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 Gelatin was successfully entrapped in PCL-diopside fibrous membrane.  

 Increasing swelling time in solvent: non-solvent mixture enhanced gelatin 

content. 

 Cellular behavior and bioactivity of membranes significantly enhanced via gelatin 

entrapment.

 Degradation rate of membrane could be controlled via changing the swelling time
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Abstract

Despite of the wide application of polycaprolactone (PCL) for bone tissue engineering 

application, its poor cellular interactions have resulted in the development of various 

strategies for surface modification. This paper established a modification approach based on 

gelatin immobilization on the PCL-3 wt. % diopside fibrous membrane. Moreover, the effects 

of swelling time on the amounts of immobilized gelatin were evaluated. Results demonstrated 

that gelatin could successfully immobilize within PCL-diopside scaffold. Increasing swelling 

time from 5 to 30 min resulted in enhanced gelatin content. Moreover, while increasing 

swelling time upon 20 min did not significantly change the mechanical properties of gelatin-

immobilized fibrous membranes, they were reduced after 30 min swelling which might be 

due to the enhanced fiber and pore sizes as well as noticeably higher amount of immobilized 

gelatin within the membranes.  Moreover, the hydrophilicity, biodegradation and bioactivity 

of PCL-3 wt. % diopside membrane significantly improved via gelatin immobilization. 

Finally, cellular behavior was improved because of hydrophilic amino and carboxyl group in 

gelatin. Overall, our study suggested that gelatin immobilized PCL-diopside fibrous 

membranes could potentially use to develop clinically revenant constructs for bone tissue 

engineering.

Key words: Guided bone regeneration, Surface modification, Polycaprolactone, Diopside, 

Gelatin. 

1. Introduction
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Recently, with the growth in the elderly population, the development of bone grafts with 

regenerative potentials is essential. In this regards, tissue engineering offers efficient 

approaches to repair and restore the bone imperfections via the employment of membranes 

and scaffolds along with growth and differentiation factors [1]. These constructs should be 

biodegradable, osteoconductive and stiff enough to preserve the space for bone regeneration 

[2]. Moreover, they need interconnected structures with appropriate pore sizes to support 

tissue ingrowth and development of vascularized bone extracellular matrix (ECM) [3]. 

Various techniques have been applied in order to develop membranes and scaffolds for bone 

tissue engineering application such as electrospinning, self-assembly and phase separation [4-

6]. Between them, electrospinning is a simple and cost-effective technique to develop fibrous 

membranes from various natural and synthetic polymers for bone tissue engineering [5]. In 

this regard, fibrous membranes have been favored due to their high surface-to-volume ratio 

for cell attachment, and interconnect pores which promote migration of cells and nutrients [7]

Poly(e-caprolactone) (PCL,) is a synthetic polymer which has been widely applied for 

bone tissue engineering applications [8-10]. In order to improve bioactivity, mechanical 

properties, hydrophilicity and biofunctionality of pure PCL membranes, various bioactive 

ceramics have been incorporated within PCL matrix consisting of hydroxyapatite (HA) [11], 

forsterite (Mg2SiO4) [12] and tricalcium phosphate (TCP) [13]. Diopside, a member of MgO-

CaO-SiO2, has been recently introduced for bone tissue engineering application due to its 

considerable bioactivity, biocompatibility and mechanical properties [14, 15]. Recently, we 

developed PCL-diopside fibrous membranes consisting of various amounts of diopside 

nanopowder (0, 1, 3, 5 and 7 wt. %) using electrospinning technique. Results demonstrated 

that the incorporation of diopside nanopowder upon 3 wt.% significantly enhanced 

mechanical properties, induced bioactivity and improved attachment and proliferation of 

SAOS-II cells cultured on them. Moreover, in vitro degradation study in phosphate buffer 
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solution (PBS) at 37 °C confirmed that nanocomposite fibrous membranes had higher weigh 

degradation rate than pure PCL one. It could be due to the capillary water uptake, which 

improved through the diopside nanopowder as well as the dissolution of diopside 

nanoparticles. Despite the significant results, the hydrophilicity of nanocomposite membranes 

was not satisfied [16].  

