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Orthopedic implants with high elastic modulus often suffer from poor
osseointegration due to stress shielding, a phenomenon that suppresses the
expression of intracellular mechanotransduction molecules (IMM) such as
focal adhesion kinase (FAK). We find that reduced FAK expression under stress
shielding is also mediated by decreased calcitonin gene-related peptide
(CGRP) released from Piezo2" mechanosensitive nerves surrounding the
implant. To activate these nerves minimally invasively, we develop a fully
implantable, wirelessly rechargeable optogenetic device. In mice engineered
to express light-sensitive channels in Piezo2" neurons, targeted stimulation of
the L2-3 dorsal root ganglia (DRG) enhances localized CGRP release near the
implant. This CGRP elevation activates the Protein Kinase A (PKA)/FAK sig-
naling pathway in bone marrow mesenchymal stem cells (BMSCs), thereby
enhancing osteogenesis and improving osseointegration. Here we show that
bioelectronic modulation of mechanosensitive nerves offers a strategy to
address implant failure, bridging neuroregulation and bone bioengineering.

Orthopedic implants are commonly used for the replacement of
weight-bearing bones, such as in artificial joints, spinal fusion, and
bone fixation or filling". Even though implants typically yield favorable
outcomes, around 10% of them end up failing”. Notably, over half of
these unsuccessful cases stem from aseptic loosening triggered by the
subpar osseointegration of implants®*. Metals commonly used for
orthopedic implants, such as titanium alloys and cobalt-chromium-

molybdenum alloys, possess good mechanical properties and corro-
sion resistance>°. However, their elastic modulus is significantly higher
than that of human cortical bone. This mismatch can result in insuffi-
cient stress stimulation of the surrounding bone tissue, leading to the
phenomenon known as stress shielding’. This leads to localized bone
resorption, implant loosening, ultimately compromising long-term
stability®®. The loosening of implants significantly exacerbates the
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medical burden and socioeconomic costs associated with revision
procedures’.

To enhance implant osseointegration, Ti6Al4V micro-lattice
materials and Polyether Ether Ketone (PEEK) materials are utilized in
orthopedic implants due to their tunable elastic modulus'®". However,
in weight-bearing regions of the limbs, these materials are prone to
deformation and breakage due to insufficient mechanical strength®.
Consequently, methods are developed to enhance osseointegration
through surface modification of implants; however, poor osseointe-
gration cannot be entirely circumvented”. Regardless of the mod-
ifications made to the implant, a persistent issue arises in clinical
settings: once stress shielding occurs and loosening ensues following
the implantation of prostheses, there are currently no remedial mea-
sures available other than additional surgical intervention.

Mechanical stress influences the remodeling of intracellular stress
fibers and the activity of intracellular mechanotransduction molecules
(IMM) such as integrins, Focal Adhesion Kinase (FAK), Microtubule-
Actin Crosslinking Factor 1 (MACF1), and Extracellular Signal-
Regulated Kinase (ERK)“", thereby regulating the migration, pro-
liferation, and differentiation of bone-related cells. The decrease in the
expression of IMM signaling molecules resulting from stress shielding
is a significant factor that hinders the osseointegration of implants.
Therefore, exploring effective strategies to modulate the activity of
IMM signaling molecules in bone-related cells within this unalterable
stress environment surrounding previously implanted devices pre-
sents a bypass approach to alleviate the adverse effects of stress
shielding on osseointegration.

Bone tissue is innervated by a dense network of sensory nerves,
with the most commonly distributed sensory nerves being calcitonin
gene-related peptide (CGRP)-positive nociceptors'®. Nociceptors can
sense stimuli such as mechanical pressure, cold, and heat”. Upon
receiving these stimuli, the terminal fibers of these nerves release
CGRP, which can participate in the regulation of bone metabolism and
integration processes. For example, CGRP promotes the proliferation
of bone marrow mesenchymal stem cells (BMSCs) and the differ-
entiation of osteoblasts, thereby affecting bone mass and tendon-bone
healing’®. CGRP* piezo2" fibers, which sense mechanical stress, account
for approximately 40% of nociceptors innervating bones". Addition-
ally, CGRP regulates the expression of IMM®. Therefore, the regulatory
role of Piezo2" nociceptors in bones may have potential in addressing
the inhibition of osseointegration caused by insufficient mechanical
stress, although the mechanisms and interventions require further
exploration.

As a peptide lacking a quaternary protein structure, CGRP is
rapidly degraded in plasma, which limits the application of exogenous
CGRP in bone healing”. Endogenous CGRP is synthesized in the dorsal
root ganglia (DRG), with its transcription being highly regulated by
depolarization®. Electrical stimulation (ES) of the DRG can promote
nociceptor depolarization and CGRP secretion to aid in the healing of
osteoporotic fractures”. However, non-targeted stimulation may
cause discomfort and other side effects. Achieving highly selective
stimulation of nociceptors related to mechanical stress around
implants remains challenging. Optogenetics integrates multi-
disciplinary knowledge from optics, software control, and genetic
manipulation to target and manipulate specific neuronal subpopula-
tions, such as excitatory and inhibitory neurons®. Currently, a fully
implantable, flexible, and wirelessly rechargeable optogenetic stimu-
lation (OS) device suitable for rats**. However, its size and weight
exceed the load capacity for many transgenic mice used in neu-
roscience research.

In this work, we present the smallest, lightest fully implantable,
wirelessly rechargeable OS device to date. Using mice expressing the
light-sensitive protein Channelrhodopsin-2 (ChR2)*, we achieve con-
trollable stimulation of the DRG in freely moving, awake mice. This
method stimulates Piezo2" nociceptors and induces CGRP release,

reversing the suppression of the IMM FAK expression caused by
insufficient mechanical stress, thereby promoting the osseointegra-
tion of tibial implants with bone in mice. This demonstrates that the
wirelessly rechargeable OS device, combined with nociceptor regula-
tion, has broad applications and potential in promoting implant
osseointegration in clinical applications and in neuro-bone regulation
research. Beyond conventional improvements in metallic materials or
surface modifications, the primary advantage of our research resides
in providing a solution for patients with pre-existing implants that have
demonstrated inadequate osseointegration.

Results

Delayed osseointegration due to stress shielding is associated
with diminished expression of mechanotransduction molecules
To optimize the simulation of the biomechanical environment asso-
ciated with total joint arthroplasty, we selected a mouse knee joint
implantation model based on previous literature reports®. To inves-
tigate the impact of stress factors induced by different elastic moduli
implants on implant osseointegration, we designed and 3D printed two
types of implants: (i) solid Ti6Al4V knee implants with a high elastic
modulus (114 Gpa) (Fig. 1a I), and (ii) Ti6Al4V implants with a 25%
overall porosity, with an elastic modulus (28 Gpa) closer to that of
bone (Fig. 1a II). The two types of implants were implanted into the
tibial plateau of the right knees of mice (Supplementary Fig. 1a). Two
weeks after implantation, tibial specimens from the Ti6Al4V and
Ti6Al4V (Internal porosity) groups were collected and subjected to
hard tissue sectioning followed by methylene blue-acid fuchsin stain-
ing (Fig. 1b). The results showed that, despite the hydrophilicity of the
two materials being similar (Supplementary Fig. 1b), bone-implant
contact percentage (BIC%) around the Ti6Al4V implants was sig-
nificantly less than that around the Ti6Al4V (Internal porosity)
implants (Fig. 1c). This indicates that mechanical factors influence the
osseointegration capacity of implants to a certain extent.

One week after model establishment, transcriptomic sequencing
analysis of bone tissue surrounding the implants in both groups was
performed. The heatmap of differential gene expression (Fig. 1d)
revealed significant differences in mRNA expression patterns between
the Ti6Al4V and Ti6Al4V (Internal porosity) groups, indicating altered
gene expression in the tissue surrounding the Ti6Al4V (Internal por-
osity) implants. Notably, genes such as ptk2 (encoding FAK), Piezo2,
and Ogn were significantly upregulated. These genes are closely
associated with mechanotransduction, cell differentiation, migration,
and proliferation.

To further explore the activated biological functions and signaling
pathways, we conducted Gene Ontology (GO) enrichment analysis and
KEGG pathway analysis. GO enrichment analysis results (Fig. 1e) showed
that the upregulated pathways in the Ti6Al4V (Internal porosity) group
were mainly involved in response to stimulus, ossification, osteoblast
differentiation, and extracellular matrix (ECM) organization. These
processes are crucial for the development, structural maintenance, and
functional realization of the skeletal system. KEGG enrichment analysis
(Fig. 1f) revealed that the upregulated pathways in the Ti6Al4V (Internal
porosity) group included the focal adhesion pathway, TGF-beta sig-
naling pathway, PI3K-Akt signaling pathway, and ECM-receptor inter-
action. These are key components of cell signal transduction, cell
adhesion, and interactions between the ECM and cell receptors, all of
which are essential for bone formation and skeletal system develop-
ment. Within the focal adhesion pathway, the key protein FAK acts as
an important signaling molecule mediating interactions between the
extracellular matrix and the intracellular cytoskeleton under mechan-
ical stress”. Similarly, GSEA analysis (Fig. 1g) demonstrated that the
bone mineralization capability in the Ti6Al4V (Internal porosity) group
was enhanced compared to the Ti6Al4V group.

We further validated the changes in FAK and key osteogenic genes
from O to 21 days post-implantation. It was found that the expression of
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Fig. 1| Stress shielding-induced delay in osseointegration is associated with low
expression of mechanical signaling molecules. a Schematic diagram of mouse
tibial implants with Ti6Al4V knee implants (114Gpa) and Ti6Al4V implants with a 25%
overall porosity (28Gpa). b, ¢ Methylene blue-acid fuchsin staining and quantitative
analysis of bone tissue sections containing implants at two weeks. Scale bars: 10x:
100um, 40x: 100um. Data are presented as mean + SEM (n = 5 biologically inde-
pendent experiments). P-values were calculated using Two-tailed Student’s ¢ tests.
d Transcriptomic heatmap of peri-implant bone tissue at one week. e Transcriptomic

GO enrichment analysis plot of peri-implant bone tissue at one week. f Transcriptomic
KEGG enrichment analysis plot of peri-implant bone tissue at one week.

g Transcriptomic GSEA plot of peri-implant bone tissue at one week. h The expression
of FAK at mRNA levels in peri-implant bone tissue from O to 21 days. Data are pre-
sented as mean + SEM (n = S biologically independent experiments). P-values were
calculated using Two-tailed Student's ¢ tests. (BIC%: bone-implant contact percentage,
FAK: focal adhesion kinase. h compared to the expression of FAK at mRNA levels of
Ti6Al4V group at day 0). Source data are provided as a Source Data file.
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FAK in the Ti6Al4V group was consistently lower than that in the
Ti6Al4V (Internal porosity) group at all time points (Fig. 1h). Moreover,
the peak expression in the Ti6Al4V group (14 days versus 7 days) was
significantly delayed compared to the Ti6Al4V (Internal porosity) group
(Fig. 1h). Additionally, the expression of key osteogenesis-related genes
regulated by FAK®, such as alkaline phosphatase (ALP), ecombinant
Runt- related transcription factor 2 (RUNX2), osteopontin (OPN), and
osteocalcin (OCN), was also inhibited (Supplementary Fig. 1c-f).

