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Excessive inflammatory response can lead to failure of the tendon repair surgery. Tendon substitutes that can
effectively balance inflammatory responses and have sufficient mechanical properties are one of the key factors
in promoting repair. In this study, the nanofibers containing the naproxen sodium were attached to polylactic
acid micron yarn by electrospinning to obtain double-layer core-spun yarn (DY). The DY was knitted into a
tendon tissue engineering scaffold with sufficient mechanical properties. This study confirmed the optimal

loading concentration of naproxen sodium. The results in vitro and in vivo indicated that sustained-release
naproxen sodium in scaffolds could effectively inhibit the rapid proliferation of foreign fibroblasts, accelerate
the polarization of macrophages, reduce the inflammatory response, and promote tendon tissue repair. This
study provides a new scaffold for tendon tissue engineering that not only serves as a substitute for tendon repair,
but also serves as an anti-inflammatory agent to better promote the repair process.

1. Introduction

Tendons are connective tissues that connect muscle to bone and are
essential for joint stability and movement. However, tendon injuries or
ruptures caused by overuse, trauma, and other reasons can affect peo-
ple’s normal lives such as severe pain, serious joint dysfunction, and
even lifelong disability [1,2]. Surgery can repair the ruptured tendon,
but the probability of a second surgery is high, which is often associated
with complications in tendon repair [3]. Complications are related to
many factors, such as the inflammatory response, foreign fibroblasts
excessive proliferation, and wound infection [4,5]. Although inflam-
mation is necessary to initiate the healing process and remove damaged
tissue, excessive inflammation leads to tenocyte death, matrix degra-
dation, and scar formation, impeding tendon recovery of tendon struc-
ture and strength [6]. Therefore, one of the keys to promoting tendon
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repair is to reduce the inflammatory response [7,8].

There are several techniques for tendon repair, among which elec-
trospinning is a technique that can mimic biological fibers of extracel-
lular matrix (ECM) [9,10]. Nanofibers have controllable fiber size and
high surface-to-volume ratio to promote cell proliferation and differ-
entiation, which are beneficial for tissue repair [11,12]. Nanofiber
membranes can act as carriers of anti-inflammatory drugs used for tissue
repair [13-15]. Jiang et al. [16] prepared celecoxib-loaded electrospun
nanofiber membranes that could down-regulate ERK1/2 and SMAD2/3
phosphorylation, reduce inflammatory response, and inhibit fibroblast
proliferation. However, when tendons require an alternative scaffold
that has sufficient mechanical properties and the ability to regulate the
inflammatory response, nanofiber membranes cannot meet the demand
due to their poor mechanical properties [17]. Wu et al. [18] developed
hybrid yarns that had better mechanical properties compared with
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Fig. 1. Schematic illustration of the preparation of the DY (a): Firstly, the nanofibers of PLCL/Gel/NPS were wrapped around PLA micron yarn to form core-spun
yarn under voltage. Secondly, the nanofibers of PLCL/Gel were wrapped around the core-spun yarn to form DY under voltage. Thirdly, three strands of DY were
combined into one strand and knitted according to the program. Then, knitting scaffolds could promote tenocytes proliferation, and the NPS released from the
knitting scaffolds could regulate the polarization of macrophages toward M2 and inhibit the proliferation of foreign fibroblasts. Finally, the knitting scaffolds were
implanted into the defective patellar tendon of the rabbit to promote repair. DY knitting program (b). DY knitting end program (c). Computer-generated structure
schematic illustration of the knitting scaffold (d). The macroscopic picture of the knitting scaffolds (e).

nanofiber membranes, which could induce cell proliferation and direc-
tional arrangement. At present, yarns are woven, knitted, and artificially
woven into tendon replacement scaffolds that can mimic the mechanical
properties and biological functions of natural tendons [19,20]. How-
ever, the previous scaffolds were more like knitting a piece of “cloth”,
which could only be applied through cutting. During the cutting process,
the “cloth” was prone to loosening [21]. Therefore, it is necessary to
develop a knitting scaffold with good mechanical properties, stable
structure, and functionality.

The inflammation and oxidative stress are aggravated within 24 h
after the tendon injury caused by acute trauma [22-24]. Reactive oxy-
gen species (ROS) are produced in the upstream mechanism in the
cyclooxygenase-2 (COX-2) pathway of the inflammatory stage, which
will change the inactive binding state of NF-kB and IkB into the active
state of NF-kB, and increase the expression of inflammatory cytokines
such as TNF-a and IL-6 in the downstream pathway [25-27]. Thus,
reduced accumulation of ROS and inflammatory cytokines in the COX-2
pathway is critical to tendon repair [28,29]. Naproxen sodium (NPS) is a
non-steroidal anti-inflammatory drug with strong selective inhibition of
COX-2, resulting in strong anti-inflammatory effects and few side effects
[30,31]. Polylactic acid (PLA) has good biodegradability and tensile
strength, low-cost, safe, and pollution-free [32]. Poly
(L-lactide-co-caprolactone) (PLCL) is a biodegradable synthetic poly-
mer with excellent mechanical properties, but PLCL is a hydrophobic
material that is not conducive to cell adhesion [33]. Gelatin (Gel) is a

hydrophilic material with good biocompatibility and biodegradability.
It has an Arg-Gly-Asp domain, which provides recognition sites for cell
adhesion [34].