The most common approach to overcome the hydrophobic nature of PCL membrane is 

to combine natural polymers with synthetic ones. Natural polymers reveal better 

biocompatibility, cell interactions and superior hydrophilicity compared to synthetic ones 

[17]. Due to the specific protein sequences present in the most of natural polymers, they 

exhibit inherent capacity to bind to cells and stimulate their functions [18]. Due to the 

biological source, proper biodegradability, low cost and commercial availability, gelatin has 

been widely applied in tissue engineering application, specifically in the combination with 

synthetic polymers such as PCL [19], poly lactic glycolic acid (PLGA) [20], poly hydroxy 

acid (PHA) [21]. 

Various techniques have been applied to combine natural and synthetic polymers 

consisting of blending [22], conjunction of polymeric chains [23] and surface modification 

[24]. For instance, PCL and gelatin blended in various ratios were applied to develop fibrous 

PCL-gelatin scaffolds using electrospinning technique [22, 19]. Results showed that the 

incorporation of gelatin resulted in improved cellular behavior, hydrophilicity, rate, while 

reduced the mechanical properties of pure PCL. In another study, Kharaziha et al. [23] 

developed multilayer scaffolds based on PCL-forsterite and gelatin fibrous layers by 

sequential electrospinning approach and demonstrated improved hydrophilicity and cellular 

behavior compared to fibrous PCL-forsterite membrane. 

Surface modification is a traditional approach to improve superficial characteristics of 

various biomaterials based scaffolds such as hydrophilicity, compatibility and biological 
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behavior [25, 26]. In this regard, surface modification could enhance the surface roughness 

and energy of the fibrous scaffold which could stimulatory improve the mechanical 

interlocking between tissues and scaffolds and the surface wettability and chemical bonding 

activity of the samples leading to stimulate their biocompatibility. Surface modification 

techniques are classified to physical, chemical, plasma and photochemical approaches [27]. 

Recently, biopolymer immobilization strategy as a kind of physical modification approach 

has been introduced as an effective technique to control the surface properties of biomaterials 

based scaffolds and membranes. This technique is based on the immobilization of natural 

macromolecules such as gelatin [21], chitosan [28] into the synthetic polymers. Recently, 

PLGA membrane successfully surface modified using gelatin immobilization approach 

revealed improved hydrophilicity of the membranes [20]. In another study, after preparation 

of three-dimensional porous PCL scaffold via combining solvent casting/salt leaching and 

thermal induced phase separation (TIPS) approaches, gelatin immobilization method was 

applied in order to improve its hydrophilicity [24]. 

The aim of this study was to stimulatory improve bioactivity, hydrophilicity and cellular 

behavior using the combination of diopside nanopowder incorporated PCL matrix and gelatin 

immobilized onto the membranes. To access this approach, nanocomposite fibrous PCL-

diopside membrane consisting of 3 wt.% diopside nanopowder was developed using 

electrospinning technique. In the next step, gelatin immobilization approach was employed in 

order to surface modify nanocomposite PCL-diopside fibrous membrane. Furthermore, the 

effects of swelling time on the gelatin immobilization were evaluated. Finally, the effects of 

gelatin immobilization on the physical, mechanical, chemical and biological properties of the 

membranes were evaluated. 

2. Materials and methods
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2.1. Materials

PCL (Mw=80,000), gelatin type A and N,N-(3-dimethylaminopropyl)-N0-ethyl-

carbodiimide hydrochloride (EDC) were purchased from Sigma–Aldrich (St. Louis, MO). 

Chloroform, methanol, ethanol, acetone and acetic acid were also obtained from Merck. 

Phosphate buffered saline (PBS) was purchased from Merck. Dulbecco's Modified Eagle's 

medium (DMEM), Fetal Bovine Serum (FBS) and penicilin/streptomycin were prepared from 

Gibco. Glutaraldehyde was obtained from Merck. Osmium tetroxide, -3-(4,5-dimethylthiazol-

2-yl)-2,5- diphenyl tetrazolium (MTT) and DMSO were gotten from Sigma-Aldrich.

2.2. Development of nanocomposite PCL-diopside fibrous membranes

Nanocomposite PCL- 3 wt.% diopside (P-D) fibrous membrane was prepared using 

electrospinning technique according to our previously reported procedure  (Fig. 1-step 1) 

[16]. Primary, diopside nanopowder with particle size of 37.1 ± 4.9 nm was synthesized using 

sol-gel technique.  Before electrospinning approach, the suspension of PCL-diopside was 

prepared via the incorporation of 3 wt.% of diopside nanopowder within 12 wt.% PCL 

solution in chloroform/methanol (9:1 v/v) solution. After 1 h sonication, PCL-diopside 

suspension was fed into 1 mL syringe having a 23G blunted stainless steel needle. 

