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Abstract

Tendinopathy is a common disorder that causes local dysfunction
and reduces quality of life. Recent research has indicated that
alterations in the inflammatory microenvironment play a vital
role in the pathogenesis of tendinopathy. Herein, injectable
methacrylate gelatin (GelMA) microspheres (GM) were fabricated
and loaded with heparin-dopamine conjugate (HDC) and hepato-
cyte growth factor (HGF). GM@HDC@HGF were designed to bal-
ance the inflammatory microenvironment by inhibiting oxidative
stress and inflammation, thereby regulating extracellular matrix
(ECM) metabolism and halting tendon degeneration. Combining
growth factors with heparin was expected to improve the encap-
sulation rate and maintain the long-term efficacy of HGF. In addi-
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tion, the catechol groups on dopamine have adhesion and antioxidant properties, allowing potential attachment at the injured site, and
better function synergized with HGF. GM@HDC@HGF injected in situ in rat Achilles tendinopathy (AT) models significantly down-
regulated oxidative stress and inflammation, and ameliorated ECM degradation. In conclusion, the multifunctional platform developed

presents a promising alternative for the treatment of tendinopathy.
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Introduction

In tissue injuries, inflammation and oxidative stress are issues
that cannot be avoided [1, 2]. Inflammatory microenvironments
are crucial to the occurrence and development of various dis-
eases. Uncontrolled inflammation can trigger a series of
responses that contribute to the disorder of cellular metabo-
lism, resulting in dysfunction and accelerated disease progres-
sion [3, 4]. Oxidative stress refers to excessive generation of
reactive oxygen species (ROS) within cells and tissues that sur-
passes the scavenging capacity of the antioxidant system [5].
Evidence has shown that oxidative stress assumes a pathogenic
function in inflammatory diseases, among which ROS are the
key signaling molecules [6, 7]. Inflammation and oxidative
stress are interrelated and interdependent processes. Abundant
ROS are released by inflammatory cells at the inflammation
site, exacerbating oxidative damage. Meanwhile, ROS and oxi-
dative stress products also aggravate inflammation and tissue
damage [2, 8]. Therefore, effective control of oxidative stress
and inflammation process, promotion of tissue repair, and

prevention of disease progression to the chronic phase will be
the potential treatment methods.

Tendinopathy is a chronic degenerative disease characterized
by the loss of normal structure and composition of the tendon col-
lagen fibers. Sustained oxidative stress and inflammation are key
factors leading to tendon degeneration [9, 10]. Following tissue in-
jury, immune cells and activated tendon cells produce numerous
pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-0), IL-1B, and IL-6, leading to disorder of the tendon micro-
structure and composition [11, 12]. Injured tendons produce ROS
and oxygen free radicals, which upregulate inflammation and acti-
vate tendon apoptosis and extracellular matrix (ECM) degradation
[13]. The poor intrinsic healing of tendon leads to the accumulation
of tissue damages and the persistence of tendinopathy [14]. To
date, a variety of drugs have been explored for the anti-
inflammatory and antioxidant treatment of tendinopathy such as
corticosteroids, nonsteroidal anti-inflammatory drugs, platelet-
rich plasma, and natural/synthetic antioxidants [15-18]. However,
the effect of single drug therapy is limited and often focuses on re-
lieving symptoms without suppressing the degeneration of
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affected tendons [19, 20]. In addition, as the effective dose cannot
be achieved orally or by single local injection, these drugs always
need to be administered repeatedly, which may cause side effects
and secondary local damage [21, 22]. Therefore, it is imperative to
develop a sustained-release drug delivery system with antioxidant
and anti-inflammatory synergy for the treatment of tendinopathy.

Various biomaterials that have been widely researched in ten-
don tissue engineering possess high biocompatibility, good biome-
chanical properties, and modifiability [23, 24]. Since the oral
administration efficiency for tendinopathy is poor owing to the
characteristics of the rich matrix and lack of blood vessels in ten-
don tissue, researchers prefer to design materials that can work di-
rectly at the lesion site [25-27]. Many synthetic materials such as
poly(lactic-co-glycolic acid) would cause chronic local inflamma-
tion during degradation, resulting in certain obstacles to tissue re-
pair [28]. Natural materials such as gelatin and hyaluronic acid
have excellent biocompatibility, but poor of mechanical strength
[29]. Besides, owing to the narrow tissue gap at the tendon site, the
conventional bulk materials injected in situ is likely to disperse be-
cause of the local activities of tendons, leading to decreased drug
retention and efficacy [30]. To achieve efficient in situ drug release,
an injectable biomaterial with properties of appropriate tissue tar-
geting, drug protection, and high drug loading is required.

