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Implantable electronic devices, such as sensors and probes, have 
enabled the precise measurement of biological activities1–4 and 
treatments to be delivered to a specific location5–8. However, 

most sensors that work stably in vitro cannot adapt to the physi-
cally dynamic and biochemically complicated environment in vivo9. 
Biological tissues are soft, curvilinear and transient, whereas cur-
rent flexible sensors made from monolithic membrane substrates 
with large sizes, such as polyimide (PI)10, show high bending stiff-
nesses of more than 102 nN m2 that further increase after coating the 
substrate with conductive and sensing materials. The mechanical 
mismatch and geometrical structure of these sensors are an obsta-
cle for adaptive conformation to, and synchronized motions with 
dynamic tissues such as muscle (which has a bending stiffness of 
less than 10−3 nN m2)11. This issue leads to an unstable device–tissue 
interface, compromises the function and accuracy of the device and 
damages the tissues over time12.

Some efforts have been made to overcome the mechanical 
mismatch by designing mesh geometries and reducing the device 
dimensions to the cellular level, therefore generating a stable elec-
trode–neuron interface to record electrophysiological signals in the 
nervous system13,14. For a multiscale mechanical match, mimicking 
the structure of native tissues may be another promising strategy, 
considering that a large number of biological tissues (such as mus-
cle, blood vessels and skin) are heterogeneous. Specifically, mechan-
ical properties in many soft tissues such as muscles are achieved 
through a hierarchical structure15, in which nanoscale fibrils are 
assembled into microfibrils, which are in turn assembled into larger 
fibres (Fig. 1a). Such a hierarchical and helical assembly increases 
flexibility (lower elastic modulus) because it accommodates revers-
ible deformations and movements among the nanofibrils16. For 

example, a single collagen nanofibril has an elastic modulus of 
2.4 GPa (ref. 17), whereas a collagen fibre with a hierarchical structure 
has a much lower elastic modulus (<25 kPa)18. Moreover, the device 
must be biocompatible with cells to integrate with tissues19. The 
biomimetic materials with matched microstructures of tissues have 
been found to recruit nearby extracellular matrix fibres and to pro-
mote cell adherence, spreading and proliferation20,21. Finally, inde-
pendently modified nanofibres were twisted into one assembly, and 
could therefore serve as simultaneous multiplex sensors. Thus, the 
bioinspired devices are expected to match the mechanical properties 
of both tissues and cells to achieve robust and stable biointerfaces for 
long-term and real-time monitoring of multiple chemicals in body.

Here we show a flexible fibre-based implantable electrochemical 
sensor that mimics the hierarchical and helical assembly of native 
soft tissues. The sensor, which was generated by twisting carbon 
nanotubes (CNTs) into hierarchical and helical bundles of fibres, 
resembles muscle filaments and matches the bending stiffness of 
tissues and cells and therefore, provides a flexible, strong and stable 
fibre–tissue interface. The implantable fibre showed good biocom-
patibility and was further modified to adapt to applications in vivo. 
By incorporating different sensing components, various single-ply 
sensing fibres (SSFs) were fabricated for specific chemical detec-
tion. Twisting multiple SSFs together resulted in multi-ply sensing 
fibres (MSFs). By applying different functional SSFs in an MSF, we 
can realize real-time simultaneous detection of multiple biomarkers 
in vivo. By distributing SSF terminals with exquisite spatial resolu-
tion, MSFs could provide a μm-scale spatial gradient map of a single 
biomarker in tissues. Furthermore, the one-dimensional configu-
ration of the sensing fibres enables a syringe-assisted implantation 
method, which is much less invasive than the surgery that is required 

Functionalized helical fibre bundles of carbon 
nanotubes as electrochemical sensors for long-term 
in vivo monitoring of multiple disease biomarkers
Liyuan Wang1,4, Songlin Xie1,4, Zhiyuan Wang2,4, Fei Liu3, Yifan Yang3, Chengqiang Tang1, 
Xiaoying Wu1, Peng Liu1, Yongjing Li1, Hexige Saiyin   2, Shuang Zheng1, Xuemei Sun   1*, Fan Xu   3*, 
Hongbo Yu   2* and Huisheng Peng   1*

Mechanical mismatches between implanted electronics and biological tissues can lead to inaccurate readings and long-term tis-
sue damage. Here, we show that functionalized multi-walled carbon nanotubes twisted into helical fibre bundles that mimic the 
hierarchical structure of muscle can monitor multiple disease biomarkers in vivo. The flexible fibre bundles are injectable, have 
a low bending stiffness and display ultralow stress under compression. As proof-of-concept evidence of the sensing capabili-
ties of these fibre bundles, we show that the fibre bundles enable the spatially resolved and real-time monitoring of H2O2 when 
implanted in tumours in mice, and that they can be integrated with a wireless transmission system on an adhesive skin patch to 
monitor calcium ions and glucose in the venous blood of cats for 28 d. The versatility of the helical fibre bundles as chemically 
functionalized electrochemical sensors makes them suitable for multiple sensing applications in biomedicine and healthcare.

NaTure BiomediCaL eNgiNeeriNg | www.nature.com/natbiomedeng

mailto:sunxm@fudan.edu.cn
mailto:fanxu@fudan.edu.cn
mailto:hongboyu@fudan.edu.cn
mailto:penghs@fudan.edu.cn
http://orcid.org/0000-0003-2993-6817
http://orcid.org/0000-0002-2583-8593
http://orcid.org/0000-0003-3910-5398
http://orcid.org/0000-0002-1641-2152
http://orcid.org/0000-0002-2142-2945
http://www.nature.com/natbiomedeng


Articles Nature Biomedical eNgiNeeriNg

for film-shaped devices22. By using this method, we show that the 
fibre could be delivered to any target region regardless of surface 
topography and detection depth, offering a potential approach for 
the comprehensive monitoring of key metabolites in the body.

a structurally and mechanically matching CNT fibre
Multi-walled CNTs with diameters of 8–15 nm were synthesized 
using chemical vapour deposition, and the hierarchical CNT  
fibres were fabricated by twisting the CNTs into helical bundles  
(Fig. 1b–d; details are provided in Supplementary Methods 1). 
The fibres, with controlled diameters ranging from one to hun-
dreds of μm, are mechanically compliant, lightweight and flexible 
(Supplementary Fig. 1).