In this study, a three-dimensional (3D) scaffold containing NPS was
prepared by combining electrospinning and knitting technology for
tendon injury repair. PLCL, Gel, and NPS were used to prepare the
nanofibers by electrospinning, which were wrapped on the PLA micron
yarn. The nanofibers mimicked the ECM to provide a microenvironment
for cell growth. The PLA micron yarn acted as a reinforcing core to
provide the mechanical properties of the scaffold. NPS could reduce the
levels of pro-inflammatory cytokines and inhibit the proliferation of
foreign fibroblasts, thus promoting tendon repair. During the knitting
process, different knitting programs could be designed to get personal-
ized 3D scaffolds. The clever tail-needle design could remove waste yarn
in one step, thus not damaging the overall structure of the scaffold.
Moreover, the scaffold could be cut freely without loosening. Therefore,
the scaffold has become more ingenious, personalized, and stable by
improving the knitting method.

2. Experiments and methods
2.1. Materials

The poly(L-lactide-co-caprolactone) [PLCL, LA: CL=75:25, IV (dl/g):
2.8] was purchased from Jinan Daigang Biomaterial Co., Ltd (Shandong,



X. Yuet al

PG-N2.5 _PG-N5

—_—
W
—

DY

on

(b).s

Cross-sect|

—_
2]
—

C

Na

—_—
a

Knitting scaffolds

PG-N7.5  PG-N10

Applied Materials Today 36 (2024) 102070

400
(e) 1755
3504 GEL 1643
—~ 1300 S NPS
S PLCL
250
@ )
O ___._V___PG__.__]'
s 200+ PG-N2.5
£ 150 PG-N5
B 100 PG-N7.5
hges PG-N10

0 . ; . ; ; .
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm')

—PLA micron yarn — PG —PG-N2.5— PG-N5
1004 —PG-N7.5 — PG-N10
80
)
P 60
%]
4]
= 404
20

100 200 300 400 500 600
Temperature (°C)

Fig. 2. SEM images of the DY (a), scale bar = 100 pm. Cross-section of DY (b), scale bar = 200 pm. EDS mapping images of DY (c), scale bar = 100 pm. SEM images of
the knitting scaffolds (d), scale bar = 1 mm. FTIR spectra of the Gel, NPS, PLCL, PG, and NPS-incorporated DY (e). TGA curves of PLA micron yarn, PG, and NPS-

incorporated DY (f). (n = 3).

China). Gelatin (Gel, S30952-100 G) was purchased from Shanghai
Yuanye Biotechnology Co., Ltd (Shanghai, China). Naproxen sodium
(NPS, 99 %, F21356-5 G) was purchased from Shanghai Merrill
Chemical Technology Co., Ltd (Shanghai, China). Polylactic acid (PLA)
micron yarn was purchased from Shanghai Taixin New Material Tech-
nology Co., Ltd (Shanghai, China) and 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFIP) was purchased from Shanghai Jiu Ming Trading Firm
(Shanghai, China). Rat bone marrow mesenchymal stem cells (rBMSCs)
and tenocytes were extracted from two-week-old SD rats according to
the previous report [16,35], and the SD rats were purchased from
Shanghai JieSiJie Laboratory Animal Co., Ltd. (Shanghai, China).
RAW264.7 and NIH 3T3 were obtained from the Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China).

2.2. Preparation of DY and knitting scaffolds

Two spinning solutions were prepared, namely spinning solution A
and spinning solution B. Spinning solution A: 0.7 g PLCL, 0.3 g Gel, and
NPS of different quality (0 mg, 25 mg, 50 mg, 75 mg, 100 mg) were
dissolved in 10 mL of HFIP solvent. Spinning solution B: 0.7 g PLCL, 0.3
g Gel dissolved in 10 mL of HFIP. The solution was stirred for 12 h at
room temperature until completely dissolved. DY was fabricated by
electrospinning (Fig. 1a): The PLA micron yarn passed through the
winding roll and was fixedly connected to the receiving roll. Two sy-
ringes containing spinning solution A were placed at the two ends of the
equipment. Under the action of voltage and winding roll, the nanofibers
containing NPS as a middle layer adhered to the surface of PLA micron
yarn to obtain core-spun yarn. The spinning solution B was spun on the
basis of core-spun yarn, thus the outer fibers wrapped the middle layer
fibers to form DY. The parameters of electrospinning were as follows: the
voltage was 8.5 kV; the propulsion speed was 0.02 mL/min; the
receiving speed was 10 rpm; and the winding roll speed was 400 rpm.

