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Abstract: Implantable and semi-implantable biosensors fabricated with biodegradable materials and
nanomaterials have gained interest in the past few decades. Functionalized biodegradable materials
and nanomaterials are usually employed to satisfy clinical and research requirements because of
their advanced properties. Novel fabrication techniques were developed to improve the efficiency
and accuracy. Different working mechanisms were facilitated to design different types of sensors.
This review discusses the recent developments of implantable and semi-implantable biosensors.
The materials and fabrications are browsed, and different types of biomedical sensors for different
variables are discussed as a focused topic. The biomedical sensors are discussed according to the
targets and working mechanisms, followed by a focus on the nervous system sensing to provide an
inspiration that different variables can be studied simultaneously on the single system. In the end,
challenges and prospects will be discussed. This review aims to provide information of materials,
fabrication approaches, mechanisms, and the state of the art for inspiration in designing novel
implantable and semi-implantable biomedical sensors for general diagnostic activities.

Keywords: implantable and semi-implantable biosensors; biodegradable materials; nanomaterials;
fabrications; mechanisms and strategies

1. Introduction

Disease diagnosis is the first step in curative activities. However, traditional diagnostic
equipment such as computed tomography (CT), magnetic resonance imaging (MRI), and X-
ray machines are heavy, expensive, and inconvenient for patients due to tight schedules. To
combat these issues, miniaturized biosensors have been developed. These small, portable
devices can detect and measure biological information, allowing for portable or implantable
diagnostic activities that reduce both time and expense costs.

Ayres has stated that the interactions between all physiological systems, particularly
the neuroendocrine system and the hypothalamus, are crucial for maintaining robust health
and physical strength. These interactions control physiological variables such as growth
and development, macro/micronutrient and vitamin intake, socialization, thermoregula-
tion, energy balance, oxygenation, detoxification, acid–base balance, and osmoregulation.
Therefore, it is critical to sense and monitor changes in these factors to develop biosensing
aimed at diagnosing diseases [1].

In the past few decades, implantable and semi-implantable biomedical devices have
gained interest. Although quite a lot of wearable and benchtop sensors have been proven
to work well, challenges include (i) only global information is provided; (ii) deep tissue
monitoring may not be feasible; (iii) real-time monitoring may not be achieved; (iv) suffi-
cient amount of testing targets may not easy to obtain; (v) contamination from environment
can affect results; (vi) correlations between testing and desired targets need to be stud-
ied [2,3]. Thus, implantable and semi-implantable devices also have high clinical and
biomedical values to overcome these limitations. Here, implantable biomedical devices
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indicate those with full implantation, and semi-implantable devices may leave part of the
units, such as control units [4], power units [5], and data collection units [6], outside the
target tissues. There are several points to consider when designing such devices. The
target tissues and factors are one of the essential considerations. Different tissues perform
differently in mechanical properties, biological environments, and functions. For example,
the modulus of the brain is only 0.1 to 10 kPa [7], while that for bone tissues can reach the
level of GPa [8]. The pH of gastric juice is as low as ~1.0, while that of pancreatic juice
is higher than 7.4 [9]. The nervous system transduces information by electrical [10] and
chemical signals [11], respectively, so that electrical and chemical sensing are valuable to
study. The selection of materials should suit the target tissues. For example, mechanical
matching reduces injury and pain for patients and decreases the risk of functional loss
of devices [12]. The working mechanisms should be selected wisely according to the en-
vironment of targets and the distance between the working site and the signal-receiving
site to ensure the reliability of diagnosis and monitoring. Functionalized biodegradable
materials and nanomaterials are usually employed because of their advanced properties to
satisfy these points. Biodegradable materials eliminate the secondary surgeries to remove
devices, and the adjustable properties allow devices to match the environment around the
target tissues. Nanomaterials, due to their unique properties, perform high advantages in
molecule binding, mechanical property modification, and functional enhancement [13–15].
Paralleled with material selections, the structures and sizes of implantable devices should
be designed accordingly, especially considering the working environment. For instance,
cardiovascular devices need to be miniaturized with a low profile to avoid impacting blood
flow and arterial walls [16]. Deep tissue sensors can be designed as needle-shaped [17,18]
to deliver the functional units deep enough with minimal injury to the patients. Fabrication
approaches should be chosen according to the properties of the materials and the resolution
requirements for the micro and nanoscales of the devices. In general, the design of biosen-
sors should consider (i) materials, (ii) fabrication approaches, and (iii) targets to realize
successful signal transduction and eventually perform accurate and effective diagnosis for
patients (Figure 1).
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To provide recent information about materials, fabrication approaches, and the state
of the art of implantable and semi-implantable biomedical devices, and give inspiration for
novel biosensor development, we discuss the latest advancements in associated aspects in
this review. The first section summarizes materials and manufacturing processes, followed
by a discussion of various types of biomedical sensors that measure different variables such
as chemicals, pH, temperature, and mechanics. We also focus on the sensing of the nervous
system to demonstrate that multiple variables can be studied simultaneously using a single
sensing system. Finally, we discuss the challenges and prospects for these biosensors.

2. Materials and Fabrications

The selection of materials is a crucial aspect when it comes to developing biosensing
devices. To ensure the success of a biosensing device, it should meet certain clinical
requirements, including (i) precise and efficient functionality; (ii) mechanical compatibility
with targeted tissues to minimize tissue injury and device damage; (iii) biocompatibility
with minimal invasion; and (iv) simple and cost-effective fabrication [19,20]. Several
approaches have been developed to meet these requirements. For instance, soft and
biodegradable materials were used to reduce mechanical mismatch with soft biological
tissues and further minimize the need for secondary surgeries. Changes to material surfaces
and the use and fabrication of nanomaterials have also been developed to improve accuracy
and effectiveness. This section will discuss the selection of materials, followed by an
introduction to advanced fabrication methods.

2.1. Biodegradable Materials
2.1.1. Metals and Inorganic Materials

Metals have desirable electrical properties and expansion abilities, making them useful
for creating thin film electric elements such as conductors, transistors, diodes, inductors,
and capacitors [21]. In the past two decades, biodegradable metals such as magnesium (Mg),
molybdenum (Mo), zinc (Zn), and tungsten (W) have been used to fabricate biosensing
devices. As these metals undergo hydrolysis processes after being implanted, they can
react with water and oxygen to produce dissoluble products in biofluids, which can then be
excreted from the body [22,23]. The dissolution rate of different metals varies. Among them,
Zn shows the fastest dissolution in PBS while others show relatively slower dissolution
rates ranging from tens of micrometers per day to several nanometers per day [23]. The
dissolution rate can be influenced by the pH of the surroundings. W shows a quicker
dissolution rate with a pH of 5 compared to a pH of 7, while Mo shows the opposite
performance. The rate of dissolving metals is also affected by the presence of proteins, and
ions can speed up the dissolving process of materials like Zn, Mg, and Mg alloys [21,24],
while the presence of ions can reduce oxygen solubility, which in turn slows down the rate
of Mo dissolution, since Mo dissolution is linked to oxygen solubility [23]. Table 1 lists the
electrical and dissolution properties of commonly used biodegradable metals, and their
related applications.

Table 1. Electrical and dissolution properties and applications of commonly used biodegradable
metals. N/A, not applicable.

Material Electrical Property Dielectric
Constant (Ksp)

Dissolution Rates
(nm/h)

Dissolution
Product Applications

Magnesium
(Mg)

Conductor
(interconnects) [19] 8.9 × 10−12 [25]

70 (in Hank’s solution
[22] and PBS (pH 7.4;

37 ◦C)) [26].
Mg(OH)2 [27] Biodegradable battery

system [28].

Iron (Fe) Conductor
(electrodes) [19]

1.8 × 10−15

(Fe(OH)2) &
4.0 × 10−38

(Fe(OH)3) [25]

3.0 (in PBS (pH 7.4;
37 ◦C)) [26].

Fe(OH)2 &
Fe(OH)3 [27]

Cerebral dopamine
monitoring [29].
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Table 1. Cont.

Material Electrical Property Dielectric
Constant (Ksp)

Dissolution Rates
(nm/h)

Dissolution
Product Applications

Zinc (Zn) Conductor
(electrodes) [19] 4.5 × 10−17 [25]

7 (in Hank’s solution)
[22]; 146 (in PBS (pH

7.4; 37 ◦C)) [26].

Zn(OH)2
[27]

Subcutaneous glucose
monitoring [4].

Molybdenum
(Mo)

Conductor
(interconnects) [19] N/A

0.3 (in Hank’s solution)
[22] ; 0.8 (in PBS (pH

7.4; 37 ◦C)) [26].

H2MoO4
[27]

Nitric oxide
monitoring [30];

Biodegradable battery
system [28].

