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Abstract
Long-term in vivo monitoring of chemicals with implanted sensors has received considerable interests over the past decades 
owing to their significant contributions in reflecting health conditions and assistance in diagnosing diseases. However, the 
widely explored chemical sensors outside the body fail to meet the requirements of in vivo applications. This perspective 
reviews main challenges, recent advances and future directions of long-term in vivo monitoring of chemicals, related to 
immune response and sensing performance. Challenges in terms of the immune response caused by unstable interfaces 
between sensors and tissues and improper implanting methods, and the insufficient performance of chemical sensors in 
complex physiological environment are discussed. Therewith, recent advances in fabricating biocompatible, flexible and thin 
sensors, developing effective implanting methods with reduced injury and improving the sensitivity, selectivity and stability 
of chemical sensors for accurate monitoring in vivo are summarized. Finally, we propose the future directions to address 
these challenges by fiber chemical sensors through the combination of soft fiber configuration, facile implanting methods and 
new recognition elements, which will provide new platforms for health monitoring and physiological mechanism revealing.

Keywords  Fiber sensor · Long-term · Chemical · In vivo

Chemicals in vivo carry out many biological functions, such 
as regulating biological activities and catalyzing reactions 
[1]. For instance, dopamine (DA) is involved with neuron 
plasticity and plays a crucial role in learning and memory [1, 
2]. Ions are causally implicated in the generation of rhyth-
mic locomotor activity in the sleep-awake cycle [3]. Further, 
abnormal levels of these chemicals are related to neurode-
generative diseases such as Parkinson’s, Alzheimer’s and 
Huntington’s diseases [3–5]. Therefore, long-term in vivo 
monitoring of chemicals is beneficial in real-time reflecting 
personal health conditions and diagnosing diseases.

Chemical sensors, as devices to detect and convert the 
chemical concentrations into electric signals, have enabled 
in-situ and continuous biological monitoring. However, 
mechanical properties, implanting methods and sensing 

performances of current chemical sensors are incompat-
ible with the requirements of long-term in vivo monitoring. 
Unmatchable mechanical properties between the devices 
and tissues and lack of effective implanting method lead to 
the increased immune response and thus the inaccuracy of 
the measurement [6, 7]. Additionally, insufficient sensing 
performance of chemical sensors limits their applications 
in vivo, where low levels and myriad of coexisting chemicals 
exist [1, 8]. Hence, flexible chemical sensors with enough 
sensitivity, selectivity and stability that can be effectively 
implanted are demanded.

This perspective focuses on key challenges, i.e., immune 
response at the device-tissue interface and sensing perfor-
mance of chemical sensors, and summaries recent advances 
and future directions of long-term in vivo monitoring of 
chemicals. From them we propose that proper implanted 
flexible fiber chemical sensors with excellent performance 
(sensitivity, selectivity and stability) could be promising 
tools to achieve long-term in vivo monitoring of chemicals.
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Reducing immune response to avoid 
encapsulation of inflammatory cells

Inflammatory cell encapsulation is an underlying cause 
of increased impedance of chemical sensors, which poses 
a communication barrier between the sensors and local 
environment and thus results in the reduction of recording 
quality [6]. Besides biocompatibility, relative motions at 
interface and acute implant process are two major rea-
sons responsible for the immune response. As a result, 
problems arising from unstable interface and implanting 
methods should be addressed.

Stable device‑tissue interface

As the biological tissues are soft, curvilinear and dynami-
cal, the mechanical mismatch between the rigid devices 
and tissues will cause relative shear motions, which will 
enlarge the damage area and exacerbate the inflammation. 
On the contrary, compliant devices activate less astrocytes 
and microglia and could form stable interfaces, benefiting 
for the long-term in vivo monitoring (Fig. 1a) [6, 7, 9–11]. 
Likewise, reduced feature sizes cause less traumatic brain 
injuries and then less acute inflammations will turn into 
chronic immune responses, leading to the construction of 
stable interfaces (Fig. 1b) [12, 13]. In consequence, new 
implanted device designs should employ both more flex-
ible materials and smaller feature sizes.

