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Abstract

Tendinopathy is a term used to describe tendon disorders that are marked by pain and a loss of function. Recent studies
demonstrated that inflammation plays an important role throughout the broad spectrum of tendinopathy. Conventional
treatments such as steroid injections, analgesics, and physical modalities simply give pain relief and do not alter the
disease progression without the tendon regeneration effect. Tenocytes are responsible for maintaining the tendon
matrix and understanding how they function is essential to studying new treatments for tendinopathy. Our previous
study showed the protective effects of vitamin D (Vit D) on damaged tenocytes. Besides its well-known effects on
bone metabolism, the non-classical action of Vit D is the pleiotropic effects on modulating immune function. In the
present study, we developed a Vit D delivery system with hyaluronic acid (HA), which is one of the major components
of the extracellular matrix that has anti-inflammation and wound-healing properties. A novel Vit D delivery system with
cross-linked HA hydrogel (Gel) and Tween 80 (T80), Vit D@Gel/T80, could be a new regeneration technique for the
treatment of tendinopathy. Vit D@Gel/T80 reduced TNF-a induced damage to human tenocytes in vitro. In an animal
study, the Vit D@Gel/T80 injected group demonstrated tendon restoration features. As a result, this Vit D@Gel/T80
system might be a local injection material in the treatment for tendinopathy.
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Introduction

Tendinopathy is a widespread musculoskeletal condition
associated with overuse and aging. Although its pathogen-
esis is multi-faceted, inflammation is considered to be the
key mechanism of tendinopathy.'- Traditional anti-inflam-
matory treatment such as glucocorticoid injection failed to
have long-term benefits, conversely resulting in damage to
the tendon structure.* In this context, regenerative ther-
apy based on platelet-rich plasma, growth factors, or stem
cells has been tested as alternatives.>® Nonetheless, none
of the aforementioned techniques have demonstrated
repeatable and favorable results in terms of tendon repair.”-*
As a result, clinical solutions for effective regenerative
therapy are lacking.

Vitamin D (Vit D) is a pro-hormone that is the essential
precursor of the potent steroid calcitriol, classically regu-
lates calcium and phosphate metabolism.’ Additionally,
vitamin D is fat-soluble and plays a crucial role in the
development of bone, skeletal muscle, and overall health.
Vit D insufficiency leads to low bone mineral density,
bone fractures, osteopenia, osteoporosis, and muscle
weakness.! Moreover, vitamin D exerts anti-inflamma-
tory effects on the immune cell lines thus playing an
important role in the pathogenesis of tendinopathy.'' The
physiologically active form of vitamin D, 1,25-dihydroxy-
vitamin D3 [1,25(0OH),D,] causes down-regulation of pro-
inflammatory cytokines such as interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-o), and interferon-
gamma (IFN-y) and up-regulation of anti-inflammatory
cytokines such as interleukin-10 (IL-10) in Mycobacterium
tuberculosis-infected human peripheral blood mononu-
clear cells.'> Additionally, Vit D regulates reactive oxygen
species levels, cyclooxygenase activity, and nuclear fac-
tor-kappa B (NF-kB) pathways through its anti-inflamma-
tory effects.’> In our previous study, Vit D displayed its
protective property in damaged tenocytes, suggesting its
use as a potential therapeutic agent for tendinopathy.'*
Additionally, Vit D increased proliferation and repaired
tendon-related indicators in injured tenocytes through sim-
ulating the extracellular signal-regulated kinases (ERK)
and p38 pathways.'* Therefore, Vit D could be a good
therapeutic candidate for tendon restoration by effectively
modulating the immune response and cell proliferation.

In addition to bioactive molecules, a scaffold is an
important component of tissue engineering for tendon
regeneration.'> Many attempts have recently been made in
the field of tissue engineering to develop an effective bio-
material for tendon repair. Jiang et al.'® for example, pro-
posed a 3D printed multilayer scaffold for tendon
regeneration that included collagen-fibrin hydrogels and
stem cells and showed great potential tendon healing capa-
bility. Additionally, Cai et al.!” investigated a microfiber-
nanofiber core-sheath yarns scaffold to see whether it may
improve biocompatibility and biomechanical properties.
Several studies have used natural biomaterials such as col-

lagen, fibrin, and hyaluronic acid (HA) to mimic the extra-
cellular matrix (ECM) of tendon.'®

