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Abstract:

 Advances in tissue engineering have enabled the ability to design and fabricate biomaterials at the nanoscale that can actively mimic the natural cellular environment of host tissue. Of all tissues, cartilage remains difficult to regenerate due to its avascular nature. Herein we have developed two new hybrid polypeptide-glycosaminoglycan microfibrous scaffold constructs and compared their abilities to stimulate cell adhesion, proliferation, sulfated proteoglycan synthesis and soluble collagen synthesis when seeded with chondrocytes. Both constructs were designed utilizing self-assembled Fmoc-protected valyl cetylamide nanofibrous templates. The peptide components of the constructs were varied. For Construct I a short segment of dentin sialophosphoprotein followed by Type I collagen were attached to the templates using the layer-by-layer approach. For Construct II, a short peptide segment derived from the integrin subunit of Type II collagen binding protein expressed by chondrocytes was attached to the templates followed by Type II collagen. To both constructs, we then attached the natural polymer N-acetyl glucosamine, chitosan. Subsequently, the glycosaminoglycan chondroitin sulfate was then attached as the final layer. The scaffolds were characterized by Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), atomic force microscopy and scanning electron microscopy. In vitro culture studies were carried out in the presence of chondrocyte cells for both scaffolds and growth morphology was determined through optical microscopy and scanning electron microscopy taken at different magnifications at various days of culture. Cell proliferation studies indicated that while both constructs were biocompatible and supported the growth and adhesion of chondrocytes, Construct II stimulated cell adhesion at higher rates and resulted in the formation of three dimensional cell-scaffold matrices within 24 h. Proteoglycan synthesis, a hallmark of chondrocyte cell differentiation, was also higher for Construct II compared to Construct I. Soluble collagen synthesis was also found to be higher for Construct II. The results of the above studies suggest that scaffolds designed from Construct II be superior for potential applications in cartilage tissue regeneration. The peptide components of the constructs play an important role not only in the mechanical properties in developing the scaffolds but also control cell adhesion, collagen synthesis and proteoglycan synthesis capabilities.
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1. Introduction

Recent advances in biomaterial synthesis coupled with improvements in tissue engineering (TE) techniques have resulted in the development of implantable materials for bone, bladder, skin and blood vessel regeneration [1]. Such materials have shown promise as alternative means to repair damaged tissue through the utilization of biological or synthetic materials that stimulate cellular and tissue growth [2,3]. TE strategies typically rely on cell-seeded, three-dimensional (3D) biocompatible scaffolds that mimic the extracellular matrix (ECM) and are capable of assembling into functional structures suitable for non-invasive implantation and faster recovery time as compared to traditional surgery [4,5].

In the realm of TE however, cartilage regeneration has remained relatively elusive due to its avascular nature and inability to mount an effective healing response [6]. Cartilage is a specialized tissue which functions to enable stable and smooth movements of joint surfaces and allows for the dissipation of mechanical loads under physiological conditions [7]. Degradation of cartilage, specifically articular cartilage on the surface of joints is correlated with age-related changes in chondrocyte function [8]. Focal chondral defects can be painful or disabling and may predispose patients for osteoarthritis [9,10]. Traditionally, standard healing techniques have aimed at inducing marrow stimulation and incorporating allografts or autografts, however, these procedures often fail and result in inferior cartilage [11,12,13]. Furthermore, most surgical interventions have been directed at treating clinical symptoms such as pain relief rather than focusing on the regeneration of native cartilage [14].

Advances in cartilage TE have relied upon the use of 3D scaffolds for necessary support which mimic the ECM of chondrocytes to provide an optimal environment for cellular proliferation [15]. The native chondrocyte ECM is a highly hydrated environment complexed with various non-collagenous and collagenous fibers, proteins, glycosaminoglycans (GAGs) and proteoglycans [16]. Attempts to mimic this environment by using hydrogel materials has shown promise in restoring functionally competent cartilage because of the inherent cross-linked hydrogel polymer networks which facilitate efficient transport of nutrients and actively form physical environments similar to that of articular cartilage [17]. Natural hydrogel polymers include chitosan, collagen, hyaluronic acid, gelatin and alginate, whereas synthetic polymers encompass poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA) and their copolymers [18,19,20,21,22,23,24]. Typically, such hydrogel materials can be functionalized or assembled with specific functional groups to impart enhanced biocompatible properties. For example, esterification of hyaluronic acid with benzoic acid results in a water-insoluble scaffold (HYAFF 11) which has been used clinically to treat chronic symptomatic defects in joint surfaces [25,26]. In another study, dicarboxymethyl chitosan conjugated with bone morphogenetic protein-7 demonstrated repair of cartilage lesions [27]. Many studies have utilized combinations of both natural and synthetic polymers. For example, poly(lactic-co-glycolic acid)-gelatin/chondroitin/hyaluronate (PLGA-GCH) gels demonstrated significantly increased mesenchymal stem cell proliferation and GAG synthesis as compared to PLGA gels alone [28,29].

Recent work utilizing peptide amphiphile derived hydrogels has illustrated their ability to self-assemble into well-defined nanofibers by relatively facile means [30]. These materials can be manipulated through varying the sequence length or composition of the peptide segment as well as controlling hydrogen bonding within the secondary structure of the peptide to fine tune its structure at the nanoscale [31]. For example, RGD (arginine-glycine-aspartate) adhesion peptide sequences incorporated within peptide-based hydrogels have been shown to induce cellular binding, migration, proliferation and growth in fibroblast, endothelial and chondrocyte cell lines [32,33,34]. Furthermore, fluorenylmethyloxycarbonyl (Fmoc) protecting groups on peptides have been shown to form gels due to π–π stacking interactions, electrostatic interactions and hydrogen bonding, which improve the stability of the material [35]. Such materials are also biocompatible and may induce chondrocyte proliferation as indicated in work by Ulijn and colleagues, in which Fmoc-Phe2 along with Fmoc-Ser, Fmoc-Lys and Fmoc-Asp gels supported the viability of chondrocytes and increased the viability of 3T3 fibroblasts [36]. Additionally, Fmoc-FF and Fmoc-RGD peptide derivatives assembled to form nanofibrous hydrogels capable of promoting adhesion and encapsulation of anchorage-dependent cells for in vitro TE [37].

