ACCSCIENCE
PUBLISHING

International
Journal of Bioprinting

*Corresponding author:
Salil Desai
(sdesai@ncat.edu)

Citation: Parupelli SK, Saudi S,

Bhattarai N, et al. 2023, 3D printing of
PCL-ceramic composite scaffolds for
bone tissue engineering applications.

Int J Bioprint.
https://doi.org/10.36922/ijb.0196

Received: September 11, 2022
Accepted: November 18, 2022
Published Online: July 5, 2023

Copyright: © 2023 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

RESEARCH ARTICLE
3D printing of PCL-ceramic composite scaffolds
for bone tissue engineering applications

Santosh Kumar Parupelli'?, Sheikh Saudi?>, Narayan Bhattarai*3, and Salil Desai'**
'Department of Industrial and Systems Engineering, North Carolina A&T State University,
Greensboro, NC 27411, USA

2Department of Chemical, Biological and Bioengineering, North Carolina A&T State University,
Greensboro, NC 27411, USA

3Center of Excellence in Product Design and Advanced Manufacturing, North Carolina A&T State
University, Greensboro, NC 27411, USA
(This article belongs to the Special Issue: Additive Manufacturing of Functional Biomaterials)

Abstract

Three-dimensional (3D) printing was utilized for the fabrication of a composite
scaffold of poly(e-caprolactone) (PCL) and calcium magnesium phosphate (CMP)
bioceramics for bone tissue engineering application. Four groups of scaffolds,
that is, PMC-0, PMC-5, PMC-10, and PMC-15, were fabricated using a custom 3D
printer. Rheology analysis, surface morphology, and wettability of the scaffolds
were characterized. The PMC-0 scaffolds displayed a smoother surface texture and
an increase in the ceramic content of the composite scaffolds exhibited a rougher
structure. The hydrophilicity of the composite scaffold was significantly enhanced
compared to the control PMC-0. The effect of ceramic content on the bioactivity of
fibroblast NIH/3T3 cells in the composite scaffold was investigated. Cell viability and
toxicity studies were evaluated by comparing results from lactate dehydrogenase
(LDH) and Alamar Blue (AB) colorimetric assays, respectively. The live-dead cell
assay illustrated the biocompatibility of the tested samples with more than 100%
of live cells on day 3 compared to the control one. The LDH release indicated that
the composite scaffolds improved cell attachment and proliferation. In this research,
the fabrication of a customized composite 3D scaffold not only mimics the rough
textured architecture, porosity, and chemical composition of natural bone tissue
matrices but also serves as a source for soluble ions of calcium and magnesium
that are favorable for bone cells to grow. These 3D-printed scaffolds thus provide
a desirable microenvironment to facilitate biomineralization and could be a new
effective approach for preparing constructs suitable for bone tissue engineering.
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1. Introduction

Tissue engineering (TE) is an interdisciplinary field that emerged as a promising
technique that utilizes cells, biomaterials, biochemical (e.g., growth factors), and physical
(e.g., mechanical loading) signals to generate new tissue structures. The goal of TE is to
improve, replace, or restore damaged tissues or organs from any causes, such as disease,
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defect, trauma, or aging. TE aims to create functional
organs from patients’ cells. The process of TE starts with
biomaterials, followed by the fabrication of scaffolds,
combining them with cells and biochemical signals, such
as growth factors, cytokines, mechanical stimulants,
to generate new tissue structures™?. Microfabrication
techniques used in TE include photolithography, rapid
prototyping (stereolithography, extrusion deposition
printing), and soft lithography (microcontact printing,
micro-molding, and microfluidics). “A biomaterial is a
substance that has been engineered to take a form which,
alone or as part of a complex system, is used to direct, by
control of interactions with components of living systems,
the course of any therapeutic or diagnostic procedure, in
human or veterinary medicine”®. Biomaterials are derived
from several sources such as natural materials, synthetic
polymers, metals, ceramics, and composites”®.. Naturally
derived biomaterials include protein-based biomaterials
(silk fibroin, keratin, collagen, gelatin, fibrin, and eggshell
membrane) and polysaccharide-based biomaterials
(chondroitin, glucose, cellulose, alginate, hyaluronan,
and chitin and its derivative chitosan), and decellularized
tissue biomaterials. Synthetic polymers for tissue
regeneration include polylactic acid (PLA), polyglycolic
acid (PGA), poly (lactic-co-glycolic acid) (PLGA), and
polyurethanes. Metals include titanium alloys, nitinol,
magnesium alloys, stainless steel, and cobalt-chromium
alloys. Composites include metal-ceramic, metal-polymer,
and polymer-ceramic®!. Each of the above-mentioned
individual biomaterial groups has specific advantages and
disadvantages. Biomaterials have played a crucial role
in supporting and fostering regenerative cell growth in
the tissue engineering design paradigm and biomedical
devices for numerous clinical regenerative therapies!'%.

