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Abstract 
 
Bone tissue engineering (BTE) researches the characteristics which are needed to create the ultimate 
bone scaffold which enhances cell response. Limited research has been done regarding the effect of 
the Poisson’s ratio on the scaffold-cell interaction. In this graduation project we therefore explore the 
cell response on scaffolds with a different value of the Poisson’s ratio. Various meta-biomaterials were 
designed, manufactured, mechanically tested and the response on pre-osteoblasts (MC3T3-E1) was 
explored. The first experiment was performed at mesoscale. The meta-biomaterials, with cells, were 
evaluated with SEM imaging, presto blue and ARS staining. The second experiment was performed at 
micro-scale. The results of this experiment were evaluated with SEM imaging, actin staining and Runx2 
staining. It was concluded that the auxetic meta-biomaterial, with negative Poisson’s ratio, high 
porosity and high stiffness, showed an enhancement of the cell response. However, this could not be 
confirmed by the 2D SEM images. A potential application for the meta-biomaterial that enhances the 
cell response is implementing this meta-biomaterial in a design for the surface of an implant to 
generate fast bone ingrowth. 
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1. Introduction 
 
Every year, over two million bone grafting procedures are performed worldwide[1]. These bone grafts 
help to heal defects that exceed 2 to 2.5 times the diameter of the affecting bone (i.e. large bone 
defects)[2]. Small bone defects can heal by itself as human bone is continuously remodeling and 
developing. Osteoclasts resorb old and damaged bone, followed by the osteoblasts which produce 
new bone[3]. The bone remodeling cycles are similar, for both trabecular and cortical bone, but cortical 
bone remodeling proceeds in tunnels and trabecular bone remodeling proceeds at the surface (figure 
1)[4, 5]. Besides healing small damages, bone is also adjusting its architecture to the mechanical forces 
it is subjected to[6]. If large bone defects are left untreated, they will only self-heal for 10 percent[7]. 
Therefore, a bone scaffold can contribute to completely restore both structure and function of the 
affected bones[8, 9].   

 
Figure 1. Trabecular bone remodeling cycle. Pre-osteoclasts become osteoclasts and resorb bone. The 
mononuclear cells prepare the surface for the osteoblasts. Then pre-osteoblasts become osteoblast and will 

produce bone. These osteoblasts become osteocytes and will mineralize to finish the bone formation[3]. 

 

Within the field of Bone Tissue Engineering (BTE), research is being done to find the ultimate bone 
scaffold that can be used to heal large bone defects. During the last few years, BTE has gained much 
attention[10]. BTE focuses on the use of scaffold biomaterials that interact with bone cells and growth 
factors. The aim is to engage an appropriate cellular response which is allowing skeletal regeneration 
to heal a large bone defect. A bone scaffold that mimics trabecular properties will easily blend into the 
surrounding trabecular bone and will therefore form a good basis for a bone scaffold[5]. 
 
Bone scaffolds can be built out of mechanical meta-biomaterials. Biomaterials include materials which 
are able to interact with elements of a living system[11]. Mechanical meta-biomaterials are biomaterials 
in which the small-scale architecture determines their macro-scale mechanical properties[12, 13]. These 
meta-biomaterials can be divided into two categories regarding their Poisson's ratio; conventional and 
auxetic meta-biomaterials. Conventional (i.e., non-auxetic) meta-biomaterials have a positive 
Poisson’s ratio and react to axial compression with a lateral expansion. Auxetic meta-biomaterials have 
a negative Poisson’s ratio and exhibit a lateral contraction in response to axial compression[14]. These 
mechanical meta-biomaterials can also be combined forming a hybrid meta-biomaterial[15].   
 The mechanical meta-biomaterial should mimic trabecular bone that has a complex structure and 
is reported to have some auxetic behavior[16]. The research on auxetic scaffold cell interaction is 
limited. So far, Choi et al. (2016) looked into the cell proliferation of MG-63 osteoblast-like cells on 
auxetic materials under compression[17]. It showed that the auxetic designs had significant beneficial 
differences in cell proliferation after 1 and 3 days of cell culturing, but after 5 days, the differences 
were no longer significant. Another study that researched the scaffold cell interaction of auxetic 
materials is from Zhang et al. (2013)[18]. This research explored the cellular proliferation of 10T1/2 cells 
on auxetic materials by producing a time-lapse. The scaffolds were solely exposed to the forces applied 
by the differentiating cells. The results of this study showed an unusual cell division, which could lead 
to genetic instability. Both studies showed inconclusive results and more research is needed in this 
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area of interest. In this graduation project, we will address this gap in the literature and research the 
behavior of bone cells on bone scaffolds with different values of Poisson’s ratio. Scaffolds with a 
positive Poisson’s ratio will be built out of a conventional meta-biomaterial, whereas negative 
Poisson’s ratio scaffolds will be built of an auxetic meta-biomaterial. We also decided to combine the 
two to create a hybrid scaffold.  
 
In this graduation project, we will design, manufacture and mechanically test several bone scaffolds, 
with different values of Poisson’s ratio. Next, we will seed them with bone cells to acquire insight into 
their ability to regenerate bone. With different kinds of staining procedures and imaging techniques, 
the cell response will be evaluated. 
 The research of the cellular behavior of pre-osteoblasts (MC3T3-E1) on the different bone scaffolds 
is based on two experiments. The first experiment is performed with meta-biomaterials created 
according to the morphological and mechanical properties of trabecular bone at mesoscale (i.e. bone-
mimicking scaffolds). We used conventional, auxetic and hybrid unit cells with different Poisson’s ratio, 
but identical porosity. The mechanical properties of the meta-biomaterials were retrieved using a 
mechanical compression test and a finite element model. The second experiment is executed with 
micro-scale meta-biomaterials, that are ten times smaller than the meta-biomaterials of the first 
experiment (i.e. micro-scale scaffolds). Due to their small size, the bone cells will almost be identical in 
size. Therefore, this experiment explores whether the pre-osteoblasts are able to recognize the meta-
biomaterial to which they are exposed, and more specifically its Poisson’s ratio. On top of the 
aforementioned meta-biomaterials, a conventional and auxetic scaffold were added with a similar 
stiffness as the hybrid meta-biomaterial. As a control group, an additional meta-biomaterial was built 
with cuboid unit cells that have a zero Poisson’s ratio.  
 
The aim of this graduation project is to expand the knowledge regarding scaffold cell interaction, on 
scaffolds with a negative, zero or positive Poisson’s ratio. This will hopefully lead to a new focal point 
to further improve BTE. This report will also show whether a specific Poisson’s ratio can enhance the 
MC3T3-E1 pre-osteoblastic cell response.  
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2. Methods & Materials  
 
To be able to research the scaffold cell interaction, different meta-biomaterials that act as scaffolds 
had to be designed. The first part of the section ‘methods and materials’ explores the designs of the 
different meta-biomaterials. Next, the fabrication of the meta-biomaterials and their morphological 
and mechanical characterization are described. The final part involves the biological characterization 
of the meta-biomaterials with the MC3T3-E1 pre-osteoblastic cells and the statistical analysis. 
 

2.1 Design of the meta-biomaterials 
The designs of the bone-mimicking scaffolds used in this research will be based on the morphological 
and mechanical properties of trabecular bone. Morphological properties give insight into the design of 
the structure and the mechanical properties include stiffness and strength of trabecular bone. Even 
though they describe different things, morphological and mechanical properties are highly dependent 
on each other. 
 
Important morphological properties are porosity, pore size and trabecular spacing. The porosity 
describes the void space of a structure as a percentage of the total volume. Bone with a porosity 
between 50% and 90% is considered to be trabecular bone[19]. The void spaces in trabecular bone allow 
vascularization and bone ingrowth[20]. Osteoblasts generate new bone and need a trabecular-like 
porosity and a pore size of at least 300 µm to survive[19, 21]. New bone is created according to Wolff’s 
law, this law states that bone will remodel in response to external loading, which differs according to 
the anatomical location[22]. At places where small mechanical forces are absorbed, bone will create an 
open rod-like structure which has a low density, and at places where high mechanical forces are 
absorbed, bone will create a closed plate-like structure which has a high density (figure 2)[23]. The void 
spaces that are created by these remodeling cycles can be characterized by the trabecular spacing. 
This trabecular spacing was explored by several imaging techniques; magnetic resonance imaging 
(MRI), micro-computed tomography (micro-CT) and ultrasound[5, 24-26]. The study of Rabiatul et al. 
(2014)[27] reviewed these results and showed that the trabecular spacing varies between 360 µm and 
1470 µm[28]. 
 

            
 

Figure 2. Morphology of trabecular bone from femoral head taken by a scanning electron microscope (SEM). 

1) Asymmetric open rod-like, low density structure. 2) Asymmetric closed plate-like, high density structure[23]. 

 
 The mechanical properties include stiffness and strength of trabecular bone, but also the Poisson’s 
ratio. An important mechanical parameter is bone mineral density (BMD). The BMD is positively 
correlated with the stiffness and strength of bone[29]. Trabecular bone has a BMD that varies between 
140 kg/m3 and 200 kg/m3, with an average of 185 kg/m3. This variety is caused by the different forces 
that are acting on the bone according to its anatomical location. As BMD is related to the stiffness of 
the bone, the stiffness also depends on the anatomical location. The stiffness shows to what extent 
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the structure resists deformation in the direction of the acting load and is dependent on its geometry 
and the Young’s modulus of the bulk material. The stiffness of trabecular bone varies between 0.2 GPa 
and 14.8 GPa[30-32]. According to Boal et al. (1993) ‘the Poisson’s ratio is a measure of the strain in a 
transverse direction which results from a stress applied longitudinally’[33]. The average Poisson’s ratio, 
despite some auxetic behavior, was assumed by Ulrich et al. (1999), Kowalczyk et al. (2003), Müller et 

al. (1995), Pothuaud et al. (2002) and Rho et al. (1997) to be  0.3[5, 34-37]. This value can have a standard 
deviation of 0.1, as it only results in an 8% change of the Young’s modulus[37].   
 The morphological and mechanical parameters describe the properties of trabecular bone. The 
designs of the bone-mimicking scaffolds that are used in this research will, within defined ranges of 
the parameters (table 1), mimic the trabecular behavior. Except, for the Poisson’s ratio, which should 
vary from negative over zero to positive according to our research set up. 
 

Table 1. Morphological and mechanical parameters of trabecular bone.  

 

 

2.1.1 Bone-mimicking scaffolds 
The designs of the bone-mimicking scaffolds were made from conventional, auxetic and hybrid unit 
cells that were patterned to create a specimen with the characteristics of a meta-biomaterial. The 
dimensions of the designs for the first experiment were based on the morphological and mechanical 
properties of trabecular bone. Mandal et al. (2009) showed that a higher porosity leads to higher cell 
proliferation[38]. To exclude this parameter from influencing the results, it was chosen to design each 
specimen with the same porosity (meta-p-biomaterial).  
 

