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Abstract: 

The combination of macro and micro-porosity is a potent manner of enhancing osteogenic 

potential, but the biological events leading to this increase in osteogenesis are not well 

understood. In this study, we investigated the effect of a dual pore size scaffold on physical 

and biological properties with the hypothesis that cell condensation is the determining factor 

for enhanced osteogenic differentiation. To this end, a hierarchical scaffold possessing a dual 

(large and small) pore size was fabricated by combining two additive manufacturing 

techniques; melt electrospinning writing (MEW) and fused deposition modelling (FDM). The 

scaffolds showed a mechanical stiffness of 23.22±1.46 MPa similar to the FDM control 

scaffold while the hybrid revealed an increased specific surface area of 1.43±0.06m2/g. The 

scaffold was cultured with primary osteoblast cells for 28 days which showed enhanced cell 

adhesion and proliferation. The hierarchical structure was also beneficial for in vitro alkaline 

phosphate activity, mineralisation and showed an increased expression of osteogenic protein 

and genes. Mesenchymal condensation markers related to osteoblastic differentiation (CDH2, 

RhoA, Rac1, Cdc42) were upregulated in the hybrid construct demonstrating that the MEW 

membrane provided an environment more suitable for the recapitulation of cell condensation 

which in turn lead to higher osteogenic differentiation. In summary, this study demonstrated 

that the hierarchical scaffold developed in this paper leads to a significant improvement in the 

scaffold properties such as increased specific surface area, initial cell adhesion, cell 

proliferation and in vitro osteogenesis. 

Keywords: melt electrospinning writing (MEW), fused deposition modelling (FDM), 

hierarchical scaffold, osteogenesis, dual-scale scaffold 
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1. Introduction  

Additive manufacturing has become a prominent technology for scaffold fabrication in 

biomedical engineering. 3D printing and more particularly Fused Deposition Modelling (FDM) 

is one of the most widely used methods for the creation of scaffolds targeted to bone 

regeneration.1-3 FDM exerts excellent control over scaffold design, internal architecture 

arrangement, porosity and pore sizes which are usually in the macroscopic range. The 

macroscopic interconnected porosity is desirable for a bone regeneration application as it 

allows efficient diffusion of nutrients and oxygen in vitro while facilitating formation of the 

vasculature, essential for osteogenesis to occur in vivo. Therefore, the optimal pore size of 

scaffold for bone regeneration ranges from 400 to 600 microns as several studies previously 

reported for a variety of scaffold types and biomaterials.4-6 In the context of a tissue engineering 

strategy, whereby cells are cultured in vitro in a 3D construct prior to implantation, a 

compromise in the pore size is needed for simultaneously enabling in vitro 

maturation/differentiation and in vivo revascularisation. Indeed, 3D-printed scaffolds with 

highly ordered internal arrangements and macroscopic pores, required for proper in vivo 

vascularisation, are notoriously difficult to efficiently and homogenously seed with cells.7 

Several technological solutions have been implemented for enhancing initial cell adhesion,8-12 

however cell seeding efficacy remains poor for 3D-printed scaffolds.13 In addition, the pore 

size of 3D constructs has a direct influence on cell proliferation and differentiation as 

previously demonstrated.14-16 While there exits some contradictory results in the literature, it 

seems that a small pore size of around 100-300 microns is the most appropriate dimension for 

enhancing in vitro osteogenic differentiation.14-15, 17  

As seen here, the pore sizes required for in vitro osteoblastic differentiation and in vivo 

osteogenesis are significantly different and lead to inadequate tissue engineering construct 



 

4 
 

maturation characterised by reduced in vitro osteogenic differentiation in the context of a 

cellularised scaffold with a large pore size.  

Therefore, the fabrication of a hybrid scaffold featuring small pore sizes, in the range of those 

suitable for in vitro osteogenic cell differentiation, and large pore sizes, desirable for in vivo 

vascularisation, is sound and can potentially increase the overall regenerative capacity of the 

resulting tissue engineered construct. The manufacturing of hierarchical scaffolds is generally 

achieved by combining 3D-printing and various iterations of electrospinning for obtaining 

constructs whereby a thin small pore size electrospun membrane is intercalated between two 

3D-printed layers.18-33 These technologies were developed and implemented firstly for 

enhancing cell seeding efficiency as the small pore size electrospun membrane acts as a net 

ensuring higher cell attachment when the seeding solution flows through the macropores of the 

constructs. While increased cell adhesion and proliferation have been reported in the majority 

of these studies,21, 34 little is understood on the osteogenic capacities of such hybrid constructs 

possessing dual pore sizes.  

In this study, we adopted a unique scaffold fabrication technique by combining two different 

additive manufacturing processes namely melt electrospinning writing (MEW) and fused 

deposition modelling (FDM) creating a hierarchically structured scaffold. The study focuses 

on understanding the effect of the scaffold hierarchical architecture on osteoblast proliferation, 

differentiation, their ability to generate mineralized matrix. The study also proposes a potential 

explaining and mechanism responsible for the increased osteogenic differentiation. 
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2. Materials and methods 

