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Abstract 26 

 27 

This article presents a thermal sintering method to fabricate porous bone tissue 28 

engineering scaffolds based on polycaprolactone (PCL), polylactic acid (PLA), and their 29 

composites. The mechanical properties, porous structure, biodegradability, and 30 

biocompatibility of sintered scaffolds were evaluated. The scaffolds showed a porosity in the 31 

range of 86-91% with a pore size of 75 𝜇m to 400 𝜇m. PCL/PLA composite scaffolds showed 32 

a' Young's modulus of around 49 MPa, which was between the modulus values of PCL (24 33 

MPa) and PLA (63 MPa) scaffolds. Fibroblast cells (SNL) exhibited spreading, and adhesion 34 

on the scaffolds, and Scaffolds demonstrated a significant difference in the osteogenic 35 

differentiation of human Mesenchymal Stem Cells (hMSCs) after 7 and 14 days of culture in 36 

comparison to the control (tissue culture polystyrene). Our results demonstrated that the thermal 37 

sintered PCL/PLA composite scaffold could be a promising candidate for bone tissue 38 

regeneration.  39 

 40 

Keywords: Bone tissue engineering; Scaffold fabrication; Thermal sintering method; human 41 

Mesenchymal Stem Cells (hMSCs). 42 

 43 

 44 

Introduction 45 

 46 

In tissue engineering and in-situ tissue reconstruction, porous 3D scaffolds prepared by 47 

biodegradable polymers are widely used as temporary extracellular matrices(Koons, Diba et al. 48 

2020). An ideal scaffold for cell/tissue engineering must mimic the anatomical and 49 

physiological conditions of the target tissue. Hence, the designed scaffolds must possess proper 50 

mechanical properties and allow sufficient transport of nutrients and waste to match the 51 

degradation or resorption rate required for tissue development (Shavandi, Bekhit et al. 2015, 52 

Qu, Fu et al. 2019). To this end, biocompatibility, biodegradability, high porosity with a 53 

uniform pore distribution and interconnectivity, and large specific surface area are essential 54 

characteristics of tissue engineering scaffolds (Shavandi, Bekhit et al. 2016).  55 

The use of biodegradable polymers, with numerous biomedical applications, has been 56 

increased during the past decades. Among a wide range of synthetic polymers, polylactic acid 57 

(PLA) and poly (ε-caprolactone) PCL have been approved by FDA biomedical applications 58 

(Park, Lee et al. 2017). Thanks to their unique properties, such as biocompatibility, 59 
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biodegradability, and relatively high mechanical properties, PLA and PCL have been frequently 60 

used for tissue engineering (Yao, Cosme et al. 2017, Shahrezaee, Salehi et al. 2018). PCL 61 

hydrophobicity and higher crystallinity compared to the  PLA lead to a slower degradation rate 62 

for PCL (Yao, Cosme et al. 2017). In contrast, PLA has higher stiffness and different 63 

degradation kinetic compared to the PCL. PLA degradation mechanism includes chain scission 64 

and subsequently fragmentation, while PCL degradation is due to the scission of the end groups 65 

of the polymer chains (Barral, Dropsit et al. 2021).  66 

Compositing PLA and PCL (PCL/PLA blend) has been widely investigated to fabricate 67 

biomaterials composites due to the maintenance of both polymers' merits and improving PLA 68 

mechanical properties, crystallization rate, and degradation rate (Sun and Downes 2009, Vieira, 69 

Vieira et al. 2011). Several techniques such as solvent casting, leaching methods, and gas 70 

foaming have been carried out to develop three-dimensional (3D) PCL-based scaffolds (Jafari, 71 

Shahrousvand et al. 2018, Jafari, Shahrousvand et al. 2020, Nahanmoghadam, Asemani et al. 72 

2021). However, poor mechanical stability and large scale-up limitations hindered applying 73 

these methods to design porous scaffolds (Luciani, Coccoli et al. 2008).  74 

The thermal sintering of polymers is a promising approach for constructing porous, 75 

interconnected 3D scaffolds (Shin, Abukawa et al. 2008, Nail, Zhang et al. 2015, Naghieh, 76 

Ravari et al. 2016). Luciani et al. reported ease of tunability in mechanical properties, porosity, 77 

and interconnectivity of thermally sintered PCL scaffolds (Luciani, Coccoli et al. 2008).  78 