ECM-based hydrogels (such as collagen, HA, glycosa-
minoglycans, fibronectin, and others) are particularly useful
as biomaterials, because they can imitate the natural envi-
ronment.!” Among them, HA is one of the most commonly
used materials for drug delivery.?’ HA, a widely distributed
polysaccharide in mammalian connective tissue, is found to
be an important molecule of the tendon ECM.?!' For dec-
ades, HA hydrogel has been widely used as a biomaterial in
arthritis research as a lubricant,”? and its application has
lately been extended to other fields such as tendinopathy.
Tendon sheath secretes HA, which promotes gliding motion
and reduces tendon adhesion.?* Besides its lubricating prop-
erties, the anti-inflammatory impact has been identified as
one of its benefits for tendon pathologies.’* Hence, HA
hydrogel-based drug delivery systems have been widely
used in various tissue regeneration procedures due to their
excellent features, such as biocompatibility, water absorp-
tion, structural rigidity, and drug retentibility.>?® Niiyama
and Kuroyanagi?’ developed vitamin C loaded-HA and col-
lagen scaffold for wound healing. Hsiao et al.?® suggested
that antioxidant-loaded HA hydrogel might be used as a
drug carrier system to treat tendinopathy. HA possesses its
protective effects in tendinopathy, but it can also be used as
a scaffold for another drug.

Controlled release from HA provides advantages
regarding safety and efficacy.?>*® We hypothesized that
HA would have a synergistic effect with Vit D as an appro-
priate delivery system for tendon regeneration.

In the current study, we developed a biocompatible,
cell-free, non-invasive, injectable, and long-term stable Vit
D delivery system. The Vit D@Gel/T80, miscible with
cross-linked HA hydrogel (Gel) using surfactants such as
Tween 80 (T80), was utilized for tendon restoration. The
anti-inflammation, anti-apoptosis, and cell viability prop-
erties were investigated using human tenocytes in vitro. In
addition, a collagenase-induced animal model was
employed to assess the in vivo efficacy of Vit D@Gel/T80
in tendon regeneration.

Materials and methods

Materials

Vitamin D3 (Vit D, Cholecalciferol), Kolliphor®P188
(Poloxamer 188, F-68), Tween®20 (T20), and Tween®80
(T80) were purchased (Sigma-Aldrich, USA). The cross-
linked hyaluronic acid (HA, 20mg/ml) hydrogel with
1,4-butanediol diglycidyl ether (BDDE) was provided
(Hyundae Meditech Co., Ltd., Korea).

Methods

Preparation of Vit D@Gel/Surfactant. The Vit D@Gel/T80
was prepared in two steps. In the first step, Vit D (7.7 mg)
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was dissolved in ethanol (400 ul). This solution (0.8 ul)
was sonicated for 30min in phosphate-buffered saline
(PBS, pH 7.4) solution (19.2 ul) containing F-68, T20, or
T80 (0.4% and 0.8%, w/v), respectively. In the second
step, the water-insoluble Vit D nanoparticle dispersion
was stabilized overnight at 4°C. The stabilized dispersion
was mixed with HA hydrogel (ratio 1:1).

Dispersion stability test. Turbidity measurements and the
size of vitamin D nanoparticles were used to evaluate the
stability of the Vit D delivery systems that were cross-
linked with HA hydrogel using F-68, T20, or T80 sur-
factants. The turbidity measurements were performed
using a SpectraMax M2 Microplate Reader (Molecular
Devices; California, USA). Subsequently, the Vit D nano-
particle dispersion on the 96-well plate was observed at a
wavelength of 550 nm. Additionally, the size distributions
of Vit D nanoparticles were determined with the Zetasizer
instrument (Malvern Instruments Ltd., UK).

Fabrication of the Vit D@Gel/T80. To dissolve Vit D com-
pletely, T80 was added into a PBS solution (0.4%, w/v).
Vit D was first dissolved in ethanol. Subsequently, 20 pl of
the HA hydrogel was blended with 20 ul of the abovemen-
tioned solution with 1ml Henke-Ject (HENKE SASS
WOLF Co., Germany) in sequence.

Gel swelling test. The HA hydrogels were distributed (40 ul)
in a 24-well cell culture insert with 1 ml of PBS solution.
The inserts were then removed from the plate, wiped with
tissue paper to remove any remaining water, and the
remaining masses were weighed immediately.

Rheological analysis. The rheological characteristics of
hydrogels were analyzed using a stress-controlled rheom-
eter from Anton-Paar (Graz, Austria), which was employed
with a parallel-plate geometry at a diameter of 25 mm. The
gap was fixed at 1000 um. The frequency sweep was car-
ried out with a frequency range of 0.1-10Hz at 25°C to
determine the linear viscoelastic (LVE) zone for the
hydrogel.

In vitro Vit D release study. For the innate release test of Vit
D, a 40 ul sample was injected in 1 ml of PBS solution con-
taining T20 (0.5%, w/v). At a predetermined time, the
released Vit D was extracted from the solution and freeze-
dried overnight. Thereafter, the supplement was refilled
with 0.5ml of PBS solution containing T80. Additionally,
a minimum of three trials were conducted with different
gel formulations.

