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A B S T R A C T  
 

 

The purpose of this study was to fabricate and investigate the highly porous 

structure using titanium dioxide, which is a candidate for bone defect repairing. For 

this purpose, TiO2 scaffolds were synthesized using titanium butoxide, Pluronic 

F127 surfactant, and polyurethane foam blocks. Therefore, a colloid includes 

titanium butoxide and F127 and the polyurethane foams were immersed in it. The 

samples were annealed at different temperatures in the range of 500 to 600 °C. The 

results of simultaneous thermal analysis (STA) test showed that volatile materials 

left the system completely when the temperature reached 550 ºC. Also, small angle 

X-ray scattering (SAXS) test revealed that these scaffolds composed of highly 

ordered mesoporous structures. The obtained scaffolds at 550 ºC had specific 

surface area of 85.736 m2g-1with the mean mesopore size of 7.0498 nm and 

macroporosity in the range of 100 to 350 μm. The presence of mesopores and their 

distribution were investigated with transmission electron microscopy (TEM) and 

energy dispersive spectroscopy (EDS). The base scaffold was then immersed in a 

simulated body solution for 3,7and 14 days and analyzed by scanning electron 

microscopy (SEM) and energy-dispersive X-ray. The results show its ability for 

apatite formation. 

doi: 10.5829/ije.2020.33.01a.15 
 

 
1. INTRODUCTION1 
 
Bone is a 3D and porous structure. These porosities 

provide the required spaces to establish, connect, nourish 

and perform other metabolic activities of cells. 

Furthermore, the porous structure prepares a desired 

environment for regeneration and remodeling of broken 

bones or defects in their structures [1-3]. Bone tissue 

engineering offers new solutions to treat many problems 

such as fracture, osteoporosis or bone defects. Hence, 

engineered bone scaffolds will be successful if they can 

mimic the extracellular matrix (ECM) and the 3D 

structure of real bone [4, 5]. An appropriate interface with 

proper characteristics can provide a suitable environment 

for positive interaction between the scaffolds constituents 
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and living tissue cells. The presence of macroporosity in 

the range of 100 to 1000 micron causes the biological 

relevance such as cell proliferation, growth, and 

migration into the porosities [6]. Modification of pore 

wall surfaces affects topography, surface energy, 

reactivity and biofunctionality of the scaffolds [7, 8]. 

Loading and delivery of nanomaterials such as proteins, 

growth factors, ligands and DNA with the size of 10-100 

nm for biomedical applications depend on nano-

roughness, mesoporosity, and high specific surface area 

in adjacent to cell environment [4, 9-13]. 

Titanium dioxide has various biomedical applications 

[14-18]. TiO2 with high specific surface area can mimic 

the properties of extra cellular matrix (ECM) by bonding 

to proteins and apatite and provides a platform to attach 
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to osteoblasts [14-19]. Titania with mesoporous structure 

can be synthesized using titanium alkoxides such as 

titanium butoxide and other additives similar to Pluronic 

F127 surfactant utilizing evaporation-induced self-

assembly technique (EISA) [20-23]. On the other hand, 

macropores in the range of 1-1000 micron can be 

produced with various techniques including sponge 

matrix imbedding [6, 24, 25].  

In this study, we synthesized and characterized highly 

porous TiO2 scaffolds with a meso/macroporous 

structure by combining two aforementioned techniques, 

evaporation-induced self-assembly (EISA) and PU 

replica foams method. For this purpose, TiO2 colloidal 

sol was prepared using titanium butoxide precursor and 

F127 surfactant. Finally, meso/macropores was induced 

in PU foam after heat treatment of the specimens. The 

samples were characterized and the formation 

mechanism involved in this process was scrutinized as 

well. The benefits of this method of fabrication include 

porosity for loading cells, biological agents and drugs, as 

well as ease of manufacture and high purity. 

 

 

2. MATERIALS AND METHODS 
 

2. 1. Sample Preparation             Titanium butoxide 

(abbreviated as TBT, C16H36O4Ti, 97%, Sigma 

Aldrich) and F127 copolymer (99.5%, Sigma Aldrich) 

were used as a precursor and template, respectively. 

Anhydrous ethanol (abbreviated as EtOH, C2H6O, 

99.5%, Sigma Aldrich), hydrochloric acid (HCl, 38 

wt.%) and acetylacetone (abbreviated as AcAc, 

C5H8O2, 99.5%, Sigma Aldrich) were utilized as solvent 

and to restrain the hydrolysis rate. The initial materials 

were mixed according to the study performed by Li et al. 

