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1 Introduction

Development and evaluation of 3D composite
scaffolds with piezoelectricity and biofactor
synergy for enhanced articular cartilage
regenerationt

Bowen Xie, (2 #%° Hebin Ma, 2 +*® Fengyuan Yang, 2 ¢ Hongguang Chen, (2 +°
Ya'nan Guo,® Hongxing Zhang,® Tengfei Li,® Xiaogang Huang,® Yantao Zhao,*“
Xiaojie Li** and Junjie Du**>®

The inability of articular cartilage to self-repair following injuries frequently precipitates osteoarthritis,
profoundly affecting patients’ quality of life. Given the limitations inherent in current clinical inter-
ventions, an urgent need exists for more effective cartilage regeneration methodologies. Previous
studies have underscored the potential of electrical stimulation in cartilage repair, thus motivating the
investigation of innovative strategies. The present study introduces a three-dimensional scaffold
fabricated through a composite technique that leverages the synergy between piezoelectricity and
biofactors to enhance cartilage repair. This scaffold is composed of polylactic acid (PLLA) and barium
titanate (BT) for piezoelectric stimulation and at the bottom with a collagen-coated layer infused with
fibroblast growth factor-18 (FGF-18) for biofactor delivery. Designed to emulate the properties of natural
cartilage, the scaffold enables controlled generation of piezoelectric charges and the sustained release
of biofactors. In vitro tests confirm that the scaffold promotes chondrocyte proliferation, matrix
hyperplasia, cellular migration, and the expression of genes associated with cartilage formation.
Moreover, in vivo studies on rabbits have illustrated its efficacy in catalyzing the in situ regeneration of
articular cartilage defects and remodeling the extracellular matrix. This innovative approach offers
significant potential for enhancing cartilage repair and holds profound implications for regenerative
medicine.

primarily aim to mitigate symptoms yet fail to cure the under-
lying conditions.” This limitation highlights the imperative for

Articular cartilage is essential for smooth joint motion and
protecting bones within synovial joints." Due to its lack of
blood vessels, nerves, and lymphatic tissues, the repair of
cartilage presents significant challenges.”” If not addressed
promptly and effectively, cartilage damage may progress to
osteoarthritis (OA), a degenerative disease. Current treatment
modalities, including medication and surgical interventions,
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pioneering strategies, such as cartilage tissue engineering.’
This innovative approach employs a combination of seed
cells, suitable materials, and physical cues embedded within
scaffolds that emulate the natural extracellular matrix (ECM).
These scaffolds provide not only a structural framework but
also metabolic sites essential for tissue regeneration.®®
Decades of research studies have underscored the stimulatory
effects of piezoelectricity on cartilage.” It has been observed that
cartilage generates bioelectrical signals during joint movement or
when subjected to stress."®'! In response to these signals, an
increase in chondrocyte proliferation and matrix production
occurs, thereby facilitating cartilage repair. This indicates that
electrical stimulation might replicate this natural environment
to enhance repair processes.'>* Research has shown that
electrical fields can promote proteoglycan synthesis, which
strengthens the cartilage further.">'® However, traditional
methods of delivering electrical fields are fraught with limitations,
which has led to the development of innovative implantable

This journal is © The Royal Society of Chemistry 2024
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biological scaffolds possessing intrinsic electrical activity.'*'”"®
Piezoelectric materials, which respond to mechanical stress
autonomously, are deemed ideal for this purpose in tissue
engineering.

Commonly utilized piezoelectric materials comprise barium
titanate (BT), sodium potassium niobate (KNN), zinc oxide
(znO), polyvinylidene fluoride (PVDF), and poly r-lactic acid
(PLLA). Among these, BT is distinguished due to its superior
piezoelectric performance and biocompatibility."® Though not
readily absorbable, it is capable of being retained in the body
harmlessly for prolonged periods.*® Furthermore, poly r-lactic
acid (PLLA) is recognized for its mechanical properties and
biodegradability.>’ To enhance cartilage regeneration under
joint loading, researchers have developed PLLA-collagen scaffolds,
thereby introducing a novel therapeutic approach.

Biofactors, such as fibroblast growth factor-18 (FGF-18), play
a critical role in the regeneration of cartilage. Being predomi-
nantly found in organs including the lungs and kidneys, FGF-
18 is essential for promoting the proliferation, differentiation,
and maturation of chondrocytes, all of which are vital for
maintaining the integrity of cartilage.”*>* In preclinical models,
FGF-18 has demonstrated the potential to enhance cartilage
repair, particularly in cases of osteoarthritis. This is achieved
through the stimulation of key ECM component production
and the alleviation of symptoms.”® Consequently, the applica-
tion of FGF-18 could be significant in cartilage repair promoted
by piezoelectricity.

Prior research has primarily focused on either the piezo-
electric stimulation for cartilage regeneration"*”° or the release
of active factors to facilitate cartilage repair.*’* However, there
has been no integration of piezoelectricity with biofactors that
would synergize the electrical properties of PLLA and BT with the
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biological effects of FGF-18. The development of PLLA-BT
composite nanofiber membranes through electrostatic spinning,
which are designed to produce a high electrical output and
simultaneously release FGF-18, presents a novel therapeutic
strategy to enhance cartilage regeneration (Scheme 1).

2 Materials and methods
2.1 Materials preparation

2.1.1 Fabrication of nanofiber scaffolds by electrospin-
ning. PLLA particles, sourced from Shenzhen Boli Biomaterials,
China, were dissolved at a concentration of 10% (W/V) in
hexafluoroisopropanol, provided by Shanghai Aladdin Bio-
chemical Technology, China. Subsequently, barium titanate
powder, from Nanostructured & Amorphous Materials, Inc.,
USA, possessing an average diameter of 400 nm, was intro-
duced into the solution under ultrasound stimulation for one
hour and stirred for an additional four hours, ensuring an
adequate dispersion of BT within the mixture. This process
resulted in the formation of a stable electrostatic spinning
solution, containing 5% BT by weight of PLLA, as shown
in Fig. S1-S3 (ESIt). The solution was then transferred to a
syringe, positioned in an electrospinning machine, and extruded
at a rate of 0.3 mm min . The distance between the needle and
the collector was maintained at 10.0 cm. During electrospinning,
the syringe needle was energized to 16 kV and the collector end
to —1 kV.*® To fabricate aligned PLLA/BT films, the collector’s
rotation speed was set at 5000 rpm. The resultant aligned PLLA/
BT nanofiber membrane was utilized as the outer layer of the
piezoelectric scaffold. Discs with a diameter of 10 mm were
prepared using a hole punch.
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Scheme 1 A schematic diagram illustrating the manufacturing process
incorporates piezoelectric stimulation and synergistic bioactive factors.
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2.1.2 Preparation of collagen membrane scaffolds encap-
sulating FGF-18. Microfibrillar bovine tendon type I collagen,
supplied by Beijing Qingyuan Weiye Biological Tissue Engineer-
ing Co., was dissolved in 0.5 M anhydrous acetic acid (pH 2.8).
The mixture was stirred until a 2% (W/V) collagen membrane
was formed and the consistency became gelatinous. Subse-
quently, the pH was adjusted to 7.0 using NaOH solution for
acid-base neutralization. The mixture was then centrifuged at
high speed to remove excess materials. Following centrifuga-
tion, it underwent dialysis with deionized water being replaced
every 6 hours for three days. After dialysis, 100 ng mL™ "' of
recombinant human FGF-18 factor was added and thoroughly
mixed in the solution, which was then lyophilized at —80 °C to
create a collagen/FGF-18 composite membrane. A 10 mm dia-
meter foam membrane was also prepared using a perforator.
Cross-linking was subsequently performed with EDC and NHS
(Aladdin, China) for two hours at room temperature.®® Multiple
rinsing of the scaffolds was performed to remove water-soluble
urea, a by-product of the reaction, thereby enhancing the
stiffness of the collagen layer to adequately support the upper
electrostatically spun film over time.