High-performance liquid chromatography (HPLC) analysis. An
HPLC system (Agilent 1100 series, Santa Clara, USA)
equipped with a UV detector was used for the chromato-
graphic analysis. The separation was carried out using a

Luna 3u cl18(2) 100A, LC column measuring
150 X 460 mm, with a 3-micron particle size (Phenomenex
Inc.; Torrance, USA). The mobile phase was composed of
70% acetonitrile, 25% methanol, and 5% water with a flow
rate of 1 ml/min. A total of 10ul of each sample was
injected into the column to carry out the analysis. The
detection wavelength was carried out at 265nm for
15min.?! To stabilize the peaks, the blank samples were
measured at least once before starting the measurement.
Additionally, the ChemStation (Agilent™) suite was used
to conduct the LC analysis.

Cell culture and reagents. Human primary tenocytes were
purchased (Cryopreserved Adult Tenocytes, TEN-F, Zen-
Bio Inc., NC, USA) and grown in Dulbecco’s modified
Eagle’s minimal essential medium (HyClone Laboratories
Inc., UT, USA), supplemented with 10% fetal bovine
serum (HyClone; UT, USA) and 1% antibiotic antimycotic
solution for less than passage 5 (100X; Gibco, USA). The
cells were maintained at 37°C in a controlled humidified
air atmosphere supplied with 5% CO,, and the medium
was changed every 3days. Before culturing, the plates
were coated with collagen type 1 (RatCol® Rat Tail Colla-
gen; Advanced BioMatrix; CA, USA). Using filtered 0.1%
acetic acid solution, further dilution was carried out to
achieve the desired concentration. Additionally, the work-
ing concentration was adjusted to 100 pg/ml in a sterile
0.1% acetic acid solution. Subsequently, the cells were
cultured in an incubator that was adjusted to 5% CO, and
37°C in a controlled humidified atmosphere. Every 2 days,
the medium was replaced and cultivated until 80% conflu-
ence was reached.

Cytotoxicity assays of the Vit D@Gel/T80. In a 24-well plate,
human tenocytes were planted at a density of 8000 cells
per well. To induce cell damage, the cells were treated with
TNF-a (PEPROTECH; NJ, USA) at a concentration of
25ng/ml. Additionally, to provide indirect diffusion of Vit
D, 24-well inserts were used. The HA hydrogel was placed
at a quantity of 40 ul/well. Subsequently, the cell viability
was measured by a CCK-8 assay. To begin, 50 ul of CCK-8
solution was added to each well and incubated for 1h at
37°C. The optical density was then measured using a
microplate reader at 450nm. For live-dead staining, cells
were treated for 15 min at 37°C in the dark with 2 uM cal-
cein AM and 4 uM EthD-1 (Invitrogen; Thermo Scientific
Inc., Waltham, MS, USA) in PBS solution and then
observed using a fluorescence microscopy.

Antioxidant effect of the Vit D@Gel/T80. 2,2-Diphenyl-
1-(2,4,6-trinitrophenyl)-hydrazyl and 2,7-dichlorodihy-
drofluorescein diacetate (DCF-DA) were purchased
(Cayman, MI, USA). Human tenocytes were cultured and
treated with an indirect diffusion technique in the same
way as the cell cytotoxicity assay conducted earlier. Then,
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20 uM DCF-DA was treated for 45 min at 37°C in the dark.
Live and DCF-DA positive cells were imaged by fluores-
cent microscopy (CKX53, Olympus, Tokyo, Japan).

Quantitative real time PCR (qRT-PCR) analysis of human teno-
cyte and rat tendon tissue. To analyze the effect of the Vit
D@Gel/T80 on the proliferation and inflammation of ten-
ocytes, the gene expression levels of relevant proteins
were evaluated using qRT-PCR from tenocytes and tendon
tissues. The cells under the same experimental conditions
as the cytotoxicity test were treated with TNF-a and incu-
bated for 72h before mRNA was retrieved. For mRNA
isolation from whole tissue, Trizol reagent (Invitrogen;
Thermo Scientific Inc., Waltham, MS, USA) was used.
The cDNA was then synthesized using random hexamer
primers and TAKARA RT reagent kit (Perfect Real time;
Takara Bio Inc., MI, USA). Supplemental Tables S1 and
S2 lists all primer pairs used in qRT-PCR, which was car-
ried out with SYBR Green Master Mix (Applied Biosys-
tems, CA, USA). The expression of target genes was
standardized by 18S rRNA as a reference gene.

Immunohistochemistry (ICC) and Western blot analysis. Human
tenocytes were fixed for 15min in a 4% paraformaldehyde/
PBS solution, permeabilized for 30min in 0.3% Triton
X-100, and blocked for 1h in a 5% BSA/PBS solution. The
cells were then probed with a Col 1 antibody (Santa Cruz
Biotechnology; CA, USA) in a 1% BSA/PBS solution over-
night at 4°C. Following three consecutive washes with the
PBS solution, the cells were incubated with the secondary
antibody (Alexa-Fluor 568 goat antirabbit; Molecular
Probes Inc.; OR, USA) in 1% BSA/PBS solution at RT for
1h in the dark. After three washes with PBS solution, the
cells were mounted using the Vectashield mounting medium
with DAPI (Vector Laboratories Inc.; CA, USA). The cells
were imaged using fluorescent microscopy (Olympus X 71
microscope, Center Valley, PA).

