Bioactive Materials 49 (2025) 1-22

KeAi

Contents lists available at ScienceDirect BIOACTIVE
MATERIALS

(*]
KCA] Bioactive Materials

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

L))

Check for

Piezoelectric nanofilms fabricated by coaxial electrospun | e
polycaprolactone/Barium titanate promote Achilles tendon regeneration by
reducing IL-17A/NF-kB-mediated inflammation

Waufei Dai é’e’l’ Qi Xu a’C’.I; Qinglin Li", Xiansong Wang “, Wenjie Zhang *, Guangdong Zhou*,
Xu Chen ' ®, Wei Liu™" ', Wenbo Wang®

@ Department of Plastic and Reconstructive Surgery, Shanghai Key Laboratory of Tissue Engineering, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, 200011, China

b Department of Aesthetic Surgery, Zhumadian Central Hospital, Zhumadian, 463000, China

¢ Department of Surgery, Air Force Medical Center, PLA, Beijing, 100142, China

d Department of Laboratory Medicine, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, 200011, China

€ Department of Medicine 1, University Hospital Erlangen, Friedrich-Alexander University Erlangen Nuremberg, Erlangen, Germany

ARTICLE INFO ABSTRACT
Keywords: Tendon injuries are often exacerbated by persistent inflammation, which hampers tissue regeneration. In this
Achilles tendon regeneration study, we developed a noninvasive, wirelessly controlled, and self-powered piezoelectric nanofilm fabricated by

Piezoelectric PCL/BTO nanofilm
Macrophage and T cells
Immunomodulation
IL-17A/NF-kB signaling pathway

coaxial electrospinning of polycaprolactone (PCL) and tetragonal barium titanate nanoparticles (BTO), and
investigated its roles in modulating inflammation and repairing Achilles tendon defects as well as the mechanism
in a rat model. In vitro study and in vivo study upon subcutaneous implantation showed that the piezoelectric
PCL/BTO nanofilms could inhibit M1 macrophage polarization and reduce the secretion of inflammatory factors.
Moreover, when bridging an Achilles tendon defect, the nanofilms could promote tenogenic gene expression
including collagen deposition, and collagen remodeling, facilitate functional tendon recovery and significantly
reduce tissue inflammation by suppressing M1 macrophage polarization and promoting M2 polarization.
Moreover, the piezoelectric stimulation could also enhance tendon regeneration by inhibiting angiogenesis,
reducing lipid deposition, and decreasing ectopic ossification. Mechanistically, the piezoelectric nanofilms
reduced tissue inflammation mainly via inhibiting the nuclear factor (NF)-kB signaling pathway that is mediated
by interleukin (IL)-17A secreted from CD3" T cells, and thus to reduce proinflammatory factors, such as IL-1p
and IL-6, inducible nitric oxide synthase, monocyte chemoattractant protein-1, and tumor necrosis factor-o.
These findings indicate the potential of piezoelectric stimulation in immunomodulation, and in promoting
tendon regeneration via IL-17A/NF-kB-mediated pathway.

1. Introduction prone to injury with poor self-repair and regenerative capacity. This
often leads to prolonged recovery, complications, and reduced life

The Achilles tendon endures significant force by connecting the calf quality for millions [1,2]. Following tendon injury and defects, inflam-
muscles to the heel bone and thus enables leg movement. It is highly mation is an inevitable phase of the healing response that initiates the
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tendon repair process. The persistent inflammation, characterized by the
excessive accumulation of macrophages and T cells, along with elevated
levels of proinflammatory factors such as interleukin-1p (IL-1p), IL-6,
IL-17A, tumor necrosis factor-a (TNF-a), and inducible nitric oxide
synthase (iNOS), has a significant negative impact on tendon regener-
ation [3,4].

While proinflammatory factors aid in clearing necrotic tissue frag-
ments and cells, their excessive production can cause apoptosis of
healthy cells, prolong inflammation and repair time and thus hinder the
recovery process [5,6]. Research has shown that persistent inflamma-
tion can reduce collagen content in joint ligaments, disrupt collagen
microstructure, and result in irregular collagen fiber structure and
abnormal diameter distribution, leading to significantly reduced me-
chanical properties [7]. In addition, chronic inflammation can increase
collagen III/I ratio, further decreasing the collagen fibril diameter [8,9].
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Macrophage secreted collagenase degrades collagen, and mast cell
phagocytosis of collagen also impacts collagen remodeling [10]. This
phenomenon may culminate in the accumulation of fibrotic scar tissue,
compromising the mechanical integrity of the repaired tendon, thus
heightening the susceptibility to reinjury [11]. Therefore, effective
inflammation management is crucial for promoting optimal tendon
regeneration.

The use of bioactive scaffold materials to modulate the inflammatory
response plays a crucial role in tendon regeneration [12]. However,
biomaterial implantation inevitably triggers an inflammatory response
[13]. If the implanted material is difficult to degrade, an extended
period of M1 macrophage polarization can lead to an increase in M2
macrophages, which in turn promotes the secretion of fibrotic factors
and the formation of fibrous encapsulation around the implant. Addi-
tionally, macrophages may fuse to each other to form foreign body giant

GILB) LiL-1b)
= imos; :Mcp-n'

de "i?:"

&0

PGL- BTO

iNOS } IL-1B)}
\TNF-u) IL-63}

= =
Reduced inflammation

—

R

Enhanced tendon regeneration

Scheme. A novel piezoelectric PCL/BTO nanofilm prepared by coaxial electrospinning is employed to accelerate of tendon regeneration via alleviating inflammation

through the inhibition of IL17A/NF-xB signaling pathway.
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cells, which often persist around the material and hinder tissue inte-
gration by secreting more inflammatory factors. This process can recruit
other immune cells, such as mast cells, basophils, and T lymphocytes,
exacerbating chronic inflammation, and therefore further reinforce the
fibrous encapsulation and potentially leading to ectopic ossification
[14-16].

Previous studies have reported that applying local electric fields or
currents could influence inflammatory responses [17,18]. Successfully
integrating electrical stimulation with synthetic materials can offer a
novel approach for developing tendon regenerative scaffolds by modu-
lating the inflammatory microenvironment at the implantation site.
When implanted in the body, piezoelectric polymer materials do not
require an external power source; instead, they generate electrical
stimulation through material deformation caused by body’s natural
movements (such as squeezing or pulling), leading to charge changes
and the bioelectric effect. Piezoelectric tissues in the body include bone,
cartilage, tendons, ligaments, and skin [19]. There have been reports on
the ability of piezoelectric biomimetic materials to promote stem cell
differentiation and facilitate the regeneration of bone, cartilage, ten-
dons, and nerve tissues [20-22]. Wu et al. have reported a conductive
hydrogel that generated electrical stimulation in situ, promoted neural
stem cell differentiation and accelerated axon regeneration [23]. How-
ever, the effect of piezoelectric stimulation on immune cells and the
related mechanisms in tendon repair remain unclear.

In this study, piezoelectric polycaprolactone (PCL) was selected due
to its suitable mechanical properties and biocompatibility, and piezo-
electric tetragonal BaTiO3 nanoparticles (BTO) were incorporated into
PCL by coaxial electrospinning to develop a wireless piezoelectric
stimulation system. Subsequently, the nanofilms were characterized and
their biocompatibility was evaluated. Additionally, the anti-
inflammatory or tendon regeneration activities of the nanofilms were
also investigated respectively in vitro and in vivo using a rat implantation
model (Scheme 1).

Upon mechanical activation, the triggered piezoelectric potential
can inhibit the inflammatory response by reducing macrophage pro-
duction of proinflammatory cytokines, particularly by reducing IL-17A
secretion, and inhibiting IL-17A/nuclear factor (NF)-xB signaling
pathway. Additionally, the piezoelectric stimulation of PCL/BTO can
also inhibit inflammation-induced excessive vascularization and pro-
mote collagen deposition, maturation, and orderly arrangement, thus to
promote tendon repair.

2. Results and discussion

2.1. Characterization for piezoelectric properties of PCL and PCL/BTO
nanofilms

Two types of nanofilms, PCL and PCL/BTO, were designed and
fabricated using the coaxial electrospinning technology. As shown in
Fig. 1a and b, PCL and PCL/BTO nanofilms exhibit flexible white films
with ordered nanofibers when observed with scanning electron micro-
scope (SEM), which reveals similar diameters of 0.93 + 0.13 (PCL) and
0.92 + 0.14 pm (PCL/BTO) between two groups. The transmission
electron microscopy (TEM) with elemental mapping shows the distri-
bution of carbon, oxygen, barium, and titanium in fibers (Fig. 1c).
Additionally, BTO nanoparticles were evenly distributed in the core of
the nanofibers using the coaxial electrospinning technology. As shown
in Fig. 11 and m, similar to the SEM results, the nanofibers of PCL and
PCL/BTO nanofilms are ordered and have similar diameters. The con-
tents of barium and titanium elements in the PCL/BTO nanofilm are
6.13 % and 2.11 % respectively quantified by inductively coupled
plasma mass spectrometry (Fig. 1d). Thus, successful integration of BTO
powder into PCL and the formed PCL/BTO nanofilms are confirmed, and
this approach was specifically selected to encapsulate piezoelectric BTO
nanoparticles into PCL in order to prevent direct cell contact with the
piezoelectric compound.
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As shown in Fig. le, X-ray diffractometer (XRD) characterization
reveals typical two curves. After removing the background noise, no
characteristic diffraction peaks were observed in the XRD pattern of PCL
nanofilms (bottom curve). In contrast, the XRD pattern of PCL/BTO
nanofilms (top curve) exhibits six distinct diffraction peaks corre-
sponding to BTO, with reflection peaks at 26 values associated with the
(100), (110), (111), (200), (210), and (211) planes. These peaks resulted
in clear reflections in the XRD image, which is consistent with the
noncentrosymmetric structure of the tetragonal phase of BTO. Piezo-
electric compounds exhibit piezoelectric properties only in specific
structural phases. For example, the cubic phase of barium titanate is
nonpiezoelectric, while its tetragonal phase, owing to its asymmetry,
possesses piezoelectric characteristics.

