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A B S T R A C T

Smart hydrogels embedding mesenchymal stromal cells are receiving increasing attention as a potential solution 
for preventing articular cartilage degeneration in knee osteoarthritis (OA). In this work we demonstrate that an 
injectable piezoelectric hydrogel embedding autologous adipose tissue-derived mesenchymal stromal cells 
(ASCs), stimulated by low-intensity pulsed ultrasound (LIPUS), is effective in reducing knee OA in two preclinical 
surgically induced OA models. A medium-sized rabbit model was used to evaluate sex differences in treatment 
efficacy, while a large-sized sheep model was employed to assess the translatability of this innovative approach 
to a scenario with similarities to human conditions. We developed computational models to ensure reliable and 
precise delivery of a specific ultrasound dose to the target, modelling wave propagation through tissues and 
considering the anatomy of the two experimental animal models. Sex-based differences in therapy effectiveness 
were observed in rabbits, with better macroscopic and microscopic outcomes in counteracting OA in female 
animals. Furthermore, we found that the combination of ASC-laden piezoelectric hydrogel and LIPUS can be 
scaled in a large-sized sheep model, proving effective in counteracting OA.

1. Introduction

Osteoarthritis (OA) is the most common progressive musculoskeletal 
disease affecting multiple joints [1]. Its incidence increases with age, 
particularly affecting women, leading to high costs for individuals, the 
healthcare system, and society at large [2]. Due to various factors such 
as mechanical overload, inflammation, hormonal fluctuations, body 
weight, aging, and lifestyle, the knee is the most frequently affected 
joint, with a prevalence of 365 million people worldwide [3]. The 
pathogenesis of OA involves several stages that correspond to the 

clinical progression of the disease [4]. In the early stages, an inflam
matory process begins in the synovial membrane. As the disease pro
gresses, structural changes occur in the different layers of the cartilage. 
Initially, chondrocytes undergo hypertrophy, which ultimately leads to 
their degeneration. This results in cartilage erosion, followed by expo
sure and sclerosis of the subchondral bone in the later stages [5]. The 
Osteoarthritis Research Society International (OARSI) guidelines rec
ommended that patients with early-stage knee OA (KOA) who do not 
have evident cartilage lesions should first adopt non-pharmacological 
approaches [6,7]. However, these conservative strategies are poorly 
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effective in slowing down the degeneration process [8]. In advanced 
KOA, the administration of viscosupplements and pharmacological 
therapies, mainly consisting of non-steroidal anti-inflammatory drugs 
(NSAIDs), cyclooxygenase-2 (COX-2) inhibitors, analgesics, or 
intra-articular corticosteroids, is recommended before considering sur
gical management [9]. Despite numerous pharmacological and 
non-pharmacological strategies have been proposed to alleviate symp
toms and slow down the progression of the disease, there are currently 
no effective long-term therapies available for KOA [10,11].

In recent years, several tissue engineering and regenerative medicine 
approaches have been pursued to counteract articular cartilage degen
eration in KOA [12,13]. The development of tissue-engineered con
structs, consisting of synthetic or natural biomaterials and stromal cells 
to promote cell viability and chondrogenic differentiation, represents an 
exciting perspective [14]. However, the solutions developed over the 
past few decades have shown limited efficacy [15–18] in cartilage 
regeneration, mainly due to the biological properties of the regenerated 
cartilage, which still require optimization to ensure safe and effective 
therapies. Additionally, other factors such as the selection of appropriate 
cell sources, biomaterials, and the application of suitable biochemical, 
mechanical and biological stimuli contribute to hindering widespread 
clinical translation.

Alternative therapeutic strategies have also been explored, including 
the use of biophysical stimulation techniques such as electric, electro
magnetic fields, as well as ultrasound [19–21]. However, the clinical 
outcomes reported so far remain controversial. Among the various forms 
of physical energy employed, low-intensity pulsed ultrasound (LIPUS) 
has a stimulation regimen characterized by intrinsically safe, low-energy 
pressure waves transmitted in a pulsed mode to minimize the temper
ature increase in tissues. At the cellular level, ultrasound waves stimu
late specific mechano-receptors on the cell membrane, activating 
intracellular pathways that promote regenerative processes [22] and 
modulate inflammation [23]. LIPUS is currently approved by the Food 
and Drug Administration (FDA) for fracture healing [24]. Positive 
therapeutic effects have also been demonstrated in vitro and in vivo on 
various tissue types, although further optimization of the procedures 
and a deeper understanding of the underlying mechanisms are still 
needed. Recent studies have shown various beneficial biological effects 
(e.g., neural modulation, cell proliferation or inhibition, and stromal cell 
differentiation) triggered by the combined use of ultrasound and 
responsive piezoelectric nanoparticles [25,26]. This has led to growing 
scientific interest in using piezoelectric nanoparticles as nano trans
ducers for indirect electrical stimulation at the cellular and tissue levels.

A recent research trend has emerged that exploits piezoelectric bio
materials and nanocomposite hydrogels for osteoarticular tissue regen
eration [27,28]. Our previous work demonstrated that a two-component 
bio-instructive polymeric matrix (VitroGel-RGD®,VG-RGD), doped with 
smart nanomaterials, namely piezoelectric barium titanate nano
particles (BTNPs) and graphene oxide (GO) nanoflakes, promoted the 
chondrogenic differentiation of adipose-derived stromal cells (ASCs) 
and counteracted inflammation, in vitro [22,29]. Through proteomic 
analyses we demonstrated the mechanisms responsible for the ASCs’ 
response to the generated piezopotential in vitro, revealing that LIPUS 
stimulation influenced various biological processes involved in mecha
notransduction. LIPUS induced an enrichment of proteins involved in 
cytoskeleton and extracellular matrix organization, collagen fibril or
ganization, as well as specific signalling pathways such as non-canonical 
Wnt pathway, which regulates the cytoskeleton, and integrin-mediated 
signalling, which is involved in the chondrogenic commitment of ASCs 
[22].

These effects were achieved by stimulating the nanocomposite 
(Nanocomp) hydrogel with a precise dose (1 MHz, 250 mW/cm2) of 
LIPUS, which activated the piezoelectric nanomaterials, generating an 
intracellular electric field that drove chondrogenic differentiation. The 
preclinical biocompatibility of Nanocomp, performed according to ISO 
10993 standards, was also evaluated, demonstrating its safety. These 

findings supported the hypothesis that such a new strategy may over
come the limitations of existing clinical approaches, by promoting 
cartilage regeneration even in an inflammatory milieu.

Starting from these promising results, we hypothesized that this 
therapy, based on VG-RGD hydrogel, BTNPs and GO nanomaterials, 
ASCs and LIPUS biophysical stimulation, could be effective in treating 
and slowing down the progression of KOA in vivo. To test this hypothesis, 
we developed computational models of the ultrasound wave propaga
tion through tissues based on the anatomy of the two experimental an
imal models involved in the study: medium-sized rabbit and large-sized 
sheep models of KOA. Then, we treated both OA animal models with the 
above-mentioned therapeutic solution and evaluated the effects in terms 
of histological, histomorphometric and synovial fluid analyses. Sex- 
related differences were also assessed for the rabbit model, along with 
the presence of any Titanium and Barium residuals from BTNPs, using 
inductively coupled plasma mass spectrometry (ICP-MS). A depiction of 
the workflow is summarized in Scheme 1.