Tungsten (W) Conductor
(electrodes) [19] N/A

1.7 (in Hank’s solution)
[22]; 6 (in PBS (pH 7.4;

37 ◦C)) [26].
H2WO4 [27]

Subcutaneous glucose
monitoring [4];
Wound healing
monitoring [31].

Silicon (Si), a well-known semiconductor, is also bioresorbable as it dissolves following
the reaction

Si + 4H2O → Si(OH)4 + 2H2, (1)

where Si(OH)4 can further form a natural component of biofluids, [SiOx(OH)4−2x]n [22,32].
Factors to influence dissolve rates have been conducted on Si [23]. In an alkaline environ-
ment, Si dissolves at a faster rate. Due to the protein adsorption on the Si surface, and its
limitation on water diffusion, Si shows relatively slower dissolution with higher protein
concentration. Nevertheless, the addition of divalent cations such as calcium ions (Ca2+)
and Mg2+ will promote the Si dissolution by increasing the deprotonate surface silanol
groups and enhancing the water–siloxane reactivity.

2.1.2. Organic Materials

Inorganic materials are satisfying in performing as functional elements; however,
there might be problems. For instance, their mechanical properties are quite different from
those of soft tissues. To prevent short circuits or device erosion, it is crucial to encapsulate
functional parts. Organic materials, such as natural or synthetic polymers, elastomers, and
hydrogels, have been used in various clinical applications, including sutures, stents, and
tissue engineering scaffolds [33–37]. In the field of biomedical electronics, organic materials
are usually considered as the encapsulations and protections with waterproof, mechanical
matching, and so on [38–40], since many organic materials are hydrophobic, and the
mechanical properties are closer to soft tissues. Other than encapsulation and protection
layers only, organic materials can also perform functional roles with or without modification.
Examples include electric units [41,42], stimuli detectors [43], drug delivery control [33],
etc. The properties can be controlled by adjusting components as desired [43–47].

Silk-derived materials are a widely used type of natural material that offers excel-
lent biocompatibility, avoids inflammation and foreign body reactions, interacts with
chromophores, and has tunable degradation rates [48–50]. Regenerated silk has ideal
piezoelectricity/triboelectricity [48,51] with a surface charge density of 1.86 µC m−2 and
an instantaneous electric power of 4.3 mW, showing potential for functional interfaces
between targeted tissues and devices.

The range of synthetic organic materials for encapsulation is large, including poly
lactic-co-glycolic acid (PLGA), poly(ε-caprolactone) (PCL), poly-l-lactic acid (PLLA), poly-
dioxanone (PDO), and polyglycolide (PGA) [52]. The hydrophilic bonds overcome the
swelling and water penetration [53]. Recently, advanced organic materials have been
synthesized to enhance the performance and longevity of biomedical electronic devices.
For instance, poly(glycolide-co-ε-caprolactone) (PGCL) improved the mechanical prop-
erties with high elongation-at-break (~1300%) and toughness (75 MJ m−3) [33]. Other
than substrate and encapsulation, some organic materials have great conductivity, tri-
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boelectricity, and semiconducting performance. The maximum conductivity of poly(3,4-
ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS) with d-sorbitol as a dopant
can reach ~600 S cm−1 [33]; the hole mobility of it with gold (Au) electrode can reach
∼0.21 cm2/V·s [53]. Moreover, some organic materials can be utilized as fluorescent agents
triggering fluorescence emission due to unsaturated conjugation and extended π-cloud
architectures [54]. Table 2 shows electrical and dissolution properties of commonly used
biodegradable organic materials and applications.

Table 2. Electrical and dissolution properties and applications of commonly used biodegradable
organic materials. N/A, not applicable.

Material Electrical Roles Dissolution Rates Applications

Silk Insulator [55] 75% in 14 days [56]. Oxygen monitoring [56];
Fibroin conductive composites [57].

Poly lactic-co-glycolic acid Insulator [55] Degradation in 8 h [58]. NOx gas monitoring [58];
Humidity monitoring [59].

Poly(lactic acid) Insulator [55] 11 h [60]. Concentration sensors, pH sensors [61];
piezoelectric film for electro sensors [60].

Poly(glycerol-co-sebacate) Insulator [55] 80% in 35 days [62]. Conductive patches in infarcted
myocardium [63].

Poly(ε-caprolactone) Insulator [55] Degradation in 15 h [29]. Cerebral dopamine monitoring [29].

Poly-l-lactic acid Insulator [55] 56 days in 74 ◦C PBS [64]. Piezoelectric force sensors [64].

Polydioxanone Insulator [55] 10% in 55 days [65]. Sensors membranes [66].

Polyglycolide Insulator [55] 17% to 40% in 55 days [67]. Glucose monitoring [68];
Leptin monitoring [69].

Poly octanediol-co-citrate Insulator [55] Degradation in weeks [70]. pH monitoring [70].

Poly(glycolide-co-ε-
caprolactone) Insulator [33] 12 weeks [33]. Encapsulation layers [33];

Synthetic molecular recognition [71].

Melanin Conductor [33,55] N/A pH monitoring [72];
Glucose monitoring [73].

Hydrogels were confirmed with (i) reliable and controllable mechanical properties,
(ii) accommodation of molecular transportation, and (iii) reactions with biological sub-
stances [74]. These unique characteristics make hydrogels a promising material candidate
for use in biomedical electronic devices in biosensing and responsive applications. Single-
network hydrogels cannot stand high mechanical loads and deform heavily, especially
with cracks or notches. Tough hydrogels with high mechanical performance are specifi-
cally synthesized with an energy dissipation network [54,75–80] or highly entangled net-
work [81]. For example, the alginate/polyacrylamide hybrid gel can be stretched to 20 times
longer without rapture, and the fracture energy is ~9000 J m−2 [78]. The highly entangled
double network (HEDN) hydrogels made of the polyacrylamide/poly(2-acrylamido-2-
methyl-1-propanesulfonicacid)/poly(acrylic acid) system perform a fracture energy of
8340 J m−2 [81]. Hydrogels can also be synthesized with additional properties, such as
stimuli-responsiveness, self-healing, antibacterial properties, adhesion, and more. This
provides the ability to function as both functional and assistant units in biosensing devices.
For example, crystalline domain cross-linked polyvinyl alcohol (PVA)/Ca2+-cross-linked
alginate shows an ionic conductivity of 1.70 S m−1 [76]. The reactions between primary
amine groups with carboxylic acid groups, along with physical chain entanglement, make
the polyethylene glycol-lactide acid diacrylate (PEG-LA-DA)/sodium alginate/chitosan
network realize robust bonds on biological surfaces [82]. By synthesizing hydrogel systems
with various monomers, they can respond and expand in different pH environments [9].
Additionally, nanomaterials can be added into nanocomposite hydrogel systems to en-
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hance mechanical performance and introduce special functionalities, which will be further
discussed in the following sections. The electrical and dissolution properties of hydrogel
systems are listed in Table 3, as well as their applications.

Table 3. Electrical and dissolution properties and applications of representative hydrogel systems.
N/A, not applicable.

Hydrogel Material Electrical Roles Dissolution Rates Applications

Alginate/polyacrylamide Conductor [83] 501 h at 80 ◦C, 50,000 ppm
NaCl solution [84].

Pressure sensors, strain
sensors [84,85].

HEDN N/A N/A Pressure sensors, strain
sensors [81].

crystalline domain cross-linked
PVA/Ca2+-cross-linked alginate Conductor [76] N/A Soft adhesive interfaces for

electrical sensors [76].

PEG-LA-DA/sodium
alginate/chitosan network Conductor [82] 20 days to several months in

PBS (pH 7.4) at 37 ◦C [82].

Soft adhesive interfaces for
optical, electrical, chemical

sensors [82].

Gelatin methacrylate (GelMA) Conductor [86] 2 to 7 h [87]. Glucose sensors [86].

PEDOT:PSS/HPU Conductor [88] 70% in 84 days [89]. pH sensors [88].

PANI-PA/SPCE Conductor [90] N/A Vitamin C sensors [90].

PANI film doped with phytic acid Conductor [91] N/A Electrical sensors [91].

It is well known that the biodegradable ability of organic materials mainly relies
on two different ways, hydrolysis, and enzymatic degradation, and most degradation
rates of organic materials are controllable by adjusting the molecular weight, chain length,
and synthesis conditions. Hydrolysis can be regarded as the decomposition reaction of
compounds in water, and the process can be summarized as the following reaction formula:

CX + H2O → COH + XH, (2)

CX is the compound participating in the reaction, and COH and XH are the products after
the reaction [92]. Hydrolysis reactions usually require acids, bases, or enzymes as catalysts
for organic compounds with macromolecular structures [93]. In the in vivo environment,
organic materials are degraded mainly by enzymatic hydrolysis reactions using enzymes as
catalysts. Depending on the composition of enzymes and organic materials, the pH value,
temperature, and solvent composition of the environment in which organic materials are
located will affect their degradation efficiency [94].

