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Abstract  
 

The production of the biomimetic scaffolds with well-designed porosity parameters is a 
critical and challenging factor in biomaterials processing. The porosity parameters (i.e., 
pore size, pore shape, and distribution pattern) impact scaffold permeability, proteins/cells 
infiltration, and angiogenesis. This study introduced a new approach for the production of 
gradient porous nanocomposite scaffolds with controllable porosity and permeability 
using basic biomaterials of collagen and nano biphasic calcium phosphate (nBCP) powder 
consisting of nano HA/β-TCP. A modified freeze-drying method (i.e., variables; 
collagen/nBCP ratio and quenching rates) was integrated for the first time with the 
chemical foaming method with the use of vitamin E as a potential surfactant and porogen. 
Vitamin E successfully increased the range of pore size, pore interconnection, and 
scaffold permeability. Further control of collagen/nBCP ratios and quenching rates 
allowed modulation of the pore morphology, total porosity, and the surface roughness of 
the scaffold. Scaffolds produced using vitamin E with collagen/nBCP ratio of 92/8% at -
80 ℃ quenching rate displayed a multimodal heterogeneous pore network with a wide 

range of pore sizes of mostly round/oval and polygonal pore morphology. Furthermore, 
these scaffolds revealed a more consistent gradient porous network with peripheral large 
pores – that gradually become smaller toward scaffold central – that produced a 
significantly higher permeability and better support of initial cellular performances. 
Accordingly, considering the various potentials of vitamin E, this study would provide 
promising insight into the production of smart and customized scaffolds for regenerative 
and therapeutic applications.  
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1. INTRODUCTION 

  
Natural bone is a functionally gradient structure organized in a way that porosity and 

subsequently the mechanical property vary from its peripheral to central regions. The 

peripheral cortical region of bone demonstrates very low porosity (5-10%) which 

gradually increases toward the central region (50-90%) (1),(2). Such architecture renders the 

bone a non-uniform gradient porous structure which is also seen in other tissues such as 

cartilage and skin (3),(4).  

Considering the biomimetic strategies, it is generally recommended to expand the range 

of pore size similar to the natural bone that exhibits a wide range of pore sizes based on 

the physiological requirements (5),(6). This is reported to support signaling molecules 

interaction and nutrition/waste transport (nanopores), cell attachment and migration and 

capillary formation (micropores), and innervations and vascularization (macropores) (7)–(9).  

 

Moreover, further control of the porosity distribution is required during the production of 

the biomimetic bone scaffold with a gradient porosity pattern. This porosity pattern is 

reported to modulate cell migration, influence cell differentiation, and improve osteogenic 

differentiation of stem cells (10). It is also assumed to increase the scaffold permeability 

and hydrophilicity (11),(12) that in turn enhances cellular infiltration and angiogenesis (9),(13). 

Moreover, it can offer an ideal environment for basic cell studies, repair of composite 

tissues, and guided tissue regeneration (9). Unfortunately, the clinical examples of such 

scaffolds are rare due to manufacturing cost and design complexity.  

 

Ideally, considering the impact of porosity parameters (i.e., pore size, pore shape, and 

distribution pattern) on the bioactivity of the scaffold (9),(14), a manufacturing method is 

required to allow the development of non-uniform, heterogeneous, multimodal porous 

scaffold with high pore interconnectivity and a range of controllable porosity parameters 
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rather than single size and pattern (15). For this purpose, different techniques have been 

proposed, e.g., unidirectional solidification, freeze-drying, solvent casting, 

particulate/porogen leaching, gas foaming, and additive manufacturing technologies 

(CAD/CAM) (16)–(18). However, the available techniques suffer from limited control over 

porosity parameters, inadequate pore interconnectivity and permeability, high cost, high 

processing temperature, limited resolution, and use of toxic solvents (17),(19). 

 

The freeze-drying technique has received considerable attention because of its ability to 

produce high porosity and interconnectivity at low temperatures (20). Furthermore, it is a 

simple and safe method for preserving the original structure of thermo-sensitive polymers 

(e.g., collagen) during material processing (20). However, the overall procedure is time-

consuming and offers limited control over porosity (20). Therefore, different modifications 

have been suggested to overcome these limitations such as;  addition of different 

surfactants (i.e., polyvinyl alcohol and polyethylene glycol) and porogens (e.g., NaCl) (21). 

However, there are ongoing challenges such as improper control of porosity and the 

cytotoxic potentials of remnant additives in the final products (21).   

D-α-Tocopheryl Polyethylene Glycol 1000 Succinate (TPGS) with an empirical formula 

of C33O5H54(CH2CH2O)n is a water-soluble derivative and the most active isoform of 

vitamin E (22). TPGS is a safe FDA-approved chemical agent that is primarily known 

because of its antioxidant properties. TPGS various applications as plasticizer (23), 

anticancer (24), bioavailability enhancer (25), and drug carrier (26) have been documented. 

However, this study accurately analyzed for the first time the ability of TPGS as a 

potential surfactant/porogen in the production of a well-controlled porous nanocomposite 

scaffold for non-load bearing applications.   

