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Abstract

Recent developments in 3D printing (3DP) research have led to a variety of scaffold designs and
techniques for osteochondral tissue engineering; however, the simultaneous incorporation of
multiple types of gradients within the same construct remains a challenge. Herein, we describe the
fabrication and mechanical characterization of porous poly(e-caprolactone) (PCL) and PCL-
hydroxyapatite (HA) scaffolds with incorporated vertical porosity and ceramic content gradients
via a multimaterial extrusion 3DP system. Scaffolds of 0 wt% HA (PCL), 15 wt% HA (HAL5), or
30 wt% HA (HA30) were fabricated with uniform composition and porosity (using 0.2 mm, 0.5
mm, or 0.9 mm on-center fiber spacing), uniform composition and gradient porosity, and gradient
composition (PCL-HA15-HA30) and porosity. Micro-CT imaging and porosity analysis
demonstrated the ability to incorporate both vertical porosity and pore size gradients and a ceramic
gradient, which collectively recapitulate gradients found in native osteochondral tissues. Uniaxial
compression testing demonstrated an inverse relationship between porosity, ¢, and compressive
modulus, E, and yield stress, oy, for uniform porosity scaffolds, however, no differences were
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This manuscript describes the fabrication and mechanical characterization of “dual” porosity/ceramic content gradient scaffolds
produced viaa multimaterial extrusion 3D printing system for osteochondral tissue engineering. Such scaffolds are designed to better
address the simultaneous gradients in architecture and mineralization found in native osteochondral tissue. The results of this study
demonstrate that this technique may serve as a template for future advances in 3D printing technology that may better address the
inherent complexity in such heterogeneous tissues.
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observed as a result of ceramic incorporation. All scaffolds demonstrated compressive moduli
within the appropriate range for trabecular bone, with average moduli between 86+14 — 220+26
MPa. Uniform porosity and pore size scaffolds for all ceramic levels had compressive moduli
between 20537 — 220+26 MPa, 112+13 — 118+23 MPa, and 86+14 — 97+8 MPa respectively for
porosities ranging between 14+4 — 20+6%, 363 — 43+4%, and 54+2 — 57+2%, with the moduli
and yield stresses of low porosity scaffolds being significantly greater (p<0.05) than those of all
other groups. Single (porosity) gradient and dual (composition/porosity) gradient scaffolds
demonstrated compressive properties similar (p > 0.05) to those of the highest porosity uniform
scaffolds (porosity gradient scaffolds 98+23 — 107+6 MPa, and 102+7 MPa for dual composition/
porosity gradient scaffolds), indicating that these properties are more heavily influenced by the
weakest section of the gradient. The compression data for uniform scaffolds were also readily
modeled, yielding scaling laws of the form E ~ (1-¢)? and oy ~ (1-¢)1%7, which demonstrated
that the compressive properties evaluated in this study were well-aligned with expectations from
previous literature and were readily modeled with good fidelity independent of polymer scaffold
geometry and ceramic content. All uniform scaffolds were similarly deformed and recovered
despite different porosities, while the large-pore sections of porosity gradient scaffolds were
significantly more deformed than all other groups, indicating that porosity may not be an
independent factor in determining strain recovery. Moving forward, the technique described here
will serve as the template for more complex multimaterial constructs with bioactive cues that
better match native tissue physiology and promote tissue regeneration.

Keywords
3D Printing; gradient; porous scaffold; tissue engineering

1. Introduction

Nearly one-fifth of adults in the U.S. suffer from cartilage and osteochondral unit-related
injuries and pathologies.[1] These conditions collectively represent the most common cause
of disability in individuals over 30 and disproportionately affect high-impact athletes and
other load-bearing professions. Osteochondral lesions are notably complex due to the
intricated structure of the tissue and are usually associated with great instability, pain, and
impaired function. A variety of clinical techniques have been used to treat these injuries,
including autologous chondrocyte implantation, microfracture, autograft, and mosaicplasty.
[2-10] These methods have several limitations, including graft deterioration/lack of
integration, mechanically-insufficient cartilage formation, and donor site morbidity, leading
to often insufficient patient outcomes.[11-13]

The complexity of the osteochondral unit requires a well-organized scaffold with designed
physical and biochemical gradients in order to facilitate new tissue growth. Native cartilage
is avascular and has a low cell density of chondrocytes, leading to a limited capacity for self-
renewal compared to other tissues. Articular cartilage and subchondral bone tissues have
extremely heterogeneous gradient structures and a number of different biological cues; an
inability to fabricate constructs matching this level of complexity has prevented the progress
of restorative solutions.[14-17] In particular, designing a tissue engineered scaffold for the
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cartilage-bone interface requires an accurate recreation of load-bearing and stress
distribution, spatiotemporal action of biochemical factors, and graded porous architecture.
Interconnected, open porosity is essential to facilitate cell migration, nutrient flow, and
vascular network formation.[18-22] Of particular importance from a materials perspective is
the requirement to match the mechanical properties of the native tissue. Importantly,
osteochondral tissues present a very organized structure with different degrees of
mineralization and pore sizes which must be mimicked accurately.[20,23,24] An inability to
fabricate biomimetic constructs with adequate mechanical and biological properties using
the traditional tissue engineering strategies has prevented further progress of engineered
solutions.[25,26] Certain techniques, such as gas foaming, solvent casting, or freeze-drying,
have often led to the development of scaffolds with some combination of an uncontrolled/
random porous structure, insufficient mechanical properties, and a lack of control over
varying compositions throughout the construct.[27-30]

