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Abstract: Three-dimensional printing (3DP) has emerged as a promising method for creating intri- 21 

cate scaffold designs. This study assessed three 3DP scaffold designs fabricated using biodegradable 22 

poly(lactic) acid (PLA) through fused deposition modelling (FDM): mesh, two channels (2C), and 23 

four channels (4C). To address the limitations of PLA, such as hydrophobic properties and poor cell 24 

attachment, a post-fabrication modification technique employing Polyelectrolyte Multilayers 25 

(PEMs) coating was implemented. The scaffolds underwent aminolysis followed by coating with 26 

SiCHA nanopowders dispersed in hyaluronic acid and collagen type I, and finally crosslinked the 27 

outermost coated layers with EDC/NHS solution to complete the hybrid scaffold production. The 28 

study employed rotating wall vessels (RWVs) to investigate how simulating microgravity affects 29 

cell proliferation and differentiation. Human mesenchymal stem cells (hMSCs) cultured on these 30 

scaffolds using proliferation medium (PM) and osteogenic media (OM), subjected to static (TCP) 31 

and dynamic (RWVs) conditions for 21 days, revealed superior performance of 4C hybrid scaffolds 32 

particularly in OM. Compared to commercial hydroxyapatite scaffolds, these hybrid scaffolds 33 

demonstrated enhanced cell activity and survival. The pre-vascularization concept on 4C hybrid 34 

scaffolds showed the proliferation of both HUVECs and hMSCs throughout the scaffolds, with a 35 

positive expression of osteogenic and angiogenic markers at the early stages.  36 

Keywords: 3DP hybrid scaffolds; Fused Deposition Modelling; Polyelectrolyte Multilayers; Stem 37 

Cells; Rotating wall vessels; co-culture; pre-vascularisation 38 

 39 

1. Introduction 40 

Tissue engineering (TE) is a multidisciplinary research field driven by the goal of 41 

restoring, replacing, or regenerating defective tissues [1]. In the context of bone, the emer- 42 

gence of TE is due to the limited availability of suitable bone graft substitutes to treat 43 

patients with congenital defects, tumours, or non-union fractures. There are three main 44 
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components in bone TE (BTE): a three-dimensional (3D) scaffold, a cell source, and chem- 45 

ical cues [2,3].  46 

In scaffold-based BTE, a 3D biodegradable scaffold is designed to serve as a tempo- 47 

rary substrate to allow cell growth and activity as well as encourage cells to synthesise 48 

their extracellular matrix (ECM) and other biological cues that could facilitate the for- 49 

mation of functional tissues/ organs [2, 4]. Precise control over the structural design of 3D 50 

porous scaffolds created through conventional methods remains limited. Scaffolds made 51 

using foam replication techniques, for example, can mimic the structure of their template 52 

and possess well-interconnected pores, but they often have inadequate mechanical 53 

strength [5-7]. Meanwhile, in the salt leaching/ solvent casting technique, the shape and 54 

size of the pore are directly controlled by the porogen/salt used. Another concern about 55 

using this technique is that the solvent can be toxic to cells if not completely removed 56 

during the process. Adequate fabrication skills are necessary to maintain consistent scaf- 57 

fold architecture when using these traditional techniques [7,8]. 58 

The additive manufacturing (AM), a rapid prototyping (RP) technique, also known 59 

as three-dimensional printing (3DP), has become a compelling option for producing com- 60 

plex scaffold designs for bone tissue engineering that would be difficult to achieve 61 

through traditional means [3, 9]. 3DP allows the customisation of scaffold designs to treat 62 

the variable needs of patients. Accurate design of the architecture, pore size, and shape 63 

can also be achieved [10]. The 3D scaffolds can be constructed using different types of RP 64 

techniques such as fused deposition modelling (FDM) (also known as fused filament fab- 65 

rication, FFF), stereolithography (SLA), selective laser sintering (SLS), particle binding 66 

(PB) and inkjet printing (IP). Thermoplastics such as poly(lactic acid) (PLA), and poly- 67 

caprolactone (PCL) are among the common polymers that have been used to build 3D 68 

printed products using the FDM technique, particularly for BTE applications [5, 11]. 69 

PLA is a linear aliphatic polyester that has been approved by the Food and Drug 70 

Administration (FDA) as a synthetic biodegradable polymer. Despite its advantages fea- 71 

tures, such as non-toxicity, low immunogenicity, controllable mechanical properties, and 72 

predictable degradation rates, the utilisation of PLA in biomedical applications has been 73 

restricted due to its hydrophobicity and inability to facilitate cell recognition, leading to 74 

poor cell adhesion and proliferation [9, 12]. Post-fabrication modification is usually re- 75 

quired to improve the performance of PLA scaffolds [13]. Previously, our group has suc- 76 

cessfully developed novel polyelectrolyte multilayers (PEMs) coating onto biodegradable 77 

PLA films. This ECM-like coating was created by assembling silicon carbonated hydrox- 78 

yapatite (SiCHA) dispersed in hyaluronic acid (polyanion) and collagen type I ( poly- 79 

cation). SiCHA nanopowders were used as the inorganic component mimicking the com- 80 

position of native bone [12]. While hyaluronic acid and collagen type I are the important 81 

components of ECM [7, 14].  82 

Another important factor that influences cell response is the size of pores and chan- 83 

nels. Channel size plays an important role in cell migration and diffusion of nutri- 84 

ents/waste products [8, 10]. For bone tissue engineering purposes, pore size that is well 85 

accepted should be in the range of 200-900 μm. However, Holy et al. (2000) proposed that 86 

in order to achieve successful bone reconstruction, the 3D substrate should have a 87 

macroporous structure with pore sizes ranging from 1.2-2.0 mm to facilitate cell, tissue 88 

and blood vessel in-growth throughout the scaffolds by having a high surface to volume 89 

ratio [15]. However, having a 3D scaffold alone is insufficient to induce a 3D pattern of 90 

cell ingrowth and differentiation [16, 17]. Adding progenitor cells can promote more rapid 91 

growth when delivered to the patient. The growth of these 3D constructs requires special- 92 

ised growth chambers termed bioreactors. These chambers enhance mass transfer 93 

throughout the scaffold and provide optimised conditioning of the constructs with tai- 94 

lored biomechanical conditions related to the implant site [18, 19]. Previous studies have 95 

demonstrated that preconditioning with mechanical forces can lead to remodelling scaf- 96 

folds and matrices and, therefore, being adapted to the implant site [20].   97 
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Bioreactor technologies are the most commonly used for dynamic cell culture studies 98 

[19, 21]. Ideally, a bioreactor should enable controlled biochemical and/or biological pro- 99 

cesses [22]. One example of an early bioreactor design still commercially available today 100 

is the rotating wall vessels (RWVs) bioreactor, which NASA originally developed for 101 

space research. The aim of these bioreactors was to protect cell cultures from the high 102 

shear forces generated during the launch and landing of the space transport; however, the 103 

system has also been found to provide a suitable growth environment for TE constructs, 104 

which requires improved mass transport without mechanical conditioning. In this system, 105 

cell constructs are able to rotate in the vessels with minimal disruptive shear stresses, thus 106 

simulating microgravity and essentially free from turbulence. RWVs are used to support 107 

high-density and large-scale 3D cell cultures and provide a controlled supply of oxygen 108 

and nutrients needed for cell growth.  109 

Several studies have shown the effects of microgravity in the culture of osteoblast- 110 

like cells [23, 24]. However, contradictory results have been described. Some authors re- 111 

ported that microgravity inhibits the proliferation and osteogenic differentiation of mes- 112 

enchymal stem cells [25, 26]. On the other hand, positive impacts of using RWVs bioreac- 113 

tor were demonstrated by others where the improved mass transfer provided by the bio- 114 

reactor in combination with the appropriate substrate was thought to be a decisive factor 115 

for stimulating osteogenic differentiation [24, 27]. However, it is known that cell viability 116 

and ingrowth are not solely dependent on cell culture conditions. Other important param- 117 