The cells were washed twice with PBS solution and
then lysed for 30min at 4°C using the RIPA cell lysis
buffer. The lysates were then centrifuged for 15min at
13,000 rpm at 4°C. The protein concentration was subse-
quently determined using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific Inc., Waltham, MS, USA). The
protein lysates (15pg) were loaded and separated on a
10% SDS-PAGE gel before being transferred onto nitro-
cellulose membranes. After blocking with 5% Difco™
Skim Milk (BD Difco; NJ, USA), the membrane was then
incubated overnight at 4°C with primary antibodies such
as antiNFkB p65 Antibody (sc-8008, 1/200, Santa Cruz
Biotechnology, TX, USA), antilL-6Ra Antibody (sc-
373708, 1/500, Santa Cruz Biotechnology, TX, USA),
COX2 Polyclonal Antibody (aa 570-598, 1/200, Cayman
Chemical, M1, USA), and antif-Actin Antibody (sc-47778,
1/1000, Santa Cruz Biotechnology, TX, USA). The mem-
branes were then washed in TBS-T and labeled with mouse
antirabbit IgG HRP (sc-2357, 1/5000, Santa Cruz

Biotechnology, TX, USA) and antimouse IgG HRP-linked
antibody (7076S, 1/5000, Cell Signaling Technology,
Massachusetts, USA). Finally, the immunoreactivity was
revealed by the use of the ECL Select™ Luminal Solution
(Cytiva; MA, USA).

Animal model and surgery procedure. The experimental pro-
tocol for the use of animals was approved by the Institu-
tional Animal Care and Use Committee at CHA University
(IACUC200107). A total of 40 male Sprague-Dawley rats
(8 weeks old; 230-330 g in weight) were used in this study
(Supplemental Table S3). Following shaving, a 1cm of
longitudinal skin incision was made in the medial region
of the hind limb. Subsequently, collagenase (30 ul, 20 mg/
ml) was injected into the aforementioned region.?? Finally,
the tendon skin was sutured by black silk 4-0 (AILEE Co.,
Korea). After the collagenase-induced tendinopathy proce-
dure, rats were randomly assigned to post-injury groups.
Following a period of 2weeks, the incision was made
again, and 40 ul of HA hydrogel was injected into each
group using a 26 G needle (KOVAX, Korea). After 2 and
4weeks post-injection, both Achilles tendons were har-
vested under general anesthesia. The tendons were then
sliced into sections along the sagittal plane.

Histological analysis. The tendon specimens were fixed
with 10% formalin solution (Sigma-Aldrich, Germany) for
72 h. Subsequently, the samples were dehydrated in anhy-
drous ethanol. The samples were then processed and pre-
pared for paraffin tissue slides following the standard
procedure. Hematoxylin and eosin (H&E; Abcam, UK)
and Masson’s trichrome (MT; VitroVivo Biotech, MD,
USA) were used to stain the 5 um thick slides. Each stain-
ing adhered to the established guidelines.

Statistical analysis. All experiments were repeated at least
three times. The results are shown as means * SD.
#p<0.0001, ***p<<0.001, **p<<0.01, and *p<<0.05
indicate statistically significant differences, respectively.
Statistically significant differences were evaluated by one-
way analysis of variance with post hoc analysis (Tukey
method) using GraphPad Prism 7.0 software (GraphPad
Software Inc., CA, USA).3

Results and discussion

Fabrication and characterization of the vitamin
D delivery system with the Vit D@Gel

Based on our prior research, Vit D (specifically D3) was
chosen as a growth factor to promote tendon regeneration
as a drug enriched in HA.'"* Because Vit D is widely rec-
ommended for bone health, it could be a safe candidate.
Vitamin D consumption (§00—1000 [U/day, 1 IU=0.025 ng)
is recommended by the National Osteoporosis Foundation
for postmenopausal women and men aged 50 and older.>*
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Figure |. Injectable cross-linked HA-based Vit D delivery system. (a) Dispersion of Vit D in HA hydrogel with three different
surfactants: Pluronic F-68 (Vit D@Gel/F68), Tween 20 (Vit D@Gel/T20), and Tween 80 (Vit D@Gel/T80). (A, B) Turbidity assay
at 550nm for 7 days. (b) Rheology measurement of the | and 2mM Vit D@Gel/T80. (c) In vitro Vit D release profile of the | and
2mM Vit D@Gel/T80 for 4weeks. (d) In vitro long-term stability test of the | and 2mM Vit D@Gel/T80 at 4°C for 22 weeks.

HA: hyaluronic acid; Vit D: vitamin D.