Scaffolds are temporary structures that mimic physical
microstructures of a natural extracellular matrix (ECM)
to provide desired cellular interactions and guide cells to
grow, synthesize, and other biological molecules to form
new functional tissues®. To engineer functional tissues and
organs successfully, scaffolds should possess the minimum
requirements, such as high porosity, proper degradation
rate, biocompatible, high surface area, mechanical
integrity, enhanced cell adhesion, growth, differentiated
function, and migration". Cell proliferation, attachment,
and differentiation are affected strongly by the scaffold
microenvironment, including the size, density of the pores,
geometry, surface properties, and windows connecting
the pores?. Techniques include porogen leaching,
phase separation, uniaxial freezing, micro-molding, gas
foaming, fiber meshes/fiber bonding, electrospinning, and
additive manufacturing (laser-based, nozzle-based, and
printer-based) are used for the fabrication of scaffolds?-],

The fundamental concepts that lead to the
establishment of bone tissue-engineered scaffolds are
typically based on the selected biomaterial and production
technique. Generally, for bone TE, pore sizes between
100 and 350 micrometers and porosities more than 90%
are preferred. PCL is a biodegradable polymer like other
degradable hydroxy polyesters such as PGA, poly-I-
lactic acid (PLLA), and their copolymers. PCL is one
of the widely studied synthetic polymers in different
formulations for TE due to its elastomeric mechanical
properties and biological properties. PCL is a rigid,
flexible polymer with a semi-crystalline structure having
high thermal stability, low glass transition (-60°C), and
melting temperatures (56-65°C). The slower degradation
rate and mechanical properties limit the use of PCL
compared to other polyester family members. However,
the degradation kinetics and mechanical strength of the
PCL can be tailored by copolymerization or blending with
other polyesters or ceramic materials. PCL can be used
for scaffold fabrication for bone, liver, cartilage, skin, and
protein delivery vehicles®*2.

Numerous studies have been done on the blending of
PCL with several bioceramics (e.g., calcium phosphate,
magnesium phosphate, biphasic calcium phosphate,
hydroxyapatite, and bioactive glass), natural polymers
(chitosan, elastin, collagen, gelatin, and silk), and synthetic
polymers (PLGA, PGA, PLLA, and carbon nanotubes) to
enhance the mechanical endurance and biocompatibility
of the scaffolds™!. Magnesium phosphate/PCL (MP/PCL)
composite scaffold enhances the polymers degradation
rate by improving the PCL hydrophilicity®**!. Moreover,
the surface wettability of the MP/PCL can be tailored by
adjusting the amount of MP particles incorporated®!.
Blending nano-hydroxyapatite (nHA) with PCL improves
composite polymer scaffold strength (mechanical
property) and bioactivity®®*. Biocomposite scaffolds made
from polycaprolactone (PCL) and forsterite bioceramics
can enhance and modulate mechanical and physical
properties®**!. Incorporating aluminum oxide whiskers
within PCL significantly improves the composite scaffold’s
mechanical and hydrophilic surface properties with
good biocompatibility for TE and dental applications®.
Composite scaffolds prepared with calcium alginate
threads and PCL demonstrate ideal porosity grade with
suitable microstructure for enhanced bone cell growth
and differentiation™!. The presence of P-tricalcium
phosphate (TCP) in PCL improves the cell proliferation
and compressive mechanical properties of the composite
scaffold for bone regeneration"¥7-41,

Magnesium phosphate and calcium phosphate-based
bioceramics are well-known in the biomaterials field and
have been used separately with PCL scaffolds. However,
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the calcium magnesium phosphate (CMP) bio-ceramics, a
combined phosphate of magnesium and calcium, have not
been thoroughly studied. Therefore, our strategy in this
study is to first develop an optimal composition of CMP
bioceramic powder. Our second strategy is to develop a
slurry of ceramic powder and PCL in a good organic solvent
that is suitable for three-dimensional (3D) printing. Third,
we optimize the properties of the 3D-printed scaffolds so
that the methodology and knowledge gained from this
research will be applied for bone TE applications in the
future.