2.2. Nanomaterials

Nanomaterials have been a subject of interest for the past few decades due to their
unique properties and strong structural stability. Unlike bulk materials, nanomaterials
are very small, and range from 1 to 100 nm with a large surface-to-volume ratio, allowing
for changes in properties through small modifications and bindings. The binding process
could happen via covalent anchor groups, electrostatic interactions, π-stacking interactions,
and other mechanisms [95]. The chemically tailorable physical and binding properties
make nanomaterials a good choice for bioconjugation and cellular labeling [96]. Moreover,
nanomaterials show advantages of high and broad adsorption, strong fluorescence quench-
ing and oxidizability, high catalytic activity, and biodegradation [97]. Nanomaterials can be
classified into four types: (i) Carbon-based nanomaterials, mostly shown in hollow lines,
spheres, and other geometric shapes. This type includes materials such as diamond, carbon
nanotubes (CNTs), carbon nanofibers, and graphene. (ii) Inorganic nanomaterials are metal
and metal oxide nanoparticles (NPs) and nanosemiconductor materials. This type includes
materials such as metal nanoparticles gold (Au) and silver (Ag), oxide nanoparticles ZnO,
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and semiconductors such as silicon nanomembranes (NMs). (iii) Organic nanomaterials are
mainly made of organic substances, such as dendrimers, micelles, liposomes, and polymer
nanoparticles. (iv) Composite nanomaterials are multiphase nanoparticles in which one
phase is composed of other nanomaterials or bulk materials. Such materials can be any
combination of carbon-based, metal-based, or organic-based nanomaterials with any form
of metal, ceramic, or polymer [98,99]. Some studies indicate that nanoparticles, like small
Au NPs, can be directly phagocytosed by phagocytes [100]. On the other hand, some
nanomaterials perform biodegradation, such as Si NMs, Zn NPs, and so on.

Surface plasmon resonance imaging (SPRi) is one of the most well-developed biosens-
ing technologies. Such technology relies on the excitations of surface plasmons due to
photon incident light [101]. However, detecting signals can be difficult due to the strict
conditions required [101]. To overcome this challenge, metal nanoparticles are used due
to their large surface area and high affinity with specific chemical groups [102]. They can
also conjugate with specific molecules such as antibodies and enzymes, allowing them
to act as molecular sensors and detect biomarkers [102,103]. Immobilizing enzymes onto
nanosupports increases enzyme turnover and extends their lifetime [103]. Additionally,
nanomaterials take part in multiple biological reactions, such as redox, where they mainly
play the role of catalyst [29,104]. Other than sensing ability, some nanoparticles show
potential for energy transfer as well. Recent examples include laser-induced heating of
cholesteric liquid crystal (CLC) microdroplets [105] and pseudocapacitive nanoparticles
to achieve energy storage [106]. On the other hand, nanomembranes may have the poten-
tial to serve as physical sensing and soft substrates. Si-based NMs are one family of the
most popular nanomembranes. The properties of these nanomembranes have a sensitive
responsibility to external physical stimuli. Thermal, temperature, and pressure may cause
the shift of resonance peaks because of the thermal–optical effect and configuration change
or resistance change following a linear relationship. After doping, Si NMs can serve as a
semiconductor, transducing other signals, such as ionic current and transmitted light, into
electrical signals, serving as recording electrodes [107] or photodetectors [6], respectively.
Furthermore, because of their great flexibility and soft modulus, nanomembranes can serve
as the substrate for implantable biological devices [16,29].

Nanomaterials are often integrated with other materials to realize free-standing abil-
ity and expansion of functionalization. As mentioned above, integrating nanomaterials
with hydrogels forms novel hydrogel systems as nanocomposite hydrogels. For instance,
the addition of nanofillers improves the mechanical properties of hydrogels due to the
noncovalent interactions [75]; the deployment of nanoparticles brings remarkable adhe-
sion ability [108]; the integration with fluorescent nanomaterials realizes robust sensing
hydrogels [54].

Typically, the chemical properties of absorbable materials will cause some toxicity to
biological tissues. However, it is worth noting that many studies have shown that the shape,
size, and surface properties of nanomaterials may exacerbate their toxicity [109]. Among
them, nanomaterials’ small molecule size characteristics were found to affect the induction
process of toxicity significantly [110]. Smaller nanomaterials exhibit higher toxicity than
more significant nanomaterials, resulting in greater susceptibility to mitochondrial and
lysosomal dysfunction, genotoxicity, cell cycle arrest, and apoptosis [111]. At the same time,
multiple physicochemical properties of nanomaterials can cooperate with or antagonize
each other, which makes it very difficult to verify the causal relationship between the
toxicity of nanomaterials and their physical and chemical properties [109]. Therefore,
the safety of absorbable materials using nanomaterials still needs to be carefully and
responsibly evaluated.
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2.3. Fabrications

Microscale devices can be fabricated through several techniques like transfer print-
ing [112], physical vapor deposition [113,114], laser cutting [115], and additive printing [48].
With the development of new materials and applications for implantable biomedical de-
vices, novel fabrication approaches are also emerging. Printing technologies are still one of
the mainstream technologies. Digital printing techniques can be applied to inorganic and
organic materials and nanomaterials. Paste-like materials, such as carbon and metals, can
be screen-printed after being mixed with specific organic solutions, and organic solutions
such as PEDOT:PSS can be inkjet-printed onto substrates to achieve fully printable devices.
Several challenges should be addressed during device printing. The first challenge is
the adhesion between ink and substrates. Fumeaux et al. modified PLA substrates with
coating and oxygen plasma treatment to obtain an appropriate contact angle [41]. Another
challenge comes from the electrical performance after printing. Fumeaux et al. modi-
fied PEDOT:PSS with dimethyl sulfoxide to increase cohesion and create PEDOT:PSS-rich
domains [41]. However, there are some limitations to screen and inkjet printing. The
resolution of screen printing is lower, with thicker depositions and required patterned
masks. The viscosity of ink materials for inkjet printing is narrow, lower than that of poly-
imide [116,117]. Thus, Herbert et al. selected the aerosol jet printing (AJP) technique [16],
which aerosolized functional ink and delivered it to the substrate via a carrier gas [118].
APJ is a printing technique with a wide range of ink selections (1 to 2500 cP of viscosi-
ties) without requiring mask fabrications. APJ realized rapid, high-resolution printing
for both conductive nanoparticle inks and polymer inks for micro-scaled devices. Three-
dimensional (3D) printing allows multi-material device fabrication, precise definition, and
control of complex internal microstructures, so it is also widely used to fabricate biomedical
devices [48,119–121].

In addition to simply digitally printing devices, some research has combined this
with other technologies. Li. et al. deployed hot-rolling and photonic sintering with
screen printing [122]. Hot-rolling shrinks the volume of nanoparticles, therefore increasing
the spontaneous bonding and enhancing the tunneling effect. They also developed a
water-sintering technique that created a weakly acidic environment that released metal
ions and allowed a galvanic reaction between Mo and W, redepositing Mo onto both
Mo microparticles and W microparticles. These mechanisms improved the conductive
properties of metal pastes [4]. Shou et al. demonstrated a technique using confined
evaporation–condensation to mediate laser printing and sintering of Zn NPs [123]. They
used high-speed laser scanning to form high-crystallinity Zn NPs while heating the Zn
NPs into evaporation within a confined space. Oxide layers delayed the coalescence of
Zn particles, and the evaporation of core dominated. When Zn vapor escaped through a
confined gap smaller than 1 µm and reached the cold substrate, no significant collisions
with other atoms were observed. Thus, printing quality by this technique is similar to that
by thermal evaporation under vacuum, increasing the conductivity.