Piezoresponse force microscopy (PFM) was used to investigate the
piezoelectric properties of PCL and PCL/BTO nanofilms. The piezo-
electric response amplitude and phase curves can be used to confirm the
piezoelectricity of the PCL/BTO nanofilm. As shown, the phase angle of
PCL nanofilms fail to be reversed by 180° under a direct current bias
(Fig. 1f), and they did not exhibit typical butterfly curve (Fig. 1h),
indicating an absence of piezoelectricity. By contrast, the phase angle is
reversed by 180° under a direct current bias (Fig. 1g), and a complete
butterfly curve is observed (Fig. 1i), confirming the piezoelectric prop-
erties of PCL/BTO. To further investigate the piezoelectric function, the
output external voltage of the PCL/BTO nanofilms was measured with
mechanical stretching models at specific frequencies. As shown in
Fig. 1j, very little output voltage is detected from the PCL nanofilm
under the same conditions. By contrast, PCL/BTO nanofilms generate an
increasing output voltage (2, 5, and 10 V) as the BaTiO3 concentration
increased (3.33 %, 6.67 %, and 10 %) (Fig. 1k).

However, higher concentrations of BaTiO3 would lead to agglomer-
ation of the nanoparticles, negatively impacting both the mechanical
properties and piezoelectric performance of the composite. Increasing
the concentration beyond 10 % did not significantly improve the
piezoelectric output. In fact, the agglomeration compromised the me-
chanical properties of the scaffold.

As shown in Fig. S1, to further verify the optimal concentration, we
prepared 2D films where BaTiO3 nanoparticles (5 %, 10 %, and 20 %, w/
v) were mixed with PDMS and polarized to evaluate the piezoelectric
performance and the biological effects. The results indicated that while a
20 % BaTiOg3 concentration did not further enhance piezoelectric per-
formance, the 10 % concentration generated the highest voltage output.
When macrophages were seeded on these films and exposed to me-
chanical strain, the 10 % BaTiOs group exhibited optimal effect on
modulating inflammatory factor production. Notably, the 20 % BaTiO3
group showed effects on macrophages similar to that of the 10 % group,
suggesting no additional benefit from the higher concentration. There-
fore, we selected the 10 % concentration of BaTiO3 for all subsequent
material characterizations, in vitro experiments, and in vivo studies.

Derjaguin—-Muller-Toporov (DMT) modulus can be used to quantify
the elasticity of the material, which is the ability to return to its original
shape after being stressed. DMT modulus images of the two nanofilms
were obtained using atomic force microscopy (AFM), followed by fre-
quency distribution diagrams of the DMT modulus (Fig. 1n, o, p and q).
Statistical analysis revealed that the DMT modulus of PCL/BTO was 7.91
+ 0.95 MPa, compared with 3.64 + 0.41 MPa for PCL, indicating better
elasticity for PCL/BTO (Fig. 1r). Additionally, Fig. 1s shows changes in
roughness, which can be attributed to incorporating BTO nanoparticles.

The mechanical properties of PCL and PCL/BTO nanofilms were
investigated using a universal testing machine. As shown in Fig. 2a-d,
after incorporating BTO nanoparticles, the PCL/BTO nanofilms exhibit
improved mechanical properties, with a higher tensile strength, Young’s
modulus, and maximum load, measured at 24.66 & 1.02 MPa, 49.59 +
2.90 MPa, and 32.60 + 2.78 N, respectively. The pure PCL nanofilms
have corresponding values of 17.81 + 0.85 MPa, 40.93 + 3.75 MPa, and
22.56 + 3.97 N. Additionally, the strain at break for the PCL/BTO
nanofilms (37.83 % + 3.77 %) is lower than that of PCL nanofilms
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Fig. 1. Characterization for piezoelectric properties of PCL and PCL/BTO nanofilms. (a) Gross view and SEM image of PCL and PCL/BTO nanofilms. Bars = 30
pm and 1 pm. (b) Diameter frequency distribution statistics of PCL and PCL/BTO nanofilms. (c) The corresponding elemental mapping images of PCL and PCL/BTO
nanofilms by TEM. Bar = 250 nm. (d) ICP-MS test of two nanofilms. (e) XRD pattern of two nanofilms. (f) & (g) Piezoresponsive force microscopy (PFM) phase of PCL
and PCL/BTO nanofilms. (h) & (i) PFM amplitude of PCL and PCL/BTO nanofilms. (j) & (k) The output voltage of PCL and PCL/BTO nanofilms under 4 % stretching
tension at 2 Hz. (I) & (m) Topography image of PCL and PCL/BTO nanofilms. (n) & (0) DMT modulus image of PCL and PCL/BTO nanofilms. (p) & (qQ) DMT modulus
frequency distribution statistics of PCL and PCL/BTO nanofilms. (r) DMT modulus of two nanofilms. (s) Roughness of two nanofilms. **p < 0.01 and ***p < 0.001.
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(50.05 % =+ 3.14 %). These results indicate that PCL/BTO nanofilms can
withstand higher tensile forces while undergoing less deformation,
making them a promising material for tendon tissue engineering.

Finite element analysis was conducted to simulate the electric po-
tential and electric field produced by the two nanofilms under 0 %, 1 %,
3 %, and 5 % deformation. As shown in Fig. 2e, the stress in both
nanofilms increased with deformation without breaking. For PCL/BTO,
as deformation increased from 0 % to 5 %, the electric field and potential
also increased from 0 mV/pm and 0 V t012.13 mV/pm and 4.40 mV,
respectively (Fig. 2f-h, S2a, and S2b). In contrast, the PCL nanofilm dose
not generate any electric potential or field, regardless of the deformation
levels, which is in consistence with the PFM results.

2.2. Piezoelectric PCL/BTO nanofilms demonstrate improved
biocompatibility and exhibit enhanced anti-inflammatory properties

To verify the piezoelectric effects on macrophages, we placed the
nanofilms (1 x 3 em?) in a bioreactor to undergo mechanical stimulation
(Fig. 3a). As shown in Fig. 3b, F-actin staining shows that after 24 h of
stretching, macrophages on PCL nanofilms remain round, while those on
PCL/BTO nanofilms adapte a spindle shape, a morphological charac-
teristic of anti-inflammatory M2 macrophages [24]. To investigate the
biocompatibility of PCL and PCL/BTO nanofilms, macrophages and
tenocytes were cultured on nanofilms with or without mechanical
stimulation for one and three days respectively. As shown in Fig. S3,
using cell counting kit-8 (CCK-8), the viability of macrophages on both
PCL and PCL/BTO nanofilms, whether subjected to mechanical stimu-
lation or not, is similar among different groups. This indicates that
neither PCL nor PCL/BTO nanofilms exhibited significant cytotoxicity,
which is consistent with previous reports [25,26]. PCL is a biodegrad-
able polymer widely employed in various biomedical fields. It has been
approved by both the FDA (Food and Drug Administration) and the CE
(Conformité Européenne) marking for the use in numerous medical
devices and drug delivery systems since the 1980s (i.e. Capronor®,
SynBiosys®, Monocryl®suture) [26]. The degradation of BaTiO3 (BTO)
within the material results in the release of Ba®" ions, a naturally
occurring element in the human body, though typically found only in
trace amounts in bone tissue. Many studies have demonstrated the
successful incorporation of BTO into PCL for in vivo tissue regeneration,
further confirming the biocompatibility and potential of these materials
for tissue engineering applications [27,28]. For tenocytes (Fig. 3c),
although there is no significant difference in the viability of each group
on the first day, there was a significant increase in the viability of
stretched tenocytes (PCL-ST and PCL/BTO-ST) on the third day
compared with the viability of the non-stretched groups (PCL-S and
PCL/BTO-S), indicating that stretch can promote the proliferation of
tenocytes, which is in consistence with the previous studies [29].

Additionally, SEM examination demonstrates that macrophages
adhere tightly to PCL and PCL/BTO nanofilms (Fig. 3d). In the different
groups, macrophages cultured statically on PCL nanofilms (PCL-S) were
used as the control group. As shown, in the static state, there is no sig-
nificant difference in the expression of inflammatory factors between
PCL and PCL/BTO nanofilms (Fig. 3e). Also shown in Fig. S4, under
static conditions, PCL/BTO materials with different BTO concentrations
fail to induce a significant immune reaction. This suggests that without
mechanical stimulation, BTO materials do not markedly influence
macrophage mediated inflammation, and the piezoelectric response
induced by mechanical stimulation is the key factor for activating its
biological effects.

Compared with the control (PCL-S), the PCL-ST group shows a sig-
nificant increase in the expression of inflammatory factors, except for
CD206, which aligns with the previous reports showing that mechanical
stimulation promotes inflammatory responses [30]. In contrast, mac-
rophages in the PCL/BTO-ST group shows a significant reduction of the
gene expression of proinflammatory factors (Fig. 3e). In addition, there
is no significant difference in the expression of anti-inflammatory factors
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(IL-10 and arginase-1) between the two groups subjected to stretching,
suggesting that mechanical stimulation promotes the expression of in-
flammatory factors, which is unfavorable for tissue repair. However,
piezoelectric stimulation can revert this effect, and significantly reduce
the production of proinflammatory factors, thereby mitigating inflam-
mation and fostering a pro-repair immune microenvironment.

