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A B S T R A C T   

Transforming growth factor-β1 (TGF-β1) is essential for cartilage regeneration, but its susceptibility to enzymatic 
denaturation and high cost limit its application. Herein, we report Ac-LIANAKGFEFEFKFK-NH2 (LKP), a self- 
assembled peptide nanofiber hydrogel that can mimic the function of TGF-β1. The LKP hydrogel is simple to 
synthesize, and in vitro experiments confirmed its good biocompatibility and cartilage-promoting ability. How-
ever, LKP hydrogels suffer from poor mechanical properties and are prone to fragmentation; therefore, we 
prepared a series of injectable hydrogel composite scaffolds (SF-GMA/LKP) by combining LKP with glycidyl 
methacrylate (GMA)-modified silk fibroin (SF). SF-GMA/LKP composite scaffolds instantaneously induced in-situ 
filling of cartilage defects and, at the same time, relied on the interaction between LKP and SF-GMA interaction to 
prolong the duration of action of LKP. The SF-GMA/LKP10 and SF-GMA/LKP20 composite scaffolds had the best 
effect on neocartilage and subchondral bone reconstruction. This composite hydrogel scaffold can be used for 
high-quality cartilage repair.   

1. Introduction 

Due to the lack of lymphatic circulation and direct blood supply in 
the knee joint cavity, the nutritional supply of articular cartilage is 
dependent mainly on joint fluid, so the self-repairing ability of articular 
cartilage is very limited after injury [1–3]. Continued progression leads 
to progressive destruction of articular cartilage and eventually to oste-
oarthritis. TGF-β1 is an important regulator of cartilage regeneration 
[4]. TGF-β1 activates SMAD signalling pathways by recruiting mesen-
chymal stem cells to the joint cavity, thereby inducing cartilage for-
mation and enhancing the synthesis of proteoglycans, cartilage 
oligomeric proteins, and type II collagen [5,6]. However, due to a lack of 
blood supply, TGF-β1 cannot be recruited to the joint cavity through the 
blood [7], thus affecting articular cartilage regeneration. Unfortunately, 
direct loading of exogenous TGF-β1 is prone to sudden release, resulting 
in toxicity, and is susceptible to enzymatic denaturation, thus limiting its 
clinical application [8]. 

Functional motifs are usually derived from the amino acid sequences 
of certain growth factors. These functional motifs can partially or 
completely simulate the physiological function of the corresponding 

growth factors [9]. In previous studies, LIANAK, a TGF-β1 mimetic 
peptide, was synthesized simply and inexpensively and could promote 
angiogenesis, skin repair, and cartilage regeneration by exerting 
TGF-β1-like effects, making it an ideal alternative to TGF-β1 [10]. 
However, the application of LIANAK alone still results in rapid release 
and requires a suitable delivery system is needed to maintain the con-
centration required for cartilage regeneration. Based on this, we used a 
self-assembly sequence to covalently bind with LIANAK to form a 
hydrogel (LIANAKGFEFEFKFK, named LKP) to accomplish the function 
of delivering mimetic peptide. Pure self-assembling peptide hydrogels 
have low mechanical strength and a fast degradation rate. Therefore, a 
novel drug delivery system is needed to improve the efficacy of cartilage 
repair. 

Silk fibroin (SF) is widely used in medical fields such as vascular 
stents, medical cosmetology, and wound dressing, and so on and has 
good biocompatibility [11–15]. SF is slightly soluble in water due to its 
high degree of crystallization [16,17]. This hydrophobic property makes 
it difficult to obtain a uniform structure when the material is combined 
with hydrophilic systems such as hydrogels. To improve the solubility of 
SF, salt dissolution and dialysis are often used to obtain SF, which is 
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subsequently prepared with the corresponding composite system [18, 
19]. The preparation of SF solution prepared by this method is complex, 
has poor stability, and is often prone to spontaneous gelation, which 
limits its use. The addition of glycidyl methacrylate (GMA) groups to SF 
by grafting increases the solubility of SF and can be used for photo-
polymerization to form hydrogels [20,21]. Moreover, some studies have 
confirmed that the addition of peptides can change the conformation of 
SF, creating composite hydrogels with variable mechanical properties 
[22,23]. However, peptide doping to change the SF conformation to 
form a stable hydrogel often takes 5–30 min, which is not favourable for 
clinical application. Therefore, we envisioned that the peptide would be 
doped into SF-GMA instead of SF to rapidly form a stable hydrogel via 
photopolymerization, while the peptide would further slowly change 
the SF-GMA conformation to form a more stable composite hydrogel 
with better mechanical properties. 

In summary, we designed an LKP self-assembled peptide nanofiber 
hydrogel that mimics the function of TGF-β1 and validated it in vitro. 
Moreover, we utilized the principle that peptides can change the SF 
conformation, and for the first time, we doped the LKP peptide into SF- 
GMA and prepared an injectable peptide nanofiber hydrogel composite 
scaffold (named SF-GMA/LKP) with excellent physical and biological 
properties. The biosafety and efficacy of SF-GMA/LKP in promoting 
cartilage repair were evaluated in vitro and in vivo. 

2. Materials and methods 

2.1. Materials 

Ac-LIANAKGFEFEFKFK-NH2 (LKP) and Ac-FEFEFKFK-NH2 (EKP) 
were synthesized by solid-phase synthesis at Wuhan Xinghao Pharma-
ceutical Co. (Wuhan, China). Mulberry cocoons were purchased from 
Beijing Yihong Guangjie Biotechnology Co., Ltd., and lithium phenyl 
(2,4,6-trimethylbenzoyl) phosphate (LAP) was purchased from 
Shanghai Bide Pharmaceutical Technology Co., Ltd. (Shanghai, China). 
Lithium bromide (LiBr) and GMA were purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd. FBS and DMEM/F12 were 
purchased from Gibco (Grand Island, USA). All the experimental ani-
mals were obtained from the Guangdong Medical Laboratory Animal 
Center (Foshan, China). 