2. Results

2.1. Computational models for in vivo ultrasound stimulation

As discussed in Cafarelli et al. [25] and experimentally demonstrated 
by Ricotti et al. [22], the effectiveness of the proposed approach in this 
field strongly depends on the applied LIPUS stimulation protocol and the 
reliability/consistency of the obtained results. These factors are pri
marily driven by the ability to control the correct dose of mechanical 
energy at the target. This aspect is often overlooked in in vitro studies 
focused on LIPUS [30,31], but ad hoc set-ups can allow overcoming this 
challenge [32]. The scientific community has increasingly adopted such 
a dose-controlled approach for in vitro experiments in recent years. 
However, even if the ultrasound dose is correctly evaluated and 
managed in vitro, delivering it reliably and consistently in vivo presents 
additional challenges [25]. Indeed, in vivo, the complexity of the anat
omy and the presence of multiple tissue interfaces make it difficult to 
estimate and control the pressure field acting on the region of interest. In 
vivo, reflections, attenuations, diffractions, and other physical phe
nomena can affect and distort the ultrasound beam, potentially reducing 
the efficacy of the stimulation. To address this, we utilized acoustic 
simulations tailored to the specific anatomy of the animal to investigate 
the propagation of ultrasound waves through the tissues. This allowed 
us to identify the optimal experimental set-up (in terms of transducer 
positioning and source power) to reproduce, in vivo, the same stimula
tion conditions shown to be effective in vitro [22] (target in situ intensity 
of 250 mW/cm2, pulse repetition frequency of 1 kHz, stimulation fre
quency 1 MHz). To better define the translatability of the selected LIPUS 
in vitro parameters into in vivo models, two preclinical 
surgically-induced OA models of different sizes were selected: a 
medium-sized rabbit model and a large-sized sheep model.

For the rabbit model, a three-dimensional (3D) model of rabbit 
anatomy was reconstructed from a micro computed tomography (CT) 
scan of an ex-vivo knee of a New Zealand rabbit. 3D Slicer tools were 
used to segment the main tissues within the targeted area (Fig. 1 a) and 
reconstruct the 3D model of the rabbit knee, as well as define the region 
of interest (ROI), the area on the condyles where the therapy should be 
performed (Fig. 1 b). The best transducer position was determined based 
on the uniformity score, defined as the percentage of voxels stimulated at 
the target intensity (i.e., 250 mW/cm2 with a tolerance of ± 30 %). The 
transducer (visualized as a disc, as shown in Fig. 1 c) was positioned at 
45◦ with respect to the tibial plateau (espousing the skin surface), at 20 
mm from the skin (30 mm from the condyles) and centered with respect 
to the femur in the medio-lateral direction. The resulting normalized 
pressure distribution in space is shown in Fig. 1 c.

The attenuation factor (calculated as the ratio between the median 
value of the simulated pressure within the animal model condyle ROI 
and the median value of the simulated pressure distribution 
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theoretically acting on the hydrogel sample in the in vitro set-up) was 
0.83.

Based on this factor, the transducer driving system was set to achieve 
an intensity of 348 mW/cm2 in the free field, compensating for acoustic 

losses (due to tissue interaction) and ensuring that the target received 
the desired intensity of 250 mW/cm2.

To determine how the set-up configuration influenced stimulation 
efficiency and repeatability, several scenarios were considered by 

Scheme 1. Workflow of the activities performed starting from the computational model of knee rabbits and sheep to test the therapeutic solution in two OA an
imal models.

Fig. 1. Computational model driving the optimization of ultrasound stimulation in vivo for rabbit (first row) and sheep (second row). (a) anatomical CT 
images of the rabbit knee and different tissue segmentation, (b) 3D model of the knee joint and corresponding target ROI (in red) for the rabbit, (d) Anatomical MR 
image of the sheep knee and different tissue segmentation, (e) 3D model of the sheep knee with bone (light brown), latero-collateral ligament (purple) patellar 
ligament (light blue), long digital extensor (green) and target ROI for treatment (vivid purple), (c) and (f) stimulation scenario and corresponding normalized (from 
0 to 1) pressure map overlaid on the bone model for rabbit and sheep, respectively. For the sake of clarity, only the bone is shown. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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modifying one parameter at a time: distance from the skin (and 
condyle), medio-lateral alignment and transducer orientation (defined 
as the angle with respect to the tibial plateau surface). The distance 
(Fig. S1) and the orientation (Fig. S2) of the transducer did not signifi
cantly affect the overall stimulation at the target. However, particular 
attention had to be paid to the medio-lateral alignment (Fig. S3) as a 
small displacement could result in partial stimulation of one of the 
condyles (Figs. S3 b and c).

For the sheep model, the 3D model was reconstructed from magnetic 
resonance (MR) images of an ex-vivo knee of an adult cross-bred sheep 
(Fig. 1 d). After segmentation, the model was resampled into isometric 
voxels of 0.21 mm (corresponding to approximately 7 points per 
wavelength) to enhance the MR image’s original resolution (0.5 mm).

The primary challenge with this model was that the target area was 
partially obscured by the long digital extensor (LDE, green structure in 
Fig. 1 e). Indeed, the acoustic attenuation of these structures was quite 
significant (around 14.5 Np/m, at 1 MHz).

Several simulations were performed to identify the best acoustic 
window for stimulating the targeted region. The optimal set-up, in terms 
of uniformity score was selected (Fig. 1 f, light violet disc on the left, the 
one directed to the lateral condyle region). Due to the joint dimensions, 
a second transducer was added to stimulate a larger volume within the 
joint (Fig. 1 f, violet disc on the right).

For this configuration, the uniformity score and attenuation factor 
were estimated from simulation results as 25.2 % and 1.08, respectively. 
The attenuation factor was slightly higher than 1, likely due to 

Fig. 2. Flow chart of the in vivo efficacy studies in (a) rabbit and (b) sheep OA models. T0 = starting point treatment after OA induction, f = frequency, I=
Intensity, DC = duty cycle, t = exposure time.
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constructive acoustic interference caused by the presence of two ultra
sound beams. Thus, the transducer driving system’s output voltage was 
set to achieve an intensity in the free field of 213 mW/cm2 in the free 
field, which corresponded to an intensity of 250 mW/cm2 at the target.

The effect of the knee flexion on the stimulation of the lateral condyle 
ROI was also studied. As expected, results summarized in Table S1
showed that knee flection better exposed the condyles, thereby allowing 
for more effective stimulation (in terms of uniformity).

Following computational modeling, experiments were carried out 
following the workflow shown in Fig. 2.

2.2. Efficacy in vivo study on rabbits: cell characterization, histology and 
histomorphometry

Isolated ASCs from both male and female rabbits were characterized 
by flow cytometry for the expression of different markers. As shown in 
Fig. 3a, no differences were observed between sexes for any of the 

markers analyzed. The ASCs were highly positive to CD29, CD44 and 
CD105 and negative to CD34 and CD45, confirming their previously 
reported phenotypic characteristics [33–36].

One hundred and four New Zealand SPF rabbits underwent bilateral 
anterior cruciate ligament transection (ACLT) surgeries (52 males and 
52 females). Six animals (four male and two female) did not complete 
the protocol: two male and two female rabbits were lost for intra
operative and postoperative complications unrelated to the procedures, 
while two males were rehomed in authorized recovery facilities for 
animals used for scientific purposes (la Collina dei Conigli Onlus, Italy) 
due to insufficient ASC growth. Thus, a total of 98 animals (48 males and 
50 females) were allocated to the four experimental groups: (1) un
treated animals (Untreated), (2) animals treated only with LIPUS stim
ulation, but without nanocomposite injection (+US), (3) animals treated 
only with nanocomposite injection, but without LIPUS stimulation 
(Nanocomp), and (4) animals treated with both nanocomposite injection 
and LIPUS stimulation (Nanocomp +US). As signs of well-being and 

Fig. 3. ASCs characterization and macroscopic analyses on the rabbit OA model. (a) Flow cytometry analysis of CD29, CD34, CD44, CD45, CD105 on rabbit 
ASCs harvested from male and female animals; (b) Representative macroscopic images of medial and lateral femoral condyles explanted from female animals after 3 
months; (c) Hanashi score results for medial and lateral femoral condyles of female (pink plots) and male (blue plots) rabbit joints after 1 and 3 months in the four 
groups: Untreated, +US, Nanocomp and Nanocomp +US. Generalized linear mixed models based on a Multinomial distribution followed by post hoc Sidak test were 
applied. Data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum (n = 12). *p < 0.05; **p < 0.01. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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biocompatibility, body weight increased in all animals during the pro
cedures, with no complications related to the treatments.

