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Abstract

A crucial component of the musculoskeletal system, the tendon is one of the most com-

monly injured tissues in the body. In severe cases, the ruptured tendon leads to perma-

nent dysfunction. Although many efforts have been devoted to seeking a safe and

efficient treatment for enhancing tendon healing, currently existing treatments have not

yet achieved a major clinical improvement. Here, an injectable granular hyaluronic acid

(gHA)-hydrogel is engineered to deliver fibromodulin (FMOD)—a bioactive extracellular

matrix (ECM) that enhances tenocyte mobility and optimizes the surrounding ECM

assembly for tendon healing. The FMOD-releasing granular HA (FMOD/gHA)-hydrogel

exhibits unique characteristics that are desired for both patients and health providers,

such as permitting a microinvasive application and displaying a burst-to-sustained two-

phase release of FMOD, which leads to a prompt FMOD delivery followed by a constant

dose-maintaining period. Importantly, the generated FMOD-releasing granular HA

hydrogel significantly augmented tendon-healing in a fully-ruptured rat's Achilles tendon

model histologically, mechanically, and functionally. Particularly, the breaking strength of

the wounded tendon and the gait performance of treated rats returns to the same nor-

mal level as the healthy controls. In summary, a novel effective FMOD/gHA-hydrogel is

developed in response to the urgent demand for promoting tendon healing.
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1 | INTRODUCTION

In the musculoskeletal system, tendons transmit the mechanical force

from skeletal muscle to the bone and facilitate movement due to their

stiff and viscoelastic nature.1,2 About 75% of total tendon ruptures

are related to sports activities and vice versa 30%–50% of sporting

injuries are related to a tendon injury,3–8 resulting in a diversity of

complications and even disability,9 which significantly decrease the

patients' quality of life and place a tremendous financial burden on

individuals and the health system.10 Consequently, approximately

300,000 tendon procedures are performed in the United States

annually,11 and over 30 billion US dollars and 115 billion euros are

expended in treating tendon injuries.12

Tendon regeneration is extremely poor and inefficient due

to its hypocellular and hypovascular nature.6,13 A diversity of pro-

cedures, such as motion restriction, low-energy laser therapy,

shock-wave treatment, cryotherapy, and injection of nonsteroidal

anti-inflammatory drugs and corticosteroids have been used to pro-

mote tendon healing.6,14 These currently available treatments rarely

gain a satisfactory prognosis with various sequelae because of poor

tissue quality, inferior mechanical properties resulting from fibrotic

scar tissue, and continuously reduced functionality.6,15–18 Efforts have

also been devoted to growth factors for their use in promoting tendon

healing.2,6,19–21 However, there are multiple growth factors produced

and released during the tendon healing process and the variability of

the “growth factor/cytokine cocktail” reported in the publications are

inconsistent in their efficacy.6 Combining numerous bioactive mole-

cules as a combo therapy also posts an additional allergy/rejection risk

and significantly raises the regulatory bars for their clinical approval.

Therefore, an impetus exists for seeking novel strategies that can initi-

ate endogenous tissue repair, accelerate tendon wound healing, and

direct the healing process toward reconstructing the physiologically

normal tendons with an uncomplicated bioactive molecule recipe.6

It is worth noting that the composition and fibrillar structure of

the tendon extracellular matrix (ECM) predominantly determine the

tendon's force-transmitting function.6,22,23 As both structural compo-

nents and signal transduction modulators, ECM is gaining more and

more attention recently for wound healing management. For example,

fibromodulin (FMOD) is a 59-kD small leucine-rich proteoglycan

(SLRP) that regulates tendon collagen fibrillogenesis during the entire

tendon developing period.24 FMOD binds to the growing fibrils and

modifies covalent cross-linking of type I collagen mechanically by reg-

ulating lysyl oxidase (LOX) activity on the C-telopeptide lysine,25,26

resulting in stable trivalent cross-linking and thus enhancing collagen

interconnectivity and fibril stability.26,27 Consequently, FMOD defi-

ciency decreases tendon stiffness and maximum load.28 Studies

in multiple small and large animal cutaneous wound models also

demonstrate that FMOD promotes fibroblast migration to accelerate

wound healing, orchestrates collagen fibrogenesis to reduce scar for-

mation, and enhances tensile strength reestablishment.26,29–32 Con-

sidering that tenocytes are the major cell type residents in the tendon

compartment that are defined as “specialized” fibroblasts responsible

for ECM synthesis and tendon regeneration predominantly,33–35 the

advantageous pro-healing potency of FMOD in skin wounds is highly

likely to be duplicated in the injured tendons.

Safely and effectively delivering the pharmacological agent, is

another prerequisite for an effective therapeutic strategy. In the last

two decades, the usage of hydrogels has expanded dramatically, par-

ticularly for a controlled drug release to achieve better activity after

application.36 Hydrogels are hydrophilic polymer networks prepared

by physical or chemical cross-linking of synthetic and natural hydro-

philic polymers with a unique three-dimensional (3D) structure that

can absorb large amounts of water or biological fluids.36 In general,

hydrogels swell readily and remain soft and rubbery, resembling the

properties of living tissues.37 Controlling the imbibition degree, cross-

linking extent, and the biodegradation rate of hydrogels can achieve a

desired drug release schedule.37 For instance, its aqueous solubility

allows for the modification of hyaluronic acid (HA) into various hydro-

gel systems with porous and 3D structures as the vehicle for growth

factors, morphogens, and stem cells.38–40 Moreover, HA is highly bio-

compatible with tenocytes without interrupting their function for ten-

don repair,39 suggesting HA hydrogel is a suitable raw material as an

FMOD-delivery vehicle. However, the conventional HA hydrogel is

not injectable and hardly fills in the small and/or irregular-shaped

wounded sites, which is not desirable for clinical application and

reduces the efficacy. On the other hand, photopolymerization tech-

nology provides the opportunity to cross-link the hydrogel after the

polymer (such as HA) fills in the injured area, while the photo-

polymerization inducers may also interact with the contained

bio-active molecule,41 and thus diminish the pro-healing potency.

