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Dual Porosity Protein-based 
Scaffolds with Enhanced Cell 
Infiltration and Proliferation
Morteza Rasoulianboroujeni  1,2, Nasim Kiaie3, Fahimeh Sadat Tabatabaei  1,4, 
Amir Yadegari1, Farahnaz Fahimipour1, Kimia Khoshroo1 & Lobat Tayebi  1

3D dual porosity protein-based scaffolds have been developed using the combination of foaming 
and freeze-drying. The suggested approach leads to the production of large, highly porous scaffolds 
with negligible shrinkage and deformation compared to the conventional freeze-drying method. 
Scanning electron microscopy, standard histological processing and mercury intrusion porosimetry 
confirmed the formation of a dual network in the form of big primary pores (243 ± 14 µm) embracing 
smaller secondary pores (42 ± 3 µm) opened onto their surface, resembling a vascular network. High 
interconnectivity of the pores, confirmed by micro-CT, is shown to improve diffusion kinetics and 
support a relatively uniform distribution of isolated human dental pulp stem cells within the scaffold 
compared to conventional scaffolds. Dual network scaffolds indicate more than three times as high cell 
proliferation capability as conventional scaffolds in 14 days.

Engineered constructs, known as 3D scaffolds, resembling the natural Extra Cellular Matrix (ECM) and support-
ing cell functions are being widely investigated for tissue regeneration purposes. An ideal scaffold should facilitate 
nutrient supply and waste removal while enabling cell adhesion, growth, proliferation and migration. Although 
scaffold ingredients and composition play an important role in this matter, tailoring the inner architecture of 
the scaffold toward imitating the function of natural tissues can further improve cellular function and activity1,2.

Controlling the pore size distribution and covering different length scales can considerably influence the scaf-
fold performance. While very small pores allow for molecular transport essential for nutrition, waste removal 
and signaling, bigger pores facilitate cell migration and capillary formation, as well as the incorporation of nerves 
and blood vessels3,4. This is particularly important when critically sized defects are taken into consideration when 
nutrient supply is a problem and attempts are being made to improve vascularization5.

In the journey toward developing an efficient scaffold, dual porosity scaffolds with a primary interconnected 
network of big pores and a secondary interconnected network of smaller pores are becoming the matter of inter-
est. Some studies have combined two different methods of fabrication to produce multiple pore sizes or geome-
tries. Examples include the combination of 3D-printing/salt leaching6 and micro-molding/porogen templating7.  
Multi-material scaffolds consisting of a microporous structure made of a polyester, for example, and a micro 
or nanoporous structure obtained by filling the primary structure with a hydrogel have also been suggested as 
dual porosity scaffolds8. Dipping a metallic foam into a polymer solution followed by cross-linking of the coated 
polymer and etching the metallic template away is another suggested method to produce dual network scaffolds 
resembling vascular networks observed in tissue9. Lastly, a surface gelling mechanism has been exploited to cre-
ate small pores within the walls of bigger pores of a polyurethane-based scaffold made by inkjet printing10. In 
addition to the high cost of equipment and complexity of procedure, and despite potentially yielding the desired 
structure, the mentioned methods are not applicable to sensitive biomolecules like proteins.

Amongst various fabrication methods, freeze-drying is of great importance as it allows fabrication of 
protein-based scaffolds where damaging process parameters and elements such as heat or solvents need to be 
avoided. Even though freeze-drying has been used in combination with other methods to produce dual porosity 
polyester-based scaffolds11, production of dual porosity protein-based scaffolds using this method has not been 
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well concentrated. This method includes freezing the structure followed by sublimation of the ice crystals and 
desorption of non-frozen bound water under vacuum. The porosity could be controlled by managing the freezing 
process. Despite the advantages, this expensive method suffers from some weaknesses. The long drying time due 
to limited diffusion restricts the size of the scaffolds that can be fabricated through this method12–14. Furthermore, 
insufficient control over the pore size, despite the attempts made by many authors to control the ice crystal growth 
on one side and scaffold shrinkage and structural deformation on the other side, remain unaddressed15–18. Hence, 
developing a method that offers freeze-drying advantages but eliminates its drawbacks is highly desired. Such a 
method is not only expected to facilitate production of large scaffolds with finely tuned pore size, but also to grant 
the co-existence of small and big pores in the form of dual interconnected networks.