PCL/PLA composite scaffold developed by the melt-blending method showed 100 % 79 

interconnectivity and porous structure. The addition of PLA to the PCL (1:1) also enhanced the 80 

biomechanical performance of the scaffolds (Patrício, Domingos et al. 2014). Moreover, a 81 

series of PCL/PLA foam blends via the foaming process demonstrated an open-cell structure 82 

with high interconnectivity resulted in the viability and migration HUVECs cells (Lv, Zhao et 83 

al. 2018).  84 

This research aimed to prepare scaffolds using PLA, PCL, and PCL/PLA (1:1 wt. %) 85 

by the thermal sintering method. The scaffolds' physiochemical and biological properties such 86 

as morphology, porosity, water uptake, biodegradability, mechanical properties, cell 87 

attachment, and cell viability were investigated. Moreover, the osteogenic differentiation 88 

capacity of sintered scaffolds was determined via alkaline phosphate (ALP) and calcium 89 

content. We hypothesize that the PCL/PLA composite scaffold with porous structure can 90 

facilitate cell proliferation, attachment as well as osteogenic differentiation of human 91 

Mesenchymal Stem Cells (hMSCs).  92 

 93 
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Experimental 94 

 95 

Materials 96 

 97 

The PLA used in this study was from Nature Works LLC (Minnetonka, MN) (PLA 98 

2002D,containing 1.5–2.0% of D isomer, Mn= 127,000, D=1.25 g/cm3, and Tg=52-56 ̊ C) . Poly 99 

(e-caprolactone) (PCL) was purchased from Sigma Aldrich (440744, St. Louis, MO, USA) with 100 

a Mn of 80,000 g/mol and a Tm of 58–60 ˚C. 101 

 102 

Fabrication of the scaffolds 103 

 104 

PLA pellets were initially dried using a vacuum oven at 80 °C overnight (VD 53, Binder, 105 

Tuttlingen, Germany)  to reduce moisture. Then, the PLA and PCL pellets were ground in liquid 106 

nitrogen using a small mixer (Mathieu, Bourban et al. 2006) and passed through a sieve (500 107 

μm pore size, mesh No. 35) to remove the aggregates. Then, PLA, PCL, and the composite 108 

mixture (1:1) powder were poured into an in-house-built metal mold with a length and width 109 

of 44 and 23 mm and was heated in an oven at 160 °C (Heating oven ED 23, Binder, Tuttlingen, 110 

Germany) (Patrício, Domingos et al. 2014, Rao, Venkatanarayana et al. 2019) for 60 min. It 111 

then was quickly transformed into a container of water and ice for 20 seconds until it reaches 112 

room temperature. The scaffolds were removed from the mold and kept in a desiccator for 113 

further investigation.  114 

 115 

Physicochemical properties analysis 116 

 117 

The changes in the chemical structure or composition of the polymers were followed by 118 

FTIR (Thermo Nicolet Nexus 870 with 100 scans) over the range of 400–4000 cm-1 with 119 

2 cm−1 spectral resolution. Morphology of PLA, PCL and PLA/PCL composites scaffolds (1:1 120 

wt. %) and cell attachment was studied using a scanning electron microscope (SEM, Stereocan 121 

S 360-Leica Cambridge, made in England).  5 images with different magnification (×500 and 122 

×1000) from each sample were taken. The 50 pores/scaffold size was measured using KLONK 123 

Image Measurement Light software (Edition 11.2.0.0) (Ghorbani, Zamanian et al. 2019).  124 

The scaffolds' porosity was calculated using a specific gravity bottle according to 125 

Archimedes' Principle (Yang, Shi et al. 2002, Shahrousvand, Tabar et al. 2017) by placing the 126 

scaffolds (5 replicates per scaffold) into ethanol of 96 % for 45 min within a desiccator 127 

connected a vacuum pump (V-600, Buchi Italia srl, Cornaredo, Italy) using formula (1).  128 
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 129 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓  𝑡ℎ𝑒 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑𝑠 = (𝑊𝑤 − 𝑊0)/𝜌           (1)         130 

Porosity percentage = porosity volume / total volume            (2)                131 

Where Ww, W0 and ρ (ρPLA= 1.25, ρPCL= 1.145, ρPLA/PCL= 1.19 g/mL at 25 ˚C) are wet 132 

scaffold weight, dried sample weight and density of scaffolds, respectively 133 

Tensile strength and Young's modulus were determined using a mechanical tensile tester 134 

