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Abstract: In this study, hierarchical, cylindrical scaffolds based on polylactide (PLA) microfibers 

incorporated into chitosan (CS) hydrogel were prepared for potential use in bone tissue 

engineering. PLA nonwovens modified with hydroxyapatite particles (HAp) were obtained using 

the electrospinning method. Then, three-dimensional scaffolds were created by rolling up the 

nonwovens and immersing them in CS-based solutions with graphene oxide (GO) or reduced 

graphene oxide (rGO) dispersed in the polymer matrix. Hydrogels were cross-linked using a novel 

freezing-thawing-gelling method. A broad spectrum of research methods was applied in order to 

thoroughly characterize both the nanofillers and the composite systems: scanning electron 

microscopy, X-ray photoelectron spectroscopy, X-ray diffractometry, attenuated total reflection 

Fourier transform infrared spectroscopy, rheological and mechanical testing, as well as the 

assessment of chemical stability, bioactivity and cytocompatibility. 
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1. Introduction 

Bone can be described as a hierarchical, multi-scale composite consisting of nanocrystalline 

hydroxyapatite, organic parts (mainly fibers made of collagen type I) and water [1]. The 

nanocomposite architecture provides great mechanical properties in bone, including high hardness 

and compressive strength. The extracellular matrix supports the proliferation and differentiation of 

bone cells [2]. Numerous processes take place in bone tissue, such as the continuous replacement of 

damaged fragments with new ones, and the transport of nutrients and metabolic waste. However, 

there is a certain type of damage to the bone that cannot heal by itself, i.e., critical size defect (CSD). 

In this case, various treatments are used, such as bone grafting, implantation of biomaterials [3], or 

the application of drugs [4] and growth factors [5]. 

The tissue engineering approach offers a possibility to regenerate CSD with the use of 

biodegradable scaffolds with a gradient and hierarchical structure that mimics bone tissue. 

Following the biomimetic approach, various composite materials are tested for tissue engineering 

applications. For example, hydrogels based on proteins (collagen [6–8]) and polysaccharides 

(chitosan [9–11], alginate [12,13]) are often used as composite matrices. Hydrogel is a network of 

polymer chains, and can contain a large amount of water [14]. The hydrated structure resembles the 

natural cell environment—the extracellular matrix. However, hydrogels often show poor 

mechanical properties that deviate from those of bone tissue. There are many methods to modify the 

physicochemical properties of hydrogels, such as the incorporation of appropriate nanofillers 
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[15–17] or the use of various types of cross-linkers [18]. Recently, graphene family materials (GFM) 

have gained a lot of attention in tissue engineering [19,20]. In our previous work, we used the unique 

properties of graphene oxide (GO) to fabricate a chitosan hydrogel with significantly improved 

mechanical properties [21]. We have developed a method of simultaneous reduction of GO and 

self-organization of the composite components. Other scientists have also reported the positive effect 

of GFM on the physical and biological properties of chitosan-based hydrogels [9,16]. 

The second currently intensively investigated group of materials are fibrous polymeric mats 

made using the electrospinning method [22]. Electrospinning uses electrical force to draw charged 

threads of polymer solution from a syringe. The solvent evaporates and thin fibers settle on a 

grounded collector. The process is relatively cheap, and the diameter and direction of fiber 

arrangement can be controlled by parameters such as concentration of a polymer solution, voltage, 

or collector rotation speed. For bone tissue engineering applications, poly(L-lactide) (PLA) [23,24], 

poly(ε-caprolactone) (PCL) [25,26] and poly(ethylene glycol) (PEG) [27] are most commonly used. 

However, even when cell tests confirm the biocompatibility of nonwovens, their applicability is 

limited by their form. They are two-dimensional materials with a dense packing of fibers, which 

limits cell infiltration. Nonetheless, the important advantages of synthetic polymers when compared 

to the natural ones, are their favorable mechanical properties. Therefore, they are often the 

first-choice materials in many biomedical applications [28–31]. 

The combination of hydrogels and fibrous mats from electrospinning into three-dimensional 

structures is a new strategy, currently extensively studied by many research groups [32,33]. 

Synthetic polymer-based nonwovens act as a reinforcement phase, and thanks to the multilevel 

design of the nanocomposite, scaffolds mimic the hierarchical structure of bone tissue. Mohabatpour 

et al. [34] proposed a fiber/hydrogel composite for cartilage tissue engineering. In the study, an 

electrospun PLA mat was fragmented through aminolysis reaction and incorporated into an 

alginiate-graft-hyaluronate hydrogel and then cross-linked with calcium chloride. The incorporation 

of fragmented fibers improved the compressive modulus by about 81%. However, this strategy does 

not increase the porosity of scaffold, which is necessary to improve cells’ infiltration. Jiang et al. [35] 

fabricated a highly porous composite by the parallel arrangement of PCL nonwovens, immersed in 

chitosan solution, before cross-linking and freeze-drying. The sandwich was used to guideorient 

regeneration of periodontal tissue. In another study, an electrospun mat based on poly(hydroxyl 

butyrate) (PHB) and hydroxyapatite (HAp) was combined with methacrylated gelatin as a matrix. In 

this case, an advanced method of UV cross-linking was used to form the scaffold [36]. 