The Hanashi macroscopic score revealed significant improvements in 
cartilage surface and integrity at 3 months in female knees (Fig. 3b and 
c). Nanocomp +US female knees showed significantly better Hanashi 
score values compared to the other groups in the medial condyle, and to 
untreated and LIPUS-treated knees in the lateral compartment. In male 
rabbits, significant differences between Nanocomp +US and untreated 
animals were found at both 1 and 3 months only in the lateral femoral 
condyle. A trend (not statistically significant) toward a decrease in the 
Hanashi score was also observed for the medial femoral condyle. US and 
Nanocomp treatments appeared to yield superior outcomes in male 
compared to female cartilage across medial and lateral femoral con
dyles. However, statistically significant differences were observed at 3 
months in the Nanocomp-treated male joints in comparison to female, 
and in the medial condyle versus Untreated.

Histological evaluation of the articular cartilage tissues at 1 month in 
the Untreated group revealed some diffuse signs of hypocellularity, 
cartilage discoloration and superficial fibrillation (Fig. 4 a) both in male 
and female animals. In contrast, Nanocomp +US-treated joints exhibited 
a more intense staining with Safranin O of the cartilage, indicating a 
higher proteoglycan content and reduced fissures or fibrillations (Fig. 4
a). The histological appearance was corroborated by the Safranin O 
staining measurements (Fig. 4 b): at 1 month, in the medial femoral 
condyle of female animal joints treated with Nanocomp +US, a signifi
cant lower Safranin O score was observed, compared to Untreated joints. 
Whereas the lateral condyle of female Nanocomp +US treated joints 
showed a significant lower Safranin O score than in all other treatment 
groups and compared to Nanocomp +US treated male. Moreover, female 
Untreated joints showed significantly worse scores than male ones. At 3 
months, the effects of treatments showed less significant results: female 
Nanocomp +US-treated joints retained better Safranin O staining values 
than males, with significant improvements in comparison with +US and 
Nanocomp-treated joints at the medial compartment and versus Un
treated joints at the lateral femoral condyles.

The development of OA was quantified by the OARSI score for both 
medial and lateral femoral condyles. As shown in Fig. 4 b, Nanocomp 
+US-treated female knees displayed significantly lower OARSI scores 
than the other groups, in both the medial and lateral compartments at 1 
month, indicating a lower extent of OA. This result was not observed in 
male rabbits. Furthermore, significant differences in OARSI scores were 
noted between male and female animals in Nanocomp +US-treated 
joints after 1 month, for both the medial and lateral condyles.

When considering cartilage and bone histomorphometric parame
ters, such as Cartilage thickness (Ca.Th), Trabecular Separation (Tb.Sp) 
and Fibrillation index (FI), as shown in Figure S4 a, b, c, no significant 
differences were observed in Nanocomp +US group at both 1 and 3 
months, for either male and female animals. Similarly, no significant 
differences were found in bone parameters, including subchondral bone 
plate thickness (Sbp.Th), trabecular thickness (Tb.Th), trabecular bone 
volume (Tb.BV) and trabecular number (Tb.N) in both the lateral and 
medial compartments (data not shown).

2.3. Efficacy in vivo study on rabbits: synovial fluid and membrane 
analysis

The inflammatory responses were evaluated by measuring the white 
blood cells (WBC) number in the joint synovial fluid. In general, the 
WBC count was significantly different between male and female animals 
across all experimental groups, both at 1 and 3 months. As shown in 
Fig. 5 a, after 1-month, female knees treated with LIPUS, or Nanocomp 
or Nanocomp +US, exhibited significantly higher WBC counts compared 
to untreated knees. Additionally, at both 1 and 3 months, female knees 
treated with Nanocomp and Nanocomp +US showed higher recruitment 
of WBC than male knees.

We also evaluated the presence of monocytes in the synovial fluids, 

given their essential role in cartilage regeneration. Monocyte counts 
were performed after 1 month, when inflammation was more pro
nounced. The results (Fig. 5 b) clearly evidenced higher monocyte 
values in female animals compared to males. Specifically, female knees 
treated with Nanocomp and Nanocomp +US showed a significantly 
higher number of monocyte counts than their male counterparts.

The Krenn scores of the synovial membranes evidenced scores 
ranged from 2.1 to 4.6 points, corresponding to a low-grade synovitis, 
with no significant differences observed between the experimental 
groups or between the sexes (Fig. 5c and. 5 d). Histopathological ana
lyses showed thin synovial layers, with minimal signs of fibrosis or in
flammatory infiltrates in all groups.

2.4. Biodistribution of Titanium and Barium in rabbit organs: Inductively 
Coupled-Plasma Mass Spectrometry analyses

To evaluate the potential distribution of Titanium and Barium ions 
from BNTPs in organs distant from the injection site, Barium (Ba) and 
Titanium (Ti) analytes were quantified by Inductively Coupled-Plasma 
Mass Spectrometry (ICP-MS) in blood and key organs of male and fe
male rabbits treated and untreated with Nanocomp (Table 1). After 3 
months, in Nanocomp-treated (+BaTiO3) male and female rabbits, the 
concentrations of these analytes were comparable to those observed in 
untreated animals (-BaTiO3), both in blood (the first distribution route), 
and in distant organs.

2.5. Sheep pilot study: cell characterization, histological and 
histomorphometric analyses

ASCs isolated from sheep confirmed a high percentage of cells pos
itive to CD29, CD44, CD73 and CD105, and a low number of cells pos
itive to CD34 and CD45 (Fig. 6 a), confirming their typic phenotypical 
characteristics as previously reported [37,38].

The macroscopic Hanashi score did not reveal significant differences 
between the Nanocomp +US and Untreated knees (Fig. 6b and c). 
However, histological images and the microscopic OARSI score, 
focusing on OA features of the articular cartilage, showed that the 
Nanocomp +US treatment had beneficial effects on the articular carti
lage compared with untreated knees (Fig. 6d and e), confirming the 
results evidenced in the rabbit model. Histomorphometric analysis 
showed an increase in cartilage thickness in untreated joints compared 
to the treated ones (Fig. 6 f).

The Kreen score, which evaluates the grade of synovitis, showed no 
significant differences between the groups. (Figure S5 a,b). Cartilage 
smoothness and integrity, as assessed by the fibrillation index (FI), did 
not differ between treated and untreated knees (Figure S5 c). Finally, no 
significant differences were observed in Sbp.Th, Tb.Th, Tb.BV and 
trabecular separation (Tb.Sp) (data not shown).

In the sheep pilot study, we assessed the efficacy of the Nanocomp 
+US treatment in a large-sized animal model of KOA, comparing it to the 
untreated contralateral knee. This approach minimized intra-individual 
variability. The Nanocomp +US treatment showed improvement in OA 
signs at the microscopic level of articular surfaces, as evidenced by a 
reduction of the OARSI score. However, a decrease in cartilage thickness 
was observed (Fig. 6), although these values remained within the typical 
range of femoral articular cartilage of sheep [39,40].