To deliver flexible electronic devices to target tissues with mini-
mal or non-invasive effects other than surgical insertion, it is highly 
desirable to miniaturize the devices and develop proper implantation 
techniques. Two methods of microfluidic actuation23 and syringe 
injection24 with the assistance of the fluid have been introduced 
to precisely deliver materials and devices to target tissues, includ-
ing vulnerable tissues such as the brain. The thin CNT fibre with 
a one-dimensional configuration may better fit (or even perfectly 
fit) the syringe needle such that one end of the fibre can be pre-
cisely injected into the target tissues while the other end of the fibre 
remains outside the tissue for external connection after removal of 
the syringe. The fibres could therefore be properly injected into tar-
get tissues such as tumours (Fig. 1e) and blood vessels (Fig. 1f).
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Fig. 1 | Hierarchical helical structure and the implantation of CNT fibre. a, Schematic of the hierarchical structure of muscle. b, Representative 
transmission electron microscope image of a multi-walled CNT; three technical repeats were performed. Scale bar, 3 nm. c,d, Representative SEM images 
of a primary CNT fibre (c) and a hierarchically helical CNT fibre assembled from primary CNT fibres (d); three technical repeats were performed. Scale 
bars, 6 μm (c) and 20 μm (d). e,f, Schematics showing the injection of the fibre into a target tumour (e) and blood vessel (f). g, Photograph of the skin 
surface of a cat after injection with a MSF. Scale bar, 500 μm. h,i, PA images of the vein of a cat after MSF injection in top (h) and side (i) views; six 
technical repeats were performed. Scale bars, 700 μm (h) and 2 mm (i).
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We evaluated the injectability of the CNT fibres in  vivo by 
injecting a single fibre in a syringe with 300 µl saline at a velocity of 
1.0 mm s−1 into the femoral vein of a cat. The slow insertion speed 
rendered a shallow force and prevented inadvertent tissue damage. 
After the flexible fibre was injected into the cat by intravenous injec-
tion, it appeared almost like a hair on the skin (Fig. 1g). The intense 
infrared absorption of CNTs enabled us to use photoacoustic (PA) 
imaging to determine the position and structural changes in vivo 
after implantation (Supplementary Fig. 2a). Three-dimensional 
reconstruction images showed that the CNT fibre penetrated the 
skin and was surrounded by neighbouring tissues (Supplementary 
Fig. 2b), which kept the fibre stable in the centre of the blood vessel 
under blood flush (Fig. 1h,i).

Compared with the surgical insertion of soft polymer films, such 
as polydimethylsiloxane (PDMS)-based sensors, which require 
a large incision and longer healing time, the wound around the 
injected CNT fibre on the skin surface was only tens of μm larger 
than the radius of the fibre after injection and usually recovered 
within 10 min (Supplementary Fig. 3). No sign of infection or abnor-
mality was detected during 4 d after the injection (Supplementary 
Fig. 4). The fluctuation of blood flow after implanting two cats  
with CNT fibre for 5 d was within the fluctuation range of  
normal cats without CNT fibre (Supplementary Fig. 5). After the 
removal of the CNT fibre, the wound healed rapidly within 2 d 
(Supplementary Fig. 6).

A mechanical match between tissue and device is essential for 
safe and accurate readings. Lots of tissues, such as muscle, skin 
and blood vessels, are usually heterogeneous. Mechanical proper-
ties therefore differ between macroscopic and cellular scales. For 
example, the elastic moduli of muscle tissues are ~480 MPa at the 
macroscopic scale using the tensile method and ~7 kPa using the 
indentation method, possibly reflecting the cellular properties25. 
The elastic moduli of cells were also reported to be 0.1–100 kPa  
(ref. 26). For the implants that work typically with cells, concerning the 
interface, it is important that the implants match the bending stiff-
ness at the cellular scale. To this end, we used the nanoindentation 
method to test the moduli of our fibre and other common fibres to 
compare the bending stiffnesses at the cellular scale (Supplementary 
Table 1). The bending stiffness of the CNT fibre was much lower 
than those of similar sizes of silicon, gold and carbon fibre (CF; 
Fig. 2a), and it could be adapted to the range of bending stiffnesses 
for most tissues, such as muscles and blood vessels, by varying its 
diameter. Bending stiffnesses based on the tensile method were also 
compared for the CNT fibre using state-of-art implantable devices 
and tissues, which are described in Supplementary Table 2, and the 
bending stiffness of the CNT fibre also matched those of most tis-
sues. The bending stiffness of the CNT fibre can be explained by 
its small size and hierarchical structure. This flexibility allows the 
fibres to conform to different tissues from micro to macro scale and 
withstand the dynamic environments inside the body.

During movements, any pressure applied through the skin and 
cardiac/respiratory pulsations will be transferred to tissues and 
implanted devices as well. This means that, to achieve a stable fibre–
tissue interface, the fibre should generate only a small amount of 
internal stress under deformation. To determine the extent of the 
lesion that the CNT fibre inflicts onto the surrounding tissues, we 
examined the internal stress generated in the fibre under com-
pression. The CNT fibres with a length of 4 mm were compressed 
from one end using a Nano-tensile machine and showed stresses of 
around 104 kPa, which is orders of magnitude smaller than those of 
conventional implanted materials (Fig. 2b, Supplementary Fig. 7).  
Such a low force avoided the potential for injury to surrounding 
tissues and maintained a stable fibre–tissue interface. To elucidate  
the underlying mechanism of the reduced internal stress, we used the 
finite element method to simulate the stress field in fibres consist-
ing of different building blocks under compression (Supplementary  

Fig. 8). The fibre assembled from nanotubes with a certain void 
ratio showed much lower stress and a more uniform stress distri-
bution than the fibre without nanostructure under the same com-
pression (Fig. 2c, Supplementary Fig. 9). We found that the stress 
of the fibre and its distribution were also related to the aspect ratio 
of length to diameter in nanotubes. A higher aspect ratio produced 
lower stress (Supplementary Fig. 10). Overall, a fibre that is hierar-
chically assembled from one-dimensional nanomaterials is an effec-
tive strategy to generate high flexibility to adapt to the soft tissues.

When the CNT fibre was inserted into fresh cardiac muscle tissue 
of a pig, the fibre and tissue formed and maintained a close contact 
even under repeated elongation and twisting processes, observed 
from the PA three-dimensional reconstruction image (Fig. 2d). The 
CNT fibre was also injected into a fresh pig brain (Fig. 2e, i). When 
applying a compression force on the cortex (arrow position in  
Fig. 2e, ii), we found that the exterior length of the CNT fibre 
remained unchanged, indicating that no obvious sliding had 
occurred. Furthermore, when we extracted the CNT fibre and com-
pared the contour lines of the cortex and CNT fibre, deformation 
was seen only at the site at which force was applied (Fig. 2e, iii–v, 
around the arrow). Overall, a stable device–tissue interface was 
observed during both twisting and bending. The distribution of the 
interaction force at the device–tissue interface was further simu-
lated using the finite element method. A medium was chosen with 
the same mechanical properties as muscles and the implantable 
materials were then inserted into the medium. Different motions 
of the tissue implanted with materials were simulated by changing 
the type of load on the medium. When the medium was twisting, 
as shown in the cardiac muscle in Fig. 2d (i), the CNT fibre fol-
lowed and only generated an interfacial stress of 10–15 MPa, which 
is lower than the interfacial stress generated by other implantable 
materials, including CF (300–1,100 MPa) and PI film (125–570 MPa;  
Fig. 2f, Supplementary Fig. 11). As for bending, the CNT fibre 
showed uniform interfacial stress of 20–30 MPa. By contrast, the 
monolithic fibre, such as CF, and polymer film, such as PI, caused 
severe stress concentration near the edge that could induce trauma 
to the neighbouring tissues (Fig. 2g, Supplementary Fig. 12).