2.1 Scaffold fabrication by additive manufacturing technologies 

The scaffolds were fabricated in a two-step process combining two different additive 

manufacturing techniques, melt electrospinning writing (MEW) and fused deposition 

modelling (FDM). The first step involved the preparation of melt electrospun writing 

membranes using medical grade polycaprolactone (PCL) (Purasorb- PC12, Corbion). PCL 

pellets were melted in the electrospinning cartridge placed at 75°C and extruded through a 21G 

blunt needle placed at 80°C at a pressure of 1.2 bar and subjected to an electrostatic field of 7.5 

kV. Electrospun scaffolds with 10 layers were fabricated with a 0-90° layer by layer 

arrangement with a 100 µm fibre interspacing on a programmable stage translating at a velocity 

of 1200 mm/min using a spinneret-to-collector distance of 7 mm. The pore size of the 

membrane was selected based on both the literature 14-15, 17 and our previous research 

demonstrating that a small pore size between 100 to 300 microns enabled rapid cell 

colonisation of the melt electrospun membrane. 35-36 Therefore, a 100 microns pore size was 

utilised in order to rapidly attain a state of cellular condensation. The second step of the 

manufacturing process involved the utilization of Fused Deposition Modelling whereby the 

PCL was melted at a temperature of 100ºC and extruded in a dual pneumatic pressurised 

bioextruder. The molten polymer was extruded using a 21G nozzle with a lay down pattern of 

0-90º at a speed of 300mm/min. The scaffolds were fabricated with a filament distance of 

0.5mm and a layer height of 0.35mm to achieve 45(L) x 45(W) x 2.5(H) mm3. The FDM 

process was performed in a sequential manner whereby melt electrospun written membranes 

were intercalated in between each of the FDM layer. Once an FDM layer was printed, the 

fabrication process was stopped, and a melt electrospun membrane was placed over the FDM 

scaffold prior to resuming the printing. For comparison purposes, a FDM control scaffold 

(without intercalated melt electrospun membranes) was manufactured using the conditions 
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described above. Figure 1 shows the schematic representation of scaffold fabrication process; 

hence two groups MEW+FDM and FDM were created; the hierarchical scaffold composed of 

melt electrospun membranes intercalated in the FDM scaffold and the control FDM scaffold. 

This two-staged method of fabrication was utilised over a direct electrospinning approach on 

the FDM due to the collector electrical isolation leading to charge build-up, preventing the 

deposition of melt electrospun fibres with a precise and specific pattern.  
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Figure 1: Schematic illustration of steps involved in the scaffold fabrication 
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2.2 Scaffold characterization 

(i) Scaffold morphology 

 The scaffold morphology was examined for both the FDM and the MEW + FDM group using 

scanning electron microscopy (SEM) at 5 kV after gold sputter-coating. In order, to visualize 

and image the scaffold cross-sectional area, the constructs were submerged in liquid nitrogen 

and sectioned using a scalpel blade. Average fibre diameter and the average interfilament 

distance were determined using Image-J software from 5 SEM images tallying 50 

measurements. 

(ii) Microcomputed tomography  

The scaffold porosity was analysed using a Micro-CT (μCT 40, SCANCO Medical AG, 

Bruttisellen, Switzerland) at resolution of 12µm, a voltage of 45kV, current of 177µA, and an 

integration time of 300ms with greyscale threshold of 30. The samples (n=3 per group) were 

coated with silver nitrate as a contrast enhancer prior to micro-CT.37 Briefly, the samples of 

6mm diameter (n=3 for each group) were soaked in silver nitrate (1%w/v in 100% ethanol) for 

30 minutes, and subsequently immersed in a 10mM L-ascorbic acid solution (Sigma –Aldrich) 

and incubated for another 30 minutes. The samples were rinsed with water and the process was 

repeated once again and incubated overnight. Finally, the scaffold was washed in 80% ethanol 

and dried for micro-CT scanning. 

The outlines of the scaffolds were manually segmented in order to determine the total volume 

of the scaffold and to calculate the porosity. Three-dimensional images were reconstructed 

from the scan using the micro-CT system software.  
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(iii) Compression testing 

Mechanical compression tests were conducted using an Instron 5848 microtester fitted with a 

500N load cell using experimental conditions similar or nearly similar to previous reports 1, 38. 

The scaffolds (n=5 for each group) with the dimensions of 6mm diameter and a thickness of 

2.5mm were compressed at a displacement rate of 0.6mm min-1. The compressive Young’s 

modulus of the scaffolds was determined from the initial linear portion of the stress versus 

strain curve.  

(iv) Surface area by BET 

The surface area of the scaffolds was measured by BET (Brunauer−Emmett−Teller Surface 

Area Analysis) at a relative pressure ranging from 0.05 to 0.3 (p/pº) using an ASAP 2020 

surface area and porosity analyser (Micromeritics Inc). The scaffolds (n= 25 for each group) 

were loaded into clean analysis tubes, which were weighed before and after loading. The 

analysis was performed at 77 K using Argon as adsorptive gas. Sample degassing was 

performed using freeze-drying process as the normal degas procedure using high temperature 

may cause melting of the PCL. After each freeze-dry run, the instrument was set to collect a 5- 

point isotherm for BET surface area analysis. The freeze-drying process was repeated till 

consistent BET results were observed. 

2.3 In vitro characterization 

(i) Cell source and extraction  

Human joint tissue explant was obtained from patients undergoing knee or hip replacement 

surgery (ethical approval for the use of joint tissue was granted by The Prince Charles Hospital 

Human Research Ethics Committee, HREC, Queensland, Australia 1400001024). Written 

patient consent was obtained prior to tissue collection. The bone tissues were collected under 
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sterile condition, minced and washed with phosphate buffer saline (PBS); and cultured in 

DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin 

(basal medium). The extracted osteoblasts at passage 2 were used for all cell culture 

experiment.  