Young’s modulus, defining intrinsic mechanical prop-
erties of a material, is an important parameter to be con-
sidered in the design of implanted sensors [7]. Generally, 
chemical sensors are fabricated with substrates (includ-
ing conductive components) and recognition elements for 
sensing. To reduce the modulus, substrates of chemical 
sensors have been developed from silicon (Si), polymer 
to hydrogel (Fig. 1c). Chemical sensors based on Si have 
been developed to detect glucose and lactate in vivo over 
the past years (Fig. 1d) [14]. Subsequently, chemical sen-
sors based on polyimide substrates were reported to detect 
the concentration of ions in the brain (Fig. 1e) [15]. How-
ever, Si and polyimide are orders of magnitude more rigid 
than brain tissues. Hydrogels, as low-modulus substrates, 
were used to fabricate optical fibers for glucose detection 
(Fig. 1f) [16] and exhibited stable hydrogel-tissue inter-
faces for six weeks [17]. Although hydrogels are promis-
ing materials to form stable interfaces with tissues because 
of their low moduli, the fabrication process, conductivity 
and functionality of hydrogels should be further explored 
for long-term in vivo monitoring of chemicals.

Size is another important parameter that should be 
considered when evaluating the mechanical properties 

of materials for stable interfaces. The bending stiffness, 
scaled with the cube of material thickness, is usually used 
to determine the degree of mechanical mismatch. Rigid 
materials will become soft along with the reduced size 
and thus activate less inflammatory cells [9, 18]. In addi-
tion to mechanical properties, small devices could reduce 
blood–brain barrier damage and decrease the injury of 
parenchyma, which result in lower immune responses over 
the following weeks. (Fig. 1b) [12, 13]. Consequently, thin 
carbon fiber (CF) and carbon nanotube (CNT) fiber that 
possess low bending stiffness are satisfactory substrates to 
fabricate chemical sensors with stable device-tissue inter-
faces (Fig. 1g) [19]. As a proof of concept, microsensors 
based on 7-μm diameter CF have realized DA monitoring 
in the rat’s brain over months (Fig. 1h) [20, 21]. How-
ever, the insufficient conductivity and modification of CFs 
limit their further applications in detecting other chemicals 
in vivo.

Compared to CF, CNT fiber features higher conductivity 
and larger effective active area, enabling detection of mul-
tiple chemicals [22]. Meantime, the fiber assembled from 
CNTs with voids exhibited much lower stress and a more 
uniform stress distribution than the fibers without nano-
structures, resulting in lower bending stiffnesses of CNT 
fibers than other materials (Fig. 1g, i). Further, long-term 
monitoring of glucose and calcium ion in blood vessel of 
cat was realized based on CNT fibers [19]. In short, the fiber 
sensors especially on the basis of CNT fibers with low bend-
ing stiffnesses and multiple modifications are promising for 
integration with tissues seamlessly and achieving long-term 
in vivo monitoring of chemicals.

Effective implanting methods

Flexible devices especially soft fiber devices can bend and 
flex with the dynamic movement of the tissues, thus reduc-
ing the inflammation and promising improved reliability of 
detected chemical signals. However, the buckling of soft 
fiber sensors during implanting cannot be ignored, which 
asks for the development of effective implanting methods 
[9].

Shuttle-assisted implantation is the primary method to 
ensure the targeted implantation (Fig. 2a). The soft fiber 
device and the shuttle were held together with the dissolv-
able adhesive before insertion. After implantation, the adhe-
sive was quickly dissolved, which enabled the removal of the 
shuttle while leaving the soft device [23]. However, defects 
existing in this method should be considered carefully. On 
the one hand, the rigid shuttle will enlarge the damage area. 
On the other hand, as the devices become thinner, the hydro-
phobic adhesive between the soft device and shuttle may 
cause the movement of the device during the removing pro-
cess of shuttle [24].
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Surface coating with water-soluble polymer is an alter-
native method that has been well explored to stiffen soft 
devices for implantation [25, 26]. Sucrose and gelatin have 
been widely utilized for their gradient dissolution under 
physiological conditions (Fig. 2b). However, the dissolution 
of the surface layers always induces the increase of osmotic 

pressure and finally influences the biological activities of a 
wide region of surrounding cells [27].

