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A B S T R A C T

Chronic pain severely impairs physical, psychological, and cognitive functions. While opioid-based therapies can 
be effective, they are limited by tolerance, dependence, and adverse side effects, highlighting the need for safer 
alternatives. Recent advances in photopharmacology allow precise modulation of pain-related neuronal circuits, 
offering improved control and effectiveness. For delivery of light, fully implantable, wireless, battery-free optical 
systems in miniaturized forms offer attractive options relative to alternatives that use conventional bulk hard-
ware and fiber optic tethers. This work presents a technology of this type, based on microscale light-emitting 
diodes (μ-ILEDs) and near-field communication (NFC) protocols, and optimized to activate photocaged 
morphine (pc-Mor) in targeted regions of the spinal cord. The unique flexible, lightweight designs ensure stable, 
minimally invasive operation in small animal model behavioral studies, with efficient power consumption and 
minimized thermal load on fragile tissues. Experimental results demonstrate effective pain suppression and 
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reduced opioid-related side effects in an animal model of pain, thereby establishing this platform as a promising 
solution for chronic pain management.

1. Introduction

Chronic pain, lasting 12 weeks or more, affects more than 600 
million people worldwide (Dave, 2024; Rahman et al., 2023). Opioids, 
such as morphine, are commonly used to treat severe chronic pain 
(Nadeau et al., 2021). However, prolonged use can lead to complica-
tions, including increased tolerance, opioid-induced respiratory 
depression (OIRD), constipation (Vijayvargiya et al., 2020), complex 
opioid dependence (CPOD) (Manhapra et al., 2020), opioid-induced 
hyperalgesia (OIH), and neurotoxicity (OIN) (Mercadante, 2023). 
These issues underscore the need for safer and more effective alterna-
tives to opioid therapy. Recent advances in light-based techniques for 
neuromodulation and pharmacology provide strategies to dramatically 
improve target specificity and spatiotemporal precision control, thus 
enabling comprehensive studies of neuronal circuits involved in pain 
perception and modulation (Iseppon and Arcangeletti, 2020; Lee and 
Kim, 2016; Li et al., 2024). Photopharmacology uses pharmacological 
agents that incorporate light-responsive molecular units engineered to 
undergo photolysis or photoisomerization upon exposure to specific 
wavelengths of light (Iseppon and Arcangeletti, 2020). These photo-
activatable synthetic drugs provide the basis for precision schemes that 
minimize side effects and optimize therapeutic outcomes by harnessing 
light for precise spatiotemporal manipulation of physiological processes 
and behaviors without the need for optogenetic modifications (Hüll 
et al., 2018; Paoletti et al., 2019).

The use of photoactivatable drugs in vivo (e.g., spinal cord tissues), 
typically requires implantable fiber optic hardware for the delivery of 
light with suitable wavelengths from an external source to a targeted 
anatomical location (Bonin et al., 2016; McClain et al., 2023; Nota-
rtomaso et al., 2024; Taura et al., 2018). However, physical tethers and 
cable assembly structures can substantially constrain research para-
digms by modifying natural behaviors, particularly when assessing and 
quantifying analgesic efficacy through observed changes in behaviors 
(Park et al., 2015; Samineni et al., 2017). Such approaches are also 
unlikely to translate effectively for use in humans, because of a range of 
practical and medical considerations. Miniaturized, wireless, 
battery-free, and fully implantable optical systems have the potential to 
bypass these limitations and, thus, to pair with photopharmacological 
agents as the basis for advanced, programmable pain management sys-
tems (Grajales-Reyes et al., 2021; Wu et al., 2022). This paper introduces 
an engineering platform that addresses this need, with demonstrated 
capabilities to optically modulate the pain circuitry at the dorsal spinal 
cord level in freely behaving small animal models, for safe and effective 
pain management. This technology also minimizes adverse side effects 
of typical morphine treatments and improves their efficacy at low 
exposure thresholds. Specifically, the device includes microscale inor-
ganic light-emitting diodes (μ-ILEDs) with an emission wavelength of 
405 nm, wirelessly powered and controlled by near-field communica-
tion (NFC) technology to allow programmed photolysis of a photocaged 
form of morphine (pc-Mor). This setup enables remote activation of 
pc-Mor exclusively in target tissues of the dorsal horn, producing anal-
gesic effects. The thin, flexible, small, and lightweight design of the 
device allows for seamless adhesion to the epidural space, ensuring 
mechanically robust operation throughout the implantation period. 
Further optimization of operating parameters (i.e., power, duty cycle, 
and pulsing frequency) guided by numerical simulations and experi-
mental validations of electrical, optical, and thermal properties ensures 
strict compliance with the safety guidelines for potential heat generation 
from electrical heating and photothermal effects. The platform suc-
cessfully demonstrates suppression of formalin-induced inflammatory 
nocifensive behaviors compared to standard morphine treatment in 

acute cases. Furthermore, mice chronically treated with pc-Mor for two 
weeks do not show a significant reduction in analgesic efficacy, while 
mice treated with vehicle and morphine exhibit opioid-mediated 
adverse side effects within 5 days after treatment. Such chronic treat-
ment studies and histological validations indicate that pc-Mor could 
support a promising, fully implantable option to bypass undesired 
opioid-based side effects for chronic pain management in various clin-
ical settings.