The DY was crosslinked for 40 min in glutaraldehyde and then aired in a
fume hood for 3 days to remove residual solvent.

Three strands of DY were combined into one strand by using a high-
precision computerized flat knitting machine (stone TTsports, Ger-
many), and then knitted according to the program (Fig. 1b-d). The pa-
rameters of the machine were as follows: machine speed was 0.1 m/s;
needle position was 8.5. After knitting, the waste yarn was removed to
obtain a complete 3D knitting scaffold. The length of the knitting scaf-
fold could be adjusted by cutting according to the actual demand
(Fig. 1e). The DY and knitting scaffold were named PG, PG-N2.5, PG-N5,
PG-N7.5, and PG-N10 according to the content of NPS in each milliliter
of spinning solution.

2.3. Characterization of DY and knitting scaffolds

The characterization of DY and knitting scaffolds were as follows:
scanning electron microscopy (SEM), element analysis by energy
dispersive spectrometer (EDS), Fourier transform infrared spectroscopy
(FTIR), mechanical testing, water contact angle test, thermogravimetric
analysis (TGA), in vitro degradation and drug release. A detailed
description of the related methods is provided in the Supplementary
Information.

2.4. Cytocompatibility and anti-inflammatory ability of knitting scaffolds

Different cells including rBMSCs, RAW264.7, NIH 3T3, and teno-
cytes were used to evaluate the biocompatibility and anti-inflammatory
ability of the knitting scaffolds. The experiment includes cell extraction,
cell culture, cell seeding, cytotoxicity, cell proliferation, fluorescent
staining, cell adhesion, anti-oxidant and anti-inflammatory, and cell co-
culture. A detailed description of the related methods is provided in the
Supplementary Information.
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Fig. 3. Representative tensile stress-strain curves (a), UTS (b), strain at failure (c), Young’s modulus (d), and maximum force (e) of DY. Representative tensile stress-
strain curves (f), UTS (g), strain at failure (h), Young’s modulus (i), maximum force (j), stress-strain curves for 1 cycle (k), stress-strain curves for 50 cycles (1) of
knitting scaffolds. The water contact angle of PLA micron yarn, PLCL, and knitting scaffolds (m). The cumulative release percent of NPS in knitting scaffolds was
quantified by an ultraviolet spectrophotometer (n). The images of freeze-dried knitting scaffolds after degradation (o), and the knitting scaffolds were: PLA micron
yarn, PG, PG-N2.5, PG-N5, PG-N7.5, PG-N10 in order from left to right and from top to bottom. The mass loss rate after knitting scaffolds degradation (p). n.s.: no

significance, * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 3).
2.5. In vivo biocompatibility and repair effects

The animal experiments have been approved by the Ethics Com-
mittee of Zhongke Testing Technology Services (Guangzhou) Co., Ltd.

To verify the biocompatibility of NPS in vivo, the nanofiber mem-
brane on the surface of the knitting scaffold was buried under the skin of
SD rats for a subcutaneous embedding test: SD rats were anesthetized by
inhaling isoflurane and then shaved off their waist hair. A 1.5 cm inci-
sion was made in the middle of the waist to separate the skin and expose
the subcutaneous muscles. The nanofiber membrane (10 mm x 10 mm)
was embedded under the skin and then sutured. Penicillin was injected
intramuscularly with 1 x 10* units once daily for 3 days (n = 3).

To verify the repair effect of the knitting scaffold in vivo, it was used
for patellar tendon defects in rabbits: 3 % pentobarbital sodium (1 mL/
kg) was injected into the auricular vein for anesthesia. A 3 cm long
incision was made on the medial side of the knee joint to expose the
patellar tendon. A full-thickness defect (2.5 mm x 20 mm) was made in
the center of the patellar tendon. The knitting scaffold (2.5 mm x 20
mm) was sutured to the edge of the defective patellar tendon using a
simple intermittent suture method. The skin was finally sutured together
layer by layer. Penicillin was injected intramuscularly with 4 x 10° units
once daily for 3 days (n = 3).

The repaired patellar tendon samples after 1, 3, and 5 months were

fixed in 10 % formalin for 48 h, and dehydrated in a graded series of
ethanol. Subsequently, the samples were embedded and sectioned, and
the sections were treated with hematoxylin-eosin staining (H&E stain-
ing), Masson’s trichrome staining (MT staining), immunofluorescence
staining (CD86, CD68), and picrosirius red staining (PSR staining).