Mechanical stimulation is an essential component of the tendon
development microenvironment. However, after tendon injury, exces-
sive mechanical loading can lead to increased production of inflamma-
tory factors, which can disrupt the local immune microenvironment,
negatively impacting tendon regeneration [31]. Studies have shown that
mechanical loading induced the secretion of proinflammatory factors
through the Piezo1 or Yes-associated protein signaling pathway, causing
indirect damage [32,33]. Excessive inflammation during tendon
regeneration can lead to several adverse outcomes, including tendon
fibrosis and heterotopic ossification [34,35].

Previous studies have reported that externally applied local electric
fields or currents could promote macrophage migration and reduce the
expression of inflammatory factors such as IL-1, TNF-a, and IL-18 [36].
Additionally, a study has shown that ultrasound-induced piezoelectric
stimulation could promote M1 macrophage polarization [37]. However,
in our experiment (Fig. 3), piezoelectric stimulation generated through
tensile strain could reduce M1 polarization and inhibit the gene
expression of inflammatory factors, while promote M2 macrophage
polarization. This difference may be attributed to the variations in ma-
terial structure and the type of mechanical stimulus that drove material
deformation. Moreover, Liu et al. have found that a piezoelectric
hydrogel used for treating periodontitis induced osteogenic differenti-
ation of stem cells in the inflammatory periodontal ligament and
reshaped an anti-inflammatory and pro-regenerative niche by switching
M1 to M2 macrophage phenotype [38]. This is consistent with our in
vitro results (Fig. 3).

The in vivo biocompatibility and piezoelectric-induced inflammatory
changes of PCL and PCL/BTO nanofilms were further investigated by
subcutaneously implanting 1 x 1 ecm? nanofilms in Sprague Dawley rats
(Fig. 4a). As shown, at day 14 and 28 postsurgery, hematoxylin and
eosin (H&E) staining shows that the PCL nanofilms have greater in-
flammatory cell infiltration, indicating more pronounced inflammation,
while the PCL/BTO group exhibits less inflammatory cell infiltration and
a thinner fibrous capsule around the material (Fig. 4b). The depth of cell
infiltration in PCL vs PCL/BTO-ST is respectively 179.87 + 28.85 pm vs
84.03 + 8.85 um at day 14 and is respectively 430.78 + 33.02 pm vs
139.88 + 53.77 pm at day 28 (Fig. S5).

Additionally, the productions of proinflammatory factors (iNOS and
IL-6) are reduced in the PCL/BTO group, whereas the productions of
anti-inflammatory factors (CD206 and IL-10) are increased (Fig. 4c—j).
These findings suggest that PCL/BTO nanofilms can reduce local
inflammation and create an anti-inflammatory immune microenviron-
ment. This is consistent with our in vitro findings (Fig. 3), indicating that
the deformation of the aligned piezoelectric material can modulate the
inflammatory microenvironment in the tissue. The piezoelectric effect is
generated because deformed abdomen by natural movements of the rats,
such as eating, breathing, muscle contractions and general activity. This,
in turn, leads to deformation of the subcutaneously implanted material,
resulting in electrical stimulation.

2.3. Piezoelectric PCL/BTO nanofilms promote collagen deposition,
Achilles tendon regeneration, and functional recovery of the tendon

To evaluate the effect of PCL and PCL/BTO nanofilms on tendon
regeneration, we constructed a 0.6-cm Achilles tendon defects model in
the hind limbs of rats(Fig. 5a). The PCL nanofilms were implanted in the
left hind limb, while the PCL/BTO nanofilms were implanted in the right
hind limb. To assess functional recovery of the Achilles tendon, gait
experiment was conducted at days 14, 28, and 56 post-surgery, to
analyze four parameters: paw area, stride time, swing duration, and
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images of macrophages cultured on two nanofilms with/without stretch. Top and bottom panels represents selected and enlarged images of cultured cells. Bars = 1
pm and 20 pm. (e) RT-gPCR detection of proinflammatory factors (IL-18, IL-6, iNOS, MCP-1, and TNF-) and anti-inflammatory factors (CD206, Arg-1, and IL-10) in
macrophages under piezoelectric stimulation by mechanical stretch. *p < 0.05, **p < 0.01 and ***p < 0.001.
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stride length.

Paw area represents the pain and disfunction, the more pain and
disfunction, the less paw area. As shown in Fig. 5b and c, at days 14 and
28 post-operation, the paw area of the PCL/BTO group is larger than that
of the PCL group with statistical significance (p < 0.05), but the dif-
ference becomes non-significant at day 56 between two groups (p >
0.05), indicating relatively severer pain, disfunction and altered weight-
bearing in the PCL group at early phases comparing to BTO group that
healed better, but it was relieved at later stage of day 56.

Swing duration is the time during which the foot does not contact the
ground. As shown in Fig. 5d, it is relatively shorter in the PCL/BTO
group than in the PCL group at days 14, 28 and 56 post-operation,
indicating better functional recovery of the repaired Achilles tendon.
In contrast, prolonged swing duration in the PCL group may indicate
discomfort or impaired functionality of PCL repaired tendon.

Stride length is the measured distance between consecutive place-
ments of the same foot on the ground, and reflects the compensatory
response to discomfort or pain of affected foot, the shorter the more
discomfort. As shown in Fig. 5e,the stride length is significantly shorter
in PCL group than in PCL/BTO group at days 14 and 28 with significant
difference (p < 0.05), but the difference becomes non-significant at day
56 between two groups (p > 0.05).

Stride time is the duration of one complete gait cycle that also re-
flects foot function. A reduced stride time suggests that the rats need to
alter their gaits to minimize weight-bearing on the injured limb, the
shorter, the more impaired functionality. As shown in Fig. 5f, the stride
time is significantly shorter in PCL group than in PCL/BTO group at days
14 and 28, indicating poorer function in the PCL group. The difference,
however, becomes non-significant at day 56 (p > 0.05). Likewise,
Achilles Functional Index (AFI) values also indicate a better functional
recovery in the PCL/BTO group comparing to PCL group with significant
differences at days 14, 28 and 56 (p < 0.05) (Fig. S6).

At days 28 and 56 post-surgery, regenerated neo-tendon tissues were
harvested for mechanical property testing to further evaluate the
effectiveness of the treatment. Peritendinous adhesions were assessed
using direct visualization of the surgical site of the Achilles tendon. As
shown, compared with the PCL group, the tissue around the neo-tendon
in the PCL/BTO group appears smoother and can be easily lifted with
tweezers showing minimal adhesion (Fig. 5g and h), suggesting reduced
inflammation in tendons treated with PCL/BTO nanofilms, particularly
at the early stages of repair.

The mechanical analysis shows that the tensile strength, Young’s
modulus, and maximum load of the PCL/BTO nanofilms-treated tendon
are significantly higher than those of the PCL nanofilms-treated group
(Fig. 5i-k), suggesting that the neo-tendons in the PCL/BTO group are
likely to be more resistant to rupture and capable of withstanding
greater forces at day 56 post-operation. We also compared the me-
chanical properties of PCL/BTO nanofilm-treated tendons with those of
normal tendons. According to Fig. S7, except for tensile strength which
is higher in normal tendon than in PCL/BTO, there are no significant
difference for maximum load, strain break and Young’s modulus be-
tween PCL/BTO and normal tendons, indicating good functional
recovery.

As shown in Fig. 6a and b, at day 28, the fibrils of tendons treated
with PCL/BTO nanofilms are denser and have a larger diameter (50.50
+ 5.30 nm) compared with the regenerated tendon fibrils treated with
PCL nanofilms (38.08 + 4.65 nm). At day 56, the diameter of tendon
fibrils is increased in both groups, but PCL/BTO group exhibits a more
pronounced increase (62.61 + 4.85 nm) than that of the PCL group
(43.80 £ 5.65 nm). Additionally, the PCL group exhibits uneven and
sparse fiber distributions, suggesting that piezoelectric stimulation may
promote the thickening of tendon fibrils. Tendon fibers are primarily
composed of collagen, specifically type I collagen, which mainly pro-
vides tensile strength of the tendon [39]. Tendon fibrils with larger di-
ameters typically contain more collagen molecules and higher collagen
density, resulting in greater tensile strength. Therefore, the TEM results
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are consistent with the results of the mechanical property test of re-
generated tendon tissue (Fig. 5 and S7).

In Achilles tendon tissue, increased collagen deposition along with
reduced inflammation and cell apoptosis can enhance the load-bearing
capacity of the tendon while minimizing tendon deformation [40-42].
To evaluate collagen deposition, fiber orientation, and collagen
composition in the regenerated tendon, we performed histological
staining, including H&E, Masson, and Sirius red stainings. As shown,
H&E staining reveals that at day 28, the PCL/BTO-treated tendons
exhibit higher content of pink-stained collagen and fewer cells. At day
56 post-surgery, the neo-tendons in the PCL/BTO-treated group display
thicker collagen, indicating superior regeneration compared to the PCL
group (Fig. 6¢).

At day 28, Masson staining reveals that the neo-tendon tissue in the
PCL group exhibits less collagen content with a disorganized arrange-
ment, whereas the PCL/BTO group shows greater collagen deposition
with a more orderly arrangement and the formation of a wavy structure.
At day 56, the neo-tendon tissue in the PCL/BTO group develops much
better with a typical wavy structure when compared to the PCL group
(Fig. 6d). As shown in Fig. 6g and h, at days 28 and 56, the scores for
fiber arrangement and structure in the PCL/BTO group are significantly
lower than those in the PCL group, suggesting that the new collagen
fibers in the PCL/BTO group are more orderly arranged and structurally
closer to that of natural tendon fibers.