Therefore, a novel form of delivery vehicle is needed.

In this study, the pro-healing effects of FMOD were first con-

firmed on tenocytes in vitro, and an injectable, FMOD-releasing

granular HA hydrogel (FMOD/gHA-hydrogel) was developed for

in vivo application. A rat's Achilles tendon injury model was used

to explore the potential benefits of the engineered FMOD/

gHA-hydrogel on tendon healing. The animals were evaluated

histologically, mechanically, and functionally for a comprehensive

assessment. The ECM architecture, tensile strength, and gait perfor-

mance of the rats with healing Achilles tendons were significantly

improved in the group administrated with the FMOD/gHA-hydrogel,

which established a solid foundation for further pre-clinical and

clinical evaluations of the treatment potency of the FMOD/

gHA-hydrogel on tendon healing.
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2 | RESULTS

2.1 | FMOD enhances tenocytes movement

As the predominant cell populations in tendons,33,34 tenocytes are

spindle-shaped, fibroblast-like cells embedded between collagen

fibers and synthesize collagen fibrils during tendon development and

healing.6,42 Like dermal fibroblasts,30 tenocytes are insensitive to

FMOD (constituted in PBS) regarding cell proliferation (Figure S1).

The highest concentration of FMOD that does not prohibit cell prolif-

eration was used in the following in vitro analyses. Surprisingly,

although FMOD only slightly enhanced tenocyte migration by 4.26%

(Figure 1a), it significantly promoted tenocyte invasion through the

collagen matrices by around 8.8-fold (Figure 1b).

Among matrix-degrading proteinases, matrix metalloproteinases

(MMPs) are a family of neutral endopeptidases with a broad proteolytic

capability43 that are essential for tissue repair initiation,44–46 including

tendon healing.47 Specifically, MMP2 and MMP9 are correlated with

tenocyte migration and invasion.48,49 FMOD slightly enhanced MMP2

expression 24-h post-treatment (Figure 2a), but significantly stimulated

MMP9 expression at transcriptional and translational levels during the

entire 72-h experimental period (Figure 2b and Figure S2A-B).

2.2 | FMOD alters tendon extracellular molecule
expression levels

Since MMPs' activities directly determine the integrity of the ECM,

upregulating MMPs is also a typical indicator for ECM reassembly,45

which is particularly true for MMP2 and MMP9 during tendon

wound healing.50 MMP3 and MMP14 are the other two MMP

members participating in matrix degradation and remodeling

throughout the healing process.50 As MMP14 is vital for MMP2

activation and has MMP2-dependent roles in connective-tissue

remodeling,51–53 it is no surprise that FMOD only slightly and tem-

porarily induced tenocyte MMP14 expression 24-h post-treatment

(Figure 2c), mirroring the expression pattern of MMP2 (Figure 2a). In

contrast, MMP3, which is thought to play a more prevailing role in

tendon ECM remodeling and tissue repair,46,54 was significantly

upregulated by FMOD on both mRNA and protein levels (Figure 2d,

Figure S2A, C).

Moreover, FMOD significantly downregulated Col1α1 and

Col3α1, which encode type I and III collagen, respectively (Figure 2e, f)

along with the upregulation of MMP3 and MMP9. In addition, FMOD

expedited tenocyte LOX upregulation (Figure 2g and Figure S2A, D).

2.3 | A novel granular HA hydrogel for FMOD
delivery is generated and characterized

It is worth noting that the tough, high-tensile-strength ECM struc-

ture, and low vascularity nature of tendon make drug application

more cumbersome since the local intratendinous injection may not

spread the bioactive component throughout the entire injured site

as desired. Thus, a suitable delivery vehicle manufactured from a

biocompatible, biodegradable material that is also highly retained in

water and has enough viscosity to stick on the tissue surface, such

as HA, is necessary.

F IGURE 1 Fibromodulin (FMOD)
improved tenocyte mobility. FMOD
enhanced both tenocyte migration (a) and
invasion (b). Scale bar = 200 μm (a) or
100 μm (b). Data are shown as mean ± SD,
n = 6 (a) and 4 (b), respectively. Two-
sample t-tests were used for statistical
analyses. **p < 0.005.
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Since high molecular weight (HMW; Mw > 1000 kDa) HA exhibits

anti-inflammatory effects55 and is able to minimize the molecular

weight loss during storage and application,56 HMW HA was chosen in

this study and cross-linked via divinyl sulfone (DVS) to form a porous

HA hydrogel (Figure 3a,b). Besides, DVS-cross-linked HA hydrogels

have been approved for human use for a divert of applications57,58

which significantly decrease the safety concerns. However, bulk hydro-

gels are not always suited for their intended applications, particularly

when the injection is needed to minimize the procedures' invasiveness

in the clinical setting.59 Therefore, hydrogel microparticles (HMPs),

which exhibit several unique properties compared to bulk hydrogels,

were generated in response. Noticeably, their small size (1–1000 μm)

enables injections of HMPs through the needles.59 Accordingly, the

cross-linked HA hydrogel was processed with a mechanical fragmenta-

tion technique, and the fabricated HA HMPs displayed a fine and fiber-

like porous structure (Figure 3c). Then, lyophilization was used to pack

HA HMPs,60 and the generated granular HA hydrogel (gHA-hydrogel;

Figure 3d) was stored at 4�C until reconstitution with the FMOD

solution prior to injection. Due to the general injection-favorable

shear-thinning property shared by granular hydrogels,59,61,62 the

gHA-hydrogel passed through a syringe needle effortlessly and ret-

urned to a viscoelastic state after being released from stress (Figure 3e

and Video S1). This super microinvasive property is particularly impor-

tant for gHA-hydrogel as a drug delivery vehicle into dense tissues,

such as tendons, where minimally invasive interventions are desired.