Additive manufacturing (AM) techniques enable
the fabrication of complex geometry scaffolds for TE
applications>*!. 3D bioprinting enables the fabrication
of tissue or organs using biomaterials and cells in a layer-
by-layer fashion from the bottom up using computer-
aided design (CAD) model data™!. The three main
fundamental approaches 3D bioprinting is based on
are as follows: (i) biomimicry, (i) autonomous self-
assembly, and (c) mini tissue building blocks. Different
types of AM techniques that can be used for bioprinting
include extrusion-based printing, inkjet-assisted printing,
and droplet-based printing*¥l. The extrusion 3D
printing process is the most popular technique. With 3D
bioprinting, complex tissue structures that mimic the fine
shape and size of the targeted natural original tissue can
be fabricated with personalized features. The applicability
of 3D bioprinting to biomedical devices, pharmaceutics,
and regenerative medicine has increased as a result
of recent breakthroughs in reinforcement strategies,
hydrogel chemistries, and crosslinking techniques™®.
Biocompatibility of the material being used, growth
factor distribution, perfusion, and cell sensitivity to the
printing procedures are some of the crucial aspects of
bioprinting, that must be taken into consideration because
3D bioprinting works with living organisms such as cells
and tissues®.. In the past decade, numerous research
studies have been reported on optimizing AM techniques
for 3D scaffold fabrication with desired mechanical and
biological properties for cell growth in regenerative
medicine® . In this research, we utilized the direct-write
AM technique to fabricate a composite scaffold with CMP
bio-ceramic and PCL materials for bone TE application. In
our experiments, four groups of scaffolds - PMC-0: PCL
(50% w/v), PMC-5: PCL (50% w/v)/CMP(5%w/w),
PMC-10: PCL (50% w/v)/CMP (10%w/w), and
PMC-15: PCL (50% w/v)/CMP (15%w/w) — were fabricated
using a custom-built 3D printer. The effect of ceramic
content on the surface properties, biodegradability, and
bioactivity of fibroblast cells on the composite scaffold was
investigated. A customized functionally gradient scaffold
structure was fabricated to demonstrate that manipulation

of surface and biological properties can be achieved for the
enhanced spatial organization of cells within the composite
scaffold.

2. Materials and methods

Poly(e-caprolactone) pellets (PCL, Mw = 43,000 g/mol) with a
melting pointof 58 - 64°Cwere purchased from Polysciences
Inc. (Warrington, PA, USA). 2,2,2-Trifluoroethanol (TFE)
was purchased from Sigma-Aldrich (St. Louis, Mo, USA).
Magnesium oxide (MgO) nanopowder (size < 50 nm) and
calcium phosphate monobasic were purchased from Sigma
Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Life Technologies
(Grand Island, NY, USA). The Alamar Blue and lactate
dehydrogenase (LDH) assay kits were purchased from
Thermo-scientific (Waltham, MA or Florence, KY).

2.1. Synthesis of CMP bioceramics

CMP ceramic was prepared using a mixture of MgO and
calcium phosphate monobasic according to a previously
published paper®. MgO was first dissolved in water,
and calcium phosphate was added with a 2:1 molar ratio
(3.2:1 w/w). The mixture was vortexed for 5 min and
then poured into a Petri dish. The Petri dish was kept in
a fume hood for 24 h to dry up all water from the mixer.
Fine powder of the CMP was stored in a desiccator. Four
concentrations of the polymer and ceramic material in
different proportions were formulated for the subsequent
experiments.

2.2. Production of PCL/CMP suspension

Initially, 50% (w/v) PCL was prepared by suspending 5 g
of PCL pellets in 10 mL of TFE and ultra-sonicated at
45°C for 2 h to produce PCL-only scaffolds. To produce
PCL-CMP composite scaffolds, the predetermined content
of the CMP (5, 10, and 15 wt % in relation to the PCL
polymer) was dispensed into 10 mL of TFE through ultra-
sonication at 45°C for 2 h. The experimental procedure to
produce PCL-CMP suspension is illustrated in Figure 1.

