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scaffolds proved to help prevent channels of the osteons 
from collapsing during fabrication. Premineralization, 
before larger scaffold formation and mineralization, 
increased mineral deposition between the electrospun 
layers of the scaffolds. A combination of cross-linking and 
premineralization significantly increased the compressive 
moduli of the individual scaffolds. Furthermore, scaffolds 
with fibers orientation ranging between 15° and 45° yielded 
the highest compressive moduli and yield strength. 
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1  Introduction
Bone is a composite tissue composed of organic matrix 
(20-30 wt %), inorganic bone mineral (60-70 wt %), and 
water (10 wt%) [1]. Structurally, bone is organized into two 
distinct types: trabecular (or cancellous) and cortical (or 
compact) bone.  The two types of bone are distinguished by 
their organization and degree of porosity.  Cortical bone is 
highly organized, dense and compact. It has a low porosity 
that ranges from 5 to 30% and is usually found on the 
outside of the bone [2]. Cortical bone is composed of tightly 
packed units, called osteons, oriented parallel along to the 
axis of the bone. Osteons are composed of concentric layers 
of mineralized collagen fibers around a central channel, 
haversian canal, where vasculature and nerves are housed 
[3,4,5]. Osteons can range from 100 to 300 μm in diameter 
[3,4]. The high organization and compact nature of 
cortical bone provides excellent micro-crack propagation 
prevention and high tensile and compressive mechanical 
properties.  Trabecular bone is generally found surrounded 
by cortical bone. It is often referred to as spongy bone, 
due to an extensive interconnected network of pores, with 
porosity as high as 90% [2,4,6]. 

Abstract: Bone is a composite tissue composed of an 
organic matrix, inorganic mineral matrix and water. 
Structurally, bone is organized into two distinct types: 
trabecular (or cancellous) and cortical (or compact) bone.  
Cortical bone is highly organized, dense and composed of 
tightly packed units or osteons whereas trabecular bone 
is highly porous and usually found within the confines 
of cortical bone. Osteons, the subunits of cortical bone, 
consist of concentric layers of mineralized collagen 
fibers. While many scaffold fabrication techniques have 
sought to replicate the structure and organization of 
trabecular bone, very little research focuses on mimicking 
the organization of native cortical bone. In this study 
we fabricated three-dimensional electrospun cortical 
scaffolds by heat sintering individual osteon-like scaffolds. 
The scaffolds contained a system of channels running 
parallel to the length of the scaffolds, as found naturally 
in the haversian systems of bone tissue. The purpose 
of the studies discussed in this paper was to develop a 
mechanically enhanced biomimetic electrospun cortical 
scaffold.  To that end we investigated the appropriate 
mineralization and cross-linking methods for these 
structures and to evaluate the mechanical properties 
of scaffolds with varying fiber angles.  Cross-linking the 
gelatin in the scaffolds prior to the mineralization of the 
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Many fabrication and polymer processing techniques 
have been investigated for possible bone tissue engineering 
scaffolds, including sintered microspheres, thermally 
induced phase separation, particulate leaching, and 3D 
printing [7-19].  All of the scaffolds are characterized by 
high porosities, pore interconnectivity, and architectures 
that mimic the structure of the trabecular bone. Very few 
fabrication techniques have attempted to create scaffolds 
that replicate the structural organization of cortical bone.  

In a previous study we successfully fabricated 
electrospun scaffolds which mimicked the structural 
organization of an osteon [20]. The scaffolds were 
fabricated by electrospinning onto poly glycolide (PGA) 
microfibers, which were mounted onto a rotating fiber 
set up. The resulting scaffolds had diameters within the 
physiological range of an osteon and were successfully 
mineralized using 10X simulated body fluid (SBF). A 
four-week degradation study was performed to degrade 
the PGA core fibers and create channels, which are 
naturally found in the osteons; however the PGA fibers 
did not degrade [20].  To improve upon our earlier work, 
we sought to fabricate and evaluate three-dimensional 
scaffolds made from individual osteon-like structures 
with hollow channels. First, we electrospun scaffolds 
onto a material that can be easily dissolved out to create 
biomimetic haversian channels inside of the osteon 
scaffolds. Next, we utilized a heat sintering technique 
to combine the individual electrospun osteon-like 
scaffolds into three-dimensional scaffolds. Scaffolds were 
mineralized by incubation in 10X SBF and characterized 
to determine mechanical properties, mineral deposition 
and distribution. In addition to determining the optimal 
mineralization and cross-linking procedure, we also 
discuss the effects of varying the scaffold fiber angle on 
scaffold compressive strength. 

