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Abstract

For tissue engineering applications, a porous scaffold with an interconnected network is essential 

to facilitate the cell attachment and proliferation in a three dimensional (3D) structure. This study 

aimed to fabricate the scaffolds by an extrusion-based 3D printer using a blend of 

polycaprolactone (PCL), and graphene oxide (GO) as a favorable platform for bone tissue 

engineering. The mechanical properties, morphology, biocompatibility, and biological activities 

such as cell proliferation and differentiation were studied concerning the two different pore sizes; 

400 μm, and 800 μm, and also with two different GO content; 0.1% (w/w) and 0.5% (w/w). The 

compressive strength of the scaffolds was not significantly changed due to the small amount of 

GO, but, as expected scaffolds with 400 μm pores showed a higher compressive modulus in 

comparison to the scaffolds with 800 μm pores. The data indicated that the cell attachment and 

proliferation were increased by adding a small amount of GO. According to the results, pore size 

did not play a significant role in cell proliferation and differentiation. Alkaline Phosphate (ALP) 

activity assay further confirmed that the GO increase the ALP activity and further Elemental 

analysis of Calcium and Phosphorous showed that the GO increased the mineralization compared 

to PCL only scaffolds. Western blot analysis showed the porous structure facilitate the secretion of 

bone morphogenic protein-2 (BMP-2) and osteopontin at both day 7 and 14 which galvanizes the 

osteogenic capability of PCL and PCL + GO scaffolds.
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1. Introduction

The ideal scaffold for bone tissue engineering has to fulfill the number of requirements, such 

as (i) a three dimensional, porous structure with suitable surface chemistry to support cell 

attachment and proliferation, (ii) an interconnected pore structure for mass transport 

(nutrient and waste), (iii) a biocompatible, bioresorable substrate with balanced degradation 

rate with tissue ingrowth, and maintained integrity during degradation, and (iv) have 

mechanical properties similar to the tissue at the site of implantation [1–4]. Further, the 

appropriate pore size is important for the vascularization [5] and extracellular matrix 

production [6]. Various techniques, including gas forming, solvent casting, salt leaching, 

membrane lamination, and fiber binding have been used for the fabrication of 3D scaffolds 

[1,7,8]. However, the inability to make uniform interconnected porous structure and 

difficulty in controlling the shape of the scaffold and pore size limits the usage of the above 

methods in 3D scaffolding. 3D printing can be utilized for its versatility and its ability to 

make precise scaffolds with interconnected pore structure. The size and shape of the pores 

can be easily changed with high repeatability.

Many synthetic polymers such as poly (L-lactic acid) (PLA) [9], poly(L-lactic-co-glycolic 

acid) (PLGA) [10], polycarbonate (PC) [11], acrylonitrile butadiene styrene (ABS), poly (ε-

caprolactone) [12], and poly (ethylene glycol) (PEG) [8,13] have been used for 3D printing. 

Polycaprolactone (PCL), an aliphatic polyester, has been extensively studied for tissue 

engineering applications due to its good biocompatibility, and low immunogenity. Also, the 

6-hydroxyhexanoic acid, the degradation product of PCL is a naturally occurring metabolite 

in the human body [14]. Further, the degradation product is less acidic as compared to other 

types of aliphatic polyester, such as polyglycolide (PGA) and PLA [15]. Due to the 

extensive in vitro and in vivo biocompatibility and efficacy studies, PCL was approved by 

the US food and drug administration (FDA) to use in a number of medical and drug delivery 

devices [2,16]. PCL is a promising material in bone tissue engineering field due to its high 

mechanical strength and the low melting point [12]. However, pure PCL is hydrophobic 

solid, lacking functional groups which result in lower cellular response [14]. Most 

commonly used the method to increase the hydrophilicity is the incorporating inorganic 

substances such as nano-hydroxyapatite (nHA) [3], β-tricalcium phosphate [17], and 

graphene oxide (GO) [18].
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Graphene, a single layer of aromatic carbon atoms in a two-dimensional honeycomb lattice, 

and its derivatives have attracted significant attention because of their unique 

physicochemical properties as a potential biomaterial [18–21]. The hydrophobic nature of 

the graphene results in the formation of agglomerations due to the strong π – π stacking 

interaction [22,23], but the GO; one of the most important derivatives of graphene has high 