2.2. Preparation of self-assembled polypeptide hydrogels and SF-GMA 

Five milligrams of LKP and EKP peptide powders were accurately 
weighed, dissolved in 1 mL of Milli-Q water (Millipore, Germany), 
adjusted to pH 7.0–7.4 to obtain the corresponding peptide nanofiber 
hydrogels, and subsequently stored at 4 ◦C for spare use. 

The preparation of SF-GMA was performed as described previously 
[21]. In brief, SF can be obtained by chopping mulberry cocoons (20 g), 
adding 1 L of 0.05 M Na2CO3, boiling at 100 ◦C for 30 min, rinsing, and 
drying with distilled water. Then, 20 g of SF was dissolved in 100 mL of 
9.3 M LiBr solution at 60 ◦C for 1 h, 6 mL of GMA was added to continue 
the reaction for 6 h, and SF-GMA was obtained by dialysis and 
freeze-drying. 

2.3. Preparation of injectable light-curable SF-GMA/LKP hydrogel 
scaffolds 

SF-GMA/LKP hydrogel scaffolds were synthesized as follows. The 
photoinitiator LAP was added to a 10 % w/v SF-GMA solution at a 
concentration of 0.2 % w/v, four different bioinks were subsequently 
prepared with 5 mg/mL LKP peptide nanofiber hydrogels at a volume 
ratio of 100:0 (SF-GMA/LKP0), 95:5 (SF-GMA/LKP5), 90:10 (SF-GMA/ 
LKP10), or 80:20 (SF-GMA/LKP20), and hydrogel scaffolds were formed 
under UV irradiation. 

2.4. Characterization of peptide nanofiber hydrogels 

2.4.1. Circular dichroism (CD) 
LKP and EKP peptide nanofiber hydrogels (5 mg/mL) were diluted to 

0.1 mg/mL with Milli-Q water. A 1 mm colorimetric plate was used in 
the CD spectrometer (BRIGHTTIME Chirascan, UK) to scan from 190 nm 
to 400 nm under the protection of nitrogen. 

2.4.2. Fourier transform infrared spectroscopy (FTIR) 
Freeze-dried samples of 5 mg/mL LKP and EKP peptide nanofiber 

hydrogels were placed in the FTIR (Nicolet-iS50, America) detection 
window and evaluated in the 1300-2000 cm− 1 region. 

2.4.3. Transmission electron microscopy (TEM) 
LKP and EKP peptide nanofiber hydrogels (5 mg/mL) were diluted 

40 times, added to a porous carbon mesh mounted on a copper mesh, 
dried, and imaged via TEM(JEM F200, Japan). 

2.4.4. Scanning electron microscopy (SEM) 
The 5 mg/mL LKP and EKP peptide nanofiber hydrogels were diluted 

five times and freeze-dried, and the samples were subsequently plated 
with gold to increase the electrical conductivity. The images were ac-
quired via SEM (TESCAN, Czech Republic). The operating voltage was 5 
kV. 

2.4.5. Atomic force microscopy (AFM) 
Briefly, 5 mg/mL LKP and EKP peptide nanofiber hydrogels were 

sonicated for 20 min and diluted 10-fold, after which the samples were 
deposited on the sample stage for 15 s. The samples were air-dried for 
image acquisition (Bruker, Germany). 

2.5. Characterization of the SF and SF-GMA/LKP hydrogel scaffolds 

2.5.1. FTIR 
The freeze-dried SF-GMA and SF samples were placed in the FTIR 

detection window and evaluated in the 800–2500 cm− 1 spectral region. 
Four freeze-dried SF-GMA/LKP hydrogel samples were placed in the 

FTIR detection window and evaluated in the 1300-1800 cm− 1 region. 

2.5.2. SEM 
Briefly, four SF-GMA/LKP specimens were freeze-dried and sub-

jected to brittle fracturing with liquid nitrogen. Then, the samples were 
gold-plated, and images were captured via SEM. 

A total of 5 × 105 rat BMSCs were seeded on four porous hydrogel 
scaffolds and then cultured in DMEM/F12 medium supplemented with 
10 % FBS at 37 ◦C in a 5 % CO2 incubator for one day. The scaffolds were 
fixed with 4 % paraformaldehyde for 30 min and dried at the critical 
point. The samples were plated with gold to increase the electrical 
conductivity, and images were acquired via SEM. The operating voltage 
was 5 kV. 

2.6. Nuclear magnetic resonance spectroscopy (1H NMR) 

1H NMR analysis of the molecular structure and degree of substitu-
tion of SF-GMA. The sample was placed in a 5 mm sample tube, D2O was 
added to fully dissolve the sample, and nuclear magnetic resonance 
(Bruker, Japan) was used to analyse the data. 

2.6.1. Rheological analysis of SF-GMA/LKP 
Four SF-GMA/LKP solutions were prepared according to the method 

in Section 2.3. The rheological properties of the four different bioinks 
were evaluated by a parallel plate rheometer (Malvern, UK) at 25 ◦C and 
37 ◦C. The scanning range was 0.1–100 rad/s, the plate diameter was 40 
mm, and the test gap was 0.5 mm. 
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2.6.2. Degradation and swelling of SF-GMA/LKP 
To test degradation, 600 μL of each of the SF-GMA/LKP hydrogel 

scaffolds was soaked in 5 mL of PBS (PH 7.4, 37 ◦C) for predefined time 
intervals. The SF-GMA/LKP hydrogel scaffolds were freeze-dried and 
weighed. The hydrogel scaffolds were removed after soaking for 1, 4, 7, 
14, 21, or 28 days and were weighed after freeze-drying. 

The cell strainers were weighed correctly (W0). Five hundred 
microlitres of SF-GMA/LKP hydrogels were deposited on the cell 
strainers and weighed together (W1). Then, the cell strainers were 
placed in 5 mL of PBS, the SF-GMA/LKP hydrogels were swelled within a 
certain period, and both (W2) were correctly weighed after the filter 
paper absorbed surface moisture. Three samples per group were tested. 
The swelling ratio was calculated as follows: 

Swelling ratio (100%)= (W2 − W1)/(W1 − W0) × 100%  

2.7. Biocompatibility of peptide nanofiber hydrogels and SF-GMA/LKP 

The biocompatibility of the peptide nanofiber hydrogel and SF- 
GMA/LKP was evaluated by a cell counting kit-8 (CCK-8) and live- 
dead staining. In brief, 1 mL of peptide nanofiber hydrogel or SF- 
GMA/LKP hydrogel was placed in 49 mL of DMEM/F12 medium for 2 
days, filtered and sterilized, and then cocultured with rat BMSCs on 48- 
well plates. After 1, 4, and 7 days of coculture, 200 μL of culture medium 
containing CCK-8 was added, the cells were incubated at 37 ◦C for 2 h in 
the dark, and the OD values at 450 nm were subsequently detected for 
enzyme calibration (Biotech, USA). 

