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1. Introduction

Wearable and implantable devices provide users with continuous monitoring

and treatment, and bioresorbable features can facilitate the use of temporary
biomedical devicesand reduce electronic wastes (e-wastes). Bioresorbable
metals and polymers offer multiple benefits, such as high conductivity and
mechanical support, for skin-interfaced and implantable biomedical devices in
versatile biomedical applications. These materials dissolve naturally after their
targeted lifetime, avoiding complications arising from retrieval surgeries and
preventing e-waste accumulation. This review summarizes recent advances in
both bioresorbable materials and devices, highlighting various polymers,
semiconductors, and metal options along with their dissolution processes.
The following contents introduce the current developments in bioresorbable
skin-interfaced and implantable systems including electrostimulation (ES),
energy harvesting, sensor, and transistor systems. A concluding section
discusses current challenges and future research opportunities in

this field.
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Wearable or implantable medical devices
aim to provide continuous monitoring,
appropriate treatments, and feedback for
users to modulate their lifestyles. Espe-
cially, wearable skin-interfaced systems
which directly contact skin or wound
site enable stimulation'*! and biosig-
nal monitoring.”"'%/ Implantable medi-
cal devices powered by batteries, such
as cardioverter defibrillators, pacemak-
ers, and neurostimulators, provide pa-
tients with convenient medical benefits
and change their lives.['’] As the world
population and senior citizens are grow-
ing, the global implantable medical de-
vices market is predicted to continu-
ously grow from $91.8 billion in 2020
to $179 billion in 2030.1'8 Bioresorbable
(or equivalently bioabsorbable) materials-
based temporal skin-interfaced and im-
plantable biomedical systems further ex-
tend the applications to cardiac pacing,!!!
transdermal drug delivery,[>®! physiological sensing,’-'%! opioid,
nerve stimulators, and wound regeneration.[>* 19211 Composi-
tions of organic and inorganic materials that chemically dissolve
in biofluids facilitate sophisticated biomedical devices, which
can bypass risks and costs associated with retrieval surgery af-
ter their intended operational timeline. Bioresorbable materi-
als can also reduce electronic wastes (e-wastes) from biomedi-
cal devices through their natural dissolution properties. Biore-
sorbable metals (e.g., magnesium (Mg), molybdenum (Mo), iron
(Fe), zinc (Zn), and tungsten (W) and bioresorbable polymers
(e.g., polylactic acid (PLA), polyglycolic acid (PGA), poly(vinyl al-
cohol) (PVA), etc.) are well-established in hydrolysis reactions
and dissolution processes (Figure 1).?223] Different rates of dis-
solution, levels of water penetration, and hydrophobicity deter-
mine the natural functional lifetime of bioresorbable devices,
and mechanically, thermally, optically, or electrically triggered ac-
celeration strategies suggest a controllable functional lifetime of
devices.[?*] Passive bioresorbable systems, which are composed
of strictly selected materials and designed structures, naturally
resorb their components, gradually lose their performance, and
rapidly lose their performance after the threshold functional life-
time of a weak component.[?’] Otherwise, active bioresorbable
systems, which consist of materials with low dissolution rates, se-
cure stable performance, and trigger dissolution on demand.!2®!
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Figure 1. Bioresorbable electronics concept design. Schematic illustration of the hydrolysis reaction and dissolution processes of bioresorbable metals
and polymers. Devices based on these materials, controlled by various factors, rapidly lose performance after achieving their intended purpose.

Power sources of bioresorbable systems are another requi-
site factor determining suitabilty for telemedicine or hospital
use (Figure 2).[2] The electromagnetic wireless power trans-
fer (WPT) system consists of a high-frequency alternative cur-
rent (AC) power source, a transmitter coil, a receiver coil tuned
to a specific resonance frequency, and an AC—direct current
(DC) converter if necessary (Figure 2a). The efficiency is af-
fected by the turns of coils, the distance between coils, the in-
cident angle, etc. Several radio-frequency (RF) bands (e.g., the
industrial, scientific, and medical bands of 13.56, 27.12, 915,
and 2450 MHz) are potential candidates. Among the frequen-
cies, a specific frequency of 13.56 MHz enables high-efficiency
power transmission and reception for implantable medical sys-
tems and supports near-field communication (NFC) with satis-
fying ISO/IEC 15693 recommendations.[?!] Another candidate is
the piezoelectric nanogenerator that converts mechanical strain
to electricity (Figure 2b). Piezoelectric constant, strain changes,
and material permittivity determine output AC power.*3] Re-
cently, various biodegradable materials such as amino acid-based
peptides, cellulose derivatives, and silk fibroin have been ex-
plored as promising alternatives for piezoelectric nanogenera-
tors due to their biocompatibility and degradability in physio-
logical environments.>!*2) The thin-layered piezoelectric struc-
ture also utilizes implantable mechanical sensors.[**] The other
candidate is the triboelectric nanogenerator (TENG) that gener-
ates electricity by triboelectrification and electrostatic induction
(Figure 2c).3 Output power performance is affected by surface
charge density, the dielectric constant, and the gap distance be-
tween the top and bottom electrodes. Secondary batteries that
store specific power for long-term usage are promising energy
storage systems to overcome the limitations of energy transfer
and nanogenerators such as limited power transfer conditions
and output power (Figure 2d).[**] Chemical reactions at the an-
ode and cathode discharge continuous DC output and external
energy sources such as RF WPT or nanogenerators recharge the
battery to prolong its lifespan.(3¢]
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This review summarizes bioresorbable materials from poly-
mers to metals, and the recent developments in bioresorbable
electronic applications and energy sources. The content be-
gins with an overview of bioresorbable polymers, their chem-
ical composition and hydrolysis process. A subsequent sec-
tion focuses on chemical reactions of bioresorbable met-
als. Application examples highlight recent progress ranging
from skin-interfaced systems to implanted sensors, describ-
ing the structure, performance, and bioresorbable properties
(Figure 3). Current bioresorbable skin-interfaced systems face
key challenges in achieving optimal flexibility and piezoelectric
performance, which drives ongoing research efforts. Emerging
design strategies overcome the rigidity and mechanical insta-
bility of bioresorbable triboelectric materials by applying glyc-
erol as a plasticizer.?’*°! For bioresorbable stimulators and sen-
sors, piezoelectricity enhancement strategies focus on introduc-
ing new materials (i.e., PVA? glycinel'?) during fabrication
or implementing microdome structures.l'!l Implantable biore-
sorbable applications utilize structural enhancements and optical
sensing approaches to overcome limitations in sensor sensitiv-
ity, and adopt laser-based fabrication techniques to achieve high-
resolution Electrocorticography (ECoG).[*%! A concluding section
summarizes the current advances and discusses opportunities
for future research.

2. Hydrolysis Properties of Bioresorbable Polymers

Bioresorbable polymers such as PVA, PLA, PGA, polycaprolac-
tone (PCL), polyanhydride (PA), poly(1,8-octanediol-co-citrate)
(POC), polybutylene succinate (PBS), poly(carboxybetaine)
degradable wurethane (PCBDU), poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV), polyethylene glycol diacrylate
(PEGDA), poly(glycerol-co-sebacate) (PGS), poly-i-lactic acid
(PLLA), poly-p,1-lactic acid, poly(lactic-co-glycolic acid) (PLGA),
poly(1,8-octamethylene-citrate-co-octanol) (POCO), etc., have
well-established dissolution processes and roles as scaffolds,
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Figure 2. Powering systems of bioresorbable systems. Schematic illustration of the configuration and power of a) electromagnetic power transfer,

b) piezoelectric nanogenerator, c) TENG, and d) secondary battery.

drug eluting polymers, matrices, and adhesives in bioresorbable
applications (Figure 4).4¢) Surface area to volume ratio, pH,
temperature, and the existence of enzymes affect the dissolution
rate of bioresorbable polymers (Table 1).

PVA, a copolymer of vinyl alcohol and vinyl acetate, has abun-
dant hydroxyl groups, which readily absorb water.[*’”! Hydrogen
bonds in the water molecules interact with these hydroxyl groups,
dissolving PVA in water. PLA from renewable resources such
as corn flour undergoes hydrolytic processes in biofluid and de-
composes to CO, and H,0.*] PGA is a semicrystalline poly-
mer that has amorphous regions and highly organized crys-
talline regions.[*”) The water penetration into amorphous re-
gions causes the disintegration of the tie-chain segments into
small fragments; imperfect areas such as vacancies, defects,
and boundaries in highly crystalline regions have slower hy-
drolysis degradation than that of the amorphous regions. Short-
chain fragments convert into monomeric acids and are subse-
quently metabolized. Thermoplastic PCL is another example of
a semicrystalline polymer, which has a slow degradation rate.l>"]
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Amorphous regions of PCL are mainly decomposed by enzymes
not usually found in animal and human bodies, but hydrolytic
degradation can take a long time. The hydrolytic breakdown of
the polymer backbone and hydrolytic chain scission produce
monomers and acid by-products. PA controls the hydrolysis rate
by varying the ratio of hydrophobic or hydrophilic monomers.>!!
The surface degrades into homopolymers such as poly sebacic
acid with a linear degradation and the core crystalline region
gradually affects over time and depolymerizes into water-soluble
fragments and monomers. POC, copolymer of citric acid (CA)
and 1-8-octanediol (OD), is a hydrophilic polymer with good wa-
ter absorbability.®?! Since the degradation rate of CA is faster
than that of OD, the cross-linking network of POC is gradually
lost, leading to a collapse of POC. PBS is one of the aliphatic
polyesters with high hydrolyzability in water, which decomposes
to succinic acid, and butane-1,4-diol (BD).>}] The measurement
of the total organic carbon of the surrounding water after hy-
drolytic degradation confirms BD tends to form volatile com-
pounds such as ethylene glycol. An elastic bioresorbable polymer
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Figure 3. A summary of bioresorbable devices. i) Energy harvesters: TENG harvesting!3’~3°] and humidity harvesting!®]. Reproduced with permission.[>°]
Copyright 2022, Wiley-VCH GmbH. Reproduced with permission.[3”] Copyright 2023, Elsevier B.V. Reproduced with permission.38] Copyright 2020, EI-
sevier B.V. Reproduced with permission.[*] Copyright 2020, National Academy of Sciences. ii) Sensors: neural monitoring,4'43] physiological signal
monitoring,!® > =131 wound monitoring,!'®! and biofluid monitoring.['4-16] Reproduced with permission.[*l Copyright 2023, Wiley-VCH GmbH. Repro-
duced with permission.[*?] Copyright 2016, Springer Nature Limited. Reproduced with permission.[*3] Copyright 2022, Nature Portfolio. Reproduced
with permission.[8] Copyright 2023, Elsevier B.V. Reproduced with permission.[° Copyright 2018, Wiley-VCH GmbH & Co. KGaA. Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International license.[''] Copyright 2021, Wiley-VCH. Reproduced with permission.l'?] Copyright
2023, Wiley-VCH GmbH. Reproduced with permission.["3] Copyright 2023, Wiley-VCH GmbH. Reproduced under the terms of the CC-BY Creative Com.-
mons Attribution 4.0 International license.[' Copyright 2024, Wiley-VCH. Reproduced with permission.l’#] Copyright 2023, The American Association
for the Advancement of Science. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.l'>] Copyright 2022,
Nature Portfolio. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.['] Copyright 2023, Wiley-VCH.
iii) Stimulators: sleep disorder treatment,l®! cardiac pacing,!'l and wound healing.[2#! Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license.[>] Copyright 2024, Nature Portfolio. Reproduced with permission.['l Copyright 2022, The American Association for
the Advancement of Science. Reproduced with permission.[?] Copyright 2024, The American Association for the Advancement of Science. Reproduced
with permission.[*] Copyright 2023, Wiley-VCH GmbH. iv) Transistors. Reproduced with permission.[#4] Copyright 2012, The American Association for
the Advancement of Science. Reproduced with permission.[*] Copyright 2013, Wiley-VCH GmbH & Co. KGaA.
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Figure 4. Bioresorbable polymers. Schematic illustration of the bioresorbable polymers (e.g., PVA, PLA, PGA, PCL, etc.).

of PCBDU is synthesized by copolymerizing hexamethylene di-
isocyanate, carboxybetaine (CB) diols, and PCL diol.>* Regular
ester bonds and beta-amino ester bonds undergo hydrolysis in
water, resulting in the generation of charged anions and cations
from ester bonds of the CB diols and carboxylic acids from the
ester bonds in PCL segments. Breakage of the chains and the ex-
istence of charged cations and anions accelerate water penetra-
tion. PHBYV, a copolymer of hydroxybutyrate and hydroxyvaler-

ate, has a high level of cell adhesion without activation of the
hemostasis system but exhibits the coagulation system and the
complement reaction.>®! Hydroxyvalerate in PHBV contributes
to decreased melting temperature, elastic modulus, and tensile
strength.[>®] Abiotic phenomena such as mechanical stress, oxi-
dation, etc., and hydrolysis mechanisms decompose and mineral-
ize the PHBV. Afterward, enzymatic hydrolysis reduces the poly-
mer chain length into monomers, and assimilates into biomass,

Table 1. Key physicochemical properties of bioresorbable polymers (e.g., PVA, PLA, PGA, PCL, PA POC, PBS, PCBDU, PHBYV, PEGDA, PGS, PLLA,
PLGA) relevant for electronic device platforms (representative values; may vary depending on molecular weight, crystallinity, and processing conditions).

