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ABSTRACT 
Novel robocast poly-caprolactone- and poly-lactic acid-hydroxyapatite composites were 
fabricated as planar films (2D) and multi-layered scaffolds (3D) (PCL-HA and PLA-HA, 
respectively).  These materials contained 70 wt.% HA and were tested in vitro.  Cell-free in vitro 
testing was conducted prior to cell culture testing to determine the effect that media conditions 
had on each material.  Scanning electron microscopy (SEM) analysis showed that 3D scaffolds 
had exposed HA crystals on the rods of the mesh-like structure.  Electron dispersive x-ray 
analysis (EDX) showed that the Ca: P ratio for HA was 1.3 and that the HA was carbonate-free. 
X-ray diffraction analysis (XRD) showed that the HA had a random crystallite distribution.  Cell 
culture studies showed that both 2D films and 3D scaffolds supported osteoblast attachment and 
growth.  Cell densities after 7 d of proliferation were higher on 2D films as compared to 3D 
scaffolds.  Higher cell densities were observed for fully-dense HA as compared to 3D scaffolds. 
In general, PLA-HA scaffolds had higher cell densities than PCL-HA scaffolds.  SEM analysis 
showed osteoblast attachment (via lamellipodia and filopodia) to the scaffolds, with cell layers 
wrapped around the mesh structure.  Both polymer-HA composites degraded, with HA-PLA 
scaffolds exhibiting increased formation of micron-sized pores while PCL-HA composites 
exhibited increased formation of surface fiber bundles interconnected between features of the 
scaffold. 

INTRODUCTION 
Every year, nearly 800,000 bone repair procedures are performed in the United States [1].  

Typically, these procedures involve bone transplants from the patient’s own bone (autografts), 
donors (allografts), or synthetic composite implants. Although autografted and allografted bone 
are often used for bone repair procedures, they may compromise the patient’s donor site or 
introduce disease to the patient, respectively [2-4].  Alternatively, synthetic composites as bone 
grafts are attractive because they offer a relatively abundant material source without the above 
complications associated with biological grafting procedures. 

Successful synthetic material implants must match the physical properties and biological 
function of the surrounding tissue.  For bone, implant materials are based on a bone-like 
hydroxyapatite (HA) or tri-calcium phosphate (TCP) chemistry [3].  However, these materials 
are limited to non-load bearing implant sites because of their insufficient strength and elastic 
modulus mismatch within the load-bearing defect [5].  Furthermore, these materials are resorbed 
at relatively slow rates.  Typically, these defects are filled with large particles of HA or TCP, 
which occupy a significant portion of the porous volume within the defect.  The limited space 
and slow degradation of the large particles could potentially impede cellular and tissue ingress 
within the defect.  Such impedance could limit new bone growth [5].  Alternatively, synthetic 
polymer-ceramic composites offer better mechanical property matching (e.g., elastic modulus, 
fracture toughness, porous structure) with the surrounding bone [6].  Moreover, these materials 
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may have improved  degradation rates than the ceramic alone and could potentially direct bone 
ingress within the defect [7].   

Previous work described the development of a novel robotic assisted deposition (robocast) 
method to fabricate two-dimensional (2D) planar scaffolds and three-dimensional (3D) porous 
scaffolds.  These scaffolds were fabricated as composites of poly-lactic acid (PLA), 
poly-caprolactone (PCL), and hydroxyapatite (HA) with a composition of 70 wt. % HA.  These 
polymers are Food and Drug Administration (FDA) approved for clinical use [6].  These 
polymers degraded and underwent densification within 20 days of in vitro testing, showing 
evidence of shrinkage, increased surface micron-size pore formation (for PLA), increased 
surface fiber bundle formation (for PCL), increased glass transition temperature, and increased 
stiffness [8].  Use of these scaffold chemistries as 3D architectures has become attractive in 
recent years because of their porous volume [9], which has the potential to facilitate bone matrix 
and vascular tissue ingress.  The next step in this work is to determine the response of osteoblasts 
to the presence of these materials.   