(Instron 1122) at room temperature and relative humidity of 50 ± 2 % (Sun and Downes 2009, 135 

Jafari, Shahrousvand et al. 2020). A crosshead speed of 5 mm/min was used, and the cross area 136 

was (3.8 × 0.06) mm2. The grip distance was 35 mm, and the full-scale load was set at 0.005 137 

kN.  138 

 139 

Water uptake   140 

 141 

Water uptake of the scaffolds was measured by immersing the scaffolds in distilled 142 

water for 6 days (Meskinfam, Bertoldi et al. 2018), and then at determined time intervals, the 143 

scaffolds were taken out and dried by removing the free water on the surface with a filter paper 144 

and weighed (W1). Then the scaffolds were thoroughly vacuum-dried at 70 °C for 24 h and 145 

weighed again (W2). The water uptake could be calculated as follows, and three specimens 146 

were averaged.  147 

water uptake(%) =  
(W1−W2)

W2
× 100                                             (2) 148 

 149 

 Accelerated degradation and biodegradation  150 

 151 

The accelerated degradation rate of scaffolds was investigated according to our previous 152 

article (Jafari, Shahrousvand et al. 2018). The scaffolds were immersed into 15 ml of NaOH (1 153 

M) and placed in an oven at 60 °C for 24 h. After 2, 6, 18 and 24 h the scaffolds were removed, 154 

washed with distilled water and dried using a vacuum oven at 70 °C for 24 h. The remaining 155 

mass was calculated according to Eq. (3).  156 

Remaining Mass (%) = 100 − (
(Mi−Mf)×100

Mi
)                                             (3)  157 

Where Mi is the initial sample mass, and Mf is the mass after degradation.  158 

The biodegradation of the scaffolds was carried out in an incubator at 37 °C in the 159 

simulated body fluid (SBF) solution (Jafari, Shahrousvand et al. 2018). Briefly, the scaffolds 160 

were weighed accurately and immersed in 20 mL of the SBF solution, and the degradation was 161 
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monitored over 90 days. The samples were removed at predetermined time intervals, washed 162 

with distilled water, and dried in a vacuum oven at 70 °C for 24 h. The degradation rate of 163 

samples was evaluated via measuring the scaffold's remaining mass according to Eq. (3). All 164 

experiments were performed in three replicates.  165 

 166 

Cytotoxicity and cell attachment on scaffolds 167 

 168 

The fibroblast cells (SNL76/7) and Mesenchymal Stem Cells (hMSCs) were obtained from the 169 

Stem Cell Technology Research Center (Tehran, Iran). The cells were cultured in Dulbecco's modified 170 

eagle medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), penicillin G sodium (10 171 

units·ml−1), and streptomycin sulphate (10 mg·ml−1) (Gibco BRL, NY, USA) in a humidified 172 

atmosphere of 5 % CO2 at 37 °C (Jafari, Delporte et al. 2021). Culture media was replaced every 48 h 173 

until reaching 80 % cell confluency, and the cells at passage 5 were used for the study. The cytotoxicity 174 

of scaffolds was analyzed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 175 

tetrazolium reduction assay  (Ghaffari-Bohlouli, Jafari et al. 2021). After sterilizing the scaffolds using 176 

ethanol (70 % w/w) and UV radiation, the scaffolds were washed with PBS 3 times prior to the 177 

experiment. The SNL76/7 cells were seeded on top of the scaffolds at a density of 10,000 cells/well into 178 

a 48-well plate and incubated at 37 °C for 7 days. The cell viability was investigated MTT assay. At 1, 179 

4 or 7 days after the seeding, MTT solution was added to the wells and the cells were incubated for 3h 180 

in a humidified atmosphere of 5 % CO2 at 37 °C. Then, the MTT solution was removed and replaced 181 

with DMSO to dissolve the formazan crystals. The optical density (OD) of wells was measured using 182 

an ELISA plate reader at 570 nm, and cell viability of the samples was evaluated via comparing the OD 183 

of samples to the control (Tissue Culture Polystyrene (TCPS)).  184 

For the cell attachment study, after seeding the cells in a 48-well plate (as described above),   the 185 

scaffolds were fixed and dehydrated with 30, 50, 75, 95 and 100%  gradients of ethanol following the 186 

previously described protocol (Shahbazarab, Teimouri et al. 2018). Several SEM images were taken 187 

from each scaffold at the scales of 50 and 200 µm. To analyze the images, ImageJ (open-source imaging 188 

software) was used. The specimens were coated with gold prior to the SEM observations. All 189 

experiments were carried out in three replicates. 190 

 191 

Osteogenic differentiation 192 

  193 

For osteogenic induction of hMSCs, the basal medium was replaced with an osteogenic medium 194 

as described earlier (Shahrousvand, Tabar et al. 2017), which contained DMEM supplemented with 195 

