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Abstract
Biodegradable electronics have revolutionized the field of medical devices by offering inherent advantages such as 
natural disintegration after a useful functional period, thereby eliminating the need for removal surgery. This 
paradigm shift addresses challenges with long-term implantation, the risks of secondary surgeries, and potential 
complications, offering a safer and more patient-friendly approach to temporary implantable devices. This review 
delves into the dissolution kinetics of materials and strategies for lifetime control providing a comprehensive 
overview of recent advancements in biodegradable electronics. Understanding the kinetics is crucial for meeting 
the required functional lifetime for implantable medical applications, which varies based on application scope and 
target diseases. The dissolution kinetics of silicon and biodegradable metals form the core of the discussion, 
focusing on recent studies aimed at controlling the dissolution rate and enhancing properties. The exploration 
extends to ideas for accelerating material degradation or initiating on-demand degradation in biodegradable 
electronics after stable function. Additionally, the compilation of encapsulation layer materials and strategies 
enhances understanding of how to improve the stable operation time of devices. Emphasis is placed on efforts to 
adjust the lifetime of biodegradable electronics, particularly in medical applications.

Keywords: Biodegradable electronics, lifetime control, dissolution kinetics, encapsulation materials, trigger 
acceleration, medical applications
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INTRODUCTION
In recent years, the advent of biodegradable electronics has brought about a paradigm shift in the landscape 
of implantable devices in bio-medical applications. These devices are designed to naturally disintegrate after 
a useful functional period, undergoing absorption or metabolism within the body[1]. The intrinsic benefits of 
biodegradable electronics extend beyond traditional electronic devices, as they present a novel approach to 
address challenges associated with long-term implantation, surgical removal, and potential 
complications[2,3]. By enabling the circumvention of risks related to secondary surgeries and infections for 
device removal, biodegradable devices not only overcome side effects such as foreign body reactions but 
also eliminate patient inconvenience or immune responses[4-7]. Biodegradable electronics are being 
implemented across various medical application scopes, serving diverse purposes in diagnosis and therapy, 
including brain monitoring[5,6,8-10], blood flow monitoring[11,12], cardiac pacing[13,14], stimulation[15-19], 
conduction block[20,21], and drug delivery[22-28]. The key to the successful performance of the device lies in the 
understanding that the required functional lifetime of biodegradable electronic devices is not one-size-fits-
all; it varies depending on the application scope and target diseases.

In the context of biodegradable electronic devices, the scenario involves stable operation throughout the 
required duration, followed by degradation. Achieving stable operation without performance degradation 
during the typical operational period of days to months poses a significant challenge[5,8,15,21]. This challenge 
arises because the device performance is highly influenced by its electrical properties, and upon exposure to 
fluids, the decrease in conductivity occurs much faster than mass loss[29]. Implant residues, due to the 
relatively long degradation period, also introduce complications in device design and fabrication[2]. The 
current focus is on balancing the trade-off between the functionality and lifespan of devices through three 
main strategic perspectives. Most essentially, understanding the degradation kinetics of each biodegradable 
material constituting devices is crucial. The kinetic studies provide the foundation for optimal material 
selection and structural design of devices, ensuring both sufficient performance and appropriately rapid 
degradation. Another critical point is the challenge posed by immediate degradation initiation upon 
exposure to biofluid, necessitating protective layers for the devices[30-32]. While encapsulation layers protect 
the working parts of electronic devices, the generally slower degradation rate of encapsulation materials 
compared to the diffusion rate of water through these layers leads to rapid performance deterioration once 
water penetrates, marking the end of the device function[33]. Therefore, ongoing efforts focus on developing 
various encapsulation materials and techniques to play a vital role in ensuring a sufficiently extended 
lifetime for biodegradable electronic implants[30,31,34,35]. Moreover, reaction acceleration ideas with enzymes 
provide an innovative solution to the difficulty in achieving fast degradation time after device function[36-39]. 
Unlike passive degradation based on fixed kinetics, the idea of initiating rapid biodegradation after stable 
operation through triggering has gained attention[39,40]. Accelerating degradation through triggers can help 
narrow the gap between functional lifetime and degradation time, calling for advancements in various 
trigger energy sources, methods, and technologies. This multi-faceted approach aims to extend the practical 
lifespan of biodegradable electronic devices while minimizing the impact of residual implants.

This review provides a comprehensive overview of recent advancements in biodegradable electronics, 
particularly focusing on kinetics [Figure 1]. We summarize the silicon dissolution rate in diverse biological 
environments and explore not only its dependency on structural characteristics but also activated 
dissolution methods. Turning to biodegradable metals, this article examines the degradation behavior, 
delving into strategies for controlling dissolution kinetics and ideas for enhancing metal characteristics. In 
the following section, we introduce ideas to accelerate the decomposition rate of polymeric materials used as 
substrates or encapsulation, which tend to have a slow degradation rate, to reduce the gap between 
functional lifetime and full degradation time. In addition, we categorize encapsulation materials into 
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Figure 1. Schematic illustration of biodegradable electronics for medical use: Perspectives on lifetime control. Si NM: Silicon 
nanomembrane.

inorganic and organic types and provide an overview of the processes involved in improving encapsulation 
performance. Finally, after analyzing the development of biodegradable devices for bio-medical applications 
from the perspective of lifetime, the review concludes with a discussion on current challenges and future 
prospects for biodegradable electronics in terms of lifetime control.

DISSOLUTION KINETICS OF INORGANICS
Dissolution kinetics of silicon nanostructures
Dissolution rates of silicon nanomembranes
Silicon plays a pivotal role as a core element in various electronic devices due to its semiconducting 
properties. Understanding and controlling its dissolution is crucial for fabricating implantable and 
biodegradable electronic devices. Research has been conducted primarily focusing on silicon 
nanomembranes (Si NMs) to understand the dissolution kinetics of silicon. Monocrystalline Si NMs are 
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water-soluble materials that disappear in aqueous environments through hydrolysis reaction[41]. Si NMs 
dissolve at a rate of 5 nm/day in phosphate-buffered saline (PBS) (pH 7.4 at 37 °C) and 2.6 nm/day in tap 
water (pH 7.5 at 37 °C)[30,42]. From the perspective of silicon dissolution on the nanometer scale, elucidating 
the chemistry of Si NMs has opened up a new realm in biodegradable electronics[41]. The fundamental 
mechanism of hydrolysis is known as: Si + 4H2O → Si(OH)4 + 2H2

[43]. The dissolution of silicon advances via 
nucleophilic attack on the bonds of the silicon surface by anions[42,44] [Figure 2A]. This process weakens the 
interior bonds of surface silicon atoms (backbonds) and enhances their vulnerability to subsequent anion 
attacks[42]. Simulations based on density functional theory were conducted to ascertain the significant 
involvement of anions in the reaction[42]. The results provided insights into the reactivity and bond 
preferences between each ion (OH-, HPO4

2-, Cl-) and silicon[42]. The outcomes indicate a bonding preference 
order of Si-OH > Si - HPO4 > Si-Cl, signifying the capability to weaken the interior bonds of silicon surface 
atoms[42].

The exploration of surface chemistry at the interface between silicon and the solution empowers the 
interpretation and design of silicon dissolution. Enrichment of ions at the silicon/solution interface 
significantly influences the Si NMs by aiding deprotonation of surface silanol groups and promoting 
nucleophilic attack[42]. This process can explain the dependency of dissolution rates on the geometry of Si 
NMs[44]. Square-patterned Si NMs with smaller pattern sizes are more susceptible to perturbation, resulting 
in slower dissolution rates [Figure 2B][44]. Similarly, stirring, which interrupts local ion enrichment, has a 
related impact, slowing the dissolution rate [Figure 2C][44]. Another notable point is that surface charge 
statuses give rise to the size-dependent hydrolysis behavior and reduction in dissolution rates caused by 
stirring [Figure 2D][44]. Dopants and their concentrations in Si NMs alter the surface charge states of silicon 
and regulate ion adsorption[44]. Contacting with the electrolyte, the surface of p-type Si NMs becomes 
negatively charged through the charge-transfer process[44]. P-type Si NMs with a negative charge attract Na+ 
through electrostatic interaction and phosphates exhibit close interaction with Na+, resulting in the 
enrichment of phosphates at the Si/solution interface[44].