Thus, this study tests the hypothesis that novel robocast polymer-HA composites are 
non-toxic, cyto-compatible, and osteoconductive.  The goals of this work are (1) to determine a 
method post-process that ensures the cyto-compatibility of these scaffolds and (2) to demonstrate 
that osteoblast attachment and proliferation occurs over the scaffold surface.  

 
MATERIALS AND METHODS 
 
Study Design 
 Preparation of planar (2D) and porous (3D) scaffolds involved a two-step process: (1) 
preparing PLA-HA and PCL-HA hybrid inks and (2) robocasting these inks into 2D and 3D 
scaffolds.  In addition to the robocast samples, sintered HA samples were prepared for 
comparison purposes.  Imaging of samples was carried out using scanning electron microscopy 
(SEM), chemical analysis was carried out by electron dispersive x-ray analysis (EDX), and 
structural and crystallographic information was obtained using x-ray diffraction (XRD).  The 
robocast samples were then seeded with osteoblast-like cells (MC3T3-E1 subclone 4) to 
determine their potential to support cellular attachment and proliferation.  Attachment of cells to 
sample surfaces was imaged using SEM analysis.  Cellular growth on sample surfaces was 
assayed using a cell proliferation assay.  Statistical comparisons were made and quantitative 
results were normalized to assay results on control surfaces.  Sintered HA surfaces were used as 
a positive control for relative comparison of polymer-HA composites and their effects on cell 
proliferation.  
 
Hybrid Ink Reagents 

The inorganic component of the hybrid inks was commercially available HA powders 
(Trans-tech Adamstown, MD, USA) with a particle size between 1 and 3 m.  The organic 
component of the hybrid inks consisted of either PLA or PCL (molecular weight 92.1 kg/mol, 
86.4% L isomer and molecular weight 80 kg/mol, respectively, Sigma Aldrich, St. Louis, MO).   

 
Hybrid Ink Preparation 

The hybrid ink slurries were prepared by first dissolving PLA or PCL in methylene 
chloride at 0.33 g/mL.  This solution was continuously stirred using a magnetic stirrer for 2 hours.  
In a separate container, HA was dissolved in denatured ethanol solvent (water content <0.1%).  
These solvents were used to control the viscosity and evaporation kinetics of the hybrid ink 
during the robocasting process.  The solutions were mixed and homogenized in a ball mill with 
alumina balls for 1 h prior to robocasting.   
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Robocasting of 2D and 3D Scaffolds 
Porous scaffolds were printed with a robocasting machine (3D inks, Stillwater, OK), 

which was independently controlled using a computer-aided, direct-write program (Robocad 3.0, 
3D inks, Stillwater, OK, USA). For 2D scaffolds, the robotic arm of the nozzle moved in one 
direction as it extruded a single sheet of PLA-HA and PCL-HA.  For 3D scaffolds, the 
robotically controlled nozzle was directed to move in x and y planes within a programmed x-y 
range.  Multiple layers of the scaffold were then overlaid in a mesh-like pattern (Figure 1).  Both 
2D and 3D materials were prepared into 100 mm x 100 mm sheets with 5-10 mm thickness.   3D 
meshes had 1 mm center-to-center rod spacing and 0.3 mm rod diameter.  All scaffolds were 
fabricated onto glass slides.   

After robocasting, samples were dried under house vacuum at 40oC for 2 days to 
facilitate PLA or PCL and HA binding.  The drying process removes excess solvents (methylene 
chloride and ethanol).  The HA particles are homogeneously dispersed within the polymers.  
After drying, samples were sectioned from large sheets of 2D and 3D scaffold material.  Samples 
were sectioned in 10 mm x 10 mm wafers using a scalpel.  After careful inspection by light 
microscopy, samples that showed significant alteration in their structure as a result of sectioning 
were removed from the experiment. 
 