The storage modulus of the cross-linked HA hydrogel was much

higher than its loss modulus (1.8–9.3 times, tan δ < 1) (Figure 4a),

indicating the hydrogel was successfully crosslinked and is highly

elastic, which agrees with tendons' viscoelastic nature. Echoing the

previous statement that granular hydrogels can swell like bulk

hydrogels,59,61,62 the generated gHA-hydrogel could absorb

216 times of dry weight in water within 5 h, which extended to

233 times at 24 h (Figure 4b). This excellent water-absorption ability

of the gHA-hydrogel represents its capability to minimize FMOD

loss when exposed to wound exudate and blood and thus maintains

the local dosage of applied FMOD. Meanwhile, the viscosity of the

gHA-hydrogel decreased significantly along with the increase of rec-

onstituting solution (Figure 4c). Specifically, when the gHA-hydrogel

composited 0.1% (w/v) of the reconstituted suspensions, the viscos-

ity was 362.5 cPa (Figure 4c), fairly enabling it to adhere and spread

on various biological tissue surfaces and to fill arbitrarily shaped

defects, such as seen in tendon injuries, without sacrificing its

syringeability.

Because of their HMP/granular two-scale matrix structure, granu-

lar hydrogels exhibit an interconnected microporous structure due to

the interstitial pores that are formed when HMPs are packed

together, resulting in numerous paths for an impregnated drug infiltra-

tion within the hydrogel structure.59,60 To analyze the release kinetics

of FMOD from the granular HA hydrogel, the release data was col-

lected (Figure 4d) and fitted into multiple mathematical models

F IGURE 2 Fibromodulin (FMOD) modulated tenocyte gene expression. Relative expressions of MMP2 (a), MMP9 (b), MMP14 (c), MMP3 (d),
Col1α1 (e), Col3α1 (f ), and LOX (g) against GAPDH were normalized to the initial pre-treatment values. Data are shown as mean ± SD, n = 3. Two-

sample t-tests were used for statistical analysis. *p < 0.05; **p < 0.005.
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(Figure S3 and Figure 4e). The fit agreement was achieved with the

Korsmeyer–Peppas model (R2 = 0.9601; Figure 4e), which

describes drug release from a polymeric system.63 The diffusion

exponent value “n” in the Korsmeyer–Peppas kinetic model is

0.2720 (<0.45), indicating a Quasi-Fickian transport of FMOD from

the granular HA hydrogel that was mainly controlled by the diffus-

ing process.63–65 Using a one-direction-diffusing methodology,66,67

the distribution of FMOD in the reconstituted gHA-hydrogel was

measured (Figure 4f). The hypothetical distribution was cataloged

and estimated based on the different diffusion rates:68,69 0.9%

adhered on the surface of the integrated gHA-hydrogel, 16.9% flo-

ated in the interparticle void space among HPMs in the gHA-hydro-

gel, 17.5% absorbed on the surface of individual HMPs, and 64.7%

encapsulated in the nano�/micropores of the individual HMPs

(Figure 4f). The complexity of FMOD distribution and interparticle

friction among HMPs may explain the two-phase release of FMOD

from the gHA-hydrogel was observed: a burst phase—the first 4 h

in which ~33.8% of FMOD was released and a sustained phase—

among 4 days in which ~43.5% of FMOD was released (Figure 4d).

This burst-to-sustained two-phase release capability indicates that

the gHA-hydrogel could firstly deliver FMOD to recruit tenocytes

immediately and then maintain a constant dose of FMOD in a pro-

longed period with one single injection to reduce the injection-

related complications.

2.4 | FMOD/gHA-hydrogel significantly
improved the histological outcomes of tendon wound
healing

The Achilles tendon is the strongest and largest tendinous structure in

the body and is one of the most commonly injured tissues. It is esti-

mated to be responsible for about 50% of all sports injuries.4,70,71

Moreover, the incidence of Achilles tendon rupture increases every

year.5 Thus, a rat Achilles tendon injury model was recruited in this

study to assess the effectiveness of FMOD/gHA-hydrogel, in which

the adult rat's right Achilles tendon was completely transected to

mimic the most severe injury scenario (Figure S4).

Damaged or torn tendons are often filled with scar tissue accom-

panied by abundant and haphazardly arranged collagen fibers,72 which

was observed in the phosphate-buffered saline (PBS)-reconstituted

gHA-hydrogel (Control)-treated rat tendon at 21 days post-injury, as

displayed by the hematoxylin and eosin (H&E) staining and validated

by Picrosirius red (PSR) staining coped polarized light microscopy

(PLM) (Figure 5a,b). Thus, the benefit of HA for tendon healing may

be negligible. On the other hand, FMOD (constituted in PBS)/gHA-

hydrogel significantly reduced the tendon scarring and led to an orga-

nized collagen architecture (Figure 5a,b). Importantly, like the

unwounded tendons,70 FMOD/gHA-hydrogel-treated wounded ten-

dons had longitudinally aligned collagen fibers and exhibited periodic

F IGURE 3 Fibromodulin (FMOD)-releasing granular HA hydrogel was engineered based on a delicately designed blueprint. Four percent high
molecular weight (HMW) HA solution (a) was cross-linked with DVS (b). The formed bulk HA hydrogel was mechanically fragmented to fabricate
HA hydrogel microparticles (HMPs) with a fine and fiber-like porous structure (c), and then lyophilized to pack into granular HA hydrogel (d). The
granular HA hydrogel was reconstituted with FMOD protein prior to use (e).
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banding under PLM (Figure 5b), suggesting a better reconstruction

and load-bearing capacity recovery.