2. MATERIALS AND METHODS  
 
 

2.1. Scaffolds preparation 

Biphasic calcium phosphate nanoparticle (nBCP) was produced in our lab as described 

previously (27),(28). Briefly, a controlled calcining temperature of 900 ℃ was implemented 

during a modified wet mechano-chemical method to produce calcium-deficient carbonate-

substituted nanoparticles (nHA/nβ-TCP%: 92/8%) with high crystallinity (~100%) and 
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homogeneity, 58 nm particle size, and 1.83 Ca/P molar ratio. A commercial type of pure 

collagen solution was purchased (atelocollagen sol 1% w/v, KIWAKI, Japan) to prepare 

three groups of nanocomposite scaffolds; study (collagen/nBCP with TPGS), control 

(collagen/nBCP without TPGS), and standard (pure collagen). The slurry was prepared at 

room temperature by mechanical mixing using an electric stirrer in two different 

composition ratios of collagen/nBCP; 85/15, and 92/8 weight %. Later, the TPGS (Sigma, 

20% weight % in DI) was added stepwise to the slurry in two different weight %; 5% and 

15%. The selected ratios of collagen/nBCP and TPGS were based on the pilot studies 

according to their processability, manipulability and best physical performances. Then, 

the slurry was poured into cylindrical custom-made molds (∅11x15 mm) and exposed to 

two selected quenching rates; -80 °C (deep freezer for 1 hour; D rate) and -18 °C 

(conventional freezer for 12 hours; F rate). The selected quenching rates were based on 

the pilot studies in our lab. Later, samples were freeze-dried at -80 °C and 0.06 mbar 

vacuum pressures (ThermoFisher Scientific, US) for 36-48 hours. Finally, the scaffolds 

were stabilized by immersion in a chemical crosslinker solution of N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma) combined with 

N-hydroxysuccinimide (NHS, Sigma) (EDC/NHS: 50mM/25mM) in 98% ethanol for 4 

hours (29). This was followed by a washing phase (0.1 M of Na2HPO4) and plasma 

sterilization (temperature range of 37- 44 ℃ with 50 min cycle time) which is suitable for 

heat and moisture-sensitive materials.  

 

2.2. Basic physicochemical characterization  
2.2.1. Crystallography (XRD) 

The scaffolds were analyzed by X-ray diffractometer (X’pert PRO, PANalytical, 

Netherland) using Cu radiation (λ=0.15405 nm) operated at 40 kV and 35 mA in 

continuous scan mode with step size 0.02° from 10° to 60° (2θ). The XRD spectra were 

analyzed using JADE software and ICDD standard (JCPDS card no. 09-0432 for pure HA 

and card no. 09-0169 for pure β-TCP).  

 

2.2.2. FTIR spectrophotometry 

The dried scaffold was prepared under a hydraulic pressure (ASTM E1252-98) and 

Fourier Transform Infrared analysis (FTIR spectrometer, Perkin Elmer, US) was 
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performed using middle-range infrared over a frequency region of 4000-600 (cm−1) 

wavenumber at a resolution of 4 cm−1.  

 

2.3. Permeability and porosity analysis  
2.3.1. Swelling test  

The swelling test was performed to measure the swelling ability of the scaffold and the 

water uptake potential of the scaffold’s pore network. This provides information about the 

degree of scaffold permeability and hydrophilicity. Scaffolds (n=10) of known volume 

(Ø10x9 mm length) and weight (Wd) were immersed in phosphate buffer saline (PBS, 

5ml, pH=7.4) for 1 hour, 48 hours (day 2), and 120 hours (day 5) at room temperature. 

The swelling ratio was monitored gravimetrically measuring the water uptake as a 

function of time as follow:  

Swelling ratio (%) = (Ws – Wd) / Wd  x 100 

 

2.3.2. Total porosity analysis 

The total porosity percentage of scaffolds (n=10) were evaluated by the gravimetric 

method. Apparent density (ρa) determined by measuring the volume (cm3) using a digital 

caliper and mass (g) by an electronic balance (ρa = m / v). The theoretical density (ρt) of 

bulk collagen, nHA and nβ-TCP was considered 1.23, 3.156, 3.07 g/cm3, respectively 
(30),(31), to determine the theoretical density of collagen/nBCP scaffolds (1.38 g/cm3 for 

92/8% and 1.51 g/cm3 for 85/15%). The relative total porosity was determined using the 

following formula:   

Porosity (%) = 1 – (ρa / ρt) x 100 
 

2.3.3. SEM analysis  

Scaffolds were sputter-coated under vacuum (JEOL, JFC-1200, Japan) and observed 

using scanning electron microscopy (JEOL, Field Emission SEM, Japan). Microstructural 

and topographical analyses of scaffolds were performed by studying porosity parameters 

including; pore size, pore shape, and pore distribution. Besides, the collagen/nBCP 

configuration and surface roughness were evaluated.  

 

2.3.4. Micro-CT scan  
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3D analysis of internal pore architecture and porosimetry of scaffold was performed using 

X-ray computed microtomography (SkyScan 1172, Belgium). Micro-CT was operated at 

59 kV, 100 µA, with a spot size of ≤ 5 µm, and a resolution of 6 μm volume pixel (voxel). 

