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Abstract 

In this study, a novel Polyvinyl Alcohol (PVA)/Hexagonal Boron Nitride (hBN)/Bacterial 

Cellulose (BC) composite, bone tissue scaffolds were fabricated using 3D printing 

technology. The printed scaffolds were characterized by fourier transform infrared 

spectroscopy (FT-IR), scanning electron microscopy (SEM), tensile testing, swelling 

behavior, differential scanning calorimetry (DSC), and in vitro cell culture assay. Results 

demonstrated that bacterial cellulose addition affected the characteristic properties of the 

blends. Morphological studies revealed the homogenous dispersion of the bacterial cellulose 

within the 12 wt%PVA/0.25 wt%hBN matrix. Tensile strength of the scaffolds was decreased 

with the incorporation of BC and 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC had the highest 

elongation at break value (93%). A significant increase in human osteoblast cell viability on 

3D scaffolds was observed for 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC. Cell morphology on 

composite scaffolds showed that bacterial cellulose doped scaffolds appeared to adhere to the 

cells. The present work deduced that bacterial cellulose doped 3D printed scaffolds with well-

defined porous structures have considerable potential as a suitable tissue scaffold for bone 

tissue engineering (BTE). 

Keywords: Bacterial Cellulose; Bone Tissue Engineering; Hexagonal Boron Nitride; 

osteoblast cell line; Polyvinyl alcohol; 3D Bioprinting. 

1.Introduction 

Bone has the responsibility within the body to offer mechanical support and flexibility, 

consists of 60% mineral, 30% organic component, and 10% water [1]. Bone can be classified 

as trabecular bone and cortical bone. Trabecular bone provides the movement of limbs, and 

joints and cortical bone supplies mechanical support and protective shield. For the treatment 

of various defects resulting from tumours, trauma, infections and genetic malformations 
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occurring in human bone, regeneration or healing of bone tissue is carried out with three-

dimensional structures capable of mimicking the physical and chemical properties of the 

extracellular matrix (ECM) [2]. Bone grafting and transplantation is the current clinical 

assistance. There is an alternative to the conventional use of bone grafts which is engineered 

bone tissues. Tissue-engineered bone has a limitless supply, and it does not allow disease 

transmission. However, there are some limitations or difficulties in terms of clinical practice. 

To overcome these challenges, bone tissue engineering (BTE) aims to regenerate bones via 

combination of cells, biomaterials and factor therapy [3]. BTE has become one of the 

favourite areas to facilitate bone regeneration and the treatment of diseased or damaged 

tissues. BTE leads regeneration of targeted tissues by combining osteoconductive scaffolds, 

osteogenic cells, and osteoinductive signals. 

Tissue-engineered scaffolds enable cells attachment and effective tissue regeneration. Thus, 

tissue-engineered scaffolds should have necessary properties, which are biocompatibility, 

biodegradability, proper mechanical properties, and interconnected porous structures. 

Fabrication technique also has a critical effect on the properties of the aimed artificial 

scaffolds. There are some traditional fabrication methods such as gas foaming, freeze-drying, 

fiber bonding, particulate/salt leaching, emulsification and phase separation/inversion [4]. 

These methods may have some problems with the control of the geometry, porosity and pore 

shape. 3D printing is a novel method to overcome these disadvantages of traditional methods. 

This new technology has been used to build scaffolds with designed shapes and porosity 

which leads to improved cell growth and regeneration [5, 6]. The results of the 3D printing 

process demonstrate superior properties with adjustable porosity and mechanical strength [7]. 

Li et al. analyzed the boron nitride addition into the PVA matrix to obtain the BN/PVA 

composites using cyclic freezing and thawing method. They reported that hBN addition 

improved the mechanical properties of the composites. 
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Moreover, hBN addition also increased the thermal stability and swelling degree of the 

composite hydrogels [8]. Zaboroska et al. study investigated both nanoporous and 

microporous bacterial cellulose effect on NC3T3-E1 osteoprogenitor cells. This work, also 

reported that microporous BC is a promising biomaterial for bone tissue regeneration [9]. The 

effect of varying composition of PVA, hexagonal boron nitride and bacterial cellulose have 

been studied separately for bone tissue engineering. Still, no previous studies have been 

reported using these polymers together to obtain bone tissue scaffold. 