2. Methods

2.1. Device fabrication

The fabrication began with laser ablation of a flexible printed circuit 
board (fPCB; PCBWay) with a layer stack of PI/Adhesive/Cu/PI/Cu/ 
Adhesive/PI (12.5/15/18/25/18/15/12.5 μm) based on a layout 
created using a commercial computer-aided design software (AutoCAD, 
Autodesk, Inc.). Filling drilled via holes by electroplating established an 
electrical connection between the top and bottom copper layers. The 
μ-ILED, capacitors, and Schottky diodes joined with the contact pads of 
the fPCB with solder paste (CHIPQUIK, TS391AX10) applied with a hot 
air gun at 285 ◦C. An ultraviolet (UV) curable adhesive (Norland Optical 
Adhesive NOA 61; Norland Products) secured the solder joints for the 
μ-ILED. A thin layer of PDMS encapsulated the solder joints for the ca-
pacitors and Schottky diodes. A chemical vapor deposition (CVD) pro-
cess formed a conformal coating of parylene-C (10 μm) on the surface of 
the device, as a biocompatible interface that protects against biofluids 
from the surrounding tissues. Detailed information about the electrical 
components is in Table S1.

2.2. Electrical and optical characterization

Characterization of the μ-ILED began with current-voltage (IV) 
measurements performed using a semiconductor device analyzer (Key-
sight S1500A) and a probe station (Signatone 1160). A combination of 
an integrating sphere (OceanOptics), light source (OceanOptics), the 
μ-ILED powered by a current source (Keithley 6221, Tektronix Inc.), and 
OceanView software provided the spectral power density (μW/nm) as a 
function of wavelength, allowing determination of the optical power of 
the μ-ILED at varying applied currents (0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.25, 
1.5, 1.75, 2, 5, 10 mA). A customized MATLAB script yielded the total 
optical power by integrating the irradiance flux over the wavelength 
range from 340 nm to 1000 nm. A digital multimeter (Fluke 115) 
measured the voltage level across the wirelessly powered μ-ILED located 
in the center of the behavior cage (H = 3.75 cm) as a function of applied 
primary antenna power ranging from 2 W to 10 W in 1 W intervals.

2.3. Animals and epidural implantation

Adult male CD-1 mice (Janvier Labs SL., Le Genest-Saint-Isle, France) 
bred in the animal facility of University of Barcelona (Campus of Bell-
vitge) weighing 25–35 g were used for these studies. The University of 
Barcelona Committee on Animal Use and Care (CEEA) approved the 
protocol and experiments were conducted under the authorization of the 
Catalan Government (126/22). Following the approved experimental 
protocol all animals were supervised daily to assess signs of adverse 
effects during treatment. Animals were housed and tested in compliance 
with the guidelines provided by the Guide for the Care and Use of 
Laboratory Animals and following the European Union directives 
(2010/63/EU). Mice were housed individually in standard cages with 
libitum access to food and water and maintained under a 12 h dark/light 
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cycle (starting at 7:30 a.m.), at 22 ◦C and 66 % humidity (standard 
conditions).

Implantation of the device was in the epidural space under the T13 
vertebra (Fig. 1B) following an adapted procedure (Grajales-Reyes et al., 
2021). Briefly, mice were anesthetized with 2.5 % isoflurane and placed 
sternal on an isothermal pad under a dissecting microscope to maintain 
body temperature. A longitudinal incision was made along the vertebral 

column, from the middle rib cage to the pelvic girdle, taking care not to 
damage the underlying muscles. The T13 and L1 vertebrae were iden-
tified, and the superficial back muscles were carefully incised to expose 
the spinous processes and the dorsal surface of T13 and L1. Soft tissue 
was removed to reveal the dorsal spinal artery, which was continuously 
monitored for sharpness to prevent dura or spinal cord damage. Sub-
sequently, the spinous process of the L1 vertebra was removed and any 

Fig. 1. Wireless, battery-free, photopharmacological pain management platform. Schematic illustration of the overall in vivo system operation (A) and photo-
pharmacological pain management system on the spinal cord (B). The inset on the top left shows a schematic illustration of the surgical site, the inset on the bottom 
left shows an intraplantar injection of formalin, and the inset on the bottom middle shows an intraperitoneal injection of vehicle, morphine and photocaged- 
morphine. (C) Exploded illustration of a wireless, battery-free μ-ILED implant. (D,E) Photographs of a flexible spinal implant with μ-ILED being turned off (D) 
and on (E). (F) Electronic circuitry design for a wireless, battery-free μ-ILED implant with a resonant frequency of 13.56 MHz for magnetic resonant coupling and 
near-field communication (NFC) power harvesting. (G) Illustration of experimental setups for in vivo experiment.
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necessary bone fragments were removed from the caudal edge of T13 to 
ease μ-ILED insertion. The spinal device was carefully placed under the 
T13 vertebra, and super glue gel was applied between the body of the 
device and the dorsal surface of L1 to ensure placement. After ensuring 
clear visualization of the surgical field, the skin edges were held with 
forceps and closed with 3/8 19 mm silk sutures. Post-surgical care 
included subcutaneous administration of warm saline and meloxicam 
for pain management over three days. Animal research and light stim-
ulation was initiated 10 days after surgery (see Supporting Information).

