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Abstract 12 

The bone is a complex and dynamic structure subjected to constant stress and remodeling. Due to 13 

the worldwide incidence of bone disorders, tissue scaffolds and engineered bone tissues have 14 

emerged as solutions for bone grafting, which require sophisticated scaffolding architectures 15 

while keeping high mechanical performance. However, the conjugation of a bone-like scaffold 16 

architecture with efficient mechanical properties is still a critical challenge for biomedical 17 

applications. In this sense, the present study focused on the modulating the architecture of silk 18 

fibroin (SF) scaffolds crosslinked with horseradish peroxidase and mixed with zinc (Zn) and 19 

strontium (Sr)-doped β-tricalcium phosphate (ZnSr.TCP) to mimic bone structures. The 20 

ZnSr.TCP-SF hydrogels were tuned by programmable ice-templating parameters, and further 21 

freeze-dried, in order to obtain 3D scaffolds with controlled pore orientation. The results showed 22 

interconnected channels in the ZnSr.TCP-SF scaffolds that mimic the porous network of the 23 

native subchondral bone matrix. The architecture of the scaffolds was characterized by microCT, 24 

showing tunable pore size according to freezing temperatures (-196 ºC: ~80.2 ± 20.5 µm; -80 ºC: 25 

~73.1 ± 20.5 µm; -20 ºC: ~104.7 ± 33.7 µm). The swelling ratio, weight loss, and rheological 26 

properties were also assessed, revealing efficient scaffold integrity and morphology after aqueous 27 

immersion. Thus, the ZnSr.TCP-SF scaffolds made of aligned porous structure were developed 28 

as affordable candidates for future applications in clinical osteoregeneration and in vitro bone 29 

tissue modelling.  30 

 31 
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1. Introduction 37 

Throughout the last decades, a noteworthy amount of research has headed in the direction of 38 

constructing well-defined structures that mimic the alignment of the extracellular matrix (ECM) 39 

to provide enhanced guidance cues, thus improving cell alignment, phenotype, and metabolic 40 

activity1. To meet these unique features, tissue-engineering (TE) scaffolds with defined matrix 41 

orientation have been developed to mimic several natural hierarchically instructed architectures, 42 

such as bone, cartilage, tendon, muscle, among others.2–4 43 

Depending on the nature of bone, several densities, compositions, pore sizes, and orientations of 44 

the artificial matrices fibers are required to mimic the tissue. Therefore, the challenge lies on its 45 

structural heterogeneity because even though bone tissue is divided into two categories, these are 46 

structurally and mechanically distinct. Specifically, the trabecular bone (e.g, head of the femur), 47 

presents a spongy-like structure (random) followed by a radial gradient one, which corresponds 48 

to the cortical bone, and a more aligned porous architecture up to the cancellous bone (e.g. shaft 49 

of the femur). Structurally, cortical bones are highly dense and present low porosity (5 - 30%), 50 

while cancellous bones are highly porous (50 - 90%).5,6 For example, in long bone structures, as 51 

the case of the femur, hollow cylinders are present at the end of the cortical bone. These are called 52 

osteons and are composed of collagen fibers inserted in hydroxyapatite (HAp) crystals.7 53 

Bone ECM, among other molecules, contains 99% of the body’s calcium mostly in the form of 54 

HAp with trace elements replacing hydroxyl and phosphate groups.8 Several attempts to prepare 55 

TE scaffolds with the same composition as the native bone ECM have been made, and some have 56 

actually been FDA-approved (e.g., Collagraft®, Healos®, Mozaik® and Ossimend®). Collagen 57 

and HAp composites appealed some interest specifically because the ductility of collagen which 58 

helps to decrease the brittleness of HAp while keeping its biocompatibility and osteogenic 59 

capacity.9 However, collagen has also some limitations, namely a quick degradation, low 60 

compression strength and modulus, which impacts its use on hard bone tissue with slow 61 

regeneration rate.10  62 

Presently, the use of β-tricalcium phosphate (TCP) has been preferred over HAp, due to its faster 63 

degradation,10 and resorbability, as well as, the promotion of bone ingrowth’s through 64 

osteoconduction.11,12 Additionally, TCP can be doped with several ions to enhance the mechanical 65 

strength, osteogenic and neovascularization  potential (e.g. Sr2+,Zn2+) of the scaffolds.13–15  The 66 

combination of inorganic materials and biopolymers such as, TCP and SF respectively, has 67 

resulted in composite structures with improved mechanical and biological performance for TE.16–68 