Fluidic injections, e.g., syringe injection and flu-
idic microactuation, are also used to implant flexible 
fiber devices [19, 28, 29]. Syringe injection was imple-
mented to implant soft fiber sensors into tumor and 

Fig. 1   Challenges and possible solutions to form stable device-tissue 
interfaces. a Schematic diagram of the immune response caused by 
rigid (left) and soft (right) devices. Reproduced with permission [9]. 
Copyright 2016, Nature Publishing Group. b Microglia activation 
after implanting devices with different sizes, carbon fiber (CF, left), 
planar silicon (middle) and microdialysis probe (right). Microglia 
(green), blood–brain barrier (red) and device (gray). Less vasculature 
damaged of CF can be observed compared with other large devices. 
Scale bar, 100  μm. Reproduced with permission [12]. Copyright 
2014, American Chemical Society. c Young’s moduli of different 
materials. Reproduced with permission [7]. Copyright 2019, Nature 
Publishing Group. d Chemical sensor based on Si substrate. Repro-

duced with permission [14]. Copyright 2015, Elsevier. e Chemical 
sensor based on a polyimide substrate. Reproduced with permission 
[15]. Copyright 2020, WILEY–VCH Verlag GmbH & Co. KGaA, 
Weinheim. f Glucose-sensitive optical fiber based on hydrogel sub-
strate. Reproduced with permission [16]. Copyright 2017, WILEY–
VCH Verlag GmbH & Co. KGaA, Weinheim. g Comparison of the 
bending stiffness of current implanted fibers and tissues. h Chemical 
sensor based on CF. Reproduced with permission [20]. Copyright 
2009, Nature Publishing Group. i Structure of single-ply (up) and 
multiply (bottom) CNT fibers. Scale bars, 6 μm (up) and 20 μm (bot-
tom). g, i Reproduced with permission [19]. Copyright 2019, Nature 
Publishing Group
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blood (Fig. 2c) [19]. But changes of intracranial pressure 
resulted from the diverting fluid cannot be prevented [27], 
limiting its further applications in specific tissues such 

as nucleus in deep brain. As a promising solution, fluidic 
microactuation that can avoid the changes of intracranial 
pressure was developed to implant fiber devices (Fig. 2d), 

Fig. 2   Implanting methods for flexible fiber sensors. a Schematic 
showing the implantation of CNT fiber with metal wire assistance. 
Scale bar, 100  μm. Reproduced with permission [23]. Copyright 
2017, Elsevier. b Schematic showing the implantation of the fiber 
device with sucrose coating on the surface. Reproduced with per-
mission [25]. Copyright 2017, WILEY–VCH Verlag GmbH & Co. 
KGaA, Weinheim. c Schematic diagrams of injecting the soft elec-
trode into the blood vessel. Reproduced with permission [19]. Cop-
yright 2019, Nature Publishing Group. d Images of microfluidic-

assisted insertion of microelectrode into agarose. Reproduced with 
permission [28]. Copyright 2018, American Chemical Society. e 
Schematic illustration of alterable fiber device that is stiff for direct 
implantation and becomes soft after implantation, with the benefit 
of a stable device-tissues interface and reduced immune response. f 
Effective indentation elastic moduli of Au wire, dry-fiber device, wet-
fiber device and mouse brain tissue. e, f Reproduced with permission 
[27]. Copyright 2020, The Royal Society of Chemistry
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as the fluid diverted away from the implantation site dur-
ing insertion [28]. However, problems still existed that 
the motions of the device and targeting to interesting cells 
are out of control [27].

Stimuli-responsive fiber devices with alterable elastic 
moduli are then explored to achieve simplified and tar-
geted implantation. Initially, the device is rigid enough 
to ensure direct and targeted insertion. After implanta-
tion, the device becomes soft and forms a stable interface 
with surrounding tissues upon the stimuli of physiological 
environment (Fig. 2e). For instance, the hydrogel-based 
device became rigid under the frozen state, and could 
be quickly and directly implanted into the hippocampus 
[30]. However, the low temperature of the inserted device 
will influence the biological activities of the surrounding 
cells. Further, fiber devices with alterable elastic moduli 
by switching the dry–wet state was explored [27]. The 
modulus of dry fiber device was as rigid as metal wires, 
while the modulus of wet-fiber device was close to the 
brain tissue after implantation (Fig. 2f). In summary, the 
stimuli-responsive fiber devices can be regarded as prom-
ising implantation methods to realize facile implantation 
with low immune response and chronic stable interface.

