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19 Abstract

20 The degradation behavior in consideration of the pore strut and the interconnectivity of two Mg 

21 scaffolds with different three-dimensional interconnected porous structures were evaluated. The 

22 interconnectivity of the two scaffolds gradually decreased along with the clogged interconnected 
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23 pores due to the deposition formation on the pore wall. Mg scaffold with spherical pores and 

24 cambered pore strut degraded faster but exhibited better resistance to the deterioration of the 

25 interconnectivity compared with Mg scaffold with irregular pores and polygonal pore struts. Direct 

26 cell culture of MC3T3-E1 osteoblasts on the two scaffolds indicated a promising potential for bone 

27 tissue engineering.

28 Keywords: Magnesium scaffolds; Three-dimensional; Interconnectivity; Pore strut; Degradation 

29 behavior.

30

31 1. Introduction

32 Bone tissue engineering scaffolds provide a promising strategy to the regeneration of segmental bone 

33 defects [1]. To achieve good therapeutic effect, the scaffold should have an open porous structure for 

34 tissue ingrowth and the exchange of nutrients and oxygen [2]. To allow a complete replacement by 

35 the regenerated host tissue, the scaffold should be degradable without leaving toxic products. 

36 Moreover, the degradation rate of tissue engineering scaffold should match the regeneration rate of 

37 new tissue [3, 4]. Mg has been intensively studied as a favorable biomaterial due to its unique 

38 degradability and comparable mechanical properties to bone tissue [5-8]. In addition, the degradation 

39 product of Mg implants can be absorbed or excreted with no harm to the host [9]. Recent studies 

40 further indicated that Mg2+ could stimulate the bone healing process [10], which makes Mg attractive 

41 candidate for bone tissue engineering scaffold. Meaningful progress has been acquired in designing 

42 and processing Mg scaffolds, and various porous structures of Mg scaffolds were reported [11, 12]. 

43 Mg scaffolds with square pores were fabricated by hot press sintering of pure Mg ribbons [13]. 

44 Spherical pores and irregular polyhedral pores were separately achieved by changing the space 
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45 holder particles during infiltration casting or powder metallurgy process [14-16]. Pipe-like porous 

46 structures fabricated by replicating entangled wire structures was reported with controlled pore size 

47 and porosity [17]. Topologically ordered porous WE43 magnesium alloy scaffolds have been 

48 successfully achieved by additive manufacturing [18]. However, these studies are mainly focused on 

49 Mg scaffold fabrication methods and the relationship between porous structures and mechanical 

50 properties. In fact, the porous structure not only decreases the mechanical properties [19], but also 

51 accelerate the degradation rate due to the enlarged surface area by pores [20]. 

52 To date, a few studies have been carried out to evaluate the degradation mechanism of Mg scaffolds 

53 which might largely depend on the pore characteristics including porosity, pore size, and pore strut 

54 architecture [21, 22]. Porous Mg obtained by drilling holes through bulk form showed increased 

55 mass loss with increasing porosity [23, 24]. Pipe-like Mg scaffolds with similar porosity but different 

56 pore size exhibited non-differential degradation rates [25]. Nevertheless, current studies on the 

57 degradation behavior of Mg scaffolds are primarily focused on the effect of porosity on the 

58 degradation rates [23-26]. The structural degradability in consideration of the strut architecture and 

59 the interconnectivity of Mg scaffolds has been rarely reported. Pore strut is the unit of scaffold which 

60 determines the typical performance of the porous structure [22]. The pore struts degradation behavior 

61 of Mg scaffolds could be varied due to the diverse strut architectures. Additionally, the 

62 interconnectivity of bone tissue engineering scaffold is critical in modulating the spatial 

63 transportation and the communication of biological tissues [27-29]. Therefore, the evolution of the 

64 interconnectivity of Mg scaffolds during degradation process also needs to be evaluated. 

65 Understanding the pore strut degradation behavior correlated with the interconnectivity of Mg 

66 scaffolds would be beneficial for the optimization of bone tissue engineering scaffold design and the 
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67 regulation of in vivo regeneration process.

68 In this study, two Mg scaffolds with different three-dimensional interconnected porous structures 

69 were investigated. The pore struts degradation behavior together with the interconnectivity in the 

70 form of interconnected pores of the two scaffolds were comprehensively evaluated. Cell culuture on 

71 the two Mg scaffolds was also performed in the context of the severe degradation in the porous 

72 structures.