Accordingly, a live-dead staining kit (Beyotime, China) was used to 
evaluate the effect of the peptide nanofiber hydrogel and SF-GMA/LKP 
hydrogel on rat BMSCs. Briefly, the peptide nanofiber hydrogel or SF- 
GMA/LKP hydrogel and rat BMSCs were cocultured for 1, 4, or 7 days, 
after which 100 μL of living and dead staining working solution was 
added. After incubating for 10 min in the dark, the cells were observed 
under a Nikon high-content inverted fluorescence microscope (Nikon, 
Japan). 

We used three-dimensional cultures to confirm the biosafety of the 
SF-GMA hydrogel. To create hydrogels, 3 × 105 BMSCs were combined 
with SF-GMA/LKP solutions and deposited on 14-mm round coverslips 
(Biosharp, China). UV irradiation was then applied for 10 s. After adding 
2 mL of DMEM/F12 media for 1 day of coculture, 2 mL of live cell 
staining working solution was added to each 6-well plate with circular 
coverslips. A Nikon confocal microscope (Nikon, Japan) was used to 
capture images after 30 min of incubation in the dark. 

2.8. Western blot (WB) and real-time PCR (RT‒PCR) 

Rat BMSCs were treated with peptide nanofiber hydrogels and SF- 
GMA/LKP hydrogels. For sample preservation, the loading buffer was 
supplemented with the total protein extracted from the three groups of 
cells, which were subsequently boiled at 100 ◦C. Protein samples of 
different molecular weights were separated via SDS‒PAGE (Epizyme, 
China), then transferred to a nitrocellulose membranes and blocked with 
5 % skim milk powder for 1 h. Primary antibodies against collagen type 
II (Col-II) (1:1000, 28459-1-AP,Proteintech, China) and recombinant 
sex determining region Y box protein 9 (Sox9) (1:1000, 67439-1-Ig, 
Proteintech, China) were used to specifically label the target proteins. 
The corresponding protein signals were then labelled with secondary 
antibodies and developed via chemiluminescence (UVITEC, UK) with an 
enhanced chemiluminescence ECL kit (SQ101, Epizyme, China). A 
semiquantitative analysis of the target proteins was performed using 
Nine Alliance software. 

Total RNA was extracted from the samples and reverse transcribed 
using AG RNAex Pro Reagent (AG, China). The samples were assayed for 
gene expression using SYBR Premix EX Taq (TaKaRa, Japan). 
Chondrogenesis-related genes were quantified using the 2^-ΔCT method. 

2.9. Immunofluorescence staining 

The peptide nanofiber hydrogel and SF-GMA/LKP hydrogel were 
cocultured with rat BMSCs for 2 days. BMSCs were then fixed with 4 % 
paraformaldehyde for 10 min, permeabilized with 0.2 % Triton for 10 
min, and incubated in 1 % BSA (PBST + 22.5 mg/mL glycine) for 1 h. 
The cells were then incubated overnight with antibodies against Col-II 
(1:200, 28459-1-AP, Proteintech, China), Sox9 (1:200, 67439-1-Ig, 
Proteintech, China), and aggrecan (ACAN) antibody (1:200, 13880-1- 
AP, Proteintech, China) at 4 ◦C. 

Subsequently, the BMSCs were incubated at room temperature in the 
dark for 30 min with FITC-labelled goat anti-rabbit IgG (H + L) (1:200, 
A0562, Beyotime, China) and Actin-Tracker-Red-Rhodamine (1:200, 
C2207S, Beyotime, China). Nuclei were stained with DAPI for 5 min. The 
cells were observed with a Nikon inverted fluorescence microscope. 
(Nikon, Japan). 

2.10. Establishment of a cartilage defect model 

The experimental procedures involving animals in this investigation 
received approval (LAEC-2022-093) from the Institutional Animal Care 
and Use Committee (IACUC) of Zhujiang Hospital of Southern Medical 
University. New Zealand rabbits were randomly divided into 5 groups 
with 4 knee joints in each group at each time point. Briefly, after 
auricular marginal intravenous anaesthesia, the knee joints were 
exposed through a medial parapatellar approach, and a 4 mm × 2 mm 
cartilage defect was formed in the center of the non-weight-bearing area 
of the knee joint with a drill. Different SF-GMA/LKP solutions were 
injected into the defect, and UV irradiation was applied for 10 s to form 
glue in situ. The patella was then carefully repositioned to avoid 
hydrogel dislodgement. Finally, the wound was swabbed with iodophor 
and sutured closed. No material was implanted in the control group. 
Rabbits were sacrificed after 1 month and 3 months, and knee samples 
were obtained and subjected to micro-CT for detection, followed by 
pathology and immunohistochemical staining. Notably, Col-II and 
ACAN were subjected to immunohistochemical staining to evaluate the 
repair of cartilage defects. At the same time, Col-II immunofluorescence 
staining was performed on the relevant tissue samples to further deter-
mine the repair effect of cartilage defects. 

2.11. Radiographic and histological evaluation of cartilage defect models 

After 4 % paraformaldehyde was used to fix the cartilage defect in 
the knee joint, a micro-CT scan (ZKKS, China) and a three-dimensional 
reconstruction were performed. The trabecular bone count (Tb. N), 
bone surface area tissue-to-volume ratio (BS/TV), bone mineral density 
(BMD), bone surface area (BS), bone surface area-to-bone volume ratio 
(BS/BV), and bone volume fraction (BV/TV) were studied. 