Next, the collagen architecture was captured by confocal laser

scanning microscopy (CLSM) with PSR staining (Figure S5A) and fur-

ther quantified by a topological method, which is more sensitive than

traditional approaches (such as PLM, X-ray diffraction, laser scattering,

and Fourier transform analysis) and has been successfully applied in

assessing dermal collagen architectures previously.29,30,32,73 The topo-

logical feature fractal dimension (FD) provides a scale-independent

measure of how completely an object fills space, quantifying an object

by shape, regularity, and lack of smoothness. Compared with the Con-

trol group, a significantly higher FD value was detected on the collagen

architecture of FMOD/gHA-hydrogel-treated wounded tendons

(Figure S5B) indicating a uniform distribution of collagen fibers.74

Meanwhile, the topological feature lacunarity (L) presents an analysis

of density, packing, or dispersion through scales.74 A lower L value

displayed by the collagen architecture of FMOD/gHA-hydrogel-

treated wounded tendons (Figure S5C), illustrating a finer texture. In

F IGURE 4 (FMOD)/gHA-hydrogel was intensively characterized including storage and loss modulus measurements of cross-linked HA-
hydrogel (a), the swelling ability of the gHA-hydrogel (b), the viscosity of the reconstituted granular HA hydrogel at different gel concentrations
(c), and the release profile of FMOD from the reconstituted gHA-hydrogel (d), which fitted the Korsmeyer–Peppas kinetic model (e) and the
distribution of FMOD in the reconstituted gHA-hydrogel (f). Data are shown as mean ± SD, n = 8 (a), 3 (b–d, f). Mann–Whitney U tests (a) and
two-sample t-tests (c) were used for statistical analyses. *p < 0.05; **p < 0.005.

6 of 17 XU ET AL.



F IGURE 5 Fibromodulin (FMOD)/gHA-hydrogel reduced scar formation in adult rat tendon wounds on 21 days post-injury.
Representative H&E staining (a) and picrosirius red (PSR) staining coped polarized light microscopy (PLM) (b) photographs showed FMOD/
gHA-hydrogel-treated wound have more organized collagen fibrils compared to PBS-reconstituted gHA-hydrogel control. Moreover,
immunofluorescence staining presented more tenocytes in FMOD/gHA-hydrogel-treated tendons (c). Scale bar = 200 μm (a, b) or
25 μm (c).
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F IGURE 6 Fibromodulin (FMOD)/gHA-
hydrogel significantly improved the outcome of rat
Achilles tendon healing mechanically. A significantly
higher strength recovery ratio (a) and stiffness
recovery ratio (b) was found in the FMOD/gHA-
hydrogel-treated tendons in comparison with the
control group on 21 days post-injury. Data are
shown as mean ± SD, n = 6. Mann–Whitney
U tests were used for statistical analyses. *p < 0.05.

F IGURE 7 Gait test illustrated the functional recovery of the tendon wounded rats. A gait test apparatus was made according to Cesar S
Mendes et al. (a), and the rat's gaits were recorded by videos (b) according to scheduled time points (c). Three parameters, PL (pawprint length), TS
(the distance between the first and fifth toes or toe spreading), and IT (the distance between the second and fourth toes or intermediary toes),
were measured for AFI calculation (d). Pawprints of unwounded and wounded rats were significantly different (e). AFI were normalized to
untreated rats at day 0 (f). Data were shown as mean ± SD, n = 4. Mann–Whitney U tests were used for statistical analyses. *p < 0.05.
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contrast, the Control group had a higher L value (Figure S5C) that

describes a more spatially unorganized collagen architecture.75

Liu et al. indicate that fibroblast and tenocyte-engineered ten-

dons are similar with each other in their gross view, histology, and

tensile strength in a porcine model.76 Thus, it is important to confirm

if mature tenocytes were the predominant cell type recruited by

FMOD administration in the wounded tendon site. To achieve this

goal, tenomodulin (Tnmd), whose expression is considered to be spe-

cific for mature tenocytes (Figure S6),72,77–80 was co-stained with a

general fibroblast marker vimentin.81 Minimal Tnmd+ cells were found

in healing tendons treated with PBS-reconstituted gHA-hydrogel

(Figure 5c), again indicating HA alone hardly assists functional tendon

healing. On the contrary, most cells in the FMOD/gHA-hydrogel

group stained positively with Tnmd (Figure 5c), verifying the pro-

motility potency of FMOD on tenocytes seen in cell culture (Figure 1).

In conclusion, a better histological outcome in tendon healing was

promoted by FMOD/gHA-hydrogel application supporting the

hypothesis that not only induces an aligned fine extracellular collagen

deposition. FMOD also promotes more tenocytes migrating into the

wounded site to accelerate tendon healing.

2.5 | FMOD/gHA-hydrogel lead to the mechanical
property recovery in the wounded tendon

FMOD/gHA-hydrogel application resulted in the organized collagen

fibrils parallel to the tendon axis (Figure 5), which conferred the ten-

don's mechanical properties and allowed tendons to resist tensile

stress,82 and significantly accelerate the mechanical property recovery

of the healing tendon (Figure 6). Like the unwounded tendons in

which the tissue broke in the middle of the test tendon area, the fail-

ures occurred in the middle of the wounded tendons in both the Con-

trol and FMOD/gHA-hydrogel groups. However, compared to the

Control group, FMOD/gHA-hydrogel led to a significant increase in

the recovery ratio regarding breaking strength (FMOD/gHA-hydrogel

induces a 76.36% breaking strength recovery ratio, which is

1.76-times the Control group's recovery ratio [43.24%]; Figure 6a)

and stiffness (FMOD/gHA-hydrogel induces a 47.12% stiffness recov-

ery ratio, which is 1.61-times the Control group's recovery ratio

[29.2%]; Figure 6b).