Enhancing performances of chemical 
sensors for precise monitoring

Due to the trace concentrations and coexisting of various 
chemicals in vivo, inadequate sensitivity and selectivity of 
chemical sensors are important limited factors for detect-
ing chemicals accurately and stably. Coupled with the lim-
ited stability of chemical sensors, the sensing performance 
should be further studied for long-term monitoring.

Sensitivity and detection limit of chemical sensors

Trace chemicals in vivo (Fig. 3a) put forward high require-
ments to the sensitivity of chemical sensors. For example, 
as an important neurotransmitter related to Parkinsons’s 
disease, the basal concentration of extracellular of DA in 
the brain was reported to be around 100 nM, and brain glu-
tamate basal concentration has been quantified at the level 
of ~ 1 μM, and the fluctuations of these chemicals were even 
lower during physiological activities [31–33]. Therefore, to 
quantify the small variations of these chemicals accurately, 
chemical sensors equipped with high sensitivity and low 
detection limit are needed.

Attempts have been made to improve the sensitivity by 
modifying the electrodes with various materials. Among 

Fig. 3   Challenges and possible solutions to improve the sensitivity of 
chemical sensors. a Levels of the chemicals in vivo. Reproduced with 
permission [1]. Copyright 2016, American Chemical Society. b Sche-
matic representation of glutamate detection in vitro with Ni–Pt core–
shell nanoparticles. c Differential pulse voltammetry curves and cali-
bration curve (inside) of glutamate sensor from b. b, c Reproduced 
with permission [34]. Copyright 2015, Elsevier. d Illustration of the 

structure of FET to monitor DA released from PC 12 cells. e Meas-
ured Isd–Vg curves of FET in response to different DA concentrations. 
d, e Reproduced with permission [38]. Copyright 2013, American 
Chemical Society. f–h The structure (f) and drain current responses 
to glutamate (g) and glucose (h) of all-in-one fiber OECT. f–h Repro-
duced with permission [35]. Copyright 2020, Science China Press 
and Springer–Verlag GmbH Germany
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them, metal nanoparticles are widely used due to their valu-
able electrochemical properties (oxidation or reduction cur-
rent). Through the immobilization of the Ni-Pb/core–shell 
nanoparticles on glassy carbon electrode, a high sensitivity 
(4.768 μA μM−1 cm−2) detection of glutamate was achieved 
in vitro (Fig. 3b, c) [34]. However, as the chemical sensors 
become thinner for implantation, the effective active area 
decreases, which will increase the impedance and decrease 
the sensitivity [35]. Thus, universal strategies for improving 
the sensitivity and detection limit of micro-chemical sensors 
are pressingly required.

To address these issues, field effect transistor (FET), 
which can transform a small variation in the local charges 
on the gate electrode to a significant conductance change, 
was introduced to fabricate chemical sensors [36–38]. A 
multiple-parallel-connected Si nanowire-FET with high sen-
sitivity and detection limit lower than 10 pM was fabricated 
to monitor the DA released from living PC12 cells (Fig. 3d, 
e) [38]. Likewise, multiple chemicals including glucose and 
serotonin can be sensitively investigated via changing the 
recognition elements on the electrodes [36]. FET based sen-
sors are promising while need further verification in vivo.

