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Biocompatible and Biodegradable Light-Emitting Materials

and Devices
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1. Introduction

Implantable devices with desirable biocompatibility and even degradability

are of significant interest to biomedical communities. Biologically safe and
resorbable electronic materials and devices have been extensively explored,
and numerous biodegradable optical sensors, detectors, and waveguides
have also been successfully demonstrated. However, biocompatible and
degradable optical emitters, especially electrically driven ones, are relatively
underexplored. This article provides an overview on the recent progress in
the development of biocompatible and biodegradable light-emitting materials
and devices. First, an introduction on molecular dyes, proteins, and inorganic
particles with photoluminescence is provided. Subsequently, material sys-
tems with unusual optical properties including sonoluminescence, chemilu-
minescence, and bioluminescence are highlighted. Finally, electroluminescent
materials and device with potential for fully biodegradation are emphasized
upon. Upon success, it is envisioned that these biodegradable light-emitting
materials and devices would provide effective and unique capabilities in
broad biomedical applications from biological sensing and modulation to

clinical diagnostics and therapy.
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Photon signals play critical roles in living
systems, involving in a variety of pro-
cesses including photosynthesis, cir-
cadian regulation, biomodulation, and
bioluminescence.!. Optical-based tech-
nologies have been widely employed in
biomedical fields, for versatile applications
such as biological sensing, fluorescence
imaging, neural stimulation, and photo-
therapy.?! For many applications in vivo,
photons with specific wavelengths and
certain power levels have to be delivered
deep in animal bodies, in order to realize
effective light and cell/tissue interactions.
However, light propagation in the tissue
is limited to less than a few millimeters
(for visible light), due to strong scattering
and absorption of biological tissues. Com-
monly used methods for light transmis-
sion within the body rely on implantable
optical fibers or waveguides that are inter-
connected with external light sources.!
These kinds of optical systems impose constraints for studying
subjects and are associated with increased risks for infections.
Recently developed thin-film, microscale optoelectronic
devices based on high performance semiconducting materials
have shown great potential for biointegrated and biomimetic
applications. Via the assembly onto curved, flexible, stretch-
able, and biocompatible substrates, as well as the integration
of wirelessly powered circuit units, these microdevices can
be seamlessly attached on the human skin or injected into
the animal body, with notable demonstrations on oximetry
sensing, fluorescence imaging, optogenetic stimulation, and
photodynamic therapy.>®l In particular, microdevice systems
based on biocompatible materials that can fully dissolve within
the animal body after operation and therefore eliminate second
surgery for device retrieval, have attracted tremendous interests
because of their potential as next-generation medical implants,
which are also termed as “bioelectronic medicine” or “elec-
troceuticals.””! Examples of biodegradable materials include
metals like magnesium (Mg), zinc (Zn), and iron (Fe),®l and
organic polymers like poly lactic-co-glycolic acid (PLGA), poly-
caprolactone (PCL), and hydrogels.’'% More recently, the dis-
covery of the natural dissolution of silicon (Si) and germanium
(Ge) thin films in biological environments opens the door to
physically transient, functional electronic devices operating
within the body." These biocompatible and dissolvable metals,
insulators and semiconductors establish the foundations for
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the family of fully degradable electronic devices (diodes, transis-
tors, electrodes, capacitors, inductors, etc.) and photonic devices
(waveguides, photodetectors, plasmonic sensors, etc.).?) In this
existing portfolio of devices for “green electronics,” one of the
highly underdeveloped components is an electrically driven
light emitter.®] Currently, high-performance light-emitters
are mostly based on III-V compound semiconductors, lead
(Pb) halide perovskites, or organic materials (small molecules
and polymers).®) These light emitting materials have been
widely employed in fields of lighting and displays; however,
they are nondegradable (for III-Vs) or even toxic (for Pb-based
perovskites and some organics) when dissolving in the body.
Therefore, it will be highly demanded to realize biocompat-
ible and degradable light-emitting devices (like light-emitting
diodes (LEDs) and lasers) with desirable emitting spectra and
power densities. Such biodegradable light emitters can be inte-
grated with other functional electronic systems, forming physi-
cally transient implants with unprecedented opportunities in
biomedicine.

In this article, we review the context of biocompatible and
biodegradable light-emitting materials and devices, focusing
on their material compositions, device structures, optical prop-
erties, as well as specific biomedical applications. We begin
with the discussion on photoluminescent materials, including
fluorescent dyes, proteins, and quantum dots (QDs), followed
by advanced materials with mechanoluminescence, chemilu-
minescence, and bioluminescence. Subsequent sections cover
electroluminescent (EL) materials and devices, with various
biocompatible or biodegradable active layers including organics
made of small molecules and polymers, lead-free perovskites,
and inorganic luminescence materials. Potential applications of
these biocompatible and degradable emitters are highlighted,
and their existing limitations are also discussed. We conclude
with perspectives for fundamental research and translational
applications in the future.

2. Materials with Photoluminescence (PL)

PL is a physical phenomenon of light emission upon absorbing
incident light, which has a great potential for biomedical usage.
The assessment of materials’ biocompatibility and toxicity is
critically important in the development of photoluminescence
materials for biological integration. In recent years, a growing
number of studies have focused on the biocompatible and bio-
degradable photoluminescence materials, which are mostly
derived from conventional luminescent materials, such as dyes
and proteins. Structurally designed luminescence materials
such as quantum dot emitters have also been applied in the
biological field. Here, we emphasize on biocompatible photo-
luminescence materials based on dyes, proteins, and inorganic
particles.