In our work, we proposed three-dimensional, cylindrical scaffolds with a dual pore system. 

Additional spaces between scaffold walls made of electrospun PLA-HAp nonwoven were designed 

to improve cell infiltration and the removal of metabolic waste. As matrices, we used chitosan-based 

hydrogels cross-linked with tannic acid and modified with GO or rGO. Our previous studies have 

confirmed the positive effect of these modifiers on the mechanical properties of chitosan hydrogels 

[21]. To form the scaffolds in a desired shape, we used a simple freezing-melting-gelling method. 

Sodium tripolyphosphate (TPP) in a sodium chloride solution served as a cross-linker. 

2. Results and Discussion 

2.1. Graphene Materials 

The spectrum of GO, shown in Figure 1a, was fitted into five peaks corresponding to C=O 

groups (287.8 eV), C-O-C groups (286.5 eV), C-OH groups (285.5 eV), sp3 carbon (284.1 eV) and sp2 

carbon (282.8 eV) [37,38]. The presence of oxygen-containing groups attached to graphene sheets 

ensures the good dispersibility of GO in aqueous solutions. Furthermore, functional groups can 

potentially react with amino groups of CS. The C1s spectrum of rGO (Figure 1b) showed additional 

peak at 289.6 eV corresponding to π-π* interactions between graphene sheets, which suggests the 

partial reconstruction of the graphene structure. The removal of oxygen-containing groups causes 

rGO sheets to attach to each other. For this reason, GO and rGO behave differently in solutions and 

can have a significantly different effect on CS-based hydrogel properties [39]. The degree of GO 



Int. J. Mol. Sci. 2020, 21, 2330 3 of 13 

 

reduction by L-ascorbic acid was estimated based on the change of C/O atomic ratio derived from 

XPS analysis. For GO the ratio was 0.95, while for rGO it was 1.30.  

 

Figure 1. XPS spectra of GO (a) and rGO (b), XRD spectra of GO and rGO (c). 

The removal of oxygen-containing groups was also confirmed by XRD measurement (Figure 

1c). A sharp, single peak at 2θ value 11.13° (d-spacing: 0.74 nm) appeared in the GO pattern. In the 

case of rGO, the sharp peak disappeared completely, and a new, wide peak appeared at 24.54° 

(d-spacing: 0.36 nm). The reduction of the d-spacing between carbon sheets confirms the partial 

removal of oxygen-containing groups [40]. 

2.2. Scaffolds 

A rheological analysis was performed to obtain information on the interaction between chitosan 

chains and the nanofillers. Figure 2 shows that the addition of GO and rGO significantly increased 

the viscosity of the solution, which suggests an enhanced interaction between the molecules. A 

higher increase in viscosity was measured for GO, which was probably due to the presence of a 

higher amount of oxygen-containing groups interacting with the amino groups of CS.  
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Figure 2. Rheological properties of CS/GO and CS/rGO suspensions. 

The scaffolds were fabricated using a freezing–thawing–gelling method, as shown in Figure 3. 

In the first step, the CS-based suspension and rolled-up PLA-HAp nonwoven covered by CS/GO or 

CS/rGO were frozen in the desired shape. Next, hydrogels were cross-linked in a gelling solution 

(NaCl + TPP) for 24 h. TPP, tripolyphosphate, is commonly used as a physical cross-linker of 

chitosan [41–43]. However, it is most often added directly to a solution or suspension, which rarely 

transforms into scaffolds with a desired shape. A low temperature during the gelling process (4 °C) 

and the high ionic strength of dissolved NaCl prevented the CS solution from thawing too quickly. 

The protonation of amino groups attached to CS chains under acidic conditions caused electrostatic 

interaction between NH3+ ions and Cl- ions from NaCl.  

 

Figure 3. Scheme of three-dimensional scaffold fabrication. 

FTIR-ATR spectra of CS and scaffolds cross-linked with TPP have been analyzed to determine 

the interaction between CS and TPP (Figure 4). The FTIR spectrum of TPP shows characteristic 

peaks: at 1212 cm−1 (stretching vibration of P=O), at 1130 cm−1 (symmetric and anti-symmetric 

stretching vibration of O-P=O), at 1093 cm−1 (symmetric and anti-symmetric stretching vibration of 

PO3) and at 885 cm−1 (stretching vibration of P-O-P bridge) [44]. CS was modified by the addition of 

the nanofillers (GO and rGO) and tannic acid (TAc). TAc is a natural cross-linker containing several 

–OH groups in the molecule, which can interact with the amino groups of CS [45]. In previous 

research, we found that TAc addition enhances the mechanical properties of chitosan hydrogels [21]. 

The spectra of CS/GO and CS/rGO look similar to each other and show characteristic peaks: the 

overlapped broad peak above 3000 cm−1 (–OH and –NH stretching vibrations), at 2885 cm−1(C–H 

stretching vibration), at 1714 cm−1 (C=O stretching vibration in amide I -NHCO-) and the broad peak 

at 1567.6 cm−1 (bending vibration of N–H) [44]. The deformation of the last peak can be related to the 

interaction between CS and TAc and the ionization of amino groups (–NH2) under acidic conditions. 