73

74 2. Materials and methods

75 2.1. Preparation of Mg scaffolds

76 Mg scaffolds with spherical pores (denoted as S-scaffold) and Mg scaffolds with irregular polyhedral 

77 pores (denoted as I-scaffold) were separately prepared by template replication technique. The 

78 fabrication details of the two types of Mg scaffolds were reported in Ref [30]. Briefly, spherical 

79 NaCl particles and irregular polyhedral NaCl particles (China National Salt Industry Corporation, 

80 China) were, respectively, sintered in an electric resistance furnace at 720 ℃ for 24 hours to achieve 

81 open porous NaCl template, which was followed by infiltration casting process under a pressure of 

82 0.2 MPa to fill the template with molten Mg. After solidification, a green compact of Mg and NaCl 

83 was successfully synthesized. Mg scaffolds were obtained by leaching out the NaCl template with 

84 flowing water. The scaffolds were further etched by 1 vol.% nitric acid alcohol solution in ultrasonic 

85 cleaner for 30 s to receive a clean surface. Fig. 1 shows the optical image of the two scaffolds. The 

86 actual volume of Mg scaffold was measured by Archimedean method, then the porosity was derived 

87 from the volume ratio of the pore space to the apparent volume of the scaffold. The surface area of 

88 the two Mg scaffolds was computed by software Mimics (Mimics Research 19.0.lnk, Materialise Co, 
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89 Ltd, Belgium). The pore characteristics of the two scaffolds are shown in Table 1. Disk-like 

90 specimens with a diameter of 10 mm and a thickness of 2 mm were used for the tests. Bulk Mg with 

91 the same purity as the two scaffolds (purity ≥ 99.95 wt.%, Henan Yuhang Metal Materials Co., Ltd, 

92 China) was also employed as a test group. All specimens were sterilized ultrasonically in 70 vol.% 

93 ethanol for 20 minutes, and then dried in clean bench for 2 hours before immersion tests.

94 2.2. Immersion tests

95 Semi-static immersion tests were performed in a humid environment in a standard cell incubator at 

96 37°C with 5 vol.% CO2. Considering the recommendation of 0.2 g/mL specimen-to-weight 

97 extraction ration given by EN IS0 10993-5 and 10993-12 is insufficient to submerge the lightweight 

98 Mg scaffolds [31]. All specimens were separately immersed in 3 mL of Dulbecco’s modified eagle 

99 medium (DMEM; Gibco) supplemented with 10 vol.% fetal bovine serum (FBS; Gibco), 100 

100 units/mL penicillin (Gibco), and 100 units/mL streptomycin (Gibco). A blank control group was also 

101 carried out by using the same amount of the medium without specimen. The medium was refreshed 

102 every 2 or 3 days, and the extracts were filtered and collected. Specimens were harvested at 7, 14, 

103 28, 42 and 56 days, respectively. 

104 2.3.  Extract analysis

105 Mg2+ and Ca2+ concentrations of the extracts were determined by inductively coupled plasma optical 

106 emission spectrometer (ICP-OES; iCAP6300, Thermo, USA). The pH of the extracts was monitored 

107 with a pH meter (B-712, Horiba, Japan). The osmolality of the extracts was measured by freezing 

108 point osmometer (Osmomat 3000, Gonotec, Germany). The initial pH and osmolality of the prepared 

109 medium was 7.6 and 0.332 Osmol/kg, respectively. The increase in pH and osmolality of the extracts 

110 were derived from the corresponding results of the blank control group. 
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111 2.4.  Scaffolds characterization after immersion tests

112 The scaffolds were evaluated by micro-computed tomography (μ-CT; Bruker Skyscan 1176, USA) 

113 and scanning electron microscope (SEM; JSM 7600F, Japan) equipped with energy dispersive X-ray 

114 spectroscopy (EDS). The spatial resolution of μ-CT was 9 μm. The pore size distribution of the two 

115 Mg scaffolds was computed by software Mimics (Mimics Research 19.0.lnk, Materialise Co, Ltd, 

116 Belgium) from μ-CT results. The diameter of maximum inscribed sphere of the pore space was 

117 defined as the pore size. The pore size distribution was illustrated in column graph and linear graph 

118 to show the relative quantity and the main peaks, respectively. The degradation products of the 

