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A B S T R A C T   

Owing to the tissue characteristics of tendons with few blood vessels and cells, the regeneration and repair of 
injured tendons can present a considerable challenge, which considerably affects the motor function of limbs and 
leads to serious physical and mental pain, along with an economic burden on patients. Herein, we designed and 
fabricated a dipeptide hydrogel (DPH) using polypeptides P11-4 and P11-8. This hydrogel exhibited self- 
assembly characteristics and could be administered in vitro. To endow the hydrogel with differentiation and 
regeneration abilities, we added different concentrations of growth differentiation factor 5 (GDF5) to form 
GDF5@DPH. GDF5@DPH promoted the aggregation and differentiation of tendon stem/progenitor cells and 
promoted the regeneration and repair of tendon cells and collagen fibers in injured areas. In addition, 
GDF5@DPH inhibited inflammatory reactions in the injured area. Owing to its injectable properties, DPH can 
jointly inhibit adhesion and scar hyperplasia between tissues caused by endogenous inflammation and exogenous 
surgery and can provide a favorable internal environment for the regeneration and repair of the injured area. 
Overall, the GDF5@DPH system exhibits considerable promise as a novel approach to treating tendon injury.   

1. Introduction 

Tendons are important tissues that connect muscles and bones and 
play roles in transmitting strength and maintaining body movement [1, 
2]. Tendons are prone to injury owing to various conditions, such as 
excessive exercise, trauma, diabetes, aging, and even rupture, leading to 
pain and motor dysfunction [3,4]. Moreover, tendon tissues are char-
acterized by poor cellularity and vasculature, which hinder and 
complicate the healing of tendon injuries [5,6]. Tendon injuries not only 
lead to the retirement of athletes but also seriously affect the life and 
labor ability of ordinary people [7–9]. Currently, treatment methods for 
tendon injuries mainly include conservative treatment and surgical 

repair [1,10]; however, these methods have limitations. Conservative 
treatment requires a long recovery period and often fails to fully restore 
tendon structure and function [11]. Although surgical repair can better 
address injured tendons, postoperative complications and tendon 
adhesion also occur [4,12]. Therefore, the effective repair of injured 
tendons and promotion of tendon regeneration have become important 
and challenging issues in this field in recent years. 

Tendon stem/progenitor cells (TSPCs) are self-renewing pluripotent 
cells present in tendons and are an important cell source for tendon 
tissue repair and regeneration [13,14]. TSPCs exhibit can not only 
differentiate into various cell types, including bone cells, chondrocytes, 
and adipocytes, but also regulate immune responses and play an 
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important role in maintaining the physiological functions of tendons, 
including elasticity, flexibility, and tensile strength [15,16]. Rui et al. 
[17] and Zhang et al. [18] successfully isolated and cultured TSPCs in 
the tendon tissues of rats and rabbits, respectively, and found that these 
cells could differentiate toward tendon formation under certain condi-
tions [17]. Therefore, TSPCs play pivotal roles in maintaining tendon 
homeostasis and promoting tendon injury repair. 

Self-assembled polypeptide hydrogels are three-dimensional (3D) 
network structures comprising polypeptide chains. These polypeptide 
chains self-assemble into gel-like substances in water. Hydrogels exhibit 
high water absorption and good biocompatibility and can simulate the 
extracellular matrix to form a 3D scaffold, which is beneficial for cell 
growth and tissue regeneration [19–21]. Peptide molecules in 
self-assembling polypeptide hydrogels usually contain 10–20 amino 
acids; these peptide molecules can self-assemble into network structures 
owing to their unique properties [22]. This self-assembly process typi-
cally relies on non-covalent bonding interactions, such as hydrophobic 
interactions, electrostatic interactions, hydrogen bonding, and π–π in-
teractions [23,24]. Compared with traditional biomaterials, 
self-assembled polypeptide hydrogels exhibit unique characteristics. 
First, the hydrogel can be used as a drug delivery system to deliver drugs 
precisely to the repair site in a sustained, metered manner [25–27]. 
Second, it can support and promote cell proliferation, differentiation, 
and tissue regeneration, providing favorable conditions for successful 
tissue engineering [22,28,29]. However, despite the potential applica-
tions of self-assembled polypeptide hydrogels for tissue engineering and 
wound repair, the current therapeutic results are not ideal, especially for 
tendon repair. Yin et al. [30] found that the RADA peptide hydrogel 
exhibited good biocompatibility and facilitated TSPCs adhesion and 
proliferation to a certain extent, preventing the aging of TSPCs; how-
ever, the formulated peptide hydrogel failed to substantially promote 
TSPCs tendon differentiation. Imere et al. [31] found that a 
self-assembling peptide hydrogel (SAPH) could promote the growth and 
proliferation of rabbit synovial cells and maintain the production of 
specific matrix components; however, it did not considerably promote 
tendon repair in injured tendons. To achieve this, researchers need to 
incorporate several improvements. First, the physical and chemical 
properties of self-assembled hydrogels must be improved by optimizing 
their preparation methods [28,32,33]. Second, other bioactive sub-
stances, such as growth factors and cytokines, could be added to pro-
mote the proliferation and differentiation of tendon cells [34–36]. These 
bioactive substances can be embedded into self-assembled hydrogels to 
provide long-lasting stimulation and promote tendon regeneration. 

Growth difference factor 5 (GDF5) is a growth factor belonging to the 
transforming growth factor category β superfamily. GDF5 plays an 
important role in the formation and development of bones, joints, and 
neurons during human growth and development. Furthermore, it has a 
positive effect on skin healing and recovery [37–39]. Therefore, GDF5 
has extensive application prospects in the medical field, especially in the 
field of regenerative medicine, such as bone and joint repair and nerve 
injury repair [40,41]. GDF5 also plays a crucial role in the formation and 
development of tendons. GDF5 promotes the proliferation and differ-
entiation of tendon cells, which is crucial for promoting tendon repair 
and enhancing tendon function [42–44]. However, effective utilization 
of this growth factor remains a key issue in scientific research. More-
over, limited research has been conducted on the combined application 
of GDF5 and polypeptide hydrogels. 

In the current study, we used P11-4 and P11-8 polypeptides [45–47] 
to synthesize an injectable self-assembled dipeptide hydrogel (DPH) 
under specific conditions and combined it with GDF5 to form a new 
functional hydrogel, namely GDF5@DPH. Compared with other bio-
materials, GDF5@DPH has inherent advantages. Firstly, GDF5@DPH 
exhibits superior biocompatibility, comprising natural amino acids, 
which closely resemble the major components of tendons. Additionally, 
owing to the self-assembly properties of GDF5@DPH, the use of exog-
enous chemical cross-linking agents can be avoided, leading to 

improved biocompatibility and biodegradability, thus minimizing im-
mune reactions and foreign body rejection. Secondly, GDF5@DPH has 
excellent drug-loading capabilities, as it can be precisely controlled by 
adjusting parameters such as solution temperature and pH, thereby 
modulating the structure and properties of the hydrogel to achieve 
sustained drug release and prolonged effects. Thirdly, GDF5@DPH ex-
hibits favorable bioactivity, supporting cell attachment and prolifera-
tion, promoting tenogenic differentiation of TSPCs and tendon tissue 
regeneration, making it suitable for repairing damaged tendon tissue. 
Lastly, in terms of injectability, GDF5@DPH has suitable viscosity and 
rheological properties, facilitating injection via a syringe to specific sites 
for localized treatment or internal tissue injection without the need for 
surgical implantation. The effects of GDF5@DPH on the proliferation, 
differentiation, and tendon repair of TSPCs were verified in vitro and in 
vivo (Scheme 1). The results of this study will be beneficial for further 
improving treatment methods for tendon injuries, ultimately enhancing 
treatment effectiveness and reducing patient pain. 

