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A B S T R A C T

Bioresorbable implantable medical devices can be employed in versatile clinical scenarios that burden patients with
complications and surgical removal of conventional devices. However, a shortage of suitable electrical
interconnection materials limits the development of bioresorbable electronic systems. Therefore, this study highlights
a highly conductive, naturally resorbable paste exhibiting enhanced electrical conductivity and mechanical stability
that can solve the existing problems of bioresorbable interconnections. Multifaceted experiments on electrical and
physical properties were used to optimize the composition of pastes containing beeswax, submicron tungsten
particles, and glycofurol. These pastes embody isotropic conductive paths for three-dimensional interconnects and
function as antennas, sensors, and contact pads for bioresorbable electronic devices. The degradation behavior in
aqueous solutions was used to assess its stability and ability to retain electrical conductance (~7 kS/m) and structural
form over the requisite dissolution period. In vitro and in vivo biocompatibility tests clarified the safety of the paste as
an implantable material.
1. Introduction

Recently, bioresorbable electronic components have been developed
for implantable medical devices that dissolve in vivo in a timely manner to
avoid risky surgical removal [1–8]. Such devices have evolved into
temporary actuators [9], energy harvesters [10,11], drug delivery
systems [12], and biomarker sensors [13,14], enabling safe and
short-term applications in acute, complex, and various clinical scenarios,
such as peripheral nerve regeneration [9,15], oncology treatment [12,
16], and intracranial hypertension detection [17,18].

When packaging bioresorbable devices, a conductive material is
required to provide electrical interconnections between the components.
Conventional electronics can employ solder alloys or conductive adhesives
as electrical interconnection materials for bonding integrated circuits to
boards. In contrast, although various composites have been suggested for
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bioresorbable interconnection materials [19–23], such materials are still
difficult to utilize owing to their many limitations, including low electrical
conductivity, poor processability, and mechanical instability. For example,
when conductive polymers (CPs), such as poly (3,
4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy), are fused with
bioresorbable polymers [21–23], they yield poor conductivities (<0.1
kS/m), which undermines the device electrical power and efficiency [24,
25]. Furthermore, the resorption and biocompatibility of CPs are not well
established [26]. For metal particles/bioresorbable polymer composites,
using organic solvents or heating the matrix polymer above 200 �C
damages the substrate and components at the application sites [26–28].
Although another composite comprising candelilla wax and molybdenum
particles provides a relatively high conductivity of ~4 kS/m [29],
candelilla wax is very brittle, making the interconnections fragile with
lower mechanical stress and shortened expected lifetime of the device [30,
ul, 02841, South Korea.
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31]. Recently, bioresorbable metal particle-based conductive materials
have emerged [32–35]. Sintered by laser ablation and electrochemical
fusion between metal particles, such materials are equipped with high
conductivity (>2 kS/m), microscale resolution, and durability under
various deformation modes. Furthermore, these materials can use any
substrate because they do not exploit high temperatures and toxic solvents
in their application process. However, because thesematerials are designed
for constructing planar electrical pathways, they have limitations to make
physical binding and vertical interconnection. Consequently, own
drawbacks of prior bioresorbable interconnection materials degrade the
performance of fully bioresorbable devices or make unstable connection
sites [24]. Therefore, solder or silver paste, which is not a resorbable
material, is still used to prepare bioresorbable electronic device prototypes
[30,36–38]. Consequently, the lack of suitable interconnections causes a
discrepancy between the laboratory results and practical applications and
generates a bottleneck for further research toward commercialization [39].

In this study, we used a thermoplastic beeswax matrix and glycofurol
(GF) as a tungsten (W) dispersion agent to devise a highly conductive,
mechanically stable, and bioresorbable W paste. The resulting material,
named “W-paste”, exhibited higher conductivity (>7 kS/m) and overcame
the mechanical disadvantage of the existing wax composite. The W-paste
can be easily prepared without cumbersome synthesis. Solidification in a
few seconds by exposing room temperature is followed by screen-printing
or soldering iron with manually adjustable thickness in microscale. In
addition, the W-paste exhibits isotropic electrical paths, unlike the former
bioresorbable interconnections, which could not retain isotropic structures
[28,29,37,40]. Moreover, the W-paste can serve as conducting paths and
interconnects in various applications such as antennas, flex sensors, and
capacitive-fringe field sensors, as a degradation behavior was observed
when immersed in phosphate-buffered saline (PBS) for 80 days. In vitro and
in vivo biocompatibility tests also showed that the W-paste is nontoxic and
can be used for fabricating implantable devices.

2. Materials and methods

2.1. Preparation of bioresorbable W-paste

The W particles were added to the melted beeswax (refined, Apis
mellifera) at 100 �C to form a black mixture. After the mixture was cooled
to 70 �C, GF was added and dispersed by ultrasonication to obtain the
conductive W-paste. The optimal vol% varied by particle size; that is, the
optimal vol% for 500 nm, 2 μm, and 10 μm W particle sizes were in
ranges of 19–31%, 29–39%, and 31–41%, respectively. The paste using
molybdenum (Mo) particles for the control group was prepared using the
same method. The metal particles were purchased from Avention Co.,
Korea, and all the chemicals were purchased from Sigma–Aldrich Co.,
USA.

2.2. Electrical property tests

The W-paste was homogeneously mixed at 70 �C and poured into
polydimethylsiloxane (PDMS) molds. After 12 h at room temperature
(~21 �C), the solidified W-paste was separated from the molds and
transferred onto glass slides to form disk-shaped (radius: 30mm, thickness:
1 mm) samples for measuring the conductivity, resistivity, and impedance.
The samemethod was used to fabricate samples from the other test groups.
The conductivity and resistivity of each W-paste sample (n ¼ 5) were
measured using a 4-point probe system (Ossila, Ltd., UK) with adjusted
scale factors (e.g., scale of the samples) to convert the sheet resistance to
conductivity and resistivity. The average conductivities of the center, top,
bottom, left, and right regions were measured for each sample to eliminate
the outlier effect. The resistivities of the Sn solder, Ag paste, and Ag epoxy
in Fig. 1f have been referenced in previous studies [28,40–42]. The
impedance change of the W-paste and particle size were measured using a
frequency response analyzer (FRA, Autolab FRA32 M, Netherlands). To
evaluate the isotropic conductivity, PDMS molds filled with W- and
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Mo-pastes were placed in an oven at 85 �C for 24 h, and the subsequent
solidification at room temperature yielded cylindrical samples. A
multimeter and test probes were used to measure the resistance
differences, which represent the isotropic conductivity of the W-paste. All
the measurements were conducted at 25 �C.

