied by incubating and comparing mouse aortic smooth muscle (MOVAS) cells with
and without (control) PIB blend films. Immunofluorescence staining images showed that
the cells incubated with PIB had typical elongated morphology together with appropriate
distributions and densities, exhibiting no difference compared to the cells in the control
group (Figure 3d). The CellTiter-Glo (CTG) assay was further performed to quantitatively
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evaluate the survival of MOVAS in contact with the material. As shown in Figure 3e, the
cell viability on PIB blend films (92.3%) did not exhibit a significant difference compared
to the control group (100%). These results confirmed the nontoxicity of the PIB blend film,
indicating its ideal role as biocompatible packaging material.

To demonstrate the unique advantage of the PIB blend packaging material, a simple sliding-
mode TENG was fabricated and packaged by PIB blend films. As schematically shown in
Figure 4a, the sliding-mode TENG had the following two parts: a central mobile layer made
from the Cu film and top/bottom stationary layers composed of a PTFE film covered by a
Cu electrode. The entire TENG was completely packaged by a 300 x/m PIB blend film with
each side kept at ~3 mm from the TENG device. The PIB blend film was tightly attached

to the Cu electrode surface and the front portion of the central mobile layer surface by

hot pressing. Two centimeters between the fixing areas on the Cu electrode and the mobile
layer was left unattached, forming a stretchable cavity allowing free lateral movement of
the central mobile layer. The packaged TENG was operated by pulling the central mobile
layer back and forth, and the output voltage was measured from Cu electrodes (the working
mechanism of this sliding-mode TENG is shown in Figure S7). To compare the performance
of PIB blends, the same TENGs with the same voltage output were packaged by another
three common packaging elastomers, i.e., Ecoflex, PDMS, and polyethylene (PE). All of the
package layers had the same size and thickness.

All of the TENGs were first tested under the same pulling force of ~0.49 N (setup details
are given in Figure S8). The asymmetric voltage peaks from TENGs were induced by

the different movement speeds of forward pulling and backward retracting of the TENG
devices during the tests. Due to the different elastic moduli of the packaging materials, the
same pulling force induced different levels of displacement (strain) at the stretchable cavity,
where the PIB blend-packaged TENG demonstrated the highest strain of 45%. Accordingly,
it also generated the highest voltage output with a peak-to-peak value (V) of ~2.2 V
(Figure 4b). Ecoflex, with a slightly higher modulus, exhibited a close strain of 40% and
aslightly lower Vj, of ~1.6 V. The strain and V;, drastically dropped to 5.5% and ~0.8

V, respectively for the PDMS-packaged TENG as its modulus was 16 times higher than
that of the PIB blend film. The much more rigid PE (1.5 GPa) package yielded negligibly
low strain and voltage outputs. This comparison clearly revealed the significance of a low
elastic modulus for the packaging material for the operation of flexible implantable NGs,
as the available driving force from body tissue movements is rather limited. Considering
the practical application conditions of implantable NGs, the long-term protection of the PIB
blend was evaluated under continuous dynamic deformation. Figure 4c shows the recorded
voltage output profiles of the PIB blend-packaged TENG over 15 days. The device was
repeatedly stretched to a 30% strain and released at 1 Hz in deionized water. The day 0
signal was voltage outputs measured before soaking in water. It can be clearly seen that the
device was able to retain its original output for 2 weeks, demonstrating an excellent water
barrier property and electric resistance of PIB blends. The output dropped to zero on day
15. 1t was because of the wearing out of the contacting point with the anchoring base that
was needed for the in-water straining test (Figure S9). A much longer protection period

can be expected in practical applications when no ridge anchoring points are involved. As
Ecoflex offers the same level of flexibility as PIB blends, a comparison was conducted
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on Ecoflex-packaged TENGs under the same testing conditions. As shown in Figure 4d,
the voltage output dropped drastically after immersing in water for just 2 days and the
device completely failed on day 3. The time-dependent Vj, values of both PIB blend and
Ecoflex-packaged TENGs are plotted in Figure 4e. It clearly revealed that the PIB blend
films were able to offer substantially longer and stable protection than Ecoflex under a
dynamic straining action in an aqueous environment.