2. Materials and methods 

2.1. Preparation of solutions and synthesis of DPH 

2.1.1. Preparation of P11-4 and P11-8 polypeptide solutions 
The peptide sequence of P11-4 is QQRFEWEFEQQ, with a charge of 

− 2, and the P11-8 peptide sequence is QQRFOWOFEQQ, with a charge 
of +2, as per the manufacturer’s instructions and previous literature 
[45]. A peptide solution was prepared at a concentration of 2 mg/mL. 
The peptide powder was exposed to ultraviolet radiation for 60 min. A 
certain amount of sterile P11-4 and P11-8 powders (Genscript Biotech 
Corporation, Nanjing, China) was weighed according to the configured 
concentration and then placed in sterile centrifuge tubes according to 
the formula ρ = m/V. The corresponding volume of sterile deionized 
water was added, and the powders were dissolved using vortexing; 
finally, a peptide solution was obtained at a concentration of 2 mg/mL, 
which was used for subsequent experiments. 

2.1.2. Preparation of the GDF5 solution 
In brief, the GDF5 powder (Glpbio, CA, USA) was exposed to ultra-

violet radiation for 60 min. Next, 10 μg sterile GDF5 powder was 
weighed according to the configured concentration and placed in a 
sterile centrifuge tube according to the formula ρ = Calculate m/V (ρ: 
density, m: mass, V: volume), followed by the addition of 10 mL of 
sterile deionized water. The powders were dissolved by oscillation using 
a vortex instrument to form a solution at a concentration of 5000 ng/mL. 
Subsequently, the solution was diluted to 5, 25, 50, 100, and 500 (ng/ 
mL) solutions and used for subsequent experiments. 

2.1.3. Synthesis of sodium alginate (SA) hydrogel 
Following exposure to ultraviolet radiation for 60 min, 4 g of sterile 

SA powder (Sigma-Aldrich, USA) was weighed and placed into a sterile 
centrifuge tube, which was calculated according to the formula ρ = m/V. 
Subsequently, 100 mL sterile deionized water was added, the solution 
was stirred manually, and placed on a constant-temperature shaking 
table at 37 ◦C overnight. The resulting SA hydrogel at a concentration of 
4% was used for subsequent experiments. 

2.1.4. Synthesis of DPH 
The P11-4 and P11-8 solutions were mixed in volume ratios of 100:1, 

10:1, 1:1, 1:10, and 1:100. The pH was adjusted to 7.0 using a pH meter 
(Aquasearcher, OHAUS), and gel formation was observed in a 37 ◦C 
incubator. 

2.1.5. Synthesis of GDF5-Containing dipeptide hydrogel (GDF5@DPH) 
P11-4 and P11-8 solutions were prepared as a mixed solution at a 

specific volume according to a volume ratio of 10:1. Five parts of the 
mixed solution comprising 10:1 P11:P12 were selected, and GDF5 
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solutions at different volumes and concentrations of 5000 ng/mL were 
added, respectively. The pH value of the mixed solution was adjusted to 
7.0, and the mixed solution was placed in a 37 ◦C incubator for gelation. 
Finally, functional DPHs containing GDF5 concentrations of 5, 25, 50, 
100, and 500 ng/mL were achieved (5-GDF5@DPH, 25-GDF5@DPH, 
50-GDF5@DPH, 100-GDF5@DPH, and 500-GDF5@DPH, respectively). 

2.2. Characterization and physicochemical properties of hydrogels 

2.2.1. Tilt test 
In the centrifuge tubes, 1 mL of mixed solutions with different ratios 

or concentrations were prepared. The centrifuge tubes were placed in a 
25 or 37 ◦C constant temperature chamber, and each group of centrifuge 
tubes were tilted every 1–5 min to observe the fluid state of the mixed 
solutions. 

2.2.2. Scanning electron microscopy (SEM) 
After freeze-drying hydrogels for 24 h, test samples were collected 

and then sputter-coated with gold. The microstructures of the materials 
were observed using SEM (SEM Zeiss Supra 55, Germany). 

2.2.3. Measurement and calculation of pore size and porosity 
SEM images were used to analyze the pore sizes of the freeze-dried 

hydrogels using ImageJ 1.51j8 (National Institutes of Health, 
Bethesda, MD). The porosity was calculated using the ethanol exchange 
method [48]. The dried hydrogels were weighed (Wh) and immersed in 
absolute ethanol to obtain the wet weight (Wa). The porosity of the 
hydrogel was calculated according to the following equation: Porosity =
Wa-Wh/ρV, where ρ represents the density of ethanol and V represents 
the volume of dried hydrogel. 

2.2.4. Fourier-transform infrared spectroscopy (FTIR) 
SA, DPH, and GDF5@DPH (2 mL, n = 3) were freeze-dried for 24 h, 

and the samples were collected. FTIR spectra of the three hydrogels were 
measured using an FTIR spectrophotometer (Thermo Scientific Nicolet 
iS20, USA). Spectra were obtained after 32 scans in the range of 
4000–400 cm− 1 with a resolution of 4 cm− 1. 

2.2.5. Water contact angle 
The contact angle of each hydrogel material on hydrophilic poly-

ethylene was measured using an optical surface analyzer (OSA 100, 
L10018A302, Lauda Scientific, Germany). The hydrogel liquid was 
dropped onto the hydrophilic polyethylene, and the contact angle was 

Scheme. 1. Principle underlying GDF5@DPH synthesis and its mechanism for promoting tendonogenic differentiation of TSPCs and tendon repair. TSPCs, tendon 
stem/progenitor cells; GDF5, growth difference factor 5; DPH, dipeptide hydrogel. 
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recorded when the liquid was stabilized on the surface. 

2.2.6. In vitro degradation of the hydrogels 
In brief, 2 mL of hydrogel (n = 4) was lyophilized for 24 h to obtain a 

xerogel (D0), which was then completely immersed in 1 mL of simulated 
body fluid placed in a shaker at 37 ◦C and 100 rpm. At each test point, 
the hydrogel was removed and placed it in dH2O overnight in an oven at 
37 ◦C to determine the weight of the xerogel (D1). Weight remaining 
(%) = D1/D0 [49]. 

2.2.7. Equilibrium water content 
Seven groups of hydrogels (2 mL, n = 4) were immersed in 

phosphate-buffered saline (PBS) for 24 h and freeze-dried for 24 h to 
obtain dry gels. The equilibrium moisture content was calculated by 
reducing the weight before and after freeze-drying using the following 
formula: Equilibrium water content = Cw-Cd/Cw, where Cw and Cd 
refer to the weights of wet and dry hydrogels, respectively [50]. 

2.2.8. Evaluation of sustained-release concentration of GDF5 
Hydrogels containing different concentrations of GDF5 (1 mL, n = 4) 

were immersed in the same amount of simulated body fluid, and the 
extracts from each group were collected after 1, 4, 7, 10, 14, 21, 28, and 
35 days. An ELISA kit (Zeye Bio-Technology Co., Ltd., Shanghai, China) 
was used for quantitative detection of GDF5. 