In previous work, we reported the formation of Fmoc derived peptides covalently linked to cetyl amine (FVC) and demonstrated their ability to form a nanofibrous matrix and support growth and proliferation of mouse pre-osteoblasts [38,39]. Herein, we have developed two new hybrid peptide-glycosaminoglycan based constructs using FVC as a template and examined their ability to promote proliferation and attachment of chondrocytes as well as promote chondrogenesis (Scheme 1). Construct I was assembled via the layer-by-layer assembly technique utilizing template FVC fibers followed by attachment of a short segment of dentin sialophosphoprotein motif (EDPHNEVDGDK) (DSp), Type I collagen (Col-I), chitosan (Ch) and chondroitin sulfate (CS) to form 3D hybrid matrices. In general, the dentin sialophosphoprotein gene, which is found to be expressed in bone and teeth, plays a vital role in dentinogenesis as well as in osteogenesis [40]. Furthermore, it was recently shown that human gingival stem cells (HGSCs) could successfully be differentiated to osteogenic and chondrogenic cells and therefore may provide new strategies in regenerative medicine for cartilage and joint repair [41]. Additionally, it has also been reported that DSp is essential for growth and maintenance of mandibular condylar cartilage [42]. Although it is well known that dentin sialophosphoprotein plays an important role in the mineralization of hard tissues such as bone and teeth, demineralized dentin matrices have been shown to function as efficient scaffolds for cartilage repair [43,44]. Moreover, dentin sialophosphoprotein belongs to the family of small integrin binding ligands (SIBLING) which have several factors common with matrix extracellular phosphoglycoproteins [45]. It was recently shown that dentin sialophosphoprotein is also expressed in non-mineralized soft tissues and therefore may have additional functions other than mineralization [46]. Thus we hypothesized that incorporation of a segment of dentin sialophosphoprotein may aid in chondrogenesis and cartilage tissue repair. Col-I was incorporated as the third layer. It is well known that Col-I forms densely-packed fibrillar structures that inherently resist stress caused by tension, showing potential as an effective biomaterial for soft tissue regeneration applications [47]. While Col-II is a major component of articular and elastic cartilage, Col-I is a component of fibrocartilage along with Col-II and aggregan and is found in intervertebral disc spaces. Thus we incorporated Col-I into Construct I to examine if it would aid in chondrocyte adhesion and proliferation [48]. As the next component, we added chitosan (Ch). In general, cartilage contains various GAGs rich in N-acetyl-glucosamine groups and these groups play a vital role in interactions with growth factors, adhesion proteins and receptors [49]. The glucosamine constituent in Ch is key for the synthesis of proteoglycans to help form the cartilage ECM [50]. Furthermore, the ability of Ch to form porous, gelatinous structures is advantageous for cell transplantation and tissue regeneration [51]. As the final layer of the scaffold Construct I, we incorporated chondroitin sulfate (CS) which is a structural component of cartilage tissue. In general, GAGs and proteoglycans are found entwined with collagens in the ECM of chondrocytes and thus we chose to incorporate each component such that the final scaffold mimics the ECM of chondrocytes [52,53]. In addition, CS has been shown to have beneficial properties in preventing osteoarthritis by stimulating the metabolic response of the tissue and having anti-inflammatory properties [54,55]. Additionally, CS has been explored as an adhesive agent between scaffold and cartilage defects and has been shown to maintain chondrocyte phenotype, increase type II collagen synthesis and not alter GAG production in native tissue [56].
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Scheme 1. Scheme of layer-by-layer assembly of Construct I and Construct II. (a) Fmoc-Valyl-Cetylamide (FVC) self-assembled fibrous assemblies incorporated with specific peptide sequence: EDPHNEVDGDK (Construct I) or KLGFFAH (Construct II); (b) Addition of collagen: Type I (Construct I) or Type II (Construct II); (c) Incorporation of chitosan which was consistent across both constructs; (d) Incorporation of chondroitin sulfate which was also consistent for both constructs; (e) Interactions with chondrocytes. 
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Because peptide components play a vital role in cartilage tissue regeneration, we also designed a second construct (Construct II) and studied its efficiency as a scaffold by keeping the template, the GAG and the N-acetyl-glucosamine components the same as Construct I but by varying the collagen type and the peptide component. For Construct II, to the template FVC assemblies we incorporated a short peptide sequence KLGFFAH (abbreviated as: CP) followed by Type II collagen (Col-II), Ch and CS. It was recently reported that chondrocytes express specific collagen Type II-binding integrin protein. The CP sequence utilized here is a component of the chondrocyte α-10 integrin subunit that contains the conserved sequence KLGFFAH that is involved in binding to Col-II [57]. Consequently as the next layer, we incorporated Col-II which is found abundantly in both hyaline and elastic cartilage [58,59]. Col-II is composed of fibrillar chain networks resistant to swelling pressures and has been shown to promote retention of spherically shaped chondrocytes in addition to initiating and maintaining chondrogenesis [60,61,62]. The final two layers were added in the same order as that of Construct I, namely Ch and CS to prepare scaffold Construct II.

Thus, we have developed two new hybrid peptide-glycosaminoglycan-based materials in which the peptide components were varied to examine their efficiency as scaffolds for potential applications in cartilage tissue regeneration. We compared the effects of the scaffolds to induce chondrogenesis as well as chondrocyte cell attachment, proliferation, collagen synthesis and growth.



2. Experimental Section


2.1. Materials

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC), N-hydroxy succinimide (NHS), Bornstein and Traub Type I collagen from calf skin, chitosan (medium molecular weight, containing 75%–85% deacetylated chitin), the mucopolysaccharide chondroitin sulfate A containing d-glucuronic acid, N-acetylgalactosamine, and sulfate residues in equimolar quantities (from bovine trachea), solvents such as DMF, Picric acid saturated solution (1.3%), acetic acid, direct red 80, methanol and methylene chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). Type II collagen lyophilized, derived from bovine nasal cartilage was purchased from Southern Biotech (Birmingham, AL, USA). Fluorenylmethyloxycarbonyl protected valine was a gift from K. Fath. The peptide sequences KLGFFAH and EDPHNEVDGDK were custom ordered from GenScript (Piscataway, NJ, USA). Buffer solutions, sodium hydroxide pellets were purchased from Fisher Scientific (Waltham, MA, USA).



2.2. Methods


2.2.1. Preparation of Fmoc-Valyl-Cetylamide (FVC) Fibrous Assemblies

Fmoc-Valyl-Cetylamide (FVC) was prepared according to previously established methods [38]. To prepare the fibrous assemblies, the product (1 mM) was allowed to self-assemble at pH 7 for a period of 3–4 weeks. The formed assemblies were sonicated for 30 min to dissociate any aggregates and were then washed and centrifuged thrice in distilled water and stored at 4 °C.



2.2.2. Layer-by-Layer Assembly of Construct I (FVC-DSp-Col-I-Ch-CS)

To 1 mL of self-assembled FVC fibrous assemblies, DSp sequence (200 μL, 1 mg/mL) (EDPHNEVDGDK) was added and shaken for two hours at 4 °C. The mixture was then allowed to sit undisturbed for one hour followed by centrifugation and washed with distilled water twice to remove unbound DSp. The FVC-bound DSp was then incubated with Type I collagen (Col-I) (200 μL, 1 mg/mL) and shaken for two hours at 4 °C, and allowed to sit undisturbed for three hours. The samples were then centrifuged and washed with distilled water twice to remove unbound Col-I. To the FVC-DSp-Col-I assemblies, chitosan (200 μL in acetic acid, 1 mg/mL) was added and allowed to incubate at 4 °C for two hours followed by centrifugation and washed to remove unbound chitosan. Finally, chondroitin sulfate (200 μL, 1 mg/mL) was added and allowed to incubate at 4 °C for 48 h. Construct I (FVC-DSp-Col-I-Ch-CS) was then centrifuged and washed twice with distilled water before further analysis.