10 % FBS, 50 mg.mL-1 ascorbic acid 2-phosphate, 10 nM dexamethasone  and 10 mM β-196 

glycerophosphate . The cultures were then placed in an incubator at 37 °C with 5% CO2 for two weeks.  197 

 198 
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 Alkaline phosphatase (ALP) activity 199 

 200 

Osteogenic differentiation of hMSCs was measured using ALP as a marker of osteogenesis 201 

according to the protocol described (Shamsi, Karimi et al. 2017). The plates were washed three times 202 

with ice-cold PBS on days 7 and 14. Radio-immune precipitation (RIPA) lysis buffer was used to extract 203 

the total protein of the cells on Tissue Culture Polystyrene (TCPS) and scaffolds. An ALP assay kit 204 

(Parsazmun, Tehran, Iran) was used to measure ALP activity in the lysate after centrifugation at 15,000 205 

g for 15 min at 4 ºC to sediment cell debris. P-nitrophenyl phosphate was used as the substrate for the 206 

determination of alkaline phosphatase activity levels. The activity of the enzyme (IU/l) was normalized 207 

against the total protein (mg). The fluorescence intensity was determined at 480 nm excitation and 520 208 

nm emission using a microplate reader (BioTek Instruments, USA).  209 

 210 

Calcium content analysis 211 

 212 

After 7 and 14 days of hMSCs culture, the calcium mineral contents deposited on the scaffolds 213 

and TCPS induced by hMSCs were determined by a calcium assay kit (Parsazmun, Tehran, Iran) 214 

according to the method described (Shahrousvand, Tabar et al. 2017). The samples were homogenized 215 

in 0.6 M hydrochloric acid and were shaken for 4 h at 4 °C for performing the calcium extraction. The 216 

kit reagent was added to the samples and transferred into vials. Then, the OD of scaffolds and control 217 

(TCPS) was measured at 570 nm. Calcium content was determined using a standard concentration curve 218 

of serial dilutions of calcium versus corresponding OD.  219 

 220 

Statistical analysis 221 

 222 

Values were expressed as mean ± SD. Levels of significance were calculated using a two-way 223 

analysis of variance (ANOVA) followed by Bonferroni's post hoc test. Differences were considered 224 

statistically significant at P≤ 0.05. 225 

 226 

Results and discussion 227 

 228 

FTIR spectra peaks analysis 229 

 230 

The PLA, PCL, and PLA/PCL composite scaffolds were analyzed by FTIR to inspect 231 

the functional groups and determine the potential chemical interactions between them. Figure 232 

1 (a) shows the FTIR spectra of the functional groups of the PLA, PCL, and PLA/PCL scaffolds. 233 

Also, the structure of the PLA and PCL are shown in figure 1 (b and c). The FTIR spectra peak 234 

of the PLA/PCL showed the same peaks that were seen in the FTIR spectra peaks of the PLA 235 

and PCL. Furthermore, no new peak was observed for the PLA/PCL at the wavenumber of 500 236 
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to 3500 cm-1, which means the PLA and PCL had no chemical interaction or chemical 237 

decomposition during the process (figure 1 (a)). Fang et al.(Fang, Zhang et al. 2010) prepared 238 

nanofibers scaffolds based on the PLA, PCL, and hydroxyapatite with different ratios. Their 239 

FTIR analysis illustrated that two polymers (PLA and PCL) did not have a chemical reaction 240 

with each other. Also, they concluded that the PLA and PCL were mixed well because the 241 

density of the peak changed with alteration in the mass ratio of each component. The 242 

wavenumbers of some of the peaks in PLA and PCL were shifted to higher or lower 243 

wavenumbers at the FTIR spectra peaks of the PLA/PCL. For example, the peak with the 244 

wavenumber of 1084 and 1097 cm-1 attributed to −C−O symmetric stretch bond of the PLA 245 

and PCL respectively was shifted to 1076 cm-1 for the PLA/PCL. Other changes in the spectra 246 

of PLA/PCL compared to the PLA and PCL are listed in table 1. Potential weak physical 247 

interactions between the PLA and PCL could be attributed to the observed shifts in the FTIR 248 

spectra of the scaffolds (Lu and Kazarian 2020).       249 

 250 

 251 

Table 1. The FTIR spectra peak assignments of functional groups for the PLA, PCL, and PLA-252 

