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Abstract 22 

Background. The geometry of scaffolds for bone regeneration has recently been shown to 23 

remarkably influence the cellular response and the rate of new bone formation. The usage of 24 

scaffolds with different geometry and their effect on the osteogenic performance of cells is not 25 

well studied and this can affect the selection of suitable scaffolds for transplantation. Hence, this 26 

study aimed to investigate the comparative ability of two different synthetic scaffolds mainly 27 

hydroxyapatite (HA) and polycaprolactone (PCL) scaffolds in promoting in vitro and in vivo 28 

bone regeneration. 29 

Method. In vitro cell viability, morphology, and alkaline phosphatase (ALP) activity of MC3T3-30 

E1 cells on HA and PCL scaffolds were determined in comparison to the accepted model 31 

outlined for two-dimensional systems. In vivo study involve transplantation of MC3T3-E1 cells 32 

with scaffolds into an artificial bone defect of 4 mm length and 1.5 mm depth in the rat’s left 33 

maxilla. Three-dimensional analysis using micro-computed tomography (micro-CT) and 34 

histological evaluations were performed after six weeks of transplantation. 35 

Results. MC3T3-E1 cells on HA scaffold showed the highest cell viability. The cell viability on 36 

both scaffolds decreased after 14 days of culture, which reflects the dominant occurrence of 37 

osteoblast differentiation. An early sign of osteoblast differentiation can be detected on PCL 38 



scaffold. However, cells on HA scaffold showed more prominent results with intense 39 

mineralized nodules and significantly (p < 0.05) high levels of ALP activity with prolonged 40 

osteoblast induction. Micro-CT and histology analyses confirmed in vitro results with bone 41 

formation was significantly (p < 0.05) greater in HA scaffold. 42 

Conclusion. HA and PCL scaffold geometry might have influenced the bone regeneration ability 43 

of MC3T3-E1. Regardless, in vitro and in vivo bone regeneration was better in the HA scaffold 44 

which indicates its great potential for application in bone regeneration. 45 

 46 

Introduction 47 

Bone tissue has the ability to spontaneously heal through bone deposition and remodeling 48 

(Fernandez-Yague et al., 2015). However in a larger bone defect as a result of trauma, surgical 49 

treatment of tumor and craniofacial defect such as cleft palate, bone repair can only be done by 50 

bone graft (Fishero et al., 2015; Robey et al., 2015). Bone graft in cleft palate repair is important 51 

for tooth eruption and orthodontic tooth movement (Wahab et al., 2020). Craniofacial defect 52 

repair by surgeons often requires sophisticated treatment strategies and multidisciplinary input 53 

with ideal situations using autologous bone. However, this option is limited by a finite supply of 54 

available bone, potential donor site morbidity, particular attention to growing patients, prolonged 55 

surgeries in ‘hostile defect‘ that may associate with free flap loss, anesthetics/patient-related 56 

risks, and contour deformities (Lee et al., 2013). In the event of autologous bone is impractical or 57 

not feasible, application of tissue engineering can be a promising concept within craniofacial 58 

surgery field utilizing the engineered materials with a combination of cells to improve or replace 59 

biological functions. 60 

 Tissue regeneration aims to help the body heal naturally by implanting a scaffold to serve 61 

as a temporary matrix that would degrade over time while allowing the regeneration of the host 62 

tissue at the implant site. Cellular response and osteoblast differentiation can be affected by 63 

morphology, size, surface topography, surface chemistry, porosity, interconnected structure, and 64 

fibrous pore wall of the scaffold (Tavakol et al., 2012). Therefore, the selection of scaffold plays 65 

a crucial role in ensuring the success of bone regeneration. The chosen scaffold must allow the 66 

cells to migrate, proliferate, and differentiate into osteoblasts for the correct development of the 67 

bone tissue (Bose et al., 2012). Synthetic scaffolds haves advantages over natural scaffolds as 68 

theyit can be manufactured under controlled conditions that allow large scale production with 69 

uniform size and design as well as exhibiting reproducible physical and chemical properties 70 

(Farinawati et al., 2020). Hydroxyapatite and polycaprolactone are scaffolds with these 71 

properties. 72 

 Hydroxyapatite (HA) is known for its excellent biocompatibility due to its similarity in 73 

composition to the apatite found in natural bone. In biological systems, HA occurs as the 74 

inorganic constituent for normal calcification such as on bone, teeth, fish enameloid, some 75 

species of shell, and in pathological calcification such as on dental and urinary calculus or stone 76 

(Hench & Thompson 2010; Kattimani et al., 2016). Natural occurring HA appears to be brown, 77 

yellow, or green in coloration while pure or synthetic HA appears in white coloration. HA 78 



contains only calcium and phosphate ions and therefore no adverse local or systemic toxicity has 79 

been reported in any study (Kattimani et al., 2016). Biocompatibility, bioactivity, 80 

osteoinductivity, and osteoconductivity are good properties of HA that make them extensively 81 

being used as a scaffold for bone regeneration.  Moreover, The different forms of HA scaffold 82 

actively being used include granules, paste, cement, coatings, porous and dense blocks (Beachley 83 

& Wen 2010; Liu & Webster 2007; Mendonça et al., 2008; Wang 2003). Nonetheless, concerns 84 

have been raised regarding the brittleness and limited degradation properties of HA including the 85 

slow degradation rate. 86 

 Polycaprolactone (PCL) is much preferred in terms of degradation. PCL is a synthetic 87 

polymer that can undergo degradation by hydrolysis of ester bonds in physiological conditions. 88 

PCL is an aliphatic semi-crystalline polymer with a melting temperature above body 89 

temperature. Hence, at physiological temperature, PCL attains a rubbery state resulting in its 90 

high toughness and superior mechanical properties (Dwivedi et al., 2020). PCL appears to be 91 

non-toxic and tissue compatible which makes it suitable as scaffolds for bone regeneration. 92 