The dissolution rate of Si NMs exhibits significant variability, and studies[30,42,47] have been conducted in 
diverse aqueous environments predominantly in simulating physiological conditions. Dissolution study was 
conducted in Hank’s balanced salt solution (HBSS), which is the cell and tissue culture solution with a 
higher ion concentration[30,42]. Studies have revealed that a dissolution rate of Si NMs in HBSS (~60 nm/day 
at pH 7.8, 37 °C) is 12 times faster than that in PBS (~5 nm/day, pH 7.4 at 37 °C)[30,42]. Similarly, dissolution 
rates exhibit a trend of deionized (DI) water < spring water < tap water < PBS < sea water < bovine serum 
[Figure 2E][42]. Influence by the accelerating effect of nucleophilic attack by ions can be denoted as Equation 
1[42]. Studies[30,42] have predominantly focused on anions commonly encountered in biological systems, such 
as chlorides and phosphates. Dissolution rates increase with concentrations ranging from 0.05 to 1 M (pH 
7.5 at 37 °C), showing a factor of 30 and 60 for phosphates and chlorides, respectively[42]. Bonding 
preference follows the order Si-OH > Si-HPO4 > Si-Cl[42], with pH exerting the most significant influence, 
leading to a rapid increase in dissolution rate with rising pH[48]. Recently, research has extended to 
Dulbecco’s modified Eagle medium (DMEM), a standard medium for cell culture containing proteins, 
amino acids, growth factors, glucose, vitamins, etc.[47]. The study investigated the long-term dissolution 
behavior of Si NMs in DMEM (pH 7.2-7.4 at 37 °C), confirming a dissolution rate of 27.2 nm/day[47].
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Figure 2. Dissolution kinetics of silicon nanostructures. (A) Process of hydrolysis of silicon. Reproduced with permission[44], Copyright 
2019, American Chemical Society; (B) Size-dependent dissolution behaviors of Si NMs in various types of buffered solutions. 
Reproduced with permission[44], Copyright 2019, American Chemical Society; (C) Stirring effect on dissolution behaviors of Si NMs. 
Reproduced with permission[44], Copyright 2019, American Chemical Society; (D) Dissolution behavior of n-type silicon. Reproduced 
with permission[44], Copyright 2019, American Chemical Society; (E) Dissolution rates of Si NMs in various solutions. Reproduced with 
permission[30], Copyright 2017, American Chemical Society; (F) Raman spectra of porous silicon nanoparticles after nine days of 
biodegradation in cell culture medium. Reproduced with permission[45], Copyright 2019, American Chemical Society; (G) Si NMs 
thickness change during UV exposure. Reproduced with permission[41], Copyright 2014, American Chemical Society; (H) Process of 
microcrack generation in Si circuit through lithiation. Reproduced with permission[46], Copyright 2023, John Wiley and Sons. HBSS: 
Hank’s balanced salt solution; Si NMs: silicon nanomembranes.
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Dissolution kinetics based on various types of silicon
Microstructures of silicon also play key roles in dissolution behavior. Intrinsic factors, such as the presence 
of additives including doping or alloying, crystal structure (single, poly, and amorphous), and morphology 
(sheet, wire, and particle), can influence dissolution kinetics[41,44,49-51]. The impact of dopant type and 
concentration on the dissolution behavior of silicon forms a crucial baseline[41]. Doping Si NMs with n-type 
(P doped) and p-type (B doped) significantly reduces the dissolution rate, dropping from 3.1 and 2.9 nm/
day (1017-1019 cm-3) to 0.4 and 0.2 nm/day with dopant concentrations that surpass a certain level 
(~1020 cm-3) when immersed in PBS (0.1 M, pH 7.4 at 37 °C)[41]. The first explanation for these abrupt 
changes can be the electrical effects of electron and hole concentrations, similar to the etch-stop 
phenomenon observed in high pH solutions[52]. The etching behavior can be categorized into distinct 
regions based on doping levels, featuring a consistent etching rate range and a sharp decline in the etching 
rate. The dependency between dissolution rate (R) and doping level (C) can be expressed as Equation 2 (Ri: 
constant dissolution rate, Co: critical doping level)[41]. The second explanation involves forming stable 
surface-oxide passivation layers, effectively impeding the chemical dissolution process[41]. The lattice strain 
caused by the different atomic sizes of dopants and silicon provides a barrier-less oxidation pathway, with 
this effect being more pronounced at higher doping levels[41,52].

For alloying, an examination of the dissolution kinetics on monocrystalline SiGe (Si8Ge2) was conducted[49]. 
SiGe dissolves uniformly, and the dissolution rate significantly depends on pH. However, its dissolution rate 
is considerably slower than that of mono-Si or Ge, as illustrated in Table 1[49]. This discrepancy can be 
elucidated by the lattice mismatch at the Si-Ge interface inducing band bending, leading to an increased 
hole supply and subsequent recombination[53]. Consequently, the activation energy for the dissolution of the 
Si-Ge alloy (~0.76 eV) is notably higher than that of mono-Si (~0.59 eV)[49]. Simultaneously, the dissolution 
behavior based on crystal structure has been reported through immersion tests in various environments[49]. 
Silicon dissolution occurs not only on the surfaces but also internally as water penetrates, and density plays 
a significant role[1]. Amorphous silicon, characterized by low density, exhibited faster dissolution than 
monocrystalline and polycrystalline silicon, as illustrated in Table 1[49]. Higher crystallinity in materials 
makes it more difficult for water to penetrate and diffuse. The diffusion of water ultimately increases the 
reaction surface between the material and water. Therefore, even with the same material, controlling 
crystallinity can help regulate dissolution kinetics[8,29,49].

The form factor of silicon nanostructures can influence the advantages and applicability of the bio-
electronic device design and use. Nanowire-based devices have the potential to produce detectors with 
smaller and distinctive geometries that are challenging to achieve with conventional techniques[54]. 
Consequently, they offer advantages in sensitivity while minimizing invasiveness[54]. In addition to Si NMs, 
there have been studies on the dissolution of silicon nanowires (Si NWs) in PBS (0.1 M, pH 7.4 at 37 °C), 
widely employed in biodegradable electronics[50,51]. Their (30 nm diameter) dissolution was investigated by 
dark-field optical microscopy, which provides their diameter change using the relation of the Rayleigh 
scattering intensity and nanowire diameter[50,55]. The dissolution rates of Si NWs are comparable with that of 
Si NMs, as indicated in Table 1[50,51]. As an illustration, Si NW field-effect transistors (FETs) have been 
employed to record not only extracellular but also intracellular action potentials from cells with subcellular 
spatial resolution and intracellular action potentials[54,56,57]. This study demonstrated Si NW (30 nm 
diameter) FETs, achieving functional stability for at least 2-3 weeks in PBS (0.1 M, pH 7.4 at 37 °C)[50]. They 
also confirmed that Si/Al2O3 core/shell structured nanowire FETs have achieved long-term stability for up 
to four months[50]. Meanwhile, silicon nanoparticles (Si NPs) are of great interest as nanocontainers for drug 
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Table 1. Dissolution rates of various types of silicon

Dissolution rate (nm/day) Solution Condition Ref.

No doped 2.9

1017-1019 3.1N-type doped

~1020 0.4

1017-1019 2.9

Mono-Si

P-type doped

~1020 0.2

[41]

Poly-Si 2.8

A-Si 4.1

Si NMs

SiGe 0.1

Phosphate buffer solution

[49]

Si NW 0.61, 2.1 Phosphate buffer saline

0.1 M, pH 7.4 at 37 °C

[50,51]

Si NMs: Silicon-nanomembranes.

delivery applications due to their advantages such as large surface area, limited particle size variation, low 
toxicity, and high loading efficiency[45,58-60]. Therefore, efforts have been made to confirm the dissolution 
kinetics of porous Si NPs in various biological environments (DI water, PBS, DMEM, human serum, etc., at 
37 °C) through optical measurements[45,58,60,61]. In one study, Raman spectroscopy was investigated on boron-
doped porous Si NPs (~70 nm, pore size ~15 nm) in DMEM[45]. After 13 days, the Raman signals were 
nearly absent, confirming their dissolution [Figure 2F][45]. Another study demonstrated that luminescent 
porous Si NPs (~126 nm, pore size 5-10 nm) fully dissolve in a short time (~8 h) and release drugs in PBS 
(pH 7.4 at 37 °C)[61]. During the in vivo test, they observed rapid removal of Si NPs through renal clearance, 
indicating their uptake by organs[61]. Additionally, Si NPs were coated to prolong their existence, resulting in 
their gradual accumulation and degradation in the liver[61].