18   69 

SF is the structural protein extracted from the Bombyx mori silkworm cocoon, that represents one 70 

of the most robust and available biopolymers in nature. It has been applied in the biomedical field 71 

due to its biodegradability, non-cytotoxicity, and physiological properties.19,20 Using horseradish 72 

peroxidase (HRP) and hydrogen peroxide (H2O2), it is possible to covalently crosslink SF 73 
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improving the strength, toughness, elasticity and mechanical tunability of the scaffolds, while 74 

enabling the control over degradation rates.16,18,21–23 This biopolymer can be potentially useful in 75 

osteogenic regeneration due to its resemblance to collagen type I. Specifically, the anionic nature 76 

of the β-sheet structures of SF act as nucleation sites for the deposition of HAp nanocrystals.23,24 77 

These characteristics fulfill the requirements to create matrices as bone substitutes with efficient 78 

mechanical characteristics to avoid crushing under physiological loads. 79 

To achieve an organization that mimics the native bone, several techniques have been applied 80 

including the foam replica method, gas foaming, phase separation, rapid prototyping, 81 

electrospinning and molecular self-assembly. Yet, those methods are limited due to their complex 82 

fabrication steps, production of toxic chemicals, severe processing conditions, and difficulty in 83 

mimicking the oriented internal structure of some natural tissues.25 Therefore, a more versatile 84 

technique to produce 3D matrices named ice-templating has been explored26. Ice-templating does 85 

not require chemical processing, allowing not only to control the direction of growth and size of 86 

the ice crystals, but also to induce pore directionality in function of the temperature gradient 87 

creating linear, radial, and/or random networks.27,28 88 

Considering the great biological performance of the above-mentioned composite materials, it was 89 

our aim to design specific micro-architectures through ice-templating mimicking the bone 90 

structure, using the same composition based on SF combined with TCP doped with ZnSr. This 91 

eco-friendly, scalable, and cost-effective technique was applied to induce unique linear and radial 92 

porous architectures by means of varying the mold composition and directionality of the ice 93 

nucleation at three different temperatures: -196 ºC; -80 ºC and -20 ºC. In this sense, the 94 

morphology, pore orientation, pore size, porosity amount, and rheological properties of the 95 

scaffolds were investigated. The ZnSr.TCP-SF scaffolds were also evaluated in terms of swelling 96 

ratio and weight loss. 97 

 98 

2. Materials and methods 99 

2.1 Preparation of ZnSr-doped β-tricalcium phosphate  100 

β-TCP powders doped with 10 mol.% of Sr2+ + Zn2+ (regarding the Sr2++ Zn2+ and Ca2+ molar 101 

ratio) (ZnSr.TCP) were synthesized by wet chemical precipitation according to a previous 102 

method.17 Briefly, diammonium hydrogen phosphate ([NH4]2HPO4, Sigma-Aldrich, MO, USA) 103 

solution was dropped into calcium nitrate tetrahydrate (Ca[NO3]2·4H2O, Sigma-Aldrich, MO, 104 

USA) solution containing strontium nitrate (Sr[NO3], Sigma-Aldrich, MO, USA) and zinc nitrate 105 

(Zn[NO3] 2·6H2O, Sigma-Aldrich, MO, USA), in a molar ratio of (Ca + X)/P = 1.48 (where X 106 

corresponds to Sr + Zn). The mixture was kept in a reactor at 30 ºC with continuous stirring for 4 107 

h and ripened for further 20 h under rest conditions, at pH value ~ 7, by adjusting with required 108 

amounts of 8 M NH4OH solution. The resulting precipitates were vacuum filtered, dried at 100 109 
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°C, and heat-treated for 2 h at 1100 °C. Afterwards, the powders were milled and sieved (mesh 110 

size: 36 μm). 111 

 112 

2.2 Preparation of Sil Fibroin solution 113 

Bombyx mori cocoons (from the Portuguese Association of Parents and Friends of Mentally 114 