2.6. Sheep pilot study: ultrasonography and synovial fluid and membrane 
analysis

In Figure S5 d, ultrasound images of left and right ovine knees before 
(T0) and after treatments (3 months) are shown. After meniscectomy, 
reduced thickness of femoral condyle articular surfaces and peri
tendinous synovial fluid effusion (indicative of tenosynovitis) were 
observed. At the 3-month endpoint, articular cartilage appeared thinned 
in both treated and untreated knees. However, synovial fluid reabsorbed 
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Fig. 4. Histological and microscopic analyses of femoral condyles on the rabbit OA model. (a) Representative histological images of the articular cartilage 
(lateral femoral condyles) of female and male rabbits at 1 month and 3 months. Safranin O/Fast green staining, 10x magnification (bar = 300 μm); (b) Safranin O 
staining score results of medial and lateral femoral condyles of female (pink box plot and whiskers) and male (blue box plot and whiskers) rabbit joints after 1 and 3 
months in the four groups: Untreated, +US, Nanocomp and Nanocomp +US. Generalized linear mixed models based on lognormal distribution with post hoc Sidak 
test were applied. Data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum (n = 12). *p < 0.05, **p < 0.01; ***p < 0.001. 
(c) Microscopic OARSI score results of medial and lateral femoral condyles of female (pink box plot and whiskers) and male (blue box plot and whiskers) rabbit joints 
after 1 and 3 months in the four groups: Untreated, +US, Nanocomp and Nanocomp +US. Generalized linear mixed models based on Gamma distribution with post 
hoc Sidak test were applied. Data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum (n = 12). *p < 0.05, **p < 0.01; ***p 
< 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Inflammatory responses and synovial membrane histopathological results. (a) WBC count in synovial fluid of female (pink plots) and male (blue plots) 
rabbits after 1 and 3 months; Generalized linear mixed models based on Poisson distribution with post hoc Sidak test (b) Monocyte cell count in synovial fluid of 
female (pink plots) and male (blue plots) rabbits at 1 month. Generalized linear mixed models based on Tweedie distribution with post hoc Sidak test were applied. 
Data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum (n = 10). *p < 0.05; **p < 0.01; ****p < 0,0001 (c) Repre
sentative histological images of the synovial membrane of male and female rabbits at 1 month, in the four groups: Untreated, +US, Nanocomp, Nanocomp +US. 
Haematoxylin-Eosin staining, 20x magnification, bar = 200 μm; (d) Krenn score results of synovial membranes of female (pink plots) and male (blue plots) rabbits 
after 1 and 3 months. Generalized linear mixed models based on Gamma distribution with post hoc Sidak test for pairwise comparisons, were applied. Data are 
represented by box plots with median, 25th and 75th percentiles, minimum and maximum (n = 12). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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within the tendon sheath in the Nanocomp +US-treated knee, resulting 
in less tenosynovitis compared to the Untreated knee.

Similar to the rabbit efficacy study, we quantified the levels of the 
main inflammatory cytokines (IL-1β, IL-6, IL-8 and TNFα), as well as 
WBC and monocytes in the synovial fluid to assess the local inflamma
tory status. No significant differences in WBC and monocyte counts were 
observed between Untreated and Nanocomp +US treated knees 
(Figure S6 a, b). Furthermore, the levels of inflammatory cytokines 
(Fig. S6c–f) showed no significant differences between the two groups.

3. Discussion

To the best of our knowledge, no prior studies have precisely deliv
ered an ultrasound dose to the target tissue, carefully considering the 
complex anatomy of animal joints and the corresponding acoustic 
phenomena such as reflections, attenuations and standing wave forma
tions. The results shown in Fig. 1, S1, S2, S3 represent a significant 
methodological innovation in the field of LIPUS stimulation. Our 
approach predicts the optimal settings to ensure the delivery of the 
desired amount of mechanical energy to the target tissue, thus maxi
mizing the reliability of in vivo experimental outcomes. These method
ologies allow for calibrated LIPUS stimulation by considering the 
anatomical features of each animal model. Our ad hoc simulations pre
dict the propagation of the acoustic beam until it reaches the target, in 
this case, the cartilage tissue on femoral condyles.

In addition to computational models for predicting in vivo LIPUS 
stimulation, another significant scientific advancement in this study 
involves the investigation of sex-related therapeutic effects. It is well- 
established that cartilage degeneration and regeneration in humans 
are sex-dependent [41], influenced by hormones and specific features of 
OA progression [42]. Women exhibit a higher prevalence of cartilage 
damage due to traumas or pathologies compared to men [43]. In our 
study, we assessed the impact of the proposed treatment in the rabbit OA 
model, considering animal sex, an aspect that is often overlooked in in 
vivo studies [44–48]. The experimental time-points were selected based 
on the degradation timeline of the Nanocomp, which has been evaluated 
to be resorbed within 3 months [22]. Our findings indicate that the 
combination of the piezoelectric 3D nanocomposite enriched with 
autologous ASCs and stimulated with LIPUS significantly slowed the 
progression KOA both at the macroscopic and microscopic levels. The 
macroscopic evaluations of the cartilage characteristics, at both 1 and 3 
months, revealed that Nanocomp treated with LIPUS significantly 
counteracted the development of OA (Fig. 4 c). Interestingly, differently 
from macroscopic results, no differences were observed in 

histomorphometric parameters related to bone architecture. This could 
be due to the use of a semi-quantitative macroscopic score [49], widely 
used to assess the gross morphology of articular cartilage. Indeed, such a 
score is based on a four-point scale considering surface smoothness, 
colour, and the presence of erosion or fibrillation, and cannot consider 
the deeper layers of articular cartilage and the subchondral bone. We 
used the OARSI score and histomorphometric features to evaluate OA 
progression, using high-resolution images acquired by a digital pathol
ogy scanner and analyzed through a high-throughput software. The 
absence of significant changes in bone-related histomorphometric pa
rameters suggested that the subchondral compartment was not affected 
by OA. This was also consistent with the selected surgical model of OA 
induction, which typically leads to a mild form of post-traumatic OA. In 
fact, the histological features of the rabbit OA model usually include loss 
of Safranin O staining, cartilage fissures and erosion, chondrocyte 
depletion and clustering, while the tidemark remained preserved [50,
51]. However, the positive effects of the treatment on both the medial 
and lateral condyles were more pronounced in female animals than in 
male, emphasizing the impact of sex on treatment efficacy. Notably, the 
treatment’s effectiveness was more apparent at the 1-month time point, 
with some persistence observed at 3 months, but primarily in the 
femoral lateral condyle of female animals. These findings are corrobo
rated by previous in vitro [22] and in vivo [52] results. In vitro, it was 
shown that ASCs, in Nanocomp +US, retained viability and chondro
genic commitment up to 28 days [22]; in vivo, using the same rabbit OA 
model, it was found that labelled ASCs survived 1 month in the knee 
joint, exhibiting a preferential migration toward injured areas of artic
ular cartilage compared to other joint tissues (i.e., synovia, meniscus, 
ligaments, and synovial fluids) [52]. The long-term survival of ASCs at 3 
months was not investigated; in the literature, the use of fluorescence 
cell dyes has been reported to have limited in vivo duration (up to 70 
days) [53,54]. Moreover, it has been shown that ASCs have multifaceted 
therapeutic efficacy, not only strictly dependent on their potential to 
differentiate into chondrocytes, but also related to paracrine factors (i.e., 
soluble factors, extracellular vesicles, secretome) able to maintain 
chondrocyte homeostasis, counteract inflammation and reduce the 
catabolic OA microenvironment [55,56]. Therefore, the observed 
decrease in efficacy at 3 months suggests that repeated treatments may 
be necessary to achieve long-term positive effects (Fig. 5 b).

In addition, sex differences might be related to the varying potency 
of isolated autologous ASCs in terms of secretion of trophic and para
crine growth factors. In fact, human ASCs have shown sex-based dif
ferences in hormone profiles and transcriptome, which could ultimately 
affect tissue repair properties [57–61].

Table 1 
Concentrations of Titanium (Ti) and Barium (Ba) analytes measured through ICP-MS, in animals’ blood and main organs.