Activated dissolution methods for accelerated and on-demand silicon dissolution
The discussed silicon dissolution so far has relied on fixed kinetics when matched with the structure of 
silicon and dissolution environment. However, biodegradable devices within the body need to exhibit the 
characteristic of stable operation for a certain period, followed by degrading at a proper moment[40]. In 
pursuit of controlling the dissolution rate of silicon and achieving on-demand degradation, studies 
involving the application of external energy to Si NMs have been conducted[46,62-64]. These investigations 
broadly encompass two main directions, with the following fundamental mechanisms: photo-assisted 
etching[41] and the augmentation of surface area by inducing microcrack[46,62-64]. The former draws inspiration 
from using lasers in etching to induce band bending in semiconducting materials[59]. To assess the impact of 
light exposure on the dissolution rate, Si NM samples immersed in PBS [0.1 M, pH ~7.4 at room 
temperature (RT)] were exposed to natural daylight and ultraviolet light (UV, λ = 365 nm, I = 590 μW/cm2 
at a distance of 7 cm) for comparison [Figure 2G][41]. While significant changes in dissolution rate were not 
observed, considering the low levels of illumination compared to typical photo-assisted etching[65], it 
suggested the potential of using light exposure[41]. The latter approach involves generating microcracks 
through thermal expansion or lithiation of substrates, causing deformation stress in silicon and resulting in 
rapid dissolution[46,62-64]. Microcracks serve to increase surface area of silicon, thereby augmenting the 
number of reaction sites. One study used poly-α-methylstyrene with a decomposition temperature of 300 °C 
as an interlayer in the Si NM device, suggesting a high-temperature trigger mechanism[63]. In another study, 
the complete degradation of Si chips constructed at the 600 nm node was accomplished by integrating IC 
chips with lithium sources [Figure 2H][46]. This was achieved by inserting Li ions into Si via laser irradiation, 
resulting in a significant volume change[46].
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Extensive studies on silicon dissolution remain imperative to achieve devices with a broader range of 
functions within the body. In the realm of passive dissolution, a comprehensive database of dissolution 
kinetics under conditions more akin to the biological environment is still needed. Until now, there have 
been reports on the influence of ions and specific proteins, such as albumin, on the dissolution kinetics of 
silicon[30,41,42]. However, numerous factors present in the in vivo environment have yet to be considered. 
Specifically, a systematic study is required to understand the complex relationship between silicon 
dissolution and enzymes that exist in the actual in vivo environment, considering various enzyme 
combinations. Additionally, an important aspect of the in vivo environment is the circulation of biofluids, 
indicating the presence of a flow rate. This flow can introduce diverse coupling effects, such as mechanical 
stress or tear, affecting silicon dissolution behavior. Furthermore, it is essential to delve into the dissolution 
kinetics of silicon in the in vivo environment, considering not only individual factors but also the complex 
interplay of these elements. Through reliable studies in such contexts, the widespread adoption of various 
implantable devices can be facilitated. On the active dissolution front, there is a need for much faster 
dissolution through activated methods than current research findings suggest. Therefore, challenges persist 
in exploring more diverse stimuli and methods to realize remote dissolution for the future applications.

Biodegradable metals
Dissolution behaviors of biodegradable metals
In bio-electronic devices, metals play crucial roles as electrodes, current collectors, interconnections, and 
components of the electrocircuit, providing essential attributes such as high electrical conductivity[66]. The 
most rapid change in device performance during dissolution is its electrical conductivity due to the 
degradation of metal[29]. Understanding the dissolution kinetics of metals is important for designing the 
functional lifecycle of bio-electronic devices. For the implantable electronics, Mg, Zn, W, Mo, and Fe stand 
out as representative biodegradable metals, and their dissolution behavior has been investigated primarily 
focusing on biofluids at the nanoscale thin film[29,67]. The fundamental dissolution mechanism involves 
complex hydrolysis processes, yielding a collection of products [Figure 3A]. Metals undergo oxidation, 
transforming into metal cations (Mn+) and generating electrons (e-) through an anodic reaction (M → Mn+ + 
ne-)[70].

As shown in Figure 3B[71-75], in the case of Mg and Zn, the generated electrons participate in cathodic 
reactions involving the reduction of water (2H2O + 2e- → H2 + 2OH-), leading to the production of hydrogen 
gas (H2) and metal hydroxide [M(OH)n][70]. As these layers are eroded due to chloride or other reactive ions, 
continuous dissolution of the underlying metal occurs[70]. In contrast, the electrons generated by Mo, W and 
Fe are consumed by reducing dissolved oxygen (2H2O + O2 + 4e- → 4OH-), forming the protective layer 
consisting of metal oxide or hydroxide[29]. Mo and W, which belong to the same column of the periodic 
table, exhibited similar dissolution behavior, with sensitivity observed to the oxygen solubility in aqueous 
solutions[29]. During dissolution, a mixture of valence oxides (Mo4+, Mo5+, Mo6+ and W4+, W5+, W6+) appeared, 
with the terminal products being Mo5+ and W5+ oxides, respectively[29]. The emergence of oxides as 
dissolution byproducts on the surfaces can act as partially protective layers, slowing the dissolution of the 
underlying metal[29]. The slower dissolution of residual oxide layers, compared to the metal, significantly 
influences the overall dissolution rate[29]. Especially in the case of Fe, a notably compact layer, primarily 
composed of Fe(OH)2, Fe(OH)3 and Fe3O4 forms, impedes further metal dissolution and results in a slower 
degradation rate compared to other biodegradable metals[70].

Given the significance of electrical properties in biodegradable metals, the concept of electrical dissolution 
rate (EDR), which involves translating metal resistance changes into thickness changes, has been 
introduced[29]. It is important to note that all biodegradable metals exhibit higher EDR (Mg: 0.3 ± 0.1, Zn: 
0.07 ± 0.02, Mo: (1 ± 0.1) × 10-3, W: (4 ± 1) × 10-3, Fe: < 1 × 10-3 μm/h in DI water at RT) than thickness 
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Figure 3. Dissolution mechanisms and behaviors of biodegradable metals. (A) Biodegradable metals (M) degrade via electrochemical
reactions to produce oxides and hydroxides; (B) Dissolution chemistry of each biodegradable metal; (C) Dissolution rates of the Mg-3Zn
alloy thin film during immersion in PBS (pH 7.4 at 37 °C). Reproduced with permission[68], Copyright 2023, The Authors; (D) Tuning the
dissolution rate of Mg-3Zn alloy thin film under different deposition powers. Reproduced with permission[68], Copyright 2023, The
Authors; (E) Application of the wireless power system utilizing resistor made from Mg-3Zn thin film. Reproduced with permission[68],
Copyright 2023, The Authors; (F) 3D rendered CT scans of rats obtained seven weeks post-implantation of cardiac pacemakers.
Reproduced with permission[13], Copyright 2021, Springer Nature; (G) Comparison of blood analysis results of Mo wire implanted rats
after 3, 6, or 12 months with control groups, representing the number of RBC, WBC, and PLT, *P < 0.05. Reproduced with permission[69], 
Copyright 2021, Materials; (H) Comparison of Mo concentrations in the aorta, kidneys, and liver tissues derived from ICP-OES 
analysis with age-matched control groups. Reproduced with permission[69], Copyright 2021, Materials. CT: Computed tomography; 
RBC: red blood cells; WBC: white blood cells; PLT: platelets.

change rates (Mg: ~0.07, Zn: ~7 × 10-3, Mo: ~3 × 10-4, W: ~3 × 10-4 μm/h in DI water at RT)[29]. The 
phenomenon where electrical properties degrade before a significant mass loss occurs is primarily attributed 
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to the formation of micropores and/or pits[29]. The reactive diffusion model explains that the dissolution of 
metal occurs through both chemical reactions at the water/metal interfaces and the diffusion of water into 
the metal[33]. Increased porosity and non-uniformity due to water diffusion in the dissolution process 
significantly contribute to the dissolution tendency, resulting in a rapid decrease in conductivity due to 
increased sensitivity of resistance to local non-uniformities, pinholes, and porosity[29]. Surface roughening 
and the formation of micropores are observed not only in Mg, Zn, and Fe, which exhibit uneven dissolution 
tendencies, but also in Mo and W, which show very uniform dissolution[29].

When comparing the kinetics with bulk material corrosion, materials at the nanoscale exhibit similar 
tendencies in response to the environment; however, dissolution rates can vary by more than tenfold 
depending on the materials[29,76]. Table 2 illustrates the dissolution rates of biodegradable metals in biofluids, 
comparing their foil and thin film forms. Despite similar thickness scales between metal foils (50 μm thick) 
and thin film (deposited through electron evaporation to achieve thickness ranging from a few tens to 
hundreds of nanometers) forms, they display distinct dissolution rates[29,67]. This discrepancy can be 
attributed to differences in grain sizes and the impact of non-uniformity[77]. Grain sizes in films and bulk 
samples present qualitative distinctions, with films composed of nanocrystallines (grain size ~10-60 nm), 
contrasting with bulk materials having much larger grain sizes[77]. Enhanced corrosion resistance can be 
achieved by forming surface oxides with improved protective qualities on nano-grained surfaces[77]. Previous 
corrosion studies on nanocrystalline films of Mg (300 nm), Zn (300 nm), Mo (40 nm), W (150 nm), and Fe 
(150 nm) indicate that degreasing grain size can reduce dissolution rates by approximately 2-10 times[76,78-82]. 
Non-uniformity can also have an impact, and it has been reported that the dissolution rate can vary 
depending on the deposition method or conditions, even with the same film thickness[29]. W formed by 
chemical vapor deposition (CVD) manifests EDR about ten times lower than sputtered W [CVD W: 
(7 ± 2) × 10-4, sputtered W: (4 ± 1) × 10-3 μm/h in DI water at RT][29]. As mentioned earlier, the resistances of 
thin films are sensitive to non-uniformity, so dissolution kinetics can vary significantly depending on film 
quality. Although it is the same material, pH dependence shows qualitatively similar results, suggesting one 
way to control the dissolution rate from a material perspective. Even with the same sputter-deposited thin 
film, film quality can be adjusted by controlling sputtering power, argon pressure, and vacuum level[29].