High elastic modulus implants decrease CGRP release of Piezo2*
nociceptors, inhibiting FAK expression and implant
osseointegration

The expression of the intracellular mechanosensitive protein FAK in
implants with varying elastic moduli may be influenced not only by the
mechanical forces experienced by the cells but also by sensory neu-
rotransmitters such as CGRP®. Subclasses of nociceptive neurons,
specifically piezo2" pressure-sensitive neurons, are capable of sensing
changes in pressure within the bone marrow?’. We began by injecting
the retrograde tracer Fast Blue (FB) into the bone marrow cavity of
C57BL/6 mice following tibial medullary expansion (Fig. 2a), and per-
formed simultaneous immunofluorescence staining for piezo2 and
CGRP in the DRG 3 days later. The stress-sensitive neurons associated
with the upper portion of the tibia and its vicinity are derived from
branches of the sciatic nerve, with their corresponding upper-level
neurons primarily located in the L2-3 DRGs*. Within the FB-labeled L2-
3 DRGs, a majority were CGRP* (Fig. 2b), among which ~ 36% were
piezo2" (Fig. 2¢), indicating a wide distribution of pressure-sensitive
neurons at the bone interface in contact with tibial implants. We then
utilized the piezo2 activation indicator FM1-43FX to determine whe-
ther mechanosensitive neurons were activated after implantation®.
FM1-43FX was administered intraperitoneally to both the implant
groups (Ti6Al4V (Internal porosity) and Ti6Al4V) and a sham surgery
group. Immunofluorescent staining of L2-3 DRGs performed 24 hours
after FM1-43FX injection revealed a significantly higher number of
positive DRGs in the implant groups compared to the sham group,
with the Ti6Al4V group exhibiting notably fewer activated DRGs than
the Ti6Al4V (Internal porosity) group (Fig. 2d-e). Given that piezo2"
DRGs are predominantly CGRP*, we assessed the levels of CGRP
expression at the same time point using ELISA. The results showed that
the expression of CGRP in the bone tissue surrounding the implants
was significantly reduced in the Ti6Al4V group compared to the
Ti6Al4V (Internal porosity) group (Fig. 2f). Another subclass of noci-
ceptive neurons within the bone, the TRPVI" thermosensitive neurons,
are also widely distributed, Simultaneously, Piezol and Piezo2 are
recognized as important mechanosensitive receptors. To detect the
role of TRPVI', Piezol' and Piezo2" in the CGRP release affected by
changes in the elastic modulus, we generated TRPVI-DTR, Piezol-DTA
and Piezo2-DTR animals (Supplementary Figs. 2a, 2c and 2e) to ablate
the TRPVI, Piezol and Piezo2-positive neurons. And evaluated the
effect of Ti6Al4V and Ti6Al4V (Internal porosity) implants on CGRP
expression. In animals with TRPV1* and Piezol'neuron ablation, the
enhancing effect of Ti6Al4V (Internal porosity) implants on CGRP
release remained (Supplementary Fig. 2b, d), whereas deletion of
Piezo2" neurons reduction the expression of CGRP in both groups
(Supplementary Fig. 2f), suggesting that Piezo2" neurons are the pre-
dominant nociceptor subclass that responds to pressure-associated
CGRP release.

We further assessed whether the differences in nerve activation
states caused by implants with varying elastic moduli affect the
expression of the pressure-sensitive gene FAK in the bone tissue
surrounding the implant. Direct injections of CGRP were adminis-
tered around the Ti6Al4V group implants immediately after
implantation. Observations from micro-CT results two weeks later
(Fig. 2g) revealed that the Ti6Al4V+Inject CGRP group exhibited
significantly higher bone volume/total volume (BV/TV), trabecular

thickness (Tb.Th), number of trabeculae (Tb.N), bone mineral den-
sity of bone volume (BMD of BV), and bone-implant contact per-
centage (BIC%), while having a significantly lower trabecular
separation (Tb.Sp) compared to the Ti6Al4V group, approaching
values similar to those of the Ti6Al4V (Internal porosity) group
(Fig. 2h). Moreover, the injection of CGRP enhanced the expression
of FAK (Supplementary Fig. 2g). This suggests that the reduced
activation of mechanosensitive neurons and the suppression of
CGRP expression caused by implants with a high elastic modulus may
be related to the delayed peak of FAK expression.

Design of a Wireless, Rechargeable, Fully Implantable OS Device
for Stimulation of Mouse DRG

To perform complex OS manipulations of the DRG in mice with
minimal impact on their normal behavior, we integrated the latest
advancements in materials science, electrical engineering, and neu-
roscience to design an advanced system. This system enables accurate
and repeatable OS of the DRG while the mice are freely active, inde-
pendent of their position and movement. Figure 3a illustrates a sche-
matic breakdown of the wireless charging and smartphone-controlled
OS components, which consist of four main functional elements: (I) a
rechargeable lithium battery (10 mAh, 0.15g); (Il) a Bluetooth Low
Energy (BLE) system-on-chip (SoC) for wireless control of the system;
(Il a power management circuit equipped with an electromagnetic
induction coil and coil antenna, primarily responsible for harvesting
radio frequency (RF) energy and converting it into direct current (DC)
charging current for the battery; and (IV) two efficient p-LEDs flexible
arrays that can be anchored around the DRGs. These p-LEDs are
embedded in ultrasoft polymer cushions (33.4 kPa, 1400 pm thick)
that directly surround the DRG, ensuring precise OS. The functional
components are encapsulated in biocompatible packaging made of
polydimethylsiloxane (PDMS; 600 pum thick) and Parylene C (7 pm
thick, 0.083 g mm m-2 day-1 water vapor permeability). This soft
polymer encapsulation, not only provides protection against biologi-
cal fluids and external impacts but also ensures the adaptability and
reliable operation of the device in vivo*. The OS device is placed on the
dorsal side of the mouse. Prior to the experiment, the device is
implanted near the DRGs and anchored at both ends of the p-LEDs to
ensure precise alignment with the DRGs (Fig. 3b). These devices can be
charged through a wireless closed-loop automatic charging system
while the mice are housed in their home cages, allowing for unrest-
ricced movement within the enclosure. Once the device is fully
charged, the mouse can be placed in “any” experimental apparatus
without the need for additional power transmission, and experiments
can be conducted while the device continues to charge (Fig. 3c). In all
cases, the operating parameters of the p-LEDs (1-40 Hz, 0-1000 ms
pulse width) can be wirelessly controlled via a custom smartphone
application, and the battery level can be monitored in real-time
through BLE communication. The OS device features a compact and
lightweight electronic design (Fig. 3d), with a total weight of only
0.6875 grams (long, wide, thick, 16 x 8 x 4 mm, excluding the length of
the wires and p-LEDs), allowing for seamless integration into the
bodies of rodents while enabling them to maintain natural behaviors
and movements.

Figure 3e illustrates the circuit structure of the wireless charging
system. This system is designed to operate at a resonant frequency of
6.78 MHz and employs a 6-turn coil with a 5 uH inductor, conforming
to the standards set by the Alliance for Wireless Power (A4WP), which
supports simultaneous wireless charging of multiple devices®. The
antenna coil within the system utilizes inductive coupling technology
to capture wireless energy, which is then rectified and boosted by a
step-up converter to generate the voltage required for battery char-
ging. To prevent accidental discharge of the battery, a Schottky diode
is included in series with the battery at the load side of the circuit
design. This design enables the wireless charging technology to
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can coordinate the control of the main control chip of the optoelec-
tronic system, thereby adjusting the operating parameters of the OS
components. At the same time, the wireless charging achieves a small
specific absorption rate (SAR < 0.12 W/kg) (Supplementary Fig. 3d). All
materials and electronic components are commercially available and
can be processed and assembled using standard manufacturing
techniques.
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Fig. 2 | The implantation of high elastic modulus implants leads to decrease
CGRP levels released by Piezo2’ nerves, FAK expression, and bone osseointe-
gration. a Schematic diagram of L2-3 DRGs immunofluorescence staining per-
formed 3 days after retrograde tracer FB intramedullary injection into the upper
tibia (Created in BioRender. m*[POEj,m*. (2025) https://BioRender.com/h48v716).
b, ¢ Immunofluorescence staining and quantification of CGRP and Piezo2" neurons
in DRG 3 days after implantation, scale bar: 100pum. Data are presented as mean +
SEM (n = 5 biologically independent experiments). d, e Immunofluorescence
staining and quantification of FM1-43FX in DRG 24 hours after injection in sham and
implant groups, scale bar: 100pm. Data are presented as mean + SEM (n = 5 bio-
logically independent experiments). P-values were calculated using one-way ANOVA
with Tukey’s multiple comparisons test. f ELISA detection of CGRP expression

around the implants in the Ti6Al4V group and Ti6Al4V (Internal porosity) group one
week postoperatively. Data are presented as mean + SEM (n = 5 biologically inde-
pendent experiments). P-values were calculated using Two-tailed Student’s ¢ tests.
g, h Representative micro-CT images and quantitative analysis of peri-implant bone
tissue at two weeks postoperatively in the Ti6Al4V group, Ti6Al4V+Inject CGRP
group, and Ti6Al4V (Internal porosity) group, scale bar:100pm. Data are presented
as mean + SEM (n = 5 biologically independent experiments). P-values were calcu-
lated using one-way ANOVA with Tukey’s multiple comparisons test. (FB:Fast Blue,
CGRP: calcitonin gene-related peptide, BV/TV: bone volume/total volume, Tb.Th:
trabecular thickness, Tb.N: number of trabeculae, Tb.Sp: trabecular spacing, BMD of
BV: bone mineral density of bone volume, BIC%: bone-implant contact percentage).
Source data are provided as a Source Data file.