CONCLUSIONS

In summary, this work presents a PIB blend-based packaging material that simultaneously
offers a tissue-like elastic modulus and an excellent dynamic water resistivity. Young’s
modulus of PIB blends was reduced from pristine H-PIB (M, = 600 000, ~400 kPa) by
mixing with L-PIB (M, = 920) and reached an optimal value of ~62 kPa at a L- to H-PIB
weight ratio of 6:4. The PIB blends film also exhibited an excellent water barrier property.
The water permeability was found as low as 1.6 + 0.18 g m~2 day~1 for the PIB blend film
at 6:4, more than two orders of magnitude lower than those of other common packaging
elastomers, such as Ecoflex and PDMS. In addition, the water permeability only slightly
increased to 2.9 + 0.1 g m~2day 1 when the film was under a high strain of 50%. Other
typical packaging materials with similar levels of water permeability, such as PHB, LDPE,
all have 3-5 orders of magnitude higher moduli in the GPa range. The unique combination
of excellent flexibility and extremely low water permeability was attributed to the nonpolar
C chain and the small and dense pendant methyl groups that offer low H,O adsorption and
diffusion while retaining good chain mobility. This property allowed the PIB blend film

to be used as a packaging material for flexible IMDs. To demonstrate this capability, sliding-
mode TENGs were packaged by the PIB blend film and operated in water. PIB-packaged
TENG demonstrated a stable in-water electrical output work over a 14-day testing period,
substantially outperforming the Ecoflex-packaged TENG that only lasted for 2 days. While
the technology readiness level is still very early, this work suggests a practical solution for
packaging flexible IMDs, such as implantable NGs that need to operate in a physiological
environment and are subject to constant straining actions.

EXPERIMENTAL SECTION

Preparation of PIB Blend Films.

High-molecular-weight PI1B (H-PIB, M,:600 000) and low-molecular-weight PIB (L-PIB,
M,:920) were supplied by Sigma. PIB blend films with different weight ratios of 2:8, 3:7,
4:6, 5:5, 6:4, and 7:3 (L-PIB:H-PIB) were prepared by solution blending in hexane and
stirred for 4 h to obtain a homogeneous mixture. The mixture was cast on a Petri dish
surface to a defined thickness. The mixture films were dried in an atmosphere at room
temperature until whole solvent was completely evaporated and transparent PIB blend films
were achieved.

Fabrication of Sliding-Mode TENGs with Package.

The PTFE film and Cu film was used as the triboelectric layers to fabricate a sliding-mode
TENG. PET (0.7 x 3.5 cm?, 300 zm thickness, CS Hyde Company) was used as the
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substrate, and Cu tape (100 pm) was attached to both sides of the PET film to act as

the mobile layer. A thin PTFE film (2.5 x 1 cm?, 50 zm, CS Hyde Company) with an
attached Cu electrode was used as the static part. The sliding-mode TENG was assembled
by attaching two PTFE/Cu films along the edges with the PTFE surface facing each other.
The Cu/PET/Cu mobile layer was inserted in between the two PTFE/Cu films.

The PIB blend film with a weight ratio of 6:4 was used to package the sliding-mode TENGs.
A thin film of Ecoflex (Reynolds Advanced Materials, Inc., 30-40 4m in thickness) was
also coated outside of PIB. The total package film has a thickness of 300 zm. The edge was
sealed by hot compression at a temperature of 140 °C. For comparison, the same TENGs
were also packaged by 300 ym Ecoflex. The Ecoflex film was made by spin-coating a
solution consisting of parts A and B (1:1 by weight) at a speed of 500 rpm for 30 s. As a
result, the Ecoflex film with a thickness of ~300 xm was achieved. The film was wrapped
around the TENG, and uncured Ecoflex solution was applied to the joint edge for adhesion.
The edges of the PIB and Ecoflex films were sealed together by hot compression at a
temperature of 90 °C, leaving the middle part unattached. The TENG device in the middle
pushes up the PIB film, naturally forming a cavity that allows the slide layer to move freely.

Mechanical Property Measurement.