Extrusion printing, a type of additive manufacturing (AM) is an attractive vehicle for the
fabrication of complex tissue engineering scaffolds of clinically-relevant size, as constructs
produced are in most cases limited only by the template computer-aided design (CAD)
model, the achievable fiber resolution (based on the needle diameter and rheological
properties of the solution), and the number of different material dispensers.[31-33] Many
extrusion printers offer the ability to print multiple materials with independent printing
instructions, easily creating composite structures. Extrusion 3DP is particularly useful for
heterogeneous tissue scaffolds, such as proposed here for the osteochondral unit, due to the
ease of co-printing materials and the control of the material deposition layer-by-layer.[33—
45] Furthermore, it is possible to incorporate architectural and compositional gradients to
mimic native tissue organization with high precision and reproducibility.[46]

Common polymeric materials for 3DP bone scaffolds include poly(e-caprolactone) (PCL)
and poly(D,L-lactic-co-glycolic acid) (PLGA).[47] These materials have widely
demonstrated biocompatibility, impart strong base mechanical properties required for hard
tissues, and allow for easy reproduction of printed scaffolds.[35,48-54] Ceramic materials,
such as hydroxyapatite (HA), have also been widely studied for bone tissue engineering
applications due to their good mechanical strength and similarity to the mineralized areas
phase of native bone tissue.[31,32,55-61] They can be used as an additive material to impart
varying mechanical properties or mineralized layers in heterogeneous tissues, and their
osteoconductive properties make them particularly beneficial for engineering of bone and
bone-interface tissues such as the osteochondral unit.[62] Several studies have demonstrated
the important effect of ceramic particle morphology on the osteointegration, osteoinduction,
and osteoconduction. It has been reported that HA particle size plays an important role on
the rate of resorption and the ability of the material to promote bone growth.[63-65]
Furthermore, the size of the HA particles also plays a crucial role in the degradation rate of
the scaffolds. Microsized HA particles are usually reported to lead to a marked decrease in
the resorbability of the scaffolds since fragmentation of the particles to submicron sizes is
needed before they can be processed by the cells also resulting in the relocation of the HA
that could affect the preset concentration in gradient scaffolds.[65] On the other hand,
nanosized HA incorporated in polymeric scaffolds are easily degraded by osteoclasts,
macrophages and even osteoblasts, and can be directly used by osteoblasts to form new bone
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tissue in situ.[64,66] Additive Manufacturing, in particular, has improved the ability of
researchers to pattern ceramics, yielding constructs with discrete and continuous gradients.
[67] Previous studies from this laboratory and others have shown that the mechanical
properties of composite scaffolds can be altered through changing the internal pore
morphology and the materials printed, allowing researchers employing extrusion printing to
precisely tune the scaffold strength, yield, and other properties to meet a specific need.
[43,45,62,68,69] Tissue engineering scaffolds that address biochemical or architectural
gradients individually are therefore not sufficiently complex to recapitulate the desired
properties of these tissues. Additionally, evaluations of how the mechanical properties of
such gradient scaffolds compare to those of traditional uniform constructs remain
underexplored, particularly an examination of how strains are distributed within these
matrices.

In the present work, porous poly(e-caprolactone)-based scaffolds were fabricated via
multimaterial 3DP with vertical gradients in porosity and ceramic content to mimic the
variations in composition and pore morphology in the native osteochondral unit. Printing
reproducibility and scaffold structures were assessed for inclusion in the study. The printed
constructs were then subjected to uniaxial mechanical compression to evaluate the
relationship between scaffold porosity, ceramic content, and compressive modulus and yield
stress. Specifically, the scope of this study focused on the following considerations: 1)
Demonstrating the feasibility of incorporating both porosity and dual composition/porosity
gradients within 3DP polymeric scaffolds; 2) Identifying a relationship between design
criteria (ceramic content, porosity) and measured mechanical properties (compressive
modulus, yield stress) for uniform scaffolds; 3) Investigation of the effects of porosity
gradient incorporation on the compressive properties of scaffolds; and 4) Investigation of the
compressive properties of dual composition/porosity gradient scaffolds, which are designed
to mimic the osteochondral anatomy. Additionally, changes in porosity and strain after
scaffold recovery were evaluated.

2. Materials and Methods

2.1. Scaffold printing

Hydroxyapatite (HA, average particle size 208 nm, Sigma-Aldrich, St. Louis, MO) was
homogeneously mixed with polycaprolactone (PCL, nominal molecular weight 50,000 Da,
Polysciences, Warrington, PA, Lot no. 25090) in different proportions (Table 1) using a
mortar and pestle. PCL molecular weight was determined before and after printing using an
Acquity Advanced Polymer Chromatography system (Waters, Milford, MA), as described
previously.[60] Extrusion printing of materials was similarly carried out as described in a
previous study.[60] Briefly, the powdered mixtures were placed in metal cartridges, heated
to 160°C, and extruded through a 22G blunt tip needle (0.4 mm inner diameter) using a
commercial 3D printing system (3D Bioplotter; EnvisionTEC, Gladbeck, Germany). To
create computer models for printing, rectangular scaffolds with an aspect ratio of 2
following ASTM D695 (6 mm width and length, 12 mm height) were designed in SketchUp
(Trimble, Sunnyvale, CA) and sliced into 37 layers (0.32 mm slicing thickness) using
BioplotterRP Software (EnvisionTEC, Gladbeck, Germany).[70] Three separate filling
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patterns (designated as small-, medium-, or large-pore designs) were created by drawing
parallel straight strands with 0.7, 1.0, or 1.4 mm on-center spacing, and the fiber orientation
of each new layer was perpendicular to the previous layer, leading to the formation of square
pores with 0.2 (small-pore), 0.5 (medium-pore), or 0.9 mm (large-pore) fiber spacing in each
direction (Figure 1). Uniform scaffolds were printed from a single rectangular model while
porosity gradient scaffolds were printed as three stacked models with the same 0.32 mm
layer separation as for uniform scaffolds. Dual (porosity, material) gradient scaffolds were
printed similarly to porosity gradient scaffolds, with the additional step of switching the
material for each stacked model corresponding to a different section of the scaffold (bottom:
PCL-HA30/0.9 mm spacing; middle: PCL-HA15/0.5 mm spacing; top: PCL/0.2 mm
spacing). In total, thirteen groups were developed, as shown in Table 1. Printing conditions
(pressure, speed, pre- and post-flow, wait time) were set for each composition using values
from an earlier preliminary study and are shown in Table 2.