2.2.3. Layer-by-Layer Assembly of Construct II (FVC-CP-Col-II-Ch-CS)

To 1 mL of FVC fibrous assemblies, CP sequence (KLGFFAH) (200 μL, 1 mg/mL) was added and shaken for two hours at 4 °C and then allowed to sit undisturbed for one hour followed by centrifugation for 30 min and washed with distilled water twice to remove unbound CP. The FVC-bound CP was then incubated with Type II collagen (Col-II) (200 μL, 1 mg/mL) and shaken for one hour at 4 °C, and then allowed to sit undisturbed for three hours. The samples were then centrifuged and washed with distilled water twice to remove unbound Col-II. To the FVC-CP-Col-II assemblies, chitosan solution (200 μL in acetic acid, 1 mg/mL) was added and allowed to incubate at 4 °C for two hours followed by centrifugation and washing to remove unbound chitosan. As the last layer, chondroitin sulfate (200 μL, 1 mg/mL) was added and allowed to incubate at 4 °C for 48 h. Construct II (FVC-CP-Col-II-Ch-CS) was then centrifuged and washed twice with distilled water before further analysis.




2.3. Characterization


2.3.1. Scanning Electron Microscopy (SEM)

The morphologies of the scaffold constructs were probed using a Zeiss Evo MA10 scanning electron microscope operated at a range of 3–10 kV. The formed fibrous matrices were air-dried on carbon-coated tape prior to imaging.



2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analyses were performed using a Thermo Scientific Nicolet IS50 FTIR with OMNIC software. To confirm the incorporation of each layer, FTIR spectroscopy was conducted by preparing KBr pellets of each dried sample. Spectra were taken at 4 cm−1 resolution with 100 scans for averaging. Measurements were carried out between 400 and 4000 cm−1.



2.3.3. Differential Scanning Calorimetry

Differential scanning calorimetry studies were conducted using a TA Instruments Q200 DSC. Each construct (1 mg) was allowed to dry and was weighed and placed in an aluminum pan and sealed. The phase transitions were examined by ramping up from 5.00 °C to 300 °C by increments of 5.00 °C.



2.3.4. Mechanical Testing of Constructs

The mechanical properties of the hybrid scaffold constructs I and II were tested using a XEI-Park Systems AFM by using nanoindentation method carried out using PPP-NCHR-20 S/N cantilever. For analysis, the samples were first dried on to glass slides and then imaged in the tapping mode. Force Spectroscopy experiments were then carried out in order to determine the nanomechanical properties of the samples. The cantilever and tip were allowed to approach and contact the samples and then retracted and the interactions between the tip and the sample were measured at various locations in the samples. Force-vs.-displacement curves were then fitted into Hertzian model and the Young’s Moduli were calculated by XEI data processing and analysis software [63,64]. Studies were carried out at various regions on the scaffold constructs and the data reported are an average of n = 4.




2.4. Cell Studies


2.4.1. Cell Imaging

Bovine chondrocyte cells acquired from Astarate Biologics were cultured at 37 °C under humidified atmosphere of 5% CO2 DMEM (1X) + GlutaMAX™ Dulbecco’s Modified Eagle Medium (ATCC) supplemented with 4.5g/L d-Glucose, 10% fetal calf serum, and 3% of Penicillin-Streptomycin (5000 IU/mL Penicillin, 5 mg/mL Streptomycin). Cells were grown for 96 h to confluency. Cells were plated at 4 × 104 of cells/well in a 24-well tissue culture plate and incubated with varying amounts of both constructs. In general, 8 µM and 30 µM of constructs were added to separate wells. The morphologies of the cells and their interactions with the constructs were then examined every 24 h. Images were acquired using an inverted trinocular phase contrast microscope. For SEM imaging, cells were incubated with 30 µM of each of the scaffold constructs and placed in 6 well plates containing treated coverslips for a period of 48 h, following which they were rinsed with PBS. The washed cells were fixed with 2% formaldehyde for an hour, followed by addition of buffer (30 mM HEPES, 100 mM NaCl, 2 mM CaCl2). They were then treated with 1% OsO4 for 1 h at room temperature. The cells were then rinsed with distilled water and dehydrated through consecutive steps of treatment with 30%, 50%, 75%, and 90% ethanol at room temperature and finally 100% ethanol. The cover slips were then washed with hexamethyldisilazane (HMDS) which was allowed to evaporate at room temperature. The coverslips were carbon coated before being analyzed by SEM.



2.4.2. Cell Proliferation

To study cell proliferation and growth, MTT assay was conducted by incubating cells at 2 × 104 cells/well in a 96-well tissue culture plate with varying amounts of Construct I and II (8 µM and 20 µM) as well as control cells (without constructs) and media alone (no cells or constructs). Analysis was performed at three time points of 24-h, 48-h, and 72-h periods. In general, 10 µL of MTT reagent was pipetted into each of the wells and agitated gently for 2 min to ensure proper mixing. After this addition, the well plates were returned back into the incubator for 3 h, until a purple colored solution was observed, which was then aspirated off and was immediately followed by addition of 100 µL of crystal dissolving solution to each well to dissolve formazan crystals that had formed. The solution was then agitated gently to ensure thorough mixing and placed in a BioTek Eon Microplate spectrometer for data analysis. The absorbance at 570 nm was recorded for each well to determine cell viability and subtracted from the blank. All readings were taken in triplicate and the mean values and standard deviations were calculated.