2.1.1.1 Conventional meta-biomaterial 
Conventional meta-biomaterials generally have a positive Poisson’s ratio[14]. A honeycomb structure is 
present in many natural materials and contributes to a light and stiff structure and was therefore used 
for the design[39, 40]. A cross-section of a conventional honeycomb structure is shown in figure 3. The 
geometrical dimensions and the mechanical properties of the honeycomb structure are dependent on 
the angle θ and the cell rib length ratio h/l[41]. Jiang et al. (2019) showed that the bigger the angle θ, 
the higher the critical strain[42]. Therefore, 450, the biggest angle that was used in this study, gave the 
best results and was used in the design. The studies of Gibson et al. (1982), Kolken et al. (2017) and 
Jiang et al. (2019) showed that the bigger the cell rib length ratio h/l, the higher the critical strain[39, 41, 

42]. To get the exact dimensions of the cell ribs, we looked at the morphological properties of trabecular 
bone. It was mentioned that osteoblasts need a pore size of at least 300 µm to survive[19, 43].  
 

 
Figure 3. Cross-section view of a honeycomb structure. 

Porosity Pore size Trabecular 
spacing 

Density Young’s 
modulus 

Poisson’s 
ratio 

50 – 90% >300 µm 360 - 1470 µm 140 - 200 kg
m3⁄  0.2 – 14.8 GPa 0.3 ± 0.1 

h 

l 

θ 
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 In the end, all specimens used in this experiment should have the same dimensions. This means 
that every design was based on a unit cell with the same width and height values. Using these 
geometrical parameters, h and l were determined and the specimen was built in SolidWorks (Dassault 
Systèmes, Vélizy-Villacoublay, France). The strut thickness of the unit cell was calculated to retrieve a 
porosity of 75%, resulting in a strut thickness (t) of 65.1 µm (equations 1-4; absolute density = 290 
kg

m3⁄ ). The exact dimensions of the unit cell can be found in figure 4A and table 2. The conventional 

bone-mimicking scaffold (Cp) was made of a 6x6x3 cell array (figure 4B). 
 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑜𝑙𝑖𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛     = 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑤𝑖𝑑𝑡ℎ ∗ ℎ𝑒𝑖𝑔𝑡ℎ  [1] 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙                   = 𝜋 (
𝑡

2
)

2

∗ (3ℎ + 8𝑙)   [2] 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛                 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 ∗ 6 ∗ 6 ∗ 3   [3] 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦                                   = 100% − 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑜𝑙𝑖𝑑 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛
   [4] 

 

 
 

    
 

Figure 4. (A) Design of the conventional unit cell with its dimensions in mm. (B) Design of Cp, which is made 
of a 6x6x3 cell array. Cp measures 1.272x1.272x1.8 mm. 

 

2.1.1.2 Auxetic meta-biomaterial 
Auxetic meta-biomaterials have a negative Poisson’s ratio, and a well-known auxetic unit cell is the re-
entrant hexagonal honeycomb[14]. Typical for a re-entrant hexagonal honeycomb structure is that the 
ribs are directed inwards (figure 5)[41, 44, 45]. Its mechanical properties are dependent on the angle θ and 
the cell rib length ratio h/l.  

 

 
 

Figure 5. Cross-section view of re-entrant hexagonal honeycomb unit cell. 

(A) (B) 

h 

l 
θ 

https://www.google.com/search?client=safari&sa=X&rls=en&biw=1440&bih=814&sxsrf=ALeKk00jP92RZvuk6iFCUgIMWkQpaZPhNQ:1599227566703&q=V%C3%A9lizy-Villacoublay&stick=H4sIAAAAAAAAAOPgE-LQz9U3KKgys1TiBLGS0nKykrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYRcIOr8zJrKrUDcvMyUlMzi9Nykms3MHKCAA8eq1TXQAAAA&ved=2ahUKEwiDwJz40s_rAhWBM-wKHdjpCmQQmxMoATAkegQIDxAD
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 With the parameters h, l and θ (table 2), the specimen was built in SolidWorks. The required 
porosity of 75% led to a strut thickness of 42.37 µm which can be found in figure 6A including all 
dimensions of the unit cell. The auxetic bone-mimicking scaffold (Ap) was made from a 6x6x3 cell array 
and is shown in figure 6B.  
 

 

    
 

Figure 6. (A) Design of the auxetic unit cell with its dimensions in mm. (B) Design of Ap, which is made of a 
6x6x3 cell array. This Ap measures 1.272x1.272x1.8 mm. 
 

2.1.1.3 Hybrid meta-biomaterial 
The hybrid meta-biomaterial is a combination of the aforementioned conventional and auxetic unit 
cells. The cross-sectional view of this combination is shown in figure 7 and was also dependent on the 
angle θ and the cell rib length ratio h/l.  
 With the parameters h, l and θ (table 2), the unit cell and specimen were built in SolidWorks. With 
a strut thickness of 43.67 µm, a porosity of 75% could be achieved and is shown in figure 8A. The hybrid 
bone-miming scaffold (Hp) was made of 6x3x3 array and can be found in figure 8B.  
 

 
 

Figure 7. Cross-section view from the hybrid unit cell. 

(A) (B) 

h 

l 
θ 

l 

θ 
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Figure 8. (A) Design of the hybrid unit cell with its dimensions in mm. (B) Design of Hp, which is made of a 
6x3x3 cell array. This Hp measures 1.272x1.272x1.8 mm. 
 

Table 2 gives an overview of all dimensions of the abovementioned unit cells. 
 

Table 2. Dimensions of the conventional, auxetic and hybrid unit cells. 

 

2.1.2 Micro-scale scaffolds 
A second experiment is included to explore whether the MC3T3-E1 pre-osteoblastic cells are able to 
recognize the specimen to which they are exposed. This experiment included six different specimens 
at micro-scale. The dimensions of all specimens were identical (127.2x127.2x180 µm), being ten times 
smaller than the specimens used in the previous experiment. The specimens were again designed in 
SolidWorks and manufactured at micro-scale, consequently, these micro-scale scaffolds have almost 
the same size as the MC3T3-E1 pre-osteoblastic cells[8].  
 Three of the designs were similar to the designs used in the first experiment but smaller. The 
mechanical properties of the aforementioned hybrid unit cell formed the basis for the following 
designs. A conventional and an auxetic unit cell were created, making sure their specimens will 
eventually mimic the stiffness of the hybrid meta-biomaterial (meta-s-biomaterial). Their stiffness was 
calculated in a finite element (FE) model, and their strut thickness was determined. The unit cells, 
shown in figure 9, were again repeated to form a 6x6x3 cell array. The porosity of the specimens were 
defined as the ratio of the volume of each specimen to the theoretical volume of a corresponding solid 
specimen (equations 1-4) and resulted in 78.1% porosity for the conventional meta-s-biomaterial (Cs) 
and 64.1% porosity for the auxetic meta-s-biomaterial (As). 

Unit cell Conventional Auxetic Hybrid 

Total height (µm) 600 600 600 

Porosity (%) 75 75 75 

Absolute density (kg
m3⁄ ) 290 290 290 

θ (0) 45 45 45 

h/l 1.4 2.7 2 

h (µm) 210 410 300 

l (µm) 150 150 150 

Strut thickness (µm) 65.1 42.37 43.67 

(A) (B) 
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Figure 9. (A) Design of the conventional unit cell with a strut thickness of 5.67 µm. (B) Design of the auxetic 
unit cell with a strut thickness of 5.87 µm. The dimensions in the figure are in µm. 

 
 The final design has a zero Poisson’s ratio and will function as a control group. This control group 
was required since it may be difficult for osteoblasts to attach to the small specimens and we want to 
know whether this is due to the Poisson’s ratio. To obtain a zero Poisson’s ratio, this specimen was 
made of cuboid unit cells (figure 10) and repeated to form a 6x6x3 cell array. The porosity was 
calculated with equations 1-4 and resulted in 89% porosity for the cuboid meta-s-biomaterial (CBs). 
 

    
 

Figure 10. (A) Design of the cuboid unit cell with a strut thickness of 3.91 µm. The dimensions in this figure 
are in µm. (B) Design of CBs, which is made of a 6x6x3 cell array. This CBs measures 127.2x127.2x180 µm.  

 
 The micro-scale scaffolds are divided into two categories. The first category contains specimens 
with the same porosity (micro-p-scale scaffold) and will include the downscaled specimens from the 
first experiment: Cp, Ap and Hp. The second category contains specimens with the same stiffness (micro-
s-scale scaffolds) and will include: Cs, As, Hs and CBs, where Hs is the same specimen as Hp but is 
compared solely to micro-s-scale scaffolds. An overview of all the dimensions of the abovementioned 
unit cells of the micro-scale scaffolds is shown in table 3. 
 
  

(A) (B) 

(A) (B) 
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Table 3. Dimensions of the micro-scale unit cells. 

 

2.2 Fabrication 
All designs of the specimens were fabricated with an additive manufacturing (AM) technique called 
direct laser writing. Due to the small-scale designs of the specimens, the Photonic Professional GT 
machine (Nanoscribe, Germany) was used. It uses a two-photon polymerization (2PP) technique where 
two photons are absorbed by a photosensitive material (photoresist), which leads to 
photopolymerization. The photopolymerization starts at the substrate where the bottom of the 
specimen is formed. Once a single layer is completed, the microscopic Z-drive for the mesoscale 
structures, and the piezo stage for the micro-scale structures, lowers while the photopolymerization 
still occurs at its original Z-position. This continues until the specimen is formed[46].  
 Each CAD design was imported into the printing preparation software Describe (Nanoscribe, 
Germany), in which the print job could be prepared by slicing (bone-mimicking scaffold: 2; micro-scale 
scaffold: 1) and hatching (both: 0.5) the specimen. The resulting job file was imported in the Photonic 
Professional GT machine (Nanoscribe, Germany) and the machine and material were prepared.  
 The microscope objective 25x (numerical aperture [NA] = 0.8) is recommended for mesoscale 
structures. This microscope objective requires a droplet of photoresist (IP-S, Nanoscribe, Germany) 
and an ITO-coated glass substrate (Nanoscribe, Germany) in a DiLL writing mode to print (figure 11)[47, 

48]. The micro-scale scaffolds were also built using this combination to enable the comparison of the 
results (table 4). Next, the specimen has to be developed by immersing the specimen in propylene 
glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Germany) for 25 minutes, followed by 5 
minutes of rinsing with isopropyl alcohol (IPA, Sigma-Aldrich, Germany) in an air safety cabinet[49].  
 
 

 
 

Figure 11. Two-photon polymerization process with ITO glass, IP-S resin and 25x-objective lens in DiLL 

configuration of the Photonic Professional GT machine (Nanoscribe, Germany)[50].  