Electrospinning was performed while working parameters consisting of flow rate (0.33 

mL/h), the distance between the collector and needle (16 cm) and voltage (18.5 kV) were 

kept constant. The nanocomposite membrane, collected on the aluminum foil, was dried 

overnight under vacuum prior to gelatin modification process. 

2.3. Development of gelatin immobilized PCL-diopside fibrous membranes

Fig. 1-step 2 shows gelatin immobilization process to develop P-D-G fibrous 

membranes. The appropriate solutions for the physical immobilization process should not 

only dissolve the modifying agent but also swell the polymer matrix. Water: acetone with 
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ratio of 70:30 v/v was chosen for this purpose. Before gelatin immobilization approach, 

nanocomposite PCL-diopside fibrous membranes were immersed in water: acetone solution 

for various periods (5, 10, 20 and 30 min) in order to swell the samples. After that, the 

membranes were transferred to 5 wt.% gelatin solution in 80% (v/v) acetic acid for 24 h. In 

order to crosslink the immobilized gelatin on the swollen surface of membranes, they were 

immersed in 90% ethanol solution consisting of 75 mM EDC for 3 h. Finally, the membranes 

were washed with PBS to remove the uncrosslinked gelatin content. According to the 

swelling times of 5, 10, 20 and 30 min, the samples were named as P-D-G-5M, P-D-G-10M, 

P-D-G-20M and P-D-G-30M, respectively. 

2.4. Characterization of gelatin immobilized PCL-diopside fibrous membranes 

Before gelatin immobilization, the membrane swelling experiment was performed. In 

this regard, after soaking the samples in water: acetone solution (n=3) for 5, 10, 20 and 30 

min, swelling ratio was calculated according to the equation (1): 

                                                                               (1) 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) = [
𝑤0 ‒ 𝑤𝑡

𝑤0
] × 100

where wt and w0 are the weight of membranes after immersion in solvent at the specific 

time of t (at wet condition) and the original weight of film, respectively [24]. The samples 

were weighted using an electronic balance, with an accuracy of 0.0001 g. In order to evaluate 

the amount of immobilized gelatin (%), the weight of samples were measured before and 

after soaking in gelatin solution at dry condition. Immobilized gelatin (%) was calculated 

according to the following equation (Eq. 2): 

                                                                        (2)Immobilized  gelatin (%) =
𝑤2 ‒ 𝑤0

𝑤0 ‒ 𝑤1
× 100
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where w0, w1 and w2 are the initial weight and the weight of the membranes after 

soaking in gelatin solution and water: acetone solution at dry condition, respectively. 

Nanocomposite fibrous membranes, before and after gelatin immobilization, were 

investigated using scanning electron microscopy (SEM, XL30 Philips). Before imaging, the 

samples were sputter-coated with gold. SEM images were analyzed using of NIH Image J 

software to measure the fiber and pore sizes (n = 50) of the membranes. Moreover, the 

distribution of diopside nanopowder in the fibers was assessed by transmission electron 

microscopy (TEM; EML, Zeiss, Germany).

Chemical composition of various membranes was also studied using Attenuated total 

reflection-Fourier-transform infrared spectroscopy (ATR-FTIR) (Nicolet Co., USA, a range 

of 600-2000 cm-1 and resolution). In order to evaluate the wettability of membranes, water 

contact angle was estimated using video contact angle system (VCA Optima, AST Products). 

The droplet of distilled water (2 µl) was pipetted onto the surface of samples (n=3) and the 

image of the droplet was applied to consider contact angle using NIH Image J software. 

Effects of immobilized gelatin on the mechanical properties of membranes were estimated by 

using uniaxial tensile test machine (INSTRON, Zwick, United Kingdom) with a 10 N load 

capacity at a rate of 3 mm.min-1. Rectangular samples with length of 50 mm, width of 10 mm 

and thickness of 0.2–0.3 mm (n = 3) were prepared and the tensile properties were measured. 