In this study, 3D bioprinting technology was managed to produce 3D porous bone scaffolds 

that are compatible with bone physical and mechnanical structure, using polyvinyl alcohol 

(PVA)-hexagonal boron nitride (hBN)-bacterial cellulose (BC) polymeric blends to get an 

ideal scaffold for effective bone healing. The amount of bacterial cellulose in PVA/hBN 

matrix was investigated with different BC contents due to its superior biocompatible 

properties, crystallinity, non-toxicity, and hydrophilicity [10]. It has outstanding effects on 

cell adhesion with its interconnected porous structure [11, 12]. PVA can provide desirable 

flexibility, hydrophilicity, outstanding chemical stability, and semi-permeability to the 

scaffolds as host material, which are crucial for transporting oxygen and nutrients for cell 

survival [13]. The hBN has been used as fillers due to its excellent thermal conductivity, 

thermal stability, and superior mechanical properties. Additionally, hBN has been used in 

biomedical applications as a promising material due to its excellent biocompatibility property.  

2. Materials and Methods 

2.1. Materials 

Polyvinyl alcohol (MW=89000-98000) was purchased from Sigma Aldrich, USA. Hexagonal 

Boron Nitride (APS<1 µm) was obtained from American Elements. Acetic acid glacial 

(MW=60.05) with 99.7% purity was purchased from VWR Chemicals. Sodium hydroxide 
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(NaOH, d=40.00 g/mol) and D (+)-glucose anhydrous for biochemistry (M=180.16 g/mol), 

and disodium hydrogen phosphate (MW=141.96 g/mol, Na2HPO4) were purchased from 

Merck KGaA, Germany. Peptone from animal tissue from meat and citric acid (99% purity, 

MW=192.12 g/mol) were purchased from Sigma Aldrich.  

2.2. Method 

2.2.1. Bacterial Cellulose Production by Gluconacetobacter Xylinus 

Gluconacetobacter xylinus was used to produce bacterial cellulose membranes (Fig. S1a). The 

bacterium was cultivated on Hestrin and Schramm (HS) medium consisted of 2.0 wt% D-

glucose, 0.5 wt% peptone, 0.5 wt% yeast extract, 0.27 wt% disodium hydrogen phosphate and 

0.115 wt.% citric acid, and the pH at 5.0- 6.0 with acetic acid. After incubating in a static 

incubator at 28 °C for 10 days, the BC membranes were purified by 0.1 M NaOH at 90 °C for 

2 hours and soaked them in deionized water (DI) several times. The samples were sterilized at 

121°C in an autoclave for 20 min, followed by oven-dried at 50 °C for 24 h. Oven-dried 

bacterial cellulose membranes were treated with 50% (v/v) sulphuric acid solution in a 

cellulose/acid ratio of approximately 20 g/L, at 50 °C for 2 h. The suspension was washed 

with deionized water and centrifuged and repeated until neutral pH (as shown in Fig. S1(b, c, 

d, e)). 

2.2.2. Designing the 3D Model and Converting to the G-code 

The 12 wt%PVA/0.25 wt%hBN and 12 wt%PVA/0.25 wt%hBN/(0.1, 0.25, and 0.5, wt%)BC 

composite scaffolds were fabricated using a 3D printing device (Ultimaker 2+ modified to 

hydrogel printer) which has heated build substrate and X-Y control head. This multifunctional 

machine was connected to the syringe pump to control the flow rate of the solutions, and the 

diameter value of the nozzle was 0.4 mm. The distance between the nozzle and substrate was 

adjusted to 0.03 mm. The scaffold model (20x20x5 mm
3
) was designed with the Solidworks 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



software, and this design was converted into the G-code via Simplify program, which 

provides to control the process parameters programmatically (Fig. 1 (a, b, c)).  

