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Bone defects are common and, in many cases, challenging to treat. Tissue engineering is an interdisciplinary
approach with promising potential for treating bone defects. Within tissue engineering, three-dimensional (3D)
printing strategies have emerged as potent tools for scaffold fabrication. However, reproducibility and quality
control are critical aspects limiting the translation of 3D printed scaffolds to clinical use, which remain to be
addressed. To elucidate the factors that yield to the generation of defects in bioprinting and to achieve
reproducible biomaterial printing, the objective of this article is to frame a systematic approach for optimizing
and validating 3D printing of poly(caprolactone) (PCL)-hydroxyapatite (HAp) composite scaffolds. We de-
lineate the effect of PCL-to-HAp ratio, print velocity, print temperature, and extrusion pressure on the archi-
tectural and mechanical properties of the 3D printed scaffold. Furthermore, we present an in sifu image-based
monitoring approach to quantify key quality-related aspects of constructs, such as the ability to deposit material
consistently and print elementary shapes with fewer flaws. Our results show that small defects generated during
the printing process have a significant role in lowering the mechanical properties of 3D printed polymeric
scaffolds. In addition, the ir vitro osteoinductivity of the fabricated scaffolds is demonstrated.

Keywords: 3D printing, bone tissue scaffolds, poly(caprolactone) (PCL)-hydroxyapatite (HAp) composites,
in situ imaging, osteoinductivity

Impact Statement

Identifying quality control measures is essential in the translation of three-dimensional (3D) printed scaffolds into clinical
practice. In this article, we highlighted the importance of selected printing parameters on the quality of the 3D printed
scaffolds. We also demonstrated that flaws, such as voids, significantly lower the mechanical properties (compressive
modulus) of 3D printed polymeric scaffolds.

Introduction

BONE DEFECTS ARE common and can be caused by
trauma, tumors, and diseases. Critically sized defects
overwhelm the regenerative properties of the native tissue
and typically do not heal. Current treatments are primarily
based on the use of autografts and allografts.” However,
these clinical approaches have significant limitations due to
donor site morbidity and possible pathogenic immune re-
sponses in autografts and allografts, respectively.>® An al-

ternative approach focuses on the engineering of functional
tissue constructs by combining scaffolds, cells, and signal-
ing cues.* These activities have mainly centered on the
understanding and regulating of the interactions of cells,
biomaterials, and biological factors.’

Scaffolds have become a central platform for achieving the
desired interactions between various cells and substrates.'
As a result, various technologies such as electrospinning, mi-
cromolding, biotextiles, and three-dimensional (3D) print-
ing (additive manufacturing) have been developed for the
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fabrication of scaffolds with biomimetic physicochemical
properties and architectural features.®'® Among these tech-
niques, 3D printing has shown to be the most versatile in
engineering structures with biomimetic architectures.*!" In the
past few years, a multitude of 3D printing and bioprinting
strategies have been developed and characterized for tissue
engineering applications.*'>!?

The goal of this research is to predict the architectural
features of the 3D printed scaffolds of clinically relevant
dimensions and minimize flaws generated during the print-
ing process. In pursuit of this goal, we quantify the effect
of process parameters on the geometry and functional
quality (mechanical and biological properties) of the con-
struct in the context of extrusion-based 3D printing of
poly(caprolactone) (PCL)-hydroxyapatite (HAp) composite
scaffolds. Among various 3D printing approaches, the use
of extrusion-based printers has garnered predominant ap-
plication for engineering scaffolds from biopolymers and
osteogenic materials with physical properties comparable
to bone tissue.*'* The relative simplicity, low cost, and
large supply of extrusion-based printers have contributed
to this trend.'> Apart from cost, extrusion-based printing ac-
commodates a large variety of materials, ranging from hy-
drogels and soft polymers to thermoplastic materials.

PCL is one of the most popular biopolymers for bone tissue
engineering, as this Food and Drug Administration-approved
thermoplastic polymer offers a slow degradation rate (ranging
from months to a few years), which is comparable to the rate of
bone regeneration.>*'®!” While biocompatible, PCL is not
osteoinductive.'° Furthermore, PCL does not mimic the
composition of native bone extracellular matrix (ECM) and its
mechanical strength and compressive modulus are inferior
compared to typical bone tissue. Consequently, PCL is typi-
cally mixed with bioceramics, bioglasses, or biological factors
to improve the rate of osteogenesis.>™