(ii) Scaffold seeding and culture 

Prior to seeding, the scaffolds of 6mm diameter were surface treated with 0.5M NaOH at 37ºC 

for 60 minutes, followed by 5 rinses in ddH2O to increase surface hydrophilicity and promote 

initial cell attachment.1, 39 The scaffolds were sterilized by a 30 min immersion in 80% ethanol 

followed by a 20 min UV sterilization on both sides of the scaffold. Then the scaffolds were 

seeded with 60μl of cell suspension (50,000 cells/scaffold) and incubated at 37ºC for 90 

minutes, after which 1ml of basal medium was added to each scaffold. The scaffolds were 

cultured either in basal medium for up to 28 days for assessing viability, and proliferation or in 

osteogenic medium (basal medium supplemented with 2 mM β-glycerol phosphate (Sigma-

Aldrich; Australia), 100µM L-ascorbic acid 2-phosphate(Sigma-Aldrich; Australia), and 10nM 

dexamethasone (Sigma-Aldrich; Australia)) for assessing gene expression and mineralization. 

Medium change was performed every 3 days. 

(iii) Cell metabolic activity and DNA quantification 

Cell metabolic activity was assessed using the non-destructive AlamarBlue™ (resazurin-based 

solution) cell viability assay (Invitrogen, Australia) assay at 1, 7, 14, 21, 28 days (n=5 at each 

timepoint). The scaffolds were placed in a new plate and 500 µL of a 10% vol/vol Alamar blue 

solution in DMEM medium were added to the wells and a 4 hour incubation at 37ºC in the 

incubator was performed. Thereafter, the Alamar blue solution was removed, the scaffolds 

were rinsed twice with PBS and 2mL of basal medium were added in order to continue the cell 

culture. The AlamarBlue solution’s relative fluorescence (RFU value) (triplicates of 100 µL 
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solution) was measured using a plate reader (BMG Labtech, CLARIOstar, Australia) at 

excitation wavelengths of 540/570nm and emission wavelengths of 580/610nm. A fully 

reduced AlamarBlue solution was used as a positive control, for which the AlamarBlue solution 

was autoclaved at 121ºC for 15 minutes as recommended by the manufacturer. Non-reduced 

AlamarBlue solution was used as negative control. The percentage reduction of AlamarBlue 

was calculated using the following equation 

%𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)

(100% 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)
× 100 

Cell proliferation was assessed by measuring DNA content was quantified by Pico green assay 

(Quant-iT™ PicoGreen™ dsDNA Assay kit, Invitrogen, Australia). At each time point the 

scaffolds (n=5 for each group) were washed with PBS and frozen at -80ºC for 48 hours. The 

constructs were digested using 500µL of Proteinase K (Invitrogen, Australia) at 60ºC for 12 

hours. The solution was centrifuged at 2000 rpm for 5 minutes and the supernatant was diluted 

at a ratio of 1/20 in PBE. A triplicate of 100µL aliquot was transferred into a 96 well plate, to 

which 100µL of PicoGreen at a 1/200 dilution ratio was added. The plate was incubated for 5 

minutes at room temperature in the dark, after which the fluorescence (excitation 485nm, 

emission 520nm) was measured using a fluorescence plate reader. A standard curve was plotted 

using λDNA (concentration of 10ng/mL to1µg/mL) to calculate the sample DNA content. 

(iv) Cell viability and cell morphology  

Cell viability was measured using a live/dead assay after 1, 7, 14, 21 and 28 days of culture in 

basal medium (n=3 per group and per timepoint). To this end, the scaffolds were washed twice 

in PBS and incubated for 5 minutes at 37ºC in FDA-PI solution (FDA: 10μg/ml; PI 5μg/ml in 

PBS). Thereafter, the scaffolds were washed with PBS and imaged using a Leica TCS SP5 

Confocal Microscope at a maximum excitation/emission wavelength of 490-526 nm for FDA 

and 533-617nm for PI. The results were quantified using Fiji/Image-J software from three 
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images at each time point for both groups. The percentage of living cells was calculated from 

the ratio of live cells (green cells) to the total number of cells (green and red cells).  

The cellularized scaffolds were retrieved and processed for the assessment of cell attachment 

and morphology confocal laser microscopy and scanning electron microscopy (SEM) after 1, 

7, 14, 21, 28 days of culture in basal medium. For confocal laser microscopy, the scaffolds 

(n=2 at each time point and for each group) were fixed in 4% (w/v) paraformaldehyde (PFA) 

for 30 min and transferred in PBS. Later, the cell membrane was permeabilised with 0.1% 

triton X solution for 20 minutes. Cell morphology was assessed by staining actin fibre and 

nuclei using a 0.8 U/ml rhodamine conjugated phalloidin (Invitrogen, Australia) and 5 µg/ml 

4,6-diamino-2-phenylindole (DAPI, Invitrogen, Australia) in PBS for 20 minutes in dark at 

room temperature. The scaffolds were then washed with PBS to remove any excess stain. The 

samples were imaged using confocal laser microscopy as previously described at a maximum 

excitation/emission wavelength of 358/461nm for DAPI and 540/565nm for phalloidin.  

SEM was performed after 28 days of culture and the constructs (n=2 for each group) were 

retrieved and fixed with 3% (w/v) glutaraldehyde followed by a thorough wash with PBS. The 

samples were subjected to sequential dehydration with graded ethanol series, immersed in 

hexamethyldisilazane (HMDS) for 60 min and subsequently dried prior to gold sputter-coating. 

The samples were imaged using the condition described above. 