2.2.9. Evaluation of the rheological properties 
The rheological properties were evaluated using a rheometer (Anton 

Paar, Graz, Austria). Dynamic frequency sweep was performed at 1% 
strain from 0.1 to 100 rad/s, dynamic strain sweep was performed at 
0.1%–100% strain at a rate of 10 rad/s, dynamic shear rate sweep was 
performed in the range of 0.1–10 s− 1, and viscosity was measured [50]. 

2.3. In vitro experiments 

2.3.1. Isolation and culture of rabbit TSPCs (rTSPCs) 
rTSPCs were isolated and cultured as described previously [18]. 

TSPCs were obtained from six female New Zealand white rabbits (8–10 
weeks old, 3.0–4.0 kg). After the rabbits were euthanized, the middle 
sections of Achilles tendon tissue or patellar tendon tissue were 
dissected, and the connective tissue surrounding the tendon was care-
fully excised. After cutting, the specimens were digested with collage-
nase type I (3 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) for 1.5 h. 
Single-cell suspensions were established by filtering through a 70 μm 
filter, and cells were incubated in DMEM (Thermo Fisher Scientific, 
USA) containing 10% (v/v) fetal calf serum (Thermo Fisher Scientific, 
USA) and 1% (v/v) penicillin-streptomycin (Thermo Fisher Scientific, 
USA) at 37 ◦C under 5% CO2 for 7–10 days. After clone formation was 
observed under a microscope, primary cells (P0) were mixed and labeled 
by trypsin digestion. P3–P5 cells were used for the subsequent experi-
ments. The culture medium was changed every three days during the 
experiment. 

2.3.2. Cell seeding onto hydrogel of each group 
Each group of hydrogels was injected into 96-well plates at 100 mL 

per well and placed in an incubator at 37 ◦C and 5% CO2 for 1 h to adapt 
to the physiological environment. rTSPCs were then seeded on each 
hydrogel in 96-well plates at 37 ◦C under 5% CO2. The culture medium 
was changed every day. 

2.3.3. Cell viability 
The cell viability was examined using a live/dead kit (Invitrogen, 

UK). In brief, rTSPCs were seeded in 96-well plates at a density of 104 

cells/well. After incubating cells for 3 and 7 days in each hydrogel 
group, 2 mL of PBS containing 2 × 10− 6 M calcein AM and 4 × 10− 6 M 
EthD-1 solution were added. Then, 200 μL of live/dead solution was 
added, and the sample was incubated for 30 min at room temperature. 

Samples were washed twice with PBS. Images were captured using an 
inverted fluorescence microscope (Leica DM IL LED Fluo; Leica Micro-
systems, Germany) with excitation filters at 494 nm (green, calcein AM) 
and 528 nm (red, EthD-1). The nuclei of living and dead cells were 
stained green and red, respectively. 

2.3.4. Cell proliferation 
The proliferation of rTSPCs was analyzed using Cell Counting Kit-8 

(CCK-8; Sigma Aldrich). rTSPCs were cultured in 96-well plates at a 
primary density of 5 × 103 cells/well for 1, 3, 5, and 7 days. The cells 
were incubated with 10% CCK-8 for 1.5 h. The absorbance was 
measured at 450 nm using a microplate reader (Synergy 2; BioTek, 
USA). 

2.3.5. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) 

After 7 days of TSPC cultivation, total RNA was extracted from the 
TSPC-loaded hydrogel using TRIzol reagent (Invitrogen, Carlsbad, Calif., 
USA). Complementary genes were synthesized by reverse transcription 
of 2 μg template RNA in a two-step RT-qPCR SuperMix kit (TransGen 
Biotech, China) according to the manufacturer’s instructions [51]. 
RT-qPCR was performed using an ABI 7500 system (Thermo Fisher 
Scientific, USA). Relative gene expression levels were normalized to the 
housekeeping gene GAPDH to obtain relative gene expression fold 
values and calculated using the 2− ΔΔ cycle threshold (2− ΔΔCt) method. 
For the primer (Nanjing Bolaz Biotechnology Co., Ltd. China) sequences 
used, please see Supplementary Table S1. 

2.3.6. Western blotting (WB) assay 
WB was performed after incubating TSPCs with a water gel for 7 days 

to evaluate protein expression levels. Cellular proteins were extracted 
using a Total Protein Extraction Kit (Beyotime Biotechnology, Shanghai, 
China). A BCA protein analysis kit (Beyotime Biotechnology, Shanghai, 
China) was used to completely mix the proteins in the supernatant with 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
protein loading buffer (5 × ) (Beyotime Biotechnology) at a volume ratio 
of 4:1. The obtained proteins were heated at 100 ◦C for 10 min for 
denaturation. Using 4–20% SDS-PAGE (ACE Biotechnology, Beijing, 
China), the same amount of protein (30-mg system) was transferred onto 
a polyvinylidene fluoride (PVDF) membranes (Sigma, USA). The mem-
branes were blocked in a blocking solution (Beyotime; China) for 1 h, 
washed in TBST (Servicebio; China), and incubated with an untagged F 
(ab’)2 Fragment Goat Anti-Rabbit IgG (H + L) (30 μg/mL; 111-006-003, 
Jackson ImmunoResearch) at 36 ◦C for 2 h. After washing again, 
membranes were incubated with primary antibodies overnight at 4 ◦C. 
After washing, membranes were incubated with secondary HRP- 
conjugated antibodies for 1 h at room temperature. Imaged, and visu-
alized using a ChemiDoc MP imaging system (Bio-Rad, CA, USA). Pro-
tein band intensity was quantified using ImageJ (NIH) and standardized 
to the corresponding GAPDH band (National Institutes of Health MD, 
Bethesda, USA). The antibody information is listed in Supplementary 
Table S2. 

2.3.7. Immunofluorescence (IF) assay 
The cell culture medium was removed from each group, and the cells 

were washed three times with PBS. Cells were fixed with cold para-
formaldehyde (4%; Biosharp, Hefei, China) for 20 min, washed thrice 
with PBS for 5 min each, and then shaken. Samples were disrupted using 
Triton X-100 (0.25%; Sigma-Aldrich) for 15 min, washed three times in 
PBS for 5 min each, and shaken. Then, the samples were incubated with 
immunostaining blocking solution (Beyotime Biotechnology) for 60 
min, followed by the addition of the primary antibody (primary anti-
body dilution mixture). The sample was maintained under shaking 
overnight at 4 ◦C. The primary antibody was removed, and samples were 
washed three times with PBS for 5 min each time and shaken. Next, the 
samples were incubated with secondary antibodies and Alexa Fluor 488 

M. Zhang et al.                                                                                                                                                                                                                                  



Materials Today Bio 26 (2024) 101046

5

and 647 (Beyotime Biotechnology, China) at room temperature for 60 
min in the dark. The secondary antibody was recovered, and samples 
were washed three times with PBS and shaken for 5 min. Subsequently, 
100 μL 4′, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA) was 
added, and samples were incubated for 15 min in the dark. The samples 
(membranes) were washed three times with PBS for 5 min each. 
Detection was performed using an inverted fluorescence microscope 
(Leica DM IL LED Fluo; Leica Microsystems, Germany). The antibody 
information is listed in Supplementary Table S2. 