HAp is a mineral natively produced in bone tissue, and is
a large constituent of the bone matrix, with the other major
constituent being collagen. While both HAp and collagen
are biocompatible, they serve different functions in bone
ECM, as they are responsible for the overall hardness and
flexibility, respectively.'® Furthermore, because HAp is os-
teoinductive, it has been widely used in the fabrication of
bone scaffolds.'®** The incorporation of HAp typically
improves the mechanical properties of PCL, approaching the
physical properties of native bone tissue.'” As a result, in
this study, we focused on 3D printing of PCL and HAp
composites; PCL/HAp composites have been previously
used in bone tissue engineering. For example, PCL and HAp
scaffolds have been successfully 3D printed and tested to
induce osteogenesis both in vitro and in vivo.?! However,
the present challenge is to ensure the reliability, predict-
ability, and reproducibility of 3D printing composites
through in situ quality monitoring and control >*2*

Researchers have optimized extrusion-based 3D printing
parameters, such as composition, print speed, extrusion
pressure, temperature, and outer needle diameter for printing
bone scaffold material through statistical experimentation.
Quality assurance of this nature can be separated into layer-
level and part-level aspects, where a layer-level approach
typically investigates strand characteristics—a strand is a
single line or track of deposited material. At the part level, the
emphasis is on quantifying layer interactions and building

GERDES ET AL.

geometric quality (architecture). Key literature in the area is
reviewed in this study, in the context of research needs.

To evaluate the layer-level effects of printing parameters
on the strand characteristics, Kang et al. varied needle di-
ameter, pressure, layer height, and print speed for several
hydrogel compositions, while comparing the 5plrinted path-
ways to their ideal width, height, and length.? They report
that increasing the printing pressure increased the flow rate,
resulting in a larger width and height in the printed strands.
However, the average strand width was determined by di-
viding the average construct width by the number of de-
posited strands, rather than through direct measurement of
each strand. This procedure is the key to understanding one
of Kang et al.’s*> conclusion that linear print speed did not
affect the strand width. The current lack of precise in situ
measurement of strand quality substantiates the need for
sensor-based process monitoring.

In contrast, definite trends of decreasing strand width
with increasing linear print speed were shown in a few
studies.”**® Notably, Webb and Doyle further quantified
the layer-level printability through varying the linear print
speed, pressure, and needle diameter to assess the strand width
of the created paths.” They observed that strand width was
correlated with pressure, and negatively correlated with
linear print speed. In addition, Webb and Doyle*’ note that
at high pressures, changes in linear print speed have a more
dramatic effect on strand width, whereas, at lower pressures,
the print speed has a largely linear and directly proportional
relationship with strand width.

On the part-level scale, quantification of the intentionally
printed pore shapes can be achieved through the relationship
illustrated by Ouyang et al.?® and Soltan et al.,*® which links
the area and the perimeter of a pore. Derived from circu-
larity, a secondary dimensionless measurement Bresented in
the works of Ouyang er al.** and Soltan et al.*® allows for
the quantification of the pore shape, with an ideal value of
one denoting an ideal square-shaped pore.

To address the growing need for in-situ process moni-
toring and quantification of the process—structure—property
relationship in the 3D printing of bone tissue scaffolds, the
objectives of this work are as follows. First, an extrusion-
based bioplotter is used to print PCL/HAp composites in the
form of single strands, as well as scaffolds with three dif-
ferent geometries. Second, we quantify the effect of process
variables, namely pressure, temperature, and linear print
speed on the dimension and shape fidelity of the deposited
strand. These assessments are made using in situ optical
imaging and analysis. Third, we assess the physical and
biological effectiveness of 3D printed bone scaffolds in
bone tissue engineering through mechanical testing and
in vitro culture of human mesenchymal stem cells (hMSCs).

Materials and Methods
Materials

Materials, including PCL (Mw=14,000 Da) and HAp
(2.5pum powder), were purchased from Sigma-Aldrich
(MO) and were used as received, unless mentioned other-
wise. hMSCs and the growth culture medium were pur-
chased from RoosterBio (MD). Cell culture reagents were
purchased from Thermo-Fisher.
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Preparation of materials for 3D printing

PCL/HAp composites were formed by mixing the com-
ponents by weight ratio to achieve the desired material
compositions of 90/10, 80/20, 70/30, and 60/40 (%PCL/
9%HAp w/w). The mixtures were then heated to 100°C to melt
the PCL before manual stirring to homogenize the material.

Printing of composite scaffolds

Printing was conducted using an extrusion-based 3D
printer, a 3D-Bioplotter (manufacturer series) from En-
visionTEC (Gladbeck, Germany), shown in Figure 1b. With
this bioplotter, it is possible to customize a large number of
printing variables, such as linear print speed, pressure, print
head temperature, bed temperature, infill pattern and spac-
ing, preflow, postflow, vertical needle offset, and needle
size, among others.