Other than printing approaches, Yang et al. developed a new high-speed, scanned,
picosecond-pulsed laser ablation approach for multilayered biodegradable devices [124].
Such laser ablation could achieve patterning, thinning, and cutting of defined geometries
with high resolution and minimal damage to underlying layers, since all processes occur
in a fast, dry process with minimal thermal load. It is a highlighted progress compared to
the conventional laser cutting technique. The ablated thickness reduction can be precisely
controlled by adjusting the average power, scanning speed, frequency, and the number
of repetitions according to the target materials. The high speed of laser ablation ensures
the limitation of thermal diffusive zones, reducing the overtreatment. As the proof-of-
concept, biodegradable microvascular flow sensing probes, electrocorticogram (ECoG)
recording electrodes, and cardiac monitoring systems were fabricated successfully with
desired sensing functions.
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Another novel fabrication technique was developed by Wu et al., named the sewing
technique [125]. Compared with the traditional fabrication processes, the sewing tech-
nique avoids high temperatures and reactive solvents, which is a key improvement for
bioresorbable device fabrications. Here, the biodegradable metal wire (W) serves as the
bobbin, and the polymeric filament (PVA) serves as the needle thread. An interlocking
stitch inside the hole created by the needle penetration can be made between the needle
thread and the bobbin thread through the shuttle hook interlacing. Controlled by the spe-
cific software, desired geometries, automation, and high speed can be achieved. Defining
proper thread tension is important to make sure that it does not tear through the edges of
the holes, which will result in local plastic deformation. Using the sewing technique, they
successfully fabricated stretchable interconnections, coil antennas, and stretchable wireless
cardiac pacemakers.

3. Recent Developments in Implantable and Semi-Implantable Biosensing

Implantable and semi-implantable biosensors provide local information, especially
for deep tissues, without environmental effects. In the past several decades, implantable
and semi-implantable biosensors were developed to achieve various functions, including
chemical, physical, and even biological information. In this section, different types of
recently developed biosensors are introduced.

3.1. Chemical and Biomarker Sensors

Chemical and biomarker sensing is one of the most direct approaches for physiological
monitoring, achieving health status assessment, disease diagnosis, and postoperative
intervention determinations [19]. Vital chemicals and biomarkers exist in biofluids, such as
sweat, urine, blood plasma, cerebrospinal fluid, etc.

3.1.1. Glucose Sensors

Glucose is one of the leading energy suppliers to humans. However, the cellular
uptake or storage of glucose in patients with diabetes can be impaired. Patients with
diabetes face a high threat to life. According to WHO, about 1.5 million deaths were directly
caused by diabetes in 2019, and half of those occurred before the age of 70. Diabetes also
causes complications such as kidney, cardiovascular diseases, and hypoglycemia, which
could result in acute brain and heart damage [126].

Because of the reliability of glucose oxidation by glucose oxidase (GOx), most im-
plantable glucose sensors are enzyme-based electrochemical sensors. This redox reaction
produces hydrogen peroxide (H2O2) and generates electrons, transferring the glucose
concentration to measurable electrical signals. GOx can be directly coated onto working
electrodes such as Zn [4] and carbon [49]. Molinnus et al. screen-printed carbon electrodes
onto biodegradable and biocompatible fibroin substrates, assembled with GOx membrane,
and realized glucose monitoring at 0.5 to 4 mM [49]. Their devices maintained the per-
formance for up to around 1 year with negligible cross-sensitivity toward ascorbic acid,
noradrenaline, and adrenaline. Similarly, Li J. et al. assembled Zn-working electrodes (Zn
WE) coated with GOx, Mo-counter electrodes (Mo CE), and Mo-W reference electrodes
(Mo-W RE) to achieve real-time glucose monitoring, as Figure 2a,b show [4]. The working
period can reach 5 days in vivo by applying a sacrificial Zn layer. The sensing range of
glucose concentration is 0 to 25 mM with a sensitivity of 0.2458 µA/mM. Fumeaux et al.
made some progress on organic electrochemical transistors (OECTs) with biodegradable
materials, including PEDOT:PSS, carbon, and Zn [41]. The high surface area and good
electron transfer of carbon allow such glucose sensors to monitor the glucose level at the
range of 1 µM to 1 mM with a sensitivity of − 3.4 ± 0.6%/dec. To expand the potential
of the glucose sensors, Luo et al. exploited a closed-loop diabetes minipad with hollow
biodegradable microneedles, which integrate glucose sensing and insulin release [127].
They selected natural biodegradable materials, chitosan as the hollow microneedle array,
and deposited Au and Ag as wording and reference electrodes, respectively, with the
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coating of GOx. Insulin was stored inside the hollow microneedles and electroosmoti-
cally pumped by polycarbonate film with nanopores. The needle array was inserted into
the skin within 1 mm, which does not touch nerve endings and the capillary bed in the
lower dermis. The sensor could sense the glucose concentration up to 20 mM with the
sensitivity of 0.311 µA/mM. Signals could be sent back to the control unit and lead to
the insulin release. Nanomaterials improved the current captures when integrated with
enzyme-based electrodes [103], and usually serve as the catalyst of oxidation of glucose by
GOx since a large number of binding sites can be provided, as mentioned before [104]. Fang
et al. designed microneedle electrodes made of copper nanoflowers, Nafion, GOx, and
polyurethane (Figure 2c–e) [128]. The glucose sensors showed desired properties, with a
sensing range of 0 to 20 mM and a sensitivity of 42.38 nA/mM. Jayakumar et al. employed
multiwalled carbon nanotubes (MWCNTs) in the sensors, increasing the current density
and surface coverage of enzymes or mediators [103]. As a result, their sensors had a 146%
improvement in current density compared to the similar systems without nanomaterials.
Xie S. et al. utilized the fluorescence quenching quantum dots (QDs) to detect glucose [54].
H2O2 can fluorescence quench specific QDs (CdSe/ZnS). The electron hole of QDs can
serve as the acceptor and cause electron-transfer reactions with H2O2. The nonfluores-
cent CdSe anion thereby forms and decreases the fluorescent intensity of the QD-GOx.
Specially, they developed a microfluidic method to fabricate water/oil/water droplets
and polymerize them by UV exposure. Nanomaterials and organic solution containing
photocurable polymers were injected into two separated tapered cylindrical capillaries as
inner and middle phase, respectively. An aqueous solution with surfactant was injected in
collection capillaries to form double emulsion drops and these were exposed under UV to
form sensors.

Some nonenzymatic glucose-sensing approaches were also developed, converting
glucose information into optical or fluorescence signals. Bai et al. used PLGA-encapsulated
monocrystalline Si (m-Si) to realize continuous glucose monitoring [129]. Si has a high
refractive index, so the optical mode confinement is tight at sub-micron scales. Light can
be delivered to the target precisely at dimensions as small as a single cell. Near-infrared
light absorbed by tissues produces spectral signatures because of the overtones and com-
binations of molecular vibrations from specific chemical groups, providing information
about chemical composition. Their sensors successfully detected glucose concentrations as
a function of optical returning loss due to chemical groups, especially at 1160 and 1330 nm
wavelengths. The detection range is 120 to 180 mg/dL with a 15 mg/dL sensitivity. Sang
et al. integrated biodegradable glucose-responsive fluorescent monomer (BGF) into silk
microneedle arrays [3]. The novel BGF provides diboronic acid as the recognition site
for binding glucose and anthracene, emitting fluorescence. When glucose binds with di-
boronic acid, the reaction between boron and nitrogen prohibits the photoinduced electron
transfer and shows strong anthracene fluorescence (Figure 2f). The range of their sensors
is 50 mg/dL to 450 mg/dL, and continuous monitoring can be satisfied, as Figure 2g
illustrates. They further developed a user-friendly home diagnosis system by integrating a
light source of 405 nm light-emitting diode array and a 450 nm optical long-pass filter with
a smartphone. The system converted the fluorescence image to visible RGB signals that
allow patients to analyze glucose levels easily.
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permission from AAAS. (c–e) Schematic illustration, photo and sensing results of needle-type mi-
croelectrode for glucose sensing. Reprinted with permission from ref. [128]. Copyright 2018 El-
sevier. (f–l) Optical-based chemical and biomarker sensors. (f,g) Photo, schematic illustration,
and sensing results of the biodegradable microneedle sensor array. From ref. [3]. © The au-
thors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license
http://creativecommons.org/licenses/by-nc/4.0/ (accessed on 25 June 2024). Reprinted with per-
mission from AAAS. (h,i) Photo, schematic illustration, and sensing results of the flexible transient
optical waveguides and surface-wave biosensors constructed from monocrystalline silicon. Reprinted
with permission from ref. [129]. Copyright 2018 Wiley-VCH. (j–l) Schematic illustration, photo and
sensing results of bioresorbable lifetime-based phosphorescent oxygen sensors. Reprinted with
permission from ref. [50]. Copyright 2023 Elsevier.