2.3. Dissolution tests

A bioresorbable wireless stimulator was prepared using Mg foil (50
μm, Nilaco Co., Japan) ablated with an ultraviolet (UV) laser marker
(MD-U1000C, Keyence, Japan), a silicon (Si) nanomembrane diode, and
poly (lactide–co–glycolide) (PLGA) encapsulation layers [9]. TheW-paste
served as an interconnection for each component. The stimulator was
immersed in PBS 1X and placed in an oven at 50 �C for 60 d to monitor
the dissolution status. A 200 μm-thick W-paste coating was
screen-printed using a polyimide (PI) stencil on a stainless-steel sheet to
yield a “K”-shaped mark for monitoring the dissolution. Before
measuring the section profile of the mark, a sample was retrieved from
the PBS, rinsed with distilled water, and stored under vacuum for 24 h to
minimize the W-paste swelling. Each group of samples (days 1 and 60)
was prepared for X-ray photoelectron spectroscopy (XPS, ULVAC-PHI
X-TOOL, Japan) analysis as square plates (5 mm � 5 mm � 1 mm) and
immersed in PBS 1X for 1 or 60 d at 37 �C, respectively. The samples were
then retrieved from the PBS, rinsed with distilled water, and stored in a
drying oven at 40 �C for 24 h to remove any residual moisture. The XPS
peaks were analyzed using XPSPEAK 4.1 free software.

2.4. Mechanical tests

Melted candelilla wax and beeswax were poured into 3D-printed
molds (10 mm � 10 mm � 5 mm) and covered with a glass slide. The
detachment of the glass slide from the solidified wax resulted in a smooth
surface for the Vickers hardness tests (Duramin 4, Struers LLC, USA). The
hardness test parameters were HV0.01/10 and ambient temperature (22
�C). The 3-point-bending-test samples were prepared as 35 mm � 3.2
mm � 2.5 mm (width � diameter � height, respectively), and the tests
were conducted according to the standard for flexural properties of
nonreinforced and reinforced plastics (ASTMD790) using a universal test
machine (UTM, Cellscale, Canada). Compression test samples were
fabricated using a PDMSmold, and the tests were conducted according to
the standard method for testing the compressive properties of rigid
plastics [American Society for Testing and Materials (ASTM standard
D695)] with the UTM. The contact angles of water droplets on various
W-paste samples were measured using a contact angle meter/analyzer
(Phoenix 300, SEO, Korea), and the data for each sample (n ¼ 5) were
collected and analyzed using embedded software. Focused ion beam–

scanning electron microscopy (FIB-SEM; Helios 5 UC, FEI, USA) was used
to obtain energy-dispersive X-ray spectroscopy (EDS) and backscattered
electron (BSE) mapping images.

2.5. Fabrication and testing of fringing-effect sensor

Poly butanedithiol 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)
-trione pentenoic anhydride (PBTPA) was synthesized as encapsulation
and dielectric layer according to a previously published method [43],
with a molar ratio of 1:4:7, and all the chemicals were purchased from
Sigma–Aldrich Co., USA. The synthesized PBTPA was stored in an amber
screw vial for 2 days. The electrodes were fabricated using a Mo film
(Nilaco Co., Japan). The W-paste was connected to 50 μm molybdenum
wires and electrodes. Half-cured PBTPA (stored for 2 days) of 100 μm
thickness was spread on a glass slide and then fully cured in a UV
chamber (Korea Ace Sci., Korea) for 10 min. The cured PBTPA and
fabricated electrodes were treated with plasma (ELECTRO-TECHNIC
PRODUCTS, Inc., USA) and attached. Half-cured PBTPA of 100 μm
thickness was spread and then fully cured by UV. As in the previous
method, the second electrode and encapsulation layer were placed on the
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Fig. 1. Conceptual design and electrical properties of bioresorbable and conductive tungsten paste (W-paste). (a) Illustrations of lifetime-designed W-paste
interconnection for application to W-paste-based bioresorbable electronics and materials (b) Schematic of the fabrication process of W-paste and effects of glycofurol.
(c) Electrical conductivity measured using 4-point probe system and plotted as functions of tungsten particle volume fraction and radius (light, medium, and deep
green represent 500 nm, 2 μm, and 10 μm particles, respectively). (d) Comparison of conductivities achieved using W-paste and bioresorbable composite pastes
previously prepared using molybdenum (Mo) particles or polybutylene adipate–co–terephthalate (PBAT) matrix. Compared to other bioresorbable composite pastes,
W-paste (light green) exhibits at least four times higher electrical conductivity. (e) Conductivity enhancement of W-paste by uniformly distributed GF in 27 vol%
tungsten powder in beeswax matrix. (f) Comparison of electrical resistivities achieved using conventional Sn solder, Ag paste, and Ag epoxy adhesive and bio-
resorbable W-paste-based interconnection materials prepared using 27 and 6 vol% tungsten and GF, respectively. (g) Impedance measurements of W-pastes prepared
using various sizes of W particle and GF contents. (h) Surface resistances of W- and Mo-paste blocks for investigating phase separation between top and bottom
regions. Inset shows 8 mm-high � 6 mm-diameter blocks of metal particles/wax (left: W; right: Mo) used in this experiment. Scale bar represents 5 mm.
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PBTPA film. The fringing-effect sensor was placed in a syringe and
connected to the outlet of a commercial pressure sensor (MPX5700,
Freescale Semiconductor, Inc., USA). An analog-to-digital converter
(ADC, 7747 CE, Analog Device Inc., USA) connected to a computer was
used to collect the capacitance data of the fringing-effect sensor.