Pellets of PCL (5 g) were added to the TFE solvent
containing the CMP and then mixed using magnetic
stirring for 24 h. Similarly, PCL-CMP composites with
a CMP content of 10% and 15% were also prepared.
Each composition of the suspension is shown in Table 1.
A 100-mm filter was used to filter all the CMP solutions to
avoid clogging during printing.

2.3. 3D printing of scaffolds

A four-axis Nordson EFD Janome robot with a custom
extrusion head, as shown in Figure 2, was used to fabricate
3D scaffold structures. All material concentrations were
loaded into a 10 mL syringe barrel with a nozzle of 250 um
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Figure 1. Experimental procedure to produce PCL-CMP suspension.

Table 1. Suspension sample compositions

Composite CMP TFE PCL CMP (w/w%) in
scaffolds (g) (ml) (g) the scaffold
PMC-0 0 10 5 0
PMC-5 0.25 10 5 5
PMC-10 0.5 10 5 10
PMC-15 1.0 10 5 15

diameter. The syringe barrel consisting of the PCL/CMP
suspension was attached with a piston and connected
to a pressure system (Ultimus V) to alter the flow rate.
A cuboidal 3D scaffold structure (10 x 10 x 0.2 mm) was
generated in CAD, and exported as a stereolithography
(STL) file, and the x, y, and z coordinates of the STL file were
imported into the robot with JRC 3D printing software.
The PMCs struts were built layer-by-layer (12 layers:
0.2 mm) to build a 3D scaffold structure with uniform pore
size and porosity. The struts were 0.2 mm in height, 10 mm
in length, and 10 mm in width. All the process parameters,
including line speed, extrusion pressure, nozzle diameter,
spacing between the struts, and layer thickness, were kept
consistent for all material concentrations.

2.4. Characterization of scaffolds
2.4.1. Rheology analysis

The rheological properties of all the material concentrations
(PMCs) were measured using Rehocal DVIII T Rheometer.
The shear stress of each material was measured at different
shear rates (0 - 120/s) using an SC4 spindle at room
temperature. The shear rate versus shear stress curves

Dissolving

Adding PCL pellets CaMP + PCL solution

A W
€ omposi

for each material concentration was plotted using the
Rheocalc T software.

2.4.2. Contact angle measurements

The surface wettability (hydrophilicity/hydrophobicity)
of the PMC-0 and ceramic composite PMCs was tested
using a Drop Shape analyzer (KRUSS-DSA25E) with the
sessile drop method at room temperature. For all material
concentrations, thin film samples were made and placed in
Petri dishes. Five samples for each material concentration
at 90 s were tested to calculate the average water contact
angle. The sessile drop size was set to 5 uL.

2.4.3. Surface morphology analysis

The surface morphology of the ceramic powder was
analyzed using a scanning electron microscope (SEM;
Zeiss Auriga FIB/FESEM, Carl Zeiss Microscopy, LLC,
NY, USA). Briefly, ceramic powder (0.1 g of as-prepared)
was dispersed in 10 mL of TFE. A single drop of the
ceramic suspension was deposited on an aluminum foil
and attached to double-sided carbon tape. SEM (Zeiss
Auriga FIB FE-SEM) images of printed samples and the
CMP powder were taken at an accelerating voltage of
5 kV. Before SEM analysis, a thin layer of gold sputtering
(10 nm) was applied to the samples. The effect of ceramic
particles on the PCL matrix was investigated.

Image] open-source software®” was used to calculate
the porosity of the scaffold. Color thresholds were varied to
capture the boundaries of the pores using an edge detection
algorithm. All pore dimensions were recorded with their
sizes and respective pore areas. Image correction was
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Figure 2. (A) Direct-write 3D printing custom equipment for scaffold fabrication. (B) 3D computer-aided design model of the ceramic composite scaffold.

(C) 3D-printed composite ceramic scaffold.

performed to eliminate extraneous pores and provide the
porosity of the scaffold. Porosity analysis was performed
on a sample of three (n = 3).