Validation of the wireless optoelectronic system’s performance
and biocompatibility
To evaluate the optoelectronic performance of the OS device, we
conducted a series of tests, including the device’s operating voltage
response and luminous output under different driving currents. Initi-
ally, we tested the voltage stability of the device when operated at a
SmA driving current, 2Hz frequency, and 10 ms pulse width for
30 minutes, finding that the operating voltage remained within the
range of 2.8-3V (Fig. 3f). By using in vitro activation of the OS device
(A=470nm), we assessed the voltage and output power response
under various operating currents. The results indicated that at a 10 mA
operating current and 3.0 V forward voltage, the optoelectronic system
could output a power of 15mW (Fig. 3g), sufficient to activate ChR2*
neural axons®. We also monitored the temperature changes of the OS
device in vivo, discovering that under an optogenetics density of
100 mW/mm? and a 25% duty cycle, the temperature increased by less
than 2 °C after 30 minutes of operation; while at an optogenetics den-
sity of 80 mW/mm? and a 10% duty cycle, the temperature rise was less
than 0.5 °C within 30 minutes (Fig. 3h). For wireless energy transmis-
sion, we utilized a charging case with an output power of 40 W and an
effective charging range of up to 60 cm in circumference, the optoge-
netic device can be fully charged within 30 minutes when positioned
above the charging box (Fig. 3i). Even with changes in the animal’s
posture affecting the device’s position, the charging process remained
rapid, at a distance of 22 cm above the charging box, the charging
transmission efficiency reaches 49.015% (Fig. 3j). Once fully charged,
the OS device could operate continuously for ~30 minutes (Fig. 3k).
The aforementioned experimental results demonstrate that this
OS device is not only compact in size but also operates stably, making
it suitable for targeted OS of the peripheral nervous system (PNS). To
evaluate the potential impact of the OS device implantation on mice,
we conducted a series of motor function tests on mice implanted with
the device. Specifically, we compared the motor endurance and
coordination of mice implanted with the OS device (Implanted group)
to those of mice that underwent no surgery (Sham group). Two weeks
post-implantation, the exploratory behavior, fatigue endurance, and
motor coordination of the mice showed no significant differences
(Supplementary Fig. 3e-h). Additionally, we found that the implanta-
tion of the OS device did not affect the mechanical sensitivity (Sup-
plementary Fig. 3i) or heat sensitivity (Supplementary Fig. 3j) of the
hind paw on the operated side. Further, immunohistochemical stain-
ing of liver, kidney, and spleen tissues revealed no adverse effects on
the structure of these organs (Supplementary Fig. 4a). Blood sample
analysis also indicated that the implantation had no significant impact
on liver and kidney function markers (Supplementary Fig. 4b).
Therefore, our biocompatibility assessment suggests that the OS
device can be safely implanted near the DRG and can remain in place
for extended periods.

OS of Piezo2* Nerves Promotes CGRP Release
ChR2 is a light-gated ion channel activated by blue light**. To specifi-
cally activate nociceptive neurons surrounding the implant, we

t34

crossed mice expressing ChR2-tdTomato with Piezo2-Cre driver mice,
resulting in the generation of mice specifically expressing the photo-
sensitive protein (Piezo2::ChR2) (Fig. 4a). Immunofluorescence stain-
ing confirmed the specific expression of ChR2 in the DRG, sciatic
nerve, and tibia (Fig. 4b-d). To verify the activation of nociceptive
nerve axons at the epineurium, we implanted the OS device around the
L2-3 DRGs of Piezo2::ChR2 mice (Fig. 4e & Supplementary Fig. 5a) and
conducted OS experiments 10 days later (10 mA, 10 ms, 2HZ, 30 min,
Fig. 4f & Supplementary Fig. 5b), followed by testing mechanical and
heat sensitivity. At the same time, we employed ES as a positive con-
trol. The results showed a significant increase in mechanical sensitivity
immediately after OS and ES (Fig. 4g), while heat sensitivity did not
significantly increase between with and without OS groups, However,
ES group significantly increased heat sensitivity (Fig. 4h). We also
generated Nav1.8::ChR2 mice targeting almost all nociceptive neuron
populations® (Supplementary Fig. 5¢), in which OS and ES groups
increased both mechanical sensitivity (Supplementary Fig. 5d) and
heat sensitivity (Supplementary Fig. 5e). Further, conditioned place
preference (CPP) experiments revealed that Navl.8::ChR2 mice
exhibited significant aversive behavior after OS, spending significantly
less time in the stimulation zone compared to the non-stimulation
zone (p<0.01, Supplementary Fig. 5f), whereas Piezo2::ChR2 mice
showed significantly reduced place aversion behavior (p < 0.01, Fig. 4i).
Control mice (Piezo2-Cre”::ChR2**) and (Nav1.8-Cre”::ChR2"*) did not
exhibit significant aversive responses to OS (Fig. 4i & Supplemen-
tary Fig. 5f).

The nociceptors plays a crucial role in regulating skeletal meta-
bolism through the secretion of various neuropeptides, such as CGRP,
SP (Substance P), NPY (Neuropeptide Y), and VIP (Vasoactive Intestinal
Peptide)***. One week after OS, we measured the levels of these
nociceptive neuropeptides in the bone tissue surrounding the upper
tibial implants in mice. The experimental results showed that OS
activation significantly increased the release of CGRP and SP, with
CGRP showing the most prominent change, whereas the levels of other
neuropeptides increased to some extent but without significant dif-
ferences (Fig. 4j-m). These results suggest that more precise targeting
of Piezo2" nerves within the bone achieves the activation and release of
CGRP while significantly reducing the pain side effects compared to
broad-spectrum nociceptor stimulation.

Activation of Piezo2" nerves promotes sustained CGRP release
and implant osseointegration

Ten days following the implantation of OS elements at the L2-3 DRGs of
Piezo2::ChR2 mice, a Ti6AI4V tibial implant model was established. The
experimental mice were randomly divided into three groups: the non-
OS group and the OS group, with the latter receiving OS (10 mA, 2 Hz,
10 ms, for 30 minutes/day). And the ES group(10 Hz, 10V, 500 ps)”.
Micro-CT results indicated that at 2- and 4 weeks post-surgery, the OS
and ES group had significantly higher BV/TV, Tb.Th, Tb.N, BMD of BV,
and BIC% compared to the Non_OS group, while the Tb.Sp in the OS
and ES group was significantly lower than in the Non_OS group
(Fig. 5a-d). Hard tissue section staining with methylene blue-acid
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stimulating mouse DRG. a Exploded view schematic of the wireless chargingand  h Temperature change of the OS device in vivo at different power levels. Data are
smartphone-controlled OS device. b Schematic of the OS device implanted in a presented as mean + SEM (n = 3 biologically independent experiments). i Charging
mouse to activate DRG. ¢ Schematic of wireless charging for the implanted OS time of the optical stimulation component in proximity to the charging box.

device. d The off and on photograph of the OS device. e Circuit diagram of the OS  j Schematic diagram of spatial transmission efficiency for wireless charging (dis-
device. f Operating voltage of the OS device when running for 30 minutes at 5mA  tance: 22 cm, transmission efficiency: 49.015%). k Discharging profile of the OS
drive current, 2 Hz frequency, and 10 ms pulse width. Data are presented as device. Source data are provided as a Source Data file.
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fuchsin revealed that at weeks 2 and 4, there was more new bone
formation around the implants in the OS and ES group compared to
the Non_OS group (Fig. 6a-d). Concurrently, the expression levels of
CGRP in the surrounding bone tissue of the week 2 (Fig. 6e) and week 4
(Fig. 6f) OS and ES groups were significantly higher than those in the
Non_OS group. Additionally, ALP staining (Supplementary Fig. 6a) of
bone tissue around the implants at week 2 showed significantly higher

ALP expression in the OS and ES groups compared to the Non_OS
group (Supplementary Fig. 6b). Golden staining (Supplementary
Fig. 6¢) also indicated that type I collagen fiber formation around the
implants was significantly increased in the OS and ES groups compared
to the Non_OS group (Supplementary Fig. 6d). Further, at week 2 post-
implantation, Western Blot (WB) results of key osteogenic proteins
Runx2, ALP, OPN, and OCN in bone tissue around the implants from

Nature Communications | (2025)16:3093


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58336-x

Fig. 4 | OS of Piezo2" mechanical nociception promotes CGRP release.

a-d Schematic diagram of Piezo2::ChR2 transgenic mouse construction and Piezo2
immunofluorescence staining in DRG, sciatic nerve, and tibial upper bone tissue,
scale bar: 100 um. (4a Created in BioRender. m*[POEj,m*. (2025) https://BioRender.
com/h48v716). e, f Diagram of the OS device implanted around the DRG and the
release of neuropeptides in the target area caused by OS of DRG in mice expressing
ChR2. g Changes in mechanical sensitivity in Piezo2::ChR2 mice under OS. Data are
presented as mean + SEM (n = 5 biologically independent experiments). P-values
were calculated using one-way ANOVA with Tukey’s multiple comparisons test.

h Changes in heat sensitivity in Piezo2::ChR2 mice under OS. Data are presented as
mean + SEM (n = 5 biologically independent experiments). P-values were

calculated using one-way ANOVA with Tukey’s multiple comparisons test.

i Changes in aversive behavior in Piezo2-Cre* and Piezo2-Cre” mice under OS.

Data are presented as mean + SEM (n = 5 biologically independent experiments).
P-values were calculated using Two-tailed Student’s ¢ tests. j-m ELISA experiment
of neuropeptide release in the DRG target area of Piezo2::ChR2 mice under OS.
Data are presented as mean + SEM (n = S biologically independent experiments).
P-values were calculated using one-way ANOVA with Tukey’s multiple comparisons
test. (ChR2: channelrhodopsin-2, CGRP: calcitonin gene-related peptide, SP: Sub-
stance P, NPY: neuropeptide Y, VIP: vasoactive intestinal peptide). Source data are
provided as a Source Data file.

the Non_OS, OS and ES groups (Supplementary Fig. 6e) showed that
the expression levels of bone formation-related proteins were sig-
nificantly higher in OS and ES groups compared to that of Non_OS
group (Supplementary Fig. 6f).