2.4 Gene expression of cells cultured on FDM and MEW+FDM scaffolds 

Osteoblasts were isolated from bone tissue and seeded on the 3D printed scaffolds as previously 

described. To investigate osteoblastic differentiation, the cells were cultured in osteogenic 

media (basal medium supplemented with 2mM β-glycerolphosphate (Sigma-Aldrich; 

Australia), 100µM L-ascorbic acid 2-phosphate (Sigma-Aldrich; Australia) and 10nM 

dexamethasone (Sigma-Aldrich; Australia)) for 3, 7 and 21 days (n= 3 for each time point). 
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The total RNA was extracted by using TRIzol reagent (Invitrogen, Australia) according to the 

manufacturer’s guidelines; and cDNA was synthesized using SensiFAST TM cDNA Synthesis 

Kit (Bioline, Australia). The synthesized cDNA was then added to the PCR master mix 

containing SYBR Green and specific primers (osteogenic markers ALP, RUNX2, COL 1, 

OCN, and OPN; cell condensation markers CDH2, Cdc42, Rac 1, and Rho A) as listed in Table 

1. The mixture was then aliquoted into PCR array template. The RT-PCR was carried out in a 

thermal cycler (QuantStudio 7 Flex, Real-Time PCR System, ThermoFisher Scientific, 

Australia). The relative gene expression was calculated by normalizing the ΔCT values to 

reference housekeeping gene GAPDH.  

Table 1: Primers’ sequence used in this study 

Gene Gene Symbol Primers’ Sequence 

Alkaline Phosphate ALP TCTTCACATTTGGTGGATAC 

ATGGAGACATTCTCTCGTTC 

Runt-related 

transcription factor 2 

RUNX2 CATGGCGGGTAACGATGAA 

AGACGGTTATGGTCAAGGTGAAA 

Collagen type 1 COL-I GCAACATGCCAATCTTTACAAGAG 

CCATCATACTGAGCAGCAAAGTTC 

Osteocalcin  OCN GCAAAGGTGCAGCCTTTGTG 

GGCTCCCAGCCATTGATACAG 

Osteopontin  OPN TCACCTGTGCCATACCAGTTAA 

TGAGATGGGTCAGGGTTTAGC 

N-Cadherin CDH2 
TAAAGAACGCCAGGCCAAAC 
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TGGCATCAGGCTCCACAGT 

Cell division control 

protein 42 

Cdc42 
GATGGTGCTGTTGGTAAA 

TAACTCAGCGGTCGTAAT 

Ras-related C3 

botulinum toxin 

substrate 1 

Rac1 
AAACCGGTGAATCTGGGCTT 

AGAACACATCTGTTTGCGGA 

Ras homolog gene 

family, member A 

Rho A 
CCCAGATACCGATGTTATACTGATGT 

GGCACGTTGGGACAGAAATG 

 

2.5 Osteogenic differentiation of cells: alkaline phosphatase activity and immuno-

fluorescence staining  

Alkaline phosphatase (ALP) activity was measured for the scaffolds (both FDM and MEW+ 

FDM) cultured in osteogenic medium at 7, 14, 21 and 28 days using a colorimetric assay. At 

each time point, the scaffolds (n=3 for each group) were retrieved and washed with PBS and 

the cell lysate was prepared with 200µl of 0.1%v/v Triton X-100 in 10mM Tris buffer (pH 7.5) 

for 10 minutes. The obtained lysate was mixed with 200µl assay buffer and centrifuged at 4°C 

at 10,000 rpm for 15 minutes. The supernatant was transferred to a new tube and a triplicate of 

80µl sample solution was used. ALP activity was measured using the SigmaFAST™ kit as per 

the manufacturer’s instruction using 50µL of a 5Mm p -nitrophenly phosphate solution 

(pNPP)) as phosphatase substrate. The plate was protected from light and incubated at 25ºC 

for 60 minutes. The pNPP reaction was stopped with 20µl of stop solution, and the absorbance 

was read at 405 nm using a plate reader (Benchmark™ Plus, Microplate Reader, Bio-Rad). The 

ALP absorbance was normalised with total protein content of each sample which was measured 

using BCA Protein assay kit (ThermoFisher Scientific, Australia).  
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Osteogenic differentiation of the cells was assessed by immunofluorescence staining after 3, 

and 7 days of culture in osteogenic medium. To this end, the scaffolds (n=3 for each group) 

were fixed with 4% paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton X- 100 

(Sigma-Aldrich, Australia) for 10 minutes. The samples were washed with PBS and blocked 

with 4% BSA (bovine serum albumin) for 1 hour at room temperature. The scaffolds were then 

incubated with rabbit polyclonal antibody against anti-ALP antibody (Cat.no. ab108337, 

Abcam, Australia) at 1:200 dilution in 1% BSA (Bovine serum albumin, Sigma, Australia) 

overnight at 4ºC. After incubation, the scaffolds were washed with PBS twice and incubated 

with secondary antibody (Donkey anti-rabbit 488, Abcam, Australia) at 1:500 dilution in 1% 

BSA (Bovine serum albumin, Sigma, Australia) for 1 hour at room temperature in dark. Lastly, 

the cell nucleus was stained with DAPI, the samples were washed twice with PBS and observed 

using confocal laser scanning microscopy (Leica TCS SP5 Confocal Microscope) at an 

excitation/emission wavelength of 495-519 nm for ALP and 358-461nm for DAPI and all 

imaging conditions were kept constant throughout the study. The fluorescence intensity was 

assessed quantitatively using Fiji/Image-J software as ratio of green pixels area to total cell 

number (number of blue objects) from three different images at each time point.  