The cartilage defect knee joint samples were decalcified with EDTA 
decalcification solution (Lagena, China) for 1 month, dehydrated and 
cleared with gradient ethanol and xylene, and finally embedded in 
paraffin. The central part of the cartilage defect was excised for 
haematoxylin-eosin staining, safranin O-fast green staining, toluidine 
blue staining, immunohistochemical staining, and immunofluorescence 
staining. 

3. Results 

3.1. Preparation and characterization of peptide nanofiber hydrogels 

A functional, self-assembled peptide nanofiber hydrogel was devel-
oped by covalently combining EKP with LIANAK (Scheme 1A). The 
chemical structure of the self-assembled peptides is shown in Fig. 1A. 
LKP was dissolved in ultrapure water, and the hydrogel was formed by 
simply adjusting the pH to neutral (Fig. 1B); this is because the hydro-
phobic amino acids (F) and hydrophilic amino acids (E and K) are 
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arranged alternately. The hydrophobic F quickly clumps together in the 
aqueous solution to lower the energy of the system, while the hydro-
philic E and K residues are arranged in the outer layer of the self- 
assembly through electrostatic interactions [24,25]. A change in the 
solution pH intensifies the change in the reaction system and leads to the 
formation of the self-assembly hydrogels. 

To demonstrate peptide assembly while preventing the drying pro-
cess from potentially driving peptide assembly, we performed an AFM 
assay (Fig. 1C). We observed randomly distributed striped peptide 
nanofiber structures in both the EKP and LKP groups, confirming that 
the introduction of the LIANAK functional sequences does not affect the 
formation of self-assembled peptides. 

The secondary structure of the peptide nanofiber hydrogel was 
studied by FTIR (Fig. 1D) and CD (Fig. 1E) analyses. Both LKP and EKP 
exhibited a typical β-sheet conformation in the CD spectrum, with a 
strong positive band at 195 nm and a strong negative band at 215 nm. 
FTIR spectra revealed the characteristic absorption peaks of the peptide 
nanofiber hydrogel. The characteristic absorption peaks of EKP and LKP 
are between 1623 and 1625 cm− 1 and 1517 cm− 1, indicating that they 
have β-sheet structures. Moreover, the absorption peaks of EKP and LKP 
are between 1692 and 1694 cm− 1, suggesting that the assembled 
nanofibers can be formed by a parallel β-sheet. 

To evaluate the microscopic characteristics of the peptide hydrogels, 
we performed TEM (Fig. 1 F) and SEM (Fig. 1 G) analysis. The results 
showed that the two peptide hydrogels formed uniform nanofiber 
structures of approximately 20–30 nm and interweaved with each other 
to form a loose porous network structure. This intricate network struc-
ture could stimulate cell adhesion and proliferation, as well as tissue 
regeneration [26]. 

3.2. In vitro biocompatibility of the peptide nanofiber hydrogels 

BMSCs were coincubated with DMEM/F12 medium and peptide 
nanofiber hydrogels for 1, 4, or 7 days, and the biocompatibility of the 
hydrogels was detected via live-dead staining and CCK-8 assays. The 
results of live-dead staining are shown in Fig. 2A–C. Calcein-AM (AM) 
stains live cells with green fluorescence, and propidium iodide (PI) 
stains dead cells with red fluorescence. A difference in staining between 
live and dead cells was clearly observed after double-staining the su-
perposition (Merge) of AM and PI. We can observe a large amount of 
green fluorescence representing living cells and only a very small 
amount of red fluorescence representing dead cells in the figure. The 
results showed that the LKP peptide nanofiber hydrogel had good 
biocompatibility. 

Scheme 1. Schematic diagram of the formation of self-assembled peptide nanofiber hydrogel (A). Preparation of SF-GMA-LKP composite hydrogel scaffolds and a 
schematic diagram of cartilage repair (B). 
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Moreover, there was no significant difference in cell viability among 
the three groups on Day 1. On Days 4 and 7, however, the LKP group had 
substantially greater cell viability than the EFK and control groups 
(Fig. 2D). These results demonstrated that the peptide nanofiber 
hydrogel has good biocompatibility and can also promote cell growth 
and proliferation. LKP peptide nanofiber hydrogels form a loose three- 
dimensional network structure that mimics the extracellular matrix 
and provides a microenvironment for cell proliferation and growth. 
Moreover, LKP peptide nanofiber hydrogels can regulate cell prolifera-
tion by presenting LIANAK functional sequences, which play a role 
similar to that of TGF-β1. 

3.3. Protein expression and immunofluorescence staining of peptide 
nanofiber hydrogels 

The chondrogenic ability of the peptide nanofibers was evaluated by 
detecting the expression of Col-II, Sox9, and ACAN in BMSCs. Col-II and 
ACAN are typical cartilage markers, and Sox9 is an important tran-
scription factor that can promote the expression of Col-II and ACAN and 
maintain the phenotype of articular chondrocytes [27–30]. BMSCs were 
cocultured with LKP or EKP peptide nanofiber hydrogels to investigate 
whether the introduction of functional sequences can promote cartilage. 
WB (Fig. 2E) and quantitative analysis (Fig. 2F and G) revealed that, 
compared with those in the blank group and the EFK group, the Col-II 

and Sox9 levels in the LKP group were significantly greater, which 
preliminarily confirmed the potential of the LKP peptide nanofiber 
hydrogel to promote chondrogenic differentiation of BMCSs. Surpris-
ingly, Sox9 protein (Figs. S1A and B) and Col-II gene expression 
(Fig. S1C) in the LKP group reached the level of the TGF-β1 group, 
indicating that the introduction of the LIANAK functional sequence can 
mimic the biological function of TGF-β1. Moreover, we further evalu-
ated the chondrogenic capacity of the LKP polypeptide nanofiber 
hydrogels by immunofluorescence staining (Fig. 3A–C, and E) and 
quantitative fluorescence analysis (Fig. 3B–D, and F). The expression 
levels of ACAN, Col-II, and Sox9 were highest in the LKP group, followed 
by those in the EKP group. We found that the addition of the EKP 
hydrogel alone can also promote an increase in cartilage 
regeneration-related proteins, presumably related to its porous nano-
fiber structure, which is beneficial for the proliferation of BMSCs. 
Moreover, the introduction of the LKP functional sequence significantly 
promoted the expression of chondrogenic markers in BMSCs, indicating 
that covalent binding of LKP and EKP did not affect their biological 
activity. 