Later, the cross-sectional images were reconstructed then the inner microstructure and the 

regional porosity parameters were analyzed (CTAn software, version 1.16.10) by the 

selection of five different scan zones including upper 1/5th (T1), upper 2/5th (T2), middle 

(M), lower 2/5th (B2) and lower 1/5th (B1). At each scan zone, an average of 10 

subsequent slices has been used to represent different porosity parameters. Study 

parameters included; closed porosity %, open porosity %, and central and peripheral 

porosity %. The percentage of open porosity was assumed to reflect the degree of pore 

interconnection.  

 

2.4. Scaffold bioactivity: in vitro cell culture analysis 

Within the limit of this study and based on the physicochemical characterization, 

scaffolds exposed to D rate were selected for cell culture study using MC3T3-E1 (ATCC) 

cell line. Early cell passage was inoculated (3x105 cells/ml) on the surface of pre-wetted 

scaffolds followed by 3 hours incubation time (in 5% CO2 at 37 °C and 95% humidity). 

Later, the proliferating medium of α-MEM (GibcoTM) containing 10% FBS (GibcoTM) 

and 1% penicillin-streptomycin (GibcoTM) was added to cover the scaffold surfaces. After 

day 10, the medium was replaced by mineralization medium that was prepared by adding 

0.15 mM (50 µg/ml) ascorbic acid (GibcoTM), 10 mM β-glycerol phosphate (Sigma) and 

100 nM dexamethasone (Sigma). The ability of scaffolds in supporting cell attachment 

(SEM, day 9), proliferation (Alamar blue®, days 1, 5, and 9), and differentiation (ALP, 

day 21) were studied. 

 

2.5. Statistical analysis 

Statistical analysis was performed using SPSS software (SPSS ver. 24) setting the level of 

statistical significance at p < 0.05. All results were represented in the form of mean ± SD. 

A comparison between different groups was made using the ANOVA test. Multiple 

comparison tests with Turkey HSD were done if the variances were homogenous. 

 
3. RESULTS 
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3.1. Crystallography and functional group analysis  

XRD results of nanocomposite collagen/nBCP scaffolds showed defined characteristic 

peaks consistent with ICDD standard relevant to nHA (JCPDS no. 09-0432) as the 

primary crystalline phase as well as minor peaks relevant to nβ-TCP (JCPDS no. 09-

0169) (Fig. 1). When comparing the XRD pattern of nanocomposite scaffolds with that of 

pure nBCP phases, a minor decrease in diffraction peaks intensities was detected 

corresponding to the lower crystallinity (low nBCP ratio) or a higher ratio of collagen. 

However, variables such as different collagen/nBCP ratios, quenching rates and TPGS 

ratios had no impact on XRD patterns of scaffolds.  

 
Furthermore, the FTIR analysis of nanocomposite scaffolds confirmed the preservation of 

both mineral and collagen phases. Typical characteristic absorption bands of nBCP 

minerals were observed that represented HA + β-TCP nanoparticles (92/8 % composition 

ratio) with type AB carbonate substitution (Fig. 2). The collagen phase also displayed 

typical absorption peaks of amide bands of proteins (Amide I, II, III, A, and B) with an α-

like helical configuration (32).  

 

The possible impact of TPGS on the chemical nature of the produced scaffold was studied 

in detail. No effect of TPGS was observed on absorption bands of nBCP phases. 

Furthermore, the main absorption bands of TPGS (Fig. 2) were not traced in the FTIR 

pattern of crosslinked scaffolds which indicate that TPGS molecules most probably were 

eliminated during the washing procedure. However, a mild decrease in amide bands A 

(both 85/15% and 92/8% groups) and the band I (only in 92/8% group) were detected 

after the addition of TPGS. These data indicate possible minor interactions between 

collagen and TPGS molecules without a major impact on collagen molecular 

configurations. 
 
 

3.2. Analysis of scaffold permeability by the study of swelling percentage  

The permeability of the scaffold was found to be dependent on at least four factors; time 

factor, collagen ratio, TPGS ratio, and quenching rate (Table 1). There was a general 

increase in the swelling percentage over time with significant changes seen in pure 

collagen and 92/8% group at D rate. In general, 92/8% group and those with TPGS   

showed higher swelling percentage than 85/15% group and those without TPGS.  
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3.3. Evaluation of total porosity ratio  

The data confirmed that the total porosity % could be actively modified by controlling 

three factors; nBCP ratio, TPGS ratio, and quenching rate. In general, 92/8% group 

displayed a higher porosity % than 85/15% group (Fig 3). The F quenching rate resulted 

in the reduction of porosity % in the 92/8% group compared to the D rate. However, the 

addition of TPGS increased porosity % of the F rate over the D rate.  

 

3.4. Microstructural study of scaffold topography   

92/8% group (with higher collagen %) showed higher porosity % and larger pore size, 

where the pore network was more open and interconnected. However, 92/8% group 

displayed a smoother surface compared to 85/15% group due to the presence of lower 

nBCP mineral agglomerates. Furthermore, TPGS caused obvious changes in porosity 

parameters (i.e., pore size, pore shape, and total porosity %) that in turn modified the 

surface roughness. Moreover, scaffolds without TPGS mostly displayed elongated/tubular 

pore shapes with fewer pore interconnections. However, TPGS changed the pore shape 

into primarily round/oval or polygonal with more distinctive and thinner pore walls and 

higher pore interconnections (Fig. 4). There was also an obvious emergence of minor 

pores (< 1 µm) with a remarkable increase in the range of pore size. Notably, TPGS 15% 

resulted in the transformation of pore shape into predominantly round/oval with an 

increase in mean pore size in 92/8-15% and loss of distinctive surface topography in 

85/15-15%.   
 