PCL(Fang, Zhang et al. 2010, Ghaffari-Bohlouli, Zahedi et al. 2020, Ghaffari-253 

Bohlouli, Jafari et al. 2021). 254 

 255 

Assignments PLA PCL PLA/PCL 

position (cm-1) position (cm-1) position (cm-1) 

−C−O symmetric stretch 1084 1097 1076 

C−O−C asymmetric stretch 1180 1238 1182 

−CH2 1384, 1458 1384, 1460 1379, 1455 

C−H 2944, 2997 2881, 2931 2929, 2999 

 256 

 257 
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 258 

 259 

Fig. 1. (a) FTIR spectra of PLA, PCL and PLA/PCL composite scaffolds, (b) chemical 260 

structure of PCL and PLA. 261 

 262 

All of the scaffolds had a structure with high porosity and a wide range of pores size. 263 

Figure 3 represents the percentage distribution of pores and porosity percentage of the PLA, 264 

PCL, and PLA/PCL scaffolds., The PLA scaffold had the highest porosity (90.6 %) among 265 

other samples; the PLA/PCL scaffold with a porosity of 87.3 % had more porosity compared 266 

to the PCL scaffold with a porosity of 86.6 % (figure 3 (a)). Although the PLA scaffold had the 267 

highest porosity percentage, the average size of the pores was the smallest (168±8 𝜇m) (figure 268 

3 (b)) among the other scaffolds. 269 
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 270 

Fig. 2. (a) macrograph image of the fabricated PLA, PCL, and PLA/PCL scaffolds using the 271 

sintering method. SEM micrograph images of different scaffolds; (b and c) PLA, (d and e) PCL, 272 

and (f and g) PLA/PCL with two magnifications (500X and 1000X). 273 

The broadest range of pores size belonged to the PLA/PCL composite scaffolds with 274 

the pore size of 75±3 𝜇m to 400±17 𝜇m with an average of 197±9 𝜇m (figure 3 (d)). The 275 

difference in size between the most significant pore with the smallest pore in the PCL scaffold 276 

was 270±12 μm (figure 3 (b)). Thus, all the scaffolds had a wide range of pores that could 277 

provide a high specific surface to enabling cell attachment and bonding, and cell migration. 278 
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Patricio et al.(Patrício, Domingos et al. 2014) prepared two scaffolds based on the PCL and 279 

PLA blend by melting method and solvent casting via Biocell printing. The size of scaffolds 280 

pores was 311.6 ±17 μm (which was mixed by melting method) and 294±12 μm (which was 281 

mixed by solvent casting). A recent study reported 80 % porosity for a PLA/PCL/gelatin bone 282 

scaffold by freeze-drying method with an average pore size of 75 ± 3.2 μm which is lower than 283 

our PLA/PCL composite indicating the high porosity and pore size of the scaffold fabricated 284 

by thermal sintering method (Hashemi, Mehrabi et al. 2021). 285 

 286 

Fig. 3. (a) The percentage of porosity of the PCL, PLA, and PLA/PCL scaffolds, and the 287 

percentage of the distribution of pore size of (b) the PLA scaffolds, (c) the PCL scaffolds, and 288 

(d) the PLA/PCL composite scaffold. 289 

 290 

Mechanical properties of PLA, PCL, and PLA/PCL scaffolds 291 

 292 

Several characteristics of tissue engineering scaffolds such as substrate structure, 293 

composition, hydrophilicity, functional groups, and mechanical properties (particularly 294 

stiffness) significantly influence MSCs differentiation to encourage osteogenesis and influence 295 

proliferation(Yan, Sun et al. 2011, Mao, Shin et al. 2016). On the other hand, a scaffold should 296 

provide the required mechanical properties of the host tissue. Figure 4 shows the maximum of 297 

tensile stress (MPa) (a), Young's modulus (MPa) (b), and the maximum of tensile strain 298 