In contrast to TGF-1, which has a tertiary structure suitable for 
exerting biological activity, LIANAK mimetic peptides are smaller and 
have uncomplicated structure modifications, allowing them to retain 
excellent biological activity during covalent binding. Due to its inter-
woven nanonetwork structure, the LKP hydrogel aids in simulating the 

Fig. 1. Material characterization of peptide nanofiber hydrogels. Chemical structural formula of peptide nanofiber hydrogels (A). Appearance of peptide nanofiber 
hydrogels (B). AFM results of peptide nanofiber hydrogel (C). FITR (D) and CD (E) results of peptide nanofiber hydrogels. TEM (F) and SEM (G) results of peptide 
nanofiber hydrogels. 
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microenvironment of BMSC reactions and, simultaneously, exerts the 
biological function of TGF-β1 mimetic peptide, thereby promoting 
BMSCs cartilage differentiation. 

4. Preparation and characterization of the SF-GMA and SF-GMA/ 
LKP hydrogel scaffolds 

By mixing SF-GMA and LKP peptide nanofiber hydrogels in a certain 
proportion, injectable SF-GMA/LKP composite hydrogel scaffolds were 
developed for cartilage regeneration (Fig. S2A and Video 1). Due to its 
biocompatibility, SF has been extensively utilized in cosmetics, trauma, 
and other sectors. However, the use of SF is limited because it is insol-
uble or slightly soluble in water. We prepared SF-GMA by reacting GMA 
with SF. SF-GMA has good solubility and a light curing effect. Successful 
SF-GMA was evaluated by 1H NMR (Fig. 4A) and FTIR (Fig. 4B) analysis. 
The absorption peaks of amides I, II, and III appeared at 1639, 1512, and 
1234 cm− 1 for both SF and SF-GMA, respectively. At 1239 cm− 1, a faint 
spectral band corresponding to SF-GMA can be observed, which is 
caused by the ring opening of the epoxy group of GMA. To further 
confirm that GMA was successfully introduced into SF, we further 

evaluated it by 1H NMR. The results show that the characteristic reso-
nances of vinyl methacrylate appear at δ = 6.26 and 5.6–5.8 ppm, and 
the characteristic methyl resonance of GMA is also found at δ = 1.8 ppm. 
The above results showed that we have successfully introduced GMA 
groups to modify SF. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.mtbio.2024.100962 

For all four SF-GMA/LKP solutions at the same temperature and 
frequency from 0.1 to 10 rad/s, the loss modulus G″ is greater than the 
storage modulus G’ (Fig. 4D–G). This means that the solutions are 
viscoelastic. At a frequency of 100 rad/s, G″ is greater than G′ for the SF- 
GMA/LKP0 group, indicating that the SF-GMA/LKP0 group is still in the 
liquid state, while G′ is greater than G″ for the SF-GMA/LKP10 and SF- 
GMA/LKP20 groups, indicating that the two groups are transformed 
from viscoelastic liquids to solids. This confirmed, to some extent, that 
the doping of LKP affected the conformational transition of SF-GMA and 
improved the strength of the composite scaffolds. 

Moreover, the G′ and G″ of the four groups of SF-GMA/LKP solutions 
were lower at 37 ◦C than at 25 ◦C, which could be attributed to the fact 
that the interactions between solute molecules weakened as the 

Fig. 2. Effect of peptide nanofiber hydrogels on BMSCs. Live-dead staining (A–C) and CCK-8 (D) results of BMSCs exposed to different peptide nanofiber hydrogels 
on days 1, 4, and 7. WB (E) results and quantitative analysis of Col-II (F) and Sox9 (G) of BMSCs treated with different peptide nanofiber hydrogels. Results were 
expressed as means ± SD; ns means no significant difference. *P < 0.05, * *P < 0.01, * * *P < 0.001,* * * *P < 0.0001. 
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temperature increased, decreasing the structure of the gels. Notably, at a 
frequency of 100 rad/s, the G′ of the SF-GMA/LKP10 and SF-GMA/ 
LKP20 groups was close to 10^4 Pa, but there was almost no difference 
between the two, suggesting that excessive doping of LKP does not 
synchronously improve the mechanical properties of composite 
scaffolds. 

During the 28-day in vitro degradation experiment, no sudden or 
rapid deterioration was observed; instead, the degradation rate of each 
of the four groups of materials increased gradually (Fig. 4C). Nearly 50 
% of the materials in the four groups were still not degraded after 28 
days of degradation, but with the increase in the proportion of peptide 
nanofiber hydrogel, the degradation rate of the composite scaffold 
accelerated, which was due to the addition of the peptide nanofiber 
hydrogel improving the microstructure of SF-GMA. 

FTIR results revealed that the SF-GMA/LKP0 had an absorption peak 
at 1643 cm− 1, indicating that there was random curl in the internal 
structure of the SF-GMA/LKP0, while the SF-GMA/LKP5 had an ab-
sorption peak at 1636cm-1, which was a typical β-sheet structure, sug-
gesting that the SF-GMA/LKP5 had an obvious change in the internal 
structure of SF-GMA (Fig. 5A). It is worth mentioning that the SF-GMA/ 
LKP10 and SF-GMA/LKP20 exhibit typical α-helix structures (1651 

cm− 1 and 1655 cm− 1), suggesting that excessive doping of LKP does not 
further affect the internal structure of SF-GMA. 

We evaluated the 24-h swelling performance of the four SF-GMA/ 
LKP scaffolds (Fig. 5B). The composite hydrogel scaffolds in the 4 
groups swelled slowly in the first 5 h and increased rapidly in 5–16 h. 
The swelling rates of the SF-GMA/LKP0, SF-GMA/LKP5, SF-GMA/ 
LKP10, and SF-GMA/LKP20 at 24 h were 421 %, 519 %, 503 %, and 
487 %. The results revealed that doping LKP can improve the water 
absorption capacity of composite hydrogel scaffolds, but excessive 
doping cannot simultaneously enhance the swelling capacity of 
scaffolds. 

