
photonics
hv

Review

Bioresorbable Photonics: Materials, Devices and Applications

Xiaozhong Wu 1 and Qinglei Guo 1,2,3,*

����������
�������

Citation: Wu, X.; Guo, Q.

Bioresorbable Photonics: Materials,

Devices and Applications. Photonics

2021, 8, 235. https://doi.org/

10.3390/photonics8070235

Received: 25 May 2021

Accepted: 23 June 2021

Published: 25 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center of Nanoelectronics, School of Microelectronics, Shandong University, Jinan 250100, China;
202012434@mail.sdu.edu.cn

2 State Key Laboratory of ASIC and Systems, Fudan University, Shanghai 200433, China
3 State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem

and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China
* Correspondence: qlguo@sdu.edu.cn

Abstract: Bio-photonic devices that utilize the interaction between light and biological substances
have been emerging as an important tool for clinical diagnosis and/or therapy. At the same time,
implanted biodegradable photonic devices can be disintegrated and resorbed after a predefined
operational period, thus avoiding the risk and cost associated with the secondary surgical extraction.
In this paper, the recent progress on biodegradable photonics is reviewed, with a focus on material
strategies, device architectures and their biomedical applications. We begin with a brief introduction
of biodegradable photonics, followed by the material strategies for constructing biodegradable
photonic devices. Then, various types of biodegradable photonic devices with different functionalities
are described. After that, several demonstration examples for applications in intracranial pressure
monitoring, biochemical sensing and drug delivery are presented, revealing the great potential of
biodegradable photonics in the monitoring of human health status and the treatment of human
diseases. We then conclude with the summary of this field, as well as current challenges and possible
future directions.

Keywords: biodegradable photonics; biodegradable materials; optoelectronic devices; biomedical ap-
plications

1. Introduction

With the rapid development of material science, device architectures, micro/nano
fabrication technologies and integration strategies, bioimplantable electronic devices or
systems have gradually become important platforms for diagnosing and/or treating hu-
man diseases [1]. The abilities of delivering and receipting electrical signals form the
basis of these devices, that can either allow for the monitoring of physiological informa-
tion, including biophysical, biochemical and biopotential signals, or serve as electronic
medicines to treat human diseases [2]. In the modern biomedical field, bioimplantable
electronic devices are playing a more and more important role and developing towards
the directions of high-performance, low-cost, miniaturization, multiple functionalities and
good biocompatibility. As a result, various functional bioimplantable electronic devices
that form the interface between biological substances and external instruments have been
developed for biomedical applications, such as intracranial pressure detection [3], Parkin-
son’s symptom monitoring [4,5], drug delivery [6] and biomolecular level detection [7,8],
as well as the most widely used cardiac pacemakers and glucose meters [9]. Although
great successes have been achieved, challenges of bioimplantable electronics mainly lie
in possible side-effects induced by electrical stimulations, susceptible performances, due
to the electromagnetic interference in clinical circumstances and effective approaches to
supply electrical power, and the requirement of complex and expensive instruments.

As an alternative option, bioimplantable photonic/optical devices that utilize the
interaction between light and biological substances are of great appeal, due to their robust
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performance against internal/external interferences [10], fewer side effects on biotissue
and the elimination of high-cost instruments [11]. In the biomedical field, light signals
can locally stimulate specific cells and simultaneously explore their temporal dynamics to
reveal the physiological process of cells [12]. In this way, clinical diagnosis and/or therapy
of human diseases at macro or micro scales can be realized [13]. Demonstration examples
include phototherapy [14–16], photobiomodulation [17,18], biosensors (temperature and
pressure, etc.) [10], biomolecule detection [19,20], fluorescence bioimaging [21–23], opto-
genetics [24,25] and many others. Due to the particularity of human implantation, these
bioimplantable photonic/optical devices are required to be biocompatible and miniatur-
ized, thus allowing for the noninvasive implantation, as well as the minimal damage to
biotissue during their in vivo operation. However, after completing the clinical functions
within the human body, these implanted photonic/optical devices need to be extracted
through a secondary surgery, which will bring costs and risks to the patients. Therefore,
it is highly demanded to develop new types of bioimplantable photonic/optical devices,
similar to bioresorbable transient electronics, that can completely disappear by in vivo
dissolution or metabolism after a predefined operational period [26–28], thus eliminating
the secondary surgery for retrieval. To construct a bioresorbable photonic device or system,
strategies for choosing appropriate bioresorbable materials [29–31], optimized designs
of their structures to obtain high performances and suitable integrations for their future
applications are required.

In this paper, we will review the recent progress on bioresorbable photonic devices and
systems, with emphases on the material strategies, device architectures and their promising
applications. We start with the discussions on the biocompatibility and biodegradability
of suitable materials (including inorganic and organic materials) for the construction of
bioresorbable photonics. Then, various bioresorbable optical components, as well as
the key considerations associated with materials and device structures, are described,
including optical waveguide, optical filter, photodetector, light-emitting diode (LED) and
solar cell. These devices or their integrations form the basis of bioresorbable optical
platforms that are promising for applications in the monitoring of intracranial pressure and
temperature, biomolecular level detection, tumor imaging, phototherapy and optogenetics.
Finally, we end with the summary of this emerging field, including future challenges
and opportunities.