Young’s modulus, excellent flexibility, and also hydrophilic oxygen-containing groups such 

as epoxy, carboxyl, and hydroxyl on its surface; plays an important role. GO is an excellent 

biomaterial for regulating cell function [24], and loading and releasing therapeutic drugs 

[25]. GO has attracted high interest in the field of bone tissue engineering in the last few 

years. The hydrophobic and electrostatic interaction [26,27] with proteins could potentially 

increase the osteogenic differentiation of progenitor cells and therefore promotes the 

osteogenesis [28].

GO incorporated PCL scaffolds have been previously studied by several researchers. The 

most widely used method of scaffold preparation was the electrospinning [18,29,30], and 

different solvent had been used to incorporate GO into PCL such as dichloromethane 

(DCM) [30], dimethylformamide (DMF) [31,32], chloroform [33], and a combination of 

both DCM and DMF [18,29]. GO was dissolved in DMF to obtain homogeneous suspension 

[30] and it was also reported that the surface tension of the mixed solution of GO was 

reduced by the DMF [18].

Apart from the electrospinning technique, covalently linked graphene PCL composites were 

prepared using the precipitation and washing up steps. GO chemically converted to an 

anhydrous dispersion of graphene to prevent aggregation and mixture (with PCL+DMF) was 

precipitated in cold methanol followed by filtration and drying in vacuum oven [31]. In 

addition to PCL, GO can be successfully incorporated to the number of natural and synthetic 

polymers such as chitosan [28], collagen [34], poly (lactic acid) (PLA) [29], poly (L4actic-

co-glycolic acid) (PLGA) [21], and poly-L-lysine (PLL) [35].

The main objective of this research work was to incorporate GO into the PCL and make 

scaffolds using a 3D printing technique. Also, this type of GO incorporated 3D printed 

scaffolds was not studied well according to the past literature. In this study, both the effect of 

pore size and the effect of the amount of GO on the cell functions were studied using murine 

pre-osteoblasts. The cytotoxicity of the GO incorporated scaffolds were first studied to 

check the suitability of the process conditions. Further, the mechanical stability of the 

scaffolds with the two different pore sizes and two different GO amounts were tested. The 

morphology of the attached cells and the effect of GO on cell differentiation were also 

studied using western blot analysis for bone morphogenic protein-2 (BMP-2) and 

osteopontin markers at day 7 and 14.

2. Materials and Methods

2.1 Materials

Polycaprolactone (PCL) (MW: 50000kDa) was purchased from Allevi (Philadelphia, PA, 

USA). Graphene Oxide (GO) powder (15-20 sheets), chloroform (99.8% ACS reagent), 

hexamethyldisilazane (HMDS), β- glycerol phosphate disodium salt pentahydrate, L-
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ascorbic acid, and cell proliferation reagent WST-1 (Roche diagnostic) were all purchased 

from Sigma Aldrich Chemicals (St. Louis, MO, USA). Alpha minimum essential media (α-

MEM), Fetal Bovine serum (FBS), phosphate buffered saline (PBS), Dulbecco’s phosphate 

buffered saline (DPBS), and penicillin/streptomycin were purchased from Gibco, life 

technologies (Thermo Fisher Scientific, USA). Live/Dead cell viability/cytotoxicity kit was 

purchased from the Invitrogen (USA). 2.5% glutaraldehyde in 0.1M sodium cacodylate 

buffer solution was purchased from electron microscopy sciences (Hatfield, PA, USA). 

Alkaline phosphate (ALP) assay kit was purchased from Biovision Incorporated (Milpitas, 

CA, USA).