Typical Vit D3 intramuscular injections used 200,000 U
(5 mg) per injection with a 3- or 6-month interval between
injections.® Thus, based on the existing clinical practice of
D3 injections, we hypothesized that 1 and 2mM Vit D in a
single injection would be of the appropriate concentration.
However, unlike water-soluble vitamins, because fat-solu-
ble vitamins have low loading efficiency and homogeneity
in the hydrogel matrix, large concentrations of Vit D are
frequently incompatible with hydrogel. Because of its
short half-life and hydrophobicity, Kim et al.’® suggested
using a Vit D delivery method loaded in poly(lactic-co-
glycolic) acid nanoparticles on microneedles. But, 82.2%
of Vit D released within 48 h in their system. Therefore, in
this study, we applied a nanoemulsion-based dispersion
method to fabricate the controlled Vit D delivery system in
HA hydrogel (Vit D@Gel) for long-term using surfactants
such as Poloxamer 188 (F68), Tween®20 (T20), or
Tween®80 (T80).>” Figure 1(a) (A, B) shows that the Vit
D@Gel/F68 had a higher turbidity value than the Vit D@
Gel/T20 and Vit D@Gel/T80 after 7 days at concentrations
of 1 and 2mM. This result showed that the dispersion

stability of Vit D nanoparticles in Vit D@Gel/F68
decreased, and Vit D nanoparticles aggregated. On the
other hand, the Vit D@Gel/T20 and the Vit D@Gel/T80
had shown stable dispersion for 7 days.

The size distribution of Vit D nanoparticles prepared
with different types of surfactants (T20 and T80) and dif-
ferent concentrations of Vit D was shown in Figure S2 (1
and 2mM). The size of the Vit D nanoparticles varied
depending on the surfactant, and T80 produced Vit D nan-
oparticles that were smaller than T20. This finding is in
line with a recent study that used emulsification to create
Vit D nano-emulsions.*® Furthermore, higher Vit D con-
centration (I — 2mM) increased the mean size of Vit D
nanoparticles in both surfactants (3.6 — 6.8nm for T80
and 7.8 — 8.1nm for T20) although still Vit D nanoparti-
cles for T80 maintained smaller mean size. Consequently,
T80 was adopted to preparation of the further Vit D deliv-
ery system for tendon repair. The 1 mM Vit D@Gel/T80
was more stable than the 2mM Vit D@Gel/T80 in Figure
1(b). In both concentrations of Vit D@Gel/T80, the stor-
age modulus (G’) was larger than the loss modulus (G”),
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TNF- o: tumor necrosis factor-o.

indicating solid-like behavior with a three-dimensional
(3D) structure following injection. In both 1 and 2mM Vit
D@Gel/T80, the ratio of viscous to elastic response (tan &)
was less than 1, indicating the hydrogel’s elasticity.
Additionally, ATR-FTIR spectra for the HA, 100% Gel,
50% Gel/T-PBS, and Vit D@Gel/T80 are shown in
Supplemental Figure S3. The characteristic peaks of HA
were recorded at 3270cm™! (-OH stretching vibration),
2930cm™! (stretching vibration of CH2), 1605 and
1406 cm™! (symmetric and asymmetric stretching vibra-
tions of COO-), and 1028cm™! (C-O-C stretching vibra-
tion).*° The characteristic peaks of HA were also observed
in spectra of the 100% Gel, 50% Gel/T-PBS, and Vit D@
Gel/T80. After Cross-linking or the addition of T-PBS and
Vit D did not change the characteristic bands of HA gel.*
Moreover, the long-term Vit D stability of the drug was
analyzed using HPLC for 22weeks at 4°C and 25°C,
respectively (Supplemental Figure S3). Although there
was no change in vitamin D peak area or isomerization in
Vit D@Gel/T80 at 4°C after 150days, Vit D@Gel/T80 at
25°C changed to pre-, trans-, and tachysterol type

isomers.*! Thus, our Vit D delivery system (Vit D@Gel/
T80) could be employed as an injectable therapeutic or
regenerative substance to supplement a surgical implant
for tendon rupture healing.*?