2.2. Printing validation and physical characterization of 3D scaffolds

The structure and HA distribution of the scaffolds (n=65 scaffolds total) were analyzed via
microcomputed tomography (micro-CT), using a SkyScan 1272 X-ray Micro-CT (Bruker,
Kontich, Belgium). Images were obtained by at 12 pm/pixel resolution with Al 0.25 mm
filter at voltage and current settings of 60 kV and 166 mA, respectively. Scans were
reconstructed, resliced, and analyzed using NRecon and CTAn software (Bruker, Billerica,
MA) as well as LabView (National Instruments, Austin, TX). For structural analysis, all
scaffolds were subjected to a + 10% quality control window on fiber diameter with a
nominal value of 500 um; printed scaffolds with fiber sizes outside of this range were
rejected for inclusion in the study and were reprinted with the same conditions. For porosity
analyses, the scanned object volumes were converted in binary images using a threshold of
25-255 for PCL and 50-255 for PCL-ceramic. A proportional volume of interest of 85%
scale of each of the x, y, and z axes equally spaced from the scaffold edges was selected to
analyze the porosity and interconnectivity of each sample both before and after compression.
For estimated values of fiber spacing (used in Figure S2), values were calculated by
measuring the spacing between two sets of adjacent fibers at 5 different slices of the scaffold
(n=10/scaffold). For strain evaluation, the height of the entire scaffold for uniform porosity
scaffolds and that of each discrete section within gradient porosity scaffolds was measured
before compression and again after compression and recovery.

2.3. Mechanical properties evaluation

The compressive moduli and yield stresses of all uniform and gradient scaffolds (n=5/group)
were measured in a mechanical testing bench (858 MiniBionix!I®, MTS, Eden Prairie, MN;
10 kN load cell, £ 1 N sensitivity) and calculated using the TestStar 790.90 mechanical data
analysis package included in the manufacturer’s software. Scaffolds were compressed
perpendicularly to the printing plane at a crosshead speed of 1 mm/min after an initial pre-
load of 25 N up to 20% strain. Stress-strain curves were calculated from the load vs.
displacement data using the initial external dimensions of each sample. After compression,
scaffolds were allowed to recover over a period of 24-48 hours before being scanned again
via micro-CT using the conditions described above. The compressive modulus was
estimated using the slope of the linear portion of the stress-strain curve. Yield stress was
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estimated by a 0.2% offset to the stress-strain curve. The changes in porosity, A¢, were
calculated as shown in Equation 1:

A¢=¢2_¢1 (1)

where ¢, and ¢ are the pre- and post-compression porosities respectively.

Given the vast amount of literature on the relationship between compressive properties and
construct porosity for synthetic polymers, it was also of interest to attempt to model the
compressive moduli and yield stresses as continuous functions of porosity. According to
Gibson et al., the compressive properties of porous polymeric scaffolds can be modeled
using Equations 2 and 3:

E~(1-¢)" (2)

o-(1-9™ (3

where E is the compressive modulus, oy is the yield stress, ¢ is the internal porosity, and n
and m describe the model architecture.[71,72] The values of n and m for most polymers
have been suggested previously to be within the range of (1,2).[71-75] In order to generate
models for the relationships between porosity and modulus/yield stress in this experiment,
the compressive moduli and yield stresses of uniform scaffolds (0.2 mm, 0.5 mm, 0.9 mm)
from all three material groups (PCL, HA15, HA30) were plotted against their pre-
compression porosities on a log-log scale.

In strain distribution evaluation, final strains ef following compression and subsequent
recovery were calculated using the basic strain formula shown in Equation 4:

_ Aheight
ey(%) = height,

initial

€100 (4)

where Aheight is the change in height before compression and after recovery, and heightinitial
is the initial height of the scaffold before compression.

2.4, Statistical analysis

Statistics were analyzed using Graphpad Prism (Graphpad Software, La Jolla, CA). All
results were expressed as mean values with standard deviations. One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison post-test were used. Differences were
considered significant for p<0.05.
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3. Results