2.6. Statistical analysis

All data were expressed as mean + standard deviation (SD) from
three independent experiments with a minimum of three replicates for
each condition. One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to determine the statistical significance
unless specified otherwise. The significant difference was considered at
*p <0.05 and **p < 0.01, *** p < 0.001.

3. Results
3.1. Characteristics of DY and knitting scaffolds

The diameter of a single DY was 168 + 16 pm, and the diameter of
the nanofibers on the DY surface was 410 + 93 nm (Fig. 2a & Fig. S1).
The DY was composed of PLA micron yarn and surface-wrapped nano-
fiber membrane, and a single PLA micron yarn was composed of 12
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Fig. 4. The cytocompatibility of tenocytes, RAW264.7, and NIH 3T3. The proliferation of tenocytes (a), RAW264.7 (b), and NIH 3T3 (c) cultured on knitting scaffolds
was measured using the CCK-8 assay. DAPI (blue) / F-actin (green) staining of tenocytes cultured in extraction solution after 10 days was observed using the inverted
fluorescence microscope (d), scale bar = 500 pm. Live (green) / dead (red) staining for NIH 3T3 cultured on knitting scaffolds after 7 days was observed on the
horizontal axis and vertical axis using the confocal microscope (e), scale bar = 400 pm. The cell morphology of NIH 3T3 cultured on knitting scaffolds after 7 days
was observed under SEM (red arrows) (f), scale bar = 30 pm. n.s.: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 3). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

single filaments (Fig. 2b). The diameter of PLA micron yarn was 124 +
34 pm, and the thickness of the double nanofiber membrane was 22 + 6
pm (Fig. 2b). It could be seen that the diameter of the knitting scaffolds
was 2.63 £+ 0.2 mm (Fig. 2d).

The EDS results showed the presence of C, O, and Na elements in
NPS-incorporated DY groups. However, no Na elements were detected in
the PG group, while the content of Na elements increased with the in-
crease of NPS in DY (Fig. 2¢). The FTIR results showed that the ester
group of 1755 em ! absorption peak proved the existence of PLCL, and
the amide bond of 1643 cm™! absorption peak proved the existence of
Gel (Fig. 2e). EDS and FTIR results demonstrated that NPS, PLCL and Gel
had been successfully spun into nanofibers. The TGA results showed that
the main decomposition temperature of the knitting scaffolds was be-
tween 250 °C and 400 °C. The mass loss was more than 80 % at 400 °C,
which was mainly related to the decomposition of the PLA micron yarn.
Therefore, the knitting scaffolds exhibited good thermal stability
(Fig. 2f).

The DY initially appeared a linear elastic region, and the plastic
deformation exceeded the yield point with the increase of strain
(Fig. 3a). The average value of ultimate tensile strength (UTS) was 73.5
+ 4.37 MPa (Fig. 3b). The average value of strain at failure was 44.11 +
5.51 % (Fig. 3c). The average value of Young’s modulus was 1390.04 +
100.83 MPa (Fig. 3d). The average value of maximum force was 1.84 +
0.11 N (Fig. 3e). When the stress-strain curve showed a fracture point,
the DY yarn was a complete fracture. The difference was that the knit-
ting scaffold was cracked rather than completely fractured. Some me-
chanical properties of the knitting scaffold were not as good as the DY

(Fig. 3f-i). However, the average value of the maximum force of the
knitting scaffold was 29.98 + 3.50 N, which was significantly higher
than the maximum force of DY (1.84 + 0.11 N) (Fig. 3j). The knitting
scaffolds were stretched for 50 cycles under 20 % strain conditions, and
the average stress loss of the knitting scaffolds was 29.11 + 2.86 %,
which met the requirements of subsequent tests (Fig. 3k & 1).

The contact angles were 124.73 + 3.85°, 116.62 + 2.23° 33.11 +
3.05°, 28.62 & 4.55°, 33.74 £ 8.21°, 24.11 + 10.09° and 34.18 + 5.88°
for PLA micron yarn, PLCL, PG, PG-N2.5, PG-N5, PG-N7.5, and PG-N10
(Fig. 3m). PLA micron yarn and PLCL were hydrophobic materials, and
the hydrophilic effect of the knitting scaffolds became better after
adding Gel (Fig. 3m & Fig. S2). The knitting scaffold with more NPS was
released slightly faster than those with less NPS, and the NPS could be
released continuously for more than 20 days (Fig. 3n). The degradation
results showed that the knitting scaffolds had complete shape and did
not decompose after 1, 2, 4, and 8 weeks (Fig. 30). Due to the addition of
Gel, the knitting scaffolds degraded faster than PLA micron yarn. The
average mass loss of the knitting scaffolds was 13.71 + 1.5 %, and the
PLA yarn was 8.18 + 1.02 % (Fig. 3p).