 

Figure 1. Solid model of the composite and simulation of the printing process (a, b), 

representative image of the 3D printing device (c), image of the 3D-printed hexagonal boron 

nitride doped 12 wt.%PVA matrix (d). 

2.2.3.Preparation of the 3D-Printed 12 wt%PVA/0.25 wt%hBN/(0.1, 0.25, 

0.5, wt%)BC Composite Scaffolds 

Firstly, 12 wt% PVA was dissolved in distilled water (50 mL) and put on the magnetic stirrer 

in vials for 4 hours at 90°C to get a gel form of the PVA polymer. Then, the 0.25 wt%hBN 

powder was poured into the PVA solution. The concentration of BCs to the weight of 

PVA/hBN was 0.1, 0.25, and 0.5 wt%, respectively. Viscosity (Brookfield DV-E), surface 

tension (Sigma 700 DYNE) and density characteristics were obtained prior to printing (Table 

1). In this work, several concentrations of PVA solutions were used, but 12 wt%PVA was 

found best printable to form uniform pore distribution for determining optimum printable 

parameters with given parameters. After the PVA concentration was obtained, hBN particles 
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were added into 12 wt%PVA matrix with a ratio of 0.25 wt% to increase the mechanical 

strength of the scaffolds. BC was added with three different rates to observe the BC effect on 

the properties of the scaffolds, especially cell viability and attachment. There was not used 

any chemical cross-linking agents to avoid their toxic effects. In the printing stage, 12 

wt%PVA was fabricated at first, and the parameters during the printing process were 70% 

infill rate, 0.3 mL/hr flow rate at room temperature. 12 wt%PVA/0.25 wt%hBN was printed 

with same infill rate as 12 wt%PVA, but 0.5 mL/hr flow rate was reported for this stage. With 

the addition of 0.1, 0.25, 0.5 wt%BC into the 12 wt%PVA/0.25 wt%hBN, the value of flow 

rate was adjusted to 0.5, 0.8, and 1 mL/hr, respectively. After whole scaffolds were obtained 

and dried at room temperature for 24 hours, several characterization tests were performed to 

determine the properties of the printed scaffolds. 

2.2.4. Physiochemical Characterization of the 3D Printed 12 

wt%PVA/0.25 wt%hBN/(0.1, 0.25, 0.5, wt%)BC Composites 

Morphological and dimensional analyzes of the 3D composite scaffolds were accomplished 

by using scanning electron microscopy (SEM, EVO MA-10, Zeiss, Germany). Fourier 

Transform Infrared Spectroscopy (FT-IR) was used to analyze the presence of chemical 

groups between the components by using FT-IR-4700, Jasco which wavelength value ranges 

between 450 and 4000 cm
-1

. Mechanical properties of the composite scaffolds were examined 

by using tensile test device (Shimadzu, Japan) with 5 kN load cell. Grup movement speed was 

adjusted to 5 mm/min, and two samples were selected for each concentration to increase the 

reliability of the tests. All test samples had the same width, Gauge length, and thickness 

values which were 15 mm, 6 mm, and 0.1 mm, respectively. Thermal properties of the 

scaffolds were determined by using DSC (Shimadzu) device in the closed pan, which shows 

the thermal transitions of the structures. Heating temperature ranges were adjusted from 25 to 

550 °C, and the heating rate was selected at 10 °C/min. To prepare the scaffolds for SEM 
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analysis, they were coated with gold for 90 seconds, 18 mA. The swelling behaviours of the 

composite scaffolds were tested with phosphate-buffered saline (PBS) for 7 days using 

thermo-shaker (BIOSAN) at 37 °C, 250 rpm. Before the swelling degree measurement, the 

dry weight of the scaffolds was measured and recorded. After that, they were placed in 

eppendorf tubes with PBS. Dry measurements were taken each day and after composite 

scaffolds were wiped with filter paper to remove the saline on the surface. The swelling 

degrees of the composite scaffolds were calculated with the formula used in the Li et al. study 

[8].  