Polymer Dissolution rate Water diffusivity ~ Swelling ratio [%)] T, [°C] T4 [°C] Tensile strength Elongation [%] Refs.
[em? s7'] [MPa]
PVA Days-weeks ~107% t0 1073 30-80 ~85 ~230 30-70 100-300 [47)
PLA Weeks—months ~108 10-20 ~60 ~280 50-70 2-10 [48]
PGA Days-weeks ~1077 5-10 ~35 ~250 70-100 3-8 [49]
PCL Months ~1078 4-10 ~-60 ~250 10-16 300-600 [50]
PA Weeks—months ~1077 10-20 ~50 ~250 20-40 100-200 [57]
POC Days-weeks ~1077 20-40 ~—20 ~200 0.5-1.5 80-120 [52]
PBS Weeks—months ~1077 5-15 ~-32 ~280 25-45 100-300 [53]
PCBDU Weeks—-months ~1078 5-15 ~10 ~250 30-50 50-100 [54]
PHBV Weeks ~1077 5-15 ~5 ~260 30-40 10-20 [55, 56]
PEGDA Hours—days ~10~¢ 40-70 —60 to —40 ~180 0.1-1.0 50-200 [57]
PGS Days—weeks ~1077 20-40 ~—20 ~200 0.5-2.0 100-150 [58]
PLLA Months ~10-8 5-10 ~60 ~280 50-70 5-10 [59]
PLGA Days-weeks ~1077 10-20 45-55 ~260 40-60 2-10 [60]
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H,0, and CO,. PEGDA which develops from polyethylene gly-
col is a commonly utilized hydrogel, which has hydrolyzable es-
ters backbone groups and oxidable ether backbone groups; hy-
drolysis is a primary dissolution process.’’! The alkaline condi-
tion, high molecular weight, and low concentration can acceler-
ate the hydrolysis process. Swelling by biofluid during in vitro
experiments also decreases crosslink density and accelerates the
hydrolysis process. Polycondensation of glycerol and short-chain
sebacic acid forms hydrogen bonds between each hydroxyl group
to achieve biocompatible and hydrophilic PGS.[®! In vitro and
in vivo dissolution tests demonstrate different behaviors due to
the existence of enzymes and macrophages that cause an accel-
erated dissolution rate; in vivo test shows five times faster dis-
solution rate. PLLA is one of the semicrystalline materials hav-
ing different dissolution behaviors between amorphous and crys-
tal regions.>®) The amorphous region facilitates elastic behaviors
and crystalline regions where high-ordered compact structure
contributes to mechanical properties of stiffness, and strength.
Ester bonds in amorphous regions initiate hydrolysis, decreas-
ing elasticity, chain length, and molecular weight. Penetrated wa-
ter molecules through amorphous regions accelerate the degra-
dation rate. PLGA, one of the U.S. Food and Drug Administra-
tion (FDA)-approved biodegradable polymers, is usually utilized
as an encapsulation layer of drugs.[*®] As the proportion of PGA
increases and the average molecular weight of PGA and PLA
decreases, the bioabsorption rate of PLGA increases. Both hy-
drolysis and biodegradation processes occur in backbone ester
bonds. Water penetration into the PLGA matrix causes uniform
bulk degradation. Increasing carboxylic end groups increase au-
tocatalytic hydrolysis degradation. These materials present good
biocompatibility but nanoparticles resulting from hydrolysis can
have a local and mild tissue reaction.

3. The Chemical Reaction of Bioresorbable Metals

The presence of bioresorbable metals in biomedical applica-
tions offers electroconductivity and high stiffness, which extend
the application fields from fixtures to electronics. Mg, Zn, Fe,
Mo, W, and silicon (Si) are well-known bioresorbable metals
(Figure 5).[°!] The hydrolysis processes of Mg, Zn, and Fe are
Mg + 2H,0 — Mg(OH), + hydrogen gas (H,), Zn + 2H,0 —
Zn(OH), + H,, and 4Fe + 30, + 10H,0 — 4Fe(OH)*~ + 4H™, re

spectively, and corresponding cathodic reactions are 2H,0 + 2e~
— H, + 20H"™ for Mg and Zn, and 2H,0 + O, + 4e” — 40H"
for Fe.l’! The hydrolysis processes of Mo, W, and Si are 2Mo +
2H,0 + 30, — 2H,M00,, 2 W + 2H,0 + 30, — 2H,WO,, and
Si + 4H,0 — Si(OH), + 2H,, respectively, and have much lower
dissolution rates than Mg, Zn, and Fe.[®?] Anode and cathode of
bioresorbable metals show different dissolution rates due to elec-
trolytic corrosion, in which the anode has much faster dissolu-
tion rate than cathode.l%}] Metal oxides that can form on the an-
ode during electrostimulation (ES) have different water solubil-
ities. Magnesium oxide (MgO), for example, dissolves in water
(MgO + H,0 — Mg(OH),), and molybdenum trioxide (MoO5)
can dissolve in water (MoO; + H,0 — MoO,?~ + 2H*);!% ZnO
is almost insoluble in water, but dissloves in acid (e.g., ZnO +
2HCl —» ZnCl, + H,0) and in alkalis (e.g., ZnO + 2NaOH +
H,0 — Na,[Zn(OH),]; iron oxide (Fe,0;) and tungsten trioxide
(WO,) show the hydrolysis process of Fe,O; + H,0 — Fe(OH),

Adv. Electron. Mater. 2025, 11, 2400997 2400997 (6 Of32)
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and WO, + H,0 — H,WO,, respectively, that have a poor wa-
ter solubility. Silicon oxide (SiO,) show the hydrolysis process of
SiO, + 2H,0 — Si(OH),. Existence of sodium chloride (NaCl) in
biofluid or phosphate-buffered saline (PBS) can react with metal
oxides (e.g., ZnO + 2NaCl + H,0 — ZnCl, + 2NaOH, Fe,0; +
6NaCl + 3H,0 — 2FeCl; + 6NaOH, and WO, + NaCl + H,0 —
NaHWO, + HCIl), whose products are highly water soluble.[®]
Additionally, chloride ions in solution initiate breakdown of the
metal(OH),, layer on metal surface. Some bioresorbable metals
make acidic products as a result of dissolution. In addition to met-
als, silicon-based materials particularly in nanostructured forms
such as nanowires, nanoribbons, and nanomembranes demon-
strate bioresorbability through hydrolysis in aqueous environ-
ments. This process occurs via a chemical reaction with water (Si
+ 4H,0 — Si(OH), + 2H,), producing orthosilicic acid (Si(OH),)
and H,.

4, Bioresorbable Skin-Interfaced Applications

Skin-interfaced systems enable continuous, noninvasive moni-
toring of physiological signals through direct skin contact, main-
taining conformal adhesion through mechanical flexibility and
stability. Conventional platforms utilize flexible elastomers such
as polydimethylsiloxane (PDMS), polyimide (PI), polyethylene
terephthalate (PET), and Ecoflex. Their non-bioresorbable na-
ture requires manual removal and contributes to e-waste accu-
mulation. In contrast, bioresorbable platforms dissolve under
physiological or environmental conditions, leaving biocompat-
ible byproducts from their integrated dissolvable metals, poly-
mers, and auxiliaries. This section explores recent developments
in bioresorbable skin-interfaced systems, focusing on material
selection and dissolution characteristics. The subsequent sec-
tion presents a functional classification of these systems into
three categories: stimulation,'®! energy harvesting,*> 3~ and
sensing.l’-16]

4.1. Stimulation Systems

Stimulators are devices designed to induce physical or chemical
effects for therapeutic purposes. Physical stimulators typically de-
liver electrical pulses for heart rhythm regulation!’) and wound
healing,!?) or thermal actuation for biomedical treatment.’]
Chemical stimulators deliver therapeutic agents such as metal
ions (Cu?*),l"l hormones (melatonin),”®! or nucleic acids (VEGF-
165 plasmid DNA)®l for wound healing, sleep disorder treat-
ment, and neovascularization, respectively. Bioresorbable stimu-
lators offer significant advantages by reducing surgical complica-
tions and enabling versatile drug administration. These devices
temporarily interface with target sites before completely dissolv-
ing, reducing inflammation risks and complications for device re-
moval. Table 2 summarizes bioresorbable stimulation systems in
terms of their target applications, stimulation mechanisms, op-
erating parameters, and constituent bioresorbable materials and
components.

4.1.1. Physical Stimulation Systems

Recent advancements in electrical stimulation technology in-
clude the development of a wireless pacemaker with only the
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Figure 5. Bioresorbable metals. Schematic illustration of the chemical reactions involved in the hydrolysis reaction of bioresorbable metals and metal

oxides with water and NaCl.

implantable parts made to be bioresorbable.!! This device oper-
ates as a closed-loop system comprising three key components:
skin-interfaced sensing modules, a hand-held control module,
and a bioresorbable, wireless, implantable electrical stimulator
(Figure 6a). The cardiac, hemodynamic, and respiration sens-
ing modules support comprehensive physiological monitoring.
The control module (e.g., smartphones) receives raw data from
these sensing modules, extracting electrocardiogram (ECG), pho-
toplethysmogram, heart rate (HR), and respiratory rate data.

Adv. Electron. Mater. 2025, 11, 2400997 2400997 (7 of 32)

Based on this information, it sends pacing commands to the skin-
interfaced cardiac module, which then controls the implanted
stimulator using a transmitter coil. The bioresorbable stimu-
lator incorporates an RF power harvester and two stimulation
electrodes. A circular receiver (RX) coil and a Si nanomem-
brane (NM) diode comprise the harvester, subcutaneously placed
to maximize the WPT efficiency. Stretchable, serpentine in-
terconnects link the harvester to myocardium-contacting elec-
trodes, facilitating targeted DC electrical stimulation. Thin films
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Table 2. Summary of bioresorbable stimulation systems.
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Type Target application Stimulation Stimulation Bioresorbable materials Bioresorbable parts
mechanism parameters
Physical Cardiac pacing!] Monophasic electrical Power b-DCPU Stimulator encapsulation
pulse 4.5 mwW Mo RF power harvester (coil)
Interconnect
Electrodes
Wound healing!?] Voltage pulse 7% 7-glycine PVA Piezoelectric biofilm
220 mv PLA Encapsulation
Electric field Mo Electrodes
220 mV mm~!
Si PIN diodes
Biomedical treatmentl3] Heat Heating temperature Water-soluble paper Entire thermal stimulator
125 °C
Chemical Wound healing!*! Cu,, ion delivery 100 pg cumulative e-ADM Entire electronic skin
release in 6 days
(PBS solution with
pH 5.0)
Sleep disorder treatmentl®] Melatonin delivery 25 wt% PLGA Microneedles (MNs)
Melatonin-loaded
MN
Neovascularization!®] VEGF-165 plasmid pVEGF165 Porous silicons Nanoneedles (NNs)
DNA delivery 100 pg

of Mo (10-um-thick) constitute the primary bioresorbable com-
ponents, including the harvester, interconnects, and electrodes.
Bioresorbable dynamic covalent polyurethane (b-DCPU) (100-
um-thick) encapsulates the stimulator, excluding the contact site
of the electrodes. The electrode contact sites incorporate a PLGA
steroid-eluting patch (4.64 X 3.34 mm?) to mitigate inflammation
or fibrosis during cardiac pacing.

In vivo studies with canine whole-heart models (adult hound
dogs, 27-36 kg) demonstrate WPT and cardiac pacing. The stim-
ulating device delivers a monophasic output (4.5 mW power, 3 Hz
frequency, 6.6 ms pulse width) when the cardiac module gener-
ates a pulsed 6 V;, AC signal. This induced a ventricularly paced
rhythm (180 bpm) from the intrinsic sinus rhythm (150 bpm).
Ex vivo studies with a Langendorff-perfused human whole-heart
model demonstrate the closed-loop autonomous treatment ca-
pability, stimulating temporary bradycardia with an HR below a
predetermined threshold (54 bpm). The bioresorbable stimulator
maintained functionality for up to 32 days in PBS (pH 7.4, 37 °C)
and in an in vivo rat model, due to the slow degradation rate of
Mo (~20 nm day').[°?] This degradation period exceeds the ther-
apeutic window of conventional temporary pacemakers (7 days),
demonstrating its long-term pacing and biocompatibility. Adjust-
ing the device thickness, component materials, and applied ex-
ternal stimuli allows for tuning the lifetime to satisfy the needs
of patients and treatment period.[2*%¢%7] The device completely
degrades and disappears within 500 days, eliminating removal
complications.

Another advancement is the bioresorbable wireless piezo-
ultrasound electrotherapy device (b-WPUE) for wound healing.[?]
This skin-interfaced device converts external ultrasound (US)
waves to electrical stimulation, which is applied to the wound site,
then biodegrades after recovery. The b-WPUE features a power
harvester for acoustic-to-electric conversion, and two electrodes
for stimulation (Figure 6b). The harvester includes Mo-deposited
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y-glycine/PVA film and two Si positive—intrinsic—negative (PIN)
diodes. The piezoelectric biofilm (10-mm diameter) generates AC
electricity under US vibration, which the diodes rectify to DC out-
put. Applying 1-MHz US treatment to a mixture of glycine and
PVA solution accelerates crystallization and inhibits agglomera-
tion, yielding pure y-glycine crystals oriented for enhanced piezo-
electric effect. The Mo electrodes (50-um-thick) feature a circu-
lar design with three concentric rings, composed of serpentine
flower-like patterns. Here, one electrode comprises the central
circle combined with the outermost ring, while the other is the
middle ring. Each ring has a width of 0.5 mm, spaced 1 mm apart
from its neighbors. This unique design enhances electrothera-
peutic effectiveness by providing efficient stimulation across the
wound area. The PLA films (50-um-thick) encapsulate the har-
vester and the electrode structures, leaving only the contact areas
of the electrodes exposed. A PVA gel secures the harvester and
electrodes in their folded configuration.