[25]. Briefly, a colloidal solution of 

F127/TBT/HCl/EtOH/AcAc with the weight ratio of 

2/5/8/100/3 was prepared and aged for 2 days at room 

temperature with relative humidity of 40%. Pre-cut foam 

blocks of PU with 60 pore per inch (ppi) with the 

dimension of 1cm× 1cm× 1cm were soaked in colloidal 

solution for 2 min. The ratio between the initial materials 

was reported to be an efficient one to produce TiO2 

mesoporous structure with high thermal stability during 

required heat treatment to remove PU foams [25]. In the 

next step, to replicate the foam structure and to remove 

the extra colloidal solution, the samples were rolled and 

dried in closed containers at room temperature for 72 h. 

Finally, the samples were heat treated at 500, 550, 600 ºC 

for 2 h with the heating/cooling rate of 4 ºC/min. The 

synthesis procedure is schematically shown in Figure 1. 

 

2. 2. Characterization of TiO2 Scaffolds          Small-

angle X-ray scattering (SAXS) and wide-angle X-ray 

diffraction (WAXD) patterns were recorded using 

Asenware AW-DX300 with a Cu Kα radiation source 

with λ = 1.54184 Aº with 2θ in the range of 0.5-10 degree 

for SAXS and 10-100 degree for WAXD using Asenware 

AWDX300 diffractometer. In order to study the weight 

loss and to monitor any exo/endothermic reaction during 

the heat treatment cycle, simultaneous thermal analysis 

(STA) was performed up to 550 ºC with the heating rate 

of 10 ºC/min in air atmosphere using NETZSCH STA 

449F3 machine. To analyze pore structure and to 

evaluate the specific surface area, the nitrogen 

adsorption–desorption isotherms was obtained at 77 K 

using BELSORP-mini II analyzer. Pore size, 

morphology, interconnectivities and their distribution 

were studied using scanning electron microscope 

(SEM/EDS, Zeiss, Germany and FEI Quanta 200. 

Nanostructures and mesopores on the wall of macropores 

of TiO2 scaffolds, were analyzed using transition electron 

microscope (TEM JEM- 100CXI). Finally, the porous 

scaffolds were immersed in the simulated body 

(purchased from Apra-Chem Co.)  for 3,7,14 days in the 

solution by combining Table 1. Apatite formation ability 

on the scaffold was then investigated using scanning 

microscope, FEI Quanta 200 and EDX. 

 

 

 

 
Figure 1. The synthesis procedure of TiO2 scaffolds during 

6 steps as mentioned in section 2.1 

 

 
 

TABLE 1. Composition and concentration of SBF 

ION Concentration mM/10-4m3 

Na+ 14.2 

K+ 0.5 

Mg2
+ 0.15 

Ca2
+ 025 

Cl- 14.78 

HCO3
-2 0.42 

HPO4
-2 0.1 

SO3-2 0.05 

3. RESULTS AND DISCUSSION 
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3. 1. X-Ray Analyses              Figure 2a shows the small-

angle X-ray scattering (SAXS) of various samples after 

sintering at high temperature. As seen, an intense peak 

exists in 0.7 degree in the sample sintered at 500 ºC. The 

specimen sintered at 550 ºC also showed the same peak 

with lower intensity. The presence of the peak 

demonstrates the existence of mesoporous structure in 

these samples; however the decrease of the peak intensity 

can be referred to the decrease of the size of mesopores 

[21]. In the sample sintered at 600 ºC, the intensity of the 

peak reduced drastically which shows the collapse of 

mesoporous structure. In order to make sure all the 

volatile materials were removed from the scaffold 

structure (and based on the results of STA), samples 

sintered at 550 ºC were selected for further studies. Wide-

angle X-ray diffraction (WAXD) of various specimens 

has been shown in Figure 2b. All the peaks correspond to 

the characteristic peaks of TiO2 (XRD JCPDS data file 

No. 02-0387). When increasing the temperature, from 

500 to 600 ºC, the intensity of XRD peaks increased as a 

result of crystallization of the samples [26]. Hiraj et al. 