2.6. In vitro live/dead assay

In vitro cytotoxicity and immune response tests were performed using
C2C12, 3T3L1, and RAW 264.7 cells cultured in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (PS). The cells were incubated at
37 �C in a humidified incubator with 5% CO2. Eluates were obtained
from the materials (beeswax, beeswax þ W, and W-paste) according to
the International Standards Organization (ISO) 10993-12 standard. The
culture media (20 mL) containing 4 g of material were incubated at 37 �C
for 72 h and subsequently stored at 4 �C until further use.

For the live/dead assay, mouse fibroblasts were cultured on 48-well
plates at a density of 1.5 � 104 cells per well for 24 h. The cells were
then treated with eluate obtained from each material. Seven days after the
treatment, a live/dead viability/cytotoxicity kit was used to determine the
cell viability. The working solution, including ethidium homodimer-1
(EthD-1) and calcein AM, was added to each well. All the processes were
performed under low-light conditions. After 30 min of incubation at room
temperature, the live and dead cells were observed under a fluorescence
microscope (Zeiss, Germany).

2.7. In vitro WST1 cytotoxicity assay

Before the cell viability experiments, the C2C12 and 3T3L1 cells (1.0�
104 cells per well) were cultured in 96-well plates for 24 h in an incubator
with 5% CO2 at 37 �C. The incubated cells were treated with the eluates in
the 96-well plates. Seven days after the treatment, the reagent from the
WST1 cytotoxicity kit was used. After incubation for 3 h, the cell viability
was examined at 450 nm using a microplate reader (Synergy H1, BioTek,
Vermont, USA).

2.8. In vivo biocompatibility tests

Male BALB/c mice (20–30 g) were purchased from Nara Biotech Co.,
Ltd. (Seoul, Korea). Avertin (anesthetic; 2.5%), IVD Black silk (11 mm,
AILEE), BD Ultra-Fine Insulin Syringe [1 mL, 0.25 mm (31 G) � 8 mm],
blood collection tubes [with K2E ethylenediaminetetraacetic acid
(EDTA) 18.0 mg, 10.0 mL], and 4% paraformaldehyde solution (BYLABS)
were used.

The biocompatibility of the W-paste was assessed in 15 BALB/c mice
(male, 6 weeks old). Themice were divided into PLGA, PDMS, andW-paste
groups as positive control, negative control, and test sample, respectively
after a diurnal cycle for 1 week before the surgery. The mice were
anesthetized using an intraperitoneal injection of 2.5% avertin.

Each sample was prepared with a size of 5 mm � 5 mm thickness of
100 μm. Prior to implantation, the test and control materials were sterilized
using UV irradiation. The sterilized materials were then implanted in
subcutaneousmouse tissues on the dorsal side of the animal for four weeks.
The body weights of the mice in the test and control groups were measured
4

weekly for four weeks after implantation.

2.9. Cytokine analysis

Mouse macrophages were cultured in 24-well plates at 5 � 104 cells
per well for 24 h for the proinflammatory cytokine enzyme-linked
immunosorbent assay (ELISA). The incubated cells were treated with
eluates. Seven days after the treatment, the supernatant was collected
and centrifuged to remove any cell fragments. After the centrifugation,
the TNFα, IL-1β, and IL-6 protein expressions were detected using ELISA
kits.

Four weeks after the implantation, mouse blood samples were collected
using cardiac puncture with a BD ultrafine insulin syringe to determine the
blood chemistry. Then, the mice were sacrificed by cervical dislocation,
and the skin tissue surrounding the implanted materials was carefully
harvested and immediately fixed using 4% paraformaldehyde. The
collected tissues were blocked using paraffin embedding, sliced using a
microtome, and stained with Masson's trichrome and hematoxylin and
eosin (H&E) reagents. The structure of the skin tissues was analyzed using
an optical microscope (OM; DM IL LED, Leica, Germany).

2.10. Hematology analysis of blood samples

Each collected blood sample (n ¼ 13) was aliquoted into a K2EDTA
tube (BD Vacutainer) to prevent clotting. The blood samples were sent to
NEODIN BioVet, where a complete blood count (CBC) test was performed,
and the numbers of white blood cells (WBCs), neutrophils, lymphocytes,
and monocytes were determined for each animal.

3. Results and discussion

3.1. Material design and fabrication of bioresorbable and conductive
W-paste

Conductive and bioresorbable W-paste, comprising a mixture of W
nanoparticles and GF in a beeswax matrix, serves as an electrical
interconnect within a predesigned lifetime. Fig. 1a shows the life
sequence of the W-paste in the bioresorbable device and information
about the constituent components. Once used for the intended time, the
W-paste chemically dissociates and is safely resorbed by the surrounding
environment of the adjacent tissue (e.g., enzymes, ions, water, and
mechanical stresses). All the W-paste constituents (W, beeswax, and GF)
are bioresorbable, biocompatible, and readily applicable without addi-
tional synthesis steps. Using these materials, the W-paste is fabricated
quickly (within 10 min) and straightforwardly, as shown in Fig. 1b. The
W particles (~500 nm) were mixed with the melted beeswax in a
precisely controlled volume fraction at 100 �C, and a trace of GF (~6 vol
%) was added to obtain the W-paste. W is a well-known biocompatible
metal widely used in prosthetics and medical implants, and previous
studies have shown that W exhibits in vivo bioresorption [3,44–46].
These biocompatible W particles provide electrical pathways for the
W-paste through the internal electrical conduction of a single particle and
tunneling effects between the metal particles [47,48]. Beeswax exhibits a
thermoplastic matrix and a relatively lowmelting point (65 �C). Thus, the
W-paste requires less time and can be safer to process than other
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bioresorbable interconnections requiring high temperatures, solvent
casting, and UV curing for the same applications [28,40,49]. The softness
of beeswax (in the range 200–300 MPa) at room temperature results in
the formation of robust interconnections in flexible electronics by
reducing the mechanical mismatch between the W-paste and substrates
(e.g., PI: in the range 100–200 MPa; PLGA: ~30 MPa) [50]. The GF acts
as a solvent for insoluble active materials and is a biocompatible
surfactant that distributes PLGA microspheres in various solvents [51,
52]. In this study, the GF helps to disperse the W particles homoge-
neously, which enhances the softness and isotropic conductivity of the
W-paste. In addition, the W-paste has shape retention ability even above
the melting point and guarantees dimensional accuracy owing to the
GF-induced high surface tension and viscosity.
3.2. Electrical properties of W-paste