Benchtop studies, computational predictions, and in vivo ex-
periments validate the performance of b-WPUE. For benchtop
studies, a lead zirconate titanate (PZT) ceramic disk (diameter:
25 mm) emits US waves (center frequency of 1 MHz) into a
tank filled with deionized (DI) water (transmission medium).
At a trigger signal of 110 V,;,, the b-WPUE generates a recti-
fied open-circuit output voltage (V, ) of 220 mV, resulting in an
electric field of 220 mV mm~™! across 1-mm-spaced electrodes.
This field strength aligns with the finite element analysis re-
sults, surpassing the 100 mV mm~™" threshold known to accel-
erate wound healing.!*7l In vivo evaluations involved rodent
models with artificial wounds (6 mm diameter), divided into four
groups: control (no treatment), US stimulation only, b-WPUE
without US stimulation, and b-WPUE with US stimulation. The
US-stimulated groups received US waves (0.1 W cm ™2, 60% duty
cycle) from the plate transducer for 5 min daily over 7 days.
Wound healing progress was ~40% faster in the b-WPUE with
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Figure 6. Stimulation systems. Bioresorbable materials are marked in blue. a) Photographs of skin-interfaced sensing modules, a bioresorbable electrical
stimulator along with bioresorption process and stimulation output power. Reproduced with permission.['l Copyright 2022, The American Association

for the Advancement of Science. b) Schematic illustration of b-WPUE, photographs of bioresorption process, and V.

under various trigger voltages.

Reproduced with permission.[2] Copyright 2024, The American Association for the Advancement of Science. c) Image of e-ADM. Reproduced with
permission.[*] Copyright 2023, Wiley-VCH GmbH. d) Schematic illustration of SOP, images of spatiotemporal activation of SOP with 7 MN patches (top
right, activating from i to iv), PLGA MN, Mel-MN, Au-Mel-MN (bottom center), and bioresorbed MN after 24 h (bottom right). Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International license.[’] Copyright 2024, Nature Portfolio.

US group compared to others. Here, the b-WPUE with US group
achieved complete recovery in ~10 days, while other groups re-

quired 15 days for comparable healing.

In vitro and in vivo studies confirmed the device’s bioresorba-
bility. In a 1x PBS (pH 7.4, 37 °C), the PLA-encapsulated y-

Adv. Electron. Mater. 2025, 11, 2400997
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glycine/PVA biofilm degraded within 2 weeks, with complete
degradation of the b-WPUE residue (mainly electrodes) occur-

ring within 36 weeks. The output voltage of b-WPUE decreased

by 10% at day 6, declined sharply at day 12, and became nearly
undetectable by day 14. When implanted in the backs of mice, the
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biofilm gradually degraded from days 1 to 10. This degradation
timeline aligns with the complete wound recovery time observed
in the b-WPUE with US group, demonstrating an appropriate
match between the healing process and the device’s bioresorp-
tion rate. Adjusting the thickness of the encapsulation layers and
electrodes allows for programming the functional lifetime of the
device. The b-WPUE devices leave only harmless by-products and
eliminate complications related to device extraction.

An additional approach is the bioresorbable pencil-drawn
thermal stimulator for wound healing.}] This device promotes
wound healing through Joule heating of pencil-drawn conduc-
tive traces. The design incorporates serpentine conductive traces
on kirigami-cut office copy paper (100-um-thick). This serpentine
structure demonstrates robustness to mechanical deformations,
exhibiting a 20% resistance change at a 1.5 mm bending radius.
Kirigami cuts enhance the stretchability of the paper substrate.l”!]
The pencil-drawn serpentine graphite traces on kirigami-cut pa-
pers maintain stable resistance up to 150% tensile strain, with
8% resistance change after 1000 bending cycles (6-mm bend-
ing radius) and 0.1% resistance change after uniaxial stretch-
ing tests (100% tensile strain). Repeated ruler-guided drawing
of a 9B sketch pencil for 1-15 cycles produces conductive traces
with sheet resistance ranging from 10 kQ sq™ to 160 Q sq7*,
while this study employed 15 cycles for 6-um-thick traces. A bio-
compatible Silbione coating further improves the office-copy pa-
per’s contact quality while maintaining breathability, a desirable
feature for on-skin electronics that accelerates skin perspiration
evaporation, minimizes sweat accumulation, and mitigates in-
flammatory reactions.”>7*] When spray-coated with an optimal
Silbione-to-paper weight ratio of 5:100, the adhesion force in-
creases from 0.01 to 0.85 N while exhibiting 2137 g m~? day~!
water vapor transmission rate (WVTR), significantly higher than
human skin (204 g m~? day~').l”>! Alternatively, simply replacing
the office-copy paper with a commercial adhesive paper enhances
the contact quality, eliminating the need for complex coating
processes.

On-skin thermal stimulator provides one example of the versa-
tility of presented on-skin electronics. The device provides high
electrical conductivity and rapid thermal stimulation, reaching
125 °C within 30 s when applied with 40 V. Its serpentine struc-
ture ensures adaptability to various body movements. By replac-
ing office-copy paper with water-soluble paper, the thermal stim-
ulator becomes bioresorbable. Upon contact with water, the paper
quickly degrades, causing the conductive graphite traces to dis-
assemble. This degradation mechanism eliminates the need for
device removal and facilitates the transfer of the conductive pat-
tern onto curved human body surfaces through the dissolution
process.

4.1.2. Chemical Stimulation Systems

Bioresorbable electronic platforms enable diverse approaches
to chemical stimulation. Among these, bioresorbable bioelec-
tronic skin—comprising flexible, epidermally adherent elec-
tronic interfaces—serves dual functions by delivering therapeutic
agents while providing structural support for healing processes,
thereby eliminating the requirement for subsequent explantation
procedures.!*] An acellular dermal matrix (ADM) is a decellular-
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ized allograft tissue utilized in medical procedures to promote
wound repair processes.* 7781 Once applied to a wound, the
ADM serves as a scaffold that supports new tissue regeneration
during healing and integrates into the host tissue, eliminating
the need for post-treatment removal.l’*7]

Recently, the integration of carbon nanotubes (CNTs) and cop-
per oxide microspheres with ADM has led to the development of
bioresorbable ADM-based electronic skin (e-ADM) that enables
motion monitoring and enhances wound healing (Figure 6¢).[*
The strain-dependent conductivity of CNTs enables motion mon-
itoring, while copper oxide microspheres provide dual function-
ality in sterilization and wound repair through their nanocone-
structured surfaces (200-nm height) and pH-dependent ion re-
lease. The rough surfaces destroy bacterial cell walls through
applied shear force.®*#!] In acidic wound environments (pH
5-6), the microspheres release copper ions for sterilization,
whereas under physiological conditions (pH 7.4), they maintain
low copper ion concentrations to promote cell proliferation and
vascularization.®2-841 An in vivo study comparing five groups of
specific pathogen-free rats evaluated the wound healing perfor-
mance: control (no treatment), ADM only, e-ADM only, ADM
with ES, and e-ADM with ES. ES groups received two daily 1
h treatments (100 mV mm™!, 25 Hz) separated by a 1 h inter-
val for 7 days. By day 15, the e-ADM groups showed superior
wound healing, with wound area reduced to 32.7% (e-ADM only)
and 19.3% (e-ADM with ES) compared to 52% (ADM only) and
44% (ADM with ES). The e-ADM exhibited slower biodegrada-
tion (10% weight loss) compared to ADM (37%) in collagenase
type 1/PBS solution (1 U mL™!, 3 mL mg~' sample, 37 °C) by
day 7, attributed to cross-linking between ADM fibers, CNTs, and
copper oxide microspheres.

Transdermal drug delivery systems using bioresorbable MN
and nanoneedle (NN) structures enable localized, painless drug
release upon contact with target tissues.>®! Their controlled
degradation allows selective biochemical responses and safe,
minimally invasive administration and disposal without trained
personnel. Bioresorbable MNs allow controllable release sched-
ules and environment responsiveness through tailored degrada-
tion kinetics. A notable MN application is an electrically con-
trolled spatiotemporal on-demand patch (SOP) developed for
sleep disorder treatment.’! The patch enhances sleep through
programmable release of melatonin loaded onto gold-coated
bioresorbable MNs. The SOP consists of three main components
as illustrated in Figure 6d: a NFC module, melatonin-loaded MN
patches, and gold interconnect traces. Each MN patch features an
array of MNs coated with 150-nm-thick gold, with one designated
patch serving as the counter electrode. Laser-ablated gold inter-
connects, encapsulated by a PDMS layer (10-um-thick), establish
electrical connectivity between the MN patches and NFC module.
The NFC module incorporates an NFC System-on-a-Chip (SoC),
an energy harvester, and loaded switches. The energy harvester
converts wireless power into 2.5-V DC, which is selectively deliv-
ered to MN patches via general purpose input/output-controlled
load switches. Upon activation, the voltage induces gold corro-
sion on the MNs, exposing them to the bioenvironment and trig-
gering melatonin release within 30 s. The MNs subsequently de-
grade into lactic and glycolic acids.[®°!

Benchtop studies confirmed the spatiotemporal release capa-
bility using a single SOP with seven MN patches. Each MN
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patch included an array of seven MNs (each 1.2-mm height, 0.25-
mm diameter, and 1-mm interneedle spacing), loaded with Rho-
damine B. In 65 °C 1x Dulbecco’s phosphate-buffered saline
(DPBS, Corning), sequential Rhodamine B release was achieved
by selectively activating individual patches at 30 min intervals (¢
=30, 60, 90, and 120 min.), resulting in successful payload deliv-
ery from four MN patches over 150 min. Ultraviolet—visible (UV-
vis) spectroscopy measurements revealed a stepwise increase in
Rhodamine B concentration, with each step corresponding to the
30 min intervals of patch activation. The optical image shown in
Figure 6d confirmed the degradation of the activated MN patches.

In vivo experiments evaluated sleep enhancement through
two types of MNs (3-mm height and 0.35-0.5-mm diameter):
melatonin-loaded MNs (Mel-MNs) and gold-coated, melatonin-
loaded MNs (Au-Mel-MNs). Stereotaxic implantation placed a
single MN in the medial prefrontal cortex of each mouse. The
initial experiment included a Mel-MN group and an unloaded
MN control group. After one week, the Mel-MN group showed
a 42.0% increase in nonrapid eye movement (NREM) sleep du-
ration and a 27.9% decrease in wakefulness over a 3-h monitor-
ing period compared to the control group, confirming melatonin
release and its sleep-enhancing effects. The subsequent experi-
ment compared an Au-Mel-MN group against an unloaded and
uncoated MN control group. Over 6 h of monitoring, the Au-
Mel-MN group showed a 36.7% increase in NREM sleep dura-
tion, a 57.8% increase in rapid eye movement sleep duration,
and a 26.0% decrease in wakefulness compared to the control
group. Electroencephalogram (EEG) delta power density during
NREM sleep showed a statistically significant difference in the
Au-Mel-MN group (P < 0.01) but not in the Mel-MN group com-
pared to their respective control groups, indicating that Au-Mel-
MN induced deeper sleep than Mel-MN. The gold coating slowed
MN degradation, which delayed melatonin release and improved
sleep-inducing effects by aligning the release timing with the
start of the monitoring period, one week after implantation. Un-
coated and unloaded PLGA MNs (3-mm height) completely de-
graded within 24 h during degradation tests in 1x DPBS solution
at 65 °C.

NNs enable enhanced intracellular delivery while minimizing
cellular disruption compared to MNs.[8] A notable example is the
development of a bioresorbable, nucleic acid-loaded NN array for
wound healing.[%! The array comprises an 8 X 8 mm? patch of
NNs (600-nm base diameter, 50-nm apical width, 5-um height)
arranged with a 2-um pitch. Composed of bioresorbable porous
silicon,®”] these NNs release their payload during degradation
upon skin attachment. Further intracellular nucleic acid deliv-
ery is facilitated either by cellular activity or by external physical
forces. The porosity of NNs can be tuned between 45% and 70%
to control their degradation time, payload volume, and mechan-
ical properties.

In vitro studies validate the NN-mediated gene regulation by
injecting Cy-3-labeled small interfering RNA (siRNA) and green
fluorescent protein (GFP)-expressing DNA plasmids into Hela
cells. Cell assessment at 48 h post-transfection demonstrated ef-
ficiency exceeding 90%, confirmed by GFP expression and siRNA
fluorescence. In vivo studies compared three groups of mice
models receiving back muscle injections: one injected with 100
pg of human VEGF165 plasmid DNA (pVEGF165) via direct in-
jection, another injected with pVEGF165 using NNs, and a con-
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trol group treated with sham surgery without injection. Only NN-
mediated delivery resulted in a sixfold increase in blood perfu-
sion and the number of vasculature nodes, with newly formed
vessels showing expected immaturity characteristic of pVEGF165
expression. In vitro bioresorption tests in a cell-culture medium
at 37 °C revealed progressive degradation of NNs, with complete
degradation within 72 h.

Bioresorbable stimulation systems require careful evaluation
of their degradation profiles relative to therapeutic needs, but
currently lack adaptability to specific therapeutic needs. The Mo-
based pacemaker!!! functions for >32 days but requires 500 days
for complete resorption, while silicon NNsl®! degrade rapidly
within 72 h. Without sufficient clinical evidence establishing op-
timal degradation timeframes for different applications, these
fixed degradation rates represent a significant limitation. Al-
though the b-WPUE system!?! shows promising temporal align-
ment with wound healing processes, and pencil-paper and SOP
systems!®3] offer some control over degradation initiation, most
current technologies cannot dynamically adjust their degradation
timing once implanted. Future developments should focus on
creating systems with tunable degradation profiles that can be
tailored to diverse clinical requirements.