Dwivedi et al., (2020) believed that PCL has easy availability, relatively inexpensive, and can be 93 

modified to adjust its chemical and biological properties, physiochemical state, degradability, 94 

and mechanical strength. PCL exhibits a degradation time of approximately two to three years 95 

and it can be degraded by microorganisms or under physiological conditions (Anderson & Shive 96 

1997). Its degradation time makes it appropriate for the replacement of hard and load-bearing 97 

tissues by enhancing stiffness while for soft tissues by decreasing its molecular weight and 98 

degradation time. However, several reports have shown that PCL is lack of osteoconductive 99 

property due to its poor hydrophilic nature (Hajiali et al., 2018; Torres et al., 2017; Zhao et al., 100 

2015). 101 

 There is still a need to investigate the biological performance of HA and PCL scaffolds in 102 

terms of bone integration between the implanted scaffold and surrounding host tissues and the 103 

difference of bone retention in the defect between these scaffolds. In addition to that, the 104 

question arises whether different types of scaffold geometry will affect the cellular and 105 

osteogenic potential of the transplanted cells. Effect after transplantation such as tissue rejection 106 

and bone viability also need to be considered in determining the success of bone regeneration. 107 

Therefore, this study assesses the potential of HA and PCL scaffolds in supporting in vitro cell 108 

viability, attachment, morphology, and osteoblast differentiation in comparison to the accepted 109 

model outlined for two-dimensional (2D) systems. Preosteoblast MC3T3-E1 cells were being 110 

used as cell sources and cultured on scaffolds and 2D culture plate. Moreover, comparison 111 

during in vivo bone regeneration of HA and PCL scaffolds was also been assessed in this study 112 

by using rat model with a maxillary bone defect. 113 

 114 

Materials & Methods 115 

Scaffolds preparation 116 

HA scaffold was obtained from GranuMaS® (Granulab, Malaysia) with a granule size range 117 

from 0.2-1.0 mm. Meanwhile, PCL scaffold was obtained from Osteopore™ (Singapore) with a 118 
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size range from 3 mm x 1.5 mm (diameter by height). Both HA and PCL scaffolds were 119 

sterilized using 75% (v/v) ethanol for 30 minutes, washed three times in sterile phosphate buffer 120 

saline (PBS) (Gibco, USA), and exposed to 15 minutes of ultraviolet radiation for each side of 121 

scaffolds. Sterilized scaffolds were immersed in α-Minimum Essential Medium (α-MEM) 122 

(Gibco, USA) overnight prior to cell culture. 123 

 124 

Cell culture 125 

Mouse MC3T3-E1 subclone 14 preosteoblast cells (ATCC No: CRL-2594™) were cultured in a 126 

complete medium consist of α-MEM supplemented with 10% (v/v) fetal bovine serum (Gibco, 127 

USA), 1 mM sodium pyruvate (Sigma, USA) and 1% (v/v) penicillin-streptomycin (Gibco, 128 

USA). The 2D culture of MC3T3-E1 was conducted as previously done by Yazid et al., (2019). 129 

Scaffolds and 96-well plates were seeded with 50,000 MC3T3-E1 cells suspended in complete 130 

medium and incubated for overnight to permit cell attachment. MC3T3-E1 cells-seeded scaffolds 131 

were then transferred to a new 96-well plate to prevent a false positive result from cells attached 132 

at the bottom of wells. All cultured cells were maintained in a humidified atmosphere of 5% 133 

(v/v) CO2 at 37 °C andwith the medium changed every three days. 134 

 For osteoblast differentiation, MC3T3-E1 cells on HA scaffolds, PCL scaffolds, and 2D 135 

culture plates were cultured in complete media supplemented with osteoblast differentiation 136 

factors of 50 µg/mL ascorbic acid (Sigma, USA) and 10 mM β-glycerophosphate (Sigma, USA). 137 

Meanwhile, MC3T3-E1 cells on scaffolds and 2D culture plate in a complete medium without 138 

differentiation factors were used as a negative control for osteoblast differentiation. The 139 

differentiation and complete medium were changed every three days. 140 

 141 

In vitro analysis 142 

 143 

MTT assay for cell viability 144 

The viability of MC3T3-E1 cells on scaffolds and 2D culture plate were evaluated on days 0, 7, 145 

14, and 21 of culture by using the substrate 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 146 

bromide (MTT) (Sigma, USA) which was reduced to formazan that accumulated in the 147 

cytoplasm of viable cells. Briefly, MTT solution (5 mg/mL) and complete medium at a ratio of 148 

1:9 were added to each well containing MC3T3-E1 cells. Cells with MTT solution were 149 

incubated at 37 °C in a humidified atmosphere for 4 hours. After incubation, the MTT solution 150 

was removed and a buffer solution containing dimethyl sulfoxide (Sigma, USA) was added to 151 

dissolve formazan salts produced by the enzymatic reaction. After 10 minutes of agitation, each 152 

solution was measured for optical density using a microplate reader (Varioskan Flash Model 680, 153 

Thermo, USA) at 570 nm. As control, increasing number of cells from 100, 500, 1,000, 5,000, 154 

10,000. 50,000, 100,000, 500,000 and 1,000,000 of MC3T3-E1 cells were directly cultured and 155 

assessed as well. MTT optical density was normalized to the number of cells in scaffolds and 2D 156 

culture plate. 157 

 158 



Cell attachment and morphology 159 

MC3T3-E1 cells attachment and morphology on HA and PCL scaffolds were examined using 160 

Field Emission Electron Microscope (FESEM) (Supra 55VP, Zeiss). EDX spectroscopy was 161 

conducted to analyzed elemental composition on HA and PCL scaffold after 21 days of 162 

osteoblast differentiation. At osteoblast differentiation culture intervals of 0, 7, 14, and 21 days, 163 

cell-seeded scaffolds were fixed overnight in 2.5% (v/v) glutaraldehyde (Polysciences, Inc., 164 

USA) in PBS and stored at 4°C. The fixed samples were then washed with PBS three times and 165 

subjected to sequential dehydration for 10 minutes in a graded ethanol series (30% (v/v), 50% 166 