Tissue Analyte Male rabbits Female rabbits

- BaTiO3 mg/kg + BaTiO3 mg/kg p value - BaTiO3 mg/kg + BaTiO3 mg/kg p value

Blood Ti 0,003 (0,001) 0,004 (0,001) 0,567 0,003 (0,000) 0,003 (0,001) 0,624
Ba 0,011 (0,018) 0,021 (0,024) 0,327 0,017 (0,029) 0,022 (0,030) 0,683

Liver Ti 0,036 (0,002) 0,042 (0,009) 0,310 0,054 (0,007) 0,044 (0,015) 0,246
Ba 0,028 (0,005) 0,006 (0,000) 0,002 0,005 (0,005) 0,001 (0,007) 0,263

Heart Ti 0,017 (0,003) 0,013(0,006) 0,350 0,016 (0,006) 0,014 (0,007) 0,786
Ba 0,029 (0,002) 0,028 (0,034) 0,558 0,028 (0,045) 0,008 (0,012) 0,310

Kidney Ti 0,069 (0,006) 0,038 (0,001) 0,001 0,064 (0,017) 0,061 (0,018) 0,779
Ba 0,027 (0,003) 0,062 (0,044) 0,243 0,002 (0,011) 0,002 (0,007) 0,310

Lung Ti 0,015 (0,005) 0,011 (0,003) 0,279 0,011 (0,008) 0,010 (0,003) 0,731
Ba 0,028 (0,010) 0,023 (0,024) 0,754 0,000 (0,011) 0,007 (0,017) 0,557

Brain Ti 0,023 (0,002) 0,018 (0,008) 0,357 0,030 (0,011) 0,034 (0,012) 0,623
Ba 0,038 (0,001) 0,039 (0,026) 0,933 0,042 (0,018) 0,037 (0,026) 0,781

Ti and Ba concentrations were measured in the blood and the main organs of male and female rabbits that received an intraarticular injection of Nanocomp (+BaTiO3) 
or were untreated (-BaTiO3) after 3 months. Analyte concentrations are expressed as mean (standard deviation). The p value has been obtained by comparing + BaTiO3 
and - BaTiO3 values with a Student’t-test, for each group.
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Interestingly, our study is the first to evaluate the therapeutic effi
cacy of a multi-approach treatment (ASCs, nanocomposite hydrogels, 
and LIPUS) in animal models of OA, accounting for sex differences. A 
recent systematic review highlighted the lack of preclinical in vivo 
studies exploring OA treatment in experimental rabbit model of both 
sexes [62]. While Liu and Vinikoor investigated piezoelectric materials 
for cartilage regenerative in rabbits, they did not consider sex differ
ences and employed a critical-sized osteochondral defect model, rather 
than an OA model [63,64]. Moreover, there are no large randomized 
clinical trials directly comparing the effectiveness of treatments for OA, 
according to sex as the primary endpoint. Based on our findings, we 
suggest that repeated intra-articular injections may be needed to achieve 
a long-lasting effect, especially in male animals. Moreover, the reduced 
efficacy observed in males indicates the need for more frequent intra
articular applications or higher cell densities. These results underscore 
the importance of considering sex as biological variable from bench to 

bedside.
Chronic inflammation is a hallmark of OA, driving cartilage degra

dation and bone remodelling. This cycle is perpetuated by the secretion 
of inflammatory cytokines, which further exacerbate cartilage destruc
tion [65,66]. To our knowledge, no preclinical ACLT studies in both 
sexes exist to directly compare WBC/monocyte recruitment patterns. 
Although, it was not an objective of our study, we found that the sy
novial fluid of female rabbits had significantly higher numbers of WBC 
and monocytes than that of male animals after 1 month. Notably, these 
increases in WBC and monocytes were correlated with improvement in 
the microscopic evaluation of OA patterns, as indicated by the OARSI 
score (Fig. 4). We speculate that the immunomodulatory effects in fe
males on WBC and monocyte may be attributed primarily to the pres
ence of Nanocomp (±US) and confined to inflammatory characteristics 
of OA. In contrast, at the histological level, the therapeutic efficacy 
seems to result from the combined action of Nanocomp +US, which acts 

Fig. 6. ASCs characterization, macroscopic and histomorphometric analyses on sheep OA model. (a) Flow cytometry analysis of sheep ASCs for positive 
(CD29, CD 44, CD73, CD105) and negative (CD34, CD45) markers; (b) Macroscopic images of all explanted Untreated and Nanocomp +US treated lateral femoral 
condyles (#1, #2, #3, #4) at 3 months; (c) Hanashi score of Untreated and Nanocomp +US treated joints after 3 months. Wilcoxon test followed by Monte Carlo was 
applied. Data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum; (d) Histological images of the articular cartilage of 
lateral femoral condyles at 3 months. Safranin O/Fast green staining, 10x magnification (bar = 300 μm); (e) Microscopic OARSI score of Untreated and Nanocomp 
+US treated joints after 3 months. General linear model based on Gamma distribution was applied. Data are represented by box plots with median, 25th and 75th 
percentiles, minimum and maximum. **p < 0.01; (f) Cartilage thickness of Untreated and Nanocomp +US treated joints after 3 months. Generalized linear model 
with Gamma distribution was applied; data are represented by box plots with median, 25th and 75th percentiles, minimum and maximum. **p < 0.01. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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synergistically to slow down the progression of OA. BTNPs nanoparticles 
contained in the Nanocomp hydrogel are supposed to possess immu
nomodulatory properties, capable of mobilizing and recruiting macro
phages while acting as nanogenerators under LIPUS stimulation. 
Piezoelectric nanoparticles, in fact, can generate electric fields under 
mechanical stimulation, potentially guiding macrophages towards a 
pro-regenerative M2 phenotype. This hypothesis is supported by previ
ous studies showing that organic, inorganic or hybrid nanoparticles 
were able to promote M2 differentiation, enhancing tissue regeneration 
and reducing pro-inflammatory M1 population [67–71]. In particular, 
Wu et al. showed that the M1/M2 switch in BaTiO3 scaffolds is mediated 
by the up-regulation of PI3K/Akt phosphorylation and the 
down-regulation of Notch signaling pathways [72–74], suggesting that 
the confirmation of this hypothesis would be the focus of future studies.

The evaluation of nanomaterial-based medical devices, particularly 
for safety and biocompatibility, remains underdeveloped. The technical 
note ISO/TR10993-part 22 (2017) gives guidance on nanomaterials, but 
no specific standardized procedures guide researchers toward a 
comprehensive assessment. Titanium is known to persist in tissues and 
cells [75,76]; in our previous work [22], we found that BNTPs could be 
internalized in cell vacuoles within the cytoplasmic membrane, in vitro. 
In this study, we assessed the potential toxicity of BNTPs in the hydrogel 
by measuring Titanium and Barium ions in the blood and organs distant 
from the injection site to exclude any accumulation that could have 
raised safety issues. We found no evidence of accumulation in distant 
organs, suggesting that the nanomaterials did not pose any bio
accumulation risks. These findings represent an important advance
ment, as the bioaccumulation of nanomaterials and their fate is often 
unexplored in the literature [77].

Several preclinical in vivo studies have demonstrated, in animal 
models of knee OA, that the articular cartilage may appear thicker in the 
early stages due to cartilage swelling and chondrocyte hypertrophy. This 
phenomenon cannot be attributed to an ongoing tissue repair, but rather 
to damage. In clinical studies, involving cohorts of knee OA patients, a 
high degree of variability in cartilage thickening and degeneration is 
observed among OA patients [78–81].

However, no similar studies are available in sheep models. Vahedi 
and colleagues [82] investigated the regenerative effects of LIPUS on 
surgically induced cartilage defects, while Feng and colleagues [83] 
combined hyaluronic acid with autologous and allogenic ASCs to pre
vent OA progression in a different surgical model [84]. Veronesi et al. 
[85] used the same OA animal model to compare the efficacy of allo
genic amniotic epithelial stromal cells and ASCs in slowing down the 
disease evolution, but without a biophysical stimulation.