2.2 PCL-GO Preparation

lg of PCL was added to the 5 ml of chloroform solution under continuous stirring at 600 rpm 

to obtain a fully dissolved PCL solution. 0.1% (w/w) and 0.5% (w/w) GO concentrations 

were achieved by adding 1 mg and 5 mg of GO, respectively, into the PCL solution. The 

system was stirred for 30 min to get a homogeneous suspension of GO powder and system 

was sonicated for 5 min. Then the mixture was heated up to 100°C to remove the solvent 

and remaining solid component was used to print the scaffolds.

2.3 Printing of the scaffolds

Scaffolds were printed by using extrusion-based Allevi2 3D bioprinter. A square shape (5×5 

mm) mesh structures with two different pore sizes, 400 μm, and 800 μm, were developed 

using Autodesk Fusion 360 3D modeling software. For all the studies, cuboidal scaffolds 

with 2.2 mm thickness (22 layers) were generated as CAD models, exported as 

stereolithography (STL) files, and imported into Slic3r; an open source software used to 

generate machine-readable G-code files. The solid materials were filled to the stainless steel 

syringe with 30 gauge nozzle (inner diameter 0.159mm) and heated up to 100°C before 

printing. Printer was run at a linear speed of 1mm/s and printing pressure was kept at a range 

of 80-100 PSI. Scaffolds were printed using three material combinations such as PCL only, 

PCL with 0.1 % (w/w) GO, indicated as 0.1% GO, and PCL with 0.5 % (w/w) GO, indicated 

as 0.5% GO.

2.4 Testing of the compressive modulus of scaffolds

The scaffolds were subjected to a compression test using the ADMET expert 2600 series 

universal testing machine at a constant rate of 0.01 mm/s. Stress vs. strain graphs were 

obtained for each sample by using the force vs. displacement curve generated from the 

software. The compressive modulus was calculated by using the linear region (elastic 

region) of the stress vs. strain graphs. Seven samples were used for each sample type.

2.5 Morphological Analysis

The surface morphology of the scaffolds was examined using the scanning electron 

microscope (SEM) (FEI Quanta 3D FEG dual bean ESEM, USA) followed by gold-

palladium supper coating at an accelerating voltage of 5 kV.
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2.6 In Vitro cell culture

2.6.1 Scaffolds preparation and cell seeding—All the scaffolds were sterilized in 

70% ethanol solution for 1 h and followed by thorough washing in 1× PBS solution three 

times. Finally, dried scaffolds were further sterilized under ultraviolet (UV) light for 30 min. 

Before cell seeding, scaffolds were incubated for 3 h in α-MEM growth medium at 37°C.

Murine preosteoblast cell line (OB6) was cultured in α-MEM medium containing 15% FBS, 

and 1% penicillin-streptomycin. The culture was maintained in a humidified incubator at 

37°C with 5% CO2 and the culture medium was replaced every 3 days. After 80% of 

confluency, the cells were digested and sub cultured using 0.25% trypsin EDTA. In this 

study, 40,000 cell density was used for each scaffold. To achieve proper cell adhesion to the 

scaffold, 300 μl of cell suspension was added to the each scaffold to barely cover the whole 

scaffold and incubated for 3 h. After 3 h, the emaining amount of α-MEM growth medium 

(700 μl) was added to the scaffolds. This procedure was carried out for all cell culture 

studies. For osteogenic differentiation studies, in addition to the α-MEM growth medium, 10 

mM β-glycerol phosphate and 50 μg/ml L-ascorbic acid were added.

2.6.2 Live and dead cell viability assay—Live/dead (L/D) cytotoxicity assay was 

performed for cell seeded scaffolds at days 3, 7, and 14; according to the manufacturer 

protocol. Briefly, 5 μl of 4 mM calcine and 20 μl of 2 mM ethidium homodimer-1 were 

added to 10 ml of the 1× DPBS solution to make the L/D assay solution. After removing the 

α-MEM growth medium from each well, scaffolds were washed with 1× PBS twice and 

moved to a new 24 well plate. Then, 600 μl of prepared L/D assay solution and 600 μl of 1× 

DPBD were added to each scaffold and incubated at room temperature for 30min. Before 

imaging, 800 μl of the solution was removed from each well to eliminate the floating of the 

scaffolds. The top surface of the scaffolds was observed using cell imaging fluorescence 

microscopy (Cytation5, BioTek Inc, USA). Both live and dead cell images were processed 

and combined using Gen 3.03 software.

