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Fatigue-resistant hydrogel optical fibers 
enable peripheral nerve optogenetics during 
locomotion

Xinyue Liu    1,2,17  , Siyuan Rao    3,16,17  , Weixuan Chen    3, Kayla Felix3, 
Jiahua Ni1, Atharva Sahasrabudhe4,5,6, Shaoting Lin1,7, Qianbin Wang3,16, 
Yuanyuan Liu8, Zhigang He    9,10, Jingyi Xu3, Sizhe Huang    3,16, Eunji Hong3,16, 
Todd Yau11, Polina Anikeeva    4,5,12,13,14,17   & Xuanhe Zhao    1,15,17 

We develop soft and stretchable fatigue-resistant hydrogel optical fibers 
that enable optogenetic modulation of peripheral nerves in naturally 
behaving animals during persistent locomotion. The formation of 
polymeric nanocrystalline domains within the hydrogels yields fibers with 
low optical losses of 1.07 dB cm−1, Young’s modulus of 1.6 MPa, stretchability 
of 200% and fatigue strength of 1.4 MPa against 30,000 stretch cycles. The 
hydrogel fibers permitted light delivery to the sciatic nerve, optogenetically 
activating hindlimb muscles in Thy1::ChR2 mice during 6-week voluntary 
wheel running assays while experiencing repeated deformation. The 
fibers additionally enabled optical inhibition of pain hypersensitivity in 
an inflammatory model in TRPV1::NpHR mice over an 8-week period. Our 
hydrogel fibers offer a motion-adaptable and robust solution to peripheral 
nerve optogenetics, facilitating the investigation of somatosensation.

Optogenetics has transformed the field of systems neuroscience by 
allowing precise control over the activity of specific cell populations1,2. 
While it is routinely applied to the study of brain circuits, the applica-
tion of optogenetic modulation to peripheral nerves that undergo 
vigorous motion remains challenging (Fig. 1a,b)3,4. Light delivery 
devices composed of rigid materials, such as silica fibers, with GPa 

moduli can damage soft tissues with moduli in kPa to MPa range upon 
repeated deformation and displacement5,6. Additionally, implanting 
rigid devices within extremities may impede natural animal behaviors. 
Although flexible devices with microscale light-emitting diodes cre-
ated through microfabrication are suitable for stimulating peripheral 
nerves and the spinal cord in freely moving rodents, their sophisticated 
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to prevent hydrogel dehydration in air, a polyvinyl alcohol (PVA) hydro-
gel fiber with a core–cladding structure and a hydrogel cuff attached to 
the targeted nerve (Fig. 1c). An amorphous PVA hydrogel core was first 
chemically crosslinked within a tubular mold and directly connected 
to a short silica segment. Next, we converted the amorphous polymers 
to nanocrystalline domains to resist crack propagation at the silica–
hydrogel interface and in the bulk hydrogel through annealing (Fig. 
1d and Extended Data Fig. 2a,b). The presence of PVA nanocrystalline 
domains not only improved the hydrogel core’s refractive index but 
also ensured a durable silica–hydrogel connection to minimize light 
loss. After annealing and rehydration, the hydrogel core was 600 μm in 
diameter and 6 cm in length. To prevent light leakage from the hydrogel 
core and thus avoid off-target illumination, we fabricated an amorphous 
hydrogel cladding (thickness: 200 μm) around the crystalline hydro-
gel core. During cladding synthesis, a light-absorbing nanomaterial, 
reduced graphene oxide (rGO, 0.21 wt%), was incorporated within an 
amorphous PVA hydrogel24. The PVA polymer chains at the hydrogel 
core–cladding interface interpenetrated and formed hydrogen bonds 
to ensure strong adhesion (Fig. 1e and Extended Data Fig. 2c). To create 
robust and flexible contact with the targeted nerve, a hydrogel cuff was 
fabricated at the fiber distal end (Fig. 1e).

Optical characterization of undeformed hydrogel fibers
For effective light delivery with minimal light loss, we first engineered 
the light absorption and scattering in the PVA hydrogel core by control-
ling the growth of nanocrystalline domains. Wide-angle X-ray scattering 
(WAXS) analysis revealed that 30-min annealing generates nanocrystal-
line domains with an average size (dnd) of 3.9 nm, which is two orders of 
magnitude smaller than the selected light wavelengths (λ = 473 nm for 
ChR2 activation and 589 nm for NpHR activation) (Fig. 1f and Extended 
Data Fig. 3a–c)6,25. The resultant PVA hydrogel material exhibited low 
light absorbance (Fig. 1g). Extended annealing time and reduced chemi-
cal crosslinking generated more nanocrystalline domains, leading to 
structural heterogeneity in hydrogels and increased light absorbance 
(Extended Data Fig. 3b–i).

Refractive index contrast between the hydrogel core (ncore) and 
cladding (ncladding) can efficiently confine the light transmission within 
the hydrogel core. Therefore, we optimized their refractive indices by 
choosing the nanocrystalline PVA as the hydrogel core (ncore = 1.380), 
and amorphous PVA as the hydrogel cladding (ncladding = 1.342) (Fig. 
1h,i). Compared with amorphous hydrogels, nanocrystalline hydro-
gels exhibit a higher refractive index due to the lower water content 
and more densely packed nanocrystalline domains20,26. Ray tracing 
simulations confirmed that the increased contrast of refractive indices 
reduces light leakage (Extended Data Fig. 3j,k). The light intensity col-
lected from amorphous PVA hydrogel fibers is only 17% of that collected 
from nanocrystalline PVA hydrogel fibers of the same length (Extended 
Data Fig. 3l,m). To further reduce light leakage, the hydrogel cladding 
was designed to be light-absorbing. A 200-µm-thick cladding made of 
amorphous rGO-PVA was generated with low light transmittances of 
4.2% at 473 nm and 13.1% at 589 nm (Extended Data Fig. 3n–q).

design presents implementation challenges outside of specialized 
facilities7–10. More notably, vigorous and repeated deformation during 
locomotion may accelerate fatigue failures at rigid–soft interfaces 
within microfabricated devices, resulting in reduced efficacy and reli-
ability of neuromodulation over time11.

Optical fibers offer precise spatial targeting, scalable manufactur-
ing and facile coupling to commercial light sources12–14. Fibers com-
posed of polymers, such as polycarbonate, polymethyl methacrylate, 
polystyrene and cyclic olefin copolymer, enabled optogenetic stimula-
tion in the mouse gut lumen and spinal cord14,15. However, the moduli 
in the GPa range and limited elasticity have hindered applications of 
polymer fibers in peripheral nerves experiencing large deformations 
(Extended Data Fig. 1a,b)3,15,16. Due to their optical transparency in 
the visible range and tunable mechanics, hydrogels are a promising 
platform for delivering light to mobile peripheral nerves17–21. However, 
a number of technical challenges have precluded their effective imple-
mentation as optical nerve interfaces. The available hydrogel materials 
are susceptible to fatigue fracture from recurring deformations during 
animal locomotion (Extended Data Fig. 1c)6,20,22. The coupling of light 
into hydrogel fibers typically relies on rigid–soft interfaces between 
silica and hydrogels that are vulnerable to fatigue fracture during 
repeated mechanical loading23. Furthermore, the low refractive indices 
of fully hydrated hydrogels (~1.34) and poor refractive index contrast 
between the core and cladding materials lead to severe light leakage 
along the hydrogel fibers20.

Here we present fatigue-resistant hydrogel optical fibers that 
adapt to persistent locomotion in naturally behaving mice (Fig. 1c). Pol-
ymeric nanocrystalline domains were introduced within the hydrogel 
fibers, which prevented crack propagation and ensured fiber resilience 
against repeated stretching (Fig. 1d). Nanocrystalline domains were 
also generated at the silica–hydrogel interface to establish a robust 
light coupling with an external light source through a commercial silica 
fiber segment (Fig. 1d). Additionally, the hydrogel fibers were equipped 
with a cuff at their distal end to facilitate robust contact with periph-
eral nerves during deformation (Fig. 1e and Extended Data Fig. 1d). In 
chronic voluntary wheel running assays, the hydrogel fibers delivered 
blue light to the sciatic nerves, allowing optogenetic stimulation of 
hindlimb muscles in Thy1::ChR2-EYFP mice, which broadly express the 
blue-light-sensitive cation channel channelrhodopsin 2 (ChR2) fused 
to an enhanced yellow fluorescent protein (EYFP) in their nervous 
systems. This technology was also applied to TRPV1::NpHR-EYFP mice, 
which express the yellow-light-gated chloride pump halorhodopsin 
(NpHR) fused to EYFP in primary sensory afferents. In an inflammatory 
pain model, optical pulses delivered through the implanted hydrogel 
fibers to sciatic nerves yielded NpHR-mediated inhibition of pain 
hypersensitivity over an 8-week study.