The toxicity27 and immune response28 of the devices were further 
evaluated to ensure the safe application in vivo. At first, cell experi-
ments showed a similar proliferation rate of L929 cells between 
CNTs and the control group (Fig. 2h,i, Supplementary Figs. 13 and 
14). The long-term safety in  vivo was then verified by the histo-
logical analysis of organs, including liver, lungs, kidney, spleen and 
cardiac muscles, after implanting CNT fibres in blood vessels for 
21 d; no CNT residues could be identified (Supplementary Fig. 15). 
Inflammatory cells were stained for CD11b expression (a neutrophil 
marker) to monitor the possible immune response. No significant 
differences were found in the fluorescence signals between the sur-
rounding muscle tissue after 21 d of CNT fibre implantation and 
the control group without implants (Fig. 2j,k). Furthermore, haema-
toxylin and eosin (H&E) staining showed that the tissue morphol-
ogy around the CNT fibre was similar to the control group after 
21 d, indicating good integration between the fibre and the tissue 
(Fig. 2l,m). Masson’s trichrome staining also showed that the CNT 
fibre could be normally encapsulated by myocytes and no obvious 
scar formation was found (Supplementary Fig. 16a). By contrast, a 
gold wire with a similar size showed a higher intensity of immune 
response after 5 d implantation (Supplementary Fig. 17) and was 
encapsulated by collagen fibres after 21 d, indicating potential scar 
formation29 (Supplementary Fig. 16b). These combined results sug-
gested that the CNT fibre is biocompatible with tissues and does not 
elicit unusual and chronic immune responses after implantation.

Preparation of various sensing fibres
We used the CNT fibres to develop various sensing systems for 
in  vivo applications. In contrast to the bare electrical signal for  
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neural recording, chemical sensing requires the modification of fibre 
electrodes with active materials. Owing to their high surface rough-
ness, large specific surface area and remarkable electrochemical 
properties, CNT fibres can be easily modified with different func-

tional groups and/or incorporated with a second component, such 
as polymers, metal, metal oxide and biomolecules. Modifications 
can be made using physical evaporation techniques, electrochemi-
cal deposition, in  situ polymerization and/or dip-coating30. For 
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Fig. 2 | mechanical match, biocompatibility and biointegration of the implanted CNT fibre. a, Comparison of the CNT fibre with other implantable 
materials, such as CF, gold wire and silicon wire. The bending stiffnesses of CNT fibres match a range of soft tissues. The elastic moduli were measured using 
the nanoindentation method. The lines indicate the measured result and the bars represent the calculated range of bending stiffnesses of each material. b, The 
internal stress of the CNT fibre under compression compared with other implanted materials, including tungsten (W) wire, gold wire and CF with a diameter 
of ~50 μm, polyethylene terephthalate (PET) film, PI film and PDMS film with a section size of 50 μm × 5 mm; three technical repeats were performed. Data 
are mean ± s.d. Inset: the typical setup for the test; the red dashed arrow indicates the direction of applied force. Scale bar, 1 mm. c, The stress distribution 
simulation of the CNT fibre with different void ratios of the cross-section under the same compression, for which the void ratio of the cross-section (ϕ) is 
defined as the void area (SV) over the entire cross-sectional area (S): ϕ = SV/S. d, Photograph (i) and the corresponding PA image (ii) of a piece of twisted fresh 
cardiac muscle, which was injected with a CNT fibre, from a pig. The red regions in ii indicate the location of CNT fibres. The numbers on the left represent 
physical length. Scale bars, 2 cm (i) and 3 mm (ii). e, Optical images (i and ii) and the corresponding PA images (ii and iv) of an unprocessed fresh brain, which 
was implanted with a CNT fibre, from a pig before (i and iii) and after (i and iv) compression. Contour lines (v) extracted from PA images in iii and iv. Scale 
bars, 1 cm (i and ii), 2 mm (iii–v). f,g, The stress simulation of the CNT fibre in a tissue-like medium with similar mechanical properties of muscle under twisting 
(f) and bending (g), showing a very low level of stress with a uniform distribution around the fibre. h,i, Merged confocal images of L929 cells cultured 5 d on 
CNTs (h) and glass as a control (i) showing no significant differences between the substrates. Two technical repeats were performed. Living cells are indicated 
in red (Cellbrite Red), dead cells are indicated in blue (Nuclear Blue DCS1). Scale bars, 100 μm. j,k, A CD11b-labelled section of muscle tissues, which were 
implanted with CNT fibre after implantation of 21 d (j) and non-implanted control samples (k); five technical repeats were performed. The nucleus is shown in 
blue (DAPI) and CD11b is shown in red. The positively labelled cells are double stained by both DAPI and anti-CD11b antibodies. The white dotted line indicates 
the position of CNT fibres. Scale bars, 50 μm. l,m, Representative H&E sections of muscle tissues implanted with CNT fibre after implantation of 21 d (l) and 
non-implanted control samples (m); five technical repeats were performed. The black arrow indicates the position of the CNT fibre. Scale bars, 50 μm.
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example, Pt nanoparticles could be easily electrodeposited into 
CNT fibres to form uniform and stable hybrid materials, whereas 
the Pt nanoparticles were less uniform and easy to peel off CF and 
gold wire under the same conditions (Supplementary Figs. 18 and 
19). Many complicated sensing systems can therefore be obtained 
by designing coaxial laminated structures comprising an electrode, 
a signal-transforming layer, a responsive layer and an insulating 
layer. Furthermore, by coating or modifying the fibres with a range 
of functional layers, it is possible to obtain multiplex sensors that 
can detect various physiological signals ranging from neurotrans-
mitters, to nutritional status to metabolites and, therefore, a ‘SSF 
library’ can be established.

As a proof of concept, we developed four basic electrochemical 
sensors that can detect ions and prostate-specific antigens (PSAs) 
through impedance change, as well as hydrogen peroxide (H2O2) and 
glucose through redox reactions. First, the reference electrode was 
prepared by electrodepositing Ag/AgCl onto CNT fibres, followed 
by coating a polymer layer for biocompatibility (Supplementary 
Figs. 20 and 21). The H2O2 SSF has the simplest structure with Pt 
nanoparticles electrochemically deposited into the CNT fibre (Fig. 
3a, i and ii). As the Pt nanoparticles catalysed the dissociation of 
H2O2, electron transfer occurred along the fibre. Current response 
of the H2O2 SSF measured in 0−50 μM H2O2 aqueous solution 
showed a sensitivity of approximately 0.84 μA μM−1 and a linear 
range from 0 to 1.0 mM (Fig. 3a, iii and iv). The performance of the 
CNT fibres was also highly reproducible (Supplementary Fig. 22). 
The PSA SSFs with more complex structures were prepared by dip-
coating chitosan-Pb2[Fe(CN)6]-poly(diallyldimethylammonium 
chloride)-graphene oxide aqueous solution onto the CNT fibre and 
coating the outside with PSA-selective membrane to detect the anti-
gen (Fig. 3b, i and ii). The PSA SSF showed a low detection limit 
of 10−7 ng ml−1 and a sensitivity of approximately 0.17 μA ng−1 ml; 
Fig. 3b, iii and iv). The PSA SSF can be used to detect PSA levels in 
blood (normal physiological levels, <0.5 ng ml−1; pathological state 
at high risk of death, >2.0 ng ml−1)31. The Ca2+ SSFs had a similar 
structure to the PSA SSF. In this case, a CNT fibre was dip-coated 
with a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS) solution (Supplementary Fig. 23), followed by a Ca2+-
selective membrane cocktail to form a uniform and Ca2+-specific 
adsorptive layer (Fig. 3c, i and ii). The subtle potential field change 
along with Ca2+ flow could be collected by the electrode. The open-
circuit potential of the Ca2+ SSF was measured in 0.5−2.5 mM Ca2+ 
electrolyte with a sensitivity of ~4.0 mV mM−1 and proper selectiv-
ity with negligible interference from the other non-target materials 
(Fig. 3c, iii and iv; Supplementary Fig. 24). The sensors for other 
ions, such as Na+, K+ and pH, could also be fabricated using a simi-
lar method. SSFs with more complicated structures, such as glu-
cose SSFs, can be generated using layer-by-layer coating processes. 
Taking enzyme-based glucose SSF (Fig. 3d, i and ii) as an example, 
a signal-transforming layer composed of polyaniline (PANI) and 
Pt nanoparticles was first electrochemically deposited into the core 
CNT fibre electrode. This layer converted concentrations of H2O2 
intermediates into electrical current signals. Subsequently, the fibre 
was dip-coated with a glucose-responsive layer made of glucose 
oxidase immobilized on a linear polysaccharide chitosan. Finally, 
Nafion and glutaraldehyde was used to produce micropores to 
improve the selectivity and stability of the sensor (Supplementary 
Fig. 25). The glucose SSF had a working range of 2.5−7.0 mM, 
matched with the humoral glucose level (Supplementary Fig. 26). 
The glucose sensor had a sensitivity of ~5.6 nA μM −1 and a low 
detection limit of 50 μM (Fig. 3d, iii and iv), which is comparable to 
the state-of-art planar glucose sensor32 and far exceeded a commer-
cial glucometer. Importantly, the measurements were highly repro-
ducible with different fibres, although the fabrication process was 
complicated. Non-enzyme glucose SSFs can also be prepared on 
the basis of inorganic materials, such as ZnO nanoparticles. Here 