Control strategies for dissolution kinetics of biodegradable metals
For proper lifetime of bio-medical applications, controlling the dissolution rates of biodegradable devices is 
essential. The ideal scenario involves the device maintaining its intended functionality for the targeted 
timeframe without significant loss in its properties. However, in practice, when a device is exposed to 
biofluid, the degradation of electrical function occurs more rapidly than mass loss[29]. Since the performance 
of electronic devices is particularly sensitive to conductivity, the dissolution of metals often significantly 
influences their performance degradation[29]. Research on the bulk-scale development of implantable metals, 
particularly for applications such as stents, has predominantly centered on Mg owing to its outstanding 
biocompatibility and mechanical properties[83]. However, it exhibits a rapid dissolution rate in biofluids, 
especially when in the form of a thin film, disappearing within minutes[1]. For implantable electronic 
devices, the required operation time varies depending on the purpose but generally ranges from days to 
months. Therefore, several approaches have been made to alloy biodegradable metals to slow the dissolution 
rate[29,84].

One representative effort is Mg-based alloy with Al and Zn, a thin film of AZ31B alloy (Mg-3Al-1Zn) 
focusing on the dissolution kinetics and morphological changes in biofluid[29]. Although not significantly 
different, both the EDR (Mg: 0.08 ± 0.02, AZ31B: 0.3 ± 0.1 μm/h in DI water at RT; Mg: 4.8 ± 2.2, AZ31B: 
2.6 ± 2.1 μm/h in Hanks’ solution at RT) and thickness change rate (Mg: ~0.07, AZ31B: ~0.02 μm/h in DI 
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Table 2. Dissolution rates (nm/day) of biodegradable metals in biofluids

Metal form Environment Mg Zn W Mo Fe Ref.

Thin film HBSS 
(pH 7.4 at 37 °C)

480 300 20 0.7 7 [29]

Foil PBS 
(pH 7.4 at 37 °C)

4,000 3,500 150 20 5-80 [67]

HBSS: Hank’s balanced salt solution; PBS: phosphate-buffered saline.

water at RT) of AZ31B were slower than that of Mg[29]. A more recent study introduced a single-phase thin 
film of Mg-3Zn alloy formed by sputtering, exhibiting superior biocompatibility and enhanced dissolution 
rates[68]. Traditional Mg-Zn binary alloys faced challenges due to the formation of a secondary phase, 
degrading mechanical properties[85], and accelerating non-uniform dissolution[86,87]. This study overcame 
these limitations by employing sputtering to create a homogeneous single phase in the form of a thin 
film[68]. The Mg-3Zn alloy exhibited high corrosion resistance, attributed to its higher anodic potential, as 
evidenced by the open circuit potential of Mg-3Zn alloys (-1.63 V) and Mg (-1.85 V)[68]. Through alloying, 
the Mg-3Zn alloy showcased dissolution rates between those of pure Mg and Zn [Figure 3C][68]. 
Additionally, the Mg-3Zn alloy exhibited enhanced mechanical properties compared to pure Mg, with a 
higher yield strength (390 to 666 MPa) and fracture strain (1.86% to 3.30%)[68]. The study highlighted the 
potential to control dissolution kinetics by tuning the microstructure through processing parameters such 
as sputtering power and heat treatment temperature [Figure 3D][68]. At higher applied direct current (DC) 
power, grain size tends to increase, leading to a decrease in dissolution rate due to reduced reactive surface 
area in the intragranular corrosion process[68]. Similarly, as heat treatment temperature increases above the 
recrystallization temperature, the nucleation and grain growth process cause the rearrangement of crystal 
orientation and grain texture[68]. The improved properties allowed for electronic integrability with a wireless 
heater using Mg-3Zn alloy microelectrode traces, extending functional lifetime [Figure 3E][68]. Excellent 
biocompatibility of Mg-3Zn alloy was confirmed with cell viability of > 92% over a period of 72 h[68].

Recently, there has been a trend toward using Mo and W electrodes extensively to ensure a stable lifetime 
for implantable devices[88]. Studies on Mo and W have emerged with in vivo tests focusing on tracking the 
bioresorption of metals and confirming their biocompatibility[13,69]. One study suggests that the 
bioresorption process can be noninvasively monitored using computed tomography (CT)[13]. They tracked 
W (~700 nm), radiocontrast bioresorbable metal, enabling visualization. Over a timeframe, images captured 
during in vivo bioresorption of the W thin-coated cardiac pacemaker device indicated the gradual 
resorption of the device until its total absence in the CT image [Figure 3F][13]. In another study, they 
investigated the biocompatibility and degradation behavior of pure Mo[69]. Excessive amounts of Mo beyond 
the typical physiological range of 10-15 mg are eliminated through renal excretion[89]. This process enables 
the metabolic clearance of molybdate released from a degrading Mo implant, preventing any accumulation 
in tissues[89]. Rats were subjected to Mo wire implantation in the abdominal aorta, and blood analyses were 
conducted for up to 12 months[69]. Hematological analysis at the 12-month mark did not reveal significant 
differences in red blood cells, white blood cells, and platelets compared to the control group [Figure 3G][69]. 
Mo concentrations were measured in the abdominal aorta, kidneys, and liver [Figure 3H][69]. An elevation in 
Mo concentration was observed in the abdominal aortic vessel wall near the implanted Mo wire, decreasing 
over time[69]. Mo concentrations in kidney and liver tissues remained low, and histological sections did not 
indicate pathological changes[69]. The stable dissolution rate and outstanding biocompatibility of Mo have 
positioned it as a promising material in current applications, suggesting a growing prominence in its 
utilization as follows: spatiotemporal mapping platform for epilepsy[6]; peripheral nerve stimulator for pain 
block[21]; electrotherapy system for diabetes mellitus[90].
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Biodegradable metallic glass
One significant advantage of metals is the ability to create alloys with diverse structures through alloying 
various metals or controlling morphology. While most biodegradable metals, so far, were mono- or 
bimetallic systems, the potential exists to explore ternary systems or expand into amorphous metal alloys to 
modify a wide range of properties[84]. The recent study on fully biodegradable amorphous Mg67Zn28Ca5 
(MgZnCa) metallic glass (MG) in a thin film (300 nm thick) is an example showcasing the significant 
improvement in stretchability and fatigue resistivity while maintaining conductivity[84]. Although the 
conductivity of MgZnCa MG film (1.17 × 106 S/m) is slightly lower than that of Mg (2.3 × 107 S/m), it 
showcases considerably high conductivity as a biodegradable thin film[84]. The MgZnCa MG film has 
demonstrated a high yield limit, serving as intrinsically stretchable electrodes. This capitalized on the 
advantages of amorphous phases without crystalline defects, which serve as the source of the deformation 
mechanism. Significantly, the MgZnCa exhibits high elastic strain (~2.6% in the nano-tensile test) [Figure 
4A] and enhanced stretchability (~115%, particularly when combined with a serpentine geometry) 
[Figure 4B][84]. In addition, it has demonstrated improved fatigue resistance during repeatable stretching 
attributed to its broad elastic strain limit [Figure 4C][84]. When it comes to dissolution, the MgZnCa MG 
film exhibited non-uniform behavior. This phenomenon can be attributed to the independent reactions of 
materials with ions in the solution (PO4

3-, HPO4
2-) at different rates. Large amounts of Mg and Ca on the 

surface formed oxides (MgO and CaO) and hydroxides [Mg(OH)2 and Ca(OH)2], which dissolved first, 
followed by the observation of Zn and Zn(OH)2 on the surface [Figure 4D][84]. Notably, they showed the 
integrability of the MgZnCa MG electrode to transient electronic devices by creating electronic components 
such as capacitors, inductors, diodes, and transistors. Furthermore, they demonstrated the biodegradable 
triboelectric nanogenerator (TENGs) using MgZnCa MG electrodes, exhibiting stable operation over 50,000 
cycles and confirming fatigue-resistant application in mechanical energy harvesting [Figure 4E][84]. The cell 
viability of MgZnCa MG in cytotoxicity test was over 97% after 48 h, indicating superior biocompatibility in 
bio-integrated use[88].

BIODEGRADABLE ENCAPSULATION STRATEGIES
Encapsulating materials with excellent waterproofing capabilities are crucial for the reliable operation of 
implantable transient electronics inside the body[1,19,74,75,91-97]. These devices should also be sufficiently thin to 
ensure conformal contact and minimize mechanical mismatch with soft tissues and organs. Typically, there 
is a trade-off between the effectiveness of a water barrier and its thickness. Thus, the excellent intrinsic 
waterproof property of materials  is  also important to keep the softness of transient 
electronics[1,5,30,31,35,41,92,93,98]. Encapsulation materials are generally categorized into two types: inorganic and 
organic, each presenting a balance between flexibility and water-permeation resistance. Inorganic layers 
often have a dense structure, making them suitable for blocking water[99]. However, defects that arise during 
fabrication can critically affect water leakage[5,98]. Therefore, strategies to minimize these defects in inorganic 
components are crucial[8,93,100]. Organic encapsulation, on the other hand, offers flexibility, but its porous 
structure can result in relatively poor water-blocking capabilities. Recent advancements have focused on 
incorporating super-hydrophobic chains and well-aligned crystallinity to enhance the water-permeation 
resistance of organic materials[31,35,92,101,102].