2.6 Mineralization of cells cultured on MEW+FDM and FDM scaffolds  

Alizarin Red S staining was performed in order to assess the degree of mineralization in the 

FDM and MEW + FDM scaffold at 1,7,14, 21, 28 days of culture in osteogenic medium. At 

each time point, the scaffolds (n=3 for each group) were washed in PBS and fixed with 4% 

paraformaldehyde for 1 hour. The scaffolds were then washed with PBS, immersed in a 1wt% 

alizarin red S (Sigma-Aldrich, Australia) solution at pH 4.1 for 10 minutes. The unfixed dye 

was removed by gently rinsing the stained scaffolds with pure water until a clear solution was 

obtained (typically after 5 rinses). The samples were then air dried overnight and stored until 

use. Semi quantification of the alizarin staining was performed by solubilizing the dye using 
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300µL of a 50% acetic acid solution per scaffold. The scaffolds were placed on a shaker for 10 

minutes to allow complete dissolution of dye and the solution was thereafter transferred to 1.5 

mL Eppendorf tubes and vortexed for 30 seconds before the addition of 150 mL of 4 M NaOH 

to adjust the pH to 4.1. The tubes were centrifuged at 10,000 rpm for 10 min. Triplicates of 100 

µL were placed in a 96-well plate and the absorbance was read at 405 nm. The mineralization 

was also examined by SEM after 28 days of culture in osteogenic medium. Briefly, the cells 

cultured on the scaffold were fixed with 3% (w/v) glutaraldehyde after 28 days, washed with 

PBS, dehydrated with ethanol series, air dried, sputter coated with gold and imaged using SEM 

as per the conditions previously described.  

3. Statistical analysis  

All the data were expressed as mean ± standard error of the experiments. The statistical 

significance was analysed using one-way ANOVA with LSD Post Hoc test. Otherwise, for data 

comparing only two means (such as mechanical properties, porosity and surface area study) an 

unpaired student t-test was utilized. The data was plotted using GraphPad Prism 7.00 – 

California or Microsoft Excel. In all the statistical evaluations p-values <0.05 was considered 

as statistically significant. 

4. Results  

4.1 Scaffold fabrication and physical characterization 

An architecturally hybrid hierarchical 3D scaffold was fabricated by combining two additive 

manufacturing processes, Fused Deposition Modelling (FDM) and Melt Electrospinning 

Writing. SEM imaging of the FDM scaffold revealed a typical architecture for such scaffold 

consisting of large filaments with an average diameter of 530±34.37µm and an average 

interfilament distance of 450±67.77µm (Figure 2 a, d, e) creating an alternated 0-90º layer 



 

17 
 

architecture. The MEW membrane showed a highly ordered structure composed of smooth 

fibre with an average fibre diameter of 7±0.84µm, and an average interfilament distance of 

100±4.98µm (Figure 2 b, d, e). The combination of the FDM and MEW resulted in the 

fabrication of scaffolds with a dual pore size: with large pores created by the mechanically 

robust FDM filament into which smaller pores from the MEW membranes were intercalated in 

a layer by layer manner (Figure 2 c). 

 

Figure 2: Morphology of the 3D printed PCL scaffolds using SEM (n=3): (a) Top and the 

cross-section view of 3D printed FDM scaffold (b) Representative image of MEW scaffold 

showing average fibre diameter and the interfilament distance, (c) Top and cross-section view 

of the 3D printed MEW+FDM  scaffold with clear intact of the MEW in between the layers of 
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FDM, (d) Filament thickness and pore size of FDM scaffold, (e) Filament thickness and pore 

size of MEW scaffold.  

The impact of the MEW membrane incorporation was investigated by compression testing and 

this demonstrated that both types of scaffold had similar compressive properties as shown in 

Figure 3a and b. Indeed, both the FDM and the MEW + FDM displayed a typical compression 

curve of porous polymeric materials characterized by a gradual increase in the stress before 

reaching an inflexion (around 20% strain) corresponding to densification phase as described 

by Gibson and Ashby 40 and corresponding the collapse of the FDM pore.  

 

Figure 3: Compression testing: (a) stress-strain curve of the 3D printed scaffold, (b) 

Compressive young’s modulus of the FDM and MEW+FDM scaffolds determined from the 

initial linear portion of the stress-strain curve showing no significant difference (n=5) 

The compressive Young’s modulus (calculated from the initial linear region of the stress stain 

curve) (Figure 3a) of both group was in the range of 25 MPa and no statistical difference was 

noted with the MEW+FDM (FDM: 24.6±1.4 MPa; MEW+FDM: 23.2±1.5 MPa) as shown in 

Figure 3b. Similar observations were found in the porosity analysis, where the FDM (50.5 

%±0.4) and MEW+FDM (47.8% ±2.2) did not show any significant difference (Figure 4a-c). 

However, the presence of the MEW membrane greatly affected the scaffold specific surface 
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area as the BET analysis demonstrated. Indeed a 5-fold increase in this parameter was observed 

with the MEW+FDM surface area culminating at 1.43 ± 0.06 m2.g-1 while the FDM was at 

0.03 ± 0.01 m2 .g-1 scaffold (Figure 4d). 

 

Figure 4: (a) Representative 3D image of Micro-CT on FDM scaffold, (b) Representative 3D 

image of Micro-CT on MEW+FDM scaffold, (c) Percentage porosity calculated from the 

Micro-CT analysis showing no significant difference, (d) BET surface area analysis on FDM 

and MEW+FDM scaffold. Data represented as mean ± SED (*: p< 0.05; **: p<0.01; ***: 

p<0.001) 
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4.2 In vitro characterization 

(i) Cell metabolic activity and proliferation 

Primary human osteoblasts were cultured on the 3D printed scaffold for 28 days and the cell 

metabolic activity was assessed by Alamar Blue assay and the DNA content was also measured. 