(v/v), 70% (v/v), 80% (v/v), 90% (v/v), and 100% (v/v)). Samples of HA scaffold were dried 167 

using critical point drying while samples of PCL scaffold were allowed to dry in air for 24 hours 168 

at room temperature. Both samples were sputter coated (Quorum, Q150RS) for 30 seconds with 169 

gold and observed under FESEM, at 3-15 kV accelerating voltage. 170 

 171 

Alkaline phosphatase specific activity and total protein content 172 

The ALP specific activity was measured by Sensolyte® pNPP alkaline phosphatase assay kit 173 

(AnaSpec, USA) according to the manufacturer’s protocol. Briefly, cells were homogenized in 174 

the lysis buffer provided in the kit. Lysate produced was centrifuged for 10 minutes at 2,500 g at 175 

4 °C (Yazid et al., 2018). Supernatant was collected and incubated with p-nitrophenyl phosphate 176 

(pNPP) at 37°C for 30 minutes. Stop solution was added after 30 minutes of incubation and 177 

absorbance measurement was taken at a wavelength of 405 nm by using a microplate reader. 178 

Total protein content was measured by Bradford assay with bovine serum albumin used as 179 

standard (Kruger 2009). ALP activity results were normalized to total protein content and were 180 

represented as U/mg. 181 

 182 

In vivo analysis 183 

 184 

Cells and scaffolds preparation 185 

MC3T3-E1 cells were cultured in vitro on HA and PCL scaffolds for a period of 14 days before 186 

transplantation. Cells on scaffolds were cultured in complete media supplemented with 187 

osteoblast differentiation factors. Medium was changed every 3 days. After 14 days of in vitro 188 

cultured, cells-seeded scaffolds were transplanted into rats with a surgically made maxillary bone 189 

defect. 190 

 191 

Animals  192 

A total of 24 mature female  Sprague dawley rats (age: 6 to 8 weeks, body weight: 200-300 g) 193 

were used in this study. The housing, care, and experimental protocol were approved by the 194 

Universiti Kebangsaan Malaysia Animal Ethical Committee with approval number 195 

FD/2018/ROHAYA/26-SEPT.-2018-JUNE-2019. The animal study was reported according to 196 

the ARRIVE guidelines with respect to relevant items. The rats were obtained from Laboratory 197 

Animal Resource Unit, Faculty of Medicine, Universiti Kebangsaan Malaysia. Prior to the 198 



transplantation’s surgery, rats’ health was monitored for a week. All of the rats were kept in pairs 199 

per cage at the animal house of Faculty of Health Science, Universiti Kebangsaan Malaysia, with 200 

12 hours light-dark cycle at 21-25 °C, and were fed with food pellets and water was supplied on 201 

ad libitum basis. The activity of rats were observed once daily throughout the study periods. 202 

 203 

Surgery and transplantation 204 

To create the bone defect at rat’s left maxilla, each rat was first anesthetized with an intravenous 205 

injection of 80 mg/kg ketamine (TROY Laboratories PTY Limited, Glendenning) combined with 206 

7.5 mg/kg xylazine (Indian Immunological Limited, India) and 12 mg/kg tramadol (Y.S.P, 207 

Malaysia). A buccal sulcular incision was made to expose the maxillary bone. A bone defect 208 

with 4 mm length and 1.5 mm depth was createds in the anterior part of left maxilla using a 209 

trephine bur under constant irrigation. Constant irrigation with cooled sterile PBS was performed 210 

to prevent overheating of bone. The rats were randomly divided into four groups each containing 211 

six animals (n = 6). Group 1 consists of rats with surgically-made maxillary bone defects who 212 

received implantation of HA scaffold. Group 2 consists of rats with surgically-made maxillary 213 

bone defects who received implantation of PCL scaffold. Groups 1 and 2 serve as controls. 214 

Meanwhile, group 3 consists of rats with surgically-made maxillary bone defects who received 215 

transplantation of MC3T3-E1 cells-seeded HA scaffold. In group 3, rats with surgically-made 216 

maxillary bone defects received transplantation of MC3T3-E1 cells-seeded PCL scaffold. 217 

 After the transplantation, the mucosal flaps were closed with a simple interrupted suture 218 

pattern using 4-0 non-absorbable black silk suture. Postoperatively, each rat received a 219 

subcutaneous injection of 2 mg/kg dexamethasone (Duopharma, Malaysia) and 20 mg/kg 220 

amoxicillin (Duopharma, Malaysia) for a week to prevent tissue rejection and perioperative 221 

infection. Rats were maintained on a soft high-glucose diet for a week. A regular diet of ground 222 

pellet food and water ad libitum was resumed 1 week postoperatively. Rats were monitored daily 223 

by visual observation for signs of infection, inflammation, lack of food and water intake, and 224 

lethargy. Veterinarian would be contacted or the rat would be euthanized if any of these adverse 225 

signs were observed. 226 

 227 

Euthanasia and maxilla sample collection 228 

All of the surviving animals were sacrificed six weeks after transplantation surgery. Rats were 229 

sacrificed via drug overdosing using a commercial euthanasia solution of 390 mg sodium 230 

pentobarbital (Vetoquinol SA, France) and 50 mg/ml sodium phenytoin (Duopharma, Malaysia) 231 

administered intravenously at the lateral vein. Maxilla with intact surrounding tissues from all 232 

the rats was dissected. Maxilla was cleaned from surrounding soft tissue and immediately placed 233 

in 10% (v/v) neutral buffered formalin (R&M Chemical, UK) for 24 hours before being rinsed 234 

with PBS. Samples were maintained in a buffer solution consists of PBS with penicillin and 235 

streptomycin at 4 °C until further use. 236 

 237 

Micro-computed tomographic analysis 238 

Açıklamalı [P3]: Please indicate the anesteshia 
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In vivo high-resolution micro-computed tomography (Skyscan 1176; Skyscan, Belgium) was 239 

used to evaluate bone regeneration of HA and PCL scaffolds in the rat model. The harvested 240 

samples were scanned by a camera with a pixel size of 12.32 μm, and a frame was achieved 241 

using a 1 mm aluminum filter, with a rotation step of 0.7° and a rotation angle of 360°. The X-242 

ray was operated at a voltage of 70 kV, a current of 142 μA, and an exposure time of 580 ms. 243 