Biocompatibility of the Vit D@Gel/T80 in vitro

To assess in vitro biocompatibility of the Vit D@Gel with
human tenocytes and to simulate local injection, the trans-
well inserts were used. The trans-well insert device formed an
indirect contact environment on cells with the Vit D@Gel/
T80 (Figure 2(a)). TNF-a is a cytokine that induces apoptosis
and is a key player in the inflammatory cascade.** TNF-a,
IL-6, and monocyte chemoattractant protein 1 (MCP-1) all
increased in plasma in tendinopathy patients.> Human teno-
cytes were treated with TNF-a to induce tendinopathy-like
damage. After 72h of exposure to TNF-a, tenocyte viability
was evaluated using CCK-8 (Figure 2(b)). TNF-a treated,
TNF-a untreated, Gel only, Vit D (1 mM) only, and 1 mM Vit
D@Gel/T80 were the five groups conducted in the study.
When compared to the positive control (TNF-a untreated),
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cell viability fell by roughly 49% in group simply treated with
Vit D and 16% with Gel. Interestingly, the 1 mM Vit D treated
group without Gel group showed lower viability than the
negative control group (TNF-a treated). Previously, our study
stated that Vit D improved cell viability in a dose-dependent
manner (1, 10, 20, and 40 uM).'* We decided to use a much
higher concentration such as 1mM of Vit D to maintain its
effect for a longer time in our HA hydrogel system. This find-
ing suggests that 1 mM Vit D may be toxic to tenocytes in the
absence of a delivery method. On the other hand, when Vit D
was encapsulated in Gel, cell viability increased without
causing harm to the cells. Because the Gel suppressed the ini-
tial burst release of Vit D and allowed it to be delivered con-
tinuously. The 1 mM Vit D@Gel/T80 group exhibited similar
cell viability with the control group (TNF- o untreated)
(p<<0.05). The cell viability test was represented by the live/
dead staining (Figure 2(c)). Tenocyte viability was consider-
ably reduced when cells were exposed to a high concentration
of Vit D (1mM) directly. The 1mM Vit D@Gel/T80 group
had the highest ratio of live cells to dead cells of all the groups.
As a result, the 1 mM Vit D@Gel/T80 might be an effective
way to enhance the proliferation of TNF-o damaged human
tenocytes.

Anti-inflammatory and anti-apoptotic responses
of the Vit D@Gel/T80 with TNF-o. damaged
human tenocyte in vitro

As mentioned previously, Vit D might have a crucial role in
the proper activation of the immune system.!>* We further
hypothesized that the secreted Vit D from the Vit D@Gel/
T80 would reduce tendon inflammation. Hence, we evalu-
ated the anti-inflammatory and furthermore, anti-apoptotic
abilities of the Vit D@Gel/T80 using TNF-o damaged
human tenocytes. Quantitative real-time PCR (qRT-PCR)
was performed to determine how Vit D functioned on teno-
cytes at the RNA level. Same as the above-mentioned
experiment, TNF-a was treated with all of the groups to
induce inflammatory responses. NF-kB is a transcription
factor that directs the transcriptional activity of various pro-
moters of proinflammatory cytokines like interleukin 6 (IL-
6).% Cyclooxygenase-2 (COX2) is expressed by
inflammatory cells such as macrophages and is known to be
inhibited by Vit D.!* After being exposed to TNF-a,, the
gene expressions of NF-xB increased considerably as
shown in Figure 3(a). The gene expressions of NF- kB at the
1 mM Vit D@Gel/T80 level, on the other hand, were down-
regulated to a level similar to that of the control group. The
gene expressions of IL-6 and COX2 were lower in the 1 mM
Vit D@Gel/T80 group compared to the solely treated 1 mM
Vit D group and the negative control (TNF-a treated) group
(7.67 and 2.17 times each). This result implied that Vit D
treatment with the proper delivery system has an effect on
anti-inflammation caused by TNF-a.. According to the result
of NF-kB, Vit D without any adequate vehicles increased

the immune response excessively, and consequently the
excessive Vit D administration caused cytotoxicity on teno-
cytes in the cell viability test. Additionally, an immunocyto-
chemistry (ICC) assay was conducted with an antiNF-kB
antibody. Figure 3(b) shows that the number of NF-«xB-
positive cells notably decreased in the 1mM Vit D@Gel/
T80 group compared to that of the negative control. Similar
results were observed in NF-kB, IL-6, and COX2 protein
levels by Western blot analysis (Figure 3(c)).

Only the I mM Vit D@Gel/T80 group showed a signifi-
cant increase (6.10 times) in the expression of the B-cell
lymphoma 2 (BCL-2) gene, which inhibits cell destruction
as an anti-apoptotic molecule (Figure 3(d)). The pro-apop-
totic genes, such as BH3 interacting domain death agonist
(BID), Bel-2-associated X protein (BAX), and Bcl-2 homol-
ogous killer (BAK) were significantly down-expressed in
the 1 mM Vit D@Gel/T80 group compared to negative con-
trol (5.69, 2.57, and 9.14 times each). As a result of Vit D’s
activity in modulating the ERK and p38 pathways,'* the
I mM Vit D@Gel/T80 possesses excellent anti-inflamma-
tion and anti-apoptosis properties for tendon regeneration.