3.2. Invitro cytocompatibility

The cell viability was bounded by 75 % to verify the cytotoxicity of
NPS. The rBMSCs cytotoxicity results showed that PG-N2.5, PG-N5, and
PG-N7.5 were not cytotoxic, and PG-N2.5 and PG-N5 could promote
rBMSCs growth compared to PG (Fig. S3). The results showed that the
cytotoxicity of RAW264.7 for PG-N2.5 and PG-N5 was not cytotoxic
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Fig. 5. The anti-oxidant ability of NPS: DAPI (blue) / DCFH-DA (green) staining of LPS-induced RAW264.7 cultured in extraction solution was observed using the
inverted fluorescence microscope (a), scale bar = 200 pm. ROS-scavenging ratio (b). The anti-inflammatory ability of NPS: The macrophage markers CD206,/CCR7 (c,
d), CD80 (e), and CD86 (f) were analyzed by flow cytometer. The inflammatory cytokines TNF-« (g), IL-6 (h), IL-1f (i), IL-10 (j), IL-1ra (k), and ARG1 (1) were
analyzed by Quantitative Real-time PCR (qPCR). n.s.: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001. (n = 3).
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(Fig. S4).

The CCK-8 assay was used to evaluate cell proliferation behavior.
The tenocytes showed a proliferative state on the knitting scaffold after
1, 4, and 7 days (Fig. 4a). The tenocytes spread well after 7 days, and the
PG, PG-N2.5 and PG-N5 groups could completely spread with good cell
morphology after 10 days (Fig. S5 & Fig. 4d). The RAW264.7 prolifer-
ation showed that the PG-N5, PG-N7.5, and PG-N10 groups were
significantly lower than that of PG and PG-N2.5 after 4 and 7 days
(Fig. 4b). The NIH 3T3 proliferation showed significant differences be-
tween all groups after 4 and 7 days (Fig. 4c). Then the live/dead fluo-
rescence staining of NIH 3T3 on the knitting scaffold after 7 days were
consistent with the results of CCK-8. It could be seen that NIH 3T3 could
grow horizontally and vertically along the knitting scaffolds. However,

the number of NIH 3T3 significantly decreased with the NPS increase
(Fig. 4e). The SEM showed NIH 3T3 could extend on the surface of the
knitting scaffolds (Fig. 4f). These proved that the knitting scaffolds could
inhibit the excessive proliferation of foreign fibroblasts.

3.3. Anti-oxidant and anti-inflammatory effects of NPS

ROS released from RAW264.7 induced by LPS oxidized DCFH to
produce green fluorescence. The number of positive RAW264.7 gradu-
ally decreased with increasing NPS concentration. This indicated that
NPS could reduce the level of ROS in the upstream pathway of COX-2
(Fig. 5a & b).

To verify the inhibitory effect of NPS on inflammation in the



X. Yuet al

(a)

Applied Materials Today 36 (2024) 102070

5M

(c)

w

Control mmpPG mEPG-N5

* kK

= NN
[4 B =]

Y
o wm o

Collagen infiltration (%) L Histological score

3
Time (months)

Fig. 7. Tendon reconstruction evaluation. Macroscopic view of knitting scaffold in tendon repair (a,b), histological score (c), collagen infiltration (d), H&E staining
(e), MT staining (f). scale bar = 300 pm, and scale bar = 150 pm. Normal: native tendon. Control: defective untreated tendons. * p < 0.05, ** p < 0.01, *** p < 0.001.

(n=3).

downstream pathway, the expression of some common macrophage
markers was analyzed by flow cytometry. Based on the ratio of CD206/
CCR?7 in the PG group being less than 1, LPS successfully induced MO
type RAW264.7 to M1 type (Fig. 5¢ & d). The CD206/CCR7 ratio
increased in the PG-N5 and PG-N7.5 groups, indicating that RAW264.7
was converted to the M2 type in the presence of NPS. The anti-
inflammatory effect was best in the PG-N5 group, while the lower
value in the PG-N7.5 group of high NPS content was related to the
toxicity of RAW264.7 (Fig. 5¢ & d). The mean fluorescence intensity
values of CD80 and CD86 showed that the control group without LPS
induction was lower than the PG and NPS-incorporated groups after LPS
induction. The PG and NPS-incorporated groups were significantly
shifted to the right compared to the control group, which better indi-
cated that LPS-induced RAW264.7 was successfully shaped into the M1
type (Fig. 5e & f). It could be seen that the mean values of CD80 and
CD86 decreased with increasing NPS content, in which the CD80 fluo-
rescence intensity moved to the left slightly, while the CD86 fluores-
cence intensity moved to the left significantly. It indicated that NPS had
a significant down-regulation effect on CD86 (Fig. 5e & f).