2.4.3. Chondrogenesis Assay

To examine the formation of proteoglycans, an inherent process in chondrogenesis, Alcian blue assay was performed. The assay kit was purchased from Biomedical Research Service and Clinical Application (Buffalo, NY, USA). For the assay, cells were cultured in 24 well plates in media in the presence of constructs as per methods mentioned above. Cells were grown in media containing DMEM high glucose, fetal calf serum (10%), nonessential amino acids, penicillin/streptomycin (100 U/100 mg/mL), 1% sodium pyruvate and proline. Transforming growth factor (TGF-β1) (10 ng/mL) was also added to the culture plates containing 3 × 104 cells/ well and incubated with 100 µL of Construct I or Construct II as well as controls without constructs. Tests for proteoglycan staining were carried out after incubation for 7 days, 14 days, and 21 days. Briefly for each test, the culture medium was aspirated off and the cells were washed with PBS buffer. The PBS buffer was then removed. To each of the wells, 0.5 mL of 4% paraformaldehyde was then added. The cells were fixed for five minutes at room temperature. Paraformaldehyde was then aspirated off and the fixed cells were rinsed twice with distilled water, followed by complete removal of water. To each of the wells, 0.5 mL of 1% Alcian blue solution was then added and the well plates were gently agitated at room temperature for 30 min. The Alcian blue solution was then aspirated off and the stained cells were washed with distilled water twice for less than a minute, followed by the removal of water. Stained cells were then imaged under an optical microscope. For quantitative analysis, 0.5 mL of 1N HCl was added to each well to extract cell-bound Alcian blue and agitated for 30 min to ascertain complete dye extraction. The HCl solution was then harvested and the O.D. was measured at 620 nm using a Nanodrop 2000 UV-Vis spectrophotometer. The amount of Alcian blue bound to cells is directly proportional to O.D. The concentrations were calculated by comparing results obtained with that obtained from standard curve. For the standard curve, various concentrations of chondroitin sulfate had been used.



2.4.4. Soluble Collagen Assay

Since chondrocyte differentiation is associated with increased collagen synthesis, the quantities of soluble collagen synthesized and exuded into the culture medium by the chondrocytes in the presence of constructs I and II were determined over a period of 120 h by conducting Sircol Assay by modification of previously established methods [65]. The total amount of soluble collagen secreted by different amounts of constructs was determined by multiplying the collagen concentration, (which was obtained from the calibration curve), with the volume of the culture media, and results reported are the ratio of the collagen produced in the presence of the constructs to that of control cells. Each study was carried out thrice.




2.5. Statistical Analysis

Data shown are representative of repeated experiments. Triplicate samples were used for cell assays and for microscopy analysis. Numerical data is expressed as mean ± standard error of the mean. Analysis was performed using ANOVA software with confidence level of 90%. Statistical significance was set at p < 0.05.




3. Results


3.1. Formation of Scaffold Constructs

Two separate fibrous scaffolds were prepared for potential applications in cartilage tissue regeneration. Both scaffolds were formed by utilizing Fmoc-valyl cetyl amide (FVC) fibers as templates which were then bound to ECM-mimicking components. We wished to compare how the effects of varying the composition of the scaffolds would affect their ability to adhere to and allow for proliferation of chondrocytes. The SEM image of the template FVC is shown in Figure 1a. The FVC template is characterized by distinct fibers 200–500 nm in diameter. These nanofibers show pronounced aggregation and appear to stack on top of one another to develop matrix-like structures. The fibrous nature of FVC is likely a result of the long hexadecyl carbon chain which allows for self-assembly because of strong hydrophobic interactions. Furthermore, the aromatic groups present from the Fmoc moiety provide π–π stacking interactions which also contribute to the assembly of the fibers. Subsequent addition of each layer for preparation of Construct I is indicated in Figure 1b–e. Upon addition of the DSp derived sequence (EDPHNEVDGDK), distinct fibrils were observed on the surface of the FVC fibers (Figure 1b) that ranged from 20 to 50 nm in diameter and were evenly dispersed throughout the matrix. Type I collagen was the next layer incorporated as shown in Figure 1c. The incorporation of Col-I was confirmed by the mesh of fibrillar aggregates 2–5 µm in diameter which were found to readily attach to the DSp-bound FVC assemblies. For the next layer, Ch was added to the FVC-DSp-Col-I composite as shown in Figure 1d. Upon attachment of Ch, the matrices appeared to be coated with a layer of Ch-derived film which uniformly covered the matrix. Pronounced crests and troughs regularly distributed were observed, indicating the facile assimilation of the film. CS provided the final layer for Construct I (Figure 1e). The surface is characterized by a distinct rough topography with pronounced network-like structures ranging from 5 to 10 μm in diameter.

Figure 1. Scanning electron microscopy images depicting layer-by-layer assembly of Construct I. (a) FVC fibrous assemblies; (b) FVC fibers layered with DSp peptide sequence; (c) Incorporation of Type I collagen (Col-I) to FVC-DSp; (d) Incorporation of chitosan (Ch) to FVC-DSp-Col-I; (e) Final Construct I scaffolds after attachment of chondroitin sulfate to FVC-DSp-Col-I-Ch.
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Construct II (Figure 2a–d) was also prepared by layer-by-layer assembly via non-covalent binding interactions between each consecutive layer to develop scaffolds. There was a noticeable difference, however, upon incorporation of the Col-II binding peptide sequence CP (KLGFFAH) to the FVC assemblies (Figure 2a) as compared to the DSp segment (Figure 1b). A proteinaceous coating of self-assembled thin fibers ranging in diameters from 50 to 100 nm coating the FVC templates was observed. This indicated that the CP peptide most likely self-assembled in the presence of the FVC assemblies and wrapped around them. Integration of Col-II to FVC-CP composites is shown in Figure 2b. Col-II assemblies completely covered the FVC-CP composites and large fibrous matrices 5–10 μm in diameter were observed. The topography of the FVC-CP-Col-II is attributed to the triple-helical fibrous nature of collagen [66]. Upon incorporation of Ch, a gelatinous matrix was observed (Figure 2c) which is again distinctly different from the matrix observed upon incorporation of Ch for Construct I. This difference in morphology is likely due to differences in interactions between FVC-CPs-Col-II composites. The final layer, in which CS was added, showed the formation of a fibrous mesh which completely coated the FVC-CPs-Col-II-Ch bound composites (Figure 2d). These results confirm that two distinct constructs were prepared by altering the peptide composition of the matrices.

Figure 2. Scanning electron micrographs depicting layer-by-layer assembly of Construct II. (a) FVC fibrous assemblies layered with CP peptide; (b) Incorporation of Type II collagen (Col-II) to FVC-CP assembly; (c) Incorporation of Ch to FVC-CP-Col-II; (d) Final Construct II scaffolds after attachment of CS to FVC-CP-Col-II-Ch.
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3.2. FTIR Spectroscopy

To probe the incorporation of each layer to both Construct I and Construct II, Fourier transform infrared spectroscopy (FTIR) was conducted (Figure 3).