2.1. Dye Molecules
Fluorescent dyes are usually based on small organic molecules.

Fluorescein and calcein are typical fluorescent dyes commonly
used in fundamental biology studies, but not widely used for
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in vivo applications, because of their poor photostability and
cytotoxicity.®l In order to address the issue of biological tox-
icity, nontoxic fluorescent dyes have been actively investigated.
As an example shown in Figure 1a, a series of biodegradable
fluorescent films prepared from regenerated cellulose (RC)
films and fluorescent dyes (fluorescein, Acridine Orange, Rho-
damine B, PLB-7C, or PLO-8C), with spectra shown the flo-
rescent properties.l”] Additionally, dyes and molecules can be
embedded into hydrogels to form injectable bioscaffolds with
fluorescent imaging capability. Tsou et al. developed a dopant-
free photoluminescent hydrogels formed by in situ crosslinking
of biocompatible polymer precursors.®! The polycondensation
reaction of citric acid and hexaethylene glycol is used to prepare
photoluminescent oligomers (CHPO), followed by the connec-
tion of serine or cysteine and ethyl ester of a thiol acid to obtain
oligomers (CHPO-Ser-ET and CHPO-Cys-ET). Images and
optical properties of these hydrogels are presented in Figure 1b.
When excited with two different wavelengths (365 and 488 nm),
the two hydrogels exhibit similar PL spectral peaks but dif-
ferent intensities. Given desirable biodegradability, mechanical
properties, and fluorescence characteristics, these fluorescent
hydrogels can be made into implantable drug carriers, cellular
scaffolds and imaging probes. In other works, the control of
emission spectra is achieved by varied chemical synthesiza-
tions. Du et al. developed a poly(silicone-citrate) (PSC) hybrid
polymer, as shown in Figure 1c.’] Poly(citrate) (PC) elastomers
possess advantages such as biocompatibility, biodegradability,
and ideal mechanical behaviors that match with soft tissues.
The PL intensity can be adjusted with varied material compo-
sitions. The crosslinked elastomers PC(CPC) and PSC(CPSC)
with different silicone-citrate ratios 0.2:1.0 and 0.4:1.0 were
denoted as CPSC(0.2) and CPSC(0,4), respectively. These elas-
tomers show stable light output but different PL efficiencies.
In all, molecular fluorescent dyes have attracted considerable
interest because of their small molecular weight and facile syn-
thesis. However, these molecular dyes show certain cytotoxicity
that is associated with aromatic groups and hinders their appli-
cations for in vivo medical implants. Other limitations come
from their low photobleaching thresholds and lack of func-
tional groups for conjugation. To address these issues, possible
solutions involve exploring new nontoxic fluorescent molecules
derived from natural living systems, and the incorporation with
biodegradable polymers to improve biocompatibility.

2.2. Protein

Fluorescent proteins are widely used in biological sensing
and imaging. In 1956, Shimomura et al. first obtained green
fluorescence protein (GFP) from Aequorea victoria jellyfish
(Figure 2a). Chalfie et al. measured excitation and emis-
sion spectra of GFP expressed in Escherichia coli bacteria and
purified A. victoria L form GFP, indicating the GFP can be
expressed in different living cells.’” Until now, GFPs and
their derivatives are still among the most widely applied bio-
logical tools in biofluorescence imaging. As an example, the
enhanced GFP (eGFP) produced from E. coli emits green flu-
orescence when excited by ultraviolet.?!] The highly efficient
luminescence and biofriendly characteristics of eGFP has also
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Figure 1. a) (Left) Images of RC films (a: RC; b: RC-fluorescein; c: RC-Acridine Orange; d: RC-Rhodamine B; e: RC-PLB-7C; f: RC-PLO-8C) excited under
UV light (302 nm); (right) PL spectra of the corresponding films. Reproduced with permission.”l Copyright 2009, The Royal Society of Chemistry.
b) (Left) Images of CHPO-Ser-ET/eight-arm PEG-maleimide hydrogels under ambient light (top) and with excitation at 450 nm (bottom), and (middle
and right) corresponding PL spectra emission spectra at excitations of 365 nm (middle) and 488 nm (right). Reproduced with permission.'8 Copyright
2018, Wiley-VCH. c) (Left) Fluorescent images of hybrid elastomers CPC, CPSC(0.2), and CPSC(0.4) under UV excitation (365 nm), and (middle and
right) PL spectra of PSC in PC solutions and CPC hybrid elastomers (excited at 360 nm). Reproduced with permission.l'”) Copyright 2015, Wiley-VCH.

enabled other interesting applications besides imaging. As
shown in Figure 2b, Carlos et al. employed the eGFP to serve
as an active absorber in luminescent solar concentrator (LSC)
devices to improve the environmental friendliness of LSC.U
Derived from GFPs, fluorescent proteins with different excita-
tion and emission spectra are also being actively investigated
and utilized for various imaging applications. For example, the
cyan fluorescence protein (CFP) is obtained by adapting the
environment of the tyrosine-based chromophore in the GFP
to the tryptophan-based chromophore. It exhibits environmen-
tally dependent optical characteristics, such as pH sensitivity.
As shown in Figure 2c, CFP shows conformational differences
in different pH environments, thereby different absorption
spectra.??l These fluorescent proteins not only present high
luminous efficiencies but also ideal biocompatibilities. More-
over, they can be genetically encoded and expressed in living
cells and organisms. When fused with different functional
protein groups, they can be genetically modified for various
detection capabilities (for example, calcium,/?)! dopamine,?¥
etc.) with a high sensitivity and selectivity. Conventionally con-
sidered to be purely optically excited luminophores, fluores-
cent proteins are not electronically active. Although fluorescent
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protein cannot be directly energized to emit light, it can be used
as a phosphor to convert light, for example, as a coating layer to
realize a white LED.[?’l To the best of our knowledge, there are
no reports about the use of them as the active emitting layer in
electrically driven devices.

2.3. Inorganic Nanoparticles (NPs)

Compared with organic-based dyes and proteins, inorganic-based
NPs and QDs have advantages of high luminous brightness and
stability. Their optical properties and biomedical applications
have been extensively studied and reviewed in the literature,2¢!
and here we only highlight some recent examples. Carbon-based
quantum dots (CDs) have attracted much attention because of
their high aqueous solubility, robust chemical inertness, facile
modification, and high resistance to photobleaching.””l A variety
of methods such as chemical ablation, electrochemical carboni-
zation, hydrothermal/solvothermal treatment, laser ablation,
and microware irradiation have been developed to synthesize
CDs,8 and these CDs can be functionalized by other bio-
logical materials to achieve various applications. For example,

© 2021 Wiley-VCH GmbH
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Figure 2. a) (Left) Schematic illustration for the structure of GFP. Reproduced with permission.?%d Copyright 2009, The Royal Society of Chemistry.
(Right) Excitation and emission spectra of E. coli-generated GFP (solid lines) and purified A. victoria L form GFP (dotted lines). Reproduced with
permission.20d Copyright 1994, Elsevier. b) (Left) Schematic of an eGFP-based luminescent solar concentrator (LSC), (middle) luminescent image
of the eGFP LSC, and (right) excitation (dashed lines) and emission (solid lines) spectra of solutions of eGFP with different concentrations and
doped d-U(600) /eGFP. Reproduced with permission.?'l Copyright 2020, The Royal Society of Chemistry. c) (Left) Scheme for the structure of ECFP,
(middle) chromophore configuration and environment in ECFP, and (right) absorption spectra of ECFP. Reproduced with permission.?2 Copyright

2017, American Chemical Society.