119 specimens degraded for 56 days were collected and characterized using X-ray diffractometer (XRD; 

120 Smart Lab, Japan).

121 2.5. Evaluation of the degradation rates 

122 The degradation products were removed by chromic acid solution (200 g/L CrO3 and 10 g/L AgNO3 

123 in distilled water, Sinopharm Chemical Reagent Co., Ltd, China). Then, the volume of the degraded 

124 specimens was measured by Archimedean method. The volume loss ratio was calculated from the 

125 lost volume and the volume before immersion tests. The average degradation rate in the unit of 

126 mm/year was obtained using Eq. (1) [32]:

127 Pm = 3.65(Wbef - Waft) / Atρ  (1)

128 Where Wbef is the weight of specimens before immersion tests, Waft is the weight of specimens after 

129 immersion tests but with no degradation products. A is the total surface area of the specimen in cm2, t 

130 is the immersion time in days, ρ is the density of pure Mg (1.74g/cm3). 

131 2.6.  Cell culture on Mg scaffolds

132 Osteoblastic cell line MC3T3-E1 (Cell Bank, Chinese Academy of Sciences) were cultured in 
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133 growth medium consisting of alpha-modified eagle's medium (α-MEM; Gibco) supplemented with 

134 10 vol.% fetal bovine serum (FBS; Gibco) and 1% penicillin & streptomycin in a cell incubator at 

135 humidified atmosphere with 5% CO2 at 37 °C, with fresh medium replaced every 2 days. Mg 

136 scaffolds incubated for 7 days with Dulbecco’s modified eagle medium (DMEM) + 10 vol.% FBS 

137 were used to conduct in vitro cell culture tests. Specimens were dropwise seeded with 1×105 

138 MC3T3-E1 cells, and then placed in 12-well plates with 3 mL of the cell culture medium, the 

139 medium was refreshed every 24 hours. After incubation for 6 hours, 24 hours and 72 hours on Mg 

140 scaffolds, the supernatants were collected, and the cells were gently rinsed with Dulbecco phosphate 

141 buffered saline (DPBS; HyClone), and then placed in 24-well plate. For cell viability and 

142 proliferation assay, 0.5 mL of the cell culture medium and 50 μL of Cell Counting Kit-8 (CCK8 

143 solution; Beyotime Biological Technology Co., Ltd, China) were added to the 24-well plate and 

144 incubated in a cell incubator for 2 hours, then the extracts were measured by the optical density (OD) 

145 measurement at 450 nm with a microplate reader (imark, Bio-Rad, USA). For direct cell adhesion 

146 assay, the cells were stained with Calcein-AM and Ethidium homodimer-1 reagents (LIVE/DEAD 

147 Viability/Cytotoxicity Assay Kit, Thermo Fisher Scientific Inc, USA) for 15 min at 37 °C. After 

148 gently rinsing twice with DPBS, samples were mounted in 24-well plate for fluorescence microscopy 

149 observation (IX71, Olympus, Japan). For lactate dehydrogenase assay (LDH; Beyotime Biological 

150 Technology Co., Ltd, China), the supernatant was tested according to the protocol from the 

151 manufacturer. Specimens without cells were used as blank control group. Cell culture on the bulk 

152 Mg incubated for 7 days was not showed here because the dense MC3T3-E1 cells resulted in 

153 indistinctive results of Live-Dead staining within 72 hours, and the cell quantity on the specimen was 

154 not comparabe with the scaffold groups due to the buk form.
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155 2.7.  Statistics and data analysis

156 The results were expressed as the mean ± standard deviations. All the tests were conducted in 

157 triplicates for each group at each time and repeated three times. SPSS statistics 19 for Windows, one-

158 way ANOVA with Dunn’s multiple comparison post hoc tests were used to analyze the data. p < 

159 0.05 was considered statistically significant.