Results
Fabrication of fatigue-resistant hydrogel optical fibers
To facilitate light delivery to the peripheral nervous system, we 
designed a hydrogel-based device that consists of a short silica segment 

Fig. 1 | Design and mechanisms of hydrogel optical fibers. a, Schematics of 
hydrogel fibers implanted under the skin used for light delivery to peripheral 
nerves and the repeated stretching they experience during animal locomotion. 
b, Optogenetic activation or inhibition of motor and sensory neurons expressing 
opsins (for example, ChR2 and NpHR) in peripheral nerves via a hydrogel fiber. c, 
Schematic of a hydrogel fiber composed of a short silica fiber in a ceramic optic 
ferrule, a hydrogel core, a hydrogel cladding and a hydrogel cuff in the tissue fluid. 
d, Hydrogel core material adheres to a short silica fiber, enabling the fatigue-
resistant connection between the ferrule and fiber. e, Hydrogel cuff wrapped 
around a targeted nerve, enabling the motion-adaptable connection between 
the nerve and fiber. The hydrogel core–cladding interface is achieved by polymer 
chain interpenetration. f, Hydrogel core material contains nanocrystalline 
domains (dnd) that are much smaller than the light wavelength (λ), enabling 

minimized light absorption and scattering. g, Normalized absorbance at 473 nm 
and 589 nm for the hydrogel core and hydrogel cladding materials. The dashed 
line represents the absorbance of PBS. AU, absorbance units. h, Hydrogel core 
material exhibits a higher refractive index than that of the hydrogel cladding 
material and tissue fluid, enabling minimized light leakage at the core–cladding 
interface. i, Refractive index for the hydrogel core and cladding materials. 
The dashed line represents the refractive index of PBS. j,k, Plot of normalized 
light intensity versus fiber length at 473 nm (j) and 589 nm (k). The measured 
attenuation coefficients are 1.07 dB cm−1 at 473 nm and 0.53 dB cm−1 at 589 nm. l, 
Representative image of blue-light delivery through a deformed hydrogel fiber 
(no cladding and cuff). The inset is the magnified image of the fiber distal end 
directed to a calcein acetoxymethyl ester solution. Scale bar, 10 mm.
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The resulting hydrogel fibers exhibited light attenuation coeffi-
cients of 1.07 dB cm−1 at 473 nm and 0.53 dB cm−1 at 589 nm in the fully 
hydrated state (Fig. 1j,k). The optical performance remained stable 
even when incubated in the physiological conditions for 6 months 
(1.09 ± 0.22 dB cm−1 at 473 nm; Extended Data Fig. 3r). These attenua-
tion coefficients are comparable to those seen in polymer fibers with 
GPa moduli14,15. When coupled to a light source (input: 45 mW) (Fig. 

1l), light delivered through a 6-cm-long hydrogel fiber is sufficient to 
trigger ChR2-mediated neuronal excitation (output: 35.4 mW mm−2) 
(refs. 27–29).

Optical characterization of deformed hydrogel fibers
We evaluated whether hydrogel fibers can maintain adequate light 
transmission during mechanical deformation. The hydrogel fibers 
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possess a Young’s modulus of 1.6 MPa, tensile strength of 3.0 MPa and 
stretchability of 200% during a single-cycle tensile test (Fig. 2a and 
Extended Data Fig. 4a). This Young’s modulus is 3–4 orders of magni-
tude lower than that of silica fibers (73 GPa) and previously reported 
polymer fibers (2.0 GPa for polycarbonate, 2.9 GPa for polymethyl 
methacrylate and 2.6 GPa for cyclic olefin copolymer)14,30, improving 
mechanical matching with biological tissues such as muscle (0.02 MPa) 
and sciatic nerve (0.6 MPa)6,31. To assess the fatigue resistance of the 
hydrogel fibers under physiological conditions, we subjected them to 
repeated mechanical loading in phosphate-buffered saline (PBS). The 
fatigue threshold of the silica–hydrogel interface was measured to be 
625 J m−2, comparable to the interfacial fatigue threshold found in the 
natural cartilage–bone interface (800 J m−2) (Fig. 2b and Extended Data 
Fig. 4b). Commensurate with the loading frequency and mechanical 
strength of load-bearing muscles, we performed cyclic tensile tests 
on the hydrogel fibers with a frequency of 1 Hz and stress amplitude 
of 1.4 MPa (refs. 32,33). These cyclic tests revealed that the maximum 
strain maintained ~70% over 10,000 cycles with no cavity or crack 
formation at the silica–hydrogel interface (Fig. 2c,d). In addition, the 
hydrogel fibers exhibited resilience (0% hysteresis) and low modulus 
(1.6 MPa) even after cyclic loading (Extended Data Fig. 4c). By perform-
ing cyclic stretching with different stress amplitudes, we determined 

the 30,000-cycle fatigue strength to be 1.4 MPa, similar to the strength 
of skeletal muscles (0.4–2.0 MPa) (Extended Data Fig. 4d–f)34. Notably, 
no changes in mechanical behaviors were observed following their 
8-week implantation in mice or 6-month incubation in PBS (Fig. 2e,f 
and Extended Data Fig. 4g,h).

We further investigated the optical transmission of the hydrogel 
fibers under cyclic stretching at a frequency of 1 Hz and a strain ampli-
tude of 25%, which mimicked the mechanical loading occurring during 
locomotion (Fig. 2g)35. We found that the hydrogel fibers maintained 
light transmission above 87% for more than 1,000 stretch cycles (Fig. 
2g,h and Supplementary Video 1). We subsequently evaluated the 
light transmission under extreme tensile loading. The hydrogel fiber 
transmitted 23% of maximum light intensity, even when elongated 
at a strain of 90%. Unlike stretchable hydrogel fibers, the silica fiber 
fractured at a strain of 1% and the polydimethylsiloxane (PDMS) fiber 
failed at a strain of 20% due to their low fracture energies (Fig. 2i)36,37. 
We also measured the light transmission of different optical fibers 
under bending (Extended Data Fig. 4i). Compared with common fiber 
materials, the hydrogel fibers showed high mechanical compliance and 
relatively low optical losses (Fig. 2j)38.

We also tested their adaptability to physiological tissue motion by 
attaching the fibers to a porcine artery ex vivo and simulating tissue 
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deformation. Unlike silica fibers that constrained artery displacement, 
the hydrogel fibers followed tissue deformation and maintained stable 
light transmission under dynamic loading (Fig. 2j,k and Supplementary 
Video 2). To expand their versatility, we designed fiber distal ends with 
different architectures, including a hydrogel cuff interfacing with 
tubular organs (for example, peripheral nerves; Extended Data Fig. 4j) 
and a conformal hydrogel membrane tailored to organs with smaller 
curvatures (for example, heart; Extended Data Fig. 4k).

Optogenetic stimulation after repeated fiber deformation
To demonstrate in vivo light delivery with repeated deformation, we 
implanted the hydrogel fibers in mice with voluntary wheel running 
tests (VWRTs), a standard locomotor activity test (Fig. 3a). Transgenic 
Thy1::ChR2-EYFP mice, expressing excitatory opsin ChR2 in the nervous 
system (Fig. 3b), were implanted with fibers and then subjected to peri-
odic VWRTs (n = 6 mice; Fig. 3c)7,27. During implantation, the hydrogel 

fiber’s ferrule was affixed on the skull while the cuff was wrapped around 
the sciatic nerve (Fig. 3d). After implantation, the mice underwent 
42-min weekly VWRTs during which the repeated stance and swing 
phases were accompanied by in vivo fiber cyclic stretching. To quantify 
the deformation of the implanted fibers, mouse running gait during 
VWRTs was analyzed with DeepLabCut markerless pose estimation (Fig. 
3e,f and Supplementary Videos 3 and 4)39. By tracking the fiber length 
in pose estimation during running, we found that the fiber stretching 
frequency and the strain amplitude were approximately 4 Hz and 10%, 
respectively, indicating that the implanted hydrogel fibers experienced 
~10,000 stretches per week with a strain amplitude of ~10% (Fig. 3e and 
Extended Data Fig. 5a–c). The fiber deformation amplitudes during 
grooming and rearing were found to be comparable to or below those 
associated with running (Extended Data Fig. 5d,e).

We then examined whether light delivered through the hydro-
gel fibers could activate the motor axons in Thy1::ChR2-EYFP mouse 
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sciatic nerves. After VWRTs, we recorded the electromyographic (EMG) 
signals in mouse hindlimb muscles under anesthesia in response to 
the pulsed blue light (wavelength: 473 nm; estimated light intensity: 
35.4 mW mm−2; frequency: 1 Hz; ON: 10 ms; OFF: 990 ms). Optical 
stimuli consistently induced EMG signals in the tibialis anterior or 
gastrocnemius muscles (Fig. 3g and Extended Data Fig. 6a–c). Addi-
tionally, high-frequency optical pulses (40 Hz) resulted in tetanic 
muscle contractions (Extended Data Fig. 6d). In the long-term, optically 
evoked EMG potentials were recorded even 6 weeks after implantation 
(>60,000 fiber stretching cycles), indicating stable mechanical and 
optical properties of hydrogel fibers in vivo (Fig. 3h,i).

Effects of hydrogel fiber implantation on mice
To examine the potential effects of fiber implantation on locomotion, 
we first compared the running gait parameters during VWRTs, including 

stick diagrams, knee angles, ankle angles and gait frequency, before and 
after the implantation surgery. With the exception of a minor decrease 
in the maximum ankle angle in the first 2 weeks following surgery, 
we did not observe any considerable effects of fiber implantation on 
general locomotor performance (Fig. 3f and Extended Data Fig. 5f–o). 
The results from von Frey tests indicated the implantation procedure 
did not cause mechanical allodynia (Extended Data Fig. 7a–c). The 
skilled locomotor scores for the mouse hind paw on the implanted side 
temporarily decreased in horizontal ladder tests; however, the scores 
gradually returned to baseline levels during the recovery (Extended 
Data Fig. 7d–f). To examine the potential inflammation, we collected 
sciatic nerves after 8-week VWRTs and evaluated histology and immu-
nohistochemistry. Histological evaluation showed that the implanted 
hydrogel cuffs did not cause severe foreign body reactions in the sci-
atic nerve at 8 weeks after implantation (Extended Data Fig. 7g,h).  
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Fig. 4 | Optogenetic inhibition of nociception in naturally behaving 
mice enabled by hydrogel optical fibers. a, Schematic of the generation of 
TRPV1::NpHR-EYFP transgenic mice using a genetic cross approach. In these mice, 
inhibitory opsin is selectively expressed in the TRPV1-lineage of DRG sensory 
neurons. b, Confocal images of DRG and sciatic nerve cross-sections showing 
NpHR-EYFP expression. Scale bar, 100 μm. c, In vivo study design and timeline of 
implantation, inducing inflammatory pain with CFA and IFA injection, nociception 
test, optogenetic inhibition and tissue collection over 8 weeks. d, Nociceptive 
threshold of ipsilateral hind paw flinch before implantation (baseline), before 
CFA injection on day 6 post-implantation (pre-CFA) and after CFA on day 7 post-
implantation (post-CFA) to confirm the CFA-induced inflammation through von 
Frey tests. e, Schematic showing a mouse with a hydrogel optical fiber in hot-plate 
tests. Optogenetic inhibition is controlled by optical pulses from a 589-nm 
laser source. Yellow bars indicate optical pulses with a pulse width of 25 ms and 
irradiance of 8.5 mW mm−2. f, Latency of first-time ipsilateral and contralateral 