2   Materials and Methods

2.1   Scaffold Fabrication by Electrospinning

Poly(L-lactide) PLLA (inherit viscosity =2.0 dl/g, Mw = 
152,000)  was chosen as the base scaffold material due 
to its high tensile strength of 60-70MPa, high tensile 
modulus of 3GPa, crystalline structure and degradation 
time (> 24 months) [2, 18]. Poly(D-lactide) (PDLA) (inherit 
viscosity =102 dl/g, Mw = 124,000) was used to coat the 
PLLA scaffold to aid with sintering due to its low melting 
temperature. Poly (ethylene oxide) (PEO) (Mv = 200,000) 
was used as a space filler that was later dissolved out to 
mimic the Haversian canal by creating a hollow channel. 

PLLA, PDLA, and PEO were purchased from Sigma Aldrich 
(St. Louis, MO, USA). 

Dichloromethane (DCM) and dimethylformaldehyde 
(DMF) were purchased from Fisher Scientific (Pittsburgh, 
PA, USA).  Gelatin, type A, from porcine skin was purchased 
from Sigma Aldrich (St. Louis, MO, USA). Gelatin, a natural 
protein derived from denatured collagen, was added 
to the scaffold to serve as nucleation sites for inorganic 
precipitation during the mineralization process. The 
solvents used to create the SBF solution, NaCl, KCl, CaCl 
2H20, MgCl2 6H20, NaHCO3, and NaH2PO4, were purchased 
from Fisher Scientific (Pittsburgh, PA, USA).  

PEO was dissolved in a 10% ethanol solution at a 
concentration of 10% w/v and electrospun onto a rotating 
5cm diameter mandrel (~1100rpm) at a rate of 5ml/hr 
and working distance of 10cm. Total volume of 3ml was 
electrospun with voltages +10kV and -3kV. The positive 
voltage was attached to the needle tip while the negative 
voltage was attached to a wood board covered with foil 
placed at the opposite side. As the solution is charged, 
the surface tension of the liquid droplet at the needle tip 
is overcome by the electrostatic repulsion and the drop is 
stretched into a thin stream of solid polymer (as the solvent 
evaporates).  The electrospun mats were cut into 3mm 
wide strips and rolled into thick fibers for electrospinning.  
Electrospinning solutions were prepared by dissolving 7% 
w/v PLLA in 75% DCM and 25% DMF, and dissolving 22% 
w/v PDLA in 75% THF and 25% DMF. The PLLA/gelatin 
mixture was made by adding 10% w/w dissolved gelatin 
it to the 7% w/v PLLA solution. To improve immiscibility 
between the gelatin and PLLA, the solution was vortexed 
for 1 hour to mix before electrospinning.

Individual osteon-like scaffolds were created by 
electrospinning PLLA/gelatin and PDLA onto rotating PEO 
fibers using the set up previously reported, and shown in 
Figure 1 [18]. PLLA/gelatin mixture was first electrospun 
unto the thick PEO fiber to a total volume of 1.5ml, with 
the following parameters: working distance of 5cm, pump 
rate of 5ml/hr, and voltages of + 17kV and -9kV. This was 
followed by electrospinning a total volume of 0.5ml of the 
PDLA solution onto the PLLA/gelatin wrapped PEO fibers 
with the following parameters: working distance of 15cm, 
pump rate of 5ml/hr, and voltages of +13kV and -8kV. 

Finally, PLLA/gelatin/PDLA sheets were created by 
electrospinning 1ml of PDLA followed by 5ml of PLLA/
gelatin solution onto a 5cm diameter rotating mandrel 
(~2000rpm). The electrospun mats were cut into 1cm 
wide strips and later used in the heat sintering process to 
combine the osteon-like scaffolds previously mentioned. 
All electrospun scaffolds were cross-linked in 2.5% 
glutaraldehyde vapor for either 2 hours or 17 hours. 
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2.2   Heat sintering of the Scaffolds 

Three-dimensional electrospun scaffolds were fabricated 
utilizing a heat sintering method previously reported by 
our group [21]. Individual osteon-like scaffolds were cut 
into 1cm segments and wrapped with 1cm wide strip of 
the electrospun PLLA/gelatin/PDLA sheet to a diameter of 
5mm. The wrapped scaffolds were then placed into a mold 
(5mm diameter with 1cm height) and heat sintered at 54°C 
for 45 minutes. 