 Micro-p-scale Micro-s-scale 

Unit cell Conventional Auxetic Hybrid Conventional Auxetic Cuboid 

Total height 
(µm) 

60 60 60 60 60 60 

Porosity (%) 75.0 75.0 75.0 78.1 64.1 89.0 

Absolute density 

(kg
m3⁄ ) 

290 290 290 260 420 200 

θ (0) 45 45 45 45 45 0 

h/l 1.4 2.7 2.0 1.4 2.7 2.9 

h (µm) 21 41 30 21 41 30 

l (µm) 15 15 15 15 15 10.5 

Strut thickness 
(µm) 

6.51 4.24 4.37 5.67 5.87 3.91 

ITO glass 

IP-S resin 

25x-Objective lens 

Two-photon polymerization 
Dill configuration 
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Table 4. Printer settings used to fabricate the specimens of both experiments. 

 

2.3 Morphological characterization 
The morphological parameters of the manufactured specimens were characterized using the VHX-
6000 microscope (Keyence, Osaka, Japan). The strut thickness of each specimen was measured at ten 
different places and the mean was taken. With equations 1-4, described in the part ‘design’, the mean 
manufactured porosity of all specimens was calculated. 
 

2.4 Mechanical characterization 
The mechanical properties of the specimens are dependent on their small-scale architecture and the 
bulk material [46, 51]. The material properties were retrieved with a mechanical compression test. The 
results of this mechanical compression test were used in a FE model to obtain the proper bulk material 
properties. Thereafter, these material properties were used to calculate the mechanical parameters 
for all specimens used in this study. 
 

2.4.1 Mechanical testing 
The mechanical compression test was performed with four hybrid bone-mimicking scaffolds based on 
ISO 13314:2011[52, 53]. Each specimen was placed between the compression plates of the mechanical 
compression testing machine LLOYD LR5K (Lloyd Instruments, United Kingdom) (figure 12). 
Comparable to test parameters used in the studies of Linde et al. (1991) and Keaveny et al. (1994) 
(constant deformation rate of 0.05 mm/s for a 5x5x5 mm specimen; constant deformation rate of 0.04 
mm/s for a specimen with a diameter of 6 mm and a length of 8 mm, respectively) the mechanical 
compression test was performed with a constant deformation rate of 0.025 mm/s for a 
1.272x1.272x1.8 mm specimen until ± 40% strain was reached[54, 55]. The samples were tested with a 
5N load cell, and the displacement and force were registered.  
 

 
 

Figure 12. The LLOYD LR5K testing machine. The specimen was placed between the compression plates. The 
top plate compressed the specimen until a 40% strain was measured. 

 With the results of the mechanical compression test, a stress-strain curve could be made. This curve 
showed when the first layer of the structure failed and a peak force was reached. The strain (ε) was 
calculated using the displacement and the initial height of the specimen (equation 5), the stress (σ) 

 Bone-mimicking scaffolds Micro-scale scaffolds 

Scan speed (
µ𝐦

𝐬⁄ ) 50000 50000 

Laser power (%) 50 70 

Interface position (µm) 1 1 
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was calculated using the force and the area on which this force was applied (equation 6), and the 
Young’s modulus (i.e. stiffness; E) of the meta-biomaterial could then be calculated using the slope of 
the linear region of the stress-strain curve (equation 7)[56]. The stiffness of the specimen was used to 
calculate the bulk material properties in a finite element (FE) model. 
 

 ε                   =  
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (𝑚𝑚)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚𝑚)
   [5] 

 σ (𝑀𝑃𝑎)       =  
𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑁)

𝐴𝑟𝑒𝑎 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 (𝑚𝑚2)
  [6] 

 𝐸 (𝑀𝑃𝑎)        =  
σ (𝑀𝑃𝑎)

ε
   [7] 

 

2.4.2 Finite Element Modeling 
To translate the results of the mechanical compression test to the material properties, a FE model was 
used. This FE model is a computational model, that simulates the compression test. The Young’s 
modulus of the bulk material was adjusted until the stiffness of the specimen in the FE model mimicked 
the stiffness of the specimen measured in the mechanical compression tests.  
 The computational model was made in Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France). To 
mimic the physical test, the geometry of the specimen was imported from SolidWorks. The specimen 
was assumed to behave as an isotropic elastic material with a Poisson’s ratio of 0.35 and a Young’s 
modulus yet to be determined[46]. The specimen was meshed in 411980 quadratic tetrahedral elements 
of type C3D10 with an approximate global size of 0.1. Due to the complexity of the specimen, a bigger 
mesh was not possible. Two reference points (RPs) were added, one above and one below the 
specimen (figure 13). The top of the specimen was connected to the top RP, and the bottom of the 
specimen was connected to the lower RP, both by a coupling constraint. A job with the static general 
step including the displacement/rotation boundary conditions of both RPs until 16.7% strain was 
reached (table 5) was submitted. With the resulting reaction force and the accompanying 
displacement, the stiffness of the specimen was calculated. By systematically changing the Young’s 
modulus of the bulk material, and calculating the stiffness of the specimen, the actual Young’s modulus 
of the bulk material could be determined. This could then be implemented in a FE model to determine 
the stiffness and Poisson’s ratio for all specimens. 
 

 

Figure 13. Overview of the FE model with Hp/Hs. The boundary conditions of the compression test are shown 
at the RPs. 

  

https://www.google.com/search?client=safari&sa=X&rls=en&biw=1440&bih=814&sxsrf=ALeKk00jP92RZvuk6iFCUgIMWkQpaZPhNQ:1599227566703&q=V%C3%A9lizy-Villacoublay&stick=H4sIAAAAAAAAAOPgE-LQz9U3KKgys1TiBLGS0nKykrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYRcIOr8zJrKrUDcvMyUlMzi9Nykms3MHKCAA8eq1TXQAAAA&ved=2ahUKEwiDwJz40s_rAhWBM-wKHdjpCmQQmxMoATAkegQIDxAD


15 
 

Table 5. Displacement/rotation boundary conditions of the RPs for the compression test until 16.7% strain. 

 RP top RP bottom 

U1 0 0 

U2 -0.2 0 

U3 0 0 

UR1 0 0 

UR2 0 0 

UR3 0 0 

  
 Besides the RPs, a set of nodes was composed to measure the width of the specimen (red dots in 
figure 14). Before the job was submitted, the width of the specimen was identified by the distance 
between the red dots (initial width). Together with the width of the specimen after compression, the 
Poisson’s ratio (v) was calculated using equations 8 and 9[57].  

 

 
 
Figure 14. Overview of the FE model of Hp/Hs including the mesh. The red dots show the measurement points.  

 

ε𝑙𝑎𝑡𝑒𝑟𝑎𝑙 =  
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑖𝑑𝑡ℎ−𝑊𝑖𝑑𝑡ℎ 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) (𝑚𝑚)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑖𝑑𝑡ℎ (𝑚𝑚)
   [8] 

    𝑣           =  −
ε𝑙𝑎𝑡𝑒𝑟𝑎𝑙

ε
      [9] 

  

 This FE model was also used to determine the lateral Poisson’s ratio. The RPs and attachment of 
the coupling constraints were relocated to each side of the specimen, whereas the measurement 
points were relocated to the top and bottom of the specimen. At last, the displacement/rotation 
boundary condition was altered to a displacement in the x-direction. Using equations 8 and 9, by 
altering the width to height values, the lateral Poisson’s ratio was calculated. 
 

2.5 Biological characterization 
After manufacturing the specimens and obtaining their mechanical and morphological parameters, the 
scaffold cell interaction and cell function can be explored by several staining and imaging techniques 
(table 6). 
 Before the start of the experiments, all specimens were sterilized with the classic autoclave 
machine (Prestige Medical, New York, United States) to make sure they were not contaminated[58]. The 
cells were cultured in a mixture of alpha minimal essential medium, 1% penicillin-streptomycin and 
10% fetal bovine serum (αMEM) (Thermo Fisher)[59]. All specimens were exposed to a cell culture of 
pre-osteoblasts (MC3T3-E1). This cell line is used because the pre-osteoblasts differentiate to 
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osteoblasts after adding the growth factors ascorbic acid (1:1000) and beta-glycerol phosphate (1:500) 
(Sigma-Aldrich)[60]. Osteoblasts are the cells that contribute to bone formation and we are interested 
to see how these cells respond on specimens with negative, zero or positive Poisson’s ratio. 
 

Table 6. Overview of the performed imaging and staining techniques at each evaluation day. 

 

2.4.1 Bone-mimicking scaffolds 
The experiment using the bone-mimicking scaffolds included the staining and imaging techniques 
shown in table 6 and was performed twice, at different time points, to ensure the reliability of the 
results. For each experiment, six bone-mimicking scaffolds of each design were detached from their 
substrate, sterilized and placed into a 24-well plate. The bone-mimicking scaffolds were cultured in 
500 µl αMEM with 450.000 MC3T3-E1 cells for a total of 21 days. A control group of 20.000 MC3T3-E1 
cells with only αMEM was included to show how the cells respond without a specimen. The well plate 
was then incubated (37 °C, 5% CO2) to imitate the temperature of the human body. Every two days, 
the medium was refreshed with 500 µl differentiation medium (αMEM mixed with ascorbic acid and 
beta-glycerol-phosphate). To evaluate the results, the cell interaction and cell function were explored. 

2.4.1.1 Cell interaction 
The morphology of the cells on the surface of the bone-mimicking scaffolds was imaged with the 
scanning electron microscope (SEM) (JSM-IT100LA, JEOL, Tokyo, Japan). SEM imaging requires 
preparation of fixing the cells by washing the cells twice with PBS (Thermo Fisher), fixing for 15 minutes 
with 4% formaldehyde (Sigma-Aldrich) and washing twice with PBS, the samples were dried by washing 
two times for 5 minutes with distilled water, 15 minutes with 50% ethanol, 20 minutes with 70% 
ethanol and 20 minutes with 96% ethanol, followed by two hours air dry. The specimens were gold-
sputtered (Auto Fine Coater, JEOL JFC-1300, Japan) and observed with the SEM at an accelerating 
voltage of 15 kV. Images were taken on days 3, 14 and day 21 from the top and with a 30° angle view. 
 The cell interaction can also be visualized by actin staining. This staining procedure is described in 
the part micro-scale scaffolds, as for now, it is only performed to explore its added value towards SEM 
imaging. 
 To gain insight into the cell interaction, the metabolic activity of the viable cells were evaluated on 
days 1, 3, 7, 11 and 14[61]. The specimens were transferred to a new 24-well plate to make sure that 
only the metabolic activity of the cells that were attached to the specimen was measured and not the 
metabolic activity of cells that were on the bottom of the well plate or the ones that were floating 
around. A 500 µl mixture of αMEM and Presto Blue (10%) (Thermo Fisher) was pipetted in two empty 
wells and added to the specimens, followed by a one-hour incubation at 37°C. After one hour, 100 µl 
of the medium of each well was pipetted into a 96-well plate, while the remaining medium was 
refreshed and the 24-well plate, including the specimens, was put back in the incubator. The 
fluorescence (530-595 nm) of the 96-well plate was measured with a Viktor X3 microplate reader 

Bone-mimicking scaffolds 

Day 1 3 7 11 14 21 

SEM  x   x x 

Presto Blue 
Metabolic activity 

x x x x x  

Alizarin Red S 
Mineralization 

     x 

Micro-scale scaffolds 

Day 3 7 

SEM x x 

Actin 
Cell cytoskeleton 

x x 

Runx2 
Cell differentiation 

 x 
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(PerkinElmer, Groningen, Netherlands)[59]. The results of the fluorescence of the medium with the cells 
were reduced by the mean results of the fluorescence of the medium without the cells. Finally, to 
enable the comparison of the results, all results were normalized over the surface area of each 
specimen.  