At 24 hours post-seeding, the percentage reduction of the Alamar Blue corresponding to cell 

metabolic activity was below 5% for both group where MEW+FDM displayed a significantly 

higher activity than the FDM group (Figure 5a). With longer culture time, the cell metabolic 

activity gradually increased, however this parameter was consistently and significantly higher 

in the MEW + FDM group when compared to the FDM group. A similar trend was observed 

for the DNA content, whereby higher DNA content in the MEW+FDM was observed although 

it did not reach statistical significance at the early time points of 1 and 7 days. While cell 

number increased in both groups, the DNA content in the MEW + FDM was remarkably and 

significantly higher from day 14 to day 28, with a 4-fold difference when compared to the FDM 

group (Figure 5b). We further calculated the DNA fold change between consecutive time 

points and between Day 1 and Day 28 (supplementary Figure 1). This still clearly 

demonstrated that the hybrid construct resulted in enhanced proliferation overall with a10 fold 

increase in the MEW+FDM compared to 7 fold increase in the FDM. 
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Figure 5: (a) Cell metabolic activity analysis by Alamar blue assay (n=5), (b) DNA 

quantification by Pico green assay (n=5), (c) Cell survival percentage assessed quantitatively 

as ratio of live cells to total cell, (d) Representative confocal laser microscopy image showing 

live/dead cells after 1, 7, 14, 21 and 28 days of culture and staining with FDA (green-live) and 

PI (red-dead) (n=3). Data represented as mean ± SED (*: p< 0.05); (**: p<0.01); (***: p<0.001) 

Live dead assay demonstrated that the cells maintained an initial high level of cell viability 

around 90% which slightly decreased afterwards to 70-80% as shown in Figure 5c and d. 

There were no significant differences in cell viability between the groups, even when the MEW 

FDM scaffold demonstrated extensive cell proliferation which results in filling the pores of the 

MEW membrane. This indicated that the diffusion of oxygen and nutrients were not impeded 

despite the presence of densely cellularized MEW membranes between each layer of the FDM 

scaffold. 
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Confocal fluorescence microscopy provided a visual confirmation of enhanced cell seeding 

capacity of the MEW+FDM scaffold as higher number of cells were observed in this group at 

24-hour post-seeding. Interestingly, the cells were mostly located in the MEW membrane as 

shown in Figure 6a demonstrating that the electrospun written membranes acted as a net to 

capture the cells and were responsible for the increased seeding efficacy. In comparison, the 

FDM scaffold did only display a few cells that were attached the PCL struts. For longer culture 

time points, the cell colonized all portions of the scaffold and had wrapped the FDM filament 

in both groups, however the cells spread and elongated along the melt electrospun fibres 

(Figure 6a). Scanning Electron Microscopy of scaffold cultured with osteoblasts revealed that 

the cell spread around individual fibres on the hierarchical scaffold, whereas the FDM scaffold 

showed cell growth uniquely on the filaments (Figure 6b and c).   
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Figure 6: (a) Representative confocal laser microscopy image of human osteoblast cells 

cultured for 1, 7, 14, 21 and 28 days and stained for actin (Phalloidin) and nucleus (DAPI), (b) 

Representative SEM micrograph of osteoblast cells cultured for 28 days on 3D printed scaffold, 

(c) Representative cross-section view of 3D printed scaffold cultured with osteoblast cells for 

28 days.  
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(ii) Gene expression 

The scaffolds were seeded with human osteoblasts and cultured for 3, 7 and 21 days in 

osteogenic medium. The expressions of osteogenic related genes such as alkaline phosphate 

(ALP), runt-related transcription factor2 (Runx2), osteopontin (OPN), osteocalcin (OCN), and 

collagen type I (COL-I) were assessed by qRT-PCR. As shown in Figure 7a, the  expression 

of ALP gradually increased from day 3 to day 21 for both the FDM and the MEW+FDM. At 

day 7, the MEW+FDM had higher ALP expression although it did not reach statistical 

significance. Runx2 demonstrated a similar expression profile with a gradual increase over 

time, indicating that the osteoblasts were not a homogenous cell population and had various 

levels of osteogenic commitment. Interestingly, RUNX2 expression was significantly higher 

in the FDM +MEW group at day 7 suggesting that osteogenic commitment in the FDM scaffold 

was delayed. COL-I demonstrated a significant increase in expression over the in vitro culture, 

and although the FDM had a significantly higher Col 1 expression at day 3, this profile was 

inverted at day 21 and the MEW + FDM displayed a 2-fold higher expression when compared 

to the FDM group. OCN demonstrated a similar pattern of gradual increase, starting with an 

even level of expression at early time points followed by significantly increased expression for 

the MEW+FDM group at day 21. OPN expression was significantly higher at day 3 in the 

MEW+FDM group followed by a sharp decrease in both groups at day 7 and a slight increase 

at day 21 when compared to the previous time point. 

The expression of genes involved in mesenchyme condensation leading to osteogenesis was 

also investigated. This revealed that these genes CDH2, Cdc42, Rac1 and RhoA had 

significantly higher expression in the MEW + FDM group at day 7 (Figure 7b), indicating that 

earlier, enhanced cell maturation and possibly condensation occurred in the hybrid construct. 

This potentially explains the superior capacity if the MEW + FDM at inducing in vitro 

osteoblastic differentiation. 



 

25 
 

 

Figure 7: Gene expression using RT-PCR of human osteoblast cells cultured in osteogenic 

medium for 3,7 and 21 days on 3D printed scaffold (a) osteogenic markers (b) cell condensation 

markers (n=3). Data represented as mean ± SED. Data represented as mean ± SED (*: p< 0.05); 

(**: p<0.01); (***: p<0.001). 