The microstructure of the four SF-GMA/LKP hydrogel scaffolds is 
shown in Fig. 5C. The addition of LKP significantly affects the pore size 
of the SF-GMA internal structure. The pore size of SF-GMA/LKP5 is the 
smallest, while the pore size of SF-GMA/LKP10 and SF-GMA/LKP20 
begins to increase gradually, which also indicates that the excessive 
addition of LKP does not simultaneously improve the microstructure of 
the scaffolds. The increase in pore size leads to an increase of water 
absorption capacity, swelling performance, and degradation rate. 

Fig. 3. Effect of peptide nanofiber hydrogels on BMSCs. Representative images of immunofluorescence of ACAN (A), Col-II (C), and Sox9 (E) of BMSCs treated with 
different peptide nanofiber hydrogels. Immunofluorescence intensity analysis of ACAN (B), Col-II (D), and Sox9 (F) of BMSCs treated with different peptide nanofiber 
hydrogels. Results were expressed as means ± SD; ns means no significant difference. *P < 0.05, * *P < 0.01, * * *P < 0.001,* * * *P < 0.0001. 
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4.1. Cytocompatibility of the SF-GMA/LKP composite hydrogel scaffolds 
in vitro 

BMSCs were cocultured with four different ratios of SF-GMA/LKP 
composite hydrogels for 1, 4, or 7 days. CCK-8 staining (Fig. 6A) and 
live-dead staining (Fig. 6B–D) were both used to assess the biocompat-
ibility of the composite hydrogels. After 1 day of coculture, the data 
indicated that there was no discernible difference in CCK-8 expression 
between the groups. However, after 4 and 7 days of cocultivation, the 
capacity of the composite scaffolds to promote BMSC proliferation 
increased as the LKP hydrogel concentration increased. The cells in each 
group were healthy during the same period, and very few dead cells 
were observed. The outcomes demonstrated the high biocompatibility of 
the composite hydrogel scaffolds and their ability to support BMSC 
development and expansion. 

4.2. Adhesion and three-dimensional culture of the SF-GMA/LKP 
composite hydrogel scaffolds in vitro 

We cocultured the composite scaffolds with BMSCs for one day to 

assess adhesion. After that, the tissues were fixed with 4 % para-
formaldehyde, subjected to gradient dehydration, carbon dioxide crit-
ical point drying, and SEM observation (Fig. 6E). The outcomes 
demonstrated that BMSCs were able to adhere to and proliferate on the 
composite hydrogel scaffolds. In addition, BMSCs were mixed with the 
SF-GMA/LKP solutions and photocured to form hydrogel, and then 
cultured in 3-D (Fig. 7). The results also revealed that BMSCs could 
survive in four groups of SF-GMA/LKP hydrogel scaffolds, which further 
confirmed their excellent biological safety. Moreover, with increasing 
peptide nanofiber hydrogel concentrations, the structure of the com-
posite scaffold underwent microscopic changes, which is favourable for 
cell growth. We believe that the addition of peptide nanofiber hydrogels 
significantly changes the microstructure of SF-GMA. We hypothesized 
that this difference may be due to the addition of peptides through hy-
drophobic and hydrogen bonding interactions leading to a simple SF- 
GMA conformation transition, resulting in a more porous and structur-
ally stable micromorphology, which is consistent with the findings of 
previous studies [23]. 

Fig. 4. Characterization of SF-GMA and SF-GMA/LKP scaffolds. (A) Nuclear Magnetic Resonance Hydrogen Spectra of SF-GMA. (B) FTIR of SF-GMA. (C) Degra-
dation curves of different SF-GMA/LKP scaffolds. (D–G) Rheological properties of different SF-GMA/LKP solutions. 
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4.3. Protein expression and immunofluorescence staining of the SF-GMA/ 
LKP composite hydrogel scaffolds 

WB (Fig. 8A) and quantitative analysis (Fig. 8B and C) demonstrated 
that the SF-GMA/LKP20 and SF-GMA/LKP10 groups exhibited the 
highest levels of Col-II and Sox9 expression relative to those in the 

control group. These findings suggested that appropriate doping of 
polypeptide nanofiber hydrogels may play a role in promoting cartilage 
differentiation. Moreover, immunofluorescence (Fig. 8D–F) and quan-
titative analysis (Fig. 8G–I) revealed that the SF-GMA/LKP20 and SF- 
GMA/LKP10 groups contained the highest levels of ACAN, Sox9, and 
Col-II expression. There was no significant difference in the expression 

Fig. 5. Characterization of SF-GMA and SF-GMA/LKP scaffolds. (A) FTIR results of SF-GMA/LKP. (B) Swelling results of four SF-GMA/LKP hydrogel scaffolds. (C) 
SEM results of four SF-GMA/LKP hydrogel scaffolds. 
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levels of the pertinent proteins between the control group and the SF- 
GMA/LKP0 group not treated with the peptide hydrogels. These re-
sults further confirmed that the incorporation of the LKP hydrogel 
promoted chondrogenic and osteogenic differentiation effects. 

4.4. Biocompatibility, histology and immunohistochemistry analysis of the 
SF-GMA/LKP composite hydrogel scaffolds in vivo 

The ability of the SF-GMA/LKP composite hydrogel scaffold to repair 
cartilage defects was investigated by modelling cartilage defects in 
rabbit knee cartilage. In the present study, four SF-GMA/LKP composite 
hydrogels were injected in situ and cured in situ with UV light (Fig. S2B 

Fig. 6. Biocompatibility of different SF-GMA/LKP hydrogel scaffolds. (A) CCK-8 results of BMSCs exposed to different SF-GMA/LKP hydrogel scaffolds for 1, 4, and 7 
days. (B–D) Live-dead results of BMSCs exposed to different SF-GMA/LKP hydrogel scaffolds for 1, 4, and 7 days. (E) SEM results of BMSCs seeded on different SF- 
GMA/LKP scaffolds. Results were expressed as means ± SD; ns means no significant difference, *P < 0.05, * *P < 0.01, * * *P < 0.001,* * * *P < 0.0001. 
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and Video 2). Knee joint specimens and visceral organ specimens were 
obtained at 1 and 3 months, respectively, to evaluate the biocompati-
bility and repair effects of the various cartilage defects. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.mtbio.2024.100962 

HE staining was performed on the obtained heart, liver, spleen, lung, 
and kidney samples (Fig. S3). We did not find obvious inflammatory 
infiltration, such as neutrophils, or the formation of multinucleated 
giant cells. All organs maintained normal structures. These findings 
were consistent with the in vitro results, indicating that the SF-GMA/LKP 
composite hydrogel scaffold had good biocompatibility. 