Another characteristic peak of CS appeared at 1124 cm−1 and 1030 cm−1, which corresponded to 

asymmetric stretching vibration in C-O-C bridge and stretching in C-O group, respectively [45]. The 
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spectra of hydrogels cross-linked by TPP revealed some changes. Additional broad peaks can be 

seen at 1532 cm−1. Furthermore, peaks characteristic for TPP were observed at 1211-885 cm−1 [41,44]. 

These confirmed the gelling of CS by TPP as an ionic cross-linking agent. The reaction took place 

between protonated –NH3+ groups from CS and P-O- from TPP.  

 

Figure 4. ATR-FTIR spectra: (a) TPP, (b) CS/GO-TPP, (c) CS/rGO-TPP, (d) CS/GO, (e) CS/rGO. 

The design of scaffold has a key impact on the ability of the scaffold to support processes 

during tissue regeneration, such as cell infiltration, nutrient/waste transport and the formation of 

new tissue. The aim of our research was to fabricate three-dimensional, cylindrical scaffolds. In the 

first step, electrospinning was used to create PLA nonwoven modified with bioactive particles in the 

form of spherical hydroxyapatite (HAp). The synthetic polymer, PLA, was chosen because of the 

favorable mechanical properties and longer degradation time compared to CS, which should help 

maintain the desired shape of a scaffold during tissue regeneration. The parameters of ES process 

were selected to obtain a nonwoven with randomly oriented fibers, as shown in Figure 5. The 

PLA-HAp fibers were found to be bead-free, with a narrow fiber size distribution. The diameter of 

the fibers was in the range of 215 nm to 1.34 μm, and the average fiber diameter was 0.70 μm ± 0.23 

μm (ImageJ, 100 fibers measured).  

 

Figure 5. Representative scanning electron microscopy images of PLA-HAp nonwoven. 

The purpose of pores is to allow the transport of nutrients, the infiltration of cells into scaffolds 

and the overgrowth of blood vessels. PLA-HAp nonwoven had a network of open pores, but their 

diameter was mostly around few µm. To improve the porosity, nonwoven was rolled up and 

covered by CS/GO or CS/rGO solution. After cross-linking, the three-dimensional scaffold with 

additional porosity was obtained. Figure 6 presents the cross-section architecture of the composite 
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scaffolds. Regardless of the nanofillers used, the scaffold microstructure was similar. It could be seen 

that additional porosity was obtained between the walls made of the nonwoven. The distance 

between walls was about 50–200 μm. The diameters of the pores were expected to increase with the 

CS-based hydrogels degradation.  

 

Figure 6. SEM images of CS-based composites and cross-section of the scaffolds with the nonwovens, 

after freeze-drying: CS/GO (a), gaps between walls in CS/GO/PLA-HAp (b,c), CS/rGO (d), gaps 

between walls in CS/rGO/PLA-HAp (e,f) 

The in vitro degradation of the hydrogels and the scaffolds in PBS medium was evaluated. 

After three weeks of incubation, the cross-sections of the samples were investigated using an optical 

microscope (Figure 7). The results of the study were as anticipated—the CS-based hydrogel used to 

cover and penetrate wall made with the PLA-HAp nonwoven started to degrade, and as a 

consequence the pores became bigger.  

 

Figure 7. Optical microscope images of cross-section of scaffolds after 3 weeks of degradation in PBS 

medium: (a) CS/rGO/PLA-HAp, (b) CS/GO/PLA-HAp. 
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The mechanical properties of the scaffolds were also tested (compression test). In both cases, 

Young’s modulus was higher for the hydrogels alone than for the hierarchical scaffolds, as shown in 

Figure 8a. This is related to the lack of porosity. Better mechanical properties of the samples with 

rGO are believed to be related to more-dense microstructures (Figure 7a). The rGO sheets tend to 

arrange parallel to each other due to the π-π* interaction with polymer chains interlocked between 

sheets thanks to the interfacial adhesion of CS and rGO. Furthermore, CS/rGOsuspension had a 

lower viscosity compared to CS/GO, which could result in the better infiltration of PLA-HAp 

nonwoven. However, a percentage decrease in Young’s modulus was smaller for the samples with 

the incorporated nonwovens.  

 

Figure 8. Young’s modulus (a) and compression strength (b) of the CS-based hydrogels and the 

scaffolds before and after three weeks of incubation in PBS medium, at 37 °C. 

The degradation of the aliphatic polyester, which is PLA, is much slower than for 

polysaccharide like CS, and can take a few years in PBS medium. Decrease in PBS pH resulted from 

the release of LAc from the samples. Due to the presence of pores, the hydrogel surface in direct 

contact with the medium was larger for scaffolds with nonwovens, thus pH changes were slightly 

higher (Figure 9a). The degradation rate was also analyzed by measuring the weight of dried 

samples every week (Figure 9b). GO and rGO had different effects on the stability of the CS-based 

hydrogels, which was probably related to the presence of oxygen-containing groups attached to GO 

surface, which interact with amino groups of CS.  