hind paw flinch during inhibition in evaluating thermal–nociceptive sensitivity 
through hot-plate tests for TRPV1::NpHR-EYFP (test group) and TRPV1::Cre 
(control group) mice from week 3 to week 8. g, Latency of first-time ipsilateral 
hind paw flinch in hot-plate tests for TRPV1::NpHR-EYFP mice over time after 
implantation. h, Schematic showing a mouse with a hydrogel optical fiber in 
von Frey tests. Optogenetic inhibition is controlled by optical pulses from a 
589-nm light source. Yellow bars indicate optical pulses with a pulse width of 
25 ms and irradiance of 8.5 mW mm−2. i, Nociceptive threshold of ipsilateral 
and contralateral hind paw flinch during inhibition in evaluating mechanical 
allodynia through von Frey tests for TRPV1::NpHR-EYFP (test group) and 
TRPV1::Cre (control group) mice from week 3 to week 8. j, Nociceptive threshold 
of ipsilateral hind paw flinch in von Frey tests for TRPV1::NpHR-EYFP mice over 
time after implantation. *0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; ***0.0001 ≤ P < 0.001; 
****P < 0.0001.

http://www.nature.com/naturemethods


Nature Methods

Article https://doi.org/10.1038/s41592-023-02020-9

Using ionized calcium-binding adapter molecule 1 (Iba1), a marker for 
macrophages in the peripheral nervous system40,41, we also observed 
no notable increase in Iba1 expression in the implanted sciatic nerves 
compared with nonimplanted ones (Extended Data Fig. 7i–k; P = 0.235, 
unpaired t-test).

Furthermore, we examined possible adverse effects arising from 
optical illumination. Due to thermal dissipation within tissue, the 
photothermal effect in the sciatic nerves was found to be substantially 
smaller than that in air. At a coupled power of 45 mW, the temperature 
increase (ΔT) measured at the distal end of the hydrogel fiber was 
<0.4 °C, even at a 100% optical duty cycle (Extended Data Fig. 8a–f). 
Notably, due to the optimized refractive index contrast between the 
core and cladding and the light absorption in the cladding, the radial 
leakage and off-target illumination along the fiber were minimized, 
enabling targeted experiments in transgenic animals broadly express-
ing opsins across the central and peripheral nervous systems (Extended 
Data Fig. 8g–j). Additionally, we did not observe nerve dislocation due 
to fiber implantation and deformation during locomotion (Extended 
Data Fig. 8k–m), nor architectural change in the hydrogel cuff following 
8-week implantation in mice (Extended Data Fig. 8n).

Optogenetic inhibition of nociception in behaving mice
We then evaluated the ability of the hydrogel optical fibers to modu-
late somatosensory neural pathways in behaving mice. To achieve this, 
we first created transgenic TRPV1::NpHR-EYFP mice, which expressed 
inhibitory rhodopsin NpHR fused with EYFP under the peptidergic 
nociceptor-specific promoter, transient receptor potential vanilloid 
receptor subtype 1 (TRPV1) (Fig. 4a)29. Confocal microscopy images con-
firmed NpHR-EYFP expression in the dorsal root ganglia (DRGs) and the 
sciatic nerves of TRPV1::NpHR-EYFP mice (Fig. 4b). To assess the effi-
cacy of optogenetic inhibition in somatosensory afferents, we implanted 
hydrogel fibers in these mice and subjected them to sensory tests for up 
to 8 weeks. Chronic inflammatory pain was induced by intraplantar injec-
tion of complete Freund’s adjuvant (CFA) 1 week following implantation, 
and maintained through biweekly incomplete Freund’s adjuvant (IFA) 
injections (Fig. 4c). Consistent with earlier reports of the CFA inflamma-
tory model, the mice developed mechanical allodynia (Fig. 4d)42,43. To 
evaluate the effects of optogenetic inhibition on thermal sensitivity, we 
placed the mice on a hot plate at 50 °C, and recorded the latency of their 
first-time hind paw flinch paired with yellow-light delivery to the sciatic 
nerves (wavelength: 589 nm; estimated light intensity: 8.5 mW mm−2; 
frequency: 20 Hz; ON: 25 ms; OFF: 25 ms; 30-s duration) (Fig. 4e)42,44. At 
the same optical illumination conditions, the hind paw on the implanted 
side (ipsilateral, ipsi-) in NpHR-expressing mice exhibited substantially 
longer flinch latencies compared with the nonimplanted side (contralat-
eral, contra-; **P = 0.0080, Kruskal–Wallis analysis of variance (ANOVA) 
with Dunn’s multiple comparison test) and the control group (TRPV1::Cre, 
****P < 0.0001) implanted with identical fibers (Fig. 4f). Such diminished 
nocifensive behaviors upon light delivery were observed during the entire 
8-week period (Fig. 4g and Extended Data Fig. 9a–e). Additionally, we 
employed von Frey tests to examine the effects of optogenetic silencing 
of TRPV1-expressing afferents on punctate mechanical allodynia, where 
normally innocuous tactile stimuli evoke pain (Fig. 4h)42,44. Consistent with 
the effects on thermal sensitivity, in TRPV1::NpHR-EYFP mice, yellow-light 
delivery through hydrogel fibers consistently attenuated mechanical 
allodynia over 8 weeks (Fig. 4i,j and Extended Data Fig. 9f–j), suggesting 
the utility of these fibers for studies of nociception in freely behaving mice.

Discussion
The hydrogel fiber technology offers a light delivery method for 
dynamic in vivo conditions, while preserving natural animal behav-
iors. By controlling the growth of polymeric nanocrystalline domains, 
we engineered fatigue-resistant hydrogel fibers with optimized 
mechanical and optical properties. This technology is compatible 
with fiber-coupled light sources and molecular optogenetic tools 

commonly found in neuroscience laboratories. Utilizing optoge-
netics in the peripheral nervous system, our method can be further 
leveraged to investigate motor control, somatosensation and pain 
processing2,3,44. Beyond the application in sciatic nerves, the hydrogel 
fibers can be tailored for implantation in peripheral nerves, as well as 
on other motile organs, such as the heart, gut and blood vessels15,45,46. 
We envision the capability and adaptability of our hydrogel fiber tech-
nology being expanded for bidirectional optogenetics stimulation 
and optical recording via the use of fluorescence indicators13,47. Such 
advances will facilitate future studies of peripheral neurophysiology 
in naturally behaving animals.
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Methods
Fabrication of short PVA-coated silica fibers
A short silica fiber (core diameter 400 μm, length 15 mm) was stripped 
from a multimode optical fiber (Thorlabs FT400UMT) and fixed to a 
ceramic optical ferrule (Thorlabs CFX440-10) using an epoxy adhesive 
(Loctite Eccobond F112). The silica fiber was extruded out at one end 
of the optical ferrule with the length of 3 mm, and both ends of the 
silica fiber in the optical ferrule were polished. The extruded silica 
fiber was treated with 50% sodium hydroxide solution overnight and 
plasma cleaning (Harrick Plasma) in an oxygen atmosphere for 5 min. 
A solution of 10 wt% PVA solution was prepared by dissolving 10 g 
of PVA (molecular weight of 146,000–186,000, 99+% hydrolyzed; 
Sigma-Aldrich) in 90 ml of water at 90 °C with continuous stirring for 
5 h until clear. A layer of PVA was deposited on the extruded silica fiber 
surface by dip-coating in the 10 wt% PVA solution. After dip-coating, 
the optical ferrule with a short PVA-coated silica fiber was dried at room 
temperature for 1 h, heated at 100 °C for 1 h and rehydrated in water.