The major limitation of this pilot sheep study is the small sample size, 
which might affect the statistical significance of results. Furthermore, 
the pilot study on the sheep reflected a chronic disease, as evidenced by 
the absence of differences in inflammatory cytokines and WBCs counts, 
which instead are typically observed during the early acute phase 
[86–88], as we evidenced in rabbits at one month. On the other hand, 
this model provides significant translation relevance, as it closely mir
rors humans’ joint dimensions, structure, anatomy and cartilage 
composition. The developed computational model also ensures the 
applicability of the LIPUS device and setting, guaranteeing the reli
ability and uniformity of stimulation to the target area. Indeed, this 
study is a critical step towards evaluating the efficacy of this personal
ized treatment for early-stage OA in large animal model before clinical 
translation.

In both preclinical models, we adopted a standardized surgically 
induced OA model: anterior cruciate ligament transaction in rabbits and 
lateral meniscectomy in sheep, both of which cause a mild-to-moderate 
OA [50,85,89–93]. This OA grade was confirmed by our histomorpho
metric evaluations, in which subchondral and epiphyseal trabecular 
bone remained unaffected.

From a translational point of view, the resolution of the early OA 
grades is highly relevant, and it would enable patients to return to 

normal daily life activities and delay the need for more invasive 
treatments.

4. Conclusion

In conclusion, we demonstrated that a nanocomposite hydrogel 
embedding adipose-derived stromal cells and stimulated with a cali
brated dose of low-intensity pulsed ultrasound, selected through 
computational models that considered the animal joint anatomy, was 
effective in slowing down both the macroscopic and microscopic hall
marks of knee osteoarthritis progression in medium- and large-sized 
animal models. Moreover, our results highlighted the importance of 
considering sex in preclinical studies, which better mirror the clinical 
situation, where sex significantly impacts the onset, progression and 
therapeutic treatments of osteoarthritis. Future studies could investigate 
whether cartilage regeneration induced by the nanocomposite hydrogel 
stimulated with US is driven by transplanted ASCs, endogenous cartilage 
progenitors, or a combination of both factors.

5. Experimental methods

5.1. Computational models for in vivo ultrasound stimulation

The development of the computational models involved the 
following phases: (1) the creation of the 3D model of the animal from 
anatomical images (either CT or MR) by segmenting the most relevant 
tissues from an acoustic point of view (i.e., skin, muscle, fat, bone, 
tendons and ligament); (2) the definition of the ROIs corresponding to 
the condyle regions where cartilage lesions are most likely to occur (3) 
the interactive positioning of the transducer(s) with respect to the 
reconstructed model; (4) the development of acoustic simulation using 
the k-Wave solver [94] on the virtual set-up developed; (5) the visual
ization of the 3D pressure maps directly on the animal model anatomy 
and/or anatomical images, as well as record the pressure distribution on 
the ROIs.

Anatomical images were segmented using 3D Slicer [95] segmenta
tion tools and to each segmented tissue, specific acoustic properties were 
associated. Once the virtual set-up was defined, the scenario was 
translated into a format compatible with the k-Wave solver. The same 
simulation parameters were used for both rabbits and sheep. The 
acoustic source was modeled as a disc representing a mono-element 
piston-shaped transducer having a diameter of 23 mm and working at 
a frequency f = 1 MHz. Taking into account animal anatomy, for the 
rabbit, the transducer was positioned parallel to the skin (at, approxi
mately, 45◦ with respect to the tibial plateau), whereas, for the sheep, 
two transducers (with the same characteristics) were used to cover the 
whole joint space. For improving acoustic coupling, stand-off gel pads 
(Aquaflex, Parker Laboratories, Fairfield, NJ, USA) were placed between 
the transducer and the animal skin. This set the transducer-to-skin dis
tance at 2 cm (i.e. the thickness of the gel pad).

The tissue acoustic parameters were retrieved from the IT’IS online 
database (IT’IS Database for thermal and electromagnetic parameters of 
biological tissues, Version 4.1, Feb 22, 2022, DOI: 10.13099/VIP21000- 
04-1. itis.swiss/database) [96]. The nanocomposite hydrogel was not 
included in the simulations, as it can be considered acoustically trans
parent, given that its acoustic properties are comparable to those of soft 
tissues and are not significantly altered by the presence of nanoparticles 
at the tested concentrations, as previously demonstrated [97].

For each model, a ROI within the condyle area was defined to include 
the region more subjected to cartilage lesions. After running acoustic 
simulations, a pressure distribution analysis was carried out over these 
ROIs to evaluate attenuation and stimulation uniformity (which has 
been shown to be a critical parameter for effective chondrogenesis in 
vitro [22]. A uniformity score was then defined as the percentage of 
voxels stimulated at the target intensity (i.e., 250 mW/cm2) with a 
tolerance of ±30 %.
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Finally, the attenuation factor due to the presence of the gel pad and 
tissue interfaces was calculated as the ratio between the median value of 
the simulated pressure within the animal model condyle ROI and the 
median value of the simulated pressure distribution theoretically acting 
on the hydrogel sample in the in vitro set-up. Such a value was then used 
in the in vivo experiments to set the ultrasound generator gain, thus 
obtaining in situ intensity values comparable to those the samples were 
exposed to in vitro.

5.2. Ethics and legal requirements

In vivo studies were performed by following the Italian Law by De
cree 26/2014 on the protection of animals used for scientific purposes 
and according to the European Commission Recommendation on 
guidelines for the accommodation and care of animals used for experi
mental and other scientific purposes (2007/526/EC). The protocols 
were developed in accordance with the Planning Research and Experi
mental Procedures on Animals: Recommendations for Excellence – 
PREPARE - [98] guidelines and the research reports were set according 
to the criteria defined in the Animal in Research: Reporting in Vivo 
Experiments-ARRIVE - guidelines [99].

The in vivo experiments on the rabbit model were firstly approved by 
the Animal Welfare Body of the IRCCS Istituto Ortopedico Rizzoli (IOR) 
and then authorized by the Italian Ministry of Health (Authorization N. 
418/2022-PR). To monitor animal wellbeing and welfare, animals were 
weighed and clinically evaluated daily in the first week and then weekly 
after surgery. The following humane endpoints were considered to avoid 
animal suffering: loss of body weight greater than 20 % of their physi
ological growth curve, severe limb lesions or irreversible alterations in 
general or primary organic functions, severe pain non-treatable phar
macologically. Criteria that determined the exclusion from analyses 
were severe intra-anaesthesiologic complications, knee infections, or 
humane endpoint achievement.

The in vivo experiments on the sheep model were firstly approved by 
the Animal Welfare Body of the IOR and then authorized by the Italian 
Ministry of Health (Authorization N. 746/2023-PR). A clinical evalua
tion of the animals was performed daily in the first week and then 
weekly, and any symptoms or distress were monitored by a specific pain 
score and Grimace scale [100]. The following humane endpoints were a 
priori defined: loss of body weight greater than 20 % of their physio
logical growth curve, prolonged (more than 72 h) decubitus, severe limb 
lesions or irreversible alterations in general or major organic functions, 
severe pain non-treatable pharmacologically, pain score >10 points. The 
criteria for excluding animals from the analyses were severe 
intra-anaesthesiological complications, knee infections, or humane 
endpoint achievement.