4.2. Energy Harvesting Systems

Energy harvesting technologies address the limitations of con-
ventional battery-powered devices by converting ambient physi-
cal and chemical energy into electrical power for devices. Physi-
cal energy harvesters employ single-electrode mode TENGs that
combine energy harvesting with mechanical signal detection for
self-powered tactile sensing.’’-*°! Their fundamental structure
comprises an electrode layer encapsulated by triboelectric mate-
rials, which generate electrical charge through contact electrifi-
cation and electrostatic induction during contact-separation cy-
cles between the triboelectric layers and external materials (e.g.,
skin). Chemical energy harvesters complement this approach
by converting ionic potential gradients into electrical energy.’!
Electromagnetic power transfer, piezoelectric nanogenerators,
and secondary batteries are also gaining attention as useful en-
ergy harvesting approaches for in vivo applications. These tech-
nologies overcome constraints in operational lifetime, size, and
environmental sustainability while meeting growing power de-
mands for diverse Internet of Things (IoT) applications, non-
invasive healthcare monitoring, and human-machine interfaces
(HMIs). Notably, bioresorbable variants of both harvesting mech-
anisms prevent e-waste accumulation through their transient
properties.[3 37731

4.2.1. Physical Energy Harvesters

Conventional physical energy harvesters utilize synthetic poly-
mers with strong triboelectric properties, including PET, PDMS,
and PI. While natural materials like chitosan (CS),*! sodium al-
ginate (SA),I*”] and regenerated silk fibroin (RSF)[*¥] offer strong
triboelectric properties and bioresorbability, their inherent rigid-
ity limits direct application in skin-interfaced devices. Recent fab-
rication techniques address this limitation through plasticizers
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Table 3. Summary of bioresorbable energy harvesting systems.
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Type Target application Harvesting mechanism Harvesting parameters Bioresorbable Bioresorbable parts
materials

Physical Energy harvesting!®°] Triboelectricity Voer lser Qsc Chitosan (CS) Triboelectric

45V, 0.27 pA, 16 nC (8 N, 5 Hz contact with encapsulation layer
PTFE)

Energy harvesting, Vioer lse Sodium alginate (SA) Triboelectric

self-powered pressure 22V,0.37 pA (15 N, 4 Hz contact w/ PTFE) encapsulation layer
sensingl(®’] Peak power
4uW (50 MQ load)
Energy harvesting, Voer lse Regenerated silk Triboelectric

self-powered tactile
sensing!38]

13V, 0.6 pA (3 Hz contact)

fibroin (RSF) encapsulation layer

Peak power

0.8 mW m~2 (600 MQ, 3 Hz)

Chemical Energy harvestingl®] Humidity-induced ion

gradient

Ve Water-soluble paper  Entire energy harvester

480 mV (10 MQ load, 95% relative

humidity)

2.1V (5 parallel-connected devices)

Isc

8 uA (10 Q load)

32 pA (5 parallel-connected devices)

such as glycerol,37*°I sorbitol,[*”] and ethylene glycol.’”] These
plasticizers enhance the flexibility of natural triboelectric mate-
rials by weakening molecular forces and increasing polymeric
chain mobility.®®#] Table 3 summarizes the bioresorbable en-
ergy harvesting systems.

A Dbioresorbable CS-based bioelectronic skin enables tribo-
electric energy harvesting.*®! The skin (10-um-thick), shown in
Figure 7a, integrates bioresorbable microcracked CS membranes
as the triboelectric layers with gold nanofiber (AuNF) as the elec-
trode layer. The CS membranes incorporate 7% v/v glycerol as
an optimal plasticizer, achieving 87% elongation at break and
a 1.3 MPa Young’s modulus similar to human skin (0.14-0.6
MPa).® The microcracks (0.032 + 0.007 pm width) of CS mem-
branes, emerging during the fabrication processes, significantly
enhanced the WVTR (1.91 kg m~? day~!), comparable to cot-
ton fabrics (3.18 kg m=2 day~!), while exceeding other conven-
tional materials including PDMS (0.35 kg m~2 day™!), polyethy-
lene (0.076 kg m~2 day~'), and commercial sealing films (0.019
kg m~2 day™!). The high WVTR facilitates sweat evaporation, en-
hancing wear comfort while minimizing inflammation. The elec-
trode layer consists of gold-sputtered PVA nanofibers and retains
a consistent electrical sheet resistance of 25.8 Q sq~! under 80%
strain, demonstrating strain-insensitive conductance suitable for
skin-interfaced applications.

Benchtop studies validated the energy-harvesting and
pressure-sensing capabilities of the skin. A mechanical lin-
ear motor with polytetrafluoroethylene (PTFE) film applied
cyclic contact at 8 N load across 1-5 Hz frequencies. The skin
device generated a 45 V V_, a short-circuit charge transfer
(Qsc) of 16 nC, and gradually increasing short-circuit current
(Isc) from 0.12 to 0.27 pA. The V,. remained constant after
15000 cycles of continuous loading, demonstrating the device’s
durability. Applying different weights to the device reveals a
pressure sensitivity of 0.012 kPa™" over a range of 0 to 70 kPa,
defined by the ratio of normalized voltage change to applied
pressure. The device exhibits a 70 ms response time under 5

Adv. Electron. Mater. 2025, 11, 2400997 2400997 (12 of 32)

N loading and unloading cycles, enabling real-time pressure
monitoring.

In vitro studies demonstrated the bioresorbability of both the
CS membrane and complete device in various solutions. The CS
membrane began to bioresorb within 15 min and completely
degraded within 1 h in acetic acid at room temperature and
within 30 h in pepsase solution at 37 °C. When exposed to hy-
drogen peroxide (H,O,) solution, the CS membrane initiated
bioresorption within 1 h and completed degradation within 30
h. The complete device showed slower disintegration due to
the AuNFs enhancing its impermeability. Bioresorbable metals
could replace AuNFs in future designs to achieve complete device
bioresorption.

Recently developed SA-based bioresorbable skin enables phys-
ical energy harvesting, pressure sensing, joint and muscle move-
ment monitoring, and game controller operations.’”] The device,
shown in Figure 7b, comprises top and bottom SA films encap-
sulating a conductive, flexible layer of silver nanowires (AgNWs).
Here, SA, a flexible, transparent, and bioresorbable polysaccha-
ride copolymer derived from seaweed, serves as a positive tribo-
material through abundant electron-donating hydroxyl groups.
However, its low ductility and toughness limit its application
in skin-interfaced energy harvesters. Incorporating plasticizers,
such as glycerol, helps to overcome these mechanical limita-
tions in SA films by weakening molecular forces and increas-
ing polymeric chain mobility.®8%] At 40 wt%, glycerol increases
film elongation at break from 18% to 48%, suitable for skin-
interfaced applications. Optimal glycerol concentration (30 wt%)
balanced flexibility and mechanical strength, as higher concen-
trations increased elongation but reduced tensile strength. Addi-
tional water molecule retention via glycerol’s hydroxyl groups fur-
ther enhances these mechanical properties. This increased wa-
ter content further improves AgNW adhesion and conductivity,
enhancing energy harvesting capabilities compared to pure SA
films. The AgN'Ws layer maintains stable conductivity under me-
chanical deformation, showing 0.1% resistance increase at 180°
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Figure 7. Photographs (left) and key electrical characteristics (right) of energy harvesting systems: a) CS-based bioelectronic skin. Reproduced with
permission.3° Copyright 2022, Wiley-VCH GmbH. b) SA-based TENG with a T-shaped acrylic plate. Reproduced with permission.[3’] Copyright 2023,
Elsevier B.V. c) SFF-based TENG array placed on the skin. Reproduced with permission.[*8] Copyright 2020, Elsevier B.V. d) Pencil trace-based harvester.
Reproduced with permission.3] Copyright 2020, National Academy of Sciences.
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bending and 0.9% increase after 4000 cycles at 150° bending.
These results demonstrate advanced durability for flexible skin-
interfaced applications.

For energy harvesting, the device generated V,. of 22 V
through triboelectric coupling with a PTFE film at the contact
interface under cyclic loading (15 N, 0.5—4 Hz) from a linear mo-
tor. The Iy increased from 0.22 to 0.37 pA with frequency due
to enhanced electron transfer rates.®!! The film dimensions af-
fect V. and Qg due to surface charge density effects. Both val-
ues decrease with thickness and increase with side length. The
device delivered 4 uW peak power at 50 MQ optimal load and
charged a 1 pF capacitor to 2 V within 120 s at 2 Hz contact
frequency. The pressure sensing capability was characterized by
dual-regime sensitivities of 0.237 V kPa~! at <3 kPa and 0.024 V
kPa~! at 3-45 kPa, with a 100 ms response time. For joint/muscle
movement monitoring, the device generated distinct voltage sig-
nals from various body locations including wrist, finger, fore-
head, and throat. Furthermore, an HMI system integrated with
four skin modules enabled directional game control, translat-
ing four skin contacts into four-directional character movement.
Benchtop studies confirmed complete dissolution in DI water
within 4 min at room temperature and complete degradation in
soil within 4 weeks. Additional H,O, exposure test demonstrated
SA bioresorbability by destroying the glycosidic bond between f-
p-mannuronic acid and a-1-guluronic acid, producing oligomers
and reducing solution viscosity by 90% after 4 h.

An RSF-based bioresorbable energy harvester enables touch
sensing, pressure detection, and wireless switching for IoT
applications.*®! The skin-type device (48.6-um-thick), shown in
Figure 7c, employs silk fibroin as a triboelectric layer and hol-
low AgNWs as an electrode layer. RSF exhibits electron-donating
properties similar to other natural polymers used in energy har-
vesting. However, its brittleness limits its use in skin-interfaced
applications due to insufficient p-crystallites in its predominantly
a-helix and random coil structures. Glycerol addresses this lim-
itation by inducing a-helix and random coil transitions to f-
sheet, enhancing mechanical properties through increased p-
crystallites. A mixture of RSF solution with 0.1 drops mL™" of
glycerol and polyurethane produces silk fibroin film (SFF) with a
fracture strength of 5 MPa at an elongation at break of 520%.

Benchtop studies confirmed the device’s electrical output per-
formance, durability, and tactile sensing capabilities. For electri-
cal output measurements, a linear motor applied a cyclic contact
to the device. The device (1 X 1 cm? area) generated 13V V,, 0.4
PA I, and 1.7 nC Qg at 1 Hz operation. The device achieved
maximum power of 0.8 W m~2 at 600 MQ load across 10 MQ to 2
GQ loads. Durability tests demonstrated consistent performance
over 7500 cycles at 1.5 Hz frequency. A larger device (2 X 2 cm?
area) integrated with a full-wave rectifier charged a 1 pF capacitor
to 3.1 V within 135 s at 3 Hz contact frequency, providing suffi-
cient energy to operate a digital watch for 5 s. For tactile sensing,
a3 x3arrayof 1 X 1 cm? devices detected a diagonal pressure pat-
tern, with seven sensors responding to rectangular acrylic plate
placement from upper right to lower left corner. Furthermore, an
IoT drone control system, comprising seven devices and a Wi-Fi-
enabled microcontroller, demonstrated forward, backward, left,
right, up, down, and clockwise rotation movements.

Bioresorbability studies in various solutions at 25 °C showed
that the device dissolved within 96 h in 10% papain solution or
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4.7% table vinegar solution, while showing minimal degradation
in water. This differential degradation stems from the solutions’
ability to disrupt the SFF protein structure.

4.2.2. Chemical Energy Harvesters

A pencil-paper-based chemical energy harvester generates an
electrical potential through ambient moisture-induced ion
gradients.’! The device includes two pencil-drawn interdigital
electrodes on polarized paper. The paper, polarized by a moisture-
induced polarization process,!”?! contains a gradient of oxygen-
containing groups (e.g., hydroxyl groups, carboxyl groups) on the
cellulose fibers between the electrodes. These groups produce
a hydrogen ion gradient upon moisture absorption, driving ion
diffusion that creates an electrical potential difference between
electrodes. Decreasing ambient moisture levels triggers hydro-
gen ion recombination, restoring the initial state. Repeated pen-
cil traces of the electrode pattern ensure sufficient conductivity.
The device could potentially achieve bioresorbability through re-
placement of conventional paper with water-soluble paper.

Benchtop analysis characterized the harvester’s electrical per-
formance. The harvester with a 0.87 cm? active area generated
a 480 mV V,_ with a 10 MQ load under 95% relative humidity
exposure. These results are comparable to humidity energy har-
vesters based on advanced functional materials such as graphene
oxide!®?! and polyelectrolyte membranes.[*] The harvester gener-
ated an 8 pA Iy with a 10 Q external load. Five parallel-connected
devices achieved 2.1 V peak V,_ and 32 pA I;.. To demonstrate
practical applications in healthcare, eight parallel-connected de-
vices operating at 95% relative humidity (RH) established suffi-
cient power for an iontophoretic transdermal drug-delivery sys-
tem. Fluorescent imaging confirmed successful delivery of Rho-
damine B dye from a poloxamer 407-based hydrogel to pig skin.

Bioresorbable TENGs enable continuous monitoring func-
tionality without batteries, eliminating the flexibility constraints
and lifetime limitations inherent to battery-powered systems.
However, they exhibit notable performance variations despite
using the same plasticizer. RSF-based TENGsP®®! demonstrate
the highest stretchability (520% elongation), followed by CS
devices®! with moderate flexibility (87% elongation), while SA
systems!®’] exhibit the lowest mechanical performance (48%
elongation). SA films(*”! show rapid dissolution in aqueous me-
dia (complete degradation within 4 min), while both CS?! and
RSF8] materials require specialized enzymatic solutions (pep-
sase, papain) or vinegar for degradation (30-96 h).