2.4.4. X-ray diffraction (XRD)

The crystallography and phases of CMP were examined
using a Bruker AXS D8 Discover X-ray diffractometer
with Cu-K radiation. The XRD studies were carried
out with a locked-coupled scan with a scanning range
(diffraction angle, 20) of 15°-60°. The instrument was run
in continuous mode, with increments of 0.0146° for 2 min.
An experiment was carried out at room temperature.

2.4.5. FT-IR analysis

Fourier-transform infrared spectroscopy (FI-IR) was
used to identify the functional groups and chemical
interactions between PCL and CMP. Varian 670 FT-IR
Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) was
used to detect the spectra in the range of 4000 — 400 cm™!
with 64 scans at a resolution of 4 cm™. A total of 5 scans
were performed for each spectrum.

2.4.6. Biocompatibility study

The procedure to conduct biocompatibility was
implemented based on our previous work®!. The
3D scaffold samples (n = 3) were cut (1 cm x 1 cm), glued
with Surgical Silicone Adhesive, Kwik-SilTM, and attached
to 24-well plates. Samples were sterilized with 95% ethanol

in a sterile fume hood for 30 min, followed by rinsing
with sterile deionized water (twice) and 1x Dulbecco’s
phosphate-buffered saline (DPBS). Before cell seeding,
1 mL of DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (10,000 units/mL of
penicillin and 10,000 pug/mL of streptomycin) was added
to each well plate, which was placed in cell culture
incubator for 3 h. NIH/3T3 cells, a mouse fibroblast cell
line (American Tissue Type Culture Collection, Manassas,
VA), were cultured in a 75 cm? culture flask and kept in a
tissue culture incubator at 37°C and a 5% CO, atmosphere.
Every 2 days, the culture medium was changed. The cells
were separated by 0.025% trypsin and 0.01% EDTA in a
phosphate-buffered saline (PBS) solution once they had
reached around 90% confluence, followed by transferring
them to a centrifuge tube with the culture medium. Before
being seeded into samples, cells were resuspended in
new growth media and counted with a hemocytometer
using a Countess™ II Automated Cell Counter (Thermo
Fisher Scientific). A 50 uL aliquot of medium containing
cells (~50,000) was placed on printed samples (n = 3)
and cultured in an incubator (37°C, 5% CO,) for 1, 2, and
3 days, respectively.

Alamar blue (AB) colorimetric assay was used
to measure the viability of 3T3 cells after growth on
substances. Cell culture medium was collected from each
incubated sample and stored for toxicity study at a specific
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time. After that, cells were washed 2 times with PBS and
treated with 10% (v/v) AB reagent in the appropriate
culture medium for 4 h. Multiple aliquots of the assay
solutions were obtained and measured for fluorescence
using a spectrophotometer with excitation at 530 nm and
emission at 590 nm. The following equation was used to
calculate the viability of cells:

Fluorescence of the samples

— Fluorescence of the blank

Cell viability = x100%

Fluorescence of the control

— Fluorescence of the blank

LDH assay was carried out with the stored medium
collected earlier.

2.4.7. Statistical analysis

Statistical analysis was performed using Minitab statistical
software. Data are expressed as mean =* standard deviation.
Comparisons of groups were performed using one-way
analysis of variance (ANOVA) and Tukey’s post hoc test.
Significance levels were set at P < 0.05.

3. Results and discussion
3.1. Rheology measurements

The rheological properties of the materials were studied
to investigate the effect of CMP on the PCL matrix. The
rheological measurements of the PCL and composite in
terms of shear rate and shear stress are shown in Figure 3.
All tests were performed in flow sweep mode across a range
of shear rates from 0.1 to 120 s™'. PMC-0, PMC-5, PMC-10,
and PMC-15 exhibit a Newtonian region followed by

—a—PMC-0 —e— PMC-5 —— PMC-10 —v— PMC-15
200 4 v
v
v
v
v

150 - v
’a v A/A
e ," x:‘:‘.
s A O

100 - v o
(] &
s v’ Ait‘. l"l‘
N v ‘i‘/‘.
- VV ‘,‘
3 50 V7 oA
ﬁ vvlf“

0 -

T T T
0 20 40 60 80 100 120
Shear Rate (s™)

Figure 3. Rheology characteristics of PMCs suspensions. An increase in
the microparticle content of ceramic material in the PCL matrix exhibit a
non-Newtonian fluid behavior at higher shear rates.