We evaluated the effect of the four materials on subchondral bone 
using micro-CT (Fig. 9A) and found that the repair of subchondral bone 
repair was dependent on endochondral osteogenesis. The 

control and SF-GMA/LKP0 groups showed only a small amount of 
mineralization of bone deposits at 1 month, and at 3 months, the amount 
of bone at the defect site was increased compared to that at the previous 
site, but the bone-cartilage interface was very concave. Subchondral 
bone augmentation was greater in the SF-GMA/LKP5 group than in the 
control and SF-GMA/LKP0 groups, with increased osteogenesis within 
the cartilage of the central round defect. The SF-GMA/LKP10 and SF- 
GMA/LKP20 composite scaffold groups already exhibited optimal sub-
chondral bone repair at 1 month, and at 3 months the subchondral bone 
had been largely repaired, the bone-cartilage interface was flat, and the 
central round defect had been completely filled. Quantitative analysis 
(Fig. 9B–G) of the subchondral bone repair process showed that the BV/ 
TV, BS/TV, BS, BS/BV, BMD, and Tb.N. of the SF-GMA/LKP10 and SF- 
GMA/LKP20 composite scaffold groups were superior to those of the 
other groups, which indicated that these two groups had the best results 
in terms of subchondral bone repair. 

We evaluated the regeneration of cartilage defects in knee tissue 
samples by HE staining, gross observation, and cartilage-related char-
acteristic staining (Fig. 10A and B). One month after cartilage defect 
surgery, the central portion of the cartilage defect in the control group 
was filled with only a small quantity of fibrous-like tissue, and the 
cartilage defect border was clearly visible, with no discernible signs of 
cartilage regeneration. Different degrees of cartilage defect repair were 
observed in the remaining four groups, and the SF-GMA/LKP10 and SF- 

GMA/LKP20 groups exhibited the best cartilage repair effect. The new 
cartilage was smooth and slightly protruded from the normal plane, and 
the border of the surrounding cartilage defect gradually closed. Sur-
prisingly, the SF-GMA/LKP composite scaffolds were still observed in 
some images, indicating that they still played a role, which was 
consistent with our in vitro degradation results. Three months after 
cartilage defect surgery, the cartilage defects in the control group 
exhibited more fibrous tissue-like formations and no discernible new 
cartilage. Between the SF-GMA/LKP10 and SF-GMA/LKP20 composite 
scaffold groups, the defect boundary disappeared, the new cartilage was 
smooth, and the morphology of the new cartilage was consistent with 
that of the normal cartilage, indicating that the regenerated cartilage 
was mature hyaline cartilage. Moreover, there was no evidence of re-
sidual SF-GMA/LKP composite hydrogel scaffold, indicating that the 
scafford had been completely degraded. 

Immunofluorescence (Fig. 11) and immunohistochemistry (Fig. 12) 
were subsequently used to determine the effect of the SF-GMA/LKP 
composite hydrogel scaffolds on the expression of related cartilage 
proteins in cartilage defects. We observed that the cartilage defects in 
the control group and in the SF-GMA/LKP0 composite hydrogel scaffold 
groups had not been repaired after 3 months because there was no LKP 
incorporation; most of the defects were nonspecifically stained fibrous 
tissue, and no obvious chondrocytes were found. However, because of 
the greater concentration of LKP in the SF-GMA/LKP10 and SF-GMA/ 
LKP20 composite scaffold groups, there were specific stained hyaline 
chondrocytes, and the border of the cartilage defect was almost indis-
tinguishable from the normal border. 

5. Discussion 

Regeneration of cartilage defects is still a tricky clinical challenge 
[31]. The repair of cartilage damage depends on the appropriate con-
centration of TGF-β1 [32]. Unfortunately, there is insufficient blood 
supply in the joint cavity to provide sufficient concentrations of TGF-β1 
for cartilage repair. Exogenously loaded TGF-β1 is prone to rapid 
release, leading to inadequate cartilage repair [33]. Moreover, TGF-β1 
requires a certain spatial structure to exert its biological function, and it 
is easily enzymatically denatured during delivery with other materials, 

Fig. 7. 3D culture results of BMSCs on different SF-GMA/LKP hydrogel scaffolds.  
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which limits its use to a certain extent. LIANAK is a mimetic peptide of 
TGF-β1 that has a simple spatial structure and simultaneously promotes 
cartilage regeneration, which makes it an ideal substitute for TGF-β1. 
However, the application of LIANAK alone has the same problem of 
rapid diffusion. Therefore, there is a need to develop a system for the 
slow-release delivery of LIANAK. 