Approximately 400 scan slices per sample with an image pixel size of 17.56 μm were taken, and 244 

serial coronal-oriented tomograms were reconstructed from the raw images in the CTAnalyser 245 

Skyscan software. A region of interest (ROI) was precisely positioned over each defect for 246 

quantitative analysis, encompassing all new bones within the defect site. Six samples for each 247 

group were measured and percentages of new bone volume (%), bone surface (mm2), and bone 248 

surface density (mm-1) of newly formed bone within each ROI were measured by assigning a 249 

threshold for total bone content (including trabecular and cortical bone). The results were 250 

assessed by a trained examiner, who was blinded to the experimental groups (L.S.F.). 251 

 252 

Histology analysis 253 

After micro-CT scanning, tissue samples were decalcified in 10% (v/w) buffered ethylene 254 

diamine tetraacetic acid (Sigma, USA) (pH 7.4) for 5-6 weeks then dehydrated with graded 255 

series of increasing ethanol concentrations (from 70% to 100%) and embedded in paraffin. Serial 256 

5 µm-thick sections were cut using a microtome and sections were stained with hematoxylin and 257 

eosin (H&E) following standard protocols. The stained section was observed under light 258 

microscope (BX51; Olympus, Tokyo, Japan) and a digital image was obtained using CellB 259 

software. Results of new bone formation within the defect area were taken under 40x and 100x 260 

magnifications. 261 

 Histological level of new bone formation was assessed using a seven-point scale outline 262 

by Salkeld et al., (2001): 0 = no incorporation  and no new bone formation, 1 = some 263 

incorporation and small amount of new bone, 2 = some incorporation and moderate amount of 264 

new bone formation, 3 = some corporation with new bone formation continuous with host bone 265 

and early remodeling changes in new bone, 4 = good graft incorporation and ample new bone, 5 266 

= good graft incorporation of graft and new bone with host and ample new bone, 6 =  excellent 267 

incorporation and advanced remodeling of new bone with graft and host. The analysis was 268 

validated by an experienced pathologist blinded to the study groups (N.S.N.). 269 

 270 

Statistical analysis 271 

Multiple comparisons for in vitro cell viability and osteoblast differentiation potential of 272 

scaffolds as well as in vivo bone morphometric and histology grading analysis were evaluated 273 

using Bonferroni-corrected by one-way analysis of variance (ANOVA). Values of p less than 274 

0.05 wereas considered to be statistically significant. The data were expressed as the mean ± 275 

standard deviation (SD) of five independent experiments for in vitro study while a repeated 276 

experiment using six rats were used as in vivo biological replicates. Statistical analyses were 277 

performed using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). 278 



 279 

Ethical approval 280 

This research was carried out according to the ethical and legal requirements of Universiti 281 

Kebangsaan Malaysia Animal Ethical Committee (UKMAEC). This permission allowed us to 282 

use rats as experimental animals while abiding to legal and ethical guidelines. Experiments 283 

utilized rats were performed humanely throughout this research. The euthanasia method was 284 

performed in accordance with the guideline from American Veterinary Medical Association 285 

(Underwood & Anthony 2020). All described experimental protocols involving rats were 286 

designed and performed according to the animal ethics guidelines approved by the UKMAEC 287 

with approval reference number FD/2018/ROHAYA/26-SEPT./944-SEPT.-2018-JUNE-2019. 288 

 289 

Results 290 

In vitro analysis 291 

 292 

Cell viability 293 

MC3T3-E1 cells viability on HA and PCL scaffolds as well as 2D culture plate were measured 294 

by the increased number of viable cells throughout the culture period of 21 days. Cells grown in 295 

all culture conditions showed a continuous increase with culture time, reflecting good cell 296 

viability (Fig. 1). The number of viable MC3T3-E1 cells on scaffolds was markedly higher than 297 

the control 2D culture plate, significantly during the initial day of culture (days 0) between 298 

MC3T3-E1-HA and MC3T3-E1-2D (p = 0.034). Meanwhile,  MC3T3-E1-HA (p = 0.000) and 299 

MC3T3-E1-PCL (p = 0.0004) showed significant higher number of cell viable on day 7 300 

compared to MC3T3-E1-2D (Table 1). Interestingly, MC3T3-E1 cells grown in HA and PCL 301 

scaffolds continued to grow for up to 14 days but this growth decreased at 21 days. MC3T3-E1 302 

cells showed an increased number of viable cells on HA scaffold compared to PCL scaffold 303 

significantly on days 7 (p = 0.000) and 14 (p = 0.002) (Table 1 and Fig. 1). 304 

 305 

Cell attachment and morphology 306 

FESEM results indicated that both types of scaffolds allowed the attachment and spreading of the 307 

cells while maintaining a normal cellular morphology. As it can be seen in Fig. 2A and B, 308 

MC3T3-E1 cells on day 0 (a day after osteoblast induction) were already well attached and 309 

spread to the surface of both scaffolds, presenting a round shape configuration in HA scaffolds 310 

while a cluster of cells with extended cytoplasm in all directions observed in PCL scaffold. After 311 

7 days of culture, cells on both scaffolds showed a typical morphology presenting a flat 312 

configuration with more lamellopodia connecting to neighboring cells and starting to form a 313 

continuous cell layer (Fig. 2C, D). Mineralized nodules can be observed as early as day 7 in the 314 