3. Results

3.1. Device design and operation

The in vivo photopharmacology strategy developed in this study uses 
a wirelessly powered, implantable microscale inorganic light emitting 
diode (μ-ILED) in a design optimized to establish an interface with the 
spinal cord to illuminate a photocaged form of morphine (pc-Mor) 
(López-Cano et al., 2023). The result enables a light-programmable, safe 
and effective means for managing nociception with precise spatial and 
temporal resolution. Fig. 1A and B illustrate the overall concept. As an 
implantable light source that can remotely activate pc-Mor in the 
formalin murine model of pain (López-Cano et al., 2023), the μ-ILED 
resides in the epidural anatomical space under the T13 vertebra 
(Fig. 1B). Implantation involves a surgical protocol configured to allow 
manipulation of spinal dorsal horn neurons (Fig. 1A top inset) 
(Grajales-Reyes et al., 2021). Detailed surgical procedures are in the 
Methods section. Assessment of antinociceptive efficacy relies on eval-
uations of behavioral nociceptive responses (i.e., hind-paw licking) after 
μ-ILED irradiation of the dorsal horn region to uncage pc-Mor, which 
targets neurons of the central nervous system of the animal model of 
pain (Fig. 1A). Intraperitoneally administered pc-Mor, which in the 
absence of light illumination does not have biological effect, follows 
intraplantar delivery of a diluted formalin solution (Fig. 1A). The 
formalin solution triggers nociceptive behaviors such as licking and 
biting the injected hind paw. Quantification of these behaviors involves 
measuring their duration within 35 min after formalin injection. Irra-
diation of the spinal cord with 405 nm light from the μ-ILED induces 
photolysis of the coumarin benzylic bond in pc-Mor, resulting in the 
release of morphine, which effectively targets spinal cord μ-opioid re-
ceptors (MORs) and abolishes pro-nociceptive effects (Fig. 1B).

The device takes the form of a thin, flexible platform with an open, 
oblong geometry (11 × 4.9 × 0.116 mm, L × W × H). This design en-
ables spatiotemporal control of light delivery for drug activation, with 
lasting stability at its interface with the spinal cord. Fig. 1C and Table S1
present layer-by-layer information on device construction. The μ-ILED, 
located at the flexible probe tip to facilitate manipulation during sur-
gical procedures, emits light at a wavelength of 405 nm to trigger the 
photolysis of pc-Mor (Fig. 1D and E). A double-layered copper-polymer 
flexible printed circuit board (fPCB) defines the electrical circuits for 
wireless powering and control of the μ-ILED. The coils for magnetic 
inductive coupling exploit a bilayer layout with seven turns per layer, 
each with a width and spacing of 75 μm. The circuit employs a half- 
bridge rectifier configuration with two Schottky diodes, a smoothing 
capacitor, and a tuning capacitor to achieve power amplification, opti-
mized impedance matching and efficient rectification for wireless power 
transfer (Fig. 1F). A coating of poly(dimethylsiloxane) and a UV-curable 
epoxy provide robust protection for the embedded electronic compo-
nents and μ-ILED. A thin layer of parylene-C uniformly encapsulates the 
entire surface of the device, to electrically isolate the system from sur-
rounding biofluids (Fig. S1). Fig. S2 and Methods provide details on the 
fabrication processes. The power transfer utilizes near-field wireless 
communication (NFC) protocols operating at the industrial, scientific, 
and medical radio frequency band (ISMRF; 13.56 MHz) to supply power 
to the μ-ILED through magnetic resonant coupling between the coils of 
the device and transmission antennas placed along the cage perimeter 

(Fig. 1F). The setup includes a collection of external hardware and 
embedded software. The antenna tuner optimizes power transfer be-
tween the power distribution control (PDC; NeuroLux Inc.) box and the 
transmission antenna for maximum efficiency. Software with a graph-
ical user interface configures the operational parameters, such as fre-
quency and duty cycle of activation of the μ-ILED (Fig. 1G).

3.2. Electromagnetic, optical, and thermal characteristics

Fig. 2A shows the magnetic field distribution throughout the animal 
behavioral enclosure (D = 13 cm, H = 19 cm). The field strength has a 
large gradient near the antenna wires but is relatively uniform in the 
middle plane, ensuring a steady power delivery to the μ-ILED. Figs. S3A 
and B show that the power transfer efficiency (PTE) for the μ-ILED de-
creases monotonically with a series load resistance due to the power 
consumed by the additional resistance. The PTE at the center position is 
larger than that at the corner position due to improved coupling 
behavior between the loops. Details of the simulations are in the Ma-
terials and Methods section. Fig. 2B presents the electrical and optical 
power of the μ-ILED as a function of the power applied to the trans-
mission antenna, with the device positioned in the center of the cage at a 
height of 3.75 cm. Combining the current-voltage characteristics of the 
μ-ILED with the spectral power density plot (Fig. S4) yields the con-
version ratio between electrical and optical power with respect to the 
power applied to the transmission antenna. Details on the electrical and 
optical characterization processes are in the Methods section.