To optimize the material mixing ratio, a four-point probe system
(T2001A3, Ossila) was used to evaluate the electrical properties of
various W-pastes. Volume fraction and size of W particles are the major
variables affecting the electrical conductivity, which depends on
following electrical percolation conductivity formula [53,54]:

σ¼ σ0ðφ – φcÞt (1)

where σ is the electrical conductivity, φ is the volume fraction, φc is the
percolation threshold, and t is the critical exponent. φc and t value of
W-paste are 0.19 and 1.6, respectively (0.27,1.18 for Mo/Beeswax). The
500 nm W particles exhibited the highest conductivity (~6.4 kS/m) at a
W concentration of 27 vol%. However, the 2 and 10 μm particles
exhibited a relatively low conductivity (~2.9 kS/m), even at higher W
concentrations of 37 and 39 vol%. According to Wu et al. [55], the
interparticle distance of spherical particles in a cubic lattice can be
written as

δ¼D
�� π

6φ

�1
3
– 1

�
(2)

where δ is the interparticle distance (surface-to-surface), φ is the
particle volume fraction, and D is the particle diameter. The interparticle
distance becomes narrow with decreasing particle size or increasing
volume fraction. Additionally, δ is related to the tunneling resistance as
follows:

Rt ¼ ρt
πðδ=2Þ2 (3)

where Rt is the tunneling resistance, and ρt is the inherent tunneling
resistivity between the W particles. Because these equations indicate that
Rt is proportional to 1/D2, the particle size directly affects the tunneling
resistance, which indicates that the 500 nm W particles exhibit higher
electrical conductivity than the large particles (>1 μm) [55–57]. However,
if the particle size is too small, the surface oxide layer overwhelms the
entire volume, thereby shortening the intrinsic electrical pathway of the
internal particles. Minimizing both the optimal particle size and volume of
metal particles is critical for reducing the mechanical instability of the host
material (e.g., brittleness, crazing, and shrinkage) caused by the
diminishing binder coverage. For example, W-paste becomes granular
when the W particles are added to the critical vol%, as shown in Fig. S1,
and the electrical conductivity drastically decreases in all cases (Fig. 1c). At
the optimal vol%, the W-paste exhibits four times higher electrical
conductivity (~6.4 kS/m) compared to that measured in earlier studies of
bioresorbable composite paste (~1.6 kS/m) (Fig. 1d) [40]. Moreover,
addition of appropriate GF vol% (6 vol%) uniformly distributes the W
particles in the beeswax matrix, thereby increasing the electrical
conductivity by ~14% more. In contrast, as displayed in SEM images
(Fig. S8c), excessive addition of GF (�9 vol%) induces poor W distribution
at W-paste surface and interrupts the electrical path of W-paste, decreasing
5

the conductivity (Fig. 1e). Therefore, in the following experiments, 27 vol
% of W particles (500 nm) and 6 vol% of GF with the beeswax matrix are
considered as the optimal W-paste composition.

The low resistivity and constant impedance of the W-paste are crucial
factors because high resistivity and rapid impedance changes with
changing frequency adversely affect the device performance owing to the
electric current fluctuations. Fig. 1f compares the resistivities of the
bioresorbable interconnection materials with conventional materials
(e.g., Sn solder, Ag paste, and Ag epoxy), which exhibit relatively low
resistivities (11, 100, and 9.8 � 103 μΩ�cm, respectively). Among the
bioresorbable pastes, the well-distributed W-paste achieved the lowest
resistivity of up to 1.0 � 104 μΩ�cm, similar to that of the Ag epoxy. As
shown in Fig. 1g, FRA was used to measure the impedance change of
W-paste across frequencies ranging from 1 to 1.0 � 106 Hz. The W-paste
impedance increased with increasing frequency. This result can be
explained by the Drude model, which describes the electron mobility in a
conductor and can be expressed as follows:

μ¼ qτ
m

1
1þ ω2τ2

(4)

where the electron mobility (μ) is a function of the frequency, ω.
According to this equation, μ decreases as ω increases, and low μ causes
high impedance. Impedance drop near 105 Hz is due to the influence of
capacitance between metal particles becoming dominant in the equivalent
circuit model described in Fig. S2 [58]. Additionally, the impedance
increases with increasing particle size according to equations (2) and (3).