2.6 | FMOD/gHA-hydrogel accelerated functional
rehabilitation of Achilles tendon-injured rats

No doubt, histological and mechanical improvements are important

outcomes for tendon wound healing therapies, while activity recovery

is more desired by patients suffering from tendon injuries. The rats'

walking activity mainly relies on posterior calf muscle contractions to

move their toes while the Achilles tendon connects the calf muscles

to the calcaneus. Therefore, the gait test is a powerful tool for func-

tionally assessing the recovery of wounded Achilles tendons in our

present study.83

In the present study, a gait test apparatus was built according to

the previous description (Figure 7a)84 and the rats' movement was

documented by video (Figure 7b and Video S2). Furthermore, to bet-

ter assess the functional rehabilitation of injured rats, gait tests were

conducted repeatedly during the 21-day recovery period (Figure 7c)

and quantified by Achilles Functional Index (AFI; Figure 7d)—a precise,

reliable, and noninvasive measurement for Achilles tendon functional-

ity.85 In accordance with previous studies,83 immediately after the

tendon injury, Achilles tendon-wounded rats have a comparably lon-

ger and narrower pawprint (Video S3) than healthy rats (Video S2,

Figure 7e) associated with a crippled walking posture indicating

reduced pressure and maximal area of paw contact led by the

impaired ability of toe spreading. Excitingly, compared to the Control

group, FMOD/gHA-hydrogel-treated animals exhibited significantly

higher AFI throughout the entire recovery period (Figure 7f) and dem-

onstrating better tendon function.85 In particular, the movement func-

tion of the injured Achilles tendons was completely rehabilitated on

day 21 post-injury in FMOD/gHA-hydrogel group while animals

treated with PBS-reconstituted gHA-hydrogel still suffered from

impaired motility (Figure 7f).

3 | DISCUSSION

Tendons are a tough band of fibrous connective tissue that attach

muscles to bones in the human body. The forces applied to a tendon

can be more than five times that of bodyweight. In addition, tendon

injuries have become common clinical complications due to overuse

of age-related degeneration.13 In some circumstances, such as steroid

injection, gout, and hyperparathyroidism, tendons can snap or rupture

potentially resulting in excruciating pain and permanent disability.

Damaged tendons heal slowly and rarely retain a healthy tendon's

structural integrity and mechanical strength. Current medical and sur-

gical treatments are disappointedly nowhere close to regaining full

tendon function.6,13 Strikingly, corticosteroid injection, a commonly

used form of therapy for tendon injury, is also a known intriguing fac-

tor for tendon rupture.6,86,87 Besides, a diversity of growth factors

involved in different phases of the healing process (such as morphoge-

netic proteins [BMPs], fibroblast growth factor [FGF]2, insulin-like

growth factor [IGF]1, platelet-derived growth factor [PDGF], trans-

forming growth factor [TGF]βs, and vascular endothelial growth factor

[VEGF]), and collagenases and gelatinases (such as MMPs, ADAMs,

ADAMTSs, and their endogenous antagonists TIMPs) have also been

investigated to enhance tendon repair. However, no major clinical

improvement has been achieved despite the immense progress in dec-

iphering the regulatory network governing tendon healing.6,13 Mean-

while, stem cell therapies are also applied especially when the tendon

stem/progenitor cells (TSPCs) have been identified.88–95 However,

using TSPCs for tendon repair represents a “rob Peter to pay Paul” sce-
nario, and the limited availability as well as the invasive and painful

harvesting procedure markedly hinder its application. In addition,

using other mesenchymal stem cells (MSCs) is also questionable due

to their tumor supporting nature (reviewed in Reference [96]).
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Largely consisting of collagens and proteoglycans, tendon is a

bundle of uniaxially arranged fibers whose mechanical properties

depend on its matrix assembly, which is predominantly determined

by collagen fibrillogenesis and regulated by proteoglycans.24,97

Recently, accumulating evidence indicates that ECM proteoglycans,

particularly SLRPs, play vital roles in regulating ECM assembly and

cell activities.30,32,88,98–101 For example, deficiency in either type I

(decorin [DCN] and biglycan [BGN]) or type II (FMOD and lumican

[LUM]) SLRP leads to collagen fibril disorganization and calcification

within the tendon.24,102–105 In the present study, we further verified

that FMOD's migratory-enhancing and ECM-assessable-optimizing

biopotencies that benefit skin wound healing are extended to tendon

healing, presenting FMOD as a bioactive molecule that augments

tendon rehabilitation.

As an advantage technology, gene therapy is an appealing

approach for therapeutic molecule administration, especially in animal

studies.106 However, in addition to the expensive and complicated

manufacturing barriers, the risk of genetic material transfection in

human cells, whether viral vectors are used or not, is seriously

concerning.107–109 The safety incredulity of gene therapy is even

worsening recently due to the newly discovered polymerase θ, a

unique DNA polymerase-helicase fusion protein that can convert

RNA segments back into DNA in mammalian cells.110,111 Given the

fast development of low-cost protein production,112,113 using the pro-

tein form of the therapeutic agent, such as in the case of FMOD—a

native ECM molecule broadly distributed in connective tissues,114,115

may be much safer and more financially efficient for human usage.

