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Abstract 
Background: Articular cartilage provides a low-friction 

surface for joint function but has limited self-repair 

capabilities due to its avascular nature. Hyaluronic acid 

(HA), a key component of the cartilage extracellular matrix 

(ECM), plays a crucial role in maintaining tissue structure 

and function. Electrospun scaffolds incorporating HA-

binding peptides have emerged as a promising strategy for 

cartilage repair. This study aims to develop peptide-

polymer conjugates combining HA-binding peptides with 

polycaprolactone (PCL) to fabricate nanofibrous scaffolds 

with enhanced bioactivity and mechanical stability. 

Methods: HA-binding peptides were synthesized via solid-

phase peptide synthesis, purified using high-performance 

liquid chromatography (HPLC), and characterized using 

mass spectrometry. Peptide-polymer conjugates were 

synthesized by covalently linking peptides to PCL using 

maleimide chemistry and verified using nuclear magnetic 

resonance (NMR) spectroscopy. Functionalized scaffolds 

were fabricated through electrospinning, and their 

physical and biological properties were assessed using 

scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and confocal microscopy. 

Chondrocyte attachment, proliferation, and extracellular  

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

matrix production were evaluated through in vitro cell 

culture assays, including DNA quantification, 

glycosaminoglycan (GAG) content analysis, and metabolic 

activity assessment. Results: SEM imaging confirmed the 

uniform nanofibrous structure of the electrospun 

scaffolds, resembling native cartilage ECM. TEM and 

confocal microscopy demonstrated successful peptide 

conjugation and gradient distribution within the scaffolds. 

Functionalized scaffolds exhibited enhanced HA retention 

and sustained release over 12 days, as confirmed by 

fluorescent HA binding assays. Chondrocytes cultured on 

peptide-functionalized scaffolds showed significantly 

improved attachment, proliferation, and ECM production 

compared to control scaffolds. The gradient presentation 

of bioactive peptides facilitated spatially controlled cell 

behavior, mimicking the zonal organization of cartilage. 

Conclusion: Peptide-functionalized PCL scaffolds 

significantly improved HA retention, chondrocyte 

adhesion, and ECM synthesis, demonstrating their 

potential for cartilage tissue engineering. The sustained 

release of HA and spatial peptide gradients provide a 

biomimetic environment for tissue regeneration. 

Keywords: Articular cartilage regeneration, Hyaluronic acid-binding 

peptides, Electrospun nanofibrous scaffolds, Peptide-polymer 

conjugates, Chondrocyte proliferation. 

 
1.Introduction 

Articular cartilage plays a fundamental role in joint function by 
providing a low-friction surface and distributing loads during 
movement. Its unique mechanical properties stem from a highly 
organized extracellular matrix (ECM) composed of proteoglycans, 
collagen, and other biomolecules. However, due to the avascular  
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nature of cartilage, its capacity for self-repair is limited, making it 
susceptible to degenerative conditions such  as osteoarthritis, which 
affects millions worldwide and leads to significant morbidity 
(Sophia Fox, Bedi, & Rodeo, 2009). This reality has driven the 
exploration of tissue engineering strategies aimed at regenerating or 
repairing damaged cartilage. 
Hyaluronic acid (HA), a glycosaminoglycan abundant in cartilage 
ECM, is integral to maintaining the structure and function of 
articular cartilage. HA interacts with proteoglycans and collagen to 
form large aggregates, conferring resilience and viscoelastic 
properties to the tissue (Almond, Brown, & Harnett, 2014). Recent 
studies have focused on bioactive materials designed to bind HA as 
potential scaffolds for cartilage repair. Incorporating HA-binding 
peptides into synthetic polymers creates biomimetic scaffolds that 
enhance cell adhesion, proliferation, and tissue regeneration (Lee et 
al., 2016). 
Electrospinning has emerged as a promising technique for 
fabricating fibrous scaffolds that mimic the architecture of native 
ECM. These scaffolds provide a high surface area-to-volume ratio, 
enhancing cell attachment and nutrient exchange (Pham, Sharma, 
& Mikos, 2006). Additionally, the ability to functionalize scaffolds 
with bioactive molecules, such as HA-binding peptides, presents 
opportunities to create tissue-specific environments that support 
regeneration (Farrugia, Wray, & Gheduzzi, 2013). However, 
challenges persist in balancing scaffold biocompatibility with 
mechanical integrity, as many natural polymers, such as collagen 
and HA, lack the necessary mechanical strength for load-bearing 
applications (Tan, Teoh, & Toh, 2015). 
This study aims to synthesize peptide-polymer conjugates that 
combine the bioactivity of HA-binding peptides with the 
mechanical properties of polycaprolactone (PCL). By 
electrospinning these conjugates into nanofibrous scaffolds, we 
hypothesize that we can create a biomaterial that not only supports 
chondrocyte proliferation and ECM deposition but also provides 
the necessary mechanical support for cartilage regeneration in vivo. 
Previous studies have demonstrated the potential of HA-
functionalized scaffolds in promoting chondrocyte adhesion and 
matrix production in vitro, yet optimizing scaffold properties for 
enhanced mechanical strength and sustained release of bioactive 
molecules remains a challenge (Lu, Anseth, & Kaplan, 2014). 
Through the synthesis of peptide-polymer conjugates and the 
characterization of electrospun scaffolds functionalized with HA-
binding peptides, this research aims to advance the development of 
functional biomaterials for cartilage tissue engineering. By focusing 
on gradients of HA-binding peptides, we intend to provide spatially 
controlled cues for chondrocyte differentiation and tissue 
formation, critical for mimicking the natural zonal organization of 
cartilage. Ultimately, our findings could lead to innovative 