Figure 3. Comparison of Fourier Transform Infrared Spectroscopy (FTIR) spectra of each incorporated layer in Construct I. (a) FVC primary layer; (b) FVC-DSp; (c) FVC-DSp-Col-I; (d) FVC-DSp-Col-I-Ch; (e) FVC-DSp-Col-I-Ch-CS.
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Spectra of Construct I are shown in Figure 3a–d. The peaks due to amide I and amide II C=O functionality (1500–1700 cm−1 region) arise primarily from stretching vibrations of the carbonyl groups and their sensitivity to secondary structural transformations provides direct structural information [67,68]. For FVC fibers, we observed an amide I peak at 1660 cm−1 and a short shoulder was observed at 1585 cm−1 due to the amide II peak as well as a short amide III peak seen at 1480 cm−1. A sharp peak was observed at 1120 cm−1 due to bending vibrations of the long chain C–H aliphatic cetyl group as well as the presence of the aromatic Fmoc group [69]. Additionally, peaks were observed at 2930 cm−1 due to C–H stretching vibrations [70]. A short broad peak was observed at 3500 cm−1 possibly due to secondary amide H-bonding interactions. Upon addition of the DSp sequence, we observed distinct changes particularly in the carbonyl region. Amide I peaks were observed at 1646 cm−1 with a shoulder at 1636 cm−1. The amide II peak was observed at 1542 cm−1 and the amide III peak was shifted to 1508 cm−1. Additionally, the peak at 3500 cm−1 was significantly broader compared to FVC assemblies due to presence of carboxyl groups in glutamic and aspartic acid residues present in the DSp segment [71]. Upon incorporation of Col-I, bands at 1495 cm−1, 1240 cm−1 and 1190 cm−1 were observed, indicative of the –CH2, –CH3, C–N and –N–H stretching [72]. Amide I bands were shifted to 1656 cm−1 and 1638 cm−1, whereas the amide II peak was shifted to 1544 cm−1 with a short shoulder at 1525 cm−1. The –OH peak is primarily due to hydroxy-proline groups present in collagen resulting in the inter- and intra-chain hydrogen bonding interactions with the previous layer as well as within collagen molecules themselves. Subsequent addition of Ch demonstrated an enhancement in the peak between 3200 and 3600 cm−1 which was significantly broad compared to previous layers [73]. This is primarily due to hydroxyl and amine groups present in the glucosamine moiety of chitosan [74,75]. Additionally, shifts were observed in the carbonyl amide I region to 1643 cm−1 and the amide II peak was found to shift to 1503 cm−1, with additional peaks observed 1485 cm−1, 1350 cm−1 and 1275 cm−1, respectively [76]. Incorporation of the final layer of CS yielded results in shifts in the carbonyl region with strong amide I peaks at 1634 cm−1 and at 1649 cm−1 while amide II peaks were observed at 1556 cm−1 and at 1539 cm−1. The peak in the –OH region was significantly broader and more intense signifying the incorporation of CS [77].

FTIR spectra of Construct II are shown in Figure 4a–d. The peaks obtained for FVC templates have already been explained above (Figure 3a). The first layer attached was the CP short sequence (KLGFFAH). The FVC-CP spectra demonstrated a broad peak in the amide I region with split peaks at 1637 cm−1 and 1647 cm−1 as well as an amide II peak at 1575 cm−1 and amide III peaks at 1457 cm−1 and 1419 cm−1, respectively. Upon incorporation of Col-II, we observed distinct changes in this region. Multiple peaks were observed in the carbonyl region at 1743 cm−1 and at 1712 cm−1, 1650 cm−1, 1544 cm−1, 1521 cm−1, 1528 cm−1 and 1496 cm−1. Furthermore, amide III peaks demonstrated characteristic shifts to 1496 cm−1 and 1399 cm−1. Such split peaks are characteristic of Col-II and thus confirms the incorporation of Col-II to FVC-CP composites [78]. Upon incorporation of Ch, once again a broadening of the hydroxyl region peak was observed as expected. The peaks in the amide I region were found at 1622 cm−1 and at 1642 cm−1 while amide II peaks appeared at 1565 cm−1 and 1548 cm−1. Amide III peaks were shifted to 1470 cm−1 and 1420 cm−1. Upon final addition of CS, the amide I peak was observed shifted to 1610 cm−1 with amide II peaks also slightly red shifted to 1568 cm−1 and 1547 cm−1. Amide III peaks also demonstrated red shifts at 1410 cm−1 and 1390 cm−1. These shifts in the spectra upon incorporation of each layer confirm the formation of the composite assemblies.

Figure 4. Comparison of FTIR spectra of each incorporated layer in Construct II. (a) FVC primary layer; (b) FVC-CP; (c) FVC-CP-Col-II; (d) FVC-CP-Col-II-Ch; (e) FVC-CP-Col-II-Ch-CS.
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3.3. Differential Scanning Calorimetry

To examine the thermal properties of Construct I and Construct II as a function of temperature, differential scanning calorimetry (DSC) analysis was conducted (Figure 5). The DSC thermogram for Construct I showed a strong exothermic peak at 8.8 °C as well as a small exothermic shoulder at 21.9 °C. Additionally, broad endothermic peaks were observed at 54 °C and at 79 °C followed by a very broad endothermic peak between 105 and 220 °C. Construct II was characterized by a sharp exothermic peak at 16.8 °C in addition to two short exothermic peaks at 25 °C and 30 °C, respectively. A broad endothermic peak was observed in the region between 40 and 102 °C followed by another broad peak in the region between 107 and 210 °C similar to that observed in the case of Construct I.

Figure 5. Comparison of DSC thermograms of Construct I and Construct II.
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3.4. AFM imaging and Nanomechanical Properties

In order to determine the nanomechanical properties of the scaffold constructs, AFM was carried out for Construct I and Construct II. The results obtained are shown in Figure 6. The AFM amplitude image of Construct I is shown in Figure 6a, while Figure 6b shows the corresponding line profile graph showing the roughness of the scaffold. For Construct I, the average surface roughness Ra value was found to be 0.83 nm, while the ten point surface roughness taking into account the average of highest five peaks and valleys (Rz) was found to be 4.26 nm. Figure 6c,d show the AFM height image obtained for Construct II and the corresponding line profile graph. The average surface roughness Ra was found to be 0.24 µm and the Rz value was found to be 0.85 µm. Figure 6e,f show the force vs. displacement curves obtained by nanoindentation at various local points within the matrices. To determine the Young’s Moduli, results were fit into Hertzian model. The Young’s Modulus was found to be 208.1 kPa for Construct I and 551.3 kPa for Construct II.