2.2.5. In vitro tests of the 3D Printed 12 wt%PVA/0.25 wt%hBN/(0.1, 

0.25, 0.5, wt%) BC Composites 

The human osteoblast cell line (from American Type Culture Collection (ATCC)) was used 

for all cell experiments in growth medium (Dulbecco’s modified eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Printed 

bone tissue composite scaffolds were cut to a diameter of 6 mm and then placed into 96-well 

plates, followed by ultraviolet (UV) light sterilization for 2h. Cell suspension with 1x10
4 
cells 

per well was cultured on the printed composite scaffolds and cell plate (2D) and then 

incubated at 37 °C and 5% CO2 for 72 hours. MTT [3- (4,5-dimethyldiazol-2-yl) -2,5 

diphenyl tetrazolium bromide] protocol was applied in order to detect cell viability in our 

material. After incubation, the cell medium was removed and then 0.2 mL of 0.5 mg/mL MTT 

in PBS was added to each well, followed by incubated for 4 h at 37 °C with 5 % CO2. The 

supernatant was removed gently, followed by the addition of dimethylsulfoxide (DMSO). 

Then, each sample was transferred to a 96-well plate to measure the absorbance at 590 nm 

(reference 660 nm) wavelength using a microplate reader. In order to see the cell morphology 

on the composite scaffolds, the cells were fixed on the composite scaffold with 2.5 % 

glutaraldehyde solution and purified by passing through a series of ethanol solutions (30%, 
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50%, 70%, 80%, 95%). The dried composite scaffolds were coated with a thin layer of gold 

(90 seconds) and examined at 10 kV using the SEM. 

2. 2. 6. Statistical Analysis 

All data were demonstrated as the mean ±standart deviation. All experiments were carried out 

in duplicates. Their averages were taken as the final value and differences among groups were 

considered significant at p < 0.05. 

3.Results and Discussion 

3.1. FTIR Analysis 

In Fig. 2A, pure PVA had absorption peaks at ~3279 cm
-1

 (-OH stretching), ~2905 cm
-1 

(C-H 

stretching), ~1417 cm
-1 

(C-O group), ~1323 cm
-1 

(C-H bending), ~1237 cm
-1 

(C=O vibration), 

~1140 cm
-1 

(C-O stretching), ~1086 cm
-1 

(C-O group), ~918 cm
-1 

(C-C stretching), ~832 cm
-1 

(C-O stretching) [14]. FTIR spectrum of the pure hBN revealed that it had two broad 

absorption peaks at ~1237.1 cm
-1

 and ~742.5 cm
-1

. The peak at ~1237.1 cm
-1

 might be due to 

the B-N modes of the sp
2
-bonded hBN and another peak at ~742.5 cm

-1
 might be due to the 

B-N-B out-of-plane bending vibration [15]. BC had broad absorption peaks at ~3340.1 cm
-1

, 

which is due to the stretching of the –OH bond, another peak at ~2897 cm
-1 

refers to the 

stretching of the C-H bond. The peak at 1625 cm
-1

 attributed to the –OH of absorbed water. 

Another bending of planar CH observed at ~1316.2 cm
-1

. Asymmetrical C-O-C stretching 

observed at ~1157.1 cm
-1

 [16]. In Fig. 2B (a), 12 wt%PVA composite had main absorption 

peaks at ~3268.8 cm
-1

 (O-H stretching), ~2906.2 cm
-1

(antisymmetric stretching vibrational of 

C-H from alkyl groups), ~1416.5 cm
-1

 (CH2 bending). Some differences can be detected 

between the 12 wt%PVA and 12 wt%PVA/0.25 wt%hBN FTIR spectrums. In Fig. 2B(b), 

FTIR spectra of the 12 wt%PVA/0.25 wt%hBN composite scaffolds had nearly the same 

spectrum with 12 wt%PVA but there were observed some shifts: the absorption peaks for 12 

wt%PVA shifted slightly from ~834 cm
-1

 to ~832 cm
-1

, ~916 cm
-1

 to ~917 cm
-1

, ~1085 cm
-1
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to ~1084.8 cm
-1