(mm/mm) (c) of the PLA, PCL, and PAL/PCL scaffolds. Generally, due to possessing more 299 
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aliphatic groups in its backbone, the PCL is more flexible than the PLA, which is evident in 300 

figure 4 (a-c). The PLA scaffold showed the highest maximum tensile stress, which was about 301 

20.59 MPa, and this value for the PCL scaffold was 7.31 MPa, which was the lowest maximum 302 

tensile stress among the three scaffolds (figure 4 (a)). The maximum tensile stress of the PLA-303 

PCL composite scaffold (14.66 MPa) was between the maximum tensile stress of the PLA and 304 

PCL scaffold (figure 4 (a)). A similar trend was observed for Young's modulus of the PLA, 305 

PCL, and PLA/PCL scaffolds that their Young's modulus was 63.23, 24.62, and 49.07 MPa, 306 

respectively (figure 4 (b)). By adding the PCL to the PLA, the maximum tensile strain of the 307 

PLA/PCL composite scaffold increased from 1.56 mm/mm, which was related to the PLA 308 

scaffold, to 7.67 mm/mm (figure 4 (c)). The PLA/PCL composite scaffold represents the 309 

mechanical properties between the PLA and PCL scaffold mechanical properties; therefore, the 310 

two polymers (PLA and PCL) had no improving effect on the mechanical properties of each 311 

other. Sankaran et al.(Sankaran, Krishnan et al. 2014) showed that by increasing the PLA 312 

content from 25 % to 75 % in the PLA/PCL blend nanofibers, the tensile strength increased 313 

from 1.0±0.3 MPa to 2.6±0.8 MPa, respectively. When the percentage of PCL in the scaffold 314 

decreased from 75 to 25 %, the tensile strain decreased from 7.4±2.3 % to 1.8±1.2 % either. 315 

This agrees with a previous study in which Jeong et al. showed that increasing the percentage 316 

of PLA in mixer improved the tensile strength.  (Jeong, Rho et al. 2018).  317 

 318 

Water uptake 319 

 320 

Figure 4 (d) illustrates the water uptake of the PLA, PCL, and PLA/PCL scaffolds over 321 

time until 144 h. At the first 1 h, the scaffolds showed a rapid water uptake so that the water 322 

uptake values of the PLA, PCL, and PLA/PCL scaffolds were 9.8, 5.8, and 7.2 %, respectively. 323 

This initial rapid uptake can be due to the cavities and pores of the scaffolds that trapped the 324 

water. Hence, the PLA scaffold with high porosity (90.6 %) showed the highest water uptake. 325 

Torres et al.(Torres, Dominguez-Candela et al. 2020) showed that the water contact angle of 326 

the PCL decreased from 105° to 79.7° when it was blended with the PLA. The PLA is inclined 327 

to absorb water more than the PCL; hence, another possible reason it has a greater tendency to 328 

absorb water. The water uptake was slower from 1 to 12h, and it was 4.4, 4.9, and 4.5 % for the 329 

PLA, PCL, and PLA/PCL scaffolds, respectively. From 12 to 144h, the water uptake of the 330 

scaffolds reached the plateau, and the ultimate water up-takes was16.4 % for the PLA scaffold, 331 

13 % for the PCL scaffold, and 14.2 % for the PLA/PCL scaffold. PCL scaffold showed the 332 
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lowest water uptake rate, which can be due to the hydrophobic nature of the PCL and the low 333 

porosity of the scaffold, which was 86.6 % (see figure 3 (a)).  334 

 335 

Fig. 4. Mechanical properties and water uptake of PCL, PCL and PCL/PLA scaffolds. (a) 336 

Maximum tensile stress (Max. STR.); (b) Young's modulus; (c) Maximum tensile strain 337 

(Max. STN.); (d) Water adsorption of Scaffolds. All experiments have been carried out in 338 

three replicates. Data were analyzed using a one-way ANOVA test. *p < 0.05; **p < 0.005, 339 

***p < 0.0005, ****p < 0.0001 340 

 341 

Accelerated degradation and biodegradation 342 

 343 

The degradation process plays a vital role in designing and procurement of materials 344 

applicable to the biomedical field (Zhang, Zhou et al. 2014, Nie, Deng et al. 2020). The 345 

degradation process can be accelerated in two ways; first, by increasing the temperature of the 346 

degradation medium, and second by the addition of hydroxyl ions(Jafari, Shahrousvand et al. 347 