Disabled Citizens, Castelo Branco, Portugal) were used to extract SF according to the previously 115 

reported protocol.29 To begin, the cocoons were boiled in 0.02 M sodium carbonate solution 116 

(Sigma-Aldrich, MO, USA) for 1 h to extract the SF. Then, the purified SF was dissolved in 9.3 117 

M lithium bromide solution (Sigma-Aldrich, MO, USA) at 70 °C for 1 h, and dialyzed in distilled 118 

water for 2 d using benzoylated dialysis tubing (MWCO 2000 from Sigma-Aldrich, MO, USA) 119 

to remove residual lithium bromide. Finally, poly(ethylene glycol) (Sigma-Aldrich MO, USA) 120 

was added to SF to yield a solution of 8% (w/v), which was determined by weighing the wet and 121 

dry mass of the prepared SF solution. 122 

 123 

2.3 Fabrication of ZnSr-doped β-TCP-SF composite scaffolds 124 

The present work allowed to optimize the best conditions to prepare anisotropic structures 125 

for osteogenic regeneration as previously reported.30 Accordingly, the optimal composite 126 

hydrogels were obtained with a blend ratio of 95/5 (w/v) of enzymatically induced SF and 127 

ZnSr.TCP powder. For that, ZnSr.TCP-SF scaffolds were prepared by mixing 1 mL of SF solution 128 

(concentrated at 8% (w/v)), 50 μL of horseradish peroxidase solution (HRP type VI, 0.84 mg/mL), 129 

and 65 μL hydrogen peroxide solution (H2O2, 0.36% (w/v), Panreac, Barcelona, Spain), and 5 130 

wt.% ZnSr.TCP, in a water bath at 37 °C until complete gelation. Afterwards, the hydrogels were 131 

frozen at –196 ºC, -80 °C or -20 ºC for 2 h, 4 h or overnight, respectively. The temperatures were 132 

reached using either liquid nitrogen (-196 ºC) in a closed container or common laboratorial 133 

freezers (-80 º C and -20 ºC). The anisotropic linear structure was achieved with a plastic mold 134 

press fit inside polystyrene foams to function as heat insulators, the styrofoam mold covered the 135 

whole silicon tube except for the bottom, which contacted directly with the copper plate thus 136 

promoting the ice crystals to grow over the main axis of the scaffolds (vertical growth) and 137 

forming linear pores.31,32 As previously referred, the first half of the scaffold, in direct contact 138 

with the copper plate, was discarded to avoid a more compact structure.31 On the other hand, the 139 

radial structure required two thin pieces of insulating material in the top and bottom of a thermally 140 

conductive metallic mold (aluminum), to ensure the lateral freezing of the structure and induce 141 

the radial ice growth.33,34 To obtain the isotropic (random) porosity no insulation was needed, 142 

only the silicon tube was used in direct contact with the freezing environment allowing a non-143 

directional freezing and random orientation of the ice crystal (Figure 1A).35 Finally, the frozen 144 

structures were lyophilized (Telstar-Cryodos -80, Spain) for the period of 3 days. 145 

 146 
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2.4 Physicochemical characterization of the scaffolds  147 

2.4.1 X-rays micro-computed tomography (Micro-CT) 148 

The microstructure of the ZnSr.TCP-SF scaffolds was evaluated using a high-resolution X-ray 149 

micro-computed tomography system (Skyscan 1272, scanner Bruker Micro-CT, Billerica, MA, 150 

USA). Samples were scanned using a pixel size of 10 μm, and a rotation step of 0.45º over a 151 

rotation range of 180º. The acquisitions were performed with an X-ray source fixed at 50 keV and 152 

200 μA, with no filter. The images were acquired with 1632x1092 pixels, and binary images were 153 

used for morphometric analysis (CT Analyzer v1.17.0.0, Bruker, Billerica, MA, USA) to quantify 154 

the porosity, mean pore size and mean wall thickness. The cross-sectional images of the scaffolds 155 

were also created, visualized and registered using the image processing and reconstruction 156 

software CT-Vox (v3.3.0, Bruker, Billerica, MA, USA). All the experiments were performed in 157 

replicates. 158 

 159 

2.4.2 Shape factors 160 

 161 

2.4.3 Rheology 162 

Rheological analyses were performed using a Kinexus pro+rheometer (Malvern Instruments, 163 