Fabrication of hydrogel optical fibers
A solution of 10 wt% PVA solution was prepared by dissolving 10 g 
of PVA (molecular weight of 146,000–186,000, 99+% hydrolyzed; 
Sigma-Aldrich) in 90 ml of water at 90 °C with continuous stirring for 5 h 
until clear. Next, two separate mixtures were prepared by mixing 10 ml 
of 10 wt% PVA solution with 75 μl of hydrochloric acid (37% in water) for 
30 s using a planetary centrifugal mixer (Thinky AR-100), and 10 ml of 
10 wt% PVA solution with 75 μl of glutaraldehyde solution (25% in water) 
for 30 s, respectively. These two solutions were then mixed for 30 s and 
degassed for 2 min. The resultant mixture was infused into a silicone 
tubing mold (length 120 mm, diameter 1.6 mm; McMaster-Carr 5233K51) 
connected to a disk-shaped acrylic mold (diameter 3 mm, thickness 
6 mm; acrylic sheet by laser cutting) at the distal end. A PVA-coated opti-
cal ferrule was then inserted into the proximal end of the silicone tubing 
mold. The mixture in the mold was allowed to crosslink for 6 h at room 
temperature in a humid environment (relative humidity > 70%), after 
which the chemically crosslinked PVA hydrogel was demolded by swell-
ing the silicone mold in DCM (Sigma-Aldrich). A hole (diameter 0.91 mm) 
was punched through in the center of the disk-shaped PVA hydrogel 
at the distal end using a dispensing tip (20 Gauge; EFD Nordson). The 
PVA hydrogel fiber was next washed in excess water to remove residual 
chemicals for 3 d, dried in air at room temperature for 12 h, annealed 
at 100 °C for 30 min and rehydrated in water to generate the hydrogel 
fiber without cladding. The processes of drying and annealing usually 
induce dimensional shrinkage of hydrogel fibers, so the fibers were kept 
straight during these processes to prevent nonuniform deformation. 
After being fully hydrated in water, each hydrogel fiber without cladding 
was inserted into silicone tubing (length 60 mm, diameter 1,000 μm; 
McMaster-Carr 1972T14) with both ends exposed. Then, 5 ml of 10 wt% 
PVA solution was mixed with 50 μl of hydrochloric acid (37%) for 30 s 
using a planetary centrifugal mixer (Thinky AR-100). Another 5 ml of 
10 wt% PVA solution was mixed with 50 μl of glutaraldehyde solution 
(25% in water) for 30 s. The above two solutions as well as 5 ml of gra-
phene oxide solution (6.2 g l−1 in water; Graphene Supermarket) were 
then mixed for 30 s and degassed for 2 min. The mixture was infused 
into the silicone tubing containing a hydrogel fiber without cladding 
and left for chemical crosslinking for 12 h, after which the hydrogel 
fiber with cladding was demolded by swelling the silicone mold in 
dichloromethane. To reduce the graphene oxide in the hydrogel clad-
ding, the hydrogel fiber was incubated in 100 ml of aqueous solution 
containing 5 g of sodium hydroxide and 1.5 g of sodium hydrosulfite at 
37 °C for 1 min to generate rGO. Lastly, the hydrogel fiber was washed 
with a large amount of water to remove residual chemicals for 2–3 d.

Optimization of hydrogel optical fibers
When fabricating short PVA-coated silica fibers, we varied the PVA 
amount (2.5–20.0 wt%) and the temperature (20–85 °C) of the 

dip-coating solution to control the thickness of the PVA-coating layer 
on the silica fibers (Supplementary Fig. 1a–d). When fabricating hydro-
gel core materials, we changed the glutaraldehyde amount (0.025–
0.400 wt%) to regulate the chemical crosslinking density and the PVA 
annealing time (0–120 min) to regulate the crystallinity in the PVA 
hydrogel core materials (Extended Data Fig. 3d–i and Supplementary 
Fig. 2a–c). When fabricating hydrogel cladding materials, we varied 
the reduction time (0–5 min) to control the generation of rGO in the 
hydrogel cladding materials (Extended Data Fig. 3n–q). When fabricat-
ing different structures at the distal end of the hydrogel optical fibers, 
we designed different form factors of molds, including a disk-shape and 
a thin-film mold at the end of silicone tubing (Extended Data Fig. 4j,k).

Imaging of hydrogel optical fibers
We used an epifluorescence microscope (Nikon Eclipse LV100ND) with 
a ×5 objective lens to acquire microscopic images in the bright-field 
mode and to characterize the dimensional and structural features of 
hydrogel optical fibers. The images we obtained were used to identify 
the thickness of the PVA-coating layer on the silica fibers, the diam-
eters of hydrogel optical fibers with and without cladding, the size of 
hydrogel cuffs and the hydrogel–silica adhesion before and after cyclic 
stretching. We used a digital single-lens reflex (DSLR) camera to capture 
the macroscopic images of hydrogel optical fibers in the dark-field 
mode. To facilitate visualization, light-absorbing cladding was not 
included in the experiments shown in Figs. 1l and 2g and Extended Data 
Fig. 3l,m. The two ends of the hydrogel optical fiber are connected to a 
light source and a photodetector, respectively, in Fig. 2g and Extended 
Data Fig. 3l,m.

Rheological measurement of PVA solutions
We utilized a rheometer (AR-G2, TA Instrument) equipped with a 40-mm 
2° cone-plate and conducted the experiments in the steady-state flow 
mode to characterize the shear viscosity of PVA solutions. The meas-
urements of the shear viscosity of the PVA solutions were carried out 
at different shear rates (0.01–100.00 s−1), temperatures (20–85 °C) 
and PVA amounts (2.5–20.0 wt%). We identified the shear viscosity 
measured at a shear rate near zero.

X-ray scattering measurement of hydrogel core materials
The WAXS measurements were performed on the hydrogel core mate-
rials in the dry state using Ni-filtered CuKa1 radiation with an X-ray 
wavelength of 0.154 nm and a Pilatus3R 300K detector (Dectris) in a 
SAXSLAB instrument. We used a wide-angle 2-mm beamstop with a sam-
ple–detector distance of 109.1 mm. The exposure time was set as 300 s. 
Raw WAXS patterns were processed with corrections by MATLAB-based 
GIXSGUI software before analysis. After subtracting the instrumental 
line broadening, we identified the full-width at half-maximum diffrac-
tion peak as β, and the average size of nanocrystalline domains, dnd, was 
approximately calculated using Scherrer’s equation, dnd = kλ/(β cos θ0), 
where k is a dimensionless shape factor varying with the actual shape of 
the nanocrystalline domain (k = 1, approximating the spherical shape 
of the nanocrystalline domains), λ is the wavelength of X-ray diffraction 
(λ = 0.154 nm) and θ0 is the peak of the Bragg angle39.

Differential scanning calorimetry of hydrogel core materials
We used a differential scanning calorimeter (Discovery, TA Instrument) 
to characterize the crystallinity of the hydrogel core materials in the dry 
state. The materials were placed in a Tzero Pan and heated from 50 °C to 
250 °C at a rate of 20 °C min−1 under a nitrogen atmosphere with a flow 
rate of 30 ml min−1. By tracking the heat flow curve ranging from 200 °C 
to 250 °C, we integrated the endothermic transition and obtained the 
enthalpy for melting the crystalline domains in the dry sample. The 
crystallinity can be calculated as H/H0, where H is the measured melting 
enthalpy of hydrogel core materials, and H0 = 138.6 J g−1 is the melting 
enthalpy of 100% crystalline PVA.
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Absorbance measurement of hydrogel core and cladding 
materials
For absorbance measurement, hydrogel membranes were prepared 
with a similar procedure as discussed above but using a rectangu-
lar mold (thickness 1 mm). Final thicknesses of the hydrogel mem-
branes were measured by a caliper. The light absorbances at 473 nm 
and 589 nm of the hydrogel materials were measured by a microplate 
reader (BioTek Synergy H4) in the unit of absorbance unit (AU) when 
they were immersed in PBS. We used the absorbance divided by thick-
ness as the normalized absorbance (unit: AU mm−1).

Transmittance spectrum measurement of hydrogel core and 
cladding materials
For transmittance spectrum measurement, hydrogel membranes 
were prepared with a similar procedure as discussed above but using 
a rectangular mold (thickness 1 mm). Final thicknesses were measured 
by a caliper. The transmission spectra (200–1,000 nm) of the hydrogel 
materials were measured by ultraviolet–visible spectroscopy (Thermo 
Fisher Scientific) when they were immersed in PBS.

Refractive index measurement of hydrogel core and cladding 
materials
For refractive index measurement, hydrogel membranes were prepared 
with a similar procedure as discussed above but using a rectangular 
mold (thickness 1 mm). The refractive indices of the hydrogel materi-
als were measured by a digital pocket refractometer (Sper Scientific). 
After removing residual water on hydrated hydrogel membranes, we 
attached them onto the measuring prism surface of the refractometer. 
The Brix numbers shown on the refractometer were converted to 
refractive indices.

Ray tracing simulation in optical fibers
We performed ray tracing simulations in the optical fibers by using 
Ray Optics Simulation (https://phydemo.app/ray-optics/simulator/) 
to evaluate the effects of refractive index contrast between the hydro-
gel core and cladding. With the same configuration (core diameter 
600 µm, cladding thickness 200 µm), we changed the refractive indi-
ces of hydrogel core materials from 1.40, to 1.36, to 1.34, and fixed the 
refractive index of hydrogel cladding materials as 1.34 and the refrac-
tive index of the environment as 1.33.

Attenuation measurement of hydrogel fibers
The intensity of transmitted light through hydrogel fibers of vari-
ous lengths was measured using a power meter (Thorlabs PM16-122) 
when the fibers were kept in a simulated tissue medium (1 wt% aga-
rose gel). First, the hydrogel fiber was inserted into a plastic tube 
(diameter 3 mm). Then, we injected 1 wt% agarose solution at 50 °C 
into the tube and allowed it to cool. Next, a light source (maximum 
power 200 mW, wavelength 473 nm; Changchun New Industries) was 
coupled into a hydrogel fiber. We measured the light intensity at the 
fiber terminal after cutting a 5-mm-long segment repeatedly. The 
attenuation coefficients α of the hydrogel fibers were obtained by 
fitting the experimentally measured light intensity to the equation: 
−10log10(P/P0) = αL + const, where P is the light intensity at any fiber 
length L, P0 is the light intensity when the fiber length is zero and const 
is a constant value.

Light transmission measurement under deformation
The light transmission through optical fibers made of silica, PDMS and 
hydrogels was measured by a power meter (Thorlabs PM16-122), when 
the fibers were immersed in PBS. We used optic ferrules at both ends 
of the hydrogel fibers in the fabrication. We also connected both ends 
of PDMS fibers (Dow Corning Sylgard 184) with optic ferrules using 
glass–PDMS plasma bonding, and both ends of silica fibers (Thor-
labs FT400UMT) with optic ferrules using epoxy adhesives (Loctite 

Eccobond F112). Then, one ferrule end of the fibers was coupled with 
a light source at 473 nm (maximum power 200 mW; Changchun New 
Industries), and another ferrule end was connected to a power meter 
to continuously measure the light intensity through optical fibers. 
During measurement, the fibers were immersed in PBS, and they were 
deformed using either a horizontal testing machine (CellScale) to 
stretch at different tensile strains or cylindrical disks to bend 360° with 
different bending radii. The measurements of light transmission were 
conducted on 3–4 independent samples.