we prepared ZnO-based glucose SSFs and used them for long-term 
glucose monitoring.

As extracellular fluids contain multiple biological labels and can 
be unevenly distributed in various tissues and undergo transient 
change33, we further fabricated MSFs with different geometrical 
structures that were suitable for spatial analysis and real-time mul-
tiplex monitoring. For spatial analysis, several primary SSFs were 
twisted together with a common reference fibre electrode to obtain 
an MSF with a fibre terminal that was regularly spaced along the 
axial direction. Terminal configuration of the MSF could be medi-
ated by the angle between the primary SSFs and the twisting motor, 
and the patch distance between two neighbouring SSFs could be 
controlled by the rotation angle and diameter of the individual SSFs. 
When the same type of SSF was used and axially distributed in the 
MSF, the distribution of target analytes could be obtained with a 
spatial resolution that was tuneable from μm (comparable to the 
diameter of the fibre) to mm (Fig. 3e).

Body fluid is composed of multiple chemicals and the ability to 
monitor several of these chemicals simultaneously in real time is 
desirable for understanding how they change and interact with each 
other over time. To demonstrate multiplex monitoring, we selected 
SSFs that detect several representatives of nutrition, electrolyte and 
metabolites from the SSF library. After twisting different types of 
SSF together with a reference fibre electrode, we obtained an MSF 
with radially distributed ends (Fig. 3f). Each SSF at the terminal end 
of the MSF detected different target analytes. For example, glucose, 
Ca2+, Na+, K+ and pH SSFs were prepared and twisted with an Ag/
AgCl reference electrode. To avoid cross-talk or signal interference, 
each SSF in MSF was encapsulated by a PDMS layer with a thickness 
of around 6 μm (Supplementary Fig. 27). All of the SSFs were tested 
separately and integrally in the MSF. Owing to the effective encapsu-
lation, each SSF in the MSF could work effectively in the mixed solu-
tion of multiplex analytes (Supplementary Fig. 28). Furthermore, 
five H2O2 SSFs were prepared and tested with varying distances 
among them, and the impedance of individual SSFs remained 
unchanged with increasing distance (Supplementary Fig. 29).  
These results suggest that there is no obvious cross-talk among sen-
sors and verified the feasibility and robustness of MSF designs.

The structural, mechanical and electrical stability of mSFs
For long-term effective in vivo application, structural, mechanical 
and electrical stability are required under humoral conditions. The 
as-fabricated MSF was kept in a polyacrylamide hydrogel that mim-
ics the physiological state at 37 °C, the twisted structure was well 
reserved after 7 d (Fig. 4a,b). An MSF was then injected into the 
femoral vein of a cat. Over 5 d, fibre morphology extracted from 
PA images showed no distinct changes in length (Fig. 4c). When 
removed, the mechanical strength was found to be well main-
tained (Fig. 4d, Supplementary Fig. 30a). Most fibres demonstrated 
strengths of ~350 MPa at ~7% strain. Together, these results show 
that the hierarchical structure of the MSF and its mechanical prop-
erties are stable and could tolerate the continuous fluid flow in vivo, 
making them suitable for long-term applications.

For electrochemical stability and robustness, both the humoral 
conditions and tissue dynamics must be taken into consideration. 
The impedance over a range of frequencies is a typical indicator 
for electrochemical systems because it reflects not only the internal 
structural changes of active materials and electrodes in devices but 
also the interfaces between the devices and tissues. The interface 
could be influenced by the external adsorption of macromolecules 
such as proteins and the attachment of cells34. The impedance can 
therefore be used to evaluate the electrochemical stability of sen-
sors, and a typical Nyquist plot of a SSF is shown in Supplementary 
Fig. 31. The impedance magnitude of each SSF remained almost 
unchanged after bending and twisting for 100 cycles, with an imped-
ance fluctuation of ±0.35% (Fig. 4e,f, Supplementary Fig. 30b,c). 
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Fig. 3 | The structure and performance of the SSF library and the fabrication of mSFs. a–d, The structure and performance of H2O2 (a), PSA (b), Ca2+  
(c) and glucose (d) SSFs. Schematic of the layered composition of SSFs (i). Representative SEM images of SSFs (ii, left) and magnified images of SSF 
surface morphology (ii, right) within the region indicated by green rectangles on the left; three technical repeats were performed. Scale bars, 25 μm (ii, left) 
and 1 μm (ii, right). Cyclic voltammetry (a,b,d, iii) and electrochemical impedance spectra change (c, iii) with increasing concentrations; three technical 
repeats were performed. The chronoamperometric (a,b,d, iv) and open-circuit potential responses (c, iv) at different concentrations of analyte, indicating 
the sensitivity of SSFs; three technical repeats were performed. NPs, nanoparticles. Impedance is a two-dimensional quantity comprising resistance (real 
component vector, Z′) and reactance (imaginary component vector, Z″). e, Schematic of the preparation process (i), schematic of the structure (ii) and 
a representative SEM image (iii) of an MSF with axial terminals and five evenly spaced SSFs for spatial analysis; three technical repeats were performed. 
Scale bar, 50 μm. f, Schematic of the preparation process (i), schematic of the structure (ii) and a representative SEM image (iii) of an MSF with radial 
terminals for multiplex monitoring, such as glucose, Ca2+, Na+, K+ and pH; three technical repeats were performed. Scale bar, 50 μm. The green arrows  
in e and f indicate the twisting direction of the motor during preparation.
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To demonstrate the robustness of our device against the dynamic 
and versatile microenvironment, we utilized a viscosity-adjustable 
poly(vinyl alcohol) (PVA)/phosphate-buffered saline (PBS) solu-
tion to simulate different tissue conditions while maintaining the 
viscoelasticity. The SSFs in an MSF displayed non-significant varia-
tions in impedance magnitude at viscosities ranging from 3 mPA s 
to 11 mPa s and velocities ranging from 40 mm s−1 to 100 mm s−1 
(Fig. 4g,h). During in  vitro long-term tests, SSFs were placed in 
tubes with similar diameters to blood vessels and flushed by circu-
lating PVA/PBS with similar velocity to the blood. The impedance 
magnitudes of individual SSFs in the MSF remained stable for over 
30 d (Fig. 4i). The residue solution was also collected and measured 
using an ultraviolet–visible spectrophotometer. No characteristic 
absorption peaks of CNTs were observed, verifying that rare CNTs 
had been dissociated from the fibre (Supplementary Fig. 32). These 
results show that the MSF is electrochemically stable over a broad 
range of fluid conditions and possible human tissue dynamics and, 
therefore, meets the challenging requirements for random-target 
implantation and long-term monitoring34.