UK), using the acquisition software rSpace. The measuring system used in these experiments was 164 

equipped with a stainless steel (316 grade) plate-plate system: the upper measurement geometry 165 

with 8 mm of diameter and a plate lower pedestal, both with a rough finish to prevent slipping. 166 

Oscillatory experiments were performed to study viscoelasticity, by obtaining frequency sweep 167 

curves. All plots are obtained by the average of at least 3 experiments. These experiments were 168 

conducted with the ZnSr.TCP-SF scaffolds obtained with 9 different conditions: random, linear 169 

and radially oriented pores each one produced at -196 ºC, -80 ºC and -20 ºC, and then lyophilized. 170 

The samples were rehydrated, in phosphate buffer saline (PBS) solution at 4 ºC, 24 h before the 171 

rheological experiments. 172 

The phase angle value can be obtained by using Equation 1:   173 

 174 

tan δ=G'/G''  (Equation 1) 175 

 176 

This equation describes the ratio between the loss (G’’) and storage (G’) modulus in a viscoelastic 177 

material, that is defined as the phase angle (δ) tangent, which provides a measure of damping in 178 

the material. The phase angle (δ) has values ranging between 0° to 90° for viscoelastic samples, 179 

being higher than 45º for fluid state samples (90° only for ideally viscous flow, where the energy 180 

dissipated as heat) and lower than 45º for gel-like state samples (0º only for ideally elastic 181 

behavior where the energy is stored in the material). G’ describes the elastic behavior (being 182 



7 
 

higher for solid samples) while G’’ describes the viscous behavior (being higher for liquid 183 

samples).36 184 

 185 

         2.4.3 Swelling ratio  186 

The swelling ratio (SR) of the ZnSr.TCP-SF scaffolds were calculated in order to determine the 187 

fractional increase in the weight due to water absorption. The SR was determined by hydrating 188 

the scaffolds in PBS and then leaving them to swell for 48 h. SR was calculated according to 189 

Equation 2:  190 

 191 

SR = (Wx-W1)/W1        (Equation 2) 192 

 193 

where, W1 and Wx are the weight of the wet scaffolds and the weight after swelling at each time 194 

point (0 h, 1 h, 6 h, 24 h, 48 h), respectively. The experiments were done in duplicates (n= 6). 195 

 196 

       2.4.4 Stability of the scaffolds 197 

The stability of ZnSr.TCP-SF scaffolds was evaluated through weight loss evaluation. The wet 198 

weight of the samples was registered in an analytical balance after 30 d of immersion in PBS at 199 

37 ºC. After this time, the samples were washed in distilled water three times and dried overnight 200 

at 37 °C. The weights of the scaffolds before immersion was also measured (n=3). Afterwards, 201 

the percentage of weight loss was calculated according to Equation 3:  202 

 203 

WL  (%) = (mf-mi)/mi * 100          (Equation 3) 204 

 205 

where, mi and mf are the initial and final weight of the scaffolds. 206 

 207 

2.5. Statistical analysis 208 

Statistical analysis was executed using GraphPad Prism 8 version software (GraphPad Software, 209 

La Jolla, CA, USA). Statistics using One- and Two-Way ANOVA multiple comparison were used 210 

to compare between group. Statistical significances were determined as *p<0.05 and ** p<0.01. 211 

All assays were performed in triplicates and values were reported as mean ± standard deviation 212 

(SD). 213 

 214 

3. Results 215 

The present work tested the production of scaffolds with tunable architecture, based on 216 

enzymatically-crosslinked SF combined with ZnSr-doped TCP composites, using the ice-217 

templating technique. After producing the composites, a freezing step in silicon, plastic, or 218 

aluminum cylinders (Figure 1A) resulted in specific pore directionality, as random, linear, or 219 
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radial, respectively. The qualitative analysis of the ZnSr.TCP-SF scaffolds architecture was 220 

performed using micro-CT, unveiling the pore orientation in the scaffolds longitudinal section, as 221 

depicted in Figure 1B. The pore size decreased with temperature (from -20 ºC to -196 ºC), while 222 

the pore orientation and density were increasingly defined, particularly at -196 ºC. 223 