eters should be considered, such as the physical cues of the scaffolds, in particular the 118 

surface composition, roughness, pore/ channel size and porosity. These properties may 119 

determine the nutrition exchange throughout the scaffolds, which could greatly affect cell 120 

attachment and activity [4, 28].  121 

The development of bone tissue relies not only on osteoprogenitor cells but also on 122 

the inclusion of a functional vascular network. This prerequisite is crucial for the survival 123 

and integration of constructs within the host tissue. Inadequate vascularisation has been 124 

identified as a leading cause of cell death in constructs due to limited nutrient supply, 125 

hypoxia, and the accumulation of waste products and non-functional substances. These 126 

factors greatly impede the remodelling process and can ultimately lead to the complete 127 

failure of the constructs. Despite advancements in various construct fabrication tech- 128 

niques, achieving effective vascularisation remains a major challenge in reconstructing 129 

large bone defects. 130 

One extensively explored approach is the in vitro coculture of human umbilical vein 131 

endothelial cells (HUVECs) and human mesenchymal stem cells (hMSCs). This approach 132 

allows for the concurrent development of a vascular network and the target tissue. How- 133 

ever, there is limited knowledge regarding the communication between HUVEC and 134 

hMSCs on 3DP constructs with channel design and an innovative coating that mimics the 135 

composition of bone. 136 

This study aimed to investigate the fate of human bone marrow derived-mesenchy- 137 

mal stem cells (hMSCs) cultured on different structural and functional designs of three- 138 

dimensional printed (3DP) hybrid scaffolds in static and dynamic conditions with the use 139 

of the rotating wall vessels, RWV. The 3DP scaffolds were initially fabricated using the 140 

fused deposition modelling (FDM) technique, followed by surface modification using 141 

polyelectrolyte multilayers (PEMs) assembly. The effect of the chemical cues in the culture 142 

medium was also investigated in this study by culturing the cellular scaffolds in two dif- 143 

ferent culture mediums, i.e., the osteogenic media (OM) and proliferation media (PM) for 144 

both conditions. The optimum 3DP hybrid scaffold was eventually co-cultured using HU- 145 

VEC/hMSCs in order to provide insight into the crosstalk between the cells by means of 146 

the early osteogenic and angiogenic expression as well as the secretion of the pro-angio- 147 

genic growth factors in particular Vascular Endothelial Growth Factor (VEGF) and Plate- 148 

let-Derived Growth Factor (PDGF). 149 

 150 
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2. Materials and Methods 151 

2.1. Materials 152 

Calcium nitrate tetrahydrate, Ca(NO3)2. 4H2O (99.0% pure), di-ammonium hydrogen 153 

phosphate, (NH4)2HPO4 (98.0% pure), ammonium hydrogen carbonate, NH4HCO3 (99.0% 154 

pure) and silicon tetra acetate, Si(CH3COO)4 (98.0% pure); all reactants were purchased 155 

from Sigma-Aldrich (United Kingdom). Poly (lactic acid) resin (Product code: 4032 D) 156 

purchased from NatureWorks® LLC (United States). The culture media was prepared us- 157 

ing 4.5g/L Dulbecco’s Modified Eagle Medium, DMEM (Lonza, United Kingdom), L-glu- 158 

tamine (Lonza, United Kingdom), Penicilin-Streptomycin (Lonza, United Kingdom), Fetal 159 

Bovine Serum (Biosera labtech, United Kingdom), Dexamethasone (Sigma-Aldrich, 160 

United Kingdom), Ascorbic Acid (Analar, United Kingdom) and β-Glycerophosphate 161 

(Sigma-Aldrich, United Kingdom). Human Mesenchymal Stem Cells (hMSCs) isolated 162 

from a bone marrow aspirate obtained from a 24-year-old male (Lonza) at passage zero 163 

(P0) were expanded until passage two (P2) when the required cell number was obtained. 164 

The cell number was calculated using a cell counter.  165 

2.2. Preparation of SiCHA nanopowders:  166 

SiCHA nanopowders were chemically synthesised using the nanoemulsion method 167 

at ambient temperature, as described in our previous report published elsewhere. The as- 168 

synthesised powders were then calcined at 500 °C in an air atmosphere with a heating rate 169 

of 10 °C/min and one hour of soaking using a chamber furnace (Carbolite CWF-B 12/13, 170 

United Kingdom). SiCHA nanopowder was selected due to its composition closely match- 171 

ing the physiological range of ionic substitutions found in bone minerals, containing 3.98 172 

wt% carbonate and 0.45 wt% Si-substituted into the HA host structure. This makes it the 173 

most favourable environment for the growth of hMSCs in vitro, supporting culture for up 174 

to 21 days, compared to the prepared CHA nanopowders, as reported in our previous 175 

study [29].  176 

2.3. 3D Printing:  177 

Three different structural designs of the scaffolds were investigated, namely four 178 

channels (4C), two channels (2C) and mesh scaffolds. The 3D scaffolds were fabricated 179 

using Poly (lactic acid) filament via the Fused Deposition Modelling (FDM) method. Scaf- 180 

folds were printed using Ultimaker 2 from Ultimaker (United Kingdom). Before printing, 181 

the scaffolds were first designed using Autodesk Inventor Professional 2014—the com- 182 

puter-aided design (CAD) drawings for 4C and 2C scaffolds, with the diameter of each 183 

channel being about 1.5 mm. The scaffolds were then printed at the optimised speed of 184 

40% at 210 °C for the first four layers from the bottom, a slightly slower speed of 25% for 185 

the middle layers (5-14 layers from the bottom), at 200 °C, and finally, the last five layers 186 

were printed at a speed of 40% at 210 °C. The infill density was kept constant for each 187 

layer at 75%. 188 

2.4. Fabrication of 3DP hybrid scaffolds:  189 

The fabricated scaffolds were then surface-modified by a chemical route. The surface 190 

of the 3DP PLA scaffolds was modified by introducing amino functional groups through 191 

aminolysis. To create the 3DP hybrid scaffolds, the printed scaffolds were deposited with 192 

innovative coating materials. The surface-modified 3DP PLA scaffolds were coated with 193 

five bilayers (5-BL) of the newly developed coating materials assembled by SiCHA na- 194 

nopowders in hyaluronic acid (polyanion) and collagen type I (polycation). A mixture of 195 

EDC/NHS was used to crosslink the polyelectrolyte layers. In brief, the aminolysed 3DP 196 

PLA scaffolds with positively charged surfaces were first immersed in the polyanion so- 197 

lution for 15 minutes, then rinsed in ultrapure water (pH 5.0). After rinsing, the films were 198 

immersed in the polycation solution for another 15 minutes. They were then washed again 199 

in fresh ultrapure water (pH 5.0) to remove any unbound materials and prevent 200 
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contamination of the polyelectrolyte solution. Finally, an EDC/NHS solution was intro- 201 

duced as the final step of each multilayer coating, followed by a rinse in ultrapure water. 202 

The coating steps were repeated five times. Details on the coating procedure were de- 203 

scribed in our previous work [12].  204 

2.5. Cell seeding on 3DP hybrid scaffold:  205 

All scaffolds were sterilised three times in the UV Chamber for 90 seconds each cycle, 206 

followed by pre-wetting in PM for three hours before cell seeding. Commercial hydroxy- 207 

apatite (HA) scaffolds were used as control samples. These scaffolds required longer soak- 208 

ing in PM (72 hours) as recommended by the manufacturer (Ceramisys, Sheffield, United 209 