2.3   Mineralization of the Scaffolds 

All scaffolds were mineralized using a previously reported 
method by incubation in 10X SBF [22,23].  Briefly, a stock 
solution was made by dissolving NaCl, KCl, CaCl x 2H20, 
MgCl2 x 6H20, and NaH2PO4 in dI H20 and stored at room 
temperature. Prior to the mineralization process, NaHCO3 
was added while stirring vigorously, resulting in the 
following ion concentrations:  Ca2+ 25mM, HPO4

2- 10mM, 
Na+ 1.03M, K+ 5mM, Mg2+ 5mM, Cl- 1.065M, and HCO3

- 10mM 
and a pH of about 4.4. The electrospun scaffolds were 
incubated in 300ml of 10X SBF for various times at room 
temperature. The mineralization solution was replaced 
every 2 hours. After being removed from 10X SBF, all the 
samples were rinsed in dI water to remove mineral not 
attached to scaffolds, and vacuum dried overnight.

For the scaffolds with premineralization treatment, 
individual osteons and electrospun sheets were 
mineralized for 1 hour, rinsed in dI water and vacuum 

dried overnight. The electrospun pieces were then heat 
sintered as described above and mineralized again as a 
combined three- dimensional scaffold. 

2.4   Alizarin Red Staining

Mineral deposition and distribution was characterized 
using Alizarin red stain. The scaffolds were fixed in 70% 
ethanol for 1hr at 4°C, and stained with 40mM Alizarin 
red solution for 10 min. The scaffolds were then washed 
with dI water, placed into cryomolds, imbedded in OCT 
imbedding medium, and frozen at -20°C. The scaffolds 
were cut into 200µm section using a Cryostat HM 550 
(Thermo Scientific Microm, Walldorf, Germany), and 
imaged using stereoscope (Vision Engineering, New 
Milford, CT, USA). 

2.5   Scaffold Fabrication with Varying Fiber 
Angles

PLLA/gelatin/PDLA electrospun mats were created as 
previously discussed and were placed above a 25mM solution 
glutaraldehyde for two hours for vapor crosslinking. Strips 
1cm wide were cut at varying angles from the top right 
corner of the scaffold. The sample groups where angled 
strips cut at  0°, 15°, 30°, 45° and 90° (Figure  2). This is 
based on the assumption that the nanofibers were aligned 
after formation. The strips were then wrapped around a 
18 gauge blunt needle tip and heat sintered at 54°C for 45 
minutes to create three-dimensional electrospun columns 
with average diameters of .5cm and 1cm in height. 

2.6   Mechanical Testing 

The scaffolds were mechanically tested in compression 
using an Instron 5869 with Bioplus Bath (Norwood, MA, 
USA). Scaffolds tested included: Mineralized scaffolds 
(Min) for 6 and 24 hours, cross-linked scaffolds for 2h 
(CL) and mineralized for 6hr, scaffolds premineralized 
for 1 hr without cross-linking (premin1h), scaffolds cross-
linked for 2 hours and premineralized (CL_premin1hr) and 
then mineralized for 6 and 24 hours, and the scaffolds 
with varying fiber angles. For each group we tested six 
samples (n=6). The tests were performed under simulated 
physiological conditions in phosphate buffered saline 
(PBS) (pH= 7.4) at 37°C. The scaffolds were fabricated 
into 10mm high cylinders with 5mm diameter (2:1 height 
to diameter ratio) and tested in compression until failure 
with uniform strain rate of 1mm/min (10% stain/min). 
The data was analyzed to determine yield stress and 
compressive modulus.

Figure 1: Picture of the electrospinning set-up for rotating PEO 
fibers.
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2.7  Mineral Ash Weights 

To quantify the amount of inorganic mineral on the 
scaffolds, mineral ash weights were determined. After the 
initial weight of the samples was recorded, the samples 
were placed in ceramic crucibles, and then placed into 
a high temperature furnace (Model No. FD1535M, Fisher 
Scientific, Pittsburgh, PA, USA) at 700°C for 24 hr. After 
cooling down, the mineral ash weight was recorded and 
the average mineral percent deposition calculated as ratio 
of mineral ash weight to samples original weight. For each 
group we tested three samples (n=3).