Heat generation from the device could potentially alter physiological 
and behavioral outcomes. The heating follows from the electrical 
operation of the device and photothermal effects from light absorption 
by the tissue (Zhang et al., 2021). The studies to examine these effects 
involve an implantable μ-ILED system with a microfabricated thin film 
temperature sensor (Fig. S5) attached to the surface of the μ-ILED 
(Fig. S6A) for in vivo measurements during operation at two different 
levels of optical power (Fig. S8B; 1.56 mW, 2.5 ◦C (left) and 2.04 mW, 
3.1 ◦C (right)). The results for these cases indicate increases in tem-
perature that exceed a physiologically acceptable range (Yarmolenko 
et al., 2011; Zhang et al., 2019). Fig. 2E and F illustrate the dependence 
of the temperature increase on the duty cycle and frequency of the 
μ-ILED. A numerical model yields calculated values for the temperature 
rise to compare to these experimental data (Fig. S6). The optical fluence 
rate contributes to the generation of heat in the form of the photo-
thermal effect (Fig. 2C). Finite element analysis (FEA) captures the role 
of electrical heating (Fig. S7). Fig. 2D combines both electrical and 
photothermal effects. Measurement results and simulated data for four 
different cases are in excellent agreement (Fig. 2E and F, and Fig. S8B). 
Summaries of the geometrical parameters and thermal properties of the 
device, gray matter, white matter, and the surrounding tissue that serve 
as inputs to the models appear in Figs. S3, 6, 9, and 14A, and Tables S2 
and 3).

Simulations show a peak temperature rise of 2.65 ◦C for the case of 
operation at a 100 % duty cycle at an optical power of 2.04 mW (Figs. S9 
and 10). The peak temperature rise for the experimental parameters 
used in the behavioral experiments described later (30 % duty cycle, 20 
Hz frequency, and 2.042 mW optical power) is 0.85 ◦C (Fig. 2G–I, and 
Figs. S11 and 12), indicating a value within the physiologically 
acceptable range (Efimov et al., 2024; Yang et al., 2021). The temper-
ature decreases rapidly with depth into the tissue (Fig. S13). The contour 
heatmap shows the peak temperature rise as a function of duty cycle and 
electrical power at a frequency of 30 Hz (Fig. 2J). Simple modifications 
to the device design, such as an addition of a thin layer of copper (25 μm) 
for heat spreading on the backside of the fPCB, can be implemented to 
further reduce the temperature rise (Fig. S14). Additional details on the 
simulations are in the Methods section.

The mechanical properties are also important. Figs. S15A–C show the 
results of numerical modeling of cyclic bending that can occur due to 
movements of the animal. The maximum equivalent strain induced in 
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the top and bottom coils (Fig. S15C) for a device bent to a radius of 
curvature of 29 mm (Kathe et al., 2022), integrated on the PDMS sub-
strate (15 mm × 30 mm × 4 mm), is 0.14 %, which is below the elastic 
limit of the copper (0.3 %). Measurements capture changes in the 
resistance of the coils over 10000 cycles of bending by applying a linear 
displacement set to achieve a maximum radius of curvature of 29 mm 
(Fig. S15D). The data indicate no measurable change in resistance 
(Fig. S15E). Details are in the Methods section.

3.3. Wireless μ-ILED-mediated pc-Mor photoactivation targets spinal cord 
MOR in an animal model of pain

Recent research demonstrates that remote, local photoactivation of 
morphine can produce analgesia without opioid-related adverse effects 
in animal models of pain (López-Cano et al., 2023). That initial report 
used a non-tunable high-intensity 405 nm LED to uncage morphine in 
the lumbar segment (L4–L6) of the spinal cord (behind the T13 vertebra) 
via targeted delivery through an epidurally implanted optical fiber. 

Fig. 2. Characterization of the wirelessly operating spinal cord implant. 
(A) Electromagnetic field intensity simulation results for the cylindrical behavior cage (D = 13 cm, H = 18 cm) with a double-loop antenna spaced 2.5 cm apart with 
primary antenna power of 8 W (Left: ZX plane, middle: YZ plane, right: whole area.). Only the height up to 7.5 cm is shown in the image. (B) Electrical and optical 
power for μ-ILED as a function of primary antenna power. (C) Transverse section of 3D Monte Carlo modeling of optical fluence rate distribution in the spinal cord 
model containing gray matter, white matter, surrounding tissue, μ-ILED implant, and temperature sensor (100 % duty cycle and optical power of 2.042 mW). (D) 
Sagittal section of finite element analysis (FEA) of overall temperature distribution in the spinal cord model containing gray matter, white matter, surrounding tissue, 
μ-ILED implant, and temperature sensor (100 % duty cycle and optical power of 2.042 mW). (E) Measured and simulated temperature sensor peak temperature rise 
curves for an μ-ILED probe as a function of duty cycle at a 20 Hz operating frequency. (F) Measured and simulated peak temperature rise for an μ-ILED probe as a 
function of operating frequency at a 30 % duty cycle. (G) Transverse section from 3D Monte Carlo modeling of the optical fluence rate distribution in a spinal cord 
model containing gray matter, white matter, surrounding tissue and an μ-ILED implant (30 % duty cycle, 20 Hz operating frequency, and optical power of 2.042 mW). 
(H) Sagittal section from finite element analysis (FEA) of the overall temperature distribution in a spinal cord model containing gray matter, white matter, sur-
rounding tissue and an μ-ILED implant (30 % duty cycle, 20 Hz operating frequency, and optical power of 2.042 mW). (I) Simulated peak temperature rise for the 
electrical heating effect, photothermal effect, and combined effect with 30 % duty cycle, 20 Hz operating frequency, and 2.042 mW optical power. (J) Contour 
heatmap showing the peak temperature rise for different duty cycles and electrical power levels. The red dashed line indicates the contour where ΔT = 1 ◦C. The 
maximum peak temperature rise in tissue for the working load is 0.853 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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Light pulses were administered at a frequency of 1 Hz, with an output 
power of 23 mW and an intensity of 2000 mA. Although these experi-
mental conditions enable high anti-nociceptive efficacy, they also pose a 
significant risk of spinal cord damage due to the considerable inva-
siveness associated with the epidural approach. The work presented 
here provides comparable anti-nociceptive efficacy but with reduced 
optical power due to focused light delivery and with minimal epidural 
invasiveness.