 

Figure 9. Degradation behavior: pH values of media (a) and weight loss of the samples (b) as a 

function of incubation time in PBS. 

The ability to promote formation of calcium phosphate layer in SBF was investigated in an in 

vitro bioactivity assay. This phenomenon is particularly important in cases of materials for bone 

applications, as—to some extent—it can be an indicator of future bone-material bonding ability. As 

was shown in Figure 10, crystals were formed on all of the samples; however, their morphology and 

Ca/P ratios differed. After two weeks of incubation, single calcium phosphate clusters in the form of 

spherical particles were observed on the surface of all samples. The surface area covered with the 

bone-like apatite layer increased with incubation time. At first, all of the layers had lower Ca/P ratio 

(in the range of 1.21–1.39) as compared to the typical bone HAp (i.e., Ca/P around 1.67), with the 

lowest for the CS/GO sample. After another 2 weeks, Ca/P ratio increased significantly for all the 

tested samples, except for the CS/GO hydrogel. 
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Figure 10. Representative SEM images of the samples surface after 2- and 4-weeks incubation in 

simulated body fluid, at 37 °C with Ca/P ratios calculated from EDX analyses. 

Preliminary in vitro tests showed that cells adhered to and proliferated on all materials (Figure 

11). There were no statistically significant differences in the hydrogels group. Only the tendency that 

on CS/GO, cells proliferated better than on CS/rGO was observed. Interestingly, the PLA-HAp 

nonwoven supported cell proliferation to a greater extent than the hydrogel samples. 

 

Figure 11. Cell metabolic activity measured by AlamarBlue®test—after 24 h, 3 and 7 days. Results: 

mean ± s.e.m., n = 6, statistical significance: at p < 0.05 as compared to *TCPS, # nonwoven PLA/HAp. 

3. Materials and Methods  

3.1. Materials 

High molecular weight (M = 600,000–800,000 g/mol) chitosan (CS) with deacetylation degree 

>90% and sodium tripolyphosphate (TPP) were purchased from Acros-Organics (Morris Plains, NJ,  

USA). Lactic acid (LAc, 88%), N,N-dimethylformamide (DMF), dichloromethane (DCM), tannic acid 

(TAc), NaOH, NaCl and reagents needed for the phosphate buffered saline (PBS) were obtained 

from Avantor Performance Materials Poland S.A, Poland. Poly(lactic acid) (PLA, 

IngeoTMBiopolymer 3251D) with molecular weight M = 70,000–120,000 g/mol was bought from 

NatureWorks LLC (Minnetonka, MN, USA). Graphene oxide (GO) and reduced graphene oxide 

(rGO)pastes were received from the Institute of Electronic Materials Technology (ITME) (Warsaw, 

Poland).  
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3.2. Preparation of PLA-HAp Solution 

PLA solution for the electrospinning process (ES) with a concentration of 13% (w/v) was 

prepared by dissolving polymer in a binary-solvent system of DCM and DMF (2.5:1 v/v). The 

solution was stirred for 24 h using magnetic stirrer at about 50 °C. Next, HAp powder was added, 

and the solution was sonicated for 1 h and then stirred for another 24 h. The concentration of HAp 

was 6% wt., beyond that content the solution retained its rheological properties. 

3.3. Electrospinning Process 

PLA-HAp nonwoven was formulated through electrospinning process (ES) using apparatus 

constructed at the Department of Biomaterials and Composites, AGH, Poland. The solution was 

sonicated for 10 min before injection into 10 mL syringe. A high voltage power supply (0 – 25 kV) 

was used to generate an electric field between a needle tip and a cylindrical, rotating collector 

(width: 5 cm) covered with an aluminum foil. Detailed process parameters are summarized in Table 

1. 

Table 1. Electrospinning parameters. 

Voltage 

(Kv) 

Temperature 

(°C) 

Humidity 

(%) 

Collector 

rotation 

(rpm) 

Needle-collectordistance 

(cm) 

Needle 

diameter 

(mm) 

Process 

time (h) 

25 50 10 200 4 0.70 2.5 

3.4. Preparation of Chitosan Hydrogels Modified with GO and rGO 

Chitosan solution was prepared by dissolving 2.5 g of CS powder in 5% LAc. The stable 

suspension of GO was prepared by sonicating 0.644 g paste in 20 mL of deionized water for 2 h. 

Next, dispersion of GO was added to the CS solution (0.5% of GO to CS weight). After stirring for 24 

h, TAc (cross-linker, 10% to CS weight) was added and the whole system was kept stirring for 

another 24 h. Solutions modified with rGO were prepared in the same way. In order to prepare 

three-dimensional, cylindrical scaffold, PLA-HAp nonwoven was cut into strips (1.5 cm × 5 cm), 

then covered by CS/GO or CS/rGO suspension using metal spatula. The needle was used to roll up 

the nonwoven. Spiral tube was inserted into a cylindrical Teflon mold (width: 5 mm) and frozen at 

−20 °C for 24 h. The frozen sample was immersed in a gelling solution (0.5% TPP + 5% NaCl in 

water) at 4 °C for 24 h. Finally, samples were washed with 0.5 M NaOH (0.5 h) and then with 

deionized water to neutralize LAc and remove impurities. Hydrogels (CS/GO and CS/rGO) were 

prepared in the same way by injecting the solution into the mold. Finally, two types of cylindrical 

PLA-HAp nonwoven-reinforced scaffolds (CS/GO/PLA-HAp and CS/rGO/PLA-HAp) and two 

types of hydrogel scaffolds (CS/GO and CS/rGO) were fabricated. All samples were stored for 24 h 

before testing. 