non-Newtonian fluid behavior at higher shear rates. The
non-Newtonian behavior represents a shear-thinning fluid
as the shear rate increases beyond 80 s. The shear stress
increased with an increase in the content of CMP, in the
following order PMC-0 < PMC-5 < PMC-10 < PMC-15.
With the addition of the CMP particles, the viscosity of
the PMCs materials increased because of the interaction
between the polymeric matrix (PCL) and the ceramic
particles (CMP). The increase in the shear stress is due
to the increase in the microparticle content of ceramic
material in the polymer matrix, which leads to a higher
resistance to the flow of fluid®**!. Higher shear stress for
increased PCL-CMP blends indicates an elasticity higher
than that of pure PCL. The rheological behavior observed
herein is vital as the bioprinter needs to be operated
by varying parameters, such as deposition line speed,
extrusion pressure, and nozzle size, to accommodate the
shear-thinning behavior of the biomaterial being bio-
printed. Moreover, higher extrusion pressures are needed
to deposit higher PCL-CMP blends to maintain consistent
scaffold geometries.

3.2. Characterization of ceramic powder

The as-prepared CMP ceramic was used for incorporation
into the 3D-printed PCL scaffolds. SEM image (Figure 4)
shows that the ceramic was a mixture of clay-like
Ca,(PO,), and spindle-shaped Mg, (PO,), particles®.
About 2- - 5-micron (length) Mg (PO,), crystals were seen
embedded into Ca,(PO,), substances. The XRD pattern for
CMP is shown in Figure 5 (left). XRD data for the particles,
with peaks, are consistent with the known crystallographic
planes of both phosphates. Mg,(PO,), peaks are assigned
by cross marks (x), and Ca,(PO,), peaks are assigned
by an asterisk (*) marks®!. Figure 5 (right) shows the
FT-IR spectra of the ceramic powder. Absorption bands
at 1060 cm™ and 970 cm™ were ascribed to PO,*, and

Figure 4. SEM image of as-prepared ceramic powder. Clay-like substances
are Ca,(PO,),and spindle-shaped substances are Mg,(PO,),.
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Figure 5. XRD pattern (left) and FT-IR spectra (right) of as-prepared CMP ceramic powder.

the band at 883.24 cm™ and 1164.8 cm™ correspond to
the vibration of P-O-H from Mg (PO,), and Ca,(PO,),.
Adsorbed water band is relatively wide, from 2600 cm™!
to 3600 cm™®. The additional band at 1648.85 cm™ was
observed due to H-O-H bending/®”. These results indicate
that the chemical composition of CMP bioceramics has
both Ca and Mg phosphates.

3.3. Morphology analysis of 3D scaffolds

The morphology of the PCL and PCL-CMP composite
scaffolds was investigated with an SEM. Figure 6 presents
SEM micrographs of the top surface and cross-sectional
morphology of the PMC-0, PMC-5, PMC-10, and PMC-15
scaffolds, respectively.

The SEM images illustrate that all the scaffolds exhibit
well-defined structures with uniform pore size distribution.
The pore size of the polymer and composite scaffolds was
200 * 35 wm, marginally less than the designed scaffold
(250 pum). The variations in the pore size are due to
the rheological characteristics of materials. Typically,
3D printing processes provide precise dimensions and
shapes of the features being printed. However, in this
case, the PCL-ceramic composite materials (PMCs) were
laden with solvent (TFE) to suit appropriate rheology for
extrusion from the nozzle tip. Thus, after the deposition
of these materials, there was a shrinkage after curing
and evaporation of the water, leading to lower pore size
as compared to the designed (250 um) dimension. The
PCL scaffolds appear to have a smooth surface compared
to the PMC-5, PMC-10, and PMC-15. As the amount of
ceramic content increased, the surface morphology of
the composite scaffold exhibited a rough structure. The
roughness of the composite scaffold surface is due to the
dispersion of ceramic microparticles in the PCL matrix,
which alters the morphology of PCL. This leads to a rougher
surface with an increased surface area that closely mimics
the natural ECM*"\. The crucial characteristics that affect