 

26 
 

(iii) Osteogenic differentiation of cells: alkaline phosphatase activity and immuno-

fluorescence staining  

The commitment to osteogenic differentiation was also analysed at the protein level by 

measuring ALP activity normalized to the total protein content at various time points. The ALP 

activity in the MEW+FDM scaffold was consistently and significantly increased when 

compared to the FDM scaffold after 7, 21 and 28 days of culture (Figure 8a). This indicated 

that the architecture of the FDM+MEW scaffolds, enabling high cell proliferation and 

condensation, was also beneficial for ALP production. This finding was confirmed by 

immunofluorescence staining towards ALP at the early time points of 3 and 7 days, whereby 

the ALP staining integrated pixel intensity normalised by cell number was significantly higher 

in the FDM+MEW as shown in Figure 8b and c. 

 

Figure 8: (a) Alkaline phosphatase activity of human osteoblast cells cultured on 3D printed 

scaffold for 7, 14, 21 and 28 days (n=5), Immunofluorescence staining for ALP on the 3D 
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printed scaffold after 3 and 7 days of culture in osteogenic medium: (b) Fluorescence intensity 

assessed quantitatively as ratio of green pixels to total cell number, (c) Representative confocal 

laser microscopy image of FDM and MEW+FDM scaffold stained for ALP after 3 and 7 days 

(n=3). Data represented as mean ± SED (*: p< 0.05); (**: p<0.01); (***: p<0.001) 

(iv) Mineralization of cells cultured on MEW+FDM and FDM scaffolds  

Cell mineralization was assessed by Alizarin red staining after 1, 7, 14, 21 and 28 days of 

culture. A gradual increase in mineralization was observed for both groups throughout the 

entire experiment. Interestingly, the FDM+MEW samples displayed mineralized nodules as 

early as 7 days post-seeding (Figure 9a) whereas mineralization only appeared after 14 days 

post-seeding in the FDM groups. In consequence, alizarin Red staining quantification 

demonstrated a significant increase from day 14 in the MEW+FDM specimens (Figure 9b).  

The level of mineralization was further visualized by scanning electron microscopy after 28 

days of culture, revealing that the cells had formed mineralized matrix in both types of scaffold 

(Figure 9c).  
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Figure 9: (a) Alizarin Red S staining of human osteoblast cells cultured in osteogenic medium 

for 1, 7, 14, 21 and 28 days on 3D printed FDM, MEW+FDM scaffold (n=3), (b) Quantification 

of Alizarin Red S staining by reading the absorbance at 405nm (n=3), (c) SEM micrograph of 

human osteoblast and mineralised particles after 28 days of culture in osteogenic medium (n=3) 

Data represented as mean ± SED (*: p< 0.05); (**: p<0.01); (***: p<0.001) 

5. Discussion 

This study reported on the manufacturing of an additively manufactured hybrid scaffold 

possessing a dual scale pore size.  This was achieved by combining two additive manufacturing 

processes melt electrospinning writing (MEW) and fused deposition modelling (FDM) which 

resulted in the intercalation of highly ordered and porous melt electrospun membranes in 

between the fused deposited filaments consistently with previous reports.16, 18, 20-30 This specific 
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geometry, encompassing large pore sizes from the FDM structure and the smaller pores size of 

the MEW membranes, resulted in influencing the biological response of human osteoblasts. 

Previous studies have demonstrated that pore size, porosity and interconnected channels play 

a crucial role in osteogenic signal expression, differentiation, migration and bone formation.41-

43 While the macropores of the FDM enabled nutrient and oxygen supply to the core of the 

scaffold, the small pore size of the MEW membrane created a microenvironment suitable for 

excellent osteogenic differentiation. This was achieved while still maintaining access to oxygen 

and nutrient as shown by the consistent increase in metabolic activity and DNA content 

throughout the experiment consistently to previous reports. 36, 44-45 In addition, there was no 

difference in cell viability between the FDM and hybrid construct demonstrating that the 

presence of the small pore size membrane did not induce a significant impediment in the 

oxygen and nutrient diffusional processes. 

 This is also consistent with previous reports using hierarchical constructs whereby the 

presence of a smaller pore size component in a 3D-printed scaffold enhanced in vitro 

osteogenic differentiation,23, 29 although contradictory findings can also be found in the 

literature.26-27, 46 In the present study, the enhancement of osteogenic differentiation 

characterised at the protein level by increased ALP secretion and higher osteogenic markers 

gene expression (at day 7 for RUNX2 and at later timepoints for Col 1 and OCN), was 

concomitant and/or possibly induced by higher cell to cell contact in the MEW + FDM scaffold 

as shown by the increased N-Cadherin (or CDH2) gene expression at day 7. N-Cadherin is an 

essential marker of cell condensation and it has been shown to direct osteoblastic differentiation 

with a high initial expression followed by a decrease, conventionally associated to the 

formation of osteocyte.47 Therefore, the increased and intimate cell to cell contact, principally 

mediated by high N-Cadherin expression, seems to recapitulate the necessary step of cell 

condensation for osteogenesis during skeletal development.48-49 In addition, several other 
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markers such as RhoA, Rac1 and Cdc42 involved in cell condensation prior to osteogenesis 

were also upregulated at day 7, further suggesting that the presence of the MEW membrane 

resulted in an early onset of condensation which subsequently increased the cells osteogenic 

commitment. These genes regulate the production of molecules that are part of the Rho family 

of small GTPases and regulate cell shape, adhesion, migration, proliferation50-52 and are also 

known to directly influence the osteogenic process.52-55 Although the present study has reported 

an upregulation of these genes (CH2, Cdc42, RhoA and Rac1) suggesting increased 

commitment towards cell condensation at the 7 day time point, their translation to protein 

production may still require further investigations.  