Inorganic encapsulations
Inorganic encapsulation is promising due to its dense atomic structure resulting in low water 
diffusivity[99,103,104]. In addition, well-developed fabrication methods, such as electron beam (e-beam) 
evaporation or plasma-enhanced CVD (PECVD), provide convenience in the overall device manufacturing 
process and enable thin film processes, allowing for the conformal contact of the transient device[19,98]. 
Biodegradable silicon oxides and nitrides were initially highlighted as they are already widely used for 
encapsulation layers for organic light-emitting diode (OLED) with good waterproof properties[1,98]. 
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Figure 4. Mechanical properties and dissolution behavior of Mg67Zn28Ca5 MG: MgZnCa MG (blue), Mg (red), and CuZr MG (black). (A) 
Stress-strain curve comparison from nano-tensile test. Reproduced with permission[84], Copyright 2021, The Authors; (B) Geometrically 
enhanced stretchability of MgZnCa MG electrode. Reproduced with permission[84], Copyright 2021, The Authors; (C) Fatigue properties 
up to 10,000 cycles at 2% strain. Reproduced with permission[84], Copyright 2021, The Authors; (D) Illustration representing the 
dissolution process of MgZnCa metallic glass immersed in PBS (pH 7.4 at 37 °C). Reproduced with permission[84], Copyright 2021, The 
Authors; (E) Fatigue degradation in peak-to-peak voltage output of transient triboelectric nanogenerator subjected to cyclic bending. 
Reproduced with permission[84], Copyright 2021, Wiley-VCH GmbH. PBAT: Polybutylene adipate terephthalate; MG: metallic glass.

However, the encapsulation capacity lasted less than one day for both 1 μm thick SiO2 and SiNx formed by 
PECVD when tested upon water-soluble Mg trace and immersed in PBS (pH 7.4, 37 °C)[105]. Such a lifetime 
is due to the bulk diffusion of water into the film or permeation through defect sites such as pinholes[105].

Multi-layer stacking or defect-free fabrication techniques, such as atomic layer deposition (ALD) for 
encapsulation, were proposed as a potential solution to minimize defect sites[98]. Both methods of repeatedly 
stacking silicon oxide and silicon nitride, along with the strategy of layering silicon oxide by ALD on the 
PECVD SiO2, displayed better waterproofing capabilities [Figure 5A][98]. By depositing SiO2 in a single layer 
(~20 nm) via ALD over pre-deposited SiO2 or SiNx, the lifespan of Mg under the encapsulating layer 
extended from less than one day to more than five days[98]. Furthermore, merely stacking three alternating 
layers of SiO2 and SiNx (~1 μm) increased the longevity to ten days [Figure 5B][98].

Monocrystalline Si NMs show defect-free nature leading to zero water permeation even for submicron 
thickness[30,41]. The 1.5 μm thick Si NMs could slowly dissolve within ten months at 37 °C PBS condition, 
showing a dissolution rate of 4.8 ± 0.2 nm/day[30]. Although it exhibits considerable encapsulation 
properties, for long-term performances spanning years, reducing the dissolution rate would result in a 
promising waterproof material. To decelerate the dissolution rate of Si NMs effectively and maintain the 
encapsulation property longer, two approaches were proposed: increasing the doping concentration and 
chemically functionalizing the Si surface to minimize hydrolysis[30,41]. Boron doped (1020 cm-3) p+-Si with 
submicron thickness extends the lifetime up to several years with a dissolution rate of ~180 nm/year while 
Si NMs dissolve at a rate of 4.8 ± 0.2 nm/day [Figure 5C][30,41]. Oxide growth at low temperature by exposing 
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Figure 5. Encapsulation properties of inorganic/organic materials. (A) Schematic view of multi-layer stacking method for minimum 
defect. Reproduced with permission[98], Copyright 2014, Wiley-VCH GmbH; (B) Encapsulation properties of various inorganic 
materials. Reproduced with permission[98], Copyright 2014, Wiley-VCH GmbH; (C) Dissolution rates of p+-Si (boron, 1020 cm-3) in 
various conditions. Reproduced with permission[30], Copyright 2017, American Chemical Society; (D) Dissolving images of Mg 
encapsulated by various materials: thermal SiO2, Al2O3/Parylene C, and bulk film of LCP. Reproduced with permission[105], Copyright 
2016, Proceedings of the National Academy of Sciences; (E) Preparation of CSS polyester copolymers. Reproduced with permission[102], 
Copyright 2023, Springer Nature; (F) Mechanical property CSS tested at 10 mm/min. Reproduced with permission[102], Copyright 2023, 
Springer Nature; (G) Encapsulation properties of various CSS. Reproduced with permission[102], Copyright 2023, Springer Nature; (H) 
Schematic drawing of biodegradable CAP. Reproduced with permission[34], Copyright 2023, American Chemical Society; (I) Elastic 
property of CAP/P40 film tensile strain of ~300%. Reproduced with permission[34], Copyright 2023, American Chemical Society; (J) 
Encapsulation properties of various PLCL-based encapsulants. Reproduced with permission[34], Copyright 2023, American Chemical 
Society. PECVD: Plasma-enhanced chemical vapor deposition; ALD: atomic layer deposition; HBSS: Hank’s balanced salt solution; PBS: 
phosphate-buffered saline; PLCL: poly(l-lactide-co-ε-caprolactone); CAP: composite-based arrayed pillar; LCP: liquid crystal polymer.
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to UV ozone (UVO) or O2 plasma provides Si-C and Si-O chemistries on the Si surface. Additionally, 3 nm 
UVO-grown oxide remains until ten days and 20 nm plasma-grown oxide persisted for 30 days[30]. Defects 
may further be removed using defect-free, ultrathin SiO2 produced from single-crystal silicon at high 
temperature[8,100,105]. By wet oxidation (in O2/H2O) at the high temperature of 1,150 °C on the standard 
silicon wafers, a defect-free thermally grown SiO2 is fabricated. Despite its extremely thin nature at 100 nm, 
thermal SiO2 maintained its waterproofing performance for 22 days under pH 7.4, 70 °C PBS conditions, in 
contrast to other inorganic (PECVD SiO2, SiNx, etc.) and polymeric encapsulations (SU-8, parylene C, etc.) 
that either allowed water penetration through pinholes or experienced diffusion of the encapsulation layer 
itself [Figure 5D][105].

Organic encapsulations
Even though inorganic encapsulations provide good performance as water barriers, the limitations lie in 
mechanical rigidity and fragility due to their crystalline nature. In scenarios accompanying movement or 
flexibility due to the curved surfaces of tissues, inorganic materials may be fractured or delaminated from 
body tissue or other device components[34,94,106]. In the case of organic materials, the low-density film due to 
the amorphous regions leads to the ease of water permeability while providing better flexibility and 
stretchability than inorganic materials[34,70,94,106]. A wide range of material sources and the tunability of the 
chemical and morphological structure provide various encapsulation capacities[94]. Soft nature of organic 
encapsulants also benefits when attached to tissue or organs compared to inorganic materials[107]. Natural 
and synthetic polymers serve as the two ends of organic encapsulation. Strategies controlling the 
crystallinity, hydrophobicity, and morphology of the material are used to extend the functional lifetime of 
transient electronics.

Natural polymers, including animal-derived polymers and polysaccharides, are frequently used in 
biodegradable encapsulation applications. This is primarily due to their innate biocompatibility and 
biodegradability, which reduces the likelihood of inducing a foreign body reaction thanks to their similarity 
to biological macromolecules. However, manufactured biodegradable polymers are more commonly 
employed than naturally occurring materials. This preference stems from the broader range of options they 
offer regarding chemical structure, molecular weight, and mechanical properties. Synthetic polymers can be 
tailored to meet specific requirements and desired outcomes for encapsulation. The current environment of 
polymer longevity adjustment in the context of prolonging the lifetime applications provides greater 
versatility and control over the encapsulation process.

Several natural polymers, including proteins (silk[108-110] and collagen[111-113]) and polysaccharides (chitosan[114] 
and starch[22,115]), or synthetic polymers, such as poly(lactic-co-glycolic acid) (PLGA)[22,116-118], are some 
examples of commonly used polymers for encapsulation[1,7,70,75,94,95,106]. Such polymers draw attention due to 
their biocompatible nature, water solubility, tunable dissolution rate, and mechanical properties for their 
use as transient water barriers[70,75,95,97]. Regardless of the advantages, practical use is virtually difficult due to 
the fast diffusion of water through such polymers. PLGA and collagen encapsulations could merely extend 
the lifetime of 300 nm thick Mg trace only for several hours in DI water[1]. Silk (50 μm) could extend the 
lifetime longer but still with a maximum span of 120 h on top of Ti/Mg/MgO (5/300/800 nm)[1]. The short 
water resistance performance is attributed to swelling caused by water uptake and weakening of interfacial 
adhesion between the substrate and encapsulation[92]. One way to increase the encapsulation property is to 
reduce biofluid leakage by controlling the adhesion between interfaces of the components and modifying 
the swelling ratio of the encapsulant. Bioresorbable dynamic covalent polyurethane (b-DCPU) has been 
reported to achieve excellent elastomeric mechanical performance, minimal swelling, ease of adhesion, and 
sufficient biodegradable qualities, making it suitable for the usage on soft tissues and organs[92]. Dynamic 
covalent network structure ensures robust adhesion of b-DCPU itself and to other components, minimizing 
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the leakage of biofluids[92]. Self-bonding of b-DCPU results from thermally activated dynamic bond 
exchange reactions between transesterification and transcarbamoylation[92]. As the crosslinking of b-DCPU 
increases, the water permeability decreases, resulting in better encapsulation properties[92]. The diffusivity of 
b-DCPU was estimated to be 1.0 × 10-13 m2/s, which is relatively lower than PLGA (4.2 × 10-12 m2/s)[92]. The 
minimal swelling in b-DCPU contributes to the slow deterioration rate[92]. Samples of PLGA and b-DCPU 
were immersed in 0.1 M PBS (pH 7.4, 37 °C). Compared to PLGA absorbing more than 8 wt% of water in 
only 4 h, b-DCPU had negligible swelling of 2% water uptake after a day[92]. Due to these characteristics, the 
lifetime of 300 nm thick Mg traces with b-DCPU encapsulation was doubled compared to PLGA of the 
same thickness (300 μm)[92].