3.1. Printing validation and pre-compression characterization

PCL and PCL-HA composite scaffolds were fabricated via multimaterial extrusion 3DP as
described in Section 2.1 For uniform material, uniform porosity scaffolds of PCL, HA15, or
HA30 (Table 1), the object was assigned a single material and porosity and printed layer-by-
layer (Figure 1a,b). For uniform material, gradient porosity scaffolds, one material was
assigned to the object along with each of the three (0.7, 1.0, and 1.4 mm) nominal spacing
designs and printed layer-by-layer (Figure 1c). For dual gradient (gradient composition,
gradient porosity) scaffolds, each of the three sections of the scaffold was assigned both a
unique material and a unique filling pattern (Figure 1d). Each section of these scaffolds was
printed layer-by-layer before the print cartridge was exchanged to begin printing the next
section. In total, 13 groups were evaluated, as shown in Table 1. Printing conditions
(pressure, speed, pre- and post-flow, wait time) were determined for each composition and
are shown in Table 2. Using these conditions, a nominal fiber diameter of 0.5 mm was
selected, with corresponding nominal fiber spacings of 0.2, 0.5, and 0.9 mm for the small-
pore, medium-pore, and large-pore patterns as described above. The structure of all scaffolds
(n=65) were analyzed viamicro-CT as described in Section 2.2. Figure 2 depicts micro-CT
reconstructions of each of the scaffold groups used (a—c: a top-down view of PCL/small-
pore, HA15/medium-pore, HA30/large-pore scaffolds; d—f: side view of these scaffolds; g—j:
side view of PCL, HA15, HA30 single gradient scaffolds and dual gradient scaffold). The
group average and sample-specific fiber sizes for each scaffold are included in Supplemental
Data (Figure S1, Figure S2, Table S1).

After validating the printing methodology, the porosity of each scaffold was determined
using 3D reconstructions of each via micro-CT and associated software. Micro-CT
reconstructions of each type of scaffold are shown in Figure 2. For porosity measurements, a
proportional volume of interest of 85% scale of each of the X, y, and z-axes was used, which
allowed for the inclusion of all internal porosity while excluding artifacts at the edge of each
scaffold. Gradient scaffolds were evaluated similarly, with the porosity of each section
individually determined for later evaluation of strain distribution, and comparison of the pre-
compression porosities of all scaffolds/gradient sections demonstrated statistical similarity
(p>0.05) between all Small/Gradient Small, Medium/Gradient Medium, and Large/Gradient
Large scaffolds/sections respectively. These pre-compression porosities were later used to
model the compressive properties of uniform scaffolds. In general, scaffold porosity was
well defined, with >90% interconnected pores. Pre-compression porosities for all scaffolds
are shown in Table S2.

3.2. Uniaxial compression of scaffolds and determination of compressive properties

Scaffolds were subjected to uniaxial compression as described in Section 2.3. The
compressive modulus and yield stress for each scaffold were then determined from the
stress-strain curve. As shown in Figures 3 and 4, small-pore (0.2 mm) scaffolds (porosity
range 14+4 — 20+6%) had significantly higher values of compressive modulus (207+36
MPa, 220+26 MPa, 205+37 MPa for PCL, HA15, HA30 respectively) and yield stress (12+2
MPa, 11+3 MPa, 12+3 MPa for PCL, HA15, HA30 respectively) compared to all other
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scaffold groups (p<0.05). Medium-pore (0.5 mm) and large-pore (0.9 mm) scaffolds
(porosity ranges 363 — 43+4% and 54+2 — 57+2%) did not show a significant difference in
compressive modulus (Medium: 117+19 MPa, 118+23 MPa, 112+13 MPa, Large: 86+14
MPa, 97+7 MPa, 97+8 MPa for PCL, HA15, HA30 respectively) or yield stress (Medium:
7+1 MPa, 7£2 MPa, 611 MPa, Large: 5+1 MPa, 5+1 MPa, 5+1 MPa for PCL, HA15, HA30
respectively) based on these statistical analyses, however, analysis on a continuous basis was
also conducted as shown. Both porosity and dual gradient scaffolds showed statistically
similar compressive moduli (98+£23 MPa, 102+8 MPa, 107+6, 102+7 MPa for PCL, HA15,
HA30, Dual gradient respectively) and yield stresses (51 MPa, 5+1 MPa, 5+1, 6+1 MPa for
PCL, HA15, HA30, Dual gradient respectively) to the medium and large pore uniform
scaffolds.

It was also of interest to identify a continuous relationship between scaffold porosity and
resulting compressive properties (modulus, yield stress). The compressive modulus and yield
stress of each uniform porosity (0.2 mm, 0.5 mm, 0.9 mm) scaffold from each composition
(PCL, HA15, HA30) was plotted against its pre-compression porosity on a log-log scale as
shown in Figures 5 and 6, and linear regression was applied to determine model equations
for each relationship. For the compressive modulus and yield stress respectively, these model
equations were determined to be log(E) = 1.27log(1-¢) + 2.39 and log(oy) = 1.37log(1-¢)

+ 1.15. These data are displayed on absolute scales in Figures S3 and S4.

3.3. Evaluation of morphology changes and strain distribution

The effects of the initial scaffold porosity on the change in architecture after compression
and recovery were also examined. Figure 7 depicts a representative dual gradient scaffold
before and after compression. After compressive testing and recovery, scaffolds were
scanned and reconstructed to determine the effect of compression on the porosity of the
scaffolds. All pre-compression and post-recovery porosities for each scaffold are found in
Supplemental Data (Table S2 and Figure S5), and a comparison of the changes in porosity
changes is shown in Figure S6. For these measurements, each small-pore, medium-pore, and
large-pore section of the gradient scaffolds were evaluated separately for individual strains
and porosity changes. There were no statistical differences (p>0.05) observed between
changes in porosity across all scaffolds.