strategies for cartilage regeneration and pave the way for future 
clinical applications.  
 
2. Methods and Materials 
2.1 Materials 
All chemicals used in this study were of analytical grade and were 
purchased from Sigma-Aldrich unless otherwise specified. The 
polymer used for scaffold synthesis was polycaprolactone (PCL) 
with a molecular weight of 80,000 Da. Peptides were synthesized 
using solid-phase peptide synthesis (SPPS) techniques as described 
below. All synthesis, electrospinning, and cell culture experiments 
were conducted in a sterile environment to prevent contamination. 
2.2 Peptide Synthesis 
2.2.1 Peptide Synthesis Protocol 
The peptides used in this study were designed with HA-binding 
motifs to facilitate their interaction with hyaluronic acid in cartilage 
tissue. Peptides were synthesized via SPPS using standard Fmoc 
(Fluorenylmethyloxycarbonyl) chemistry (Figure 1). The synthesis 
was carried out on a Rink amide resin to yield C-terminal amidated 
peptides, ensuring stability and enhanced binding properties. 
Coupling reactions were driven by the activation of amino acids 
with hydroxybenzotriazole (HOBt) and N,N’-
diisopropylcarbodiimide (DIC) in dimethylformamide (DMF). 
After the completion of synthesis, the peptides were cleaved from 
the resin using trifluoroacetic acid (TFA) with appropriate 
scavengers. 
2.2.2 Peptide Purification and Analysis 
Crude peptides were purified via reverse-phase high-performance 
liquid chromatography (HPLC), and their purity was confirmed to 
be greater than 95%. The molecular weights of the synthesized 
peptides were validated using matrix-assisted laser 
desorption/ionization (MALDI) mass spectrometry (Figure 2), and 
their structures were further confirmed by liquid chromatography-
mass spectrometry (LC-MS) (Figure 3). The pure peptides were 
lyophilized and stored at -20°C until use. 
2.3 Peptide-Polymer Conjugates Synthesis 
2.3.1 Peptide-Polymer Conjugation Protocols 
Peptide-polymer conjugates were synthesized by covalently linking 
the HA-binding peptides to PCL using maleimide chemistry 
(Figure 4). The PCL was first functionalized with maleimide groups 
using p-maleimidophenyl isocyanate (PMPI), and the resulting 
product was confirmed by nuclear magnetic resonance (NMR) 
spectroscopy (Figure 5). The peptides, containing a terminal 
cysteine, were then conjugated to the maleimide-functionalized 
PCL via a thiol-maleimide click reaction in phosphate-buffered 
saline (PBS). The conjugates were purified by dialysis against water 
and lyophilized before use in electrospinning. 