Single-cycle tensile testing of hydrogel optical fibers
We performed single-cycle tensile tests on the hydrogel optical fibers 
when they were immersed in water at 25 °C using a horizontal testing 
machine (CellScale). The load cells with a maximum force of 4.4 N 
or 44 N were used. In single-cycle tensile tests, the hydrogel optical 
fibers (including an optic ferrule, a hydrogel core and a hydrogel clad-
ding, gauge length 10 mm, core diameter 600 μm, cladding thickness 
200 µm) were stretched until fractured by the testing machine at a 
strain rate of 5 mm s−1. We recorded the force–displacement curves 
during tests to obtain the stress–strain curves. The nominal stress 
was calculated by dividing the force by the cross-sectional area of 
hydrogel optical fibers, and the strain was measured by dividing the 
displacement by the gauge length. We derived several parameters from 
the stress–strain curves, including Young’s modulus, tensile strength, 
maximum strain and strain energy density.

Multiple-cycle tensile testing of hydrogel optical fibers
We performed multiple-cycle tensile tests using a horizontal test-
ing machine (CellScale) on hydrogel optical fibers when they were 
immersed in water at 25 °C. The load cells with a maximum force of 
4.4 N or 44 N were used. The hydrogel optical fibers (including an 
optic ferrule, a hydrogel core and a hydrogel cladding, gauge length 
10 mm, core diameter 600 μm, cladding thickness 200 µm) were cycli-
cally stretched by the testing machine at the frequency of 1 Hz in the 
strain-controlled or stress-controlled modes. In the strain-controlled 
mode of multiple-cycle tensile tests, the hydrogel optical fibers were 
stretched with a constant strain amplitude, and the stress variation was 
recorded over time. In the stress-controlled mode of multiple-cycle 
tensile tests, the hydrogel optical fibers were stretched with a con-
stant stress amplitude, and the strain variation was recorded over 
time. The nominal stress was calculated by dividing the force by the 
cross-sectional area of hydrogel optical fibers, and the strain was meas-
ured by dividing the displacement by the gauge length. To obtain the 
stress–life curve (S–N curve) for fatigue analysis, we performed the 
multiple-cycle tensile tests in the stress-controlled mode and recorded 
the number of stretch cycles to failure for different stress amplitudes. 
We derived several parameters from the stress–life curves, including 
fatigue strength at multiple cycles.

Fatigue threshold measurement of hydrogel core materials
The fatigue threshold of hydrogel core materials was measured by 
performing a multiple-cycle tensile test on hydrogel membranes when 
they were immersed in water at 25 °C. We used a horizontal testing 
machine (CellScale) and load cells with a maximum force of 4.4 N and 
44 N. The dumbbell-shaped notched hydrogel membrane made of core 
materials (width 5 mm, thickness 0.8 mm, gauge length 10 mm and 
initial crack length 1 mm) was cyclically stretched by the testing 
machine at the strain rate of 2 mm s−1 in the strain-controlled mode, 
during which the hydrogel membranes were immersed in water. In the 
strain-controlled mode of multiple-cycle tensile tests, the hydrogel 
optical fibers were stretched with a constant strain amplitude, and the 
crack extension was recorded as a function of cycle number. The 
applied energy release rate was calculated as G = 2kcW, where k is a 
slowing varying function of the strain amplitude λ as k = 3λ−0.5, c is the 
current crack length at undeformed state and W is the strain energy 
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density measured in the unnotched sample as W = ∫λ
1Sdλ. The interfacial 

crack propagation rate is dc/dN, where N is the cycle number. To obtain 
the plot of dc/dN versus G for fatigue analysis, we performed 
multiple-cycle tensile tests at varied strain amplitudes, and the fatigue 
threshold can be estimated by linearly extrapolating the plot of dc/dN 
versus G to the x intercept.

Fabrication of hydrogel adhesion on a silica substrate
We fabricated a PVA hydrogel membrane adhered to a silica sub-
strate using similar chemistry to that described above. Specifically, 
a silica substrate was treated with 50% sodium hydroxide solution 
overnight and plasma cleaning (Harrick Plasma) in an oxygen atmos-
phere for 5 min. A layer of PVA was deposited on the silica substrate 
by spin-coating of the 10 wt% PVA solution. After coating, the silica 
substrate was dried at room temperature for 1 h, heated at 100 °C for 
1 h and rehydrated in water. Then, a PVA hydrogel membrane was gener-
ated on the PVA-coated silica substrate following similar procedures, 
including chemical crosslinking by glutaraldehyde and hydrochloric 
acid in a rectangular acrylic mold, washing in water, drying in air at 
25 °C, annealing at 100 °C and rehydrating in water.

Interfacial fatigue threshold measurement of the silica–
hydrogel adhesion
The interfacial fatigue threshold of silica–hydrogel was measured by 
performing a multiple-cycle 90° peeling test. A nylon film (thickness 
100 µm) was adopted as a stiff backing for the hydrogel membrane 
and bonded to its top surface using cyanoacrylate adhesives (Loctite 
460). We used the multiple-cycle 90° peeling test (ASTM D2861) with a 
mechanical testing machine (2-kN load cell; Zwick/Roell Z2.5) and 90° 
peeling fixture (TestResources, G50). The hydrogel membranes on the 
silica substrates were cyclically peeled by the testing machine at the 
strain rate of 2 mm s−1 in the force-controlled mode, during which the 
hydrogel membranes were immersed in water. In the force-controlled 
mode of cyclic peeling tests, the hydrogel membranes were peeled and 
released repeatedly with a constant force amplitude, and the maximum 
displacement variation was recorded as the interfacial crack extension 
as a function of cycle number. The applied energy release rate was 
calculated as G = Fa/W, where Fa is the applied force amplitude and W is 
the width of hydrogel membrane, and the interfacial crack propagation 
rate as dc/dN, where c is the maximum displacement and N is the cycle 
number. To obtain the plot of dc/dN versus G for fatigue analysis, we 
performed the peeling tests at varied applied force amplitudes, and the 
interfacial fatigue threshold was estimated by linearly extrapolating 
the plot of dc/dN versus G to the x intercept.

Interfacing porcine arteries with hydrogel optical fibers
We demonstrated tissue–fiber interactions by interfacing porcine 
arteries with optical fibers made of silica and hydrogels. Porcine 
arteries (length 15 mm) were purchased from a commercial vendor of 
research-grade porcine tissues (Sierra for Medical Science). The silica 
and hydrogel optical fibers were fixed to the artery surfaces using 
cyanoacrylate adhesives (Loctite 460). The arteries were then con-
nected to a dispensing system (Nordson EFD), which pumped airflow 
to the artery repeatedly at the frequency of 1 Hz.

Mice
All animal procedures followed animal care guidelines which had been 
reviewed and approved by the Committee on Animal Care at Massa-
chusetts Institute of Technology (MIT) and the Institutional Animal 
Care and Use Committee at the University of Massachusetts Amherst 
(UMass Amherst). Investigators were not blinded to the genotypes of 
the mice. Thy1::ChR2-EYFP ( JAX 007612), TRPV1::Cre ( JAX 017769) and 
RCL-eNpHR3.0/EYFP (Ai39, JAX 014539) mice were purchased from the 
Jackson Laboratory, and bred by the Division of Comparative Medicine 
at MIT and the Animal Care Service at UMass Amherst. The TRPV1::Cre 

mouse line expresses Cre recombinase under the control of the TRPV1 
promoter, ensuring specific targeting of TRPV1-expressing cells. The 
RCL-eNpHR3.0/EYFP mouse line carries a Cre-dependent reporter 
construct with an enhanced halorhodopsin (eNpHR3.0). The breeding 
of TRPV1::NpHR-EYFP mice was carried out by crossing male homozy-
gous TRPV1::Cre mice with female homozygous RCL-eNpHR3.0/EYFP 
mice. Genotyping of offspring was performed using PCR analysis of 
ear snip DNA samples to confirm the presence of both TRPV1::Cre and 
RCL-eNpHR3.0/EYFP alleles. All mice were housed in plastic cages with 
disposable bedding on a standard light cycle (lights on at 07:00 and off 
at 19:00) with food and water available ad libitum. More detailed mouse 
information is provided in Supplementary Table 1.

In vivo implantation of hydrogel optical fibers
Mice were anesthetized with 1.5–2.0% isoflurane in oxygen, and their 
body temperature was maintained using a heated surgical table. Before 
surgical procedures, the skin areas on the hindlimb and head were 
cleaned with a depilatory agent (Nair Hair Remover Lotion) followed 
by povidone-iodine and ethanol scrub. Under sterile conditions, skin 
incisions were made on the head to expose the skull and on the hindlimb 
to expose the mid-thigh muscle. The vastus lateralis muscle and biceps 
femoris muscle were then bluntly separated to access the sciatic nerve. 
Next, a hydrogel fiber was threaded subcutaneously from the hindlimb 
incision to the head incision using a spatula. Then, the hydrogel cuff at 
the distal end of the hydrogel fiber was placed around the sciatic nerve. 
The cut on the hydrogel cuff was sealed with a tissue adhesive (B. Braun 
Histoacryl), and the skin incision on the hindlimb was then sutured back 
with Nylon 5-0 suture (Ethicon). Finally, the optical ferrule at the proxi-
mal end of the hydrogel fiber was affixed to the skull at a 10–20° angle 
to the horizontal with two self-curing dental cements (C&B Metabond 
Quick Cement System and Lang Jet Set-4). Thy1::ChR2-EYFP (n = 15), 
TRPV1::NpHR-EYFP (n = 13) and TRPV1::Cre (n = 7) mice were implanted 
with hydrogel fibers.