In this study, we suggest a new facile method for fabrication of large gelatin-based scaffolds with such an 
architecture. We combined foaming and freeze-drying methods to not only abolish the shortcomings of the con-
ventional freeze-drying protocol, but to also achieve a highly porous scaffold with dual interconnected networks, 
which is reported here for the first time. The obtained structure supports a relatively uniform distribution of the 
cells throughout the scaffold and triples the proliferation capacity.

Results
Morphology of the primary pores. The morphology of primary pores was investigated using scanning 
electron microscopy (SEM). Figure 1 shows the SEM images of the primary porous architecture of the scaf-
folds made using various concentrations of gelatin solution (5–15% w/v, rows 1–3 in Fig. 1) and agitation speeds 
(0–1500 rpm, columns A-C in Fig. 1). The agitation and molding was performed at 40 °C, well above the gelation 
temperature of all formulations (Supporting Information, Figs S1 and S2). Scaffolds prepared via conventional 
freeze drying, i.e. without foaming (0 rpm, Fig. 1-As), despite yielding porous structures are not comparable to 
the foamed ones (Fig. 1-B and Cs) in terms of order, uniformity and interconnectivity of the primary pores. The 
foamed samples present more homogenous primary structures, better mimicking the architecture of the natural 
tissues like bone. The obtained structure was positively influenced by increasing both the gelatin concentration 
and agitation speed. When 5% w/v gelatin was used, agitation at neither low (500 rpm) nor high (1500 rpm) 
speeds could produce ideal morphology as seen in Fig. 1-B1 and C1, respectively. In contrast, high concentration 
of gelatin, i.e. 15% w/v (Fig. 1-B3 and C3), gives high-quality primary structure even at low speeds. Interestingly, 
moderate concentration, i.e. 10% w/v, can produce acceptable morphology only when high speed is employed 
(Fig. 1-C2). Agitation speeds as low as 500 rpm are unable to induce adequate bubbling in 10% w/v gelatin and 
the obtained morphology is similar to the conventional samples (Fig. 1-B2). These phenomena suggest the simul-
taneous significance of concentration and speed.

Figure 1. Scanning electron microscope images of scaffolds made of Gelatin 5% w/v foamed at 0 (A1), 500 (B1) 
or 1500 (C1) rpm, 10% w/v foamed at 0 (A2), 500 (B2) or 1500 (C2) rpm, 15% w/v foamed at 0 (A3), 500 (B3) 
or 1500 (C3) rpm.
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Porosity, mechanical properties, shrinkage and deformation. The effect of gelatin concentration 
and agitation speed on the porosity and mechanical properties of the final scaffolds were also examined. The 
porosity (pore volume) and Young’s modulus were also found to be influenced by both concentration and speed 
of agitation as shown in Fig. 2A–D. As seen in Fig. 2A, for each agitation speed, porosity decreases with increasing 
concentration, with the exception of 10% w/v gelatin at 500 rpm due to its intermediate structure (see Fig. 1-B2). 
According to Fig. 2B, porosity also increases with increasing speed for all concentrations (p < 0.0001) and, in gen-
eral, the effect of agitation speed is more significant than concentration. In regards to mechanical properties, com-
pressive modulus increases with the increase of concentration in conventional scaffolds (p < 0.05), as expected 
(Fig. 2C). According to Fig. 2C, at 500 rpm, the gelatin concentration had a significant effect on the modulus of 
the scaffolds (p < 0.0001). Among all the samples prepared at this agitation speed, sample 10%-500rpm had the 
highest modulus again maybe because of its intermediate structure (see Fig. 1-B2). When agitated at 1500 rpm 
(Fig. 2C), the sample 5%-1500rpm was too weak to endure mechanical testing, and for the other two concen-
trations, no significant difference in modulus was observed (p > 0.05). Considering the effect of agitation speed 
at a certain concentration (Fig. 2D), only at the high concentration was the effect of agitation speed found to be 
significant (p < 0.05). In this case, the modulus decreased with the increase of agitation speed.