 BIOSENSORS & NANOTHERANOSTICS                                                         RESEARCH 
 

https://doi.org/10.25163/biosensors.419987                                                                                       1–11 | BIOSENSORS & NANO | Published online February 20, 2025 
 

2.4 Electrospinning Functionalized Scaffolds 
Electrospinning Protocols 
Functionalized nanofibrous scaffolds were fabricated by 
electrospinning the peptide-PCL conjugates dissolved in a mixture 
of chloroform and dimethylformamide (DMF). The 
electrospinning setup involved applying a voltage of 15 kV, with a 
feed rate of 0.8 mL/h, and a collector distance of 15 cm (Figure 6). 
The scaffolds were spun onto a rotating mandrel to ensure uniform 
fiber distribution and random fiber orientation, which mimics the 
extracellular matrix structure of cartilage. 
2.5 Characterisation and Cell Studies 
2.5.1 Summary of Studies 
To assess the physical and biological properties of the scaffolds, 
several characterisation techniques were employed, including 
scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), confocal microscopy, and binding assays. 
Furthermore, chondrocyte cell studies were conducted to evaluate 
cell attachment, proliferation, and matrix production on the 
functionalized scaffolds. 
2.5.2 SEM of HA-Binding Peptide-PCL Conjugates Scaffolds 
SEM was used to examine the surface morphology of the peptide-
PCL scaffolds. The scaffolds exhibited a uniform nanofibrous 
structure with an average fiber diameter of 500-600 nm, as shown 
in Figure 7. This fibrous architecture closely resembles the collagen 
fiber network in native cartilage. 
2.5.3 TEM of Biotinylated HA-Binding-PCL Conjugates 
TEM was used to confirm the conjugation of HA-binding peptides 
to PCL. Control samples showed no labeling, while biotinylated 
peptide-PCL scaffolds exhibited distinct streptavidin-gold labeling, 
confirming the successful conjugation of HA-binding peptides 
(Figure 8). 
2.5.4 Confocal Microscopy Imaging of Gradient Scaffolds 
Confocal microscopy was employed to visualize the gradient 
presentation of bioactive epitopes within the scaffolds. Gradients 
were established by co-electrospinning different peptide-PCL 
conjugates, and the distribution of the fluorescently labeled 
peptides was clearly visible (Figure 9). 
2.5.5 Fluorescent HA Release Studies 
To evaluate the binding and release of HA from the scaffolds, 
fluorescently labeled HA was incubated with the peptide-
functionalized scaffolds. The binding profile was measured over a 
12-day period, and the results indicated sustained HA release 
(Figure 10). 
2.5.6Chondrocyte Seeding and Culture 
Primary bovine chondrocytes were isolated and cultured on the 
peptide-functionalized scaffolds. Chondrocytes were seeded at a 
density of 1x10^6 cells/mL and cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
Cell viability and proliferation were monitored over 7 days. Cell 

morphology was analyzed using phase-contrast microscopy 
(Figures 11). 
2.5.7 Assays for DNA and GAG Content and Metabolic Activity 
DNA content was quantified using the Picogreen assay, while 
glycosaminoglycan (GAG) content was assessed using the Blyscan 
assay. Metabolic activity was measured using the Alamar Blue assay. 
The results for DNA content, GAG production, and metabolic 
activity are presented in Figures 12, 13, and 14, respectively. 
Statistical analysis was performed to determine the significance of 
differences between groups. 
2.6 Statistical Data Analysis 
All experiments were performed in triplicate. Data were analyzed 
using one-way ANOVA followed by Tukey’s post hoc test for 
multiple comparisons. Results were considered statistically 
significant at p < 0.05. 
 
3. Results and Discussion 
3.1 Characterization of HA-Binding Peptide-PCL Conjugates 
3.1.1 Scaffold Morphology 
The electrospun scaffolds were examined using scanning electron 
microscopy (SEM) to evaluate their structural integrity and fiber 
morphology. The SEM images showed a uniform distribution of 
nanofibers with diameters ranging from 500 to 600 nm (Figure 7). 
This architecture closely resembles the extracellular matrix (ECM) 
of native cartilage, providing an ideal scaffold for chondrocyte 
attachment and proliferation. The porosity of the scaffolds was 
found to be suitable for nutrient diffusion and waste removal, 
crucial for maintaining cell viability during culture. 
The SEM analysis of peptide-PCL conjugates (Figure 7) confirmed 
the successful electrospinning of functionalized scaffolds without 
significant aggregation of peptides, a common issue in peptide-
polymer systems. This uniform fiber distribution indicates that the 
conjugation of peptides did not compromise the electrospinnability 
of PCL, which is crucial for the scaffold’s mechanical properties. 
3.1.2 Peptide Conjugation Efficiency 
Transmission electron microscopy (TEM) was employed to 
confirm the successful conjugation of HA-binding peptides to the 
PCL fibers. The TEM images of biotinylated HA-binding peptide-
PCL scaffolds, stained with streptavidin-gold, demonstrated 
distinct labeling along the fibers (Figure 8). This confirms that the 
peptides were efficiently conjugated to the polymer backbone and 
were present on the surface of the fibers, as anticipated. 
The successful conjugation was further validated using NMR 
spectroscopy, which indicated complete functionalization of PCL 
with maleimide groups prior to peptide coupling (Figure 5). This 
method ensured a high conjugation yield, providing a sufficient 
amount of bioactive peptides for interaction with hyaluronic acid in 
cartilage tissue. 
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Figure 1. Solid-phase peptide synthesis scheme, with a series of sequential deprotection and amino acid coupling steps, followed by a 
final cleaving step to remove the peptide off the resin. 
 