The quenching rate was also found to have a significant impact on the porosity parameters 

which was in turn influenced by collagen/nBCP and TPGS ratio. In general, the average 

pore size and porosity ratio were reduced by a decrease in quenching rates (F > D). D rate 

created a higher number of smaller pores yielding a highly rough surface, while the F rate 

showed the minimum number of larger pores with a smoother surface. Concerning the 

pore shape, the F rate resulted in the round/oval pore while D rate resulted in roughly 

round/oval and polygonal pore shape.  

 

High SEM magnifications (Fig. 5) revealed the nBCP mineral phase as agglomerate 

deposits integrated into the backbone of the collagen network or dispersed 
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homogeneously throughout the collagen surface. As expected, 92/8% group with a lower 

nBCP % displayed a lower number of mineral agglomerates and smoother surface. 

Furthermore, high magnifications revealed the abundance of minor pores in the pore walls 

and surface of scaffolds treated with TPGS.  

 

3.5. Micro-CT scan analysis of porosity  

It was found that the 92/8% group has a higher percentage of open porosity and a lower 

percentage of closed porosity at both central and peripheral regions compared to 85/15% 

group, independent of quenching rates. However, the impact of TPGS on porosity 

parameters varied depending on the collagen/nBCP composition ratio, quenching rate, 

and the scaffold’s region under study.  

 

In general, at the F rate (Table 3), TPGS 5% resulted in a significant increase in 

open/regional porosity at both scaffold central and perimeter of 92/8% group. However, 

TPGS 15% resulted in a significant decrease and increase of open/regional porosity ratio 

in 92/8% (at both scaffold central and perimeter) and 85/15% (only at scaffold perimeter) 

groups, respectively. Considering the impact of quenching rates, it was concluded that the 

D rate resulted in a higher ratio of open/regional porosity at both scaffold central and 

perimeter compared to the F rate.  

 

At D rate (Table 4), TPGS 5% caused a remarkable decrease in open/regional porosity of 

the scaffold central (both 92/8% and 85/15% groups) and perimeter (only 85/15%). 

However, TPGS 15% reversed this effect by increasing the open/regional porosity again 

(except the open porosity ratio at scaffold perimeter of 92/8% group). Furthermore, 

open/regional porosity percentages were found to be higher in scaffold perimeter than it’s 

central, in particular, in the scaffold with TPGS. This finding was more consistent at 

TPGS 5% independent of quenching rate and collagen/nBCP ratio (p < 0.05). 

 
Furthermore, Micro-CT cross-sectional images revealed the presence of parallel pore 

channels connecting the perimeter to the central scaffold (Fig. 6). These parallel pore 

channels resulted in a higher total porosity (open pores) at the scaffold periphery 

compared to scaffold central. These channels were more evident at the D rate and less 

visible at the F rate. At D rate, addition and increasing TPGS % resulted in a higher 
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number of parallel pore channels with larger dimensions. However, at F rate, TPGS 

resulted in a less evident but larger pore channel in 85/15% but a more visible and 

narrower pore channels in 92/8% group. 

3.6. Bioactivity of scaffolds: scaffold-cell interactions 
3.6.1. Cell proliferation and ALP assay  

Within the limit of this study, D rate scaffolds were used for in vitro studies because of 

their better physical performances. Results of cell viability assay on scaffolds exposed to 

D rate confirmed the scaffold biocompatibility and lack of cytotoxicity (Fig. 7). In 

general, 92/8% group supported a higher cell proliferation rate than 85/15% group. 

Furthermore, it was observed that scaffolds with TPGS supported significantly higher cell 

attachment and proliferation rate than scaffolds without TPGS. However, no significant 

difference was found between TPGS 5% and 15% ratios within the same group, except 

for 92/8-15% on day 9 which supported significantly higher cell numbers than all other 

groups.  Accordingly, the ALP assay on culture day 21 showed no statistical differences 

between groups; however, a relatively higher ALP activity was noted in TPGS samples, 

in particular, 92/8-15%. 
 

3.6.2. Cell morphology, attachment, and distribution pattern  
On SEM observation (Fig. 8), cells were characterized by spindle-shaped/polygonal 

morphology and were attached firmly to the scaffold spreading their cytoplasmic 

extensions and filopodia. Of particular interest was the ability of osteoblast cells to span 

the pore by their elongated filopodia as a sign of firm attachment that is also reported 

elsewhere (Fig. 8B) (33),(34). 

Among all scaffolds, 92/8-15% showed better cellular support by allowing more 

extensive cellular extensions and the spread of filopodia. Also, the initial secretion of the 

extracellular matrix was noted in this group with some extracellular mineralized deposits 

in the form of calcifying spherical nodules distributed on the scaffold surface (Fig. 9). 
 