VWRTs
Mice were placed on a wire mesh running wheel (diameter 20 cm; 
Prevue Pet Products) in an acrylic chamber to allow voluntary running 
before and after implantation. At 1 d before surgery, the animals were 
habituated to the wheel for 42 min. Starting 1 week following fiber 
implantation, mice underwent 42-min VWRTs weekly. Thy1::ChR2-EYFP 
mice (n = 6) with implanted hydrogel fibers were subjected to VWRTs 
during weeks 0–8 following surgery.

Gait analysis of mouse behaviors
We recorded the animal natural behaviors during running, grooming 
and rearing using a camera (Logitech Brio Ultra Pro HD Webcam). 
Then, we performed kinematic analysis on the recorded animal natural 
behaviors using a markerless pose estimation software (DeepLabcut)39. 
We labeled and tracked a few mouse body parts including ferrule, neck, 
back, iliac crest, hip, knee, ankle and toes during animal behaviors. 
Using a custom algorithm written in MATLAB, a single gait cycle in 
VWRTs was determined between two local minimums in the plot of 
distance between the fore toe and hind toe over time, and divided into 
the swing phase and stance phase during VWRTs. The kinematic stick 
diagrams of hindlimb movement for a single gait cycle were extracted. 
The time-dependent fiber length was calculated from the total length 
of the segments between the ferrule and the middle point of the hip 
and knee. The initial fiber length was measured before the implanta-
tion surgery. From the time-lapse gait information, we obtained the 
variation of the knee angle and ankle angle, frequency of running gait 
and fiber stretching, and fiber strain.

Optogenetic stimulation in mice
We performed the optogenetic muscle stimulation experiments in 
Thy1::ChR2-EYFP mice during (week 0) and post (from week 1 to week 
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8) fiber implantation. Before the experiments, the mice finished their 
weekly VWRTs. The experiments were performed when the mice were 
anesthetized with 1% isoflurane, and body temperature was maintained 
with a heated surgical table. For optical stimulus, a laser (wavelength 
473 nm; Changchun New Industries) was connected to the optical fer-
rule on the mouse skull. Pulsed stimulation of 10-ms pulse width and 
1-Hz frequency was applied (ON: 10 ms; OFF: 990 ms; 1% duty cycle) 
and delivered to the sciatic nerve through the implanted hydrogel 
fiber. By placing a power meter (Thorlabs PM16-122) at the distal end 
of the hydrogel fiber, we measured the in vitro light intensity to be 
35.4 mW mm−1 and estimated the in vivo light intensity to be the same. 
For EMG recordings, an electrode was inserted into the ipsilateral 
gastrocnemius muscle, and a reference electrode was subcutane-
ously inserted into the contralateral gastrocnemius muscle. The pair 
of electrodes (Ultra Disposable Subdermal Needle Electrodes, Natus 
Medical) were attached to a PZ2-32 amplifier connected to an RZ5D base 
processor (Tucker-Davis Technologies). We also changed stimulation 
parameters, including another frequency of optical pulses at 40 Hz, 
another light intensity at 145 mW mm−1 and another position of the 
detection electrode in the tibialis anterior muscle. Thy1::ChR2-EYFP 
mice (n = 6) with implanted hydrogel fibers were subjected to optoge-
netic stimulation during weeks 0–8 following surgery.

Evaluation of skilled locomotion using horizontal ladder tests
Mice were trained to walk on a horizonal ladder containing 80 metal 
rungs (diameter 3 mm, width 50 mm, spacing 10 mm). We used a cam-
era (GoPro HERO8 Camera) to record the mouse walking behavior on 
the horizontal ladder. A score of 0–2 was given for each step for the 
ipsilateral hind paw. A score of 2 indicated normal walking behavior 
with successful grasping, a score of 1 indicated a slight slip followed 
by quick adjustment to regain balance and a score of 0 indicated a 
complete loss of balance resulting in a fall. To increase the accuracy, 
we calculated the average score for each mouse by dividing the total 
scores achieved on the horizontal ladder by the total number of steps 
taken. Thy1::ChR2-EYFP mice (n = 9) with implanted hydrogel optical 
fibers were subjected to horizontal ladder tests during weeks 0–8 
following surgery.

Temperature measurement in hydrogel cuffs
The temperature measurements were carried out at the distal end of 
the hydrogel optical fiber, when hydrogel optical fibers were either 
in air or implanted in mice. To achieve this, we inserted a microscale 
resistance temperature detector at the hydrogel cuff when the fiber 
was connected to a light source (wavelength: 473 nm; estimated light 
intensity: 35.4 mW mm−2; duty cycle: 1%, 10%, 25% or 100%).

Evaluation of off-target illumination and sciatic nerve 
dislocation
When hydrogel optical fibers with and without cladding were implanted 
in mice and connected to a light source, we identified the effects of 
off-target illumination along the fibers when the light source was on. We 
set up visualization tools, including labels on the skin and bare hydrogel 
optical fibers without cladding implanted, when the animals were anes-
thetized. The skin on top of the sciatic nerve was labeled with a green 
sticker to identify the original sciatic nerve position. Contours of the 
hydrogel optical fiber without cladding were visible in the dark-field, 
and the fiber terminal indicated the current sciatic nerve position. We 
tracked the relative displacement of the sciatic nerve at different states.

Induction and maintenance of inflammatory pain
Before evaluation of mechanical and thermal sensitivity in 
TRPV1::NpHR-EYFP and TRPV1::Cre mice, inflammatory pain was 
induced through intraplantar injection of CFA (Sigma-Aldrich F5881) 
or IFA (Sigma-Aldrich F5506). CFA or IFA suspension was first diluted 
with an equal volume of 0.9% sodium chloride solution. Then, 10 µl of 

diluted CFA or IFA suspension was injected subcutaneously into the 
hind paw to generate localized inflammatory pain. TRPV1::NpHR-EYFP 
(n = 13) and TRPV1::Cre (n = 7) mice with implanted hydrogel fibers were 
subjected to CFA and IFA injections.

Evaluation of mechanical sensitivity using von Frey tests
Mice were individually placed into a transparent acrylic chamber 
(length 7 cm, height 10 cm) with a metal mesh floor elevated 30 cm 
above a table. After a 30-min habituation period, a series of eight cali-
brated von Frey monofilaments (bending force 0.04 g, 0.07 g, 0.16 g, 
0.40 g, 0.60 g, 1.00 g, 1.40 g, 2.00 g; Bioseb) were applied to the plantar 
surface of the ipsilateral (implanted) or contralateral (nonimplanted) 
hind paw for approximately 1 s, with a 30-s interval between each stimu-
lus. Each monofilament was applied ten times, and the number of 
immediate hind paw flinches to each force was recorded. The force 
at which the paw flinch occurred at least six times was considered the 
nociceptive threshold. Thy1::ChR2-EYFP (n = 9) mice with implanted 
hydrogel fibers were subjected to von Frey tests during weeks 0–4 fol-
lowing surgery, and TRPV1::NpHR-EYFP (n = 13) and TRPV1::Cre (n = 7) 
mice with implanted hydrogel fibers were subjected to von Frey tests 
during weeks 0–8 following surgery. All von Frey tests were performed 
in naturally moving mice.

Evaluation of thermal sensitivity using hot-plate tests
Mice were individually placed into a transparent acrylic chamber (diam-
eter 19 cm, height 26 cm) on a heated metal surface (length 26.5 cm, 
width 26.5 cm) which was maintained at 50 ± 0.1 °C (Harvard Appara-
tus). Each hot-plate test lasted for ≤30 s, with a 30-min interval between 
each stimulus to prevent heat-related injury. The latency for a mouse 
to exhibit its first-time hind paw flinch was recorded, after which it 
was immediately removed from the hot-plate. TRPV1::NpHR-EYFP 
(n = 13) and TRPV1::Cre (n = 7) mice with implanted hydrogel fibers 
were subjected to hot-plate tests during weeks 0–8 following surgery. 
All hot-plate tests were performed in naturally moving mice.

Optogenetic inhibition of nociception in naturally behaving 
mice
We performed the experiments of optogenetic nociception inhibition 
in TRPV1::NpHR-EYFP and TRPV1::Cre mice from week 3 to week 8 
post fiber implantation. During the experiments, the naturally behav-
ing mice were subjected to von Frey and hot-plate tests. For optical 
stimulus, a laser (maximum power 300 mW, wavelength 589 nm; 
Ningbo Yuanming Laser Technology) was connected to the optical 
ferrule on the mouse skull. Pulsed stimulation of 25-ms pulse width and 
20-Hz frequency was applied (ON: 25 ms; OFF: 25 ms; 50% duty cycle) 
and delivered to the sciatic nerve through the implanted hydrogel 
fiber. By placing a power meter (Thorlabs PM16-122) at the distal end 
of the hydrogel fiber, we measured the in vitro light intensity to be 
8.5 mW mm−1 and estimated the in vivo light intensity to be the same. 
Mice underwent thermal and mechanical sensitivity tests, during 
which the yellow-light pulses were delivered. TRPV1::NpHR-EYFP mice 
(week 3, n = 13; week 4, n = 12; week 5, n = 11; weeks 6–8, n = 10) in the 
test group and TRPV1::Cre mice (week 3–5, n = 7; weeks 6–8, n = 6) in 
the control group were subjected to optogenetic inhibition during 
weeks 0–8 following surgery.