After preparation, the material was loaded into a stainless
steel syringe barrel, melted at a process condition-dependent
temperature, and pneumatically extruded through a 700 pm
outer diameter stainless steel nozzle at a condition-
dependent pressure. Following the cooling and solidification
of the PCL/HAp composite, in situ imaging of the layer was
conducted with an optical camera built into the machine, as
shown in Figure lc. Based on extensive screening tests, we
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report the effect of linear print speed for each of the four
PCL/HAp compositions (90/10, 80/20, 70/30, and 60/40) at
the following four temperature and pressure combinations in
uniform increments: 110°C and 1.5 bar, 120°C and 2.5 bar,
130°C and 3.5 bar, and 140°C and 4.5 bar. This results in
a total of 16 possible composition-pressure-temperature
combinations. However, not all of these combinations pro-
duce constructs of desirable strand and shape quality.

In-situ monitoring and quantification of print quality

To assess the geometric quality of the constructs printed
at the viable process conditions, three types of shapes,
namely, circle, square, and triangle, were printed without
infill, and the inner and outer edges were assessed for cir-
cularity in Imagel]. Circularity was determined by using the
following equation®®-**:

C = (4n x A)/P? 0

where C is circularity (dimensionless), A is the area of the
shape (mmz), and P is its perimeter (mm). Five replicates of
each shape were printed, each with 2 circularity measure-
ments (inner and outer edge), giving 10 circularity mea-
surements for each shape, which were then averaged.
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FIG. 1. 3D printing of PCL/HAp scaffolds and the in situ monitoring of the geometrical outcome. (a) Schematic of PCL/
HAp printing and microstructure of interspersed HAp in the thermoplastic PCL. (b) Print setup of the bioplotter used in the
study and the location of the camera for in situ monitoring of the printing process. (¢) Layer by layer images generated
through in situ monitoring. (d) A representative image of a 3D printed PCL/HAp scaffold with clinically relevant di-
mensions. 3D, three dimensional; PCL, poly(caprolactone); HAp, hydroxyapatite.
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We have adopted a stepwise optimization approach. First,
we ascertain the feasible linear print velocity setting for a
particular composition, nozzle temperature, and pressure by
comparing the strand width to the desired width of the outer
nozzle diameter (700 mm) through in situ imaging. For this
purpose, five lines (strands) were printed at different linear
print speeds for a fixed composition, temperature, and pres-
sure, and the strands were imaged immediately following
deposition using the in situ optical imaging. The width of the
strand was then characterized at seven approximately equi-
distant points along its length using the open-source software
(ImagelJ). The strand width measurements were averaged, and
a desirable linear print speed was chosen from the plot of
average strand diameter versus linear print speed. Lastly,
once the feasible linear print velocity settings were de-
termined for a particular nozzle temperature, and pressure
composition, we then studied print quality from a geometric
perspective.

Mechanical characterization

Rheological testing. Rheological properties of the de-
veloped composites were assessed using a rotational rhe-
ometer. An HR-3 Discovery Series Hybrid Rheometer from
TA Instruments (New Castle, DE), equipped with an ad-
vanced Peltier Plate s%/stem, was used in combination with a
20mm smart SWAP™ parallel plate geometry. All of the
experiments were done using a measurement gap set at
500 um. An amplitude sweep was first performed for the
70/30 PCL/HAp at 110°C to identify the linear viscoelastic
region (LVR). A strain percentage within the LVR was used
to perform all the subsequent oscillatory experiments.

For the frequency sweep experiments, the composites
were subjected to angular frequencies ranging from 0.5 to
100rad/s at all the extrusion temperatures (110°C, 120°C,
130°C, and 140°C). The shear-thinning behavior of the
composites was quantified by applying the power law
(n=K7"=1) equation to the double log plot of complex
viscosity (1) and shear rate (y) after transforming the data
using the Cox-Merz rule for polymer melts. All the exper-
iments were performed using three independent samples.

Compressive testing. The rigidity of the samples was
assessed in terms of the compressive modulus of printed
10mmx 10 mmXx2.5mm samples (completely solid). The
results from the 3D printed samples were compared with
identical sized molded samples. Four samples were prepared
with theoretically solid box architectures for both the lowest
and highest temperature and pressure print conditions for
each composition at its desirable linear print speeds. Com-
pression testing was conducted using a Cellscale Univert
from Cellscale (Canada) to a maximum strain of 7-8% over
a minute for the molded and printed samples, respectively.
The compressive modulus was determined as the slope of
the linear region of the stress-strain curve.