2. Material Strategies for Bioresorbable Photonic Devices

Bioresorbable photonic devices that rely on optical methods are suitable for biomedical
applications because they are fast, accurate and have few side effects on patients. Prior to
the implantation into the human body, materials that are utilized to fabricate bioresorbable
photonic devices or systems should be biocompatible or even bioresorbable. Biocompatible
materials can eliminate the toxic or immunological response when exposed to human body
or biotissue, thus enabling the device to work normally at the implantation site without
affecting the health status of the patient [32,33]. At the same time, bioresorbable materials
provide new opportunities for implantable photonic platforms that undergo complete
physical disintegration and chemical reaction within the human body, thereby avoiding
the secondary surgery for retrieval.

To fabricate bioresorbable photonic devices, both inorganic and organic materials are
suitable and the choice of appropriate materials is strongly dependent on their following
application scenarios. Table 1 summarizes the commonly used materials and their roles
served for the construction of bioresorbable photonic devices. For inorganic semiconduc-
tors (such as silicon, germanium and zinc oxide), they can serve as the active materials of
optoelectronic devices, for example photodetectors, solar cells and LEDs [19,34,35]. More-
over, silicon can be utilized as optical waveguide that delivers light signals to human body
or biotissue [20]. The commonly used inorganic insulators, such as silicon dioxide and
silicon nitride, form the dielectronic materials or water/ion barrier layers of bioresorbable
optoelectronic devices [36,37], as well as optical filters [19]. Bioresorbable metals that
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serve as electrodes include Mo, Mg, W, Zn, Fe [38,39]. For organic bioresorbable materials,
including silk, agarose, hydrogel, poly(ethylene glycol) diacrylate (PEGDA), poly(L-lactic
acid) (PLLA), poly(lactic-co-glycolic acid) (PLGA), cellulose and peptides, they can serve as
either the substrate to support bioresorbable photonic device [40–46] or the encapsulation
layer [47] to protect the device from the dissolution of the active materials. Moreover,
the low cost and ease of manufacture facilitates the convenience to utilize some organic
materials as bioresorbable optical fibers/waveguides, thus enabling the delivery of light
into the biotissue [48–53]. In addition, the functionalization of organic materials leads to
the modification of their physical or chemical properties. For example, Jurgensen et al.
doped polyfluorene into peptide and the generated hybrids can serve as the active layer of
an organic light-emitting diode (OLED) [46].

Another crucial consideration for selecting appropriate materials when constructing a
bioresorbable photonic device lies in their biocompatibility, which can be evaluated by the
in vitro and/or in vivo cytotoxicity. Taking silicon as an example, Hwang et al. performed
both in vitro and in vivo tests to evaluate its toxicity [54]. In vitro cytotoxicity studies
were performed by culturing metastatic breast cancer cells on silicon nanomembranes for
consecutive days. After ten days, the cell viability still reached 93 ± 4%, indicating a good
biocompatibility of silicon. Then, they carried out in vivo assessment of the toxicity of
silicon by the implantation of silicon nanomembranes beneath the dorsal skin of a mice
model. After five weeks, no cytotoxicity and no weight loss in the mice were demonstrated
by using high-density polyethylene (HDPE) as the Food and Drug Administration (FDA)-
approved control material. Moreover, through the immunohistochemistry and hematoxylin
and eosin (H&E) staining of the skin sections, comparable level of immune cells to those of
HDPE control groups were demonstrated. Similar in vitro or in vivo cytotoxicity tests can
be performed to evaluate the toxicity and biocompatibility of the selected materials.

Table 1. Commonly used bioresorbable optical materials and their roles/applications for the construction of devices.

Type Materials Roles/Applications Ref.

Inorganic materials

Si
Semiconductor [36,38,39]

Optical waveguide [20]

Ge, ZnO Semiconductor [34,55,56]

SiO2, Si3N4
Optical filter [19]

Insulator [36,37]

Mo, Mg, W, Zn, Fe Conductor [38,39,57]

Organic materials

Silk
Substrate [40,41]

Optical waveguide [49]

Microprism [21]

PLLA
Encapsulation [47]

Optical waveguide [51]

PLGA
Substrate [42,43]

Optical waveguide [51,52]

Peptide-polyfluorene Active layer for OLED [46]

Cellulose, Peptides Substrate [44–46]

Agarose, PEGDA, Hydrogel, PVP Optical waveguide [50,52,53]