A layer of pure collagen solution was applied to the surface
of the collagen/FGF-18 composite membrane. It was then
laminated with the PLLA/BT piezoelectric nanofiber membrane
to form a PLLA/BT/collagen/FGF-18 (PBCF) composite membrane.
The composite was finally lyophilized at —80 °C.

2.2 Materials characterization

2.2.1 Physical characterization of PBCF composite scaf-
folds. Samples measuring 5 x 5 cm (n = 5) were prepared to
observe the fiber morphology and microstructure within the
composite scaffolds. These observations were conducted using
a scanning electron microscope (SEM; E-1045, Hitachi, Japan)
following gold sputter coating. The orientation of the fibers on
the surface of the membranes was analyzed with the Image]
software, measuring the orientation angles of all nanofibers
relative to a predefined vertical direction (0°).*” Additionally,
the distribution of BT nanoparticles (NPs) within the PLLA fiber
matrix was examined using transmission electron microscopy
(TEM; FEI Talos F200X G2, US), and the chemical composition
of the composite fibers was assessed using energy dispersive
X-ray spectroscopy (EDS; EMAX EX-300 system).*® Following
a drying period of 24 hours at 40 °C, the PBCF composite
scaffolds were further characterized using Fourier transform
infrared spectroscopy (FTIR; Ettlingen, Germany). Crystal struc-
tures of the samples were investigated using X-ray diffraction
(XRD; Rigaku Smartlab, Japan), with a scan rate of 2° min~ " and
a data collection ranging from 5° to 70°.%

The mechanical properties of the PBCF composite supports
were evaluated using a uniaxial tensile tester (Shandong Wanchen
Testing Machine Co., Ltd, China). Samples, each measuring 5.0 x
1.0 cm?® with an approximate thickness of 0.3 mm (n = 3), were
subjected to a stretching rate of 5 mm per minute until fracture.*®
The Young’s modulus and tensile strength were derived pre-
cisely from the stress-strain curves. Mechanical properties were
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recorded for at least three specimens and the results were
averaged.

2.2.2 Measurement of piezoelectric properties. The piezo-
electric output of the aligned PLLA/BT films was quantified
using a high-impedance electrostatometer (Keithley 6517B,
Cleveland, OH, USA) under an impact force of 30.0 N. These
piezoresponsive materials were subjected to characterization
and morphological analysis at the nanoscale using piezore-
sponse force microscopy (PFM; Bruker Dimension ICON,
Beijing). Initially, a PLLA/BT nanofiber membrane was secured
onto a mica sheet on the stage of the microscope. Piezoelectric
properties were then demonstrated through PFM switching,
involving the application of a DC-biased triangular sweep
modulated by square wave signals to alter local polarization.
Subsequently, the intensity and spatial distribution of the
piezoelectric signals were meticulously recorded.

2.2.3 Assessment of loading and release of FGF-18. To
evaluate the release of FGF-18, PBCF samples were immersed
in 1 mL of phosphate-buffered saline (PBS) at a pH of 7.4.%°
One group was maintained under static conditions without
intervention, while the other group received ultrasonic (US)
stimulation for 10 minutes each during morning and afternoon
sessions (consistent with the protocols of associated animal
studies, the US stimulation was applied only on weekdays).
Both groups were incubated at 37 °C. At predetermined
intervals (1, 3, 7, 14, 21, and 28 days), 50 pL of the supernatant
was collected and immediately stored at —80 °C, after supple-
mentation with an equivalent volume of PBS. The FGF-18
concentration in the PBS was quantified at each time point
using a human FGF-18 ELISA kit (Yang Guang Ying Rui,
Beijing), adhering strictly to the manufacturer’s instructions.
The detection threshold was established at 20 pg mL ™. Protein
recovery rates were normalized against a control sample of
FGF-18, deemed to represent 100% recovery, based on the
ELISA data.

2.3 Invitro studies of PBCF composite scaffolds

2.3.1 Isolation and culture of articular chondrocytes.
Ethical approval for all animal experiments was obtained from
the Ethics Committee of Keyu Animal Breeding Center, Beijing,
China (Approval No. KY20230613003). Chondrocytes were
harvested from the knee joints of 1-2 week-old New Zealand
white rabbits using established protocols.® These cells were
then cultured in the DMEM/F-12 medium, which was enriched
with 1.0% penicillin/streptomycin (Bost Biotech Co., Ltd,
Wuhan, China) and PBCF composite scaffolds. The culture
medium was replenished every three days.

Localized electrical signals were induced by subjecting the
culture plates to ultrasonic homogenization, with the ultra-
sonic parameters set to 200 W for 20 minutes daily, divided into
two sessions of 10 minutes each in the morning and afternoon.
This 200 W setting was chosen based on prior investigations
that demonstrated a stable piezoelectric output and enhanced
proliferation of chondrocytes at this intensity level.

Further details on chondrocyte extraction methods and
experimental setups are provided in our previous study.?”