Among all the samples, 15%-500rpm (high concentration, low speed) was found to have the desired primary 
structure (local interconnected pores observed in SEM images), high porosity (>90%) and significantly superior 
modulus (>1 MPa) compared to 10%-1500rpm (p < 0.001) and 15%-1500rpm (p < 0.05) and was thus selected 
for additional analysis. This sample has the minimal deformation compared to the conventional scaffolds and 
presents a shrinkage of less than 5%, as illustrated in Fig. 2E,F. However, as expected, this sample is weaker 
than the corresponding conventional one i.e. 15%-0rpm simply because of significantly higher porosity (93% vs. 
73%). Interestingly, the compressive modulus of the optimal dual network scaffold is not significantly different 
(p > 0.05) from that of conventional scaffolds prepared using lower concentrations i.e. 5%-0rpm and 10%-0rpm 
although the latter’s porosity is significantly lower (p < 0.01). It can be presumed then that the stiffness of dual 

Figure 2. Effect of agitation speed and gelatin concentration on the porosity (A,B) and modulus (C,D) of the 
conventional and foam scaffolds. The outcome of freeze-drying in terms of deformation and shrinkage can be 
seen for medium size (E) and large size samples (F).
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network scaffolds can be rectified by using higher concentrations of gelatin whereby substantial reduction of 
porosity can be avoided.

Micro-architecture and diffusion kinetics. To observe the differences between the micro-architectures 
of the dual porosity scaffolds and conventional scaffold (15%-0rpm), standard histological processing was 
employed. Figure 3A,B illustrate the cross-sections of the conventional and dual network scaffold, respectively. 
While the conventional scaffold presents a random network of pores governed by the formation and growth of 
ice crystals, the newly developed one offers a fully interconnected dual network in the form of big primary pores 
embracing smaller secondary pores opened onto their surface, resembling vascular networks. The appearance of 
the secondary structure reminds of ice crystal growth on the surface of a bubble. The large pores form as a result 
of the bubbling process, while the smaller pores arise due to the development and sublimation of ice crystals. 
Such an architecture allows for better mass transport management (i.e., nutrients, gases, and waste) as shown in 
Fig. 3C wherein the diffusion of the fluorescent dye, fluorescein sodium salt, as a function of time has been illus-
trated. The hydrophilic dye as the model substance may better mimic the diffusion kinetics of nutrients and waste 
rather than gases. To investigate the accessibility of central regions of the scaffolds when the nutrient supply/waste 
removal is being managed in the surrounding environment, the scaffolds were immersed into the dye solution, 
kept for a certain time, cut into half and imaged on cross-section. As seen in Fig. 3-C1, both scaffolds display 
autofluorescence (blue color) at the beginning of the experiment before being exposed to the dye solution. Over 
time, the blue areas are replaced with green (Fig. 2-C2) which shows the presence of fluorescent dye. As seen in 

Figure 3. The light microscope images of the cross-sections of conventional (A) and dual network (B) scaffolds 
prepared and stained using standard histology/tissue processing protocols. The diffusion of fluorescein sodium 
salt as the model substance into the conventional and dual network scaffolds after 0 (C1), 0.5 (C2) and 1.5 (C3) 
h immersion in 10 µg/ml aqueous solution. Micro-CT 3D image of the dual network scaffold (D). Pore size 
distribution profile of the dual network scaffold (E1), % total pore volume and cumulative surface area as a 
function of pore size (E2) as well as pore volume, surface area and cumulative surface area for different ranges of 
pore size (E3) obtained by mercury intrusion porosimetry. The SEM images of primary pores (F1), porous wall 
of a primary pore (F2) and the opening of the secondary pores (F3) of the dual network scaffold.
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Fig. 2-C3, the conventional scaffold presents more blue and less green areas compared to the dual network one, 
suggesting facilitated diffusion by the latter. Micro-CT 3D imaging also confirms the interconnectivity of the 
pores in dual network scaffolds and further supports the facilitated diffusion (Fig. 3D). The Euler characteristic 
and connectivity density (Conn. D) of the developed scaffold are −2974 and 24.8 mm−3, respectively. Further 
characterization of dual network scaffold using mercury intrusion porosimetry exhibits quite interesting data 
(Fig. 3E). Bimodal distribution with maximums at 243 ± 14 and 42 ± 3 µm (Fig. 3E1) supports the dual network 
formation and is in strong agreement with cross-sectional images. While the size of majority of the primary 
structure pores fall within the range of 100–300 µm, the secondary structure pore size distribution is very broad 
(Fig. 3-E2 and E3). At some spots, the opening, not necessarily the diameter, of the secondary pores on the wall 
of the primary pores is smaller than 5 µm as seen in Fig. 3F. The total surface area of the dual network scaffold is 
59.9 m2/g. Figure 3-F1 displays the primary architecture of the optimum scaffold. Increasing the magnification, 
the openings of secondary pores on the walls of primary pores can be seen (Fig. 3-F2). Further magnification 
allows obvious observation of openings of the secondary porosity (Fig. 3-F3)