160 3. Results

161 3.1.  Evaluation of the extracts

162 The degradation effects of Mg scaffolds on the corrosive medium were evaluated through the change 

163 of Mg2+ concentration, Ca2+ concentration, pH and osmolality, as shown in Fig. 2. Fig. 2a and b 

164 show the short-term and long-term variation of Mg2+ concentration in the extracts, respectively. The 

165 Mg2+ concentration of the three groups increased rapidly from about 20 ppm to over 100 ppm after 6 

166 h, then the concentration was doubled after another 6 h. The scaffolds groups showed significantly 

167 higher Mg2+ concentration than the bulk group after 6 h and 12 h. The Mg2+ concentration of all three 

168 groups increased to over 1000 ppm after immersion for 3 d. At 14 d the Mg2+ concentration of the 

169 two scaffolds groups was remarkably decreased to lower than 850 ppm. However, I-scaffold group 

170 exhibited much higher Mg2+ concentration than S-scaffold group during the immersion tests. The 

171 short-term and long-term change of Ca2+ concentration are shown in Fig. 2c and d, respectively. The 

172 Ca2+ concentration of the three groups largely dropped after immersion for 6 h, while the two 

173 scaffold groups exhibited lower Ca2+ concentration than the bulk group. I-scaffold group showed a 

174 significant lower Ca2+ concentration than S-scaffold group at 6 h and 12 h. The Ca2+ concentration of 

175 the three groups started to increase after 3 d and became stable at 14 d, during which the Ca2+ 

176 concentration of I-scaffold group was lower than S-scaffold group. After 56 d, the Ca2+ 



9

177 concentrations of all three groups were still lower than that of the initial value of the medium, which 

178 indicated the continuous deposition of Ca2+. Fig. 2e shows that the pH of the three groups largely 

179 increased compared to the control group. A peak of the increment was observed at 12 h for the 

180 scaffolds groups, and I-scaffold group showed a higher increment of pH than S-scaffold group. The 

181 increasing tendency of pH in the tested groups decreased slowly after 3 d, as shown in Fig. 2f. Fig. 

182 2g and h show significant increase in the osmolality of the extracts after immersion for 3 d, and the 

183 increment was stabilized after 14 d. The trend of the increase in osmolality was similar for the three 

184 groups, while the bulk group showed a higher change after 3 d. Collectively, the three-dimensional 

185 interconnected porous structures showed more apparent influence on the change of the medium 

186 condition than the bulk material.

187 3.2.  Surface morphology of the degraded Mg scaffolds

188 The optical appearance of the representative degraded specimens is displayed in Fig. 3. Visible 

189 degradation products were found on the surface of the two Mg scaffolds at 7 d, but the pores were 

190 still recognizable for both scaffolds. After immersion for 14 d, more degradation products can be 

191 found on the surface of the three groups, and the degradation layer was thicker after 56 d. The 

192 magnified surface morphology of the representative degraded scaffolds are shown in Fig. 4. Fig. 4a 

193 and b show the initial porous structures of S-scaffold and I-scaffold, which consist of the main pores 

194 (dashed lines) and the interconnected pores (arrows), respectively. Fig. 4c shows that a degradation 

195 layer is found on the pore wall of S-scaffold after 7 d, but the main pores and most of the 

196 interconnected pores are visible. Fig. 4d indicates a similar degradation layer in I-scaffold, but fewer 

197 interconnected pores are recognizable. The degradation layer of the two scaffolds at 7 d is mainly 

198 composed of sheet-like degradation products, as shown in the inserted images with magnified view 
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199 in Fig. 4c and d. After immersion for 14 d, the surface sheet-like degradation products were replaced 

200 by rod-like degradation products, as shown in the inserted images in Fig. 4e and f. In addition, the 

201 surface main pores of the two scaffolds were nearly half filled with the rod-like degradation products 

202 (Fig. 4e and f), which simultaneously clogged the surface interconnected pores. After 56 d the 

203 surface pores of both scaffolds were filled with the rod-like degradation products, as shown in Fig. 

204 4g and h. EDS analysis in Fig. 4i and j implied that the degradation products of both scaffolds were 

205 similar and mainly composed of Mg, O, Ca, P, C, Na, Cl and N. Collectively, the surface deposition 

206 of the two scaffolds became thicker and denser with the increasing immersion time, which gradually 

207 filled the surface pores. 

208 3.3.  XRD analysis of the degradation products

209 To further confirm the phase composition of the deposited substances XRD analysis was applied to 

210 the degradation products of the degraded specimens at 56 d, as shown in Fig. 5. The composition of 

211 the degradation products was similar for the three groups. In addition to the diffraction peaks for Mg, 

212 the other peaks can be identified as MgCO3·3H2O, calcium phosphate salts and Mg(OH)2. The XRD 

213 results implied that the degradation products of the two Mg scaffolds were independent of the two 

214 porous structures.