The effects of NPS on TNF-a, IL-6, IL-1p, IL-10, IL-1ra and ARG1
secreted by RAW264.7 were analyzed by qPCR. For the three pro-
inflammatory cytokines, it was found that PG-N5 and PG-N7.5 could
down-regulate TNF-a and IL-6, and PG-N7.5 also could down-regulated
IL-1pB (Fig. 5g-i). For the three anti-inflammatory cytokines, the PG-N5
significantly could up-regulate IL-10, and the NPS-incorporated groups
all could up-regulate IL-1ra, while only PG-N7.5 could up-regulate
ARG1 (Fig. 5j-1). From the results of qPCR, it could be seen that

different NPS-incorporated groups had different effects for different
cytokines. In other words, the anti-inflammatory effect did not neces-
sarily increase with the increase of NPS levels, and there needed to be a
moderate concentration to maintain balance in the organism.

3.4. RAW264.7 and tenocytes co-culture

Tenocytes were spread out in a spindle shape (Fig. 6a). RAW264.7
was added into tenocytes, and it showed a dotted distribution. However,
when the LPS was added and induced RAW264.7 for 24 h, it was found
that RAW264.7 preferred to bunch up and grow around the tenocytes
(Fig. 6b & Fig. S6). With the addition of NPS, RAW264.7 in NPS-
incorporated groups was transformed into M2 compared to the PG
group, and the speed of RAW264.7 proliferation slowed down (Fig. 6¢ &
d, g & h). It could be seen that the PG group was the majority of smaller-
size M1 type RAW264.7 and few larger-size tenocytes co-existing. In
contrast, the NPS-incorporated groups consisted of larger-size tenocytes
and M2 type RAW264.7 surrounding the tenocytes. In other words, the
dominant position gradually changed from M1 type RAW264.7 to
tenocytes (Fig. 6d & f). Some studies have shown that macrophages in a
polarized state can produce cytokines that affect fibroblasts, which
promote collagen deposition and ECM remodeling [36]. In this test, it
was demonstrated that the concentration of the NPS in PG-N5 is a
suitable ratio, allowing the polarized macrophages to affect the teno-
cytes, and the tenocytes also act on macrophages. The two complement
each other so that both cells enhance collagen expression (Fig. 6e & f).
However, as previously demonstrated in tests, the PG-N7.5 group due to
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p < 0.001. (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

cytotoxicity had a lower ability to secrete COL I than PG-N5 (Fig. 6i).
This demonstrated that PG-N5 was better suited to accelerate the
transformation of macrophages and cause both cells to secrete more COL
L.

In summary, the above cell test analysis showed that the PG-N5
group was non-toxic to rBMSCs and RAW264.7. It could inhibit the
excessive proliferation of NIH 3T3. It had anti-oxidant, anti-inflamma-
tory, and accelerated macrophage transformation effects. Therefore, the
PG-N5 group was selected for patellar tendon defect repair in rabbits.

3.5. Tendon reconstruction evaluation

The subcutaneous embedding of SD rats showed that the PG-N5
group could reduce the inflammatory response and produce more
collagen after 3 weeks, indicating that NPS had biocompatibility in vivo
(Fig. S7). A defect model of the rabbit’s patellar tendon was used to
verify the repair ability of the PG and PG-N5 knitting scaffold, in which
the control group was the defect without treatment. After 3 months, the
control group showed significant defects compared to normal tendons.
The knitting scaffolds in the PG and PG-N5 groups were surrounded by
tissue, in which the PG-N5 knitting scaffold was surrounded by more
tissue (Fig. 7a). After 5 months, the defect appeared hyperplasia in the
control group. The exposed area of the knitting scaffold in the PG group
decreased compared to the third month, but the repair effect was not
very good. The PG-N5 knitting scaffold was almost covered by trans-
parent glossy tendon-like tissue, which was similar to normal tendons
(Fig. 7b).

The H&E staining showed that the defect in the control group had
little cellular coverage and tissue regeneration was difficult (Fig. 7e). In
both the PG and PG-N5 groups, the knitting scaffolds were infiltrated
with cells and had tissue ingrowth. The inflammation decreased at each
period as time increased, but the degree of inflammation was heavier in
the PG group than in the PG-N5 group at all three time periods. The PG-
N5 group showed almost no inflammation and had tendon-like tissue

ingrowth after 5 months, indicating that NPS played an important role in
balancing inflammation and laid the foundation for tendon recovery
(Fig. 7c & e).

From MT staining, it could be seen that the regeneration rate of the
control group was slow (Fig. 7f). After 5 months, the PG-N5 group found
more collagen deposition in the space of the knitting scaffold compared
to the PG group, which suggested that tendon tissue could gradually
grow into the knitting scaffold of the PG-N5 group and replace it (Fig. 7d
& f).