Another powerful method is to increase the hydrophobicity of the encapsulant[31]. Polyanhydride (PA) is a 
widely used encapsulation material whose hydrophobicity can be modified. Polybuthanedithiol 1,3,5-
triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione pentenoic anhydride (PBTPA) was synthesized by 
crosslinking 1,3,5-Triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione (TTT), 4-pentenoic anhydride (4PA), and 
1,4-butanedithiol (BDT)[31,119]. The hydrophobicity of the encapsulant is controllable by adjusting the ratios 
of the precursors. A low 4PA ratio and a high BDT ratio can be used to manage the film hydrophobicity[31]. 
Increasing the hydrophobicity of the encapsulation layer inhibits the diffusion of water into the underlying 
electronic layers. As hydrophobicity rises, the rate of water diffusion decreases, resulting in improved 
encapsulation performance over time. When evaluating the properties of PBTPA of different ratios 
(4PA:TTT:BDT = 1:1:2.5, 1:2:4, 1:4:7), it was observed that PBTPA produced with a 1:1:2.5 ratio had a 
relatively low water contact angle of 68.4°[31]. Due to its relative hydrophilicity, it degrades at a rate of 
1.15 mg/day in pH 7.4 PBS at 23 °C[31]. In comparison, a film with a higher hydrophobic BDT ratio (1:4:7) turned 
out with a high water contact angle of 89.1° and a much slower degradation rate of 0.05 mg/day, 23 times 
slower than the prior conditions[31]. The functional lifetime of 300 nm thick Mg trace remained for about a 
day using hydrophobic PBTPA encapsulation.

Amongst various encapsulants, wax has been found to have the best waterproofing ability as a pristine 
material[35,101,102]. Due to the high hydrocarbon content of candelilla wax compared to soy wax, myrtle and 
beeswax, the hydrophobic property is promising to use as encapsulation material[35]. Compounds in the wax 
composition include long-chain poly-and mono-unsaturated esters, fatty acids, and anhydrides, along with 
short-chain hydrocarbons and resins[35,101]. For evaluating the encapsulation properties, changes in the 
resistance of a 200 nm thick Mg trace were monitored. When encapsulated with a 300 μm thick layer of 
candelilla wax, no changes in resistance were observed in PBS (pH 7.4, 37 °C) over a period of seven 
days[35]. However, a rapid change in resistance was observed on the 10th day[35]. The lifetime of wax material 
can be expanded simply by mixing different waxes[101]. The encapsulation property was improved by mixing 
beeswax, relatively having more ester and anhydride derivatives and candelilla wax and consisting of more 
hydrocarbons[101]. Waxes with a thickness of 300 μm were coated atop a 300 nm thick Mg layer and tested at 
37 °C, pH 7.4 PBS[101]. When used individually, the resistance of the Mg trace increased within three days for 
both beeswax and candelilla wax[101]. In contrast, a mixture of these two wax types maintained the stability of 
the Mg resistance for 20 days or more[101]. This improvement in encapsulation property is hypothesized to be 
due to the increased number of hydrogen bonds formed between the ester and anhydride derivatives found 
in both beeswax and candelilla wax[101].

Despite the adequate water resistance of the wax, its lifetime is still too short to be used for clinical 
treatment, and its brittle nature requires a breakthrough[102]. A water barrier made of metabolizable 
succinate incorporating hydrolytically degradable ester links [Figure 5E] showed excessive mechanical 
properties with 57.2 ± 4.4 young’s modulus and elongation of 1,700% at break [Figure 5F][102]. When 
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contrasted to other biodegradable organic encapsulants, the elongation proved to be excessively high, 
indicating greater flexibility and durability in deformation or stretching circumstances[102,120]. The 
crystallinity of the copolymer was modulated by the stereochemistry of the alkene in the copolymer 
backbone via thiol-yne click chemistry[102]. Polymer films of slow-cooled, 20% Css (metabolizable succinate 
monomer) showed a high degree of crystallinity (23% ± 1%) with the lowest roughness, providing the 
longest waterproof property of 40 days in PBS (pH 7.4 at 37 °C) [Figure 5G][102].

Structural modifications and physical adjustments can significantly enhance the encapsulation property and 
stretchability[34]. A composite-based arrayed pillar (CAP) consisting of poly(l-lactide-co-ε-caprolactone) 
(PLCL) and nanoparticles made of silicon dioxide (SiO2) was produced [Figure 5H][34]. The nanoparticles 
embedded in the PLCL matrix lengthened the pathways of water molecule diffusion, offering a long lifetime 
of electrical components underlying. Additionally, the Cassie-Baxter state of water droplets was made 
possible due to the geometrical parameters of the micropillar arrays leading to maximized hydrophobicity 
and contact angle[34,121]. The polymer matrix could stretch up to 300% strain owing to the excellent elasticity 
of PLCL [Figure 5I][122]. When the polymer film (~300 μm) was immersed in pH 7 PBS (37 °C), the electrical 
resistance of Mg traces (~300 nm) was extended from 1.5 days (pristine PLCL) to more than 20 days (SiO2 
nanoparticles) and up to 30 days in the case of using biocompatible polytetrafluoroethylene (PTFE) 
nanoparticles [Figure 5J][34]. These results show that by integrating the chemical and physical methods, it is 
much synergistic in controlling the lifetime extension of biodegradable devices[34].

ACCELERATION OF POLYMER DEGRADATION
Passive acceleration of polymer degradation
Among the various components of transient electronics, the substrate and encapsulation layer play a role in 
delaying water diffusion to prevent the performance degradation when the device is implanted into the 
body. Water typically penetrates and diffuses into electronic devices faster than it decomposes the polymers. 
Even after implantable electronic devices cease to function, the protective polymers remain intact for an 
extended period, provoking an immune response in the body. This necessitates further research to 
accelerate the decomposition time of polymer layers.

While not specifically focused on implantable electronic components within the body, research provided 
the idea to accelerate the biodegradation of polymers by embedding enzymes into polymers in a compost or 
liquid environment[36-39,123-125]. This approach not only engages in surface-level chemical reactions for 
polymer degradation but also employs an enzymatic approach within the polymer matrix. It is believed that 
similar approaches could be applied to biodegradable polymers inserted into the body, facilitating 
accelerated decomposition[36-39,123-125]. Huang et al. designed the experiment to confirm polymer lifetime 
control by embedding enzymes promoting polymer decomposition into the matrix[125]. The lifespan of 
polycaprolactone (PCL) was reduced by incorporating Candida antartica Lipase B (CALB), which 
accelerates aliphatic polymer degradation by cleaving ester bonds through hydrolysis [Figure 6A][126-129]. 
Notably, 10-20 mg of polymer exhibited 100% weight loss within 6 h when CALB powder was embedded in 
the polymer at a ratio of 150 units/g (enzyme/polymer), while 100% degradation was achieved in 96 h when 
bare polymer film was immersed in the CALB solution with a concentration of 100 units/mL[125]. A scanning 
electron microscopy (SEM) image depicts that CALB-embedded PCL film displayed substantial holes 
within 3 h [Figure 6B, left], while the pure PCL film immersed in enzyme solution exhibited only small 
holes and cavities on the surface even after 96 h [Figure 6B, right][125]. It is due to efficient degradation of 
PCL with CALB embedded within the polymer matrix inducing holes from the interior of the 
polymer[37,38,123,125]. Considering the enzyme-to-polymer ratio of 150 units/1 g used in the degradation 
experiment is only 0.07 wt% enzyme in the polymer, it is evident that a meaningful polymer lifetime control 
is possible with minimal enzyme quantity[125].
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Figure 6. Passive and active dissolution methods of polymers. (A) Process of hydrolysis of aliphatic polymer by lipase[126-129]. (B) SEM
images of the degradation behavior of PCL film with (left) and without (right) enzyme embedded. Scale bars, 50 μm. Reproduced with
permission[125], Copyright 2021, Elsevier; (C) Hydrophilic modulation of PTK-UR foams. Reproduced with permission[130], Copyright
2022, The American Association for the Advancement of Science; (D) Degradation behavior of PTK-UR foams dependent on ROS
concentration, *P < 0.05, ****P < 0.0001. Reproduced with permission[130], Copyright 2022, The American Association for the 
Advancement of Science; (E) Schematic image of the performance and degradation of PHBV by ultrasound. Reproduced with 
permission[131], Copyright 2022, Science Advances; (F) Performance degradation of PHBV encapsulation due to ultrasound exposure. 
Reproduced with permission[131], Copyright 2022, Science Advances; (G) Optical image of PHBV degradation due to ultrasound 
exposure. Reproduced with permission[131], Copyright 2022, Science Advances. SEM: Scanning electron microscopy; PCL: 
polycaprolactone; PTK-UR: polythioketal urethane; ROS: reactive oxygen species; PHBV: poly(3-hydroxybutyrate-co-3-
hydroxyvalerate).