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01319k

Open Access Article. Published on 18 September 2024. Downloaded on 5/9/2026 9:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.3.2 Chondrocyte seeding on scaffolds and US stimulation.
PBC-based scaffolds, PBCF scaffolds, and their respective US
stimulation groups were designated as subgroups for the entirety
of the experiment. Articular chondrocytes were cultured in the
normal medium and inoculated at a density of 1 x 10" cells per
well. These cells were evenly distributed across 48-well plates, with
four replicate wells for each group. To each well, 500 L of the
DMEM/F-12 (Wuhan Bioengineering Medium, China) supplemen-
ted with FBS (Shanghai Biotechnology, China) was added. Ultra-
sound stimulation was administered for a duration of 20 minutes
daily over a period of 14 days at a power setting of 200 W.
The duration of the intervention was consistently maintained at
20 minutes for both in vitro US stimulation and in vivo motile
cartilage repair experiments. On days 3, 5, and 7, 50 pL of the cell
counting kit-8 (CCK-8) (Abmole, USA) reagent was added to each
well, followed by an incubation period of 2 hours and subsequent
absorbance (ABS) measurements.

Live/dead assays were executed in accordance with estab-
lished protocols on 48-well plates. Each set of piezoelectric
composite scaffolds was cultured with chondrocytes at a
concentration of 1 x 10* cells mL™" and maintained at 37 °C
in an atmosphere of 5.0% CO, humidity until day 3. The cells
were subjected to ultrasonic vibrations for 20 minutes daily.
Afterward, the samples were washed three times with PBS and
double-stained with calcein acetoxy methylester/propidium
iodide for 30 minutes at room temperature, protected from
light exposure. The adhesion and cellular activity of the articu-
lar chondrocytes on the various materials were subsequently
observed using a fluorescence microscope.

2.3.3 Morphology of chondrocytes on the scaffold cytotoxi-
city test. The chondrocytes were cultured for three days, during
which their adhesion to the nanofiber surface was evaluated
using actin staining. Following the culture period, the material
was rinsed with a PBS solution and then fixed with 4%
paraformaldehyde for 20 minutes. Subsequently, it was washed
three times with PBS. The nanofiber scaffold underwent treat-
ment with 0.1% Triton X-100 for 20 minutes and was washed
three times with PBS thereafter.>” Staining of the scaffold—cell
complex was performed according to the instructions provided
with the staining kit. Cytoskeletal protein (F-actin) was stained
using phalloidin, and nuclei were labeled using a 4’,6-di-
amidino-2-phenylindole (DAPI) staining solution. Observations
of the staining were conducted using a fluorescence microscope.

2.3.4 Chondrocyte ECM secretion capacity assay. Following
the inoculation of chondrocytes into each scaffold group, they
were cultured in vitro for 3, 7, and 14 days. Subsequently,
the samples were digested with a pre-prepared papain solution
[125 mg mL™' papain, 100 mM Na,HPO,, 5 mM ethylene
diamine tetra-acetic acid (EDTA), pH 6.4] at 60 °C for 16 h.*”
Quantitative analytical detection of DNA, glycosaminoglycans,
and hydroxyproline was then performed. The DNA content
was measured using a Qubit Flex™ fluorometer (Thermo Fisher
Scientific, United States), following the instructions of the DNA
quantification kit. Given that the amount of hydroxyproline in
collagen is fixed, the collagen content was inferred by evaluating
the hydroxyproline content. Levels of glycosaminoglycans and

This journal is © The Royal Society of Chemistry 2024
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hydroxyproline in various scaffold groups were determined using
ELISA kits (Jiubang Biotechnology, China). Finally, the ability of
each group to secrete glycosaminoglycans and hydroxyproline per
unit of DNA was calculated at each time point based on the DNA
content.

2.3.5 Gene expression analysis. The procedures for RNA
isolation and complementary DNA (cDNA) synthesis were con-
ducted according to the kit instructions. RNA was isolated from
chondrocytes using Trizol (Tiangen Biotech, China), and the
total RNA was subsequently reverse-transcribed into cDNA.
The quantification of cDNA was performed using a real-time
quantitative PCR detector (Applied Biosystems QuantStudio™ 7
Flex, USA). Detailed protocols for these procedures are des-
cribed in the study by Xie et al.*” Glyceraldehyde 3-phosphate
dehydrogenase was used as the internal reference gene for
analyzing the gene expression of collagen type II (COL-I),
aggregated protein (ACAN), and sex-determining region Y box
protein-9 (SOX-9). The RT-qPCR primers used in this study are
listed in Table S1 of the ESL{

2.4 In vivo studies of PBCF composite scaffolds

2.4.1 Surgical procedures for rabbit’s cartilage defect crea-
tion and scaffold implantation. As described in the literature,"
36 New Zealand white rabbits, each weighing between 2.5 and
3 kg, were randomly assigned to three groups: blank, PBC, and
PBCF. Before the main experiment, a preliminary study invol-
ving two rabbits was performed to establish the postoperative
protocol. Anesthesia was induced with 3% sodium pentobarbi-
tal, administered intravenously along the ear margins. After
shaving and disinfection, both knee joints were surgically
exposed via a medial incision to facilitate access to the joint,
and soft tissues were retracted. The patella was displaced
laterally to reveal the femoral condyles, and a grinding drill
was used to create a cartilaginous defect, 4 mm in diameter and
3 mm deep, on the weight-bearing portion of the medial
condyle of the knee joint. This location was chosen to ensure
that the implanted scaffold could withstand the forces exerted
during rabbit locomotion. Scaffolds of PBC and PBCF, precisely
fitting the defect, were implanted. Following implantation, the
joint was cleansed, and the muscle and skin were sutured
closed. The wound was then covered with sterile gauze, and
gentamicin sulfate was administered daily for three days. The
rabbits underwent a recovery period of two weeks, after which
they were conditioned to exercise on a treadmill at a speed of
1 kilometer per hour for 20 minutes daily, divided into two
sessions (morning and afternoon), as shown in Video S1 (ESI¥).
Cartilage extraction was conducted at 4- and 8-weeks post-
implantation. Ultimately, all rabbits were euthanized, and their
knee joints were harvested for further analysis.

2.4.2 MRI analysis. Cartilage sampling was conducted
at predetermined postoperative intervals of 4 and 8 weeks.
Subsequently, all New Zealand rabbits were euthanized, and
their knee joints were collected for analysis. The collected
samples were then subjected to MRI scanning using a Bruker
BioSpec 70/30 system (Germany). Following the imaging pro-
cess, the evaluation of cartilage repair was performed utilizing
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the Henderson MRI assessment method. This systematic
approach ensured the objective assessment of the reparative
outcomes in the cartilage.