In this study, injectable methacrylate gelatin (GelMA) micro-
spheres (GM) functionalized with dopamine and hepatocyte growth
factor (HGF) were fabricated to inhibit oxidative stress and inflam-
mation at the pathogenic sites of tendinopathy, regulate the local
tendon microenvironment, ameliorate ECM metabolic disorders,
and prevent tendon degeneration. The catechol groups in
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dopamine have excellent adhesion and antioxidant properties and
can bind firmly to the surface of GM as well as to the affected ten-
dons after in situ injection, making it available to perform its physio-
logical functions [31]. HGF is a multifunctional growth factor
initially found in liver with anti-inflammatory and matrix-
regulation effects [32]. Studies have shown that HGF can promote
proliferation and migration of tendon-derived stem cells and miti-
gate inflammation in injured tendons [33, 34]. Additionally, as a
heparin-binding growth factor, HGF can form stable bonds with the
heparin domain to avoid inactivation by external interference [35,
36]. Taking advantage of this, dopamine was combined with hepa-
rin via an amidation reaction to form the heparin-dopamine conju-
gate (HDC), which was used as a bridge to efficiently bind HGF to
GM. In addition, the porous properties of GM ensured a high drug
loading rate. In vitro experiments indicated that GM@HDC@HGF sig-
nificantly reduced oxidative stress and inflammation levels of teno-
cytes, down-regulated the expression of matrix metalloproteinases
(MMPs), and promoted the balance of type I and type III collagen
(COL-1, COL-3). The microspheres also showed good adhesion to
tendon tissue. In vivo experiments in rat Achilles tendinopathy (AT)
models demonstrated that the functionalized microspheres inhib-
ited oxidative stress and inflammation, and ameliorated ECM
remodeling and tendon regeneration (Figure 1).

Materials and methods
Materials and reagents

All chemical reagents, unless mentioned otherwise, were pur-
chased from Aladdin. Phosphate-buffered saline (PBS), DMEM/
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Figure 1. Fabrication route of GM@HDC@HGF and its properties of tissue adhesion, antioxidation and anti-inflammation for the treatment of tendinopathy.
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F12, fetal bovine serum (FBS), penicillin and streptomycin were
purchased from Gibco. The recombinant rat HGF protein (80429-
RNAH) was purchased from Sino Biological. A cell live/dead
staining kit, a cell counting kit-8 (CCK-8) and a 2,7-dichlorofluor-
escein diacetate (DCFH-DA) probe were purchased from Yeason.
Anti-Nrf2 antibody (16396-1-AP), anti-HO-1 antibody (10701-1-
AP), and anti-NQO1 antibody (67240-1-Ig) were sourced from
Proteintech. Anti-COL-1 antibody (ab260043), anti-COL-3 anti-
body (ab7778), anti-MMP-3 antibody (ab53015), anti-MMP-13 anti-
body (ab39012), anti-INOS antibody (ab178945), anti-IL-1p
antibody (ab205924), anti-TNF-o antibody (ab9739), and anti-IL-6
antibody (ab233706) were sourced from Abcam. Primers for
quantitative real-time polymerase chain reaction (QRT-PCR) were
sourced from Generay. Enzyme-linked immunosorbent assay
(ELISA) kits were sourced from Solarbio.

Preparation of GelMA

GelMA was synthesized by the method previously reported [37].
Briefly, gelatin (20g) was added to PBS (200ml) and stirred at
60°C until completely dissolved. Then methacrylic anhydride
(16 ml) was dripped at an average rate within 2 h through a micro
syringe pump in the dark. Finally, the reaction was terminated
by the addition of PBS (800 ml). The GelMA solution was dialyzed
in deionized water with a dialysis bag (molecule weight: 14 kDa)
for 1week to remove unreacted substances and byproducts and
kept at —20°C after lyophilization.

Synthesis of HDC

HDC was synthesized according to the literature [38]. First, hepa-
rin sodium (500mg) was dissolved in PBS (100ml). Then, add
N-(3-dimethylaminopropyl)-N’-ethylcarbo (EDC, 31.3mg) and N-
hydroxysuccinimide (NHS, 21.5mg) to the solution and stir
quickly for 30min. Finally, add dopamine hydrochloride
(321.3mg) and adjust pH to 6. The reaction was maintained for
2h, then the mixture was dialyzed in deionized water with a dial-
ysis bag (molecule weight: 2kDa) for 1 week to remove unreacted
substances and byproducts and kept at -20°C after ly-
ophilization.

Synthesis of GM@HDC@HGF

GM were fabricated by a microfluidic device. About 7% (w/v)
GelMA and 0.5% (w/v) photoinitiator were resolved in PBS as
aqueous phase, 5% (w/w) Span80 in isopropyl sorbate was used
as oil phase. Connect them to the inner and outer mouth of the
coaxial nozzle (25G/21G) respectively, and adjust the internal
and external injection rate to 1:30. The resulting microspheres
were collected and cross-linked by ultraviolet irradiation.
Deionized water and acetone were used to remove Span80 and
isopropyl sorbate thrice. Then, the microspheres were immersed
in HDC solution (2mg/ml, pH=8.5) and stirred for 12h to obtain
GM@HDC. GM@HDC@HGF were formed by loading HGF onto the
microspheres via immersed adsorption.

Characterization of HDC and microspheres

The shape and size distribution of the microspheres were cap-
tured by a bright-field microscope (BX53, Olympus). The surface
morphology and microstructure of freeze-dried microspheres
were observed by a scanning electron microscope (SEM, S-4800,
Hitachi). The surface elements of microspheres were analyzed by
energy dispersive spectroscope (EDS). The synthesis of HDC was
characterized by proton nuclear magnetic resonance (‘H NMR,
Avance 400, Bruker). The charge distribution before and after the

grafting of HDC and HGF was determined by Zeta potential
(Zetasizer Nano ZS90, Malvern).

Drug loading and release

GM (10mg) and GM@HDC (10mg) were immersed in PBS solution
(1 ml) containing HGF (200 ng/ml) respectively under gentle shak-
ing at 4°C for 12 h. Subsequently, unabsorbed HGF were removed
by washing with PBS. A HGF ELISA kit was used to measure the
content of HGF before and after loading. The encapsulation effi-
ciency (%) was calculated as [(total mass of HGF—mass of resid-
ual HGF)/total mass of HGF] x 100.