2.4. In vivo experiments 

2.4.1. Animal model 
All surgical interventions and postoperative animal care were per-

formed in accordance with the National Research Council’s Guide for 
the Care and Use of Laboratory Animals and approved by the Animal 
Research Ethics Committee of Southeast University (No. 20220816006). 
Thirty New Zealand white rabbits (2.5–3 kg, 6 months) were randomly 
divided into five groups of six rabbits each. After administering a 
pentobarbital sodium injection, a hole (diameter: 4 mm, height: 1.5 mm) 
was punched to induce an Achilles tendon tissue defect in the bilateral 
medial Achilles tendon, and normal saline (NS), SA, DPH, GDF5@DPH, 
and GDF5@DPH + TSPCs were injected into the defects. The incisions 
were then sutured. The rabbits were housed in a humidity-controlled 
room at 25 ◦C, under a 12-h light/dark cycle, with free access to food 
and water. 

2.4.2. Transmission electron microscopy (TEM) 
Tissue specimens were fixed using standard TEM procedures to 

assess the collagen fibril diameter and alignment. Operational steps 
were performed as detailed previously [52]. 

2.4.3. Mechanical testing 
After six weeks of feeding, the rabbits were sacrificed, and the 

bilateral Achilles tendons were harvested for mechanical testing. Me-
chanical testing was performed using the Instron tension/compression 
system with FastTrack software (Model 5543, Instron, Canton, MA, 
USA). The structural properties of Achilles tendons are represented by 
their modulus (MPa), failure force (N), and stress at failure (MPa). 
Operational steps were performed as detailed previously [53]. 

2.4.4. Histopathological evaluation 
Six weeks postoperatively, the regenerated tendons were harvested, 

fixed in 4% buffered formalin for 24 h, dehydrated in an ethanol series, 
and embedded in paraffin. Longitudinal sections of tendons were cut 
into 7-μm thick slices. The slides were dewaxed, rehydrated, and stained 
with hematoxylin and eosin (H&E), Masson’s trichrome, and Sirius red. 

2.4.5. Enzyme-linked immunosorbent assay (ELISA) 
Two weeks postoperatively, rabbits were anesthetized, and Achilles 

tendon tissues were harvested. The Achilles tendon tissues were cut, 
mechanically homogenized in 0.9% NS at 200 mg/mL, and centrifuged 
at 12,000 rpm for 10 min at 4 ◦C. The supernatant was collected to 
perform ELISA and the concentrations of interleukin (IL)-1β, IL-6, and 
tumor necrosis factor (TNF)-α were determined using Rabbit IL-1 β 
ELISA Kit (Sigma-Aldrich, USA), Rabbit IL-6 ELISA Kit (Reanta, Beijing, 
China), and Rabbit TNF-a ELISA Kit (Shanghai Enzyme-linked Biotech-
nology Co., Ltd., China), respectively, in accordance with the manu-
facturer’s instructions. 

2.5. Statistical analysis 

All data are presented as the mean ± standard deviation (SD). Data 
analyses were analyzed using SPSS version 26.0 (IBM Corp., Armonk, 
NY, USA). GraphPad Prism 8.4 (GraphPad Software, CA, USA) was used 
to prepare the graphical representation. After analyzing the normality 

using the Shapiro-Wilk test, two-group comparisons were performed 
using the independent t-test and nonparametric test. Multiple groups 
were compared using one-way analysis of variance (ANOVA) and post 
hoc tests. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Synthesis and characterization of in-situ injectable DPH 

The molecular structures of the P11-4 and P11-8 polypeptide se-
quences were determined. The two polypeptides were cross-linked with 
each other through electrostatic interactions, hydrophobic interactions, 
and π–π stacking bonds (Fig. 1A). At a P11-4 to P11-8 vol ratio of 10:1 
and pH was 7.0, the mixed solution formed a gel at 37 ◦C with a gelation 
time of 417 ± 11 s, which was convenient for clinical injection operation 
(Fig. 1B). At 25 ◦C, the gelation time of the mixed solution was pro-
longed, which was not conducive to clinical operation (Fig. 1C). When 
different concentrations of GDF5 were added to the mixed solution of 
dipeptides, the gelation time showed no significant change (Fig. 1D). 
During the experiment, DPH and GDF5@DPH had injectable charac-
teristics and could be injected into various shapes (Fig. 1E). 

3.2. Characterization of the DPH and GDF5@DPH 

The freeze-dried hydrogels of each group were analyzed by SEM, and 
the results revealed that all hydrogels exhibited a porous structure. The 
SA group exhibited smaller pores, whereas the DPH and GDF5@DPH 
groups exhibited larger pores. According to energy dispersive spectros-
copy, the DPH and GDF5@DPH groups were mainly composed of carbon 
(C), nitrogen (N), and oxygen (O) (Fig. 2A). Based on quantitative 
analysis, the DPH and GDF5@DPH groups had larger pore sizes and 
higher porosities than the SA group, with the 100-GDF5@DPH group 
exhibiting the most notable advantages (Fig. 2B–C). FTIR revealed a 
strong absorption peak at 3431 cm− 1 for the DPH and GDF5@DPH 
groups, indicating the presence of amino groups (-NH2). The strong 
absorption peak at 2950 cm− 1 suggests the presence of methylene 
groups (–CH2). The appearance of strong absorption peaks in the range 
of 1632–1637 cm− 1 indicated the possible existence of β-folded sec-
ondary structures (Fig. 2D). In addition, dynamic frequency sweep 
rheological tests were performed to examine the viscoelasticity and 
stability of the hydrogels at different temperatures. The storage modulus 
(G′) and loss modulus (G″) were recorded as a function of the frequency 
and time, with a higher G′ than G″ indicating fast gelation. At 25 ◦C, 
within the range of 0.1–100 rad/s, the SA group had the highest G′ value, 
indicating a higher elastic modulus. The DPH group showed an 
increasing trend in G′ after the addition of GDF5, indicating a more 
compact crosslinked network. Furthermore, the G′ values of all groups 
gradually decreased, indicating a decrease in the elastic modulus and a 
shift toward a more viscous liquid phase (Fig. 2E). Compared with that 
at 25 ◦C, the G′ value of the hydrogels in all groups increased at 37 ◦C, 
indicating a higher elastic modulus and stronger structure at 37 ◦C, 
which is favorable for gelation (Fig. 2F). 