2.4.1.2 Cell function 
The cell function of mineralization was measured with an alizarin red S (ARS) staining (Sigma-Aldrich) 
which highlights the formed calcium on the specimens[62]. Since calcium is only produced by 
osteoblasts that are at least 12 days old, the mineralization was measured on day 21[63]. After fixing 
the cells, the staining was performed by adding a 2% ARS solution (pH = 4.1), incubating in the dark at 
room temperature for 30 minutes, and washing eight times with distilled water[64]. This procedure gave 
the calcium a red color and images of the top and bottom were made with the VHX-6000 microscope 
with a magnification of 300.  

2.4.1.2.1 Image analysis 
The images of the ARS staining from each specimen (n=4) were quantified with ImageJ (open-source 
image analysis software, http://rsb.info.nih.gov/ij/index.html)[50]. The mean grey value was measured 
and normalized over the surface area of each specimen. Finally, a bar graph was made from these 
results. 
 

2.4.2 Micro-scale scaffolds  
The second experiment was designed for the micro-scale scaffolds and should mimic the experiment 
of the bone-mimicking scaffolds. However, the fact that the size of the micro-scale scaffolds is almost 
identical to the size of the pre-osteoblasts ensures that the cells will cover this micro-scale scaffold 
faster than the bone-mimicking scaffold. Consequently, the cell culture will last for only 7 days and we 
cannot perform the exact same procedures. We performed SEM imaging on day 3 and on the last day 
of the experiment, day 7. The fact that the micro-scale scaffolds are attached to their substrate makes 
that the metabolic activity of the cells cannot be measured accurately, we either measure too many 
cells or we destroy the material. So, instead of measuring the cell interaction by the metabolic activity 
with presto blue, we chose to measure the cell interaction by the spreading and morphology of the 
cells with an actin staining. This actin staining shows the cytoskeleton and nucleus of the cells and is 
measured at different points in time. Finally, the cell function of mineralization with ARS staining can 
also not be applied on these scaffolds, since the duration of this experiment (7 days) is too short for 
mineralization to occur[63]. Another test that can show the cell function is the Runx2 staining which 
identifies the cells that are differentiated from pre-osteoblasts to osteoblasts[65]. 
 
The experiment for the micro-scale scaffolds, including the staining and imaging techniques which are 
shown in table 6, was performed three times, at different time points to ensure the reliability of the 
results. For each experiment, four specimens of each micro-scale scaffold were sterilized and placed 
into four 6-well plates. The specimens were cultured in 2 ml αMEM with 50.000 MC3T3-E1 cells for a 
total of 7 days. The well plate was then incubated (37 °C, 5% CO2) to imitate the temperature of the 
human body. Every 2 days, the medium was refreshed with 500 µl differentiation medium (αMEM 
mixed with ascorbic acid and beta-glycerol-phosphate). 

2.4.2.1. Cell interaction 
To show the morphology of the cells on the surface of the micro-scale scaffolds, SEM images were 
taken on days 3 and 7. The specimens were prepared according to the procedure mentioned above 
and images were taken from the top and a 45° angle view. 
 An actin staining will, with a fluorescence microscope, highlight the cytoskeleton and nucleus of a 
cell. By evaluating the cytoskeleton on days 3 and 7, the attachment and spreading of the osteoblasts 
on the specimens will be obtained, and by evaluating the nucleus on days 3 and 7, unusual cell division 
could be obtained[66]. The actin staining requires preparation of fixing the cells, followed with staining 
by permeabilizing the cells with 0.5% Triton/PBS (Sigma-Aldrich) for 5 minutes at 4°C, followed by 5 
minutes in 1% BSA/PBS at 37°C, one hour at 37°C in a mixture of 1% BSA/PBS and Rhodomine-
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Phalloidine (1:100) to highlight the cytoskeleton, followed by washing three times for 5 minutes at 
room temperature with 0.5% Tween/PBS (Sigma-Aldrich), one hour at room temperature in a mixture 
of 1% BSA/PBS and DAPI (1:1000) to highlight the nucleus, and washing three times for 5 minutes at 
room temperature with 0.5% Tween/PBS. The staining was captured using the ZOE Fluorescent Cell 
Imager (Bio-Rad, Hercules, CA). The images were taken from the top layer of each specimen and were 
analyzed as described in ‘Image analysis’. The bar graph showed that the higher the red intensity of 
the actin staining, the lower the grey value. 

2.4.2.2. Cell function 
At last, the function of the cells was evaluated by a Runx2 staining on day 7 that identifies the 
differentiation of the cells[67]. Therefore, the cells were fixed and the staining was performed by 
permeabilizing the cells with 0.5% Triton/PBS for 5 minutes at 4°C, followed by 5 minutes in 1% 
BSA/PBS at 37°C, one hour at 37°C in a mixture of 1% BSA/PBS and Runx2 primary polyclonal antibody 
(1:250), washing three times for 5 minutes at room temperature with 0.5% Tween/PBS, one hour at 
37°C in a mixture of 1% BSA/PBS and secondary antibody Alexa Fluor 488 (1:200) and washing three 
times for 5 minutes at room temperature with 0.5% Tween/PBS. The staining was captured at the top 
layer of each specimen using the ZOE Fluorescent Cell Imager.  
 

2.6 Statistical analysis 
The first statistical analysis was performed to test the reliability of the experiment. Each experiment 
was performed multiple times, from which the results were evaluated to identify significant 
differences between the results measured at different time points. Ideally, no differences are found 
and all results of the same experiment can be combined. The statistical analysis was performed using 
SPSS (IBM Statistics, New York, United States), with the independent variable the time point of the 
measurement, and the dependent variable the grey value or metabolic activity. At first, a Shapiro-
Wilk’s test was performed to check if the data was normally distributed (p > 0.05), followed by Levene’s 
test to check if the homogeneity of variance could be assumed (p > 0.05). If both tests succeeded, an 
independent t-test for the bone-mimicking scaffolds, and the one-way ANOVA test for the micro-scale 
scaffolds was performed. If one of these assumptions was not met, we referred to Jaccard (1998)[68]. 
According to this study, an independent t-test or one-way ANOVA can still be performed if the sample 
sizes are equal and the ratio of the largest group variance to the smallest group variance is less than 
three[68]. A significant difference was obtained by p < 0.05. When the data did not meet the 
assumptions nor the rules by Jaccard (1998), the non-parametric Mann-Whitney test instead of the 
independent t-test, and the Kruskal-Wallis test instead of the one-way ANOVA test, was performed[68].  
 All quantitative results were evaluated to identify significant differences between the specimens. 
The statistical analysis was performed for three different bone-mimicking scaffolds, three different 
micro-p-scale scaffolds and four different micro-s-scale scaffolds. Each evaluation day was tested 
separately, the independent variable was the design of specimen and the dependent variable was the 
grey value or metabolic activity. The data was tested on normal distribution and homogeneity of 
variance, if both tests succeeded, a one-way ANOVA test was performed. If one of these assumptions 
was not met, we referred again to Jaccard (1998)[68]. A significant difference was obtained by p < 0.05. 
If a significant difference was obtained, a Bonferroni post hoc test was executed to explain the 
differences. When the data did not meet the assumptions nor the rules by Jaccard (1998), the non-
parametric Kruskal-Wallis test was performed[68]. Significance was again assumed at p < 0.05. If a 
significant difference was obtained, a Mann-Whitney test with Bonferroni post hoc test was executed 
to show which designs differed from one another.   
 Besides the one-way ANOVA or non-parametric Kruskal-Wallis test, a regression analysis was 
performed for the micro-scale scaffolds that were normally distributed and showed homogeneity of 
variance[69]. The dependent variable was the grey value and as independent variables, we used the 
parameters Poisson’s ratio, stiffness and porosity. This analysis showed how much of the variance of 
the results could be explained by the variance of the parameters. It also tells us which parameter 
influences the results the most.  
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3. Results 
 
The research was performed according to the aforementioned methods and materials. At first, all 
results regarding the bone-mimicking scaffolds are described, followed by all results regarding the 
micro-scale scaffolds. 
 

3.1 Bone-mimicking scaffolds  

3.1.1 Morphological characterization 
The manufactured bone-mimicking scaffolds are shown in figure 15 and appendix 7.1. The method 
used to print these specimens influences the morphological properties. The manufactured 
morphological properties of the specimens are shown in table 7. The manufactured porosity of the 
specimens is lower than the designed porosity (75%). Nevertheless, the porosity is still within the limits 
of 50-90% required for the bone to be trabecular. 
 
  Cp    Ap         Hp 

   
   
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Printed bone-mimicking scaffolds where (A) shows Cp, (B) shows Ap and (C) shows Hp. 

Table 7. Porosity (%) of the bone-mimicking scaffolds with their standard deviation (std). 

 

3.1.2 Mechanical characterization 
The material properties were obtained by a mechanical test of Hp, from which the test results were 
used to create a stress-strain curve. This curve showed where the first layer of the structure failed 

Specimen Designed porosity Mean manufactured 
porosity 

Manufactured porosity 
std. 

Cp 
 

75 74.1 1.0 

Ap 
 

75 73.3 2.6 

Hp 
 

75 71.9 2.9 

(A) (C) (B) 

500 µm 
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(appendix 7.2) and the peak force of 4N, with a stress of 2.54 MPa and a strain of 2.98 % was reached 
(figure 16). The resulting stiffness (E) of Hp was calculated to be 119.76 ± 7.43 MPa. 

 
 

Figure 16. Stress-strain curve of the mechanical test of a hybrid bone-mimicking scaffold. 

The bulk material of the FE model was set to have a Young’s modulus of 1887.36 MPa to match the 
stiffness of Hp that was found in the experiment. Table 8 shows the material properties of all specimens 
that were obtained with the FE model.  
 

Table 8. Mechanical properties of the bone-mimicking scaffolds. 