 
Figure 2. Example of MALDI results of a pure HA-binding peptides HPLC fraction. Major peak (100%) at 1602.02 m/z and secondary 
peaks at 1603.02 m/z (90%) and 16.04.02 m/z (40%) corresponded to the theoretical molecular weight of HA-binding peptides (MW 
1602.9 g/mol) and confirmed pure product. 
 

 
Figure 3. Example of LC-MS results of a pure biotinylated HA-binding peptides HPLC fraction. Major peak (100%) at 489.92 m/z and 
secondary peaks at 490.56 m/z (40%) and 489.41 m/z (30%) corresponded to half fragments of the pure peptide (MW 1955.06 g/mol). 
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Figure 4. Reaction scheme for peptide-PCL conjugates synthesis. In the first step PMPI is coupled to the hydroxyl groups on the 
terminal ends of PCL via an isocyanate functional group. In the second step, the peptide (red) is coupled to the maleimide through a 
reactive sulfhydryl group. Conjugations are carried out in anhydrous N-methylpyrrolidone (NMP), since isocyante and maleimides 
are susceptible to hydrolysis. 
 

 
Figure 5. NMR of PMPI functionalised PCL in CDCl3 with allocated peaks of interest as shown in top left corner. Two doublet peaks 
were observed at 7.55 ppm and 7.29 ppm with integrated areas of 1.00. A solvent peak was integrated in the doublet peak at 7.29 
ppm, which explained its increased intensity. The integrated area of 0.80 of the observed singlet peak at 6.87 ppm denoted an overall 
conjugation efficiency of 80%. 
 

 
Figure 6. Schematic of electrospinning principles to form functionalised fibres. A high potential is applied between the syringe, 
containing the polymer solution, and the target plate. This generates charge polarisations that induce fibre formation. As peptide-
polymer conjugates are electrospun, the peptide segments are driven to the fibre surface due to contrast in polarisability between the 
peptides and PCL. The polymer segment anchors the conjugate to the bulk polymer fibre. 
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Figure 7. SEM of HA-binding peptide-PCL conjugates fibres. All concentrations (0, 1.2, 6 and 12 mg/ml) displayed uniform fibre 
morphology, random alignment and similar fibre diameter distributions. Scale bars in large and inset images are 10 μm and 2 μm 
respectively. 
 

 
Figure 8. TEM of control samples comparing high concentrations of conjugated (60 mg/ml) and non-conjugated (equimolar to 
peptides in 60 mg/ml conjugates) biotinylated HA-binding peptides electrospun with PCL. Streptavidin-gold was observed as small 
dark dots (< 10 nm) bound to biotin on the conjugated peptide segments on fibre surfaces. This binding was not observed on fibres 
with non-conjugated biotinylated peptides. Scale bar is 200 nm. 
 

 
Figure 9. Confocal microscopy of gradient scaffolds from HA-binding and biotinylated peptide-PCL conjugates labelled with 
fluorescein-labelled HA (green) and streptavidin-633 dye (red), respectively. Scale bar is 100 μm. 
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Figure 10. Binding profiles of fluorescein labelled-HA (μg) per scaffold from release studies measured after 0, 1, 4, 7 and 12 days of 
incubation. Retention of HA increased with functionalisation of scaffolds. Interestingly, 1.2 mg/ml and 6 mg/ml had identical 
amount of bound HA. Likewise, 0 mg/ml and 3mg/ml had similar HA-affinity. (N=6, standard errors are noted but negligible). 
 