215 3.4.  μ-CT analysis of the degraded Mg scaffolds

216 μ-CT was employed to observe the cross-sectional distribution of the degradation products. Fig. 6 

217 shows the microstructures of the representative degraded scaffolds. After immersion for 14 d, 

218 different contrast near the pore wall can be observed, as shown in Fig. 6b. The bright part 

219 represented Mg substrate while the grey part represented the degradation products due to different 

220 densities [33]. The thickness of the degradation products on the surface of S-scaffold increased after 
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221 28 d, as shown in Fig. 6c. Fig. 6d indicates that the thickness of S-scaffold substrate largely 

222 decreased at 56 d compared to the result in Fig. 6a. The same change of the surface degradation layer 

223 and the decrease in substrate thickness was also found for I-scaffold, as shown in Fig. 6f, g and h. 

224 Despite the external pores of the two scaffolds were filled with degradation products at 56 d, the 

225 internal structures of the two scaffolds were still porous during the immersion tests. Additionally, the 

226 thickness of the degradation layer on the internal pore wall barely increased during the immersion 

227 tests. Thus, different degradation rates between the external porous structure and the internal porous 

228 structure were revealed in the two Mg scaffolds.

229 3.5.  Surface observation of the scaffolds after removal of degradation products

230 The visual appearance of the representative specimens after the removal of degradation products is 

231 shown Fig. 7a. The open porous structures and visible volume decreased with the increase of 

232 immersion time were observed for the two scaffold groups. S-scaffold displayed more objective 

233 volume decrease in diameter at 56 d compared to I-scaffold. Fig. 7b and c show that the pore 

234 morphologies of the two scaffolds are retained and still consist of main pores and interconnected 

235 pores after 56 d. However, the size of the interconnected pores was enlarged due to the degradation 

236 of pore struts, as marked by the dashed lines in Fig. 7b on the extended edge of the pores. Because of 

237 the random size distribution and the complex morphologies of the initial interconnected pores in I-

238 scaffold, the enlarged interconnected pores could hardly be identified. The inserted images in Fig. 7b 

239 and c indicate that the pore wall of both scaffolds experienced severe pitting corrosion. Therefore, 

240 the size of main pores in the two Mg scaffolds may also be extended. 

241 3.6.  Pore size distribution 

242 The pore size distribution of the two Mg scaffolds after the removal of degradation products 
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243 exhibited the similar double peaks as the initial porous structures which represented the distribution 

244 of the main pores and the interconnected pores, respectively, as shown in Fig. 8. However, the 

245 degraded Mg scaffolds exhibited decreased pore quantity with the increase of immersion time. In 

246 addition, a shift of the predominated peeks to larger pore size was observed from the fitted curves, as 

247 shown in Fig. 8b and d. The pore size distribution indicated that the main pores and the 

248 interconnected pores of the two Mg scaffolds were enlarged during the degradation process.

249 3.7.  Degradation rates of Mg scaffolds

250 Fig. 9a displays that S-scaffold lost about 30 vol.% when I-scaffold lost about 40 vol.% at 7 d. After 

251 56 d S-scaffold lost about 70 vol.%, I-scaffold lost about 60 vol.%. The average degradation rates of 

252 the two scaffolds are shown in Fig. 9b. The degradation rates of S-scaffold were 4.36 ± 0.37 mm/y at 

253 7 d and 1.34 ± 0.04 mm/y at 56 d, while I-scaffold exhibited a degradation rate of 2.83 ± 0.11mm/y 

254 at 7 d and 0.52 ± 0.01 mm/y at 56 d. The penetration degradation rates for the bulk group at 7 d was 

255 0.93 ± 0.07 mm/y and 0.44 ± 0.02 mm/y at 56 d. S-scaffold exhibited faster degradation rates than I-

256 scaffold during the whole tests in spite of the significant decrement with the increase of immersion 

257 time.