In terms of implanted biomedical applications, one of the most significant challenge
of bioresorbable photonic devices lies in the capability of controlling or defining the opera-
tion period within human body. Normally, the dissolution rate of the utilized materials
determines the operation period within human body [58]. For bare bioresorbable devices
that are implanted in the human body, rapid dissolution occurs when they contact with
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biotissue or biofluids, thus leading to the device failure. Therefore, the use of encapsulation
layers that protect bioresorbable photonic devices from the exposure to biofluids brings
about a prolonged operation period, which is required for the monitoring or treatment
of chronic diseases. The selection of encapsulation materials is strongly determined by
the required operation period of bioresorbable devices. For example, a dense SiO2 layer
grown at high-temperature can largely prevent the penetration of biological fluids, thus
providing a long-term protection (approaching 70 years for the thermally grown SiO2 with
a thickness of 1 µm) against the dissolution [59]. Other materials, such as evaporated or
deposited SiO2 and Si3N4, organic bioresorbable polymers (PLLA, PLGA, etc.), or their
hybrids, are suitable for encapsulating devices with a purpose of short-term operation
period (days to weeks). Specially, bioresorbable polymers are of great convenience due
to the simple fabrication method (spin-coating or drop-casting). Moreover, the lifetime
or the degradation of the devices can be customized by using triggerable encapsulation
layers [60]. Once triggered by the external stimuli, such as thermal heating, light exposure
and electrothermal treatments, the transience of the device starts until its full degradation.
Material strategies provide possibilities for the design of triggerable stimuli. For exam-
ple, local temperature changes caused by the near-infrared radiation can accelerate the
dissolution reaction of implanted devices [61]. Similar scheme, such as wirelessly electrical
heat or optically triggered degradation, can also promote the failure and dissolution of the
implanted devices [62,63].

3. State-of-the-Art Bioresorbable Photonic Devices
3.1. Optical Waveguide

Implantable optical waveguides that can transmit light to target tissues or other im-
planted optical devices have exhibited great potentials for biomedical applications [64–70].
Traditional optical waveguide has good optical properties, low transmission loss of light
and can transmit lights to deep tissues or organs. However, its rigid and brittle mechanical
properties and poor biocompatibility may lead to possible tissue lesions and rejection
reaction when implanted into the human body [48,71,72]. For biomedical applications,
an ideal implantable optical waveguide should have the following features: (i) excellent
optical properties for efficiently delivering lights; (ii) good biocompatibility for eliminating
the rejection reaction of patients; (iii) biodegradability, so that they can be dissolved and
resorbed by the human body for avoiding the secondary surgery for retrieval. Therefore,
various efforts have been devoted to developing material strategies and fabrication tech-
niques to obtain high-performance bioresorbable optical waveguides. As summarized
in Table 2, both inorganic and organic materials, which have different dissolution rates,
have been employed for the fabrication of optical waveguides. Especially for silicon-based
optical waveguides, they show high optical transparency [48]. Bai et al. demonstrated
a transient optical waveguide fabricated with monocrystalline silicon [20], as shown in
Figure 1a. Monocrystalline silicon filaments encapsulated with PLGA form the flexible
transient optical waveguide, which enables accurate light transmission, as shown in the
bottom panel of Figure 1a. Moreover, the detection of the local light transmission spectrum
at the implant site enables the assessment of biochemistry. The dissolution of the demon-
strated silicon waveguide appears in Figure 1b. After the immersion in phosphate buffer
saline (PBS) for 10 days, silicon waveguide can be completely dissolved. Podrazky et al.
utilized phosphate glass fiber as the bioresorbable optical waveguide [73], as shown in
Figure 1c. The phosphate-based optical fiber has good transparency and its solubility in
water can be adjusted by changing the chemical composition to meet the requirements
on the operation period. The following in vivo assessment on the toxicity of phosphate
glass-based optical fibers evidenced their excellent biocompatibility.
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Table 2. Optical loss and degradation rate of common biodegradable optical waveguides.

Materials Dimensions Optical Loss Degradation Rate Ref.

Si width: 50 µm;
thickness: 1.5 µm

0.7 dB/cm
(1550 nm)

P-type (boron), 5 nm/day and
140 nm /day in PBS at 37 and

67 ◦C, respectively.
[20]

Phosphate-based 50 µm
(diameter)

7 dB/m
(1300 nm)

1.4 µm /day for refreshed solution
and 0.4 µm /day for the same solution

kept for a month. (PBS, RT)
[73]

PLLA 220 µm
(diameter)

1.64 dB/cm
(473 nm)

Fully degradation could take
one to two years. [51]

PLGA (50:50) — — Fully dissolve in vivo within 1 month [52]

PVP — — Fully dissolves in vivo within 1 h. [52]

Silk width: 2.9 mm,
thickness: 40 µm

2.0 dB/cm
(540 nm) — [49]

Agarose-based
0.64 mm core,

2.5 mm cladding
(diameter)