The W and Mo particles exhibit different dispersion behavior in the
matrix, as empirically confirmed while preparing the experimental
samples. Although the Mo particles sink when mixed with the wax, the W
ones required a long time for sedimentation despite W exhibiting a
higher density (19.28 g/cm3) than Mo (10.22 g/cm3). This may result
from various factors, such as the zeta potential, steric stabilization,
wettability, and surface morphology of the W and Mo particles. For
example, W and Mo oxides exhibit negative and positive net charges,
respectively, whereas wax esters and alcohols exhibit negative terminal
functional groups (e.g., –OH and –COOH) [59,60]. This charge difference
affects the double-layer repulsive and van der Waals attractive forces of
each metal particle, leading to opposite dispersion conditions [61,62]. In
the same context, when hardened at room temperature, the Mo paste
produces a thin yellow wax layer on the top owing to phase separation, as
shown in Fig. S3, whereas the W paste remains dispersed. Subsequently,
W- and Mo-paste blocks of height 8 mm were prepared to investigate the
phase separation between the top and bottom surfaces (Fig. 1h). The
inset shows the metal particle/wax (left: W; right: Mo) blocks used in this
experiment. The W-paste exhibits similar resistance between the top and
bottom surfaces (0.3 and 0.5 Ω, respectively), while Mo paste exhibits an
approximately two-order difference in magnitude for the bottom (~1.0
� 102 Ω) and top (~1.0 � 104 Ω) surfaces. This result confirms that the
W-paste exhibits isotropic conductivity along the x-, y-, and z-axes.
Moreover, SEM images ascertain that the W particles are more
homogeneously suspended in the wax matrix compared to the Mo
particles, which clarifies the higher electrical conductivity of W-paste
(Fig. S4).
3.3. Degradation behavior and thermal characteristics of W-paste

In contrast to conventional waterproof devices, bioresorbable
electronics must be dissolved by body fluids in time to secure their
functionality during a predesigned lifetime. Thus, the design of each
component with appropriate dissolution and stability periods is important
to ensure the good functionality of the bioresorbable devices. In the same
context, as the degradation progresses, bioresorbable interconnection
materials shouldmaintain electrical conductivity and act as binders for each
component such as the solder in conventional electronics. Fig. 2 shows the
bioresorbable features of the W-paste in various dissolution modes.
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Sequential images were captured for the dissolving bioresorbable wireless
stimulator immersed in PBS 1X (at 50 �C), which comprised a radio
frequency (RF) power harvester and rectifying stimulation circuit
interconnected by the W-paste, to provide information about accelerated
degradation lifetime (Fig. 2a). All the components, e.g., the 30 μm-thick Mg
RF antenna and electrode and 200 μm-thick PLGA encapsulation layer, are
fully degraded in PBS at 50 �C within 60 days. In Fig. 2b, the “K”-shaped
W-paste (5 mm � 5 mm � 200 μm) on the stainless-steel substrate
immersed in the PBS 1X at 50 �C shows the intrinsic dissolution behavior by
the section profile changes from day 1–40 and 80. Dektak XT® quantifies
the W-paste sections, indicating that dissolution progresses spatially from
the edge to the center, and the 200 μm-thick W-paste fully dissolves in 80
days.

XPS and SEM yielded data on the atomic-binding-energy transition and
morphological changes of the W-paste surface from the early to late stages
of dissolution (Fig. 2c and d, respectively). Fig. 2c shows the peak (35.37
eV) of the native oxide layer of the W particle (W6þ) and a small peak (at
41.0 eV) for the exposed W (W 5p3/2). The inset shows the SEM image of
the intact surface of the W-paste. After dissolution for 60 d, the various
oxide forms (Wxþ, W4þ, W5þ, andW6þ: 31.25, 32.63, 33.75, and 35.72 eV,
respectively) appeared with the pure W (30.25 eV), and the W 5p3/2 peak
disappeared. The W particles can be reversibly oxidized and reduced to
diverse states (W ↔ WO2 ↔ WO2.72 ↔ WO2.9 ↔ WO3) in the presence of
H2O [63] and finally dissolved as W(s) þ 4H2O → WO4

2�
(aq) þ 8Hþ þ 6e�

[64]. The SEM image shows surface erosion of W-paste through the
roughness and pores after 60 d of degradation in PBS 1X at 37 �C. The inset
of Fig. 2d and the entire degradation process are shown in Fig. S5. As
shown in Fig. 2e, the conductivity changes of W-paste after 2 weeks of
immersion in the PBS at 37 �C corroborates that adding a trace of GF
enhances the electrical stability in a wet environment. The conductivity
fluctuations in the first two days originate from the dissolution of the outer
shell oxide layer of the W particles [40], whereas the electrical
conductivity of samples prepared using 6% GF maintains its initial value
(C/C0 � 1) for 13 days. The conductivity of the GF-free samples
deteriorates faster, and the samples lose their electrical functionality
entirely at the end of the experiment. The inset shows that although no
cracks formed in the GF-containing samples, the GF-free ones were
severely cracked. The addition of a trace of GF also increased the
mechanical strength of W-paste in subaquatic conditions.

Differential scanning calorimetry (Q 20, TA instrument) was used to
determine the thermal properties ofW-paste as shown in Fig. 2f. Consistent
with a prior study, melting temperature is near 64 �C in the heating cycle
[65]. The inset shows a detailed view of the peaks near the melting point.
These results represent that W-paste upholds its functionality as an
implantable material at a normal body temperature range (~37 �C) and
can be processed at a relatively low temperature tominimize the damage to
bioresorbable substrates or active materials.

3.4. Mechanical properties of W-paste

In previous studies, the candelilla wax used for the conductive paste
matrix mainly comprised hydrocarbons (~50 wt%), especially n-alkanes
(tritriacontane, hentriacontane, triacontane, nonacosane, and hexacosane:
C29–33) [66]. Because these long-chain hydrocarbons are crystalline at
room temperature, a high hydrocarbon ratio causes brittleness when the
wax is solidified [67]. Therefore, a soft beeswax matrix can be substituted
for the candelilla wax because beeswax mainly comprises amorphous
esters (e.g., monoesters and diesters), and the hydrocarbon ratio is
comparatively low (~14 wt%) [68,69]. The Vickers hardness test (at RT:
22 �C) confirms that the beeswax is softer (0.48 HV0.01) than candelilla
wax (3.65 HV0.01), as shown in Fig. 3a. The hardness of the matrix can be
regulated by controlling the beeswax and candelilla wax mixing ratio.
Because the hardness values are not considerably different for wax
mixtures containing more than 60 wt% beeswax, a pure beeswax matrix is
used to fabricate soft interconnection materials. Three-point bending tests
were conducted to measure the flexural modulus variance of the W-paste
6