Regarding the strain after recovery of the scaffolds, the heights of uniform scaffolds and
each section of gradient scaffolds were measured by micro-CT before compression and after
recovery, and the final strain was calculated using Eq. 2 in Section 2.3. These results are
shown in Figure S7a, organized by pore group. The final strain after recovery for each
scaffold was independent of ceramic concentration; within each uniform pore design, PCL,
HA15, and HA30 scaffolds had statistically similar final strains (between 7+1 and 9+2%,
8+1 and 10£1%, and 7+1 and 10+1% respectively for Small, Medium, Large pore scaffolds
respectively) after recovery, indicating that the incorporated ceramic did not significantly
impact the compressive behavior of the construct. Additionally, dual gradient scaffolds
demonstrated no statistical differences with porosity gradient scaffolds overall nor within
each section, indicating that the incorporation of a ceramic content gradient does not impact
the recovery behavior. Furthermore, the large pore design section of the gradient scaffolds
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had significantly higher strains (between 1948 and 22+3%) than all other groups. Scaffolds
with the same composition had statistically similar strains independent of pore size. Figure
S7b shows strain analysis data plotted on a continuous basis rather than grouped. The strains
of large pore gradient sections are consistently higher than those of uniform counterparts,
while there is no observable trend among the other groups. Finally, comparison of uniform
pore scaffolds with their gradient section counterparts led to several observations. As stated
previously, the large pore section of the gradient scaffolds had significantly higher strains
than the uniform large pore scaffolds. However, on comparison of the small-pore and
medium-pore groups, in most cases, the strains of the uniform porosity scaffolds and those
of their gradient section counterparts (e.g. small-pore vs. gradient small-pore) were not
statistically different (p>0.05). One scaffold comparison was outside of this observation;
specifically, the HA15 small-pore scaffold had a significantly higher strain than its gradient
small-pore counterpart (p<0.05).

4. Discussion

In this work, PCL scaffolds were fabricated via multimaterial 3DP with vertical porosity and
HA gradients, in order to develop a construct more closely matching the variations in
architecture and composition found in the native osteochondral unit. Specifically, this study
was focused on four key considerations, namely: 1) the feasibility of incorporating both
porosity and dual composition/porosity gradients within 3DP polymeric scaffolds; 2) the
relationship between scaffold design variations (ceramic content, porosity) and measured
compressive properties (compressive modulus, yield stress) for uniform scaffolds; 3) the
effects of incorporating a porosity gradient on these properties; and 4) the compressive
properties of dual composition/porosity gradient scaffolds, which are designed to mimic the
osteochondral anatomy better. Additionally, changes in porosity and strain after scaffold
recovery were evaluated.

Scaffolds were printed according to the conditions listed in Table 2, with a nominal desired
fiber diameter of 0.5 mm + 0.05 mm, and were then scanned using micro-CT to determine
the actual fiber diameter and pre-compression porosity. As demonstrated in Figure S1,
scaffolds were consistently printed with reasonable fidelity to the original design, indicative
of the reliability of extrusion printing as has been widely demonstrated in recent years.[31-
33,76] After porosity and fiber size measurements were completed, all scaffolds were
subjected to uniaxial compression as described above. As shown in Figures 3 and 4, on a
grouped basis, small-pore (0.2 mm) scaffolds had significantly higher compressive moduli
and yield stresses than all other groups (p<0.05), while medium-pore (0.5 mm) and large-
pore (0.9 mm) scaffolds did not demonstrate a significant difference in compressive modulus
and yield stress. In general, these data are consistent with previously established trends
between compressive properties and porosity; despite not being statistically different, the
medium-pore (0.5 mm) scaffolds tended to have higher compressive moduli than large-pore
(0.9 mm) scaffolds.[71] The discrepancy in the lack of a statistical difference can be
attributed to the much higher values for small-pore scaffolds relative to those of the medium-
pore and large-pore scaffold groups, which may mask statistical differences between the
latter two groups. As demonstrated above, this discrepancy is addressed when considering
the scaffolds on a continuous basis. The primary desired result in grouping scaffolds by
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designed pore size was the investigation of single and dual gradient behavior, which is not
readily modeled on a continuous basis due to the varying porosity. Single (porosity) gradient
scaffolds showed statistically similar compressive properties to medium-pore and large-pore
uniform scaffolds, indicating that the overall compressive properties of the gradient structure
are influenced more by those sections with higher porosities (and therefore reduced
compressive properties) rather than being best modeled as a number average.

Considering prior literature, the compressive modulus and yield stress are highly dependent
on scaffold geometry. The compressive moduli for Large pore, pure PCL scaffolds (56+4%
pre-compression porosity) were 8614 MPa in this study. Lee et a/. found compressive
moduli for 1:1 PCL:PLGA scaffolds using a similar cross-hatch pattern, aspect ratio, and
porosity (57%) to be on the order of 120 MPa.[77] Shor et al. observed compressive moduli
of 59 MPa and 30 MPa for PCL scaffolds with the same cross-hatch pattern, an aspect ratio
of 1 (20mm diameter, 20mm height), and 60% and 70% porosity respectively, as well as 84
MPa and 76 MPa for 25 wt% HA scaffolds of the same architectures.[78] Conversely, for
solid injection molded PCL scaffolds (50mm width and length, 4mm height), Ragaert et al.
found compressive moduli on the order of 455 MPa.[79] Heo et al. used a similar printing
process to develop 40 wt% HA/PCL scaffolds with an aspect ratio of 0.5 (10mm width/
length, 5mm height) and ~72% internal porosity, and observed compressive moduli on the
order of 3 MPa.[80] Huang et a/. did not report experimental porosities from their study,
however their fabrication of PCL and 10 wt% and 20 wt% HA scaffolds using the same
cross-hatch pattern and an aspect ratio of 1.25 (4mm width/length, 5mm height) led to
compressive moduli of 48, ~60, and 75 MPa respectively.[81] Finally, Kim et a/. observed
compressive moduli of 30.1 MPa and 24.2 MPa for 10 wt% HA and PCL scaffolds with
66.7% porosity, 0.4 aspect ratio (5mm width/length, 2mm height) and the same cross-hatch
pattern.[82]