During tendon repair, the deposition of newly formed collagen is
crucial for restoring the structural integrity and function of the ruptured
tendon. Additionally, collagen plays a key role in matrix formation and
extracellular matrix (ECM) remodeling, providing structural support
and restoring mechanical properties during the regeneration process
[43,44]. To specifically distinguish the content of different collagen
subtypes, we performed Sirius red staining, where green represents
immature type III collagen and red represents mature type I collagen. As
shown in Fig. 6e, at day 28, the PCL group exhibits very low collagen
content, with no obvious type I collagen present, while the PCL/BTO
group shows relatively more collagen, including a small amount of
red-stained type I collagen. At day 56, the neo-tendons in the PCL/BTO
group have higher collagen content, predominantly type I collagen. In
contrast, the tendon tissue of the PCL group displays uneven collagen
distribution, with a large amount of immature type III collagen. To
further evaluate type I collagen content, we performed immunofluo-
rescence staining on the tendon tissue (Fig. 6f). As shown in Fig. 6i, the
neo-tendon tissue in the PCL/BTO group contains relatively more type I
collagen at each time point, and from day 28 to day 56, a more signif-
icant increase in collagen content was observed in both PCL and
PCL/BTO group.

In summary, the implantation of pure PCL materials results in the
formation of disorganized collagen structures, immature collagen, and
fibrotic scar tissue instead of normal tendon tissue, which compromises
the structural integrity and increases the risk of post-repair re-rupture,
thereby impairing tendon function. Piezoelectric PCL/BTO nanofilms
significantly promotes the tendon repair by enhancing collagen depo-
sition, increasing collagen fibril diameter, and facilitating collagen
maturation in vivo while also supporting the functional recovery of the
tendon. These findings highlight the potential of piezoelectric nanofilms
in promoting tendon regeneration, offering a promising therapeutic
avenue for tendon tissue engineering.

2.4. Piezoelectric PCL/BTO nanofilms decrease inflammation in vivo

Tendon injuries inevitably trigger inflammatory responses that
significantly influence the healing process. Following tissue injuries,
immune cells, particularly macrophages, rapidly and extensively infil-
trate the injury site, playing a critical role in tissue repair [45]. During
the early stage of inflammatory responses, macrophages become acti-
vated and polarized into a proinflammatory (M1) phenotype, tasked
with removing dead cells and tissue debris. In the later stage of
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inflammatory responses, macrophages are prone to switch to the
anti-inflammatory (M2) phenotype, which promotes tissue remodeling
by stimulating resident cell proliferation and ECM synthesis [46].

The sustained presence of proinflammatory macrophages has been
associated with chronic inflammation and tissue injuries. Building on
the positive effects of piezoelectric stimulation in reducing proin-
flammatory factor secretion from macrophages in vitro, as well as the
results from subcutaneous implantation of piezoelectric materials, we
further explored the immunomodulatory and tendon regenerative ca-
pacities of the piezoelectric PCL/BTO nanofilms for treating tendon
defects in vivo.

The gene expression profiles of the PCL and PCL/BTO nanofilm—-
treated groups at days 28 and 56 post-operation were comprehensively
evaluated using ribonucleic acid (RNA) sequencing. The principal
component analysis (PCA) plot reveals that the samples treated with PCL
and PCL/BTO nanofilms are well-separated along the first principal
component, suggesting that the primary variation in gene expression is
driven by piezoelectricity (Fig. S8). Additionally, replicates within the
same group shows tight clustering, indicating high reproducibility and
consistency within experimental conditions. This analysis focuses on the
gene changes related to inflammation, metabolism, and tendon regen-
eration and on the possible mechanisms by which the piezoelectric
stimulation inhibits inflammation in vivo.

As shown, at day 28, the heatmap and volcano plot of gene expres-
sion (Fig. 7a and b) reveal a total of 818 differentially expressed genes
(DEGs) in the PCL/BTO nanofilms-treated group compared with the PCL
nanofilms-treated group, with 696 DEGs downregulated. By day 56, 379
DEGs were identified, of which 270 were upregulated (Fig. S9a and b).
Fig. S10a displays the top 30 Gene Ontology (GO) terms for differentially
expressed genes in the PCL-BTO vs. PCL group at day 28. The differential
genes were assigned to three Gene Ontology (GO) categories: biological
process (BP), cellular component (CC), and molecular function (MF). GO
enrichment analysis at day 28 post-operation reveals that the top 10
downregulated BP include inflammation-related pathways, such as in-
flammatory response, chemokine-mediated signaling pathway, and
neutrophil chemotaxis. Additionally, the top 10 downregulated molec-
ular functions involve several key inflammation-related elements,
including chemokine activity, CXCR chemokine receptor binding, and
interleukin-1 receptor binding (Fig. 7d and S10b). Most upregulated
clusters are related to protein anabolism and sarcomere formation,
including ECM, protein binding, and sarcomere (Fig. 7c and S10c). In
sharp contrast, at day 56, only CXCR chemokine receptor binding, which
is downregulated and related to inflammation, remains among the top
30 clusters. Additionally, several clusters related to muscle contraction,
sarcomere formation, myosin filament, and tendon function recovery
appear and are upregulated (Fig. S1la-c). At day 56, the up and
downregulated GO clusters are similar to those observed at day 28, with
many downregulated clusters associated with inflammation and the
upregulated clusters associated with tendon regeneration (Fig. 7e and f).

Cytoskeleton is a dynamic network comprising intermediate fila-
ments, microfilaments, and microtubules, which are involved in cell
differentiation, migration, adhesion, and mitosis [47]. It has been
demonstrated that a strong inflammatory response is the hallmark of the
early stage of tendon repair, known as the inflammatory stage. The
piezoelectric stimulation generated by the PCL/BTO nanofilms can help
reduce inflammation and promote tissue repair. In the later stages, as the
inflammatory response diminishes, the ruptured tendon transitions into
the repair phase. At this point, the anti-inflammatory, repair-promoting
immune microenvironment becomes critical and piezoelectric stimula-
tion can enhance collagen deposition and tendon fiber contraction, thus
facilitating tendon regeneration.

To profoundly define the key DEGs, a heatmap of these DEGs related
to proinflammatory factors is generated from data of day 28. As dis-
played in Fig. 7g, the expression of many proinflammatory factor-re-
lated genes such as IL-1p, IL-6, IL-17A, and nitric oxide synthase 2 (iNOS)
are significantly reduced, which implies that PCL/BTO nanofilms is able
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to assist in building an anti-inflammatory immune microenvironment
for tendon regeneration. Then, we performed real-time quantitative
reverse transcriptase polymerase chain reaction (RT-qPCR) detection of
several proinflammatory factors in the regenerated tendon tissue,
including IL-18, IL-6, monocyte chemoattractant protein-1 (MCP-1), iNOS,
and TNF-a. As shown in Fig. 7h, the expression of these genes is
significantly downregulated in the PCL/BTO group, which is consistent
with the results of in vitro experiments (Fig. 3). To further evaluate the
translation of inflammatory factor genes in vivo, we performed immu-
nofluorescence staining of iNOS, CD206, IL-6, and IL-10 on the neo-
tendon tissue at days 28 and 56 post-operation. iNOS-positive macro-
phages are M1 macrophages (proinflammatory macrophages), which
mainly secrete proinflammatory factors such as IL-1p and IL-6. As shown
in Fig. 7i, the number of iNOS-positive macrophages is significantly
reduced in the PCL/BTO group, along with decreased IL-6 production
(Fig. 7k). In contrast, CD206-positive macrophages (anti-inflammatory
type) (Fig. 7j) and their secreted IL-10 (Fig. 71) are significantly
increased, demonstrating that the piezoelectric PCL/BTO nanofilms can
create an anti-inflammatory microenvironment.

While inflammation is critical for initiating the healing process,
excessive or prolonged inflammation can hinder tendon regeneration
and lead to chronic conditions, such as tendinopathy. Proinflammatory
cytokines such as IL-1f, IL-6, and TNF-a stimulate matrix metal-
loproteinase expression while inhibit collagen synthesis and deposition,
and prolonged inflammation can lead to the release of reactive oxygen
species and proteolytic enzymes. This damages ECM components,
further weakening tendon integrity and delaying regeneration [48-50].
In this study, piezoelectric stimulation reduced the expression of these
proinflammatory cytokines, as confirmed using immunofluorescent
staining and transcriptome analysis. Study by Zhang et al. reported that
reducing inflammation through tendon stem cell exosomes could pro-
mote collagen thickening [51]. Our previous study also confirmed that
adding hyaluronic acid to the material was able to reduce inflammation
and led to increased collagen fiber diameter and the appearance of the
characteristic bipolar structure of normal tendons, which was absent in
the control group without inflammatory microenvironment modulation
[52]. This suggests that piezoelectric stimulation can facilitate collagen
remodeling and tendon tissue regeneration by reducing inflammation in
the reparative site microenvironment via participating in immune
regulation and promoting tissue remodeling.