The static tensile properties, dynamic modulus, and temperature sweep measurements were
performed by an RSA Il dynamic mechanical analyzer using a rectangular geometry. All of
the films for mechanical property testing were made in a rectangular shape with a size of 30
x 7 mm? and a thickness of 300 zm. The static tensile properties were characterized at room
temperature at a strain rate of 50 mm min~1. The stress—strain curves were measured using
a transient force gap method. Three tests were conducted for each film, and the error bars
represent + standard deviation (7= 3). The dynamic moduli were measured at the frequency
of 1 Hz at room temperature within a strain range from 1 to 10%. Two tests were conducted
for each film. For temperature sweep measurement, the films were fixed on a tension clamp
and strained to 0.1% at a frequency of 1 Hz, where the temperature was swept from =90 to 0
°C at a heating rate of 2.5 °C min1.

Fourier Transform Infrared (FTIR) Spectrometry.

The FTIR spectra of the pristine H-PIB film and PIB (6:4) blend film were measured by a
Nicolet iS50R FTIR spectrophotometer.

Water Contact Angle Measurement.

The contact angles of water droplets on the material surfaces were measured using a contact
angle system at room temperature. Deionized water droplets (5 z1) were applied to the film
surface by the automatic dispenser of the contact angle system. The contact angles were
determined from the side-view images of dispensed water droplets.

Water Transmission Rate.

The gravimetric method was used to determine the water transmission rates of all of the
films at room temperature. The setup of this measurement is shown in Figure S5. The film
samples were placed over the mouth of vials prefilled with anhydrous copper sulfate. The
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film edges were sealed by a paraffin film to the mouth of vials and further tightened by

a hollow lid. All of the vials have a diameter of 1 cm. After applying the film, the vial

was placed in a beaker filled with DI water for three weeks. The vial was then removed
from water, and its weight increment was measured immediately. The water transmission
rate was calculated using the following equation: WTR = AmlAlt, where Am is the weight
increment of the vial (g), A is the exposed film surface area (m2), and ¢is the total time
being immersed in water (day). Three tests were conducted for each type of film. The mean
value was reported, and the error bars represented tstandard deviation (7= 3).

Output Performance Measurement of Packaged TENGs.

The output performance of packaged TENGs was measured under the same pulling force.
TENGs with the same voltage output were packaged by the PIB blend film, Ecoflex,
PDMS, and PE, respectively. All of the package films had the same size and thickness.
The experimental setup is shown in Figure S8. To achieve the same pulling force, a 50 g
weight was affixed at the front tip of the central mobile layer by a thread. The nonmobile
part of the device was attached to a fixed stand, and the weight was placed on the edge of
the stand. During the test, the weight was released to create a free-fall motion. Through the
same falling distance until the string was pulled straight, the same amount of pulling force
can be expected on the mobile layer of TENG. Based on their different stretchabilities, the
packaging materials were stretched to different lengths. Correspondingly, the mobile layer
moved different distances, generating different amounts of electrical outputs. The voltage
outputs of the four packaged devices were measured by a multimeter (DMM 6500, Keithley,
internal resistance 10 MQ). The strain of the packaging material was determined by (L -
Lg)/ Ly % 100, where Lg and L are the lengths before and after the packaging material was
stretched, respectively. The force of the falling weight was given by the mass of the weight
via F= mg, where g is the acceleration due to gravity.

Dynamic Waterproof Performance Evaluation.

The dynamic waterproof performance of the PIB blend films as a packaging material was
characterized by measuring the time-dependent outputs of packaged TENGs in water. The
output voltage was measured by a multimeter (DMM 6500, Keithley, internal resistance 10
MQ) from the TENG when it was strained in water. The static parts of TENG were fixed

on a stationary stage located at the bottom of a container filled with water. The mobile

layer was attached to a moveable stage, which was connected to a computer-controlled linear
motor. The entire TENG was completely immersed in water. During the measurement, the
mobile layer was pulled back and forth periodically for 1 cm at a frequency of 1 Hz. The
TENG operation was kept on for 5 h each day, and the voltage output was recorded at the
end of the operation. The TENG was immersed in water all of the time even when it was not
in operation.

Cell Morphology Examination.