These results suggest that OS of Piezo2" DRG induces CGRP
release, promoting tibial implant osseointegration by enhancing
osteogenesis. The CGRP may influence the expression of inflamma-
tory cytokines, and the inflammatory response also plays significant
roles in osseointegration. To further verify their roles in OS-mediated
osseointegration, we collected bone tissue surrounding the implants
from the Non_OS, OS and ES groups two weeks post-surgery and
performed ELISA assays for important inflammatory proteins (IL-13,
IL-6, IL-10, and TGF-$3). We found a statistically significant difference
in the expression of the inflammatory protein IL-10 when comparing
the OS and ES groups to the Non_OS group, while no statistically
significant differences were observed for the other inflammatory
proteins (Supplementary Fig. 7a-d). Previous literature has reported
that CGRP induces the expression of the anti-inflammatory cytokine
IL-10%, but the effect of IL-10 on osseointegration may not be
significant.

The indispensable role of CGRP-activated FAK in OS of
mechanosensory nerves to enhance osseointegration

Bone formation or regeneration requires the recruitment, prolifera-
tion, and osteogenic differentiation of stem cells/stromal cells, with
mechanical weighting being a potent stimulus driving this process®.
BMSCs can sense mechanical signals and activate osteogenic sig-
naling pathways, thereby upregulating the expression of relevant
osteogenic genes™. Interestingly, BMSCs express the CGRP receptor
RAMP1", allowing them to be regulated by nociceptor neuro-
transmitters. To further elucidate whether OS activation of noci-
ceptors enhances osseointegration of implants by promoting the
osteogenic differentiation of BMSCs, we isolated and primary cul-
tured DRGs of Piezo2::ChR2 mice and subjected them to culture
conditions with or without OS (Fig. 7a). The conditioned media from
both groups of DRGs were then added to osteogenic induction
media. WB analysis after one week of co-culture with Ti6Al4V implant
material and BMSCs (Fig. 7b) showed significantly elevated FAK
phosphorylation levels in the OS group (Fig. 7c). Simultaneously, we
conducted transcriptome sequencing on two groups of BMSCs one
week post-culture. The heatmap (Supplementary Fig. 8a) revealed
that the expression of Ptk2, which encodes FAK, was significantly
elevated in the OS group. GO enrichment analysis (Supplementary
Fig. 8b) highlighted terms related to ossification and response to
stimulus. Additionally, KEGG enrichment analysis (Supplementary
Fig. 8c) identified increased expression in stress-related pathways,
including focal adhesion and Hippo signaling. Similarly, GSEA
showed an increase in nucleosome-dependent ATPase activity asso-
ciated with mechanical stress (Supplementary Fig. 8d). Additionally,
BMSCs were co-cultured with the implant materials. SEM results
(Fig. 7d) indicated more BMSCs adhesion on the surface of the
implant material in the OS group (Fig. 7e). And in a pure BMSCs
osteogenic induction culture system. ALP staining of BMSCs after

two weeks of culture (Fig. 7f) showed significantly higher ALP
expression in the OS group compared to the Non_OS group (Fig. 7g).
Further, Alizarin Red staining after three weeks of culture (Fig. 7h)
revealed markedly enhanced calcium nodule formation in the OS
group compared to the Non_OS group (Fig. 7i), indicating increased
activity of early osteogenic markers. Additionally, immuno-
fluorescence staining of ALP, Runx2, OPN, and OCN after two weeks
of BMSCs culture (Supplementary Figs. 9a, ¢, e, g) and semi-
quantitative analysis demonstrated significantly elevated levels of
ALP, RUNX2, OPN, and OCN expression in the OS group on day 14
(Supplementary Figs. 9b, d, f, h). We performed RT-PCR analysis of
CGRP and FAK expression in the surrounding tissues of the implant
from both the OS and Non-OS groups at 0-21 days. The results
revealed that the expression level of CGRP was higher in the OS
group compared to the Non_OS group (Supplementary Fig. 10a), and
the peak expression of FAK occurred earlier in the OS group (14 days
vs. 7 days) (Fig. S10b). These results suggest that OS of DRGs pro-
motes the osteogenic differentiation of BMSCs via CGRP/FAK path-
way. Osteoclasts are also one of the important factors affecting
osseointegration, in order to determine whether they are affected by
the increased secretion of CGRP caused by OS, we conducted in vitro
experiments to induce osteoclasts from bone marrow macrophages
(BMMs). After six days of culture, TRAP staining showed that the
supernatant of Piezo2::ChR2 mice’s DRG did not affect osteoclast
differentiation with or without OS (Supplementary Fig. 11a-b).
RAMP1 and CALCRL form a G protein-coupled receptor that
signals through Gas, leading to elevated levels of the second mes-
senger cyclic AMP and activation of cAMP-dependent protein kinase
PKA*. To determine whether OS of DRGs promotes FAK activation
via CGRP release and whether this is regulated through the afore-
mentioned pathway, we employed the CGRP receptor antagonist
BIBN4096*, the PKA inhibitor Rp-8-CPT-cAMP*, and the FAK inhi-
bitor Y15*°to investigate the optogenetically induced effects on
osseointegration. Micro-CT analysis two weeks post-implantation of
tibial implants in Piezo2::ChR2 mice revealed that the OS group
exhibited a more robust bone structure surrounding the implant
than Non_OS group (Fig. 8a). Quantitative micro-CT data indicated
significant increases in BV/TV, Tb.N, Tb.Th, BMD of BV, and BIC% in
the OS group, while Tb.Sp was decreased; these effects were inhib-
ited by BIBN4096, Rp-8-CPT-cAMP, and Y15 (Fig. 8b). Further, by
evaluating the expression levels of key osteogenic proteins RUNX2,
ALP, OPN, and OCN in the tissue surrounding the implants (Fig. 8c),
semi-quantitative analysis showed the highest expression of these
proteins in the OS group, an effect that was inhibited by BIBN4096,
Rp-8-CPT-cAMP, and Y15 (Fig. 8d). Our previous results indicated that
OS of Piezo2::ChR2 mice significantly increased the release of SP in
the targeted region of the DRG. To further validate the role of SP in
the enhancement of osseointegration through OS, we intervened
with the SP receptor antagonist L-733060, using C57BL/6 mice as
negative controls. Two weeks later, micro-CT analysis revealed that
L-733060 did not inhibit osseointegration, and the OS of C57BL/6
mice did not promote osseointegration (Supplementary Fig. 12a-b).
Similarly, methylene blue-acid red staining of hard tissue sections
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two weeks post-treatment yielded consistent results (Supplementary
Fig. 12¢, d). These results suggest that the promotion of osseointe-
gration by Piezo2" neurons depends on the activation of the CGRP-

Discussion
In this study, we found that high-modulus implants induce stress

shielding, which suppresses the expression of IMM FAK in BMSCs
surrounding the implant, and is associated with a reduction in the

PKA-FAK signaling axis than the SP signaling axis.

a
qp 0003 0.006 00045 20, 0008
)
= 28 p=0.9905 E p=0.9563  — 60 PTM7
£ %7 pouk | 5 0,005 ook | E °77 pocoss
4 1 = < 50-
= 24 o £
> Z 0.004- 5
= - 40+
0.003- 30-
O% O% (o% O% O% K 9 (9
o7 % S
SH ° <
— p=0.0019 p<0.0001
1004 P01 & 560 40
— 5 p=0.9988 p=0.9998
s =0.0003 L =
€ i g’ 540 p-o002 | e 30 P<0.0001
= ' Ss0d ©Q O e
@ & @ 204
= S 500-
= [a]
= 480- 10-
O% oo.) 9% OO.D Q/c.)
7 &
SH <
c d
p=0.0003 p=0:0001 =0.0009
60 p=0.7336 0.009+ pe 09962 704 p=0.9948
< 507 p<o00dt | E pi ZI T p=0001 |
E 50 = =
> 30 Z g 50
20+ =
10— 40-
9 (9 O% O@ Q/%
o°/ %0(\/
p<0.0001
p=0.0027 — — p<0.0001
] 100023 e =it 97 p=0.8406
= an i ?on 800 p<0.0001 —
E 80 09946 £ ] 50 p<0.0001
i T N
@ @ 00 B 4
= 60 8 5004
= 400- 10-
o% O@ Q/"O S O% Q/%
(\/ Q7 Q7
%0 éo eo

Fig. 5 | Stimulation of Piezo2* mechanical nociception promotes implant
osseointegration. a-d micro-CT images and quantitative analysis of bone tissue
surrounding implants were conducted in Piezo2::ChR2 mice across Non_OS, OS
and ES groups, at 2 and 4 week post-implantation, scale bar: 100 pm. Data are
presented as mean + SEM (n = 5 biologically independent experiments). P-values

were calculated using one-way ANOVA with Tukey’s multiple comparisons test.
(BV/TV: bone volume/total volume, Tb.Th: trabecular thickness, Tb.N: number of
trabeculae, Tb.Sp: trabecular spacing, BMD of BV: bone mineral density of bone
volume, BIC%: bone-implant contact percentage). Source data are provided as a
Source Data file.
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Fig. 6 | OS of Piezo2" mechanical nociception promotes implant osseointe-
gration. a-d Methylene blue-acid fuchsin staining images and semi-quantitative
analysis of bone tissue containing implants in Piezo2::ChR2 mice, with and without
OS and ES, at 2 and 4 week post-implantation, scale bar: 10x: 100 pm, 40x: 100 pm.
Data are presented as mean + SEM (n = 5 biologically independent experiments). P-
values were calculated using one-way ANOVA with Tukey’s multiple comparisons
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test. e-f ELISA detection of CGRP expression levels in bone tissue surrounding

implants in Piezo2::ChR2 mice, with
implantation. Data are presented as

and without OS and ES, at 2 and 4 week post-
mean = SEM (n = 5 biologically independent