4. DISCUSSION 
4.1. The interaction between processing variables and porosity/permeability parameters 

4.1.1. Impact of TPGS on porosity and permeability 
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The ability of TPGS in modifying the scaffold porosity and permeability parameters can 

be explained by its significant surface-active properties and amphiphilic nature with the 

potential to form micelles at a relatively low critical micelle concentration. Furthermore, 

TPGS can undergo multiple liquid crystalline phase transformations based on micellar re-

arrangement by increasing TPGS concentration (35). Accordingly, our findings supported 

the ability of TPGS to generate micelles at basically two main phases; the simple phase 

(TPGS 5%) with the formation of small micelles and hence minor pores, and, the complex 

phase (TPGS 15%) with the formation of bubbles and hence larger main pores. 

It has been reported that the freeze-dried scaffolds display the typical honeycomb-like 

porous structure (36) with a monomodal pore size distribution pattern and a mean pore size 

of 100 to 200 µm (usually oriented tubular pore) with isotropic pore interconnections of < 

10 µm (20). However, the addition of a non-ionic surfactant (e.g., Tween) have been 

reported to alter this porosity pattern by decreasing the range of pore size from 100 to 200 

µm to 1 to 50 µm which results in an overall reduction of porosity and production of a 

trimodal pore distribution pattern (37). Similarly, in this study, TPGS reduced the total 

porosity percentages in D rate and F rate scaffolds. However, TPGS caused an increase in 

the range of pore size (< 1 to 400 µm) and a change of pore shape into mostly oval/round 

or polygonal with thinner pore walls and higher pore interconnections. This resulted in the 

scaffold with a multimodal heterogeneous pore network (Fig. 4 and Fig. 5). 

 

Micro-CT scan analysis of the scaffold inner structure (Fig. 6, Table 2, and Table 3) 

revealed that TPGS could alter the percentage of closed and open porosity based on its 

concentration which is in turn influenced by the quenching rate and collagen/nBCP ratio. 

In fact, TPGS micelle forming capacity may be the reason for increasing the percentage of 

the closed pore within the D rate scaffold treated with a low TPGS ratio of 5%. This, in 

turn, resulted in reducing the open/regional porosity percentages at both central and 

perimeter of scaffolds. However, TPGS 15% was found to reverse this effect by 

increasing the open and regional porosities. This could be attributed to the excessive 

formation of interconnected micelles or bubbles inside the composite slurry. On the other 

hand, the scaffold exposed to the F rate showed different behavior where TPGS 5% and 

15% resulted in an increase and decrease in open/regional porosity, respectively. This 

once again implies the importance of the quenching rate on the internal scaffold porosity.  
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The influence of TPGS on swelling % or scaffold permeability (Table 1), in particular in 

92/8% group is by the literature where the application of other non-ionic surfactants was 

also reported to improve the wettability and the water uptake of the scaffold (37),(38). This 

effect can be attributed mainly to the pore-forming ability of TPGS with the generation of 

minor pores in the pore wall and scaffold surface which in turn increased the surface area 

and improved the diffusion rate and scaffold permeability (39),(40). Another possible 

contributing factor could be the surfactant potential of TPGS that may increase the 

hydrophilicity of the scaffold and water uptake capacity. However, FTIR analysis of 

scaffold before and after the crosslinking indicated the absence of TPGS in the chemical 

composition of the final scaffold (data in supplementary).   

 

Modification of porosity and permeability could be important when considering the 

possibility of controlling the uptake/release capacity of medicine, modulating the cellular 

and biological responses, and optimizing the mechanical properties. However, a careful 

analysis of changes in the scaffold microstructure is required to evaluate the particular 

impact of TPGS and other processing variables on modulating the porosity parameters 

through the introduced technique.  

4.1.2. Impact of quenching rate 

The quenching rate was also found to have a remarkable impact on the porosity 

parameters. In fact, the impact of the quenching rate on the porosity, hydrophilicity, and 

permeability has been reported (41). In general, a continuous reduction in the average pore 

size and porosity ratio was noted by a decrease in the quenching rate from -18 ℃ (F rate) 

to -80 ℃ (D rate) (Fig. 4). In particular, the D rate created a higher number of smaller 

pores yielding a highly rough surface, while the F rate showed the minimum number of 

larger pores with a smoother surface. This is by the literature that a high quenching rate 

allows a lower nucleation rate but a higher growth rate that generates larger solvent 

crystals and hence larger pore size (42). On the other hand, a low quenching rate is reported 

to reduce the afforded time for solvent nucleation and subsequent crystal growth, which 

results in the generation of smaller pores (41) with a more regular and homogenous pore 

structure (43). Concerning the pore shape, the F rate resulted in the round/oval pore while 

D rate resulted in roughly round/oval and polygonal pore shape (Fig. 4A and 3B). 
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Nevertheless, the presence of tubular parallel pore networks (Fig. 6) correlates with the 

direction of heat transfer within the collagen/nBCP slurry during freeze-drying. 