2.8   Statistical Analysis 

Statistical analysis was performed using JMP 9 software.  
All the data was analyzed using one-way analysis 
of variance (ANOVA) with Tukey’s test to determine 
statistically significant differences between groups. 
Statistical significance was tested at p < 0.05. 

3  Results 
In this study, the objective was to create hollow, tubular 
scaffolds.  In order to accomplish this we electrospun 
nanofibers onto an easily dissolvable material to create 
channels. The purpose of the hollowed channels was 
to mimic haversian canals where the bone vasculature 
is housed. PEO fibers created from an electrospun mat 
were used as core fibers in our rotating set up (Figure 
1) to fabricate osteon-like scaffolds. We initially soaked 
individual scaffolds, which revealed that PEO would 

completely dissolve out but cause the hollow center of 
the osteon scaffolds structures to collapse. To prevent 
the scaffold channels from collapsing, individual osteon-
like scaffolds were combined and heat sintered into 3D 
scaffold and then cross-linked. Once the scaffolds were 
sintered, the PEO fibers could then be dissolved out 
leaving a set of channels running along the length of 
scaffolds; mimicking the organization of the cortical 
bone.  

3.1   Alizarin Red Staining

Alizarin red staining was used to stain the mineral 
deposited on the scaffolds.  A majority of the mineral 
can be seen on the outer most layers of the scaffolds. The 
mineralization process of soaking in 10X SBF dissolved 
out PEO core fibers from individual osteons, leaving 
behind a system of channels that run along the length of 
the scaffolds. Premineralization treatment, without cross-
linking of the scaffolds, resulted in the dissolution of PEO 
cores and collapse of the individual osteon–like scaffolds, 
as shown in Figure 3B. Cross-linking the osteons prior 
to the premineralization treatment kept the individual 
osteons open without collapsing, thus preserving the 
channels (Figure 3C and D) and allowing mineralization to 
take place inside of the channels (Figure 3). The scaffolds 
that were premineralized, crosslinked and mineralized 
for 6 hours (Figure 3D) and 24 hours (Figure 3F) had the 
most mineral deposition. Furthermore, the scaffolds 
mineralized for 24 hours after premineralization and cross-
linked had higher mineral deposition than mineralized 
scaffolds without any treatment (Figure 3E). 

Figure 2: Diagram of strips cut at varying fiber angles.
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3.2   Mechanical Testing 

The compressive mechanical properties of the scaffolds 
were also evaluated using an Instron 5869. In the first study, 
the compressive moduli and compressive yield stresses of 
scaffolds with varying cross-linking and mineralization 
methods was compared, as shown in Figure 4 and 5. After 
24 hours of mineralization, the premineralized cross-linked 
scaffolds had significantly higher compressive moduli than 
the mineralized (6hr and 24hr) scaffolds and premineralized 
only (6hr) scaffolds. A similar trend is seen with the 6 hours 
of mineralization study. The premineralized cross-linked 
scaffolds had significantly higher compressive moduli than 
the premineralized only scaffolds.

Scaffolds mineralized only for 6 hours and 24 
hours and cross-linked for 6 hours scaffolds had 
significantly higher yield stresses than scaffolds that 
were premineralized first. Also, the cross-linked and 
mineralized for 6 hours only scaffolds had significantly 
higher yield stresses than scaffolds that were cross-
linked and then premineralized.

Figures 6 and 7 show the compressive moduli and 
compressive yield stresses for the scaffolds with varying 
fiber angles (0°, 15°, 30°, 45°, 90°). The samples with 
0° and 90° angled fibers had the lowest yield stress and 
young’s modulus whereas the samples with the angled 
fibers at 15°, 30° and 45°, displayed a higher compressive 
modulus and yield stress. Also, a decreasing trend is seen 
with the 15°, 30°, and 45° angled fibers. As the fiber angles 
increased from 15° to 45°, the compressive modulus and 
compressive yield strengths decreased.

3.3  Mineral Ash Weights 

Mineral ash weights were determined to quantify 
the amount of mineral present on the scaffolds.  Two 
groups of scaffolds were analyzed: mineralized only 
and cross-linked then premineralized scaffolds. Two 
mineralization times, 6hr and 24hr, were investigated. 
Mineral ash weighs of the scaffolds were recorded and 
shown in Table 1. The combination of cross-linking and 
premineralization treatment resulted in a significant 
increase in mineral deposition both after 6 and 24 hours 
of mineralization. Mineral deposition increased with 
increased mineralization time, as expected. 