3.23 dB/cm
(633 nm) — [50]Photonics 2021, 8, x FOR PEER REVIEW 5 of 19 
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states. (g) Time scale dissolution process of a PLGA-based optical waveguide in PBS (pH = 7.4, 37 °C). The dissolution of 
a PLLA fiber reduces the areas of lesion (highlighted with yellow dotted circle). The right panel shows a silica-based 
waveguide implanted into a brain at the same conditions as a comparison. (e–g) Reproduced with permission from [51]. 
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Figure 1. (a) Schematic illustration of a silicon nanomembrane-based optical waveguide encapsulated with PLGA (top) and
optical image of the silicon nanomembrane-based optical waveguide (bottom). (b) Optical image of the dissolution process
of a typical silicon-based optical waveguide in PBS at 70 ◦C). (a,b) Reproduced with permission from [20]. (c) Optical
image of a phosphate glass-based optical fiber. Reproduced with permission from [73]. (d) Optical photographs of a
silk-based optical fiber. Reproduced with permission from [49]. (e) Schematic illustration of the fabrication process of
PLLA-based optical fibers. (f) Optical images of a PLLA fiber that transmits light at straight (left) and bending (right) states.
(g) Time scale dissolution process of a PLGA-based optical waveguide in PBS (pH = 7.4, 37 ◦C). The dissolution of a PLLA
fiber reduces the areas of lesion (highlighted with yellow dotted circle). The right panel shows a silica-based waveguide
implanted into a brain at the same conditions as a comparison. (e–g) Reproduced with permission from [51].
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The biodegradable polymer-based optical waveguides often have better flexibil-
ity than that of inorganic optical fibers. Natural polymers, such as silk protein fibers
(Figure 1d) [49] and agaroses [50], can serve as promising candidates for the fabrication of
biocompatible and bioresorbable optical waveguides. For synthetic polymers, for example
PLLA, bioresorbable optical waveguides can be simply achieved by the thermal drawing
process [51], as illustrated in Figure 1e. The obtained PLLA-based optical fiber, with a
diameter of 220 µm, can be linked to external light sources, as shown in Figure 1f. Moreover,
PLLA-based optical fiber shows high flexibility compared to traditional fused silica fibers
with the same geometries because of its low stiffness (about 1.5 × 104 N m−1) [51]. In vivo
brain function tests, including neural signal sensing and optogenetic experiments, were
performed by utilizing these bioresorbable PLLA optical fibers. Other organic materials,
such as PLGA [51], Poly(vinylpyrrolidinone) (PVP) [52] and PEGDA [53], can be also
used to fabricate bioresorbable optical waveguides. As an example, Figure 1g shows the
in vivo biodegradation tests of PLGA fibers in the brains of multiple mice [51]. The authors
demonstrated that PLGA optical fibers can fully dissolve after the implantation for two
weeks. Unlike the traditional silica fiber (see the right panel of Figure 1g), that has poor
degradability, the lesions in the brain generated by the complete dissolution of PLGA
fiber can be gradually reduced and recovered after 60 days. Table 2 shows the optical loss
and degradation rates of some common bioresorbable optical waveguides fabricated with
different materials. As an important component, these developed bioresorbable optical
waveguides pave the way for the applications of bioimplantable photonic systems in
biomedical engineering.

3.2. Optical Filter

Optical filters, that can selectively transmit or reflect lights with a specific wavelength,
are known as a key component of photonic systems and have been widely used in various
fields [74–76]. Conventional filters are typically deposited on rigid substrates, which may
bring local damage of biotissue when implanted into the human body. In addition, high
temperature during the deposition are incompatible with many flexible substrates [77].
Recently, advanced assembly methods based on transfer printing have been developed to
provide a powerful solution for the integration of high-performance optical filters onto a
variety of unconventional substrates [78]. After the deposition of the filter layer on silicon
or glass substrates, the transfer printing technique [79–82] was utilized to transfer these
filter layers onto flexible substrate. The obtained optical filter exhibited good flexibility
and high optical performances, with almost unaffected characteristics after bending. This
transfer method provides a new idea for the fabrication of high-performance optical filters
on flexible substrates.

In terms of bioimplantable photonics [83–85], bioresorbable optical filters are also
available via the appropriate choice of materials. For example, Bai et al. utilized multi-
ple layers of silicon oxide (SiOx) and silicon nitride (SiNy) to fabricate transient optical
filters [19]. Specially, alternate SiOx and SiNy layers were deposited on silicon substrates
using plasma enhanced chemical vapor deposition (PECVD). The multilayer film was
then transferred to PLGA substrates, forming the bioabsorbable optical filter. Moreover,
through the tune of the number and thickness of SiOx and SiNy film pairs, the obtained
bioabsorbable optical filters have controllable filtration features, including band-stop range
and optical density [19]. Lu et al. took advantage of the interference in free-standing single-
crystalline silicon nanomembranes to fabricate bioresorbable optical filters [35]. Through
changing the thickness of the silicon nanomembrane on PLGA, controllable transmission
of red (R), green–yellow (G), or blue–violet (B) lights is available, as shown in Figure 2a.
The following placement of these bioresorbable optical filters (determined by the thickness
of silicon nanomembrane, i.e., 42 nm, 62 nm and 85 nm) on the top of a LED allowed the
selective transmission of R, G, or B light, as shown in Figure 2b. These demonstrated results
address the barriers between the flexibility and high performances of optical filters and also
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provide feasible pathways to fabricate bioresorbable optical filters for use in bioimplantable
photonic systems.
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3.3. Photodetector