In an injured tendon, the motility direction of tenocytes moving

into the wounded site is a fundamental process for tendon

repair.116–118 Unlike dermal fibroblasts, whose migration and invasion

were both boosted by FMOD,30 tenocytes' migration was only slightly

enhanced by FMOD indicating a cell-specific biopotency of FMOD. It

is worth noting that FMOD also significantly promoted tenocyte inva-

sion through collagen matrix, supporting the hypothesis that migration

and invasion represent different characters of cell motility even

though invasion depends on migration.118–120 For example, the

mechano-growth factor (MGF) promotes tenocyte migration via

decreasing the formation of pseudopodia and F-actin while enhancing

tenocyte invasion by upregulating the production of matrix-degrading

proteinases thus enabling cells to penetrate the ECM.118,119 Unlike

MGF, whose pro-invasion effects on tenocytes is relied on increasing

MMP2 activity,118 FMOD only slightly enhanced MMP2 expression

24-h post-treatment indicating a different mechanism of action

(MOA) for FMOD to promote tenocyte invasion such as a previously

unreported MMP9-dependent pathway. Noticeably, MMP3 is

thought to play a more prevailing role in tendon ECM remodeling and

tissue repair46,54 and holds a regulatory function on other MMPs.46

Whether FMOD-induced MMP9 increase relies on MMP3 upregu-

lation is an interesting question to be answered in the near future

while uncovering the other signaling mediators of FMOD-responsive

MMP3/9 boost.

Migrating into the wounded site, tenocytes act as a mechano-

sensory that convert mechanical stimuli into biochemical signals to

regulate ECM metabolism and thus determine the tendon's mechanical

properties.82,121–123 Therefore, by enhancing tenocytes' motility, FMOD

not only accelerates tendon wound healing but also facilitates tendon

collagen fibrils arrangement in alignment with the mechanical force direc-

tion. The inverse correlation between MMPs (MMP3 and MMP9) and

collagens (Col1α1 and Col3α1) led by FMOD indicates that FMOD accel-

erates tendon healing via facilitating tenocytes to the wound area

promptly and reducing fibrosis/scar formation by prohibiting excessive

collagen synthesis and deposition, which is similar to the mechanism that

FMOD benefits in skin wound healing.30,31 When binding to the growing

fibril surface at the early stage of fibril formation, FMOD itself stabilizes

small-diameter fibrils intermediates, prevents premature cross-linking

and small diameter collagen fibrils formation which enhances collagen

interconnectivity and fibril stability.25,27,124,125 FMOD can benefit tendon

healing in two folds by decreasing type I collagen that increases scar for-

mation30 and type III collagen that induces thinner collagen architecture

leading to tensile strength reduction and increasing the rupture risk of

the tendon.110 FMOD may also enhance the covalent cross-linking of

collagen and elastin in tendon ECM to accelerate stable collagen fibrils

formation27 by expedited tenocyte LOX upregulation as LOX is a deter-

mining factor for tendon strength via mediating the covalent inter-

molecular cross-linking.25,126 Taken together, FMOD exhibits promising

potential as a pro-healing agent for tendon injuries at the cellular and

molecular levels.

HA is a linear polysaccharide composed of repeating disaccharide

units of D-glucuronic acid and N-acetyl-D-glucosamine linked by β-1-3

and β-1-4 glycosidic bonds with several unique functions. For

instance, HA facilitates ECM water retention and nutrient diffusion,

supports cell proliferation and migration, supports growth factor, drug

release, and minimizes mechanical irritation to surrounding tissues.127

As a primary ECM component,128 HA has intrigued scientists since it

was discovered because of the breadth of biological roles it plays

despite its chemical simplicity. In particular, HA has been used to treat

various musculoskeletal conditions, such as osteoarthritis, rheumatoid

arthritis, and tendon injury.39,127,129 Together, its biocompatibility,

biodegradability, and lack of immune response when implanted into

the human body make HA a medically suitable material for releasing

FMOD in vivo to improve tendon healing. However, previous studies

suggest that native HA is not usable pharmacologically and must first

be cross-linked to provide stability and improve its functional-

ity.130,131 Besides, a bulk HA formula is not an optional choice for ten-

don healing as a minimally invasive procedure requires therapeutics

for it to be administered into arbitrarily shaped defects.132,133 Thus, a

granular HA hydrogel was generated in this study for effective FMOD

delivery into the wounded tendon. By fabricating and packing HMPs,

we introduced the injectability to the engineered gHA-hydrogel,

which holds proper viscosity to potentially stick on the tissue surface

and fill the arbitrarily shaped tendon defects. In addition, the gHA-

hydrogel has a great water-absorption capability and permits a burst-

to-sustained two-phase release of FMOD, resulting in a prompt

FMOD delivery followed by a constant dose maintaining period. With

all these favorable characteristics of a delivery vehicle, FMOD/gHA-

hydrogel significantly enhances tendon healing, not only histologically
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and mechanically but also functionally, as evidenced in a rat model

with a fully ruptured Achilles tendon. Particularly, after a 21-day

recovery period, the gait performance of rats whose injured tendon

was treated with FMOD/gHA-hydrogel returned to the same level as

unwounded animals. Together, this engineered FMOD/gHA-hydrogel

presents the outstanding potential for a new therapeutic candidate

for tendon healing management, while the gHA-hydrogel may have a

broader application as a delivery vehicle itself.

As a pre-clinical proof-of-concept investigation, our present study

has its limitations. From a basic research standpoint, in addition to

tenocytes, FMOD is known to be essential for organizing TSPC niche

and modulating TSPCs.88 Whether it can contribute to wounded ten-

don reconstruction is a valuable question to be answered in the

future. Besides, FMOD exhibits immunoregulatory potential in skin

wound healing.134 Understanding if FMOD also regulates the immune

response during tendon recovery, particularly at the early healing

period, will help to fully reveal how FMOD benefits tendon healing.

From a translational standpoint, advanced technologies, such as com-

putational analysis and design and 3D bioprinting,62,135 could be

adopted to further optimize the FMOD/gHA-hydrogel manufacture.