 224 

 225 

Figure 1. Scaffolds architecture controlled by ice-templating. A - Schematic representation of isotropic 226 

(random porosity) and anisotropic (linear and radial porosity) ice-templating process. B - Micro-CT 3D 227 

reconstruction of longitudinal views of random, linear, and radial oriented porosity of the ZnSr.TCP-SF 228 

scaffolds produced at -20 ºC, -80 ºC and -196 ºC (scale bar: 500 μm). 229 

 230 

The morphometric quantitative analysis of the structures was evaluated using micro-CT 231 

technique. For that, the pore size, pore distribution, pore wall thickness, porosity amount, degree 232 
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of anisotropy, and interconnectivity were assessed (Figure 2 B). The mean pore size was higher 233 

than 50 µm in every condition presenting a maximum of 141.9 µm for the random porosity 234 

achieved at -20 ºC. Accordingly, when using -20 ºC during the freezing step, the average pore 235 

size was increased. In the summary of the 3D analysis, scaffolds presenting macropores larger 236 

than 300 μm and micropores that reached 5 μm were observed (data not shown). Regarding the 237 

dependency of mean pore size with pore directionality, linear and random orientations presented 238 

higher pore sizes. At -20 ºC the mean pore size was 141.9 ± 43.1 µm followed by -80 ºC (94.8 ± 239 

29.6 µm) with the highest degree of anisotropy. Following, the mean wall thickness varies 240 

between 32.0 ± 6.9 and 53.4 ± 15.4 µm. The pores were distributed with a normal curve, also 241 

showing higher percentage of bigger pores for the scaffolds produced at -20ºC (Figure 2 A). It 242 

was noticed that the mean pore wall thickness tended to increase on both -196 ºC and -80 ºC, 243 

which corroborates the visual observation of dense resulting structures when using lower 244 

temperatures due to a fast freezing and consequently, the creation of smaller ice crystals. 245 

Generally, the mean porosity was kept between 47.5 ± 1.6% and 79.7 ± 1.8% for all the 246 

temperatures and orientations tested.  However, this parameter decreased with the temperature. 247 

Finally, the lowest temperatures (-80 ºC and -196 ºC) reinforced the pore alignment, as 248 

demonstrated by the higher degree of anisotropy. The highest interconnectivity was achieved at -249 

80 ºC (47.5 ± 7.9%), followed by -196 ºC (44.1 ± 10.2%) and -20 ºC (26.8 ± 6.4%). Thus, there 250 

was no linear tendency between interconnectivity and freezing temperature. 251 

 252 

 253 

Figure 2. Physical characterization of the ice-templated ZnSr.TCP-SF scaffolds. A – Percentage of 254 

pore size distribution plot at -20, -80 and 196 ºC. B -  Microstructure analysis at different temperatures with 255 

random, linear and radial pores obtained using the microCT technique (n= 3). Data shown as median ± 256 

Interquartile range. 257 
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 258 

The rheological analysis showed that frequency sweep oscillatory experiments were conducted in 259 

a linear-viscoelastic regime (LVE) with the rehydrated scaffolds (Figure 3), obtained from 260 

different condition combinations (random, linear, and radial at -196 ºC, -80 ºC and -20 ºC), at 37 261 

ºC with a shear strain of 0.1%. An amplitude sweep test was beforehand performed to obtain the 262 

Linear Viscoelastic Region, at 1 Hz of frequency and 37 ºC. A broad range of shear strain values 263 

(ranging from 0.001% to 0.1%) with constant G’ was obtained, showing well-dispersed and stable 264 

systems. 265 

The mechanical spectra shown on Figure 3, also known as frequency sweep tests, were obtained 266 

by plotting the acquired values of storage and loss moduli (G’/Pa and G’’/Pa, respectively) as 267 

function of frequency (f/Hz). The initial instability of the values, and correspondent low 268 

reliability, are characteristic regions of low frequencies and correspondent low sensibility of the 269 

equipment, being inconclusive. Globally, the gel region was observed until 25 Hz, with a G’ 270 

plateau and after it, at high frequencies, the glassy behaviour was observed.37 271 