The photodetector is known as a device that can convert optical signals into electrical
signals. As a result, the irradiated light intensity or light spectrum can be accessed via
photodetectors. In terms of their applications in biomedical engineering, photodetectors
can either prevent the over exposure of light to biotissue, which may cause apoptosis or
damage to the mitochondrial membrane potential [86,87], or provide diagnosis of human
health status. In recent years, efforts have been made to develop bioinspired photodetec-
tors with high conversion efficiency, mechanical flexibility and biocompatibility [44,45].
Nevertheless, most of the developed photodetectors are partially degradable. For example,
Kopeinik et al. developed an organic photodiode based on wood pulp fiber networks [44].
The device showed obvious rectification characteristics under the dark condition and
significant photovoltaic behavior under illumination. The good biocompatibility and
degradability of the utilized cellulose in their work may provide opportunities for the
development of implantable optoelectronic devices. More recently, Bai et al. developed
silicon-based fully bioresorbable tri-color photodetectors [19]. The authors utilized a silicon
membrane as the active material, designed vertical stacks of three PN junctions and used
the transfer printing technique to integrate the photodetector on PLGA substrate. Because
the penetration depth of light varies with the wavelength, the spectroscopic characteri-
zation of physiological status and neural activity is available by the fabricated tri-color
photodetectors, which will be discussed later. Although bioresorbable photodetectors
play an important role in photonic devices for biomedical applications, related studies
are still rare. Future opportunities exist in the combination of material strategies, de-
vice architectures and fabrication techniques to obtain high-performance and wide-band
bioresorbable photodetectors.

3.4. LED

A fully bioimplantable and bioresorbable photonic/optical system that utilizes the
interaction between light and biotissue provides numerous opportunities in diagnos-
tic and therapeutic functions for biomedical applications. As a result, a bioresorbable
LED that acts as the light source for the system is urgently demanded. Although III-V
semiconductor-based LEDs are the most attractive candidates for solid-state light emit-
ters, III-V semiconductors are normally toxic and undegradable. Utilizing biocompatible
dielectrics as the encapsulation layer may provide opportunities for III-V LEDs for applica-
tions in biomedical implants. However, the secondary surgery is still necessary to remove
the implanted LED from the human body. Recently, many LEDs fabricated with biocom-
patible or biodegradable organic molecules and polymers, with low Young’s modulus,
have been reported [88,89]. For example, Jurgensen et al. reported the utilization of the
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riboflavin-derived biomaterial riboflavin tetrabutyrate for the fabrication of OLEDs [90],
which yielded an orange exciplex emission (640 nm in wavelength) with a maximum
luminance of 10 cd/m2 and an external efficiency of 0.002%. Khanra et al. demonstrated a
biodegradable OLED by utilizing the diphenylalanine/polyfluorene nanocomposites [46],
in which the polyfluorene served as the blue-emitting conducting polymers. A significant
light emission, at 435 nm, was demonstrated. Although significant progress has been
achieved, OLEDs are very sensitive to water and oxidizing agents [91], thus affecting their
optoelectronic performances.

More recently, Lu et al. demonstrated a bioresorbable transient LED, consisting of a
hybrid of II-VI semiconductor (zinc oxide, ZnO) and silicon and an ultra-thin bioresorbable
transparent electrode (molybdenum, Mo, 8 nm in thick) [35], as shown in Figure 3a. All
utilized materials are inorganic, biocompatible and bioresorbable. Specially, the authors
utilized silicon as the “p-type material” to overcome the difficulty in growing high-quality
ZnO based PN junctions, allowing the injection of holes from the silicon side. As a re-
sult, a maximum light power density of 0.7 mW/cm2 at 9 V, with a wide-range of visible
wavelengths, was obtained, as demonstrated in Figure 3b,c. The integration of biore-
sorbable silicon-based optical filters on LEDs also allowed narrow emission profiles at
selective wavelengths [35]. These presented results provide a practical approach to fab-
ricate bioresorbable light sources, thus paving the way for the development of transient
electronic/optoelectronic systems.
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3.5. Solar Cell

Similar to implantable transient electronic devices or systems, bioresorbable photon-
ics, especially for the active components or their integrations, also require the electrical
power supply for the operation. Therefore, a fully bioresorbable power supply device
that can deliver enough electrical power is demanded. Attractive candidates include
bioresorbable batteries [92], supercapacitors [93], triboelectric nanogenerators [94], piezo-
electric harvesters [95], inductive coupling devices [96] and magnetically coupled power
supply devices [97]. As an alternative choice, bioresorbable transient solar cells are also
developed for supplying electrical power. Although they normally have a limited implan-
tation depth (determined by the penetration depth of the illuminated light in biotissue)
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compared to other bioresorbable power sources, bioresorbable transient solar cells with
appropriate material strategies will enable a long-term energy supply and a high output
power density [98,99].

