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Gene-Loaded Nanoparticle-Coated Sutures
Provide Effective Gene Delivery to Enhance

Tendon Healing

You Lang Zhou,' Qian Qian Yang,' Ying Ying Yan,' Luzhong Zhang,' Qiu Hong Wang,' Fei Ju,' and Jin Bo Tang'

'The Nanomedicine Research Laboratory, Research for Frontier Medicine and Hand Surgery Research Center, Department of Hand Surgery, Affiliated Hospital of Nantong

University, Nantong 226001, Jiangsu, China

How to accelerate tendon healing remains a clinical challenge.
In this study, a suture carrying nanoparticle/pEGFP-basic fibro-
blast growth factor (bFGF) and pEGFP-vascular endothelial
growth factor A (VEGFA) complexes was developed to transfer
the growth factor genes into injured tendon tissues to promote
healing. Polydopamine-modified sutures can uniformly and
tightly absorb nanoparticle/plasmid complexes. After tendon
tissues were sutured, the nanoparticle/plasmid complexes still
existed on the suture surface. Further, we found that the nano-
particle/plasmid complexes delivered into tendon tissues could
diffuse from sutures to tendon tissues and effectively transfect
genes into tendon cells, significantly increasing the expression
of growth factors in tendon tissues. Finally, biomechanical tests
showed that nanoparticle/pEGFP-bFGF and pEGFP-VEGFA
complex-coated sutures could significantly increase the ultimate
strengths of repaired tendons, especially at 4 weeks after opera-
tion. Two kinds of nanoparticle/plasmid complex-coated su-
tures significantly increased flexor tendon healing strength by
3.7 times for Ethilon and 5.8 times for PDS II, respectively,
compared with the corresponding unmodified sutures. In the
flexor tendon injury model, at 6 weeks after surgery, compared
with the control suture, the nanoparticle/plasmid complex-
coated sutures can significantly increase the gliding excursions
of the tendon and inhibit the formation of adhesion. These
results indicate that this nanoparticle/plasmid complex-coated
suture is a promising tool for the treatment of injured tendons.

INTRODUCTION

A tendon is alink between muscle and bone, and it plays an important
role in normal movement.' ™ Injuries to the tendon caused by trauma
or excessive exercise are common in the clinic.*” The overall incidence
of tendon or ligament injury was about 1/1,000 persons per year.
However, due to the particularity of tendon tissue and lack of adequate
cells and growth factors, the healing speed is slow and the healing
quality is poor after injury.”” Therefore, how to promote tendon heal-
ing, especially early healing, is still a difficult clinical problem.

In previous studies, several methods have been used to increase the
concentration or expression of growth factors to promote tendon
healing.*” Some studies have directly injected growth factor into

injured tendon tissue to promote healing, or injected a plasmid or
virus carrying the growth factor gene to increase the expression of
growth factor.'”'! However, due to the compactness of tendon tissue,
the volume of injected reagent is limited, and the injected liquid may
easily leak, which affects the therapeutic effect. Therefore, finding a
better delivery method is still a challenge. At present, clinical tendon
repair is mainly done by surgical sutures. Can the suture itself be used
as a vehicle for drug delivery? Some studies have loaded growth fac-
tors on the suture to promote the healing of the tendon.'>'* However,
because growth factor is directly loaded on the suture, growth factor is
easily exposed to the tissue environment and degraded by protease. At
the same time, there is no sustained release characteristic and no effect
of continuous treatment, which limits the therapeutic effect.

Gene therapy is considered to be a promising method for translating
target genes into proteins, which can effectively prolong the effective-
ness of therapeutic proteins.'*'* Our previous studies have found that
basic fibroblast growth factor (bFGF) and vascular endothelial growth
factor A (VEGFA) gene-loaded nanoparticles can continuously in-
crease the expression of these growth factors in tendon tissue and
then promote tendon healing.'® However, due to the limitation of
the volume of injection and the possibility of leakage, the therapeutic
effect may be limited. Therefore, we intend to load the nanoparticle/
gene complexes onto the surgical sutures, so as to avoid some of the
above disadvantages, but how to load nanoparticle/gene complexes
onto sutures is also a difficulty.

Polydopamine is a recently discovered bio-inspired polymer; it is
the main component of sticky protein secreted by mussels.'”"* It has
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Tendon injuries are common diseases. The healing capacity of tendon is limited due to its special compo-
sition of extra-cellular matrix and hypocellularity and hypovascularity. The purpose of this study was to
evaluate the effectiveness of nanoparticle-coated sutures carrying growth factors for accelerating tendon
repair. A variety of experimental methods had been used to investigate the characteristics and therapeutic
effects of the modified sutures. Nanoparticles could adhere uniformly to the surface of the suture through
polydopamine. Even sutured in the tendon, most of nanoparticles were still remained on the surface of
suture, and the loaded proteins could spread into the tendon tissues. In vivo study, the ultimate strength
of repaired tendons treated with bFGF and VEGFA-releasing sutures was significantly greater than the
tendons repaired with control sutures at multiple time-points, whether in the chicken model of flexor
tendon injury or the rat model of Achilles tendon injury. At week 6, the adhesion score in the bFGF
and VEGFA-releasing suture group was significantly lower than those of the control suture group. Tendon
gliding excursion was significantly longer in the bFGF and VEGFA-releasing suture group than that in the
control bare sutures. Work of digital flexion was significantly decreased in the bFGF and VEGFA-releasing
suture group. In a word, we developed a platform for local and continuous delivery of growth factors
based on the nanoparticle-coated sutures, which could effectively deliver growth factors to tissues and
control the release of growth factors. This growth factors delivery system is an attractive therapeutic tool
to repair injured tendons.

Statement of significance

Tendon rupture is a common clinical injury, due to the special character of the tendon with mainly ex-
tra cellular matrix and hypocellularity and hypovascularity, the healing capacity of the injured tendon
is limited. In this study, nanoparticle-coated surgical sutures carrying growth factors were prepared to
accelerate tendon repair. After treatment, bFGF and VEGFA loaded nanoparticle-coated sutures can signif-
icantly enhance tendon healing, and significantly improve tendon gliding function and effectively inhibit
the formation of adhesion. Moreover, these nanoparticle-coated sutures have good biocompatibility and
no obvious tissue reaction, which provides more guarantee for further clinical application. This is an
attractive and promising approach that uses surgical suture as a growth factor delivery tool to repair ten-
don injury, which can simplify the treatment. And this kind of bioactive sutures may be applied to other
tissue repair, such as muscle, nerve, intestinal canal, blood vessel, skin, and so on.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

movement [1,2]. Because of excessive exercise, trauma from sports
activities, work or daily life, injuries to tendons are very common,

Tendon tissues are a special form of connective tissues that con- which is a social problem that causes economic damages and fam-
nect muscles and bones and play the vital function for normal limb ily burden. According to statistics, from January 1996 to December

* Corresponding authors.

E-mail addresses: youlangzhou@163.com (Y.L. Zhou), jinbotang@yahoo.com (J.B.

Tang).
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2000, the annual incidence rate of tendinous or ligamentous injury
was 106/100,000 per year [3,4]. However, due to the special char-
acter of the tendon with mainly extra cellular matrix and hypocel-
lularity and hypovascularity, the healing process of the injured

1742-7061/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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