Finally, tensile strength, tensile modulus and strain at break of the membranes were evaluated 

from the stress–strain curves.

Water uptake property of the samples was also estimated via 1 h immersing in distilled 

water. After absorption the surface water with a napkin, the water uptake was calculated 

using the following equation (Eq. 3) [17]:

                                                                     (3)Water uptake (%) = [(W ‒ W0)/W0] × 100



ACCEPTED MANUSCRIPT

8

where W0 and W are the dry and wet weights of the samples, before and after immersion in 

water, respectively.

Furthermore, in vitro degradation test was applied to evaluate the weight loss of the 

membranes. Membranes (n =3) with dimensions of 1 cm × 1cm were incubated in PBS for 7, 

14, 21 and 28 days. PBS was changed every 3 days. After each specific time point, the 

membranes were rinsed in distilled water and dried in desiccator for 24 h. The weight loss of 

each sample was calculated according to Eq. (4):

 Weight loss (%)                                                                        (4)= [(W ‒ Wt)/W] × 100

 where W and Wt are the dry weights of the samples, before and after immersion in PBS 

solution, respectively. For better clarification, PCL membrane was similarly prepared and 

evaluated as control. In vitro bioactivity of nanocomposite fibrous membranes (before and 

after gelatin immobilization) was assessed in simulated body fluid (SBF) prepared according 

to reported protocol [29].  The samples with size of cut in 1 × 1 cm2 were soaked in 10 ml of 

SBF solution at 37 ºC upon a month. The formation of apatite layer on the surface of 

membranes was demonstrated using SEM coupled with Energy-Dispersive Spectroscopy 

(EDS).  

2.5. Cell culture

In order to evaluate the effect of diopside nanopowder incorporated within PCL fibers as 

well as gelatin immobilized on the surface of samples, SAOS-II cells were cultured on pure 

PCL, P-D and optimized gelatin immobilized P-D fibrous membranes. Before cell seeding, 

the membranes were sterilized by 70 % ethanol and under UV light for 4 h. The SAOS-II 

(sarcoma estrogenic) cell line was prepared from the National Cell Bank of Iran at the Pasteur 

Institute. The cells were cultured in DMEM supplemented with 15% FBS and 1% penicillin-

streptomycin. 104 cells per well were seeded on the membranes as well as tissue culture plate 
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(control) at 37 °C and 5% CO2 for 7 days while the medium was replaced every 3 days. 

SEM imaging was used to evaluate the morphology of cells. After fixation with 2.5 % 

glutaraldehyde (3 h) and 0.1% osmium tetroxide (40 min), cell seeded membranes were 

rinsed with PBS, and dehydrated in in 50% ethanol for 1h and 70%, 90% and 100% for 20 

min, respectively. Finally, they were air dried, gold-coated and evaluated via observing by 

SEM.

The cell proliferation was considered using MTT assay according to the manufacturer’s 

instructions (Sigma). After 3 and 7 days of culture, the cell seeded membranes were 

incubated in MTT solution (30 μL MTT powder in 300 μL of DMEM) for 4 h at 37 °C. 

Following incubation, in order to dissolve the blue formazan crystals, 300 μL DMSO was 

added to each sample and kept for 25 min. Finally, the optical density was determined at 570 

nm in a microplate reader  (SynergieHT, Bio-Tek,USA). All experiments were performed in 

triplicate and the relative cell viability (%) was reported as a percentage relative to the control 

cells (cells cultured on TCP) [30]. 

2.6. Statistical analyses

GraphPad, Prism Software (V.6) was used to assess differences between groups or time 

points using one-way ANOVA analysis by Tukey’s multiple comparison.

3. Results and discussion

3.1. Characterizations of gelatin immobilized PCL-diopside fibrous membranes 

Despite the noteworthy characteristics of PCL, weak hydrophilicity, bioactivity and 

cellular interaction limit its application in tissue engineering. In order to improve bioactivity 

and biodegradation, 3 wt.% diopside nanopowder with spherical morphology and narrow size 

distribution (37.1 ± 4.9 nm) (Fig. 2(a)) was incorporated PCL fibrous membranes. XRD 

pattern of powder (Fig. 2(b)) revealed good agreement with the standard card of diopside 
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(JCDP:00-019-0239) confirming synthesize of pure diopside powder without any second 

phase. 