2.6.3 Cell proliferation—Water-soluble tetrazolium salts (WST-1) assay was used to 

quantify the cell proliferation by considering the fact that the cell enzyme activity is directly 

proportional to the number of metabolically active cells and it leads to the formation of 

formazan dye. All six types of scaffolds were seeded with 40,000 cells per well as described 

previously. The WST-1 assay was performed at days 3, 7, and 14. After each predetermined 

time points, the α-MEM medium was removed, and scaffolds were washed with PBS. Then 

the scaffolds were moved into the new 24-well plate, and the new α-MEM medium was 

added to each scaffold with 10% (v/v) WST-1 reagent. Blank samples that only contained 

scaffolds without cells with medium and WST-1 were also prepared. The well plates were 

shaken for 2 min at 300 rpm to make homogeneous mixing of WST-1 with the α-MEM 

medium. Then the scaffolds and blank samples were incubated for 6 h at 37°C and 5% CO2. 

After 6 h, 100 μl from each well was transferred to 96-well plate and the level of dye formed 

was measured using spectrophotometer (SpectraMax190, Molecular Devices) at a 

wavelength of 440 nm. The optical density values from the scaffolds without cells were 

subtracted from each experimental values as a background.
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2.6.4 Cell morphology and attachment—For morphological analysis of the cell 

attached scaffolds, the samples were washed with PBS after removing the medium and fixed 

with 0.6 ml of 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer solution for 30 min at 

4 °C. After thorough washing twice with PBS, scaffolds were dehydrated through a series of 

graded ethanol concentrations (30%, 50%, 70%, 90% and 100%) and finally dried in 

HMDS. After proper drying, scaffolds were coated with gold and palladium using a sputter 

coater (Cressington 108 Auto) and were then observed using an SEM (FEI Quanta 3D FEG 

dual beam ESEM, USA) operated at an accelerating voltage of 5 kV.

2.7 Cell Differentiation

2.7.1 ALP Quantification—The amount of p-nitrophenol (pNP), dephosphorylated 

from p-nitrophenyl phosphate (pNPP) in the presence of ALP, was quantified using the ALP 

assay kit, in order to determine the cellular ALP activity. The cells were seeded to the 

scaffolds at 40000 cells/well as described previously and the assay was performed at days 3, 

7, and 14. For the assay, the cell attached scaffolds were washed thoroughly with 1× PBS 

and transferred to microcentrifuge tubes. 300 μl of lysis buffer was added to the scaffolds 

and vortexed for 1 min to lyse the cells attached to scaffolds. Then, it was centrifuged at 

13,000 g for 3 min, and the supernatant was collected and transferred to the new 

microcentrifuge tubes followed by a second centrifugation. The supernatant was collected 

and mixed with the pNPP substrate, and the kit procedure was followed. The color change 

was quantified using SpectraMax 190 microplate reader (Molecular Devices, USA) and the 

ALP activity was estimated according to the standard curve obtained from ALP enzyme 

supplied with the kit. The amount of ALP activity was normalized with the total protein 

content in each sample. Coomassie plus protein assay kit (Thermo Scientific, USA) was 

used to quantify the total protein as given in the kit protocol.

2.7.2 Energy dispersive X-ray (EDX) analysis- quantification of calcium and 
phosphorous—EDX analysis was done for elemental mapping of scaffolds using 

backscattered electron detector of SEM followed by gold-palladium sputter-coating at an 

accelerating voltage of 20 kV. The cells were fixed to the scaffolds using the same method as 

described in section 2.6.4. The percentage of calcium (Ca) and phosphorous (P) was 

determined according to the major four elements in the scaffolds namely carbon, oxygen, 

calcium, and phosphorus.