After that, GM@HGF (5mg) and GM@HDC@HGF (5mg) were
dispersed in PBS (1ml), and then transferred to dialysis bags
(molecule weight: 14kDa), which were respectively soaked in PBS
(5ml) and dialyzed at 37°C. At predetermined time point, 1ml su-
pernatant was collected and stored at —80°C, and fresh PBS (1 ml)
was added at the same time. The amount of released HGF was
detected by ELISA.

Biodegradability of microspheres

GM (10mg) and GM@HDC (10mg) were respectively immersed in
PBS solution (1 ml) containing type I collagenase (2 U/ml) at 37°C.
The solution was supplemented to 1ml every other day. At pre-
determined time point (denoted as Ty), morphological observa-
tion and residual weight measure of both GM and GM@HDC were
carried out. The degradation rate (%) was calculated as [(mass at
To—mass at Ty)/mass at To]x100.

The disintegration of HDC in GM@HDC was also character-
ized. At predetermined time point, the supernatant was collected
by centrifugation, and the optical density (OD) value of the solu-
tion at each time point was determined by a UV/visible spectro-
photometer (UV-5100, METASH) at 280 nm. The shedding rate (%)
of HDC was calculated as [OD value at Ty/total OD value at all
time points] x 100.

Adhesion property of microspheres

Eight male Sprague Dawley rats (SD, average weight: 300-350g)
purchased from the Experimental Animal Center of Suzhou
University were randomly divided into 2 groups. The experiments
were approved by the Ethics Committee of the Affiliated Suzhou
Hospital of Nanjing Medical University (Approval number:
K-2021-067-K01). All animal procedures were performed in accor-
dance with the National Institutes of Health Guide for Care and
Use of Laboratory Animals. After anesthesia, GM or GM@HDC
(50ul, 10mg/ml) were injected into their right Achilles tendons.
The rats were sacrificed after 24h of free movement. The right
ankle joints of the rats were carefully exposed to observe the ad-
hesion of microspheres to Achilles tendons. Further, the left
Achilles tendons were separated and mixed with excessive GM or
GM@HDC at 37°C for 30min. Then the isolated Achilles tendons
were carefully taken out and observed under a stereomicroscope
(Stemi 508, Zeiss).

Tenocytes isolation and culture

The primary tenocytes were isolated from Achilles tendons of SD
rats aged 4-6 weeks. Achilles tendons were cut to 1mm tissues
under sterile conditions and digest in PBS solution containing col-
lagenase (2 U/ml) at 37°C for 4 h. The solution was then removed
and the tendon tissues were transferred to a cell culture dish and
cultured in a 37°C incubator with 5% CO, using DMEM/F12 me-
dium containing 10% serum and 100 U/ml penicillin and strepto-
mycin. Three to five days later, the primary tendon cells could be
seen spreading out of the tendon tissues. The medium was
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changed every other day. In this study, tenocytes with low pas-
sage times of P,—P, were used.

Biocompatibility tests

To investigate the cytotoxicity of microspheres, tenocytes
(5 x 10*/well) were incubated on 24-well plates and co-cultured
with microspheres. On 1, 3, and 5days, tenocytes were stained
with a live/dead staining kit for 20min. Then the tenocytes were
photographed under a fluorescence microscope (DM13000B,
Leica). The living cells were stained green and the dead cells were
red. The proliferative activity of tenocytes was further evaluated
using CCK-8. In brief, tenocytes (2 x 10%/well) were incubated on
96-well plates and co-cultured with microspheres. On 1, 3, and
5days, CCK-8 reagent (10 ul) was added to each well and subse-
quently incubated at 37°C for 2h. The absorbance was measured
using a microplate reader (Varioskan LUX, Thermo) at 450 nm.

Antioxidant activity test

As reported previously [39], the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical was used to test the antioxidant activities of GM,
GM@HDC, and GM@HDC@HGEF. First, DPPH (4 mg) was dissolved
in methanol solution (100ml). Then the microspheres (1mg)
were added to the solution (4ml) for an antioxidant reaction at
37°C in the dark. At predetermined time point, the reaction solu-
tion was extracted and the absorbance was quantified at 516 nm.
The DPPH scavenging efficiency (%) was calculated as [(OD value
at To—OD value at T)/OD value at To]x 100.

Cellular ROS scavenging activity

The ROS levels in tenocytes were detected through the utilization
of a DCFH-DA probe. Tenocytes (2 x 10%/well) were incubated on
24-well plates and co-cultured with GM, GM@HDC, and
GM@HDC@HGF. After 12h, H,O, (100 uM) were added to the me-
dium. After another 4h, DCFH-DA (10 uM) was added and incu-
bated at 37°C for 20min in the dark. The ROS level of each group
was detected by fluorescence microscopy and flow cytometry.

Western-blot assay

Total protein was extracted using lysates containing protease
inhibitors and phosphatase inhibitors. Protein samples were iso-
lated via SDS-PAGE, and the target proteins were subsequently
transferred onto 0.45pum PVDF membranes. These membranes
were incubated with 5% skim milk at room temperature for 1h
and primary antibodies at 4°C overnight. After being washed
thrice, the membranes were incubated with specific secondary
antibodies for 1h. Protein signal was detected by a chemilumi-
nescence system (5200 Multi, Tanon).