UV-sterilized samples of the PIB blend were placed on the inside of the walls of a
chambered cell culture slide (Falcon 354108). No material was added to the control wells.
There were four wells in each group. In total, 2.5 x 104 MOVAS cells were seeded into
each well containing 500 £ of cell culture medium. After 48 h, the cytoskeleton and
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nucleus of the cells were stained with Alexa Fluor 555 Phalloidin (Thermo Fisher Scientific,
A34055) and DAPI, respectively. The staining protocol includes the following procedures:
first, the cell culture medium was discarded and cells were washed two times with PBS.
They were later fixed with 4% paraformaldehyde for 15 min and rinsed three times with
PBS. The cell samples were then permeabilized with 0.1% Triton X-100 for 15 min at room
temperature and rinsed three times with PBS. The samples were incubated for 30 min at
room temperature with 200 A well~1 of Alexa Fluor 555 Phalloidin working solution and
then washed three times with PBS. Finally, a fluorescent mounting medium with DAPI (GBI
Labs, E19-100) was added and incubated for 5 min at room temperature before applying a
coverslip. After staining, the cells were imaged using a Nikon A1RS high-definition (HD)
confocal microscope.

Biocompatibility Evaluation.

MOVAS cells were purchased from American Type Culture Collection (ATCC, CRL-2797)
and grown as recommended in modified DMEM containing 4.5 g L1 b-glucose (Thermo
Scientific, 11965118) supplemented with 10% fetal bovine serum (FBS), 100 U mL™}
penicillin, and 100 U mL™1 streptomycin. The cell biocompatibility of the PIB blend was
assessed with a CellTiter-Glo assay (Promega, G9242) as described.3> UV-sterilized samples
of the PIB blend were placed on the inside of the walls of a 96-well plate with a black wall
and clear bottom (Corning 3603). No material was added to the control wells. There were
three wells in each group. In total, 5 x 103 cells were seeded into each well containing 200
L of cell culture medium. After incubation for 48 h at 37 °C and 5% CO,, the cell culture
medium was aspirated and 100 gL of PBS and 100 £L of CellTiter-Glo solution were added
to each well followed by incubation at room temperature for 30 min. Luminescence was
recorded on a FlexStation 3 microplate reader (Molecular Devices) at an integration time
of 0.5 s well™L. The relative cell viability was expressed as (luminescence of sample wells-
blank) (luminescence of control wells-blank) x 100%, where blank is the luminescence of
the wells without cells (PBS and CellTiter-Glo solution only).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PIB blend film design and basic properties. (a) Schematic processing of the PIB blend

film. The inset shows the mixing interaction of L-PIB and H-PIB. (b) Digital photo of an
as-prepared PIB blend film with high transparency. (c) FTIR spectra of pristine H-PIB and
PIB blend (6:4) films showing identical characteristic absorption peaks. (d) Comparison of
water contact angles of pristine H-PIB (right) and PIB blend (6:4) films (left) showing a
negligible change in the material hydrophobicity.
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Mechanical properties of PIB blend films. (a) Tensile strain—stress curves and (b)
corresponding elastic modulus (determined at <30% strain) of PIB blends with different
mixing ratios and other benchmark samples including Ecoflex, PDMS, and M-PIB (M, =
200 000); (c) dynamic mechanical properties; (d) tensile stress—strain curves in ten cycles

at 30% strain during loading—unloading cycles of the PIB blend film (6:4); (e) tensile strain—
stress curves before and after stretching in water for 18 000 times; and (f) tan & spectra of

PIB blend films.
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of all PIB blend films. (b) Water permeability of the PIB blend film (6:4) measured at
different strains. (c) Comparison of modulus and water permeability of the PIB blend film
with those of commonly used packaging materials. (d) Fluorescence microscopy image of
MOVAS cells stained by Alexa Fluor 555 Phalloidin and DAPI. (e) Viability of cells after 48

h exposure to PIB blend film extraction media.
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Figure4.
Performance of PIB blend-packaged TENG. (a) Schematic structure of a simple sliding-

mode TENG packaged by PIB blend films; the inset is the digital photo of a packaged
TENG. (b) Voltage output of the same type of TENG packaged by four different elastomers
when subjected to the same amount of tensile strain. (c, d) Long-term in-water voltage
output of TENG packaged by the PIB blend (c) and Ecoflex (d). The insert of (c) is

an enlarged voltage output profile within one stretching cycle. () Comparison of time-
dependent peak-to-peak voltage output of TENG packaged by the PIB blend and Ecoflex.
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