5.3. Isolation and characterization of rabbit and sheep stromal cells

Autologous rabbit infrascapular adipose tissue (2.9 ± 1.0 gr.) and 
autologous sheep infrapatellar fat pad (5.6 ± 1.0 gr.) were surgically 
removed under general anesthesia and weighted, then washed in Dul
becco’s Phosphate-Buffered Saline (D-PBS, Aurogene Srl, Italy) and 
enzymatically digested in a 0.075 % collagenase type II (Gibco, USA) 
solution at 37 ◦C with continuous agitation for 2 h for ASCs isolation. 
The enzymatic reaction was stopped by adding Dulbecco’s Modified 
Eagle Medium (DMEM) low glucose with 10 % fetal bovine serum (FBS, 
Euroclone, Italy) and the solution was centrifuged at 300×g for 5 min. 
After several D-PBS washing steps, the ASCs pellet was resuspended, 
counted and 50.000–100.000 cells/cm2 were seeded in a T25 flask. Cells 
were cultured and expanded in sterile and standard conditions (37 ◦C, 5 
% CO2) and the culture medium was changed twice a week up to cell 
passage 2. The isolated cells were evaluated for the expression of 
different markers by flow cytometry. The immunophenotype of rabbit 
and sheep ASCs was analyzed using a BD FACS Canto II flow cytometer 
(Becton Dickinson, New Jersey, US). Markers were analyzed using anti- 

CD29 fluorescein isothiocyanate (FITC) (Becton Dickinson), anti-CD34 
phycoerythrin (PE) (Gene Tex, Maryland, US), anti-CD44 PE (Novus, 
Missouri), anti-CD45 FITC (Gene Tex), and anti-CD105 FITC (GeneTex). 
The samples were diluted and incubated in PBS supplemented with 0.2 
% sodium azide (NaN3) (Sigma-Aldrich, Missouri, US) and 2 % FBS for 
30 min at 4 ◦C. Samples were then washed with PBS and analyzed with 
the above-mentioned flow cytometer.

5.4. Preparation of the injectable nanocomposite hydrogel

Nanocomposite hydrogel preparation was performed as previously 
reported [22]. Briefly, the VitroGel-RGD® solution (The Well Biosci
ence, North Brunswick, NJ, USA) was mixed with the Dilution Solution 
Type 1® (The Well Bioscience) at the ratio 1:2 up to obtain a uniform 
mixture. GO nanoflakes and BTNPs were added at 25 μg/mL and 50 
μg/mL, respectively. Then, DMEM (Life Technologies, Bleiswijk, The 
Netherlands) with a suspension of rabbit or sheep ASCs to reach the final 
cell density into the hydrogel of 2 × 106 cells/mL was added at the ratio 
of 4:1 (pre-crosslinked solution: DMEM with cells) and mixed in a sy
ringe with a 22G needle.

5.5. In vivo efficacy rabbit model: experimental study design and 
surgical procedures

One hundred and four adults Crl:KBL New Zealand (NZW) Specific 
Pathogen Free rabbits of both sexes (Charles River Laboratories, mean 
weight male 2.4 ± 0.2 kg, female 2.5 ± 0.2 kg) specifically bred for life 
science studies were used. The animals were received from the vendor of 
the same age and housed in the same stabling conditions. No randomi
zation was applied to allocate animals to groups; outcome assessors were 
blind to the allocation groups.

The animals were housed in single cages in standard controlled 
conditions with free access to water and pellet diet and specific en
richments. Surgical procedures were performed after a 10-day quaran
tine period under general anesthesia induced by intra-muscular 
injections of ketamine (44 mg/kg, Imalgene 1000, Italy) and xylazine 
(0.3 mg/kg, Rompun 25 ml, Bayer S.p.A., Italy) and maintained by 
spontaneous breathing with O2/air and isoflurane 2–3 % with a facial 
mask. Male and female rabbits underwent bilateral ACLT for OA in
duction [89]: a 2 cm skin and capsular incision was carried out in a 
lateral approach; the patellar bone was displayed laterally with the knee 
placed in full flexion, anterior cruciate ligaments (ACLs) were exposed 
and transected. Then, the articular capsule and skin layers were sutured. 
Within the same surgical session, in groups treated with Nanocomp., the 
infrascapular adipose tissue was surgically dissected for ASCs isolation 
and expansion. In the immediate post operative period and for 5 days, 
analgesic (50 mg/kg die, Farmolisina, Italy, 17 μg/72 h fentanyl trans 
dermal patch, FenPatch, Ratiopharm, Germany and 3.75 mg of a solu
tion 7.5 mg/ml of Ropivacaina S.A.L.F, Italy) and antibiotic (10 mg/kg 
enrofloxacin, Baytril, Elanco Italia S.p.A.) therapies were administered.

Eight weeks after OA induction (T0), animals were allocated into 
four groups: (1) Untreated, (2) + US, (3) Nanocomp, (4) Nanocomp 
+US. Rabbits from the Nanocomp and Nanocomp + US groups received 
0.3 mL bilateral i.a. injections of ASCs-laden Nanocomp. Rabbits from 
the +US and Nanocomp +US groups were locally treated with LIPUS 
(frequency: 1 MHz, intensity = 250 mW/cm2, duty cycle = 20 %, 
exposure time: 5 min every 2 days, for an overall duration of 10 days), as 
carried out during in vitro experiments. Based on computational models, 
a LIPUS transducer was applied frontally to each joint in full flexion by 
using a gel pad (Aquaflex Ultrasound Gel Pad, Parker Labs, USA).

At the selected experimental time-points (1 and 3 months), rabbits 
were pharmacologically euthanized under deep general anesthesia with 
intravenous administration of 1 mL of Tanax® (Hoechst AG, Frankfurt- 
am-Main, Germany). Blood, main organs (brain, heart, lung, liver and 
kidney), synovial fluids, synovial membranes and femoral condyles were 
harvested and processed for the analyses, as described in the following 
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sections. The experiment workflow is depicted in Fig. 6 a.

5.6. In vivo sheep pilot study: experimental study design and 
surgical procedures

Four adult cross-breed sheep were used (mean weight 47.1 ± 6.8 kg, 
IZS Marche ed Abruzzo “G.Caporale “, Teramo, Italy), housed in single 
boxes and fed with a standard pellet diet, hay and water ad libitum.

After quarantine, general anesthesia was induced with an intra- 
muscular injection of 10 mg/kg ketamine and 0.3 mg/kg xylazine and 
a subcutaneous injection of 0.0125 mg/kg atropine sulphate. Then, 
general anesthesia was maintained by an intravenous injection of so
dium thiopental in a 2.5 % solution and 2–3 % isoflurane administration 
(IsoFlo, Zoetis, Italy), in O2/air 60 %/40 %, 7.5 l/min (Servo Ventilator, 
900D; Siemens, Germany). For OA induction, bilateral lateral menis
cectomy was performed [101]. For ASCs isolation, the infrapatellar fat 
pad (Hoffa’s fat pad) was surgically removed [102]. Skin and articular 
capsule incisions were made through a lateral pararotuleal access; the 
synovial fluid was harvested, and the Hoffa’s fat pad carefully dissected 
for ASCs isolation and in vitro expansion. Then, the cranial and lateral 
attachments of the lateral meniscus were transected, removing entirely 
the meniscus. Analgesic and antibiotic therapies were administered, as 
described for rabbits, with free movements and fully weight bearing 
allowed.

Six weeks after surgery, left knees received a 1 mL intra-articular 
injection of the Nanocomp, followed by LIPUS stimulation (frequency 
= 1 MHz, intensity = 250 mW/cm2, duty cycle = 20 %, exposure time: 5 
min every 2 days, for an overall duration of 10 days). Two LIPUS 
transducers were applied, one medially and one laterally to the joint 
kept in a 15-degree flexed position, by applying gel pads (Aquaflex Ul
trasound Gel Pad, Parker Labs, USA). Contralateral right knees were left 
untreated, serving as controls that spontaneously developed OA. Three 
months after starting the treatments, the animals were pharmacologi
cally euthanized by intravenous injection of Tanax® (Hoechst AG, 
Frankfurt-am-Main, Germany). Synovial fluid and synovial membrane, 
as well as lateral femoral condyles of both joints, were harvested for 
analysis.