4.3. Sensing Systems

Bioresorbable sensors address bacterial infection risks during
device removal and e-waste accumulation through their tran-
sient properties. These sensors employ physical or chemical de-
tection mechanisms. Physical sensors measure capacitance,/”?#!
resistance,*1% and physiological electrical signals."'""13] Chem-
ical sensors detect target molecules through fluorescencel'*! or
colorimetric changes.['>1®] Table 4 summarizes the bioresorbable
sensing systems in terms of their target applications, sensing
mechanisms, sensing parameters, and constituent bioresorbable
materials and components.
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Type Target application Sensing mechanism Sensing parameters Bioresorbable materials ~ Bioresorbable parts
Physical PWV measurement!’] Capacitive pressure Sensitivity PHB/PHV Encapsulation layer
sensing 0.76 + 0.14 kPa~! (<2 kPa)
0.11+ 0.07 kPa~" (2-10 kPa)
PVA Adhesive layer
Fe-Mg Electrode
PGS Dielectric film

Physiological response

monitoring!?]

Physiological vibration,
pulse, and motion
monitoringm

Wound monitoring!1°]

PWV measurement
Pressure/temperature
monitoring,
Surface texture
recognition!]

Artery pulse and motion
monitoring!1?]

lontronic skin
electrodel

Glucose monitoring! 1]

Chemical

COVID-19 antibody
detectionl'®]

Resistive strain sensing

Sensitivity Leaf skeleton
0.86 + 0.16 kPa™"
Dried-leaf

Gauge factor

Nose film (PVA, acrylic

Electrode

Dielectric layer

Sensor substrate layer

502 ester, propylene
glycol,
phenoxyethanol,
Octoxynol-10, benzyl

Resistive temperature

sensing

Piezoelectricity
Pyroelectricity

Piezoelectricity

lonic conduction

Glucose-induced
fluorescence

Immunochromatography

alcohol)

Temperature-dependent resistance characteristics PA
79.9 kQ at 30 °C

80.5 kQ at 37 °C

y= ¢11:37-0.00583x +0.0001x2

x: temperature [°C]
y: resistance [Q]
SiN,O, /Si;N,
Mo

Ti
Piezoelectric coefficient ds; Gelatine
24 pC N™!
Pressure sensitivity
41 mV Pa~! (<2 Pa)
1mV Pa~' (40-100 Pa)
0.026 mV Pa~' (0.1-100 kPa)
Pyroelectric coefficient
1BuCm=2K!
Temperature sensitivity
2.6 PAm=2 K~
Piezoelectric coefficient ds;
8 pCN~!
Pressure sensitivity
13.2mV kPa™!

PLLA/Gly

Conductivity
102Sm™!
Impedance
10° Q (10 Hz)
Normalized fluorescence intensity (a.u.) with glucose Silk fibroin
concentration
4.18 at 100 mg dI~!
5.71at 300 mg dI~!
GF-monomer
PVA
LoD of IgM Porous PLA
3ngmL~!
LoD of IgG
7 ng mL™!

SBMA4-CCS;-Gly,

Encapsulation layer

Encapsulation layer

Temperature sensor
Interconnects

Adhesive layer

Microdome piezoelec-
tric/pyroelectric
layer

Piezoelectric film layer

Skin electrode

MN array

MN array
MN backpacking layer
MN array
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Type Target application Sensing mechanism

Sensing parameters

Bioresorbable materials ~ Bioresorbable parts

Sweat analysis('®] Sweat colorimetry

Distance metric AE-ab from the CIELAB color space Cellulose Encapsulation layer
pH 4.5: 52
pH 7.0: 30 (R? = 0.985)
25 mM chloride: 50
100 mM chloride: 42
=0.982)
TPC Sweat-collecting
microstructure
Acrylic PSA Adhesive layer

4.3.1. Physical Sensors

Recent bioresorbable skin-mounted physical sensors operate
through three primary mechanisms: capacitive sensing between
parallel plates with pressure-sensitive dielectric materials,!”®!
resistance changes in piezoresistivel®) or thermoresistive
materials,[' and detection of physiological electric signals via
piezoelectric materials!*!?] or specialized electrodes.(*?]

4.3.2. Capacitive Sensors

A bioresorbable capacitive pressure sensor enables pulse wave
velocity (PWV) measurements through a patch-type design.l’!
The device architecture (Figure 8a) is built upon a core PGS
dielectric film (150-pum-thick) micropatterned with square pyra-
mids (2-um height, 4-um base width) for pressure-sensitive ca-
pacitance modulation. This sensing layer is sandwiched be-
tween Fe-coated (2-nm-thick) Mg electrodes (100-um-thick)—

vertical electrodes above and 4 horizontal electrodes below—
which are embedded in PVA adhesive layers, forming a 4 x
5 capacitive sensor array (each 2.42 X 2.42 mm?). Two poly-
hydroxybutyrate/polyhydroxyvalerate (PHB/PHYV) films provide
outer encapsulation, each bonding to its corresponding PVA
adhesive layer. The pyramid-patterned PGS provides a fast
response time and high reproducibility through its minimal
viscoelasticity.#949] Device sensitivity and detection range can
be tailored by modifying the pyramidal microstructures: tuning
their mechanical properties (e.g., elongation at break, Young’s
modulus), height, and spatial density in the film.[°%%7]

Benchtop studies demonstrated the device’s sensitivity, re-
sponse time, repeatability, and flexibility. The pressure sensor
patch incorporating 20 capacitors exhibits a sensitivity of 0.76 +
0.14 kPa~! at <2 kPa and 0.11 + 0.07 kPa~! at 2-10 kPa. The mi-
crostructured PGS film reduces response time from tens of sec-
onds to milliseconds compared to flat film configurations with-
out pyramidal patterns. Cyclic loading tests (8000 cycles, 80 kPa
pressure, 4 s periods) demonstrated minimal hysteresis and sta-
ble performance, with capacitance increases of 16% and 4% un-
der no pressure and maximum pressure (80 kPa), respectively,
and pressure sensitivity changes below 10%. Bending tests at
27 mm radius revealed sensitivity decreases of 10% and 20% in
the 5-10 kPa and 0.1-2 kPa ranges, respectively. These sensitiv-
ity changes remain acceptable for arterial pulse monitoring and
PWV measurements. To evaluate lower pressure detection capa-
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bilities, lightweight object mapping tests demonstrated success-
ful detection and localization of a 5 mg single grain, a 21.8 mg
rice grain, and a 22.5 mg insect, corresponding to pressures as
low as 3 Pa.

Arterial tonometry tests validated the device’s clinical applica-
bility. The sensors captured characteristic peaks and pulse wave
foot when placed above the radial artery on the wrist. PWV
measurements required simultaneous ECG recording and two
pressure-sensing skin patches: one above the carotid artery and
another above the femoral artery. The ECG provided a time refer-
ence for both measurements. The time delay between the carotid
and femoral pulse signal feet combined with the neck-to-groin
distance yielded a PWV of 7.5 m s7!, consistent with that of
healthy subjects.

In vitro degradation studies validated the device’s bioresorba-
bility. As shown in Figure 8a (bottom), the device showed 15%
weight loss after seven weeks of immersion in PBS solution at
37 °C. This degradation rate aligns with referenced studies, re-
porting 17.6% weight loss of PHB/PHV film in PBS after 60
days,®® and complete degradation of 50-um-thick PHB/PHV
within 10 weeks in soil at 25 °C and 50 weeks in seawater at 15
°C.%! The metal electrode layer (Mg and Fe) showed the fastest
degradation among the device components upon PBS penetra-
tion through the PHB/PHYV film.

A bioresorbable capacitive pressure sensor facilitates facial ex-
pression, exhalation, vocal chord vibrations and motion monitor-
ing by employing natural leaf architectures (Figure 8b).2] The
leaf-mimetic device incorporates two electrodes that sandwich
a dielectric layer, as shown in Figure 8b. Two Ficus elastica leaf
skeletons form the electrodes, with a hybrid network of oxidized
single-walled carbon nanotubes (Ox-SWCNTs) and AgNWs coat-
ing their surface. A dried Prunus avium leaf functions as the di-
electric layer between these electrodes. A cellulose tape encapsu-
lates the whole device.

Benchtop studies evaluated the device’s electrical/mechanical
properties, pressure sensitivity, robustness, transparency, perme-
ability, and bioresorbability. The device with 4 wt% Ox-SWCNT
achieves a sheet resistance of 1.02 Q sq~! and Young’s mod-
ulus of 1283 MPa. The device demonstrated a sensitivity of
0.86 + 0.16 kPa™', with a low limit of detection (LoD) of 10 Pa.
The device maintains stable performance through 3000 cycles at
5 and 10 kPa loading under 30-70% humidity exposure. Optical
measurements reveal 60% and 62% transmittance for the coated
and uncoated (natural) leaf skeletons, respectively, across 350—
800 nm wavelengths. The device (0.73-mm-thick) allows water
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Figure 8. Capacitive and resistive sensors. Bioresorbable materials or devices appear in blue text in the figure. a) Schematic illustration and photograph
of capacitive pressure sensor, and photograph of dissolution test, along with sensitivity graph. Reproduced with permission.l”] Copyright 2015 Wiley-
VCH GmbH & Co. KGaA. b) Schematic illustration and photograph of leaf-based capacitive sensor, and photograph of dissolution test, along with
sensitivity graph. Reproduced with permission.8] Copyright 2023 Elsevier B.V. ¢) Schematic illustration of GNF sensor and its principle with photograph
of bioresorption process, along with gauge factor under varying strain. Reproduced with permission.l?l Copyright 2018 Wiley-VCH GmbH & Co. KGaA.
d) Schematic illustration of WMS and sensing actuation module, and image of bioresorbable sensing-actuation module with bioresorption process,
along with the bioresorbable temperature sensor resistance under varying temperature. Reproduced under the terms of the CC-BY Creative Commons
Attribution 4.0 International license.l'] Copyright 2024, Wiley-VCH.
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penetration within 6200 ms and bioresorbs in both water and
PBS solution.

Various physiological activities generate localized pressure
changes throughout the body. The leaf-mimetic capacitive sen-
sors mounted on multiple body locations enabled detection of
these pressure variations. Eyelid and forehead-mounted devices
exhibited signal acceleration proportional to blinking and frown-
ing speeds. For joint motion analysis, devices attached directly to
the index finger knuckle, elbow, and knee demonstrated corre-
sponding signal patterns with increasing amplitudes at greater
bending angles (45°, 60°, 90°). Additional devices mounted on
the heel and wrist successfully captured cyclic pressure patterns
during walking and wrist flexion, respectively. Mask-mounted de-
vices detected simulated breath pressure variations (100 Pa, 200
Pa) generated by nitrogen gas pulses, and captured vocal cord vi-
brations during pronunciation of “Home.”

4.3.3. Resistive Sensors

A graphene nose film (GNF) sensor integrates a piezoresistive
graphene layer (200-nm-thick) with a bioresorbable commercial
nose film (20-pum-thick) for vibration and pulse monitoring, and
HMI applications, [ as shown in Figure 8c. The device consists of
a piezoresistive graphene film composed of fish-scale graphene
nanoplatelets, laminated on a nose film substrate. The graphene
nanoplatelets overlap with each other on the nose film substrate,
creating conductive pathways through these overlapping regions.
When the sensor experiences strain, the overlapping area be-
tween adjacent nanoplatelets decreases, reducing the conductiv-
ity of the pathways.””! This mechanism converts applied pres-
sure into measurable changes in resistance. The strong adhesion
of the nose film substrate enables the GNF sensor to exhibit a
peeling force of 29.4 N m~!.

Mechanical characterization employs a GNF sensor with an
18 x 8 mm? graphene film laminated on a 30 X 10 mm? nose
film substrate. The normalized relative resistance increased ex-
ponentially with external tensile strain ranging from 0.8% to
35%, yielding gauge factors of 120-502, comparable to existing
strain sensors.[*"1%2] The device exhibited a stretchability of 20~
30% similar to the human skin,['*! and maintained its resistive
response through 1000 cycles under 20% strain, with a 54 ms re-
sponse time. For physiological monitoring, a smaller GNF sen-
sor (20 x 10 mm? substrate, 12 X 6 mm? rectangular graphene
pattern) captured various vibrations from multiple body sites, in-
cluding the neck, the jugular vein, and the radial artery. On the
neck, it distinguished swallowing, coughing, and saying “hello”
with good reproducibility, capturing peaks and valleys generated
by muscle movements and effectively detecting the jugular ve-
nous pulse. On the wrist, the device enabled radial artery pulse
monitoring. For HMI applications, four GNF sensors (20 x 8
mm? substrate, 15 X 6 mm? graphene pattern) mount on four
fingers to translate finger bending motions into four-directional
bar movements (up, down, left, and right) on the display.

The sensor maintains constant resistance at low (33% RH)
and medium (52% RH) humidity. High humidity (97% RH) in-
creases resistance through moisture-induced volume changes,
but the device recovers upon drying. In vitro testing, as shown in
Figure 8c (bottom), showed that a GNF sensor (15 X 8 mm? sub-
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strate, 10 X 8 mm? graphene pattern area) dissolves in DI water
within 90 s, with dissolution rate increasing linearly with water
temperature at 1.02 pg s7 °C™1.

A wound monitoring system (WMS, Figure 8d) enables real-
time wound healing tracking through injured skin temperature
and thermal conductivity measurements.['?) The system inte-
grates a sensing-actuation module (one actuating resistor and
eight thermistors), a Bluetooth Low Energy (BLE) SoC, and a
battery/WPT power module. The sensing-actuation module em-
ploys a strategic arrangement of eight thermistors on the skin-
interfacing surface: a central thermistor and six thermistors in
a hexagonal pattern (3 mm from the center) on injured skin,
and one reference thermistor on healthy skin. The BLE SoC sup-
plies pulsed current to the actuation resistor to generate heat,
while surrounding thermistors monitor heat propagation, with
temporal-spatial temperature patterns indicating tissue healing
status.