Moreover, delicate hydrogel designation, such as the pore size, pack-

ing density, surface modification, and FMOD dosage should be further

optimized and evaluated in different time points of the tendon healing

process. Given the high homology between human and rodent FMOD

proteins (positives: 100.0%, identity: 91.2%), conventional methods,

such as immunostaining, failed to track the release of exogenous

FMOD releasing. If necessary, isotope-labeled FMOD could be used

for future preclinical safety assessments and efficacy optimization in

the future. From a clinical standpoint, the efficacy of the FMOD/gHA-

hydrogel should also be evaluated in other tendon injuries such as

rotator cuff tendon rupture, quadriceps tendon rupture, and biceps

tendon rupture. Another area of exploration would be if other SLRPs

can aid in tendon rehabilitation. No doubt, a worldwide collaboration

among biomolecular scientists, material experts, and surgeons is nec-

essary to make the bench-to-bedside transition of this promising

therapy.

4 | MATERIALS AND METHODS

4.1 | Tenocyte isolation and maintenance

All animal surgery-related experiments were performed under institu-

tionally approved protocols provided by Chancellor's Animal Research

Committee (ARC) at UCLA (protocol number: 2016-049).

After euthanasia, the Achilles tendons of 3-months old female

Sprague–Dawley rat hind limbs were dissected. Only the middle 1 of

2 tendon proper was collected while the peritendinous connective tis-

sue was removed completely.133 The collected tendon tissues were

minced into 1 mm3 pieces in sterile PBS. After digesting in 2 mg ml�1

collagenase type I (Thermo Fisher Scientific) for 4 h at 37�C, transfer-

ring the digested tendon tissues into a 10-cm culture dish (Thermo

Fisher Scientific) with Tenocyte Culture Medium (ZenBio, Inc,

Durham, NC, USA), 10% fetal bovine serum (FBS; Thermo Fisher Sci-

entific), penicillin/streptomycin (1% v/v; Thermo Fisher Scientific), and

amphotericin B (1% v/v; Thermo Fisher Scientific) for 1 week. Then

the tendon tissue and the isolated cells were removed into a new

10-cm culture dish in a 37�C incubator with 5% CO2 after digesting

and collecting with 0.5% trypsin (Thermo Fisher Scientific). Tenocytes

at passage 3 were used for all in vitro tests.118,132 All tenocytes used

in this study were mycoplasma negative which was validated by good

laboratory practice (GLP)-Compliant Validation of MycoDetective™

-Mycoplasma Detection Using Real-time qPCR (Laragen Inc.,

CA, USA).

4.2 | Injectable hydrogel manufacture

The hydrogel was prepared by cross-linking HA polymer with DVS

to form a 3D network structure (Figure 3). First, 4% HA polymer

(Mw, ~1500–1800 kDa; MilliporeSigma) dissolved in 0.2 M NaOH

and DVS (purity ≥ 96%; MilliporeSigma) were mixed at a ratio of 4:1

(w/w) with magnetic stirring for 0.5 h to cross-link (Figure 3a). Then,

the mixture was neutralized with an equivalent amount of 0.2 M HCl

and dialyzed against pure water for 72 h (Figure 3b). To obtain the

injectable HMPs that can pass through the syringe needles, the

hydrogel after dialysis was strained through 100-mesh Standard

Stainless-Steel Sieve (Thermo Fisher Scientific) (Figure 3c). The HA

HMPs hydrogel was sterilized by immersing into the 75% ethanol

solution for 2 h. After the ethanol was replaced by sterilized distilled

water, HA HMPs were lyophilized to form granular hydrogel60 and

then stored at 4�C (Figure 3d). Prior to the administration, the inject-

able, gHA-hydrogel was reconstituted with 6 mg ml�1 FMOD solu-

tion (Figure 3e).

4.3 | Adult rat tendon wounds model

Female Sprague–Dawley rats (with age 120 days, weighting about

300 g) were randomly and equally assigned into two groups: (1) Con-

trol group: PBS-reconstituted gHA-hydrogel, and (2) FMOD group:

FMOD/gHA-hydrogel containing 12 mg ml�1 FMOD. After anesthe-

tizing, a longitudinal skin incision was made over the sterilized right

hind limb to expose the Achilles tendon (Figure S4A), while the left

hind limb was kept unwounded for gait performance assessment and

used as an intra-animal control for mechanical testing.85 After trans-

ecting the right Achilles tendon in the middle (Figure S4B), a 5 μl of

reconstituted, gHA-hydrogel was placed on each wound edge (5 μl

� 2 edges = 10 μl total/wound). The tendon was then sutured with

5–0 Nylon by using modified 2-strand Kirchmayr–Kessler technique

(Figure S4C–D),136 and the skin incision was closed in layers with

interrupted suture (Figure S4E). Cutaneous sutures were removed

1-week post-injury when stable wound closure established.31,99,134

Measurements were carried out by the investigators who were

blinded to the treatment group assignment. Rats were sacrificed

21 days post-operation.
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4.4 | Histological and immunofluorescence
staining

The harvested Achilles tendons were fixed in 4% paraformaldehyde

(PFA) at room temperature for 24 h. To ensure a more precise quanti-

fication, wounds were bisected centrally and longitudinally. After

dehydration, samples were paraffin-embedded and sectioned as 5-μm

for the H&E staining, and immunofluorescence staining,137 while

10-μm slides were prepared for PSR staining.30 To keep the region of

interest (ROI) with a consistent location in the tendon, an unwounded

tendon from the left leg was used as a control substance. Particularly,

all the samples were placed in the same direction on the slides for his-

tological assessment: the end connected to the calcaneus originated

right in the photos while the end connected to the calf muscle origi-

nated left (Figure S4G,H). The longitudinal middle of each scar was

documented for further assessments. The primary antibodies used for

Immunohistochemistry staining are listed in Table S2.