experiments). P-values were calculated using one-way ANOVA with Tukey’s multi-

ple comparisons test. Source data a

re provided as a Source Data file.
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We designed an implantable, wirelessly rechargeable OS targeting
Piezo2" DRGs. This continuous OS upregulated the biosynthesis and
release of CGRP in the bone region surrounding the implant. This
endogenous upregulation of CGRP reversed the suppression of FAK
expression in BMSCs, thereby enhancing the osseointegration of tibial
implants by promoting the osteogenic differentiation of BMSCs. In
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summary, the OS activation in L2-3 DRGs of mice expressing ChR2 in
mice facilitates the targeted release of CGRP onto the RAMP1-CALCRL
receptor on BMSCs surrounding the tibial implant, promoting PKA
expression, enhancing the elevated expression and phosphorylation of
FAK, and driving the differentiation of BMSCs into osteoblasts. This
enhances the osseointegration of the implants. We propose a concept
for the precise targeting and minimally invasive stimulation of
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Fig. 7 | Stimulation of Piezo2* mechanical nociception promotes CGRP release,
activates FAK expression, and enhances osteogenic differentiation of BMSCs.
a Schematic diagram of BMSCs culture with the addition of supernatant from DRGs
of Piezo2::ChR2 mice under both with and without OS. (Created in BioRender.
m*[POEj,m*. (2025) https://BioRender.com/h48v716). b, ¢ WB detection and semi-
quantitative analysis of FAK levels in BMSCs in a Ti6Al4V implant material BMSCs
co-culture system after 7 days, with and without the addition of OS DRG super-
natant (The samples derive from the same experiment and that blots were pro-
cessed in parallel). Data are presented as mean + SEM (n = 3 biologically
independent experiments). P-values were calculated using Two-tailed Student’s ¢
tests. d, e SEM images and semi-quantitative analysis of the Ti6Al4V implant
material BMSCs co-culture system after 7 days, with and without the addition of OS
DRG supernatant, scale bar: 100 pm. Data are presented as mean + SEM (n = 5

biologically independent experiments). P-values were calculated using Two-tailed
Student’s ¢ tests. f, g In a pure BMSC osteogenic induction culture system, ALP
staining and semi-quantitative analysis of BMSCs in osteogenic induction culture
with and without the addition of OS DRG supernatant after 14 days, scale bar: 100
pm. Data are presented as mean + SEM (n = 5 biologically independent experi-
ments). P-values were calculated using Two-tailed Student’s ¢ tests. h, i In a pure
BMSC osteogenic induction culture system, ARS staining and semi-quantitative
analysis of BMSCs in osteogenic induction culture with and without the addition of
OS DRG supernatant after 21 days, scale bar: 100 um. Data are presented as

mean = SEM (n = 5 biologically independent experiments). P-values were calcu-
lated using Two-tailed Student’s ¢ tests. (FAK: focal adhesion kinase; ALP: alkaline
phosphatase). Source data are provided as a Source Data file.

mechanosensitive nerves to address the clinical issue of inadequate
osseointegration resulting from stress shielding induced by implants.

Mechanical stress plays a crucial role in the osseointegration of
implants. When implants with a modulus higher than that of bone are
used, the majority of the mechanical load is absorbed by the metal,
thereby inhibiting the transmission of stress to the bone at the implant-
bone interface. This study demonstrates that the primary effect of this
inhibition is the suppression of FAK expression. FAK is a key structure
in cell-extracellular matrix adhesion and plays a significant role in the
transduction of mechanical signals™*¢. When pressure is applied to
FAK, the protein undergoes a conformational change that recruits
additional FAK protein, thereby enhancing functions such as osteo-
blastic differentiation, migration, and mineralization*’. Current
research primarily focuses on the enhancement of implant materials
and the improvement of implant surface properties through physical
means to promote osseointegration to a certain extent’s, Among
these, biodegradable metals represent a prominent direction of
research and application. Biodegradable metals exhibit mechanical
properties that are compatible with natural bone, thereby reducing
“stress shielding“*. Furthermore, the gradual degradation of these
metals within the body results in the release of metallic ions, such as
magnesium, which can stimulate the release of relevant neuropep-
tides. This, in turn, promotes the proliferation, differentiation, and
mineralization of osteogenic-related cells, thereby accelerating bone
healing?®***°, The inspiration drawn from the aforementioned
exemplary studies is that neuropeptides may serve as one of the
mechanisms to promote the osseointegration of implants. However,
directly stimulating the cells at the bone-implant interface to modulate
FAK expression post-implantation poses significant challenges®.We
propose a strategy that employs optogenetics to modulate the
mechanosensitive nerves in the microenvironment of BMSCs, thereby
promoting the upregulation of FAK expression. This approach serves
as a complementary enhancement to existing material improvements,
broadening its application scenarios, and can be integrated with
material enhancement strategies to further facilitate osseointegration
of implants. For instance, it may serve as an adjunctive intervention in
cases where the implantation surgery has been completed but
osseointegration is inadequate®*,

Due to the opacity of the peripheral nerve system (PNS) epi-
neurium and the activity of limb nerves while the animal is awake,
directly stimulating the axons of peripheral nerves presents significant
challenges. Bone tissue is intricately connected with DRG and the
central nervous system (CNS) through extensive sensory nerve inner-
vation. The apply of DRG stimulation instead of PNS axons stimulation
is a compromise to achieve the research purpose under the existing
technical conditions. Building upon this foundation, we introduced
OS techniques to achieve precise targeting and activation of
mechanosensitive DRG, a method that has predominantly been uti-
lized for stimulating CNS neurons in previous studies®. Recent
advancements in miniaturization technologies and material science
have facilitated the integration of optogenetics and optoelectronic

systems into the PNS***.This is crucial for conducting long-term,
precise behavioral studies in freely moving subjects®. Currently, there
are two primary approaches: battery-based or battery-free systems.
Battery-based systems employ advanced SoC electronic devices and
BLE, necessitating the installation of external equipment on the ani-
mals’ heads”. This increases the weight of the experimental animals’
heads, potentially restricting their mobility. Battery-free fully implan-
ted systems transmit energy and control signals via magnetic field
inductive coupling, presenting an appealing solution to mitigate
postoperative and long-term interventions in animal models. However,
this approach necessitates the use of specially designed cages with
integrated transmission antennas, facing challenges such as uneven
magnetic field distribution and restricted usage scenarios®. In light of
these challenges, we have designed a wireless, rechargeable, fully
implantable OS device. This device is positioned on the animal’s back,
facilitating near-field magnetic resonant coupling for charging at dis-
tances of several tens of centimeters, thereby allowing the experi-
mental animals to move freely within an unrestricted environment.
Compared to previous studies?, this OS device is smaller in size and
lighter in weight, with a flexible and adjustable wire connected to the p-
LEDs, which facilitates precise alignment of the p-LEDs with the sur-
rounding neural stimulation sites. To our knowledge, this represents a
fully implantable, wirelessly rechargeable optogenetic stimulation
device specifically developed for use in mice.

Currently, there are various methods targeting nociceptive
nerves to promote the release of endogenous neuropeptides®®©°.
Although these methods have shown promising effects in disease
modulation, the activation of nociceptors inevitably induces pain,
making it crucial to minimize this side effect for clinical applications.
Nociceptors exist in several subtypes. This study found that it is not
necessary to broadly stimulate NAV1.8" and TRPVI" nociceptors;
instead, targeting Piezo2" mechanosensitive nerves can achieve the
same neuropeptide release and FAK regulation effects with sig-
nificantly reduced pain sensitization. This finding holds substantial
significance for future applications.

There is substantial literary indicating that neuropeptides mediate
crosstalk between neurons and osteoblastic lineage cells, such as
BMSCs, osteoblasts, and osteocytes®®2. The overall effect tends to
promote osteogenesis. Some research suggests that FAK activation
depends on the cAMP-PKA signaling pathway®’. Based on this back-
ground, we discovered that CGRP enhances BMSC FAK expression by
activating the G protein-coupled receptor formed by Rampl and its
coreceptor CALCRL*, mediated through adenylate cyclase-induced
cAMP and PKA signaling. Understanding this pathway may aid in the
development of future targeted methods for stimulating IMM derived
from nociceptive neurons.

Our study has certain limitations. We measured the expression
levels of four key inflammatory proteins and observed differences in
IL-10 expression between the two groups. However, we have not
conducted further investigations into its role in promoting targeted
osseointegration at the DRG site under OS. Future studies are essential
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to elucidate its potential mechanisms of action. Additionally, the extra
lumbar surgery utilized to stimulate the DRG introduce a degree of
procedural trauma. In future research, the use of non-virulent viruses
for the expression of light-sensitive ion channel proteins in neurons,
the application of vascular nano-transport techniques® for virus
delivery to avoid invasive procedures on the nerves, and ongoing
improvements in optogenetic devices are expected to enable the

development of a non-surgical, non-invasive, and highly precise
method for peripheral nerve stimulation.

Overall, the mechanical elastic modulus of implants significantly
influences osseointegration, involving multiple complex biomechani-
cal and biochemical mechanisms. Given that the elastic modulus of
current orthopedic implants cannot fully match that of bone for
weight-bearing functions’, we have adopted a strategy of targeting
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Fig. 8 | OS of Piezo2" mechanical nociception promotes implant osseointe-
gration by activation of CGRP-PKA-FAK signaling pathway. a, b Micro-CT ima-
ges and quantitative analysis of the bone tissue surrounding the implants after 2
weeks of treatment with different antagonists/inhibitors, scale bar: 100 pm. Data
are presented as mean + SEM (n = S biologically independent experiments). P-
values were calculated using one-way ANOVA with Tukey’s multiple comparisons
test. ¢, d Expressin levels and semi-quantitative analysis of osteogenesis-related
proteins (Runx2/ALP/OPN/OCN) in the bone tissue surrounding the implants after
2 weeks of treatment with different antagonists/inhibitors (The samples derive

from the same experiment and that blots were processed in parallel). Data are
presented as mean + SEM (n = 5 biologically independent experiments). P-values
were calculated using one-way ANOVA with Tukey’s multiple comparisons test.
(ALP: alkaline phosphatase, Runx2: recombinant Runt related transcription factor 2,
OPN: osteopontin, OCN: osteocalcin, GAPDH: glyceraldehyde-3-phosphate dehy-
drogenase, BV/TV: bone volume/total volume, Tb.Th: trabecular thickness, Tb.N:
number of trabeculae, Tb.Sp: trabecular spacing, BMD of BV: bone mineral den-
sity of bone volume, BIC%: bone-implant contact percentage). Source data are
provided as a Source Data file.

mechanosensitive nociceptors to promote the expression of IMM in
BMSCs around the prosthesis, thereby enhancing osseointegration.
This offers a biological regulation method for the field, utilizing the
modulation of endogenous neuropeptides to improve bone-implant
integration. However, the mechanisms by which various cells within
bone tissue interact with the sensory nervous system to mediate
osseointegration are highly complex*®. Our understanding of this field
remains limited, particularly regarding how to more precisely regulate
the secretion of specific subtypes of mechanosensitive neuropeptides
without causing additional side effects.