Tissue collection
Once mice were euthanized, their sciatic nerves and DRGs were 
removed from the body, washed briefly in PBS and fixed in 4%  
paraformaldehyde for more than 48 h at 4 °C in the dark. For immuno-
histochemistry staining, fixed tissues were then placed in 30% sucrose 
in PBS overnight at 4 °C in the dark. Next, the tissues were embedded  
in Tissue-Tek OCT compound (Sakura Finetek 4583) and cut into  
20-μm transverse sections using a cryostat microtome (Leica  
CM1950).
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Immunohistochemistry staining to confirm transgenic 
expression
We performed immunohistochemistry staining for the transverse 
sections of TRPV1::NpHR-EYFP sciatic nerves to confirm the suc-
cessful genetic crossing. A blocking solution containing 1 wt% BSA 
(Sigma-Aldrich A9647) and 0.5 v/v% Triton X-100 (Sigma-Aldrich X100) 
was used for antibody dilution, and first added to the sciatic nerve 
slices for 30 min. The chicken polyclonal antibodies (pAb) anti-GFP 
antibody (Abcam ab13970) as the primary antibody was diluted in the 
blocking solution at a ratio of 1:400, and incubated with the sciatic 
nerves overnight at 4 °C. Then, the goat anti-chicken IgY (H + L), Alexa 
Fluor 488 (Invitrogen A-11039), as the secondary antibody was diluted 
in the blocking solution at a ratio of 1:1,000, and incubated with the 
sciatic nerves for 2 h at room temperature. Meanwhile, the transverse 
sections of TRPV1::NpHR-EYFP DRGs and Thy1::ChR2-EYFP sciatic 
nerves did not require anti-GFP staining, and they were immersed  
in a blocking solution containing 0.5 v/v% Triton X-100 for 30 min. 
Next, the anti-GFP stained and nonstained sections were placed on 
microscopic slides (Superfrost Plus Microscope Slide) and mounted 
with a mounting medium containing DAPI (Fluoromount-G Mount-
ing Medium with DAPI, Invitrogen). Finally, the slides were imaged 
under a confocal microscope (Leica TCS SP2) with a ×40 oil immersion 
objective lens.

Immunohistochemistry staining for immune response 
evaluation
We collected ipsilateral and contralateral sciatic nerves after 8-week 
experiments, and performed immunohistochemistry staining for  
transverse sections of sciatic nerves. A blocking solution contain-
ing 1 wt% BSA (Sigma-Aldrich A9647) and 0.5 v/v% Triton X-100 
(Sigma-Aldrich X100) was used for antibody dilution and first  
incubated with the sciatic nerves for 30 min. The rabbit monoclonal 
antibodies (mAb) anti-Iba1 (Abclonal A19776) as the primary antibody 
was diluted in the blocking solution at a ratio of 1:200, and incubated 
with the sciatic nerves overnight at 4 °C. Then, the donkey anti-rabbit 
IgG (H + L), Alexa Fluor 568 (Invitrogen A-10042), as the secondary 
antibody was diluted in the blocking solution at a ratio of 1:1,000, 
and incubated with the sciatic nerves for 2 h at room temperature. 
Next, sections of sciatic nerves with anti-Iba1 staining were placed on 
microscopic slides (Superfrost Plus Microscope Slide) and mounted 
with a mounting medium containing DAPI (Fluoromount-G Mount-
ing Medium with DAPI, Invitrogen). Finally, the slides were imaged 
under a confocal microscope (Leica TCS SP2) with a ×40 oil immersion 
objective lens.

Histology staining for immune response evaluation
Fixed tissue samples were placed into 70% ethanol and submitted for 
histological processing and hematoxylin and eosin staining in the 
Histology Facility at the Koch Institute for Integrative Cancer Research 
at MIT. Representative images of each group are shown in the cor-
responding figures.

Cost analysis of hydrogel optical fibers
Considering the price for raw materials in hydrogel optical fiber fab-
rication, we estimated the cost to be US$0.17 per fiber. This included 
the short silica fiber (US$0.04), PVA (US$0.005), glutaraldehyde (less 
than US$0.001), hydrochloric acid (less than US$0.001) and graphene 
oxide (US$0.12). Miscellaneous expenses (for example, optical ferrules 
for light source connection) and production costs (for example, labor 
and overheads) were not considered.

Statistical analysis
Statistical analyses were performed in GraphPad Prism 9 and OriginPro 
2023. We first performed Shapiro–Wilks tests for data normality. For 
independent data with normal distribution, we used one-way ANOVA 

with Tukey’s multiple comparison test. For independent data with 
non-normal distribution, we used Kruskal–Wallis ANOVA with Dunn’s 
multiple comparison test. For paired data with normal distribution, 
we used one-way repeated measures ANOVA with Tukey’s multiple 
comparison test. For paired data with non-normal distribution, we used 
Friedman tests with Dunn’s multiple comparison test. P values less than 
0.05 were considered significant: *0.01 ≤ P < 0.05, **0.001 ≤ P < 0.01, 
***0.0001 ≤ P < 0.001, ****P < 0.0001. Detailed statistical information 
for the figures, Extended Data figures and Supplementary figures is 
included in Supplementary Tables 2–21.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data associated with this study are available in the article and 
the Supplementary Information. Source data are provided with this 
paper. In addition, the original data for the material characterization, 
optogenetic stimulation, biocompatibility test, behavior test and 
pain inhibition have been deposited in the public repository figshare 
(https://figshare.com) and are accessible at https://doi.org/10.6084/
m9.figshare.c.6703152.v3.

Code availability
The codes for EMG data extraction, running cycle counting and 
horizontal walk scoring used in this work are available at https://doi.
org/10.6084/m9.figshare.c.6703152.v3 under an MIT license.
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Extended Data Fig. 1 | Mechanical design principles for peripheral nerve 
optogenetics. a, Light delivery to peripheral nerves under persistent 
deformation faces challenges including repeated stretching of the bulk fiber 
and at the fiber-silica and the tissue-fiber interfaces. b, Using a silica fiber 
with high stiffness and high brittleness leads to fatigue failure under repeated 
stretching and localized mechanical stress at the silica fiber terminal. c, Using 

an amorphous hydrogel fiber with high compliance but high brittleness leads 
to fatigue failure under repeated stretching and no tissue integration at the 
hydrogel fiber terminal. d, Using a nanocrystalline hydrogel fiber with polymeric 
nanocrystalline domains leads to fatigue-resistance under repeated stretching 
and motion-adaptable integration between a hydrogel cuff and a target tissue.
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Extended Data Fig. 2 | Fabrication procedures of hydrogel optical fibers. a, 
Fabrication of polyvinyl alcohol (PVA)-coated short silica fibers. The silica fiber 
in a ceramic optic ferrule was dip-coated within a PVA solution, and then the 
PVA solution was allowed to dry and annealed to form the PVA hydrogel coating 
(50-μm-thick in the swollen state). b, Fabrication of hydrogel cores. The hydrogel 
core was fabricated by chemical crosslinking of the PVA solution in a silicone 
mold, together with the PVA-coated optic ferrule at one end and a disk-shaped 
compartment (3 mm in diameter) at the other end. The chemically crosslinked 
hydrogel core was then demolded, washed, dried, annealed, and swollen. By 

hole punching, the hydrogel cuff at the other end of the hydrogel core has the 
dimensions of 1500 μm in outer diameter and 900 μm in inner diameter in the 
dry state. c, Fabrication of hydrogel claddings. After inserting the hydrogel 
core into another silicone mold, the graphene oxide (GO)-PVA hydrogel was 
chemically crosslinked on the surface of the hydrogel core. After crosslinking and 
demolding, it was then reduced to reduced graphene oxide (rGO)-PVA hydrogel 
cladding. The resulting hydrogel core is 600 μm in diameter and the hydrogel 
cladding is 200 μm thick. The inset is an image of a hydrogel fiber connected to a 
light source.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Engineered optical performances of hydrogel fibers. 
a, Wide-angle X-ray scattering profiles for hydrogel core materials (dry state) 
with varied annealing times. b-e, Nanocrystalline domain size (b), refractive 
index (c), normalized absorbance at 473 nm (d), and normalized absorbance 
at 589 nm (e) for hydrogel core materials with varied annealing times. The 
dashed lines represent the values of PBS. AU: absorbance units. f, Attenuation 
coefficient at 473 nm for hydrogel fibers, in which the hydrogel core materials 
have varied annealing times. g, h, Crystallinity (g) and refractive index (h) for 
hydrogel core materials with varied glutaraldehyde (GA) amounts. The dashed 
line represents the refractive index of PBS. i, Attenuation coefficient at 473 nm 
for hydrogel fibers, in which the hydrogel core materials have varied GA amounts. 
j, k, Schematic ( j) and ray tracing simulation (k) of hydrogel fibers, in which the 
hydrogel core materials have varied refractive indices. l-m, Representative plots 

of light intensity delivered through hydrogel fibers in PBS vs. tensile strain, in 
which the hydrogel core materials have varied annealing time. The right images 
show the hydrogel fibers (no cladding) at different tensile strains with two ends 
connected to a light source and a photodetector, respectively. Scale bars: 5 mm. 
n, Transmittance spectra for hydrogel cladding materials with varied reduction 
times and the hydrogel core material. o-q, Refractive index (o), normalized 
absorbance at 473 nm (p), and normalized absorbance at 589 nm (q) for 
hydrogel cladding materials with varied reduction times and the hydrogel core 
material. The dashed lines represent the values of PBS. AU: absorbance units. r, 
Attenuation coefficient at 473 nm for hydrogel fibers over time when incubated 
in the PBS at 37 °C. One-way ANOVA with Tukey’s multiple comparison test. ns: 
not significant.
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Extended Data Fig. 4 | Engineered mechanical performances of hydrogel 
fibers. a, Representative plot of nominal stress vs. strain of the hydrogel fiber 
(without silica) under single-cycle tensile test. The measured tensile strength is 
4.6 MPa and Young’s modulus is 1.8 MPa. b, Plot of crack extension rate vs. energy 
release rate of the hydrogel core material (without silica) under cyclic tensile test. 
The measured fatigue threshold is 1,400 J m−2. c, Plot of nominal stress vs. strain 
of the hydrogel fiber (with silica) under cyclic tensile test. The applied stress 
amplitude in the cyclic tensile test is 1.4 MPa and the cycle number is 10,000 and 
30,000. The hysteresis for both stress-strain curves are 0%. d, Plot of strain vs. 
cycle number of the hydrogel fiber under cyclic tensile test. The applied stress 
amplitude in the cyclic tensile test is 1.8 MPa and the total cycle number (Nc) is 
3,347. e, Microscopic images of the hydrogel fiber at different tensile stresses of 