258 3.8.  Cell culture in Mg scaffolds

259 Although the same quantity of MC3T3-E1 osteoblasts were dropwise seeded on the two Mg 

260 scaffolds, the number of actual adhered cells on S-scaffold and I-scaffold were different and much 

261 less than the expected amount due to the porosities and the surface area. Fig. 10a and b show the 

262 live-dead staining results of S-scaffold after incubating for 6 h and 24 h, respectively. After 24 h, a 

263 decrease of cell number in S-scaffolds was observed in Fig. 10b. After incubation for 72 h, adhered 

264 cells spread out in S-scaffolds, as shown in Fig. 10c. Only a few dead cells were found in the porous 
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265 structures after the staining while most of the dead cells might be rinsed into underlying pores. The 

266 similar live-dead staining results were also found in I-scaffold, as shown in Fig. 10d, e and f, but 

267 more cells were observed on I-scaffolds at 6 h. Cell viability results in Fig. 10g reveals that I-

268 scaffold was loaded with more cells than S-scaffold due to the higher specific surface area. However, 

269 according to the evaluation of the extracts in immersion tests the medium condition influenced by the 

270 degradation of I-scaffold was more severe due to the larger surface area. Therefore, a sharp reduction 

271 in cell viability was found for I-scaffold group at 24 h. Then, an increment of cell viability was 

272 observed at 72 h for the two scaffolds. The LDH activity results in Fig. 10h indicates that more cells 

273 are necrotic in I-scaffold and the number increased with incubation time. 

274 4. Discussion

275 Mg is easy to be constantly degraded in the corrosive medium due to its chemical activity with H2O 

276 and the aggressive attack of Cl- according to Eq. (2) and Eq. (3) [34-36]. 

277 Mg (s) + 2H2O (l) → Mg(OH)2 (s) + H2 (g)  (2)

278 Mg(OH)2 (s) + 2Cl- → Mg2+ + 2Cl- + 2OH- (3)

279 The two Mg scaffolds possessed larger surface area than the bulk form due to the porous structures, 

280 and the interconnected pores provided multidirectional channels to contact the DMEM medium. 

281 Therefore, a sharp increase in Mg2+ concentration was observed in the extracts within 3 d, as shown 

282 in Fig. 2a and b. The fast release of Mg2+ in the medium caused an abrupt increase in osmolality 

283 shown in Fig. 2g. The degradation of two Mg scaffolds simultaneously caused an alkaline 

284 environment revealed in Fig. 2e, f and Eq. (3). With the abundant amount of HCO3
- in the DMEM 
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285 medium, the alkaline environment could benefit the formation of MgCO3·3H2O in the degradation 

286 products according to Eq. (4) and Eq. (5) [37]:

287 HCO3
- + OH- → CO3

2- + H2O (l) (4)

288 Mg2+ + CO3
2- → MgCO3 (s) (5)

289 Meanwhile, the alkaline environment might also facilitate the deposition of calcium phosphate salts 

290 on Mg surface [38, 39]. The sharp decrease of Ca2+ concentration showed in Fig. 2c and d provided 

291 the evidence of calcium deposition. Due to the higher specific surface area shown in Table 1, I-

292 scaffold exposed more surface area to the corrosive medium than S-scaffold. Thus, the change of 

293 Mg2+ concentration and Ca2+ concentration for I-scaffold group were larger. It is worth noting that 

294 refreshing the DMEM medium could constantly supply HCO3
-, Ca2+ and phosphate, which would 

295 accelerate the deposition of the degradation products. The deposition products could inhibit the 

296 degradation of Mg substrate as a protective coating [40-42]. Therefore, the effect of the degradation 

297 on the environmental change of the corrosive medium decreased after 3 d. Moreover, after 14 d the 

298 surface interconnected pores of both scaffolds were clogged by the rod-like degradation products, 

299 which could dramatically decrease the exposed surface area. Consequently, the protecting effect of 

300 the degradation layer could be further enhanced. 

301 Besides the inorganic mineral participating in the deposition, the supply of proteins in the 10 vol.% 

302 FBS may also be involved in the degradation layer [43]. It has been reported that proteins could lead 

303 to a thicker but less dense degradation layer on degraded Mg substrate [44], which could contribute 

304 to the increased thickness of the external degradation layer after 28 d. However, the degradation 

305 layer of inner porous structures of the two Mg scaffolds was insensitive to the immersion time. 
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306 Although the internal degradation process might still proceed by the penetration of the aqueous 

307 medium [44], the supply of the DMEM medium could be effectively filtered due to the barrier effect 

308 generated by the clogged external pores and the degradation layer. Thus, the increase in the thickness 

309 of the internal degradation layer was unapparent. An illustration of the initial degradation and the 

310 deposition formation process of the two three-dimensional interconnected porous structures is shown 

311 in Fig. 11a-d. The porous structures of the two Mg scaffolds exhibited similar degradation behavior 

312 at the initial stage, i.e. magnesium substrate degradation and depositon formation, as shown in Fig. 