Kingdom). A concentrated cell suspension ≤ 20 μL containing 1x105 hMSCs was seeded 210 

on the sterilised 3DP hybrid scaffolds. A rotating wall vessel, RWV (Synthecon Inc., Cel- 211 

lon, Strassen, Luxembourg), was used to culture the cellular scaffolds in dynamic condi- 212 

tion. The speed of the rotating bioreactor was set at 20 rpm. Two test groups were then 213 

established.  Half of the scaffolds were transferred to fresh 24-well plates and incubated 214 

statically after adding 1.5 mL media to each well; the other cellular scaffolds were directly 215 

transferred to the RWV chambers containing 60 mL complete medium (either osteogenic 216 

or proliferation media). The static and dynamic test groups were then divided into groups 217 

of different culture mediums used, namely (1) Osteogenic media (OM); and (2) Prolifera- 218 

tion media (PM). 219 

2.6. In vitro biocompatibility study on 3DP hybrid scaffold:  220 

In vitro assessments, including cell viability, proliferation, metabolic activity and 221 

early osteogenic differentiation, were conducted to identify the best structural design and 222 

functional 3DP hybrid scaffolds. Pure hydroxyapatite (HA) scaffolds purchased from Cer- 223 

amisys (Sheffield, United Kingdom) were used as the experimental control since this 224 

product is commercially available and has supporting clinical data. It should be noted that 225 

the clinical data is not shown in this study since it is highly confidential. For the biochem- 226 

ical assays, the cellular scaffolds were rinsed with PBS, trypsinised, washed again with 227 

PBS and finally frozen at -80 °C in 1 mL of dH2O at the time point. After three cycles of 228 

freeze/thaw, the samples were ready for the cytotoxicity assessment. All biochemical as- 229 

says were read using a Synergy II BioTek plate reader. 230 

2.7. Cell viability:  231 

The cell viability was observed using Confocal Laser Scanning Microscope (CLSM) 232 

Olympus Fluoview FV 1200 with Fluoview Version 4.1 software (Olympus, UK) using the 233 

Live/Dead Assay Kit (Invitrogen, United Kingdom) according to the manufacturer’s in- 234 

structions. Calcein-AM ester was used to label viable cells (green) fluorescently; the nu- 235 

cleus of dead cells was labelled with Propidium Iodide (red). Briefly, cell culture media 236 

was removed from samples. The cellular scaffolds were washed with PBS, immersed in 237 

the staining solution containing 10 µM Calcein-AM and 1 µM Propidium Iodide in PBS, 238 

and incubated at 37 °C for 20 minutes in the dark. The samples were washed once with 239 

1.0 mL of PBS and immediately imaged using CLSM. 240 

2.8. Cell Proliferation:  241 

The Quant-iTTM Picogreen® dsDNA assay kit (Invitrogen, United Kingdom) was 242 

used according to the manufacturer’s instructions. The Picogreen solution was prepared 243 

as 1: 200 dilutions in 1xTris-EDTA (TE) buffer. Ranges of DNA dilutions (0-2 μg/mL) were 244 

used to construct a standard curve. Then, 100 µL of cell lysate or DNA standard was 245 

placed in each well of a 96-well plate, followed by 100 µL of Picogreen reagent. This was 246 

incubated at room temperature in the dark for 5 minutes before reading the fluorescence 247 

at 485/535 nm (excitation/emission). 248 

 249 
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2.9. Lactate dehydrogenase Assay (LDH):  250 

The LDH assay is a reliable colourimetric assay that quantifies the LDH release into 251 

the media from damaged cells as a biomarker for cellular cytotoxicity. LDH assay kit 252 

(Thermo Fisher, United Kingdom) was used according to the manufacturer’s instructions. 253 

Briefly, 50 μL of media from either the well or RWVs were transferred into a 96-well plate, 254 

then incubated for 45 minutes at 37 °C with 5% CO2. About 50 μL of the reaction mixture 255 

was added to the relevant well. Samples were incubated for 30 minutes in the dark at 256 

room temperature. Finally, 50 μL of stop solution was added to each well, followed by 257 

mixing with gentle tapping. Absorbance readings were taken at 530/590 nm (excita- 258 

tion/emission). LDH activity and percentage of cytotoxicity (%cytotoxicity) of each sam- 259 

ple were calculated using the following equations: 260 

LDH Activity= Abs. value (490 nm)- Abs. value (680 nm)                            (1)                                     261 

% Cytotoxicity= 
𝐂𝐨𝐦𝐩𝐨𝐮𝐧𝐝−𝐭𝐫𝐞𝐚𝐭𝐞𝐝 𝐋𝐃𝐇 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲−𝐒𝐩𝐨𝐧𝐭𝐚𝐧𝐞𝐨𝐮𝐬 𝐋𝐃𝐇 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲

𝐌𝐚𝐱 𝐋𝐃𝐇 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲−𝐒𝐩𝐨𝐧𝐭𝐚𝐧𝐞𝐨𝐮𝐬 𝐋𝐃𝐇 𝐚𝐜𝐭𝐢𝐯𝐢𝐭𝐲
 *100%                 (2) 262 

2.10. Total Protein:  263 

The levels of total protein were quantified using Bradford reagent (Sigma-Aldrich, 264 

United Kingdom). Ranges of protein standard solutions (0-2 mg/ mL) were prepared by 265 

dissolving Bovine Serum Albumin, BSA (Sigma-Aldrich, United Kingdom) in distilled 266 

water. For total protein assay, 50 μL samples or standards were placed in each well of 96- 267 

well plates, followed by the addition of 50 µL of Bradford reagent. Samples were incu- 268 

bated for 5 minutes at room temperature before reading the absorbance level at 595 nm. 269 

2.11. Cell activity:  270 

Alkaline phosphatase (ALP) activity was obtained from a 4-Methylumbelliferyl 271 

phosphate (4-MUP, Sigma-Aldrich, United Kingdom) reaction. Ranges of 4-Methylumbel- 272 

liferone (4-MU, Sigma-Aldrich, Switzerland) dilutions (0-2 μg/mL) were used to construct 273 

a standard curve. 50 µL of the cell lysate from each sample or standard of 4-MU and 50 274 

µL of 4-MUP was added into the relevant well of a 96-well plate, followed by incubation 275 

at 37 °C for 90 minutes. To terminate the reaction, 100 µL of 1xTE was added, and the 276 

fluorescence reading was taken at 360/440 nm (excitation/emission). 277 

2.12. Alkaline phosphatase (ALP) staining:  278 

The pre-cursor of early bone mineralisation was stained using an ALP detection kit 279 

purchased from Merck Millipore (United Kingdom). Scaffolds were transferred to fresh 280 

24-well plates and rinsed once with PBS. Scaffolds were fixed in 4% Paraformaldehyde 281 

(Sigma-Aldrich, United Kingdom) for 90 seconds, followed by washing in TBST solution 282 

(20 mM Tris-HCl, pH 7.40, 0.15 M NaCl, 0.05% Tween-20). The working solution was pre- 283 

pared according to the manufacturer’s instruction with 2:1:1 ratios of Fast Red Violet so- 284 

lution: Naphthol AS-BI phosphate solution: dH2O. 500 μL of the working solution was 285 

added to each well and left in dark condition at room temperature for 30 minutes. The 286 

scaffolds were carefully rinsed twice with distilled water. The stained scaffolds were im- 287 

aged under a dissection microscope (Leica, United Kingdom). 288 

2.13. Micro-computed tomography (-CT ) analysis:  289 

Scaffolds were fixed in 1.0 mL of 10% formalin (Sigma-Aldrich, United Kingdom) at 290 

4 °C overnight. X-ray micro-computed tomography, -CT (microCT40 Scanco Medical 291 

GmbH, Switzerland) with a beam energy of 55 kVp, beam intensity of 145 μA, 200 ms 292 

integration time, and spatial resolution of 10 μm was used to observe any sign of early 293 

formation of bone mineralisation on the cellular scaffolds. The total volume (TV) value 294 

was obtained at threshold 55, while the bone volume (BV) value was generated at a higher 295 
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threshold of 120. The estimated percentage of bone mineralisation (% BV/TV) was ob- 296 

tained by normalising the values of BV at threshold 120 over TV at threshold 55. 297 

2.14. Co-culture:  298 

Human umbilical vein endothelial cells, HUVECs (Life Technologies, United King- 299 

dom) at passage three (P3) were cultured in complete Endothelial Media (EM) consisting 300 

of Medium-200 with Low Serum Growth Supplement (LSGS) containing 2% v/v FBS, 1 301 