3.1.2. Sensors for Other Chemicals and Biomarkers

Mechanisms of chemical and biomarker sensors can be similar to those of electro-
chemical, optical, and fluorescent sensors. For instance, Mehrotra et al. demonstrated an
electrode system to detect oxytocin [130]. They incorporated biodegradable chitosan with
carbon nanofibers and functionalized WE with the antibody to oxytocin-neurophysin I. Af-
ter trapping oxytocin molecules, the surface coverage of WE increases so that the resistance
to electron transfer increases. Therefore, the charge-transfer resistance increases and can be
measured with electrochemical impedance spectroscopy. The sensors are sensitive to detect
oxytocin of 24.98 ± 11.37 pg/mL with a sensitivity of 2.77 × 10–10 Ω/log ng mL−1/mm2.
Xu M. et al. designed a three-electrode sensor fabricated with only organic materials (or-
ganic electrodes, OE) [42]. They used PEDOT:PSS as the conductive unit and silk fibroin
as the support substrate. OE can detect the current change due to the redox reaction
between ascorbic acid and electrodes as a linear function with ascorbic acid concentration
up to 49.2 µM. The signals can be amplified since redox reactions happen on WE, CE,
and RE simultaneously. After binding with antibodies, such as anti-VEGF165 antibod-
ies, corresponding factors, such as VEGF, can be detected by electrochemical impedance
spectroscopy since the resistance to electron transfer increases after the binding between
antigens and antibodies [131]. Xie X. et al. developed a nanosensor that can monitor blood
oxygen saturation and detect heparin by using gold nanorods (NRs) [132]. The absorption
band of NRs changes due to the aggregation caused by the conjugation between the amine
groups from heparin and NRs. Oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) have
different absorption spectra, thereby the oxygen saturation (StO2) can be calculated by the
ratio between the (HbO2) and total hemoglobin (Hb + HbO2) [133,134]. The m-Si-based
sensors developed by Bai et al. (Figure 2h) can detect not only glucose but also blood StO2
by analyzing the absorption peak at 1050 and 1200 nm [129]. The transmission at both
the two wavelengths shows a linear relationship with the StO2 and realizes continuous
monitoring (Figure 2i). Similarly, Guo H. et al. developed a wireless implantable optical
probe with two photodetectors [5]. StO2 can be calculated by the light absorption coeffi-
cient at the emission wavelength (660 nm and 850 nm) based on the gradient of absorbance.
They also designed biodegradable barbs by PLGA to ensure mechanical stability at the
implantation site and safe post-operation extraction. Their probes provide satisfactory
performance at the porcine flap and kidney model, with successful detection of ischemia
and congestion status. These StO2 sensors show desired prospects to ensure smooth blood
flow to succeed in flap and kidney transplantation and track the cardiopulmonary health
of patients after cardiothoracic surgery [135]. In addition to StO2 measurement, Presley
et al. developed a silk-chromophore oxygen sensor (Figure 2j) that provides another pos-
sibility for life-threatening disease [50]. They fabricated films and sponges with silk and
Pd (II) tetramethacrylated benzoporphyrin (PdBMAP), as Figure 2k shows. PdBMAP is an
oxygen-sensitive chromophore whose phosphorescence intensity is inversely proportional
to the oxygen concentration as follows:

I0/I = 1 + KSV [O2], (3)

http://creativecommons.org/licenses/by-nc/4.0/
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where KSV is the Stern–Volmer quenching rate constant. They calibrated the phospho-
rescence decay curves with different oxygen concentrations and concluded Stern–Volmer
plots of phosphorescence lifetime versus oxygen concentration. After that, they implanted
silk-PdBMAP films and sponges into rodent models and realized continuous oxygen con-
centration monitoring (Figure 2l) for up to 4 weeks.

3.2. pH Sensors

Maintaining pH at homeostasis is vital for health. Imbalances in pH cause severe
problems, such as ischemia, kidney disease, mental illness, etc. [136,137]. pH value can
also indicate the health status. For instance, infections after surgery usually produce an
acid environment that lowers the pH from 7.5 to 6.7 [138]. Lower pH may also suggest
cancer [139] or cardiac disease [140]. Amsel’s criteria indicate that vaginal pH higher
than 4.5 can be considered bacterial vaginosis [141]. Moreover, failure of gastrointestinal
surgeries may cause anastomotic leakages, which change the abdominal pH values and
affect other organs [142]. In this case, continuous real-time pH sensors call for interest in
the field of implantable biomedical devices.

It is well known that pH values depend on the concentration of hydrogen and hydrox-
ide ions. Different strategies are developed to measure their concentrations. One strategy
is to convert ion concentrations to electrical signals. Nanomaterials are usually involved
in such sensor designs. For instance, Chou et al. developed a flexible polypropylene mi-
cromembrane (PPMM) deposited with iridium(IV) oxide (IrO2) NPs [143]. The introduction
of IrO2 brings pH response ability due to the redox reactions, and the pH values influence
the redox potentials. They pointed out that their sensors can respond at the range of pH 2
to 12 with a sensitivity of −74.45 mV/pH unit. Meanwhile, the sensor performed fatigue
resistance within 5000 bending cycles and showed excellent biocompatibility. Ming et al.
utilized the pH-dependent reversible charge transfer of PANI, decorating it with Au NP
and platinum (Pt) black to increase the surface area and conductivity. The resulting sensor
showed a sensing range of pH 4.0 to 9.0 with a sensitivity of −57.4 ± 2 mV/pH unit.

In addition to electrochemical methods, some hydrogels perform pH-responsibility.
One example is polyacrylic acid (PAA)-based hydrogel. The presence of carboxylic acid side
groups makes PAA hydrogel show volume change based on the pH of the surroundings. A
high-pH environment deprotonates carboxylic acid groups, making it negatively charged
as carboxylate ions [144]. Because of the increased electrostatic repulsions between bound
charges, accompanied by osmotic pressure, the PAA hydrogel has a swelling behavior in the
more alkaline environment [145]. Based on this mechanism, Wijayaratna et al. embedded a
radiodense tantalum bead and tungsten wire at a specific length to monitor the pH-caused
volume change on the hydrogel [138]. X-ray images can detect the change in the length and
they showed a sensitivity of 3 mm/pH unit between pH 4 and 8. They attached such a pH
sensor to an explanted prosthetic hip, therefore detecting the infection status by monitoring
pH levels between 6.5 and 7.5. Li S. et al. designed a wireless passive gastric leakage
detector [146]. They copolymerized 2-(diisopropylamino)ethyl methacrylate (DPAEMA)
and poly(ethylene glycol)diacrylate (PEGDA) to form PDAEMA-PEGDA with the pKa (Ka
is the acid dissociation constant) around 6.3, and embedded an inductive coil made of Zn,
as Figure 3a shows. The protonated tertiary amine units cause protonation and, therefore,
increase the electrostatic repulsive forces and osmotic pressure. After swelling in a low-pH
environment, the inductive coil expands, and the inductance (L) increases. The changes in
resonance frequency (fs) following

fs = 1/
(

2π
√LC

)
, (4)

can be measured to determine the pH values (Figure 3b). To expand the sensing range and
realize rapid detection to deep tissues, Liu et al. expanded the sensing range and developed
hydrogel–metal systems, as Figure 3c illustrates, to detect anastomotic leakages after gas-
trointestinal surgeries [9]. They targeted gastric (pH~1), intestinal (pH = 6.8), and pancreatic
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(pH > 7.4) leakage. The mechanism for pancreatic leakage detection is similar to the descrip-
tion above, relying on the carboxyl protonation of PAA. The crosslinking with hydrophobic
butyl acrylate units hinders the protonation of carboxyl groups around the original pKa
of the acrylic acid moieties and shifts the swelling transition to values larger than a pH of
7.4. On the other hand, since the leakage of gastric and the small intestine is more acidic,
they employed poly [2-(dimethylamino)ethyl methacrylate-co-2-(diisopropylamino)ethyl
methacrylate] ([p(DMAEMA-DPAEMA)]) with PEGDA. DMAEMA and DPAEMA contain
tertiary amine moieties that undergo protonation and subsequent changes in osmotic pres-
sure as the pH decreases. They embedded Zn disks between two lays of hydrogels with a
thickness of 25 µm. The sensors were small enough to be implanted with a size of 4 mm
and thickness of 200 µm. Other than X-ray, they selected ultrasound to characterize the
length change of Zn disks since ultrasound can be bed-sided without damaging patients.
They demonstrated successful pH-based leakage detection on all three target organs in
both rodent and porcine models (Figure 3d), proving the ability of rapid leakage detection
even in deep tissues up to the depth of 15 cm.
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rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://
creativecommons.org/licenses/by-nc/4.0/ (accessed on 25 June 2024). Reprinted with permission
from AAAS. (c,d) Schematic illustration, photo and sensing results of the bioresorbable shape-
adaptive pH sensors for ultrasonic monitoring of deep-tissue homeostasis. * p < 0.05, ** p < 0.01.
From ref. [9]. Reprinted with permission from AAAS. (e–h) Materials, schematic illustration, photo
and sensing results of the wireless and flexible optoelectronic system for in situ monitoring of vaginal
pH. Reprinted with permission from ref. [141]. Copyright 2023 Wiley-VCH.