In addition, organic electrochemical transistor (OECT) is 
considered as a promising technology to meet the require-
ment of sensitive detection due to its ionic/electronic trans-
formation. As a proof of concept, OECT chemical sensors 
were manufactured to detect glutamate and acetylcholine 
with detection limits of 0.9 μM, respectively [39]. However, 
the structure and performance are still incapable of moni-
toring in vivo. To achieve sensitively detecting chemicals 
in vivo, a series of flexible all-in-one fiber OECTs were 
fabricated by twisting the functionalized gate and channel 
fibers (Fig. 3f) [35]. Consequently, the fiber OECT could 
detect glutamate with a low detection limit of 100 nM by 
modifying the gate electrode with Pt nanoparticles, Nafion 
and L-Glutamate oxidase (Fig. 3g). Changing the recogni-
tion elements, the fiber sensor could detect glucose with a 
detection limit of 100 nM and the linear range up to 200 μM 
(Fig. 3h). Meanwhile, the customized fiber OECT for DA 
exhibited a detection range from 5 to 500 nM and worked 
stably in the brain for a week. In conclusion, the flexible 
fiber OECT with high sensitivity and low detection limit 
enables the accurate detection of chemicals in vivo.

Selectivity of chemical sensors

During the normal physiological and pathological pro-
cesses, multiple chemicals coexist and fluctuate, rais-
ing a requirement on the selectivity of chemical sensors 
(Fig. 4a) [40, 41]. Especially, for electroactive chemicals, 
the target molecule and the interferences usually have the 
similar structures (glucose and lactate) and electrochemi-
cal properties (ascorbic acid and DA). Hence, developing 

chemical sensors with excellent selectivity is challenging 
but significant, especially for the demand of continuously 
detecting chemicals in vivo.

Modifying the electrodes to enhance the electron trans-
fer kinetics and thus reduce the overpotential is an effective 
strategy to realize selective sensing [42–44]. A recent work 
proposed integrating reduced graphene oxide with Au@Pd 
nanoparticles to fabricate a composite membrane (Fig. 4b) 
[44]. After coating the composite membrane on glassy car-
bon electrode, the modified electrode showed clear distinc-
tions among the oxidation potentials of ascorbic acid (AA), 
uric acid (UA) and DA. However, it was only utilized to 
detect the chemicals in human urine samples. For further 
applications in vivo, flexible fiber sensors with tuned selec-
tivity can be a promising design. For example, after engi-
neering defects and oxygen-containing species in CNTs, the 
CNT fiber could facilitate AA oxidation at − 50 mV, much 
lower than the typical oxidation potential of AA (0.2 V) 
[40, 45]. It is worth noting that a separate peak appeared 
at − 270 mV provided a built-in correction to avoid poten-
tial interferents in the brain. Eventually, no obvious change 
was observed upon adding interference compounds into the 
solution, establishing a selective sensing platform of AA.

Coating screening layer is a universal method to improve 
the selectivity of the chemical sensors, for screening layers 
allow the diffusion of target molecule while block the oxi-
dation of other coexisting redox molecules in vivo. Nafion, 
chitosan, cellulose acetate, polyphenylenediamine and 
fluorinated xerogel are common screening layers used on 
the surface of chemical sensors [46, 47]. For instance, the 
gate electrode of the fiber OECT for glutamate detection 
was coated with Nafion membrane to exclude the UA, AA 
and γ-aminobutyric acid from the electrode surface (Fig. 4c, 
d) [35]. Polyphenylenediamine has been electrochemically 
deposited onto glutamate sensors to eradicate potential inter-
ference from AA [48]. Similarly, fluorinated xerogel as an 
innovative screening layer has been coated on the surface of 
CF to detect NO selectively by excluding AA, DA and UA 
in vitro and in vivo [47, 49].

Designing novel recognition elements is also an attrac-
tive strategy to achieve selectivity. Take an example, a new 
molecule, named Hemin-amino-ferrocene (Hemin-Fc), has 
specific electrocatalytic activity to O2 and the E1/2 value 
of Hemin group shifted positively with the decreasing pH 
value [50]. Impressively, there was negligible changes for 
the detection of pH and O2 against the potential interfer-
ents, including reactive oxygen species which are the pro-
duction during brain ischemia (Fig. 4e). Through combin-
ing the Hemin-Fc on the surface of CNTs, in vivo selective 
and simultaneous detection towards pH and O2 was real-
ized (Fig. 4f). Most of the efforts for better selectivity were 
conducted in vitro or in vivo acutely, and should be further 
verified in vivo for long-term applications.
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Stability of chemical sensors

The electrochemical stability of chemical sensors is the pri-
mary requirement for long-term monitoring of chemicals, 
which substantially depends on the stability of recognition 
elements. Among diverse recognition elements, enzymes, 
which have specific binding and extraordinary catalytic 

ability towards target molecules, are widely explored for 
chemical sensors in vitro. However, enzymes possess short 
shelf life in  vivo, limiting their long-term applications 
[51–53]. To circumvent the problem, novel design should 
be given to impart high stability of recognition elements.