Estimation of Scaffold Porous Volume Fraction and Surface Area  

The surface area for 2D scaffolds was determined from their rectangular section 
dimensions and thickness and showed no porous volume.  For 3D porous scaffolds, the porous 
volume fraction was estimated from the following formula 
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Based on Eq. (1), the rod diameter (dR), and the center-to-center length between rods (LCC), the 
porous volume fraction (fP) was approximately 76%.  The surface area for 3D scaffolds can also 
be estimated from the fP.  Based on the method of scaffold preparation, the overall relation for 
the surface area of each layer was given by, 
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In Eq. (2), AL is the scaffold surface area, AR,L is the surface area of each rod, and LS is the edge 
length of the scaffold.  The term (LS/LCC) represents the total number of rods per mesh layer. 
   
Sintered HA Preparation 

Fully dense HA was prepared from source powders via sintering (in air at 1100-12000C), 
sectioned, and sterilized (250C, 290 rad min -1).  Control surfaces (for experiments) were tissue 
culture polystyrene (TCPS).  These planar surfaces were estimated for surface area from their 
sectioned dimensions (planar scaffolds, HA) or well plate dimensions (TCPS).   

 
Sample Preparation for In Vitro Testing 

All test samples (PCL-HA and PLA-HA planar scaffolds, PCL-HA and PLA-HA porous 
scaffolds, HA) were placed into well plates and allowed to incubate (37oC, 5%CO2, 100% 
relative humidity) for 48 h in basal medium ( -MEM supplemented with 10 % FBS and 1% 
pen-strep).  This soaking period was carried out to allow for contaminants to dissolve into the 
medium prior to cell culture experiments and prevent materials from floating during experiments 
(probably owed to water absorption which may have added weight to samples).  This media was 
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removed, samples were washed in PBS twice, and the samples were placed in fresh well-plates 
prior to cell seeding. 
 
Cell Culture  
 MC3T3-E1 subclone 4 pre-osteoblasts (passages 25-30) were maintained in a basal 
medium while being cultured in 150 cm2 flasks.  Cells had media changes every 2-3 d and were 
passaged as needed (typically every 6 d).   Cell counting was performed by obtaining cell pellets 
and counting for total cell numbers using a standard hemacytometer and an optical microscope 
(Nikon TE300 (Nikon, Tokyo, Japan).   
  
In Vitro Testing 

After counting, cells were seeded at 50, 000 cells on each material and onto empty TCPS 
wells (control).  After two days of incubation, the cells were cell-cycle synchronized for 2 days 
using -MEM supplemented with 1% FBS and 1% pen-strep.  The cells were then allowed to re-
enter the cell cycle by adding basal medium.  Basal media changes were carried out every 2 days.  
After 7 days, media was removed and samples were washed (twice in PBS) and transferred to a 
fresh well plate for assay. 
 
Cell Proliferation Assay 
 Cell numbers were determined using the MTT cell proliferation assay (Promega, 
Sunnyvale, CA) by following the manufacturer’s protocol.  It was necessary to scale up the 
volume needed of the assay media to completely submerge cells and samples.  This MTT assay 
measures the amount of formazen crystal product released by cells into solution after adding 
tetrazolium dye and detergent to the media containing cells on each material.  The solution color 
changes from yellow to purple (depending on the number of cells that release formazen crystal 
product) and this color is measured for absorbance at 570 nm using a spectraphotometer 
(SpectraMax Plus, Molecular Devices, San Jose, CA)).  All experiments were conducted in 
triplicate.   Cell proliferation was assayed after 7 days of cell culture 
 
Cell Fixation  
 Cells were seeded, synchronized, and cultured on each test and control sample as 
described above.  After 20 d, specimens cultured with cells were removed from culture, washed 
in PBS twice, transferred to a fresh well plate, and fixed using 4% paraformaldehyde (30 
minutes), and dried using sequential alcohol dehydration (70-100% ethanol-water, 6 minutes).  
Samples were desiccated (under house vacuum) overnight, mounted onto sample holders, Au/Pd 
coated (Hummer VII, Anatech, LTD, Alexandria, VA), and imaged using a SEM (Topcon ISI 
SX 40A, Milpitas, CA, 10-15 keV).   
 
Characterization 
 SEM and associated EDX analyses were carried out using a Hitachi S4300 at 10-15 keV, 
working distance of 15 mm, and current of 10 A.  XRD analysis was conducted using a 
Siemens D500 Power Diffractometer using a Cu K  source, accelerating voltage of 45 kV, 
current of 40 mA and slits at 1, 1, 1, and 0.3 mm. 
 