Quantitative real-time PCR assay

Tenocytes (1 x 10°/well) were incubated on 6-well plates, treated
with lipopolysaccharide (LPS, 1ug/ml) for 24h. Then GM,
GM@HDC, and GM@HDC@HGF were added in groups and co-
cultured for 72h. Total RNA was extracted using Trizol reagent.
The mRNA expression levels of COL-1, COL-3, MMP-3, MMP-13,
iNOS, TNF-q, IL-1p and IL-6 in different groups were detected by
gRT-PCR using Lightcycler 4801l (Roche) and normalized with
GAPDH. The primer sequences of the genes are listed in
Table 1 below.

Immunofluorescence staining assay

Tenocytes (5 x 10%/well) were incubated on the cover glass of 24-
well plate and treated with LPS (1pg/ml) for 24h. Then GM,
GM@HDC, and GM@HDC@HGF were added in groups and co-

Table 1. Primer sequences

Gene Primer Sequence (5'-3)
COL-1 Forward TGGAAACAGACCAACAACCCA
Reverse ATTTGAAGGTGCTGGGTAGGG
COL-3 Forward CGGGCAAGAATGGAGCAAAG
Reverse ACCAGGGAAACCCATGACAC
MMP-3 Forward ATGCAGGGAAAGTGACCCAC
Reverse CGACGCCCTCCATGAAAAGA
MMP-13 Forward ACCATCCTGTGACTCTTGCG
Reverse TTCACCCACATCAGGCACTC
iNOS Forward TGGGTGAAAGCGGTGTTCTT
Reverse TAGCGCTTCCGACTTCCTTG
IL-1B Forward GAGTCTGCACAGTTCCCCAA
Reverse ATGTCCCGACCATTGCTGTT
TNF-o Forward CGTCAGCCGATTTGCCATTT
Reverse CCCAGAGCCACAATTCCCTT
IL-6 Forward AGCCACTGCCTTCCCTACTT
Reverse ACTCCAGAAGACCAGAGCAGA
GAPDH Forward ACTCTACCCACGGCAAGTTC
Reverse TGGGTTTCCCGTTGATGACC

cultured for 72h. The tenocytes were fixed with 4% paraformal-
dehyde for 15 min, then permeabilized with 0.1% Triton X-100 for
10 min and incubated with the blocking solution for 1h, following
by incubation with the primary antibodies at 4°C overnight. After
being washed thrice, the tenocytes were incubated with
alexafluor-conjugated secondary antibodies for 1h. Cytoskeleton
and nucleus were stained with phalloidin and DAPI for 20 min,
respectively. At last, the images were observed and photo-
graphed wusing a laser confocal
(LSM900, Zeiss).

scanning microscope

In vivo animal experiments

A total of 60 male SD rats (average weight: 350-400 g) were used
for in vivo experiments. After anesthesia, the rats were injected
with type I collagenase solution (100 ul, 5mg/ml) 5mm above the
right heel. After 7days, the rat AT models were successfully
established. The rats were randomly divided into 5 groups: con-
trol group, tendinopathy group, GM group, GM@HDC group and
GM@HDC@HGF group. Except the control group, all other groups
received injection.

The rats of the control group and tendinopathy group received
no treatment, while the other 3 groups received equal injection
of GM, GM@HDC and GM@HDC@HGF (100 ul, 10 mg/ml), respec-
tively. After 1week of treatment, half of the rats of each group
were sacrificed, the right Achilles tendons were isolated and pre-
pared for H&E, Masson, and ROS frozen staining. At the same
time, the blood of the rats was extracted and serum was sepa-
rated for ELISA detection of IL-1B, TNF-a and IL-6. After 4 weeks
of treatment, the remaining half of the rats were sacrificed and
the Achilles tendons were isolated for H&E, Masson, COL-1 and
COL-3 immunohistochemical staining. Meanwhile, protein of
each group was extracted for Western blot of COL-1, COL-3,
MMP-3, and MMP-13.

Statistical analysis

GraphPadPrism8.0 and Image] were used for data analysis and
graph processing. The experimental data were analyzed by two-
sided t-test or one-way ANOVA and expressed as mean + SD.
P < 0.05 was considered to be statistically different.
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Results and discussion

Preparation and characterization
of GM@HDC@HGF

GelMA hydrogel was chosen to form the main body of the inject-
able microspheres, which is characterized by excellent biocom-
patibility, low immunogenicity, and low cost and has therefore
attracted significant attention in the field of biomedical tissue
engineering materials [40-42]. We synthesized GelMA according
to previously reported methods, and successfully prepared GM
via microfluidic technology. GM appeared white under a light mi-
croscope and had an average diameter of 164.85+4.46um
(Figure 2A and G). After lyophilization, the GM particle size de-
creased and a loose porous structure was observed by SEM
(Figure 2B), allowing GM a large specific surface area and in-
creased drug loading efficiency. GM could be smoothly injected
through a 29G diameter needle without obstruction, which dem-
onstrated that it had good injectability and could be used for
minimally invasive injection therapy (Figure 2C).

Heparin and dopamine were amidated to synthesize HDC. The
"H NMR results indicated successful grafting. The peak around 6-
7 ppm is assigned to the benzene ring in dopamine (Supplementary
Figure S1). When GM and HDC were stirred in alkaline solution
(pH=38.5), HDC polymerized on the GM surface to form gray black
microspheres GM@HDC with an average diameter of 16545+
5.03pm (Figure 2D and H). SEM and injection tests showed that the
surface modification with HDC did not alter the porous structure or
injectability of the microspheres (Figure 2E and F). EDS was carried
out to verify the HDC graft (Figure 2I and J). Compared with GM, the
results for GM@HDC showed a new sulfur element peak specific to
heparin, which confirmed the successful grafting of HDC to the sur-
face of GM.