The compressive moduli and yield stresses were statistically similar independent of ceramic
content within the same pore size group (0.2 mm, 0.5 mm, 0.9 mm). Additionally, the dual
gradient scaffold group demonstrated compressive moduli and yield stresses statistically
similar to those of the other gradient scaffolds, indicating that the incorporation of a ceramic
gradient also does not significantly affect the mechanical properties of the construct. The
incorporation of ceramics within polymer matrices has been shown previously to increase
the compressive and tensile strength of scaffolds.[30,78,80,81,83-85] However, the
reinforcement mechanism by which this phenomenon occurs remains not well understood.
In one example, it was reported that an increase in compressive modulus was observed for
HA-incorporated scaffolds but not for other similar ceramics such as tricalcium phosphate
(TCP).[86] Similarly, another experiment reported demonstrated a decrease in Young’s
modulus for 10 wt% HA scaffolds and an increase for 20 wt% and 30 wt% HA scaffolds
compared to pure PCL scaffolds.[83] There may be several reasons for the lack of
reinforcement observed, including the particle size and base compressive properties of the
polymer. In terms of particle size, in this study nano-sized (~200 nm diameter) HA was used
in 0, 15, and 30 wt% concentrations. Previous studies in the literature have used a variety of
particle sizes, including nano and microscale particles, and compositions, including those
used here as well as higher concentrations (40, 50 wt%).[30,78,80,81,83-85] Additionally,
all scaffolds in this study had compressive moduli within the range of human trabecular
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bone, and the incorporation of HA may not offer observable reinforcement to such
constructs.[60,85,87] In a previous study, the compressive properties of multimaterial
scaffolds printed as segmented fibers with different compositions were investigated using
both HA and TCP, and, similarly, no statistical differences were observed between
compressive moduli of PCL and PCL-ceramic composites (30 wt% HA, 30 wt% TCP, or 15
wit% HA/15 wt% TCP formulations) of a different geometry (10 mm diameter, 5 mm height
cylindrical scaffolds).[60] Finally, the lack of compressive property reinforcement after HA
incorporation may be due to a suboptimal interface between the particles and the polymer
matrix, as it is known that the transfer of stress within particulate composites is highly
dependent on the interface.[88] Previous attempts to improve the interface between the
polymer matrix and the incorporated ceramic have often involved the use of solvents, such
as tetrahydrofuran [85,89] or chloroform [80], which may present biocompatibility concerns.

Although it may be difficult to evaluate the ceramic/polymer interface beyond the
characterization we have conducted thus far, the data obtained here suggest that there was no
dominant effect (weakening or reinforcing) observed in this study. At a minimum, it has
been demonstrated that the mechanical properties were not weakened by the introduction of
sizeable aggregate failure points. Taken together, the results of this study and those found in
prior literature indicate that a better understanding of the mechanism for ceramic
reinforcement is needed.

As shown in Figures 5 and 6, model regression equations were determined for the
continuous relationships between porosity and compressive modulus/yield stress in the form
of the model by Gibson et al., which demonstrates the relationship between the compressive
properties and porosity of bulk polymeric scaffolds.[71,72] The values of n and m for
compressive modulus and yield stress were 1.27 and 1.37 respectively, which are within the
suggested range of (1,2); these results yielded scaling laws of the form E ~ (1-¢)-27 and oy
~ (1-¢)137 respectively, suggesting a near-linear logarithmic relationship between these
variables.[71,73-75] These data demonstrate that the compressive properties evaluated in
this study align well with expectations from previous literature and are readily modeled with
good fidelity independent of polymer scaffold geometry and ceramic content.

The change in scaffold porosity post-compression was determined for all scaffolds as
described above. For porosity and strain analyses, each section of the gradient scaffolds was
examined separately for porosity changes within each section. As hypothesized, uniaxial
compression led to an overall decrease in porosity, as the vertical spacing between fibers was
reduced. However, as demonstrated in Figure S6, there were no statistical differences
(p>0.05) observed between changes in porosity across all scaffold groups before
compression and after recovery. This result may indicate that the magnitude of deformation
of the internal architecture is proportional to the scaffold’s pre-compression porosity.
Alternatively, the pre-compression porosity may not be an independent factor in determining
morphological changes due to compression.