mSFs detect the spatial gradient of H2o2 in a mouse 
tumour
Gradient hypoxia is associated with rapid cell growth and distorted 
vasculature in tumours; however, the spatial distribution of key 
chemicals in tumours is poorly understood35,36. Using our MSF, 

which contained evenly spaced terminal fibres, spatial analysis of 
chemicals in the tumour microenvironment was possible. To dem-
onstrate this, we twisted five H2O2 SSFs with one Ag/AgCl reference 
electrode to form an MSF with axially distributed ends. An optical 
image showed that the ends of the SSFs lay uniformly along the axis 
(Supplementary Fig. 33). The patch distance was adjustable from 
dozens of μm to a few mm by altering the rotation angle and the ini-
tial length of the SSFs. The axial MSF was first injected into agarose 
gel, and the H2O2 was dropped onto the gel from the upper surface 
(Fig. 5a). Each of the five fibres detected the concentration of H2O2 
at their own sites, and the H2O2 distribution map was obtained over 
time. As expected from the diffusion model, electrode 1 had a maxi-
mum current range (20–240 μA), which corresponded to the H2O2 
concentration range of 0 mM to 2.75 mM. Similarly, electrodes 2–5 
showed current changes of 96.0 μA, 68.8 μA, 32.0 μA and 29.6 μA, 
which corresponded to H2O2 concentration changes of 950 μM, 
610 μM, 150 μM and 120 μM, respectively (Fig. 5b). Compared 
with existing biodetection technologies such as fluorescence37 and 
PA imaging38, the design of our MSF offers a convenient in  situ  
method to detect analytes in real time with high resolution and 
rapid feedback.

Next, we injected a H2O2 MSF into a solid tumour in a nude 
mouse using a syringe filled with saline (Fig. 5c). PA signals showed 
that the longest fibre reached the centre of the tumour (Fig. 5d), 
whereas the other electrodes laid along the axial direction. We first 
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Fig. 4 | The structure and stability of the mSF. a,b, Optical images of an MSF in a polyacrylamide hydrogel on day 1 (a) and 7 (b) with a constant 
temperature of 37 °C. No untwisting was seen; two technical repeats were performed. Scale bars, 120 μm. c, Schematic of a fibre flowing in the femoral vein 
of a cat (top) and the extracted PA signals of the MSF in the femoral vein of the cat (blue lines, bottom) for 0–5 d in vivo, showing no change in fibre length. 
Scale bar, 500 μm. d, Representative stress–strain curves of the fibres after injection into a vein of a cat for 1–5 d, showing no obvious changes in tensile 
strength; three technical repeats were performed. e,f, Representative impedance curve of each SSF in an MSF under increasing frequencies of bending (e) 
and twisting (f) for 100 cycles, showing no obvious change; three technical repeats were performed. g,h, The impedance magnitude changes of an SSF 
in an MSF, displaying small variations in environments with different viscosities (g) and velocities (h) (versus the Ag/AgCl electrode). i, The impedance 
magnitude of an SSF in an MSF remains stable in a tube with a flow of PVA/PBS solution for 30 d.
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the centre of the tumour. Scale bar, 1 mm. e, Mapping of the spatial and temporal distribution of H2O2 in a mature tumour with a volume of 1,950 mm3 over 
20 h in vivo. f, A graph showing the distribution of H2O2 inside six tumours with a volume of 80 mm3 to 1,283 mm3 during growth. As the tumour increases 
in volume, the distribution of H2O2 changes accordingly, with higher H2O2 concentrations in the centre of the larger tumour. Each Gaussian simulation was 
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measurement described in f; six technical repeats were performed. Scale bar, 1 cm.
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conducted electrochemical tests in a mature solid tumour with a 
volume of 1,950 mm3 every 4 h and mapped the spatial and temporal 
distribution of H2O2 (Fig. 5e). The concentration of H2O2 decreased 
stepwise from the inside out at gradients of about 143 μM, 101 μM, 

74 μM, 54 μM and 22 μM. The increasing levels of H2O2 towards 
the centre of the tumour probably follows the decreasing gradient 
of oxygen supply in mature tumours31. The concentration of H2O2 
inside the tumour was nearly 120 μM higher than the outside, with 
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only small fluctuations over 20 h. To understand how tumours reach 
homeostasis in response to rapid changes in the microenvironment, 
we further studied the distribution of H2O2 inside the tumour at dif-
ferent stages of growth. As the tumour volume varied from 80 mm3 
to 1,283 mm3 during growth, the patch distance of SSFs in an MSF 
was designed from 150 μm to 1 mm and the concentration of H2O2 
at the central position increased from 16 μM to 98 μM (Fig. 5f,g). 
The distribution of H2O2 changed from being uniform to a gradient 
along with tumour growth and gradually appeared to decrease from 
the inside out. By correlating the spatial gradient of H2O2 and other 
chemicals, such as O2 and pH, with hypoxic gradients in cancerous 
tumours, it is possible to understand tumorigenesis, tumour devel-
opment and how tumours survive hypoxia.

mSFs as real-time and long-term multiplex sensors in vivo
For diseases such as type 1 diabetes that require real-time moni-
toring and feedback, the MSF together with implantation offers an 
effective method for monitoring relevant analytes and delivering 
therapy on time without the need for additional equipment39. To 
test this, we integrated the injected MSF (the sensing component) 
with the signal transduction, conditioning, processing and wireless 
transmission paths on a flexible stretchable polymer patch that con-
formed and adhered well to the body (Fig. 6a,b). Data from the patch 
were transmitted wirelessly to a Bluetooth-enabled mobile handset 
(the circuit design, calibration and power diagram of the integrated 
system are provided in the Methods and Supplementary Figs. 34 and 
35). When tested on a conscious cat, electrochemical signals based 
on both current-mode (glucose sensor) and voltage-mode (ion 
sensor) devices were obtained (Fig. 6b, Supplementary Video 1).  
The real-time electrochemical data that were obtained from the 
patch by injecting the cat with glucose four times matched well with 
ex situ measurements of blood samples (Fig. 6c, black data points). 
The blood calcium fluctuations (2.0–2.8 mM) were also observed 
(Fig. 6d). These results show that electrochemical readings from 
MSFs are accurate and timely, offering a monitoring tool that is free 
from complex sampling procedures and cumbersome equipment.