2018).  The degradation of sintered scaffolds (PLA, PCL, and PLA/PCL) over different periods 348 

of incubation in NaOH 1 M at 60 °C until 48 h (figure 5 (a)), and in SBF media at ambient 349 

temperature for 90 days (figure 5 (b)). The highest degradation is observed for the PLA scaffold 350 

after 90 days, which the remaining mass of PLA scaffolds at the end of 90 days was about 45 351 
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%. Water penetration into the scaffold structure improved PLA scaffold degradation. This could 352 

be due to PLA's hydrophilicity compared to the PCL and PLA/PCL scaffolds. Also, the high 353 

porosity of the PLA scaffold, which was 90.6 %, provided a more specific surface area for 354 

degradation. After 48 h of degradation in NaOH 1 M solution, the remaining mass was 21.6 %, 355 

80.2 % and 53.33 % for the PLA, PCL and PLA/PCL scaffolds, respectively. Similar results 356 

were observed for biodegradation of the scaffolds in which the lowest degradation rate occurred 357 

for the PCL scaffold with 85 % remaining mass after 90 days. 358 

Furthermore, the ultimate remaining mass of the PLA/PCL scaffold in the SBF was 70.5 359 

%. The degradation rate of PLA-PCL scaffolds coated with gelatin nano-carriers made by freeze 360 

casting technique for 60 days in the SBF was studied by Shahrezaee et al. (Shahrezaee, Salehi 361 

et al. 2018). At the end of day 60, the weight loss of the scaffolds with a contact angle of 84.2° 362 

and 80.7° was about 40 %. Both polymers (PLA and PCL) degrade via cleavage of ester bonds 363 

of their backbone and change into acidic monomer that can accelerate the degradation process, 364 

and this acidic monomer can be disposed of by normal metabolic pathways from the body. The 365 

degradation rate of PLA and PCL is controlled by various factors such as molecular weight, 366 

crystallinity, temperature, absorbed water, and solubility of the degradation products (Sung, 367 

Meredith et al. 2004, Ghaffari-Bohlouli, Zahedi et al. 2020, Ghaffari-Bohlouli, Jafari et al. 368 

2021).  369 

 370 

 371 

Fig. 5. The remaining mass of sintered scaffolds (PLA, PCL, and PLA/PCL) in accelerated 372 

medium (NaOH 1M) for 48h (a) and PBS for 90 days (b). The results are presented as mean ± 373 

SD.  374 

 375 

Cytotoxicity 376 

 377 

The biocompatibility of the PLA and PCL scaffolds prepared via different methods has 378 

been extensively shown in various studies (Ahmadzadeh, Babaei et al. 2018, Hernandez-379 
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Martinez, Molina et al. 2018, Carvalho, Conde et al. 2020). The MTT assay was performed to 380 

evaluate the cell viability of sintered scaffolds (of the PLA, PCL, and PLA/PCL ones). Figure 381 

6 illustrates the results of the MTT assay; during the assay time, the cell viability of all of the 382 

scaffolds had no remarkable difference with the control (TCPS) cell viability that shows the 383 

biocompatibility of the PLA, PLC, and PLA/PCL scaffolds. Although the cell viability of the 384 

sintered scaffolds at days 1, 4, and 7 did not cause a significant difference with the TCPS, the 385 

PLA, PCL, and PLA/PCL scaffolds showed a higher OD due to their porosity structure 386 

compared to the TCPS, so that the OD of the PLA/PCL sample at day 7 was 0.418 while for 387 

the TCPS was 0.405. The PLA sample had the highest OD between the other samples, which 388 

this value at days 1, 4, and 7 was 0.133, 0.335, and 0.425, respectively.       389 

 390 

Fig. 6. MTT assay results show SNLs proliferation on sintered scaffolds after 1, 4 and 7 days 391 

of incubation. SNL76/7 cells were treated for 1, 3 and 5 days in the absence or presence of PCL, 392 

PLA, and PLA/PCL scaffolds. Results were expressed and were the mean ± SD of optical 393 

density of three independent experiments. Data were analyzed using a two-way ANOVA test. 394 