Schneider et al. mixed citric acid with ethylenediamine to pre-
pare CDs at elevated temperature that exhibit highly efficient
blue light emission (centered at 450 nm) under ultraviolet (UV)
illumination (Figure 3a).? Another example of biocompatible
fluorescent NPs is zinc oxide (ZnO)-based nanocrystals. Because
of its large bandgap as 3.3 eV, pure ZnO has an exciton induced
transition induced PL emission in the UV range.’% PL emis-
sions of ZnO particles in the visible range are usually originated
from radiative recombinations at defect states.’!l Dependent on
experimental parameters for synthesis, the surface morphology,
internal defects, and surface defects of ZnO can be modified
and create different emission profiles in the visible region.
Kocsis et al. adjusted the internal defect states of ZnO NPs by
preparing them in different solvent environments. As shown
in Figure 3b, the obtained ZnO NPs present different emission
characteristics at different humidity and air pressure.}! To apply
these NPs in biological environments, many challenges have
to be addressed, which are associated with their poor aqueous
dispersion, instability of surface states, and biological rejection
reactions. To offer better biocompatibility, biologically functional
polymer groups can be assembled on the surface of NPs. An
example of such surface modifications is provided in Figure 3c.
Functional coatings on surfaces of ZnO-based QDs transform
the originally hydrophobic surface into a hydrophilic surface.
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In addition, the functionalized surfaces can be used to target
on specific cells upon delivery by injection. These modified
QDs with tunable emission wavelengths are utilized to exploit
multispectral fluorescence imaging of cancer cells in vivo.2%
However, such high-performance QDs have active cores made
of ZnO, which prohibits their further applications for clinical
trials. Future endeavors include the development of injectable
NPs and QDs with high quantum yields, better biocompatibility,
and versatile biological functionalities.?¥ In addition, materials
with emissions shifted to the biologically transparent window
in the infrared range are highly desirable for imaging applica-
tions.33 Table 1 summarizes the optical properties of some rep-
resentative photoluminescent biomaterials. Finally, electrically
driven light-emitting devices (for example, quantum dot LEDs
(QLEDs)) can be explored based on biocompatible electrodes
and carrier injection layers, which will be covered in subsequent
sections.

3. Materials with Sonoluminescence,
Chemiluminescence, and Bioluminescence

In addition to those classical PL-based emissive materials dis-
cussed in preceding sections, photoemissions can be generated

© 2021 Wiley-VCH GmbH
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Figure 3. a) (Left) Schematic of citric acid-based carbon dots using EDA (e-CDs), (middle) photographs of solution with e-CDs under ambient and
UV light, and (right) PL spectra of e-CDs under different excitations. Reproduced with permission.?’l Copyright 2016, American Chemical Society.
b) (Left) Photoprocesses of ZnO nanoparticles (NPs), (middle) photo of ZnO NPs in aqueous dispersions, and (right) PL emission spectra of ZnO
NPs in different environments. Reproduced with permission.B'?l Copyright 2016, Elsevier. c) (Left) Multifunctional quantum dots (QDs) coated with
biodegradable polymers, (middle) QDs of different colors injected in a living mouse, and (right) PL spectra for animal skin with and without red QDs.
Reproduced with permission.’™®l Copyright 2004, Nature Publishing Group.

by other excitation sources, including but not limited to,
ultrasound, chemical reaction, and biological processes, with
corresponding phenomena called sonoluminescence, chemi-
luminescence, and bioluminescence. Sonoluminescence is a

process that converts mechanical energy generated by ultra-
sound into light waves. Such mechanically induced light emis-
sions are advantageous for wireless power delivery in the deep
tissue, because ultrasound waves have much larger penetration

Table 1. Material compositions and optical characteristics (excitation peak, emission peak, and quantum yield) for some representative photolumi-

nescent materials.

Category Fluorescent material

Excitation peak [nm]

Emission peak [nm]

Quantum yield [%]

RC films!"]
CHPO-Ser/Cys-ETI'®]
CPSC(0.4)1)

Fluoresceins

Fluorescent proteins Cerulean(?%2]
eGFP2l
ECFP22

Quantum dots Carbonl28]

ZnOBod

ZnS-capped CdSel’'®!

365
365 and 450
360
Ultraviolet
485
430
320
320-532
350-560

500-600
365 and 488
452
475
530
400-500
=450
400-800
520 and 650

16, 36
35.5
62
50
36
7-51
30-85
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in the deep tissue (larger than =20 mm) than optical tech-
niques (less than =1 mm) (Figure 4a).3¥ Figure 4b presents an
example of using ZnS:Ag NPs for ultrasound triggered optoge-
netic stimulation in the brain. These sonoluminescent NPs
can enter the blood circulation by intravenous infusion and
provide ultrasound triggered photon emission, acting as a local
light source in the mouse brain.! Alternatively, light genera-
tion can be induced with energy created by chemical reactions.
For example, chemiluminescence can be caused by the luminol
reaction of oxalate and hydrogen peroxide.l*®l Figure 4c presents
results of chemiluminescence generated by NPs formed with
bis|[2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl] oxalate (CPPO)
and photosensitizer  tetraphenylethylene-benzothiadiazole-
dicyanovinyl (TBD),I¥l which is C-TBD. Strong red light emis-
sion can be observed when this biocompatible NP reacts with
hydrogen peroxide (H,0;), which can be used in tumor cells
with high H,0, concentration. When these NPs are in contact
with tumor cells with a high H,0, concentration, chemilumi-
nescence occurs automatically to activate the photosensitive
drug for the photodynamic therapy. Similar to chemilumines-
cence, bioluminescence is referred to autofluorescence gen-
erated in luminophores activated by biochemical processes.
A common example is the bioluminescence of fireflies that
is associated with the reaction of p-luciferin and adenosine

www.advmattechnol.de

triphosphate (ATP) and oxygen (Figure 4d,e).¥ The oxidation
progress emits light at 550 nm.

Moreover, Iwano et al. developed a new type of luciferase
Akaluc through a mutant screening method, which increased
the fluorescence intensity of luciferin Akalumine-HCI
100-1000 times that of p-luciferin.3¥ They used this tool to
construct a new bioluminescence system in the body, and used
this bioluminescence system to track cancer cells in mice and
brain cell activity in monkeys. As for plants, Mitiouchkina et al.
introduced bacterial luminescence genes into plants through
genetic modification technology, and converted the ubiqui-
tous caffeine in plants into fluorescein, thereby realizing plant
luminescence.%!