The MSF was retained in behaving cats for 28 d to verify its 
potential for long-term application in  vivo. The impedance mag-
nitude of Ca2+ SSFs remained stable throughout the continuous 
monitoring (Fig. 6e). The sensitivity was stable during an in vitro 
test for more than 28 d (Fig. 6f). The implanted Ca2+ SSFs were able 
to monitor changes in Ca2+ levels in cats for 28 d (Fig. 6g–j). Finally, 
the Ca2+ SSF was removed after chronic in vivo implantation, and 
the sensitivity was also found to be well maintained compared with 
the in vitro test (Fig. 6f). The scanning electron microscope (SEM) 
images demonstrated that the surface of the SSF was well preserved 
(Supplementary Fig. 36), which accommodated its long-term elec-
trochemical stability. Furthermore, the ZnO-based glucose SSFs 
also remained stable and effective over continuous testing in vitro 
and monitoring in vivo for 28 d (Supplementary Figs. 37 and 38). 
These results indicate a promising route to benefit patients with 
real-time health monitoring at a low cost and a low level of discom-
fort in the future.

In summary, we have introduced a flexible fibre-based implant-
able sensor that mimics the hierarchical and helical assembly and 
mechanical properties of native soft tissues. The sensor was made by 
twisting CNTs into hierarchical and helical bundles of fibres. When 
injected into tissue using a syringe, the sensor formed a stable fibre–
tissue interface and showed good biointegration, offering a robust 
tool for long-term sensing applications. MSFs with axial or radial 
distributions of terminals enabled the simultaneous detection of 
multiple-target analytes with spatially resolved and real-time feed-
back. We showed real-time monitoring of H2O2 in solid tumours 
and Ca2+ and glucose concentrations in blood vessels. By creating a 
library of SSFs with different sensing functionalities, it is possible to 
obtain an unlimited number of combinations of sensing elements, 

offering an important opportunity for discovering and understand-
ing the mechanisms of various diseases. Furthermore, we integrated 
the sensing fibres with a wirelessly transmitting device, and enabled 
portable and convenient monitoring of physiological information.

methods
Fabrication of SSFs. All of the SSFs were fabricated by decorating analyte sensitive 
components onto CNT fibres and insulating the fibre with a thin layer of PDMS. 
A detailed description of the preparation of the CNT fibre is provided in the 
Supplementary Information. Details of the modification method for individual 
SSFs are provided below.

Fabrication of H2O2 SSFs. The H2O2 SSFs were prepared by depositing Pt 
nanoparticles onto a CNT fibre using an electrochemical double potential step 
method. A KCl (0.1 M, Sinopharm) and K2PtCl6 (1 mM, Sigma) aqueous solution 
was used as the electrolyte, and CNT fibre, Pt wire (Shanghai Yueci) and Ag/AgCl 
(Shanghai Yueci) were used as the working, counter and reference electrodes, 
respectively. In a typical electrochemical cycle, the deposition was conducted by 
setting the first step at 0.5 V for 10 s and the second step at −0.7 V for 10 s.  
The Pt–CNT composite fibre was obtained after 50 cycles.

Fabrication of glucose SSFs. A multi-step electrochemical procedure was used 
to fabricate glucose SSFs40. The glucose SSFs were classified into two typical 
categories—enzyme-based glucose SSFs and ZnO-based glucose SSFs. For the 
enzyme-based type, PANI was first deposited onto the fibre as an electron-
transport layer to widen the linear range using a chronoamperometry method at 
0.75 V for 20 s. Aqueous solution of 0.5 M aniline (Sinopharm) and 1 M H2SO4 
(Sinopharm) was used as electrolyte and Pt wire and Ag/AgCl were used as the 
counter and reference electrodes, respectively. Second, Pt nanoparticles were 
deposited onto the PANI/CNT fibre, as described for the preparation of H2O2  
SSFs. Third, the fibre was coated with a glucose-responsive layer. Chitosan 
(Aladdin) solution of 1 wt% was prepared by dissolving chitosan in 2 wt% acetic 
acid (Sinopharm) aqueous solution under magnetic stirring for about 1 h, and 
it was then mixed with single-wall CNTs (2 mg ml−1, Aladdin) under ultrasonic 
agitation. Glucose oxidase (GOx; 40 mg ml−1, Aladdin) was then added. The  
Pt/PANI/CNT fibre with a length of 500 μm was dip-coated with the mixed 
solution (4 μl) to obtain a GOx/Pt/PANI/CNT fibre. After drying at room 
temperature, the GOx/Pt/PANI/CNT fibre was dip-coated with Nafion 
aqueous solution (2 μl, 0.5 wt%, Sigma). Finally, the electrode was immersed in 
glutaraldehyde (2 wt%, Aladdin) aqueous solution for 30 min, in which Nafion film 
was crosslinked by glutaraldehyde with micropores, which enhances the selectivity 
and broadens the linear range. The glucose SSFs were obtained after drying 
overnight at 4 °C in the dark. For ZnO-based glucose SSFs41, ZnO nanoparticles 
(Aladdin, 0.24 g) and MWCNT-COOH (Sigma, 0.08 g) were dissolved in a mixture 
of 10 ml water and 15 ml ethylene glycol, dispersed by ultrasonic treatment 
and stirred for 20 h at 80 °C. The resulting product was washed with water 
and ethanol and dried at 60 °C. Then, 0.05 g of dried product was dispersed in 
dimethylformamide mixed with 5% Nafion aqueous solution (3/1, v/v) and stirred 
for 24 h. The CNT fibre was dip-coated with the obtained mixture (3 μl), and  
ZnO-based glucose SSFs were obtained after drying at 50 °C.

Fabrication of SSFs for ions (Ca2+, K+, Na+ and H+). For Ca2+ SSFs, PEDOT:PSS 
and a Ca2+-selective membrane cocktail were coated onto the CNT fibre to prepare 
Ca2+ SSFs. First, PEDOT:PSS aqueous solution (Heraeus, Al4083) was coated onto 
the CNT fibre three times to obtain PEDOT:PSS/CNT fibres. Second, calcium 
ionophore II (1% by weight, w/w, Sigma), sodium tetraphenylborate (0.55% w/w, 
Sigma), polyvinyl chloride (33% w/w, Sigma) and bis(2-ethylehexyl) sebacate 
(65.45% w/w, Aladdin) were mixed to prepare the Ca2+-selective cocktail. Third, 
100 mg of the membrane cocktail was dissolved in 660 μl of tetrahydrofuran 
(Aladdin). One PEDOT:PSS/CNT fibre was dipped into the solution and a uniform 
coating was obtained. The Ca2+ SSFs were finally dried overnight at 4 °C in the 
dark. For Na+ SSFs32, a Na+-selective membrane cocktail was prepared by mixing 
Na ionophore X (1% by weight, w/w, Sigma), Na-TFPB (0.55% w/w, Sigma), 
polyvinyl chloride (33% w/w, Sigma) and bis(2-ethylehexyl) sebacate (65.45% w/w, 
Aladdin). Then, 100 mg of the Na+-selective membrane cocktail was dissolved 
in 660 μl of tetrahydrofuran (Aladdin). For K+ SSFs, a K+-selective membrane 
cocktail was generated by mixing valinomycin (2% by weight, w/w, Sigma), sodium 
tetraphenylborate (0.5% w/w, Sigma), polyvinyl chloride (32.7% w/w, Sigma) and 
bis(2-ethylehexyl) sebacate (64.7% w/w, Aladdin). Then 100 mg of the K+-selective 
membrane cocktail was dissolved in 350 μl of cyclohexanone (Aladdin). The other 
steps were the same as Ca2+ SSFs. For pH SSFs, a solution of 0.1 M aniline/0.1 M 
H2SO4 was prepared and the pH SSFs were fabricated in the mixed solution by 
cyclic voltammetry from −0.2 to 1 V for 25 cycles at 100 mV s−1.