µg/mL hydrocortisone, 10 ng/mL human epidermal growth factor, 3 ng/mL basic fibro- 302 

blast growth factor and 10 µg/mL heparin. Both Medium-200 and LSGS kits were pur- 303 

chased from Thermo-Fisher Scientific (United Kingdom). hMSCs (Lonza, United States) 304 

at the same passage number (P3) was expanded in proliferation media. Both cell types 305 

were cultured in standard cell culture flasks incubated at 37 °C with 5% CO2 and 95% 306 

relative humidity for about 10 days till 80-90% confluent levels were achieved. Both HU- 307 

VECs and hMSCs were expanded up to passage three (P3) and used for the study at pas- 308 

sage four (P4).  309 

2.15. Labelling with fluorescent dyes:  310 

Red fluorescent dye, PKH26 (Paul Karl Horan 26, Sigma-Aldrich, United Kingdom) 311 

was used to label the HUVECs, while hMSCs were labelled using the Cell Tracker Blue 312 

CMAC (7-amino-4-chloromethyl coumarin, Molecular Probes, Life Technologies, United 313 

States). Labelling was carried out according to the manufacturer’s instructions with 4 314 

µL/mL PKH26 (red dye) in Dilute C. Briefly, after cell counting, 2.0x106 cells were resus- 315 

pended in complete media. The cell pellet obtained was then washed with serum-free 316 

media and resuspended in complete media; these steps were repeated three times. After 317 

pelleting, 1.0 mL of Dilute C was added directly to the cell suspension and mixed well, 318 

subsequently, 4 μL of red dye was then added to the cell solutions, followed by incubation 319 

at 37 °C for 10 minutes. To ensure the cells were properly labelled, the unbound dye was 320 

blocked using 1% BSA, followed by incubation at room temperature for one minute. The 321 

cell solution was resuspended and subsequently washed three times with complete EM. 322 

To ease HUVECs proliferation, Matrigel from BD Bioscience (United States) was then 323 

added to the cell solution. This was then divided into two groups, each aliquot containing 324 

1.2x106 and 0.6x106 cells for the HUVECs control and co-culture samples. A similar proce- 325 

dure was used to label the hMSCs with CMAC (blue dye). The concentration of the blue 326 

dye used was 4 µL/mL blue dye in serum-free media. For hMSCs, the cell solution was 327 

incubated at 37 °C for 30 minutes after adding the blue dye. The cell solution was washed 328 

with PM three times. Finally, 2.0 mL of fresh OM was added to the cell solution. The total 329 

amount was divided into two groups, with each aliquot containing 1.2x106 and 0.6x106 330 

cells for the hMSCs control and co-culture samples, respectively. 331 

2.16. Seeding optimum hybrid scaffolds:  332 

For co-culture samples, a 1:1 of HUVECs:hMSCs cell ratio was used. The channels of 333 

the hybrid scaffolds were directly seeded with 6.25x103 of HUVECs in Matrigel per chan- 334 

nel. Scaffolds were then incubated for 30 minutes at 37 °C to enhance the gelation of Mat- 335 

rigel. The scaffolds were then turned onto the opposing side, and the process repeated. 336 

The cellular scaffolds were cultured for 3 days in complete EM at 37 °C with 5% CO2 and 337 

95% relative humidity before adding hMSCs. Each side of the scaffold was seeded with 338 

2.5x104 labelled hMSCs. Each side was subjected to 3 hours of incubation to allow the 339 

hMSCs to adhere to the surface, followed by repeating the seeding procedure on the other 340 

side. Control scaffolds were seeded with a single cell type, either HUVECs or hMSCs 341 

alone. The same seeding protocols were used. For ECs controls, 5x104 of labelled HUVECs 342 

were seeded in the channels and cultured in EM. Meanwhile, 5x104 labelled hMSCs were 343 

seeded on the surface of the scaffolds and cultured in OM, acting as the hMSCs control 344 

samples. The medium was refreshed every 3 days. 345 



Materials 2024, 17, x FOR PEER REVIEW 8 of 24 
 

 

2.17. Enzyme-linked immunosorbent assay for PDGF-BB and VEGF:  346 

The levels of platelet-derived growth factor-BB (PDGF-BB) and vascular endothelial 347 

growth factor (VEGF) were quantified using enzyme-linked immunosorbent assay 348 

(ELISA) kits purchased from R&D Systems (United Kingdom). The cell culture media of 349 

HUVECs alone, hMSCs alone and co-culture of HUVECs/hMSCs were collected on days 350 

3 and 10 of culture. The culture medium (without cells) of EM, OM and mix media of EM: 351 

OM was used as the experimental control for both immunoassays. Assays were performed 352 

according to the technical datasheet provided by the manufacturer, and the absorbance 353 

was read at 450 nm.  354 

2.18. Statistical analysis:  355 

Quantitative data were presented as means ± standard deviation (SD). A Kolmogo- 356 

rov- Smirnov test, with Dallal-Wilkinson-Lillie for corrected P value, was performed to 357 

determine the normal distribution of the data (recommended for small n data analysis). A 358 

two-way ANOVA with multiple comparisons Tukey test was performed to define the best 359 

scaffold after 21 days under different culture conditions and culture medium. A two-way 360 

ANOVA with multiple comparisons Tukey test was performed to compare the level of 361 

PDGF and VEGF expressions secreted by the co-culture and their monoculture systems at 362 

each time point. All statistical analyses were performed using GraphPad Prism 7 software. 363 

For bioassays, tests were performed on n = 3 in duplicates. For -CT analysis, n = 3 and n 364 

= 2 for imaging.  365 

 366 

3. Results 367 

3.1. Cell viability  368 

Live/dead staining was performed before the cellular scaffolds were transferred into 369 

the RWV system to confirm that the cells were attached to scaffolds before any stimulation 370 

was applied (Figure 1). This confirmed that scaffolds were comparably seeded before ap- 371 

plying the dynamic culture, ensuring that any differences could be attributed to the cul- 372 

ture condition rather than differences in the initial cell seeding density. Higher propor- 373 

tions of viable cells were found on 3DP hybrid scaffolds compared to the HA scaffolds 374 

one day after seeding. This indicates that the layer-by-layer coating of SiCHA nanopow- 375 

ders embedded in the hyaluronic acid and collagen type I on the 3DP PLA scaffolds pro- 376 

vides a favourable environment for supporting cell attachment than HA alone.  377 

 378 

Figure 1. Viability of hMSCs seeded on all four scaffold designs cultured under static condition OM 379 
and PM after 1 day (for 3DP hybrid scaffolds) and 3 days (for HA scaffolds). Yellow scale bar = 500 380 
μm. 381 
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After a 21-day culture period (Figure 2), it was evident that the cells could only pro- 382 

liferate within the HA scaffolds under static conditions. While the cells seeded on the 3DP 383 

hybrid scaffolds remained viable across all culture conditions. When grown statically in 384 

various culture media, the cells on the 3DP hybrid cellular scaffolds successfully attached 385 

and proliferated along the struts of the meshes. Additionally, these scaffolds demon- 386 

strated the formation of bone-like nodules in the Dynamic/OM condition. However, in 387 

Dynamic/PM condition, cell detachment occurred from the surface of the scaffold due to 388 

over-confluency. 389 

In contrast, the cells seeded on HA scaffolds did not survive when exposed to the 390 

RWV bioreactor, irrespective of the culture medium used. These findings clearly demon- 391 

strate the effectiveness of the coating developed in this study, which positively impacts 392 

cell activity and growth. 393 

 394 

 395 

 
 

Figure 2. Cell viability for different scaffold designs after 21 days cultured under static and dy-

namic conditions in OM and PM. Yellow scale bar = 500 μm. 