, ~1416 cm
-1

 to ~1413.6 cm
-1

, ~2906.2 cm
-1

 to ~2909.1 cm
-1

 and ~3268.8 cm
-1

 

to ~3253.3 cm
-1

. These differences might be due to the interactions between the PVA and 

hBN particles. The peak at ~1141.7 cm
-1

 for 12 wt%PVA was not indicated in the 12 

wt%PVA/0.25 wt%hBN composite scaffolds. In Fig. 2B(c), there was observed a similar 

tendency for 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC except for the peak at ~1593.9 cm
-1

. 

When compared to the peaks of the other spectrums, only one different peak (~1140.7 cm
-1

) 

was observed for 12 wt%PVA/0.25 wt%hBN/0.25 wt%BC (Fig. 2B(d)). There were observed 

small shifts compared to the other spectrums for 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC 

composite scaffolds, and one peak was only seen in this spectrum, which was absorbed in 

~1647.9 cm
-1

 (Fig. 2B(e)). 

 

Figure 2. FTIR spectrums of the pure polymers and synthesized BC (A), 12 wt%PVA (B, a), 

12 wt%PVA/0.25 wt%hBN (B, b), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC (B, c), 12 

wt%PVA/0.25 wt%hBN/0.25 wt%BC (B, d), 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC (B, e). 
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3.2. SEM Observations 

SEM images of the composites were shown in Fig. 3 with labels. In Fig. 3a, 12 wt%PVA had 

a uniform structure and homogeneous pore distribution. The results indicated that the 3D 

printed composite scaffolds could be printed steadily over somewhat large areas and heights 

[17]. The average pore size value was about 291.71±19.94 µm. In Fig. 3b, 12 wt%PVA/0.25 

wt%hBN composite scaffolds showed a relatively smooth surface, and its mean pore size 

value was 290.18±26.80 µm. In Fig. 3c, with 0.5 wt%BC addition, 12 wt%PVA/0.25 

wt%hBN/0.5 wt%BC had smaller pores of 265.68±15.39 µm. In tissue engineering 

applications, pore size usually ranges from 150 to 500 µm [18-20]. It can be said that the pore 

size of synthesized scaffolds has a proper range of pore values to provide vascularization and 

nutrient transport for tissue engineering applications.  
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Figure 3. SEM images of the 12 wt%PVA (a), 12 wt%PVA/0.25 wt%hBN (b), 12 

wt%PVA/0.25 wt%hBN/0.5 wt%BC (c) with pore size histograms. 
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3.3. DSC Thermographs 

The Fig. 4 showed the DSC curves of 12 wt%PVA, 12 wt%PVA/0.25 wt%hBN and 12 

wt%PVA/0.25 wt%hBN/(0.1, 0.25, 0.5, wt%)BC composite scaffolds in the temperature 

range 25-550 °C. The degree of crystallinity and water content in PVA effected the melting 

point. The melting point value for highly crystalline PVA is approximately 230 °C [21]. The 

melting point for our case was also very close to the 230 °C, which means our 3D printed 12 

wt%PVA was highly crystalline. Incorporation of hBN and BC inside the host 12 wt%PVA 

resulted in a shift of this melting peak. Therefore, the crystallinity of the 12 wt%PVA was 

decreased with additive fillers [22]. On the other hand, the bare presence of PVA 

characteristic melting peaks on the curves of 12 wt%PVA/0.25 wt%hBN and 12 

wt%PVA/0.25 wt%hBN/(0.1, 0.25, 0.5, wt%)BC blends did reveal the effect of additives on 

the PVA semi-crystallinity [23]. 