 

4.1.3. Impact of collagen and mineral phases 

In agreement with the literature (21),(42),(44),(45), we found that collagen % can play an 

important role in modifying the porosity parameters and permeability. Higher collagen 

concentration in 92/8% scaffold resulted in the increase in pore size (Fig. 4 and 5), an 

increase in open pores and a decrease in closed pores (Table 3), and an increase in total 

porosity percentage. These changes in porosity parameters caused a significant increase in 

permeability (Table 1). Furthermore, it is reported that the mineral phase could increase 

the surface roughness that improves the biological behavior by providing a better and 

more confirms attachment sites for bone cells (42). Accordingly, in this study both groups 

revealed surface roughness, however, the higher mineral phase in 85/15% group resulted 

in a decrease in pore size, open and total porosity, and permeability (Fig. 3, 4 and 5, Table 

2).  

 

4.2. The interaction between porosity/permeability and cellular behaviors 

The presentation of multiple cellular extensions and long filopodia in this study (Fig. 8) 

can be attributed to the higher focal adhesion sites on the scaffolds which were produced 

by nanoscale biomaterials  (i.e., smaller grain and higher specific surface area) with 

favorable surface topography (i.e., nano to micro porosities) (46). However, the scaffold 

with TPGS showed a relative decrease (p> 0.05) in cell proliferation rate on culture day 9 

compared to day 5 (Fig. 7). This may be explained by cells entering the early 

differentiation phase due to the favorable scaffold topography in this study (i.e., the 

increased range of pore size with higher microporosity and hydrophilicity). This is 

reported to reduce the proliferation rates of cells while inducing earlier and higher 

vascularization and osteogenic differentiation (47).  

 

With regards to pore size, it should be mentioned that the literature recommends a various 

range of pore sizes (20 to 1500 µm) for bone regeneration (48). Furthermore, the majority 

of the available scaffolding materials have a narrow range of pore size with uniform 

porosity. However,  in agreement with the literature (19), it seems that the increased range 
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of pore size (< 1 to 400 µm) in this study, as well as the controlled pore distribution 

(gradient porosity), could provide higher support for cells interaction and tissue 

regeneration.  

There is no consensus in the literature about the ideal pore morphology (48). For example, 

for enhanced osteogenic differentiation and bone regeneration various range of pore 

shapes have been suggested such as; columnar pore (49), radial pore (50), and round pore (51). 

However, a closer look into the pore morphology of the natural bone reveals that there are 

also different ranges of pore shapes. As such, increasing the range of pore shape in a 

controlled pattern could increase the scaffold potential in supporting various interacting 

cells, new vessels and deposited tissues. However, different pore morphologies is reported 

to modulate the deposition and quantity of ECM and not the differentiation of cells (52). 

Within the context of this study, the MC3T3 cell lines showed a more preference toward 

round/oval pore morphology which was seen in D rate scaffold with TPGS.  

 

Considering the pore distribution pattern, the potentials of the gradient porous structure 

have been already discussed in supporting various cell types and composite tissue 

regeneration (1),(53). The novelty of this study lies in the design of the gradient porosity 

specifically tuned to have a higher porosity ratio and pore size at the outer periphery 

compared to the inner part while maintaining high pore interconnectivity. Furthermore, 

the presence of parallel pore channels connecting the scaffold’s peripheral and central 

region could be critical in maintaining the vitality of the regenerating tissues inside the 

scaffold by securing vascularization and cellular infiltration. This could be an ideal pore 

distribution pattern and a good candidate for effective tissue engineering.   

 

The permeability of the scaffold is also highly related to protein/cell performances on the 

surface of the scaffold and further infiltration. Application of higher collagen percentage 

(92/8% group) and lower quenching rates (D rate and F rate) combined with TPGS 

resulted in a significantly higher permeability. This is related to the surfactant activity of 

TPGS and the resulted oval/round pore shape, wider range of pore size, higher pore 

interconnectivity, and well-controlled pore distribution pattern (gradient porosity with 

larger pores at the scaffold periphery). This optimized porosity and permeability created a 

favorable environment that supported better cellular performances (attachment, 
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proliferation, spread, early osteogenic differentiation) on these scaffolds. Furthermore, the 

permeability factor could be also useful in the field of controlled drug delivery for 

therapeutic purposes. The scaffold with different permeability or loading capacity could 

be loaded with different concentrations of regenerative/therapeutic agents to be released at 

the target area.  

 

In general, the findings of this study support the literature in that porosity and 

permeability parameters modify the biological behaviors (54) and cells are positively 

stimulated by a wide range of pore size (48) with round/oval or polygonal pore morphology 
(51),(55). Therefore, according to this study, the higher bioactivity could be related to an 

increase in the range of pore size, a higher percentage of pore interconnection, and 

optimizing the pore morphology and distribution pattern. Furthermore, the impact of 

surface roughness should also be noted in improving the biological behavior by providing 

a better and more confirm attachment sites for cells (42). However, the biological findings 

in this study are related to MC3T3 pre-osteoblast cells which may not be generalized to 

other cell lines. Furthermore, more accurate biological studies including multiple time 

points analysis using further in vitro and in vivo studies are required to explore the exact 

detail of interaction between porosity and hydrophilicity and biological responses on these 

scaffolds. 
 

 

4.3. Properties, potentials, and limitations of the produced scaffolds 

 
Considering the chemical composition (collagen/ HA/β-TCP) of the produced scaffolds, 

these scaffolds can be compared with some similar available commercial bone graft 

biomaterials such as; Collagraft (Zimmer), Cross.Bone matrix (Biotech Dental), and 

Mastergraft (Medtronic). However, characteristic physical properties of these scaffolds 

limit their application to the small bony defects in non-load bearing sites; e.g., tooth 

extraction socket, periodontal/peri-implant bony defect, and spinal surgery.  