Figure 6. The surface and cross-section morphology of PMC-0, PMC-5,
PMC-10, and PMC-15. Left: SEM images of 3D-printed scaffolds.
Right: SEM images showing the cross-sectional view of the scaffold’s
single strut. The pore size of the composite scaffolds was in the range
of 200 + 35 wm.

cell adhesion and proliferation are porosity and surface
roughness of the scaffold, as mentioned elsewhere!¢>,
The rheological changes were tailored by adding ceramic
microparticles, which altered the properties such as shear
stress, viscosity, and interaction between flow material
and nozzle wall. Hence, the PCL and composite scaffold
surface characteristics reacted differently under similar
process conditions.
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3.4. Porosity of scaffolds

The pore size and porosity of the 3D-printed scaffolds
were calculated and are presented in Table 2. The virgin
polymer PMC-0 had the largest pore size (~245 um) and
the highest porosity (50%), respectively. However, as the
ceramic content within the scaffold increased, there was
a reduction in both the pore size and porosity. This can
be attributed to the increase in ceramic loading within
the polymer composite that leads to higher viscosities
of the 3D-printed slurries. This finding correlates well
with the rheological behavior of the PMC suspension
as shown in Figure 3, wherein higher microparticle
loading has revealed a non-Newtonian behavior.
However, it is noteworthy to point out that pore sizes
above 150 pm and porosities above 40% are conducive

Table 2. Comparative analysis of pore size and porosity for
PMC scaffolds

Material Pore size (um) Porosity (%)

composition

PMC-0 245.5+20.5 50.61+0.34

PMC-5 234.3+22.4 48.32+0.23

PMC-10 222.8+23.2 45.54+0.71

PMC-15 213.4+18.7 42.34+0.56
PMC-0

i
Nomp——
Vet

PMC-5

for facilitating the diffusion of nutrition, allowing cell
migration, accelerating cell proliferation, and enabling
vascularization®*®l. Thus, our high-porosity scaffolds
provide diffusion and release pathways of biological
molecules and nutrients for cellular migration and
proliferation!®*7l,

3.5. Hydroplhilicity behavior of scaffolds

The surface wettability of the scaffolds, which affects cell
proliferation and protein absorption, can be determined by
the water contact angle. Hydrophilicity plays a crucial role
in cell interaction within the scaffold. The hydrophilicity
of the PMC-0, PMC-5, PMC-10, and PMC-15 was
analyzed by measuring the incident contact angle at two
different durations (initial at 3 s and equilibrium 90 s)
using a drop shape analyzer (KRUSS-DSA25E) as shown
in Figure 7.

Figure 8 shows the water contact angle measurements
of polymer and composite scaffolds. The contact angle for
our blend of PMC-0 was around 94.31 + 3.21° as compared
to pure PCL reported in the literature at 109.2 + 4.1°71,
However, the PMC-5, PMC-10, and PMC-15 composites
had consistently lower contact angles (PMC-5: 74.5 + 2.23°;
PMC-10: 68.9 £ 2.15% and PMC-15: 67.8 + 2.03°). The
incorporation of CMPs increased the hydrophilicity of

Not calibeated

PMC-10

Figure 7. Water contact angle measurement of different contents of PMCs scaffolds.
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the composite scaffolds. The decreasing order of contact
angle measurements with an increase of bio-ceramics
resembles well with decreasing trend as seen in PCL/HA
composite scaffold structures®™!. These results illustrate
that homogeneously mixed PMCs resulted in an enhanced
hydrophilic scaffold, which can further improve the
cellular proliferation and adsorption of biochemical cues
for orthopedic applications, as reported in our previous
computational biochemical models?"*.

Moreover, researchers can tune the hydrophilicity and
cellular response by adjusting the amount of CMPs in the
scaffold structures. Furthermore, multi-nozzle deposition
3D Dbioprinting can provide functionally gradient
PMCs structures for osteochondral (bone-cartilage)
tissue constructs by manipulating material and process
parameters. In the past, a variety of biological materials,
including ECM, adhesion proteins, such as collagen,
laminin, and fibronectin, as well as mucopolysaccharides,
such as heparin sulfate, hyaluronate, and chondroitin
sulfate, both individually and as mixtures have been
applied to promote cell adhesion®*. The current
synthetic hydrophilic polymeric coatings show an
analogous improvement in the attachment and growth of
cell lines.