 

Figure 4. DSC thermogram of the composite scaffolds: 12 wt%PVA (a), 12 wt%PVA/0.25 

wt%hBN (b), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC (c), 12 wt%PVA/0.25 wt%hBN/0.25 

wt%BC (d), 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC (e). 

3.4. Physico-chemical Properties of the Solutions 
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The physico-chemical properties of PVA, such as density, viscosity, and surface tension, are 

important parameters in the applications of PVA [24]. The physico-chemical properties of 

different BC-modified solutions were analyzed, as given in Table 1. It should be reported that 

the viscosity of the solution should be low enough to permit it to easily flow through the 

nozzle during the printing process, but also should be adequate to support the layer-by-layer 

construction structure. Furthermore, it is known that the viscosity of the solution can affect 

the connection of the pores [25]. The viscosity of the PVA solutions increased with the 

addition of hBN and BC concentration. There was observed 30% difference of viscosity value 

between the 12 wt%PVA and 12 wt%PVA/0.25 wt%hBN solutions. By adding 0.5 wt%BC 

into the matrix polymer, the viscosity values of the 12 wt%PVA/0.25 wt%hBN increased 

from 65 to 81.3 mPa.s. There was no significant difference between the density values of the 

solutions. The values changed from 1.01 g/mL (12 wt%PVA) to 1.07 g/mL (12 

wt%PVA/0.25 wt%hBN/0.5 wt%BC). Table 1 also indicated that surface tension increased as 

the BC concentration increases and the maximum surface tension value (65 mN/m) observed 

for 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC. According to the literature, surface tension is 

typically in the range of 30-70 mN/m [26], and the surface tension values of solutions found 

in this study were at this specified value ranges.  
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Table 1. Characteristics of the solutions and tensile testing results of the printed scaffolds. 

Scaffolds 

Viscosity 

(mPa.s) 

Surface 

Tension 

(mN/m) 

Density 

(g/mL) 

Tensile 

Strength 

(MPa) 

Elongation at 

break (%) 

 

 

 

12 wt%PVA 50.9±2.5 49±5 1.01±0.02 0.075±0.05 48±25 

 

12 wt%PVA/0.25 wt%hBN 65±4.0 50.3±5 1.03±0.002 0.12±0.06 85±28 

 

12 wt%PVA/0.25 wt%hBN/ 

0.1 wt%BC 

71±5 59.6±5 1.05±0.02 0.127±0.05 80±32 

 

12 wt%PVA/0.25 wt%hBN/ 

0.25 wt%BC 

74.3±6.5 64.3±5 1.06±0.02 0.05±0.05 65±49 

 

12 wt%PVA/0.25 wt%hBN/ 

0.5 wt%BC 

81.3±4.5 65.3±5 1.07±0.02 0.1±0.05 93±23 

 

 

3.5. Uniaxial Tensile Testing 

The typical mechanical properties of the printed scaffolds like tensile strength and elongation 

at break values were listed in Table 1 and showed in Fig. 5. During the deformation of the 

composite scaffolds, three phases were indicated with the stress-strain curve which was elastic 

region (linear deformation stage), stable stage (plateau) and final stage that the stress 

decreased rapidly. The tensile strength values of the 12 wt%PVA/0.25 wt%hBN, 12 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



wt%PVA/0.25 wt%hBN/0.1 wt%BC, and 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC composite 

scaffolds were higher than that of 12 wt%PVA. On the other hand, the tensile strength value 

of the 12 wt%PVA/0.25 wt%hBN/0.25 wt%BC composite scaffold was lower than 12 

wt%PVA, but it has a huge standard deviation which may be due to different extrusion speeds 

of the prepared scaffolds (0.8 mL/h). Elongation at break values had generally increased with 

the incorporation of the additives as can be seen from Table 1. Bacterial cellulose and hBN 

increased the ductile nature of the scaffolds. Reason for this can be not only due to hydrogen 

bonds owing to intra-action of deposited gel but the interaction between deposited layers [8, 

9]. 