Methods

Ethical statement

The Animal Experiment Ethics Committee of Fujian Medical University
has approved all experimental protocols (Approval No. IACUC FJMU
2023-Y-0535), which comply with international standards.

Mice

The animals were housed in individually ventilated cages at a tem-
perature of 22-24 °C, humidity of 60+ 5%, and a 12-hour light/dark
cycle, with unrestricted access to water and food. Healthy male mice
aged 8-14 weeks were used in this study. Euthanasia of the animals was
performed using carbon dioxide. C57BL/6 ) mice were purchased from
Beijing HFK Bioscience Co., Ltd. C57BL/6JSmoc-TrpylemMeciREs CraSmoc
(NM-KI-200139), C57BL/6Smoc-Piezol™CretR125moc (NM-KI-18048) and
C57BL /6Sm o C'Gt(ROS A)26SOremI(CAG-LSL-ChRZ(HIMR)—thomato-WPRE-ponA)Smoc (NM'KI‘
190113) mice were purchased from Shanghai Biomodel Organism Sci-
ence and Technology Development Co., Ltd. B6(SJL)-Piezo2™-1co4pat/)
(JAX 027719), C57BL/6-Gt(ROSA)26Sor™3E6hAuwai/y (JAX 007900) and
B6.129P2-Gt(ROSA)26Sor™®P™0/] (JAX 009669) mice were purchased
from Jackson Laboratories. Navl.8-Cre mice were provided by Pro-
fessor Qiufu Ma (Harvard Medical School, Boston) and Professor
Longzhen Cheng (Southern University of Science and Technology,
Shenzhen).  C57BL/6JSmoc-TrpylemMciRESCrelSmoe— and  B6(SJL)-
Piezo2™eo4pat/] heterozygous mice were bred with C57BL/6-Gt(ROSA)
26Sor™HBECHAWI] (JAX 007900) homozygous mice to generate Trpul-
Cre/DTR (Trpvl-Cre’-DTR*") and Piezo2-Cre/DTR (Piezo2-Cre”"-DTR™")
mice and littermate control mice (Trpvl-Cre”-
DTR"" and Piezo2-Cre”-DTR""). C57BL/6Smoc-Piezo]™TER125moc hat-
erozygous mice were bred with B6.129P2-Gt(ROSA)26Sor™P™Lb/)
homozygous mice to generate Piezol-Cre/DTA (Piezol-CreERT-DTA")
mice as well as littermate control mice (Piezol-CreERT-DTA'").
B6(SJL)-Piezo2™€4ra/j and Nav1.8-Cre heterozygous mice were bred
with C57BL /6Sm OC'Gt(ROS A)26SoremI(CAG—LSL-ChR2(H134R)—thamato-WPRE-polyA)Smoc
homozygous mice to generate Piezo2-Cre/ChR2 (Piezo2-Cre”"-ChR2"")
and Navl.8-Cre/ChR2 (Navl.8-Cre""-ChR2"") mice or into littermate
control mice (Piezo2-Cre’-ChR2"~ and Nav1.8-Cre”’"-ChR2""). To ablate
local Trpvl® or Piezo2" nociceptors in the bone surrounding
the implant in Trpvl-Cre/DTR and Piezo2-Cre/DTR mice, DTX
(10 ng/1 L, ITI BioChem, ITIO11691) was administered in the tibial
intramedullary cavity prior to implant placement. Similarly, to ablate
local Piezol" nociceptors in the same region in Piezol-Cre/DTA mice,
(Z)-4-hydroxytamoxifen (4-OHT, 20 pg/1 L, Sigma-Aldrich, Cat. No.
H7904) was administered before implant placement.

Tibial Implantation Model

Mice were anesthetized using a precision vaporizer with 2-3% iso-
flurane and the hair around the knee joint of the hind limb was com-
pletely removed. Following disinfection with povidone-iodine and
draping, a skin incision was made along the midline of the knee joint. A
lateral parapatellar approach was used to expose the knee joint, and
the patella was displaced medially. The anterior cruciate ligament was
transected to expose the tibial plateau. A reamer was used to prepare
the tibia, and the tibial implant was inserted. The knee joint and patella
were repositioned, and the joint incision was closed with interrupted
4-0 PGA sutures (PGA 4-0 sutures, Jinbei, China). The area was disin-
fected again with povidone-iodine. Throughout the procedure, strict
aseptic techniques were adhered to in order to prevent bacterial
contamination. Postoperatively, the mice were allowed to recover in a
warm environment before being transferred to isolated cages.

Intramedullary injection of FM1-43FX and FB in mice

Mice were intramedullary injected with 1.25% FB (Polysciences: 17740-1)
into the tibial marrow cavity. Three days later, the mice were eutha-
nized, and the ipsilateral L2-3 DRGs were collected for Piezo2 and CGRP
immunofluorescence staining and FB fluorescence imaging. FM1-43FX
(Invitrogen: 35355) was resuspended in Hanks’ Balanced Salt Solution
(HBSS, 10 mM HEPES, pH 7.4) at a concentration of 200 uM. Following
the establishment of the mouse tibial implant model, the mice were
intraperitoneally injected with the FM1-43FX working solution. After
24 hours, the mice were euthanized, and the ipsilateral L2-3 DRGs were
collected for fluorescence imaging®.

0S device implantation model

Mice were anesthetized using a precision vaporizer with 2-3% iso-
flurane, and the hair on the back was completely removed. Following
disinfection with povidone-iodine and draping, a midline skin incision
was made along the spine. Blunt dissection was used to separate the
muscles to the right transverse process, which was partially removed
using a micro drill to expose the DRG. The OS device was carefully
implanted subcutaneously and the p-LED was positioned above the
DRG. It was secured to the surrounding muscles to maintain the
device’s position. The back muscles were repositioned, and the skin
incision was closed with sutures. The area was disinfected again with
povidone-iodine. Throughout the procedure, strict aseptic techniques
were followed to prevent bacterial contamination. Postoperatively, the
mice were allowed to recover in a warm environment before being
transferred to isolated cages.

Bioinformatics analysis

Bioinformatics analysis was conducted on the bone tissue surrounding
the implants to perform transcriptome analysis, aiming to investigate
the mechanisms by which OS of mechanoreceptive nerves affects
implant osseointegration. To assess the transcriptome of the bone
tissue surrounding the implants, total RNA was collected from the peri-
implant bone tissue one-week post-surgery, as well as from the BMSCs
cultured in vitro for one-week, and subjected to high-throughput
sequencing. GO and KEGG analyzes were used to examine the mole-
cular mechanisms and enriched signaling pathways influenced by OS
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on implant osseointegration. In this study, genes with a log2 fold
change (FC) >|1| and a p-value <0.05 were defined as differentially
expressed genes (DEGs). Hierarchical clustering heatmap analysis was
employed to estimate the overall expression trends of DEGs among
different groups. To elucidate the biological significance of the DEGs,
enrichment analysis of cellular functional processes and key pathways
was performed using the GO and KEGG databases, with a p-value <
0.05 as the threshold. Additionally, GSEA was conducted to identify
significantly enriched pathways and biological processes in the con-
text of OS, providing a comprehensive understanding of the under-
lying molecular mechanisms.

qRT-PCR

To evaluate the effects of implants with different elastic moduli on the
expression of the IMM FAK and key osteogenic genes (ALP, RUNX2,
OPN, and OCN), tibiae and surrounding tissues from two groups of
mice were collected between 0 and 21 days post-tibial prosthesis
implantation. After dissection, the tibiae and surrounding tissues were
washed with PBS, ground in liquid nitrogen, and total RNA was
extracted using Trizol reagent (Thermo Fisher). Single-stranded com-
plementary DNA (cDNA) was synthesized using the TransScript® Uni
All-in-One First-Strand cDNA Synthesis SuperMix (TransGen Biotech),
and qRT-PCR was performed using the PerfectStart® Green qPCR
SuperMix (TransGen Biotech) and the StepOnePlus Real-Time System
(Applied Biosystems). Each group included at least 3 biological repli-
cates, and all reactions were performed in triplicate. mMRNA expression
levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Results are presented as normalized linearized Ct values
relative to the reference value "%, The 5" and 3’ primers used were
as follows: FAK: GCGCTGGCTGGAAAAAGAGGAA and TCGGTGGGTG
CTGGCTGGGGTAGG; ALP: GGACCATTCCCACGTCTTCAC and CCTT
GTAGCCAGGCCCATTG; RUNX2: CGCCTCACAAACAACCACAG and
GGTAGTGACCTGCGGAGATT; OPN: CCCGGTGAAAGTGACTGATT and
TTCTTCAGAGGACACAGCATTC; OCN: TCACACTCCTCGCCCTATTG
and GGGTCTCTTCACTACCTCGC; CGRP: CTGGCTGCACTGGTGCAG
GAC and CGGAAACCGTCCGCGGCGTC GAPDH: AAGGCCGGGGCC
CACTTGAA and GGACTGTGGTCATGAGCCCTTCCA. GAPDH was used
as an internal standard for normalization.

Lithium battery model

The rechargeable lithium battery (10 mAh, 0.15 g) integrated into the
Bluetooth device is manufactured through a precise and highly con-
trolled process. The cathode, composed of lithium cobalt oxide
(LiCo0O,), and the graphite anode are prepared by coating their
respective active materials onto aluminum and copper foils, followed
by drying and compression. A non-aqueous electrolyte containing a
lithium salt (LiPF) is injected to facilitate ion transport. The electrodes
are assembled with a microporous separator within a compact casing,
which is then hermetically sealed to ensure stability and prevent
leakage. To enhance biocompatibility and safety for in vivo applica-
tions, the battery is encapsulated with a biocompatible polymer
coating. Each unit undergoes rigorous quality control testing to verify
its capacity, voltage consistency, and thermal stability, ensuring reli-
able performance in biomedical applications.