Biological property characterization

To evaluate the bioactivity of the materials, hMSCs
(RosterBio MSC-003) were cultured on the samples, and
their viability, attachment, and potential for differentiation
to osteoblasts were assessed. First, samples were prepared
by printing the material using the bioplotter. The samples
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were printed to have four layers and final dimensions of
10 mm X 10 mm X% 2.4 mm. Printed samples were then steril-
ized under UV light, immersed in 70% ethanol, and washed
with phosphate-buffered saline (PBS). The hMSCs were
expanded in their complete growth media made of minimum
essential medium o supplemented with 16% (v/v) fetal bo-
vine serum, 2mM L-glutamine, 100 U/mL penicillin, and
100 ng/mL streptomycin, and incubated at 5% CO, and
37°C. Cells were passaged every 3—4 days at ~80% con-
fluence with trypsin-ethylenediaminetetraaceticacid (0.1%),
and their media were changed every 2 days. The hMSCs
were subsequently harvested at passage 5 and cultured on
sterilized samples by the concentration of 300 cells/mm?,
and maintained in the complete growth media for further
experiments.

Cell attachment and viability. The viability and prolif-
eration rate of hMSCs were quantified by measuring their
metabolic activities using PrestoBlue Cell Viability Reagent
(Invitrogen) on days 1, 3, and 7 after culturing on the
samples and maintaining in complete growth media. At each
measurement time point, samples were incubated in a so-
lution of 10% (v/v) PrestoBlue reagent in growth media in
the incubator at 37°C for 1h. The fluorescence intensity of
the solution was measured using a Cytation 5 Cell Imaging
Multi-Mode Reader (Biotek) at 540 nm (excitation)/600 nm
(emission). Samples were washed with PBS and maintained
in fresh growth media for measurement at the next time
point.

The attachment of cells on the surface of the scaffolds and
their morphology were investigated by scanning electron
microscopy (SEM) imaging of cells cultured on the scaffold.
Cell-cultured constructs were fixed in 2.5% (v/v) glutaral-
dehyde in PBS for 2 h and washed twice with PBS. Samples
were dehydrated with a graded ethanol series and then dried
in a desiccator. The samples were sputtered by a thin layer
of gold and then analyzed by an SEM (FEI Quanta 200
Environmental).

Assessment of cellular differentiation and mineraliza-
tion. After 3 days of hMSC culture on the samples, the
growth media were changed to differentiation media com-
posed of complete growth media supplemented with 10 nM
dexamethasone (Sigma), 10 mM B-glycerophosphate (Sig-
ma), and 50 pg/mL L-ascorbic acid (Sigma). The differen-
tiation medium was changed every 3—4 days, and the cells
were kept for 35 days after starting their differentiation for
further investigation.

Immunostaining. Since the main goal of this study was to
assess the effect of process parameters on the printing
quality, we wanted to ensure the osteoconductivity of the
printed scaffolds, rather than to compare different condi-
tions. While assessment of gene expression could be used as
a tool for the evaluation of osteodifferentiation, we moni-
tored alkaline phosphatase (ALP) expression, osteogenic
marker expression, and calcium deposition, which are more
important indicators of cellular differentiation. For proper
comparison of the role of scaffold composition on cellular
differentiation, gene expression analysis should be carried
out in future.
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On day 28 postdifferentiation, cell-seeded constructs were
fixed by 4% (w/v) paraformaldehyde for 15 min, and then
permeabilized by 0.3% (v/v) triton 100 xfor 10 min. Sam-
ples were washed thrice with PBS and then were blocked
with solution of 1% (w/v) bovine serum albumin (BSA) in
PBS containing 22.5 mg/mL glycine and 0.1% tween 20 for
1h at room temperature. The samples were then washed
with PBS thrice and incubated in 1/200 dilution of the first
antibodies (Abcam) against osteopontin (OPN, ab69498),
bone sialoprotein (BSP, ab52128), RUNX2 (ab76956), and
collagen I (ab34710) in 0.1% (w/v) BSA in PBS solution
overnight at 4°C. Samples were washed and incubated with
the secondary antibody goat anti-mouse immunoglobulin
G (IgG) H&L (Alexa Fluor® 488) (ab150117) and goat anti-
rabbit IgG H&L (Alexa Fluor 594) (ab150080) and 4’,6-
diamidino-2-phenylindole with the dilution factors of 1/500
and 1/1000, respectively, for 1h at 37°C. Samples were
washed and imaged using a confocal microscope (Zeiss
LSM 800).

ALP activity assay. The osteogenic activity of the scaf-
folds in supporting osteogenic differentiation of MSCs and
inducing mineral deposition from the differentiated cells
was evaluated by ALP activity assay and xylenol orange
staining.