 

Figure 5. Stress vs strain curve of 12 wt%PVA (a), 12 wt%PVA/0.25 wt%hBN (b), 12 

wt%PVA/0.25 wt%hBN/0.1 wt%BC (c), 12 wt%PVA/0.25 wt%hBN/0.25 wt%BC (d), 12 

wt%PVA/0.25 wt%hBN/0.5 wt%BC (e). 

3.6. Swelling Behaviours of the Scaffolds 
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The swelling behaviour of the composite scaffolds was shown in Fig. 6. According to the 

results, the maximum swelling degree was observed for 12 wt%PVA. Other composites also 

exhibited an increased swelling degree during the time up to 5
th

 day. However, these values 

were lower than the matrix polymer (12 wt%PVA). It can be realized that swelling degree of 

BC free composites of 12 wt%PVA was higher than of the BC added composites. Also, hBN 

addition, as in the literature, increased the swelling properties when compared to BC added 

cases [8]. It was also observed that swelling degree increased with time for the first 120 h and 

then presented a decreasing tendency until the end of the experiment (168 h). In the bacterial 

cellulose additive groups, the swelling degree decreased with the increased amount of 

bacterial cellulose. The reason for this tendency could be the number of free spaces into 12 

wt%PVA/0.25 wt%hBN composite scaffolds, because the free spaces within the matrix may 

be decreased with the incorporation of BC that were released during the uptake of the water 

inside the printed filaments. The high rigid structure in BC content groups not only decreases 

the water absorption and permeation but also limited the swelling behaviour of materials [27]. 

The reason for this decreasing behaviour might be due to strong intramolecular bonds 

occurred between functional groups of PVA and BC [28]. 
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Figure 6. Swelling degree graph for all composite scaffolds after one-week incubation. 

3.7. Biocompatibility Results of the Scaffolds 

After 72 h incubation of human osteoblast cells on 3D tissue scaffolds, in vitro biological 

properties were examined by cytotoxicity and cell-tissue scaffold interaction. The 

biocompatibility of the scaffold is a significant property for cellular activity. Thus it must not 

show toxic effects to the host tissues [12]. The result of the MTT assay was presented in Fig. 

7. Human osteoblast cells exhibited increased proliferation and better extracellular matrix 

compatibility at 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC composite scaffolds compared to the 

12 wt%PVA. There was observed no significant change in cell viability with the addition of 

0.25 wt%hBN to the 12 wt%PVA composite scaffold. Cell viability was reduced by adding 

0.1 and 0.25 wt%BC into the 12 wt%PVA/0.25 wt%hBN composite scaffold. A significant 

increase in cell viability was observed by increasing the concentration of BC to 0.5 wt% (Fig. 

7).  
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Figure 7. Cell viability analysis of osteoblast on composite scaffolds with MTT assay. 

The cell-scaffold interactions were shown in Fig. 8. After 72 h of incubation, the 

morphological structures of the cells attached to the scaffolds were demonstrated by SEM 

analysis. Osteoblast cells on 12 wt%PVA, 12 wt%PVA/0.25 wt%hBN, 12 wt%PVA/0.25 

wt%hBN/0.25 wt%BC, and 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC composite scaffolds 

appeared to have a rounded morphology (Fig. 8 (a,b, c, d, g, h, i, j) [29]. Cells cultured on 

scaffolds with the addition of the 0.1 wt% amount of BC appeared to adhere and tended to 

well spread on the surface using their pseudopodia (Fig. 8 (e, f)) [30, 31]. This could be due to 

the change of hydrophilicity, or additional hydroxyl groups attracted cells to adhere [32]. As a 

result, it has been shown that BC doped tissue scaffolds can form a natural three-dimensional 

extracellular scaffold suitable for human osteoblast cells. 
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Figure 8. SEM images of human osteoblast cell cultured on 3D composite scaffolds, 12 

wt%PVA (a,b), 12 wt%PVA/0.25 wt%hBN (c, d), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC 