Fabrication and assembly of the LED and bluetooth main control
components

A fully implantable wireless rechargeable OS device was created using
etched PCB technology, comprising five layers. Copper traces were
patterned on each 100um-thick glass fiber substrate (Kingboard
Holdings Limited). Sixteen turns of 35pm-thick copper wire were
etched on the outer edge of the four-layer printed board to form a
wireless charging receiving coil with an inductance of ~5pH. Low-
temperature solder paste (T5, SMDLTLFP10TS5, chip-quik) was used to
mount a low-power Bluetooth 5.0 chip (BLE-SoC 5.0, NRF52832,

Nordic) and other electronic components on the copper electrodes of
the 35um-thick substrate. These components were soldered in a reflow
oven (AS-5060, SMTmax) with a peak temperature of 215°C and a
soldering time of 90seconds. Similarly, micro-scale light-emitting
diode (u-LED, KPG-0603PBC-TT-5MAYV, Kingbright) probes were fab-
ricated on a flexible polyimide (PI) substrate coated with 25pm-thick
copper wire. The copper layers measured 130um high, 300pum wide,
and 17.5 pm long. The probes were assembled along their length on a
flexible circuit, with p-LEDs connected to the probe tips. Finally,
polydimethylsiloxane (PDMS, 0.6 mm; Sylgard 184; Dow Corning) was
injected into an aluminum mold and allowed to solidify, encapsulating
the device.

Circuit design and fabrication

The battery charging circuit comprises two main components: a vol-
tage full-wave rectifier circuit with a wireless energy receiving coil and
a Schottky diode, and a lithium battery charging management circuit.
The receiving coil includes a 5uH inductor and a parallel 110 pF capa-
citor, resonating at 6.78 MHz. The full-wave rectifier circuit, made up of
Schottky diodes, converts AC to DC voltage, which is filtered by a
capacitor before reaching the lithium battery charging management
circuit. The rectifier circuit consists of four Schottky diodes (model
B1040A2, 40V, 1A, Jiangsu Changjing) and one capacitor. In a
6.78 MHz alternating magnetic field, the coil and capacitor resonate,
coupling electromagnetic energy. The lithium battery provides a
stable current for the BLE-SoC 5.0 and p-LED.

Manufacturing an RF transmitter for wireless energy transfer
The RF transmission system includes a fundamental frequency gen-
erator, a Class-E amplification circuit, a transmission loop coil, a
cooling fan (model AFBO812 VH, 12V 0.21 A 8 cm, Delta), and a DC
power supply. The circular antenna assembly has a resonant frequency
matching circuit. The Class-E amplification circuit converts the fun-
damental frequency into the necessary AC signal, which is sent to the
circular coil, creating an alternating magnetic field to transfer energy
to the induction coil. Adjusting the matching capacitor of the trans-
mission antenna achieves conjugate matching, maximizing AC current
in the circular coil. Optimizing the Class-E amplification circuit’s
parameters achieves 95% efficiency, allowing it to output S0 W of
wireless power at normal temperatures without fan cooling.

Thermal effects of the OS device

The temperature and heat distribution of the OS element directly affect
its performance and reliability. Due to the small size of the p-LED chip,
traditional contact temperature measurement methods are imprac-
tical. Electrical methods measure the average temperature, not the
distribution. An infrared (IR) camera (A655sc, FLIR Systems) records
the thermal characteristics and temperature changes of the device.
Under typical OS conditions (<40% duty cycle, <50 mW/mm?), tem-
perature changes were tested at power levels of 40, 80, and 100 mW/
mm?2, with duty cycles from 0-60%, over a 15-minute period.

Simulation and Efficiency Analysis

Voltage and current data were measured in a simulation test. The source
power (Psource) and load power (Pload) were calculated using P= VxI.
The transmission efficiency was derived as: Efficiency = (Pload/
Psource) x 100%.

Measurement of mechanical sensitivity thresholds

Mice were housed individually in transparent chambers (7.5 x 7.5 x
15cm’) placed on metal mesh. Mechanical hyperalgesia was examined
using von Frey filaments and the up-down method. The 50% paw with-
drawal threshold (PWT) calculated using the formula: 10[Xf + k5]/10,000,
where Xf is the final von Frey filament value (log units), k is the response
pattern, and 6 is the mean difference between stimuli (log units)®.
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Measurement of heat sensitivity thresholds

Each mouse was placed on glass platform of the Hargreaves apparatus
(Ugo Basile, Italy). A radiant heat source was applied to the plantar
surface of the hind paw to measure heat hyperalgesia and the duration
before paw withdrawal®®.

Assessment of motor coordination

To evaluate motor coordination, balance, and learning abilities, the
rotarod test was conducted. Animals walked on a rotating rod to
maintain balance and avoid falling. A 60-second training session at 5
RPM preceded the test. During the experiment, the animals were
placed on rods rotating at speeds from 4 to 40 RPM for 300 seconds.
Latency to fall, or the time spent on the rod before falling, was mea-
sured over three daily trials with 15-minute intervals, and the mean
latency was calculated.

Weight-bearing swimming test

The mice were divided into two groups based on the presence of an
0S device implant. Following prior studies®, each mouse was
weighed, and a lead block equal to 10% of its body weight was
attached to its tail. Mice were placed individually in a 50 x 50 x 40 cm
swimming pool, with water at 25+1°C and a depth of 30cm, and a
timer was started. If a mouse was submerged for seven seconds
without resurfacing, the timer was stopped, and the mouse was
promptly removed and dried. A glass rod was gently stirred during
the test, and mice swam until exhausted. The swimming duration for
each mouse was recorded.

Open field test

The exploratory behavior of mice was evaluated using an open field
apparatus (SmartFrame, Kinder Scientific) with a 40 x 40 cm floor and
38 cm high walls. Horizontal movement was detected by infrared
sensors placed 2.5 cm apart at a height of 1cm, while vertical activity
(such as rearing) was tracked by a second row of sensors 5cm above
the floor. Mice were placed in the center of the apparatus and observed
for 10 minutes. No experimenters were present in the room during the
observation period.

CPP test

In the ENV-515S apparatus by Med Associates, the arena is divided into
two compartments (each 43 x 21 cm) using acrylic glass dividers to
assess mice’s real-time spatial preference. During habituation, the
dividers are removed, allowing free exploration. In the training phase,
mice in the unstimulated compartment receive Non_OS (“off stimula-
tion”), while those in the stimulated compartment receive wireless OS
(“stimulation,” 10 mA, 10 ms, 2HZ). During testing, mice explore the
entire area without stimulation, and their time in each compartment is
recorded for 15 minutes. Time spent in each compartment is calculated
using Activity Monitor 7 software (Med Associates).

OS Activation of the DRG

To confirm effective OS of nociceptive neurons (Navl.8) and
mechanosensory neurons (Piezo2), we applied synchronized single-
pulse OS to Nav1.8* neurons in Nav1.8::ChR2 mice and Piezo2" neurons
in Piezo2::ChR2 mice. Following stimulation, we conducted mechan-
ical sensitivity, heat sensitivity, and CPP tests. Stimulation parameters
were 2Hz frequency, 10 ms pulse width, applied continuously for
30 minutes, with tests conducted immediately after stimulation.
Additionally, to study the effect of OS activation of mechanosensory
neurons on neuropeptide secretion, Piezo2::ChR2 mice underwent
30 min (10 mA, 10 ms, 2 Hz) wireless OS twice daily for 7 consecutive
days, with littermate controls (Piezo2-Cre”"::ChR2""). We assessed the
outcome by harvesting bone tissue surrounding the implants 7 days
post-stimulation.

ELISA

To evaluate the biocompatibility of OS components, tail vein blood
was collected from mice on the 7th day post-implantation to assess
liver function (ALT, AST) and kidney function (Cr, BUN). Briefly, after
restraining the mice, the tail was swabbed with an alcohol-soaked
cotton ball to dilate the vein. Using a 1 ml syringe and a small flash-
light for illumination, ~0.2 ml of blood was drawn from the distal
third of the tail vein. The samples were stored in lithium heparin-
coated tubes and analyzed using ELISA kits (Elabscience, United
States). To study changes in neuropeptide expression around the
implants following Piezo2" neuron stimulation, tibia and surrounding
tissues were collected from mice after one week of stimulation
(10 mA, 2Hz, 10 ms, 30 min, twice daily). Measured neuropeptides
included CGRP, SP, VIP, and NPY (R&D Systems, Lille, France). To
study changes in the expression of inflammatory proteins around the
implants following optical stimulation, tibia and surrounding tissues
were collected from mice after two weeks of stimulation (10 mA,
2 Hz, 10 ms, 30 min, twice daily) in the Non_OS, OS, and ES groups.
Measured inflammatory proteins included IL-1B, IL-6, IL-10, and TGF-
B (R&D Systems).

X-ray examination

X-ray imaging of mouse tibiae and OS device was performed at 2 and
4 weeks post-implantation. Mice were placed in a prone position and
imaged using an animal X-ray machine (KUBTEC, Parameter) to assess
implant stability, loosening, and related complications.

micro-CT analysis

To assess the newly formed bone and bone architecture surrounding
the implants, micro-CT imaging was performed using a Skyscan
1172 scanner (Bruker, Kontich, Belgium). The tibial segments with
implants were scanned, and a region of interest (ROI) with a thickness
of 0.1 mm distal to the implant surface was selected for axial trabecular
volume analysis. Post-scanning, 3D images were reconstructed using
Skyscan evaluation software, followed by 3D morphometric analysis.
The measurements included the percentage of bone volume relative to
BV/TV, Tb.Th, Tb.N, Tb.Sp, BMD of BV and the percentage of BIC% as
indicators of the quantity and distribution of new bone formation and
implant osseointegration.

Histological analysis of bone tissue surrounding the implant
Following micro-CT analysis, bone tissue samples containing implants
were decalcified in 12.5% ethylenediaminetetraacetic acid (EDTA) and
then embedded in paraffin. Each sample was sectioned into con-
tinuous slices of 5 um thickness using an EXAKT 300 CP microtome
(EXAKT Technologies, Germany). The sections were stained with
methylene blue-acid fuchsin for general histological evaluation. Simi-
larly, bone tissue sections without implants were stained for ALP and
Goldner’s Trichrome to assess osteogenic capacity and new bone
formation. Histological images were captured under an Olympus Sli-
deview VS200 slide scanner (Olympus, Shinjuku, Japan) and quanti-
tatively analyzed using ImageJ software.