2.4.3 Histological analysis. Following the conclusion of the
MRI scan, the muscles and soft tissues surrounding the
femoral condyles were meticulously excised, and digital images
of the cartilage defect model were obtained. Histological ana-
lyses were conducted on three randomly selected specimens
from each group at both 4- and 8- weeks post-procedure. These
specimens were subjected to overnight immersion in 10%
formalin, followed by decalcification, paraffin embedding,
and cross-sectional staining at the center of the restoration
sites. Morphological assessments and evaluations of inflam-
matory infiltrate were performed using hematoxylin and eosin
(H&E) staining. Additionally, safranin O-fast green staining was
utilized to examine the articular cartilage and sulfated glycosa-
minoglycans (GAGs).*® To further investigate the characteristics
of type II collagen, immunohistochemistry and immunofluor-
escence staining techniques were applied, using a monoclonal
anti-collagen II antibody (Cell Signaling Technology, Boston,
USA). Quantification of the regenerative tissue fill area and the
glycosaminoglycan area was carried out using Image] (National
Institutes of Health, Bethesda, MD, USA), in conjunction with
the threshold tool.**

2.4.4 Score system to evaluate the degree of cartilage
regeneration. The morphological evaluation of cartilage regen-
eration was independently conducted by three experienced
professionals, who were proficient in cartilage histology and
blinded to the experimental conditions. This evaluation was
based on the International Cartilage Repair Society (ICRS)
macroscopic evaluation of cartilage and the ICRS visual histo-
logical assessment scale.*>™** Scores from all professionals were
compiled for analysis.

2.5 Statistical analysis

A one-way analysis of variance (ANOVA) was utilized to compare
multiple groups, with the LSD test serving as the post hoc
comparison. Quantitative data were presented as mean =+
standard deviation (n = 3). P values of < 0.05 (*), < 0.01 (**),
and < 0.001 (***) were deemed statistically significant.

3 Results and discussion

3.1 Physical characterization of PLLA/BT/collagen/FGF-18
(PBCF) composite scaffolds

3.1.1 Morphological characterization of PBCF composite
scaffolds. In our previous research, it was demonstrated that
ordered aligned electrostatically spun fibers promote cartilage
repair.®” Eli et al.*® further established that PLLA, when spun at
high rotational speeds, facilitates an ordered arrangement of
fibers and can generate a significant electrical output. The
utilization of PLLA with a high-voltage electrical output as a
piezoelectric implant enables safe degradation and obviates the
need for invasive resection procedures.

10420 | J Mater. Chem. B, 2024, 12, 10416-10433
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The morphology and elemental distribution of the PLLA/BT
(PB) samples were analyzed using scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM).
Fig. 1a illustrates that the surface of the PLLA/BT nanofibrous
membrane was devoid of beads, with the nanofibers being
uniform in diameter, continuous, and aligned along the fiber
direction. This uniformity suggests that BT nanoparticles
(NPs) were evenly dispersed within the fiber matrix, and the
arrangement of the crystalline particles was depicted. Energy-
dispersive X-ray spectroscopy (EDS) confirmed the presence of
BT NPs, showing a uniform distribution of carbon (C), oxygen
(0), barium (Ba), and titanium (Ti) within the fiber matrix.
Elemental mapping images further verified the uniform dis-
tribution of these elements throughout the fiber, as depicted in
Fig. 1c. Additionally, SEM images revealed that the PLLA/BT
nanofibrous membranes exhibited a porous structure reminis-
cent of a natural ECM, which is essential for facilitating
nutrient transport and waste metabolism.*® As shown in
Fig. 1b, a 3D scaffold was engineered by combining the PB
membrane with collagen, using hydrolyzed collagen as a binding
agent. The PB membrane measured approximately 120 pm in
thickness, whereas the collagen hydrogel layer was about 1600 pm
thick, forming a tightly bonded, non-detachable composite. The
collagen foam scaffolds displayed increased porosity, enhancing
the diffusion of nutrients and oxygen. This increased porosity is
crucial for promoting inward cell growth and tissue remodeling.*”
Therefore, we posit that the composite scaffolds not only provide
a piezoelectric physiological environment conducive to cell growth
but also support favorable 3D structures that enhance cell pro-
liferation and matrix synthesis.

3.1.2 Physical characterization of PLLA/BT/collagen (PBC)
composite scaffolds. Fig. 2a illustrates the absorption peaks
pertinent to the analysis of chemical structures. The peak at
1751 em ™" is attributed to the C=O stretching vibration, while
the peaks at 1179 cm ™" and 1127 cm ™" are indicative of the C-O
stretching vibrations, confirming the presence of ester groups.
Additionally, the characteristic peak at 1383 cm ™" is identified
as belonging to a methyl group, which substantiates the
structural composition of PLLA. A strong absorption band at
577 cm™* further corroborates the stretching vibrations of the
BT nanoparticles (Ti-0).*® Analysis conducted through Fourier
transform infrared spectroscopy (FTIR) indicates that neither
the electrostatic spinning process nor the introduction of BT
alters the chain conformation or the crystal morphology of the
PLLA substrate.

Fig. 2b presents the XRD spectrum of the PBC nanofiber
membrane. The diffraction peak of BT nanoparticles, observed
as a split peak at around 45°, confirms the tetragonal phase
structure of the BT particles, which is known for its excellent
piezoelectric properties.*® Additionally, a distinctive peak at
16.2° was detected, indicative of a f-type PLLA phase possessing
piezoelectric characteristics.*’

The mechanical properties of the PBC nanofiber membrane
were evaluated using a mechanical testing machine, which
revealed exceptional mechanical strength. As shown in Fig. 2c,
the initial fracture of the PBC scaffold, occurring at 19.98 MPa,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) SEM image of electrostatically spun PLLA/BT (5%) nanofibers. (b) Cross-sectional SEM image of PBCF composite scaffolds. (c) SEM images at a

high magnification and EDS spectra.

resulted from collagen failure. The second fracture, recorded
at 24.02 MPa, was due to the failure of the PB nanofibrous
membrane, marking the maximum load the composite could
withstand. The superior mechanical properties of the PBC
composites can be ascribed to several factors. Primarily, PLLA,

This journal is © The Royal Society of Chemistry 2024

recognized for its piezoelectric and mechanical qualities,
enhances the strength of nanofiber membranes aligned along
the fiber orientation compared to those with the random
orientation.>® This alignment is crucial for cartilage defect repair,
which requires resilience against significant pressure and shear

J. Mater. Chem. B, 2024, 12,10416-10433 | 10421


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01319k

Open Access Article. Published on 18 September 2024. Downloaded on 5/9/2026 9:56:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

(a) (b)

View Article Online

Paper

Intensity (a.u.)