Attachment, distribution and proliferation of isolated dental pulp stem cells on the scaffolds.  
Isolated dental pulp stem cells (DPSCs) were used to investigate cell attachment, proliferation and distribution in 
the scaffolds. Adequate isolation of DPSCs from the human third molar teeth can be confirmed by flow cytometry 
and differentiation capacity of the isolated cells (Fig. 4A). DPSCs are assumed to be positive for the CD44 and 
CD90 markers while being negative for CD34 and CD45 (hematopoietic markers). As expected, more than 97% 
of the cells display the presence of CD44 and CD90 and absence of CD34 and CD45 antigens (Fig. 4A1–5). The 
presence or absence of certain antigens on the surface of selected cell population (Fig. 4-A1) can be quantified 
using the extent of peak shift in the flow cytometer histograms (Fig. 4A2–A5). On the other hand, DPSCs are 
capable of osteogenic or adipogenic differentiation if subjected to appropriate media. Osteogenic and adipo-
genic differentiation capacity of the isolated cells can be confirmed by Alizarin Red S (Fig. 4A6) and Oil Red O 
(Fig. 4A7), respectively. The flow cytometry results along with differentiation capacity support efficient isolation 
of DPSCs. The isolated DPSCs were then used to seed the scaffolds and evaluate their biological performance. The 
seeded DPSCs grow within the pores of the scaffold with their multiple cell processes branching from one side 
to another, forming an adherent plexus all over the pore as illustrated in Fig. 4B. It can be vividly seen that the 
DPSCs have attempted to anchor their cytoskeletal projections (lamellipodia and Filopodia) onto the pore surface 
(Fig. 4-B1 and B2). The Hematoxylin & Eosin (H&E) (Fig. 4C1) and immunohistochemical (Fig. 4D) staining 
of the foamed sample both not only confirm the existence of dual network again, but also reveal the uniform 
distribution of the cells all over the scaffold. The cells have covered a depth of at least 1 mm within the scaffold 
(Fig. 4C1) and seem to line along the walls of primary pores in the scaffold where the openings of the secondary 
pores are located. In contrast, cells have grown mostly on the surface of the conventional scaffolds (Fig. 4C2). The 
cell proliferation results (Fig. 4D) suggest more than three times improvement in proliferation capability of the 
cells seeded on dual network scaffolds compared to both conventional scaffolds and tissue culture plate that can 
be because of 3D growth of the cells on the former construct.

Discussion
In the suggested method, the gelatin aqueous solution is agitated at a specific speed to produce a foamy liquid 
that might be very stable depending on the concentration and speed. The foamy liquid is molded, freeze-dried, 
cross-linked and then freeze-dried again to obtain the final scaffolds. This method is applicable to many proteins 
because of their emulsifying properties and foaming ability owed to their complex structure. The ability to stabi-
lize an emulsion or trap gaseous bubbles is originated from the amphiphilic nature of proteins, i.e. co-existence 
of hydrophilic and hydrophobic domains in the structure. It is known that proteins have a lower surface tension 
compared to water19 and can thus reduce the surface tension of the solution20. In addition to surface hydropho-
bicity, the foaming ability of a protein can also be influenced by diffusion coefficient and isoelectric point. The 
diffusion coefficient affects the ease of migration of a protein molecule to the liquid-air interface, while being 
near the isoelectric point facilitates the protein adsorption on the interface through minimizing the electrostatic 
interactions21. Therefore, Type A gelatin is a better emulsifier and foaming agent compared to Type B because of 
its closer-to-neutral isoelectric point (7–9 vs 5)22. Adsorption of gelatin molecules onto the gas bubbles is a ther-
modynamically favorable process because of immediate dehydration of the hydrophobic interfaces21. It has been 
shown that covalent attachment of hydrophobic groups to gelatin makes its foaming ability comparable to that of 
sodium dodecyl sulfate (SDS)23,24.