According to the water contact angle test results, the SA group had a 
contact angle of 59.67 ± 1.53◦, whereas the DPH and GDF5@DPH 
groups had significantly reduced contact angles, indicating higher hy-
drophilicity in the DPH and GDF5@DPH groups (Fig. 3A–H). Similarly, 
the water content experiment revealed that the DPH and GDF5@DPH 
groups had higher water contents than the SA group, suggesting better 
hydrophilicity (Fig. 3I). The degradation test showed that the SA group 
degraded slowly within 35 days, whereas the DPH and GDF5@DPH 
groups degraded gradually, indicating better degradation properties and 
reduced residues in the body (Fig. 3J). According to the results of the 
drug release experiment, the hydrogel containing a high GDF5 peptide 
concentration released a higher concentration at each time point. After 
approximately 28 days, GDF5 was almost completely released from the 
hydrogel, indicating the good release efficiency of GDF5@DPH 
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Fig. 1. Structural composition and gel-forming characteristics of DPH. (A) Molecular structure and binding mode of polypeptides P11-4 and P11-8. (B) Gelling 
conditions of DPH (red dye was added to observe gel formation). (C) Gelation time of DPH at different temperatures. (D) Gelation time of DPH combined with 
different concentrations of GDF5. (E) Injectable properties of DPH. Data are presented as the mean ± standard deviation. n = 4 for each group, ns: not significant, 
***P＜0.001, ****P＜0.0001. DPH, dipeptide hydrogel; GDF5, growth difference factor 5; SA, sodium alginate. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 2. Characterization and fluid properties of the hydrogels. (A) SEM and energy spectrum analysis. (B–C) Quantitative analysis of the pore size and porosity. (D) 
FTIR analysis of functional groups and secondary structures. (E–F) The rheological properties of the hydrogels were analyzed at different temperatures. Data are 
presented as the mean ± standard deviation. n = 3 for each group, *P＜0.05, **P＜0.01, ***P＜0.001, ****P＜0.0001. SEM, scanning electron microscope; FTIR, 
Fourier-transform infrared spectroscopy; DPH, dipeptide hydrogel; SA, sodium alginate. 
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(Fig. 3K). 

3.3. Cytotoxicity and biocompatibility of DPH and GDF5@DPH in vitro 

TSPCs were seeded into the wells of each group and co-cultured. 
After 3 and 7 days, TPSCs were observed under a light microscope, 
revealing that TSPCs in the hydrogel group grew in aggregates when 
compared with the flat growth observed in simple wells. The degree of 
aggregate growth in the DPH and GDF5@DPH groups was significantly 
higher than that in the SA group, with the 50- and 100-GDF5@DPH 
groups exhibiting the most significant levels of cell aggregation 
(Fig. 4A). Additionally, cells were stained using live/dead staining and 
analyzed using laser confocal scanning after 3 and 7 days. Herein, TSPCs 
grew as 3D aggregates in the hydrogel instead of the flat growth 
observed in simple wells. The double-peptide hydrogel group exhibited 
significantly more live cells and fewer dead cells than the SA group. The 
50- and 100-GDF5@DPH groups exhibited stronger live cell growth and 
aggregation (Fig. 4B). Quantitative analysis also revealed that TSPCs in 
the hydrogel had stronger activity than those in the 2D and SA groups, 
with the 100-GDF5@DPH group displaying the best performance 
(Fig. 4C–D). A CCK-8 assay was performed to measure the optical den-
sity (OD) values of cells from each group at 1, 3, 5, and 7 days post- 
culture. On day 1, the 2D culture group had higher OD values than 
the 3D culture group. However, on days 3, 5, and 7, the OD values of the 
DPH and GDF5@DPH groups were significantly higher than those of the 
2D group. The 25-, 50-, and 100-GDF5@DPH groups exhibited high OD 
values. The OD values of the SA group remained consistently lower than 

those of the 2D group (Fig. 4E). According to the cell cycle results, the 
percentage of TSPCs in the S phase of the cell cycle was increased in the 
DPH and GDF5@DPH groups when compared with that in the SA group 
(Fig. S1). Additionally, we co-cultured TSPCs with the hydrogels of each 
group for 7 days and examined pores using SEM. The DPH and 
GDF5@DPH groups had larger pores than the SA group, which was more 
favorable for the growth and spread of TSPCs (Fig. 4F). Furthermore, 
TSPCs were co-cultured with the hydrogels of each group for 3 days and 
cytoskeleton staining revealed that the DPH and 100-GDF5@DPH 
groups had a more expanded cytoskeleton morphology than the SA 
group; this was beneficial for cell proliferation and migration (Fig. S2). 
The scratch test revealed that TSPCs in the DPH and GDF5@DPH groups 
had stronger migration abilities than those in the SA group (Fig. S3). 

3.4. GDF5@DPH promotes tendonogenic differentiation of rTSPCs 

To perform IF analysis, TSPCs were seeded into the wells of each 
group, followed by co-culturing for 7 days. Laser confocal scanning was 
performed to detect the expression of the tendon-related proteins 
scleraxis (SCX) and collagen III (COL-III) in the TSPCs of each group. The 
immunofluorescence intensities of SCX and COL-III in TSPCs of the 
GDF5@DPH group were significantly higher than those of the SA and 
DPH groups, with the 100-GDF5@DPH group exhibiting the strongest 
fluorescence intensity (Fig. 5A–C). Additionally, RT-qPCR experiments 
revealed that the expression of the tendon-related genes SCX, TNC, MKX, 
and Tnmd was higher in the GDF5@DPH group than in the SA and DPH 
groups, with the 100-GDF5@DPH group showing the most significant 

Fig. 3. Hydrophilicity, degradation, and sustained-release characteristics of hydrogels. (A) Water contact angle and quantitative analysis. (B) Water content analysis. 
(C) Hydrogel degradation characteristics of each group. (D) GDF5 sustained-release test. Data are presented as the mean ± standard deviation. n = 4 for each group, 
ns: not significant, ****P＜0.0001. DPH, dipeptide hydrogel; SA, sodium alginate; GDF5, growth difference factor 5. 

M. Zhang et al.                                                                                                                                                                                                                                  



Materials Today Bio 26 (2024) 101046

9

Fig. 4. Cytotoxicity and biocompatibility testing. (A) TSPCs were examined by optical microscopy after co-culturing with each group of hydrogels for 3 and 7 days. 
(B) Changes in the number of living and dead cells after co-culturing TSPCs in hydrogel for 3 and 7 days by live-dead staining. (C–D) The viability of TSPCs after 3 
and 7 days of cu-culture. (E) Quantitative analysis of absorbance values at different time points in each group. (F) The quantity and morphology of TSPCs in hydrogels 
examined by SEM after 7 days of co-culture (Red triangle represents cells). Data are presented as the mean ± standard deviation. n = 4 for each group, # indicates 
comparison with the 2D group, ##P＜0.01, ####P＜0.0001, **P＜0.01, ****P＜0.0001. Scale bars: 2 mm and 100 μm. TSPCs, tendon stem/progenitor cells; DPH, 
dipeptide hydrogel; SA, sodium alginate; SEM, scanning electron microscopy; 2D, two-dimensional; 3D, three-dimensional. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. GDF5@DPH promotes tendonogenic differentiation of TSPCs. (A–C) IF was used to observe the fluorescence intensity and correlation semi-quantitative 
analysis of tendon-related proteins SCX and COL-III in the TSPCs of each group. (D–G) RT-qPCR was used to detect the gene expression differences of 
tendonogenesis-related genes Scx, Tnc, Mkx, and Tnmd in TSPCs. (H–J) WB analysis was performed to determine the expression of tendinosis-related proteins SCX and 
MKX in TSPCs and for semi-quantitative analysis. All full-length blots are presented in Additional File 2: Fig. 5H. Data are presented as the mean ± standard de-
viation. n = 3 for each group, # stands for comparison with SA group, #P＜0.05, ##P＜0.01, ###P＜0.001, ####P＜0.0001, *P＜0.05, **P＜0.01, ***P＜0.001, 
****P＜0.0001. Scale bar: 50 μm. IF, immunofluorescence; TSPCs, tendon stem/progenitor cells; DPH, dipeptide hydrogel; SA, sodium alginate; SEM, scanning 
electron microscopy; 3D, three-dimensional; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; WB, western blotting; SCX, Scleraxis; TNC, 
Tenascins; MKX, Mohawk; Tnmd, Tenomodulin; COL-III, Collagen III. 
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increase (Fig. 5D–G). Similarly, WB analysis indicated that the expres-
sion of tendon-related proteins SCX and MKX was higher in the 
GDF5@DPH group than in the SA and DPH groups, with the 100- 
GDF5@DPH group displaying the most prominent protein bands 
(Fig. 5H–J). Furthermore, TSPCs were co-cultured with hydrogels for 7 
days and then detected by RT-qPCR. The expression of COL-I, PCNA, and 
a-SMA in DPH and 100-GDF5@DPH groups was higher than that in the 
SA group, with the GDF5@DPH group exhibiting the most notable effect 
(Fig. S4). Compared with the SA and DPH groups, the 100-GDF5@DPH 
group exhibited increased membrane potential (Fig. S5) and decreased 
intracellular ROS levels (Fig. S6) in TSPCs. These findings suggested that 
100-GDF5@DPH may inhibit oxidative stress responses within TSPCs. 
Overall, the experimental results suggest that the 100-GDF5@DPH 
group exhibited a superior ability to promote tendon differentiation of 