4  Discussion 
This study was a follow up to our previous study where we 
successfully fabricated scaffolds that mimicked individual 
osteons found in cortical bone [20]. In the previous study, 
scaffolds were fabricated by electrospinning onto poly 
glycolide (PGA) microfibers and consisted of concentric 
layers of electrospun fibers surrounding a PGA core. The 

Figure 3: Alizarin red stain of cross-sections after 6hr (A-C) and 24hr (E, F) mineralization process: A) Min6h, B) Premin1h_Min6h,  
C) CL_Min6h, D) CL_premin1h_Min6h,  E) Min24h, and F) CL_premin1h_Min24h. Statistical significance proven using ANOVA Tukey Test 
(post-hoc) p<0.05.

Table 1: Mineral ash weight percentages.

Group % ash weight

CL_Min 6h 2.89%
Min 6h 2.59% ± 0.003
Min 24h 9.78% ± 0.015
Premin 1h_Min6h 7.48%
CL_premin_Min6h 5.10%
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In the present study we electrospun around a 
hydrophilic polymer composed of PEO to create a hollow 
channel within the electrospun osteon-like scaffolds. 
The individual electrospun osteon-like scaffolds were 
combined together and heat sintered into 3D scaffolds to 
mimic the organization of cortical bone. Mineralization by 
incubation in 10X SBF dissolved away the PEO core fiber, 
leaving behind a system of channels that run along the 
length of the scaffolds, similar to native haversian canals. 

scaffolds were also biocompatible, as they supported cell 
attachment, proliferation and also mineral deposition 
over the period of 4 weeks. However, a 4-week degradation 
study concluded PGA core fibers did not degrade [20].  The 
lack of core fiber degradation would prevent the formation 
of the hollow channels, which are naturally found in the 
osteons. These natural channels, Haversian canals, are 
necessary for cellular and nutrient movement and future 
development of vasculature.

Figure 5: Compressive Yield Strength of scaffolds. *-from Min_24h, #-from Premin1h, Min6hr and CL_17hr_Min6hr. Statistical significance 
proven using ANOVA Tukey Test (post-hoc) p<0.05.

Figure 4: Compressive moduli of scaffolds. * - from Min_24h, # - from Premin1h, Min6hr and CL_17hr_Min6hr. Statisti-
cal significance proven using ANOVA Tukey Test (post-hoc) p<0.05.
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channels open and allowed mineral deposition on the 
inside of the channels (Figure 3D).   The combination of 
premineralization and cross-linking treatments resulted 
in better mineral distribution inside the channels of the 
scaffolds and more mineral overall compared to just 
mineralization alone, both after 6 hour and 24 hour of 
mineralization.  The amount of mineral deposited was 
quantified by determining mineral ash weights of the 
scaffolds. While increased mineralization time increased 
mineral deposition, the combination of premineralization 
and cross-linking resulted in a more significant increase 
in mineral deposition. 

Cross-linking of the gelatin prior to the mineralization 
of the scaffolds prevented the hollow channels within 
the osteons from collapsing during dissolution of PEO 
fibers. A premineralization treatment was introduced 
consisting of mineralizing all individual osteon scaffolds 
and electrospun mats for 1 hour, prior to heat sintering. 
The goal was to introduce mineral particles to serve 
as seeds once the scaffolds are heat sintered into 3D 
structures. However, the premineralization treatment 
resulted in the dissolution of PEO and collapse of the 
channels in the scaffolds.  Cross-linking the gelatin 
prior to the premineralization treatment kept the 

Figure 6: Compressive Moduli of scaffolds with varying fiber angles. Columns with fibers angled at 15° was significantly greater than the 
columns with 0° and 90° angled fibers. Statistical significance proven using ANOVA Tukey Test (post-hoc) p<0.05.

Figure 7: Compressive Yield Strength of scaffolds with varying fiber angles. Columns with fibers angled at 15° was significantly greater than 
the columns with 0° and 90° angled fibers. Statistical significance proven using ANOVA Tukey Test (post-hoc) p<0.05. 
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We also evaluated the compressive mechanical 
properties of the scaffolds after different mineralization 
and cross-linking treatments. Cross-linking of gelatin 
combined with premineralization significantly increased 
compressive moduli over mineralization alone after 24 
hours and over premineralization alone, after 6 hours of 
mineralization. The purpose of this study was to determine 
which crosslinking method, premineralization, and 
mineralization time would yield the greatest mechanical 
properties. Therefore, we did not include the groups that 
displayed weaker mechanical properties (CL_17hr_M6h, 
CL_2hr_M6h, and Premin1h) in the 24hr mineralization 
study as seen in Figures 4 and 5. 