PCL scaffold. At day 14 of culture, MC3T3-E1 cells on HA scaffold start to aggregate and 315 

formed a monolayer of connected cells while a dense cell layer can be seen covering the surface 316 

of the PCL scaffold (Fig. 2E, F). At 21 days of culture, a dense cell layer could be observed on 317 

both scaffolds with some mineralized nodules appear in between the cell layer especially on HA 318 



scaffold (arrows in Fig. 2G, H). During an early culture day, the density of the attached cells is 319 

higher in the PCL scaffold compare to the HA scaffold. However, as days of culture increase to 320 

day 21, the FESEM image showed that more cells were attached, and an intense appearance of 321 

mineralization nodule was observed over HA scaffold compare to PCL scaffold. 322 

 323 

Energy dispersive x-ray spectroscopy (EDX) elemental analysis 324 

EDX spectroscopy results showed the presence of a higher level of calcium and phosphorus after 325 

21 days of MC3T3-E1 cultured on HA and PCL scaffolds (Fig. 3). HA scaffold had a higher 326 

ratio of calcium / and phosphorus (Ca/P) level from 2.29 to 2.4. Meanwhile, PCL scaffold 327 

showed an increase in Ca/P ratio from 2.22 to 2.36. Both scaffolds showed a slightly higher Ca/P 328 

ratio than the theoretical pure hydroxyapatite which is 2.15 (Venkatasubbu et al., 2011). Oxygen 329 

and carbon peaks present on the EDX indicate by-products excreted during the extracellular 330 

matrix production of MC3T3-E1 cells on the scaffold. The concentration of oxygen and carbon 331 

on both scaffolds were observed to be lower than calcium and phosphorus throughout 21 days of 332 

osteoblast differentiation. 333 

 334 

ALP specific activity 335 

The ALP specific activity was evaluated at days 0, 7, 14, and 21 days after MC3T3-E1was 336 

cultured in an osteogenic medium (Fig. 4). A trend of ALP specific activity was increased up to 337 

21 days of osteoblast differentiation in all culture conditions. There were no statistically 338 

significant differences (p > 0.05) between MC3T3-E1 cells on scaffolds and 2D culture plate at 339 

day 0. The result also showed that the ALP specific activity of MC3T3-E1 cells on PCL scaffold 340 

(0.19 ± 0.03 U/mg) on day 7 was approximately 1.24 and 3.91 times higher than HA scaffold 341 

(0.15 ± 0.02 U/mg; p = 0.001) and 2D culture plate (0.05 ± 0.03 U/mg; p = 0.000). Interestingly, 342 

prolonged osteoblast induction of MC3T3-E1 cells on HA scaffold results in a significantly 343 

higher ALP specific activity compared to 2D culture plate especially on days 14 (p = 0.000) and 344 

21 (p = 0.000) as well as on day 21 (p = 0.019) in comparison to PCL scaffold. 345 

 346 

In vivo analysis 347 

 348 

Macroscopic analysis 349 

After six weeks of transplantation, there were no significant complications such as dehiscence or 350 

fistula in the area of the maxilla defect. The maxillary bone defects were healing well without the 351 

presence of necrosis or obvious inflammation detected in any fresh maxilla specimen. A stable 352 

scaffold fixation with no migration was observed in all rat samples. HA and PCL scaffolds 353 

remained after six weeks of transplantation. Some parts of the HA and PCL scaffolds surface 354 

were covered by callus (Fig. 5). 355 

 356 

Micro-computed tomographic analysis 357 



Bone regeneration potential of HA and PCL scaffolds were also investigated using rat’s 358 

maxillary bone defect. Surrounding tissues with scaffolds were imaged and analyzed using high 359 

resolution micro-computed tomographic (micro-CT), and 2D imaged were reconstructed (Fig. 360 

6A). Limited to no bony bridge could be observed on empty HA (groups 1) and PCL (group 2) 361 

control groups. As shown in 2D reconstructed image, treatment of rat maxillary bone defect with 362 

MC3T3-E1-HA (group 3) and MC3T3-E1-PCL (group 4) demonstrated bony bridges with an 363 

increased amount of filled new bone compared to the control groups. Bridging of the defects 364 

with new bone occurred extensively in group 3. Some of the HA granules have consolidated and 365 

its radio density has increased. Group 4 showed minimal new bone formation and lower radio-366 

density. Defects in group 4 showed a translucent bony bridge at six weeks postoperatively. 367 

 Furthermore, bone morphometric analysis of the micro-CT images was used to quantify 368 

the percentage of total new bone volume, new bone surface area, and the surface density of 369 

newly formed bone as presented in Fig. 6B. Rats on treatment group 3 (42.74% ± 9.45%) 370 

showed significantly increased new bone volume compared to group 4 (5.43% ± 1.82%; p = 371 

0.002), HA scaffold control group (12.8% ± 7.08%; p = 0.012) and PCL scaffold control group 372 

(2.22% ± 0.36%; p = 0.001). There is no significant difference (p > 0.05) observed in the 373 

increment of bone surface area between treatment groups. While the new bone surface density 374 

level of group 3 (7.91 ± 1.07 mm-1) was increased significantly compare to group 4 (1.69 ± 0.29 375 

mm-1; p = 0.001), HA scaffold control group (3.45 ± 1.43 mm-1; p = 0.014) and PCL scaffold 376 

control group (0.9 ± 0.1 mm-1; p = 0.000).  377 

 378 

Microscopic analysis 379 

New bone formation and biocompatibility of the chosen scaffolds in rat’s maxillary bone defect 380 

model were further evaluated histologically using H&E staining. Defects treated with HA and 381 

PCL scaffolds showed cell and tissue infiltration with new bone formation through six weeks of 382 

transplantation period (Fig.7). The newly formed bone in the defect area of MC3T3-E1-HA 383 