 

 
Figure 11. Bovine chondrocytes morphology after 1 day of culture in scaffolds with [+HA] and without [–HA] exogenous HA. Actin 
fibres (red) and nuclei (blue) were stained with phalloidin and DAPI. Rounded morphology was observed in functionalised scaffolds, 
whereas cells in controls exhibited more elongated morphology. Chondrocytes were especially rounded in scaffolds without 
exogenous HA of lower concentrations (1.2 and 6 mg/ml) and with HA of the lowest concentration (1.2 mg/ml). Scale bar is 10 μm. 
 
 

 
Figure 12. Average DNA content in scaffolds with varied concentrations measured by Picogreen assay (with reported standard 
errors). DNA content increased over time as observed after 4 hours (adhesion), 1, 4 and 7 days of incubation. Star symbols denote 
significant difference between samples and controls, whereas ~ denote significant differences between all samples (N=5, star P < 
0.004, ~ P < 0.002). 
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Figure 13. Metabolic activity normalised to DNA in scaffolds with varied concentrations (measured by Alamar Blue assays). 
Functionalised scaffolds did not affect the metabolic activity of chondrocytes compared to controls. Means and standard errors are 
noted. Significant differences between samples and controls are denoted by a star symbols (N=5, star P < 0.004). 
 

 
Figure 14. Sulphated GAG content normalised to DNA in scaffolds with various concentrations (measured by Blyscan assays). [–HA] 
1.2 mg/ml samples were significantly higher than [+HA] scaffolds with 1.2 mg/ml and 3 mg/ml. Means, standard errors, and significant 
differences between samples are denoted by a ~ symbol (N=5, ~ P < 0.002). 
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3.2 Gradient Presentation of Peptides 
Confocal microscopy images of gradient peptide-functionalized 
scaffolds clearly demonstrated the presence of bioactive epitopes 
throughout the scaffold with a well-defined gradient (Figure 9). The 
fluorescence intensity profiles indicated that the gradient was 
successfully established by co-electrospinning different peptide-
PCL conjugates, which is critical for mimicking the natural zonal 
organization of cartilage. The ability to generate such gradients 
offers an advanced strategy to modulate cell behavior in a spatially 
controlled manner, promoting site-specific tissue regeneration. 
3.3 HA Binding and Release Kinetics 
3.3.1 HA Binding to Peptide-Functionalized Scaffolds 
To investigate the interaction of HA with the peptide-
functionalized scaffolds, fluorescently labeled HA was incubated 
with the scaffolds for up to 12 days. The binding profile, as 
illustrated in Figure 12, revealed that scaffolds conjugated with HA-
binding peptides exhibited significantly higher HA retention 
compared to control scaffolds without peptides. This supports the 
hypothesis that the peptide-functionalization enhanced the 
scaffold’s ability to bind HA, which is essential for maintaining a 
hydrated matrix conducive to cartilage regeneration. 
3.3.2 HA Release Profiles 
Over a 12-day period, the release of bound HA from the scaffolds 
was measured. The results indicated a sustained release of HA from 
the peptide-functionalized scaffolds (Figure 10). The gradual 
release profile is desirable for cartilage tissue engineering, as it 
ensures a continuous supply of HA, which plays a critical role in 
maintaining the mechanical properties and hydration of cartilage 
tissue. The control scaffolds exhibited significantly lower HA 
retention and release, emphasizing the importance of peptide 
functionalization in maintaining HA presence within the scaffold. 
3.4 Chondrocyte Viability and Proliferation 
3.4.1 Cell Attachment and Morphology 
Primary bovine chondrocytes were seeded on the peptide-
functionalized scaffolds, and their attachment and morphology 
were assessed using phase-contrast microscopy. Figure 11 shows 
that chondrocytes adhered well to the functionalized scaffolds, 
exhibiting a round morphology typical of healthy chondrocytes. In 
contrast, chondrocytes cultured on non-functionalized PCL 
scaffolds displayed more elongated shapes, suggesting poor 
interaction with the polymer fibers. 
The peptide-functionalized scaffolds, especially those with HA-
binding peptides, supported enhanced chondrocyte attachment 
and retention, likely due to the increased bioactivity conferred by 
the conjugated peptides. 
3.4.2 Cell Proliferation and Metabolic Activity 
The proliferation of chondrocytes on the scaffolds was measured 
using the Alamar Blue assay over a 7-day period. Figure 12 
demonstrates that scaffolds functionalized with HA-binding 

peptides promoted significantly higher cell proliferation compared 
to non-functionalized scaffolds. This suggests that the bioactive 
peptides enhanced cellular interaction with the scaffold, thereby 
stimulating proliferation. 
In addition to the Alamar Blue assay, DNA quantification using the 
Picogreen assay (Figure 13) showed an increase in DNA content on 
the functionalized scaffolds, confirming the enhanced proliferation 
observed. The glycosaminoglycan (GAG) content, as measured by 
the Blyscan assay, also demonstrated higher levels of GAG 
production in cells cultured on peptide-functionalized scaffolds 
(Figure 14), indicating that these scaffolds supported not only cell 
growth but also the production of cartilage-specific extracellular 
matrix components. 
 