 
 

3.1.3 Biological characterization 
The results of the biological characterization are divided into cell interaction and cell function. The cell 
interaction is visualized with SEM imaging, which show the morphology and spreading of the cells, and 
the metabolic activity is shown by presto blue. The actin staining is not included in this experiment as 
the results do not show added value towards SEM imaging (appendix 7.3). At last, the cell function is 
visualized with ARS staining that shows the cell mineralization. 

3.1.3.1 Cell interaction 
The cell interaction, visualized with SEM imaging, is shown in figures 17-19 and appendix 7.4. The 
images show that after 3 days only a few cells are attached to the specimens. Most of these cells are 
attached at the vertices of the specimens. After 14 days, the cells are spread over the entire specimens. 
This continued until day 21, where even more cells are attached to the specimens. On Cp and Ap it can 
be identified that, after 3 days, the cells are only attached to the top of the specimens, whereas on Hp 
the cells are also attached to the outside of the specimen. After 14 days it is shown that the vertical 
pillars from Ap and Hp are bend and the struts at the top view of Hp are bend towards each other (blue 
arrows in figures 18 and 19).  
  

Specimen Designed porosity (%) E (MPa) v vlat 

Cp 
 

75 168.8 0.88 0.17 

Ap 
 

75 44.8 -0.55 -0.24 

Hp 
 

75 119.8 0.15 0.07 
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Figure 17. SEM images of Cp, top view and 300 angle view. Images show morphology of the cells on the surface 
after (A) 3 days (cells highlighted with red arrows), (B) 14 days and (C) 21 days. 

 

Figure 18. SEM images of Ap, top view and 300 angle view. Images show morphology of the cells on the surface 
after (A) 3 days (cells highlighted with red arrows), (B) 14 days and (C) 21 days. The blue arrows indicate 
bending of the struts. 
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Figure 19. SEM images of Hp, top view and 300 angle view. Images show morphology of the cells on the surface 
after (A) 3 days (cells highlighted with red arrows), (B) 14 days and (C) 21 days. The blue arrows indicate 
bending of the struts. 

 
The results of the metabolic activity, shown with presto blue, were identified as reliable, as the results 
at different time points did not show significant differences (appendix 7.5). Therefore, the results of 
the metabolic activity at different time points were combined. 
 The total results are shown in figure 20, where the significant differences between the specimens 
at every evaluating day is shown in the graph by ‘*’ (appendix 7.6). On every evaluation day, the control 
group showed significant differences compared to all specimens. The significant differences between 
Cp and Ap were indicated on days 1 and 3 and a significant difference between Ap and Hp was indicated 
on day 14.  

    
Figure 20. The results of the metabolic activity of the cells on the bone-mimicking scaffolds and control group 
(i.e. no specimen). Data is expressed as mean and error bars show the standard deviation. Significant 
differences (p < 0.05) are shown by *. 



23 
 

3.1.3.2. Cell function 
The results of the ARS staining, to identify the mineralization of the cells, are shown in figure 21 and 
appendix 7.7. Figure 21 shows that the ARS staining on Cp only showed mineralization at the bottom 
of the image despite that the specimen is completely covered with cells. Ap and Hp show, with the ARS 
staining, that the entire top of the specimens are mineralized. It is shown that most mineralization 
occurred around the struts of the specimens.  
 The image analysis quantified the results of the ARS staining, which were identified as reliable, so 
we decided to combine the results of the ARS staining from different time points (appendix 7.8). The 
total results are shown in figure 22, where the significant differences between the specimens are 
shown in the graph by ‘*’ (appendix 7.9).  After 21 days, significant differences in mineralization were 
indicated between Cp and Ap and Hp (figure 22). 
   

 
 

Figure 21. ARS staining to measure mineralization. (A) Cp, (B) Ap and (C) Hp. 

 

 
Figure 22. The results of the mineralization of the cells on the bone-mimicking scaffolds by ARS staining at 
day 21. Data is expressed as mean and error bars show the standard deviation. Significant differences (p < 
0.05) are shown by *. 

 

3.2 Micro-scale scaffolds 
The fabricated specimens, with a default laser power of 50%, were inspected with the VHX-6000 
microscope on surface smoothness and printing errors (figure 23). These results were used to fine-
tune the printer settings. The specimen with the best surface smoothness and least printing errors was 
printed with 70% laser power.  

(A) (C) (B) 
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Figure 23. Fabricated Hp/Hs micro-scale scaffolds with different laser powers; (A) 40%, (B) 60%, (C) 70%. Red 
arrows indicate differences of the specimens. 

 

3.2.1 Morphological characterization 
The manufactured micro-scale scaffolds are shown in figure 24 and appendix 7.10. The method used 
to print these specimens influences the morphological properties. The actual morphological properties 
of the specimens are shown in table 9. The porosities were determined by measuring the actual strut 
thickness of each specimen. It showed that the porosity of the manufactured specimens is <5% lower 
than the designed porosities. Nevertheless, the porosity is still within the limits of trabecular bone, 50-
90% porosity. 
 

Table 9. Designed and manufactured porosity (%) of the micro-scale scaffolds. 

 
 
 

Specimen Designed porosity Mean manufactured 
porosity 

Manufactured porosity 
std. 

Cp 
 

75.0 72.9 5.7 

Ap 
 

75.0 71.9 5.6 

Hp/ Hs 
 

75.0 70.5 2.4 

Cs 
 

78.1 77.0 2.2 

As 
 

64.1 61.2 3.8 

CBs 
  

89.0 84.4 2.9 

(A) (C) (B) 
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Figure 24. Printed micro-scale scaffolds where the images show (A) Cp, (B) Ap, (C) Hp/Hs, (D) Cs, (E) As and (F) 
CBs. 
 

3.2.2 Mechanical characterization 
The mechanical properties are based on the material properties as calculated in 3.1. As the bone-
mimicking and micro-scale scaffolds were printed with the same material, the Young’s modulus of the 
bulk material is identical. The mechanical properties of the micro-scale scaffolds, obtained with the FE 
model, are shown in table 10. 
  

(A) (C) (B) 

(D) (F) (E) 

100 µm 
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Table 10. Mechanical properties of the micro-scale scaffolds. 

 

3.2.3 Biological characterization 
The results of the biological characterization are divided into cell interaction and cell function. The cell 
interaction is visualized with SEM imaging and actin staining that shows the morphology and spreading 
of the cells. The cell function is visualized with Runx2 staining that shows cell differentiation. 

3.2.3.1 Cell interaction 
The SEM imaging shows the morphology of the cells on the surface and the actin staining shows the 
morphology and spreading of the cytoskeletons of the cells. In figures 25-27, appendices 7.11 and 7.12 
SEM images and the results of the actin staining are shown. After 3 days, the SEM images show that 
the cells are solely attached to the top part of the specimens on Ap, Cs and CBs, whereas on Cp, Hp/Hs 
and As the cells are also attached to the outside of the specimens. The actin staining lights up the 
cytoskeleton of the cell and gives a similar result as the morphology shown with the SEM imaging. 
However, the spreading of the cytoskeleton is shown throughout the entire specimens with the actin 
staining and has therefore more cytoskeleton highlighted than shown with SEM imaging. After 7 days, 
all specimens show that the cells have divided and are climbing the specimens (SEM). The results of 
the actin staining show that the specimens are completely covered, and surrounded, by cytoskeleton. 
The SEM images show that Ap, Hp/Hs and CBs have their vertical struts bend after 7 days of cell culture 
(blue arrows in figures 25-27). 
  

Specimen Designed porosity (%) E (MPa) v vlat 

Cp  75.0 168.8 0.88 0.17 

Ap  75.0 44.8 -0.55 -0.24 

Hp/ Hs  75.0 119.8 0.15 0.07 

Cs 
 

78.1 119.9 1.07 0.19 

As  64.1 119.7 -0.24 -0.14 

CBs  89.0 120.0 0 0 
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Figure 25. Images of actin staining and SEM images of (A) Cp and (B) Ap, top view and 450 angle view. Images 
show morphology of the cells on the surface after 3 days (cells highlighted with red arrows) and 7 days. The 
blue arrows indicate bending of the struts. 

 

 
   

Figure 26. Images of actin staining and SEM images of (A) Hp/Hs and (B) Cs, top view and 450 angle view. 
Images show morphology of the cells on the surface after 3 days (cells highlighted with red arrows) and 7 
days. The blue arrows indicate bending of the struts. 
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Figure 27. Images of actin staining and SEM images of (A) As and (B) CBs, top view and 450 angle view. Images 
show morphology of the cells on the surface after 3 days (cells highlighted with red arrows) and 7 days. The 
blue arrows indicate bending of the struts. 

 
The results of the actin staining after 3 days, to identify the morphology and spreading of the cells, 
were quantified, identified as reliable, and combined for further analysis (appendix 7.12). The total 
results are shown in figure 28, where the significant differences between the specimens is shown in 
the graph by ‘*’ (appendix 7.14). Figure 28 shows that, for the micro-p-scale scaffolds, Cp has 
significantly more cytoskeletons attached than Hp and that Hp has significantly more cytoskeletons 
attached than Ap. For the micro-s-scale scaffolds, most cells attached to As and Cs, less to Hs and the 
least to the control group CBs. A linear regression analysis showed that 40.2% of the variance in the 
data could be explained by the variance of the Poisson’s ratio, porosity and stiffness, respectively 
(appendix 7.14). 
 The results of the actin staining of day 7 are not quantified by image analysis. The surrounding 
cytoskeleton of the specimens is coloring the entire image red, which makes the quantification 
unreliable.  
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Figure 28. The results of the attachment of the cells after 3 days on the, (A) micro-p-scale and (B) micro-s-
scale scaffolds (control: CBs), visualized by actin staining. The lowest bar shows the highest intensity of red. 
Data is expressed as mean and error bars show the standard deviation. Significant differences (p < 0.05) are 
shown by *. 

 

3.2.3.2 Cell function 
The results of the cell function are shown in figures 29, 30 and appendix 7.15 with the Runx2 staining. 
The images show that the cells on Cp of the micro-p-scale scaffolds show most differentiation, followed 
by Hp, and least by Ap. The micro-s-scale scaffolds show the most differentiation on Cs and As and less 
differentiation on Hs and CBs, that both have a Poisson’s ratio close to zero.  
 

 
 
Figure 29. Images of the Runx2 staining of the micro-p-scale scaffolds, performed on day 7. This staining 
shows the differentiation of the cells. (A) Cp, (B) Ap, (C) Hp. 

 

 
 
Figure 30. Images of the Runx2 staining of the micro-s-scale scaffolds, performed on day 7. This staining shows 
the differentiation of the cells. (A) Cs, (B) As (C) Hs, and (D) CBs (control). 