4.5 | Confocal laser scanning microscopy)

Following PSR staining, the collagen architecture of the tendon tissue

was captured on a Leica TCS-SP5 AOBS confocal microscope (Leica

Microsystems, Wetzlar, Germany) equipped with the software Leica

Application Suite Advanced Fluorescence (LAS AF; Leica Micro-

systems).31,32,73 Images were then assessed with Image J for FD and

L analyses to quantify the topological structure of the collagen

network.73

4.6 | Biomechanical analysis

Rats were sacrificed at 21 days post-injury. Both wounded and

unwounded hind Achilles tendons together with calcaneus and 1 cm

proximal muscle were harvested and tested within 2 h from the harvest

time point. Adherent surrounding tissues and other muscles were

removed completely. Ultimate tensile strength was tested using an

Instron 5565 Universal Testing Machine (Instron, High Wycombe, UK).

The tendon specimen was fixed by two clamps of Instron. One clamp

was placed at the musculotendon junction and the other was placed at

the attachment of Achilles tendon to the calcaneus. The distance

between the clamps is 10 mm. Pneumatic grips and silicon carbide

waterproof papers were used as padding to avoid specimen slippage.

Strength recovery ratio¼ Sp=S0�100% ð1Þ

Here, the Sp and S0 represent the breaking strength at 21st days

postoperation and preoperation, respectively.

A linear portion of the elastic phase of the curve was marked and

tendon stiffness (N/mm) was calculated from the slope of the force-

displacement curve.138,139

Stiffness recovery ratio¼ F=D�100% ð2Þ

Here, F represents the force applied to the Achilles tendon in

the tendon's elastic phase and D represents the displacement the

tendon experiences when the force is applied.

4.7 | Gait performance evaluation

The gait test apparatus was made according to Mendes et al.

(Figure 7a).84 Rats were placed in a confined acrylic glass gait walkway

build with transparent floor and sides (100 cm � 20 cm) together

with LED lights attached at the edge of the acrylic glass floor. Rat

footprints disrupt the internal reflection of the LED light propagating

within the acrylic glass and are recorded by a high-speed video cam-

era (Figure 7b). Rats were trained to walk through the walkway in a

consistent velocity while the animals failing the walk training were

excluded. Rat footprints were measured to evaluate the functional

recovery of the injured Achilles tendon, while the gait performance of

the animals were recorded every day since 3 days prior to the surgery

to settle the baseline (Figure 7c).85 A full-length walk with usual and

consistent velocity, without any interruption or hesitation, will be con-

sidered a successful walk (Video S2) and three successful walks for each

rat were recorded for each test. Only rats that performed three suc-

cessful continuous gait tests were used for further gait parameter eval-

uation. Footprint length (PL), distance between the first and fifth toes

or toe spreading (TS) and distance between the second and fourth toes

or toe spreading (IT) were measured (Figure 7b) as described by de

Medinaceli et al. previously.140 Only footprints in the middle of the

walkway were used for analysis. AFI described by Murrell et al.

(Figure 7d)85 was assessed and normalized to the pre-surgery level:

Achilles Functional Index AFIð Þ¼74� PLFð Þþ161� TSFð Þþ48
� ITFð Þ�5 ð3Þ

Here,

deMedinaceli
0
s footprint length factor PLFð Þ¼ nPL�ePLð Þ=ePL ð4Þ

Toe� spread factor TSFð Þ¼ eTS�nTSð Þ=nTS ð5Þ

Intermediary toe� spread factor ITFð Þ¼ eIT�nITð Þ=nIT ð6Þ

In which, n: unwounded limb; e: wounded limb.

4.8 | Statistical analysis

All statistical analyses were conducted in consultation with the UCLA

Department of Medicine Statistics Core. Power analysis by GPower

(version 3.1.9.4, Franz Faul, Universitat Kiel, Germany) was used to

predict the sample used in the present study to ensure α = 0.05 and

power = 0.8. As a proof-of-concept study, the power analysis was

conducted with a Cohen's d = 2.1 (>2, the threshold for a “‘Huge”
effect) to secure the clinical significance of the presentt study.
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Parametric data were compared by one-way ANOVA and two-sample

t-tests (one-tailed) using GraphPad Prism 9.0.0 (GraphPad Software,

LLC, CA, USA), while one-tailed Mann–Whitney U test and Kruskal–

Wallis ANOVA tests were used for non-parametric data. For all data

presented in this article, p < 0.05 (*) was considered a suggestive dif-

ference, while p < 0.005 (**) was recognized as a statistical signifi-

cance.141 No data was excluded. The relative statistical analysis

information is also presented in the respective figure legends.

5 | CONCLUSIONS

Our present study proved the hypothesis that FMOD's migratory-

enhancing and ECM-assembly-optimizing bioactivities in skin wounds

are duplicated in the tendon healing process. An injectable gHA-

hydrogel was engineered to effectively deliver this bio-potent agent in

the wounded tendon through a minimally invasive procedure desired

by both patients and healthcare providers. The gHA-hydrogel has an

excellent water-absorption capability to keep the administrated FMOD

and has enough viscosity to stick to tissue surfaces and fill the arbi-

trarily shaped tendon defects. Moreover, the reconstituted FMOD/

gHA-hydrogel displays a burst-to-sustained two-phase release of

FMOD. Thus, a single administration of the FMOD/gHA-hydrogel is

sufficient and permits a prompt delivery of FMOD followed by a con-

stant dose-maintaining period. By using a rat's Achilles tendon injury

model, we demonstrate that our FMOD/gHA-hydrogel significantly

augmented tendon healing, histologically, mechanically, and function-

ally. FMOD is a native ECM component that is broadly distributed in

the connective tissue, and multiple DVS cross-linked HA hydrogels

have been approved for human usage; therefore, FMOD/gHA-hydrogel

is a promising tendon-healing therapeutic agent in the clinical setting.
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