Fluorescent properties can also be utilized as pH sensors. Gurkov et al. modified
a pH-sensitive fluorescent dye, SNAFR-1, conjugated with dextran as a pH-sensitive
probe (SNAFR-1-D) [147]. The probe can be trapped by semipermeable shells due to the
conjugation of the dextran, forming microencapsulated biomarkers (MBMs). The excitation
wavelength of SNARF-1 is 560 nm, while the emission wavelengths are 587 nm and 627 nm.
The sensitive dye shows the linear change in the ratio between the two peaks in pH 6 to 9.
Thus, the pH can be determined by characterizing the intensity ratios at the peak of 587 nm
and peak of 627 nm. As a proof-of-concept, they injected the MBMs into the pericardium
of the zebrafish embryo, claiming the biocompatibility of such sensors without any effect
on the embryo development, and moved along the smallest capillaries without disruption
of the blood flow [148]. The sensors could detect the pH change successfully. Due to the
size of MBMs, they are applicable to obtain signals from a single microcapsule with optical
microscopy. Corsi et al. labeled poly-allylamine-hydrochloride (PAH) and poly-methacrylic-
acid (PMAA) with a pH-sensitive fluorophore, Rhodamine-B (Rh), forming PAH:Rh and
PMAA:Rh as positive and negative polyelectrolytes, respectively. These two functional
layers were stacked onto a PLGA substrate after nanostructured porous silicon (nPSi)
membrane assembly. The fluorescence showed a linear function of the pH value in the pH
4 to 7.5 due to the volume change of the polymer multilayers. The utilization of the nPSi
reduced the toxicity and solubility of the fluorophores, therefore improving the functionality
and biocompatibility [149]. Similarly, Paghi et al. assembled nPSi with pH-responsive
fluorescent positive and negative polyelectrolyte stacks, as Figure 3e demonstrates [141].
They further integrated the pH sensors with miniaturized driving/readout optoelectronic
circuits (light-emitting diode–photodetector pairs, LED–PD) and data acquisition systems
encapsulated in polydimethylsiloxane (PDMS) rings to form the sensing vaginal rings, as
Figure 3f,g show. The LED–PD realizes the excitation to the pH sensor and fluorescence
emission collection. The photocurrent is then converted into a pH-dependent voltage signal
and visualized to users (Figure 3h). The sensing vaginal rings can be placed inside the
vagina and continuously work for up to 4 days. Such rings help to diagnose and manage
bacterial vaginosis in females.

3.3. Temperature and Thermal Sensors

Most biological activities are performed under specific temperatures; this characteris-
tic is also reflected in pathological changes, such as inflammation. Based on this feature,
temperature measurement can be used to diagnose diseases such as traumatic brain injury,
cardiovascular abnormalities, glaucoma, and neurogenic bladder dysfunction [144]. Al-
though plenty of skin temperature sensors have been invented, they can only represent
the inner body temperature indirectly and partially since normal body temperature does
not mean a person is entirely healthy [150]. In situ temperature sensing provides more
accurate and local temperature information, so implantable temperature sensors appeal to
many interests. Moreover, temperature sensors are often integrated with other biomedical
devices to realize more functions, such as controlled drug delivery. Shin J-W et al. designed
a biodegradable electronic suture system with drug elution [33]. The suture consists of drug
elution, heating threads, and a temperature sensor by W/Mg. The temperature monitoring
ensures controlled drug delivery without extra injury due to overheating.

http://creativecommons.org/licenses/by-nc/4.0/
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Several mechanisms are employed to design temperature sensors. One commonly
used mechanism is utilizing the thermal effect on the electrical resistance. The resistance of
sensing materials shows a relationship with temperature as follows:

R = R0(1 + α(T − T0)), (5)

where R is the resistance at temperature T, R0 is the initial resistance at temperature T0,
and α is the temperature coefficient of resistance (TCR) [20]. Recently, Zhao et al. deployed
germanium nanomembranes as the active materials, shown in Figure 4a,b, because of the
elimination of gaseous products, small forbidden bandwidth, and large carrier mobility [20].
Germanium nanomembranes were transferred and adhered onto spin-on-glass layers
and assembled with metal bottom substrates, SiO2 insulator layers, Au nanomembrane
electrodes, and SiO2 top encapsulation layers. The temperature sensor performed a high
TCR of 2.4 × 10–3, a desired sensitivity of 105 Ω/◦C, and a good resolution of 0.1 ◦C
(Figure 4c). The TCR can be enhanced by doping since germanium is a semiconductor.
The inductor–capacitor (LC)-based mechanism could also be applied if the materials show
temperature-sensitive properties. For example, Lu et al. deployed polyethylene glycol
(PEG) as the sensor unit since the dielectric constant (εr) shows a strong temperature
dependence near body temperatures [151]. By integrating with the Mg inductor, the
temperature sensor could monitor the body temperature with desired precision, accuracy,
and drift performance.

Optical-based temperature sensors were also extensively developed using Fabry–Pérot
(FP) cavity structures. The resonant peak wavelength (λq) of the qth order of an FP cavity is

λq =
2nt
q

, (6)

where n is the refractive index, and t is the thickness of the cavity. TCR can be expressed as

α =
1
t

dt
dT

, (7)

By differentiating Equation (6) and combining it with Equation (7), the relationship
can be determined as follows [152]:

d
dT

λq =
2t
q

(
dn
dT

+ αn
)

(8)

If the second component can be neglected, then the resonant wavelength shift with
temperature positively correlates to the thermo-optical coefficient. Shin J. et al. designed
a Fabry–Pérot interferometer (FPI) sensor for temperature and temperature sensing, as
Figure 4d,e show [153]. The components of the FPI sensor include top and bottom thermally
grown SiO2, a Si NM, an amorphous SiO2 adhesion layer, and a Si slab. Focused on
temperature sensing, the increase in temperature redshifts the FP resonance peaks since
the Si-based NM has a positive thermo-optic coefficient. The temperature sensor has a
responsivity of 0.090 nm/◦C, and the sensing range is between 27 ◦C and 46 ◦C with an
accuracy of ±0.12 ◦C (Figure 4f). Bai et al. also used Si-related NMs to fabricate implantable
temperature sensors. Here, they stacked SiO2 and SiNx layers and assembled the stack with
a Si layer on a PLGA substrate to form a multilayer reflective photonic cavity structure. The
SiO2 and SiNx layers serve as a distributed Bragg reflector (DBR) defect cavity, while the
Si layer serves as an FP cavity. The exploitation of the DBR and FP cavities eliminates the
problem resulting from the incident light angles. From the refractive spectra, one peak can
determine the incident angle under DBR defect mode, and another peak can determine the
temperature under an adjacent FP mode. Implanting such a temperature sensor into the
rodent model, their devices detected the temperature of awake mice with a measurement
accuracy of 0.2 ◦C and a precision of 0.1 ◦C. Franklin et al. fabricated a CLC microdroplet
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(Figure 4g,h) [105]. Temperature influences the pitch of the CLC molecular helix a lot due to
intermolecular distance and order. Thus, the resonant wavelength of the cavity determined
by intermolecular distance and order can represent the temperature change. The CLC
is biodegradable since it mainly consists of cholesteryl ester. The components of CLC
determine the sensitivity of the sensors, which ranges from −300 to 4 nm/◦C (Figure 4i).
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3.4. Pressure and Strain Sensors

Mechanical sensors are crucial in providing information to diagnose a range of condi-
tions, from normal to life-threatening. For example, they can help avoid bone growth hin-
drance after implanting bone fixation plates [113], identify vascular occlusion events [154],
and monitor tumor progress [155,156].