3.5. Characterization of the GO and rGO 

X-ray photoelectron spectroscopy (XPS) characterization of graphene materials (GO and rGO) 

was carried out using spectrometer (Vacuum Systems Workshop Ltd, Crowborough, East Sussex, 

United Kingdom.) with Mg anode (1253.6 eV Kα radiation; 200 W X-ray excitation source; 3 × 10-8 

mbar vacuum; 15° electron takeoff angle) in the constant analyzer energy mode (22 eV pass energy). 

The spectra were fitted with Gaussian–Lorentzian peaks with XPSPEAK 4.1 software (Prof. 

Raymund W.M. Kwok, The Chinese University of Hong Kong). The X-ray diffraction analysis of the 

crystal structure was achieved using X’Pert Pro diffractometer with Cu Kα X-ray sources (λ = 1.5406 

Å). D-spacing of graphene-based materials was calculated from Bragg equation.  
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3.6. Characterization of the Polymer Solutions 

Dynamic rheological measurements were performed using rheometer (MCR 302, Anton Paar) 

with stainless steel parallel plates (diameter: 20 mm), at controlled, constant temperature 25 °C. The 

viscosity of solutions was measured in the frequency range between 0.1 and 100 Hz. The test was 

carried out to evaluate an influence of graphene materials additives on rheological properties of the 

CS solution. 

3.7. Characterization of the Scaffolds 

The morphology of the scaffolds and PLA-HAp nonwoven was studied using a scanning 

electron microscope (SEM, Nova NanoSEM 200) with an accelerating voltage of 18 kV. Images of 

scaffolds were also taken under a digital microscope (VHX-900F, Keyence). The chemical 

compositions of materials were analyzed using Bruker Tensor 27 spectrometer in ATR mode with 

diamond crystal. All spectra were taken in the range 4000–600 cm−1 (64 scans), at resolution 4 cm−1.  

3.8. Mechanical Properties of the Scaffolds 

The mechanical properties of the samples were measured using a universal mechanical tester 

(Zwick 1435). The compression test was performed with a speed of 1 mm/min. Average values of 

Young’s Modulus (E) and compressive strength were calculated from at least three independent 

measurements for each material.  

3.9. Chemical Stability  

The in vitro degradation of the scaffolds was carried out in PBS solution at 37 °C. Samples were 

immersed in 20 mL of PBS and stored in an incubator for 6 weeks. Once a week, the pH of the 

medium and the weight of the sample were measured, and PBS was replaced with a fresh one. The 

weight loss was quantified as the change in the dried sample weight over time: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =  
(𝑊0 − 𝑊𝑡)

𝑊0

100% 

where W0 is the initial weight of the sample and Wt is the weight after degradation time. 

3.10. In Vitro Bioactivity Assay 

In the in vitro bioactivity assay, the formation of a calcium phosphate or apatite-like layer on 

the surface of the samples incubated in simulated body fluid (SBF) was examined. SBF solution was 

prepared following Bohner’s improved protocol [46]. The samples were immersed in SBF solution 

(samples surface area to SBF volume was set at 10:1) and kept at 37 °C for 2 and 4 weeks; the solution 

was replaced weekly. After 2 and 4 weeks, the samples were removed from SBF, rinsed with 

distilled water and dried at room temperature for SEM/EDX analyses. 

3.11. Cytocompatibility 

The CS/GO and CS/rGO hydrogels were cut into 3-mm-thick slices. Next, samples were 

incubated in 0.5 NaOH solution for 4 h. NaOH was removed and samples were washed with 

deionized water three times, for 10 min. After drying at 37 °C for 1 h, hydrogels were sterilized by 

incubation in 70% ethanol at room temperature for 30 min, and again the samples were dried at 37 

°C for 1 h. The electrospun PLA-HAp nonwoven was peeled off from the aluminum foil, incubated 

in 70% ethanol at room temperature for 30 min and dried overnight at 37 °C. The cell culture was 

carried out using osteoblasts-like cell MG-63 (European Collection of Cell Cultures, Salisbury, UK) 

under standard condition, i.e., 37 °C, 5.0% CO2, in MEM Eagle medium (PAN BIOTECH, Germany) 

supplemented by 10% fetal bovine serum (FBS), 1% antibiotics (penicillin/streptomycin), 0,1% amino 

acid and sodium pyruvate (all from PAA Laboratories Gmbh, Pasching, Oberosterreich, Austria). 