313 11a and b. However, the rapidly released Mg2+ through the three-dimensional porous structure into 

314 the extract and the constant alkaline environment could accelerate the formation of the deposition, 

315 which would gradually decrease the interconnectivity of the porous structures, as shown in Fig. 11c 

316 and d. In addition, the interconnected pores of I-scaffold were more likely to be clogged by the 

317 deposition due to the existence of smaller interconnected pores in the range of 0-150 μm compared to 

318 S-scaffold.

319 The interconnectivity, i.e. the interconnected pore of tissue engineering scaffolds is crucial for the 

320 survivability of progenitor cells, as well as maintaining the exchange of nutrients and oxygen [22, 45, 

321 46]. The minimum size for interconnected pore to enable the exchange of metabolic components and 

322 to facilitate cell entrance is proposed to be 30 to 40 μm [47, 48]. S-scaffold with interconnected pore 

323 size in the range of 150-400 μm displayed better interconnectivity than I-scaffold with 

324 interconnected pore size in the range of 0-400 μm, whereby S-scaffold exhibited better resistance to 

325 the deterioration of the interconnectivity within 7 d. However, the external interconnected pores of S-

326 scaffold were also entirely clogged by the deposition in surface pores after 14 d. Since then, the 

327 interconnectivity of the two Mg scaffolds would be greatly decreased and resulted in the isolation of 
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328 the internal porous structure. As the interface between bone and scaffold is critical to the successful 

329 clinical applications [49], the fast deposition process of Mg scaffolds could obstruct the tissue 

330 ingrowth and give rise to poor osseointegration [50]. Fortunately, the deposition rate could be 

331 decreased in vivo on account of the much slower degradation rates of Mg-based implants [51-53]. 

332 Furthermore, the dynamic body fluid could constantly reduce the local Mg2+ concentration and 

333 remove the degradation products when passing through the pores [54, 55]. Therefore, the 

334 interconnectivity of the two Mg scaffolds could be maintained when tissue environments are 

335 involved. Recent development of coating technologies on Mg substrates could further enhance the 

336 degradation resistance to reduce the deposition rate [56, 57]. Besides, the two scaffolds displayed 

337 enlarged interconnected pores and main pores after degraded for 28 d and 56 d, which implied that 

338 the degradation might benefit the interconnectivity by enlarging the pore size at a controlled 

339 degradation rate.

340 The degradation process of the two Mg scaffolds displayed a volume decrease from the external pore 

341 struts to the internal pore struts in thickness and diameter directions (Fig. 6d, Fig. 6h and Fig. 7a). 

342 Thus, the two three-dimensional interconnected porous structures exhibited the same degradation 

343 mode. The reason could be related to the similar deposition mechanism, i.e. different deposition rates 

344 between the external and internal pore struts. After the external pore struts were converted into 

345 degradation products, new exposed pore struts would be similarly clogged. Therefore, the observed 

346 volume decrease mode was exhibited in present study. However, S-scaffold exhibited faster 

347 degradation rates during the whole immersion tests and higher volume loss ratio after 28 d compared 

348 with I-scaffold. The different volume loss ratio and degradation rates between the two scaffolds 

349 could be related to the architecture of the pore strut. The pore strut degradation mechanism of the 
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350 two scaffolds was depicted in Fig.11e and f, respectively. The strut thickness of S-scaffold and I-

351 scaffold displayed similar smooth decrease towards the edge of interconnected pores. Nevertheless, 

352 the cambered pore struts in S-scaffold could cause sectional struts thinner comparing with the 

353 polygonal pore struts in I-scaffold, which might result in poor degradation resistance. Thus, the 

354 earlier strut loss due to the connection break at the thinner parts in S-scaffold would contribute to 

355 faster volume decrease as well as higher degradation rates, while I-scaffold could possess better 

356 structural integrity with thicker pore strut.