The suggested method produces a dual network of big primary pores embracing smaller secondary ones. High 
concentrations of gelatin and high speeds of agitation were found to yield more ordered and interconnective 
primary pores. The morphology of the scaffold is indeed governed by the quality and stability of the precur-
sor, which in turn is influenced by the kinetics of foaming/aging process (Supporting Information, Figs S3–S5). 
Higher concentrations and speeds are in favor of foam stability due to increased stiffness and viscoelasticity of the 
lamella making the bubbles resilient to rupture24, and improved transportation of protein molecules onto lamella 
facilitating interaction with bubbles25,26, respectively. In addition, increasing concentration means lowering of 
surface tension27 and ameliorating the shear rate distribution28. On the other hand, diffusion of gas molecules 
due to Laplace pressure between bubbles, known as coarsening or Ostwald Ripening, and drainage of proteins 
from lamellae because of gravitational forces, recognized as two important aging mechanisms leading to complete 
collapse of the foam over time29, are also affected by concentration and speed.

To fill the large defects, the biggest claimed size that can be fabricated through freeze-drying with good control 
over the architecture has been 1–1.5 cm in diameter and a few millimeters in height30–33. The percentage of shrink-
age has been reported to be 35%34. Such drawbacks arise from the limited heat and mass transfer in the conven-
tional freeze-drying method. The suggested method, in turn, allows facilitated diffusion of water molecules and 
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sublimation of ice crystals without damaging the structural integrity of the scaffold. Indeed, the trapped bubbles 
not only reduce the diffusion resistance compared to condensed phase, but also provide a high surface area for 
mass transfer, ultimately improving the drying rate and quality35. Using this strategy, the deformation could be 
avoided and the shrinkage reduced to less than 5%, as pointed out in the “Results” section.

Figure 4. Isolation of DPSCs was confirmed by flow cytometric analysis (A); for the selected population 
(A1), the expression of CD44 (A2), CD90 (A3), CD34 (A4) and CD45 (A5) was investigated. The isolated 
cells exhibited alternatively osteogenic (A6) or adipogenic (A7) differentiation. SEM images revealed DPSCs 
adhesion to the dual network scaffold (B) at low (B1) and high (B2) magnification. H&E staining corroborated 
uniform distribution of the cells (blue arrows) all over the dual network scaffold (C1) while revealing superficial 
growth (dashed box) on the conventional ones (C2). Immunohistochemical staining of the dual network 
scaffolds (D). The cell proliferation rate reported as the cell number normalized to the initial number of cells  
(N/N0) on dual network and conventional scaffolds as well as tissue culture plate (E).
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The suggested method yields a dual network scaffold wherein the large pores form as a result of the bubbling 
process, and the smaller pores arise due to the development and sublimation of ice crystals. One should note 
that the pore size of secondary network can be controlled by controlling the size of ice crystals which in turn is 
governed by the freezing rate. Using the mentioned process parameters, a primary pore size of 243 ± 14 µm and 
a secondary pore size of 42 ± 3 µm were obtained that are in the range of values used by many studies6,8,11,36. Such 
an architecture allows for better mass transport management (i.e., nutrients, gases, and waste) due to enhanced 
interconnectivity. While both large primary pores and small secondary pores can facilitate mass transport, the 
presence of the small pores can greatly enhance pore interconnectivity as they form channels between the large 
pores11. The highly negative value of Euler characteristic confirms the observation about improved diffusion 
of fluorescent dye. Euler characteristic, a measure of 3D connectivity, becomes more negative as more connec-
tions exist between pores and is close to zero in the case of poor connectivity37. It should be noted that for a 
more accurate evaluation of interconnectivity, further consideration regarding the weaknesses of this parameter 
is needed. The number of components and the number of enclosed cavities as well as the edge effects can mislead 
the estimation of connectivity and need to be controlled38. The big value of Conn. D, the number of loops per 
unit volume of material, compared to trabecular bone (5.68 mm−3) and the maximum reported value for bone 
scaffolds, i.e. 6 mm−3 39,40, is also of great importance. The total surface area of the dual network (59.9 m2/g) is 
comparable to catalyst supports with intermediate surface area, zeolite41 and carbon nanotubes42. Even though 
reducing the pore size can increase the available surface area, the ability of larger pores to facilitate cell infiltration 
can override the beneficial effect of greater initial cell attachment surface areas provided by smaller pores43. The 
suggested dual porosity scaffold wherein small pores are present in the walls of larger ones allows for better cell 
attachment due to higher available surface area while retaining the high cell infiltration through large pores. Such 
a high available surface area and enabled cell infiltration along with efficient nutrient delivery due to facilitated 
diffusion makes the dual network scaffold an appropriate substrate for cell attachment, growth, proliferation and 
immigration. The optimum reported pore size range varies with the type of cell or tissue44–46. There are many 
potential applications for the primary pore size range obtained in this study. For instance, using multilayered 
agent-based model simulation, it has been shown that large pore sizes of approximately 160 to 270  μm facilitate 
angiogenesis throughout scaffold47. Optimal cell proliferation and infiltration occurred in Collagen-GAG scaf-
folds when the mean pore size around 300  μm43. Lastly, different studies have suggested the importance of having 
pore sizes around 300  μm for osteogenesis to occur43,48. Employing the optimal pore size range, a balance between 
the advantages and disadvantages of varying the scaffold’s pore size can be established. Pore size or porosity of the 
scaffold can influence nutrient supply, gas diffusion, metabolic waste removal, cell attachment and intracellular 
signaling45,46,49. Therefore, co-existence of different size scale pores may improve cellular activity. While very small 
pores facilitate molecule transport essential for nutrition and signaling, improve interconnectivity and increase 
available surface area for cell attachment, larger ones allow for cell infiltration, migration and capillary forma-
tion3. Co-incorporation of various porosities may result in a more uniform distribution of the cells and superior 
cell proliferation as obtained through dual porosity scaffolds in this study.