2.7.3 Western blot analysis—After 7 and 14 days of cell culture, attached cells were 

lysed with cell lysis buffer (Abeam, abl52163) containing 1mM phenylmethylsulfonyl 

fluoride (PMSF) as a protease inhibitor and protein amounts were quantified by the 

bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Scientific). Protein (10 μg) was 

then separated by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and 

transferred to polyvinylidene fluoride (PVDF) membrane, and then membranes were 

blocked for 1 h in 5% (w/v) skim milk in tris-buffered saline (TBS) containing 0.1% 

Tween-20. Then the membranes were incubated against the primary antibodies: anti-bone 

morphogenic protein 2 (BMP-2, ab 14933, Abeam), anti-osteopontin (ab8448, Abeam) and 

anti-β actin as a housekeeping gene (#4970, Cell Signaling Technology) overnight at 4°C 

and a dilution of 1:1000. The membranes were further incubated with horseradish 
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peroxidase conjugated secondary antibody (#7074, Cell Signaling Technology) for 1 h at 

room temperature and a dilution of 1:2000 after rinsing three times in TBS-Tween 20, 

membranes were immersed in ECL substrate for 5min and then bands were visualized using 

G-box (Syngene, Frederick, MD, USA) with a exposure time of 2 min. The intensity of the 

protein bands was quantified using Image Studio Lite software.

2.8 Statistical Analysis

All data values in the graphs are presented as a mean ± standard error of the mean for each 

group of samples. For mechanical properties, seven samples were tested per group, and for 

swelling and cell culture studies, three samples were tested per group. One-way Analysis of 

Variance (ANOVA) was performed using IBM SPSS statistical software (version 21, IBM 

Company, Armonk, NY, USA) to determine the statistical difference. Post hoc Tukey’s test 

was performed to determine the statistical difference between the groups. All tests were 

conducted with 95% confidence intervals (p < 0.05).

3. Results and Discussion

3.1 Mechanical properties

The compressive modulus of the scaffolds was tested using uniaxial compression test. As 

shown in Figure 2, the compressive modulus of 800 μm pore scaffolds was lower than the 

400 μm pore scaffolds. The pore size of the scaffold dramatically effects to the compressive 

modulus. The lowest compressive modulus of 41.38 ± 4.69 MPa was obtained for PCL with 

0.1% GO scaffold having 800 μm pores. However, the differences in compressive modulus 

between the three different scaffold groups with 800 μm pores were not statistically 

significant. The highest compressive modulus of 75.36 ± 4.07 MPa was reported on PCL 

only scaffolds with 400 μm pores, and the compressive modulus was decreasing with the 

increasing amount of GO without any statistical significance. The addition of GO neither 

improve nor reduce the compressive modulus of PCL scaffolds significantly. Since PCL 

itself shows a better compressive modulus, the addition of a tiny amount of GO, such as 

0.1% (w/w), and 0.5% (w/w) does not give significant variation to the compressive modulus. 

The main controlling factors of compressive and tensile properties of this type of PCL 

scaffolds are the porosity and the molecular weight of the PCL [36].

3.2 Morphological analysis

Figure 3 represents the SEM micrographs of PCL only and PCL + GO scaffolds. The surface 

texture of the three scaffolds was slightly varied according to the composition. The PCL 

only scaffolds showed a comparatively rough surface with some irregularities, but Go 

contained scaffolds showed a smooth surface with GO particles on the surface. The 

extrudability and flowability of the PCL might be changed after dissolving in chloroform 

and mixing with GO powder. The interconnected pore structure, which facilitates the cell 

attachment and proliferation, of all the scaffolds, are clearly visible. Further, surface GO 

particles may facilitate the initial cell attachment.
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3.3 In vitro cell culture

Figure 4 shows the live and dead cell assay images of scaffolds at days 3, 7, and 14. The cell 

attachment at day 3 on scaffolds are lower than day 7, and the significant difference was not 

observed within the groups. At day 14, whole scaffolds were covered with the cells, and few 

dead cells were also observed in all six groups. So, no toxicity was visible due to the GO and 

processing conditions. GO can be successfully incorporated into the PCL using this method 

without any cytotoxic effect. However, the cell viability and proliferation cannot be 

quantified using live/dead cell assay because of 3D nature and the interconnected pore 

structure of the scaffolds. Therefore, the WST-1 cell proliferation assay was used to 

overcome this problem.