The significance of the presented results relies on the fact that these scaffolds can be 

prepared with the desired porosity/permeability depend on the requirements of the 

recipient site. Based on our findings we recommend scaffold with oval/round/polygonal 
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pore morphology with a wide range of pore sizes for further analysis which was better 

seen in the D rate 92/8% scaffolds produced with TPGS. Furthermore, these scaffolds 

demonstrated a gradient porous network with a scaffold perimeter of higher porosity 

connected to the scaffold central of lower porosity by parallel open-pore channels (Fig. 

6B). This unique porosity design could provide the following potentials; a) improves the 

scaffold permeability and facilitates biofluid and cellular infiltration (11),(12), b) avoid over-

population of cells on the scaffold surface and prevent the development of necrotic zones 

inside the scaffold (11), c) promote early and high vascularization of implant bed, 

therefore, it could be a good candidate for tissue regeneration in the area suffering from 

poor wound healing or defective vascularization; e.g., infection, diabetic mellitus, etc.) 
(11),(13), d) could allow concurrent growth of different cell types (1),  and, e) could be used 

in the area of drug delivery for loading and controlled release of molecules of different 

concentration based on the permeability (uptake %) of the scaffold. Finally, considering 

various clinical advantages of TPGS (e.g., antioxidant, drug carrier potential, 

bioavailability enhancer, etc.), the introduced production method can be further 

investigated for the development of customized scaffold (i.e., incorporation of 

signaling/therapeutic agents and stem cells) for various tissue engineering applications 

(Fig. 10). 

 

5. CONCLUSION 

This study demonstrated the potential of a simple and cost-effective method in the 

production of structurally graded biomimetic bone scaffold using vitamin E (TPGS). The 

introduced method allowed the development of a well-controlled gradient porous scaffold 

with a multimodal heterogeneous pore network and a wide range of pore size with 

round/oval/polygonal pore morphology. The novelty of this paper relies on the use of 

vitamin E as an active porogen and surfactant to optimize the porosity and increase the 

permeability of the scaffold. Considering the potential of vitamin E (TPGS), this method 

can be a promising one for further research and production of customized or smart 

scaffolding biomaterials for bone tissue engineering and other regenerative and 

therapeutic applications.     
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Figure legend 

Fig 1. XRD pattern of nanocomposite scaffolds with different TPGS ratios showing the relevant 
major peaks of nHA (marked with ‘v’) and nβ-TCP (marked with ‘*’). 

Fig. 2. FTIR pattern of pure nBCP, collagen, TPGS, and nanocomposite scaffolds (D rate). For 
pure collagen, the amide bands are marked. For nBCP the main bands corresponding to the 
chemical groups are numbered as follows: 1) OH-, 2) CO3

2-, 3) PO4
3-, and, 4) HPO4

2-. The main 
bands of TPGS are indicated with stars.  
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Fig 3. The total porosity of scaffolds at different quenching rates. “*” indicates significant 
differences between different quenching rates in the same sample.  

Fig. 4. SEM views of scaffolds surface topography at F and D rates. 

Fig. 5. SEM high magnification views of 92/8% and 85/15% groups. 
 
Fig. 6. A. Micro-CT scan reconstructed images of the scaffolds at mid-section. B. The longitudinal 
and cross-sectional view of the scaffold. Top) Multimodal gradient porosity with higher peripheral 
porosity and lower central porosity. Bottom) tubular parallel pore channels connecting the scaffold 
periphery to the central region.   

Fig. 7. Cell proliferation and ALP assay of scaffolds over the culture period. “*”: p-value for the 

comparison within the figure (p< 0.05) 

Fig. 8. SEM views of cell morphology and attachment on culture day 9. A) A typical spindle-like 
cell with extended filopodia. B) Spanning of a pore by elongated filopodia of a cell. C) A cell with 
a polygonal shape of about 30 µm size with extended filopodia over 100 µm. D) Extracellular 
mineralized deposits in the form of calcifying spherical nodules.   

Fig. 9. SEM views of cellular spread on the scaffolds with the secreted extracellular matrix. 

Fig.10. The porogen and surfactant potential of vitamin E as it has been demonstrated in this paper. 

Other documented potentials of vitamin E as an antioxidant, plasticizer, permeability enhancer, 

drug carrier, and to overcome multi-drug resistance (MDR) could be integrated with 

porogen/surfactant properties for the production of smart or customized biomaterials in therapeutic 

and regenerative medicine.   
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Table 1. Swelling percentage of the scaffolds at different quenching rates over the test period. “*”, 
“#”, and “$”: the p-value for each comparison within the table. “*” significant differences between quenching 

rates in the same scaffold/testing time. “#” significant differences between testing times in the same 
scaffold/quenching rate. “$” significant differences between scaffolds in the same testing time/quenching rate. 