2.5. Piezoelectric PCL/BTO nanofilms contribute to tendon repair through
multiple metabolic processes

Tendons are poorly vascularized tissues, and the nutrition is mainly
provided by diffusion from synovial fluid instead of blood perfusion
[53]. Abnormal angiogenesis can further exacerbate the pathological
deposition of ECM, eventually causing scar formation [54]. By enriching
angiogenesis-related genes in neo-tendons treated with PCL and
PCL/BTO at day 28 post-operation, such as vascular endothelial growth
factor-A (VEGF-A), the expression levels of these genes in the PCL/BTO
group are lower than those in the PCL group (Fig. 8a), indicating the
antiangiogenic effect mediated by the piezoelectric stimulation. To
further verify this effect in vivo, immunofluorescence staining of CD31
was performed to observe and quantify the capillaries (Fig. 8d).
Angiogenesis was assessed by quantifying the number of capillaries. At
days 28 and 56 postsurgery, the number of capillaries in the PCL/BTO
group is significantly less than that in the PCL group, with counts of 19
=+ 5.57 vs. 14.67 + 3.06 and 28.67 + 3.51 vs. 41 £ 7.81, respectively
(Fig. 8e). Simultaneously, less vascularization also represents less blood
perfusion, and thus less contribution to the inflammatory cell recruit-
ment, thereby reducing inflammation.

Hypercholesterolemia contributes to persistent cholesterol accumu-
lation inside the immune cells such as macrophages, leading to
enhanced inflammation at a tissue repair site. This process is usually
caused by activated Toll-like receptors that triggers the upregulation of
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Fig. 7. PCL/BTO nanofilm inhibits inflammation in vivo. (a) Heatmap of differentially expressed genes (DEGs) in the repaired tendons of PCL and PCL/BTO
groups at day 28 post-operation. Red areas represent upregulated DEGs, and blue areas represent downregulated DEGs. (b) Volcano plot of DEGs in the PCL and PCL/
BTO groups at day 28 post-operation. Red represents upregulated DEGs, green represents downregulated DEGs, and gray represents filtered DEGs. The differential
genes were assigned to three GO categories: biological process (green), cellular component (orange), and molecular function (blue). (c) & (e) GO terms related to
tendon regeneration among the top 10 upregulated clusters of each category at days 28 and 56 post-operation, respectively. (d) & (f) GO terms related to
inflammation among the top 10 upregulated clusters of each category at days 28 and 56 post-operation, respectively. (g) Heatmap of DEGs related to inflammation in
the PCL and PCL/BTO groups at day 28 post-operation. Red areas represent upregulated DEGs, and blue areas represent downregulated DEGs. (h) RT-qPCR of several
proinflammatory factors in the PCL and PCL/BTO groups at day 28 post-operation. (i-1) Inmunofluorescent staining images of proinflammatory factors (iNOS and IL-
6) and anti-inflammatory factors (CD206 and IL-10), along with their corresponding semiquantitative analysis results. Bar = 40 pm *p < 0.05, **p < 0.01 and ***p

< 0.001.

downstream NF-kB, which ultimately leads to the secretion of proin-
flammatory factors including IL-1f, and aggravates inflammation [55].
As shown, cholesterol-related DEGs, such as apolipoprotein c4 (Apoc4),
are significantly downregulated (Fig. 8b) in PCL/BTO group comparing
to PCL group at day 28 post-operation. To assess cholesterol levels
within the tendon tissue, we performed filipin staining. As shown in
Fig. 8f and g, the cholesterol content is higher in the PCL group at the
same time point, which is consistent with the detection of increased
inflammation levels (Fig. 7).

During the repair of Achilles tendon defects, tendinopathy is one of
the most common consequences of poor tendon repair and is charac-
terized by heterotopic ossification, which impairs physical function
[56]. Therefore, we also enriched genes related to osteogenesis and
tenogenesis to evaluate the impact of piezoelectric stimulation on
tenogenesis and osteogenesis. As shown in Fig. 8c and h, tendon for-
mation-related genes such as collagen type I alpha 1 chain (COLIal),
fibromodulin (FMOD), tenomodulin (TNMD), and scleraxis (SCX) are
upregulated in the PCL/BTO group, while osteogenesis-related genes
such as Wnt family member 3 (Wnt3), Wnt family member 4 (Wnt4), bone
morphogenetic protein 8a (BMP8a), and SRY-box transcription factor 2
(SOX2) are downregulated at day 28 post-operation. Then, we also
performed RT-qPCR detection of the expression of tendon devel-
opment-associated genes, including SCX, biglycan (BGN), FMOD, and
TNMD, tendon maturation including tenascin-C, decorin, and thrombo-
spondin 4, and collagen assembly associated genes including lysyl oxidase
(LOX), Collal, Col3al, Col5al, and Col6al. As shown in Fig. 8i, the
expressions of these genes are significantly upregulated in the PCL/BTO
group, indicating a better regeneration outcome at day 28
post-operation. Additionally, immunofluorescence analysis shown in
Fig. S12 revealed increased TNMD expression, along with down-
regulation of the osteogenic marker OPN and the chondrogenic marker
COL2. These findings suggest that the PCL/BTO membrane facilitates
tendon regeneration and repair while prevents ossification, chon-
drification and tendinopathy.

In summary, piezoelectric PCL/BTO nanofilms promote tendon
repair by inhibiting angiogenesis, reducing lipid deposition, further
lowering inflammation, and decreasing the occurrence of ectopic ossi-
fication. Additionally, piezoelectric stimulation also facilitates tendon
regeneration by upregulating tendon-related genes and enhancing
collagen deposition and remodeling.

2.6. Piezoelectric stimulation reduces inflammation via IL-17A and NF-
kB signaling

Tissue repair involves a large number of protein synthesis and energy
metabolism processes. As shown, gene set enrichment analysis (GSEA)
reveals that several pathways related to protein synthesis (ribosome
pathway), energy metabolism (tricarboxylic acid cycle and pyruvate
metabolism pathways), and collagen deposition (ECM-receptor inter-
action pathway) are upregulated (Fig. 8k—o) at day 28 post-operation.
Ribosomal proteins are critical to cell growth, proliferation, and func-
tional expression by regulating the synthesis of various proteins [57].
The upregulation of ribosomal proteins in the ribosome pathway could
accelerate the protein synthesis to meet the requirements in the rapid
repair stage of tissue regeneration. The tricarboxylic acid cycle is one of
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the most significant metabolic processes related to energy production,
which converts carbohydrates and fats into adenosine triphosphates
[58]. In addition to being a critical metabolite in cellular energy meta-
bolism, pyruvate promotes tissue regeneration by reducing fibrosis and
improving the expression of antioxidant enzymes [59]. Therefore,
enhancing pyruvate metabolism can improve tendon healing and facil-
itate an earlier return to physical activity or sport. According to GSEA
data (Fig. 80), the lipoic acid metabolism pathway is also upregulated,
leading to increased lipoic acid production, which helps scavenge and
inactivate free radicals, thereby preventing collagen abnormalities in
tendon tissues [60,61]. Therefore,the GSEA analysis results indicate that
piezoelectric stimulation may positively influence protein synthesis and
energy supply, both are conducive to tissue regeneration. Additionally,
GSEA also displays several downregulated inflammation-related
signaling pathways in the PCL/BTO group at day 28 post-operation,
including cytokine-cytokine receptor interaction signaling pathway,
TNF signaling pathway, NOD-like receptor signaling pathway, chemo-
kine signaling pathway, IL-17 signaling pathway, and NF-xB signaling
pathway (Fig. 8p-v).

Furthermore, when we explored the downregulated Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway classification in the PCL/
BTO groups versus PCL groups, DEGs related to the immune system
account for the second highest percentage, only surpassed by those
related to signal transduction (Fig. 8j). Screening of the key differential
genes reveals the downregulation of nfkb1 (p50), nfkbia (IxkBa), and Ikbkb
(IKKp) in these downregulated inflammatory pathways (Fig. 8p-v),
suggesting that piezoelectric stimulation inhibits the canonical NF-xB
pathway. NF-kB is a family of inducible transcription factors that play a
pivotal role in regulating the immune system by responding to various
stimuli, including endogenous inflammatory signals like IL-1p and IL-
17A and exogenous pathogen—derived substances like lipopolysaccha-
rides [62].

Afterwards, we further explored the mechanism by which piezo-
electric stimulation inhibits the inflammation at day 28 post-operation.
The KEGG pathway analysis displays that the downregulated DEGs are
mostly enriched in inflammation-regulated pathways, including IL-17
signaling pathway, TNF signaling pathway, NOD-like receptor
signaling pathway, and NF-kB signaling pathway (Fig. 9a), which is
consistent with the GSEA data. Moreover, the IL-17 signaling pathway
exhibits the highest enrichment scores among all downregulated path-
ways. After IL-17A binds to its receptor (such as interleukin 17 receptor
A), it activates downstream signaling pathways, including the NF-xB and
mitogen-activated protein kinase pathways, and promotes the expres-
sion of proinflammatory cytokines and chemokines. These molecules
can attract neutrophils to the site of inflammation and enhance the in-
flammatory response, resulting in excessive inflammation that can
induce apoptosis of normal cells, further impairing tissue repair.

In this particular IL-17 mediated activation, the dimer (RelA and
p50) can be activated through the canonical NF-kB pathway, inducing
the production of proinflammatory cytokines such as IL-1p, TNF-a, and
IL-6 [63]. The deteriorated inflammatory microenvironment caused by
these factors may trigger many adverse consequences, including the
inhibition of the repair process, increasing scarring, and accelerating
tissue degeneration.