The immunofluorescence results after 1 month were consistent with
HE staining. No cellular infiltration was seen in the defect area of the
control group, however, CD86 and CD68 were highly expressed around
the defect area. Compared with the control and PG groups, the PG-N5
group significantly down-regulated the expression levels of CD86 and
CD68 (Fig. 8a—c). It indicated that the PG-N5 knitting scaffold had sig-
nificant anti-inflammatory ability.

The ability of the control group to produce COL I was poor as seen
from PSR staining (Fig. 9b). In the PG and PG-N5 groups, a small amount
of collagen was observed on the surface of the knitting scaffolds after 1
month, and collagen fibers tended to grow into the knitting scaffolds
(Fig. 9b). 3 months later, immature collagen was seen between the
knitting scaffolds in the PG group, most of which were type III Collagen
(COL III). At the same time, the mature COL I was required for tendon
repair and could be seen between the knitting scaffolds in the PG-N5
group (Fig. 9b). After 5 months, a small amount of mature COL I was
visible in the PG group. It’s worth noting that a large amount of mature
COL I could be seen surrounding the knitting scaffolds and partially
covering them in the PG-N5 group. It suggested that the PG-N5 group
was more favorable for the generation of COL I (Fig. 9a & b). The
repaired tendon was stretched on a tensile machine, and when the ma-
chine displayed a sharp drop in the stress-strain curve, it could be seen
that there was partial tissue tearing of the repaired tendon (Fig. 9¢ & d).
The results showed that the recovery of mechanical properties in the PG-
N5 group was better than that in the PG and control groups. Although
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stress-strain curve after 5 months (e). The change of failure load after 1, 3, and 5 months (f), the starting point of the failure load curve was obtained from the native
tendon. The change of Young’s modulus after 1, 3, and 5 months (g), the starting point of Young’s modulus curve was obtained from the native tendon. Normal:

native tendon. Control: defective untreated tendons. *** p < 0.001. (n = 3).

the mechanical properties of the PG-N5 group had not yet reached the
level of normal tendons, the tendons of the PG-N5 group were in a stable
recovery state (Fig. 9e-g).

4. Discussion

At present, nanofiber membranes obtained by electrospinning can be
used to regulate inflammatory responses. Wang [37] et al. prepared the
modified lubricated PLA nanofiber membrane that could significantly
reduce the expressions of COL III and TNF-a. However, the mechanical
properties of most anti-inflammatory nanofiber membranes are poor.
Therefore, a scaffold that can satisfy both anti-inflammatory and good
mechanical properties is very important in tendon repair. In this study,
the alternative scaffolds were obtained for tendon repair by combining
electrospinning and knitting technology (Fig. 1). The results of EDS and
FTIR showed that the NPS-incorporated electrospinning knitting scaf-
fold was prepared successfully (Fig. 2c & e). The knitting scaffold had
better mechanical properties than single DY and nanofiber membranes,
and it was more suitable for broken tendon repair with high mechanical
(Fig. 3e & j). When the scaffold had been implanted in vivo for 5 months,
as the tendon tissue tore during stretching, the scaffold in the tissue also
tore at the same time. However, the scaffold did not break or detach
from the tissue, and the two remained tightly bound together (Fig. 9¢c &
d). To a certain extent, the scaffold matched the mechanical properties
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of the rabbit’s tendon tissue.

Nowadays, more and more researchers are trying to avoid secondary
surgeries by applying biodegradable materials instead of non-
biodegradable materials to be implanted in vivo [38]. Degradable ma-
terials inevitably encounter mechanical deterioration during in vivo
application. However, the reinforcement core of the knitting scaffold
was made of PLA yarn, and the outer nanofibers contained PLCL, both of
which were degradable but did not degrade too quickly, making them
suitable for application in long-term procedures such as tendon repair
(Fig. 30). In a 5-month study in rabbits, it was found that the knitting
scaffolds didn’t loose in vivo, and the surface of the scaffold was
encapsulated by tendon-like tissue (Fig. 7a & b). As the scaffold
degraded, the tissue gradually grew in to replace the scaffold, eventually
leading to tendon repair.

Macrophages play a key role in tendon repair. During the inflam-
matory state, macrophages accumulate in damaged tissue and coordi-
nate various processes of tissue repair [39,40]. They usually change
from the M1 type in the inflammatory phase to the M2 type in the
proliferative phase. However, excessive accumulation of either type is
detrimental. Excessive M1 leads to chronic inflammation and tissue
destruction, and excessive M2 forms fibrosis [41]. Therefore, it is
necessary to regulate macrophage transformation and balance the
relationship between inflammatory response and tissue repair. In this
study, NPS in the knitting scaffold could be released sustainably for
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Fig. 10. Schematic diagram of the mechanism of NPS in tendon anti-inflammatory and pro-repair.

