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Abstract. Cartilage regeneration/reconstruct is a noticeable challenge in cartilage tissue engineering. In this study,
 through electrospinning technique, poly(caprolactone) (PCL), gelatin (Gel) and casein (Cas) were used to fabricate
 electrospun scaffold for cartilage tissue engineering applications. The physicochemical properties of fabricated scaffolds
 were assessed by scanning electron microscopy (SEM), water contact angle (WCA), mechanical assessment, water uptake
 measurement andin-vitrodegradation assay. The cell/scaffold interactions were assessed through MTT assay and SEM
 observation. The obtained results showed the uniform and bead-free PCL/Gel/Cas fibres produced with a mean diameter
 of about 259.27±56.33 nm, and 15.98±2.14lm pore size. The tensile assessment revealed that PCL/Gel fibres with 2
 wt% Cas reached 9.8 ±1.6 MPa. The MTT assay also showed that PCL/Gel fibres with 2 wt% Cas had proper cell
 viability and proliferation comparable with PCL/Gel scaffold. It can be concluded that the PCL/Gel/Cas nanofibrous
 scaffold can be a desirable candidate for cartilage tissue engineering.


Keywords. Polycaprolactone; gelatin; casein; electrospinning; cartilage tissue engineering.


1. Introduction


Up to now, cartilage disorders have been regenerated
 through applying some traditional transplantation therapies,
 including allogeneic cartilage, autologous osteochondral
 and autologous chondrocyte [1–3]. Cartilage, an essential
 load-bearing structure, is a tissue with any vascularization
 procedure. Thus, healing processes take place slowly than
 other tissues [4–8]. Recently, cartilage tissue engineering
 has been recognized as an alternative method to heal
 damaged sites [9]. Scaffolds, the main factor in the prin-
 ciple of tissue engineering, simulate a natural tissue of the
 extracellular matrix. Therefore, the biomaterials interac-
 tions play an important role in its functionality and are
 considered so important to reach their duties. In this
 regard, the produced scaffold must be biocompatible,
 biodegradable, and the rate ofin-vitrodegradation must be
 tailored with the regeneration rate. To fabricate scaffolds, a
 wide range of synthetic and natural polymers have been
 used, such as chitosan [10], alginate [11], gelatin [12],
 fibrin [13], silk [14,15] collagen [16], polyurethane


[17–19], polyhydroxybutyrate [20], polylactic acid [21],
 poly(caprolactone) (PCL) [22,23].


However, the fabrication approach has an important role to
 simulate a normal cellular microenvironment. Manipulated
 electrospun scaffold offers a sufficient substrate for cell via-
 bility, proliferation, expression and differentiation because of
 high surface area, similar structural morphology (controllable
 pore size and porosity), adjustable mechanical strength, and a
 wide range of choices in applied polymers, suggesting a
 similar structure to the targeted tissue with organized prop-
 erties [24]. Thus, these features can show the importance and
 potential of using fibrous structure as a prominent technique
 to produce a tissue-like microenvironment.


Poly(caprolactone) (PCL) holds favourable advantages
including suitable biocompatibility, excellent mechanical
strength, biodegradability and it has a U.S. FDA approval for
biomedical engineering and regeneration medicine applica-
tions [22]. However, it suffers from a lack of bioactive mole-
cules that can be dealt through blending with a natural polymer
like Gel. Gel, a collagen derivative with unique functional
groups and structure, has been recognized as a major
https://doi.org/10.1007/s12034-021-02654-5



(2)component, and protein of natural tissues like bone, cartilage,
 skin can be a proper choice due to its easy availability, tunable
 stiffness, rate of biodegradation, and does not cause any
 allergic reaction comparable with collagen. Moreover, Gel can
 induce cell attachment, viability and proliferation due to the
 Arg-Gly-Asp (RGD) sequence [25,26]. Some studies have also
 demonstrated that the combination of PCL/Gel can promote
 cell behaviour substantially, mechanical, chemical and phys-
 ical properties as well [27,28].


Cas that contains more polar acid groups can promote the
 biological properties of the tissue-engineered scaffold.


However, Cas suffers substantially from a lack of vis-
 coelasticity that can have a negative influence on the elec-
 trospinning procedure. On the other hand, the properties of
 PCL/Gel had been developed through addition, then further
 increasing Cas into the composite structure, followed by
 evaluation of its properties [29]. Cas, a bioactive peptide
 derived from milk, has a stable structure. Cas is an easy
 access protein without any toxicity. Regarding the previous
 studies, Cas also has been used as a drug carrier for targeted
 delivery of steroids bothin vivoandin vitro[30–32].