 395 

Investigation of morphology and attachment characteristics of SNL 76/7 cells was used 396 

to examine the tendency of these cells to attach to the PLA, PCL, and PLA/PCL scaffolds when 397 

cells were cultured on those scaffolds. Figure 7 depicts the morphology of 1-cultured fibroblast 398 

cells on the PLA (a and b), the PCL (c and d), and the PLA/PCL scaffold (e and f) with two 399 

magnifications of 125X and 500X. The SNL 76/7 cells showed cell adhesion and spreading on 400 

the sintered scaffolds. From the MTT and cell attachment results, it can be concluded that the 401 

sintered PLA, PCL, and PLA/PCL scaffolds were not cytotoxic. The cell attachment results 402 

were supported by previous reports indicating the ability of PCL and PLA nanofibers for cells 403 
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adherence and growth of bone marrow stromal cells (BMSCs) and adipose-derived stem cells 404 

(ASCs) (Deng, Gu et al. 2015, Marei, El-Sherbiny et al. 2016).   405 

 406 

Fig. 4. SEM micrograph images of fibroblast cells (SNL76/7) attachment after 1 day of seeding 407 

on the PLA scaffold (a and b), the PCL scaffold (c and d), and the PLA/PCL scaffold (e and f). 408 

 409 

Osteogenic markers assessment 410 

 411 

The ALP activity is an early phenotypic marker expressed by osteoblast cells (Ghaffari-412 

Bohlouli, Zahedi et al. 2020). The pattern of the ALP activity during osteogenic differentiation 413 

of MSCs on the sintered scaffolds was investigated on days 7 and 14 (figure 8 (a)). The ALP 414 

activity of hMSCs cells cultured on sintered scaffolds (the PLA, PCL, and PLA/PCL scaffolds) 415 

was remarkably higher (more than 2 times higher) than those cultured on control wells after 7 416 

and 14 days. The PLA scaffold represented the highest ALP activity (0.64) compared to the 417 

PCL (0.61) and PLA/PCL (0.59) scaffolds after 14 days. After seeding the cells on a scaffold, 418 

MSCs begin to produce minerals indicating cell differentiation. The calcium content values in 419 
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figure 8 (b) show that the production of minerals increased for all the scaffolds. Like the ALP 420 

activity results, the PLA scaffolds had the highest calcium content (0,75 µg/scaffold) after 14 421 

days compared to the other samples. The calcium content produced on the PLA, PCL, and 422 

PLA/PCL scaffolds at days 7 and 14 significantly differed compared to the TCPS sample. Yao 423 

et al. reported a significant improvement of ALP activity and calcium content of hMSCs cells 424 

treated by 3D electrospun PCL/PLA blend due to providing a favourable/desired 425 

microenvironment for cranial bone formation (Yao, Cosme et al. 2017).  426 

The ALP activity and calcium content of all the sintered scaffolds were at the same level 427 

with no significant difference that can be concluded that the sintered method is an effective 428 

method to prepare bone scaffolds.      429 

 430 

Fig. 8. The osteogenic mineralization analysis of the samples: (a) ALP analysis of hMSCs (p < 431 

0.05) and (b) the measured OD levels of calcium minerals deposited by hMSCs due to 432 

osteogenic induction. Results were expressed as of ALP activity (OD) and calcium content 433 

(μg/scaffold) and were the mean ± SD of three independent experiments. Data were analyzed 434 

using a two-way ANOVA test. *p < 0.05; **p < 0.005 as compared to the control (TCSP). 435 

 436 

Conclusions 437 

 438 

The thermal sintering method was developed in the current study as a new approach to 439 

producing porous bone scaffolds using PLA, PCL, and their composite. Thermal Sintering of 440 

PLA and PCL composite (1:1) resulted in the 3D porous scaffold with a controlled pore size 441 

(75-400 μm) and high mechanical strength (elastic modulus of 191.39 MPa). Besides, the PCL 442 

scaffold's degradation rate and water uptake ability were improved upon mixing by PLA via 443 

the thermal sintering method. Additionally, the scaffolds were tested for their cytocompatibility 444 

and osteogenic differentiation ability, and the results confirmed that they failed to adversely 445 

affect the cell viability of fibroblasts (SNL 76/7). Furthermore, a significant increase in 446 

osteogenic differentiation of human Mesenchymal Stem Cells (hMSCs) has been demonstrated 447 



 18 

using PCL, PLA, and their composite scaffolds assessed by ALP activity and calcium content 448 

measurement. Therefore, the thermal sintering method can be utilized as a promising fabrication 449 

method with a low cost and low complexity, particularly in the development of bone tissue 450 

scaffolds with high and controllable porosity.  451 
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