In order to improve the hydrophilicity as well as cellular behavior, PCL-diopside fibrous 

membranes were surface modified using physical immobilization of gelatin (Fig. 1-step 2). 

Fig. 3 depicts the swelling ratio of membranes and their immobilized gelatin content as a 

function of swelling time in a mixture of water and acetone. Both curves revealed an upward 

trend with increasing swelling time. In the presence of acetone, when the membranes were 

immersed in water/acetone solution, they absorbed water and swelled. The swelling of 

samples in the first step, resulted in easily diffusion of gelatin within the membranes in the 

second step leading to significantly enhanced weight of samples.    

SEM images of membranes prepared with different swelling times and after gelatin 

immobilization are presented in Fig. 4. Before gelatin immobilization (P-D sample), the 

membrane revealed randomly oriented and bead-free non-woven fibers with open porosity 

and interconnected pores. Moreover, fibrous membrane consisted of uniform fibers (288.3 ± 

83.1 nm) with smooth morphology demonstrating the well distribution of diopside 

nanopowder within polymer matrix. TEM micrograph of P-D membrane (inset in Fig. 4) 

demonstrated the greatly dispersion of diopside nanopowder within PCL matrix without any 

agglomeration. After gelatin immobilization, fibers with wrinkled surface morphology could 

be observed. Similar result was reported after crosslinking of gelatin: PCL shell: core fibrous 

scaffold which could be due to the swelling and deformation of gelatin coating happened 

during the crosslinking and drying processes [31]. Moreover, some fibers fused together 

resulted in the thickening of the fibers. However, the fusion density directly related to the 

swelling time. The average fiber diameter, pore size and porosity were determined using 

image J software (Table 1). The average fiber diameter significantly enhanced (around 1.6 

times) with increasing swelling time to 30 min (P<0.05). It might be due to the superior 
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swelling of fibers leading to enhanced gelatin absorption. In addition, the fiber size 

distributions (Fig. 4) enhanced with increasing swelling time from 200-400 nm (in P-D) to 

200-1000 nm (in P-D-G-30M) which could be due to uneven fusing the fibers during the 

physical immobilization as well as crosslinking process. Moreover, while gelatin 

immobilization did not significantly change the porosity of membrane, the average pore size 

was slightly enhanced from 11.6 ± 0.8 μm  (at P-D) to 18.4 ± 4.5 with increasing swelling 

time up 30 min (at P-D-G-30M). Based on the swelling properties and significantly large 

fiber size, P-D-G-20M was chosen for the further characterization.

FTIR spectra of P-D and P-D-G-20M fibrous membranes as well as gelatin powder 

confirmed the incorporation of gelatin within the membrane (P-D-G-20M) (Fig. 5(a)). P-D 

membrane consisted of carbonyl stretching (C=O) (at 1727 cm-1), symmetric C–H stretching 

(at 2863 cm-1), asymmetric C–H stretching (at 2950 cm-1), asymmetric C–O–C stretching (at 

1240 cm-1) and C-O and C-C stretching (at 1293 cm-1) [9] related to the main characteristic 

peaks of PCL. Moreover, the bands at 850–1100 cm-1 range attributed to the stretching 

vibrations of Si-O-Si bonds of diopside [16]. In addition to PCL and diopside characteristic 

peaks, FTIR spectra of P-D-G-20M membrane consisted of three intense bands at 1550 cm-1, 

1650 cm-1 and 1267 cm-1 attributed to the N-H bend, C=O stretching and N-H stretching [19], 

respectively. Compared to the spectrum of gelatin, these peaks are the characteristic bands of 

gelatin peptide chain (amide I, amide II and amide III) demonstrating the presence of gelatin 

within P-D-G-20M membrane. Moreover, according to the FTIR spectrum of pure gelatin 

reported, the position of the characteristic bands of gelatin did not change attributing that the 

interaction between the encapsulated gelatin and PCL matrix did not happen. Moreover, the 

intensity of carbonyl absorbance band of PCL at P-D-G-20M was significantly weaker than 

those of the PCL chains. This behavior was similarly reported in other researches [32, 33] 

indicating the presence gelatin on the surface of fibers. 
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The effects of immobilized gelatin on the mechanical properties of the membranes were 

also investigated using tensile testing. The representative stress–strain curves of the 

membranes as well as the extracted data (tensile strength, elastic modulus and elongation at 

break) at wet condition are presented in Fig. 5(b) and Table 2, respectively. Results 

demonstrated that depending on the swelling time, the stress-strain curves and the extracted 

mechanical properties of the membranes were modulated. In this regard, while both P-D and 