                                 3.2 Cell Proliferation 396 

The cell proliferation of hMSCs on HA, 2C, 4C and mesh scaffolds cultured in differ- 397 

ent conditions was assessed by their amounts of DNA after 21 days (Figure 3(a)). The main 398 

objective was to quantitatively determine which scaffold design and culture condi- 399 

tion/medium composition could best facilitate rapid cell proliferation, considering the re- 400 

markable cell viability enhancement offered by the 3DP hybrid scaffolds.  401 

After 21 days, mean DNA concentrations were significantly higher for static condi- 402 

tions, both OM and PM for the tested scaffold designs (p ≤ 0.05) and differed between 403 

scaffold designs (p ≤ 0.0001). There was a significant interaction between culture 404 
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condition/media and scaffold designs (p ≤ 0.05), suggesting that for all tested scaffold de- 405 

signs, significantly higher mean DNA concentrations were obtained in the static condition 406 

(p ≤ 0.0001). Culturing the 3DP hybrid scaffolds in dynamic conditions for both OM and 407 

PM resulted in significantly lower DNA concentrations than static conditions, particularly 408 

in Dynamic/PM (p ≤ 0.0001 for each). Compared to the control (HA cellular scaffolds), all 409 

3DP hybrid scaffolds showed significantly higher DNA concentrations regardless of the 410 

culture condition/media (p ≤ 0.0001 for each). When comparing the 3DP hybrid scaffold 411 

designs, the highest mean DNA concentrations were observed on 4C scaffolds in static for 412 

both OM and PM compared to 2C and mesh scaffolds (p ≤ 0.0001 for each). When cells 413 

were cultured in Static/PM, significantly higher mean DNA concentration was obtained 414 

on 2C scaffolds (1.16  0.03 g/ml) than mesh (1.10  0.01 g/ml) (p = 0.0064). No significant 415 

differences were observed when cells were cultured on 4C (0.87  0.01 g/ml) and mesh 416 

(0.89  0.02 g/ml) scaffolds in Dynamic/OM (p = 0.6283). In Dynamic/PM, culturing cells 417 

on 4C scaffolds (0.78  0.01 g/ml) resulted in the highest mean DNA concentration, while; 418 

the lowest mean DNA concentration was obtained by culturing on mesh scaffolds (0.21  419 

0.01 g/ml) (p ≤ 0.0001 for each). Overall, 4C scaffolds in Static/PM revealed the highest 420 

mean DNA concentrations compared to all other investigated groups (scaffolds designs 421 

and culture condition/ media) on day 21 (p ≤ 0.0001 for each). 422 

3.3 Cytotoxicity percentages 423 

The cytotoxicity percentages of hMSCs cultured on both HA and 3DP hybrid scaf- 424 

folds under various culture conditions were assessed by measuring the lactate levels ex- 425 

creted into the culture medium, as per Equation 1. Subsequently, these cytotoxicity per- 426 

centages (%LDH activity) were calculated using Equation 2. Higher percentages (e.g., 427 

100%) indicate that the scaffolds or conditions were toxic to the cells and led to or had the 428 

potential to cause cell death. Conversely, lower percentages (e.g., 0%) indicate that the 429 

conditions were favourable for maintaining cell viability. 430 

The highest mean %LDH activity was obtained in Dynamic/PM for all tested scaffold 431 

designs (p ≤ 0.0001) and differed between scaffold designs (p ≤ 0.0001) at day 21(Figure 432 

3(b)). There was a notable interaction between culture condition/media and scaffold de- 433 

signs (p ≤ 0.05), indicating that for all tested scaffold designs, significantly higher mean 434 

%LDH activity was obtained in PM (p ≤ 0.0001). In contrast, all 3DP hybrid scaffolds con- 435 

sistently exhibited significantly lower %LDH activity compared to HA cellular scaffolds 436 

(control), regardless of the culture condition/media (p ≤ 0.0001 for each). This observation 437 

is opposite to the trend seen in the quantified DNA amounts. 438 

When comparing the 3DP hybrid scaffold designs, no significant differences in mean 439 

%LDH activity were found when 2C, 4C, and mesh cellular scaffolds were cultured in 440 

static conditions, in both culture media (p ≤ 0.0001 for each). However, under Dy- 441 

namic/OM conditions, 4C scaffolds (14.03  0.92 %) showed significantly lower mean 442 

%LDH activity than 2C (16.81  0.71 %)  (p ≤ 0.0001) and mesh scaffolds (17.18  0.17 %) 443 

(p = 0.0008). A similar trend was observed in Dynamic/PM, where significantly lower 444 

%LDH activity was obtained on 4C scaffolds (24.60  0.67 %) compared to 2C (31.01  0.86 445 

%) and mesh (39.30  1.62 %) scaffolds (p ≤ 0.0001 for each). 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 
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 458 

 459 

 460 

Figure 3. (a) Comparison of the amount of DNA associated with hMSCs and (b) The percentages of 461 
LDH activity on HA, 2C, 4C and mesh scaffolds in different culture conditions after 21 days (ns ≥ 462 
0.05; *p ≤  0.05, **p ≤  0.01, ***p ≤  0.001, ****p ≤  0.0001). 463 

 464 

 465 

 466 
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3.4. Total Protein Production 467 

The mean total protein concentrations (Figure 4) shows significantly higher when 468 

cultured in OM than PM both in static and dynamic conditions for all tested scaffold de- 469 

signs (p ≤ 0.05) and differed between scaffold designs (p ≤ 0.0001). Culturing HA scaffolds 470 

in dynamic conditions using OM or PM did not lead to any significant differences (p = 471 

0.9643). In comparison to the control group (HA cellular scaffolds), all 3DP hybrid scaf- 472 

folds exhibited significantly higher mean total protein concentrations, regardless of the 473 

culture condition or media used (p ≤ 0.0001 for each). Further analysis of the various 3DP 474 

hybrid scaffold designs revealed that cells grown on 4C scaffolds demonstrated the high- 475 

est mean total protein levels in static cultures, both in OM (1.32  0.02 mg/ml)  and PM 476 

(0.99  0.02 mg/ml)  media, as well as in Dynamic/OM (1.37  0.01 mg/ml)  when com- 477 

pared to 2C scaffolds cultured in Static/ OM (1.07  0.03 mg/ml), Static/ PM (0.89  0.01 478 

mg/ml)  and Dynamic/ OM (1.20  0.02 mg/ml) (p ≤ 0.0001 for each). However, no signif- 479 

icant differences were observed between 2C (0.57  0.01 mg/ml) and 4C (0.56  0.01 mg/ml) 480 

scaffolds when cultured in Dynamic/PM (p = 0.8652). Among the 3DP hybrid scaffolds, 481 

cells cultured on mesh scaffolds exhibited the lowest mean total protein concentrations in 482 

all culture conditions and media (p ≤ 0.0001 for each). 483 

 484 

 

 
Figure 4. The comparison of the (a) total protein produced of hMSCs after 21 days cultured on 

HA, 2C, 4C and mesh scaffolds in different culture conditions. (ns ≥ 0.05; *p ≤ 0.05, **p ≤ 0.01, ***p 

≤ 0.001, ****p ≤ 0.0001). 
 485 

3.5. Cell activity 486 

To assess the early osteogenic differentiation potential of hMSCs on various scaffold 487 

designs under different culture conditions, the mean ALP activity was measured after 21 488 

days. The goal was to identify the scaffold design and culture condition/medium that 489 

could promote the fastest osteogenic differentiation. According to the data presented in 490 

Figure 5(a), the mean ALP activity was significantly higher in cultures using OM com- 491 

pared to PM in both static and dynamic conditions for all tested scaffold designs (p ≤ 492 

0.0001). In addition to demonstrating enhanced cell activities and growth, all 3DP hybrid 493 

scaffolds displayed markedly higher mean ALP activity than HA in all instances (p ≤ 494 
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0.0001 for each). Nevertheless, when HA scaffolds were cultured in dynamic conditions, 495 

no significant differences in mean ALP activity were observed between OM (0.04  0.01) 496 

and PM (0.04  0.02) (p = 0.9699). Among the 3DP hybrid scaffold designs, cells grown on 497 

4C scaffolds demonstrated the highest mean ALP activity in OM for both static (0.38  498 