HGF was physically blended with the microspheres. By deter-
mining the HGF content in the solution before and after mixing, it
was concluded that the loading capacity of HGF on GM was approx-
imately 142.68 +£3.73ng/10 mg (encapsulation rate of HGF approxi-
mately 71%), while that on GM@HDC was 192.34+2.41ng/10mg

45
= =
= 404 S 30 y y
§ § ¥ ¥
£ £ < <] |m
3 50 @ )]
5 20 © 15+ =1 -
X4 2 Pt Pt
. S
0 T T T . L IR R T R T T
140 150 160 170 180 190 140 150 160 170 180 190 0 1 2 3 0 1 2 3
Diameter (um) Diameter (um) Energy (KeV) Energy (KeV)
K L M N
0 =100 _J100 100
s _ S S —=- GM@HGF =
S ] - —e- GM@HDC@HGF| <
g, 875 £ 75- MeHDCe O 75-
[} [ — [=]
2 ® S =
8 o 90 = 50 g 50
216 £ E 3
2 i 5 25 =~ GM@HGF g 254 § 25
N E —o GM@HDC@HGF | &
-24 T T T O 0+ T T T T T 0 T T 0 T T
G@‘ Q\OO Q\O 0 5 10. 15 20 25 30 0 1(? 20 30 0 10_ 20 30
“\@ O@ Time (day) Time (day) Time (day)
() °
R
()

Figure 2. Characterization of functionalized microspheres. (A) Bright field image of GM. (B) SEM image of GM. (C) Demonstration of the injectability of
GM. (D) Bright field image of GM@HDC. (E) SEM image of GM@HDC. (F) Demonstration of the injectability of GM@HDC. (G, H) Particle size distribution of
GM and GM@HDC. (I, J) EDS spectrum of GM and GM@HDC. (K) Zeta potential of microspheres before and after grafting HDC and HGF (n=3). (L) release
curves of HGF from GM and GM@HDC (n = 3). (M) Residual mass of microspheres during degradation (n=3). (N) Residual HDC of GM@HDC during

degradation (n=3).
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(encapsulation rate of HGF approximately 96%). Zeta potential
characterization was conducted to verify the successful adsorption
of HGF (Figure 2K). The absolute zeta potential of GM@HDC was
significantly higher than that of GM owing to the strong negative
charge of heparin. The absolute value of GM@HDC@HGF potential
decreased slightly due to the absorption of HGF, which neutralized
some of the charge. These results were consistent with a previous
study showing that HGF has a strong affinity for heparin mole-
cules [35].

The sustained release of HGF from the microspheres was in-
vestigated. Figure 2L shows the release curve of HGF from
GM@HGF and GM@HDC@HGF. On the first day, sudden release of
HGF was observed for both systems. The HGF release amount for
GM@HGF and GM@HDC@HGF was 40.73+2.42% and 29.90+
1.93%, respectively. The release efficiency then showed a slow
decrease, and the HGF release reached a plateau approximately
14 days later. Within 28days, the HGF release of the two groups
was 89.34+3.43% and 62.02+1.79%, respectively. The results in-
dicated that GM@HDC had better long-term sustained release of
HGF than GM.

Degradation and adhesion of functionalized
microspheres

The retention efficiency of microspheres at tendon tissue is an
important factor for in situ administration. Owing to the long
course of tendinopathy, the biodegradation of the ideal vector
should be relatively slow [9]. Although GelMA has good biocom-
patibility, it can be easily affected by various enzymes in vivo and
rapidly degrades [43]. Figure 2M shows the degradation curve of
GM before and after HDC grafting. GM were completely degraded
within 7 days (Supplementary Figure S2A), which was not consis-
tent with the pathological process of tendinopathy. Notably,
GM@HDC showed constant and slow degradation over 28days
(Supplementary Figure S2B). The polymeric coating of HDC on
the GM surface was designed to enhance the physicochemical
properties of the microspheres and delay the exposure of the in-
ternal structure, thus prolonging the degradation of the micro-
spheres [44]. As the microspheres slowly degraded, the HDC
grafted on their surface gradually broke down. The shedding
rates of HDC in different time periods were measured by spectro-
photometry (Figure 2N). During the former 14 days of degrada-
tion, 58.31+6.54% of the HDC was shed from the GM@HDC
surface. After 28 days, HDC was almost completely shed with the
degradation of the microspheres.