357 Direct in vitro cell incubation could hardly succeed on the untreated Mg scaffolds because of the 

358 initial severe medium condition in pores indicated by the immersion tests. As mentioned above, the 

359 degradation of the Mg scaffolds might be greatly retarded in vivo. Therefore, cell seeding on the pre-

360 incubated Mg scaffolds with protective deposition layer could be reasonably performed. Moreover, 

361 three-dimensional cell culture in vitro could simulate the previous biological tissue response to the 

362 porous structure of tissue engineering scaffold [58]. We tended to evaluate the relationship between 

363 the three-dimensional porous structures and the cell adhesion behaviour. Although the cell culture 

364 results revealed that the two three-dimensional interconnected porous structures might be promising 

365 bone tissue engineering scaffolds, the severe medium condition due to the fast degradation of Mg 

366 substrate and the varying degradation rates directly inhibited the cell viability as well as the 

367 proliferation behaviour. To further investigate the cell behavior in the two Mg scaffolds, bioactive 

368 coating is required to be developed on the pore strut to achieve moderate degradation rates. Besides, 

369 cell culture on the scaffolds could be conducted within a bioreactor to simulate the dynamic 

370 physiological environment [59]. The circulation of cell culture medium could also consistently 

371 support the metabolism of the seeded cells avoiding the supply shortage in the internal porous 
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372 structures in consideration of the barrier effect inherited from the pores. Further in vivo studies are 

373 needed to investigate the effect of different pore struts on the regeneration ability.

374 5. Conclusions

375 We comprehensively studied the degradation behavior of two Mg scaffolds with different three-

376 dimensional interconnected porous structures. The external porous structures of the two scaffolds 

377 were gradually filled with the degradation products, which resulted in decreased interconnectivity 

378 and different degradation rates between the external and internal porous structures. However, the 

379 three-dimensional interconnected porous structures of Mg substrate were retained in the 

380 experimental period of 56 d. S-scaffold with uniform porous structure and larger interconnected 

381 pores exhibited better resistance to the deterioration of the interconnectivity. Together with the in 

382 vitro cell culture assay, our results could bring insights into the pore strut degradation behavior and 

383 the evolution of the interconnectivity of biodegradable bone tissue engineering scaffolds.
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Fig. 1. Optical image of the two Mg scaffolds. 



 

Fig. 2. Mg2+ (a, b) and Ca2+ (c, d) concentrations of the extracts, increases in pH (e, f) and osmolality 
(g, h) of the extracts. *Significant difference between S-scaffold and I-scaffold. #Significant 
difference between scaffold group and bulk group. 



Fig. 3. Macrographs of the representative Mg scaffolds after immersion tests.



 

Fig. 4. SEM images of the representative scaffolds after immersion tests; (a) 0 d, (c) 7 d, (e) 14 d and 
(g) 56 d for S-scaffolds; (b) 0 d, (d) 7 d, (f) 14 d and (h) 56 d for I-scaffolds; (i) and (j) are EDS 
analysis of degraded S-scaffold and I-scaffold at 14 d; the inserted images are magnified view of 
degradation products.



Fig. 5. XRD analysis of the degradation products.

Fig. 6. Micro-CT inspections of the representative scaffolds after immersion tests; (a) 0 d, (b) 14 d, 
(c) 28 d and (d) 56 d for S-scaffold; (e) 0 d, (f) 14 d, (g) 28 d and (h) 56 d for I-scaffold. 



Fig. 7. Macrographs of the representative Mg scaffolds after removal of degradation products (a), 
SEM image of S-scaffold at 56 d (b), SEM image of I-scaffold at 56 d (c).

Fig. 8. Pore size distribution of the degraded S-scaffold (a, b) and I-scaffold (c, d). 



Fig. 9. Volume loss ratio (a) and degradation rates (b) of the specimens. *Significant difference 
between S-scaffold and I-scaffold. #Significant difference between scaffold group and bulk group.

Fig. 10. Cytocompatibility of the two Mg scaffolds; (a) 6 h, (b) 24 h and (c) 72 h for S-scaffold; (d) 0 
h, (e) 24 h and (f) 72 h for I-scaffold; (g) cell viability and (h) LDH activity. *Significant difference 
between S-scaffold and I-scaffold.



Fig. 11. Schematic illustration of the deposition and the degradation mechanism of the two Mg 
scaffolds.



Table. 1 Pore characteristics of the two Mg scaffolds.

Specimen
Porosity,

%
Main pore 
size, μm

Interconnected 
pore size, μm 

Surface area/ Object 
volume, /mm

I-scaffold 68.54±1.22  ~ 750 0-400 7.37±0.51
S-scaffold 75.14±0.35  ~ 750 150-400 3.43±0.15
Bulk form - - - 1.41±0.01