To the best of our knowledge, there is no report in which
 the preparation and characterization of PCL/Gel containing
 Cas is applied for cartilage tissue engineering. The textural,
 mechanical, wettability, water absorption, in-vitro weight
 loss, and biological performance were characterized for
 generating a proper substrate for cartilage tissue engineer-
 ing applications.


2. Methods and materials


2.1 Scaffold fabrication


Poly(caprolactone) (PCL, Mw = 80 kDa, Sigma-Aldrich,
 USA) and the Gelatin (Gel, type B, from bovine skin, Merck,
 Germany) were separately dissolved into 2,2,2-trifluo-
 roethanol (TFE, Merck, Germany) with continuous stirring
 for 3 h to prepare 10 wt% solutions, and then solutions were
 mixed and stirred to prepare a high viscose and homogeneous
 solution at room temperature. Furthermore, a 20% solution of
 casein (Cas, Sigma-Aldrich, USA) was prepared into 0.5M
 NaOH under magnetic stirrer conditions. After that, 1, 2 and 4
 ml of prepared solution was blended with the PCL/Gel
 solution, and placed into a 1-ml plastic syringe. To achieve
 bead-free and uniform fibres, the electrospinning parameters
 were as follows: collector to dip distance: 15 cm, flow rate: 1
 ml h–1, applied voltage: 18 kV. Finally, to eliminate the
 excess solvent, the fabricated fibres were placed in a vacuum
 oven at 30°C for 24 h.


2.2 Scaffold characterization


The present study is based on the fabrication, characterization
 and assessment of physical, chemical and biological properties


of different fibrous scaffoldsin vitro. In this section, the applied
 characterization techniques are introduced as follows: The
 texture of electrospun nanofibres was characterized through
 applying scanning electron microscopy (SEM, TESCAN-
 Vega 3, Czech Republic). The average fibre diameter of at least
 100 fibres was determined using Image J software. To char-
 acterize the mechanical strength of PCL/Gel, PCL/Gel/Cas (1,
 2 and 4 wt%) electrospun scaffolds, mechanical test machine
 (Zwick/Roell Z050 model, Germany) was determined. The
 samples (n= 5, 5930 mm2) were tested at a crosshead speed
 rate of 5 mm min–1and a load bar of 50 N. To evaluate the
 wettability of scaffolds, the contact angle meter (XCA-50,
 USA) was used by sessile drop technique. This technique
 contains simple steps, where the droplet (n= 3, 4ll) was placed
 on the scaffolds’ surface, then it was captured to observe its
 hydrophilicity. Water uptake capacity of PCL/Gel, PCL/Gel/


Cas (1, 2 and 4 wt%) electrospun scaffolds was evaluated to
 characterize the chemical components. They were weighed
 (W0), then immersed into phosphate buffer solution (PBS; pH
 7.4, Sigma-Aldrich, USA) at 37°C for 24 h. Then at a prese-
 lected time, they were removed from the solution, washed three
 times with distilled water, and weighed (Wt). The swelling
 values (Ws) were calculated using equation (1).


Ws¼ ðWtW0Þ=W0100; ð1Þ


whereWtandW0were their weight at interval time and its
 initial weight.


The rate ofin-vitrodegradation of PCL/Gel, PCL/Gel/Cas (1,
 2 and 4 wt%) electrospun scaffolds was also studied, where
 samples (n= 3, 191 cm2) were weighed (W0), then placed in
 simulated body fluid at pH = 7.4 and 37°C for 60 days. At each
 interval period, samples were removed, then washed, dried and
 the scaffolds were weighed (Wt). The calculated in-vitro
 degradation (Wd) was obtained using equation (2):


Wd ¼WtW0=W0100: ð2Þ


All data were calculated as mean ± standard deviation
 (n = 3).


2.3 Cytocompatibility study


To assess cell viability and proliferation, rat chondrocytes
 (Pastor Institute, Iran) were cultured into DMEM/F12 (1:1)
 containing 10% FBS, 100 U ml–1penicillin and 100lg ml–1
 streptomycin (all from Gibco, USA), then incubated at 37°C
 in a humidified atmosphere containing 5% CO2. Before the
 cell culture procedure, to sterilize the scaffold, they were
 immersed in 70% ethanol for 2 h. Cells then were seeded on
 the scaffolds at a density of 105. To observe the viability
 and proliferation of the cells, an MTT assay was carried out
 after 3rd and 7th days. Furthermore, the morphological
 observation was carried out by the following steps: briefly,
 the cells were seeded and cultured on the scaffolds, then
 fixed using 4% paraformaldehyde at 4°C, followed by
 gradient ethanol solution. After that, the samples were gold-
 sputtered, and their morphology was observed with SEM.
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(3)2.4 Statistical analysis


The experimental results were presented as mean values
 with ± standard deviations (SD). Statistical analysis was
 carried out by a one-way ANOVA study. The criteria for
 statistical significance were a value of *P\0.05.