(groups 3) and MC3T3-E1-PCL (group 4) was higher compared to the empty scaffold control 384 

groups. The connective tissue within the bone bridge in the group 3 and 4 was less prominent 385 

than in empty scaffold control groups.  386 

 Empty HA scaffold group showed the defect was surrounded by fibrous connective tissue 387 

and the new bone formation was growing from the edge of cavity toward the center. A moderate 388 

amount of bone islands with numerous osteoblast cells as well as a small number of osteocytes in 389 

the irregular lacuna could be observed at the edge of the defect. Group 3 showed considerably 390 

enhanced new bone formation compared to the empty HA control group. Effective scaffolding 391 

property of HA in osteoconduction could be seen with new bone ingrowth that is well developed 392 

throughout the pore channels of the HA scaffold. This can be observed with connective tissue 393 

migrated within the HA scaffold. Significant deposition of osteoblast at the marginalized parts of 394 

the new bone surrounding the periphery of the HA scaffold could also be observed extensively 395 

on group 3 than empty HA control group.  396 



 Empty PCL group showed small new bone formation in the middle of the defect areas 397 

with the appearance of extensive fibrous connective tissue ingrowth. Group 4 showed a presence 398 

of new bone that was extended into the scaffolds from the edge of defect toward the center. A 399 

moderate amount of bone islands could be observed peripherally. This confirmed that bone 400 

formation started at the periphery of the PCL scaffold. However, intense fibrous and connective 401 

tissues still present in the defect region treated with PCL scaffold compared to HA scaffold. 402 

Granulation tissue and neovascularization were visible at defect areas treated with both scaffolds. 403 

Both scaffolds demonstrated good biocompatibility with no significant inflammatory reaction. 404 

 Histological grading for new bone formation in the defect area treated with MC3T3T-E1-405 

HA and MC3T3T-E1-PCL were higher compared to the empty scaffold control groups. In 406 

comparison to their respective controls, MC3T3-E1-PCL scaffold showed the highest new bone 407 

formation with 1.64 fold increase while only 1.25 fold increase was observed on MC3T3-E1- 408 

HA scaffold. Defect treated with HA scaffold showed the highest histological grading of new 409 

bone formation compared to their corresponding PCL scaffold. However, the mean difference 410 

between scaffold treatment groups was not statistically significant (p > 0.05) (Table 2). 411 

 412 

Discussion 413 

In this study, MC3T3-E1 cell viability on HA scaffold, PCL scaffold, and 2D culture plate was 414 

measured and compared to confirm the ability of chosen scaffolds to support the growth of cells 415 

during 3D in vitro culture. Through MTT assay, we identified that the viability of MC3T3-E1 416 

cells on HA scaffold was significantly increased with a peak number of viable cells observed on 417 

day 14. The cellular response and behavior of cells can be influenced by the characteristic of the 418 

material surface (Seebach et al., 2010; Shamsuddin et al., 2017). It has been proved that the 419 

surface topography of rough-textured is capable to enhance the cellular adhesion and production 420 

of more mineralized matrix during osteoblast differentiation of cells. The HA scaffold used in 421 

this study exhibits a rough surface that may enhance cell attachment and subsequently promote 422 

cell growth. A previous study by Ling et al., (2015) demonstrated that cells-seeded on the HA-423 

composite scaffold had higher cell proliferation and attachment compare to the β-tricalcium 424 

phosphate-composite scaffold due to the rough texture present on the surface of HA. This report 425 

is consistent with our finding that HA scaffold promotes higher cell growth during the initial 426 

period. However, it significantly decreased with a prolonged culture which reflects the dominant 427 

occurrence of osteogenic differentiation. This pattern has also been observed in cell viability on 428 

PCL scaffold. The obvious reduction in cell viability on HA and PCL scaffolds in comparison 429 

with control 2D culture plate may be due to the transition of the cells from a proliferative phase 430 

into the differentiation phase induced by direct interactions with the scaffold. This finding 431 

suggests that HA and PCL scaffolds are cytocompatible as it support and enhance MC3T3-E1 432 

cell viability. 433 

 MC3T3-E1 cells differentiation toward osteoblast was observed by FESEM image, EDX 434 

analysis, and ALP specific activity. FESEM image showed intense attachment, well-spread 435 

morphology and extensive growth of osteoblast differentiated MC3T3-E1 cells on both scaffolds. 436 
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These results reflect those of Seebach et al., (2010) and Jamal et al., (2018) who also found 437 

strong attachment, growth, and proliferation of mesenchymal stem cells on HA and PCL 438 

scaffolds. Although HA has the potential to naturally induced osteoblast differentiation, MC3T3-439 

E1 cells on PCL scaffold able to show signs of osteoblast differentiation as early as day 7 of 440 

induction. On day 7 of osteoblast differentiation, mineralization nodules were detected on PCL 441 

scaffold while it was not present on HA scaffold. Cell to cell contact is assumed to influence this 442 

phenomenon. It is widely believed that when cells become in close contact with each other, they 443 

can be activated to differentiate, and once they form multilayers they start mineralization (Yu et 444 

al., 2017). In this study, MC3T3-E1 cells on PCL scaffold at day 7 became close to each other as 445 

more cells can be observed attached to the scaffold compared to HA scaffold. These results are 446 

in agreement with those obtained by Jamal et al., (2018) which demonstrate early osteoblast 447 

differentiation of dental pulp stem cells on PCL scaffold was influenced by an intense cell to cell 448 

contact. However, mineralized nodules can be observed more prominently on HA scaffold with 449 

prolonged osteoblast differentiation. These results are likely to be related to the rough texture 450 

present on the surface of HA that coherently supports extensive MC3T3-E1 cell growth. An 451 

increased number of MC3T3-E1 cells may permit more cell to cell contact which directly 452 

induced osteoblast differentiation and mineralization. This finding raises the possibility that the 453 

surface characteristic of the scaffold could provide a suitable microenvironment for cell 454 

attachment, cellular interaction, and osteoblast differentiation. 455 

 These results were further supported by EDX analysis which allowed assessment and 456 

quantification of the presence of different bone types based on elemental analysis of calcium, 457 

phosphorus, and nitrogen (Prati et al., 2020). Therefore, EDX spectroscopy was utilized to detect 458 

the amount of elemental calcium and phosphorus produced by cells grown on HA and PCL 459 

scaffolds. EDX results demonstrate that MC3T3-E1 cells were able to attach and grow on HA 460 

and PCL scaffolds and form mineralized nodules or tissue which consists of calcium and 461 

phosphorus deposits. HA scaffold showed the higher ratio of calcium to phosphorus after 21 462 

days of osteoblast differentiation which indicates a higher quantity of minerals. 463 