 272 

 273 
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Figure 3. Mechanical properties correlated with scaffolds’ architectures. Frequency sweeps for 274 

random, linear and radial porous ZnSr.TCP-SF scaffolds produced at -196 ºC, -80 ºC and -20 ºC. The 275 

storage (G’/Pa) and loss (G’’/Pa) moduli are represented by open symbol (○) and filled symbol (●), 276 

respectively. 277 

 278 

The plot presented in Figure 4 illustrates the effect of two fabrication parameters (temperature 279 

and pore orientation) over the mechanical behavior (in terms of storage modulus, G'/Pa) of the 280 

final product. Samples with higher storage modulus showed an increased solid character, which 281 

suggested a greater strength or mechanical rigidity. Thus, the mechanical characteristics were 282 

favored by the random orientation of the pores and temperature of -20 ºC. In contrast, the lower 283 

storage modulus was achieved by the linear oriented scaffolds fabricated at -80 ºC. 284 

  285 

 286 

Figure 4. Comparison between mechanical properties, pore orientation and applied freezing 287 

temperature for the  production of the ZnSr.TCP-SF scaffolds . Surface chart plot of the average values 288 

of storage modulus (G’) obtained for the random, linear and radial porous ZnSr.TCP-SF scaffolds produced 289 

at -196 ºC, -80 ºC, and -20 ºC. 290 

 291 
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Moreover, the samples prepared (i) at -80 ºC with a linear pore orientation showed higher solid 292 

character, having a phase angle of (4.58 ± 0.05 º); (ii) at -80 ºC with a random pore orientation 293 

(4.63 ± 0.04 º); and (iii) at -196 ºC with a radial pore orientation (4.59 ± 0.05 º), with no 294 

statistically significant difference. Instead, the samples prepared with a random pore size at -196 295 

ºC had an average phase angle of (7.1 ± 0.2º), being the highest phase angle obtained, resulting 296 

in the scaffold of lowest solid character. 297 

However, all samples had very low values of phase angle in the same order of magnitude, being 298 

in general very rigid scaffolds with the elastic modulus higher than the viscous modulus, 299 

throughout the tested frequencies. 300 

 301 

Figure 5. Swelling and weight loss dynamics of the fabricated scaffolds. A- Swelling ratio of the 302 

ZnSr.TCP-SF scaffolds with random, linear and radial orientation produced at -20 ºC, -80 ºC and -196 ºC 303 

by hydration in PBS over 30 days. Statistical differences between temperatures (ºC) are represented by: ($) 304 

for -20 | -80; (#) for -20 | -196 and (+) for -80 | -196. B- Percentage of weight loss of the ZnSr.TCP-SF 305 

scaffolds produced having radial, linear and random pore orientation and produced at -20 ºC, -80ºC and -306 

196 ºC, after 30 days in PBS and drying overnight at 37 ºC. Data shown as mean ± standard deviation (SD). 307 

Statistical differences for swelling were determined using Two-Way ANOVA and for weight loss One-308 

Way ANOVA with Tukey’s multiple comparisons test (N = 6). *p<0.05, ** p<0.01 *** p<0.001, **** 309 

p<0.0001. 310 

 311 

Regarding the swelling ration (SR) and weight loss were carried out to predict the stability of the 312 

structures (Figure 5). Results showed a small increase of the SR of the structures after immersion 313 

in PBS at 37 °C for the 30 d (SR between 5 - 15 %), with statistical difference in each pore 314 

orientation specially between the freezing temperatures: -20 ºC and -196 ºC (Figure 5A). These 315 
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data denote the capacity of the scaffolds to accommodate water inside their porous network, 316 

thereby increasing their volume over time. The SR results demonstrate that all the samples are in 317 

equilibrium between days 5 and 15. At this point there is an increase in the SR, which was more 318 

denoted for random and linear pore orientation. The SR shows correlation with the freezing 319 

temperature. A higher SR for the scaffolds frozen at -20 ºC was observed, whereas the lowest SR 320 

was obtained for the scaffolds produced at -196 ºC (smaller pore size), behavior maintained in all 321 

three pore orientations. 322 

 323 

Regarding the weight loss (Figure 5B), the structures presented a tendency of mass loss of ~15 - 324 