more than 20 days in vitro, which could meet the needs of balancing
inflammation in vivo and lay the foundation for the later repair stage
(Figs. 3n & 7e). NPS-incorporated knitting scaffold could slow down the
proliferation of RAW264.7 (Fig. 4b). PG-N5 could reduce ROS level in
the upstream pathway of COX-2 (Fig. 5a & b). PG-N5 had a significant
down-regulation effect on CCR7 and CD86 (Fig. 5¢ & f). At the same
time, PG-N5 also had a down-regulation effect on TNF-a and IL-6 in the
downstream pathway of COX-2 (Fig. 58 & h). PG-N5 could also
up-regulate the expression levels of IL-10 and IL-lra secreted by
RAW264.7 (Fig. 5j & k). These proved that the PG-N5 knitting scaffold
had accelerated macrophage polarization and anti-inflammatory effects
(Fig. 10).

Macrophages can regulate fibroblasts proliferation and ECM syn-
thesis. Fibroblasts can regulate the polarization of macrophages by
cytokine secretion or direct contact. Their interactions form a tight and
delicate cycle during tendon repair [41,42]. Tenocytes are also a type of
fibroblasts, tenocytes proliferation contributes to tendon repair. How-
ever, excessive proliferation of foreign fibroblasts can lead to tendon
repair failure [43,44]. Therefore, it is necessary to inhibit the excessive
proliferation of foreign fibroblasts and regulate the relationship between
macrophages and tenocytes. In this study, the PG-N5 group could inhibit
the excessive proliferation of NIH 3T3 (Fig. 4c). During the co-culture
process, it was found that the PG-N5 group allowed RAW264.7 and
tenocytes coexisted in a good state with a proper proportion. The two
cells interacted to secrete more COL I, which made the PG-N5 knitting
scaffold more suitable as an alternative scaffold for tendon repair
(Fig. 6d & e). These proved that the PG-N5 knitting scaffold could
regulate the relationship between macrophages and tenocytes and pro-
mote more COL I synthesis (Fig. 10).

Subcutaneous embedding in SD rats confirmed the good biocom-
patibility of NPS in vivo (Fig. S7). In the rabbit model of patellar tendon
defect, the defect area in the control group showed tissue hyperplasia.
Although the exposed area of the knitting scaffold was reduced in the PG
group, the repair effect was still much worse compared to the normal
tendon. It’s worth noting that the PG-N5 group had no hyperplasia or
inflammation, and transparent tendon-like tissue appeared,
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demonstrating the feasibility of NPS in anti-inflammatory (Fig. 7b). The
knitting scaffold of the PG-N5 group played an important role in
balancing inflammation and promoting collagen regeneration
(Figs. 7c—f & 8). Among them, the PG-N5 group produced more COL I
after 5 months (Fig. 9a & b). The mechanical properties of the PG-N5
group were improved and superior to the other two groups
(Fig. 9e-g). These showed that the knitting scaffold of PG-N5 could play
an important role in the anti-inflammatory and long-term repair of
tendons.

The LARS artificial ligaments are mostly used in clinical [45,46]. It
has high strength and little trauma, which can help patients recover
movement early. However, the LARS artificial ligament is expensive and
has complications such as enlarged bone tunnels and synovitis. The
reason for this complication is the poor biological activity of PET, which
makes it difficult for osseointegration in the bone tunnel. It’s worth
noting that the materials chosen for knitting scaffolds are biodegradable
and have the advantage of being biocompatible, recruiting cells, and
accelerating osseointegration[12,47]. At the same time, the NPS is
added to the knitting scaffolds, which can reduce inflammation. In
addition, this materials price of the knitting scaffold is low, which can
reduce costs compared to the expensive LARS artificial ligaments.
However, the mechanical properties of the knitting scaffold are not as
good as LARS artificial ligaments, which is a common problem with
degradable materials. At the same time, the healing process in rabbits is
faster than in humans, and the knitting scaffolds had only been applied
to a rabbit patellar tendon defect model. Therefore, the knitting scaffold
and LARS artificial ligament need to be applied to various models of
large animals for research in the future, and continuously optimize and
improve the knitting scaffold during this process.

5. Conclusions

In this study, an anti-inflammatory 3D adjustable knitting scaffold
with good mechanical properties was successfully prepared by
combining electrospinning and knitting technology. The PG-N5 knitting
scaffold could effectively inhibit the excessive proliferation of foreign
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fibroblasts, regulate macrophage polarization, and promote tenocytes
and RAW264.7 to generate more COL I. In the rabbit’s patellar tendon
defect model, the PG-N5 knitting scaffold could reduce inflammation,
promote collagen regeneration, especially COL I, and effectively
improve the mechanics of the repaired tendon. In a word, the knitting
scaffold played a significant role in regulating inflammation and pro-
moting tendon repair.
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