Figure 6. (a) Construct I AFM amplitude image, scale bar = 5 µm and (b) Line profile graph indicating surface roughness for Construct I; (c) Construct II AFM height image, scale bar = 4 µm and (d) Line profile graph showing roughness of Construct II; (e) Force vs. Z displacement curves for Construct I and (f) Force vs. Z displacement curve for Construct II at various local regions of contact.
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3.5. Cell Studies


3.5.1. Cell Morphology and Attachment to Constructs

To examine the interactions of the constructs with chondrocytes, we conducted optical microscopy studies. Cells were incubated with constructs for a period of 24 to 144 h to examine the effects of the constructs on the cells. Results obtained were compared with the morphology of control cells (Figure 7). Figure 7a shows the optical microscopy image obtained for control cells after 24 h of growth, while Figure 7b,c show corresponding images of cells grown in the presence of Constructs I and II after a period of 96 h and 72 h respectively. Results indicate that the cells were able to adhere to the constructs and proliferate over time. The images shown are those obtained in the presence of 10 µM constructs. For Construct II, it was observed that more cells were efficiently incorporated throughout the matrix forming cell-scaffold three dimensional matrices in lesser period of time, indicating higher proliferation and attachment for Construct II. In general in both cases, the results show that the cells continued to grow and maintain natural spherical morphology, similar to that of the control [79]. However, faster and more significant attachment and formation of 3D-cell-scaffold matrices was observed in the case of Construct II whereas similar attachment was seen only in patches for Construct I. To further examine the interactions between the cells and the scaffold constructs, we also conducted scanning electron microscopy. Results are shown in Figure 7d,e for Constructs I and II respectively. As seen in the images, both constructs completely attached to the cells, however more extensive scaffolds were formed in the presence of Construct II.

Figure 7. Phase contrast optical microscopy images of cells in the absence and presence of constructs (a) Control cells after 24 h (scale bar = 50 μm); (b) Cells seeded with Construct I after 96 h (scale bar = 50 μm); (c) Cells seeded with Construct II after 48 h (scale bar = 50 μm); (d) Scanning Electron Microscopy (SEM) image of cells seeded with Construct I (scale bar = 50 μm); (e) SEM image of cells seeded with Construct II (scale bar =100 μm).
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3.5.2. Cell Proliferation Studies

To quantify cell viability in the presence of the constructs, we conducted MTT colorimetric assays. As seen Figure 8, both constructs showed that cell proliferation continued to occur over time, while percent viability was found to be relatively higher in the case of Construct I. Calculations were done compared to the controls such that the viability of control cells was assumed to be 100% in all cases. For Construct I, cells continued to proliferate and after 72 h, the percent of viable cells was found to be 83% with higher viability in the presence of higher amounts of Construct I. For Construct II, the MTT assay results showed continued proliferation across a 72 h period. Cell proliferation and viability more than doubled for each concentration at each 24 h time mark and was found to be 67% after 72 h at lower amount of constructs and 56% at higher amount of constructs. The apparent lower proliferation after 24 h may be due to less cell spreading at the beginning in the presence of the scaffolds. However, proliferation steadily increased with time indicating that the scaffolds are biocompatible.

Figure 8. MTT cell viability assay comparing bovine chondrocyte cell proliferation in the presence of (a) Construct I and (b) Construct II.
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3.5.3. Formation of Proteoglycans

Chondrogenesis is a critical step in cartilage formation and is marked by an increase in extracellular matrix proteoglycan formation during cell differentiation [80]. To examine if the constructs could successfully induce GAG formation in chondrocytes, we conducted Alcian blue assay to indicate the formation of sulfated GAGs. The results obtained are shown in Figure 9. Studies showed that for Construct I initially no significant activity was observed after 4–7 days. In general, higher sulfated GAG production was observed after a two week period. The cell scaffold matrices stained by newly deposited ECM from the chondrocytes indicated proteoglycan synthesis. At day 14, stained proteoglycan formation was higher (Figure 9a) and aggregates of cells were observed. By day 21, enhanced GAG production distributed evenly throughout the matrices was observed along with aggregates of chondrocytes. Sulfated GAG formed in the presence of scaffolds was also quantified by spectrophotometric analysis by examining the increase in absorbance at 620 nm. Our results indicate that significantly higher amounts of sulfated GAG production was observed for Construct II compared to Construct I. Overall the % sulfated GAG formed was found to be 0.62% for Construct I at the end of 21 days and almost double that (1.13%) for Construct II as shown in Figure 9b.

Figure 9. (a) Alcian blue assay to demonstrate the formation of proteoglycans. Top: Images taken after 14 and 21 days for chondrocytes grown in the presence of Construct I; Bottom: Images taken after 7 and 21 days for chondrocytes grown in the presence of Construct II. Magnification × 100; Scale bars = 50 µm; (b) Quantification of sulfated glycosaminoglycans (GAG) production.
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3.5.4. Induction of Soluble Collagen

Collagen is a vital protein that plays an important role in maintaining the structural, mechanical and signaling properties of the extracellular matrices of most tissues including cartilage [81]. Total soluble collagen was quantified after chondrocytes were grown in the culture medium in the presence and absence of the constructs. Our results (Figure 10) indicate that soluble collagen synthesis increased over time. Results were calculated as a ratio of collagen synthesis that occurred in the presence of constructs to that of control cells. Overall, collagen synthesis was found to be relatively higher at lower concentrations of both constructs. After 96 h, collagen synthesis was found to be comparable to that observed for the control cells. At lower concentrations of constructs, soluble collagen synthesis was slightly higher (ratio of 1.06 and 1.04) for Constructs I and II respectively. At higher concentrations, collagen synthesis was slightly lower (ratio of 0.96 for Construct I) while Construct II, showed similar collagen synthesis compared to that of controls at higher concentrations.

Figure 10. Ratio of soluble collagen synthesis compared to control cells, in the presence of constructs I and II over a period of 48 h and 96 h.
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4. Discussion


4.1. Development of Scaffolds

Two scaffold constructs were prepared for potential applications in cartilage tissue regeneration. Both Constructs I and II were prepared using FVC fibers as the template primary layer. These fibers were utilized due to their ability to undergo facile self-assembly, their biocompatibility and their ability to efficiently adhere to biomolecules [39,82]. In general, Fmoc based peptides have been shown to inherently support co-assembly with proteins resulting in supramolecular complexes [83]. The presence of a long chain cetyl group not only provides hydrophobicity and supports self-assembly, but also has been shown to promote binding interactions with proteins [84]. Additionally, these fibers may be relatively more stable compared to pure protein based assemblies as the presence of cetyl group has been shown to inhibit trypsin activity which would ordinarily result in rapid proteolysis [85]. Thus, FVC based fibers may form suitable supports for development of scaffolds for cartilage tissue regeneration.