0 MPa and 1.8 MPa under cyclic tensile test. Cavitation happens at the hydrogel-
silica interface when the applied stress amplitude is 1.8 MPa. Scale bars: 0.5 mm. f, 
Plot of applied stress amplitude vs. stretch cycle number to break of the hydrogel 
fiber (with silica), or the stress-life curve. The measured fatigue strength is 
1.4 MPa. g-h, Tensile strength (g) and strain energy density (h) for hydrogel fibers 
over time when incubated in the PBS at 37 °C. i, Representative plot of normalized 
light intensity vs. bending radius of the silica, PDMS, and hydrogel fibers in PBS. j, 
k, Schematic and image of a hydrogel cuff ( j) and a hydrogel membrane (k) at the 
optical fiber terminal attached to artificial tissues (nerve and heart). The inset is 
an image of the hydrogel cuff in the dark field with light on. One-way ANOVA with 
Tukey’s multiple comparison test for g,h. ns: not significant.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Gait analysis of mice implanted with hydrogel fibers. 
a, Image of a mouse implanted with a hydrogel fiber moving on a running wheel. 
The mouse is labeled with nodes for the ferrule, neck, back, iliac crest, hip, knee, 
ankle, and toe. b, c, Frequency of gait cycle (that is, fiber stretch cycle, b) and 
strain amplitude of hydrogel fibers (c) during mice movement on a running 
wheel from week 0 to week 6. d, Images of a mouse rearing and grooming when 
implanted with a hydrogel fiber. The mouse is labeled with nodes for the ferrule, 
neck, back, iliac crest, hip, knee, ankle, and toe. The fiber length, highlighted in 
blue, is calculated by the total length of the segments starting from the ferrule 
to the middle point between the hip and knee. e, Quantified strain amplitude 
of hydrogel fibers during mice running, rearing, and grooming. f-j, Kinematic 
stick diagram of mouse hindlimb movement on a running wheel on week 0 (f) 
before implantation, and week 1 (g), week 2 (h), week 4 (i) and week 6 ( j) after 
implantation. A gait cycle is composed of a stance phase (left) and a swing phase 

(right) in the kinematic stick diagram. The nodes represent the iliac crest, hip, 
knee, ankle, and toe from top to bottom. k, Representative plot of distance 
between the fore toe to hind toe over time during mice movement on a running 
wheel. The total time period is divided into a few gait cycles, and each cycle is 
discomposed to a swing phase and a stance phase according to the positive 
or negative slope. l, Representative plots of knee angle variation during mice 
hindlimb movement on a running wheel from week 0 to week 6. m, Quantified 
maximum knee angle during mice hindlimb movement on a running wheel from 
week 0 to week 6. n, Representative plots of ankle angle variation during mice 
hindlimb movement on a running wheel from week 0 to week 6. o, Quantified 
maximum ankle angle during mice hindlimb movement on a running wheel from 
week 0 to week 6. One-way ANOVA with Tukey’s multiple comparison test for 
b,c,e,m,o. ns: not significant.
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Extended Data Fig. 6 | Optogenetic stimulation measured by EMG signals. 
a, Overlay plot of EMG signals recorded on the GN muscle when the frequency 
of optical pulses is 1 Hz (ON: 10 ms, OFF: 990 ms) and the irradiance is 
35.4 mW mm−2. b, Plots of EMG signals recorded on the GN muscle (left) and TA 
muscle (right) when the frequency of optical pulses is 1 Hz and the irradiance 

is 35.4 mW mm−2. c, Plots of EMG signals recorded on the GN muscle when the 
frequency of optical pulses is 1 Hz and the irradiance is 35.4 mW mm−2 (left) or 
145.0 mW mm−2 (right). d, Plots of EMG signals recorded on the GN muscle when 
the frequency of optical pulses is 1 Hz (left) or 40 Hz (right), and the irradiance is 
35.4 mW mm−2. Blue bars indicate optical pulses from a 473-nm light source.
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Extended Data Fig. 7 | Behavior and biocompatibility tests of mice implanted 
with hydrogel fibers. a, Schematic showing a Thy1::ChR2-EYFP mouse with a 
hydrogel fiber during von Frey tests. b, c, Nociceptive thresholds of ipsilateral 
(b) and contralateral (c) hind paw flinch in von Frey tests for Thy1::ChR2-EYFP 
mice over time after implantation. d, Schematic showing a Thy1::ChR2-EYFP 
mouse with a hydrogel fiber during horizontal ladder tests. e, Steps are counted 
and classified as either a normal walk (score 2), a slight slip (score 1), and a fall 
(score 0). f, Skilled locomotor score of ipsilateral hind paws for Thy1::ChR2-EYFP 
mice over time after implantation. g-h, Representative histological images of 

TRPV1::NpHR-EYFP mice’s ipsilateral (g) and contralateral (h) sciatic nerves. 
Sciatic nerves were harvested 8 weeks after implantation, and stained using 
hematoxylin and eosin (H&E). Blue: cell nuclei by hematoxylin; pink: extracellular 
matrix and cytoplasm by eosin. Scale bars: 100 μm. i, j, Representative 
immunohistochemistry images of Thy1::ChR2-EYFP mice’s ipsilateral (i) and 
contralateral ( j) sciatic nerves. Sciatic nerves were harvested 8 weeks after 
implantation, and stained using anti-Iba1 antibodies for macrophages. Red: Iba1; 
blue: DAPI. Scale bars: 100 μm. k, Iba1 relative densities in both ipsilateral and 
contralateral sciatic nerves. ns: not significant.
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Extended Data Fig. 8 | Evaluation of optical illumination through implanted 
hydrogel fibers. a, Schematic of the temperature measurement through a 
resistance temperature detector (RTD) at the hydrogel cuff in air. The light source 
delivers 473-nm optical pulses with an irradiance of 35.4 mW mm−2. b, Plots of 
temperature variation in air when the optical pulses exhibit different duty cycles 
(DCs). Blue bars indicate optical pulses. c, Temperature increase in air under 
optical pulses with different DCs. d, Schematic of the temperature measurement 
through an RTD at the hydrogel cuff in mice. The light source delivers 473-nm 
optical pulses with an irradiance of 35.4 mW mm−2. e, Plots of temperature 
variation in mice when the optical pulses exhibit different DCs. Blue bars indicate 
optical pulses. f, Temperature increase in mice under optical pulses with different 
DCs. g, Ray tracing simulation of hydrogel fibers with the hydrogel cladding. h, 

Images of a mouse implanted with a hydrogel fiber with the hydrogel cladding, 
showing on-target illumination. i, Ray tracing simulation of hydrogel fibers 
without the hydrogel cladding. j, Images of a mouse implanted with a hydrogel 
fiber without the hydrogel cladding, showing off-target illumination. k-l, 
Darkfield (DF) and brightfield (BF) images of a mouse implanted with a hydrogel 
fiber (no cladding) when the fiber is relaxed (k) and stretched (l). Contours of 
the hydrogel fiber without cladding are visible in the darkfield. The skin on top 
of the sciatic nerve is labeled with a green sticker to identify the original sciatic 
nerve position. m, Change of fiber length and nerve dislocation over fiber stretch 
cycles. n, Images of the hydrogel cuff before and after 8-week implantation in 
mice.
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Extended Data Fig. 9 | Optogenetic inhibition of nociception in naturally 
behaving mice enabled by hydrogel fibers (control and contralateral). a, 
Image of the experimental setup for hot plate tests, during which animal hind 
paw flinches were observed. b, Schematic of TRPV1::NpHR-EYFP mice (test 
group) and TRPV1::Cre mice (control group) with ipsilateral and contralateral 
hind paws. Yellow optical pulses were applied with a pulse width of 25 ms and 
irradiance of 8.5 mW mm−2. c, Latency of first-time contralateral hind paw flinch 
in hot plate tests for TRPV1::NpHR-EYFP mice over time after implantation. d, 
Latency of first-time ipsilateral hind paw flinch in thermal nociception tests 
for TRPV1::Cre mice over time after implantation. e, Latency of first-time 
contralateral hind paw flinch in thermal nociception tests for TRPV1::Cre mice 

over time after implantation. f, Image of the experimental setup for von Frey 
tests, during which animal hind paw flinch were observed. g, Schematic of 
TRPV1::NpHR-EYFP mice (test group) and TRPV1::Cre mice (control group) with 
ipsilateral and contralateral hind paws. Yellow optical pulses were applied with a 
pulse width of 25 ms and irradiance of 8.5 mW mm−2. h, Nociceptive threshold of 
contralateral hind paw flinch in von Frey tests for TRPV1::NpHR-EYFP mice over 
time after implantation. i, Nociceptive threshold of ipsilateral hind paw flinch in 
von Frey tests for TRPV1::Cre mice over time after implantation. j, Nociceptive 
threshold of contralateral hind paw flinch in von Frey tests for TRPV1::Cre mice 
over time after implantation. ns: not significant.
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