Statistics 
 For quantitative assay measurements, all experiments were performed in triplicate.  
Analysis of variance (ANOVA) testing was used to evaluate statistical significance (p < 0.05).  
All quantitative results are presented relative to control.  No statistical analysis was evaluated on 
non-normalized data. 
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RESULTS 
Results of in vitro experiments showed no alteration in the HA constituent of the 

scaffolds.   Figure 2  shows energy dispersive spectroscopic analysis of each of the porous 
scaffolds.  The presence of calcium and phosphorus were apparent (Ca/P ~ 1.3, based on relative 
peak heights), which is consistent with conventional knowledge of typical Ca/P ratios for 
carbonate-free, stoichiometric HA [Ca10–x(HPO4)x(PO4)6–x(OH)2–x: x=0, Ca/P=1.67; x=2, 
Ca/P=1.33] [10].  XRD results (Figure 3) indicated the presence of HA with an apparent 
preferred orientation and a random distribution of crystallites, confirming Russias et al. [8] in 
which the crystallites were 1-2 m in size.  In addition, no crystalline formation was observed 
for the polymer component of the porous scaffolds.   

Comparisons between architectures showed differences in cell proliferation behavior.  
Figure 4 shows the results of MC3T3-E1.4 cell proliferation on planar (2D) and porous (3D) 
scaffolds in terms of cell density.  Cells proliferated to 20% and 10% of control for PCL-HA 2D 
and PCL-HA 3D, respectively (Figure 4, p < 0.05), while cell densities were 42% and 15% for 
PLA-HA 2D and PLA-HA 3D, respectively (Figure 4, p < 0.05).   

In general, scaffolds of different chemistries also showed differences in cell proliferation 
behavior.  For instance, cell proliferation results showed that PLA-HA had higher cell densities 
after the time period studied than PCL-HA (Figure 4: 3D PCL-HA and 3D PLA-HA (10% and 
15%, respectively, p < 0.05); 2D PCL-HA and 2D PLA-HA (20% and 42%, respectively, p < 
0.05)).   

Further exemplifying this influence of chemistry, Figure 5 shows cell proliferation on 
fully dense HA as it compared to the 3D scaffolds.  It can be seen that cell densities on the 3D 
scaffolds (5% and 10% of control for PCL-HA and PLA-HA, respectively) were lower than that 
of HA (79% of control) (p < 0.05), Although it appears that cell proliferation was higher on 
planar scaffolds as compared to porous scaffolds, the surface area of porous scaffolds was 
approximately 10-fold higher than that of planar scaffolds.  Thus, total cell number [cell density 
(cells cm -2) x surface area (cm2)) was generally higher on porous scaffolds as compared to 
planar scaffolds. 

Cell layers on porous scaffolds were apparent (Figure 6a, b, c and Figure 7a, b, c).  The 
cells were attached to HA crystals and polymer hillocks on the scaffold surface.  Cell attachment 
was evident via filopodia (F, Figure 6d and Figure 7d), which were directed towards the scaffold 
surface via cell lamellipodia (L, Figure 6d and Figure 7d).  This morphology (polygonal) is 
consistent with this cell line [11-13].  The cell layer gaps were seen as bare regions of detached 
cells, where the scaffold surface was exposed (as seen by others [14, 15] on similar scaffold 
chemistries).  PLA-HA scaffolds showed evidence of micron-sized pore and polymer hillock 
formation on their surface (Figure 6a) while PLA-HA scaffolds showed the presence of surface 
fibers that formed interconnects between scaffold features (Figure 7a) after in vitro testing. 