block for different matrix compositions. The flexural strengths of the
W-pastes prepared using the candelilla wax, beeswax, and GF-containing
beeswax are 13.2, 4.9, and 3.0 MPa, and the corresponding flexural
moduli are 2.64 GPa, 622 MPa, and 223 MPa. This reduced flexural
modulus implies that the beeswax is more suitable than the candelilla wax
for preparing the W-paste matrix and that the GF mitigates the W-paste
stiffness (Fig. 3b). For the compression tests, cylindrical samples of size 7
mm diameter � 14 mm height were prepared, as shown in Fig. S6. The
increasing GF content (3, 6, and 9 vol%) enhances the W-paste softness,
resulting in relatively low compressive stresses (4.1, 3.9, and 3.5 MPa,
respectively), while the ultimate compressive stress of the GF-free W-paste
is approximately 6 MPa. An increase in the GF content reduces the
compressive strength while increasing the compressive strain, as shown in
Fig. 3c. The addition of 6 vol%GF enhances theW-paste compressive strain
from 7 to 15%, and the optimal W particle dispersion may affect the
W-paste compressive strain.

Because the proportion of beeswax in W-paste is higher than tungsten
(W/beeswax ¼ 27/73), the estimated surface wettability of the W-paste
suggests that it is close to hydrophobic. However, the oxides on particle
surfaces are hydrophilic (contact angle <5�) [70]. The extreme wettability
difference weakened the adhesion between the beeswax and W particles
[71–74]. Surfactants, such as GF can reduce the wettability difference. On
the surface, the water contact angles decreased with increasing GF content
(110� and 81� at 0 and 6 vol%, respectively), which indicates that the GF
effectively increases the beeswax wettability (Fig. 3d). In addition, the GF
in the W-paste can mitigate the matrix-shrinkage-induced internal residual
stress, which overwhelms the adhesion force and induces mechanical
instability. As shown in Fig. 3e, several microfractures were observed using
OM, indicating that the internal stress induced a crazing effect on the
GF-free W-paste surface. In contrast, W-paste containing GF did not exhibit
any crack, which suggests that GF can mitigate the residual stress and
increase the surface adhesion between the filler and matrix. The W-pas-
te-coated PIfilm endured various deformations (e.g., bending and twisting)
without delamination. The maximum bending radius is 5 mm for the
100-μm-thickfilm (Fig. 3f). 180� peel and lap shear tests were conducted to
investigate W-paste adhesion properties at other substrates, including
metal (e.g., Mg) and polymers (e.g., LDPE, PI) (Fig. S7). A BSE image
confirmed microstructural improvements through the homogeneous
distribution of W particles in the W-paste matrix. The W-powder
agglomeration is displayed as a saturated GF-free white region (indicated
by the green arrows on the left side in Fig. 3g). After GF was added, the W
particles were uniformly dispersed without any aggregated regions (on the
right side in Fig. 3g). The EDS maps also suggest that the W and carbon (C)
particles were well distributed in the beeswax matrix. The EDS mapping
images show that the yellow region (W) covers most of the GF-free matrix
before adding GF and that the sky blue (C) and yellowW regions are evenly
distributed in the GF-containing matrix (Fig. S8).

3.5. Applications of bioresorbable W-paste

Fig. 4 shows the various resorbable electronics applications fabricated
using the W-paste. Fig. 4a shows a neat and precise screen-printed
W-paste pattern exhibiting excellent conductivity and enabling the
fabrication of a power-delivery antenna. UV laser ablation is used to
carve the pattern and fabricate a 100 μm-thick trench for the coil on the
PI tape, which is attached to a glass slide substrate. The meltedW-paste at
70 �C was screen-printed to fill the trench, and the PI tape residue was
removed after solidification of the W-paste at room temperature (RT).
The obtained 1 mm-wide � 100 μm-thick receiver coil exhibited an 800
μm interline gap and seven turns in a 60 mm � 40 mm rectangle. The
function generator transports power to the receiver coil by inductive
coupling at 10 Vp–p and 10 MHz, and the delivery distance is 7 cm
without any power amplification. A micro-LED indicates the wireless
power delivered to the receiver coil. Fig. 4b shows W-paste contact pads
fabricated with various line widths ranging from 200 μm to 800 μm and
the same screen-printing method used for fabricating the coil, and the
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Fig. 2. Degradation behavior and thermal properties of W-paste. (a) Sequential images showing dissolution of bioresorbable wireless power-harvesting and
-stimulation device connected to each part using W-paste and immersed in phosphate-buffered saline (PBS) 1X concentration at 50 �C. (b) “K”-shaped W-paste (5 mm
� 5 mm � 200 μm) coated on stainless steel substrate to examine dissolution for different immersion times in PBS 1X at 50 �C.Images show W-paste dissolution by
section profile and vanishing “K” shape. Tungsten atomic-binding-energy transition analyzed by X-ray photoelectron spectroscopy (XPS) at W-paste surface on days (c)
1 and (d) 60. Gray, light green, purple, magenta, blue, and deep green represent baseline, W6þ, W5þ, W4þ, Wxþ, and W0, respectively. Inset shows surface morphology
changes of W-paste in scanning electron microscope (SEM) images. (e) W-paste conductivities measured in wet environment (PBS 1X at 37 �C) over 2 weeks. Green
and yellow represent 6 vol% GF and GF-free W-pastes, respectively. Inset images show fragmented GF-free and intact GF-containing W-paste samples at the end of the
test. (f) DSC results for W-pastes containing various GF contents in beeswax matrix. Inset shows magnified peaks inferring W-paste melting point.