Various recognition elements including metal and metal 
oxide nanoparticles have been studied to replace enzymes 

Fig. 4   Challenges and possible solutions to tune the selectivity of 
chemical sensors. a Various neurotransmitters involved with the 
synaptic communication. b Distinguishing the oxidation potentials 
of DA, UA and AA with Au@Pd-reduced graphene oxide compos-
ite-modified electrode in  vitro. Reproduced with permission [44]. 
Copyright 2014, The Royal Society of Chemistry. c Selective detec-
tion towards glutamate through coating negatively charged Nafion 
membrane. d The anti-interference characterization of the glutamate-

OECT. c, d Reproduced with permission [35]. Copyright 2020, 
Science China Press and Springer-Verlag GmbH Germany. e The 
designed recognition element of “Hemin-Fc” to selectively detect 
pH and O2. f The interference test of the Hemin-Fc/CNT fiber sen-
sor under the interference of reactive oxygen species. e, f Reproduced 
with permission [50]. Copyright 2017, WILEY–VCH Verlag GmbH 
&Co. KGaA, Weinheim
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for stable detection. Taking glucose detection for an exam-
ple, Pt, Au and ZnO nanoparticles are widely used for their 
extraordinary stability [54]. The sensitive glucose detection 
has been realized based on Au@Pt core–shell nanoparticles 
(Fig. 5a) [55]. The long-term stability of the glucose sensor 
was tested in vitro, and the response current was maintained 
at 94.3% after 27 days (Fig. 5b). Likewise, the stability of 
glucose sensor with PtNi nanoclusters/CNT as the recog-
nition element had been investigated, exhibiting long-term 
sensitivity remained 99% for two months and selectivity 
over 90% for 31 days, respectively (Fig. 5c) [56]. There-
fore, metal nanoparticles/nanoclusters-based glucose sen-
sors have potential applicability as the implanted sensors 
for long-term monitoring, though the selectivity needs to 
be further improved.

Aptamers, possess high affinity with specific chemicals, 
are also effective recognition elements to fabricate chemi-
cal sensors with stable sensing performance. Aptamers 
undergo conformation reorganization under the binding of 
target chemicals, thus changing electron transfer process 
on electrodes and realizing the detection (Fig. 5d) [57, 

58]. Recently, a series of electrochemical sensors based 
on different aptamers were fabricated on the Si wafer and 
achieved targeted detection toward DA, glucose, serotonin 
and sphingosine-1-phosphate [36]. The response of sero-
tonin aptamer-based sensor was maintained after exposure 
to brain tissues for 12 h.

Although there are many challenges and gaps for satis-
fying the requirements of long-term in vivo monitoring of 
chemicals, progresses have been made over the past years 
to enhance the sensing performance of chemical sensors. 
With the further exploration, the challenges facing in the 
field may be addressed by combining the enhanced sensing 
performance with the soft, small and conductive fiber sub-
strates including CNT fibers with multiple modifications.

Fig. 5   Possible solutions to improve the stability of chemical sensors. 
a Glucose detection with Au–Pt core–shell nanoparticles as the rec-
ognition element. b Long-term stability test of the sensitivity in vitro 
of the glucose sensor from a. a, b Reproduced with permission [55]. 
Copyright 2019, Elsevier. c Stability test of the sensitivity and fab-

ricating process (inside) of the glucose sensor based on CNT/PtNi 
nanoclusters. Reproduced with permission [56]. Copyright 2016, 
Elsevier. d Schematic illustration of the detection mechanism of 
aptamer-based DA sensor. Reproduced with permission [58]. Copy-
right 2020, WILEY–VCH Verlag GmbH &Co. KGaA, Weinheim
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Multifunctional fiber sensors for monitoring 
multiple chemicals

As extracellular fluids contain multiple chemicals and 
can be unevenly distributed in various tissues, simultane-
ously monitoring of these chemicals in vivo over time is 
expected to reveal the physiological mechanism [59]. To 
achieve the aim, multifunctional fiber sensors could be 
easily assembled by twisting different fiber chemical sen-
sors or neuron probes to form an all-in-one fiber structure, 
which is still flexible and thin.