Fabrication of PSA SSFs. A simple amperometric peptide-based PSA SSF was 
developed42. First, a poly(diallyldimethylammonium chloride) (PDDA)–graphene 
oxide (GO) solution was generated as follows: PDDA (114 μl, 35% w/w, Sigma) 
aqueous solution, 1.169 g NaCl (Sinopharm) and GO aqueous solution (20 ml, 
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0.5 g l−1) were mixed, centrifuged and dissolved in 10 ml water. Second, chitosan 
solution (0.1 wt%) was prepared and mixed with K4[Fe(CN)6] (10 μl, 0.5 wt%, 
Sinopharm) aqueous solution, 60 μl PDDA–GO solution and 1.120 ml water. Third, 
CNT fibre was dipped in the mixture 20 times, once every 3 min. After drying, 
the fibre was immersed in the mixture of glutaraldehyde (0.05 wt%) and Pb(NO3)2 
(0.1 M, Aladdin) for 30 min and then washed three times with water. The resulting 
fibre was then immersed in 1 wt% glutaraldehyde for 30 min and washed three 
times with water. Finally, peptide (0.2 mg ml−1, Solarbio) was mixed with albumin 
to prepare bovine serum (0.01 mg ml−1, Sigma) aqueous solution and the fibre was 
immersed in the solution for 1 h. After drying overnight at 4 °C in the dark, one 
PSA SSF was obtained.

Fabrication of the reference electrode. The Ag/AgCl reference electrode was 
prepared using a cyclic voltammetry method. First, the CNT fibre was immersed in 
a mixed aqueous solution consisting of 5 mM AgNO3 and 1 M KNO3 by sweeping 
from −0.9 to 0.9 V for 7 cycles at a scan rate of 0.1 V s−1, with a two-electrode 
system, in which the CNT fibre acted as working electrode and a commercial silver 
electrode (Shanghai Yueci) served as both the counter and reference electrode. 
Second, the Ag/CNT fibre was dipped into an aqueous solution of 0.1 M KCl and 
0.01 M HCl by sweeping from −0.15 to 1.05 V for 2 cycles at a scan rate of 0.05 Vs−1 
with a commercial Ag/AgCl electrode as both the counter and reference electrode. 
The Ag/AgCl reference fibre electrode was obtained after drying. The Ag/AgCl 
reference fibre electrode was next coated with a polymer layer based on Nafion/
glutaraldehyde aqueous solution before being implanted.

Fabrication of MSFs. The structure of MSFs for spatial analysis and multiplex 
monitoring was demonstrated using the Ag/AgCl fibre electrode as the core and 
five H2O2 SSFs were uniformly arranged along the axial direction or around the 
core43. First, five H2O2 SSFs were arranged in parallel with space of 50 μm. The 
ends of functional SSFs were cut into a wedge with an angle of θ from the reference 
electrode, which was determined by the desired pitch distance of the MSF. For 
the multiplex monitoring fibre, θ was set as zero. The arranged fibre end was then 
fixed onto a rotating motor shaft and the other end was fixed by adhesive tape. The 
motor was operated at a speed of 200 rad min−1 for about 10 s to deliver an MSF.

Animals. Ten female and three male adult cats (Felis catus, about 1.5–2.5 kg in 
weight, aged from one to two years old) were purchased from Shanghai Yingen 
Farm. Seven-week-old BALB/c nude mice (female, about 20 g in weight) were 
purchased from the Shanghai SLAC Laboratory Animal Co. The experimental 
protocols were approved by the Animal Experimentation Committee of Fudan 
University. All of the animals were treated in accordance with guidelines for the 
care and use of experimental animals described by the National Institutes of Health 
and Fudan University.

Biocompatibility of the fibres. Cats were euthanized by lethal injection after all 
of the materials had been implanted for 5 d, 21 d or 35 d. Tissues containing fibres 
were incised into small blocks (about 1 cm × 1 cm × 0.5 cm) and fixed with 4% 
(v/v) paraformaldehyde in 1× PBS solution at 4 °C and sliced into sections with a 
thickness of about 4 µm using a microtome (Leica RM 2135, Leica Microsystems). 
Next, H&E staining, Masson’s trichrome staining and immunohistochemical 
(IHC) staining of CD11b were conducted according to a standard procedure, 
which is described in the Supplementary Information. Typically, a H&E Staining 
Kit (C0105, Beyotime Institute of Biology) and a Masson’s Trichrome Staining Kit 
(G1006, Servicebio) were used. Corresponding sections were mounted with neutral 
resins and observed under a microscope (Nikon Alphaphot-2). For IHC staining, 
antigen retrieval was performed by heating in 0.01 M citrate buffer (pH 6.0) for 
10 min at medium heat of a microwave oven (~400 W) and another 7 min at 
medium-low heat of a microwave oven (~240 W) after a break for 10 min. Anti-
CD11b antibodies (1:300, ab133357, Abcam) were used as primary antibodies and 
Cy3-conjugated goat anti-rabbit IgG (H + L) (1:300, GB21303, Servicebio) was used 
as secondary antibody. IHC sections were mounted with DAPI Fluoromount-G 
(0100-20, Southern Biotech) and observed using a confocal microscope.

Fabrication of the wireless integrated system. The conditioning path for each 
SSF was implemented in relation to the corresponding sensing mode. In the case 
of the amperometric-based glucose and H2O2 SSFs, the originally generated signal 
was collected in the form of an electrical current. A transimpedance amplifier was 
therefore used to convert the signal current into voltage. In the case of the Ca2+ 
SSFs, the generated signals were essentially the voltage differences between the 
Ag/AgCl reference electrode and the working electrode of Ca2+ SSF. We therefore 
measured the difference in potential of the Ca2+ SSF and Ag/AgCl electrode 
directly. The details of the conditioning path for each SSF and the whole circuit 
consisting of conditioning path, amplifier, filter, Bluetooth module and user 
interface are included in the Supplementary Information. A mobile application 
was designed to accompany the integrated system and to provide a user interface 
for data collection. After the MSF injection, conductive silver paint was coated 
between the device and the circuit.

The use of MSFs to detect the spatial gradient of H2O2 in a mouse tumour. 
Seven-week-old female mice with subcutaneous tumours of different sizes from 

80 mm3 to 1,950 mm3 were chosen as the experimental animals. To detect the 
distribution of H2O2 during tumour growth, the first day of the test started with 
a tumour size of 80 mm3, and the tumour size and the distribution of H2O2 were 
tested every 3 d. The MSF for spatial analysis was injected into the tumour tissue of 
a nude mouse. Each SSF was covered by conductive silver paint, connected to the 
circuit and tested in chronoamperometry at −0.42 V. The distribution of H2O2 in 
mature tumours was tested every 4 h for over 20 h.

The simulation of the concentration was acquired by two-dimensional 
Gaussian fitting on the basis of experimental data. The centre of each tumour 
was defined from the optical photographs. In the simulation, we assumed that 
dots with the same distances from their centres should have the same simulated 
concentration of H2O2, so the fitting function we used was listed as follows:

f ðx; yÞ ¼ 1
2πσ2

exp � 1
2σ2

x � μ1ð Þ2þ y � μ2ð Þ2
� �� �

where σ is the s.d. of the Gaussian fitting, x and y are the coordinates of the dot, and 
μ1 and μ2 are the coordinates of the centre.