Free radicals in the form of reactive oxygen species (ROS) produced by the immune response of 
macrophages, neutrophils, and foreign body giant cells depolymerize the polymer matrix[70,94,106]. Ethers, 
alcohols, aldehydes, and amines are some moieties susceptible to oxidative cleavage[94]. ROS can be 
produced during the wound healing process after device implantation[132] or as part of immunological 
response of the inserted device. In addition to oxidation, since polymer-degrading ROS is a water-soluble 
component, altering the polymer chain to be hydrophilic allows it to react more easily with ROS, 
accelerating the polymer degradation process[132]. For example, Patil et al. demonstrated skin wound healing 
with polythioketal urethane (PTK-UR) foam intended to be hydrophilic and easily disintegrate in response 
to ROS[130] [Figure 6C]. The thioketal bonds constituting the backbone of PTK-UR undergo irreversible 
degradation in response to ROS such as hydroxyl radicals (•OH), superoxide (O2

-), hydrogen peroxide 
(H2O2), and hypochlorite (ClO-)[130]. By oxidizing a thioether moiety to sulfoxide, the C−S bond is cleaved, 
forming a reactive sulfenic acid and a thio-carbenium intermediate[133]. The hydrolysis of the thio-
carbenium in water affords the ketone and free thiols[133]. Control groups (900t PE, 1,500t PE) lacking 
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polythioketal backbone and EG 0, EG 1, EG 2, EF 7 having 0, 1, 2, 7 EG (ethylene glycol) units between TK 
bond respectively was fabricated and compared to assess the effective degradation and the degradation rate 
depending on the hydrophilicity of the ROS-responsive scaffold[130]. The hydrophilicity of the EG unit, 
characterized by the presence of a hydroxyl group, plays a significant role. As additional EG units are 
incorporated, the overall hydrophilicity of the scaffold increases. This heightened hydrophilicity promotes a 
more accessible environment for ROS moieties to engage with and attack the PTK-UR backbone, ultimately 
accelerating its degradation process. Sequentially, a scaffold with high hydrophilicity (EG7) decomposes 
faster than one with low hydrophilicity (EG0, 1, 2)[130]. Comparative analysis by immersing scaffolds in both 
PBS and oxidative media to substantiate the assertion that scaffolds undergo disintegration in response to 
ROS[130]. The results [Figure 6D] demonstrate that the scaffold incubated in PBS remained intact throughout 
the experiment[130]. On the other hand, all four PTK-UR foam compositions dissolved in the oxidative media 
while control scaffolds without PTK backbone remained further, meaning the ROS-dependent 
degradation[130].

On-demand degradation of biodegradable polymer
An ideal approach to actively accelerate the degradation of polymer encapsulation and substrate is to ensure 
the complete dissolution of implanted medical devices once they are no longer needed after the treatment 
ends. Recently, methods using ultrasonic waves to fragment polymer materials have been introduced, 
accelerating the decomposition rate of the polymer or limiting the device operation at a desired 
time[131,134,135]. Ultrasound frequencies around 20 kHz have the advantage of penetrating deepest inside the 
body and are used for destructive medical applications[136,137]. Studies utilizing this frequency to actively 
control the lifetime of polymers have been reported[131,134,135]. Lee et al. utilized 20 kHz ultrasound for on-
demand degradation control of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), serving as the 
encapsulation layer in TENGs[130] [Figure 6E]. Exposing the polymer film to high-intensity ultrasound 
acoustic waves (3 W/cm²) results in its mechanical disintegration [Figure 6F][131]. This is primarily due to the 
impedance mismatch between PHBV and air[131]. Additionally, acoustic pressure intensifies in the pores 
created during PHBV fabrication, leading to the mechanical fracture of the polymer film[131,134]. This method 
proved effective in controlling polymer lifespan, as it induced almost 30% weight loss in the PHBV film 
within 3 h [Figure 6G], a process taking eight weeks without ultrasound[131].

Diels-Alder reaction is a famously known click chemistry where diene and dienophile result in a 
cycloadduct[138,139]. On-demand degradation of PCL utilizing ultrasound-triggered reverse diels-alder 
reaction was reported[135]. The PCL chains were altered to enable reversible Diels-Alder reactions within the 
polymer matrix PCL furan was prepared by mixing PCL diol with 4,4’-methylenebis (phenyl isocyanate) 
and furfuryl amine in sequence[135]. Bismaleimide was combined with PCL furan. Diene from bismaleimide 
and dienophile from PCL furan could link through Diels-Alder reaction[135]. By applying energy to the bond, 
which is above the reverse energy barrier, reversible Diels-Alder reaction is possible[138,139]. Yeingst et al. 
modified the diol of PCL into furan-based diene by adding phenyl isocyanate and reacting it with furfuryl 
amine[135]. With the addition of bismaleimide, the crosslinking of PCL was available[135]. This modified 
polymer was then exposed to 1.1 MHz ultrasound to trigger the depolymerization. Compared to the control 
PCL group, which was crosslinked by isosorbide instead of Diels-Alder, PCL matrices crosslinked with 
Diels-Alder underwent significant degradation showing visible holes within 10 min[135].

LIFETIME CONTROL IN MEDICAL APPLICATIONS
Biodegradable electronic systems disappear naturally after a useful functional period, eliminating the 
necessity for surgical extraction. This inherent concept mitigates risks associated with long-term implant 
presence, including infections, immune responses, and surgical complications, providing a superior solution 
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for patient well-being[5,140]. Unlike permanent implantable devices that can lead to biofilm formation and 
migration, biodegradable devices, once absorbed or metabolized, alleviate the associated risks and costs of 
secondary surgeries, such as pain, infection, and immune responses, ensuring a safer and more patient-
friendly approach to temporary implantable devices[141,142]. The key point of consideration is that the 
required functional lifetime of implantable devices varies based on their intended purpose and target 
application. Based on this foundation, the development of implantable medical applications has progressed 
significantly, broadly categorized into two primary roles: diagnosis and therapy[88]. The current scope of 
research includes brain[5,6,8-10] and blood flow monitoring[11,12,143] in diagnostic platforms, along with cardiac 
pacing[13,14], stimulator[15-19,144], nerve conduction block[20,21], and drug delivery[22-24] in therapeutic platforms. 
Each application may involve target diseases based on its function, and a wide range of functional lifetime is 
needed depending on the application scope [Table 3]. Therefore, the success of the electronic device 
depends on achieving the required operation time, leading to extensive research focused on controlling the 
lifetime[5,8,15,21,145]. While most early research struggled with the short lifespan of devices falling short of the 
intended duration, recent studies have expanded the scope, delving into diverse encapsulation techniques 
and material dissolution kinetics[5,8]. The noteworthy point is that not only the required operation time but 
also acceptable degree of performance degradation varies depending on target diseases or application 
functions. The impact of performance degradation on the usability can be broadly categorized into two 
scenarios: one where any significant decline in performance directly affects the device function[5,8] and the 
other where a certain level of performance degradation does not pose significant issues for the device 
use[15,21]. The suitability for actual use and the performance of each device function have been demonstrated 
through in vivo tests [Figure 7][5,8,15,21].

An example of biodegradable electronic systems with stringent lifetime requirements is pressure sensors for 
the brain, which utilize the piezoresistive effect[5,8]. Maintaining stable baselines without drift is crucial for 
the device performance throughout its operational lifetime[8]. These brain monitoring systems hold 
significant importance as a fundamental diagnostic foundation for assessing the well-being of patients and 
addressing postoperative brain disorders[5,6,8-10,88]. The real-time monitoring of intracranial pressure sensors 
using Si NMs, enabling conformal contact with the complex and dynamically changing brain tissues, was 
reported[5,8]. In the initially reported study, a Si NM (300 nm thick) arranged in a serpentine pattern serves 
as a strain gauge located on the membrane edge [Figure 7A][5]. The stable in vivo operation with absolute 
accuracy or sensitivity persisted for up to three days, which is insufficient for brain applications[5]. As an 
example, pressure monitoring for traumatic brain injury requires up to one week[146] and glaucoma for 
several months. A recent study successfully extended the in vivo lifetime to over 25 days while maintaining 
high accuracy and a stable baseline [Figure 7B][8]. The strategy for prolonging the lifespan of the device was 
passive encapsulation layers effectively serving as biofluid barrier[8]. The immersion in biofluids promptly 
initiates dissolution processes, so the encapsulation layer delays the contact between biofluids and active 
materials. In this study, thermally grown layers of SiO2 (t-SiO2) were employed to overcome the limitations 
of polymer and inorganic materials[8]. They demonstrated that t-SiO2 layers, exhibiting defect-free, 
materials-level perfection over large area, function as a barrier and are sufficiently thin to be entirely 
bioresorbed within a reasonable time frame[8]. In addition, the sensor demonstrated pressure sensing in 
intraocular and intravascular spaces, showcasing its scalability to glaucoma and hypertension[8]. 
Furthermore, these device principles and material constructs will facilitate durable, long-term performance 
for various biodegradable implants[8].