0.01) and dynamic (0.43  0.01) conditions (p ≤ 0.0001 for each). However, when 4C scaf- 499 

folds were cultured in Dynamic/PM (0.19  0.01), significantly lower mean ALP activity 500 

was observed compared to 2C (0.23  0.01) (p ≤ 0.0001) and mesh scaffolds (0.22  0.01)  501 

(p = 0.0002). On the other hand, there were no significant differences between 2C and mesh 502 

scaffolds when cultured in Dynamic/PM (p = 0.7464). 503 

 504 

 505 

 506 

Figure 5. (a) ALP activity of hMSCs after 21 days cultured on HA, 2C, 4C and mesh scaffolds in 507 
different culture conditions. (ns ≥ 0.05; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).  508 

Alkaline phosphatase (ALP) staining was then used to qualitatively identify the expres- 509 

sion of osteoblastic phenotype. A positive ALP stain appeared red. No positive ALP stains 510 

were observed on the HA scaffolds for all culture conditions after 21 days (Figure 5(b)). 511 

While positive ALP stains were obtained for the 3DP hybrid scaffolds, particularly with 512 

the presence of OM. In Static/OM, the 4C cellular scaffolds showed the most homogenous 513 

ALP expression across the entire scaffolds compared to the 2C and the mesh scaffolds. 514 

When the cellular scaffolds were exposed to the dynamic condition in the RWV, the ALP 515 

expression of the 4C and mesh scaffolds seemed higher than the 2C scaffold. 516 
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 517 

Figure 5 (b). ALP staining for different scaffold designs after 21 days cultured under static and dy- 518 
namic conditions in OM and PM. Red scale bar = 1mm. 519 

3.6. Formation of the mineralised matrix 520 

Micro-computed tomography (-CT) analysis evaluated the mineralised matrix for- 521 

mation on different scaffold designs. Prior to cell seeding, all scaffolds were scanned at 522 

different thresholds. HA scaffold is denser in nature and was scanned at a higher density 523 

threshold compared to the hybrid scaffolds, which were fabricated by the Fused Deposi- 524 

tion Modelling technique using poly (lactic acid) scaffolds coated with 5-BL of SiCHA in 525 

hyaluronan/ SiCHA in collagen type I and EDC/NHS coupling agent Figure 6(a).  526 

 527 

 
Figure 6 (a): X-Ray Micro-CT of different structural designs of dry scaffolds (before seeding. 



Materials 2024, 17, x FOR PEER REVIEW 15 of 24 
 

 

By comparing the four scaffold designs, it is clearly seen that 4C cellular scaffolds in 528 

osteogenic media for both culture conditions exhibited a higher portion of the denser area, 529 

which was assumed to be the mineralised matrix. In fact, a more mineralised matrix was 530 

detected as the 4C cellular scaffolds were cultured in the dynamic environment (Figure 531 

6(b)). 532 

 533 

Figure 6 (b). Density maps of HA, 2C, 4C and mesh scaffolds after 21 days in different culture con- 534 
ditions. This figure demonstrated the comparisons of the formation of the mineralised matrix (des- 535 
ignated by red area) by hMSCs on different scaffold designs under different culture conditions. 536 

Quantitative -CT analysis was then performed to determine the changes in the total 537 

volumes and percentages of mineralisation formed on the cellular scaffolds. Table 1 rep- 538 

resents the total volume of the dry scaffolds (before seeding) and the cellular scaffolds 539 

under different culture conditions after 21 days. Overall, the total volumes of all the cel- 540 

lular scaffolds increased in all culture conditions over 21 days. These results are consistent 541 

with the density maps shown in Figure 6 (b). The 4C cellular scaffolds in all culture con- 542 

ditions exhibited the highest increase in the total volumes as compared to other scaffold 543 

designs except mesh scaffolds in Dynamic/OM. All cellular scaffolds cultured in osteo- 544 

genic media revealed higher total volume than in proliferation media for both static and 545 

dynamic conditions. This became more apparent when the cellular scaffolds were cul- 546 

tured in a dynamic environment. For instance, mesh cellular scaffolds were found to have 547 

the highest total volume when cultured in Dynamic/OM. However, HA cellular scaffolds 548 
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exhibited the lowest percentage of mineralisation as compared to the 3DP hybrid scaffolds 549 

under all culture conditions after 21 days. 550 

Table 1. The total volume of the dry scaffolds (before seeding) and the cellular scaffolds under dif- 551 
ferent culture conditions after 21 days (mean  standard deviation; n= 3). 552 

Condition/  

Scaffold 

Volume (mm3) 

HA 2C 4C MESH 

Dry 35.27  0.55 80.20  0.32 81.90  0.28 80.77  0.35 

Static/OM 38.71  0.48 90.30  0.25 93.72  0.22 86.67  0.31 

Static/PM 37.38  0.50 82.91  0.21 85.06  0.15 83.49  0.23 

Dynamic/OM 36.18  1.51 88.85  0.30 95.41  0.22 96.13  0.52 

Dynamic/PM 35.49  1.39 82.14  0.45 83.89  0.39 82.36  0.49 

 553 

Regardless of the scaffold designs, the 3DP hybrid scaffolds demonstrated superior 554 

performance over HA scaffolds in producing mineralised matrix, especially under osteo- 555 

genic conditions (Table 2). Our finding highlighted that the novel composition of the 3DP 556 

hybrid scaffolds built up layer-by-layer of SiCHA nanopowders in hyaluronic acid and 557 

collagen type I significantly impacts cell behaviour compared to the control HA scaffolds. 558 

The improvements in cell attachment and growth characteristics signify that the compo- 559 

sition and fabrication route confer 3DP hybrid scaffolds with enhanced surface and bio- 560 

chemical cues that promote a highly favourable cell-material interaction. 561 

Table 2. The percentage of mineralisation of the cellular scaffolds under different culture conditions 562 
after 21 days (mean  standard deviation; n= 3). 563 

Condition/  

Scaffold 

Mineralisation (%) 

HA 2C 4C MESH 

Dry - - - - 

Static/OM 2.07  0.13 12.06  0.32 22.64  0.19 11.65  0.38 

Static/PM 2.15  0.22 8.43  0.38 8.59  0.17 7.98  0.23 

Dynamic/OM 0.53  0.18 12.31  0.35 26.94  0.11 16.38  0.41 

Dynamic/PM 0.39  0.10 4.63  0.27 5.15  0.10 4.81  0.19 

 564 

In progressing further, the 4C hybrid scaffold was chosen as the most effective design 565 

among the tested scaffolds in investigating the potential for in vitro pre-vascularisation of 566 

bone TE constructs. The CLSM images (Figure 7) exhibited that both cell types remained 567 

viable and increased in cell number over the entire scaffolds throughout the culture. It 568 

was observed that after 3 days post-hMSCs addition, HUVECs formed aggregate-like 569 

structures in the channels. The hMSCs, on the other hand, remained at the periphery of 570 

the channels. After 10 days in culture, HUVECs spread out and organised themselves 571 

throughout the channels. HUVECs in the channels also migrated to the surface and to- 572 

wards the hMSCs especially the cells close to the periphery of the channels. In addition, a 573 

small number of hMSCs migrated into the channels. 574 

 575 

 576 

 577 

 578 

 579 
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 580 

Figure 7. Cell morphology of the co-culture system in the channel of the 4C scaffolds after (a) 3 and 581 
(b) 10 days post-hMSCs addition. HUVECs (labelled in red) were distributed in the entire channels 582 
after 10 days post hMSCs (labelled in blue) addition. Scale bar = 250 μm. 583 

The secretion of pro-angiogenic signalling molecules, PDGF and VEGF into the cell 584 

culture media by hMSCs alone, HUVECs alone and the co-culture model were quantified 585 

using ELISA (Figure 8). HUVECs alone group produced a significantly high level of 586 

PDGF-BB over the culture period (p ≤ 0.0001).  The release of PDGF-BB indicates the cells 587 

continued to recruit perivascular cells in order to maintain structural integrity. For the co- 588 

culture model, a significantly lower level of PDGF-BB was produced after 3 days of post- 589 