Conclusion
The technique developed in this study allows the fabrication of large, highly porous protein-based scaffolds with 
minimum shrinkage. Coexistence of primary big pores and secondary small pores in the form of individual inter-
connected networks can support cell attachment/growth and nutrient/gas transport. More uniform distribution 
of isolated human dental pulp stem cells along with more than three times as high cell proliferation capability in 
two weeks compared to conventional scaffolds, indicates the superiority of the dual network scaffolds.

Experimental Procedure
Materials. Gelatin type A from porcine skin was purchased from Sigma (USA). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) were obtained from TCI 
America (USA) and Alfa Aesar (USA), respectively.

Scaffold preparation and shrinkage monitoring. Different concentrations of gelatin aqueous solution 
(5%, 10%, 15% (w/v)) were prepared by dissolving gelatin in DI water at 50 °C. Each solution was agitated at 500 
or 1500 rpm using a mechanical mixer (IKA, USA) for 15 min while maintaining the temperature at 40 °C. The 
obtained foam was molded in petri-dishes (D = 50 mm, H = 7 mm) for each group, transferred to −80 °C and 
kept overnight. The same protocol was applied to the gelatin solutions of the same concentration with the first 
agitation step being skipped to follow conventional protocols. Samples were then freeze-dried at −52 °C, 1 Pa for 
36 h followed by 12 h secondary drying at 25 °C, 1 Pa. The obtained foams were cross-linked using 4 mg/ml EDC, 
0.5 mg/ml NHS in ethanol 90% (v/v) at 4 °C for 48 h. 20 ml of cross-linking solution was used per scaffold. After 
cross-linking, samples were washed for 4 hours using DI water to remove residual cross-linker. Samples were 
freeze-dried again after washing according to the aforementioned protocol.

The shrinkage after freeze-drying was evaluated through measuring the dimensions of the scaffolds using a 
digital caliper and comparing them to those of the mold. To monitor the shrinkage and deformation, molds of 
three different sizes were used: D × H = 33 × 11, 50 × 7 and 85 × 12 mm.