4, Electroluminescence Materials and Devices

Besides the aforementioned photoluminescent, sonolumines-
cent, chemiluminescent, and bioluminescent materials, EL
devices such as LEDs are also attracting great attention for
biomedical applications because of their high power conver-
sion efficiency, longtime stability, electrical tunability, and easy
integration with other electronic components. Conventional
microscale LEDs made by III-V compound semiconductors
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Figure 4. a) Schemes for mechanisms of the light and the ultrasound activated luminescence. Reproduced with permission.B¥l Copyright 2020, The
Royal Society of Chemistry. b) (Left) Image of a mouse during sono-optogenetic stimulation remotely after injecting ZnS:Ag,Co@ZnS NPs; (right)
mechanoluminescence spectra of undoped ZnS (cyan), ZnS:Ag,Co (gray), and ZnS:Ag,Co@ZnS NPs (blue) under focused ultrasound excitation.
Reproduced with permission.%l Copyright 2019, Elsevier. c) (Left) Schematic for chemiluminescence of C-TBD NPs, (middle) fluorescence (FL) and
chemiluminescence (CL) images of C-TBD NPs, and (right) FL and CL spectra of C-TBD NPs. Reproduced with permission.’2l Copyright 2017, Elsevier.
d) (Left) Scheme for bioluminescence (BL) with the luciferin—luciferase reaction, and (right) photograph of firefly with BL. Reproduced with permission.[38
Copyright 2020, Regents of the University of California. e) BL spectra for luciferase in wild-type Macrolampis and the N354E substitution. Reproduced
with permission.?®! Copyright 2005, American Society for Photobiology.
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(gallium arsenide GaAs, gallium nitride GaN, etc.) have been
extensively used as wearable and implantable light sources in
biomedicine.>*l However, these semiconductors are rigid, non-
degradable, and even contain toxic elements (e.g., As), making
them undesirable as implantable devices for potential medical
usage. It is both scientifically intriguing and clinically relevant
if we can realize high-performance LEDs with active emitting
layers, carrier transfer layers, electrodes, and substrates made
of fully biocompatible and even biodegradable materials, which
so far have not been reported. This section reviews recent pro-
gresses on EL devices based on organic molecules, polymers,
Pb-free perovskites, and other semiconductors, which provides
possible routes toward the path.

4.1. Organic Light-Emitting Materials and Devices

Organic light-emitting diodes (OLEDs) contain small organic
molecule-based emitters, hole/electron transfer/blocking layers,
electrodes, and substrates that can possibly be replaced by bio-
compatible and degradable materials. Traditional OLEDs employ
active molecules compromising biohazardous groups like ben-
zene and anthracene, which can be replaced by materials with
better biocompatibility. Table 2 summarizes some representa-
tive bioderived materials that can be applied in OLEDs as func-
tional structural layers and their associated device performance.
EL properties for typical bioderived materials like chlorophyll a,
cytochrome ¢, myoglobin, hemin, and vitamin B12 have been
reported.*?! Figure 5a presents an example of such OLEDs
made with junctions of ITO/cytochrome c/Al. Unlike conven-
tional OLEDs, the device exhibits a broadband emission with
low quantum yields, partly due to the simple device structure
without properly designed electron and hole transport layers.

www.advmattechnol.de

A schematic energy diagram model is developed to explain the
optoelectronic properties of such devices, and demonstrates
that the corresponding emission and absorption spectra directly
reflect the optical transition probability while some transitions
are forbidden in biomolecules containing transition metals.
Further efforts have been explored to improve the perfor-
mance of these bioderived OLEDs, for example, by adjusting
the molecular structures and optimizing device configurations.
For example, by mixing the chlorophylls-based active emitter
in a  poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phe-
nylenevinylene)] (PPV) host material, the concentration related
quenching effect could be mitigated, thereby improving the
radiative efficiency of chlorophylls. In addition, the EL device
is found to exhibit a longer life time when containing antioxi-
dant carotenoids, owing to the diminished oxidation damage
of chlorophylls.¥¥! With Tri-n-propylamine (TPrA) as a coreac-
tant, luminous efficiency of natural chlorophyll a can be fur-
ther improved, realizing electrogenerated chemiluminescent
sensing capability.l Figure 5b presents an efficient riboflavin-
based OLED and its corresponding spectra.’] By tailoring the
sidegroups of riboflavin, the bioderived riboflavin tetrabutyrate
(RFLT) shows significantly enhanced photoemissions associ-
ated with direct transition between the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). Furthermore, a poly(9-vinylcarbazole) (PVK)-
based hole injection layer is employed to further improve the
EL efficiency with induced PVK-RFLT exciplex. Flavins could
also achieve other desired functions including absorption and
emission peaks red shift with proper chemical modifications.*¢!

Apart from the active emitting layers, carrier transfer and
blocking layers are critically important for high performance
OLEDs as well, since the balance of electron and hole injection
rates significantly affects the device EL efficiency. DNA-based

Table 2. Applications of some bioderived materials in OLEDs and corresponding device structures and properties.

Biomaterials in OLEDs Layer function Full OLED device structure EQE [%)] EL emission peak [nm] Refs.
Chlorophyll a Emitter ITO/chlorophyll a/Al 1.6 X 10E-6 700 [42b]
Cytochrome ¢ Emitter ITO/cytochrome c/Al 6-8 < 10E-6 400 [42a]
Myoglobin Emitter ITO/myoglobin/Al 1% 10E-5 530-700 [42d]
Hemin Emitter ITO/hemin/Al 1.73 X 10E-5 500-700 [42f)
Vitamin B12 Emitter ITO/vitamin B12/Al 3.6 X 10E-6 600-700 [42¢]
RFLT Emitter ITO/PEDOT:PSS/PVK/RFLT/Ag 0.02 640 [45]
Chlorophyll a/b Emitter ITO/chlorophylls+PPV (carotenoids) /Al 680/660 [43]
DNA Electron blocker ITO/PEDOT:PSS/DNA/NPB/Alq3/BCP/Alq3/LiF /Al [52a]
DNA-CTMA Electron blocker ITO/PEDOT:PSS/DNA + 1.5 wt% NB/LiF /Al 650 [53]
DNA Electron blocker  ITO/PEDOT:PSS/DNA/(PVK + 40 wt% PBD) + 2 wt% Ir(ppy) /LiF /Al 530 53]
A,G,CT,U (nucleobase)  Electron blocker ITO/PEDOT:PSS/nucleobase/CBP:Ir(ppy)3/BCP/Alq3/LiF /Al 0.9-14.3 [54]
A,G,C,T,U (nucleobase) Hole blocker ITO/PEDOT:PSS/NPB/CBP:Ir(ppy)3/nucleobase/Alq3/LiF /Al 0.3-4.6 [54]

Adenine Hole injection Cellulose/epoxy/Au/Adenine/NPB/CBP:Ir(ppy)3/Alq3/BCPLiF /Al 510 [55]
DNA-BTMA Electron blocker ITO/PEDOT:PSS/DNA biopolymer/NPB/Alq3/LiF /Al 1.39-147 430 56]
DNA-CTMA