TSPCs. Therefore, this hydrogel group was used to perform subsequent 
in vivo experiments to validate their ability to promote tendon repair and 
regeneration. 

3.5. GDF5@DPH and GDF5@DPH loaded with exogenous TSPCs 
enhance tendon regeneration and repair in vivo 

The main steps of constructing a rabbit Achilles tendon injury model 
and intervention are shown in Fig. 6A–D. The various groups of 
hydrogels were separately injected into the Achilles tendon defect. The 
GDF5@DPH + TSPCs group consisted of a mixture of autologous 
patellar tendon-derived TSPCs (P3) and GDF5@DPH (1 × 106 cells/mL). 
Three weeks after implantation, heart, liver, spleen, lung, kidney, and 
brain specimens from each group were subjected to histological 

Fig. 6. GDF5@DPH and GDF5@DPH loaded with exogenous TSPCs promote regeneration and the mechanical properties of injured Achilles tendon. (A–D) Rabbit 
Achilles tendon defect model and main operating procedures. (E) Apparent morphology of the Achilles tendon of rabbits in each group at 6 weeks post-surgery. (F–G) 
TEM was used to examine the fiber structure of the Achilles tendon in each group. (H–M) Distribution of the diameter frequency of collagen fibrils in the Achilles 
tendon of each group. (O–R) Analysis of the mechanical properties of the Achilles tendon in each group. Data are presented as the mean ± standard deviation. n = 3 
for each group, ns: not significant, *P＜0.05, **P＜0.01, ***P＜0.001. Scale bar: 6 mm. TSPCs, tendon stem/progenitor cells; DPH, dipeptide hydrogel; SA, Sodium 
alginate; NS, normal saline; GDF5, growth difference factor 5. 
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assessment (Fig. S7). Simultaneously, the blood of rabbits in each group 
was also examined to determine changes in indicators of liver and kid-
ney function, myocardial enzymes, and other indicators (Fig. S8). 
Compared with healthy rabbits, rats injected with DPH and GDF5@DPH 
into the Achilles tendon defect did not exhibit any notable damage to 
major organs and disturbances in blood parameters. Moreover, six 
weeks after surgery, the rabbits in the defect and SA groups showed soft 
and swollen Achilles tendon tissue, whereas those in the DPH group 
generally improved, while the GDF5@DPH and GDF5@DPH + TSPCs 
groups had no apparent swelling, with harder and more normal-looking 
Achilles tendon tissue (Fig. 6E). The Achilles tendon tissue from both 
sides of the rabbits was excised, and TEM revealed that the newly 
formed collagen fibers in the defect group were disorganized and 
thinner in diameter, with no apparent thick collagen fibers. In the SA 
group, newly formed collagen fibers were arranged in a more orderly 
manner; however, they were still thinner and lacked thick collagen fi-
bers. Collagen fibers in the DPH and GDF5@DPH groups were arranged 
in an orderly manner, with an increasing number of thicker collagen 
fibers. The collagen fibers in the GDF5@DPH + TSPC group were ar-
ranged in an orderly manner, with thicker collagen fibers, and the dis-
tribution of their diameter frequency was closer to that of normal 
Achilles tendon tissue (Fig. 6F-M). The mechanical properties of the 
Achilles tendon tissue from each group were examined using a tensile 
machine. Compared with the control and other experimental groups, the 
GDF5@DPH + TSPCs group had higher modulus (MPa), failure force 
(N), and stress at failure (MPa) values, which were more similar to those 
of normal Achilles tendon tissue at 6 weeks (Fig. 6O-Q). 

Six weeks postoperatively, the Achilles tendons in each group were 

histologically evaluated by H&E staining. The defect and SA groups still 
exhibited large defects at the site of injury, and the fiber arrangement 
was disordered. The DPH and GDF5@DPH groups showed a significant 
decrease in defect size and a slightly more organized fiber arrangement. 
The GDF5@DPH + TSPC group exhibited the best healing at the site of 
injury, with orderly fiber arrangement (Fig. 7A). Based on Masson’s 
staining results, the defect and SA groups still had large defects at the 
site of injury, with a small number of new collagen fibers and a disor-
dered arrangement. The DPH and GDF5@DPH groups showed a signif-
icant decrease in defect size, an increase in the number of new collagen 
fibers, and a slightly more organized arrangement. The GDF5@DPH +
TSPC group had a higher number of new collagen fibers at the site of 
injury, arranged in an orderly fashion (Fig. 7B). Sirius Red staining 
revealed that the defect and SA groups had fewer new collagen fibers 
and a disordered arrangement, and the ratio of type I collagen fibers to 
type III collagen fibers was lower than that of type III fibers. The DPH 
and GDF5@DPH groups showed an increase in the number of new 
collagen fibers, a gradually more organized arrangement, and an in-
crease in the ratio of type I to type III collagen fibers. The GDF5@DPH +
TSPC group had a higher number of new collagen fibers at the site of 
injury, arranged in an orderly fashion. The ratio of type I to type III 
collagen fibers was significantly higher (Fig. 7C). According to the semi- 
quantitative analysis, the GDF5@DPH + TSPC group had a significantly 
lower histological score (Fig. 7D) and a higher proportion of collagen 
fiber area (Fig. 7E) than the control and other experimental groups. 