(e,f),12wt%PVA/0.25wt%hBN/0.25 wt%BC(g, h)and12wt%PVA/0.25 wt%hBN/0.5 wt%BC 

(i, j) at different magnifications. 
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4. Conclusions 

In this study, the effects of incorporation of bacterial cellulose into the host 12 wt%PVA/0.25 

wt%hBN composite scaffolds in different ratios were examined. It was observed that the 

desired pore sizes and the homogeneous scaffold structures were obtained with three-

dimensional printing of the polymeric blends.  According to DSC analysis, it was found that 

additive materials did not disrupt the crystal structure of PVA. The significant increase was 

observed in the cell viability of the structures with 0.5 wt%BC. In view of all the results, the 

bacterial cellulose doped porous tissue scaffolds were produced successfully with the 3D 

printing process. The 3D printed functional scaffolds of PVA enhanced with hBN and BC 

would be an appropriate extracellular matrix structure for bone cells. 
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Figure Captions 

Figure 1. Solid model of the composite and simulation of the printing process (a, b), 

representative image of the 3D printing device (c), image of the 3D-printed hexagonal boron 

nitride doped 12 wt.%PVA matrix (d). 

Figure 2. FTIR spectrums of the pure polymers and synthesized BC (A), 12 wt%PVA (B, a), 

12 wt%PVA/0.25 wt%hBN (B, b), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC (B, c), 12 

wt%PVA/0.25 wt%hBN/0.25 wt%BC (B, d), 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC (B, e). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Figure 3. SEM images of the 12 wt%PVA (a), 12 wt%PVA/0.25 wt%hBN (b), 12 

wt%PVA/0.25 wt%hBN/0.5 wt%BC (c) with pore size histograms. 

Figure 4. DSC thermogram of the composite scaffolds: 12 wt%PVA (a), 12 wt%PVA/0.25 

wt%hBN (b), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC (c), 12 wt%PVA/0.25 wt%hBN/0.25 

wt%BC (d), 12 wt%PVA/0.25 wt%hBN/0.5 wt%BC (e). 

Figure 5. Stress vs strain curve of 12 wt%PVA (a), 12 wt%PVA/0.25 wt%hBN (b), 12 

wt%PVA/0.25 wt%hBN/0.1 wt%BC (c), 12 wt%PVA/0.25 wt%hBN/0.25 wt%BC (d), 12 

wt%PVA/0.25 wt%hBN/0.5 wt%BC (e). 

Figure 6. Swelling degree graph for all composite scaffolds after one-week incubation. 

Figure 7. Cell viability analysis of osteoblast on composite scaffolds with MTT assay. 

Figure 8. SEM images of human osteoblast cell cultured on 3D composite scaffolds, 12 

wt%PVA (a,b), 12 wt%PVA/0.25 wt%hBN (c, d), 12 wt%PVA/0.25 wt%hBN/0.1 wt%BC 

(e,f),12wt%PVA/0.25wt%hBN/0.25 wt%BC(g, h)and12wt%PVA/0.25 wt%hBN/0.5 wt%BC 

(i, j) at different magnifications. 

 

Figure S1. Stock preparation of bacteria: Gluconacetobacter xylinus (a), 4% Glycerol and 

60% HS medium (b), The aliquots (c). Production inoculation phase: the aliquot of HS 

medium culture with G.xylinus (d), inoculation medium (e). 
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3D Printing of PVA/Hexagonal Boron 

Nitride/Bacterial Cellulose Composite 

Scaffolds for Bone Tissue Engineering 
 

 

3D printed PVA with hexagonal boron nitride and bacterial cellulose were promising for bone tissue 

engineering applications 

Bacterial cellulose was obtained successfully from Gluconacetobacter xylinus 

Scaffolds with controlled porosity were fabricated 

Additive manufacturing used for scaffold production 
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