Fig. 3. Mechanical properties of W-paste. (a) Vickers hardness values measured at room temperature (RT: 22 �C) indicating that beeswax (0.48 HV0.01/10) is
softer than candelilla wax (3.65 HV0.01) and their mixtures. (b) Flexural stress-strain curves of W-pastes prepared using various matrices. Light green, green, and
black represent GF-containing and -free W-paste and candelilla wax/W matrices, respectively. (c) Compressive stress-strain curves of W-pastes prepared using various
vol% of GF in beeswax matrix. Black, blue, red, and green represent 0, 3, 6, and 9 vol% GF, respectively. (d) Contact angle plotted as a function of GF vol% for W-paste
surfaces. Inset presents contact angles of water droplets on surfaces of W-pastes prepared using 0 or 9 vol% GF in beeswax matrix. (e) Optical microscopy images
showing surfaces of W-pastes prepared using different GF contents in beeswax matrix. (f) W-paste-coated polyimide (PI) film under convex and concave bending and
twisting deformations. (g) SEM images of W-paste microstructure photographed in backscattered electron (BSE) mode. Green arrows indicate tungsten-particle
agglomeration in GF-free beeswax matrix.
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Fig. 4. Applications of W-paste in bioresorbable electronic devices. (a) Screen-printed rectangular W-paste-based antenna coil for power delivery. (Inset shows
part of 60 mm � 40 mm rectangular 1 mm-wide and 100 μm-thick antenna coil exhibiting 800 μm spacing. (b)W-paste-based contact pads integrated with micro-LEDs
on a glass slide exhibiting various line widths narrowing from top to bottom (800 and 200 μm, respectively). Inset shows that micro-LEDs light up when 1.5 V is
applied to both ends of contact pad. (c) Schematic of W-paste-based flex sensor fabrication. (d) Resistance data obtained from flex sensor by repeated bending of a
finger. Inset images show magnitude of bend at each data point. (e) Fully bioresorbable fringe-effect capacitive sensor fabricated using Mo electrodes and wires for
generating electric field and transmitting data, respectively, W-paste-based interconnections, and bioresorbable polyanhydride-based encapsulation layer. (f)
Capacitances generated for different fingertip proximities at atmospheric and high pressures. (g) W-paste resistances. Squares and circles represent GF- containing and
-free W-pastes, respectively, under heating and cooling cycles. Inset shows experimental setup for resistance measurements (two Mo contact pads connected by
W-paste). (h) Melting behaviors and viscosities of W-pastes prepared using different GF contents.
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micro-LED between the contact pads was linked using a soldering iron.
The W-paste dimensional range can be freely modified as required, and
the contact-pad feasibility is maintained regardless of the line width. This
underscores the W-paste applicability for bioresorbable microsystems.
The dimensional accuracy of the printed W-paste was also confirmed
using quality-sensitive barcode patterns (Fig. S9).

Fig. 4c shows a schematic of the flex sensor fabrication using the
W-paste. The PI tape on the PI substrate served as a mold and was filled
with the melted W-paste. The excess W-paste must be removed using a
razor to control the flex sensor thickness. The border was trimmed, and
copper tape wiring was used to complete the signal-acquisition sensor.
When attached to a finger, the flex sensor can recognize bending/
straightening motions by changing the resistance. The resistance increased
and decreased when the finger was folded and unfolded, respectively
(Fig. 4d). Although the bending motion usually raises the resistance, our
flex sensor shows opposite behavior, which may be related to Poisson's
ratio of the W-paste layer in the flex sensor. The bending-induced
horizontal strain generates vertical compression, thereby decreasing the
distance between particles and the tunneling resistance owing to closer W
particles (Fig. S10). The fully bioresorbable fringe-effect capacitive sensor
shown in Fig. 4e demonstrates the functionality of a W-paste
interconnection. Fringe-effect capacitive sensors identify the approaching
object by the capacitance change when the object interrupts the fringe field
near the sensor, which is encapsulated in a bioresorbable polyanhydride
layer and comprises Mo electrodes and wires (to generate an electric field
and transmit data, respectively) and W-paste interconnections. The sensor
size is approximately 3 mm (W) � 5 mm (L) � 1 mm (H). In a 10 mL
syringe, the sensor detected fingertip-movement-induced capacitance
changes. At both standard (atmospheric) and high hydrostatic (121 kPa)
pressures regulated by the syringe plunger, the W-paste interconnections
provided stable noise-free signals from the sensor despite the small
capacitance change (~0.1 pF). In addition, the difference between the
signal amplitudes was negligible in both states (Fig. 4f).

The GF provides resistance recovering ability to the W-paste during
the heating and cooling cycles. A simple open circuit interconnecting two
adjacent contact pads (e.g., a 15 μm-thickMo film) on a PDMS (Sylgard™
184, Corning) substrate with W-paste served as a contact site for
measuring the W-paste resistance change at different temperatures.
Although the resistance of the heated GF-containing W-paste returned to
its original value as the W-paste cooled, the GF-free W-paste permanently
lost its electrical conductivity when the temperature exceeded the
melting point. Larger square W-paste blocks were placed on a hot plate to
verify their temperature resistance (Fig. 4g).

Interestingly, W-paste without GF melted like pure wax, while W-paste
with GF maintained the original shape above the melting temperature (90
�C), as shown in Supplementary Video 1. Similar to theW-paste prepared
using the sol-gel process,W-paste prepared using GF exhibits high viscosity
without any physical crosslinking, and the high-viscosity W-paste can
support the weight of a flag comprising a skewer stuck in the W-paste
(Fig. 4h).

3.6. Biocompatibility of bioresorbable W-paste

Biocompatibility is crucial for using the W-paste as a constituent
material for implantable and bioresorbable electronics.

Fig. 5 summarizes the results of the in vitro biocompatibility tests used
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to determine the W-paste latent risk. The fluorescence images of the live/
dead assay for the mouse fibroblasts were used to compare the
cytotoxicity of the control and test groups, as shown in Fig. 5a. In the test
groups, the beeswax, beeswax þ W, and W-paste eluates were used
according to the ISO 10993-12 standard for evaluating the
biocompatibility of medical devices to manage biological risk [75–77].
The proportion of living cells in all the test groups over seven days was
the same as in the control group. These results indicate that the W-paste
cytotoxicity was negligible, similar to that of the control.