Tendon repairing ability of the Vit D@Gel/T80
in vitro

As shown in Figure 4(a), the tendon progenitor cells expressed
scleraxis (SCX) and mohawk (MKX). Tenomodulin (TNMD)
and collagen types 1 and 3 are all expressed once the cell has
matured into mature tenocytes.*® The RT-PCR was analyzed
to confirm the ability of Vit D and Gel to differentiate.
Tenascin C (TNC) was formerly thought to be overexpressed
in inflammatory or infectious conditions.*” As seen in Figure
4(b), mRNA expression level of TNC was up-regulated in the
presence of TNF-a.. The groups treated with Gel and 1 mM
Vit D@Gel/T80 effectively reduced TNC expression to a
level similar to that of the native group. Although the inflam-
matory response is known that suppress the differentiation of
tenocyte progenitor cells, the I mM Vit D@Gel/T80 could
restore damaged tenocyte progenitor cell through attenuating
the inflammation response. The 1 mM Vit D@Gel/T80 can
develop progenitor cells into tenocytes by significantly
increasing the expression of tenocyte-related markers (SCX
and MKX). Ultimately, when compared to the control group,
the expression of TNMD, a mature tendon marker, was
recovered identically.

Because of TNF-a damage, the expression of collagen
type 1 alpha 1 (COL1A1) mRNA expressions in the negative
control, 1mM Vit D only, and Gel substantially decreased.
However, COL1A1 expression was up-regulated in the | mM
Vit D@Gel/T80. Finally, the negative control group showed
aberrant collagen type 3 alpha 1 (COL3A1) expression. The
expression of COL3A1 in the I mM Vit D, Gel, and I mM Vit
D@Gel/T80 groups, on the other hand, decreased gradually.
The level of COL3A1 expression was investigated negligible
difference between healthy tenocytes and the 1 mM Vit D@
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Figure 3. In vitro biological properties of the Vit D@Gel/T80 in TNF-a. damaged human tenocytes. (a) The mRNA expression
levels of inflammation-related gene (NF-«B, IL-6, and COX2) by qRT-PCR. (b) Immunocytochemistry labeled with antiNF-xB
antibody. Scale bar indicates 100 um. (c) The expression levels of inflammation-related proteins (NF-«B, IL-6, and COX2) using
Western blot analysis. (d) The mRNA expression levels of an apoptosis-related gene (Bcl-2, BID, Bax, and BAK) by qRT-PCR.

*p < 0.05, ¥p < 0.01, **p < 0.001, and #p < 0.0001 indicate statistically significant differences, respectively.

NF-kB: nuclear factor-kappa-light-chain-enhancer of activated B cells; IL: interleukin; COX2: cyclooxygenase 2; Bcl-2: B-cell ymphoma 2; BID: BH3-
interacting domain death agonist; Bax: Bcl-2 associated X; BAK: Bcl-2 homologous antagonist killer.

Gel/T80. SCX and MKX are tendon-ligament-specific mark-
ers that are expressed in the early stages of tendon formation.
SCX-expressing early tendon progenitor cells, in particular,
are responsible for tendon tissue development and muscle
attachment. MKX and TNMD are well-known tendon-spe-
cific markers that belong to the type II transmembrane glyco-
proteins family and are expressed during tendon development.
Tendon is also a collagen-rich tissue that resists tensile forces.
Collagen type 1 accounts for about 95% of the collagen in the
body. Collagen type 1 is considered one of the key indications
of tendon regeneration. The second most frequent kind of col-
lagen found in a tendon is collagen type 3. However, at the
tendon rupture site, there is excessive collagen type 3

expression. In the same context, Liu et al.*® reported the use of
nitric oxide-releasing exosome-loaded microneedles to treat
Achilles tendinopathy, which improved collagen type 1
expression while reducing collagen type 3 expression in vivo.
Consequently, the 1mM Vit D@Gel/T80 showed excellent
tenocyte regeneration in vitro.

In vivo tendon restoration effect of the Vit D@
Gel/T80
To investigate tendon regeneration ability in vivo, we inves-

tigated the hydrogel and 1 mM Vit D@Gel/T80 using a
collagenase-induced animal tendinopathy model. Two
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Figure 5. In vivo evaluation using collagenase-induced rat tendinopathy model in 2 weeks after injection. (a) Gross images of
the injected site. (b) H&E staining images of the tendon (top) and muscle (below). (c) MT staining images of the tendon. Scale
bar indicates 40 um. The mRNA expression levels of (d) inflammation-, (e) apoptosis-, and (f) tendon-related genes in rat tendon.
*p < 0.05, ¥p < 0.01, ¥*p < 0.001, and #p < 0.0001 indicate statistically significant differences, respectively.

H&E: Hematoxylin and eosin; MT: Masson’s trichrome.

weeks after collagenase injection into the Achilles tendons,
1 mM Vit D@Gel/T80 was injected into the lesion site. The
gross images of each group were examined at 2 and 4 weeks
following injection in Figures 5(a) and 6(a). The negative
control has an opaque yellow tissue on the surface. At
4weeks following injection, the regenerated tendon in the
ImM Vit D@Gel/T80 restored its original clear glossy
appearance, which was similar to that of a native tendon
(Figure 5(a)). Histological analyses utilizing H&E and MT
stainings were used to demonstrate the tissue regeneration
impact of the 1 mM Vit D@Gel/T80 (Figure 5(b) and (c)).