The WMS monitors wound healing by measuring exother-
mic activity via wound temperature differentials (AT, q4) and
scar formation via thermal conductivity, assessed through tem-
perature gradients (AT,.,) between heated and reference sen-
sors. Lower AT, ., indicates higher conductivity. In vivo tests on
control and wounded mice showed near-zero AT, 4 and sta-
ble AT,., (=6 °C) in controls. Wounded mice exhibited posi-
tive AT, nq for 10 days, turning negative as healing progressed.
AT, increased from 5 to 6.5 °C, reflecting an initial rise in con-
ductivity due to biofluid saturation, followed by a decline as scar
tissue formed—correlating with visual scar onset between days 7
and 10.

A Dbioresorbable version of the sensing-actuation module em-
ploys Mo traces (23-nm-thick for thermistors, 223-nm-thick for
interconnects) sandwiched between SiN, O, /Si;N, layers (5-um-
thick), encapsulated in PA (1-mm-thick) layers, as shown in
Figure 8d. In DPBS (75 °C, pH 7.4), the Mo traces dissolved
within 19 days. Three approaches extended the trace lifetime:
a polybutanedithiol 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-
trione pentenoic anhydride (PBTPA) protective layer (200-um-
thick) extended to 24 h, a beeswax-candelilla layer (200-um-thick)
further extended to 300 h, and increasing Mo thickness extended
dissolution time.

4.3.4. Electrical Signal Sensors

A fully bioresorbable ferroelectric gelatine skin sensor enables
PWV measurement, pressure/temperature mapping, and sur-
face texture recognition.['!] The sensor (Figure 9a) incorporates
two ferroelectric polarized gelatine films with microdomes (8-um
diameter, 15-um pitch, and 4-um height) sandwiched between
Mg electrodes (600-nm-thick). Two nonpolarized planar gelatine
films (10-um-thick) form the outer encapsulation layer. The mi-
crodomes create an interlocked structure, similar to biological
skin, 1% which increases charge carrier density by concentrating
thermal strain and mechanical stress at the interlocked surfaces.
Glutaraldehyde cross-linking enhances ferroelectricity while pro-
viding moisture stability up to 70% RH.

Benchtop studies demonstrated the sensor’s piezoelectric and
pyroelectric performance. The piezoelectric pressure sensitivity
exhibited 41 mV Pa~! below 2 Pa, 1 mV Pa~! at 40-100 Pa, and
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0.026 mV Pa! at 0.1-100 kPa with 0.005 Pa LoD. The sensor
achieved a piezoelectric coefficient (d;;) of 24 pC N~! and gener-
ated electrical outputs of 2.3 V V, and 8.9 nA cm~2 I under 113
kPa pressure. For pyroelectric performance, the sensor exhibited
temperature sensitivity of 2.6 pA m~ K~! and pyroelectric coef-
ficient of 13 uC m~2 K~!. The temperature LoD reached 0.04 K,
lower than conventional PZT (0.4 K).['%] Temperature variations
of 1.8 K at 0.4 K s7! generated a 0.46 nA cm™ pyroelectric cur-
rent, while maintaining stability over 1300 temperature cycles.
The sensor demonstrated versatile physiological signal detec-
tion. On the philtrum, the sensor detected HR (62 bpm) and
breathing patterns with 6 K temperature changes, consistent with
infrared camera measurements and previous studies.'**1%7] Mul-
tisite pulse wave measurements from thyroid, carotid, and radial
arteries enabled cardiovascular monitoring. Thyroid pulse wave-
forms revealed cardiovascular responses (HR, augmentation in-
dex, and reflection index) during hot and cold water intake, while
carotid-radial PWV measurements (5.8 m s™!) aligned with clin-
ical standards.l'® The sensor differentiated activity states (rest-
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Figure 9. Electrical signal sensors. Bioresorbable materials or devices appear in blue text in the figure. a) Schematic of the gelatine skin sensor and
photographs of bioresorption process, along with pressure sensitivity graph. Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license.['l Copyright 2021, Wiley-VCH. b) Schematic illustration of film-type device, and photographs of bioresorption process, along
with pressure sensitivity graph. Reproduced with permission.[12] Copyright 2023, Wiley-VCH GmbH. c) Photograph of iontronic skin electrode, schematic
illustration of the chemical networks, and photographs of bioresorption process in PBS and in bull frog. Reproduced with permission.['*] Copyright 2023,
Wiley-VCH GmbH.

ing, exercising, and sweating) and throat movements (swallow-
ing, coughing, and drinking). A 5 X 5-pixel sensor array demon-
strated pressure (0-7 kPa) and temperature (25-31 °C) monitor-
ing capabilities during hand contact. For surface texture recog-
nition, the device incorporated a fingerprint-like pattern (500-um
grating period) on the upper layer, enhancing surface sensing ca-
pability.

In PBS (pH 7.4, 37 °C), the Mg electrodes degraded within
3 days through water-induced corrosion.'®! The sensor main-
tained structural integrity until day 17 before complete biodegra-
dation by day 32.

Another flexible film-type device enables artery pulse and
body movement monitoring through piezoelectric signals.['?]
The device comprises a bioresorbable piezoelectric PLLA/Gly
layer (15-pum-thick) between non-bioresorbable aluminum elec-
trodes, encapsulated with Kapton tape (Figure 9b). Glycine addi-
tion (10 wt%) to PLLA enhances piezoelectricity through aligned
p-crystals formation. Piezoelectric characterization utilized vibra-
tion and impact testing. For vibration testing, an electrodynamic
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shaker applied 41 Hz vibration to one end of a fixed
21 x 8 mm? film. PLLA with 10 wt% glycine generated the max-
imum V,. among tested compositions. For impact testing, the
shaker applied dynamic force to the film. At 4.5 N force, the 10
wt% PLLA/Gly film generated 0.42 V V__ and exhibited linear
voltage increase with applied force, while pure PLLA film pro
duced only noise. The film demonstrated 13.2 mV kPa~! sen-
sitivity, 10 ms response time, and a d;; of 8 pC N~ Dynamlc
pressure testing (5 Hz, 31.25 kPa) confirmed stable piezoelectric
output over 4000 cycles.

The film detected physiological signals across different body
locations. Radial artery pulse measurements at wrist generated
700 mV V,, with an HR of 72 bpm, revealing two characteris-
tic peaks (P, and P,). P, represents systolic—diastolic pressure
difference, while P, indicates the difference between the com-
bined travelling-reflected wave peak and diastolic blood pressure.
The measured time difference between peaks (ATpyp) of 1.05 s
and radial augmentation index (AI, = P,/P,) of 0.15 matched
normal values for subjects under 30 years,['"] indicating arterial
stiffness.!'!!] The film captured carotid artery pulse (400-mV V,, )
at the neck, distinct esophageal signals during throat movements
(coughing, drinking, and swallowing), and joint motions at the
wrist and the elbow.

While aluminum electrodes and Kapton encapsulation pro-
vided durability and flexibility, biodegradation remained limited
to the PLLA/Gly layer. In accelerated testing (PBS, 37 °C, pH 12),
the PLLA/Gly film completely dissolved within 5 days, address-
ing PLLA’s slow degradation rate.[!!?]

Bioresorbable iontronic skin electrodes represent another ap-
proach to transient electrophysiology measurements.['3! The
single-layered, patch-type electrode comprises carboxylated chi-
tosan (CCS), sulfobetaine methacrylate (SBMA), and a mixture
of glycerol and water, as shown in Figure 9c. CCS and SBMA
form distinct networks, while glycerol and water molecules cre-
ate bridge-like connections between these networks through
hydrogen bonds.[''*!*] CCS is an amphoteric polyelectrolyte,
which provides high ionic conductivity by ionizing and releas-
ing hydrogen ions from its carboxylic acid groups. SBMA en-
hances adhesion to other interfaces through electrostatic attrac-
tion, cation—z interaction, and ionic dipole interaction. Glycerol—
water mixture stabilizes the network and softens the material
by suppressing water vapor evaporation, while also enhancing
charge transfer through carboxylic acid group ionization. The
optimized electrode composition (SBMA,,—CCS,—-Gly,) exhibits
optimal ionic conductivity (1072 S m~'), skin contact impedance
(10° Q at 10 Hz), Young’s modulus (1 + 0.1 MPa), and maxi-
mum strain at break (380% =+ 25%). These properties enable ef-
fective electrical signal measurements while providing skin-like
mechanical properties and sufficient robustness.

The iontronic skin electrode demonstrated superior perfor-
mance compared to conventional Ag/AgCl electrodes in measur-
ing various physiological signals. It maintained clear ECG sig-
nals under varying humidity (20-80%). Adhesion tests using a
vibrator placed 1 cm away from the electrodes showed stable
ECG signals from the skin electrode while Ag/AgCl electrode sig-
nals degraded. The electrode captured EMG signals with com-
parable signal-to-noise ratio (SNR) of 42.5 dB to Ag/AgCl elec-
trodes (42.0 dB), enabling robotic hand control through three arm
muscle electrodes. Electrooculogram measurements from eye-
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lid and cheek electrodes distinguished various eye movements,
while EEG alpha waves (8-9 Hz) from forehead electrodes de-
tected tensed states. In vivo experiments on bull frog sciatic
nerve demonstrated neural recording capabilities with voltage-
dependent action potentials.

In vitro and in vivo experiments confirmed the electrode’s
bioresorbability. The electrode exhibited 40% mass loss in DI wa-
ter at room temperature over 3 days and completed dissolution
in PBS solution due to structural electrostatic disruption. In vivo
implantation on bull frog sciatic nerve demonstrated complete
degradation within 3 days.

4.3.5. Chemical Sensing Systems

Chemical sensing systems employ diverse detection mecha-
nisms for specific analyte monitoring. Various sensors uti-
lize different chemical and physical changes, such as glucose-
induced fluorescence,l'* antibody-immunocomplex colorimet-
ric shifts,>] and pH-dependent color variations in anthocyanins
and silver chloranilate-polyhydroxyethyl methacrylate (pHEMA)
systems.[1¢]

A Dioresorbable fluorescent MN system enables contin-
uous glucose monitoring through fluorescence intensity
measurements.["l The system consists of two main compo-
nents: an MN glucose sensor and a smartphone-based detector.
The sensor (7 X 7 mm?), shown in Figure 10a, comprises a
bioresorbable silk needle layer with 100 MNs (650-um height)
and a PVA backpacking layer. The MNs integrate silk fibroin with
glucose-responsive fluorescent monomer (GF-monomer), which
emits 490 nm light under 405 nm excitation when exposed to
interstitial fluid (ISF). Silk fibroin immobilizes GF-monomers
while maintaining their accessibility to ISF. The PVA back-
packing layer secures the MNs and facilitates skin insertion.
The smartphone-based detector integrates a 405 nm LED array
for MN excitation and a 450 nm long-pass optical filter that
selectively transmits wavelengths above 450 nm, eliminating
interference from excitation light. The smartphone application
processes sensor images to extract pure 490 nm emission
intensity by removing ambient light, converts the intensity to
glucose concentration, and provides data plotting and storage
capabilities.

In vitro tests evaluated the continous glucose monitoring
(CGM) system response to glucose concentrations ranging from
hypoglycemic state (50 mg d1!) to hyperglycemic state (450 mg
dI™!) under 405 nm light excitation (230 pW mm~2). The system
demonstrated a 36.3% fluorescence increase across this range,
with a maximum measurement error of 3.4% over 10 repetitions.
In vivo validation used three CGM systems on different mice
while measuring tail blood glucose with a glucometer every 3
min. The 2-3 h of monitoring revealed two distinct phases: an
increase after glucose administration and a decrease following
insulin injection. The normalized fluorescence change from all
three CGM systems traced the glucose concentration from 40 to
280 mg dl'. The sensor fluorescence gradually decreased with
degradation until complete dissolution after 3 days.

Degradation tests in PBS solution (60 °C, pH 4.01) revealed se-
quential decomposition of the CGM system. The PVA backpack-
ing layer dissolved first, followed by the silk fibroin in MNs, and
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Figure 10. Chemical sensing systems. Bioresorbable materials or devices appear in blue text in the figure. a) Illustration of the glucose monitoring
system, photograph of MN glucose sensor with illustration of MN, and photographs of bioresorption test. Reproduced with permission.l'#! Copyright
2023, The American Association for the Advancement of Science. b) Photograph and illustration of COVID-19 antibody detection system. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International license.!">] Copyright 2022, Nature Portfolio. c) lllustration and photograph
of microfluidic device. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license.['®! Copyright 2023, Wiley-VCH.

finally the GF-monomer was released, reaching complete biore-
sorption at day 42. A gelatin skin model prepared with 10 wt%
gelatin in glucose solution (100 mg dl~') evaluated the MN re-
sorption, showing MN height reduction from 650 um to 400-450
um within 3 days.

Adv. Electron. Mater. 2025, 11, 2400997 2400997 (21 of 32)

A Dbioresorbable MN patch enables COVID-19 antibody detec-
tion through ISF sampling.!'] The system (1.5 X 3.5 cm?), shown
in Figure 10D, consists of six main components: a porous PLA
MN array (13 x 13 array, 1.5 X 1.5 cm?), a hydrophobic mem-
brane (1.5 x 3.5 cm?) with a 1 X 1 cm? hole, a sample pad
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(1 x 1 cm?), a conjugate pad, a nitrocellulose (NC) membrane
with a transparent PET sheet, and an absorption pad. The ISF
flows vertically from the MN array through the sample and con-
jugate pads to the NC membrane, then laterally through the
NC membrane, where immunochromatographic assay detects
anti-SARS-CoV-2 immunoglobulin M (IgM) and immunoglob-
ulin G (IgG) antibodies. The absorption pad collects excess fluid
to maintain continuous flow. This system provides a minimally
invasive alternative to conventional testing methods, including
nasopharyngeal sampling and blood-based antibody testing. IgM
antibody levels peak within 3 weeks after symptom onset, while
IgG antibody levels peak between 3 and 8 weeks and remain
elevated.I'"] These distinct antibody profiles indicate both infec-
tion status and progression.