Due to the mature manufacturing process of silicon-based semiconductor technology
and the large amount of silicon on earth, silicon-based solar cells have been dominant in
all kinds of solar cells. In the field of implantable medicine, flexible, bioabsorbable silicon
photovoltaic cells hold great promise for power supply [100].

Figure 4a schematically demonstrates a fully degradable thin film amorphous sili-
con solar cell, consisting of biodegradable metal electrodes (Mg), transparent conductive
oxide (ZnO), dielectric layers and other necessary layers [55]. The solar cells that use
biodegradable metal electrodes exhibit similar performances compared to the devices
with non-transient electrodes, as shown in Figure 4b. Notably, the use of SnO:F as the
transparent conductive oxide layer has enhanced the performance of cells, which re-
sults from the improved conductivity and the management of the backscattered light.
Figure 4c shows the performance of a fully degradable thin film amorphous silicon solar
cell during hydrolysis in deionized water at room temperature. As the dissolution proceeds,
the open-circuit voltage rapidly decreases, while the short current persists even after the
full degradation of Mg, because of the conduction through the transparent conductive
oxide (ZnO). However, the limitation of the above amorphous silicon-based biodegradable
solar cell exists in the lack of photoelectric efficiency and the rapid transience (several
hours) in an aqueous environment.
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Figure 4. (a) Schematic diagram of key materials and structures of biodegradable transient solar cells. (b) Comparison
of the current/voltage characteristics from a transient amorphous silicon-based solar cell and a nontransient amorphous
silicon-based solar cell. (c) Current/voltage characteristics of a photovoltaic cell in deionized water at room temperature,
revealing its transience behavior. (a–c) Reproduced with permission from [55]. (d) Optical image of a monocrystalline silicon
photovoltaic cell array. (e) Optical microscope image of a single bioresorbable microcell. (f) Current/voltage characteristics
of a single microcell (red) and an interconnected array (black). (d–f) Reproduced with permission from [34].

Lu et al. developed a fully biodegradable photovoltaic (PV) cell platform based on
monocrystalline silicon [34], which has high photoelectric efficiency. A single cell appears
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in Figure 4e. The integration of 6 × 12 cells to form a PV array will enhance either the
open-circuit voltage or the short current, as demonstrated in Figure 4f. The PV array is
designed for the wavelength (red and near-infrared) with a long penetration depth in
biotissue, thus enabling enough illumination. After three days of the implantation, the
bioresorbable PV array still had the ability to power a blue LED, as shown in Figure 4d.
The bioresorbable PV system completely dissolved after 4 months and did not cause an
inflammatory response.

Advanced thin-film silicon photovoltaic cells, as the bioresorbable power supply
component, have promising application prospects in the field of biomedical engineering.
Future researches should focus on achieving higher conversion efficiency with low cost
or exploring more photovoltaic materials. In addition, advanced integration approaches
are appealed to combine bioresorbable solar cells with other optical elements or circuits,
such as light sources, waveguides, filters and various sensors, to form fully bioresorbable
functional systems.

4. Biomedical Applications of Bioresorbable Photonics

Bioresorbable photonic/optical components or their integrations that utilize the in-
teraction between light and biotissue provide opportunities for the diagnoses and/or
treatment of human diseases [10–12]. This section will describe the applications of several
implantable bioresorbable photonic/optical systems, such as intracranial temperature and
pressure detection [10], biomolecular level detection [19,20], photoimaging enhancement
technology [21] and optogenetics and phototherapy [51,52].

4.1. Intracranial Temperature and Pressure Sensor

Intracranial pressure, temperature and other physical parameters are important basis
that reflect the health status. During the clinical treatment, timely monitoring of temper-
ature and pressure is an important means to formulate treatment plans and effectively
treat human diseases. Here, bioresorbable sensors based on a Fabry–Perot interferometer
and two-dimensional photonic crystal enable the continuous and accurate monitoring of
pressure and temperature [10]. As schematically shown in Figure 5a, the bioresorbable
pressure sensor consists of a stack of multiple layers, including thermal silicon oxide as
the encapsulation layer for long-term operation, amorphous silica as the adhesion layer
between silicon nanomembrane and silicon slab with a cavity and a Fabry–Perot interfer-
ometer (FPI). After the implantation into a rat skull, as shown in Figure 5b (sketched) and
Figure 5c (optical image), the deflection of silicon nanomembranes caused by intracranial
pressure results in the change of cavity thickness, thus leading to the change of formant
position in the reflection spectrum. Therefore, the corresponding pressure can be ob-
tained. Since temperature affects the refractive index of silicon, these platforms can also be
configured as temperature-dependent sensors.