Eumelanin-PEDOT Electrode Glass/eumelanin-PEDOT/a-NPD/Alq3/Ca/Al [66b]
AgNWs/alginate Electrode ITO/AgNWs/alginate/PEDOT:PSS/MoOs/Mcp/Ir(tfmppy) 2 (tpip)/ [65]

TPBI/LiF/Al
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Figure 5. a) (Left) Schematic of a typical organic light-emitting diode (OLED) structure (ITO/cytochrome c/Al) and the corresponding current—voltage
characteristic, and (right) EL electroluminescence (EL) and absorption spectra of the cytochrome c film. Reproduced with permission.2dl Copyright
2003, Elsevier. b) (Left) EL image of a vitamin-derived riboflavin tetrabutyrate OLED, and (right) absorbance (Abs), PL, and EL of the vitamin derived
bio-OLED. Reproduced with permission.] Copyright 2017, American Chemical Society. c) (Left) EL emission of a DNA-based bio-LED, and (right)
luminous efficiency versus luminance of the bio-LEDs with different electron blocking layers (EBLs). Reproduced with permission.523 Copyright 2006,
American Institute of Physics. d) (Left) Morphologies of CBP films grown on different substrates (various electron blocking layers: thymine, adenine,
and NPB), and (right) luminance versus current density for different devices. Reproduced with permission.’*l Copyright 2014, Nature Publishing
Group. e) (Left) Optical image of silver nanowires (AgNWs) on an alginate film, and (right) EL results for OLEDs on ITO and AgNW/alginate substrates.
Reproduced with permission.®] Copyright 2018, Wiley-VCH. f) Scheme of eumelanin embedded in PEDOT:PSS for OLED applications. Reproduced

with permission.!%6%] Copyright 2017, Wiley-VCH.

materials and related complexes have been extensively explored
in previous research, owing to their unique electrical and
optical properties.”’] Easily accessible from nature, properties
of DNAs can be tuned by combining different lipid groups to
become soluble in solvents and adhere to various substrates.[*!
These DNA-based biomaterials are applied as the host of
lumophores like rare-earth complexes and achieve efficiency
improvements with further modifications.**% For example,
by integrating DNA with cetyltrimethylammonium (CTMA),
the formed DNA-CTMA complex serve as an effective hole
transport layer in OLEDs, owing to its shallow LUMO.PU As
shown in Figure 5c, such DNA-CTMA complex can also serve
as an electron blocking layer and decrease the nonradiative
carrier recombination, exhibiting notably improved photoemis-
sion for those DNA-containing BioLEDs, compared with con-
ventional green and blue OLEDs without DNAs.’Z Except
serves as electron blocking layer and emitting layer matrix,?>’!
DNA also works in other functional parts like transport layer.
Using various nucleobases (A, G, C, T, U) as carrier transport
or blocking layers in OLEDs, the device performance can be
greatly improved (Figure 5d)."¥ Another work reports OLEDs
made by gold coated cellulose as semitransparent electrodes
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combined with DNA-based hole injection layer.>*! Additionally,
DNA-aromatic surfactant-based biopolymers are employed to
decrease operation voltages of OLEDs and increase the device’s
luminous efficiency by 50%.5¢ In all, these DNA-based biof-
riendly materials exhibit desirable optoelectronic properties and
are ideal substitutes for certain functional layers in OLEDs. It is
worth mentioning that DNA materials used in these works are
made from food industry byproducts, which is commercially
available from salmon testes at a relatively low cost.*>*”) Manu-
facturing of these bioderived materials like DNA at scale is also
feasible, for example, from cultured bacterial cells.®!
Functional optical devices for implantable systems also
require other components including substrates and electrodes
with ideal mechanical softness and biocompatibility or fully
degradability. Biodegradable supporting materials that can
potentially be applied for clinical use include synthetic polymers
such as PLGA and PCL, as well as bioderived polymers such
as hydrogels®! and cellulose.®”] For example, cellulose derived
from bacterial cellulose,®™ wood powders,[?] cellulose diacetate
foil,[*3] and composite nanocellulose can serve as substrates for
LEDs. As for electrodes, stretchable and transparent conduc-
tive layers are formed using gold nanomeshes/®! and silver

© 2021 Wiley-VCH GmbH
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nanowires embedded into biocompatible alginate (Figure 5e).[*]

Figure 5f presents a transparent and conductive film made
by poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) mixed into eumelanin coatings that comprise a
melanin pigment.[° These electrodes based on gold, silver, and
PEDOT:PSS exhibit ideal electrical conductivity and biocom-
patibility, but they are not fully dissolvable in biological envi-
ronments. It is still highly demanded to develop transparent
conductive layers made of biodegradable electrodes such as
metals and polymers. Although fully biocompatible or bio-
degradable OLEDs have not realized and there is still plenty
of room to improve their performance in terms of quantum
yields, brightness and chronic stability, preliminary works have
demonstrate the utility of OLEDs for optogenetic stimulations
of neural activities in cultured cells, and these devices present
stable light output after ultraviolet and ethanol sterilization.["”!
With the inherent advantages like flexibility, biocompatibility,
and adjustable dimensions, recently reported low power OLEDs
also integrated with neural tissues and interact with genetically
engineered light-sensitive opsins.® We envision that there will
be more investigations about the development of OLED-based
implantable systems for biomedical applications in the future
research.

In comparison with OLEDs based on small organic mole-
cules, emitters based on long chain conjugate polymers
(polymer LEDs (PLEDs)) are more suitable for large-scale,
low-cost production, and exhibit better thermal and moisture
stability.®! Recently, pixilated PLEDs that are compatible with
magnetic resonance imaging have also been reported optoge-
netically stimulate nerve systems.”” Biocompatible and bio-
degradable materials are also explored and incorporated in
various PLEDs for improved performance and biointegra-
tion. One of common methods is to embed biomaterials into
luminescent conjugated polymers. As shown in Figure 6a,
biodegradable insulin fibrils enhance electron injection and

www.advmattechnol.de

balance the collection of carriers in PPF-based PLEDs, leading
to a tenfold increase of the EL efficiency.”! In addition, the
bovine submaxilliary mucin (BSM) protein can be employed to
increase water solubility and prevent aggregation in originally
hydrophobic conjugated polymers, resulting in significantly
improved EL (Figure 6b).’? Similar to results discussed in
Figure 5, the DNA-CTMA complex also serves as an effective
electron blocking layer in poly[2-methoxy-5-(20-ethylhexoxy)-
1,4-phenylene vinylene] (MEH-PPV) and poly[9,9-dioctyfuorene]
(PFO)-based PLEDs for efficiency improvement.”?l The DNA-
CTMA is also reported as an effective hole transport and elec-
tron blocking layer in white PLEDs by mixing MEH-PPV and
PFO in the active emitter (Figure 6c).”¥ Compared to reference
PLEDs without the DNA complex, the luminance efficiencies
are nearly doubled in both MEH-PPV and PFO-based PLEDs,
by adding the DNA layer between the electrode and MEH-PPV
(Figure 6d).7! Tt should be noted that the biomaterials only
serve as carrier transport or blocking layers in these reported
PLEDs, and it is still a daunting task to replace or modify the
active emitting layer with more biocompatible and even biode-
gradable polymers.