First experiments examine the μ-ILED-mediated pc-Mor photo-
uncaging performance in vitro (Fig. 3A). Monitoring of the uncaging of 
morphine occurs in aqueous buffer using irradiation conditions like 
those intended for use in mice (2.1 mW for 60 min). Data show that 
subjecting a small volume of a 0.9 mM pc-Mor solution in PBS:DMSO 
10:1 to these illumination conditions results in nearly complete release 
of morphine after 60 min as determined by HPLC measurements 

(Fig. 3B), consistent with changes monitored by UV–vis absorption 
spectroscopy (Fig. S16). Thus, a 10-fold reduction in optical power 
compared to previously described yields a comparable pc-Mor uncaging 
efficiency.

Further experiments demonstrate μ-ILED-mediated pc-Mor photo-
uncaging in vivo by monitoring its ability to photocontrol morphine- 
mediated antinociception in an animal model of pain. A formalin 
mouse model enables the evaluation of peripheral and central MOR- 
mediated antinociceptive effects (Mogil, 2009). Implanted mice are 
administered with vehicle, morphine or pc-Mor before assessing its 
antinociceptive effects in dark and light conditions (Fig. 3C). Hind paw 
formalin injection generates an innate licking/biting behavior, which is 
not modified upon vehicle administration, neither in dark nor in light 
conditions (Fig. 3D). Importantly, epidural irradiation produces a sig-
nificant antinociceptive effect (Fig. 3D). A two-way ANOVA (treatment x 

Fig. 3. Photouncaging of pc-Mor in vitro and in vivo. (A) Schematic representation of μ-ILED-mediated pc-Mor photouncaging. (B) HPLC determination of the 
variation of the concentration of pc-Mor and morphine during the photouncaging process conducted in solution (100 μL of PBS:DMSO 10:1) under μ-ILED irradiation 
(2.1 mW). (C) Scheme of the 405 nm irradiation regime (violet rectangle) and licking recordings (blue rectangles – Phase I and Phase II) in the formalin animal model 
of pain. Animals implanted with the μ-ILED device received an intraperitoneal injection of vehicle (Veh, saline), morphine, or pc-Mor (10 mg/kg, i.p.), followed 
immediately by the initiation of continuous 405 nm irradiation. The irradiation parameters consisted of a 1-h exposure with a 30 % duty cycle, 20 Hz frequency, and 
an optical power of 2.042 mW. (D) Optical control of spinal cord Mor in the formalin animal model of pain. Central light-dependent pc-Mor-mediated antinociception 
in μ-ILED implanted mice was assessed upon irradiation of the spinal cord (see Fig. 1 a). Total hind paw licking was measured for 0–5 min (phase I) and 15–30 min 
(phase II) after intraplantar injection of 20 μl of formalin solution (2.5 % paraformaldehyde). The antinociceptive effect was calculated as the percentage of the 
maximum possible effect and expressed as mean ± SEM (n = 5). *P < 0.05, **P < 0.01, ****P < 0.001, two-way ANOVA with Tukey’s post hoc test. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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illumination) confirms a significant main effect of treatment (Phase I: 
F(2, 24) = 126.2, P < 0.0001; Phase II: F(2, 24) = 40.3, P < 0.0001), 
illumination (Phase I: F(1, 24) = 7.676, P = 0.0106; Phase II: F(1, 24) =

7.601, P = 0.0110) and the interaction between both factors (Phase I: 
F(2, 24) = 3.51, P = 0.046; Phase II: F(2, 24) = 6.764, P = 0.0047). 
Morphine (10 mg/kg, i.p.) exerts antinociceptive effects both at phases I 
and II, regardless of light irradiation (Fig. 3D). Interestingly, pc-Mor (10 

mg/kg, i.p.) is only able to suppress formalin-induced nocifensive 
behavior when light is delivered to the epidural anatomical space 
through the μ-ILED device (Fig. 3D). Thus, while pc-Mor does not 
display antinociceptive effects in dark conditions, it reduces nociception 
both in phase I (29.8 ± 3 %) and in phase II (67.4 ± 2.3 %) upon direct 
spinal cord illumination, with a Tukey’s post-hoc test corroborating the 
observed antinociceptive effect (P = 0.0164 and P = 0.0015, 