[27] reported the TiO2 formation mechanism which 

consists of three stages. At the first stage, the alkoxide is 

hydrolyzed according to the following reaction [27]: 

C16H36O4Ti+4H2O→Ti(OH)4+4C4H9OH (1) 

Then, the hydrolyzed species are condensed to form TiO2 

particles: 

Ti(OH)4 →TiO2+ 2H2O (2) 

The next step is the formation of nuclei from the 

hydrolyzed molecules. Formation of small nuclei is 

accompanied with the formation of huge surface area and 

consequently huge surface energy which makes them 

thermodynamically unstable. As a result, a few numbers 

of nuclei attach to each other to decrease the system 

energy and form a stable state. Finally, agglomeration 

and Ostwald ripening cause the formation of larger 

particles. Furthermore, the newly hydrolyzed molecules 

precipitate on the surface of previously formed particles. 

Agglomeration occurs due to the existing Brownian 

motion and coagulation of the particles. Finally, in 

Ostwald ripening the larger particles grow at the expense 

of smaller particles until the smaller particles completely 

vanished in the system [27, 28]. 

 
 

3. 2. Thermal Analysis            Simultaneous thermal 

analysis (STA) was performed to evaluate the thermal 

behavior of scaffolds during the synthesis process. Figure 

3a shows the results of STA analysis of prepared 

colloidal solution before soaking in PU foam. As seen, an 

endothermic peak exists at 80.4 ºC which can be ascribed 

to the remove of solvent from the system. Two 

exothermic peaks were observed at 200.2 and 314.8 ºC 

which can be attributed to the oxidation of organic 

materials such as surfactant and calcination of butyl 

titanate, respectively. A total weight loss of 74.28% was 

detected in this sample. Figure 3b shows the TG/DSC 

curve of the produced sample in the presence of PU 

foams. The effect of adding PU foams to the system can 

be understood by comparing Figures 3a and b. The same 

endothermic peak was obtained at 80.6 ºC as a result of 

the remove of solvent from the system. PU foams 

increased the exothermic peaks to 267.2 and 314.8 ºC, 

respectively. In the DSC curve, in addition to the 

mentioned peaks, another peak was distinguished at 422 

ºC due to the remove of PU foam. As can be seen in the 

TG curve, no weight loss was observed after 500 ºC 

which shows all the volatile materials were removed 

from the system. The total weight loss obtained in this 

sample was 81.96%. 

 

3. 3. Nitrogen Adsorption–Desorption Analysis       
The nitrogen adsorption–desorption isotherm of 

produced samples after annealing at 550 ºC for 2 h is 

shown in Figure  4. As seen, the physiosorption isotherm 

showed a hysteresis loop which is associated with 

capillary condensation and is of the type IV isotherm 

according to the IUPAC classification [29]. The 

hysteresis loop is similar to H4 which is due to the 

presence of slit-shape mesopores [29-31]. The specific 

 

 

 
Figure 2. X-ray diffraction patterns at (a) Small angles and 

(b) wide-angles for the TiO2 samples sintered at various 

temperatures for 2 h holding time 
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Figure 3. Simultaneous thermal analysis of colloidal 

solution including surfactant (a) in the absence and b) in the 

presence of PU foam 
 

 

surface area measured by Brunauer-Emmett-Teller 

(BET) theory for this sample was 85.736 m2g-1, the total 

porosity volume obtained from adsorption curve of 

isotherm diagram (p/p0=0.990) and mean pore diameter 

were 0.1511 cm3g-1 and 7.0498 nm, respectively. 

 

3. 4. SEM Analysis       The morphology, size, 

interconnectivity and thickness of the pore walls of 

samples sintered at 550 ºC for 2h are shown in Figure 5. 

The size of macropores was in the range of 100-350 μm 

which allows efficient cell accommodation inside the 

porosity [32]. The thickness of the pore walls was in the 

range of 10-30 μm. As seen, a coherent structure was 

formed without any cracks after sintering the specimens 

at 550 ºC for 2h. Such a structure can provide a desirable 

environment for cell growth and proliferation [12]. 

Figure 6 shows the structure of pore walls in different 

magnifications. The size of pores was distributed from 

several nanometer to over 100 nm. As seen, mesopores 

can be observed within the structure which confirmed the 

results obtained from SAXS and nitrogen adsorption–

desorption analysis. 