Fig. 7. Histological analysis of the Achilles tendon after operation. (A) H&E staining of the Achilles tendon tissues in each group. (B) Masson staining of the Achilles 
tendon tissues. (C) Sirius red staining of the Achilles tendon tissues. (D) Correlative histological scores and collagen area analysis. Data are presented as the mean ±
standard deviation. n = 3 for each group, ns: not significant, # indicates comparison with SA group, #P＜0.05, ###P＜0.001, ####P＜0.0001, *P＜0.05, **P＜0.01, 
***P＜0.001. Scale bars: 20 μm and 1 mm. H&E, hematoxylin and eosin. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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3.6. GDF5@DPH inhibits inflammatory response in Achilles tendon tissue 

Achilles tendon tissues were subjected to H&E staining to assess 
morphological changes. In the defect group, irregular defects were 
observed at the center of the tendon, with remaining necrotic tendon 
tissue (Fig. 8A–C). In the SA group, the tendon was swollen, and the 
central defect was repaired through abundant granulation tissue pro-
liferation, fibroblast proliferation, and collagen deposition. Inflamma-
tory cells were present within the granulation tissue and transformed 
into scar tissue with interlaced collagen fibers. Foreign giant cells were 
also detected (Fig. 8D–F). In the DPH group, the tendon was swollen, 
and the central defect showed granulation tissue formation. Undegraded 
hydrogel material was scattered within the defect, accompanied by the 

infiltration of foreign body macrophages and inflammatory cells. Some 
granulation tissue had transformed into scar tissue (Fig. 8G–I). In the 
GDF5@DPH group, the tendon was swollen, and the central defect 
showed granulation tissue proliferation, extensive fibroblast prolifera-
tion, and collagen deposition. Some capillaries were observed, and most 
of the hydrogel material was degraded and mixed with proliferating 
collagen. The granulation tissue transformed into scar tissue with a 
relatively organized collagen fiber arrangement and a decrease in in-
flammatory cells (Fig. 8J-L). In the GDF5@DPH + TSPC group, a small 
number of irregular defects was observed, while the rest of the tendon 
exhibited dense connective tissue comprising abundant fibroblasts and 
collagen fibers without the infiltration of inflammatory cells (Fig. 8M −
O). Based on quantitative analysis, the GDF5@DPH and GDF5@DPH +

Fig. 8. Cytomorphological analysis of the Achilles tendon tissue post-surgery. (A–C) Defect group: Irregular defects can be seen in the center of the tendon, with 
residual tendon necrosis in the middle (blue star). (D–F) SA group: Tendon swelling and central defect repair by a large amount of granulation tissue proliferation can 
be observed, along with the proliferation of a large number of fibroblasts (green arrow) and collagen deposition, a small number of capillaries (blue arrow), a large 
number of inflammatory cells (black arrow), granulation tissue transforming into scar tissue, scar tissue collagen fibers arranged in a staggered manner, and foreign 
giant cells (red arrowhead). (G–I) DPH group: Tendon swelling and central defect repair by granulation tissue proliferation can be observed, along with scattered 
undegraded water-like gel material (blue triangle), foreign body macrophages, and inflammatory cell infiltration (black arrow), and part of the granulation tissue 
transformed into scar tissue. (J–L) GDF5@DPH Group: Tendon swelling, granulation tissue proliferation, and repaired central defect can be observed, along with a 
large number of proliferated fibroblasts and collagen deposition. The group exhibits a small number of capillaries, with most of the water-like gel material degraded, 
a small amount of water-like gel mixed with hypertrophic collagen (yellow triangle), granulation tissue transformed into scar tissue, neatly arranged collagen fibers, 
and a reduced number of inflammatory cells. (M–O) GDF5@DPH + TSCP groups: Few irregular defects can be observed, while the remaining was dense connective 
tissue comprising a large number of fibroblasts (yellow arrows) and collagen fibers, without notable inflammatory cell infiltration. n = 3 for each group. TSPCs, 
tendon stem/progenitor cells; DPH, dipeptide hydrogel; SA, sodium alginate; GDF5, growth difference factor 5. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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TSPCs groups had fewer vessels and inflammatory cells than the defect 
and SA groups, with the most notable trend observed in the GDF5@DPH 
+ TSPCs group (Fig. 8P-Q). ELISA was performed to detect and analyze 
protein levels of inflammatory mediators in the Achilles tendon tissue 2 
weeks postoperatively. ELISA results revealed that the production of 
inflammatory mediators IL-1β, IL-6, and TNF-α was suppressed in the 
GDF5@DPH and GDF5@DPH + TSPCs groups when compared with that 
in the defect and SA groups, and the trend of low expression was most 
notable in GDF5@DPH + TSPCs group (Fig. 8R-T). 

4. Discussion 

As important tissues that connect muscles and bones in the human 
body, tendons are prone to injury or rupture during intense exercise and 
are difficult to repair after injury, seriously affecting the limb movement 
function of patients [54,55]. Polypeptide hydrogels are excellent 
macromolecular biomaterials that can mimic the extracellular matrix 
and provide an interface and scaffold for cell growth and different bio-
logical activities [56]. Owing to their unique biocompatibility and 
biodegradability, polypeptide hydrogels are increasingly used in tendon 
injury repair [30]. In the current study, we designed P11-4 and P11-8 
peptides to synthesize self-assembled hydrogels, which were used as 
carriers in combination with GDF5 to observe their material properties 
and tendon repair-promoting effects. The experimental results indicate 
that DPH has the characteristics of self-assembly and injectability. 
Compared with SA and DPH, GDF5@DPH could significantly promote 
TPSC differentiation into tendons and improve the repair effect of 
injured tendons. 

The self-assembling and injectable properties of hydrogels have 
notable advantages in tendon injury treatment and enable the material 
to enter the body in a liquid state by injection, thereby avoiding other 
complicated reaction steps of physical crosslinking and chemical cross-
linking and markedly reducing the complexity of clinical operation [57]. 
The injection mode of this material can reduce trauma and the risk of 
infection and lead to a relatively short recovery period. Herein, we 
synthesized DPHs using the P11-4 and P11-8 peptides. We found that the 
bi-polypeptides bind to each other through hydrophobic bonds, π–π 
bonds, and electrostatic interactions and form β-sheet structures. The 
DPH was injectable and could form gels at 37 ◦C, pH 7.0 in 7–8 min. 
Different GDF5 concentrations did not modify the gelling characteristics 
notably, which is beneficial for clinical application. Zhang et al. [58] 
synthesized a hydrogel by the self-assembly of the polypeptide Jelleine-1 
(J-1), which was used to treat intestinal wall defects. The J-1 hydrogel 
showed injectable characteristics and could be used for 3D printing, 
exhibiting superior antibacterial, hemostatic, anti-adhesion, and other 
functions. Vilchez et al. [59] synthesized functional hydrogels for 
wound hemostasis via the self-assembly of fibrinogen and Fmoc-FF and 
Fmoc-FF polypeptides. The authors found that the composite hydrogel 
exhibited injectable characteristics and excellent hemostatic functions. 
Tanmay et al. [27] synthesized a composite hydrogel using amino 
acids/peptides. The hydrogel also showed excellent injectability during 
the experiment, was used as a delivery vehicle for anticancer drugs, and 
was not affected by the external environment. Consistently, the DPH 
synthesized in the current study had the same gel-forming characteris-
tics as those observed previously, indicating that DPH is an excellent 
tendon repair material. Its self-assembly and injectable characteristics 
make it easy to quantitatively and accurately inject into the injured site, 
which cannot be achieved using conventional oral or intravenous in-
jection methods. 