Transmittance (a.u)

—_
(3)
~

BT PBC]

Stress (MPa)

2400 2200 2000 1800 1600 1400 1200 1000 800 600 0 20

Wavenumber (cm™)

(@)

—_
()
~

% 0 % 0 20
20 (degree)

Strain (%)

Voltage (V)
Current (nA)

Charge (nC)

0 5 10 15 20 0

Time (s)

Time (s)

10 15 20 0 5 10 15 20

Time (s)
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current, and (f) the output charge of the PBCF scaffolds.

forces. Additionally, dehydrated collagen, known for its increased
mechanical strength, contributes to this robustness due to tighter
molecular packing.®® After freeze-drying, the PBCF scaffolds
exhibited increased brittleness and significantly enhanced the
mechanical properties, outperforming those of the PB nanofiber
membranes, as shown in Fig. S4a (ESIt). Collectively, the PBC
scaffolds not only demonstrate excellent mechanical properties but
also meet the biomechanical demands of natural cartilage tissues,
with physical tensile properties ranging from 0.3 to 10 MPa.>"

3.1.3 The piezoelectric output of PBC composite scaffolds.
To evaluate the piezoelectric output of the PBC scaffolds under
external forces, the voltage, current, and charge outputs were
measured using an electrostatic meter. Fig. 2d displays the
open-circuit voltage and current as approximately 5 V and
200 pA, respectively. A significant increase in the piezoelectric
output of the PLLA nanofiber membrane was noted (Fig. S2,
ESIT), which can be attributed to the high-voltage electrical
properties of the BT nanoparticles.>® The piezoelectric charac-
teristics of the electrostatically spun PB nanofiber films were
investigated using PFM, as shown in Fig. 3a and b. The films
demonstrated pronounced piezoelectric properties with a sur-
face potential of 1.3 mV. Fig. 3c illustrates that the phase and
displacement amplitude responses of the PB fibers exhibited
the characteristic butterfly curve and hysteresis phenomenon,
indicative of piezoelectric materials.® Additionally, Fig. 3d
reveals that the fiber orientation angle of the PB fiber mem-
brane was precisely aligned along the electrostatic spinning
direction,> with an average deviation angle of approximately
11.51° + 6.85°.

3.1.4 Loading and release of FGF-18. Given that composite
scaffolds necessitate ultrasound (US) stimulation to induce
piezoelectricity in vitro, the release of FGF-18 from collagen

10422 | J Mater. Chem. B, 2024, 12,10416-10433

foam was assessed using the ELISA method. The release
profiles of factors from composite scaffolds were compared
under conditions with and without US stimulation. Fig. 3e and f
depict this comparison: In the absence of US stimulation,
approximately 18% of the loaded FGF-18 was released into
the PBS on the first day. In contrast, with US stimulation, about
24% of the FGF-18 was released on the first day, representing a
significant increase over the non-US-stimulated group and
suggesting that US stimulation elicited a “burst” effect. In both
scaffold groups, the release rate markedly decreased after more
than 7 days, with the total factor release stabilizing at approxi-
mately 37% in the non-US-stimulated group and 44% in the
sonicated group. The enhanced release in the sonicated group
underscores the complex interplay between US and nano-
particles in modulating the drug release kinetics of nanostruc-
tured films, as noted in previous studies by Vannozzi et al.’’
These observations warrant further exploration of the under-
lying mechanical and electrical mechanisms involved.

3.2 Invitro study of PBCF composite scaffolds

3.2.1 Chondrocyte proliferation in the PBCF composite
scaffolds. Biocompatibility testing of PBC and PBCF scaffolds
was conducted using in vitro cultured articular chondrocytes.
Previous research demonstrated that articular chondrocytes
could proliferate steadily under US stimulation at a power of
200 W, without undergoing apoptosis due to excessive power
(Fig. S4b, ESIf). Fig. 4a displays the results from the cell
counting kit-8 (CCK-8) for the PBC and PBCF scaffold groups,
both with and without US stimulation, over periods of 3, 5, and
7 days. Optical density (OD) values were measured at 480 nm
using an enzyme marker. By the third day, a statistically
significant increase in chondrocyte proliferation was noted in
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the PBCF + US group compared to the PBC and PBC + US
groups. This increase was attributed to US stimulation, which
facilitated the early release of FGF-18 activating factor from the
PBCF scaffold, thereby promoting chondrocyte proliferation.
Despite US stimulation also promoting chondrocyte prolifera-
tion, the extent of proliferation in the PBC group was greater
than that in the PBC + US group at this time, indicating that US
stimulation did not significantly enhance chondrocyte prolif-
eration at this stage. Subsequent statistical analysis showed
significant differences in OD values between the PBCF + US
group and the other groups (p < 0.001). The role of FGF-18 in
chondrocyte proliferation is well-established, with chondro-
cytes and osteoblasts serving as the primary target cells. FGF-18
is known to facilitate chondrocyte proliferation and matrix
production.’®>” As noted, encapsulation of FGF-18 within
collagen leads to early factor release, significantly enhancing
chondrocyte proliferation in the initial stages. Moreover, carti-
lage exhibits a heightened response to electrical stimulation
compared to other tissues, with documented enhancement of
chondrocyte proliferation due to electrical stimulation.’>®
Chondrocytes cultured on composite scaffolds were subjected
to daily US stimulation for 20 minutes from day 1 to day 7,
inducing piezoelectric generation and synergizing with the
FGF-18 to further promote chondrocyte growth.

To further explore the cytocompatibility of the materials,
live-dead cell staining was utilized to assess the cell viability.
Articular chondrocytes were cultured on PBC and PBCF com-
posite scaffolds and subjected to 200 W ultrasonic stimulation
for three days. As depicted in Fig. 4c, the live-dead staining
experiments showed that articular chondrocytes adhered to
and proliferated on both types of scaffolds. Both the PBC and

This journal is © The Royal Society of Chemistry 2024

PBCF groups, regardless of ultrasonic stimulation, demon-
strated excellent biocompatibility with minimal cell death
(indicated by red staining) and preserved the cell morphology
and structure. The survival rates were significantly higher in the
PBCF and PBCF + US groups compared to the PBC group
without piezoelectricity and the PBC + US group. A significantly
greater number of proliferating chondrocytes was observed in
the PBCF + US group relative to the PBC + US group, suggesting
that the release of the FGF-18 promoted chondrocyte prolifera-
tion, corroborating the cell counting results described pre-
viously. The ratio of live cell area to dead cell area, illustrated
in Fig. 4b, showed a lower proportion of dead cells across all
groups, with the PBCF + US group exhibiting a notably smaller
dead cell area compared to the PBC group.