5.7. Histological and histomorphometric analyses

Explanted condyles from rabbit and sheep knee joints and synovial 
membranes were fixed in 4 % neutral buffered formalin solution for at 
least 48 h; bone specimens were decalcified in formic and hydrochloric 
acids solution and dehydrated, cleared in xylene and embedded in 
paraffin. A rotary microtome (Microm HM355 S, Thermo Scientific) was 
used to cut 5 ± 1 μm thickness sections. Femoral condyle slices were 
stained with 1.5 % Safranin-O solution (Polysciences, USA) and 0.02 % 
Fast Green (Polysciences, USA), whereas synovial membranes were 
stained with Haematoxylin/Eosin (BioOptica, Italy). All stained slices 
were digitalized through an Aperio Scanscope Digital Scanner (AT2, 
Leica BioSystems) at maximum magnification (40X).

Gross evaluation of lateral and medial femoral condyles from rabbit 
and lateral condyles from sheep knee joints was performed through a 
macroscopic assessment. According to the OARSI histopathology 
initiative [50], the semiquantitative Hanashi scoring system [49] was 
applied to evaluate the gross morphology and appearance of condyles: 
0 - surface smooth with standard color; 1 - surface rough with minimal 
fibrillation or a slight yellowish discoloration; 2 - cartilage erosion 
extending into the superficial or middle layers; 3 - cartilage erosion 
extending into deep layers; 4 - complete cartilage erosion with sub
chondral bone exposure.

Synovial tissue was assessed by Krenn score for synovitis features 
[103] by semiquantitative evaluating the enlargement of the synovial 
layer, the density of the resident cells, and cellular phenotypes of the 
inflammatory infiltrate. Femoral condyles were assessed for OA by 
applying the OARSI semiquantitative score, which is the product of OA 

grade (severity) and stage (extent). It ranges from a maximum score of 
26 points (worst OA scenario) to a minimum of 0 points (healthy 
cartilage) [104]. Safranin O staining was evaluated by applying a 
modified validated scoring system for detecting articular cartilage 
changes in the ACLT rabbit model [50]: it ranges from a maximum score 
of 6 (loss of staining in all the four zones of articular cartilage ≥50 % the 
length of the condyle) to a minimum of 0 points (uniform staining 
throughout articular cartilage).

Moreover, prominent histomorphometric bone and cartilage pa
rameters such as cartilage surface FI, Ca.Th, Sbp.Th and the bone 
microarchitecture, assessed through Tb.Sp, Tb.N, Tb.Th, trabecular 
bone surface and Tb.BV, were quantitatively evaluated using the Bio
quant Osteo software (Bioquant Osteo 2022 Version 22.5.60 ME, BIO
QUANT Image Analysis Corporation). All the bone-related parameters 
were evaluated in a ROI spanning from the maximal loading zone up to 
2 mm in depth. Sbp.Th was evaluated as the mean of the transversal 
thickness measurement conducted throughout the subchondral plate 
every 200 μm. Similarly, a ROI comprising the above cartilage was 
selected and Ca.Th measurement was considered. Concerning FI mea
surement, the original cartilage ROI was subdivided into four smaller 
ROIs to limit the effect of tissue curvature. Thus, FI was carried out on 
each micro-ROI by dividing the cartilage perimeter length by the length 
of the micro-ROI.

5.8. Echographic evaluations

Ultrasound analysis of both sheep joints was performed through an 
ArtUs EXT Digital Ultrasound Diagnostic System (TeleMed Ultrasound 
Medical Systems, Vilnius, Lithuania) at T0, when OA was developed, 
and 3 months after treatment.

5.9. Synovial fluid analyses

Synovial fluid from both knees of each rabbit and sheep was 
collected to evaluate the local inflammation induced by OA through 
WBC and monocyte counts. Twenty μL of synovial fluid were deposited 
on a pre-stained slide (Testsimplets®, Waldeck) and subsequently ac
quired by Aperio Scanscope Digital Scanner (AT2, Leica BioSystems) at 
maximum resolution. Total WBC and monocyte counts were performed 
on each slide, taking into consideration five regions of interest of 1 mm 
× 1 mm on the digitalized image. ELISA cytokine determinations for IL- 
1β, IL-6, IL-8 and TNFα were performed on sheep synovial fluid har
vested at the final endpoint of 3 months.

5.10. Biodistribution of Titanium and Barium in rabbit organs: ICP- 
MS analyses

To investigate the possible biodistribution of BaTiO3 nanoparticles 
and to exclude any toxic accumulation of Titanium and Barium ICP-MS 
analyses were performed on blood and organ samples at the end of the 
long-term experimental time-point of 3 months, as well as on serial 
dilution of Nanocomp. Analyses were performed by Agilent 7700 ICP- 
MS equipped with an ASX-500 Series autosampler. MassHunter 4.2 
Software by Agilent Technologies. Briefly, each sample was weighed at 
approximately 3 ± 0.5 g in polypropylene tubes. Subsequently, 10 mL of 
HNO3 (67–69 v/v % superpure) by Carlo Erba (Cornaredo, Milano) was 
added and samples were mineralized at 75 ◦C overnight in DigiPrep SCP- 
Science (QuantAnalitica SRL, Osnago, Italy). The samples were then 
diluted with ultrapure water and filtered. Finally, before analysis by ICP- 
MS, the samples were further diluted with an acid solution of HNO3 (2 
%) and HCl (0.5 %). A reagent blank (HNO3 67–69 %) and reference 
sample (Matrix reference material DLA58/2016) were tested for each set 
of samples analyzed to ensure the reliability of results. Concentrations 
were calculated using a solvent calibration curve with a mixture of Ba 
and Ti standard solutions (CPA Chem), ranging from 0.01 to 100 ng/mL. 
Internal laboratory standards (Be, Ge, In, 6Li, Lu, Rh, Sc, Tb, 1 mg/L, 
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CPA Chem) were also continuously injected into the instrument during 
analysis to quantify the samples. The lower limit of quantification for Ti 
and Ba was set at 0.002 mg/kg.

5.11. Statistical analyses

The required rabbit sample size was estimated by an a priori power 
analysis using the G*Power v.3.1.9.2 software (Universität Kiel, Ger
many). Two experimental time-points (1 and 3 months) and four 
experimental groups were considered: 1. Untreated 2. +US, 3. Nano
comp, 4. Nanocomp +US.We hypothesized an effect f ≥ 0.40 in histo
morphometric scores in a three-way ANOVA model (‘treatment’, 
‘experimental time-point’ and ‘gender’ factors) with 1-β = 0.80 and α =
0.05. Based on these considerations, a minimum number of n = 96 an
imals (n = 6 animals per group, sex and experimental time) was 
estimated.

Statistical analyses of data were carried out using the SPSS software 
(v. 29.0, IBM SPPS). Distribution normality (Shapiro–Wilk normality 
test) and homogeneity of variance (Levene test) were verified before 
data analysis. Then, data from the rabbit study were analyzed by 
Generalized linear mixed models with post hoc Sidak test for pairwise 
comparisons, considering animals and side (medial or lateral, where 
present) as random effects, and gender, treatment and follow-up as fixed 
effects. Different distributions were applied: Gamma for OARSI and 
Krenn scores, Multinomial for Hanashi score, Poisson for WBC counts, 
Tweedie for Monocyte counts and Lognormal for Safranin O score, Ca. 
Th, Tb. Sp and FI parameters.

Data from the sheep study were analyzed by the General Linear 
Model if data were normally distributed (for OARSI and Krenn scores 
and cartilage parameters, Gamma distribution was applied) or by Wil
coxon test followed by Monte Carlo (for Hanashi score and Monocyte 
count) if data were not normally distributed. Wald Chi-Squared Test was 
used in WBC counts and cytokine determinations in synovial fluids. Data 
were represented with boxplots with median, 25th and 75th percentiles 
and minimum and maximum, at a significance level of p < 0.05. Data 
from rabbit ASCs CD characterization and ICP-MS were analyzed by 
applying a paired Student t-test.
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