20 % for scaffolds with smaller pores, i.e. produced at -196 ºC and ~20 - 40% for the scaffolds 325 

produced at -20 ºC for all the pores orientations. This means that at -196 ºC, a lower degradation 326 

was observed, which is in accordance with the pore size, implying minor fluid uptake in the 327 

scaffolds with smaller pore size. Consequently, at the highest applied freezing temperature (-20 328 

ºC), the hydration mechanism was improved due to the larger mean pore size, resulting in a higher 329 

weight loss. The data presented significant differences between -20 ºC and -80 ºC, as well as, -20 330 

ºC and 196 ºC in random and linear porous structures. However, in radial pore orientation the 331 

behavior is very homogeneous, independently of the temperature of freezing. 332 

 333 

4. Discussion 334 

When designing scaffolds, the main pre-requisite to attain is to obtain structures having proper 335 

porosity with suitable diameter, that mimic the native tissue ECM, and allow the distribution of 336 

nutrients and the removal of waste products.38 For that, several studies have emerged showing 337 

conflicting data regarding the most suitable pore size for bone TE application. The first studies 338 

established that the optimal required pore size show to be 100–135 µm.39,40 However, later reports 339 

indicated pores > 300 µm to allow bone ingrowth and vascularization.41–43 Still, smaller pores also 340 

allow the ossification of osteochondral tissue.44,45 Besides, fibrocartilaginous tissue need 200-300 341 

µm to properly growth.46 342 

To achieve the optimal pores size requirements several techniques (magnetic assembly,47 343 

photolithography,48 bioprinting,49 electrospinning50) have been shown 3D scaffolds fabrication 344 

with controlled networks, but mechanical properties limited biological applications, which, along 345 

with high costs and complex fabrication methodologies, present major difficulties to their clinical 346 

translation.51 For that reason, in this work we applied the ice-templating processing which is an 347 

easy and fast technique that enables to design advanced scaffolds with uniform and highly 348 

interconnected porous structures. In this sense, freezing conditions can be altered to obtain the 349 

most suitable pore size and shape, allowing a proper regeneration process.52 Herein, it was 350 

demonstrated a decrease of pore size with the decrease of the freezing temperature (Figure 2), 351 

which is in close agreement with  a study by Xu et al.53 where it was observed that the pore size 352 
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was tightly associated with the freezing temperatures in scaffold fabricated by freeze-drying, 353 

decreasing as temperature decreases. Likewise, as previously published by our group, the 354 

scaffolds produced at -196 °C experienced the fastest freezing in which ice crystals had no time 355 

to grow in width, producing a more compact structure and generally a lower mean pore size.54  356 

Similarly, Zhang et al,55 also showed that linear pore alignment is efficiently formed due to the 357 

faster growth kinetics of ice crystals vertical growth,  thus creating thicker walls than when using 358 

radial freezing. The scaffolds are described with a pore size ranging from 25 to 120 µm, being 359 

produced between −60 °C and −75 °C freezing temperatures, similarly to what we have observed. 360 

However, here we apply ice-templating in combination of biomaterials, the ZnSr.TCP-SF 361 

composite, with programmable pore alignments, including the radial orientation, which are for 362 

example interesting for cortical bone defects and modulation.5,6 The use of SF represents an 363 

potential additional advantage due to its slow degradation, which is beneficial to improve bone 364 

regeneration. Normally, bone loss takes over 6 to 12 months of healing so the use of engineered 365 

scaffolds to support tissue regeneration should address  the required natural  tissue regeneration 366 

time.56,57  367 

The obtained results from the present work give an insight of the structural and mechanical 368 

characteristics of the fabricated scaffolds. Changes in pore size and orientation influence the 369 

mechanical/elastic properties of the scaffolds.58 Correspondingly, the rheological study showed 370 

that, in general, all samples behaved like strong solids, with the elastic modulus higher than the 371 

viscous one throughout the frequency sweep. On the contrary, previous studies using only SF 372 

crosslinked by the enzymatic complex HRP/H2O2 showed viscoelastic solid behaviour.59 373 

Therefore, the increased solid performance in ZnSr.TCP-SF scaffolds was reinforced by the 374 

presence of TCP in the SF scaffolds, which also disguises the brittleness associated to TCP.60,61 375 