3. Results and discussion


3.1 Ternary PCL/Gel/Cas scaffold


Preparing a high viscose scaffold, various concentrations
 and different electrospinning parameters were investigated,
 Figure 1. SEM images of electrospun nanofibres of PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/


Cas4%.


Table 1. Properties of the electrospun PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/Cas4% scaffolds.


Sample Average fibre diameter (nm) Average pore size (lm) Porosity (%)


PCL/Gel 216.17±31.02 14.15±4.78 86


PCL/Gel/Cas1% 232.47±64.16 13.24±2.92 84


PCL/Gel/Cas2% 259.27±56.33 12.98±2.14 84


PCL/Gel/Cas4% 265.09±86.17 11.55±1.65 81



(4)and finally, optimum conditions were obtained. Figure 1
 demonstrates PCL-Gel solution in TFE having nanofibres
 with a diameter 216.17 ± 31.02 nm, while the addition
 of Cas developed in the formation of PCL/Gel/Cas1%,
 PCL/Gel/Cas2% and PCL/Gel/Cas4% with a fibre diam-
 eter of 232.47 ± 64.16, 259.27 ± 56.33 and 265.09 ±
 86.17 nm, respectively. The addition of Cas resulted in
 the reduction of solution conductivity [29], which is an
 effective parameter in the electrospinning of nanofibres
 [33]. With the addition of Cas concentration, the fibre
 diameter slightly increased. According to table 1, the
 porosity percentage of PCL/Gel sample decreased from
 86% to 84, 83 and 81% in PCL/Gel/Cas1%, PCL/Gel/


Cas2% and PCL/Gel/Cas4% scaffolds. The pore size of
 PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/


Cas4% were 17.15 ± 4.78, 16.24 ± 2.92, 15.98 ± 2.14
 and 14.55±1.65 lm, respectively. The average pore size
 of nanofibres increased with increasing fibre diameter
 [34]. A decline in fibre diameter caused increased fibre


density. So, the porosity of the scaffold was increased
 [35]. According to Semitela et al [27], chondrocyte
 diameters range is from 10 to 20 lm. All the scaffolds
 were located in the reported range of pore size.


The mechanical properties, including tensile strength,
 Young’s modulus and elongation at break are illustrated in
 table 2. Ultimate tensile strength for PCL/Gel, PCL/Gel/


Cas1%, PCL/Gel/Cas2% and PCL/Gel/Cas4% were repor-
 ted as 5.6±0.5, 6.2±1.3, 6.9±1.8 and 7.4±2.1 MPa,
 respectively. Young’s modulus of PCL/Gel was about 8.7±
 0.9 MPa, which was enhanced by adding 1, 2 and 4 of Cas
 to 9.1 ±1.3, 9.8 ±1.6 and 10.4±2.1 MPa, respectively.


The modulus of natural cartilage is between 1 and 10 MPa
 and the modulus of both scaffolds are in this range [36].


Elongation at break of PCL/Gel and PCL/Gel/Cas1%, PCL/


Table 2. Mechanical tensile properties of PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/Cas4% nanofibrous scaffolds
 (n= 5).


Sample Young’s modulus (MPa) Ultimate tensile strength (MPa) Strain at break (%)


PCL/Gel 8.7±0.9 5.6±0.5 67


PCL/Gel/Cas1% 9.1±1.3 6.2±1.3 74


PCL/Gel/Cas2% 9.8±1.6 6.9±1.8 85


PCL/Gel/Cas4% 10.4±2.1 7.4±2.1 98


Figure 2. Contact angles of PCL/Gel, PCL/Gel/Cas1%, PCL/


Gel/Cas2% and PCL/Gel/Cas4% scaffolds.


Figure 3. Casein chemical structure.


Figure 4. Swelling ratio of PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/


Cas2% and PCL/Gel/Cas4% scaffolds.
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(5)Gel/Cas2% and PCL/Gel/Cas4% were 67, 74, 85 and 98%,
 respectively. The result demonstrated Cas improving its
 mechanical properties. Strong hydrogen bonding exists
 between Gel and Cas that could be relatively a reason to rise
 its interaction [37].