Unlike OLEDs and PLEDs, light-emitting electrochemical
cells (LECs) provide a different mechanism for EL, based on
electrically mobile ions formed by dissolving salts in ion trans-
port polymer and emitter. Such working principle enhances
the electrical conductivity of devices layers, improves the sta-
bility, and enables the device to operate at higher voltages.
Figure 7a presents an LEC device based on the active emitter
“Super Yellow” and a salt with conductive ions tetrabutylam-
monium tetrafluorborate (TBABF,) embedded in a biode-
gradable matrix made by PLGA. The introduction of PLGA
promotes the ionic conductivity and effectively reduces the
turn-on voltage of devices.’® Similarly, another biodegrad-
able polymer PCL can also be applied as the host, achieving
an LEC with similar performance (Figure 7b)."”l However, the

100

1ol PPF insulin

Luminance jodin’]

1000 ——-v—-—*r—r—l
(b) L

Ermagon (.o

“T00
Wavelength (nm)

Figure 6. a) (Left) Fluorescence image of PPF:insulin fibril hybrid flim, and (right) luminance versus voltage of polymer LEDs (PLEDs) with and without
insulin fibrils. Reproduced with permission.”l Copyright 2008, American Chemical Society. b) (Left) PL images of different conjugated polymers, and
(right) EL spectra for PLEDs with (black line) and without (red line) BSM in active layers. Reproduced with permission.’2 Copyright 2014, Wiley-VCH.
c) (Left) Schematic for the PLED structure using DNA as electron injection interlayer, and (right) current density and luminance versus voltage for
PLEDs with different electrodes. Reproduced with permission.”4 Copyright 2011, American Chemical Society. d) (Left) Schematic diagram of energy
levels showing different layers in the DNA-CTMA-based PLED, and (right) normalized EL spectra of the PLED, the insets are photographs of PLEDs
with and without designed blocking layers. Reproduced with permission.”l Copyright 2008, American Institute of Physics.

Adv. Mater. Technol. 2022, 7, 2100006 2100006 (9 of'l7) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

. .:ﬁ-.._

7 (LAl
(Super Yellow™)
s, (|
any v ; — by D 3 i
(TRABE) z‘\ a m
Wy wio PCL wi PCL
c
10'bd) ¢ ' 4750 _
e ! g
E 10" L
N =
g § P
Ecim‘ e
5 3
E ' 4250 =
3w0'} ! g
- 3
bl e
Voltage (V)
d e
150 —SW —05B —PIF8-TAA —5G
A ST
i 5 € ' ;
B 100 | §
8 2|8
5 2l %05
[ @l @
= w| €
E 50 = E
3 gl 5
3| &
Parylene C 800
o 40
Voltage (V) Wavelength (nm)

Figure 7. a) (Left) Image of a degradable light-emitting electrochemical cell (LEC), and (right) scheme of the LEC, with the active layer made of
Super Yellow embedded in ion-conducting polymer PLGA. Reproduced with permission.7¢l Copyright 2016, American Chemical Society. b) (Left)
EL images for LECs with and without PCL, and (right) luminance and voltage versus time for LECs with different PCL concentrations. Reproduced
with permission.”’] Copyright 2016, Nature Publishing Group. c) (Left) Structure of an LEC based on fully printed material layers on a degradable
cellulose acetate substrate, (middle) EL image of the LEC, and (right) luminance and current density versus voltage curves for LECs with different
structures. Reproduced with permission.”8 Copyright 2017, Wiley-VCH. d) (Left) Scheme of a fully printed flexible LEC, and (right) luminance and
current density versus voltage curves for the flexible LEC (inset: the corresponding EL photograph). Reproduced with permission.”?l Copyright 2019,
Wiley-VCH. e) Electroluminescence spectra of LECs with DNA-CTMA and eight electrochemical emitters. Reproduced with permission.!® Copyright

2020, Wiley-VCH.

biocompatibility issue of the emitter (Super Yellow) and the
salt TBABF, is unsolved in both works. In Figure 7c, a non-
halogenated biodegradable solid electrolyte based on poly(e
caprolactone-co-trimethylene carbonate) and tetrabutylammo-
nium bis-oxalato borate is developed as the ion conductor in
the LEC. In addition, the device is fabricated on a cellulose-
based flexible biodegradable substrate. Compared with devices
reported in Figure 7a,b, the resulted LEC achieves an order of
magnitude increase in terms of the EL efficiency and lumines-
cence.’® Furthermore, fully printed and soft LECs based on
the aforementioned biodegradable components are reported in
Figure 7d.7") DNA-CTMA is used in LECs as an ion-solvating
component in solid polymer electrolyte and improves device
performance owing to its great ionic dissociation and conduc-
tivity. Owing to its wide electrochemical window, DNA-CTMA
could cooperate with different emitters covering the entire
visible spectrum as shown in Figure 7e.B% Although it is still
challenging to realize a biodegradable active emitter without
using the Super Yellow, these works provide a viable route to
highly efficient, biocompatible and biodegradable LEC-based
emitters.
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4.2. Lead-Free Perovskite Materials and Devices

The abovementioned mentioned organic-based LEDs
(OLEDs, PLEDs and LECs) are only partially biocompatible or
biodegradable, with challenges including low electron-to-photon
conversion efficiencies, low brightness, and lack of longtime
stability. Recently, metal halide-based perovskite materials have
attracted tremendous interests in the development of high per-
formance optoelectronic devices including LEDs, solar cells,
and photodetectors.B!l These perovskite materials are naturally
water dissolvable, which makes them promising solutions to
physically transient, degradable devices. However, most of the
high performance LEDs are based on Pb halide perovskites,
which prohibit their use in environmental and biomedical
applications.®? Various metal elements are proposed and devel-
oped to replace Pb in the perovskite structure. Some possible
candidate cations, including tellurium (Te*)®% and antimony
(Sb**),B4 are less toxic than Pb but still not perfectly biocom-
patible. Other perovskites based on magnesium (Mg),® cal-
cium (Ca), and titanium (Ti)!®”! are more promising and also
explored. However, resulted perovskite materials are not ideal

© 2021 Wiley-VCH GmbH
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Table 3. Material compositions, device structures, and optical performance for some representative Pb-free perovskite LEDs.