Additionally, a cell viability WST1 assay (EZ cytox, Dongenbio) was
conducted to determine the biocompatibility of the material. The 3T3L1
fibroblasts and C2C12 myoblasts were selected because they are the most
prominent cells in the connective and muscle tissues, having direct contact
with the subcutaneously implanted materials [78–80]. The 3T3L1 and
C2C12 cells were treated with beeswax, beeswaxþW, andW-paste eluates
for 7 d; then, each cell viability was compared using the WST1 assay
(Fig. 5b). The mouse fibroblast viability remained over 90% in the
beeswax, W þ beeswax, and W-paste groups compared with that of the
control. Additionally, the mouse myoblast viability was approximately
80% in the beeswax, beeswax þ W, and W-paste groups. Overall, the
biocompatibility of the in-vitro model suggests that the W-paste is an
appropriate candidate material for application to bioelectronic devices
owing to its nontoxicity.

To evaluate the in vivo biocompatibility, identically sized PLGA,
PDMS, andW-paste patches were implanted in the subcutaneous space of
healthy BALB/c mice as positive controls, negative controls, and test
material, respectively. Four weeks after the implantation, the blood and
tissue analyses verified the immune responses in the mice, and the
measured weight of the mice represented their overall health status. As
shown in Fig. 6a, there were no significant differences in the weight
changes between the groups. The morphology of the tissue in contact
with the implanted materials was not deformed in the W-paste group
compared to that of the tissue in the control group (Fig. S11a). The
Masson-stained images in Fig. 6b show the formation of fibrotic tissues in
each group. The fibrotic tissue thickness was measured between the area
of contact with the material and the adjacent muscle tissue, and the
PDMS group exhibited the thickest fibrotic tissue. Importantly, the
W-paste group exhibited the thinnest fibrotic tissue (e.g., the PLGA,
PDMS, and W-paste groups exhibited 0.37-, 0.794-, and 0.217-mm-thick
fibrotic tissues, respectively. The scale bar represents 0.5 mm).

In the human body, fibrosis is highly correlated with inflammation.
According to previous studies, beeswax exhibits inherent bactericidal
properties and reduces the immune response [81–83]. Furthermore, W
reportedly does not boost immune factors unless excess W accumulates
[84,85]. LD50 value for dermal acute toxicity of W is 2000 mg/kg [86].
Given that the total amount of W does not exceed 1 mg in actual
application, it is safe for the host to useW-paste as implantable material. To
verify the immune suppression effect of the material, we cultured mouse
macrophage cells (RAW 264.7) with W-paste and detected the TNF-α, IL-6,
and IL-1β proinflammatory cytokines using ELISA kits. The W-paste group
cells treated for 7 d with the material exhibited 3-, 2.5-, and 1.3-fold
decrease in TNF-α, IL-6, and IL-1β inflammatory cytokine expressions
than the control group cells, suggesting that the W-paste group induces a
low inflammatory response from macrophages, thereby inhibiting the
material-induced fibrosis formation in the body (Fig. 6d–f). Regarding in
vivo bioresorption, W and its oxides dissolve as soluble WO4

2� ion in



Fig. 5. Cytotoxicity of bioresorbable W-paste materials. (a) Fluorescence images of live/dead (represented by green/red, respectively) and merged assays for
mouse fibroblasts in beeswax, W þ beeswax, and W-paste eluates. Scale bars represent 100 μm. (b) Data obtained from 7 days of cell viability testing using WST1 assay
with 3T3L1 fibroblasts and C2C12 myoblasts. Data are represented as mean � standard error of mean (SEM).
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biofluids, and then, they are excreted by the urinary system [87]. Prior
ICP-MS studies tracking W in vivo presented that after acute exposure to
water containing W, the W level of each organ turnarounds within 72 h
[88–90].

4. Conclusions

The developed composite comprising beeswax, W particles, and GF
serves as a bioresorbable interconnectionmaterial that is highly conductive
11
andmechanically stable. Characterization by a series of experiments set the
criteria for optimal material design and provided information about the
electrical, mechanical, and degradation properties. The in vitro and in vivo
biocompatibility tests both showed the safety of the W-paste as an
implantable material. The introduction of the thermoplastic beeswax as a
base material made W-paste applicable to heat streams and robust to
mechanical stress compared with other materials. The GF-induced
viscosity provides usability and dimensional accuracy to this material
when applied as an interconnection and further provides an isotropic
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Fig. 6. Immune responses of W-paste constituent materials. (a)Weekly body weight changes of mice in PLGA (positive) and PDMS (negative) control and W-paste
test groups represented by black, gray, and green, respectively. Error bars were obtained based on five independent weight measurements (n ¼ 5). (b) Representative
images of skin sections stained using Masson's trichrome reagent 4 weeks after materials were implanted in mice in PLGA, PDMS, and W-paste groups. (c) Average
numbers of immune cells calculated for control and wax groups by counting cells in four selected areas of H&E-stained tissue images. (d)–(f) ELISA analyses of TNF-α,
IL-6, and IL-1β proinflammatory cytokine concentrations in eluate-induced mouse macrophages in beeswax, beeswax þ W, and W-paste groups. (g)–(i) Graphs for (d)
white blood cell, (e) neutrophil, and (f) monocyte counts in complete blood counts of mice implanted with control, wax, or PDMS (n ¼ 5, 4, or 4, respectively);
unpaired t-test; *p < 0.05, n. s. Means “not significant.”.
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electrical pathway that can be utilized for the nonplanar connection of the
components. Therefore, this composite material solves the problems of the
previously developed bioresorbable conductive pastes, and the W-paste
can be applied to bioresorbable electronic devices to enhance their
performance, reliability, and stability. In addition, the W-paste can be
utilized in not only biomedical but also eco-friendly products to decrease
the amount of electronic waste.
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SEM: scanning electron microscopy
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WBC: white blood cell
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