Figure 5d schematically shows the integration of the bioresorbable FPI sensor and a
PLGA optical fiber. Attributed to the extremely slow dissolution rate of thermal silicon
oxide, the intracranial pressure (ICP) and temperature (ICT) sensors in rats can operate
normally within 25 days. As shown in Figure 5e,f, changes in intracranial pressure or
temperature alter the return loss spectra, with a significant shift in the peak wavelength.
In addition, in vitro degradation processes and histopathological studies confirmed the
biocompatibility and degradability of these integrated photonic systems. These presented
results demonstrate the potential of the proposed bioresorbable photonic platform for not
only the ICP and ICT sensors, but also the development of other types of bioresorbable
photonic sensors.
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pressure and temperature sensor. (b) Optical image of an FPI sensor placed on an adult brain model. A magnified view
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permission from [10].

4.2. Biomolecular Level Sensor

The real-time monitoring of biochemical molecules, such as glucose, oxygen satura-
tion, ethanol concentration and other related molecules, provides important information for
evaluating and analyzing human health status. As a result, various bioresorbable photonic
platforms with the capability of sensing biomolecules have been developed. Figure 6a,b
display a demonstration example that utilizes a silicon-based waveguide as the biosen-
sor [20]. The operating principle is schematically illustrated at the bottom of Figure 6a.
Continuous monitoring of blood oxygenation was enabled via the recorded transmission
spectrum in the near-infrared range (1000–2000 nm). A similar demonstration via the
proposed optical biosensor involves the optical sensing of glucose levels [20]. The study
of important physiological information through near-infrared spectroscopy demonstrates
the potential of these platforms in the biomedical field. Recently, the integration of biore-



Photonics 2021, 8, 235 12 of 19

sorbable silicon-based photodetectors, SiOx and SiNy optical multilayer filters and PLGA
waveguides that form a biomolecule detection system has been also developed [19]. After
the implantation of the bioresorbable photonic system into the brains of free-moving mice,
in vivo monitoring of intracranial temperature, brain oxygenation and neural activity were
demonstrated. Moreover, the biodegradability of all utilized materials of each component
in the system eliminates the secondary surgery for the removal of the equipment after use.
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Figure 6. (a) Optical image of a transient silicon waveguide-based biosensor (top) and schematic
illustration of the operating principles (bottom). (b) Optical image of a transient biosensor after
the implantation into the subcutaneous region near the thoracic spine of a mouse model. The
inset displays the optical image of a red light (wavelength: 660 nm) passing through the biosensor.
(a,b) Reproduced with permission from [20].

4.3. Malignancy Imaging

Advanced materials and fabrication techniques provide opportunities for the con-
struction of high-quality micro-structured bioresorbable optical elements, which enable
improved imaging of malignancies and treatment of malignant tumors. Recently, Tao et al.
developed a multifunctional bioresorbable optical platform [21]. The authors utilized silk
protein, known as a biocompatible, biodegradable and translucent biomaterial, to develop
a free-standing two-dimensional microprism array, as shown in Figure 7a. When implanted
into the target location, the microprism array can capture the forward-scattered photons
that are normally lost in traditional reflection-based imaging techniques, thus enhancing
the amount of light reflected to the detector. This allows for enhanced intrinsic sensitivity
for the measurement over thicknesses, where dimensions normally exceed typical photon
mean free paths. As a result, the signal for deep-tissue imaging, as well as the imaging
contrast between the malignant tumor and the surrounding tissue, can be significantly
enhanced. Figure 7b schematically shows the experimental setup for the evaluation of the
performance of a silk-based microprism array. Compared to a plain silk film, the presence
of the microprism significantly enhances the reflected light signal, as demonstrated in
Figure 7c. Further demonstrations involve covering the silk-based microprism array and
unpatterned plain film with single or multiple layers of porcine fat with a thickness of
800 mm (Figure 7d) or with single or multiple layers of muscle tissue (Figure 7e). As a
result, the presence of silk-based microprism reflector obviously enhances the intensity of
the backscattered light in a wide-band range. The authors also performed both in vitro
and in vivo tests to provide validation of the silk-based microprism array for improved
imaging [21]. More importantly, the optical performance of the bioresorbable photonic plat-
form degrades with the dissolution of the device, allowing for the real-time quantification
of drug release, which provides disease treatment. These presented results conceptually
demonstrate the potential of constructing a multifunctional bioresorbable photonic plat-
form, which simultaneously provides treatment and information of disease progression.
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Figure 7. (a) Scanning electron microscope image of a typical silk microprism array. (b) Schematic
illustration of the experimental setup for the measurement of the optical properties of the replicated
microprism array. (c) Comparison of the reflected signal obtained from a microprism array (blue) and
a plain silk film (red). (d) The reflected signals obtained from (1) a cellulose layer with red pigment
covered with one layer of fat, (2) a cellulose layer with red pigment covered with two layers of fat
and (3) a silk microprism array placing under a cellulose layer with red pigment covered with two
layers of fat. (e) The reflected signals obtained from (1) a cellulose layer with red pigment covered
with two layers of muscle tissue and (2) a silk microprism array placing under a cellulose layer with
red pigment covered with two layers of muscle tissue. (a–e) Reproduced with permission from [21].