Premineralization may affect the mechanics by 
increasing the overall amount of mineral in the scaffolds 
and also improving the distribution, as seen in the 
alizarin red stains. However, the presence of mineral can 
interfere with binding of layers during the heat sintering 
process.  Cross-linking of the gelatin may also contribute 
to the increase in scaffold mechanical strength. Gelatin is 
water soluble, and without cross-linking process can be 
dissolved and lost from the scaffolds [22-24]. Electrospun 
gelatin is commonly cross-linked in glutaraldehyde vapor, 
which is also a commonly used cross-linking method 
for electrospun collagen. The vapor glutaraldehyde 
cross-linking occurs between the carboxyl groups on the 
glutaraldehyde and the amine groups of the gelatin [24]. 
Gelatin was also found to increase tensile mechanical 
properties of the electrospun scaffolds. The cross-linking 
process preserves the gelatin and may contribute to 
mechanical properties of the scaffolds. 

Differences in scaffold compressive mechanical 
properties with varying fiber angles were also evaluated. 
The purpose of this study was to determine a nanofiber 
angle within the scaffold, which would yield the highest 
compressive mechanical properties. The electrospun 
scaffolds were cut into strips s and rolled at various angles 
into columns. The differences in mechanical behavior 

as a result of varying the fiber angle can be explained 
using the force polygon shown in Figure 8A. The force 
polygon depicts the forces acting internally within each 
column [25]. The angle from the upright origin (β) is the 
corresponding angle at which the strips were cut: 0°, 15°, 
30°, 45° and 90°. The total forces, horizontal, vertical and 
an inclined internal, collectively add to the increased 
yield strength and young’s modulus of the columns. This 
is evident in the decreased mechanical properties of the 
columns with 0° and 90° angled fibers. The columns 
with the 0° angled fibers do not have a horizontal force, 
therefore decreasing the overall total force. The columns 
with the 90° angled fibers lack a horizontal or internal 
inclined forces and therefore yielded the lowest total 
forces of all the fibers (cos 0° = tan 0° = 0) and hence, the 
lowest compressive mechanical properties. 

The axial forces within the columns defined as the 
inclined forces, N, are equal to the combination of a 
vertical (gravity loads) and horizontal component. The 
horizontal component is a result of the angle and inclined 
internal force and the vertical component is the known 
yield strength exerted by the column. From the force 
polygon, the relationship between the inclined internal 
force, the vertical force and horizontal force are shown 
the equations in Figure 8B. The mechanical properties of 
the columns correspond to the fibers acting as individual 
forces, which oppose the applied compressive load. As a 
results, the angled fibers at 15°, 30°, and 45° had greater 
total forces, vertical, horizontal, and inclined internal 
forces, acting against compression thus yielding higher 
mechanical strength. 

5  Conclusion  
In this study we successfully fabricated three dimensional 
electrospun scaffolds composed of heat sintered individual 
osteon-like scaffolds. The scaffolds contained a system 
of hollow channels running parallel to the length of the 

Figure 8:  A) Force polygon, B) Force polygon equations
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scaffolds, as found naturally in the haversian systems of 
bone tissue. Cross-linking of the gelatin in the scaffolds 
prior to mineralization helped prevent the channels 
within the osteons from collapsing during dissolution 
of the PEO core fibers. The combination of cross-linking 
and premineralization significantly increased the overall 
amount of mineral and mineral distribution in the 
scaffolds, and also improved compressive moduli of the 
scaffolds. Furthermore, we conclude that scaffolds with 
angled fibers ranging from 15° to 45° yielded greater 
mechanical strength. The angled fibers act as opposing 
vertical, horizontal, and inclined internal forces, which 
sum up to the total force being exert by the scaffold 
columns. These scaffold fabrication techniques will be 
utilized further to fabricate scaffolds that mimic the dual 
structural organization and mechanical properties of 
natural bone with cortical and trabecular regions.

Conflict of interest statement: Authors state no conflict 
of interest. 
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