However, this study demonstrates that PCL/BTO nanofilms can



W. Dai et al. Bioactive Materials 49 (2025) 1-22

(a) (b) (c)

Cholesterol formation related genes Osteogenems related genes
— ’

Soa“ Bmp8a |
wnt3  °

Piltp :
ntd I §

2

Vascularization related genes

Ptgerd

Sox2

Hafsp Grour

PCL
Oscar PCL/BTO

PCL/BTO (9)
. PCL

10000, ok * PCL/BTO
8000}
6000}
- =
2000)

100pm

o

PCL-BTO vs. PCL (Down): KEGG Pathway Classification
Fmod 15 Sensory system{ )

Tnmd 1 e————
imune syst 19
Thbs4 el ——
° Envlmﬂmamnl a mlon c——;

ColSal

(d)

Cholesterol
Day 28

Day 56

DAPI/CD31

Day 56 Day 28 Day 56

endon related genes

_—

=

S
=
N

05 Digestive lylum ——— ]

Den 4 Development and regeneration- w1
B Circulatory system- 2
an 45 Xenobiotics biodegradation and metabolism+ 3
Collal Nucleotide metabolism- w1
Metabolism of other amino acids-  mmm—7

Sex Metabolism of cuhcwn and vitamins:  m—

Lox Glycan biosynthesis lnd metabolism- w2
Energy metabolism- w1
Col3at rbohydrate =
10
Col5a2 Ubstanc

1 Environmental Information Processing
[ Genetic Information Processing

| Em RN

disease-
Col6a3 Group Infectious disease: viral!  EEEEE——

PCL Infectious disease: parasitic-  IEEEG_—_—_—___—SG [ Human Dissasos
- Col6at l ey Infoctious disease: bacterial  EEG—S—— [ [—
( I) Col6a2 Immune dis¢ 7 1 Organismal Systems.
Bro and dise

Bgn Decn Fmod Lox Scx Thbsé Tnc Tamd CoMal Col3al Col5ai Col6al 0 diseasel

qpRkk dokk kkok kk Rk kkk K kK X * * ok Cancer: specific types | = B
e —

mn Mmoo ;M it S —

3 - Folding, soring and degradeion.  mmi
ing, ing and degradation- w1
PCLBTO gignaling and
Signal
2 Membrane transport- 1
Transport and catabolism- s
Callular
1 Cell motility: w1
Cell growth and death- Enmem——
00 25 50 75 100
0 Percentage of Genes (%)
(k) Ribosome pathway (I) Citrate cycle (TCAcycle) pathway (m ) Pyruvate pathway (n) ECM-receptor pathway
o "
NES: 1.39
| p value: 0.011
NES: 1.84
p value: <0.001

i

[ [ [

PCL PCL/BTO 3 o PCL PCL/BTO g . PCL PCL/BTO g > PCL PCL/BTO

Lipoic acid lism pathway

Chemokine Signaling Pathway

i NES:-1.48 ’ NES:1.48 f NES:-1.43
E- Pvalue: 0.01 E P value: 0.005 "8 118 E Palue: 0.01

NES: 1.55
p value: 0.034

QI T ]

“ PCL | PCLBTO

KB | pea

(s) TH17 Cell Differention LA7A (t) Cytokine-Cytokine Receptor i (u) IL-17 Signaling Pathway 0 NF-kappa B Signaling Pathway
- N ™ T 1 B | [ T [ P o__ L ‘ o
E : Praios 003 P f § s ..v:r g N ﬁ::‘e':sue.ucam;’ P<0001
g h 250 =i 8 LA 7re
LW RVTRRILL Wi i

- [N {: ]
, PCL PCL/BTO Fi

PCL PCL/BTO

Ranked Metric
(signal_to_noise)

(caption on next page)

15



W. Dai et al.

Bioactive Materials 49 (2025) 1-22

Fig. 8. PCL/BTO nanofilm inhibits excessive vascularization, cholesterol formation, ossification, and inflammation in regenerated tendon tissues at day
28 post-operation via multiple signaling pathways. (a) Heatmap of DEGs related to vascularization in the PCL and PCL/BTO groups at day 28 post-operation. (b)
Heatmap of DEGs related to cholesterol formation in the PCL and PCL/BTO groups at day 28 post-operation. (c) Heatmap of DEGs related to osteogenesis in the PCL
and PCL/BTO groups at day 28 post-operation. (d) Immunofluorescent staining of CD31 in the PCL and PCL/BTO groups and (e) semi-quantitative analysis. Bar =
100 pm. (f) Filipin staining in the PCL and PCL/BTO groups and (g) semi-quantitative analysis. Bar = 100 pm. (h) Heatmap of DEGs related to tenogenesis in the PCL
and PCL/BTO groups at day 28 post-operation. (i) RT-qPCR detection of genes related to tenogenesis in the PCL and PCL/BTO groups at day 28 post-operation. (j)
Downregulated KEGG pathway classification in the PCL and PCL/BTO groups at day 28 post-operation. Gene set enrichment analysis to show upregulated signaling
Eathway (k-o0) and downregulated signaling pathway (p-v) in PCL/BTO groups at day 28 post-operation. *p < 0.05, **p < 0.01 and ***p < 0.001.

effectively downregulate several inflammation-related genes, including
IL-17A, p50, IkBa, IKKf, IL-14, and IL-6. Immunofluorescence analysis
further confirms that PCL/BTO nanofilms suppressed IL-17A and IL-
17RA expression (Fig. S12), suggesting that piezoelectric stimulation
may help reverse the inflammatory state and create an optimal micro-
environment for tendon regeneration by inhibiting the IL-17A/NF-xB
signaling pathway.

The cytokine IL-17A is secreted primarily by the immune cell subset
of T helper 17 (Th17) cells, a specialized group of CD3™ T cells that play
a pivotal role in regulating immune responses, especially in inflamma-
tory diseases [64,65]. As shown, the GSEA reveals that the Th17 cell
differentiation signaling pathway is downregulated in the PCL/BTO
group (Fig. 8s and u). The expression of genes that promote Th17 cell
differentiation, such as IL-6 and IL-23a (Fig. 7g), are also reduced, which
may inhibit IL-17A. Therefore, we performed flow cytometric analysis
on neo-tendon tissues treated with PCL and PCL/BTO nanofilms at day
28 post-operation to assess IL-17A production and the proportion of
CD3™ T cells. Flow cytometry reveals that the proportion of CD3™ T cells
among total lymphocyte population in the neo-tendon of the PCL/BTO
group (39.06 % + 10.53 %) is decreased compared with that in the PCL
group (78.24 % + 6.51 %) (Fig. 9d and e, S13). Intracellular cytokine
staining showed that IL-17 positive CD3" T cells are less in the PCL/BTO
group than that in PCL group (5.24 % + 2.91 % vs. 9.86 % + 4.88 %)
(Fig. 9f and g). These data suggest that the IL-17-producing T cells and
IL-17A production are downregulated in the PCL/BTO group, which
provides the evidence that IL-17A/NF-kB signaling pathway is inhibited
by the piezoelectric effect.

Besides, a heatmap of DEGs related to the IL-17A/NF-kB signaling
pathway is also generated. As shown in Fig. 9b, the expression of critical
genes such as IL-17A, TRAF6, IKKf, and p50 are significantly reduced at
day 28 post-operation. RT-qPCR analysis also confirms the significant
downregulation of the genes of the IL-17 signaling pathway in the neo-
tendon tissue at day 28 post-operation (Fig. 9¢). To further support these
findings, Western blot analysis was conducted to detect the phosphor-
ylation of related proteins of the IL-17A/NF-kB signaling pathway in the
neo-tendon tissue at day 28 post-operation, which shows that the rela-
tive phosphorylated IkBa (p-IkBa) protein content of the PCL group is
three times higher than that of the PCL/BTO group, the relative p-IKKa
protein content is two times higher in the PCL/BTO group, and the
relative p-p50 protein content is also significantly higher than that of the
PCL/BTO group (0.68 + 0.09 vs. 0.46 + 0.05) (Fig. 9h-k). These results
demonstrate the inhibitory effect of piezoelectric stimulation on NF-«B-
related protein activity at the protein level.

It has been demonstrated that a single circular RNA (circRNA)/long
noncoding RNA (IncRNA) can affect several microRNAs (miRNAs) by
acting as a miRNA sponge or competitive [66]. circRNA/IncRNA can
induce multiple effects on the downstream mRNAs by amplifying the
cascade reaction. Herein, we investigated the potential mechanism by
which circRNA and IncRNA regulate the NF-kB-related mRNAs at day 28
post-operation. Fig. 91 shows that four downregulated differentially
expressed IncRNAs (DEIncRNAs) with associated miRNAs and the
downstream mRNAs were used to build up a IncRNA-miRNA-mRNA
interaction network. Among the top 10 upregulated BP, CC, and MF
clusters, 13 are related to ECM and transcriptional regulation. These are
related to protein synthesis and collagen deposition, affecting tendon
regeneration and repair (Fig. S14a).

Among the downregulated top 10, seven clusters are related to
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inflammation, including the secretion of IL-6 and IL-8 and nitric oxide
biosynthesis (Fig. S14b). IL-6 is an important initiating factor for Th17
cell differentiation, which is consistent with the results of GSEA analysis.
To a certain extent, this also implies that piezoelectric stimulation af-
fects IncRNA and triggers the changes in related mRNA and corre-
sponding downstream signaling pathways, which provides new insights
for subsequent related research. Moreover, five downregulated differ-
entially expressed circRNAs (DEcircRNAs) with associated miRNAs and
the downstream mRNAs were used to build up a circR-
NA-miRNA-mRNA interaction network (Fig. 9m). Five of the top 10
upregulated BP, CC, and MF clusters are related to cell proliferation or
protein synthesis (Fig. S15a). Among the downregulated top 10, four
clusters are related to inflammation and protein disassembly (Fig. S15b).
These DEcircRNA and DEIncRNA can be regarded as the candidates for
further research in tendon injury inflammation. Overall, these findings
demonstrate that the piezoelectric stimulation generated by PCL/BTO
nanofilms can alleviate inflammation by inhibiting the activation of NF-
kB, reducing the production of IL-17A, and thereby reducing the pro-
duction of inflammatory factors in the tendon (Fig. 9n).