Fig. 4. Optical control of spinal cord Mor in the formalin animal model of pain without opioid-induced side effects. (A) Reduced opioid-induced tolerance upon 
morphine photocontrol. Animals implanted with the μ-ILED device were chronically (twice a day for 5 days) administered with vehicle (Veh, saline, i.p.), morphine 
or pc-Mor (10 mg/kg, i.p.) 20 min before light irradiation (see Fig. 3c). Finally, on the last day of treatment, antinociception was determined as described in panel a) 
and the results compared with that obtained upon acute treatment. Data are expressed as mean ± SEM (n = 5–6). ****P < 0.0001, three-way ANOVA with Tukey’s 
post hoc test. (B) Naloxone precipitated morphine withdrawal. μ-ILED animals were chronically treated, and light irradiated as described in panel a). After last drug 
administration, withdrawal was precipitated by administering naloxone (1 mg/kg, s.c.) and the global withdrawal score was calculated considering all the physical 
signs (i.e., wet dog shakes, jumping, paw tremor, sniffing, teeth chattering, piloerection, ptosis, diarrhea, tremor and/or decreased locomotor activity) and expressed 
as mean ± SEM (n = 5–6). ****P < 0.0001, two-way ANOVA with Tukey’s post hoc test. (C) Gastrointestinal transit (GIT) assessment. Animals were chronically 
treated, and light irradiated as in (D). Results are represented as percentage of activated charcoal transit according to total length of intestine (see Methods) and 
expressed as mean ± SEM (n = 5–6). Gait assessment through footprint analysis was performed after the completion of treatment and antinociception tests using the 
walking track (D). Paw prints were manually measured to determine toe spread (E), stride length (F), and base of support (G). Data are expressed as mean ± SEM (n 
= 5–6). ****P < 0.0001, two-way ANOVA with Tukey’s post hoc test. (E) Skilled locomotion was assessed using the horizontal ladder (H), where the positioning of 
both hind paws was evaluated using a standardized score normalized against the maximum possible score (I). Data are expressed as mean ± SEM (n = 5–6).
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respectively). Interestingly, epidural uncaged pc-Mor has comparable 
efficacy to systemic morphine in phase II (P = 0.273). These results 
demonstrate that pc-Mor is effective in mediating antinociception upon 
spinal cord μ-ILED irradiation, thus representing a valuable strategy for 
the treatment of pain-related diseases.

3.4. μ-ILED pc-Mor photouncaging prevents tolerance and opioid side 
effects in a mouse pain model

Opioid-based analgesic therapies can lead to tolerance to their 
analgesic effects, as well as to a range of adverse consequences, 
including constipation, dependency, and addiction (Grim et al., 2020). 
Additional experiments explore the ability of the μ-ILED-based 
morphine photopharmacology approach to mitigate some of these un-
desirable outcomes. The first studies examine the possible tolerance to 
the analgesic effects of chronic pc-Mor treatment compared to 
morphine-induced treatment. Here, mice are chronically treated with 
vehicle, morphine, or pc-Mor prior to evaluating formalin-induced 
behavior under dark and light conditions. A three-way ANOVA (treat-
ment x illumination x drug regime) confirms a significant main effect of 
treatment (Phase I: F(2, 50) = 92.9, P < 0.0001; Phase II: F(2, 50) = 25.89, 
P < 0.0001), illumination (Phase I: F(1, 50) = 9.326, P = 0.0001; Phase II: 
F(1, 50) = 33.95, P < 0.0001), drug regime (Phase I: F(1, 50) = 75.5, P <
0.0036; Phase II: F(1, 50) = 15.58, P = 0.0002), the interaction between 
treatment and illumination (Phase I: F(2, 50) = 85.32, P < 0.0001; Phase 
II: F(2, 50) = 37.5, P < 0.0001) and the interaction between treatment and 
drug regime (Phase I: F(2, 50) = 7.957, P = 0.001; Phase II: F(2, 50) =
16.39, P < 0.0001), but not between the drug regime and illumination 
(Phase I: F(1, 50) = 2.172, P = 0.1468; Phase II: F(1, 50) = 0.4191, P =
0.5203) or treatment, illumination, and drug regime (Phase I: F(2, 50) =

0.7647, P = 0.4708; Phase II: F(2, 50) = 0.12, P = 0.8872) in both phases 
of the formalin test. As expected, chronic administration of morphine 
leads to the development of tolerance to its antinociceptive effects. 
Therefore, the Tukey post hoc test reveals a significant reduction (P <
0.0001) of morphine antinociceptive effects after its chronic adminis-
tration in phase I and II both under light and dark conditions (Fig. 4A). 
Importantly, chronic treatment with pc-Mor does not lead to tolerance, 
as no significant differences in antinociceptive effects are found between 
acute and chronic animals treated with pc-Mor in phases I and II, both 
under light and dark conditions (Fig. 4A).