Nevertheless, the utilisation of MEW membrane in the hybrid construct enhanced osteogenic 

differentiation and this was mediated by the higher state of cellular condensation induced by 

the small pore size of the MEW membranes. A striking evidence is also found in the 

comparison of two studies assessing ectopic bone formation subsequent to in vitro culture of 

ovine osteoblasts seeded in either a large pore size 3D-printed scaffold1 or a smaller pore size 

(100-200 microns) melt electrospun construct.36 Indeed, with similar cell type and length of in 

vitro differentiation, the small pore size scaffold resulted in extensive bone formation36 while 

the large pore size was solely infiltrated by fibrous tissue.1 This may have been caused by the 

macroscopic features of the 3D-printed scaffold imparting a lower surface area which did not 

allow enough cellular interaction, proliferation and condensation for reaching a threshold 

resulting in bone formation once implanted. Whereas high cell number and increased cell to 

cell contact, known to affect cell differentiation towards the osteoblastic lineage,47 were present 

in the case of the smaller pore size scaffold and thus enabled in vivo osteogenesis similarly to 

the hybrid construct developed in the present study. In addition, the presence of the MEW 

membranes drastically increased the surface area available for cell attachment and this 

consequently resulted in higher cell seeding efficiency and proliferation consistently with 
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previous reports.22, 24, 30, 56-57 Ming et al. demonstrated that electrospun scaffold with a uniform 

structure and high specific surface area initiated faster cell attachment and served as a good 

substrate for rapid tissue regeneration.58 These previous reports also demonstrated that the 

presence of a smaller pore size membrane in the hundreds of microns range still allows 

osteogenesis and vascularisation to occur in cell laden or growth factor loaded tissue 

engineered scaffolds35-36, 59. While the effect of the fibre diameter on in vitro osteogenic 

differentiation was outside the scope of this present study, the utilisation of sub-micrometric 

fibres in the electrospun membrane may be beneficial for further increasing the construct 

osteogenic potential as previously demonstrated. 60 In addition, these findings may be 

extrapolated to other aliphatic polyester, commonly utilised in tissue engineering for bone 

regeneration, since an architectural cue (that is, the small pore membrane) is mainly responsible 

for the increased cell condensation. 

The manufacturing of the MEW + FDM scaffold was performed in two separate steps involving 

the electrospinning of the membrane which was then intercalated between the FDM layers 

during the printing process. This strategy was in contrast to previous reports whereby an 

electrospinning apparatus was added to the 3D-printed in order to alternatively and directly 

electrospin a thin membrane over the FDM layers previously deposited.18, 20, 24-29 The 

implementation of such a strategy in the context of melt elelctrowriting, although not 

impossible, is technically challenging. Wei et al. were able to incorporate a melt 

electrospinning head to their 3D-printer but reported multiple issues related to the deposition 

of a hot microfilament over the large gap formed by the FDM struts resulting in important 

sagging of the fibres.28 Furthermore, the addition of multiple layers was reported to 

significantly disturb the electrostatic field necessary for the formation of a stable melt 

electrospun jet, thus potentially impeding the ordered deposition of microfibers.28 Our strategy 

circumvented these limitations and resulted in the fabrication of a hybrid construct whereby 
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the melt electrospun fibre orientation was perfectly maintained. In the present study the 

fabrication of the scaffold required a precise control of the temperature of the FDM printing 

head in order to avoid melting of the melt electrospun fibres while still ensuring appropriate 

fusion of the FDM layer for firmly anchoring the MEW membrane within the construct. The 

fusing of the adjacent layers also resulted in the maintenance of the compressive mechanical 

properties which is in accordance with several reports using dual scale hybrid scaffolds.20, 22 

The combination of melt electrospinning writing and FDM enabled a totally solvent free 

manufacturing process hence avoiding the presence of residual solvent in the electrospun 

fibres44, 61-62 which can create concern for regulatory approval. Indeed, solution based 

electrospinning was utilised in the majority of the previous studies reporting the fabrication of 

hierarchical hybrid constructs, and this created another limitation as the very small pore size of 

the resulting solution electrospun membrane impeded cell migration through the layers of the 

scaffold as previously reported.61, 63 This limitation was circumvented by using near filed 

electrospinning28 or by electrospinning for a short period of time24 in order to create an 

electrospun membrane with low fibre density, thus with larger pore sizes,64 which in turn 

allowed cell migration and fully cellular colonisation. More recently, solution electrospinning 

was performed while translating the collector stage at higher velocity in order to partially cover 

the FDM layer and hence creating large gaps allowing cell migration. Another strategy 

consisted in bioprinted a cell laden alginate bioink within the construct thereby obtaining a 

homogenous cell distribution,30 thus circumventing the limitations revolving around cell 

migration . In the present study, the MEW membrane had a pore size of 100µm which enabled 

the migration of the cells towards the adjacent layers, which resulted in homogenous and full 

colonisation of the hybrid construct without the utilisation of other more complex technical 

solutions.  



 

33 
 

6. Conclusion  

In this study a unique hierarchical scaffold combining two printing strategies, melt 

electrospinning and the fused deposition modelling was fabricated. The melt electrospun fibres 

were intercalated successfully in between the PCL fused deposited filaments. The dual pore 

size of the hierarchical scaffold increased osteogenic commitment of human osteoblasts and 

this was mediated via the upregulation of genes involved in cell condensation for bone 

formation such as CDH2, RhoA, Rac1 and Cdc42. This study provides a deeper insight on the 

potential biological mechanisms that can enhance osteogenesis and can guide the design of 

scaffolds utilised in tissue engineering towards bone regeneration by incorporating an 

additional smaller pore size feature.  
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