 
 

Swelling % 
 

Hour 1 
 

Day 2 
 

Day 5 
 

Group 
-18 °C 

(F) 

-80 °C  

(D) 

-18 °C 

(F) 

-80 °C 

(D) 

-18 °C 

(F) 

-80 °C 

(D) 

92/8-0% 712 758$ 751 775# 783 812$# 

92/8-5% 1017$ 813$# 1055$ 889$# 1084$ 918$# 

92/8-15% 804$ 858$ 892$ 952$# 924$ 962$# 

85/15-0% 473$ 489 491 498 505 502 

85/15-5% 507 528 532 528 550 538 

85/15-15% 552 543 561 555 585 566 

Collagen 2537$# 3386$# 3141$# 3657$# 3787$# 3880$# 

 

 

  

This article is protected by copyright. All rights reserved.



 
 

Table 2: Descriptive table of Fig. 4 explaining the detailed changes in the porosity parameters. It 
should be noted that the appearance of minor pores increased the range of pore sizes and 
percentage of pore interconnections. (Pore size range (SR), minor pore (MP), pore shape (S)). 
 

Groups 
-18 °C (F)  -80 °C (D) 

92/8% 85/15% 92/8% 85/15% 

0% 
S: round 
SR: 5-100 µm 
MP: rare 

S: irregular  
SR: 40-150 µm 
MP: absent 

S: tubular   
SR: 50-400 µm 
MP: rare 

S: tubular   
SR: 50-300 µm 
MP: absent 

5% 
S: altered/ round 
SR: 15-300 µm 
MP: visible  

S: 
altered/irregular  
SR: 20-300 µm 
MP: visible  

 S: oval/round/ 
polygonal 
SR: 5-200 µm 
MP: visible  

S: oval/round/ 
polygonal 
SR: 10-200 µm 
MP: visible 

15% 

S: altered/ round 
SR: 15-400 µm 
MP: clearly 
visible 

S: completely 
altered  
SR: 50-300 
MP: clearly 
visible 

 S: oval/round 
SR: 5-250 µm 
MP: clearly 
visible 

S: irregular 
SR: 10-250 µm 
MP: clearly 
visible 
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Table 3. F rate: Micro-CT data of porosity parameters at the scaffold’s central and 
peripheral regions. “*” and “$”: the p-value for each comparison within the table. “*” significant 

difference between the ratio of the same group, “$” significant difference between scaffold’s central and 
peripheral regions. 

 
-18 °C  

(F rate) 

 

Scaffold perimeter 
 

Scaffold central 

 

Scaffold 
Closed 

porosity % 

Open  

porosity % 

Regional 

porosity % 

Closed 

porosity % 

Open 

porosity % 

Regional 

porosity % 

92/8-0% 15.56±0.71$ 84.43±0.71$ 95.03±0.35$ 28.12±0.24 71.87±0.24 89.68±0.11 

92/8-5% 11.46±5.53*$ 88.53±5.53*$ 96.58±1.82$ 19.25±0.15* 80.74±0.151* 93.64±0.05* 

92/8-15% 21.98±6.00*$ 78.01±6.00*$ 92.07±3.05*$ 40.04±0.25* 59.95±0.25* 83.75±0.07* 

85/15-0% 19.76±6.32$ 80.23±6.32 87.17±4.08 21.30±0.40 78.69±0.40 88.19±0.09 

85/15-5% 19.18±6.05 80.81±6.05$ 88.36±4.21$ 25.98±0.44* 74.01±0.44 83.94±0.11 

85/15-15% 15.60±12.26*$ 84.39±12.26*$ 89.20±8.34 21.10±0.30 78.89±0.30 88.079±0.05 

Collagen 22.70±0.16 77.29±0.16 93.68±0.032 24.47±1.15 75.52±1.15 93.32±0.03 

 

 

  

This article is protected by copyright. All rights reserved.



 
 

Table 4. D rate: Micro-CT data of porosity parameters at the scaffold’s central and peripheral 
regions. “*” and “$”: the p-value for each comparison within the table. “*” significant difference between the 

ratio of the same group, “$” significant difference between scaffold’s central and peripheral regions. 
 

-80 °C 

(D rate) 

 

Scaffold perimeter 
 

Scaffold central 

 

Scaffold 
Closed 

porosity % 

Open  

porosity % 

Regional 

porosity % 

Closed 

porosity % 

Open  

porosity % 

Regional  

porosity % 

92/8-0% 11.96±5.40 88.03±5.40 95.85±1.86 13.52±0.16 86.47±0.16 95.72±0.02 

92/8-5% 12.56±7.05$ 87.43±7.05$ 95.22±2.18$ 19.71±0.34* 80.28±0.34* 90.00±0.03* 

92/8-15% 15.23±4.15* 84.76±4.15* 94.80±1.89 16.73±0.42 83.26±0.42 93.97±0.01 

85/15-0% 20.45±1.69$ 79.54±1.69$ 91.43±1.81$ 24.32±0.06 75.67±0.06 89.31±0.05 

85/15-5% 25.71±3.44*$ 74.28±3.44*$ 88.24±1.95*$ 30.18±0.14* 69.81±0.14* 85.29±0.11* 

85/15-15% 24.13±5.80*$ 75.86±5.80*$ 89.19±3.85*$ 29.64±0.06 70.35±0.06 86.16±0.04* 

Collagen 7.64±5.79 92.35±5.79 96.59±1.86 9.09±0.72 90.90±0.72 95.79±0.20 
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