HUVECs seeding as compared to the HUVECs alone group (p ≤ 0.0001). Once the hMSCs 590 

were added at day 3 to the pre-seeded cellular scaffolds, the levels of PDGF-BB were di- 591 

minished and no longer detected, where no significant differences were observed at a later 592 

time-point (p ≥ 0.05). Concurrently, the co-culture model produced significant levels of 593 

VEGF over the culture period (p ≤ 0.0001). hMSCs monoculture showed no significant 594 

differences in PDGF-BB secretion over time (p ≥ 0.05). 595 

In contrast, the hMSCs alone group released a substantially high level of VEGF over 596 

the culture period. There is an increment in the level of VEGF secreted by the hMSCs alone 597 

from day 3 to day 10 (p ≤ 0.0001). However, HUVECs alone showed almost negligible 598 

levels of VEGF production, indicating nearly no protein was released in this monoculture. 599 

The co-culture model demonstrated similar trends to those of the hMSC monoculture. 600 

Before the addition of hMSCs, post-HUVECs seeded scaffolds produced a negligible level 601 

of VEGF as the HUVECs alone (p ≥ 0.05). The levels of VEGF increased drastically with 602 

the addition of hMSCs after 3 days post-HUVECs seeding. The co-culture system contin- 603 

ues to secrete more VEGF over the culture period. 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 
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 616 

Figure 8. The level of (a) PDGF-BB and (b) VEGF produced by hMSCs alone, HUVECs alone and 617 
co-culture model after day 3 HUVECs seeding only, day 6 and 10 post-hMSCs additions. 618 

4. Discussion 619 

Various 3D scaffolds have been utilised in culturing stem cells in scaffold-based tis- 620 

sue engineering. When introduced into these scaffolds, provided with optimal culture 621 

conditions and chemical cues, the cells can undergo proliferation, differentiation, and se- 622 

cretion of specific extracellular matrix (ECM) molecules [19, 23]. When it comes to bone 623 

tissue engineering (BTE), scaffolds should meet specific criteria to be effective. It must 624 

have a 3D structure, sufficient porosity with an open pore network, biocompatible and 625 

biodegradable. These characteristics are crucial to creating a scaffold that can support suc- 626 

cessful BTE applications. Among the fabrication methods, 3D printing (3DP) is considered 627 

valuable for fabricating BTE scaffolds, particularly by Fused Deposition Modelling 628 
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(FDM), which uses biodegradable and biocompatible polyesters such as poly (lactic) acid 629 

(PLA) or polycaprolactone (PCL). Surface modification by introducing ceramics such as 630 

hydroxyapatite (HA), calcium silicate (CaSi) and bioglass (BG) on these scaffolds has been 631 

reported to improve osteogenesis. 632 

Literature has shown several post-fabrication modifications of the polymeric scaf- 633 

folds with bioceramics. Recently, the potential of 3DP PCL scaffolds coated with hydrox- 634 

yapatite (HA) and bioglass (BG) has been reported. Their findings demonstrated that the 635 

synergistic effect of HA and BG resulted in higher in vitro cell viability and bone for- 636 

mation as compared to PCL, PCL/HA and PCL/BG scaffolds [3]. In our previous study, 637 

we successfully developed a novel polyelectrolyte multilayers coating consisting of 5-bi- 638 

layers silicon carbonated hydroxyapatite nanopowders dispersed in collagen type I and 639 

hyaluronic acid on the 2D PLA films [12]. This optimal condition was then adapted to 640 

fabricating 3DP hybrid scaffolds. This study aimed to correlate the fabricated scaffolds' 641 

structural design in determining stem cells’ fate when cultured in different culture media 642 

under static and dynamic culture conditions. The vascular network within matured bone 643 

could be likened to channels through which nutrients can be supplied to cells and tissues. 644 

In order to re-create this vascular network, millimetre-size channels (diameter = 1.5 mm) 645 

were created on the 2C and 4C scaffolds. These channels were designed to facilitate the 646 

dispersion of hMSCs throughout the scaffolds and encourage nutrient exchange to pro- 647 

mote differentiation, particularly under dynamic culture conditions. 648 

A rotating wall vessel (RWV), also known as a rotary bioreactor, is known to create 649 

the effect of microgravity simulation. This type of bioreactor was used to minimise shear 650 

force and maximise the fluid flow throughout the scaffolds to provide enhanced mass 651 

transfer across large scaffolds for BTE [18, 30]. Pure sintered HA scaffolds were used as 652 

the experimental controls. The HA scaffold is commercially available and has been inves- 653 

tigated for its clinical relevance (clinical data not shown due to confidentiality). Thus, it 654 

was assumed as the “golden standard” in this study. The in-house fabricated 3DP hybrid 655 

scaffolds were compared to the pure HA scaffolds in order to select the best scaffold that 656 

serves as the optimum structural and functional design for potential BTE applications. 657 

The live/dead stain indicated that 3DP hybrid scaffolds allow greater cell attachment 658 

than pure HA scaffolds during seeding. It takes only 24 hours for the cells to properly 659 

attach to the former scaffolds, while the later scaffold requires at least 72 hours. Collagen 660 

is an adhesion protein, favouring cell attachment and proliferation [31, 32]. Also, the lit- 661 

erature has reported that culturing bone-marrow stromal cells (BMSCs) on HA/Collagen 662 

coated PCL scaffolds revealed more viable cells and higher ALP activities than those in 663 

collagen-coated alone or uncoated PCL scaffolds [33]. Thus, the presence of SiCHA ce- 664 

ramics in collagen matrix on 3DP hybrid scaffolds allowed easier and faster cell attach- 665 

ment compared to pure HA scaffolds. 666 

Cells seeded on HA scaffolds survived only in static conditions and were found to be 667 

completely detached once cultured in dynamic conditions. Culturing 3DP hybrid scaf- 668 

folds in OM and PM shows notable differences, particularly under microgravity simula- 669 

tion. For instance, after 21 days in OM, cells started forming aggregates/bone-like nodules 670 

on 4C cellular scaffolds, which indicates the early sign of osteogenic differentiation. 671 

Quantification of DNA for experimental groups demonstrated higher levels of DNA 672 

were obtained when all scaffolds were cultured under static conditions in PM over time, 673 

which indicated that the cells were actively proliferating, increasing cell numbers and 674 

therefore increasing the amount of DNA. However, when exposed to microgravity in PM, 675 

lower DNA contents were obtained compared to other culture conditions. Without oste- 676 

ogenic supplements, proliferation media can only help in cell expansion to achieve into 677 

higher cell number [34, 35]. Thus, as the culture progressed, these scaffolds with greater 678 

cell density than the surrounding medium started to sediment to the side of the vessel and 679 

experienced repeated friction with the vessel wall. As a result, some cells detached from 680 

the scaffolds and were floating in the culture media. For instance, when HA scaffolds were 681 

cultured in dynamic compared to static condition, the majority of the cells had detached 682 
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from the scaffolds at an early stage of culture, thus resulting in a negligible amount of 683 

DNA detected at day 21. hMSCs are known to be anchorage-dependent cells; thus, they 684 

need a substrate to attach and survive in culture [36]. It is assumed that when the hMSCs 685 

were in a suspension state, the detached cells were floating in the continuously rotating 686 

culture media, which eventually cause cell death. This explained why we obtained lower 687 

DNA contents and a higher percentage of LDH activity for scaffolds cultured under dy- 688 

namic flow in PM. In contrast, cells in osteogenic media for both culture conditions seem 689 

to survive better than those in PM. The presence of dexamethasone, β-glycerolphosphate 690 

and ascorbic acid in OM has driven the cells towards osteoblastic differentiation over time 691 

[37, 38]. It is believed that better cell adhesion was provided since more ECM is produced 692 

as the cells undergo differentiation. As a result, fewer cells detached from the scaffolds 693 

cultured in Dynamic/OM compared to Dynamic/PM, which was represented by the low 694 