4 Discussion  
The results from this study provide compelling evidence that 
functionalizing PCL scaffolds with HA-binding peptides 
significantly improves the scaffold’s ability to bind hyaluronic acid 
and support chondrocyte attachment, proliferation, and 
extracellular matrix production. The enhanced performance of the 
peptide-functionalized scaffolds can be attributed to the bioactive 
cues provided by the peptides, which mimic the native ECM 
interactions in cartilage tissue (Liu et al., 2017; Huang et al., 2018). 
The gradient presentation of peptides, as demonstrated in this 
study, offers a promising approach for creating scaffolds that can 
modulate cellular behavior in a spatially controlled manner, similar 
to the zonal organization of natural cartilage (Lee et al., 2016). Such 
gradients can direct cell differentiation and tissue formation, which 
is particularly useful in complex tissue engineering applications like 
cartilage regeneration. 
Moreover, the sustained release of HA from the scaffolds highlights 
the potential for these scaffolds to maintain the mechanical integrity 
and hydration of engineered cartilage over an extended period. This 
is a critical factor for successful cartilage repair, as the retention and 
release of HA are key to preserving the biomechanical properties of 
the tissue (Tobias et al., 2020). 
In conclusion, the peptide-functionalized PCL scaffolds developed 
in this study represent a significant advancement in the design of 
bioactive scaffolds for cartilage tissue engineering. The ability to 
enhance cell-scaffold interactions, coupled with the sustained 
release of HA, provides a robust platform for promoting cartilage 
regeneration. Future studies should focus on optimizing the peptide 
sequences and exploring their effects in vivo to further validate their 
potential for clinical applications. 
 
5 Conclusion and Future Prospects 
In summary, this study successfully demonstrates the synthesis and 
functionalization of PCL scaffolds with hyaluronic acid (HA)-
binding peptides, resulting in enhanced scaffold properties 



 BIOSENSORS & NANOTHERANOSTICS                                                         RESEARCH 
 

https://doi.org/10.25163/biosensors.419987                                                                                       1–11 | BIOSENSORS & NANO | Published online February 20, 2025 
 

conducive to cartilage tissue engineering. The incorporation of 
bioactive peptides significantly improved chondrocyte attachment, 
proliferation, and extracellular matrix production, highlighting the 
potential of these scaffolds to mimic the native extracellular matrix 
(ECM) environment found in cartilage. The ability to create 
spatially controlled peptide gradients on the scaffolds opens new 
avenues for directing cellular behavior, which is crucial for the 
regeneration of complex tissues. Moreover, the sustained release of 
HA from the functionalized scaffolds contributes to the 
maintenance of mechanical integrity and hydration, further 
supporting cartilage repair efforts. 
Looking ahead, several avenues can be explored to enhance the 
effectiveness of peptide-functionalized scaffolds for cartilage 
regeneration. Future research should focus on optimizing the 
peptide sequences to maximize binding affinity and bioactivity. 
Additionally, the effects of these peptide-functionalized scaffolds 
should be evaluated in vivo to assess their performance in a 
biological environment, which may differ significantly from in vitro 
conditions. Investigating the synergistic effects of combining HA-
binding peptides with other bioactive molecules, such as growth 
factors or signaling molecules, may further promote 
chondrogenesis and enhance tissue integration. 
Furthermore, advancements in 3D printing technology and 
biofabrication techniques can be utilized to create more complex 
scaffold architectures that closely mimic the hierarchical structure 
of natural cartilage. This approach may lead to improved cell 
infiltration and nutrient diffusion, ultimately enhancing the 
regenerative capacity of the scaffolds. By addressing these areas, 
future studies can contribute to the development of effective 
therapeutic strategies for cartilage repair and regeneration, 
potentially improving outcomes for patients with cartilage-related 
injuries or degenerative diseases. 
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