Recently, multiply helical fiber chemical sensors were 
designed on the basis of CNT fibers for long-term in vivo 
monitoring of multiple chemicals [19]. For example, the 
multifunctional fiber sensor was designed with spatially 
and uniformly arranged terminals to achieve high spa-
tial resolution (Fig. 6a). The resulted fiber sensor was 
injected into a nude mouse tumor to detect the distribu-
tion and the variations of H2O2 concentration. Likewise, 
multifunctional fiber sensor was also manufactured by 
assembling different functional fiber sensors with radial 
terminals (Fig. 6b), and it had been implanted into blood 
vessel of a cat to monitor the fluctuations of glucose and 
blood calcium for 4 weeks. Meantime, multifunctional 
thermally-drawn fibers based electrophysiological record-
ing and modulating technologies have been also developed 
to understand the interaction and pathologies of the nerv-
ous system [60–70], which represents a promising way for 
implantable electronics. Therefore, combining multifunc-
tional fiber chemical sensors with current fiber electronic 
technologies is meaningful to reveal the mystery of the 
human body.

Though multifunctional fiber sensors have been devel-
oped, it is necessary to develop suitable processing tech-
nology to connect fiber sensors with external electronics 
for further commercialization. This issue has been tried by 

using physical soldering/welding, mechanical gripping and 
chemical bonding [71], to ensure the reliable connection 
with minimum interface resistance and long-term electri-
cal stability during the free-moving process of animals. 
Generally, soft fiber sensors and external copper wires 
are usually connected with conductive silver paint and 
sealed with an encapsulation layer [72]. However, force 
concentrations caused by unmatchable mechanical prop-
erties might lead to a break in the connection interface, 
and these physical constraints restrict the behavior of ani-
mals, both influence the accuracy of long-term monitoring. 
Recently, soft fully implantable wireless electronics have 
been developed to improve the situation [73, 74]. However, 
new questions arise, such as how to efficiently power up 
the implanted systems and transmit the data [75]. Many 
self-powered electrochemical sensors have been also pro-
posed without external power source [76, 77], while the 
long-term stability requires further verification. Even so, 
many efforts should be done to deal with these problems 
and construct effective long-term monitoring platforms 
in vivo.

Conclusions and perspective

Long-term in vivo monitoring of chemicals not only con-
tributes to figure out personal health databases, but also 
reveals the mechanism and diagnosis of diseases. Aiming at 
this goal, this review presents the challenges, advances and 
future directions on designing the soft and small conduc-
tive substrates, developing facile implanting methods and 
optimizing the sensing performance of chemical sensors. It 
is reasonable to believe that, under proper implanting meth-
ods, chemical sensors with the combination of soft (as tis-
sue), thin (cellular level) and conductive fibers and excellent 
sensing performance (sensitivity, selectivity and stability) 
may be a promising tool for long-term in vivo monitoring 

Fig. 6   Multifunctional fiber sensors. a Multifunctional fiber sensor 
used for spatial analysis. b Multifunctional fiber sensor with radial 
terminals for multiplex monitoring. Schematic illustration of the 
fabrication process (i), diagram of the structure (ii) and scanning 

electron microscope image (iii) of fiber sensors. Scale bar, 50  μm. 
Reproduced with permission [19]. Copyright 2019, Nature Publishing 
Group
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of chemicals. Impressively, the fiber chemical sensors with 
great conformability can assemble with other chemical sen-
sors or neuron probes to achieve the monitoring of multiple 
chemicals and reveal the interaction with each other. Overall, 
significant progress has been made to realize the long-term 
in vivo monitoring of chemicals, and more efforts will be 
made to improve the mechanical properties and performance 
of the chemical sensors to achieve more precise monitoring 
in the next decades.
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