Perovskite materials Device structure EL peak [nm] EQE [%] Luminescence Refs.
(PEA),Snl, Emitting 618 0.15cd m2 (6V) [102]
(PEA),Snly ITO/PEDOT:PSS/2D perovskite/TPBi/LiF /Al 629 0.16 58 cd m™? [104]
(TEA),Snl, - 638 0.62 322 cdm? [104]
(PEAI),(Csl),(Snly), ITO/PVK/perovskite MQWs/TmPyPB/LiF /Al 3 [105]
CH3NH;Sn(Br/l)3 PEDOT:PSS/perovskite/F8/Ca/Al 945 0.72 1.8 W sr'm2 no
CsSnls PEDOT:PSS/perovskite/PBD/LiF/Al 950 3.8 40 W sr' m2 [100]
(OCTAm),SnBr, ZnO(PEI)/perovskite/TCTA/MoO;/Au 635 0.1 350 cd m2 [103]
(PEA),Snl, ITO/PEDOT:PSS/perovskite/TPBi/LiF /Al 633 0.3 70 cd m2 (5.8 V) [106]
(PEA),Snl, ITO/PEDOT:PSS/perovskite + DSAS/TPBi/LiF /Al 0.72 132 cd m2 [107]
Cs3Cuyls ITO/p-NiO/perovskite NCs/TPBi/LiF /Al 445 112 262.6 cd m2 (7.5 V) 5]
CsCuyls ITO/PEDOT:PSS/poly-TPD/perovskite/TPBi/LiF /Al 550 0.17 47.5cd m? [116b]
CsCuyls ITO/NiO,/perovskite/TPBi/LiF/Al 560 0.02 10 cd m2 [M6c]
Cs3Cuyls ZSO/perovskite/NPD/MoO,/Ag 440 - - [113]
Cs,AgoeNag4InClg ITO-PEIE/ZnO-PEIE/perovskite/TAPC/MoO;/Al 552 - - [117b]

solutions to higher performance LEDs. In these perovskites,
the small ion radius of Mg could not support stable perovskite
structures;®®¥ the lack of lone pair electrons in Ca ions could
cause a heavy effective mass of carriers;®8 and the vacancy-
ordered double perovskites with Ti has quasi-direct bandgaps,
leading to inefficient radiative recombinations.¥#% Alterna-
tively, biocompatible elements including germanium (Ge),""
bismuth (Bi),Y tin (Sn),®” and copper (Cu)®®! may provide
possible solutions to biodegradable perovskite LEDs. Biological
toxicities and environmental impacts of these elements are ana-
lyzed and discussed in associated literature.l”>* Table 3 and
Figure 8 summarize material compositions, device structures
and optoelectronic performance of representative perovskite
LEDs based on Sn and Cu. As a group IV element, Sn is so
far one of the most promising candidates for substitutes to Pb,
since Sn-based halide perovskites own similar electronic struc-
tures with Pb-based ones, suitable bandgap and high carrier
mobilities.”® Efforts to realizing high performance Sn-based
perovskite solar cells and LEDs have been focused on fabri-
cating low-dimensional 2D, 1D, and 0D perovskites,””) modu-
lating quantum confinement,® and preventing the oxidation of
Sn?+ %1 The first reported Sn-based perovskite LED consists of
compact micrometer-sized CsSnl; grains formed with the tol-
uene dripping method, which dramatically decreases pinholes
and cracks at grain boundaries. The fabricated infrared LED
achieve a maximum EQE of 3.8%.11%% Another example demon-
strates near-infrared LEDs with tunable bandgaps by adjusting
ratio of halide in CH3;NH;Sn(Bry_,1,);.1°0 Low-dimensional Sn-
based perovskite LEDs are also reported. Figure 8a presents 2D
perovskite based on (PEA),Snl,Br, , (PEA: C¢Hs;CH,CH,NH;")
incorporating PEA with a large ionic radius. Such a 2D struc-
ture helps exciton confinement and promotes radiative recom-
bination, leading to a higher emission efficiency than their 3D
counterparts.'2 Other low-dimensional Sn-based perovskites
with different spacer cations present higher performance
in LEDs including bright orange electroluminescent 2D
and 2D (TEA),Snl, (TEAIL: 2-thiopheneethyllamine iodide)
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(Figure 8b).1% Quantum well combined with 2D and 3D
perovskite possess wider emission range, higher efficiency
and longer life time.'%! Works focus on preventing Sn?* oxi-
dation are mainly adding stabilizers. Reducing agent H;PO,
forming complex with perovskite to hinder oxidation.!%¢!
Apart from suppressing Sn’* oxidation, additive naphthol
sulfonic salt could modulate perovskite crystallization and
passivate defects resulting in enhancement of device perfor-
mance (Figure 8¢).'"”l Aside from Sn, Bi, Cu, Ag, and In are
also investigated to replace Pb for high efficiency light emit-
ters. Bi*" has an electronic structure and ionic radius similar
to Pb?*. Stable Cs;Bi,Bry-based perovskite QDs are synthesized
(Figure 8d).108199 Although these QDs exhibit low quantum
yields, they can be improved by further surface passivation.!'’]
In addition, Bi could be added as a dopant to Cs,SnCl, leading
to an enhanced PL efficiency.™ Current works on Bi-based
perovskites are still focused on their PL performance, Bi-based
LEDs have not been reported so far. Cu-based perovskites have
recently drawn considerable attention, owing to their low tox-
icity, facile synthesis, and relatively high radiative efficiency and
stability. 23] Two types of Cu-based stable perovskites with
different stoichiometries CsCu,X; and Cs;Cu,Xs (X = Cl, Br, 1)
are reported.!"¥ Figure 8e shows blue LEDs formed by solu-
tion processed Cs;Cu,ls, and their efficiency could be further
improved by employing proper carrier transport layers.'3] Fur-
ther work reports Cs3Cu,ls nanocrystal-based deep blue LEDs
with an external quantum efficiency of about 1.12%, which is
comparable to state-of-the-art Pb-based perovskite blue LEDs.
Moreover, the device holds a half lifetime reaching 108 h
(Figure 8f).') Recent work also demonstrates CsCu,X; LEDs
with yellow emissions generated from self-trapped excitons
(Figure 8g), and the devices avoid the phase separation occur-
ring in Pb-based yellow emitting perovskite LEDs with mixed
halides.'0%110116] Double perovskites with A,B[B; X, structures
also show promise as high performance light emitters. For
example, attempts to form doped Cs,AgInCly structures lead
to materials with highly efficient PL based on self-trapped
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Figure 8. a) EL spectrum of a 2D (PEA),Snl,Br,_,-based LED. Reproduced with permission.ld Copyright 2017, American Chemical Society. b) Emis-
sion and structure of a 2D (PEA/TEA),Snl; LED. Reproduced with permission.l'™ Copyright 2020, American Chemical Society. c) Emission of a 2D
((PEA),Snl,) LED with naphthol sulfonic salt passivation. Reproduced with permission.l”l Copyright 2020, American Chemical Society. d) PL and
absorption spectra of (CH;NH;);Bi, X 9 QDs. Reproduced with permission.l'" Copyright 2018, Wiley-VCH. e) (Left) Current density and luminance
versus voltage for 0D Cs3Cu,ls LEDs, and (right) PL spectrum of the 0D Cs;Cujls crystals. Reproduced with permission.["3l Copyright 2018, Wiley-VCH.
f) Time-dependent EL intensity of Cs;Cu,ls nanocrystals with long working time. Reproduced with permission."">] Copyright 2020, American Chemical
Society. g) EL spectra of CsCu,l;-based LEDs at different voltages. Reproduced with permission.["¢?l Copyright 2020, American Chemical Society.