 In addition to the initial evaluation of MC3T3-E1 cell morphology using FESEM 464 

following osteoblast differentiation, an increase in ALP specific activity of these cells on 465 

scaffolds is evidence of successful osteoblast formation. ALP is one of the generally recognized 466 

biochemical markers for bone cell activity and is considered to play a role in bone mineralization 467 

(Megat Abdul Wahab et al., 2020). Scaffolds for bone regeneration application must support the 468 

differentiation of cells to functional bone tissue. Our results showed an overall increase of ALP 469 

specific activity throughout 21 days of osteoblast differentiation for all culture conditions. 470 

Higher ALP specific activity of MC3T3-E1 cells has been observed on HA and PCL in 471 

comparison to the control 2D culture plate. Both scaffolds were able to support osteoblast 472 

differentiation of MC3T3-E1 cells. The results of this study also showed that MC3T3-E1 cells on 473 

PCL scaffold required a shorter time to undergo osteoblast differentiation with high ALP specific 474 

activity can be detected as early as day 7. However, as the day of osteoblast differentiation 475 

increase, ALP specific activity of MC3T3-E1 cells on HA scaffold showed a more prominent 476 
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result. A previous study by Deligianni et al., (2000) suggested that there was a delay in the 477 

expression of ALP activity on HA scaffold with rougher surfaces. These results are consistent 478 

with the FESEM images in which mineralized nodules of MC3T3-E1 cells on PCL can be 479 

observed as early as day 7 and an increase of mineralized nodules were observed with a 480 

prolonged culture on HA scaffold. An increase in ALP specific activity of MC3T3-E1 cells on 481 

HA scaffold at the end of osteoblast differentiation period was further enhanced by 482 

osteoinductive property present on the scaffold. Studies by Usui et al., (2010) and Wang et al., 483 

(2015) indicates the potential of calcium and phosphate ions released from HA could directly 484 

induce and up-regulates osteoblast differentiation which promotes bone formation through 485 

calcification. Taken together, these findings suggest the potential HA and PCL scaffolds in 486 

promoting in vitro osteoblast differentiation which can be observed more prominently in HA 487 

scaffold. 488 

 Nonetheless, since this study also aims to test different scaffolds geometry on enhancing 489 

in vivo bone regeneration, it is of note to consider that our animal model is suitable for scaffold 490 

placement in the maxillary bone defect treatment. Postoperatively, all rats showed immediate 491 

recovery as daily activities resumed within 24 hours. There were no complications such as 492 

dehiscence or fistula in the area of the transplantation. A stable scaffold fixation with no 493 

migration was observed in all rat samples. HA and PCL scaffolds remained after six weeks of 494 

transplantation. This indicates that both scaffolds have slow biodegradation under physiologic 495 

conditions with high mechanical resistance. A similar finding was also reported by Wongsupa et 496 

al., (2017) which suggests that slow biodegradation of PCL-biphasic calcium phosphate scaffold 497 

could have advantages for highly loaded areas that required long-term critical functional support. 498 

 In the presented study, in vivo bone regeneration of transplanted MC3T3-E1 cells on HA 499 

and PCL scaffolds were evaluated by micro-CT and histology analyses. The reconstructed 500 

micro-CT image revealed a radio-dense appearance that suggested bone ingrowth within HA and 501 

PCL scaffolds and subsequently filled the defect area. These results corroborate the ideas of 502 

Crovace et al., (2020) who showed that new bone formation could be observed by radio-dense 503 

aspect from X-ray images. Meanwhile, the bone morphometric analysis revealed that HA 504 

scaffold significantly enhanced new bone volume and surface density, although no significant 505 

differences were found on bone surface area in comparison to PCL scaffold. Our results are in 506 

accordance with a previous study by Jang et al., (2017) in which bone formation was indicated 507 

by higher bone volume present in granular and porous HA scaffolds. Low bone surface area 508 

occurs when trabecular thickness, bone surface density to tissue volume are at a high level (Kim 509 

et al., 2004). Micro-CT can be over-estimated depending on the characteristics of bone 510 

substitutes or scaffolds. Therefore, there are chances that an increase in bone formation is due to 511 

the inherent radio-opacity contain in HA scaffold (Jang et al., 2017). While the low value of 512 

bone volume, surface area, and surface density on PCL scaffold is due to the translucent property 513 

of PCL. This led us to use a qualitative histological approach to further evaluate the new bone 514 

formation. 515 



 The results from histological observation showed that HA and PCL scaffolds are capable 516 

of enhanced new bone formation with intensive vascularity at the defect area, indicating the bone 517 

vitality and beginning of new bone formation.  Both scaffolds revealed good biocompatibility 518 

with no adverse inflammatory side effects. Furthermore, the defect area with transplanted HA 519 

scaffold showed extended bone formation on its surface with the infiltration of connective tissue 520 

present within HA particle. This showed that HA scaffold used in this study is a porous scaffold 521 

that allows cell migration and proliferation. The infiltration of connective tissue resulted from the 522 

interaction between MC3T3-E1 cells and the osteoconductive property of HA scaffold. These 523 

results are in agreement with those obtained by Sulaiman et al., (2013) which demonstrate bone 524 

formation for ceramic scaffold started on the surface and proceeded to the center of the pores. 525 

Meanwhile, for PCL scaffold, bone tissue originated from the surface of the PCL fibers 526 

containing differentiated cells that further grow in between several fibers and encapsulate them 527 

over time. The results from the present study indicate that HA and PCL scaffolds have the 528 

potential to repair rat’s maxillary defects with properties applicable for bone tissue engineering. 529 