Cells were seeded at concentration of 15,000 cell/hydrogel and 10,000 cell/nonwoven. Cell number 

was dependent on the relative surface area of the samples. The incubation time was 24 h, 3 and 7 
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days. At each time point, cell metabolic activity was checked by AlamarBlue® test (Sigma-Aldrich, 

Munich, Germany). The samples were tested in triplicate, as a control, TCPS (tissue culture 

polystyrene) was used. The results were presented as mean ± s.e.m. (standard error of the mean), 

statistical analysis was carried out by one-way-ANOVA with post-hoc LSD Fisher test (significance 

level 0.05).  

4. Conclusions 

The three-dimensional, cylindrical scaffolds were successfully obtained by incorporating 

electrospun, biodegradable PLA-HAp microfibers into the chitosan-based hydrogels. A novel 

freezing–thawing–gelling method was used to fabricate the cylindrical scaffold with a dual system 

of porosity. Additional micropores were formed by rolling up the porous nonwoven. Scaffold 

architecture was designed to improve cells’ penetration and metabolic waste removal. It was also 

considered that the type of nanofillers used to modify the CS hydrogel had a significant effect on the 

physicochemical properties and stability of the chitosan matrix. A preliminary, in vitro biological 

test confirmed the cytocompatibility of the materials. However, further cell studies are necessary. 

Author Contributions: Data curation, K.K.; Funding acquisition, J.C.; Investigation, K.K., P.D.-P. and M.K.-B.; 

Methodology, P.D.-P. and M.K.-B.; Project administration, P.D.-P. and J.C.; Resources, P.D.-P.; Supervision, 

P.D.-P. and J.C.; Validation, P.D.-P., M.K.-B. and J.C.; Writing—original draft, K.K.; Writing—review & editing, 

K.K., P.D.-P., M.K.-B. and J.C.  All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Center for Research and Development, Poland (BioMiStem 

grant No. STRATEGMED3/303570/7/NCBR/2017). 

Acknowledgments: Authors would like to kindly acknowledge Joanna Jagiełło and Ludwika Lipińska from the 

Institute of Electronics Materials Technology (ITME) in Warsaw for providing graphene materials and Marek 

Nocuń (Faculty of Materials Science and Ceramics, AGH University of Science and Technology) for his 

assistance with XPS analysis. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Kane, R.; Ma, P.X. Mimicking the nanostructure of bone matrix to regenerate bone. Mater. Today 2013, 16, 

418–423. 

2. Bellido, T.; Plotkin, L.I.; Bruzzaniti, A. Bone Cells. In Basic and Applied Bone Biology; Elsevier: Oxford, UK, 

2019; pp. 37–55, ISBN 978-0-12-813259-3. 

3. Winkler, T.; Sass, F.A.; Duda, G.N.; Schmidt-Bleek, K. A review of biomaterials in bone defect healing, 

remaining shortcomings and future opportunities for bone tissue engineering: The unsolved challenge. 

Bone Jt. Res. 2018, 7, 232–243. 

4. Bagde, A.D.; Kuthe, A.M.; Quazi, S.; Gupta, V.; Jaiswal, S.; Jyothilal, S.; Lande, N.; Nagdeve, S. State of the 

Art Technology for Bone Tissue Engineering and Drug Delivery. IRBM 2019, 40, 133–144. 

5. Takei, Y.; Minamizaki, T.; Yoshiko, Y. Functional Diversity of Fibroblast Growth Factors in Bone 

Formation. Int. J. Endocrinol. 2015, 2015, 1–12. 

6. Ferreira, A.M.; Gentile, P.; Chiono, V.; Ciardelli, G. Collagen for bone tissue regeneration. Acta Biomater. 

2012, 8, 3191–3200. 

7. Villa, M.M.; Wang, L.; Huang, J.; Rowe, D.W.; Wei, M. Bone tissue engineering with a 

collagen-hydroxyapatite scaffold and culture expanded bone marrow stromal cells. J. Biomed. Mater. Res. 

Part B Appl. Biomater. 2015, 103, 243–253. 

8. Carvalho, M.S.; Poundarik, A.A.; Cabral, J.M.S.; da Silva, C.L.; Vashishth, D. Biomimetic matrices for 

rapidly forming mineralized bone tissue based on stem cell-mediated osteogenesis. Sci. Rep. 2018, 8, 14388. 

9. Saekhor, K.; Udomsinprasert, W.; Honsawek, S.; Tachaboonyakiat, W. Preparation of an injectable 

modified chitosan-based hydrogel approaching for bone tissue engineering. Int. J. Biol. Macromol. 2019, 

123, 167–173. 

10. Dhivya, S.; Saravanan, S.; Sastry, T.P.; Selvamurugan, N. Nanohydroxyapatite-reinforced chitosan 

composite hydrogel for bone tissue repair in vitro and in vivo. J. Nanobiotechnol. 2015, 13, 

doi:10.1186/s12951-015-0099-z. 



Int. J. Mol. Sci. 2020, 21, 2330 12 of 13 

 

11. Demirtaş, T.T.; Irmak, G.; Gümüşderelioğlu, M. A bioprintable form of chitosan hydrogel for bone tissue 

engineering. Biofabrication 2017, 9, 035003. 