Various strategies have been developed to design mechanical sensors such as pressure
and strain sensors. One reliable strategy for creating passive resonance sensors is LC
circuits. As shown in Equation (4), changes in capacitance (C) can shift the resonance fre-
quency. Resonance pressure sensors generally use two deformable, conductive membranes
as parallel plate capacitors, where the distance between the plates affects capacitance. Thus,
as the pressure increases, the distance between the plates reduces, resulting in detectable

http://creativecommons.org/licenses/by-nc/4.0/
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resonance frequency shifting. A recent study by Palmroth et al. demonstrated the design of
a pressure sensor based on LC circuits using bioactive-glass-based materials and encap-
sulation films with atomic layer deposition [113]. The use of bioactive glass allows strong
bonding interfaces between implants and bones, release of soluble ions, and stimulation of
osteogenic cells to promote bone growth. The sensors were fabricated with S53P4 glass sub-
strates, biodegradable metal conductors, and spin-coated poly(desaminotyrosyl-tyrosine
ethyl ester carbonate) (PDTEC) dielectric layers. Using different metals, the sensitivity
range was realized between −5.1 and −9.4 kHz/mmHg, with a maximum detecting dis-
tance of up to 15 mm. Herbert et al. applied the same mechanism to fabricate strain sensors
by placing Ag NPS onto polyimide substrates using the AJP approach [16]. These flexible
strain sensors were used to detect the stiffness of cardiac tissue, facilitating the diagnosis of
atherosclerosis (Figure 5a,b). The strain sensors showed a wide sensing range larger than 2
to 5%, which is the maximum expected artery wall strain, and the sensitivity was high at
over 1.5.
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Biodegradable triboelectric sensors (BTSs) and piezoelectric sensors (BPSs) were also
developed since they convert pressure into electrical signals. Triboelectric materials pro-
duce charge transfer with friction forces. Thus, some BTSs contain cavities between two
triboelectric layers. As pressure increases, the two layers contact and rub with each other,
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generating charge transfer and, thereby, output of electric signals. The pressure change
(∆P) can be calculated by

∆P =
nRTε0

x0σ
Uoc, (9)

where n represents the number of moles, R represents the universal gas constant, T rep-
resents the temperature, ε0 represents the permittivity of the vacuum, x0 represents the
initial displacement, σ represents surface charge density, and Uoc represents the open-circuit
voltage [154]. For instance, Ouyang et al. paired poly(lactic acid)–(chitosan 4%) (PLA/C)
and Mg as the triboelectric layers [152]. After contacting and rubbing, the electrons on
the Mg surface transfer to the PLA/C surface and output the open circuit voltage. They
successfully applied the sensors to both the small animal model detecting dyspnea events
and the large model detecting arrhythmia events and monitoring blood pressure. The sen-
sor shows desired properties with a service efficiency of 6%, sensitivity of 11 mV/mmHg,
and durability of 450,000 cycles. Similarly, Li Z. et al. modified PLA/C with sodium
alginate (PLA/C/SA) to improve the roughness due to the hemispherical micro–nano
structure [157]. Fe and PLA/C/SA were used as triboelectric layers (Figure 5d). The sensor
improved its sensitivity to 22.61 mV/mmHg and its durability to 850,000 cycles. They
tested the pressure sensors with the small animal model and detected abnormal respiratory
events (Figure 5e). Apart from triboelectric materials, piezoelectric materials also convert
mechanical properties to electrical signals. Chielsa et al. employed silk as the piezoelec-
tric material, modified with graphene/tannin to improve the electrical, mechanical, and
adhesive properties [48]. Adhering to the intestine, voltages can be measured to detect
gastrointestinal motility for up to 21 days.

Some materials show resistance changes sensitive to the strain, which is another
mechanism for mechanical sensors. The gauge factor (GF) can be determined by

GF =
∆R/R
∆L/L

=
∆R/R

ε
= 1 + 2υ +

∆ρ/ρ

ε
(10)

Here, ∆R is the change in strain resistance, R is the unstrained resistance, ∆L is the change
in length, L is the original length, ν is the Poisson’s ratio, ρ is the resistivity, and ε is the
strain [158]. As the equation shows, GF shows inversely proportional relationships to
the strain and thereby converts strain into electrical signals. Qiao et al. synthesized a
gelatin/polyacrylamide double-network hydrogel doped with Mg2+ and Ca2+ ions [158].
The hydrogel withstands strains up to 5000% before failure with a tensile strength of
1.71 MPa and shows sensitive changes in the resistivity due to the deformation of the
hydrogel. The GF changes from 1.63 to 6.85 for the strains of 100% to 2100% with 20 mM of
Ca2+ doping. Kang et al. synthesized another double-network hydrogel of PVA/PAA, filled
by CNT nanofillers with the GF of 1.12 [159]. The nanofillers adjust the hydrogel moduli to
match the target soft tissue, with a conductivity of 20 S/m, a stretchability of 1000% strain,
and a toughness of 400 to 731 kJ/m3. The germanium nanomembranes developed by Zhao
et al. also show a similar ability to detect strain change with an estimated GF of 27 [20].
Such sensors can simultaneously measure the temperature and strain after calibration.

Mechanical sensors can be used for monitoring purposes in addition to temperature
sensors, and thereby can serve other functions such as drug delivery. For example, Kaveti
et al. developed an electronic surgical mesh that has pressure-monitoring capabilities along
with on-demand drug delivery [52]. The system consists of two components: (i) a pressure-
monitoring unit made of asymmetric Mg double-coils and a ZnO/PLCL dielectric layer,
and (ii) a drug delivery system consisting of a Mg inductive coil, a Mg microheater, and a
Mg/SiO2/Mg capacitor. The pressure sensors have a sensitivity of 1.2 kPa−1, and the drug
delivery system can release 88% of the drug within 3 days, driven under 42 ◦C. The mesh
was implanted into rats with an abdominal hernia repair model, and pressure monitoring
was performed for up to 15 days. The on-demand drug delivery was demonstrated
to enhance the healing process and improve inflammation and fibrosis degrees at the
early stage.
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3.5. Sensors for Nervous System Diagnosis

The nervous system plays roles in nearly all aspects of health and daily life. The system
controls essential vital activities such as breathing, heartbeats, and body temperature; it
receives external sensations and guides movements; it performs advanced and complex
processes such as thinking and feeling emotions [160]. Diseases of the nervous system,
such as Alzheimer’s disease, Parkinson’s disease, epilepsy, and mental illnesses, including
major depression, eating disorder, and anxiety, are still open fields requiring more studies
to understand the mechanism behind them. Precise sensors to monitor nervous system
indexes and neuron activities are crucial to help diagnose and track health and wellbeing
status. In recent decades, sensors focusing on different signals, including physical, chemical,
and electrical, have made much progress. Some sensors can even realize multiple functions
simultaneously. In this section, a brief review of different types of sensors for the nervous
system is provided to inspire the sensors for complex systems.

The brain is protected by the skull and related biofluids, such as cerebrospinal fluid.
As liquid, the biofluids produce pressure inside the skull, named intracranial pressure
(ICP). It is essential to keep a stable ICP. Increased ICP will cause life-threatening conditions.
Thus, monitoring after brain trauma is necessary. Shin J. et al. further developed FPI-based
pressure sensors in addition to the temperature sensors, as Figure 5f shows [153]. As
Equation (5) demonstrates, changes in the thickness of the FP cavity will shift the resonant
peak wavelength (Figure 5g). Therefore, they left a cavity between the two layers of Si
NM. With the ability to detect temperature changes introduced above, their devices could
monitor the ICP by eliminating temperature influence. The FPI sensors have the advantage,
compared with another design, photonic crystal sensors, that the changes in resonance
peaks rely on photonic crystal lattice constant change (strain) and Maxwell’s equations
and electromagnetic wave theory (temperature). The reflection spectrum of FPI sensors is
independent of light incidence angle, intensity, and position of the beam, eliminating the
noise due to the natural body movement and biofluid coating. Moreover, Lu et al. designed
LC-based pressure sensors with Mg, Zn, SiN, and PLGA [161], while Shin J. et al. designed
GF-based pressure sensors with Si due to its piezoelectric property [162]. Both types of
sensors showed acute and efficient measurement of ICP.

Sensors mainly aimed at monitoring neural activities were also developed. Wu et al.
successfully detected the dopamine and glutamate concentration by CNT/PtNP/Nafion
and CNT/PtNP/Nafion/Glutamate oxidase (GluOx) fibers, respectively [163]. Fibers
served as the gate electrode, accompanied by PEDOT:PSS channel and chromium/Au drain
and source electrodes. Because of the electrochemical reactions, the concentration of associ-
ated chemicals could be transduced into electrical signals, similar to other electrochemical-
based chemical sensors. Optical sensors could also detect neural activities. Biodegradable
photonic devices developed by Bai et al. incorporated PLGA biodegradable optical fibers
with different optical components to realize different sensing functions [6]. Among the
optical components, the SiOx/SiNy stacking filter effectively blocks excitation light and
transmits emission light for a Ca2+-sensitive fluorophore, providing the potential to detect
the Ca transients in neural tissues. Assembled with a PLGA optical fiber, a SiOx/SiNy
stacking optical filter, and a Si NM photodetector, the device output the photocurrent
after being implanted into the parietal lobe of a mouse, stained with small-molecule Ca
fluorescent dyes.