Tendons are tissues that connect bones to muscles and play
an important role in joint movement [45]. Frequent partial activ-
ity can make injected microspheres be displaced from the injured
area, thus reducing the delivery efficacy. The addition of the cat-
echol groups gives GM@HDC@HGF excellent adhesion properties,
allowing it to adhere firmly to affected tendons and increasing
the in situ retention efficiency of the microspheres [28, 46]. The
adhesion properties of the microspheres were tested. First, equal
amounts of GM and GM@HDC were locally injected into the
Achilles tendons of the rats. After 24 h, the Achilles tendons were
carefully exposed and the local distribution of microspheres on
the tendon tissues was observed (Supplementary Figure S3A). It
can be seen that GM@HDC were closely clustered at the injection
site and enriched around the Achilles tendon. GM partially dif-
fused into the soft tissue space on both sides of the Achilles ten-
don. The dispersal of GM was caused by partial activity of the
Achilles tendon due to the movement of the ankle joint, while

GM@HDC were clustered in situ owing to its adhesion property.
Furthermore, fresh isolated rat Achilles tendons were immersed
with excessive GM and GM@HDC. After 30 min, the Achilles ten-
dons were taken out and observed (Supplementary Figure S3B).
Only a few GM were attached to the surface of the isolated
Achilles tendon, compared with a large amount of GM@HDC that
covered almost the entire tissue surface. These results indicated
that HDC functionalized microspheres exhibited prolonged deg-
radation and excellent adhesion, and were suitable for in situ in-
jection therapy for tendinopathy.

In vitro biocompatibility and cell proliferation

The in vitro biocompatibility of GM, GM@HDC, and GM@HDC@HGF
was investigated to evaluate the prospective clinical utilization of
the functionalized microspheres. The biocompatibility of each
group was evaluated by live/dead staining and CCK-8 after co-
cultured with tenocytes for 1, 3, and 5 days. As shown in Figure 3A,
there were few dead cells in the field after live/dead staining over
the culture period. CCK-8 quantitative analysis showed that there
was no significant difference in cell proliferation activity among all
groups at day 1 and 3. At day 5, the cell proliferation activity of the
GM@HDC@HGF group was found to be slightly better than those of
the other groups (Figure 3B and C). This may be a result of the cell
proliferation effect of released HGF. The results indicated that the
functionalized microspheres had excellent biocompatibility, and
GM@HDC@HGF could promote the proliferation of tenocytes.

In vitro antioxidant properties

In the AT microenvironment, inflammatory reaction and post-
injury stress can lead to high ROS production [7]. An early high ROS
level is a key factor in AT aggravation and persistence. The catechol
group has been shown to be an efficient scavenger of ROS [47]. The
antioxidant activity of the functionalized microspheres was evalu-
ated using the DPPH radical scavenging test. The same amount of
GM, GM@HDC, or GM@HDC@HGF were mixed with DPPH solution
and allowed to react in the dark for 20, 40, 60, 80, 100, and 120 min,
then the DPPH scavenging efficiency was calculated. As shown in
Supplementary Figure S4, the DPPH scavenging efficiency of the 3
groups increased with time. The DPPH scavenging efficiency of the
GM group was only 35.67+2.52% at 120min. However, the effi-
ciency of GM@HDC (76.22+3.13%) and GM@HDC@HGF (79.86 +
3.08%) were both close to 80% at 120min, and shared similar
trends. This indicated that HDC functionalized microspheres had
good antioxidant properties.

Microspheres of the different groups were co-cultured with
H,0,-induced tenocytes to investigate their ROS scavenging
properties in vitro. A DCFH-DA probe was used to determine the
intracellular ROS level in each group (Figure 4A). Fluorescence
microscopy showed that the intracellular ROS level in the H,0,
group increased significantly. The intracellular ROS level was
similar to the H,O, group after co-cultured with GM while de-
creased significantly after co-cultured with GM@HDC and
GM@HDC@HGF. Flow cytometry results showed that in the
GM@HDC and GM@HDC@HGF groups, the positive rates of intra-
cellular ROS were 6.88+0.63% and 5.93+0.05%, compared with
26.77 +3.37% in the H,0, group (Figure 4B). In addition, cell pro-
teins of each group were extracted. The results of Western blot
showed that the expression of oxidative stress regulatory mole-
cule Nrf2 and its downstream proteins, HO-1 and NQO1, were
significantly increased in the GM@HDC and GM@HDC@HGF
groups (Figure 4C). These findings indicated that HDC
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Figure 3. In vitro biocompatibility of microspheres. (A) Representative fluorescence live/dead staining images of tenocytes co-cultured with GM,
GM@HDC, and GM@HDC@HGEF. (B, C) The OD value at 450 nm and cell viability of tenocytes co-cultured with GM, GM@HDC, and GM@HDC@HGF (n=3,

NS, no significance, *P < 0.05).

functionalized microspheres effectively prevented cell damage
caused by excessive ROS under oxidative stress.

In vitro anti-inflammation properties

Inflammation, which changes the local microenvironment of af-
fected tendons and causes secretion of pro-inflammatory cytokines,
plays a key role in the onset of tendinopathy [48]. Excessive inflam-
matory mediators lead to an imbalance between MMPs and their en-
dogenous inhibitors, adversely changing the microstructure and
composition of tendon ECM [8]. Normal tendon matrix is composed
of regularly arranged COL-1 and other matrix-related proteins, while
the deposition of irregularly arranged COL-3 is significantly in-
creased in tendinopathy, resulting in reduced tendon biomechanical
strength. The imbalance of the collagen ratio (COL-3/COL-1) is a
characteristic change indicating tendon disease [12]. To detect the
inflammation regulation properties of functionalized microspheres
in vitro, each group was co-cultured with tenocytes induced by LPS.
As shown in Figure SA and Supplementary Figure S5A, Western blot
results indicated that LPS-induced tenocytes significantly expressed
pro-inflammatory cytokines iNOS, IL-1B, TNF-a, and IL-6, upregu-
lated the protein expression of MMP-3 and MMP-13 and increased