P-D-G-5M followed similar behavior during the loading, increasing swelling time upon to 20 

min slightly changed the stress-stain shapes. According to the stress-stain curves, these two 

curves (P-D-G-10M and P-D-G-20M) revealed slightly greater slops in the elastic region 

confirming higher elastic modulus. It might be due to the effects of the incorporated gelatin to 

coat the fibers and fill their defects leading to enhance the level of their resistance against the 

loading and, hence, improved elastic modulus. However, due to the marginally increase in the 

fiber and pore sizes, the stress at break and ultimate tensile strength started to reduce. 

However, with increasing swelling time upon 30 min, the mechanical properties such as the 

slop of stress-strain curve in the elastic region as well as ultimate tensile strength and 

elongation at break, significantly reduced. In this regard, according to Table 2, the tensile 

strength considerably reduced from 2.92 ± 0.5 MPa (at P-D membrane) to 1.85 ± 0.3 MPa (P-

D-G-30M). Similarly, elastic modulus and elongation at break of the P-D-G-30M membrane 

significantly decreased around 1.3- and 2- times compared to those of P-D membrane, 

respectably. It might be due to the significantly larger fiber and pore sizes of P-D-G-30M 

membranes as well as higher gelatin content, which resulted in greater amount of absorbed 

water leading to the weaker mechanical properties.  However, according to Table 2 and 

stress-strain curves, less swelling time than 20 min did not significantly change the 

mechanical properties of the membranes. Therefore, in contrast to other modification 

approaches such as the incorporation of modifying groups via copolymerization or layer by 
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layer electrospinning approach [23], by application of suitable swelling time, it could be 

possible to control the mechanical properties of membranes in the immobilization approach. 

This result was similarly reported in previous research demonstrating that immobilization 

application did not change the bulk properties and therefore could not reduce the mechanical 

properties of matrix [20].

Effect of gelatin immobilization on the hydrophilicity of membranes was evaluated 

using water contact angle measurement as well as water uptake evaluation. Table 3 displays 

the estimated water contact angle and the representative water drop image in contact with 

various membranes as well as average water uptake value. Results demonstrated that the 

gelatin modification approach of the fibers considerably improved the hydrophilicity of 

samples. For instance, the contact angle of membranes significantly (P< 0.05) decreased from 

109.4 ± 0.5° (P-D) to 65.9 ± 1.6° (P-D-G-20M) and water uptake considerably increased from 

32.8 ± 2.6 % (P-D) to 70.2 ± 2.9 % (P-D-G-20M). It could be attributed to the hydrophilic 

amino and carboxyl groups of gelatin structure conjugated on the surface of membranes. 

Similar results were reported on the gelatin immobilized other membranes [21]. In a recent 

study, surface modification of PLGA membrane was performed by using gelatin resulted in 

decreased contact angle from 116.59 ± 10.2° to 46.11 ± 8.9° [20].

Improved hydrophilicity and water uptake could also affect the degradation of 

membranes in biological environment. The weight loss of membranes during soaking in PBS 

solution for 21 days is presented in Fig. 6(a). In order to evaluate the effect of various 

components on the degradation mechanism, pure PCL membrane was also prepared and 

evaluated as control. Results demonstrated the effective role diopside nanopowder and 

immobilized gelatin on the degradation rate of membranes. Compared to pure PCL 

membranes, P-D membrane revealed higher degradation rate revealing the improved 

capillary water uptake due to presence of diopside nanopowder as well as the dissolution of 



ACCEPTED MANUSCRIPT

14

diopside nanoparticles. In other words, immobilized gelatin modulated the degradation rate of 

membranes. After immersion in PBS solution for 21 days, while the weight loss of P-D 

membrane was only about 4.57 ± 0.54 %, it enhanced to 17.71 ± 0.8 %, 17.96 ± 0.66 %, 

18.24 ± 0.35 % and 20 ± 0.69 % at P-D-G-5M, P-D-G-10M, P-D-G-20M and P-D-G-30M 

membranes, respectively. Superior weight loss of gelatin content membranes compared to P-

D membrane could be due to significantly higher hydrophilicity of the membranes and the 

hydrolysis of the carboxyl-amino groups of the gelatin that it was observed in other 

researches  [3, 19, 23]. Representative SEM images of P-D (Fig. 6(b)) and P-D-G-20M (Fig. 