Additionally, the storage modulus provided an indication about the sample aptitude to store 376 

deformation energy in an elastic manner. The maximum G’ plateau was achieved by the samples 377 

with random and linear porous orientation at -196 ºC. This observation could be explained by the 378 

scaffolds high density when produced with this temperature, because the fast formation of ice 379 

crystals when using very low freezing temperatures originates small mean pore size after 380 

lyophilization and consequently more rigid structures.53 Moreover, the samples showing lower 381 

storage modulus were those prepared with linear orientation at -80 ºC. In fact, globally the 382 

samples prepared at -80 ºC presented the lower elasticity. 383 

The swelling capacity is an essential property of scaffolds as it influences the exchange of cell 384 

nutrients, oxygen, and other metabolites. This hydration process increases pore diameter 385 

improving the internal surface area of scaffolds, which may be relevant to support the fitting of 386 

the implanted structure into a targeted injured tissue. Though, under physiological conditions, the 387 

swelling needs to be controlled since it influences the degradation rate of the scaffolds.62 In that 388 

sense, SR results showed that as immersion time passed, the structures kept their integrity and 389 
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apparent morphology indicating their stability. Nevertheless, it were demonstrated significant 390 

differences between the temperatures of freezing in which the scaffolds were obtained (-20 ºC, -391 

80 ºC and -196 ºC) and their SR. Scaffolds produced at -20 ºC had higher swelling and higher 392 

mass loss due to their higher pore size, facilitating hydration and consequently degradation. 393 

Therefore, structures manufactured using the other two temperatures (-80 ºC and -196 ºC) present 394 

themselves as more viable to achieve a long-lasting implantation into osteochondral tissue. This 395 

fact reinforces again the possibility of using our aligned used scaffolds in bone regeneration with 396 

the certainty of providing proper support for new tissue. 397 

The protein adsorption was also assessed (data not shown) because it denotes the first process that 398 

occurs after the scaffold implantation. This process changes the properties of the surface 399 

activating the immune system and inducing regeneration.63,64 Unwanted protein adsorption may 400 

prevent cell-biomaterial interactions, so this process is strongly influenced by the composition of 401 

the surface of the biomaterial. The data disclosed in the present work indicate that the produced 402 

scaffolds adsorbed around 1.5 mg/mL of BSA in solution independently of the pore size, which 403 

represents about 43 % (w/w) of the stock solution. It is important to have into consideration that 404 

scaffolds containing TCP were previously reported to promote absorption of serum protein 405 

resulting in cell adhesion and collagen secretion.65 However, the impact of the produced scaffolds 406 

on protein adsorption also happens due to the presence of SF, since it was previously proven that 407 

SF induces protein adsorption either by hydrophobic and electrostatic interactions or covalent 408 

binding to the β-chain.66 409 

Although it was demonstrated herein that by means of using low fabrication temperatures and ice-410 

templating it is possible to produce porous SF-based scaffolds with guided morphology, further 411 

studies should aim at increasing the pore size of ZnSr.TCP-SF scaffolds. A general consensus 412 

regarding the pore size for proper osteogenesis and vascularization, indicates that pores should 413 

have superior to 300 μm.41–43 In this sense, changing the chemical composition of the scaffolds 414 

could be a possible way to tune this parameter namely with the decrease of SF concentration.67 415 

Finally, studies with stem cells should be carried out to understand the impact of pore orientation 416 

and size on cell differentiation, as well as to assess the ability of cell invasion into the different 417 

scaffolds.  418 

 419 
 420 

5. Conclusions 421 

ZnSr.TCP-SF scaffolds were fabricated with high-porosity and interconnected pores, using ice-422 

templating with linear, radial, and random architectures for bone TE and regenerative medicine 423 

purposes. The produced scaffolds’ pore size, shape and orientation was directly controlled by the 424 

fabrication set-up, using insulation and thermally-conductive freezing molds. At the lowest 425 

freezing temperature (-196 ºC), a higher pore alignment was obtained, while applying -20 ºC the 426 



16 
 

pore diameter of the structures was increased. Rheological studies pointed out a solid behavior 427 

reinforced by ionic-doped TCP incorporation, which represents an increased advantage for bone 428 

TE applications. Overall, a scalable and cost-effective method is presented to tailor pore 429 

orientation, size, and shape into SF structures with potential to be applied for the regeneration of 430 

anisotropic hard tissues. 431 
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