943
I 745
‘ 68.9 67.8

PMC-0 PMC-5 PMC-10 PMC-15
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Figure 8. Water contact angle measurements of PMCs scaffolds at 90 s.
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3.6. Cell viability on 3D-printed scaffolds

The biocompatibility of PMC-0 and composite scaffolds
(PMC-5, PMC-10, and PMC-15) was tested by culturing
NIH/3T3 cells for 3 days. Various literature has confirmed
PCLs non-toxic effect on 3T3 fibroblast cells”*”. Hence,
PCL alone was used as a control compared to other
compositions. In this experiment, all the scaffolds had an
average of more than 100% live cells at day 3 compared
to the control one. According to the current ISO-10993, a
cell viability of greater than 75% can be regarded as non-
toxic for medical devices; therefore, in our experiment,
we used a PCL-ceramic composition with more than 75%
cell viability as a safety criterion™!. Tukey’s post hoc test
was performed with ANOVA for multiple comparisons.
The o.-value was set to 0.05, and P < 0.05 was considered
statistically significant. No statistically significant value
regarding the cellular viability of the scaffolds was observed
within the groups for day 1. The cell viability of composite
scaffolds was enhanced with an increase in ceramic
content, as illustrated in Figure 9, using Alamar Blue assay
for Day 2 and Day 3 (P < 0.05). It was demonstrated that
ion-dissolution products containing Ca and Mg from
bioactive glasses and ceramics enhanced cell growth”*7.
We assume that the amount of Mg and Ca ions released
from the scaffolds was not at a toxic level but instead
stimulated cell proliferation.

The LDH release study also supports the viability
results. Figure 9 illustrates that, after day 3, the scaffolds
allowed for enhanced cell growth as the scaffolds mimicked
the natural ECM for proliferation. Composite scaffolds had
less toxic release than polymer-alone scaffolds (i.e., PMC-0)
as the absorbance was higher due to the hydrophilicity
mentioned elsewhere. Moreover, the toxicity release was
lesser for PMC-5 and PMC-10. Therefore, blending CMPs
with PCL improved the interaction between cells and
composite scaffolds.

1.24 Ermc-0 [ ]PMC-5
iE [ ]pmc-10 [ |PMC-15
o8] LI
0.6+
0.4 -
0.0 ,

Day 1 Day 2 Day 3

Figure 9. In vitro performance of 3D-printed scaffold and effects on cell viability. Left: Viability of 3T3 fibroblasts cultured on the scaffolds for 3 days
(Alamar Blue assay, data normalized to values for cells cultured on control scaffolds, that is, PMC-0 [left]). Right: LDH cytotoxicity. Data represent the

mean + S.D. (n = 3), ANOVA, *P < 0.05.
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4, Conclusion

3D-printed composite scaffolds of poly(e-caprolactone)/
calcium magnesium phosphate (PMC scaffolds) using a
direct-writetechnique forbonetissue regenerationapplication
were investigated. Four groups of scaffolds - PMC-0, PMC-5,
PMC-10, and PMC-15 — were fabricated. The pore size of the
polymer and composite scaffolds ranged between 200 and
235 wm. The polymer (PMC-0) scaffolds had a smoother
surface compared to the composite scaffolds (PMC-5,
PMC-10, and PMC-15). The roughness of the composite
scaffold surface was due to the homogeneous dispersion of
ceramic microparticles in the PCL matrix, which altered
the morphology of the PCL matrix. The rheological
characteristics of the composite scaffold revealed an initial
Newtonian behavior but changed to a shear-thinning fluid
at higher shear rates. Higher PCL-CMP blends had higher
shear stress values consistent with the addition of ceramic
content. The hydrophilicity of the composite scaffold
improved with the incorporation of CMPs, with lower
contact angles attained at higher concentrations. This can
aid in the rapid proliferation and enhance the adsorption
of biochemical cues for tissue regeneration. Live and death
assay studies of cells indicated biocompatibility of all scaffold
structures with more than 100% live cells at day 3. The cell
viability of composite scaffolds was enhanced with increased
ceramic content. The LDH release results illustrated that both
scaffolds enhanced cell growth, mimicking the natural ECM
for cell attachment and proliferation. This research lays the
foundation for the bioprinting of customized composite 3D
scaffold structures using custom-synthesized bioceramics for
regenerative tissue engineering.
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