the proportion of COL-3/COL-1. Intriguingly, after co-cultured with
GM@HDC and GM@HDC@HGEF, the expression of inflammation and
matrix-related proteins were reversed to some extent. It is worth
noting that the GM@HDC@HGF group exhibited better improvement
than the GM@HDC group. In addition, mRNA levels were measured
accordingly and shared similar trends with protein levels
(Figure 5B). These results indicated that HGF and HDC had a syner-
gistic effect in reducing inflammation and improving matrix expres-
sion of tenocytes. Immunofluorescence staining analysis of COL-1
and COL-3 was further conducted (Figure 5C and D). The fluores-
cence intensities of COL-1 and COL-3 were reserved following co-
culture with the functionalized microspheres, and the proportion of
COL-3/COL-1 tended to normal (Supplementary Figure S5B). The
above results suggested that GM@HDC@HGF could effectively con-
trol inflammation levels, ameliorate the imbalance of ECM anabo-
lism and catabolism of tenocytes.

In vivo therapeutic effect of AT

Rat AT models were established by injection of type I collagenase
(Supplementary Figure S6). The acute inflammation stage of ten-
dinopathy lasts about 2 weeks, and then gradually changes to the

202 Iudy €z uo 3senb Aq £G/€65//.009€04/04/€60 L "0 L/10p/o[01lE/ql/W0d dno"dlWwapese//:sd)y woly papeojumoq


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae007#supplementary-data
https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae007#supplementary-data
https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae007#supplementary-data

8 | Regenerative Biomaterials, 2024, Vol. 11, rbae007

A Control H,0,

-
=
)
=
(1]

< X ®

GM GM@HDC

GM@HDC@HGF

(] \ ) ¥
(o]
. Ly
(] . > ¥
E v
; il
B
] FITC-A+ o FITC-A+ - FITC-A+ " FITC-A+ s FITC-A+
(4.78%) 21 (27.7%) (29.1%) (7.25%) = (6.01%)
4 — — - N — —
€ £ £ t
5 534 5 5
081 Q o o
o o o 0384
24 g4
R A R P i i o 0 R S R P 0 e
FITC-A FITC-A FITC-A FITC-A FITC-A
1.2 X 5 15 1.5
vl BEER TN - b 2 P
- £G S x £ I I £a wom
= * - 17 =
HO-1 | g --“ G gos I G gt1o 8 S107 sss s
c':.ﬁ e ! ‘2-7: sss s ‘E_-E g 2
S < I
NQO1 l- Gemo cEme --l E -.E 0.4 I o '.205 136 I 8 %0.5
s s > 8
B-actin |y SN S SN0 & & &
o. 0. 0.0
\ @ c‘ ? T T T T T T T T T T T T T T T
0 2
C’o‘\\‘ \“0 [\ N ) o “O\Y\'91 o Y\OO Y\OQ @ \‘o\\xpm o Y\OC ‘?‘OQ o\‘°\\x9" o ‘(\00 ‘(\C’?
N o o O oo NS o O
@ [oRe ) (Ot (R
o & & Y

Figure 4. In vitro antioxidant property of microspheres. (A) Intracellular ROS-scavenging performance of tenocytes co-cultured with GM, GM@HDC, and
GM@HDC@HGEF. (B) Flow cytometric analysis of (DCFH-DA)-labeled cells in the FITC-A channel of GM, GM@HDC, and GM@HDC@HGEF. Bars on the right
span the stained ROS-presenting subpopulations and the percentage is shown. (C) Western blot of antioxidant proteins. (D-F) Semi-quantitative
analysis of expression of antioxidant proteins (n= 3, */**/*** #/##/### and $/$$/$$$ indicated P < 0.05/P < 0.01/P < 0.001 compared to the control, H,0,

and GM@HDC@HGF groups, respectively).

chronic degeneration stage [49]. One week after administration
with the functionalized microspheres, half of the rats were sacri-
ficed to study the inflammation performance. H&E and Masson
staining showed that the ECM arrangement of tendons tended to be
disordered, except for the control group (Figure 6A and B). In the
tendinopathy and GM groups, inflammatory infiltration was signifi-
cant and collagen degradation was more complete. There was

partial collagen degradation in the GM@HDC and GM@HDC@HGF
groups, while the degree of inflammatory infiltration was low and
fewer capillary clusters were formed. The histological score of ten-
don sections was evaluated using the classical Bonar score [50]. The
GM@HDC and GM@HDC@HGF groups got lower scores than
the tendinopathy and GM groups, indicating better outcomes of the
two (Supplementary Figure S7A). Frozen section ROS staining was
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carried out to evaluate the level of oxidative stress of each group
(Figure 6C). Almost no ROS positive cells were present in the control
group, while a strong ROS staining signal was detected in the ten-
dinopathy and GM groups, accompanied by significant cell prolifer-
ations. However, the ROS signal and cell proliferation in the
GM@HDC and GM@HDC@HGF groups were significantly lower than
those in the former two groups. Supplementary Figure S7B showed
the semi-quantitative analysis of the average fluorescence intensity
of ROS in each group. It can be seen that GM@HDC and
GM@HDC@HGF were equivalent in reducing the high ROS level,
suggesting that the inhibition of oxidative stress may be attributed
to the HDC component of the material. In addition, the pro-
inflammatory cytokines in the serum of rats in each group were
detected (Figure 6D-F). Compared with the tendinopathy and GM
groups, the IL-1B, TNF-o, and IL-6 levels of the GM@HDC group de-
creased by approximately 50%, showing no significant difference
with GM@HDC@HGF group. These results suggested that function-
alized microspheres can effectively alleviate the levels of oxidative
stress and inflammation of AT in vivo.