In parallel, further experiments evaluate the development of with-
drawal syndrome (Fig. 4B), an important adverse effect associated with 
chronic opioid use. Mice receiving daily drug injections (i.e., vehicle, 
morphine, or pc-Mor) are subsequently administered naloxone (1 mg/ 
kg) to precipitate withdrawal. A significant effect of drug treatment is 
identified by two-way ANOVA (F(2, 26) = 146.5, P < 0.0001), whereas no 
significant effect of illumination (F(1, 26) = 0.0006, P = 0.9799) or the 
interaction between both factors (F(2, 24) = 0.4101, P = 0.6678) is 
observed. During behavioral observations conducted before naloxone 
administration, no withdrawal symptoms appear in any group of mice. 
Furthermore, the administration of naloxone does not produce any 
significant effects in the mice that received the vehicle. Notably, in mice 
treated chronically with morphine, the injection of naloxone induces a 
pronounced withdrawal syndrome characterized by multiple somatic 
symptoms (i.e., wet dog shakes, paw tremor, jumps, ptosis, decreased 
locomotor activity, diarrhea). In contrast, mice subjected to chronic pc- 
Mor treatment do not show withdrawal syndrome (Fig. 4B).

Other experiments evaluate the ability of pc-Mor to induce con-
stipation, a notably adverse effect commonly reported by patients in 
association with chronic opioid use and withdrawal (Farmer et al., 
2018). To this end, gastrointestinal transit (GIT) was assessed in mice 
following systemic administration of vehicle, morphine, or pc-Mor. 
Indeed, morphine produces a marked light-independent inhibition of 
GIT, as expected (Fig. 4C). A significant effect of treatment is identified 
by a two-way ANOVA (F(2, 26) = 43.75, P < 0.0001), whereas no sig-
nificant effect of illumination (F(1, 26) = 2.44, P = 0.1304) or the 

interaction between both factors (F(2, 26) = 0.9136, P = 0.4136) is 
observed. Importantly, while Tukey’s post-hoc test reveals a significant 
inhibition of GIT in morphine administered animals both in dark and 
upon spinal cord irradiation (P < 0.0001 and P < 0.001, respectively), 
pc-Mor does not produce a change in GIT, neither in dark (P > 0.9999) 
nor under light (P > 0.9999) conditions (Fig. 4C).

Finally, to assess the impact of μ-ILED device implantation surgery or 
possible irradiation-induced spinal cord dysfunction, gait and skilled 
locomotion evaluations are examined to determine functional outcomes. 
In the footprint analysis (Fig. 4D), the gait parameters including toe 
spread (Fig. 4E), stride length (Fig. 4F), and base of support (Fig. 4G) 
determine the stability and consistency of regular locomotion between 
groups. The toe spread shows minor variation between the animals 
treated with vehicle and morphine-treated animals (Fig. 4E). However, 
this difference is within the expected range of normal variability and is 
independent of light exposure. Both the stride length (Fig. 4F) and the 
base of support (Fig. 4G) remain consistent in all treatments, with no 
significant changes between conditions with and without light delivery. 
These findings indicate that light delivery through the spinal cord device 
does not alter gait parameters, confirming that the implanted device and 
light exposure have no adverse impact on sensorimotor functions 
required for stable and symmetric gait.

In the horizontal ladder test (Fig. 4H), the accuracy of the placement 
of the paw during skilled locomotion provides additional data to 
determine whether the implanted device or the delivery of light affects 
sensorimotor function in a more challenging task. Accurate placement 
requires intact proprioception, effective descending motor commands 
from the supraspinal centers to the spinal cord, and reliable ascending 
sensory feedback. In all groups, scores are close to maximum perfor-
mance, with no significant differences between animals exposed to light 
and those not exposed (Fig. 4I), indicating that light delivery does not 
interfere with sensorimotor function. Additionally, these scores are 
within the normal range for unimplanted animals and comparable to 
those recorded before device implantation (data not shown), suggesting 
that neither the device implanted in contact with the dorsal horns of the 
spinal cord nor light delivery impaired skilled locomotion. Taken 
together, these data provide promising evidence for a wireless, battery- 
free μ-ILED-mediated opioid-based treatment with effective analgesic 
effects while minimizing adverse side effects and, importantly, pre-
venting the development of analgesic tolerance.

4. Discussion

The use of opioids for pain relief raises significant pharmacother-
apeutic concerns. Potential development of tolerance to its analgesic 
effects represents an important limitation, together with constipation, 
nausea, sedation, and respiratory depression as adverse side effects. The 
most alarming concern, however, is the risk of dependence and addic-
tion, which can lead to misuse, overdose, and long-term health com-
plications. These challenges are of increasing importance due to high 
prescription rates, making opioid-related side effects a major public 
health problem (Volkow and McLellan, 2016). These considerations 
motive efforts to improve the safety of opioid use through approaches 
that deliver active opioids directly to the site of action with high pre-
cision. This paper presents a pharmacological strategy that relies on a 
wireless, battery-free, implantable μ-ILED system for remote photo-
activation of a caged-morphine derivative in the spinal cord of an animal 
model of pain. This technology effectively reduces the canonical phys-
iological adverse effects of systemic opioid administration while pre-
serving the full analgesic efficacy of morphine, offering a promising 
pathway to safer pain treatment.