 

3. 5. Tem Analysis           The morphology of TiO2 

sample after sintering at 550 ºC for 2 h is shown in Figure  

7. Figures 7a to 7d shows the existence of mesopores on 

the samples. The size of mesopores and their wall 

thickness were in the range of 10-12 nm and 5-15 nm,  

 

 

 
Figure 4. Nitrogen adsorption–desorption isotherms of TiO2 

samples after sintering at 550 ºC for 2 h 

 

 

 
Figure 5. SEM micrographs of TiO2 scaffolds at different magnifications (a) 100×, (b) 300×, (c) 500×, and (d) 1000× 
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Figure 6. SEM micrographs of macropore wall in the produced TiO2 scaffolds at different magnifications (a) 5k×, (b) 60k×, and 

(c) 125k× 

 

 

 
Figure 7. (a-c) TEM micrographs of mesopores in the produced TiO2 scaffolds after sintering at  550ºC for 2 h at different 

magnifications; with two different magnifications. d) High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of the specimen. EDS elemental maps of the failure surface of the sample (e) titanium and (f) oxygen 
 

respectively. The EDS analysis (Figures 7e and 7f) 

showed the uniform distribution of titanium and oxygen 

on the samples. 
 
3. 6. In-vitro Bioactivity of Porous Titania 
Scaffolds              Apatite formation in simulated body 

solution on the porous scaffold is one of the ways of 

bioactivity study. Therefore, the scaffolds were 

immersed in simulated body solution for 3, 7days using 

scanning electron microscopy Investigation (Figure 8). 

Figure 8 shows EDX analysis and susceptibility of the 

produced scaffolds to apatite growth on the surface of the 

macroporous arms (containing mesoporous) with 3, 7, 

and 14 days of immersion in the simulated body solution. 

4. CONCLUSION 
 
TiO2 scaffolds with high specific surface area were 

produced by combining evaporation-induced self-

assembly (EISA) technique and PU replica foams 

method. In this study, Pluronic F127 surfactant and 

polyurethane foams were used to induce meso and macro 

porosities, respectively. 

These organic materials left the system after sintering 

the samples at 550 ºC for 2 h. The produced scaffold had 

macropores in the range of 100-300 μm and mesopores 

of about 10-12 nm. The surface of the obtained scaffolds 

had nano-topography in the range of 100-250 nm which 

provided a high specific surface area of 85.736 m2g-1.  
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Figure 8. SEM micrographs and EDX analysis of apatite 

growth on the surface of the macroporous arms (containing 

mesoporous) after (a) 3, (b) 7, and (c) 14 days immersion in 

the simulated body solution 
 

 

The results represent of meso-and macroporous 

forming techniques in titanium scaffolding provides a 

high surface area and porosity for the loading of 

biological agents and cells required for bone growth. 
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 دهیچک

 
 

 استخوان نقص میترم یبرا ییدایکاند که است ومیتانیت دیاکس ید متخلخل اریبس ساختار یبررس و ساخت مطالعه نیا از هدف

 یهابلوک و Pluronic F127 سورفکتانت د،یبوتوکس ومیتانیت از استفاده با 2TiO یهاداربست منظور، نیا یبرا. است

 هانمونه. شدند وروطهغ دیبوتوکس ومیتانیت یدیکلوئ محلول در اورتانیپل فوم منظور نیا یبرا. شدند سنتز اورتانیپل یاسفنج

 زمانهم یحرارت زیآنال شیآزما از حاصل جینتا. شدند لیآن گرادیسانت یدرجه 600 تا 500 یدامنه در مختلف یدماها در

(STA) آزمون ن،یهمچن. کندیم ترک کاملاً را ستمیس گرادیسانت یدرجه 550 یدما به دنیرس با فرار مواد که داد نشان 

 لیتشک مرتب اریبس مزوپور یساختارها از هاداربست نیا که داد نشان (SAXS) کوچک یهیزاو کسِیا یپرتو با یپراکندگ

 با مزو یهاحفره با m2g-1 85.736 یژهیواز سطح  گرادیسانت یدرجه 550 یدما در آمدهدستبه یهاداربست. اندشده

 مزوپورها حضور. بودند برخوردار کرومتریم 350 تا 100 یمحدوده در ماکرو یهاتخلخل و نانومتر 7.0498 یاندازه نیانگیم

 داربست سپس،. شد یبررس (EDS) یانرژ یپراکندگ یسنجفیط و (TEM) یعبور یالکترون کروسکوپیم با آنها عیتوز و

 یروبش یالکترون کروسکوپیم توسط و شد ورغوطه روز 14 و 3،7 مدت به شدهیسازهیشب بدن محلول کی در هیپا

(SEM)  است تیآپات لیتشک در آن ییتوانا یدهندهنشان جینتا. شد لیتحل یانرژ پراکنده کسیا یپرتو و. 
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