Moreover, it was concluded that transplantation of cells and HA scaffolds showed better in vivo 530 

bone regeneration potential with enhanced new bone volume, increment of bone surface density, 531 

and new bone formation as shown by micro-CT and histology analyses. 532 

 533 

Conclusions 534 

In conclusion, HA and PCL scaffolds used in this study can support in vitro cell viability, 535 

attachment, morphology, and osteoblast differentiation following the accepted model of the two-536 

dimensional system. Both scaffolds demonstrated good bone regeneration properties with no 537 

significant inflammatory reaction. However, HA scaffold with granule geometry showed better 538 

new bone formation when transplanted on the maxillary bone defect of rats compared to PCL 539 

scaffold with lattice geometry. This confirmed in vitro growth and osteoblast potential of HA 540 

scaffold. Based on the obtained result, it is suggested that HA scaffold could be considered as a 541 

potential and attractive scaffold for clinical use in maxillary bone regeneration. 542 
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 663 

REVIEWER NOTES 664 

1. The title of the manuscript is referring the effect of “scaffold geometry”, but I 665 

believe the used methodology and obtained results are not sufficient to say 666 

anything about the effect of geometry. HA and PCL are entirely different materials 667 

and as it is mentioned in the manuscript, they have some different qualities 668 

effecting the osteogenesis. If the HA and PCL had the same geometry, could we 669 

expect to get similar results between the experimental groups? The geometry of 670 

scaffolds indeed proved have good amount of influence but scientists usually use 671 

different geometrical patterns with same type of material like using HA scaffolds 672 

in hexagonal geometry vs HA scaffolds in square geometry. Therefore, the title 673 

must be changed and all the statements related with scaffold geometry should be 674 

discarded. 675 

2. Lines 82-84: Please place citations right after the correct correspondant. For ex: 676 

include granules (Beachkey et al.), paste, cement (Wang), …. etc. 677 

3. Lines 84-85: If this statement were made by other researchers please place a 678 

citation and if it’s your opinion please make that clearer that it is your saying. 679 

4. Did you used penicillin streptomycin and/or dexamethasone in osteogenic 680 

differentiation medium? Some researchers prefer to use phenol red-free mediums 681 

for osteogenic differentiation studies as it has some osteoinductive effects. If you 682 

used phenol red-free medium please mention it. 683 

5. What was the confluence of cells during 2D culture? The proliferation of the 684 

cells might be effected by the lack of availability of surface area to grow? 685 
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6. What could be the reason behind seeing dramatically different results in cell 686 

viability at the initial day? Are there any similar results available in previous 687 

studies? 688 

7. Did you remove scaffolds from the wells before absorbance reading for MTT? 689 

8. Did you perform any replicates for MTT and ALP Assay? 690 

9 Why did you prefer female animals? Did you perform any synchronization for 691 

their oestrus cycles? As estradiol has a significant effect on osteogenesis, you 692 

might have higher standard deviations. 693 

10. Please mention the use of anesthetics prior to euthanasia. 694 

11. Have you lost any animals during the study? If yes, did you replace them or 695 

decrease the sample size?  696 

12. Line 420: To evaluate cellular adhesion, other technics should be taken into 697 

consideration. If you’re making this statement depending upon your electron 698 

microscopy imaging results, please refer this analysis in the sentence. Otherwise, it 699 

feels like your MTT results provided this knowledge of enhanced adhesion. 700 

13. Line 420-421: Changing this as “enhance the adhesion of cells and 701 

mineralization of the matrix.” could provide a more clear statement. 702 

14. Line 444: and once they form multilayers they start mineralization (Yu et al., 703 

2017). 704 

In this article Yu et al. mentions double-layered cell transfer method 705 

(https://www.nature.com/articles/srep33286 ). There’s no mentioning of that the 706 

cells start mineralization when they become multilayered. 707 

15. Line 466: changing “successful osteoblast formation” to “successful induction 708 

of osteogenic differentiation.” could be a better choice. There are several cellular 709 

steps throughout the osteogenic differentiation starting with mesenchymal stem 710 

cells to osteocytes and beginning from the early osteoprogenitor cells, those cells 711 

express ALP gene and produce ALP enzyme. Therefore, saying successful 712 

osteoblast formation is a bit assertive as these cells could be of any cell type from 713 

an early progenitor to mature osteoblast. 714 

16. Authors are suggested to use marks like arrows and arrow heads in figure 7. 715 

For example in the high magnification PCL image, authors placed NB near to an 716 

osteoid structure, yet the writing is on connective tissue. Inexperienced readers 717 

may misunderstand this image therefore, putting marks could be beneficial. 718 

Biçimlendirilmiş: Aralık Sonra:  6 nk

Biçimlendirilmiş: Aralık Önce:  6 nk, Sonra:  6 nk
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17. Is it possible for authors to use better staining technics for paraffin sections if 719 

you still have unstained sections or blocks available? Staining techniques such as 720 

Masson Goldner trichrome staining, Movat’s pentachrome staining, etc. are 721 

commonly used staining technics to identify tissue transitions and all tissue types 722 

relevant with the osteogenesis which would allow you to address different tissue 723 

types much better. For example, in the last image (high magnification MC3T3-724 

PCL) of figure 7, some of the NB areas are probably consist of cartilage and 725 

there’s a fibro-cartilage transition area as well but H&E staining is not providing 726 

enough details to fully identify these structures.   727 

18. Line 522-523:”The infiltration of connective tissue resulted from the 728 

interaction between MC3T3-E1 cells and the osteoconductive property of HA 729 

scaffold” 730 

What are the evidences of authors to support this statement? Connective tissue 731 

normally does not infiltrate into an area. In normal physiological healing, cells do 732 

migrate to defect area and they differentiate form a fibrous tissue. Afterwards cells 733 

do condensate and form fibro-cartilage tissue parts which would enlarge and form 734 

a cartilage later on. Cells keep on differentiating and due to vascularization and 735 

ALP activity, osteoid structures occur in the defect site. 736 

 737 

 738 