MSF as a real-time and long-term multiplex sensor in vivo. Five adult cats 
(1.5−2.5 kg) were used as the experimental animals. MSFs prepared from Ca2+ 
and glucose fibre with an Ag/AgCl electrode as the reference electrode were 
prepared. The MSF was injected into the femoral vein for continuous monitoring. 
Different doses of glucose and sodium chloride solution, and calcium and sodium 
chloride solution (100 mM CaCl2 and 154 mM NaCl solution) were injected into 
another femoral vein of the animal to raise the blood glucose and calcium level, 
respectively. Each test was performed for more than 2 h. The Ca2+ SSFs and ZnO-
based glucose SSFs were tested in vivo for 28 d.

Verification of the fidelity of the sensors in vivo. To prove the accuracy of the 
test, the blood glucose of the cats were measured using a commercial glucose 
meter (On Call EZ2, ACON Biotech) and the blood calcium was measured using 
a commercial calcium assay kit (K380-250, Biovision). Both blood samples were 
collected from the auricular veins of the cats using a blood lancet. The level of 
blood glucose was measured during the test by dipping blood samples into the 
reaction groove, and data were exported immediately. Blood samples for the 
blood calcium tests were collected during the test by dipping the blood (10 μl) into 
a heparin-treated Eppendorf tube. After the test was completed, a commercial 
calcium assay kit was used to measure the level of calcium in the blood sample 
by spectrophotometry. The blood samples (10 μl) were diluted with 40 μl distilled 
water and then mixed with 90 μl chromogenic reagent and 60 μl calcium assay 
buffer, and then the mixture was left to stand for 10 min. The optical density at 
575 nm was measured using a NanoDrop 8000. The calibration curve was acquired 
using the standard sample in the kit. The blood samples were stored at 4 °C 
between the test and measurement.

Calculation of bending stiffness. To calculate the bending stiffness (D), a fixed 
boundary was set as one of the ends parallel with the bending direction, and a 
small vertical displacement, d, was added on the end. The bending stiffness can be 
defined as

D ¼ EI

where E and I are the elastic modulus and moment of inertia, respectively.
For a beam with a rectangular cross-section with width b and height h, the 

moment of inertia is

I ¼ bh3

12

For a circular cross-section of diameter d, the moment of inertia is

I ¼ πd4

64

von Mises stress simulation of assembled fibres under compression. Although 
the CNTs were based on nanoscale, the laws of continuum mechanics were still 
robust and applicable44,45. Moreover, when the aspect ratio of fibres was relatively 
larger, the CNTs could be treated as simple continuum beam models46–48, which 
substantially reduces the computation cost efficiency compared with atomistic 
models.

Parallel-arranged, non-sliding fibres were considered to simplify the 
hierarchical model49. To explain how the structure of the CNT fibres affects their 
macroscopic properties, we applied finite element method using the software 
ABAQUS (Analysis Users Manual, version 6.13, 2013) to simulate the deformation 
of CNT fibres with the length L = 25 μm and the diameter of cross-section 
d = 50 nm. The elastic modulus and Poisson’s ratio of CNT were 1 TPa and 0.3, 
respectively. Van der Waals interactions played a key role between two CNTs44–47, 
and Tang et al.50 previously predicted that the equilibrium separation between two 
parallel CNTs is 3.5 Å. For different hierarchical CNT bundles, we defined the void 
ratio of cross-section as the void area over the entire cross-sectional area.
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In the simulation, beam elements (B31) were applied to discretize the CNT 
bundles. Inspired by previous work by Huang et al.51, we used spring elements to 
represent the van der Waals interactions. Considering both axial and radial van der 
Waals interplay, oblique distributed linear springs were used in the interaction 
between adjacent CNTs. Taking the Hamaker constant A = 10−19 J as a typical value, 
the van der Waals energy of parallel cylinders or rods of radii R1 and R2 (per unit 
length) can be expressed as52:

W ¼ �A

12
ffiffiffi
2

p
X3=2

R1R2

R1 þ R2

 1=2

which leads to the van der Waals force:

F ¼ � dW
dX

¼ �A

8
ffiffiffi
2

p
X5=2

R1R2

R1 þ R2

 1=2

where X denotes a distance between separated surfaces and F′ denotes the 
derivative of the van der Waals force with respect to X. Considering the first two 
terms of its Taylor series expanded at the initial distance X0, we obtained

FðXÞ  FðX0Þ þ F0ðX0Þ  ðX � X0Þ
 FðX0Þ þ 5A

16
ffiffi
2

p R1R2
R1þR2

 1=2
X
�7

2
0

 
 ðX � X0Þ

By analogy with the classical spring model:

F2 � F1 ¼ k  ðx2 � x1Þ

we have

k  5A

16
ffiffiffi
2

p R1R2

R1 þ R2

 1=2

X
�7

2
0

 !

where k denotes the spring stiffness.
When subjected to axial compression, the CNT fibre may undergo a nonlinear 

buckling response. To predict the buckling behaviour of CNT fibres, Riks 
algorithm was adopted to obtain nonlinear equilibrium solutions for the overall 
buckling process of CNT fibres.

von Mises stress simulation of fibres embedded in tissues. The fibres implanted 
into the tissue deform with the vicinity under different loads. Considering the 
practical applications, excessive stress on the interface between two materials may 
cause damage and even tearing of tissue. To study the deformation at the interface 
and to predict the stress distribution, we established finite element models with 
various geometries and loads.

To solve large deformations of fibre-embedded tissues, a pseudo-dynamic 
algorithm (a stabilized nonlinear resolution method in finite element software 
ABAQUS) was used for two types of loading—twisting and bending. In the 
simulation, the elastic modulus and Poisson’s ratio of medium are 480 MPa and 0.3, 
respectively, which are equivalent to the muscle9. For a comprehensive analysis, 
we choose different types of fibre to implant into the medium, including CNT 
fibre (elastic modulus, 2.0 GPa; Poisson’s ratio, 0.3), CF (elastic modulus, 290 GPa; 
Poisson’s ratio, 0.3), tungsten wire (elastic modulus, 400 GPa; Poisson’s ratio, 0.28) 
and gold wire (elastic modulus, 77 GPa; Poisson’s ratio, 0.42). The diameter of the 
fibres is 50 μm, and the length is 10 mm. Widely used polymer films were taken 
into account, including PET (elastic modulus, 2.6 GPa; Poisson’s ratio, 0.4) and PI 
(elastic modulus, 23 GPa; Poisson’s ratio, 0.33) with thickness of 50 μm, width of 
5 mm and length of 10 mm.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
The main data supporting the results in this study are available within the paper 
and its Supplementary Information. The raw and analysed datasets that were 
generated during this study are available from the corresponding authors on 
reasonable request.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals This study used ten adult female cats (Felis catus) and three adult male cats aged from one year to two years with weights of 
1.5–2.5 kg. For tumour analyses, seven weeks female BALB/c nude mice (about 20 g in weight) were used.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight The experiment protocols were approved by the Animal Experimentation Committee of Fudan University. All animals were 
treated in accordance with guidelines for the care and use of experimental animals described by the National Institutes of Health 
and Fudan University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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