Brain waves could also represent neural activities at a macro level. Yu et al. fabricated
a biodegradable electrode array to realize the recording of the ECoG, which is the electrical
potential associated with brain activity from the cerebral cortex [107]. The ECoG of ionic
currents in the electrolyte can be transduced into an electric current and measured by the
recording electrodes. They designed 4-channel passive recording electrodes with active
materials (Si NM) and dielectric/insulation layers (SiO2) to capture acute and chronic ECoG
waves. They also designed 64-channel actively multiplexed devices with Mo electrodes,
SiO2 gate dielectric, and SiO2/SiN/SiO2 dielectric layers to realize the mapping of ECoG
signals. To demonstrate concepts, acute ECoG from rats with epileptiform activity and
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whisker stimulation and chronic ECoG from healthy rats were recorded successfully with
minimal immune response. Similarly, Xu K. et al. designed a 6-channel ECoG recording sys-
tem with Mo and PLA: PCL encapsulations [164]. Their devices captured dynamic changes
in brain signals at different epilepsy stages. Meanwhile, due to the PLA:PCL malleability,
the sensors’ resistance showed a linear relationship with pressure, as demonstrated at
GF-based pressure sensors. The swelling of the cortex due to surgery could be detected, as
claimed. Xie J. et al. modified Pt NP with GluOx for electrical signals and recording gluta-
mate detection [165]. By integrating with graphene oxide (GO) as the adhesion between
Pt NP and GluOx and 1,3-phenylenediamine (mPD) as the anti-interference of another
chemical in the brain, they developed PtNPs/rGO-GluOx/mPD microelectrodes. This
electrode array could record the electric signals from the cortex and hippocampus and sense
the concentration of glutamate, giving a better understanding of epilepsy mechanisms.

4. Challenge and Prospects

In this review, we provided a brief overview of the materials and recent fabrication
approaches used for biosensors. We also discussed recent developments in implantable
and semi-implantable biosensors, which are focused on a variety of health and wellbeing
aspects. The use of advanced biodegradable and nanomaterials helps to reduce injury due
to secondary removal surgeries, and the capability to adjust properties allows customers to
design devices based on their specific requirements. Novel fabrication techniques provide
support to produce devices with efficiency, precision, and reasonable costs.

Despite the advantages of the recent biosensors, some challenges should be addressed.
The first limitation is the biosafety and biocompatibility of materials. It was proved that
most of the products from biodegradable materials are biocompatible, and the accumu-
lation of elements should be considered. With degradation, the performance of devices
can decrease, so the thickness of the devices should be sufficient to perform designed func-
tions [166]. However, although proven biocompatible, the element accumulation should
not exceed recommended daily intake values (~tens of µg to hundreds of mg per day)
depending on elements [167,168], especially W, which is not a universal bioelement. Thus,
the selection of materials for biosensing devices should consider the working lifetime, tar-
geted biological environment, and designed thickness to maintain the functions during the
working timeframe without over-limited accumulation of elements in the human body. On
the other hand, the biosafety of nanomaterials still needs more study and characterization.
As stated above, the large surface area and the tailing ability make nanomaterials ideal func-
tional materials for biosensing; such material can also trigger special biological effects with
biomolecules and cells, bringing potential adverse influence on human health [169]. Some
studies indicate that nanoparticles, such as small Au NPs, can be directly phagocytosed by
phagocytes [100]. However, the interactions between cells and some other nanomaterials
are still left some blank, and the ability to remove non-resorbable nanomaterials is a prob-
lem to be solved, as mentioned above. Mechanical matching with tissues is another aspect
that needs to be improved. For example, the brain tissue is one of the softest tissues in the
human body (<10 kPa) [7], but probes for deep tissues are usually much stiffer, which may
lead to irreversible injury to the brain.

Another challenge to consider occurs during implantation. For example, when im-
planting a large scale of micro- and nanoelectrode arrays, it is difficult to ensure precise
localization and minimal injury simultaneously. Sigurdsson et al. created a PEG micronee-
dle array that can load small sizes of nanodevices [170]. After the degradation of PEG, the
devices could remain in their original position without influencing the functions. However,
they also demonstrated a lack of quantification of chronic migration. The adhesion between
devices and wet tissues is usually weak, which hinders accuracy and efficiency. Adhesions
developed by Yuk et al. [171], Yang et al. [82], etc., aimed to use adhesive hydrogels to
realize device adhesion, but the ability to maintain chronic adhesion for up to years should
be improved for chronic biomedical devices.
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Moreover, integrating different functions in one device can be studied further. As
per the introductions in the Section 3, most devices only realize several functions, as the
factors may interfere. Some devices show the potential to sense various factors, such as
pressure, temperature, flow, thermal diffusivity, pH, and chemical sensing together [172];
the accuracy of each measurement needs to be studied and proved. Some devices integrate
biosensors with therapeutic systems such as drug delivery. However, only a few of them
utilize biosensors as the control unit to realize the close-loop therapy, avoiding over-
or under-treatment.

Some biosensors transmit and store the data locally throughout the readout equip-
ment [9,146], and some biosensors utilize wireless data transmit system such as Blue-
tooth [4,141]. Some biosensors rely on self-designed smartphone applications using App
tools [3]. In this case, the security of data transfer should be considered seriously, since
it is related to the privacy of patients. Bluetooth communication, as an example, uses
long term keys, connection signature resolving keys and identity resolving keys during
pairing process [173]. But some hardware makes it possible to read and decode Bluetooth
communication [174]. Some methodologies were developed, such as watchdog record [175],
machine learning intrusion detection systems [176], and so on. Advanced methodologies to
protect data security need to be further developed by software and hardware engineering.

In general, in order to achieve the potential benefits, it is necessary to have effective
collaboration between material science and engineering, electrical engineering, and biologi-
cal science and engineering. With the development of related science and engineering, it is
possible to achieve multifunctional implantable and semi-implantable biomedical sensors
to obtain various critical information in real time for disease diagnosis and health monitor-
ing, therefore improving the efficacy and accuracy of clinical activities and convenience to
patients. By combining multifunctional biosensing and therapeutic systems, we can also
implement close-loop control of therapy and modulation to avoid over- or under-treatment
to individual patients. The data can be transferred by modern technology such as Bluetooth
and specific smartphone applications, and, thereafter, make contributions to big data for
medical development.
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Abbreviations

Abbreviation Full name
Ag silver
AJP aerosol jet printing
Au gold
BGF biodegradable glucose-responsive fluorescent monomer
BPS biodegradable piezoelectric sensors
BTS biodegradable triboelectric sensors
Ca calcium
CE counter electrodes
CLC cholesteric liquid crystal
CT computed tomography
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DBR distributed Bragg reflector
DMAEMA 2-(dimethylamino)ethyl methacrylate
DPAEMA 2-(diisopropylamino)ethyl methacrylate
ECoG electrocorticogram
FPI Fabry–Pérot interferometer
GelMA gelatin methacrylate
GF gauge factor
GluOx glutamate oxidase
GO graphene oxide
GOx glucose oxidase
H2O2 hydrogen peroxide
Hb deoxyhemoglobin
HbO2 oxyhemoglobin
HEDN highly entangled double network
HPU hydrophilic polyurethanes
ICP intracranial pressure
IrO2 iridium(IV) oxide
LED light-emitting diode
MBM microencapsulated biomarkers
Mg magnesium
Mo molybdenum
MRI magnetic resonance imaging
mPD 1,3-phenylenediamine
m-Si monocrystalline silicon
MWCNT multiwalled carbon nanotube
NM nanomembrane
NP nanoparticle
nPSi nanostructured porous silicon
NR nanorod
NT nanotube
OE organic electrodes
OECT organic electrochemical transistors
PA phytic acid
PAA polyacrylic acid
PAH poly-allylamine-hydrochloride
PANI polyaniline
PCL poly(ε-caprolactone)
PD photodetector
PdBMAP Pd (II) tetramethacrylated benzoporphyrin
PDMS polydimethylsiloxane
PDO polydioxanone
PDTEC poly(desaminotyrosyl-tyrosine ethyl ester carbonate)
PEDOT:PSS poly(3,4-ethylene dioxythiophene) polystyrene sulfonate
PEG polyethylene glycol
PEGDA poly(ethylene glycol)diacrylate
PEG-LA-DA polyethylene glycol-lactide acid diacrylate
PGA polyglycolide
PGCL poly(glycolide-co-ε-caprolactone)
PGS poly(glycerol-co-sebacate)
PLA poly(lactic acid)
PLGA poly lactic-co-glycolic acid
PLLA poly-l-lactic acid
PMAA poly-methacrylic-acid
PPMM polypropylene micromembrane
Pt platinum
PVA polyvinyl alcohol
QD quantum dot
RE reference electrodes
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Rh Rhodamine-B
SA sodium alginate
Si silicon
SPCE screen-printed carbon electrodes
SPRi surface plasmon resonance image
StO2 oxygen saturation
TCR temperature coefficient of resistance
VEGF vascular endothelial growth factor
W tungsten
WHO World Health Organization
Zn zinc
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