In contrast, applications such as stimulators offer more flexibility in terms of lifetime, where a slight 
performance degradation is acceptable as long as they maintain sufficient functionality above a certain 
threshold. Electrical stimulation can be applied to diverse electrotherapy applications, including cardiac 
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Table 3. Required functional lifetime of bio-electronics across medical application scopes

Scope Biodegradable electronic system 
in medical application

Required 
operation time

Epilepsy surgery[6] ~1 month

Traumatic brain injury[5,8,10] ~2 weeks

Brain monitoring

Hyperthermia/Hypothermia[10] Several weeks

Reconstructive surgery[11] ~12 weeks

Endovascular diseases[12] ~8 weeks

Blood flow monitoring

Hypertension[8] Several weeks

Cardiac pacing Bradyarrhythmia[13] Days to weeks

Peripheral nerve injury[15,17] Several weeks

Spinal cord injury[16] Spinal cord injury[16]

Bone fracture[18] Bone fracture[18]

Stimulator

Diabetic-related chronic wound[90] Diabetic-related chronic wound[90]

Brain tumor[22] Several weeks

Malignant cancer[23] Several weeks

Drug delivery

Hormone imbalance[24] Several weeks

pacing[14,147], peripheral nerve regeneration[15,17,148], spinal cord injury repair[16], bone regeneration[18,149], wound 
healing[90], and nerve conduction block[21]. In a study on peripheral nerve regeneration, a damaged nerve was 
wrapped in a thin and flexible cuff electrode, and electrical stimulation was applied for 1 h daily over a 
period of 6 days [Figure 7C][15]. This therapy led to improved axonal regeneration and functional recovery of 
the nerve in rodent model[15]. In another study, enhancing musculoskeletal function recovery in rat models 
with spinal cord injuries was achieved by 20 min of ultrasound excitation every two days over an eight-week 
period[16]. The other study validated the acceleration of wound closure through electrical stimulation, 
resulting in ~88% closure after 15 days, in contrast to ~66% closure of the untreated group[90]. However, as 
the operation timeframe of the stimulator extends, more stable and effective stimulation becomes 
feasible[21]. Consequently, a study on stimulators focused on extending their lifetime through appropriate 
material selections and encapsulation strategies [Figure 7D][21]. This study introduced peripheral nerve 
stimulators for pain treatment by blocking nerve [21]. To overcome the limitations of the fast dissolution rate 
(~4 μm/day) of the Mg electrode, which leads to the rapid loss of conductivity in existing neuroregeneration 
stimulators, they utilized a Mo electrode (0.02 μm/day) for the exposed electrode[21]. Additionally, they 
employed PA as the encapsulation layer, demonstrating superior water-barrier properties compared to 
traditional polymers such as PLGA[21]. By adjusting the thickness of PA or the ratio of PA to PLGA in the 
layer, they could tune the functional lifetime from several weeks to months, departing from the 
conventional degradation within days[21].

CONCLUSION AND OUTLOOK
In this review, we have provided a concise overview of recent advancements in biodegradable electronics, 
with a particular emphasis on kinetics. Understanding the kinetics is crucial, given the need to meet the 
required functional lifetime for implantable medical applications, varying according to application scope 
and target diseases. Furthermore, the current limitations of biodegradable electronics lie in the substantial 
gap between operation and material degradation time. To address this gap, we have introduced various 
strategies alongside the dissolution kinetics of biodegradable materials. Despite tremendous progress, 
several challenges still lie ahead that need to be addressed:
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Figure 7. Biodegradable electronic systems in medical applications. (Left) Device illustration. (Right) In vivo experimental image. (A) 
Si-based pressure sensor. Reproduced with permission[5], Copyright 2016, Springer Nature; (B) Long-lived pressure sensor. Reproduced 
with permission[8], Copyright, 2018 Springer Nature; (C) Electrical nerve stimulator for neuroregeneration. Reproduced with permission 
from[15], Copyright, 2018 Springer Nature; (D) Peripheral nerve stimulator for pain block. Reproduced with permission[21], Copyright 
2022, Science Advances. PLGA: Poly(lactic-co-glycolic acid); Si-NMs: silicon-nanomembranes.
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(1) While studies have reported the influence of ions and specific proteins on silicon dissolution kinetics, a 
comprehensive database under conditions resembling the in vivo environment is lacking. The in vivo 
environment presents numerous unexplored factors, emphasizing the need for a systematic study to 
understand the complex relationship. It is essential to consider the potential impact of various enzymes 
present in the body on dissolution kinetics. Understanding how each enzyme individually affects kinetics 
and exploring the combined effects of different enzyme combinations are crucial. Additionally, the 
circulation of biofluids within the body introduces another layer of complexity. The flow rate of these 
biofluids may potentially induce mechanical stress effects, influencing the dissolution behavior of materials. 
Furthermore, it is pertinent to investigate how dissolution behavior varies in environments that mimic 
surfaces of organs such as the heart, where repetitive strains are present. This understanding will be pivotal 
in comprehensively assessing the performance and degradation mechanisms of biodegradable materials in 
physiological settings.

(2) The performance of metals ultimately determines the performance of electronics; thus, precise control of 
the degradation of biodegradable metals is crucial for increasing stable operational time. While other 
control strategies are necessary, a more fundamental solution involves using metals with slow property 
degradation. In addition, the choices for designing electronics with various lifetimes are limited, given the 
current scarcity of well-known biodegradable metals. Alloying presents a promising solution for addressing 
these challenges. In addition to exploring various combinations of biodegradable metals, consideration can 
be given to combining them with biocompatible metals. Highly biocompatible metals, such as Ca, K, and 
Na, are essential for bodily functions and are present in large amounts in the body. Additionally, trace 
amounts of metals such as Sr, Sn, Ba, and Mn can be considered as potential biocompatible materials. 
Through alloying these metals in ternary systems or higher, it is possible to control dissolution rates and 
enhance electrical and mechanical performance.

(3) The current environment of polymer longevity adjustment in the context of prolonging the lifespan of 
biodegradable electronics necessitates an investigation into various approaches. One such strategy 
incorporates passive acceleration via enzyme activity, while the in vivo efficacy remains unknown, requiring 
additional exploration to evaluate the potential for use as an implanted device. If the utilization of light or 
heat-based triggering, which is frequently employed beyond the ultrasonic trigger discussed in this 
manuscript, could be integrated into bio-implantable devices, it has the potential to significantly expand the 
avenues for controlling the lifespan of electronic components through triggering mechanisms. This 
integration would not only enhance the versatility of triggering methods but also open up new possibilities 
for fine-tuning the longevity of electronic components in various biomedical applications. Therefore, 
exploring the feasibility and efficacy of incorporating such triggering mechanisms into bio-implantable 
devices could pave the way for innovative advancements in the field of electronic component lifespan 
control.

(4) Extensive research has focused on developing encapsulation materials capable of prolonging the lifespan 
of implantable electronics. Alongside advancements in process techniques, efforts have been directed 
toward refining the chemical and physical characteristics of these encapsulants. Despite notable 
advancements in encapsulation material development, the adequacy of demonstrating their durability for 
practical implementation in medical applications remains unfulfilled. Furthermore, the efficacy of recently 
proposed methods requires validation under real-world implantation conditions. The dynamic nature of 
biofluid circulation and ongoing acidity fluctuations within the body pose challenges to encapsulation 
material performance, potentially compromising their functionality as compared to outcomes observed in 
controlled in-vitro experimental settings. Using existing methodologies, it is anticipated that future 
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endeavors will yield encapsulation materials boasting enhanced efficiency, characterized by comparable 
tissue adhesion and mechanical properties.

(5) Studies on the dissolution kinetics of materials have traditionally been conducted on individual 
materials. However, in the design and fabrication of electronic devices, it is essential to consider using 
various materials for different roles. This includes not only silicon and biodegradable metals but also 
encapsulation materials. Currently, there is a lack of research on how dissolution kinetics may vary when 
different biodegradable metals or metals/silicon coexist. For instance, in bulk materials, the contact between 
different metals leads to galvanic corrosion. Similarly, when different metals coexist, the type of contact at 
the junction can significantly influence dissolution kinetics in thin film form. Similar to metals, the type of 
contact can also greatly affect the dissolution kinetics when silicon and metal coexist. Furthermore, even 
within silicon, the junction of n- and p-type doping could potentially alter dissolution kinetics.
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