The result of the contact angle is shown in figure2. The
 contact angle was determined as 53.2°±3.6°, 58.6°±4.7°,
 61.2° ± 5.1° and 63.8° ± 5.6° for PCL/Gel, PCL/Gel/


Cas1%, PCL/Gel/Cas2% and PCL/Gel/Cas4% electrospun
 scaffolds (P [ 0.05). Purified Cas is rich in proline
 (figure 3), has no disulfide bridges, and there is a small
 number of hydrophilic components while the hydrophobic
 components are obvious on its surface to prevent integration


with water [38,39]. Therefore, adding Cas resulted in
 increasing hydrophobicity [40].


The swelling of electrospun nanofibres is illustrated in
 figure4. Water uptake of PCL/Gel, PCL/Gel/Cas (1, 2, 4%)
 electrospun scaffolds was measured after 24 h soaking in
 fetal bovine serum and obtained results demonstrated that
 their water uptake was 175, 186, 191 and 198%, respec-
 tively. Studies were reported that Lysine is one of the amino
 acids in the Cas structure. As a result, the presence of amine
 groups can bind to the oxygen in the water and increase the
 water uptake of the scaffold (attachment of the water
 molecule must be between the positive hydrogen of the
 amino group and the oxygen of the water molecule) [1].


Figure 5. Cytotoxicity test of PCL/Gel, PCL/Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/


Cas4% scaffolds.


Figure 6. SEM images of growth of chondrocytes on the electrospun scaffold (PCL/Gel/Cas2%) at different
magnifications.



(6)3.2 Cell compatibility


3.2a MTT assay: Cell viability was investigated by
 MTT assay. According to figure 5, samples did not show
 toxicity, and all of them revealed better cell viability and
 proliferation than the control (P \ 0.05). It was
 determined that PCL/Gel/Cas indicated more cell
 proliferation and viability towards chondrocyte cells
 when it was compared to PCL/Gel after 7 days.


Likewise, PCL/Gel/Cas4% nanofibre with more Cas
 concentration showed lower cell proliferation and
 viability rather than PCL/Gel/Cas1% and PCL/Gel/


Cas2%. It was also measured that the cell proliferation
 was different at 1st, 4th and 7th day with PCL/Gel, PCL/


Gel/Cas1%, PCL/Gel/Cas2% and PCL/Gel/Cas4%


electrospun scaffolds. All the obtained results exhibited
 that the rate of proliferation of cells steadily enhanced. It
 should also be noted that regarding the previous studies,
 the PLC/Gel nanofibres containing different percentages
 of Cas could be stable in an aqueous medium during cell
 culture study [41,42]. Regarding a previous study by He
 et al [43], they showed that PCL/Gel electrospun scaffold
 can result in the promotion of chondrocyte cell
 attachment, viability and proliferation, which also
 enhanced cartilage tissue reconstruction/regeneration. In
 addition, the major aim of this study was based on
 improving the biological properties of cartilage tissue,
 which was studied through the incorporation of Cas. To
 conclude, the PCL/Gel/Cas nanofibres can be effectively
 used as scaffolds for cartilage tissue engineering.


3.2b Cell attachment: SEM micrographs of Cas-
 containing scaffolds were examined after 7 days of cell
 culture. As shown in figure6, the chondrocyte cells were well
 bonded to the scaffold fibres, and the penetration of the
 chondrocyte cells into the Cas-containing scaffold is visible.


As a result, in this study, cell adhesion was investigated on 2%


Cas scaffolds, in which the binding and proliferation of
 chondrocyte cells on those scaffolds was considered to present
 appropriate cellular behaviour; this scaffold can be considered
 as the promising application in cartilage tissue engineering.


4. Conclusion


In conclusion, we have fabricated an innovative PCL/Gel/


Cas electrospun nanofibres by electrospinning method to
 overcome the limitation of PCL electrospun scaffold for
 cartilage reconstruction. SEM images have confirmed uni-
 form fibres without any beads in the structure. Young’s
 modulus of scaffold illustrated that the presence of casein
 enhanced the mechanical properties of nanofibres. Fur-
 thermore, Gel and further Cas were successfully blended
 with PCL, and the resulting electrospun scaffolds showed
 enhanced hydrophilicity, resulting in better cell attachment
 and proliferation, which ultimately might generate


functional tissue replacement in vitro. Regarding the
 biological properties of produced nanofibres, it can be fur-
 ther concluded that PCL/Gel/Cas is desirable for cartilage
 tissue engineering.
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