12. Ghosh, M.; Halperin-Sternfeld, M.; Grinberg, I.; Adler-Abramovich, L. Injectable Alginate-Peptide 

Composite Hydrogel as a Scaffold for Bone Tissue Regeneration. Nanomaterials 2019, 9, 497. 

13. Zhang, X.; Zhu, Y.; Cao, L.; Wang, X.; Zheng, A.; Chang, J.; Wu, J.; Wen, J.; Jiang, X.; Li, H.; et al. 

Alginate-aker injectable composite hydrogels promoted irregular bone regeneration through stem cell 

recruitment and osteogenic differentiation. J. Mater. Chem. B 2018, 6, 1951–1964. 

14. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 

105–121. 

15. Saravanan, S.; Vimalraj, S.; Anuradha, D. Chitosan based thermoresponsive hydrogel containing graphene 

oxide for bone tissue repair. Biomed. Pharmacother. 2018, 107, 908–917. 

16. Yu, P.; Bao, R.-Y.; Shi, X.-J.; Yang, W.; Yang, M.-B. Self-assembled high-strength hydroxyapatite/graphene 

oxide/chitosan composite hydrogel for bone tissue engineering. Carbohydr. Polym. 2017, 155, 507–515. 

17. Vashist, A.; Kaushik, A.; Vashist, A.; Sagar, V.; Ghosal, A.; Gupta, Y.K.; Ahmad, S.; Nair, M. Advances in 

Carbon Nanotubes-Hydrogel Hybrids in Nanomedicine for Therapeutics. Adv. Healthc. Mater. 2018, 7, 

1701213. 

18. Hu, W.; Wang, Z.; Xiao, Y.; Zhang, S.; Wang, J. Advances in crosslinking strategies of biomedical 

hydrogels. Biomater. Sci. 2019, 7, 843–855. 

19. Cheng, X.; Wan, Q.; Pei, X. Graphene Family Materials in Bone Tissue Regeneration: Perspectives and 

Challenges. Nanoscale Res. Lett. 2018, 13, doi:10.1186/s11671-018-2694-z. 

20. Shin, S.R.; Li, Y.-C.; Jang, H.L.; Khoshakhlagh, P.; Akbari, M.; Nasajpour, A.; Zhang, Y.S.; Tamayol, A.; 

Khademhosseini, A. Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 2016, 105, 

255–274. 

21. Kosowska, K.; Domalik-Pyzik, P.; Krok-Borkowicz, M.; Chłopek, J. Synthesis and Characterization of 

Chitosan/Reduced Graphene Oxide Hybrid Composites. Materials 2019, 12, 2077. 

22. Khajavi, R.; Abbasipour, M.; Bahador, A. Electrospun biodegradable nanofibers scaffolds for bone tissue 

engineering. J. Appl. Polym. Sci. 2016, 133, doi:10.1002/app.42883. 

23. Casasola, R.; Thomas, N.L.; Trybala, A.; Georgiadou, S. Electrospun poly lactic acid (PLA) fibres: Effect of 

different solvent systems on fibre morphology and diameter. Polymer 2014, 55, 4728–4737. 

24. Magiera, A.; Markowski, J.; Menaszek, E.; Pilch, J.; Blazewicz, S. PLA-Based Hybrid and Composite 

Electrospun Fibrous Scaffolds as Potential Materials for Tissue Engineering. J. Nanomater. 2017, 2017, 1–11. 

25. Yoshimoto, H.; Shin, Y.M.; Terai, H.; Vacanti, J.P. A biodegradable nanofiber scaffold by electrospinning 

and its potential for bone tissue engineering. Biomaterials 2003, 24, 2077–2082. 

26. Augustine, R.; Nethi, S.K.; Kalarikkal, N.; Thomas, S.; Patra, C.R. Electrospun polycaprolactone (PCL) 

scaffolds embedded with europium hydroxide nanorods (EHNs) with enhanced vascularization and cell 

proliferation for tissue engineering applications. J. Mater. Chem. B 2017, 5, 4660–4672. 

27. Qian, Z.; Ni, F.; Fan, G.; Shi, P. Preparation of poly(ethylene glycol)/polylactide hybrid fibrous scaffolds 

for bone tissue engineering. Int. J. Nanomed. 2011, 6, 3065–3075. 

28. Ju, J.; Gu, Z.; Liu, X.; Zhang, S.; Peng, X.; Kuang, T. Fabrication of bimodal open-porous poly (butylene 

succinate)/cellulose nanocrystals composite scaffolds for tissue engineering application. Int. J. Biol. 

Macromol. 2020, 147, 1164–1173. 

29. Ju, J.; Peng, X.; Huang, K.; Li, L.; Liu, X.; Chitrakar, C.; Chang, L.; Gu, Z.; Kuang, T. High-performance 

porous PLLA-based scaffolds for bone tissue engineering: Preparation, characterization, and in vitro and 

in vivo evaluation. Polymer 2019, 180, 121707. 