4.4. Others

Optogenetics that uses light-reactive proteins to stimulate neurons and to control
emotions or behaviors of animals is a new technique in neuroscience. With optogenetics,
people are able to pinpoint the relationship between specific neural circuits and brain
function. In the past decade, optogenetics has exhibited great potentials in the treatment
of depression [101], heart disease [102], Parkinson’s symptoms [103], epilepsy [104] and
many others. The optogenetic stimulation induced by the implantable and bioresorbable
optical waveguides was also verified. Fu et al. infected the hypothalamus of a mice model
with different viruses and studied the optogenetic stimulation of the hypothalamus [51].
As schematically illustrated in Figure 8a, the authors utilized AAV-DIO-oCHiEF-mCherry
virus to specially inflect the excitatory neurons of the bilateral hyperactivating hippocam-
pus of a CamkII-cre mice. The following optical stimulation through a bioresorbable
optical fiber induced a mild seizure to the mice, with increased travelling distance and
velocity. During the in vivo degradation of the optical fiber, the ability of inducing seizure
weakened, because of the degraded performance of transmitting lights, as verified by the
decreased travelling distance and velocity in Figure 8b,c.
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Figure 8. (a) Confocal microscope image obtained from a coronal section of a mice model containing
enhanced green fluorescence protein two weeks after the viral transfection (left) and schematic
diagram of a bioresorbable fiber that was implanted into the hippocampus (right). (b) The ratio of
travelling distance with the laser on and off, varying with the in vivo dissolution of bioresorbable
fibers. (c) The ratio of velocity with the laser on and off, varying with the in vivo dissolution of
bioresorbable fibers. (a–c) Reproduced with permission from [51]. (d) Optical image of a porcine
skin incision illuminated with an inserted waveguide by a green light to promote wound healing.
Reproduced with permission from [52]. The symbols (*) in the bar chart are used to indicate the
degree of difference, where ”**” represents the significance probability (p) < 0.01 and ”*” means
0.01 < p < 0.05.

In addition, light therapy that uses sunlight or artificial light to treat diseases and
promote the recovery of human health status has been also developed via bioimplantable
photonic/optical devices or systems, such as photodynamic therapy [105], photothermal
therapy [106] and photobiological regulation [107,108]. In the case of targeted tumor
therapy [105], drugs located near the targeted tumor can be released by photoactivation,
thus inhibiting tumor activity. Another application scenario includes the photochemical
tissue binding by utilizing bioresorbable optical waveguides. As shown in Figure 8d,
optimal light delivery to the deep tissue is demonstrated [52]. As a result, a full thickness
(>10 mm) wound closure of pig skin was achieved, suggesting a significant advantage over
conventional surface illumination or non-biodegradable optical materials.

5. Summary and Outlook

The rapid development of material science and micro/nano-fabrication techniques
has promoted the progress of implantable transient platforms for applications in biomed-
ical engineering. As the alternatives, photonic/optical devices or systems that rely on
the interaction between lights and biotissue are getting more and more attention. This
paper reviews the recent progress on bioresorbable photonics, with emphases on material
strategies, device architectures and integrations and their applications in biomedical engi-
neering. To fabricate a bioresorbable photonic or optical device, both inorganic or organic
materials are suitable, with the choice of materials depending on the required performance
and following applications. Various bioresorbable optical components, including optical
waveguide, filter, photodetector, LED and solar cells, with different functionalities have
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been demonstrated. The integration of these components, with appropriate substrates and
encapsulation layers, will form a functional system, which exhibits significant potential for
biomedical applications, including the diagnosis and treatment of human diseases.

Nevertheless, bioresorbable photonics is still in its infancy. Future opportunities in
this area lie in many aspects, including the following: (i) developing new functional mate-
rials for the fabrication of high-performance bioresorbable photonic/optical devices; (ii)
developing novel encapsulation strategies, including materials and structures, to control
the operation period (from several days to weeks, months and even years) after the implan-
tation; (iii) fabricating reliable bioresorbable light sources with high efficiency to activate
the functional optical platform; (iv) fabricating reliable bioresorbable power supply devices
to provide long-term and stable electrical energy to active optical components or systems;
(v) extending the functionalities of bioresorbable photonic system, for example, with the
capability of simultaneous diagnosis and treatment of human diseases; (vi) realizing or
improving the wireless transmission of the sensed data or signals via bioresorbable pho-
tonic sensors. Possible approaches to address these issues include the optimization of
material strategies, device structures, or the exploitation of a bioresorbable hybrid system
that contains both electronic and photonic/optical components. These efforts will signifi-
cantly promote the development of bioresorbable photonics, thus paving the way for their
applications in biomedical engineering.
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