The second layer incorporated to Construct I was the DSp motif EDPHNEVDGDK. The SEM results clearly indicate a change in morphology compared to those observed for the fibers alone and distinct short fibrillar structures with slightly rough surfaces were observed compared to neat FVC fibers. The sequence has a pI value of 3.9 and has net charge of −3 due to the presence of two glutamates and three aspartate groups. However, the presence of histidine and terminal lysine allows for zwitterionic properties. The close proximity of the zwitterionic motif may thus allow for incorporation of the peptide and promote the formation of supramolecular structures thereby modifying the structural morphology of FVC assemblies [86]. Additionally, it also contains aromatic groups such as phenylalanine and histidine while valine as well as asparagine groups make it fairly hydrophobic, promoting π–π stacking interactions as well as hydrophobic interactions between FVC and the peptide [87]. In addition, H-bonding interactions between the C=O and –NH groups of the peptide and the FVC amide groups also promote intermolecular interactions thereby allowing the incorporation of the peptide. Construct I was then layered with Col-I which thickened the diameter of the construct and resulted in the formation of larger fibrillar matrices. The FVC-Dsp-Col-I interaction is a result of the repeat sequence of Gly-Pro-Hyp which not only promotes the formation of triple helical collagen fibers, but also promotes interactions with the FVC-DSp composite via CH-π interactions due to the proline and hydroxyproline residues present in the collagen and aromatic Fmoc groups [88,89]. Furthermore, the charged residues in DSp (K, E, D, H) allow for strong electrostatic interactions between the FVC-DSp composite and Col-I [90]. When Ch was incorporated, the FVC-DSp-Col-I matrices were found to be covered with a thick, uniform film of Ch. The ridges observed are consistent with the literature that indicates Ch uniformly attached to the FVC-DSp-Col-I matrices due to the presence of hydroxyl and amino groups that induce strong inter- and intra-molecular hydrogen bonding interactions with DSp [91]. Such films of chitosan have been shown to efficiently promote cell attachment, migration and growth [92]. CS was incorporated as the final layer, which was confirmed by the morphological change into thick mesh-like structures with distinct networks. The negatively charged carboxylate and sulfate groups present in CS allows for electrostatic interactions with free NH3+ groups of Ch thereby promoting attachment to the FVC-DSp-Col-I-Ch matrices [93]. Additionally GAGs with high charge density such as CS have been shown to interact well with collagen and multiple interactions can be facilitated through CS chains [94]. Therefore, incorporation of CS is attributed to electrostatic interactions between negatively charged CS and positively charged Ch as well as with collagen.

To fabricate Construct II, the FVC template was first layered with CP (collagen II binding peptide sequence) (KLGFFAH) which resulted in the formation of self-assembled fibrillar structures wrapped around FVC templates and interlaced within a peptide matrix. It is likely that the presence of the FVC fibers enhanced the self-assembly of the short peptide sequence due to aromatic residues (F, F, H) resulting in strong π–π stacking interactions and cation-π interactions due to the net positive charge of the CP sequence. Furthermore, it has been shown that short aromatic peptide sequences when conjugated to aromatic groups demonstrate compact volumes and reduce steric repulsion typically associated with long alkyl chains [95]. This is caused by the overlap of aromatic rings leading to plane-to-plane or edge-to-plane orientation, which leads to efficient assembly [96]. Incorporation of Col-II also induced morphological difference forming large fibrillar matrices [97]. The integration of Col-II with FVC-CP sequence was promoted primarily because the sequence is a conserved sequence found in the α-10 integrin subunit of chondrocytes that aids in binding interactions with collagen II in cartilage tissue [57]. Col-II has been known to have strong interactions with proteoglycans and glycosaminoglycans resulting in gelatinous matrices [98]. As shown in the SEM results, upon incorporation of Ch, we observed the formation of a gelatinous matrix. Finally, upon integration of CS, we observed thick mesh like structures, similar to those observed in the case of Col-I due to interactions described earlier. Therefore, the different structural morphologies between Constructs I and II can be explained by the different peptide and collagen components incorporated.



4.2. FTIR Spectroscopy

We further confirmed the incorporation of each layer involved in the formation of Constructs I and II by FTIR spectroscopy which showed distinct shifts for each layer of composite formed. Amide I absorption arises primarily from protein C=O stretching vibrations whereas the amide II absorption is indicative of N-H bending vibrations coupled with C–N stretching vibrations and the amide III region is complexed due to C–N stretching and N–H in-plane bending from amide linkages as well as wagging vibrations [99]. The amide I band in particular (1600–1700 cm−1) involves C=O stretches coupled with N–H bending characterizing the secondary structure of peptide sequence [100]. Thus distinct changes observed in both constructs after assimilation of each layer not only confirm their incorporation, but also indicate the critical role that the amide group interactions play in binding each layer. Changes were also seen in the hydroxyl regions as explained in the results section particularly after incorporation of chitosan and chondroitin sulfate as these compounds are GAGs which form hydrogel matrices that can absorb large quantities of water and are characterized the presence of ample hydroxyl groups and –NH groups in the N-acetyl-glucosamine groups of chitosan and sulfated GAG of CS respectively.



4.3. Differential Scanning Calorimetry

DSC was conducted to examine thermal phase transitions in Construct I and Construct II [101]. The exothermic peak observed in Construct I at 8.8 °C is attributed to the crystallization of bound water restricted by hydroxyl groups present in CS and Ch in the first order transition phase [102]. The endothermic peaks observed at 55 °C and at 79 °C are due to loss of free water that was not tightly bound to the matrices. The broad peak observed from 105 to 220 °C can be considered as the re-evaporation into free state of bound water associated with the carboxylic groups in the construct [103]. It is well studied that higher temperature forces absorbed and firmly bound water into the free state outside of the influence of the construct matrix, allowing this state of free water to remain relatively constant [104]. The Construct II thermogram is shown in Figure 4b. Similar to Construct I, a sharp exothermic peak at 16.8 °C was observed indicating the crystallization of water. Two additional short endothermic peaks were also observed at 25 and 30 °C due to loss of unbound water. A very broad endothermic peak in the 107–225 °C region was again observed similar to Construct I, due to the loss of bound water from the gelatinous matrix. Similar results have been observed for collagen-GAG blends due to phase transitions and water loss thus confirming the formation of the constructs [105,106].



4.4. AFM Imaging and Nanoindentation Analysis

The AFM images obtained further confirm the fibrous nature of the scaffolds with rough surfaces due to the multilayered structures incorporated with various peptide components and gelatinous chitosan and chondroitin sulfate. It is well known that the surface roughness and the mechanical properties of scaffolds influence cell-material interactions [107]. Upon examination of the surface roughness, it was found to be higher in the case of Construct II compared to Construct I, most likely due to differences in the mode of attachment of each layer for each of the constructs. Force-displacement curves were detected from various locations within the fibrous matrices to determine the nanomechanical properties of the constructs. As seen in the figures, the curves show similar decay characteristics, though the extents are different. This is likely due to the varied structural orientations locally within the matrices as a result of the multilayered structure. By extracting from the AFM images and nanoindentation curves, the results were applied to Hertzian model and the average Young’s Modulus E was determined for each construct. The Young’s modulus was found to be higher for Construct II (551.3 ± 1.3 kPa) in comparison to Construct I (208.1 ± 3.2 kPa) indicating that Construct II scaffolds are likely to have relatively higher stiffness, where as Construct I scaffolds have higher flexibility. In general, the Young’s Modulus for fibrous matrices synthesized from PLGA as determined by nanoindentation methods has been found to be in the range of ~50 kPa [108]. Further it has also been reported that when chitosan is incorporated into polymer based scaffolds such as PEO, there is an increase in the Young’s Modulus [109]. Polyacrylamide, polyethylene glycol as well as gels containing gelatin or hyaluronic acid have been shown to have Young’s Modulus values in the range of 0.1 kPa at the lower end to 100 kPa at the higher end [110]. Most soft tissue structures in the body are more rigid compared to polymeric matrices, and their Young’s Modulus values obtained by nanoindentation methods range from 0.6 to 4000 KPa [111,112]. Thus, the values obtained for Constructs I and II are within the range of the values obtained for soft tissues such as cartilage. It is to be noted that the values obtained are likely to increase in an extracellular matrix environment.