6(c)) membranes, after 14 days of soaking in PBS at 37 °C confirmed the noticeable role of 

gelatin on the degradation of membranes. The substantial changes could be observed in the 

morphology of fibers of P-D-G-20M membranes compared to P-D sample. Fiber cracks 

could be observed on P-D-G-20M membrane indicated by red circle. Due to the enhanced 

water uptake via gelatin immobilization, more diffusion of solution occurred at P-D-G-20M 

membrane resulted in enhanced polymer degradation and leaching out of some diopside 

nanopowder leading to the formation of cracks in the fibers. 

Osteoconductivity is an important factor for bone tissue engineering applications 

considering via apatite formation ability on the surface of membranes by incubation in SBF 

solution. SEM images of P-D and P-D-G membranes after soaking in SBF solution for 28 

days (Fig. 7) revealed that spherical-like particles covered the surface of membranes. 

According to EDS analyses (Fig. 8), these spherical-like particles contained only Ca and P 

ions deposited from SBF solution on the membranes. Ca/P ratio of depositions covered the 

surface of P-D, P-D-G-20M and P-D-G-30M membranes were 1.65, 1.66 and 1.68, 

respectively, which were close to 1.67 of bone-like apatite. However, the density of 

spherical-like particles altered based on sample condition. While P-D member was partially 

covered with spherical-like particles, increasing swelling time from 5 min (P-D-G-5M) to 30 
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min (P-D-G-30M) resulted in increase in the density of apatite deposited on the membranes. 

It might be due to enhanced water uptake leading to improved calcium absorption from PBS 

solution leading to improved bioactivity of membranes. 

3.2. Cell morphology and proliferation

Due to the structural similarity between ECM structure of native tissues and fibrous 

membranes, they are preferred for the cellular adhesion and proliferation. However, as the 

cellular interaction could be affected by the hydrophilicity of the membranes, the hydrophilic 

surface is favored. Based on Fig. 9, after 7 days incubation, the morphology of cells was 

directly dependent on the surface properties of membranes. Compared to P-D membrane, 

gelatin immobilized membrane (P-D-G-20M) (Fig. 9(b)) could stimulate cell spreading 

attributing the presence of amino, and carboxyl groups in the structure of gelatin which 

enhance hydrophilicity and cell affinity. 

MTT assay was also demonstrated that the number of metabolically active SAOS-II cells 

grown on the gelatin-immobilized membrane (P-D-G-20M) was significantly greater than 

that of on P-D membrane as well as PCL (Fig. 10). For instance, after 7 days of culture, the 

proliferation of SAOS-II was determined to be 91% and 122% on the P-D and P-D-G-20M 

membranes, respectively, compared to TCP. Moreover, the proliferation of cells on P-D-G-

20M was 1.9 and 1.3 times greater than that on the PCL and P-D membranes, respectively. It 

could be due to greater hydrophilicity of the membranes resulted in the promotion of the 

intercellular signaling and led to enhanced cell proliferation. 

 

Conclusion

In this study, we established a surface modification approach based on gelatin 

immobilization to improve the hydrophilicity, degradation rate and cellular behavior of PCL-
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diopside fibrous membrane for bone tissue engineering application. Results demonstrated 

gelatin could immobilize within the fibrous membranes depending on the swelling time. 

Moreover, the immobilization of gelatin within PCL-diopside fibrous membrane drastically 

reduced water contact from 109.4 ± 0.5° to 65.9 ± 1.6° while considerably enhanced water 

uptake from 32.8 ± 2.6% to 70.2 ± 2.9% due to the presence of hydrophilic amino and 

carboxyl groups of gelatin. Furthermore, in vitro bioactivity study revealed that while PCL-

diopside membrane was partially covered with spherical-like particles, the density of apatite 

deposited on the membranes enhanced with increasing immobilized gelatin content. In 

addition, the number of metabolically active SAOS-II cells grown on the gelatin immobilized 

membrane was significantly enhanced (122± % 10.2 (control)) compared to those cultured on 

PCL (65.7±4.9  % (control)) and PCL-diopside membrane (91.7± %10.3 (control)).  We 

believe that gelatin immobilized diopside fibrous membrane may have potential applications 

as a membrane for bone tissue engineering. 
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Figure caption:

Figure 1. Schematic diagram of the membrane fabrication process. Step 1: fabrication of P-D 

fibrous membranes using electrospinning process. Step 2: gelatin immobilization within P-D 

membranes and development of P-D-G fibrous membranes. 