Morphology of the scaffolds’ pores. Scanning electron microscopy (SEM, JEOL-JSM6510, Japan) was 
used to observe the pore structure of each scaffold. Samples were sputter-coated with a layer of gold prior to 
imaging. Imaging was performed using secondary electron mode at different accelerating voltages (1.5 to 8 kV) 
and magnifications.



www.nature.com/scientificreports/

8SCIEnTIfIC RePoRTs |  (2018) 8:14889  | DOI:10.1038/s41598-018-33245-w

Porosity and Mechanical properties. Porosity or pore volume of the samples was measured using a sol-
vent displacement method. Ethanol was selected as the solvent as it infiltrates into the scaffolds’ pores without 
swelling or shrinking the matrix. The porosity of the scaffold was calculated using the following equation:

=
−
−

×porosity W W
W W

% 100
(1)

2 1

2 3

where W1 is the weight of the sample in air, W2 is the weight of the sample with liquid in pores, and W3 the weight 
of the sample suspended in ethanol.

To measure the compressive young’s modulus for each scaffold, a universal testing machine (UTM, AGS-X, 
Shimadzu) equipped with a 1 kN load cell was employed. Cubes of approximately 5 × 5 × 55 mm3 were cut from 
each sample and used. The experiments were conducted at the constant compression speed of 1 mm/min until 
failure. The measurements were performed in triplicate, averaged and reported.

The scaffold with optimal morphology and mechanical properties was selected based on the data obtained 
through SEM, porosity and modulus measurement.

Pore size distribution and 3D reconstruction of the optimal scaffold. The pore size distribution, 
pore volume distribution, total pore volume and surface area of the selected scaffold as well as the total surface 
area were quantified using a mercury intrusion porosimeter (Porous Materials Inc., USA). The pore size distri-
bution can be obtained by measuring the sensitivity of the intruded volume to pressure change (dV/dlogP). For 
surface area measurement, the pores are assumed to be cylindrical.

3D sketch of the scaffold was constructed by ImageJ software (version 1.5i, National Institute of Health, 
USA) through stacking of virtual cross section slices obtained by micro computed tomography (micro-CT). The 
micro-CT system consisted of a Hamamatsu L9181–02 micro-focal X-ray source and a flat panel X-ray detector 
(Varian 2520DX). A micro-positioning stage between the source and detector allows specimens to be manip-
ulated in space with four degrees of freedom. Micro-CT reconstruction was implemented using the Varian 
Cone-Bean CT reconstruction software. The CT scan consisted of 400 step and shoot projections with a square 
trajectory. The tube current time product was 19.2 mAs. The images were acquired at 100 kV and 80 μA, with 
0.5 second exposure per view angle. The images were reconstructed on to 20-micron cubed voxels. The 3D image 
of the scaffold was produced using 3D Viewer plugin after adjusting the threshold by Iso Data method. The Euler 
characteristic and connectivity density (number of trabeculae per unit volume) were calculated by means of 
BoneJ plugin of ImageJ.

Diffusion kinetics. For diffusion kinetic study, fluorescein sodium salt was used as the model diffusing sub-
stance. Scaffolds were cut into discs (D × H = 8 × 5 mm) and submerged into 0.5 ml of 10 µg/ml aqueous solution 
of fluorescein sodium salt. The discs were taken out at 0.5 or 1.5 h and cut into half to study the cross-section. 
The fluorescent dye was excited using a 365 nm UV lamp and the images were taken using a Dino-lite digital 
microscope (USA).

DPSCs isolation, flow cytometry and differentiation. Dental pulp stem cells were isolated from 
a third molar tooth extracted for clinical purposes with informed consent at Marquette University School of 
Dentistry. The procedure was approved by Marquette University graduate school. All research was performed in 
accordance with relevant guidelines/regulations and an exemption status was granted by the Institutional Review 
Board of Marquette University (Milwaukee, USA). The soft dental pulp tissue was removed from the root of 
the tooth after cutting the tooth using a dental drill bit. The pulp tissue was then transferred to a solution of 
0.4%w/v Dispase II and 0.3%w/v Collagenase, Type I in PBS and kept in an incubator for 1–1.5 h. After addition 
of Minimum Essential Medium (MEM, Corning, Mediatech Inc., USA) supplemented with 10%v/v Fetal Bovine 
Serum (FBS, Sigma, USA) to the tube, the suspension was centrifuged, and the supernatant was replaced with 
complete media. The tissue debris and suspended cells were transferred to a small flask and cultured until the 4th 
passage was reached.