The porous PLA MN array extracts the ISF through inter-
connected pores via capillary action. A 30-min heat treatment
(180 °C) of PLA and PVA emulsion creates these porous MNs,
simplifying conventional porogen leaching methods.!'1¢-118] The
conjugate pad contains two types of gold nanoparticles (AuNPs):
spike protein receptor binding domain (RBD)-conjugated AuNPs
for IgM/IgG antibodies binding, and rabbit IgG-conjugated
AuNPs. The NC membrane contains three types of immobi-
lized antibodies at different positions: anti-human IgM antibod-
ies, anti-human IgG antibodies, and anti-rabbit IgG antibodies.
As ISF flows through the membrane, anti-human IgM antibod-
ies capture RBD-conjugated AuNP-IgM complexes while anti-
human IgG antibodies capture RBD-conjugated AuNP-IgG com-
plexes, forming reddish-purple lines visible through the trans-
parent PET sheet. The anti-rabbit IgG antibodies capture rabbit
IgG-conjugated AuNPs, serving as a flow indicator.

Antibody detection tests used four 80-uL antibody solutions:
anti-SARS-CoV-2 IgM antibody (0.5 pg mL™) solution, anti-
SARS-CoV-2 IgG antibody (0.5 pg mL™!) solution, mixed anti-
SARS-CoV-2 IgM/IgG antibodies solution (0.5 pg mL~! each),
and PBS solution as control. The IgM solution generated lines
at the anti-human IgM antibody and the control position, while
the IgG solution generated lines at the anti-human IgG antibody
and control positions. The mixed solution generated lines at all
positions. The PBS solution generated only the control line, con-
firming proper fluid flow. The IUPAC standard method deter-
mined the LoD as 3 ng mL~! for IgM antibodies and 7 ng mL™
for IgG antibodies.[']

A soft, environmentally degradable microfluidic device en-
ables colorimetric sweat analysis.['®] The skin-interfaced device
(Figure 10c) collects sweat through microfluid channels to mea-
sure sweat rate and total sweat loss. The device integrates four lay-
ers: a cellulose sealing layer (45 um in thickness), thermoplastic
copolyester elastomer (TPC, 750-um-thick) layer containing mi-
crostructures, acrylic pressure-sensitive adhesive layer (PSA, 20-
um-thick) bonding cellulose to the TPC layer, and a double-sided
commercial skin adhesive layer (150-um-thick). Sweat flows from
the collection area (60 mm?) into microchannels through eccrine
gland pressure. The cellulose layer prevents sweat evaporation,
showing WVTR of 113 g mm m~2 day~! while PDMS shows
382 g mm m~2 day .01 The TPC layer contains three mi-
crochannels (330-um-deep): a central channel with green dye for
tracking sweat movement for sweat rate and sweat loss calcula-
tions, and two side channels connecting to analysis reservoirs
(1.8 £ 0.1 pL each). The reservoirs analyze chloride concentra-
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tion through silver chloranilate in pHEMA and pH through an-
thocyanin indicators, with a CIELAB algorithm converting color
changes to concentrations. A commercial skin adhesive with low
modulus of 17 kPa ensures conformal skin contact.

The device achieves bioresorbability by incorporating biore-
sorbable materials: cellulose, acrylic PSA, TPC material, tita-
nium dioxide, and chemical indicators. Cellulose degrades by
microorganism enzymes (i.e., cellulases) breaking its f-1,4 gly-
cosidic bonds.['21122] Acrylic PSA degrades through microorgan-
ism hydrolytic enzymatic reactions and aerobic metabolism.[123]
The TPC layer combines TPC material and titanium dioxide-
based white pigments. The TPC material contains ester bonds
that break down and are absorbed by microorganisms.['?* Ti-
tanium dioxide undergoes microorganism consumption with-
out bioaccumulation.['®) The chemical indicators inside the TPC
layer maintain bioresorbability. Chlorophyll degrades through
biometabolism into colorless catabolites without toxic interme-
diates. Anthocyanin breaks down by microorganism enzymes,
such as f-glucosidase, polyphenol-oxidase, and peroxidase, leav-
ing phenolic acids, amino acids, proteins, and quinones,[126:1%]
and pHEMA degrades by macrophage cell line.['%] Silver chlo-
ranilate, though not bioresorbable, maintains overall biodegrad-
ability through its low mass content of 0.03 wt%, below the com-
postability standards criteria.l'?°]

Recent studies on bioresorbable sensors predominantly report
discrete performance-degradation data (e.g., gelatin sensors!'!):
41 mV Pa~! sensitivity, 32-day degradation; PLLA/Gly films('2]:
13.2 mV kPa~! sensitivity, 5-day degradation) without systemati-
cally investigating how modifying degradation rates affects sens-
ing performance. Future research should evaluate sensors with
controlled degradation while measuring corresponding changes
in sensitivity, stability, and other functional parameters. This
would guide material selection and enable application-specific
designs for diverse clinical needs.

5. Bioresorbable Transistor Applications

Semiconductor devices such as transistors, capacitors, and
diodes consist of a semiconductor, metal, and dielectric layer,
which can be facilitated by using bioresorbable materials, as
mentioned in previous sections. Transistors, for example, usu-
ally amplify or switch electrical signals by controlling source—
drain voltage, current or gate voltage. These unique features
can realize neurophysiologic monitoring devices for diagnosing
and treating brain diseases such as Parkinson’s disease, pain,
epilepsy, etc.[13%131] Capacitors and diodes regulate electric sig-
nals by rectifying AC to DC, minimizing noise signals, and mod-
ifying pulse width. Additionally, an inductor—capacitor network
(LC circuit) presents a WPT system, which can be utilized as
a power source inside the body.'3?] Physical disappearnce of
structures after desired time scales eliminates retrieval processes,
and minimize the use of hazardous chemicals for recycling or
disposal.

A fully bioresorbable electronic device including a transistor,
capacitor, inductor, resistor, diode, interconnect, and substrate
was demonstrated in 2012 (Figure 11a).[*/l Physical vapor de-
position selectively deposits Mg, MgO, and SiO, using stencil
shadow masks for components such as inductor, capacitor, resis-
tor, interconnect, dielectric, and transistor. The transfer printing
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Figure 11. Implantable transistors. a) Schematic illustration of a fully bioresorbable electronic device, including a transistor, capacitor, inductor, resistor,
diode, interconnects, and substrate, along with its resorption process. Reproduced with permission.[44l Copyright 2012, The American Association for the
Advancement of Science. b) Schematicillustration of MOSFETs) and the mass production process on silicon-on-insulator wafer, along with the resorption
process. Reproduced with permission.[*] Copyright 2013, Wiley-VCH GmbH & Co. KGaA. c) Schematic illustration of the organic electrochemical
transistor along with its resorption process. Reproduced with permission.[! Copyright 2023, Wiley-VCH GmbH.

technique facilitates control of Si NMs-based transistor and diode
position on the substrate. The dissolution rate of Si NM is 4.5
nm day~' at body temperature (37 °C). The functional lifetime
of a resistor changes by encapsulation materials and thickness
from 2 to 100 h. Metal oxide semiconductor field-effect transistor

Adv. Electron. Mater. 2025, 11, 2400997
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(MOSFET) shows stable operation over 84 h and rapidly loses its
function at ~90 h; linear regime mobilities of n- and p-channel
are 560 and 550 cm? V! s7!, respectively; on/off ratio is >10°.
These components facilitate strain gauges (gauge factors: ~40), a
digital imaging system, a wireless power receiving antenna with
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a resonance frequency of ~1.8 GHz, and a wireless implantable
heating system for thermal therapy.

Developed configuration of MOSFETs and mass produc-
tion on silicon-on-insulator (SOI) wafer was presented in 2013
(Figure 11b).1*) Photolithography-based fabrication processes re-
alize wafer-scale fabrication of bioresorbable MOSFETs. Transfer
printing facilitates the transfer of MOSFETS onto silk substrates
without contamination or deformation caused by lithographic
techniques, solvents, temperature, and etchants during the fab-
rication process. Selective doping (phosphorous at 950 °C) to
100-nm thick (100) p-type Si on SOI wafer (a buried oxide layer
(~1-pmthick) and supporting (111) Si wafer) defines the channel
and contact regions. Patterned etching of Si wafer generates iso-
lated areas for the MOSFETSs. Plasma-enhanced chemical-vapor
deposition (PECVD) of SiO, and chemical wet etching create gate
dielectric layers with open windows for source and drain contact
areas. Electron beam deposition of Mg forms source, drain, and
gate electrodes. PECVD deposits encapsulation layers of SiO, and
silicon nitride (Si;N,). Deep etching and anisotropic wet etching
of the (111) Si wafer leave freestanding MOSFETs on a buried
oxide layer. Reactive ion etching with sulfur hexafluoride (SF)
gas removes Si;N, after transfer to silk substrate. These fabrica-
tion processes can be applied to logic gates and integrated cir-
cuit fabrications. An inverter, for example, has consistent voltage
transfer characteristics with gains of up to &4 at supply voltages
of ~5 V when the input voltage is from —2 V to 4 V. NAND and
NOR circuits demonstrate “0” and “1” state with output voltage of
~0.07 V, and ~2.67 V, respectively. Opened Mg electrodes begin
dissolving in PBS (pH 7.4) solution at 37 °C during the first 10
h. Hydrolysis of Mg initiates cracks in the SiO, and dissolution
in two weeks; Si completely dissolves under 4 weeks. Additional
encapsulation strategies such as adding a MgO layer can extend
the functional lifetime.

ECoG electrodes for neural interfaces are widely utilized for
diagnosing and treating brain diseases such as Parkinson’s
disease, depression, and disorders of the peripheral nervous
system.[**] Bioresorbable ECoG electrode arrays (256 indepen-
dent channels) consist of phosphorus-doped Si NMs electrode
(300-nmthick), SiO, insulation layer (100-nm-thick), and PLGA
(30-um-thick).['*3] Electrochemical impedance spectroscopy con-
firms Si microelectrode has an impedance of ~#100 kQ at 1 kHz,
which is similar to gold electrode. Owing to the slower dissolu-
tion rate of Si NMs (=10 nm day~') than bioresorbable metals, the
ECoG electrode records cortical potentials over 1 month. In vivo
studies in adult rat animal models capture electrophysiological
signals from the cortex in the left hemisphere. The bioresorbable
electrodes are placed next to a control electrode of a standard
stainless steel microelectrode (7850 um?). Both electrodes suc-
cessfully record the transition to deep anesthesia, K-complexes,
pre-ictal, ictal-like spiking epileptiform activities, theta waves,
and sleep spindles. In vivo biocompatibility test confirms that the
bioresorbable ECoG electrode has a similar biocompatibility as a
platinum reference electrode. Active 128 n-channel MOSFETs fa-
cilitate high-resolution neural interfaces; Mo electrodes serve as
the source, drain, and gate electrodes; the mobility is ~#400 cm?
v on/off ratio is ~10%; leakage current is ~10 nA. Somatosen-
sory evoked potential experiments demonstrate potential appli-
cations of the bioresorbable active electrodes. Stimulation at two
different points evokes potentials in the barrel cortex and other
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electrodes record stimulus-evoked neural activities with a high
SNR.

Organic  electrochemical transistor (OECT) 1is an-
other opportunity for next-generation neural interfaces
(Figure 11c).*!l Polymer semiconductors, for example, poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS),
enables low Young’s modulus, improve flexibility, and operate
in low operation voltage. The dissolution rate of PEDOT:PSS is
~5.33 ug L7! day!. Dry-etching process defines PEDOT:PSS
channel geometry. Ultrathin and soft device architecture realizes
the conformal contact against the cerebral cortex. Positive gate
voltage-induced cations doping on PEDOT:PSS decreases the
drain current. The transconductance value (g,,) is the amplifi-
cation capability of the OECT. The average g, of the array is
8.67 = 0.3 mS at a low-frequency range and maintains several
milliSiemens below 900 Hz. In vivo animal studies using 4—
6 week-old Sprague Dawley rats demonstrate neural activity
recording using the OECT. 100 OECTs record the electrophysi-
ological signals under anesthesia, during the epileptic seizure,
and with electric stimulation. H&E image confirms the OECT
has good biocompatibility without any significant side effects.
The OECT electrodes can operate for one week due to the
degradation of PEDOT:PSS during in vivo studies.