The final evaluation of this study was an investigation of the distribution of strain across the
scaffolds, yielding information about the behavior of gradient scaffolds with variable
mechanical properties. In order to build tissue engineering constructs that recapitulate the
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properties of native tissues, an understanding of scaffold strain behavior under load is
required, particularly for constantly strained musculoskeletal tissues such as the
osteochondral unit. For strain distribution, the final strains following compression and
recovery were determined for all uniform scaffolds as well as for all discrete sections within
gradient scaffolds (Table 1). As shown in Figure S7a, the final strains of the overall gradient
scaffolds were additionally considered (calculated using Eqg. 2 for the overall change in the
height of the entire gradient). As identified in the study objectives, three investigations were
of interest when considering strain distribution: the effect of ceramic incorporation within
the scaffold, the effect of scaffold porosity (pore design), and the effect of the gradient
structure. The final strain of each scaffold was demonstrated to be independent of ceramic
concentration, as PCL, HA15, and HA30 scaffolds of the same pore design had statistically
similar final strains. As was observed in the compressive modulus and yield stress data, the
incorporated ceramic did not impact the strain behavior of the construct to a noticeable
amount, and similarly, dual gradient scaffolds showed no significant differences with single
gradient scaffolds in all cases. As hypothesized, the large pore sections of gradient scaffolds
had statistically higher strains than all other groups, which is in agreement with the modulus
and yield stress data reported in this study, as deformation mainly occurs in the large pore
section leading to similarities between the overall behavior of gradient scaffolds and higher
porosity uniform scaffolds rather than those of lower porosities. The overall gradient
scaffolds demonstrated statistically similar strain behavior to the uniform scaffolds,
indicating that the small-pore and medium-pore sections of the gradient were much less
vertically compressed as a result of the large-pore section bearing the load. Interestingly, all
uniform scaffolds of the same composition had statistically similar strains independent of
pore size, indicating that porosity may not be an independent factor in determining strain.
The authors attribute this difference to the specific geometry of the scaffolds under load. As
with all uniform porosity scaffolds used in this study, the large pore scaffold groups follow
the aspect ratio of 2 as described in Methods. However, while the overall gradient scaffold
adheres to this aspect ratio, each discrete section of the gradient does not. The large pore
section of the gradient scaffold, therefore, has the same length and width as the
corresponding large pore uniform scaffold, but only one-third the height of those scaffolds,
resulting in a different recovery profile. These conclusions are supported by the additional
comparison of final strains on a continuous basis as shown in Figure S7b, which shows the
same data on a continuous basis to remove any loss of related information associated with
grouping the scaffolds. The large pore sections of gradient scaffolds, which had the largest
porosities, again demonstrated disproportionately high strains relative to all other groups,
which displayed no apparent trend.

There remain several areas still to be investigated in the future. The osteochondral unit is
extremely complex as described in the Introduction section, and the dual gradient scaffolds
still provide a very simplified representation of the native osteochondral unit /n vivo. In
particular, the ceramic gradient has been represented as step-change sections of different
concentrations rather than a continuous gradient, although previous studies in the literature
have similarly approximated these gradients as step change sections.[48,60,90-94]
Additionally, the method of extrusion printing used in this study fabricates constructs layer-
by-layer, where each layer is deposited, and printing is paused before depositing the next
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layer. This process necessarily creates a breakage in filament between layers. Although there
remains a possibility that such printing can lead to the formation of failure points at the
contacts between layers, micro-CT imaging demonstrates that there is a fusion between
layers of all uniform and gradient scaffolds, and in our previous study, it was demonstrated
that the fusion point of segmented fibers does not serve as a failure point.[60] Finally, in
printing the single and dual gradient scaffolds, there was a necessary offset as designed in
this study due to the pore sizes selected for each section. Future studies will address this
offset by appropriately adjusting the pore size to fit the CAD design perfectly.

The compressive testing conducted in this study reflects the primary scope, which was to
characterize the static material properties of single and dual gradient scaffolds. Additionally,
in this study scaffolds were compressed and allowed to recover prior to post-compression
scanning and characterization. The micro-CT and mechanical testing systems used are
separate units, and scaffolds would have recovered during scanning if conducted
immediately after compression leading to inaccurate characterization. It would instead be of
great interest to investigate stress relaxation and creep recovery, which was not conducted in
this study. Finally, all compression in this study was applied in the direction of the gradient
axis. However, it may be valuable in the future to observe potential differences in the
architecture/property relationships when applying compression perpendicularly or
tangentially to the gradient plane as opposed to in line.

The pore geometry selected in this study was a 90° cross-hatch pattern, which allowed us to
evaluate the compressive mechanical properties of the uniform and porosity and dual
gradient scaffolds. However, particularly due to the native complexity of the osteochondral
unit as noted, future investigation into the compressive properties of various pore geometries
would make for an interesting parametric study, and a number of compressive property
models have been previously developed for porous scaffolds with different pore geometries.
Among others, studies by Moroni et al[95], Lee et al[77], Van Bael et a/.[96], and Sobral et
al[21] investigated the static and dynamic mechanical properties, as well as cell seeding
efficiency in the latter study, as a result of varying pore geometries. Similarly, Al-Ketan et al.
investigated structure-property relationships for a variety of metallic scaffold pore
geometries using a powder fusion printing technique and evaluated the ability of different
mathematical models (such as the model considered here) to predict resulting mechanical
properties accurately.[75]

Finally, as the focus of this study was on scaffold mechanical characterization, no /n vitro
experimentation was conducted. However, in the future, it would be interesting to evaluate
the effects of both porosity and ceramic gradients on cell behavior. In particular, it will be
relevant to explore differences in cell growth and morphology between areas of different
ceramic concentrations. Future /n vitro and later /n vivo experiments will need to address
these and other additional areas in order to adequately demonstrate the use of these scaffolds
for osteochondral repair.
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5. Conclusions

Recent developments in AM and 3DP research have led to the development of a variety of
scaffold designs and techniques for osteochondral tissue engineering. New biofabrication
techniques for incorporating vertical and horizontal gradients have been introduced,;
however, to date, these techniques are still largely limited to single gradients of either
material or architecture, while constructs intended for complex tissue regeneration may
require the simultaneous inclusion of multiple types of gradients together. In this study,
porous PCL and PCL-HA scaffolds were fabricated v/a multimaterial 3DP with incorporated
vertical gradients in porosity and ceramic content. Uniaxial compression testing
demonstrated an inverse relationship between porosity and compressive modulus and yield
stress; however, no differences were observed between scaffolds of different ceramic
concentrations at similar porosities. Porosity gradient scaffolds demonstrated compressive
properties similar to those of the highest porosity scaffolds, indicating that these properties
are more heavily influenced by the weakest section of the gradient. Dual gradient scaffolds
demonstrated both of these behaviors; the compressive modulus and yield stress were
similar to large pore uniform and pore gradient scaffolds, and the incorporation of a ceramic
gradient did not substantially impact these properties. When observing the strain behavior of
the scaffolds, uniform-pore scaffolds had similar values of strain despite different initial
porosities. By contrast, the large-pore sections of gradient scaffolds were statistically
significantly more deformed than all other sections, indicating that the porosity of a scaffold
may not be an independent factor in determining strain. As shown in the compressive
property analyses, the addition of HA ceramic did not alter the strain behavior significantly.
These experiments demonstrate that the fabricated scaffolds incorporate porosity changes
similar to those found in the native osteochondral unit as well as compressive properties in
the range of human trabecular bone.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Three-dimensional printing schematic for the fabrication of PCL and PCL-HA constructs.