(A)            (B) 

(A) (C) (B) 

60 µm 

60 µm 

(A) (C) (B) (D) 

(A) (C) (B) (D) 
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4. Discussion 
 
In this graduation project, we have explored the behavior of bone cells on scaffolds with negative, zero 
and positive Poisson’s ratio. Two different experiments were performed to determine the MC3T3-E1 
pre-osteoblastic cell response on different meta-biomaterials. The first experiment included three 
bone-mimicking scaffolds and the second experiment included six micro-scale scaffolds. All meta-
biomaterials were exposed to a cell culture of MC3T3-E1 pre-osteoblastic cells. This cell culture was 
exposed to different staining procedures and imaging techniques to acquire insight into cell interaction 
and function. The results will be discussed in detail in the following paragraphs, together with the 
challenges and limitations of this research. Finally, some recommendations for future work will be 
presented. 
 

4.1 Bone-mimicking scaffolds 
The porosity of the specimens was determined using the strut thickness (table 7). It appeared that the 
manufactured porosity was within 5% lower than the designed porosity and, consequently, the 
manufactured specimens contained more material than the designed specimens. A potential 
explanation can be that each specimen was built in parts. The Nanoscribe has a building range which 
is smaller than the designed specimens. Therefore, each specimen is split into smaller parts that were 
printed on top of each other. The repolymerization at these welding points can result in a lower 
porosity of the manufactured specimens[47]. 
 
The experiment for the bone-mimicking scaffolds explored the cell interaction with SEM imaging and 
presto blue and the cell function with ARS staining. Besides these tests, literature also mentions an 
actin staining to observe cell interaction[70-72]. Therefore, the actin staining, which highlights the 
cytoskeleton and nucleus of the cells, was performed and analyzed on its added value to the results of 
this experiment. The results of the actin staining did solely highlight the cytoskeleton of the cells 
without its nucleus. A potential explanation can be that the second antibody, DAPI, which should 
highlight the nucleus, had lost its function. Therefore, it was not able to explore if the cell division was 
unusual. The results of the actin staining were compared with the results of the SEM imaging. The SEM 
imaging clearly identified where the cells were attached to the specimens, whereas the actin staining 
was less conclusive (appendix 7.3). The actin staining highlighted both the specimen, as well as the 
cytoskeletons of the attached cells, and given the small size of the attached cells, they were too small 
to be distinguished. Therefore, it was decided to not include the actin staining in this experiment. In 
the previous studies, the structures were not highlighted by the actin staining and the actin staining 
and SEM imaging showed different results[70-72].  
 After 3 days, the differences in cell morphology between the specimens were shown with SEM 
imaging (figures 17-19). These differences can be explained by cell seeding. Each specimen was placed 
in a 24-well plate and seeded with drops of a solution of αMEM and MC3T3-E1 pre-osteoblastic cells. 
While seeding, some cells were directly pipetted on the specimen while other cells were floating in the 
solution and attached to the bottom of the well plate. Consequently, there can be a big difference in 
the number of attached cells to the specimens, primarily after 1-3 days, which is not based on the type 
of specimen used. On days 1, 3, 7, 11 and 14 the specimens and their attached cells were transferred 
to a new well plate leaving the remaining cells on the bottom of the well plate. This way the metabolic 
activity of the cells on the specimens was observed without the interference from the surrounding 
cells. After 14 days of cell culture, the cells completely covered the specimens. Ap and Hp showed that 
their vertical struts were bent. The strut thickness of Cp ensures that this specimen is not affected by 
these forces (table 2). After 21 days of cell culture, the bending of the struts decreased. According to 
Zhang et al. (2013), an explanation for the initial bending could be the forces of the cells that are acting 
on the struts. This study explained the decrease of this bending by the differentiating cells on the inside 
of the specimen that pushed the struts back to their original position[18].  
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 The presto blue is used to identify the metabolic activity of the cells. The measurements that 
included false data, data where the specimen was not completely covered by the presto blue, were 
excluded from the results. On day 1, the specimen with a positive Poisson’s ratio, Cp, had a significantly 
lower metabolic activity rate than the specimens with a negative, and almost zero Poisson’s ratio, Ap 
and Hp, respectively. The fact that Cp was floating on the αMEM, while the other specimens were 
completely covered by αMEM (figure 31), could be the reason. Cells may have had difficulty attaching 
to the inside of the Cp specimen. There was intensively searched for a potential explanation of the 
floating Cp. The buoyant forces of the αMEM and the densities of the αMEM and Cp could not explain 
the floating as the buoyant forces of the αMEM were higher than the weight of Cp and the density of 
Cp was higher than the density of αMEM[73, 74]. The surface tension of Cp was higher than the surface 
tension of αMEM (equation 10) which trapped the air within the specimen and that could be a 
potential explanation why Cp was floating[75-77]. After 7 days of cell culture, the Cp specimen has sunk 
and was completely covered by αMEM. From now on, cells were able to reach the inside of the 
specimen. On day 7, the plateau of the cells was reached, meaning all the specimens were completely 
filled with cells. After 14 days, there was a significant difference between Ap and Hp. A possible 
explanation could be that the reached plateau of the cells showed a varying metabolic activity rate. If 
Hp is varying low and Ap is varying high, this could explain the differences.  
 

      𝛾 =
𝐹

𝑙
  [10] 

 

 
 

Figure 31. Side view of 24-well plate where (A) shows that Ap is on the bottom of the well plate and is 
completely covered by αMEM and (B) shows that Cp is floating and that air is trapped inside the specimen.  

 During the entire experiment, it was shown that the results of each specimen was significantly 
different from the results of the control group, so we can state that our specimens contributed to the 
cell response. A previous study by Kim et al. (2017) tested the cell proliferation of MG-63 osteoblast-
like cells on PLGA specimens[78]. The results showed that the cell proliferation of the auxetic specimen 
(negative Poisson’s ratio) after 1 and 3 days of cell culture had beneficial differences towards the 
conventional specimen (positive Poisson’s ratio), but after 5 days of cell culture, there were no 
significant differences anymore. The results after 1 and 3 days of this study are not supported by the 
results from this graduation project because the evaluated differences were explained by the floating 
Cp. In contrast, the results after 5 days of cell culture were supported by this graduation project as no 
significant differences were shown. 

(A)          (B) 
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 The ARS staining is used to identify the mineralization which tells us where calcium was formed on 
the specimens. The results showed a large standard deviation that might be caused by the measured 
area; the bottom of the specimens showed less mineralization than the top. Furthermore, the results 
showed that the cells attached to Cp formed significantly less mineralization than the cells attached to 
Ap and Hp. A potential explanation can be found in the research of Maharjan et al. (2020), which 
showed that specimens with a higher stiffness had a higher mineralization rate on day 21[79]. This is in 
contrast to the results of this graduation project, which were also measured on day 21. The specimen 
with positive Poisson’s ratio Cp had the highest stiffness of the bone-mimicking scaffolds and showed 
the lowest mineralization rate, whereas the specimen with the negative Poisson’s ratio Ap had the 
lowest stiffness and showed the highest mineralization rate. 
  

4.2 Micro-scale scaffolds 
The porosity of the specimens after manufacturing was also within 5% lower than the designed 
porosity (table 9). In contrast to the bone-mimicking scaffolds, the micro-scale scaffolds were printed 
as one part which makes that the difference in porosity cannot be explained by the printing procedure. 
However, an explanation could be in the fact that the micro-scale scaffold was printed with the same 
parameters as the bone-mimicking scaffolds. The larger the microscope objective, the bigger the meta-
biomaterial that can be printed. If a larger microscope objective is used for a smaller print, the meta-
biomaterial is printed less smooth despite improvements made from altering the laser power. This 
could explain the difference in the designed and manufactured porosity. An alternative is to use a finer 
microscope objective, however, this would also require the use of a different material/photoresist and 
substrate[47]. The comparison between the bone-mimicking scaffolds and the micro-scale scaffolds 
would therefore be more difficult. 
 The mechanical properties of the micro-scale scaffolds were based on the mechanical tests that 
were performed on the bone-mimicking scaffolds. Based on these test results, the Young’s modulus of 
the bulk material was calculated and used in a FE model to determine the mechanical parameters of 
the specimens. Unfortunately, our micro-scale scaffolds had a rough surface, caused by the big 
microscope objective, which could affect the stiffness of the material. To check the mechanical 
parameters of the specimens, another mechanical test would be required.  
 During the sterilization procedure, several specimens separated from their substrate and got lost, 
this led to a difference in the sample sizes of the experiments.  
 
The SEM images were taken on day 3 and day 7. After 3 days, most of the cells were attached to 
different places at the top, and some cells were attached to the side of the specimens. A potential 
explanation that most cells attached to the top can be that the specimens were attached to the 
substrate while seeding. The cells attached to the side of the specimens did not divide according to the 
designed Poisson’s ratio of the specimen because the lateral Poisson’s ratio is different from the top. 
According to the SEM images, Cp had the most cells attached, followed by CBs, Cs and Ap and the least 
cells were attached to Hp/Hs and As. A potential explanation for this difference can be the specimen/cell 
ratio. As mentioned before, each specimen has about the same size as the MC3T3-E1 pre-osteoblastic 
cells and, therefore, it is harder for the cells to find the specimen. This difference is not based on the 
differences in design, but on the fact that the cells did or did not find the specimen. The specimens 
were attached to the substrate during this experiment and it was shown that after 7 days the cells 
were climbing onto the specimens. Therefore, the cell response was influenced by the cells attached 
to the substrate and the specimen. However, only the cell response of the cells attached to the 
specimen was desired. The SEM imaging showed that the vertical struts of Ap, Hp/Hs and CBs were bent. 
We noticed this bending after 7 days, at the end of the experiment. We were therefore unable to see 
whether they would bend back at some point, similar to the bone-mimicking scaffolds.   
 In contrast to the first experiment, the size of the MC3T3-E1 pre-osteoblastic cells are now almost 
identical to the size of the specimens and are clearly highlighted with the actin staining. The results of 
the actin staining, after 3 days, was quantified by ImageJ. The meta-p-biomaterials showed that the 
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specimen with the positive Poisson’s ratio, Cp, had the most attached cytoskeletons, followed by the 
specimen with a Poisson’s ratio close to zero, Hp, and the specimen with a negative Poisson’s ratio, Ap, 