Collagen is an important component of tendons, and peptides are 
components of collagen. Polypeptide hydrogels are usually composed of 
short peptide sequences, have good biocompatibility and degradability, 
can form stable 3D structures in vivo, provide a supporting and guiding 
environment, and promote cell attachment and proliferation. The 
advantage of this hydrogel is that it provides a microenvironment 
similar to the natural matrix for cells, eliciting the necessary physical 

support and chemical signals, thus making it an ideal tendon repair 
material [60]. Herein, we found the DPH has better hydrophilicity than 
the traditional SA hydrogel. SEM analysis revealed that the material had 
a higher void ratio and larger pore size, and the structure was conducive 
to the adhesion and growth of tendon stem cells on its surface. CCK8 and 
fluorescence staining showed that tendon stem cells proliferated in the 
dipeptide hydrogel group, and cell viability was enhanced. These results 
indicate that the DPH exhibits better biocompatibility, and the addition 
of GDF5 improved its biocompatibility, which was more conducive to 
improving the viability of tendon stem cells. In addition, the DPH 
showed better material degradation, and in vitro degradation experi-
ments revealed that DPH and GDF5@DPH degraded after 35 days, 
whereas the SA degradation rate was poor. In vivo animal experiments 
showed that 6 weeks after hydrogel injection, the DPH and GDF5@DPH 
groups had less hydrogel residue in the Achilles tendon than the SA 
group, along with reduced inflammatory cell infiltration when 
compared with the SA group; this was beneficial for fibrin growth and 
repair during tendon regeneration, and obstruction by implanted ma-
terials and foreign body reactions could be avoided. Several previous 
studies have also shown that polypeptide hydrogels have good 
biocompatibility and degradability, which are beneficial for cell prolif-
eration and extracellular matrix production, accompanied by positive 
effects on inducing cell migration [22,28]. Yang et al. [61] designed and 
synthesized a PAA-RGD polypeptide hydrogel. The authors found that 
PAA-RGD polypeptide hydrogel had suitable biodegradability, excellent 
biocompatibility, and low immunogenicity, which are beneficial for the 
proliferation and migration of rabbit bone marrow mesenchymal stem 
cells and promote the repair of rabbit osteochondral tissue. Zhu et al. 
[62] promoted the growth, proliferation, and secretion of extracellular 
matrix and cytokines in bone marrow stem cells by adding a polypeptide 
hydrogel based on traditional PCL scaffolds to improve the hydrophi-
licity and biocompatibility, thereby facilitating the repair of bone de-
fects. Yin et al. [30] designed and synthesized a RADA peptide hydrogel 
with good biocompatibility, which promoted the proliferation of tendon 
stem cells and inhibited cell aging. In conclusion, polypeptide hydrogels 
exhibit good biocompatibility and degradability, which are beneficial 
for cell adhesion and growth and promote tissue repair. 

GDF5 plays an important role in the proliferation and differentiation 
of stem cells in organisms, promoting tendon tissue repair [63–65]. In 
the present study, we found that the GDF5@DPH group exhibited a 
strong ability to promote tendon differentiation of TSPCs in vitro when 
compared with the SA and DPH groups. Similarly, in vivo, GDF5@DPH 
showed better tendon repair ability than SA and DPH. These findings 
could be primarily attributed to the release of GDF5 from GDF5@DPH, 
compared with SA and pure DPH, which can induce the aggregation and 
tendon differentiation of endogenous TSPCs, promoting the regenera-
tion and repair of injured tendons. Furthermore, the in vivo experiments 
revealed that the GDF5@DPH + TSPCs group exhibited a greater ability 
to promote tendon differentiation and tendon repair in TSPCs than the 
other groups. This is mainly because the tendon is a poorly cellular 
tissue. Compared with the endogenous recruitment of TSPCs for defect 
repair, the addition of exogenous TSPCs can substantially increase the 
number of stem cells in the damaged area and improve the efficiency of 
tendon repair. Additionally, we observed that the number of inflam-
matory cells in the defect repair area and surrounding areas was 
significantly reduced in the GDF@DPH and GDF5@DPH + TSPC groups 
when compared with that in other groups, indicating that GDF5 may 
play a role in reducing the inflammatory response, which is beneficial 
for the repair of the defect area, promoting the growth of collagen fibers, 
inhibiting scar formation, and preventing adhesion to surrounding tis-
sues. Chen et al. [66] induced adipose-derived stem cells to differentiate 
into tendons through GDF-5 and combined them with nanoyarn scaf-
folds to promote the regeneration and repair of rabbit tendons. Qu et al. 
[67] found that GDF-5 can enhance the expression of tendon regulatory 
proteins by promoting P38 phosphorylation in mouse mesenchymal 
stem cells, which contributes to tendon regeneration and repair. Burcu 
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et al. [68] found that the SF/P3HB scaffold facilitates the proliferation 
and differentiation of rodent-derived adipose-derived mesenchymal 
stem cells into tendon cells; however, the addition of GDF5 did not 
substantially impact cell differentiation. This could be attributed to the 
antibacterial effect of the scaffold, which may affect the differentiation 
of tendon stem cells. Different concentrations of GDF5 also play a role in 
stem cell differentiation. Herein, we found that the GDF5 concentration 
may not be the optimal concentration for promoting tendon stem cell 
differentiation. Fitzgerald et al. [42] found that adipose-derived stem 
cells cultured with GDF5 and platelet-derived growth factor could 
improve the healing of rat tendons after transverse injury. Haslund et al. 
[69] found that lower doses of GDF-5 more effectively inhibited adhe-
sion and did not adversely impact the strength of tendon repair in mice, 
indicating that GDF5 also exerts a certain degree of anti-fibrotic effect. 
These findings are consistent with our experimental results, indicating 
that GDF5 plays an important role in promoting stem cell tendon dif-
ferentiation and repair. In the current study, combining GDF5 with a 
dipeptide hydrogel was more conducive to the growth and differentia-
tion of tendon stem cells in the defect area and improved the regener-
ation and repair efficiency of damaged tendons. 

In conclusion, we used an injectable self-assembled dipeptide 
hydrogel containing GDF5 as a novel therapeutic strategy to promote 
the repair of damaged tendons. Based on our experimental results, the 
hydrogel demonstrates good biocompatibility, markedly enhances the 
differentiation of TSPCs into tendons, allows injection into different 
injury sites quantitatively and accurately, improves the regeneration 
and repair efficiency of injured tendons, prevents tissue adhesion, and 
avoids the risks associated with surgery and the series of sequelae. 
Compared with other studies, our study provides a more effective, 
feasible, and safe treatment method with a high potential for clinical 
application. 

Although this study revealed some interesting results, the limitations 
need to be addressed. First, this study utilized animal models, not pa-
tients with tendon injury; therefore, we cannot directly generalize our 
results to humans. Although animal models are widely used in the early 
stages of research, there are still differences between these models and 
the human condition, such as differences in tendon structure and 
metabolic pathways, which may lead to different physiological re-
sponses. Therefore, further studies are required to verify the applica-
bility of these findings in humans. Second, the sample size was relatively 
small, and the reliability of the findings may be limited. Future studies 
should expand the sample size to increase the reliability and represen-
tativeness of the results. 

5. Conclusion 

Our results showed that DPH had good injectability and biocom-
patibility, and GDF5@DPH promoted the proliferation and tendono-
genic differentiation of TSPCs, as well as facilitated the regeneration and 
repair of tendon cells and collagen fibers in injured areas. Simulta-
neously, GDF5@DPH can inhibit inflammatory reactions in tissues, 
provide a favorable internal environment for tendon repair, and prevent 
tissue adhesion and scar hyperplasia. Therefore, the formulated inject-
able self-assembled DPH containing GDF5 is a feasible and effective new 
method for treating tendon injury and warrants further investigation 
and application. 
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