The chondrocyte growth morphology, characterized by actin
(green) and nuclei (blue), was assessed through 4’,6-diamidino-2-
phenylindole (DAPI) and F-actin staining in PBC, PBCF, and their
respective US stimulation groups. Fig. 4d illustrates that chondro-
cytes were uniformly dispersed and well-aligned on the scaffold
surfaces across all groups, exhibiting a good growth status. Speci-
fically, the actin skeletons were aligned parallel to the nanofiber
axes on the surfaces of the PB membranes, and cells appeared
elongated, mimicking the orientation of the nanofibers. This
alignment was consistent with findings from previous studies,’
which have demonstrated that nanofiber topology significantly
influences cell orientation, proliferation, and the augmentation of
the cartilage matrix content.>® The favorable condition of all cells
across the scaffold groups underscores their excellent biocompat-
ibility and potential as piezoelectric materials for cartilage repair.

3.2.2 Determination of collagen and hydroxyproline contents.
Collagen and glycosaminoglycans (GAG), vital constituents of the
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ECM in articular cartilage, were analyzed in terms of their
production within PBC and PBCF scaffolds, both with and
without US stimulation. Production levels of GAG and hydro-
xyproline (HYP) were normalized against the DNA content.
Fig. 5a displays the findings from the DNA assay. Initially, no

10424 | J Mater. Chem. B, 2024, 12,10416-10433

significant variations in the DNA content were noted among the
groups during the first three days. However, by days 7 and 14, the
DNA content in the PBCF + US group significantly exceeded that
of the other groups, with the difference on day 14 surpassing
that observed on day 7. While no notable differences in GAG and
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HYP deposition were found between the PBCF + US group and
others on day 7, the deposition rates on this day remained
higher than those recorded on day 3. Furthermore, GAG and
HYP levels in the PBCF + US group were significantly greater
than those in other groups on both days 3 and 14, indicating
statistically significant differences.

The PBCF + US group exhibited a superior generation of the
cartilage ECM, a result attributed to multiple factors. Initially,
ECM secretion in the PBC group consistently increased over
time, illustrating the scaffolds’ effectiveness in facilitating
cartilage ECM secretion.®®®" The morphological characteristics
of the material, including its chemical composition, wettability,
and microstructure, significantly influenced cellular ECM secre-
tion. Surface pores within the fibrous scaffolds were deemed
essential for enhancing GAG and HYP formation. By day 14, the
PBC + US group demonstrated increased HYP generation relative
to the PBC group, signifying enhanced ECM production. US
stimulation has been shown to activate genes or receptors that
mediate the aggregation of mesenchymal stem cells (MSCs) and
cartilage formation, while also promoting chondrogenic differen-
tiation through cascade signaling.®>** Moreover, by day 14, the
PBCF group displayed superior pro-chondrogenic ECM generation
compared to the PBC group. Studies by Muller et al.®® reported a
significant increase in the chondrocyte count and GAG content
following in vitro FGF-18 treatment using bovine chondrocytes.
Similarly, Ellsworth et al. confirmed that FGF-18 effectively stimu-
lated chondrocyte proliferation and enhanced GAG expression.
Additionally, it has been established that FGF-18 selectively
activates fibroblast growth factor receptor 3 (FGFR3) in cartilage

This journal is © The Royal Society of Chemistry 2024

and chondrocytes; this activation plays a critical role in the
development of cartilage and bone, promoting both chondrocyte
proliferation and extracellular matrix deposition in monolayer cell
cultures.®®

In summary, the superior performance of the PBCF + US
group in promoting chondrocyte cytoplasmic matrix deposition
can be attributed to the scaffold material’s excellent biocom-
patibility and the dual promotional effects of piezoelectricity
combined with the active FGF-18 on chondrocyte proliferation
and matrix generation.

3.2.3 Analysis of gene expression results. After 14 days of
co-culture, the results of chondrocyte-related gene expression
(Fig. 5b) demonstrated that under ultrasound stimulation,
PBCF 3D composite scaffolds exhibited higher expression levels
of chondrocyte-related genes, including aggregated protein
(ACAN), recombinant sex-determining region Y box protein-9
(SOX-9), and collagen type II (COL-II), compared to the PBC,
PBC + US, and PBCF groups. These differences were statistically
significant, with the exception of ACAN gene expression. ACAN,
which encodes aggrecan - a key protein synthesized by chon-
drocytes — was expressed notably higher in the PBCF + US group
than in the PBC group,”” and this disparity was statistically
significant. Such findings underscore the synergistic effects of
piezoelectric stimulation and the FGF-18 in enhancing chon-
drocyte activity and promoting aggrecan expression. A signifi-
cant increase in SOX-9 expression in the PBCF + US group,
compared to that in the PBC group, indicated a superior
capacity for enhancing extracellular matrix secretion by chon-
drocytes. SOX-9 is crucial for regulating the expression of genes
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responsible for encoding type II collagen and proteoglycan
aggregation proteins within the ECM.®® As a major component
of articular cartilage, type II collagen levels typically increase
with collagen maturation,®® and notably, these levels were
observed to increase more prominently under ultrasound sti-
mulation in the presence of PBCF compared to other groups.

In summary, significantly higher levels of ACAN, SOX-9, and
COL-II gene expression were exhibited by the PBCF + US group
compared to the PBC group. This disparity is attributable to two
main factors. Firstly, studies by Gigout et al. demonstrated that
FGF-18 in vitro enhances the type II collagen content and the
extracellular matrix volume, whereas Shimoaka et al. found that
FGF-18 promotes cartilage matrix formation by mitigating
chondrocyte differentiation.®®”® These studies suggest a super-
ior ability of FGF-18 to promote chondrogenic matrix formation
and chondrocyte proliferation in vitro. Secondly, piezoelectric
stimulation has been shown to be crucial in enhancing
the expression of cartilage-related genes and ECM synthesis.
Electrical stimulation effectively promotes the expression of
the bone morphogenetic protein (BMP), initiating cartilage for-
mation and subsequently driving mRNA expression for COL-II,
ACAN, and SOX-9." McCullen et al.”' demonstrated that piezo-
electric stimulation decreases type I collagen levels while
increasing the expression of cartilage-forming markers such
as COL-II, ACAN, and SOX-9, thus facilitating cartilage matrix
formation. Compared with either the FGF-18 alone or the
piezoelectric stimulation alone, the synergistic effect of com-
bining FGF-18 with piezoelectric stimulation plays a signifi-
cant role in promoting chondrocyte proliferation and matrix
formation.”