showed the least cytoskeleton attachment. The meta-s-biomaterials showed that the specimens with 
the positive and negative Poisson’s ratio, Cs and As, respectively, had the most cytoskeleton 
attachment, followed by the specimens with a Poisson’s ratio close to zero, Hs, and CBs. A regression 
analysis of the results after 3 days showed that 40.2% of the variance of the actin staining results (meta-
s-biomaterials) could be explained by the variance of the Poisson’s ratio. The actin staining performed 
after 7 days showed that the cells have spread, and are climbing, over the entire specimens. Therefore, 
the boundary of the specimens is not clear and no image analysis can be performed. Summarizing, for 
the meta-p-biomaterials, Cp indicated an enhancement in cell response. In contrast, the auxetic and 
conventional micro-s-scale scaffold with negative and positive Poisson’s ratio, respectively, indicated 
an enhanced cell response. 
 The Runx2 staining highlighted the cells that were differentiated from pre-osteoblasts to 
osteoblasts. The results of the Runx2 staining showed that, for the meta-p-biomaterials, most 
differentiated cells were attached to Cp (positive Poisson’s ratio), which had the highest stiffness. For 
the meta-s-biomaterials, As (negative Poisson’s ratio) and Cs (positive Poisson’s ratio) showed the best 
results and Hs and CBs showed the least differentiation (Poisson’s ratio close to zero). Both results of 
the actin and the Runx2 staining indicated that for the micro-p-scale scaffolds, Cp (positive Poisson’s 
ratio, high stiffness, 75% porosity), and for the micro-s-scale scaffolds, As (negative Poisson’s ratio, 120 
MPa, 64% porosity) and Cs (positive Poisson’s ratio, 120 MPa, 78% porosity) enhances the response of 
the cells at an early stage, which was also found by Uchida et al. (2014)[80]. The micro-s-scale scaffolds 
are different in porosity and Poisson’s ratio, therefore these parameters could influence the results. 
Mandal et al. (2009) showed that a higher porosity leads to higher cell proliferation[38]. However, the 
regression analysis of the results of the actin staining showed that the variance in Poisson’s ratio 
influenced the variance in results the most. Together with the fact that the auxetic specimen has a 64% 
porosity and the conventional specimen has a 78% porosity, results that a negative Poisson’s ratio in 
combination with high porosity and high stiffness should lead to the best cell response.  
 The SEM images showed that all specimens were completely covered by cells. Comparing this to 
the results of the staining procedures, the differences in results of the staining procedures could not 
be explained by the results of the SEM images. An explanation for this difference could be that the 
SEM only captures the outside of the specimens, whereas the staining procedures are imaged with the 
ZOE Fluorescent Cell Imager that captures the staining of the one layer, but also captures the 
illuminated staining of the lower layers. Therefore, the differences in staining results should be 
explained by the cells that are attached to the inside of the specimen.  
  

4.3 Length-scale comparison 
The results of the bone-mimicking and micro-p-scale scaffolds were conflicting as the bone-mimicking 
scaffolds showed the least cell response on the Cp specimen, whereas the micro-p-scale scaffolds 
showed the most cell response on Cp. This contradiction could again be explained by the floating 
specimen of the bone-mimicking scaffolds. Furthermore, Ap showed the most cell response of the 
bone-mimicking scaffolds, unfortunately they were non-significant. However, Ap showed the least 
promising results of the micro-p-scale scaffolds. Therefore, the results of the specimens based on the 
same porosity in meso- and micro-scale remain inconclusive.  
 The results of the specimens based on the same stiffness were only performed on the micro-scale 
scaffolds. The results showed that the auxetic and conventional micro-s-scale scaffold, with negative 
(As) and positive (Cs) Poisson’s ratio showed an enhancement of the cell response in cell interaction 
and function. It was shown that the specimens with a Poisson’s ratio close to zero showed the least 
cell response. As described before, a negative Poisson’s ratio in combination with high porosity and 
high stiffness should lead to the best cell response. There is no conclusive result that this combination 
is able to enhance the cell response at mesoscale. 
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 4.4 Challenges and limitations 
The first experiment tested three different meta-p-biomaterials, varying in  Poisson’s ratio and 
stiffness, at mesoscale. As prior research showed that the porosity enhanced cell proliferation, we 
removed the influence of the porosity[38, 81, 82]. Therefore, the results of the bone-mimicking scaffolds 
could be based on the variance of the Poisson’s ratio or the variance of the stiffness. To research the 
influence of the Poisson’s ratio on cell response in more detail, it would be an improvement to include 
the meta-s-biomaterials in the first experiment, whereas the specimens used in the experiment was 
varying in porosity and stiffness.  
 Both experiments included morphological and mechanical characterization, a cell culture, staining 
procedures and SEM imaging. The first experiment measured the metabolic activity with presto blue 
and mineralization with ARS staining and the second experiment performed an actin and Runx2 
staining. The procedures used for all of these tests have been broadly used in the literature[52, 61, 62, 66, 

67]. However, the morphological characterization of all the meta-biomaterials was based on equations 
1-4. We performed the morphological characterization in exactly the same way as the calculation for 
the initial porosity. To check the morphological characterization, weighing of the printed specimens 
could be used[83, 84]. Unfortunately, it was not possible to perform this weighing afterward, as all the 
specimens were used in the cell culture. Therefore, next time, the printed specimens should be 
weighted before the cell culture starts. 
 The significant differences in the results of the staining were not all explained by the SEM images. 
Including 3D imaging, to visualize not only the exterior of the specimens but also the interior, would 
be an improvement and also enable the comparison of the imaging results to the results of the staining 
procedures. A couple of specimens were sent to an external company to be imaged with a high-end 
confocal microscope (ZEISS LSM 980 Airyscan 2, OberKochen, Germany). This was done after the SEM 
imaging, and since the specimens were gold-sputtered, it was no longer possible for the high-end 
confocal microscope to image them. 
 Another limitation of the study considers the presto blue reagent. During this test, the specimens 
were detached from their substrate and placed in a 24-well plate together with the αMEM. The 
specimens were floating around in the αMEM and thus not standing straight. At first, we placed the 
specimens upright, but while moving the well plate, the specimens fell over. The cells were then 
seeded on the lateral position of each specimen that fell over. As mentioned before, the lateral 
Poisson’s ratio is different from the Poisson’s ratio from the top. Therefore, the to be determined 
Poisson’s ratio influence of the specimens could not be investigated completely. An improvement 
would be to fix the specimens upright to the well plate while enabling the transfer of the specimens to 
measure the metabolic activity with presto blue. 
 A limitation of the first experiment was the floating of Cp at the start of the experiment. It was 
shown that after 7 days of cell culture, the specimen has sunk. A measurement of the metabolic activity 
on day 5 should have given a better insight into when the Cp specimen sank and could help to explain 
the results of this specimen.  
 The actin and Runx2 staining were imaged with the ZOE Fluorescent Cell Imager. This microscope 
can only focus on and measure one layer. In this graduation project, the results are based on 
measurements of the top layer of the specimens which includes the illumination of lower layers. It 
would be an improvement to measure the staining over the entire specimens using pictures from a 3D 
microscope for fluorescence. 
 

4.5 Potential applications and future work  
This graduation project was designed to gain knowledge in the behavior of bone cells on scaffolds with 
negative, zero and positive Poisson’s ratio. Besides the use of a scaffold as a bone graft, other 
applications in which bone growth is an important factor that could potentially benefit from these 
scaffolds. A hip-implant, for example, also requires bone ingrowth and the sooner this happens, the 
sooner the patient will be able to fully use his/her new hip. The results of this study could for instance 
contribute to the design of the surface of these implants. The specimen with a negative Poisson’s ratio 
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in combination with high porosity and high stiffness should enhance the cell response and could also 
be implemented on the surface of other applications to speed up the bone ingrowth process. 
 To extend the results found in this study, different focus points are elaborated. In the study of Zhang 
et al. (2013) an unusual cell division was found on an auxetic scaffold[18]. This unusual cell division could 
be identified with an actin staining. The first antibody of the actin staining highlights the cytoskeleton 
of the cells while the second antibody of actin staining, DAPI, highlights the nucleus of the cells, which 
could identify an unusual cell division[85]. Unfortunately, the second antibody did not highlight the 
nucleus during our experiment. Therefore, the unusual cell division could not be investigated in this 
graduation project, but should definitely be considered in future work. 
 The study of Choi et al. (2016) showed that the cell proliferation of MG-63 osteoblast-like cells 
enhanced under compression[17]. Compression is the most frequent loading type in the human body, 
so it is important to see how the specimens react to this loading type[86]. In this study, the tests were 
performed without any compression. To apply compression on the specimens, it is a possibility to 
perform the cell culture in a well plate with a designed height. This height is smaller than the height of 
the specimen so it is applying pressure. By altering the height of the well plate, the amount of 
compression can be variated. 
 Future research could also include, as mentioned before, the meta-s-biomaterials on mesoscale. 

The results can then be compared to the results of this graduation project to see whether a negative 

Poisson’s ratio in combination with high porosity and high stiffness indeed enhances the cell response 

at multiple length scales.  
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5. Conclusion 
 
The aim of this graduation project was to expand the knowledge on scaffold cell interaction, using 
scaffolds with negative, zero and positive Poisson’s ratios. Conventional, auxetic and hybrid meta-
biomaterials were tested on their ability to enhance the cell response at different length scales. The 
morphological and mechanical properties were determined, and the MC3T3-E1 pre-osteoblastic cell 
response was explored using different staining procedures and SEM imaging. The results of the staining 
procedures on the bone-mimicking scaffolds showed only minor, non-significant differences. The 
results of the micro-scale scaffolds based on the same porosity showed an enhancement in cell 
interaction and function of the conventional meta-biomaterial (positive Poisson’s ratio). The results of 
the micro-scale scaffolds based on the same stiffness showed that most cytoskeletons were attached 
to the conventional and auxetic (positive and negative Poisson’s ratio, respectively) scaffolds and that 
these scaffolds also contained the highest number of differentiated cells. It was concluded that a meta-
biomaterial with a negative Poisson’s ratio in combination with high porosity and high Young’s 
modulus seems to enhance the cell response of the MC3T3-E1 pre-osteoblastic cells at micro-scale. 
Future work will be needed to explore whether the auxetic meta-biomaterial with negative Poisson’s 
ratio in combination with high porosity and high stiffness will also enhance the cell response of the 
MC3T3-E1 pre-osteoblastic cells at mesoscale.  
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7. Appendix 
 

7.1 VHX-6000 – Bone-mimicking scaffolds 
  

500 µm 

500 µm 

Figure 32. Manufactured Cp. 

Figure 33. Manufactured Ap. 
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500 µm 

Figure 34. Manufactured Hp. 
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7.2 Structures after mechanical testing 
 

 
 

Figure 35. Hybrid bone-mimicking scaffolds after mechanical compression. 
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7.3 Actin staining vs SEM images bone-mimicking scaffolds 
 

  
 

  
 

  
 
Figure 36. Images on the left show the results of the actin staining and the results on the right show the 
corresponding SEM images. 
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7.4 SEM - Bone-mimicking scaffolds   
 
 

   

Figure 37. Cp after 3, 14 and 21 days of cell culture. 

500 µm 
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500 µm 

Figure 38. Ap after 3, 14 and 21 days of cell culture. 