BMSCs isolation

BMSCs were isolated from the femurs of C57BL/6 mice euthanized by
isoflurane anesthesia followed by cervical dislocation. Cells were cul-
tured in a-minimum essential medium (a-MEM: 22571; Gibco™, USA)
supplemented with 1% penicillin-streptomycin (SV30010; HyClone,
USA) and 10% fetal bovine serum (FBS: 10270-106; Gibco™, USA),
under conditions of 37 °C and 5% CO2¢,. Cells from the third to fifth
passages were used for the studies. Osteogenic differentiation med-
ium (OM) comprised a-MEM enriched with 1% penicillin-streptomycin,
10% FBS, 10 nM dexamethasone, 10 mM [-glycerophosphate, and
173 uM L-ascorbic acid®.
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DRG neurons culture

DRGs were harvested from 8 tol4 week-old mice. Procedures were
performed under sterile conditions. DRGs were carefully dissected
through the intervertebral foramen. The extracted DRGs were trans-
ferred to Neurobasal A medium (Thermo Fisher) and finely minced
using microscissors. The minced tissues were centrifuged at 1000 rpm
for 3 min, and the supernatant was discarded. The minced tissue was
digested using containing collagenase A (1.25 mg/mL, Sigma-Aldrich)
and dispase Il (2.5mg/mL, Sigma-Aldrich) at 37°C for 15 minutes.
Following digestion, the mixture was centrifuged at 1,000 rpm for
5 minutes at 4 °C, and the supernatant was discarded. The tissue was
then resuspended in Neurobasal A medium supplemented with 10%
FBS to halt the digestion process, and it was incubated with 150 U/mL
DNAse I (TransGen Biotech). To achieve a single-cell suspension of the
DRG neurons, mechanical trituration was performed by sequentially
aspirating and ejecting the mixture through sterile needles. The
resulting cell suspension was filtered through a 70 um cell strainer and
centrifuged again at 1000 rpm for 5 minutes at 4 °C. Finally, the dis-
sociated DRG neurons were resuspended in DRG culture medium,
which consisted of Neurobasal A medium supplemented with 50 ng/
mL nerve growth factor (NGF, Thermo Fisher) and 10 uM cytosine
arabinoside (Sigma), and plated onto plates coated with 10 pg/mL
laminin.

OS of DRG neurons

DRGs were isolated from mice expressing Piezo2::ChR2 and digested
for culture. The DRG neurons were then divided into two groups: a
stimulation group (0S) and a non-stimulation group (Non_OS). The OS
group received stimulation parameters of 10 mA, 10 ms, and 2 Hz for
30 minutes. Subsequently, supernatants from both groups were
collected.

SEM analysis

To assess the impact of supernatants from OS stimulated DRG neurons
expressing Piezo2::ChR2 on the adhesion of BMSCs to implant disks,
BMSCs were co-cultured with the implant disks and divided into two
groups. One group received supernatant from the OS group, while the
other received supernatant from the Non_OS group, both in a-
minimum essential medium (a-MEM: 22571; Gibco™, USA). After 7 days
of co-culture, the implant disks were removed, washed three times
with PBS, fixed in 4% formaldehyde and then in electron microscopy
fixative. SEM was performed to evaluate the adhesion of BMSCs on the
surface of the implant disks.

ALP staining

To evaluate the effect of supernatants from ChR2-expressing mouse
DRG neurons stimulated by light on the osteogenic differentiation of
BMSCs, ALP activity assay was initially performed. BMSCs were cultured
for 14 days in OM supplemented with supernatants collected from both
groups. After culturing for a specified period, cells from different sam-
ples were lysed by adding 100 pL of 1% Triton X-100 and incubated in a
37°C water bath for one hour. Subsequently, ALP activity and total
protein content were measured using a commercial ALP activity assay kit
(Nanjing Jiancheng Bioengineering Institute, China) and a bicinchoninic
acid (BCA) protein assay kit (Solarbio, China), respectively, following the
manufacturers’ instructions. Relative ALP activity per well was then
normalized to the corresponding total protein content. Images were
captured using an inverted research microscope (ECLIPSE Ts2R-FL,
Nikon, Japan).

Alizarin red staining

BMSCs were cultured for 21 days in OM supplemented with super-
natants collected from two groups, followed by staining with Alizarin
Red (Sigma, USA) to assess the formation of calcified nodules. After
staining, the dye was extracted using 1% cetylpyridinium chloride

solution, and the staining intensity was quantitatively measured at
562 nm using a spectrophotometer (BioTek, Germany).

WB analysis

We employed WB analysis to assess the protein expression levels of
FAK (Zenbio, R24276, 1:500), p-FAK (Zenbio, 381143, 1:500), RUN-
X2(ABclonal, A2851,1:2000), ALP (ABclonal, A0514, 1:5000), OPN
(ABclonal, A21084, 1:1000), OCN (Zenbio, 614487, 1:500), GAPDH
(ABclonal, A19056, 1:10000), HRP goat anti-mouse IgG (H+L)
(ABclonal, AS055,1:1000), HRP goat anti-rabbit IgG (H +L) (ABclonal,
AS056, 1:100). Proteins were separated by Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE) using equal amounts
of protein (20 ug) and then transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked in 50 g/L non-fat
milk in Tris-Buffered Saline with Tween (TBST) for 2 hours, followed by
overnight incubation at 4 °C with primary antibodies. Membranes
were washed three times with TBST and incubated with secondary
antibodies for 1 hour. Protein expression was detected using enhanced
chemiluminescence. GAPDH was used as a loading control. Bands were
imaged, and band densitometry was quantified using ImageJ software
(National Institutes of Health, USA).

BMSCs immunofluorescence staining

After culturing BMSCs in osteogenic medium with different super-
natants for 7 days, wash the cells three times with PBS. Fix the cells with
4% paraformaldehyde for 30 minutes and permeabilize with 0.1% Tri-
ton X-100 for 20 minutes. Block with 1% bovine serum albumin for
1hour. Subsequently, incubate the cells with primary antibodies
against ALP (Abcam, ab224335, 1:200), RUNX2 (Abcam, ab192256,
1:1000), OPN (Abcam, ab214050, 1:50), and OCN (Proteintech, 23418-1-
AP, 1:400) at 4 °C overnight. Then, further incubate the cells with Goat
anti-Rabbit IgG Alexa Fluor 488 (Abcam, ab150077, 1. 500) for
30 minutes, followed by nuclear staining with 4’,6-diamidino-2-phe-
nylindole (DAPI) for 5minutes. Observe the immunofluorescently
stained cells using a laser scanning confocal microscope (Leica
Q500MC, Leica, Germany).

Bone marrow collection

Following humane euthanasia, the femora of the mice were carefully
removed and placed on ice. The adjacent muscles were meticulously
stripped away, and the distal epiphysis was separated from the femoral
shaft. The proximal end of the femur was then excised, and a 25-gauge
needle was inserted into the distal portion. A total of 1 ml of cold PBS or
«-MEM (Gibco, Thermo Fisher Scientific) was injected by gently
depressing the plunger, allowing the bone marrow to be collected into
a 1.5 ml centrifuge tube. The harvested bone marrow was subjected to
centrifugation at 800 x g for 5 minutes at 4 °C for subsequent experi-

ments or cell culture’.

Tissue immunofluorescence staining

After euthanizing each group of mice (n=5), perfuse the heart with
50 ml of PBS, followed by 50 ml of 4% paraformaldehyde (PFA) for
fixation. Dissect the upper segment of the tibia, DRG, and sciatic nerve,
and immerse them in 4% PFA for one day. Dehydrate with 30% sucrose,
embed in paraffin, and section into 20 pm slices. Treat the sections
with PBS containing 1% bovine serum albumin (BSA) and 0.3% Triton at
room temperature for 2hours. Incubate the tissues with primary
antibodies, including mouse anti-CGRP (Abcam, ab81887, 1: 100), and
rabbit anti-piezo2 (Novus Biologicals, Littleton, CO, 1:500) at 4°C
overnight. After washing off the primary antibodies, incubate with
secondary antibodies, including goat anti-mouse IgG Alexa Fluor 488
(Abcam, ab150113, 1: 500), and goat anti-rabbit IgG Alexa Fluor 594
(Abcam, abl50080, 1: 500) at room temperature for 2 hours. FB-
labeled samples are not subjected to nuclear staining; the remaining
sections are stained with DAPI for nuclei. Acquire fluorescent images
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using a laser scanning confocal microscope (Leica QSOOMC, Leica,
Germany). For determining the proportion of CGRP/piezo2-positive
neurons in the DRG, calculate the average from L2-3 DRGs, with five
randomly selected non-adjacent sections per DRG. Two independent
researchers count the CGRP-immunoreactive neurons with visible
nuclei and average the results.

Local application of inhibitors/antagonists at the implant site
In the Ti6Al4V+Inject CGRP implant group, CGRP (100 nM, ab47101,
Abcam, Cambridge, MA, USA) was dissolved in 100 pL of protein sta-
bilizer, which contained 2% bovine serum albumin, 0.2% poly-
vinylpyrrolidone, 0.2% sodium chloride, 20% sucrose, and 0.05%
sodium azide (all reagents purchased from Sigma-Aldrich, St. Louis,
MO, USA). This solution was directly injected into the implant site daily
for three weeks post-implantation. In the study of the CGRP-PKA-FAK
signaling axis, BIBN4096BS (BIBN, 300 pg/kg body weight, Shanghai
Haoyuan Chemexpress, Shanghai, China) was dissolved in saline con-
taining 2% hydrochloric acid; Rp-8-CPT-cAMP (100 pg/kg body weight,
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in sterile DMSO; Y15
(100 pg/kg body weight, MedChem Express, MCE, USA) was dissolved
in sterile saline;and SP receptor antagonist L-733060 (100 pg/kg body
weight, MedChem Express, MCE, USA). These drugs were directly
injected into the implant site daily for two weeks post-implantation
using a 5 pL Hamilton syringe.

Statistical analysis

Each experiment was assessed based on the mean + SEM of at least
three tests. Statistical significance was evaluated using analysis of
variance (ANOVA) and Student’s t-test, implemented in GraphPad
Prism 9.5.1 software (USA).

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

Data availability

The RNA-seq data used in this study are available in the Genome
Sequence Archive database under accession code CRA023396. The
data that support the findings of this study are available within the
paper and their Supplementary Information. Source data are provided
with this paper.
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