 
DISCUSSION 

This study supported the hypothesis that novel robocast 3D scaffolds were non-toxic, 
cyto-compatible, and osteoconductive.  As expected, the in vitro conditions did not alter the HA 
constituent of the scaffolds (probably due to its slow degradation), while each polymer 
constituent degraded as evidenced by their surface structural changes.  Overall, MC3T3-E1 
subclone 4 cells showed a polygonal morphology as they adhered to the scaffold surface.  
Multiple cell layers were observed to be wrapped around the scaffold architecture with some 
small areas left uncovered.  After 3 weeks in culture, the scaffolds were almost completely 
covered in cell layers.   
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As a method for materials fabrication, robocasting offers many advantages over 
conventional fabrication methods of composites.  These advantages include ease in scaffold 
physical property control and high throughput.  In addition, the porous scaffold matrix did not 
contain residual solvent (used for robocasting the porous scaffolds) post-fabrication (40oC, 0.1 
atm incubation for 2 days).  It was necessary, however, for a soaking period of the scaffolds in 
vitro prior to cell seeding to ensure the materials were “anchored” to the bottom of the well plate.  
Furthermore, this pre-soaking period may have facilitated further dissolution of degradation 
products (e.g., solvents) that could potentially be irritants to cells [16]. 

The polymeric component of the scaffolds partially degraded as expected and exposed  
HA crystals for the cellular filopodia to attach, which indicated that the polymeric degradation 
products did not irritate cells (after the initial soaking period).  PCL is a semi-crystalline linear 
resorbable aliphatic polyester, and its aliphatic ester linkage undergoes hydrolytic degradation in 
vitro [6].  PLA also degrades by simple hydrolysis and its products (CO2 and H2O) can be 
metabolized by cell layers [17].  Although PCL and PLA acidic degradation by-products are 
potential irritants, the incorporation of PCL and PLA as a polymer-HA composite may mitigate 
such effects possibly due to the buffering capacity of Ca–P salts that result from HA degradation 
[2] or within the cell culture medium (or even the physiological environment).   

Consistently higher cell proliferation on the PLA-HA scaffolds as compared to the 
PCL-HA scaffolds was observed.  This observation could be attributed to possible differences in 
degradation rate between PLA and PCL.  Cohn et al. noted that homopolymers of PLA and PCL 
degrade to 50% of their initial molecular weight after 5 and 12 months, respectively, in vitro [18].  
Although such marked degradation was not expected with 20 days of in vitro testing, some 
degradation of the PLA and PCL was expected and did occur.  Since cell attachment was mainly 
associated with the HA crystals on the scaffold surface, the faster degradation of PLA (as 
compared to PCL) could have enhanced access of the porous HA structure to the cells.   

Another factor that could explain this observation could be associated with the 
differences in the degradation by products from each of the scaffolds.  Reflecting on earlier 
discussion, the increased cell proliferation on PLA-HA as compared to PCL-HA could be owed 
to the ability of cells to metabolize PLA degradation products [17].  

 Another possible factor that may have contributed to this trend could be related in the 
different surface morphologies that result from in vitro conditions.  In this work, we found 
evidence of different resultant surface morphologies in which PLA-HA scaffolds showed 
increased surface micron-sized pore formation while PLA-HA had increased surface fiber bundle 
formation, which confirmed observations from previous work [8].  The differences in in PLA 
and PCL surface morphology, degradation rate, and degradation products could be attributed to 
differences in chemical mechanisms of degradation and polymer chain binding.  These 
differences could have led to the observed differences in cellular attachment and growth between 
PLA-HA and PCL-HA.   

Cells were observed to point their lamellipodia towards the scaffold surface while 
attaching their filopodia directly to HA crystallites on the scaffold surface.  The ability of these 
osteoblasts to migrate over the surface defines the osteoconductive nature and potential wound-
healing properties of these materials.  These cells use lamellipodia and filopodia for surface 
mobility; however, it appeared that the cell progression was random and not oriented in any 
particular direction (possibly owing to the random texturing of the HA (Figure 3) to which cells 
were adherent).  The presence of lamellipodia and filopodia suggests the possible intracellular 
expression of markers (Race and cdc42, respectively) that induce the expression of actin binding 
molecules to the cell membrane [13].  Furthermore, the presence of the cellular protrusions to the 
scaffold surface mimics the behavior the pre-osteoblasts exhibit during the uptake of 
extracellular matrix (ECM) materials and water [12].  This suggests that osteoblasts interact with 
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the scaffold in a similar fashion as they would with normal bone ECM.  How these different 
polymer chemistries or HA textures influence the expression of these markers during attachment 
has yet to be uncovered. 