(a) Side view of (L->R) Single-material, uniform porosity PCL (small-pore); HA15
(medium-pore); and HA30 (large-pore) scaffold design; (b) Top view of above scaffolds (c)
(L->R) single-material, gradient porosity PCL scaffold, (d) multimaterial, gradient porosity
scaffold.
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G H

Fig. 2.
Representative micro-CT images of all uniform and gradient scaffolds included in the study

(Table 1). Top-down and side views of PCL-only (small-pore; A, D), HA15 (mediumpore;
B, E), and HA30 (large-pore; C, F) scaffolds respectively. Side view of gradient porosity
PCL-only (G), HA15 (H), HA30 (1) scaffolds and Dual Gradient scaffold (J), respectively.
Scale bar = 1 mm for all scaffold images.
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Compressive modulus as a function of pore morphology for all compositions examined
(PCL-only, HA15, HA30, Dual gradient). Small-pore (0.2 mm) scaffolds demonstrated

sign
and

ificantly higher compressive moduli than all other groups, while medium-pore (0.5 mm)
large-pore (0.9 mm) scaffolds were statistically similar. Moduli for single and dual

gradient scaffolds were also similar to the medium and large pore scaffolds. Groups with the
same letter are not statistically different (p > 0.05). n = 5 scaffolds for all groups.
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Fig. 4.
Yield stress as a function of pore morphology for all compositions examined (PCLonly,

HA15, HA30, Dual Gradient). Similar to the results for compressive modulus, small-pore
scaffolds had higher yield stresses compared to all other groups, which were statistically
similar (p < 0.05). Groups with the same letter are not statistically different (p > 0.05). n =5
scaffolds for all groups.
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Compressive modulus as a continuous function of pre-compression porosity for all uniform
(0.2 mm, 0.5 mm, 0.9 mm) scaffolds of each composition. The model equation describing
these data was determined to be log(E) = 1.27log(1 - ¢) + 2.39 with R2 = 0.8698.
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Yield stress as a continuous function of pre-compression porosity for all uniform (0.2 mm,
0.5 mm, 0.9 mm) scaffolds of each composition. The model equation describing these data
was determined to be log(E) = 1.37log(1 - ¢) + 1.15 with RZ = 0.8057.
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Fig. 7.
Representative micro-CT images of dual gradient scaffold as described in Table 1 (top

section - PCL/0.2 mm pores, middle section - HA15/0.5 mm pores, bottom section -
HA30/0.9 mm pores) A) before and B) after compression to 20% strain and subsequent
recovery. Scale bar = 1 mm.
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List of scaffold groups

Table 1:

Scaffold Group

Material

Pore Size Pattern

PCL - Small PCL (uniform) Small — 0.2 mm (uniform)
PCL - Medium PCL (uniform) Medium — 0.5 mm (uniform)
PCL - Large PCL (uniform) Large — 0.9 mm (uniform)

PCL - Gradient

PCL (uniform)

Small — 0.2 mm (top section)
Medium — 0.5 mm (middle section)
Large — 0.9 mm (bottom section)

HA15 - Small 85 wt% PCL, 15 wt% HA (uniform) Small — 0.2 mm (uniform)
HA15 - Medium | 85 wt% PCL, 15 wt% HA (uniform) Medium - 0.5 mm (uniform)
HAI15 - Large 85 wt% PCL, 15 wt% HA (uniform) Large — 0.9 mm (uniform)

HA15 - Gradient

85 wt% PCL, 15 wt% HA (uniform)

Small - 0.2 mm (top section)
Medium — 0.5 mm (middle section)
Large — 0.9 mm (bottom section)

HA30 - Small 70 wt% PCL, 30 wt% HA (uniform) Small — 0.2 mm (uniform)
HA30 - Medium | 70 wt% PCL, 30 wt% HA (uniform) Medium — 0.5 mm (uniform)
HA30 - Large 70 wt% PCL, 30 wt% HA (uniform) Large — 0.9 mm (uniform)

HA30 - Gradient

70 wt% PCL, 30 wt% HA (uniform)

Small — 0.2 mm (top section)
Medium - 0.5 mm (middle section)
Large — 0.9 mm (bottom section)

Dual Gradient

PCL (top section)
85 wt% PCL, 15 wt% HA (middle section)
70 wt% PCL, 30 wt% HA (bottom section)

Small — 0.2 mm (top section)
Medium — 0.5 mm (middle section)
Large — 0.9 mm (bottom section)
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Table 2:

List of scaffold printing conditions/parameters

Material | Temperature (°C) | Pressure (bar) | Speed (mm/s) | Pre-Flow (s) | Post-Flow (s) | Wait Time (s)
PCL 160 5.0 1.2 0.5 0.25 0
HA15 160 5.0 0.9 0.7 0.75 35
HA30 160 55 0.8 0.7 0.75 30
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