6. Bioresorbable Implantable Sensor Applications

Temperature, pressure, strain, pH, oxygen level, etc., are crit-
ical indicators to monitor patient health conditions and diag-
nose recovery status. The piezoresistive effect is a mechani-
cal strain-induced electrical resistivity change of semiconductors
and metals; temperature is another critical factor in determin-
ing the electrical conductivity of semiconductors and metals. En-
capsulated air cavity structures, for example, provide pressure-
sensitive mechanical deformation to Si NM for the piezoresis-
tive change (Figure 12a).[*?] Partially square-shape etched (depth:
30-40 pm) nanoporous Si (71% porosity) and PLGA cover mem-
brane present an air cavity. Serpentine geometry Si NM is placed
near the edge of the cavity where deflection-induced strains are
maximized. The resistance changes of Si NM by the full range
of pressure changes (0-70 mmHg) show corresponding results
with a commercial pressure sensor; the gauge factor of Si NM is
~30. Acceleration sensors, temperature sensors, pH sensors, and
flow sensors are also potential applications using a similar struc-
ture. The dissolution test confirms the dissolution rate of Si NMs
(23 nm day™'), and thin nanoporous Si (9 um day~!) in artificial
cerebrospinal fluid at physiological temperature (37 °C). In vivo
experiments demonstrate the measurement of intracranial pres-
sure (ICP) and intracranial temperature in rat models. The ICP
measurement results reveal the accuracy of the bioresorbable sys-
tem is similar to commercial sensors; in vitro test confirms the
expected operation time is around 3-7 days depending on the
encapsulation layers. Biocompatibility test after 8 weeks of im-
plantation confirms no overt reactions to the sensors and the by-
products. Multifunctional sensors monitor physiological param-
eters of deep brain pressure and temperature, which are difficult
to measure from the surface or the intracranial space; tempera-
ture sensors can capture temperature decrease caused by anes-
thesia and wake-up.
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Figure 12. Implantable sensors a) Schematic illustration of encapsulated air cavity structures providing pressure-sensitive deformation to Si nanomem-
brane for piezoresistive changes. A freely moving rat implanted with a fully bioresorbable wireless intracranial sensor, with the craniectomy sealed
using a PLGA film (~80 um) and biodegradable surgical glue (TISSEAL). Reproduced with permission.[“] Copyright 2016, Springer Nature Limited. b)
Schematic illustration of spectroscopic characterization at visible and near - infrared wavelengths to monitor cerebral temperature, oxygenation, and
neural activity in mice. A bioresorbable spectrometer implanted in a freely moving mouse, with axial-view confirmation via computed tomography. Repro-
duced with permission.['3#] Copyright 2019, Springer Nature Limited. c) Schematic illustration of ultrafast pulsed laser ablation enabling the fabrication
of high-speed, multilayered electronic systems, including MOSFETs, ECoG arrays, and physiological monitoring systems. A bioresorbable physiologi-
cal monitoring device mounted over a craniotomy, shown alongside a standard clinical ICP monitor. Reproduced with permission.[**] Copyright 2022,
Nature Portfolio. d) Schematic illustration of a biodegradable triboelectric self-powered sensor (BTS) converting biomechanical movement into voltage
signals to detect vascular occlusion events. Image of a cardiac monitoring experiment in a human-scale animal model. Reproduced with permission.[133]
Copyright 2021, Wiley-VCH GmbH.

Spectroscopic characterization at visible and near-infrared
wavelengths provides physical and chemical information on tar-
geted tissues such as cerebral temperature, oxygenation, and
neural activity in mice (Figure 12b).13* A bioresorbable opti-
cal system including fully bioresorbable components of tricolor
photodetectors, ceramic optical filters, and optical polymer fibers
demonstrates that the system can be implanted in deep brain
regions for continuous monitoring in vivo. 10 um thick PLGA
substrate supports 1) a PLGA bioresorbable fiber (150 pm diam-
eter, refractive index of 1.50) for delivering specific wavelength of
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lights, 2) a bioresorbable photodetector (doped monocrystalline
Si, 1.5 pm thick) for generating electrical signals, and 3) Zn elec-
trodes (400 nm thick) for electrical readout. 50 nm thick SiO,
layer (refractive index: ~1.45) encapsulates the system for delay-
ing bioresorbable time and enhancing light confinement inside
the fiber. The photodetector consists of insulator, p- and n-doped
regions that use comb-like geometries to maximize the depletion
region (quantum efficiencies of green and red light are 31.5%
and 26%, respectively). The PLGA bioresorbable fiber coats with
alginate hydrogel to improve optical performance. The optical
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properties of the device decrease on day 3 due to water pene-
tration through the SiO, encapsulation layer (for the first two
days) and degradation of Zn electrodes. Vertically stacked four
doped layers (from top to bottom: n-doped A layer, p-doped B
layer, n-doped B layer, and p-doped D layer) build n—p (between
AB layers), p-n (between BC layers), and n—p (between CD lay-
ers) junctions to facilitate a tricolor bioresorbable photodetector.
Due to extra layers of A and A, B layer on BC and CD junctions,
AB, BC, and CD junctions enable different peak responsivities
at 490, 570, and 720 nm wavelength, respectively. The combina-
tion of multilayers of SiO, (54 nm thick) and SiN, (85 nm thick)
placed between top and bottom PLGA layers (10 pm thick) facil-
itates flexible bioresorbable optical filters designed to block 450—
520 nm wavelengths. Hematology and biochemistry confirm no
abnormal implantation and accumulation of Si and Zn during
7-week implantation, measured by inductively coupled plasma
optical emission spectrometry and inductively coupled plasma
mass spectrometry. Biodegradable spectroscopic technology can
measure oxygenation level in blood samples and tissue tem-
perature, detect biochemical species (e.g., serum albumin and
melanin) and Ca?* concentrations. In vivo experiments present
the feasibility of measuring cerebral temperature, oxygen satura-
tion level, and neural activities with minimal inflammatory glial
responses.

Ultrafast pulsed laser ablation facilitates the fabrication of
high-speed, multilayered electronic systems of MOSFET, wire-
less physiological monitoring systems, ECoG electrode array,
microcapillary flow sensing probe, and cardiac strain multisen-
sor (Figure 12¢).1*3] The picosecond-pulsed laser ablation yields
a minimum effective width of ~5 um, and root-mean-square
(RMS) edge roughness of ~1 um of Si NM, respectively. Aver-
age power, number of repeats, scanning speed, and frequency
control the thickness reduction rate. Repeated ablation produces
~300-um-thick Mg microstructure with minimal damage to the
underlying layer. A bioresorbable Mg inductor (helical coil thick-
ness: 280 um and diameter: 4 mm; PLA substrate thickness: 50
um) fabricated by laser ablation method, for example, exhibits
RMS surface roughness of ~5 pm and the quality (Q factor) of
over 70. The pressure changes around the LC circuit detect ICP
with a sensitivity of 500 kHz mmHg™, respiration rate (dura-
tion: ~0.7 s), and heart rate (duration: ~0.2 s). A flexible needle-
shaped probe containing three thermistors (resistance of 650 Q,
sensitivity of ~3.3 Q °C™!) demonstrates monitoring microvas-
cular flow in soft tissue. In vivo acute evaluations confirm blood
flow velocities in various conditions and demonstrate potential
capabilities for fast diagnosis related to blood circulation. Multi-
electrode sensors enable neurophysiological monitoring of brain
function using an n-doped Si micromembrane (Si NM, 2-um-
thick, the impedance of 50-80 kQ at 1 kHz). In vivo ECoG record-
ing results show sleep spindle activity and optogenetic activation.
Si-based n-channel MOSFETSs have an effective mobility of 610 +
20 cm? S7' V71, an on—off current ratio of 700 + 120, a thresh-
old voltage of —0.35 + 0.05 V, and a subthreshold slope of 330 +
60 mV decade™!. Multisensing electronic systems measure shear
strain, heartbeat, and respiration to diagnose cardiac disorders.
The sensitivity to strain-induced changes in resonance frequency
is #200 kHz strain~! with negligible bending sensitivity. In vivo
evaluations of the multisensing device mounted on the left ven-
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tricle acquire respiration rate and heart rate of the anesthetized
ovine animal.

Biodegradable triboelectric effect-based self-powered sensor
(BTS) converts biomechanical movement into voltage signals to
identify vascular occlusion events (Figure 12d).!*] The sensor
utilizes a vertical contact-mode TENG that converts mechani-
cal motion into electrical signals, enabling self-powered tactile
sensing for implantable applications. The TENG operates based
on the coupling of contact electrification and electrostatic induc-
tion, where periodic contact and separation between two mate-
rials generate an alternating current. Nanostructured poly(lactic
acid)—(chitosan 4%) (PLA/C) film and Mg layers realize vertical
contact mode TENG that generates 4.2 V,_ by contact and sepa-
ration (contact force: 20 N) and shows stable output voltage un-
der 450 000 contact-separation cycles. Output voltage shows an
almost linear relationship with pressure, which has a sensitiv-
ity of 11.04 V mmHg™! (R? = 99.3%). Degradation test results
indicate that output signals can maintain over 4 days, and full
degradation takes over 2 months. Due to the presence of CS, BTS
demonstrates antibacterial properties and excellent biocompati-
bility, which are essential to avoid side effects after implantation.
To compare the sensor properties of the BT'S and commercial sen-
sors, in small animal experiments, the BTS is implanted under
the abdominal cavity skin and a commercial mechanical sensor
is placed on the skin as a reference, respectively. Dyspnea causes
the thorax to decrease but increases the amplitude of each breath.
Therefore, the BTS receives compression force to generate volt-
age signals. Before damaging the encapsulation layer, the BTS de-
tects activities over 5 days. In large animal experiments, the BT'S
attaches to the vascular wall, and the commercial sensor inserts
into a blood vessel. The contact—separation process occurs during
the systole and diastole blood pressure phase. The systolic phase
dilates blood vessels creating the BTS contact phase, and the di-
astolic phase contracts blood vessels making the BTS separation
phase. The BTS detects blood pressure changes by inflating and
deflating the balloon that is inserted into the blood vessel.

7. Conclusion and Future Perspectives

This review highlights advances in wearable and implantable
bioresorbable medical devices, focusing on material options, dis-
solution process, and device applications. Bioresorbable poly-
mers dissolve into water through hydrolysis processes, with some
utilizing additional mechanisms such as mechanical stress, oxi-
dations, or enzymatic reactions. Among these, PLGA emerges
as one of the most promising polymers for bioresorbable elec-
tronics, owing to its tunable degradation rate, mechanical relia-
bility, and established clinical biocompatibility. The metal oxides
further degrade through chemical reaction with NaCl, producing
water-soluble compounds. These materials safely dissolve after
use, thereby reducing both retrieval surgery risks and e-waste.
Such advantages enable applications in skin-interfaced stimula-
tors, energy harvesters, implantable transistors, and sensing de-
vices.

Further enhancing the power efficiency and sensor sensitiv-
ity remains a key challenge for bioresorbable devices relative
to non-bioresorbable alternatives. The b-WPUE’s d;;!%! remains
10-100 times lower than non-bioresorbable materials, such as
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Pb(Mg, ;Nb,;)0;-PbTiO; (PMN-PT), PZT, and KNN,1**'%] re.
sulting in limited power transfer efficiency. Similarly, capacitive
and gelatine-based pressure sensors demonstrate several to 10
times lower sensitivity compared to non-bioresorbable sensors
based on poly(vinylidene fluoride) (PVDF,[13%140] pDMS, [141:142]
and PEDOT:PSS.['*] Enhanced polarization techniques, novel
bioresorbable materials, and innovative microstructural designs
could address these limitations.

Complete bioresorption of all device components represents
another research opportunity. Current bioresorbable devices of-
ten incorporate non-bioresorbable conductive materials,!> & 37731
adhesives,'®!2] and ISF sampling pads.' Mg, Fe, gelatine
methacryloyl, and PLA are promising bioresorbable alternatives.
Future research should focus on ensuring long-term signal fi-
delity under dynamic biological conditions using these mate-
rials. Additionally, bioresorbable sensors typically require non-
bioresorbable wireless communication technologies, such as
BLE.['] Potential solutions include measurement techniques
that eliminate direct data transmission requirements, such as
fluorescence-based detection!'*1¢] and LC resonant frequency
monitoring!*}! or fully bioresorbable wireless communication cit-
cuits using bioresorbable transistors and diodes.* These ap-
proaches would enable truly transient sensing systems with ro-
bust data collection capabilities.

Recent advancements in bioresorbable transistor systems,
such as Si NM-based MOSFETs and PEDOT:PSS-based
OECTs, have demonstrated the potential for transient neu-
ral interfaces.[*>134135] However, improvements in degradation
control, signal stability, and wireless power strategies (e.g., LC
circuits) are required for long-term operation and implantation.
Similarly, bioresorbable implantable sensors face challenges
due to the rapid degradation of critical components such as
Si-based photodetectors, Zn electrodes, and Mg-based coils
limiting their suitability for continuous monitoring and sig-
nal fidelity.*243134135] To address these issues, future research
should focus on advanced encapsulation technologies, conduc-
tive nanostructures, and comprehensive biocompatibility and
safety assessments to enable successful translation into clinical
practice.[36]

Ethical considerations such as data privacy, wireless communi-
cation security, and patient autonomy are essential for the clinical
translation of bioresorbable wireless systems. Despite their grow-
ing capabilities, data security measures remain largely absent in
current implementations,!!! presenting a clear opportunity for
advancement. Incorporating platforms like REDCapl**! for se-
cure data management, in-sensor encryption (e.g., AES-128), and
encrypted wireless protocols (e.g., HTTPS over TLS 1.2 or BLE
with AES) can ensure end-to-end data protection.[!] Patient au-
tonomy should be safeguarded through informed consent mech-
anisms that clearly outline data use, access, and rights.

Ultimately, translating these bioresorbable technologies to
medical-grade applications requires design strategies, demon-
stration protocols, and evaluation procedures that satisfy FDA
regulatory requirements.'*] Such regulatory compliance en-
sures safe implementation of bioresorbable biomedical systems.
Among introduced applications, cardiac stimulator, b-WPUE,
and SOP devices demonstrated physiological compatibility dur-
ing functional periods and resorption processes in rodent im-
plantation studies using three animals each. Although these find-
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ings suggest potential viability, larger sample sizes remain nec-
essary to establish statistical significance compared to control
groups before advancing to comprehensive preclinical in vivo
testing protocols.[1#6]

A three-phase technological roadmap envisions the evolution
of bioresorbable electronics. In the near term, research will pri-
oritize the enhancement of materials and fabrication techniques
to improve power efficiency, sensitivity, and overall performance
metrics. The mid-term phase will expand into advanced applica-
tions through deeper integration with biological systems, includ-
ing but not limited to self-reporting diagnostic devices, dissolv-
able active implants, and adaptive interfaces with living tissues.
Long-term innovations will culminate in fully integrated closed-
loop medical systems that seamlessly combine sensing capabili-
ties, responsive stimulation, and targeted therapeutic functions,
all powered by bioresorbable energy harvesting and secure wire-
less communication systems that safely dissolve after completing
their therapeutic mission.
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