3.3 Invivo study of PBCF composite scaffold-induced
cartilage defect repair in rabbits

Materials characterization and in vitro cellular experiments
were followed by the use of a rabbit model to assess the
reparative effects of PBCF scaffolds on critical-size osteochon-
dral defects. Motor stimulation-induced piezoelectric genera-
tion was utilized. Osteochondral defects were surgically created
in the femoral condyles of the rabbits using a mill drill. Before
the surgical intervention, all rabbits underwent one month of
treadmill exercise training to acclimate them to the activity.
Thirty-six rabbits were randomly assigned into six groups:
defect only, PBC, PBCF, defect + exercise, PBC + exercise, and
PBCF + exercise, with three legs per group (n = 3). Following
surgery, the rabbits were administered daily antibiotics for
three days, with no adverse reactions observed until euthana-
sia. A postoperative rest period of two weeks was allowed for
organic recovery before resuming exercise training. It has been
demonstrated in previous studies that exercise training within
two weeks post-cartilage injury exacerbates the damage.”” The
complete animal experimental procedure is depicted in Fig. 6a.

Treadmill training was conducted for 20 minutes per day,
five days a week, for durations of either one or two months
(Video S1, ESIt). This training regimen was designed to induce
joint loading during movement, thereby promoting piezo-
electric effects within the scaffold. The chosen duration is
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supported by prior studies, which suggest that 15 minutes of
daily exercise in conjunction with poly(lactic-co-glycolic acid)
(PLGA) scaffolds enhances cartilage regeneration.”® Further-
more, Liu et al.'* reported that extended durations of exercise
lead to increased fatigue in rabbits.

3.3.1 Macroscopic analysis. Knee joints from rabbits were
harvested at two time points (1 and 2 months) and subjected to
macroscopic analysis of cartilage repair, as illustrated in
Fig. 6b. Initially, the macroscopic evaluation of the harvested
cartilage revealed that, after two months in vivo, the control
group, the PBCF group, the PBC scaffold, and its associated
exercise group displayed less repair of cartilage and subchon-
dral bone tissues compared to the PBCF + exercise group. In the
control group, a pronounced depression at the defect site was
still evident. The PBC scaffold group showed clear demarca-
tions between the defect and surrounding tissues, with mini-
mal cartilage formation noted. Both the PBC + exercise and
PBCF groups exhibited noticeable depressions at the defect
site, with minor color variations from the surrounding tissues,
indicative of partial cartilage formation. Conversely, the exer-
cise group displayed no significant surface depression at the
defect site; the boundary had nearly vanished, and the newly
formed cartilage appeared smooth and white, blending seam-
lessly with adjacent tissues. The color of this new tissue closely
matched that of the native tissue, suggesting a higher level of
defect repair. These observations suggest that piezoelectric
stimulation, in conjunction with FGF-18, enhances cartilage
defect repair, corroborating the results from in vitro cellular
experiments.

Fig. 6d presents the International Cartilage Repair Society
(ICRS) system scores for specimens at 1 and 2 months, offering
a quantitative evaluation of cartilage defect repair across the
groups. The PBCF + exercise group consistently recorded
significantly higher scores than the control group, the PBC
group, and its exercise counterpart at both evaluated time
points, indicating enhanced cartilage regeneration. Further-
more, scores at 2 months for the PBCF + exercise group were
significantly higher than those at 1 month, demonstrating
marked improvement over time, with a statistically significant
difference (P < 0.01).

3.3.2 Imaging evaluation. To further assess the morpho-
logical changes in cartilage, micro-MRI scanning was employed
to examine the knee joint. This technique offers high resolution
of soft tissues and is sensitive to variations in the water content
of the tissue components, thereby providing a superior evalua-
tion of cartilage damage repair.”* As depicted in Fig. 6¢, MRI
imaging within the first-month post-repair revealed uneven
cartilage surfaces across all groups. By the second month, the
PBCF + exercise group demonstrated a smoother and more
continuous cartilage surface, exhibiting lower signal intensity
compared to both the PBC group and its exercise counterpart.
This enhancement in cartilage regeneration was statistically sig-
nificant (P < 0.05), as evidenced by the Henderson scores shown
in Fig. 6e. Despite these improvements, the PBCF + exercise
group’s repair was significantly superior only to the blank group,
with no statistically significant differences noted when compared

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Scaffolds induced cartilage defect repair in the rabbit model. (a) A scheme of PBCF composite scaffolds for repair of articular cartilage defects in
rabbits. (b) Gross observations of cartilage integrity in the knee joint at 1 and 2 months after PBCF composite scaffold implantation. (c) MRl images of
rabbit knees. Red circles mark the sites of initial cartilage defects. (d) ICRS score grading of the cartilage defect. (e) Henderson scores of MRI. Data are
presented as the mean + SD (n = 3. *p < 0.05 and **p < 0.01 analyzed using ANOVA with Tukey’s multiple comparison test).

to the other groups. It is noteworthy that, following surgery, all
rabbits underwent a compulsory two-week postoperative rehabili-
tation phase during which exercise was prohibited, precluding
piezoelectric generation through movement. Nevertheless, the
sustained release of FGF-18 during this period also played a
crucial role in promoting cartilage repair. Starting from the third
week, a co-promotion strategy involving exercise-induced piezo-
electric generation combined with FGF-18 was initiated.

This journal is © The Royal Society of Chemistry 2024

After eight weeks, the cartilage healing observed in the PBC
+ exercise group was notably superior compared to both the
PBCF + exercise and blank groups. The PBCF + exercise group
exhibited a smoother, curved, and continuous cartilage surface
on MRI, in contrast to the PBCF, PBC, control, and their
respective exercise groups. However, the PBC + exercise group
displayed a slightly concave surface. According to the Hender-
son score, the PBCF + exercise group scored significantly lower
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than the control, PBC, and its exercise group (P < 0.01),
indicating improved cartilage regeneration compared to the
control group. Remarkably, there was no significant difference
between the PBCF + exercise and the PBC + exercise groups,
suggesting limitations in the precision of the Henderson scor-
ing system for the detailed assessment of cartilage repair.
3.3.3 Histology and immunohistochemical analysis. Carti-
lage repair was assessed using a variety of immunohistochemical
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staining methods. For histological evaluation, hematoxylin and
eosin (H&E), safranin O-fast green (Saf O-Fg), and toluidine blue
staining were employed to determine the extent and quality of
the repair. Significant differences in H&E staining results were
observed between the groups at 1 and 2 months postoperatively,
following exercise regimens or the absence thereof (Fig. 7a). In the
control group, a new fibrous tissue was found to fill a small
portion of the defects at both time points, with no visible cartilage

PBCF

(a) H&E staining to assess articular cartilage regeneration (n = 3 knees for each group, scale bar = 500 um). (b) Safranin O-fast green staining to

assess articular cartilage regeneration (n = 3 knees for each group, scale bar = 500 um).
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formation. In contrast, the PBC + exercise group exhibited
enhanced cartilage repair by 2 months, where the distinct
cartilage-like tissue was observed, albeit with very thin cartilage
thickness and poor subchondral bone formation. Notably, the
PBCF + exercise group demonstrated robust new cartilage
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formation by 2 months postoperatively, characterized by the
visible chondrocyte morphology and a smooth cartilage surface
that resembled surrounding normal tissues.