Figure 5 shows the WST-1 cell proliferation assay results at days 3, 7, and 14. At day 3, no 

significant difference was observed between the groups for both 800 and 400 μm pore 

scaffolds. At day 3, 400 μm pore scaffolds showed high optical density value compare to 800 

μm pore scaffolds, which represents the more cell attachment, but the differences were not 

statistically significant. Surprisingly, this behavior was not observable after day 3, as it 

shows similar values for both 800 μm and 400 μm pore scaffolds or the difference was not 

statistically significant (p > 0.05). The effect of pore size on cell proliferation was studied 

using DNA quantification assay, and the results are shown in the supplementary section. 

According to that results, porosity played a major role in initial cell attachment, but later the 

effect of porosity became insignificant. The incorporation of GO with PCL does not reduce 

the cell viability and cell proliferation as given in the results. According to Fig. 5, increasing 

the GO content increases cell proliferation as 0.5% GO scaffolds showed higher OD value 

compared to the 0.1% GO scaffolds. Mohammadi S et al. reported similar findings related to 

different GO concentration in PCL+GO fibrous scaffolds by using the 

methylthiazolyldiphenyl-tetra-sodium bromide (MTT) assay. Also, no significant increase in 

the cell viability in human osteoblastic sarcoma cell line was reported with the increasing 

GO content [30]. Further, Similar cell behavior was observed by the number of researchers 

using different cell types such as human bone marrow-derived mesenchymal stem cells 

[37,38], murine preosteoblasts [28], and rat bone marrow-derived mesenchymal stem cells 

[39].

The morphology of the attached cells is shown in the Fig.6. In general, the presence of GO 

did not influence the shape of the cells in comparison to PCL only scaffolds. At day 5, there 

were few attached cells on the scaffolds, and this further aligned with the previous L/D assay 

and WST-1 assay results. After day5, cells proliferated quickly and covered the scaffolds. At 

day 10, the usual elongated structure showed filopodia extensions, and cellular propagation 

fronts were observed in the cells. This observation suggests that the GO does not hamper the 

normal cell behavior and therefore the incorporation of GO into the scaffolds would not 

affect the physiological conditions of the microenvironment.

3.4 Cell Differentiation

The murine preosteoblasts can be induced to differentiate to osteoblasts in media 

supplemented with L-ascorbic acid (50 μg/ml), and β-glycerolphosphate (10 mM). After a 

predetermined period (at days 3, 7, and 14), of osteogenic induction, the extent of ALP 
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expression as assessed via ALP assay. The quantification of ALP activity within the cells 

attached to the scaffolds at days 3, 7, and 14 is shown in Fig. 7. The ALP activity of all the 

groups was increased with the time. In contrast to the 1 fold increase in day 7, 60 fold 

increase if ALP activity was observed compared to the day 3. At day 3, the ALP activity of 

GO contained scaffolds were lower than the PCL only scaffolds. However, at day 14, GO 

contained scaffolds showed high ALP activity with the increasing GO content. So, ALP 

levels of scaffolds at day 14 clearly proved the activation of osteogenesis in all samples. In 

particular, the ALP activity of 0.1% GO and 0.5% GO contained 800 μm pore scaffolds was 

significantly increased (p<0.05) as compared to the control PCL only scaffold. However, the 

increase of ALP activity in 400 μm pore scaffolds was not significant compared to the 

control PCL only scaffold. This result suggests that the GO increases the osteogenic 

differentiation of murine preosteoblasts.