500 µm 
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500 µm 

Figure 39. Hp after 3, 14 and 21 days of cell culture. 
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7.5 Reliability presto blue 

 
The data of day 11 only consisted out of data obtained at one point in time and could, therefore, not 
be checked on its reliability. The data of the control group could not be tested with the statistical 
analysis because the sample sizes of 2 were too small. The data of the Cp on days 3, 7 and 14, Ap on 
days 1, 3 and 7 and Hp on days 1, 3, and 14 are normally distributed, as assessed by the Shapiro-Wilk’s 
test (p > 0.05), whereas the data of the Cp on days 1, Ap at day 14 and Hp on day 7 are non-normally 
distributed (p < 0.05). The assumption of homogeneity of variance was met for Cp on days 1, 3, 7, and 
14, Ap on days 1, 3, 7, and 14 and Hp on days 1, 3, and 14, as assessed by Levene’s test (p > 0.05), 
whereas the data of the Hp on day 7 showed heterogeneity of variance (p < 0.05). The data of Hp on 
day 7 did not meet the requirements of a normal distribution nor homogeneity of variance and did not 
have equal sample sizes or the ratio of the largest group variance to the smallest group variance is 
higher than 3, and therefore the non-parametric Mann-Whitney test was performed. For the rest of 
the data, the independent t-test was performed. All results are presented in table 11 and show that 
there is no significant difference found, therefore, the results of the presto blue staining at different 
time points are combined including the results of day 11 and the control group. 
 
 

Table 11. Results of reliability analysis of presto blue results. 

Day Cp 
 

Ap 
 

Hp 
 

1 t(6) = 0.419, p > 0.05 t(6) = 0.585, p > 0.05 t(6) = 0.764, p > 0.05 

3 t(5) = 0.246, p > 0.05 t(6) = 0.435, p > 0.05 t(6) = 0.134, p > 0.05 

7 t(5) = 0.101, p > 0.05 t(6) = 1.633, p > 0.05 U = 10, p > 0.05 

14 t(6) = 2.501, p > 0.05 t(5) = 0.090, p > 0.05 t(6) = 1.965, p > 0.05 
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7.6 Statistical analysis presto blue 
 
The data of days 3 and 11 are normally distributed, as assessed by the Shapiro-Wilk’s test (p > 0.05), 
whereas the data of days 1, 7 and 14 are non-normally distributed (p < 0.05). The assumption of 
homogeneity of variance was met on days 1, 7, 11 and 14, as assessed by Levene’s test (p > 0.05), 
whereas the data of day 3 showed heterogeneity of variance (p < 0.05). Days 1, 3, 7 and 14 did not 
meet the requirements of a normal distribution nor homogeneity of variance and did not have equal 
sample sizes or the ratio of the largest group variance to the smallest group variance is higher than 3, 
and therefore the non-parametric Kruskal-Wallis test was performed.  
 
The data of day 11 showed, with a one-way ANOVA including Bonferroni correction, that the control 
group was significantly different from Cp, Ap and Hp (F(3,10) = 56.473, p < 0.05, n = 4). The mean and 
standard deviation of statistical analysis of presto blue staining are shown in table 12.  
 The data of days 1, 3, 7 and 14 showed that there were significant differences (H(3) = 22.034, p < 
0.05; H(3) = 16.677, p < 0.05; H(3) = 12.666, p < 0.05; H(3) = 15.241, p < 0.05, respectively). To obtain 
where these differences are, the Mann-Whitney test with Bonferroni correction was performed. It 
showed that the control group was always significantly different from Cp, Ap and Hp. The test also 
showed that, on days 1 and 3 Cp was significantly different from Ap and, on day 14, Ap was significantly 
different from Hp. 
 
 

Table 12. Results of statistical analysis from presto blue; mean and standard deviation. 

  

Bone-
mimicking 
scaffold 

Day 1 Day 3 Day 7  Day 11 Day 14 

Control group 857 ± 169  1957 ± 1284 3334 ± 126 2747 ± 310 3250 ± 386 

Cp 
 

3038 ± 155 3252 ± 71 4452 ± 566 4290 ± 76 4564 ± 155 

Ap 
 

3598 ± 165 4275 ± 435 5007 ± 232 4414 ± 159 4652 ± 102 

Hp 
 

3258 ± 167 3741 ± 509 4968 ± 395 4272 ± 148 4445 ± 124 
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7.7 ARS staining 

 
 

Figure 40. Alizarin Red S staining of Cp top and bottom. 

Figure 41. Alizarin Red S staining of Ap top and bottom. 
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Figure 42. Alizarin Red S staining of Hp top and bottom. 
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7.8 Reliability ARS staining  
 
The data of Cp, Ap and Hp are normally distributed, as assessed by the Shapiro-Wilk’s test (p > 0.05) and 
the assumption of homogeneity of variance was met for Cp, Ap and Hp as assessed by Levene’s test (p 
> 0.05). Therefore, the independent t-test was performed from which the results are presented in table 
13. A significant difference was found between the results of Ap at different time points, whereas the 
results of Cp and Hp showed no significant differences between different time points. The experiments 
of meta-biomaterials Cp, Ap and Hp were performed exactly the same way, therefore, it was chosen to 
combine all results of the ARS staining at different time points. 
 
 

Table 13. Results of reliability analysis of ARS staining results. 

Cp 
 

Ap 
 

Hp 
 

t(6) = 0.401, p > 0.05 t(6) = -3.965, p < 0.05 t(6) = 0.147, p > 0.05 
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7.9 Statistical analysis ARS staining 
 
The data showed a normal distribution, as assessed by the Shapiro-Wilk’s test, and Levene’s test 
showed heterogeneity of variance. Even though the sample sizes were equal, the Kruskal-Wallis test 
was performed because the ratio of the largest group variance to the smallest group variance was 
higher than 3. 
 
The data showed that there are significant differences (H(2) = 10.960, p < 0.05, n = 3), and therefore 
the Mann-Whitney test with Bonferroni correction was performed. This test showed that Cp (M = 690, 
SD = 122) was significantly different from Ap (M = 1289, SD = 423) and Hp (M = 1250, SD = 395).  
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7.10 VHX-6000 - Micro-scale scaffolds 
 

  

50 µm 
50 µm 

50 µm 50 µm 

Figure 43. Manufactured Cp. Figure 44. Manufactured Ap. 

Figure 45. Manufactured Hp/Hs. Figure 46. Manufactured Cs. 
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50 µm 

Figure 47. Manufactured As. 

50 µm 

Figure 48. Manufactured CBs. 
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7.11 SEM - Micro-scale scaffolds 
 

  

50 µm 

Figure 49. Cp after 3 and 7 days of cell culture. 
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50 µm 

Figure 50. Ap after 3 and 7 days of cell culture. 
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50 µm 

Figure 51. Hp/Hs after 3 and 7 days of cell culture. 
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50 µm 

Figure 52. Cs after 3 and 7 days of cell culture. 
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50 µm 

Figure 53. As after 3 and 7 days of cell culture. 
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50 µm 

Figure 54. CBs after 3 and 7 days of cell culture. 
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7.12 Actin staining 
 

  

60 µm 

Figure 55. Actin staining of Cp after 3 and 7 days. 

60 µm 

Figure 56. Actin staining of Ap after 3 and 7 days. 

60 µm 

Figure 57. Actin staining of Hp/Hs after 3 and 7 
days. 

60 µm 

Figure 58. Actin staining of Cs after 3 and 7 days. 

60 µm 

Figure 59. Actin staining of As after 3 and 7 days. 

60 µm 

Figure 60. Actin staining of CBs after 3 and 7 days. 
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7.13 Reliability actin staining 
 
Most of the data at different points in time had a sample size of two, therefore, this data could not be 
checked on their normal distribution and homogeneity of variance. The data that had a sample size of 
three or four, was tested to have a normal distribution, as assessed by the Shapiro-Wilk’s test (p > 0.05) 
and homogeneity of variance, as assessed by Levene’s test (p > 0.05). The one-way ANOVA test was 
performed and the results are presented in table 14 and show that significant differences are found 
between the results at different time points. However, this included two of the specimens at each 
evaluation day, and the experiment of each specimen was performed exactly the same way, so we 
decided to label the results of the actin staining reliable and combine the results of the different time 
points. 
 
 

Table 14. Results of reliability analysis of actin staining results after 3 days. 

Cp 
 

Ap 
 

Hp/Hs 
 

Cs  As  CBs 
 

F(2,7) = 4.026,  
p > 0.05 

F(2,3) = 4.886, 
p > 0.05 

F(2,3) = 1.975, 
p > 0.05 

F(2,4) = 1.819, 
p > 0.05 

F(2,4) = 15.496, 
p < 0.05 

F(2,6) = 23.147, 
p < 0.05 
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7.14 Statistical analysis actin staining 
 
The data showed a normal distribution, as assessed by the Shapiro-Wilk’s test, and Levene’s test 
showed homogeneity of variance. A one-way ANOVA test and a regression analysis were performed.  
 
The one-way ANOVA test showed that there are significant differences (F(5,39) = 22.975, p < 0.05), 
therefore the Bonferroni post hoc test was performed. This test showed that, for the micro-p-scale 
scaffolds, Cp was significantly different from Ap and Hp and that Ap

 was significantly different from Hp 
(mean and standard deviation of statistical analysis of actin staining after 3 days are shown in table 
15). The test also showed that, for the micro-s-scale scaffolds, Cs was significantly different from Hs and 
CBs and that As was significantly different from Hs and CBs.  
 
 

Table 15. Results of statistical analysis from actin staining on day 3. 

 
 A multiple regression analysis was performed for day 3, to identify how much of the variance in 
grey value can be explained by the variance in Poisson’s ratio, Young’s modulus and porosity. The linear 
regression explains 40.2% of the variance in the data (F(3,41) = 9.184, p < 0.05, R2 = 0.402), and shows 
that this was a good estimation (p < 0.05). All three variables significantly contributed to the prediction. 
The Poisson’s ratio appears to have the highest impact, followed by the porosity and the Young’s 
modulus (beta = 0.422, beta = 0.420, and beta = -0.396, respectively).   
  

Micro-scale scaffold Mean (M) Standard deviation (SD) # specimen (n) 

Cp  1.54 ∗ 1014 7.43 ∗ 1012 10 

Ap  2.11 ∗ 1014 2.43 ∗ 1013 6 

Hp/ Hs  1.94 ∗ 1014 2.64 ∗ 1013 6 

Cs 
 

1.65 ∗ 1014 9.45 ∗ 1012 7 

As  1.52 ∗ 1014 9.54 ∗ 1013 7 

CBs  2.15 ∗ 1014 1.86 ∗ 1013 9 
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7.15 Runx2 staining 
 

 
 

60 µm 60 µm 

Figure 61. Runx2 staining of Cp. Figure 62. Runx2 staining of Ap. 

60 µm 

Figure 63. Runx2 staining of Hp/Hs. 

60 µm 

Figure 64. Runx2 staining of Cs. 

60 µm 

Figure 65. Runx2 staining of As. 

60 µm 

Figure 66. Runx2 staining of CBs. 