3. Conclusion

This study demonstrates that piezoelectric PCL/BTO nanofilms
fabricated by coaxial electrospinning can reduce local inflammation and
accelerate the repair of large tendon defects by inhibiting the expression
of proinflammatory genes and enhancing the expression if tendon
regeneration related genes. The nanofilms exhibit good mechanical
properties and biocompatibility, the ability to reduce proinflammatory
cytokines in macrophages under piezoelectric stimulation and the pro-
moting effect on tendon regeneration and functional recovery with
enhanced tissue quality and mechanical properties. Gene expression and
transcriptome analysis demonstrates that the inhibition of NF-kB path-
ways as well as the inflammatory response by PCL/BTO mediated
piezoelectric effect is mainly via blocking the IL-17A/NF-kB-pathway
(Fig. 9n). Importantly, this study reveals the great potential of PCL/BTO
nanofilms as a novel approach for tendon regeneration.

4. Experimental section

4.1. Preparation of three-dimensional (3D) piezoelectric coaxial
electrospinning PCL/BTO nanofilms

Preparing coaxial PCL/BTO electrospinning film with core-shell
structure required the preparation of core and shell solutions first as
previously reported [67]. The shell solution was formed by 1g PCL
dissolved in 10 mL of hexafluoroisopropyl alcohol. The core solution
was formed by 0.05, 0.10, and 0.15 g BTO (3.33 %, 6.67 %, and 10 %)
and 0.5 g of PCL dissolved in 10 mL of hexafluoroisopropyl alcohol, and
the solution was stirred by a magnetic agitator for 12 h during the whole
process. The polymeric solution was electrospun into nanofibers as the
following parameters: applied voltage 15 kV, flow rate 0.5 mL/h, needle
tip to drum-collector gap distance 16 cm, and ambient conditions
(20°C-25 °C and 25%-30 % humidity). Then, the produced PCL and
PCL/BTO nanofilms were subjected to vacuum-drying for later use.
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Fig. 9. PCL/BTO nanofilm suppresses inflammation via inhibiting the IL-17A/NF-xB signaling pathway (a) Downregulated KEGG enrichment of top 20 in the
regenerated tendons of PCL/BTO groups vs. PCL groups at day 28 post-operation. (b) Heatmap of DEGs related to the IL-17A/NF-kB signaling pathway of the tendons
at day 28 post-operation. (c) RT-qPCR detection of the genes in IL-17A/NF-kB signaling pathway of the tendons at day 28 post-operation. Flow cytometry detection of
the proportion of (d) CD3™ T cells, (f) IL-17" T cells of neo-tendons at day 28 post-operation. Quantitative analysis of flow cytometry of (e) CD3" T cells and (g) IL-
17" T cells. (h) Western blotting of IKKa, IxBa, and p50 with GAPDH as an equal loading constant control and (i-k) their semi-quantitative analysis. (1)
IncRNA-miRNA-mRNA interaction network. (m) circRNA-miRNA-mRNA interaction network. (n) Scheme of the mechanism of PCL/BTO nanofilm for inhibiting
i‘nﬂammation in vivo. Data are presented as mean + SD. *p < 0.05 and ***p < 0.001.

<

4.2. Characterization of 3D piezoelectric coaxial electrospinning PCL/
BTO nanofilms

4.2.1. Surface morphology

The surface morphology of the PCL and PCL/BTO nanofibers was
observed using SEM (Sigma 300, ZEISS). Before imaging, all samples
were sputter-coated with gold for 30 s to increase substrate conductivity.
To verify the distribution of BTO, the element mapping (C, O, Ba, and Ti)
of PCL/BTO nanofibers was further employed by TEM (Quanta 200 FEI,
Eindhoven, Netherlands) as previously reported [68].

As reported [69], to visually observe the morphology variation of
samples, the surface topography and roughness of a single fiber were
analyzed using an NT-MDT Prima Dimension FastScan AFM (Bruker,
Germany). AFM images were generated by scanning with ScanAsyst
mode using a silicon nitride probe. The roughness and average DMT
modulus were measured from the obtained AFM images via NanoScope
Analysis software.

4.2.2. Verification of piezoelectric performance of 3D films

To verify the piezoelectric performance, A PFM in contact mode was
used to write a loop on the sample by applying different positive and
negative voltages through a platinum-coated probe. The outer circle of
the loop was written with a voltage of —40 V, and the inner circle was
written with a +40 V DC voltage. The amplitude and phase changes of
the written region were then read around the resonant frequency under
the voltage of +£220 V. To measure the mechanical response of the
composite membranes, all samples of 3D films (pure PCL nanofilms,
polarized 3.33 %, 6.67 %, and 10 % PCL/BTO nanofilms) were cut into
3 x 3 cm? sizes and attached to copper membranes of different sizes. The
copper membranes were then attached to the front and back of the
composite film, respectively, corresponding to the positive and negative
electrodes. During the measurement process, the composite membrane
was fixed on a pulling device and subjected to mechanical stimulation to
simulate tendon movement with 4 % stretching at a frequency of 2 Hz. A
mechanical stimulation device was designed to apply longitudinal force
to the composite diaphragm in an animal model. The diaphragm was
knocked at different frequencies and forces, and the resulting current
output was recorded by a computer.

4.2.3. CCK-8 cell proliferation assay and macrophage culturing

RAW 264.7 macrophages were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco) supplemented with 10 % fetal bovine
serum (FBS, Gibco) and 1 % penicillin-streptomycin (Invitrogen) as re-
ported [70]. Cells were maintained in a humidified incubator at 37 °C
with 5 % CO,. For experiments, macrophages were seeded at a density of
1 x 105 cells/cm? in culture plates or on the surface of PCL and PCL/BTO
nanofilms. The medium was replaced every 2 days, and cells were
allowed to adhere overnight before further treatment.

To analyze the effects of electrical stimulation on cell proliferation,
macrophages and tenocytes were seeded on PCL and PCL/BTO nano-
films for 3 days with or without electrical stimulation. The nanofilms
were first soaked in 75 % ethanol for 30 min and then sterilized under
ultraviolet light for 45 min. PCL nanofilms and PCL/BTO nanofilms were
cut to the size of 1.5 x 4.5 cm and fixed to the bioreactor. RAW 264.7
macrophages were seeded onto 3D nanofilms with the density of 5 x
10* cells per chamber. And tenocytes were seeded onto 3D nanofilms
with the density of 1 x 10* cells per chamber. Macrophages and teno-
cytes were starved in serum-free medium for 12 h to allow for cell
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synchronization, then they were replaced with fresh DMEM medium
containing 10 % FBS and 1 % penicillin/streptomycin. Except for static
culture (PCL-S and PCL/BTO-S), two different nanofilms (PCL-ST and
PCL/BTO-ST) were installed on the bioreactor and subjected to periodic
deformation by external forces of a certain frequency (2 Hz and 4 %
strain magnitude) to get stretched. Then the proliferation was tested
with a CCK-8 (Dojindo, Kumamoto, Japan) at days 1 and 3. Briefly, at
each testing time point, 200 pl of sterile CCK-8 solution mixed with
2000 pL medium was added to each bioreactor chamber and incubated
for 2 h at 37 °C. Then 100 pL of the mixture was transferred to 96-well
plate for detection. The optical density values of the medium were
evaluated at a wavelength of 450 nm using a microplate reader (Thermo
Scientific). All assays were performed in quintuplicate and repeated in
three cell samples [46].

4.2.4. SEM analysis of cell morphology on nanofibers

Macrophages were seeded on 3D nanofilms at the density of 5 x 10*
cells per chamber. The cell culture method was the same as described in
4.2.3. Then, they were fixed after 24 h of culture. The cell-seeded
nanofilms were first fixed in 2.5 % glutaraldehyde overnight (4 °C)
and were then rinsed three times with PBS. Then, those fibers were
sequentially dehydrated in 25 %, 50 %, 75 %, 95 % and 100 % alcohol
for 20 min. After that, nanofibers were put into the oven at 60 °C for 5
min to get dried. Those fibers were sputter-coated with gold, and their
morphology was examined with SEM (PhilipsXL-30, The Netherlands)
[68].

4.2.5. Cytoskeleton staining

After culturing on two 3D nanofilms and being stretched for 3 days,
the seeded macrophages were fixed in 4 % paraformaldehyde (Biosharp,
China) for 30 min, and then permeated with 0.1 % Triton X-100
(Solarbio, China) for 10 min. After being washed thoroughly with PBS,
the cytoskeleton was stained using TRITC Phalloidin (1:200 dilution,
Yeasen Biotechnology, China) for 30 min, and the cell nuclei were
stained with DAPI (1:1000 dilution, Yeasen Biotechnology, China) for
10 min at room temperature. Afterwards, the cytoskeleton was observed
using laser-scanning confocal microscopy.

4.3. RNA extraction and transcriptome analysis

The tendon samples were collected at days 28 and 56 post-operation,
and the total RNA was extracted using the TRIzol reagent. The purity
and quantification of RNA were identified by spectrophotometer, and
the integrity of RNA was evaluated by Agilent 2100 Bioanalyzer. Using
VAHTS Universal V5 RNA-seq Library Prep kit to construct transcrip-
tional library according to the instructions. Principal component anal-
ysis was performed using R software (v3.2.0) to evaluate the biological
duplication of samples. Differential expression analysis was performed
using the DESeq25. A p value < 0.05 was set as the threshold for sig-
nificant DEGs. Hierarchical cluster analysis of DEGs was performed
using R software (v3.2.0) to demonstrate the expression pattern of genes
in different groups and samples, including GO functional annotation and
enrichment analysis. KEGG pathway analysis was performed to enrich
the higher functional molecules defined in biological systems.