30. Sekuła, M.; Domalik-Pyzik, P.; Morawska-Chochół, A.; Bobis-Wozowicz, S.; Karnas, E.; Noga, S.; 

Boruczkowski, D.; Adamiak, M.; Madeja, Z.; Chłopek, J.; et al. Polylactide- and polycaprolactone-based 

substrates enhance angiogenic potential of human umbilical cord-derived mesenchymal stem cells in 

vitro—Implications for cardiovascular repair. Mater. Sci. Eng. C 2017, 77, 521–533. 

31. Gao, S.; Tang, G.; Hua, D.; Xiong, R.; Han, J.; Jiang, S.; Zhang, Q.; Huang, C. Stimuli-responsive bio-based 

polymeric systems and their applications. J. Mater. Chem. B 2019, 7, 709–729. 

32. De Mori, A.; Peña Fernández, M.; Blunn, G.; Tozzi, G.; Roldo, M. 3D Printing and Electrospinning of 

Composite Hydrogels for Cartilage and Bone Tissue Engineering. Polymers 2018, 10, 285. 

33. Wang, G.; Yu, D.; Kelkar, A.D.; Zhang, L. Electrospun nanofiber: Emerging reinforcing filler in polymer 

matrix composite materials. Prog. Polym. Sci. 2017, 75, 73–107. 



Int. J. Mol. Sci. 2020, 21, 2330 13 of 13 

 

34. Mohabatpour, F.; Karkhaneh, A.; Sharifi, A.M. A hydrogel/fiber composite scaffold for chondrocyte 

encapsulation in cartilage tissue regeneration. RSC Adv. 2016, 6, 83135–83145. 

35. Jiang, W.; Li, L.; Zhang, D.; Huang, S.; Jing, Z.; Wu, Y.; Zhao, Z.; Zhao, L.; Zhou, S. Incorporation of aligned 

PCL–PEG nanofibers into porous chitosan scaffolds improved the orientation of collagen fibers in 

regenerated periodontium. Acta Biomater. 2015, 25, 240–252. 

36. Sadat-Shojai, M.; Khorasani, M.-T.; Jamshidi, A. A new strategy for fabrication of bone scaffolds using 

electrospun nano-HAp/PHB fibers and protein hydrogels. Chem. Eng. J. 2016, 289, 38–47. 

37. Xu, C.; Shi, X.; Ji, A.; Shi, L.; Zhou, C.; Cui, Y. Fabrication and Characteristics of Reduced Graphene Oxide 

Produced with Different Green Reductants. PLoS ONE 2015, 10, e0144842. 

38. Al-Gaashani, R.; Najjar, A.; Zakaria, Y.; Mansour, S.; Atieh, M.A. XPS and structural studies of high quality 

graphene oxide and reduced graphene oxide prepared by different chemical oxidation methods. Ceram. 

Int. 2019, 45, 14439–14448. 

39. Kosowska, K.; Domalik-Pyzik, P.; Nocuń, M.; Chłopek, J. Chitosan and graphene oxide/reduced graphene 

oxide hybrid nanocomposites—Evaluation of physicochemical properties. Mater. Chem. Phys. 2018, 216, 

28–36. 

40. Liu, H.; Wu, J.; Liu, C.; Pan, B.; Kim, N.H.; Lee, J.H. Differently-charged graphene-based multilayer films 

by a layer-by-layer approach for oxygen gas barrier application. Compos. Part B Eng. 2018, 155, 391–396. 

41. Anand, M.; Sathyapriya, P.; Maruthupandy, M.; Hameedha Beevi, A. Synthesis of chitosan nanoparticles 

by TPP and their potential mosquito larvicidal application. Front. Lab. Med. 2018, 2, 72–78. 

42. Sreekumar, S.; Goycoolea, F.M.; Moerschbacher, B.M.; Rivera-Rodriguez, G.R. Parameters influencing the 

size of chitosan-TPP nano- and microparticles. Sci. Rep. 2018, 8, 4695. 

43. Sacco, P.; Borgogna, M.; Travan, A.; Marsich, E.; Paoletti, S.; Asaro, F.; Grassi, M.; Donati, I. 

Polysaccharide-Based Networks from Homogeneous Chitosan-Tripolyphosphate Hydrogels: Synthesis 

and Characterization. Biomacromolecules 2014, 15, 3396–3405. 

44. Loutfy, S.A.; Alam El-Din, H.M.; Elberry, M.H.; Allam, N.G.; Hasanin, M.T.M.; Abdellah, A.M. Synthesis, 

characterization and cytotoxic evaluation of chitosan nanoparticles: In vitro liver cancer model. Adv. Nat. 

Sci. Nanosci. Nanotechnol. 2016, 7, 035008. 

45. Rubentheren, V.; Ward, T.A.; Chee, C.Y.; Tang, C.K. Processing and analysis of chitosan nanocomposites 

reinforced with chitin whiskers and tannic acid as a crosslinker. Carbohydr. Polym. 2015, 115, 379–387. 

46. Bohner, M.; Lemaitre, J. Can bioactivity be tested in vitro with SBF solution? Biomaterials 2009, 30, 

2175–2179. 

 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