The handling of opioid-induced side effects is essential for improving 
patient quality of life and preventing long-term complications. Beyond 
symptomatic treatment of adverse effects, several strategies can be used 
to mitigate them. These include switching to a different opioid with 
potentially fewer side effects, reducing the dose to minimize the risk of 
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toxicity, and altering the route of administration to minimize drug 
tolerance and increase efficacy (Rogers et al., 2013). Intrathecal drug 
delivery (IDD) of opioids, such as morphine and fentanyl, is effective for 
both nociceptive and neuropathic pain syndromes (De Andres et al., 
2022). Interestingly, opioid IDD is increasingly used to manage chronic 
pain, particularly when conventional treatments, including oral medi-
cations, have failed (i.e., refractory pain) or come with undesirable side 
effects. Risks of opioid infusion include opioid-induced hyperalgesia, 
hormonal changes, peripheral edema, and pruritus and eventually also 
constipation, respiratory depression, and tolerance (De Andres et al., 
2022). In addition, technical complications can arise, including intra-
operative issues with the catheter entry site and pump placement loca-
tion, as well as postoperative complications such as catheter migration, 
occlusion, leakage, or fracture. Furthermore, high local concentrations 
of opioids can promote the formation of granulomas at the tip of the 
catheter, potentially leading to neurological complications.

The μ-ILED-mediated opioid-based treatment used here shows 
effective antinociceptive action while minimizing adverse side effects 
and, more importantly, preventing the development of analgesic toler-
ance. The wireless nature of this system significantly reduces the inva-
siveness commonly associated with tethered devices. This advance 
eliminates the need for implantation of an optical fiber throughout the 
epidural space (from the neck to the corresponding lumbar segment), as 
described recently (López-Cano et al., 2023). Consequently, by 
removing this requirement, the simplified surgical procedure and robust 
design of wireless implants minimize risks such as mechanical damage 
and inflammation of surrounding tissues, thus ensuring consistent light 
irradiation over extended periods while improving animal comfort. 
Additionally, the system enhances the safety profile by incorporating a 
reduced optical exposure threshold, which minimizes potential photo-
toxicity and thermal effects. This feature is crucial for long-term light--
based therapies, as excessive or prolonged exposure to light can lead to 
tissue overheating, cellular damage, inflammation, or fibrosis. Beyond 
safety considerations, this wireless approach offers several experimental 
advantages as it enhances animal welfare by allowing unrestricted 
movement. Collectively, the μ-ILED-based morphine photorelease im-
proves overall safety, efficacy, and reliability of spinal cord opioid in-
terventions while reducing the risk of common opioid adverse side 
effects.

For successful clinical translation, several important considerations 
must be addressed. One major challenge is ensuring the long-term 
biocompatibility and functional stability of the implant. Although the 
device includes a thin layer of parylene C as a biocompatible barrier for 
corrosion resistance, studies using this or similar biomaterials can lead 
to fibrotic encapsulation at 2 weeks, continuing to thicken until at least 
16 weeks in rodents (de la Oliva et al., 2018; del Valle et al., 2015). 
Fibrotic layers of 50–100 μm thickness are possible, which can attenuate 
blue light by approximately 10–15 %, based on the general optical 
properties of biological tissues and their scattering behaviour 
(Sanchez-Cano et al., 2020). To mitigate these effects, future studies 
could evaluate surface treatments such as dexamethasone-loaded coat-
ings or hydrophilic modifications (Kim et al., 2008; Zhong and Bel-
lamkonda, 2007) designed to reduce inflammatory responses and delay 
capsule formation. These strategies can maintain optimal light trans-
mittance for effective photouncaging over extended implant durations. 
For clinical translation, the system much also be adapted to the spinal 
anatomy of humans. As such, the μ-ILED may need to be scaled up or 
implemented in arrays to achieve sufficient irradiance over large, deep 
target areas. In addition, a wearable, battery-powered NFC wireless 
power and control unit can be adapted to ensure the angular indepen-
dency and precise alignment of the wireless power system (Choi et al., 
2022). Increasing the light-emitting surface may increase the thermal 
load; however, our finite element analysis shows a peak temperature 
increase of ~0.85 ◦C under typical operating conditions, suggesting that 
a safe thermal margin remains. If necessary, further design modifica-
tions, such as the implementation of highly conformable neural 

implants, including flexible substrates and distributed components 
(Stieglitz et al., 2023) or the integration of a copper heat-spreading 
layer, could help maintain safe thermal limits (Miziev et al., 2024; 
Yarmolenko et al., 2011). In parallel, the regulatory pathway for such an 
implant requires extensive preclinical validation in larger animal models 
(e.g., sheep, nonhuman primates) to monitor chronic tissue response, 
encapsulation, and device stability over several months. These studies 
should include the monitoring of biomarkers of inflammation (e.g., 
TNF-α, IL-1β) and functional assessments of light transmission through 
any encapsulating tissue. The accumulated preclinical data will form the 
basis for future clinical trials, ensuring that our device meets the safety 
and efficacy requirements before human use.

5. Conclusion

The use of wireless technology with photopharmacology signifi-
cantly enhances pharmacological precision and safety. The combination 
of advanced drug design and innovative illumination systems has the 
potential to revolutionize pain management, offering a promising so-
lution to reduce opioid dependency, thus addressing a major public 
health concern. Finally, from a translational perspective, flexible, 
biocompatible, battery-free, and wireless implants could be developed 
to treat chronic pain in patients resistant to conventional therapies. 
While the system demonstrates promise, several challenges remain, 
including those related to fibrotic encapsulation and thermal manage-
ment. Future work may include appropriate surface treatments, scaling 
up processes for human trials, and robust pre-clinical validations to 
ensure long-term stability and safety. Such systems have the potential to 
disrupt pain management strategies by offering safer, more targeted 
treatment strategies.
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