%LDH activity. 695 

A lactate dehydrogenase (LDH) assay was performed to quantify the percentage of 696 

cytotoxicity in the culture medium, predicting the phenomena happening in Dynamic/PM 697 

culture condition. Lactate is mainly produced from glucose metabolism. Glutamine can 698 

also excrete a small amount of lactate. The lactate concentration depends on the glucose 699 

concentration, cellular activity and bioreactor operation. Higher shear induced by the bi- 700 

oreactor resulted in higher lactate concentrations in the culture medium. The presence of 701 

lactate is then likely to impede cell growth and metabolism and decrease productivity 702 

[39]. This is due to the changes in the osmolarity of the media where lactate is attributed 703 

to media acidification. Consequently, growth may be restricted by lactate even at constant 704 

pH. This phenomenon resulted in the cellular scaffolds' down-regulation of cell activity 705 

and total protein production in Dynamic/PM culture condition. 706 

Contrarily, more proteinaceous materials were produced when hMSCs started dif- 707 

ferentiating into the osteogenic lineage. This is observed when the cellular scaffolds were 708 

cultured in OM and, more apparent, in Dynamic/OM. It has been reported that an early 709 

stage of osteogenic differentiation is the expression of collagen type I matrix onto which 710 

the mineral is deposited. While in the final stage, from day 14 to 28, high expression of 711 

osteocalcin and osteopontin is usually obtained. This is followed by the deposition of cal- 712 

cium and phosphate. However, in this work, the total protein produced by the cellular 713 

scaffolds was not analysed in detail to classify the different types of bone-synthesised pro- 714 

teins. 715 

hMSCs cultured on 3DP hybrid scaffolds in OM exhibited higher ALP activity than 716 

those in PM despite the culture condition used. 4C cellular scaffolds in osteogenic media 717 

for both culture conditions showed the highest levels of ALP activity after 21 days. This 718 

indicates that the 4C scaffold is the most favourable substrate for hMSCs cultured in mi- 719 

crogravity simulation, as cells were able to proliferate and differentiate the fastest in this 720 

condition. On the other hand, HA scaffolds showed almost negligible amount of ALP ex- 721 

pression when cultured under microgravity simulation in both culture media. This is due 722 

to the cell detachment from the scaffolds at the early stage of culture. As the culture pro- 723 

gressed, hMSCs started to differentiate into the osteogenic lineage, with cells becoming 724 

alkaline phosphatase (ALP) positive histochemically, in particular for the 3DP hybrid scaf- 725 

folds under the dynamic condition in OM after 21 days of culture, i.e. 4C in Dynamic/OM. 726 

ALP histochemical analysis is considered one of the earliest phenotypic markers of the 727 

osteoblastic lineage, indicating the mineralisation onset. 728 

-CT analysis effectively monitors the mineralised matrix formation within 3D tis- 729 

sue-engineered constructs in vitro and in vivo. In this study, -CT analysis was used to 730 

detect further if any mineralisation formed on the cellular scaffolds after exposure to dif- 731 

ferent culture conditions. -CT analysis revealed the most coverage with a denser area on 732 

the 4C cellular scaffolds in OM after 21 days compared to other investigated scaffolds. 733 

Correlating these results with the formation of bone-like nodules observed in live/dead 734 

staining and positive ALP expression, these denser areas can be assumed as mineralised 735 

matrix formation. A denser mineralised layer at the surface of cellular constructs is a 736 
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common observation in tissue engineering [40]. Quantitative -CT analysis supported this 737 

observation, where 4C scaffolds in OM exhibited huge increments in the total volume and 738 

highest percentages of mineralisation compared to other scaffold designs in different cul- 739 

ture conditions. 740 

Our finding highlights that the in-house fabricated 3DP hybrid scaffolds performed 741 

better compared to the pure HA in all culture conditions. HA alone is insufficient to en- 742 

hance cell attachment and induce osteogenic differentiation, particularly in dynamic con- 743 

ditions, even with the help of biochemical cues from the osteogenic media. Native bone 744 

tissue comprises two core components; the first is the mineralised inorganic phase con- 745 

sisting mainly of calcium phosphate with multiple ionic substitutions, and the second is 746 

the non-mineralized organic phase, which is predominantly collagen type I. Therefore, 747 

natural bone is more accurately referred to as carbonated hydroxyapatite as carbonate 748 

ions are the most abundant rather than solely hydroxyapatite [41]. It is believed that there 749 

was a lack of cell recognition when cells were cultured on HA scaffolds, although they are 750 

known to be osteoconductive materials. This might also explain the weak bonding be- 751 

tween cells and HA scaffolds in a dynamic culture. The 3DP hybrid scaffolds were built 752 

from a combination of both osteoconductive and osteoinductive materials, with multi- 753 

substituted HA and collagen type I as the major components of the coating materials. 754 

These scaffolds closely resemble the compositions of natural bone. Thus, they are more 755 

likely to behave similarly to the bone compared to monolithic scaffolds. In addition, the 756 

presence of multi-substituted HA (SiCHA) powders has influenced the cellular responses 757 

of the hMSCs on the 3DP hybrid scaffolds. It is known that multi-substituted HA powders 758 

can provide better bioactivity by raising their solubility compared to pure HA.  759 

This study demonstrated the relationship between scaffold pore size and cell activity 760 

within tissue engineering constructs. As shown on HA scaffolds, smaller pore sizes pre- 761 

vented cellular penetration and extracellular matrix production [4]. Larger pore sizes were 762 

seen to improve the overall performance of the hMSCs cultured on 3DP hybrid scaffolds, 763 

particularly in dynamic environments. It is believed that the presence of larger pores 764 

might have allowed for homogenous fluid flow in the bioreactor, hence minimising shear 765 

and turbulences around the scaffold peripheries, which facilitate cell penetration and mi- 766 

gration throughout the entire scaffolds. Among the 3DP hybrid scaffolds, 4C scaffolds 767 

were considered the best scaffold design under the here investigated culture conditions. 768 

Indeed, mesh scaffolds possess a higher surface area as compared to 2C and 4C scaffolds 769 

since they have the highest porosity, which is important for cell penetration. However, 770 

cells are subjected to excessive fluid shear, particularly when they are exposed to a dy- 771 

namic culture. As a result, cells that adhered to the struts of the mesh scaffolds were 772 

washed off. In this case, channel scaffolds, which have a relatively smaller SA: V ratio, 773 

offered some shelter for the cells from excessive fluid shear and, at the same time, still 774 

permitted suitable nutrient flow. At this stage of the study, it can be concluded that 4C 775 

scaffolds are the most promising scaffold designs as compared to 2C and mesh scaffolds. 776 

This is because 4C scaffolds possess suitable surface area for cell attachment and porosity 777 

to allow mass transfer than 2C and mesh scaffolds. 778 

5. Conclusions 779 

The structural design of the 3DP hybrid scaffolds has a pronounced impact on the 780 

behaviour of hMSCs in vitro. In addition, the combination of dynamic culture based on 781 

microgravity simulation and different culture media also plays an essential role in deter- 782 

mining cell fate. Our in-house fabricated 3DP hybrid scaffolds as cell culture substrates 783 

enhanced cell proliferation and differentiation compared to the control scaffold in all cul- 784 

ture conditions. The 4C hybrid scaffolds showed the best performance among the scaffold 785 

designs investigated. It is concluded that creating millimetre-size aligned channels on the 786 

scaffold structure to resemble a vascular structure has greatly facilitated cell migration, 787 

proliferation and differentiation under the dynamic environment in osteogenic media. 788 

The concept of initiating blood vessel formation in 4C hybrid scaffolds has also 789 
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demonstrated successful growth and multiplication of Human Umbilical Vein Endothe- 790 

lial Cells (HUVECs) and human Mesenchymal Stem Cells (hMSCs) within the structure. 791 

Manufacturing these in-house 3DP hybrid scaffolds with multilayered ECM-like coating 792 

provides a new dimension in bone regeneration.  793 
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