The mineralization amount of the Ca and P was further studied using the EDX analysis. 

Since this method is a microscopic method and the values depend on the various factors such 

as surface area, the magnification, and the number of counts per scanning, all the factors 

were kept as constant or very close to each other. Three samples were scanned, and the 

average percentage values for the Ca and P were recorded from a total value of 100 

including oxygen and calcium. Homogeneous Ca, and P deposition on the scaffolds were 

observed as shown in the Fig.8 which represents the elemental mapping of the selected 

scaffolds. According to the results shown in the Fig. 9, the Ca and P depositions were 

increased with the increasing GO content as similar to the ALP activity. Since ALP activity 

was reported on day 14, cell-attached scaffolds which stayed in osteogenic media at days 14 

and 21 were studied. At day 21, Ca deposition was significantly increased in comparison to 

the day 14. This EDX quantification data has further supported the results which were taken 

from the ALP activity assay. It was also reported that the cell mineralization on the GO 

substrate began after 7 days which further aligned with our findings [40]. Enhanced 

osteogenic potential due to GO was previously reported in several literatures.

According to Song et al. [18], 0.3% (w/w) GO, and 0.5% (w/w) GO in PCL scaffolds 

enhanced the differentiation of mesenchymal stem cells into osteogenic cells. Wu D. et al. 

[29] also reported the enhanced bio-mineralization of the PCL scaffolds due to the GO 

addition.

On the other hand, PCL is also a good biocompatible and bioactive material which facilitates 

osteogenic differentiation as reported in the literature [41,42]. Because of this excellent 

behavior of the PCL, the significant statistical difference at p < 0.05 between groups cannot 

be observed. The finding of this project bolster the previous findings related to PCL and GO 

based scaffolds. Most importantly, this is the first study of incorporating GO into the PCL 

for 3D printing. Most of the previous studies focused on the development of GO 

incorporated PCL nanofibers by using the electrospinning method [18]. The GO content of 

this research work was determined according to the previously reported PCL+ GO nanofiber 

based studies. However, the authors suggest using a higher amount of GO in 3D printing to 

obtain a significant improvement in cell proliferation and differentiation.
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Figure 10 shows the western blot analysis of the scaffolds. PCL + 0.1%GO group was 

omitted from this study according to the results of the previous experiments. The results 

show that both PCL only scaffolds and PCL + 0.5%GO scaffolds secrete osteogenesis 

related proteins namely; BMP-2, a growth factor which induces undifferentiated cells into 

bone tissues [43,44] and osteopontin, a non-collageneous glycoprotein in mineralized bone 

matrix [45]. The concentrations of BMP-2 and OPN increased with the time as shown in 

graphs A and B, but the no significant differences between the groups were observed. 

BMP-2 is regarded as having the most potential for bone regeneration, and it is already 

approved by the FDA (with BMP-7) for spinal fusion and non-union treatments [46]. Also, 

osteopontin plays an essential role in adhesion of bone cells to the mineralized matrix due to 

the availability of arginine-glycine-aspartate (RGD) motif [47]. As previously mentioned, 

PCL acts as an excellent osteoinductive substrate to the preosteoblasts with the 3D pore 

structure which also facilitates the secretion of osteogenic markers; BMP-2, and osteopontin; 

as shown in the experimental results. The effect of pore size on ECM formation and 

osteogenesis still not fully understood according to the results. At day 14, scaffolds with 

smaller pore size showed higher secretion of BMP2 and osteopontin, but the difference is 

not statistically significant at p<0.05 value.

We also concerned about the heating of GO incorporated PCL up to 100°C for printing, 

since it might effect to the biocompatibility of the GO due to the phase transformation. It 

was reported that the annealing of GO further improves the cell attachment, proliferation, 

and differentiation of human mesenchymal stem cells. During mild annealing of GO, there is 

a phase transformation toward distinct oxidized and graphitic domains. Also, the adsorption 

of ascorbic acid by annealed GO is higher than the adsorption of non-treated GO. Therefore, 

enhanced differentiation was observed in annealed GO [40]. Previous studies also have 

shown that the hydrogen bonding in the sp3 carbon domain also could enhance the ascorbic 

acid adhesion performance of GO [35,37].