After treatment for 4weeks, the remaining rats were sacri-
ficed to evaluate the regeneration and repair of tendinopathy by
the functionalized microspheres. Figure 7A showed the Achille

tendon appearance of each group. Macroscopically, tendons in
the tendinopathy and GM groups were thicker than those in the
control group and were covered by yellowish inflammatory tis-
sue. After treatment with the functionalized microspheres, the
transverse width and inflammatory area of tendons in the two
groups decreased to some degrees. In the tendinopathy and GM
groups, H&E and Masson staining showed disordered arrange-
ment of collagen fibers, chondroid changes of tenocytes, accom-
panied by cell proliferation and vascularization (Figure 7B and C).
After GM@HDC or GM@HDC@HGF treatment, the disorders of
tendon tissues turned for the better. Some chondroid cells were
still present in the GM@HDC group, while virtually no such cells
were observed in the GM@HDC@HGF group. This may be due to
the sustained release of HGF, which contributed to the ECM
remodeling of tendons. Bonar score showed that GM@HDC@HGF
had the most significant effect on AT repairing (Figure 7F).
Immunohistochemical staining of COL-1 and COL-3 was per-
formed to further illustrate the therapeutic effect (Figure 7D and
E). In the tendinopathy and GM groups, the expression of COL-3
significantly increased while the expression of COL-1 signifi-
cantly decreased, and the ratio of the two deviated from the nor-
mal trend. After treatment of functionalized microspheres, the

202 Iudy €z uo 3senb Aq £G/€65//.009€04/04/€60 L "0 L/10p/o[01lE/ql/W0d dno"dlWwapese//:sd)y woly papeojumoq


https://academic.oup.com/rb/article-lookup/doi/10.1093/rb/rbae007#supplementary-data

10 | Regenerative Biomaterials, 2024, Vol. 11, rbae007

Control

Tendinopath
A k.

GM

GM@HDC

GM@HDC@HGF

180

N
N
o
1
b
B
©»

Fedede I
180 I _—

120+

o
o
1
3

IL-1B concentration(pg/ml)
8
1
X
—i % E
TNF-a concentration(pg/ml)

w

o

o
]

$$9$

dedkek

o 5

100

IL-6 concentration(pg/ml)
*
b

o
2
o

o

T T I I 1
\(O\Q&\\“ o V\Oc’ ‘3\0?
e 0:: @\(\Oc'

)

Figure 6. In vivo effect of microspheres on inflammation and oxidative stress. (A) Representative sections for H&E staining, (B) Masson staining, and (C)
ROS staining of Achilles tendons of rats at 1 week. (D-F) Expression of pro-inflammatory cytokines in serum of rats at 1week (n =4, */**/*** #/##/###
and $/$$/$$$ indicated P < 0.05/P < 0.01/P < 0.001 compared to the control, tendinopathy and GM@HDC@HGF groups, respectively).

ratio showed a trend comparable to that of normal tendon. We
measured the proportion of positive regions of two kinds of colla-
gen (Figure 7G and H). The results showed that compared with
GM@HDC, GM@HDC@HGF were more effective in repairing colla-
gen metabolism disorder. There was no significant difference in
the expression of COL-1 between the GM@HDC group and the
tendinopathy group. In addition, the tissue proteins of each
group were extracted and analyzed for the expression of matrix-
related components (COL-1, COL-3, MMP-3, MMP-13)
(Supplementary Figure S8). The results were similar to the corre-
sponding in vitro findings. In summary, in situ injection of
GM@HDC@HGEF could effectively regulate oxidative stress and in-
flammation in AT, improve ECM remodeling, and prevent tendon
degeneration. However, the pathogenesis of AT is a complex pro-
cess related to multiple factors. It is necessary to conduct

in-depth studies to clarify the specific molecular mechanism of
AT and related therapeutic targets.

Conclusions

In this study, injectable monodisperse hydrogel microspheres were
prepared using microfluidic technology and HDC was grafted to the
microspheres by biomimetic modification. HGF was further loaded
onto GM@HDC by immersed adsorption. GM@HDC@HGF with syn-
ergistic antioxidant and anti-inflammatory activities were fabri-
cated for in situ treatment of tendinopathy. The HDC modification
enhanced the drug loading, degradation, and adhesion of the
microspheres. In vitro and in vivo experiments demonstrated that
GM@HDC@HGF could effectively reduce the level of oxidative
stress, inhibit the expression of pro-inflammatory cytokines,
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Figure 7. In vivo at regeneration with microspheres treatment. (A) Macro-picture images of Achille tendons of rats at 4 weeks. (B) H&E staining. (C)
Masson staining. (D, E) Immunohistochemistry staining of COL-1 and COL-3. (F) Bonar score at 4 weeks. (G, H) The proportions of COL-1 and COL-3
positive areas (n=4, */**/*** #/##/### and $/$$/$$$ indicated P < 0.05/P < 0.01/P < 0.001 compared to the control, tendinopathy and GM@HDC@HGF

groups, respectively).

improve ECM remodeling, and prevent tendon degeneration. We
believe that the functionalized microspheres with antioxidant and
anti-inflammatory effects are universal and suitable for minimally
invasive treatment of a variety of chronic degenerative diseases.

Supplementary data

Supplementary data are available at Regenerative Biomaterials online.
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