excitons.! Silver is considered harmless to human health,
while the dose of indium is restricted by maximum exposure.!
Although there are few reports about employing these Pb-free
perovskites for biointegrated applications, it is envisioned that
more results will appear in the near future, presenting devices
with high performance and stability in a more biofriendly
format.

4.3. Other Inorganic Light Emitting Materials and Devices
LEDs based on other biocompatible inorganic semiconductors

are also promising solutions to forming biodegradable optoelec-
tronic systems and under active investigation. Semiconductors
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based on II-VI group elements like zinc oxide (ZnO)!*® and
zinc sulfide (ZnS)M? exhibit direct gap transitions and show
ultraviolet or blue emissions with decent quantum yields. With
proper dopants of transition metals, their emission spectra can
be further shifted to longer wavelengths (Figure 9a).021 The
doped ZnS NPs can be used to excite red emission sodium
chlorophyllin copper salt, emulating the emission of chlorophyll
in biological systems.[?!l Water soluble, electrically driven light
emitting devices are demonstrated, based on structures of a
ZnS:Cu and ZnS:Cu,Mn-polyvinyl pyrrolidone (PVP) composite
emitting layer and silver nanowire (AgNW) electrodes made via
roll-to-roll production (Figure 9b).122l The device exhibit bright
white light EL; however, the operating voltages are higher than
50 V, limiting their use as wearable and implantable devices.
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Figure 9. a) (Left) Photographs of ZnS and ZnS:Mn?" QDs under ambient light and UV excitations, and (right) PL and absorbance spectra of the
corresponding ZnS QDs. Reproduced with permission.[?l Copyright 2011, Springer. b) (Left) Schematic illustration of the flexible transient alternating
current EL device, and (right) EL spectra of the device at different voltages. Reproduced with permission.?2 Copyright 2018, Nature Publishing Group.
c) (Left) Current and optical power density versus voltage curves of a fully transient ZnO-based LED, and (right) EL spectra of the ZnO LEDs at different
voltages. Reproduced with permission.¥l Copyright 2019, Wiley-VCH. d) (Left) Current density versus voltage for ZnO-based UV LEDs, and (right) EL
spectra of the ZnO UV LEDs. Reproduced with permission.l'?%l Copyright 2011, SPIE.

Similarly, an EL device based on ZnS phosphors are formed
on a stretchable platform and show a reduced turn-on voltage
(=20 V), which enables their capability for use in wearable and
soft robotic systems.12)l More recently, full degradable LEDs
based on ZnO are reported.'? As shown in Figure 9, the tran-
sient LED is based on a ZnO emitting layer with molybdenum
(Mo) and doped silicon (Si) as electrodes, resulting in a turn-on
voltage of =5 V. Although there are plenty of works to improve
the device performance in terms of its EL efficiency, operating
voltage, brightness, and color quality, it provides a promising
route to a fully biodegradable LED with ideal biocompatibility.
Another work demonstrates ZnO nanorod-based LEDs with the
salmon deoxyribonucleic acid (sDNA)—cetyltrimethylammo-
nium complex as the electron blocking layer, which leads to a
decreased operating voltage compared to a PEDOT:PSS-based
electrode (Figure 9d).'”! In the future, these inorganic LEDs
based on biodegradable emitters would be utilized for in vivo
applications such as optogenetically modulate brain, spinal,
and peripheral neural circuits, as demonstrated with traditional
I11-V semiconductor-based LEDs.[6:126]

5. Conclusions

To summarize, biocompatible and biodegradable light-emitting
materials and devices are one of the key missing components
in fully physically transient optoelectronics, which are particu-
larly desirable for implantable systems with biomedical func-
tionalities, including optogenetic modulation, photodynamic
therapy, optical-based biosensing, etc. Biocompatible and even
degradable light emitters with photoluminescence, mechano-
luminescence, chemiluminescence, and bioluminescence have

Adv. Mater. Technol. 2022, 7, 2100006

2100006 (13 of 17)

been successfully applied in biological systems and even clin-
ical uses, with remarkable examples including various lumines-
cent dyes and proteins. Nevertheless, fully biodegradable high
performance EL devices still remain as a daunting challenge.
Ultimate goals are the development of fully degradable LEDs
with desirable emission spectra and performance that is on par
with state-of-the-art organic, perovskite and even inorganic I1I-V
devices. In addition, all the device components, including active
emitters, carrier blocking/transport layers, electrodes, as well
as substrates and encapsulations, have to meet the stringent
requirements for implantable uses. Among these functional
layers, the active emitter material is the most essential com-
ponent. Aside from the employment of conventional organic-,
perovskite-, III-V-, and II-V-based materials, new options for
semiconductors with high electron-to-photon conversion effi-
ciencies and that can be safety absorbed within the body should
be further exploited. In order to realize a high performance
and fully biodegradable LED for implants, possible directions
include: 1) modify conventional photoluminescent dyes or pro-
teins and make them become electroluminescent; 2) band engi-
neer biodegradable semiconductors like Pd-free perovskites,
ZnO, and Si to improve their EL efficiencies; 3) explore novel
OLEDs and PLEDs that are more biocompatible and degradable.
Upon successful realization of the active emitters, the develop-
ment of a fully biocompatible and biodegradable LED would be
readily viable, considering other functional parts, like electrodes
(Mg, Zn, etc.), carrier transfer/blocking layers (DNA, etc.), and
substrates (hydrogels, PLGA, etc.), are widely available. We envi-
sion that the exploration of such biocompatible and biodegrad-
able light emitters and devices would establish the foundations
of transient device systems, and create vast opportunities for
biological applications and medical practice.

© 2021 Wiley-VCH GmbH
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