4.4. RT-gPCR

RAW 264.7 macrophages were treated in the same way as described
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in 4.2.3. The tendon tissues were harvested on 28 day post-operation.
For cells and tendon tissues, after RNA extraction, the complementary
deoxyribonucleic acid was synthesized from 1000 ng total RNA of each
sample with AMV reverse transcriptase (Takara, Japan) in 20-pL reac-
tion solution, which was composed of 4 pL of 5 x buffer, 2 pL of deox-
ynucleoside triphosphate, 1 pL of oligo-(dT), 0.5 pL of RNase inhibitor,
and 0.5 pL of AMV reverse transcriptase, and then double-distilled water
was added to meet the final volume. Then, the mixture was incubated at
30 °C for 10 min, 42 °C for 60 min, 95 °C for 5 min, and 5 °C for 5 min.
Complementary deoxyribonucleic acid was amplified to determine the
gene expression levels using a Power SYBR Green PCR master mix (2 x )
(Applied Biosystems, Foster City, CA) in a real-time thermal cycler
(QuantStudio 6-flex, Thermo Fischer Scientific). It was performed with
95 °C for 5 min, then 40 cycles at 95 °C for 10 s, followed by 60 °C for 30
s. The optimized primers for RT-qPCR analyses are listed in Supple-
mentary Table 1. Each gene of interest was normalized to
glyceraldehyde-3-phosphate dehydrogenase, and the fold change was
compared to that of the control sample. Each assay was performed in
triplicate, and experiments were repeated in at least three pooled cell
samples.

4.5. Animal experiments

The animal experimental protocol was approved by the Ethics
Committee of Shanghai Ninth People’s Hospital (approval number:
SHO9H-2022-A391-SB). Thirty-three Sprague Dawley rats (Shanghai
Jiagan Biological Technology Co., Ltd) were divided into two groups.
The operations for animal handling were approved by the Animal Care
and Experiment Committee of Shanghai Ninth People’s Hospital. Sur-
gical sutures were performed as described previously [68]. After the rats
were anesthetized with phenobarbital sodium (30 mg/kg), a 6 mm
segment of the Achilles tendon was excised to create a critical-sized
defect. Scaffold sheets were shaped into rods measuring 0.6 cm in
length and 0.2 cm in diameter and were designed to fit the defect site
precisely. Afterwards, the scaffolds were anchored in place using 5-0
non-resorbable sutures to bridge the gap. To ensure proper alignment
and secure fixation, a Kessler core suture technique was applied to
connect the scaffold to the severed tendon ends. This approach provided
robust mechanical stability and promoted scaffold integration with the
native tendon tissue. After suturing, the wound was closed to maintain
the construct’s position and support the healing process. The rats were
sacrificed under anesthesia at days 28 and 56 post-surgery for harvesting
the repaired tendons.

4.6. Histologic analysis and immunohistochemical staining

At days 28 and 56 post-operation, tendon samples of the two groups
were collected, fixed with 4 % paraformaldehyde at 4 °C overnight,
embedded in paraffin, and continuously sliced with a 5 pm thickness. HE
staining (Beyotime Biotechnology, China), Masson’s trichrome staining
(Nanjing Jiancheng Bioengineering Institute, China), and Sirius red
staining (Solarbio, China) were performed to test the amount, type, and
structure of collagens according to the instructions. The expression of
platelet endothelial cell adhesion molecule-1 (CD31), TNF-a, COL-1, and
IL-6 were evaluated using immunofluorescence staining to verify the
angiogenesis, inflammation, and collagen deposition. Additionally,
cholesterol staining was performed using immuno-fluorescence. The
stained tissue sections were photographed using fluorescence micro-
scopy, the average optical density value (AOD) and the integrated op-
tical density (IOD) of each tissue slice were calculated from three
randomly selected fields of view. In addition, the four-point scoring
system, composed of scores O (normal), 1 (slightly abnormal), 2
(moderately abnormal), and 3 (considerably abnormal), was applied to
evaluate the regenerated fiber structure and fiber arrangement.

To observe the superstructure of the regenerated tendons, tendons
harvested at days 28 and 56 postsurgery were subjected to TEM (Quanta
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200 FE], Eindhoven, Netherlands) examination (n = 3 for each group) in
the cross-section. The quantified average fibril diameter was calculated
using the ImageJ analysis software from the obtained images [68].
Additionally, the mechanical properties of the fresh tendons were
analyzed with a biomechanical analyzer (Instron 4411, Canton, MA) to
calculate the data of Max load (N), Tensile strength (MPa), and Young’s
modulus (MPa). For each group, at least three samples were tested [68].

4.7. Flow cytometry analysis

The regenerated tendon tissues were minced and treated with
digestion buffer containing collagenase IV, hyaluronidase, and DNase I
at 37 °C for 30 min, and then the single-cell suspensions were washed
and collected for further experiments. Single-cell suspensions were
stained with fluorescence-labeled antibodies, including viability dye
(Invitrogen, 65-0865-14), CD3 (Biolegend, 201403), CD4 (Biolegend,
201509), and CD8a (Biolegend, 201712). To detect intracellular cyto-
kine IL-17, the cells were surface-stained with the above antibodies,
fixed, and then intracellularly stained with IL-17A (Invitrogen, 25-7177-
82). Cells were harvested and analyzed using a FACSCanto II flow cy-
tometer [71].

4.8. Western blotting

The neo-tendons harvested at day 28 post-operation were collected
and lysed in radioimmunoprecipitation assay lysis buffer for total pro-
tein extraction. Subsequently, the harvested proteins were quantified
using the bicinchoninic acid protein assay kit, separated using 10 %
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
transferred onto a Polyvinylidene fluoride (PVDF) membrane. Then, the
PVDF membrane was blocked with 5 % bovine serum albumin and
incubated with an inhibitor of NF-xB kinase subunit alpha (IKK«) anti-
body (1:600, Affinity, AF6014), a phosphorylated inhibitor of NF-kB
kinase subunit alpha (p-IKKa) antibody (1:800, Affinity, AF3014),
inhibitory kappa-B alpha (IxBa) antibody (1:800, Huabio, ET1603-6),
phosphorylated inhibitory kappa-B alpha (p-IxkBa) antibody (1:700,
Huabio, HA721802), NF kappa-B p105/p50 (nfkbl, p50) antibody
(1:800, Affinity, AF6217), Phospho-NF kappa-B p105/p50 (p-nfkbl, p-
p50) antibody (1:800, Affinity, AF 3219), and antihuman GAPDH anti-
body (1:5000, Affinity, AF7021) overnight at 4 °C. After that, the PVDF
membrane was washed with PBST and incubated with the goat anti-
rabbit IgG/horseradish peroxidase antibody (1:2000, Affinity, T0004)
for 1 h at room temperature. Finally, the protein bands were visualized
using an enhanced chemiluminescence detection system [72].

4.9. Subcutaneous implantation experiment

To determine the biocompatibility and biological performance of the
two nanofilms in vivo, subcutaneous implantation was conducted in the
abdominal site of Sprague Dawley rats. Before implantation, all nano-
films were cut into 1 x 1 cm pieces, then sterilized with 70 % ethanol for
30 min, followed by ultraviolet radiation for 30 min. Two pieces of PCL
nanofilms and two pieces of PCL/BTO nanofilms were implanted sub-
cutaneously in the abdomen of each rat. After 14 and 28 days of im-
plantation, nanofilms were explanted for histological evaluation.
Samples were cut into cross-sections and stained with HE. Immunoflu-
orescent staining of iNOS, IL-6, IL-10, and CD206 was also performed to
assess the inflammation at the nanofilm-tissue interface.

4.10. Gait experiment

On the 14th, 28th, and 56th day post-operation, a gait experiment
was used to test the motor function recovery. The rats were placed on a
treadmill with a rotation speed of 10 cm/s, and the rats’ continuous gait
was recorded for at least 15 s. Repetitive gait experiments were per-
formed using a computerized gait analysis system (Digigait Imaging
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System, Mouse Specifics, Inc., USA). DigiGait imaged the ventral view of
rats walking on a motorized transparent treadmill belt and automati-
cally calculated different gait metrics to evaluate the recovery of the
rat’s Achilles tendon. The AFI was used to assess the gait pattern after an
Achilles tendon segmental resection and subsequent repair. An AFI value
closer to zero is the indicative of better recovery. Print length, the dis-
tance between the first and fifth toes or toe spreading, and the distance
between the second and fourth toes or intermediary toes (IT) were
measured. Print length factor (PLF), toe spread factor (TSF), interme-
diate toe spread factor (ITF), and AFI were calculated according to the
following formulas described previously [73].

PLN — PLP/B
PLF= PLP/B
TSN — TSP/B
T8F= TSP/B
7 [TSN — ITSP/B
ITSP/B

AFI = 74(PLF) + 48(ITF) + 161(TSF) — 5

4.11. Statistical analysis

All quantitative data are expressed as mean + standard deviation.
Data are statistically evaluated using Student’s t-test (two groups) and
one-way ANOVA followed by Bonferroni’s test (multiple groups) using
SPSS software (version 19.0, SPSS Inc., IL, USA). It is considered sta-
tistically significant when the obtained p value is less than 0.05 and is
indicated as: *p < 0.05, **p < 0.01, and ***p < 0.001. All experiments
were repeated at least three times.
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