The available techniques to produce GO incorporated PCL scaffolds are limited. 

Electrospinning is the most widely used technique which can be found abundantly in 

literature as mentioned in the introduction section. However, the electrospinning method 

does not enable the precise control of internal scaffold architecture. On the other hand, 3D 

printing enables the better control of pore size, pore morphology, and porosity of the matrix 

[48,49] since interconnected pore structure is vital for cell nutrition, proliferation, and 

migration for the formation of new tissues and vascularization [50,51].

4. Conclusion

In this study, Go was successfully incorporated into the PCL using chloroform as a solvent 

and scaffolds were printed using the extrusion-based 3D printer. All types of scaffolds 

exhibited well-defined architecture and interconnected pore structure. The process 

conditions did not affect to the cytotoxicity of the scaffolds as murine preosteoblast attached 

and proliferated well on all three types of scaffolds. The addition of the GO enhanced the 

cellular response. The PCL+0.5% GO scaffold was the most favorable for cell proliferation 

and differentiation. Also, PCL was an ideal material for tissue engineering application as it 

enhanced the cell proliferation and differentiation, and GO further enhanced the cell 
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functions. We suggest that the 3D printed PCL/GO system has high potential as an artificial 

substitute for bone tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Graphene Oxide was successfully incorporated into Polycaprolactone using 

chloroform as a solvent

• Better interconnected and uniform porosity was obtained using the extrusion-

based 3D printer.

• Scaffolds possessed good bioactivity, and graphene oxide increased the cell 

attachment and differentiation.

• Size of the pores does not influence the cell attachment significantly
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Figure 1: 
Schematic representation of preparation of scaffolds using 3D printer
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Figure 2: 
Compressive modulus of scaffolds at two different pore sizes; * indicates p<0.05; n=7
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Figure 3: 
SEM micrographs of scaffolds; X indicates the magnification
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Figure 4: 
Live and dead cell assay fluorescence images at days 3, 7, and 14; green- live cells, read- 

dead cells; scale 1 mm
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Figure 5: 
WST-1 assay optical density values at 440 nm for three different time points; * indicates the 

p<0.05; n=3
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Figure 6: 
SEM micrograph of osteoblast cell attachment at days 5 and 10; X indicates the 

magnification
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Figure 7: 
ALP activity of the scaffolds at three different time points; * indicates the significance of 

p<0.05 with respect to (wrt) PCL only scaffold at day 14; # indicates the significance of 

p<0.05 wrt PCL +0.1% GO scaffold at day 7; n=3
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Figure 8: 
Elemental mapping images and SEM micrographs of selected scaffolds after osteogenic 

differentiation at days 14 and 21
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Figure 9: 
Quantitative analysis of calcium and phosphorous elements using EDX method; + indicates 

the significance p<0.05 wrt PCL only; $ indicates the significance p<0.05 wrt PCL only; * 

indicates the significance p<0.05 wrt to both PCL only and PCL + 0.1% GO; ε indicates the 

significance p<0.05 wrt PCL + 0.1% GO; ^ indicates the significance p<0.05 wrt PCL only; 

# indicates the significance p<0.05 wrt PCL only
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Figure 10: 
Western blot analysis of preosteoblasts following the induction of osteogenic differentiation 

at day 7 and day 14 for different samples, 1- PCL only scaffolds with 800 μm pores, 2- PCL 

only scaffolds with 400 μm pores, 3- PCL + 0.5% GO scaffolds with 800 μm pores, and 4- 

PCL + 0.5% GO scaffolds with 400 μm pores; graph A: Bone Morphogenic Protein-2 

(BMP-2), graph B: Osteopontin (OPN) (relative intensity wrt β-actin)
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