For flow cytometric analysis, fresh cell suspensions (106 cells/ml) were washed in blocking buffer (containing 
3% BSA) and incubated with antibodies against FITC conjugated anti-CD90 (0.5 mg/ml) or FITC Mouse IgG1 
Control, FITC anti-human CD44 (200 µl/ml) or FITC-conjugated mouse IgG2b control, Phycoerythrin (PE) 
anti-human CD34 (200 µl/ml) and PE anti-human CD45 (200 µl/ml) or PE-conjugated mouse IgG1 control for 
45 min at 4 °C and resuspended in phosphate buffered saline (PBS). Attune acoustic focusing cytometer (Applied 
Biosystems, USA) was used to record forward and side scatters, identifying cell population and consequently 
recording the characteristics of the selected population.

For In vitro osteogenic differentiation, cells from passage 4 were seeded into 6-well plates (10,000 cells/well). 
Dulbecco’s modified Eagle’s medium (DMEM, Corning, Mediatech Inc., USA) supplemented with 100 nM dexa-
methasone, 0.05 M ascorbate-2-phosphate, 10 mM β-glycerophosphate, 1% antibiotic/antimycotic (Sigma, USA) 
and 10% FBS was added to the cells. After incubating for 3 weeks while replacing the medium twice a week, 
osteogenic differentiation was studied via Alizarin Red staining (EMD Millipore, USA). The cells were fixed using 
10% neutral buffered formalin for 30 min, then stained with a 2% alizarin red-S solution at pH 4.2–4.4 at 37 °C 
for 10 min prior to imaging.

For adipogenic differentiation, cells of the 4th passage were seeded into 6-well plates (20,000 cells/well) in 
adipogenic medium for 3 weeks. This media was supplemented with 10% FBS, 0.5 mM isobutyl-methyl-xanthine, 
1 mM dexamethasone, 10 µg/ml insulin, 100 M indomethacin, and 1% antibiotic/antimycotic. The medium was 
replaced twice a week. The presence of intracellular lipid droplets was confirmed by Oil Red O staining (sigma, 
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USA). For this purpose, the cells were fixed for 30 min using 10% neutral buffered formalin, and Oil Red O was 
applied for 5 min followed by observation under light microscope.

Cell culture, cell attachment, histology and immunohistochemistry. Cells were cultured under 
standard aseptic conditions and used at passage 4 for cell seeding with a density of 106 cells/cm2. The culture 
medium consisted of DMEM supplemented with 10% (v/v) FBS and 1% penicillin–streptomycin–amphotericin 
B. At day 7, scaffolds were taken out, washed with PBS and prepared for evaluating cell attachment and mor-
phology. For SEM, samples were fixed in Karnovsky’s fixative (glutaraldehyde + paraformaldehyde) for 2 h, then 
fixed for 1 h using 1% Osmumium Tetroxide and then dehydrated using ethanol series (50, 70, 80, 95, 100% 
(v/v)) for 15–30 min each. After that, samples were dried chemically using Hexamethyldisilazane and left at room 
temperature for 24 h prior to gold sputter coating and imaging. PrestoBlue® (PB) cell vitality assay (Invitrogen, 
USA) was used to measure cell proliferation at different time intervals i.e. 3, 7 and 14 days according to the man-
ufacturer’s instructions. At each time point, the media was replaced with 10% v/v Presto blue in phenol red free 
DMEM. The fluorescence intensities were measured at Excitation/Emission wavelengths of 540/590 nm using a 
microplate reader (Synergy HTX, BioTEK) after incubation for 1 h. the measurements were conducted in tripli-
cate and the results were reported as mean ± SD. For histology, the scaffolds were stained using Hematoxylin and 
Eosin (H&E staining) through standard protocol. For this purpose, scaffolds were fixed in formalin, embedded 
in paraffin, sliced into 5–10 μm thick sections, and mounted on glass slides. The specimens were deparaffinized 
using xylenes and exposed to ethanol series. They were then stained through hematoxylin and eosin and dehy-
drated before cover-slipping. For immunofluorescence staining, F-actin Staining Kit-Cytopainter (abcam) was 
used after fixation in formalin and permeabilization of the cells. Green fluorescent phalloidin conjugate and 
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were used to stain the scaffolds and cell nuclei, respec-
tively. Cell distribution was then, evaluated under a fluorescence microscope (Evos Flueroscent, life tecnologies).
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