In addition to bone defect filling, the porous 3D mesh structure of these scaffolds may 
also provide an adequate conduction pathway for vascular tissue growth, which is another 
important component of bone ECM formation.  Optimization of the scaffold properties (porosity 
percent and size, interconnections within the scaffold, polymer cross-linking, and degradation 
rate) is still needed for the attachment of osseous and vascular tissues [2, 19]. The next challenge 
is to optimize the properties of these resorbable scaffolds such that their degradation closely 
matches that of natural tissue regeneration, which is vital to its long-term success as a defect 
filler [20]. 

 
CONCLUSIONS 
 Novel robocast 3D scaffolds offer a synthetic solution for bone defect filling without the 
deleterious effects of biologically-based bone grafts.  As an initial step, cyto-compatibility 
testing was performed in this work to determine the potential of these materials as implants.  
This study tested the hypothesis that these novel scaffolds are non-toxic and osteoconductive.  
First, no deleterious influence of the degradation products of the scaffold was observed to inhibit 
cyto-compatibility.  Second, the presence of HA acted as a support for osteoblast cyto-skeletal 
attachment.  Third, osteoblasts attached and proliferated over all scaffold surfaces.  Finally, the 
attachment profile indicated the ability of osteoblasts to migrate over the scaffold surface, thus, 
making these novel, robocast scaffolds osteoconductive and adequate for bone defect filling 
applications. 
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a) b)

 
 
Figure 1.  Scanning electron micrographs of polymer-HA scaffolds (70 wt.% HA) as-deposited.  
[8]  The scaffolds are a) PCL-HA and b) PLA-HA and have a three-dimensional, mesh-like 
arrangement.  The scaffold pictured above were representative of the set of scaffold geometries 
that can be manufactured using robocasting.  Scaffolds used for cyto-compatibility studies had a 
1 mm rod center-to-center diameter with 0.3 mm rod edge-to-edge spacing. 
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Figure 2.  Energy Dispersive Spectroscopy analysis of a) pure HA and b) robocasted PCL-HA 
(PLA-HA had a similar peak profile).  All scaffolds had evidence of calcium and phosphorous 
elemental composition within their matrices.   
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Figure 3.  X-ray diffraction patterns of a) pure HA and b) robocasted PCL-HA (PLA-HA had a 
same peak profile).  In each figure, the top pattern is the sample pattern and the bottom pattern is 
the powder diffraction file for HA. No crystallinity was observed for the polymers.  Note the 
random orientation of crystallites in each sample.   
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Figure 4.  Comparison of osteoblast proliferation on 2D and 3D scaffolds prepared by 
robocasting: Cell densities are reported with proliferation studied over 7 d.  Control cell 
proliferation was approximately 5x initial seeding density (50 000 cells cm -2). 
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Figure 5.  Comparison of osteoblast proliferation on 3D scaffolds and HA: Cell densities are 
reported with proliferation studied over 7 d.  Control cell proliferation was approximately 5x 
initial seeding density (50 000 cells cm -2). 
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Figure 6.  Electron micrograph of MC3T3-E1.4 layer on robocasted PCL-HA.  Cell layers (white) 
on PCL-HA 3D scaffold (dark gray) at A) 100x, B) 5000x, with individual cells shown to be 
adherent (C) 2000x and D) 1000x).  (O – osteoblast or osteoblast layers, L – lamellipodia, F – 
filopodia, S – scaffold) 
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Figure 7.  Electron micrograph of MC3T3-E1.4 layer on robocasted PLA-HA.  Overall views of 
cell layers (white) on PLA-HA 3D scaffold (dark gray) at A) 100x, B) 2000x, C) 5000x.  
Individual cells were seen attached to the PLA-HA surface at D) 1000x.  (O – osteoblast or 
osteoblast layers, L – lamellipodia, F – filopodia, S – scaffold, PD – polymer degradation) 
 