Figure 2. Characterization of diopside nanopowder: (a) TEM image and (b) XRD patterns of 

diopside nanopowder calcined at 800 ºC for 2h.

Figure 3. The immobilized gelatin content and swelling ratio curves of membranes as a 

function of time

Figure 4.  Structural properties of membranes: SEM images and fiber size histograms of P-D 

and P-D-G membranes with various swelling times. Inset: TEM image of P-D membrane. 

Figure 5. (a) FTIR spectra of P-D and P-D-G-20M fibrous membranes. (b) Representative 

tensile stress-strain curves of membranes at wet condition.  

Figure 6. Structural properties of membranes after PBS soaking: (a) Weight loss of 

membranes during soaking in PBS for 21 days. SEM images of (b) P-D and (c) P-D-G-20M 

membranes after 14 days soaking in PBS. 

Figure 7: SEM images of (a) P-D, (b) P-D-G-5M, (c) P-D-G-10M, (d) P-D-G-20M and (e) 

P-D-G-30M membranes after soaking in SBF solution for 28 days.

Figure 8: EDS spectra of (a) P-D, (b) P-D-G-20M and (c) P-D-G-30M membranes after 

soaking in SBF solution for 28 days.

Figure 9: SEM images of cell-membrane constructs developed on (a) P-D and (b) P-D-G-

20M membranes after 7 days of culture.
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Figure 10: The MTT assay of P-D and P-D-G-20M fibrous scaffolds as well as tissue culture 

plate (TCP, control) after 3 and 7 days of culture. (*: Significant difference between P-D and 

P-D-G-20M membranes (*: p˂0.05).
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Table 1. Fibers diameter, average pore size and surface porosity of fibrous membranes (*: Compared 

to P-D fibrous membrane (P<0.05)).

Sample Average fiber diameter  

(nm)

Average pore size 

(μm)

Porosity

(%)

P-D 288.3 ± 83.1 11.61 ± 0.8 66.4 ± 1.7

P-D-G-5M 306.4 ± 96.5 13.8 ± 1.2 66.7 ± 1.3

P-D-G-10M 321.2 ± 117.2 14.2 ± 2.1 67.6 ± 2.1

P- D-G-20M 331.6 ± 114.6 14.6 ± 2.9 68.5 ± 2.5

P- D-G-30M 476.8 ± 189.3* 18.4 ± 4.5* 69.6 ± 3.2
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Table 2. The ultimate tensile strength, elastic modulus and strain at break of membranes. (*: 

Compared to P-D fibrous membrane (P<0.05)).

Sample
Ultimate tensile 

strength (MPa)
Strain at break (%)

Elastic modulus

(MPa)

P-D 2.93±0.5 99.4 ± 3.5 6.5 ± 1.4

P-D-G-5M 2.87 ± 0.7 112.3 ± 2.5 6.3 ± 1.6

P-D-G-10M 2.55 ± 0.6 91.2 ± 3.2 7.6 ± 1.4

P-D-G-20M 2.35 ± 0.2 85.3 ± 2.6 6.8 ± 2.3

P-D-G-30M 1.85 ± 0.3* 78.4 ± 2.1* 3.3 ± 0.7*
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Table 3. Contact angle and water uptake values of fibrous membranes. (*: Compared to P-D 

fibrous membrane (P<0.05)).

Sample Contact angle

(  )

Water uptake

(%)

P-D

109.4 ± 0.5
32.8 ± 2.6

P- D-G-5M

76.1 ± 0.8*

58.4 ± 3*

P- D-G-10M

72.5 ± 2*

67.4 ± 4.5*

P- D-G-20M

65.9 ± 1.6*

70.2 ± 2.9*

P- D-G-30M

49.8 ± 1.2*

76.4 ± 3.4*
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