The distribution of glycosaminoglycans (GAGs) within the
newly formed cartilage tissue was assessed using safranin
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Fig. 8 (a) Toluidine blue staining to assess articular cartilage regeneration (n

= 3 knees for each group, scale bar = 500 um). (b) Collagen Il staining (IHC)

to assess articular cartilage regeneration (n = 3 knees for each group, scale bar = 500 um). (c) ICRS histological evaluation, data are presented as the
mean + SD (n = 3. *p < 0.05 and **p < 0.01 analyzed using ANOVA with Tukey's multiple comparison test).
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O-fast green (Saf O-Fg) staining, while toluidine blue staining,
known for its affinity for sulfate groups, was employed to detect
proteoglycans in the cartilage (Fig. 7b and 8a). At 1 month
postoperatively, negligible new cartilage formation was observed
in the control, PBC, and PBC + exercise groups, with a lower GAG
content compared to the defect center in the PBCF + exercise
group. By 2 months postoperatively, the PBCF + exercise group
exhibited a significantly narrower boundary with the surround-
ing normal cartilage, indicative of hyaline cartilage formation.
In contrast, the PBC group and its exercise counterpart displayed
some new cartilage formation, yet their subchondral bone
formation remained inadequate. Meanwhile, both the control
group and its exercise counterpart continued to exhibit notice-
able cartilage defects. Additionally, immunohistochemical stain-
ing for collagen type II (COL-II) was utilized to specifically assess
cartilage tissue regeneration, as depicted in Fig. 8b. High posi-
tivity for type II collagen staining in the PBCF + exercise group
suggested that the defects were rich in type II collagen and
displayed a collagen fiber structure similar to that of the natural
tissues. In comparison, the other groups showed minimal or no
type II collagen production. Slight cartilage improvement was
also observed in the PBCF and PBC scaffold groups not subjected
to exercise, possibly attributable to the free movement of the
rabbits, which may activate piezoelectricity to some extent,
corroborating the findings of Liu et al.'!

As depicted in Fig. 8c, the histological scores demonstrated
significantly superior cartilage defect repair in the PBCF +
exercise group compared to the control, PBCF, PBC, and PBC
+ exercise groups, with notable differences observed at both one
and two months (p < 0.05 at 1 month; p < 0.001 at 2 months).
Furthermore, histological scores for cartilage repair in the
PBCF + exercise group were significantly higher at 2 months
than at 1 month (p < 0.001). Although limited subchondral
bone and chondrocyte production occurred at the defect sites
in the PBC + exercise and PBCF groups, these components
exhibited poor integration. The combination of PBCF compo-
site scaffolds with exercise-stimulated synergistic factor
release led to smoother defect planes, enhanced regeneration
of the hyaline cartilage matrix, increased cell viability, and
improved cellular distribution, culminating in enhanced histo-
logic scores.

Liu et al™ were pioneers in implanting PLLA nanofiber
piezoelectric scaffolds into cartilage defects in rabbits, propos-
ing for the first time the combination of biomechanical activity
with piezoelectric materials to foster cartilage repair. Their
study required a one-month rest period for rabbits post-
surgery before initiating running exercises. In contrast, our
study found that rabbits could begin running exercises inde-
pendently after only two weeks of the post-surgical test, based
on two primary considerations: firstly, prior research suggests
that exercising within two weeks post-surgery may exacerbate
cartilage damage;’> secondly, during the initial two weeks,
rabbits generally lack the capability to exercise or generate
piezoelectricity. Nonetheless, the slow release of FGF-18
in vivo compensates for the absence of piezoelectricity in facil-
itating cartilage repair during this period. Vinikoor et al>’
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further advanced the field by implanting a novel piezoelectric
hydrogel into rabbits, opting for direct ultrasound stimulation
in vitro to promote cartilage repair. Conversely, our approach
leveraged the natural piezoelectricity generated through the
biomechanical activities of the rabbits. This decision was influ-
enced by several factors: firstly, ultrasound stimulation is labor-
intensive and its effects cannot be standardized accurately;
secondly, exercise has been shown to exert an anti-inflam-
matory effect by creating an anti-inflammatory microenviron-
ment during loading and unloading exercises, whereas a lack of
physical activity increases the risk of inflammation.”>””

In conclusion, the activation of critical size defects in
osteochondral cartilage by ultrasound led to enhanced sub-
chondral bone formation and significant improvement in the
structure of hyaline cartilage, which closely resembled natural
cartilage. These studies collectively suggest that the in vivo
application of piezoelectric scaffolds for cartilage defect repair,
whether through self-motion or ultrasound stimulation, signifi-
cantly enhances cartilage repair by inducing the piezoelectric
stimulation of the scaffolds. Furthermore, in the in vivo repair
of articular cartilage defects, the active factor FGF-18 has
proven effective in promoting chondrocyte proliferation and
in facilitating the production of a clearer and more transpar-
ent extracellular matrix. Additionally, FGF-18 influences the
metabolism of articular cartilage by enhancing the metabolic
activity and promoting the production of type II collagen.”®
FGF-18 also contributes to the increased cartilage thickness
while minimizing cartilage loss.>* The combination of piezo-
electric stimulation with active biological factors synergisti-
cally enhances cartilage repair, leading to improved outcomes
in the repair of cartilage defects. Moreover, this approach
significantly reduces the overall time required for cartilage
repair, thereby facilitating more effective and rapid cartilage
regeneration.

4 Conclusions

The development of a piezoelectric composite scaffold, com-
posed of polylactic acid (PLLA), barium titanate (BT), collagen,
and fibroblast growth factor-18 (FGF-18), has yielded a material
with exceptional mechanical and piezoelectric properties. This
PLLA/BT/collagen/FGF-18 (PBCF) composite scaffold, character-
ized by a high mechanical strength of 24 kPa and a piezoelectric
output of up to approximately 5 V, demonstrates significant
potential for cartilage repair. In vitro studies have confirmed
its excellent biocompatibility, which facilitates chondrocyte
proliferation, enhances glycosaminoglycan production, and
promotes regeneration of the ECM. Additionally, these studies
have observed a notable upregulation in the expression of
cartilage-specific genes. And, in vivo experiments focusing on
the repair of cartilage defects have shown that the PBCF
composite scaffold accelerates cartilage tissue repair, especially
when combined with exercise-induced stimulation, thereby
highlighting its viability as a treatment option for patients with
superficial cartilage defects.

This journal is © The Royal Society of Chemistry 2024
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