We first designed a self-assembling peptide hydrogel (LKP) as a 
vehicle for administering LIANAK. FEFEFKFK acts as a self-assembly 
motor, and LIANAK has a corresponding biological function. These 
two residues are linked by glycine to protect the spatial structure of 
LIANAK from self-assembly sequences. FTIR, CD, SEM, and TEM 

confirmed that LKP could form nanofibers in β-sheet mode after simple 
pH adjustment. Live-dead staining and CCK-8 results confirmed that the 
LKP peptide nanohydrogel has good biocompatibility. Moreover, from 
the CCK-8 results, we found that there was no difference among the 
three groups after they were cocultured for 1 day, whereas the LKP 
group exhibited the greatest increase in cell proliferation over time, 
which may be due to the gradual degradation and release of the LKP 
hydrogel. In addition, WB and immunofluorescence results confirmed 
the excellent prochondrogenic ability of the LKP peptide nanofiber 
hydrogels. Although some of the EKP hydrogels also promoted chon-
drogenic activity in several chondrogenic indexes (Col-II and Sox9), we 

Fig. 8. Effects of different SF-GMA/LKP hydrogel scaffolds on bone marrow mesenchymal stem cells. Western blot results (A) and quantitative analysis of Col-II (B) 
and Sox9 (C) of BMSCs treated with different SF-GMA/LKP hydrogel scaffolds. (D–F) Immunofluorescence-representative images of ACAN, Sox9, and Col-II of BMSCs 
treated with different SF-GMA/LKP hydrogel scaffolds. (G–H) Immunofluorescence intensity analysis of ACAN, Sox9, and Col-II of BMSCs treated with different SF- 
GMA/LKP hydrogel scaffolds. Results were expressed as means ± SD; ns means no significant difference, *P < 0.05, * *P < 0.01, * * *P < 0.001,* * * *P < 0.0001. 
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hypothesized that this was because the EKP hydrogels also possessed a 
loose and porous fibrous structure, which was conducive to the prolif-
eration of BMSCs. However, the chondrogenic ability of the LKP 
hydrogels was much greater than that of the EKP hydrogels, indicating 
that the covalent binding of LIANAK to FEFEFKFK did not affect its 
biological function. 

Although the LKP hydrogel has good cartilaginous properties, we 
found that its mechanical properties are poor and tha it is easy to break 
in practice; therefore, it is impossible to carry out relevant mechanical 
property tests. Cartilage mainly plays a load-bearing and buffer role, 

while LKP hydrogels are not conducive to adhesion or mechanical 
properties in cartilage defects due to a lack of viscoelasticity, which 
limits their use. Based on the results of previous investigations, the 
conformation of SF can be transformed by hydrogen bonding and hy-
drophobic interactions when polypeptides or small molecules are 
incorporated into SF, and a stable hydrogel can be gradually formed 
within 5–30 min [22,23]. For practical application in cartilage defect 
repair, hydrogels that can be filled in situ immediately and solidified 
stably are needed. Therefore, we report a novel composite hydrogel 
scaffold formed by incorporating an LKP self-assembled polypeptide into 

Fig. 9. Micro-CT results of different SF-GMA/LKP hydrogel scaffolds on cartilage defects. Micro-CT representative image of the cartilage defect model (A). Quan-
titative analysis of subchondral bone based on micro-CT images (B–G). Results were expressed as means ± SD; ns means no significant difference. *P < 0.05, * *P <
0.01, * * *P < 0.001,* * * *P < 0.0001. 
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SF-GMA. The composite hydrogel stent can be immediately solidified 
under the action of ultraviolet light so that the residence time of the LKP 
is prolonged and the defect that the SF needs to wait for a long time is 
overcome. From the degradation time and rheological results, we find 
that it is not the case that the more LKP peptides are doped into SF-GMA, 
the stronger their interaction is. Therefore, we wanted to determine the 
optimal ratio of the two parameters to obtain the best cartilage resto-
ration results. Since the LKP peptide doped into SF-GMA was not 
covalently bound, this did not affect its biocompatibility, and our results 
similarly confirmed the good biocompatibility of SF-GMA/LKP. WB and 
immunofluorescence further confirmed that SF-GMA incorporation did 

not affect the chondrogenic ability of the LKP. 
Since subchondral bone is often absent in most cases of cartilage 

defects, subchondral bone repair also helps to support for cartilage 
defect repair [34–36]. Micro-CT results revealed that SF-GMA/LKP was 
helpful for subchondral bone repair, and SF-GMA/LKP10 and 
SF-GMA/LKP20 exhibited the greatest ability to promote subchondral 
bone repair. Gross observation and staining results revealed that the new 
cartilage in the SF-GMA/LKP10 and SF-GMA/LKP20 groups was 
smoother than that in the control group, and the cartilage defect 
boundary was almost blurred. 

This study has several limitations. First, we did not explore the 

Fig. 10. In vivo results of different SF-GMA/LKP hydrogel scaffolds on rabbit cartilage defect models. Appearance of different SF-GMA/LKP hydrogel scaffolds acting 
on rabbit cartilage defect models at 1 m and 3 m (A). HE staining, Safranin O-fast green staining, and toluidine blue staining of rabbit cartilage defect models with 
different SF-GMA/LKP hydrogel scaffolds (B). 
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mechanism associated with the LKP hydrogel mimicking TGF-β1. 
Additionally, we only demonstrated that LKP can fully mimic TGF-β1 
function in vitro, and did not verify it in vivo, which may be insufficient. 
LKP hydrogel can mimic the function of TGF-β1, and excessive activa-
tion may lead to cartilage hypertrophy; moreover, we did not test rele-
vant hypertrophy-related indexes. Therefore, we should further 
investigate this phenomenon in depth in future experiments. 

6. Conclusion 

Here, we report an LKP hydrogel that uses EFK as a self-assembly 
driving force to deliver the TGF-β1 mimetic peptide LIANAK. The LKP 
hydrogel has a typical nanofibrous structure and has been demonstrated 
to have good biocompatibility and excellent prochondrogenic ability in 
inexperiments, suggesting that the introduction of EFK does not affect 
the biological activity of LIANAK. Based on the principle that peptides 
can induce SF conformational transition to gradually form a stable 
hydrogel within 30 min, we developed a composite scaffold, SF-GMA/ 
LKP, that synergistically assembles SF-GMA rather than SF with LKP. 

The SF-GMA/LKP scaffold overcomes the problems associated with the 
poor mechanical properties of the LKP hydrogel alone, which cannot be 
easily adapted to the cartilage defect sites. Moreover, the SF-GMA/LKP 
composite scaffold could respond instantaneously, fill the cartilage 
defect site in situ, and promote the regenerative repair of cartilage. 
Surprisingly, the SF-GMA/LKP10 and SF-GMA/LKP20 composite 
hydrogel scaffolds provided optimal neocartilage. Our study provides a 
new therapeutic strategy for high-quality regenerative repair of carti-
lage defects. 
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