4.5. Cell Morphology and Adhesion

Optical microscopy as well as scanning electron microscopy was utilized to study the interactions of each of the constructs with bovine chondrocyte cells which were grown to confluency prior to the study. In general, we observed higher and faster adhesion with Construct II compared to Construct I. This may be due to the higher surface roughness of Construct II, which formed large 3D-cell-scaffold matrices uniformly spread while Construct I, although successful at attaching to the cells and inducing proliferation, showed a relatively slower and less overall formation of cell-scaffold matrices as compared to Construct II. As seen in the results within 72 h, significant adhesion to Construct II with formation of large 3D matrices were observed, while after 96 h in the case of Construct I, comparably less adhesion was observed. In general, the cells maintained their spherical shapes, indicating that the scaffolds provided a stable matrix environment. After 72 h, we observed increased adhesion to Construct II, while in the case of Construct I, no significant increase was observed after 144 h (data not shown). The enhanced adhesion of cells with Construct II is also likely because chondrocytes have a higher affinity for Col-II which was utilized as one of the components of Construct II. Col-II forms an integral part of elastic and hyaline cartilage tissues giving it elasticity and strength [113]. In addition, the presence of the CP peptide sequence which is normally present in chondrocytes and plays an integral role in cartilage formation and Col-II binding may also have resulted in higher affinity of the cells toward Construct II. Col-I and Col-II are both present in fibrocartilage and therefore Construct I may be more suitable for TE of intervertebral disc space, while Construct II may be more apt for hyaline or elastic cartilage TE [114]. Thus, our results indicate that both constructs provided stable matrices for cell proliferation, adhesion and growth and that the adhesion of the cells depended largely on the peptide composition.

To confirm cell proliferation with the constructs, MTT assays were performed and the absorbance at 570 nm was monitored. We observed an increase in the absorbance over time, which indicates higher amounts of live cells, corresponding to cell proliferation and viability. More gradual increase in cell viability over a three day period was observed for Construct II as compared to Construct I. Cell proliferation did occur, however, in both cases. The results suggest that cells proliferated relatively more favorably when a lower amount of Construct II was utilized. This is likely because cell binding occurs rapidly in the case of Construct II and the surfaces may get saturated with cells resulting in contact inhibition which slows down the proliferation [115]. Overall, the results show that Constructs I and II are highly biocompatible and encouraged cell proliferation.



4.6. Proteoglycan Synthesis

Chondrogenesis is the process of forming cartilage intermediates, which in the body are naturally initiated by the differentiation of mesenchymal stem cells. The process begins with cell gathering, migration, and proliferation [104]. The aggregation of cells that occurs forms cartilage nodules [116]. The nodule aggregates begin forming components of the extracellular matrix, namely proteoglycans and sulfated proteoglycans, which can be observed experimentally by Alcian blue staining [117,118]. Our results indicated that both Construct I and Construct II successfully induced the formation of sulfated proteoglycans as shown by imaging studies conducted over a period of three weeks after Alcian blue assay. For Construct I, after seven days, few cells seemed to be aggregating together with minuscule formation of sulfated proteoglycans (data not shown). There was a noticeable increase in chondrocyte aggregation after 14 days and formation of sulfated proteoglycans for Construct I, while at 21 days, much higher amount of clusters and deeply stained blue aggregates were observed. For Construct II, we observed significantly higher aggregation and formation sulfated proteoglycans within seven days compared to those observed for Construct I which increased over time. By 21 days we observed proteoglycan formation throughout the surfaces as indicated by higher amounts of clusters and deeply stained blue aggregates. Sulfated GAG formation was slower in the case of Construct I and overall after 21 days we observed proteoglycan formation for both constructs, though higher formation occurred in the case of Construct II. Upon quantification, results indicated a four-fold increase in sulfated GAGs by 21 day period for the Construct II cell seeded scaffolds in comparison to Construct I, which showed a threefold increase. These results indicate that Construct II not only adheres to the cells more rapidly but also encourages GAG formation more significantly. Thus, both scaffolds support the formation of proteoglycans which is a key process during chondrogenesis and thus may have potential applications in cartilage TE, though Construct II demonstrated a relatively higher capability.



4.7. Soluble Collagen Synthesis

For quantitatively examining total soluble collagen synthesis in vitro cell culture studies in the presence of both constructs were carried out by sircol assay and were compared to results obtained for control chondrocyte cells. Our results indicate that the cell seeded scaffolds were capable of collagen production and there was a significant increase in collagen production after 96 h of culture. Further tests are needed to determine the exact proportions of Type I and Type II collagens and the gene expression of different types of collagens formed in the presence of the constructs. This would allow us to further determine the suitability of the constructs as implants for specific types of cartilage such as hyaline, fibrous or elastic cartilage.




5. Conclusions

We have developed two novel biomaterial constructs for potential applications in cartilage tissue regeneration. Constructs were assembled utilizing a FVC nanofiber template layer followed by integration with peptide sequences derived from dentin sialophosphoprotein and Type I collagen (Construct I) or collagen II binding peptide sequence derived from integrin binding region of chondrocytes followed by incorporation of Type II collagen (Construct II). Both constructs were then attached to chitosan and chondroitin sulfate. The morphology of the formed composite scaffolds was examined using SEM. FTIR spectroscopy further confirmed the incorporation of each consecutive layer. Assembly of the materials was largely driven by non-covalent interactions, such as hydrophobic interactions, π–π stacking interactions between aromatic moieties present in the constructs in addition to electrostatic interactions between the peptides and the GAG moieties. Both Construct I and Construct II demonstrated thermal phase transitions due to loss of water, indicating their hydrogel properties. Both constructs were found to be biocompatible and adhered to chondrocyte cells as well as promoted proteoglycan synthesis. However, Construct II showed higher cell adhesion and increased proteoglycan and collagen synthesis, indicating that Construct II may have a better capacity as an implant for cartilage tissue regeneration compared to Construct I, though both are potentially suitable. Our results indicate that the peptide composition of the scaffolds plays an important role in chondrocyte cell adhesion, collagen synthesis and proteoglycan synthesis and thus in developing scaffolds for cartilage tissue regeneration.
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