Tendon tissue in the control group was observed abnormal
fiber structure and arrangement based on H&E and MT
stainings (red arrow). The Gel group’s fiber arrangement
was restored 2 weeks after injection, as seen in Figure 6(b)
and (c). The morphology and positioning of nuclei are also
crucial histology indicators of tendon health. Round nuclei
were found in the control and gel groups (blue arrow); how-
ever, the 1 mM Vit D@Gel/T80 group had the most similar
nuclei appearance to the native group, with a flat shape.

In addition, the mRNA expressions were examined to
further support the histological results and to confirm the
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internal tendon tissue restoration. Inflammation-related
genes (TNF-a, COX2, and NF-«xB) had their mRNA expres-
sions downregulated in the 1 mM Vit D@Gel/T80, which
was significantly lower than the control and decreased to a
level comparable to those of native cells (Figures 5(d) and
6(d)). And apoptosis-related gene expressions (BAK and
BID) were likewise significantly lower than in that of the
control group (p<0.0001). Finally, at 2 and 4 wecks after
injection, mRNA expressions of tendon-related genes (SCX,
TNMD, and COL1A1) increased dramatically in the 1 mM

Vit D@Gel/T80 group. According to in vivo tests, | mM Vit
D@Gel/T80 will cure tendon dysfunction while also having
anti-inflammatory and anti-apoptotic properties.

Tendon tissue restoration effect of the Vit D@
Gel/T80
Reactive oxygen species (ROS) regulate cell growth and

differentiation in a steady state. However, abnormal ROS
accumulation can cause oxidative stress, accelerating the
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Figure 7. Schematic illustration of the potential tendon regeneration effect of the | mM Vit D@Gel/T80.

development of various diseases including tendinopa-
thy.* Excessive ROS has been shown to influence the
proliferation and migration of tendon-derived stem cells
(TDSCs) leading to the initiation of apoptosis in vitro.>
Hypoxia is a critical regulator of tendinopathy, resulting
in high levels of ROS in mitochondria, dimerization of
NF-kB, and mitophagy.>! Vit D is one of the well-known
antioxidants found in nature via ROS scavenging.
Therefore, to reduce oxidative stress in the tendon, the
usage of Vit D would be a great approach for effective
tendinopathy treatment in the clinic. In this study, the
ROS scavenging ability of the 1 mM Vit D@Gel/T80 was
confirmed (Figure 2(d) and (e)), as was the reduction in
proinflammatory cytokine expression at the cellular level
(Figure 3(a)—(c)). In addition, the effects of Vit D on ten-
don repair via the ERK and p38 pathways as well as

antioxidant activities were investigated.'* The ERK and
p38 are the most well-studied mitogen-activated protein
kinase (MAPK) pathways that govern cell proliferation
in general.>? Furthermore, these signaling pathways also
relay physiological responses in mammalian cells, such
as cell differentiation, inflammatory response, and apop-
tosis. Numerous studies have established Vit D as an anti-
oxidant. The 1mM Vit D@Gel/T80 decreased the
expression of apoptosis-related markers in tenocytes
(Figure 3(d)) and eventually increased the expression of
tendon-related markers in damaged tendons (Figure 4).
Taken together, it appears that 1 mM Vit D@Gel/T80 has
multiple functions, including reducing tenocyte apopto-
sis, enhancing cell proliferation, protein synthesis, and
tissue organization in the injured tendon by modulating
the ERK and p38 pathways (Figure 7).
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There are some limitations in this study. First, colla-
genase-induced tendinopathy model does not sufficiently
replicate degenerative tendon pathologies in human.>*** In
addition, inconsistent and variable degree of tendon injury
by collagenase injection were reported.’ Second, our his-
tologic data are not completely quantitative. Finally, we
just combined Vit D and hydrogel using a specific sur-
factant. To develop more effective composition of Vit D
delivery system, nanofiber hydrogels could be a superior
scaffold for sustained Vit D delivery.?

Conclusions

Our 1 mM Vit D@Gel/T80, a novel Vit D delivery hydrogel
system with cross-linked HA and surfactant T80, showed its
capability of repairing tendinopathy based on tendon resto-
ration properties in vitro and in vivo. Vit D in the 1 mM Vit
D@Gel/T80 formulation, in particular, had a tendon regen-
erating impact in vivo, with biological properties such as
anti-apoptosis, tenocyte proliferation, tendon-related pro-
tein production, and tissue alignment. According to these
findings and earlier research, Vit D downregulated NF-xB
expression and inhibited phosphorylation of ERK and p38
pathway, which could reduce proinflammatory cytokines.
Overall, the Vit D@Gel/T80 considerably aided the tendon
regenerating process. This approach could be a candidate
for tendon treatment. For more advanced Vit D delivery sys-
tem, the development of combining hydrophobic Vit D into
hydrogel and sophisticated scaffold such as nanofiber
hydrogels could be explored in the future.
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