The ALP activity of seeded cells on constructs was
measured using an ALP assay kit (Colorimetric; Abcam,
ab83369) according to the manufacturer’s instructions.
Briefly, 80 uL. of the conditioned culture media of samples
was added to 50 uL of 5SmM p-nitrophenyl phosphate so-
Iution as a phosphatase substrate for ALP and was incu-
bated at room temperature for 1h. The absorption of the
solution was measured at 405nm using the same BioTek
spectrophotometer.

Xylenol orange staining. To assess the mineralization
and, in particular, calcium deposition on the 3D printed
scaffolds by cells, xylenol orange staining was carried out.
A 20 mM stock solution was prepared by dissolving xylenol
orange powder (Sigma-Aldrich, St. Louis, MO) in distilled
water, and was sterile filtered. A concentration of 20 uM of
stock solution in cell culture media was directly applied on
cell-seeded scaffolds within multiwall plates and incubated
for 12h. Samples’ culture media were changed after incu-
bation time with the fresh one and imaged using the same
confocal microscope at 570 nm (excitation)/610 nm (emis-
sion). The degree of mineralization in images was calculated
as FIXAcacity/Arora, Where FI was the fluorescence inten-
sity, Acaiciry Was the calcified area, and Ao Was the total
view of the image. This degree of mineralization was
computed by Matlab from five samples from each test

group.

Statistical analysis

Results are presented in the form of mean * standard de-
viation of independent measurements. Statistical analyses
were conducted in Minitab with 95% confidence intervals
(x=5%). Statistical significance between treatments is de-
noted with an asterisk in the corresponding figures. Analysis
of variance testing was conducted with Dunnett post hoc
analysis for the biocompatibility testing. ¢-Tests were uti-
lized for the comparison of the two geometric result groups
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(8 mm/s and the desirable linear print speed for a compo-
sition, temperature, and pressure combination) and to
compare compression testing results between molded and
printed samples for a composition.

Results and Discussions
Rheological measurements

Since thermoplastic polymers such as PCL, poly (lactic
acid), and poly (lactic-co-glycolic acid) are generally bio-
logically inert, inorganic fillers such as tricalcium phosphate
and HAp are commonly used to create biocomposites for
bone tissue applications.'** However, the addition of such
fillers modifies the rheological properties of the parent
polymer matrix. In most cases, as reported in the literature,
the addition of fillers increases the viscosity of the polymer
melt due to their high surface area.®® Therefore, it is im-
perative to quantify the rheological properties of the newly
prepared composites before printing.

The identification of the LVR before oscillatory mea-
surements is necessary to isolate regimes where the structure
of the material will remain intact without signs of break-
down. As observed in Figure 2a, the results from the am-
plitude sweep revealed that the storage modulus (G)
remained nearly constant for low strain values and de-
creased dramatically at higher strain percentages. The limit
of the linear viscoelastic region (LVR) was defined as the
point at which the modulus starts to decrease precipitously.
Accordingly, a strain of 0.5% (within the LVR) was used for
the rest of the experiments.

Results of the first set of frequency sweep experiments
(Fig. 2b) revealed that the complex viscosity of 90/10 PCL/
HADp at low frequencies (<1 rad/s) was in the range of 20-50
Pa - s. The relatively lower viscosity of the 90/10 PCL/HAp
was because the rheology was predominantly determined
by the polymer phase, and therefore experienced negligi-
ble flow resistance. As observed for 90/10 PCL/HAp, the
complex viscosities for 80/20 PCL/HAp and 70/30 PCL/HAp
also decreased with an increase in temperature (Fig. 2c, d).
The increase in temperature was a factor capable of mini-
mizing the influence of filler in resisting flow.

This reduction of viscosity was attributed to the relaxation
of molecular entanglement of the long polymer chains at
elevated temperatures. Similarly, the reduction in viscosity
makes it easier for the polymer melt to flow through the
conical nozzle and as a result, improves its printability. In
addition, it was observed that the increase in HAp concen-
tration also caused a considerable increase in viscosity. For
example, at 110°C, the complex viscosities (at 0.5 rad/s) for
90/10, 80/20, and 70/30 PCL/HAp content were ~40, 90,
and 330 Pa - s respectively.

In this work, HAp particles (>2.5 um) evidently increased
the viscosity of the polymer melt. For instance, tests at
110°C suggested that there was a viscosity increase of
~90% between 90/10 PCL/HAp and 70/30 PCL/HAp
compositions, a common occurrence reported in rheological
studies using nanocomposites.>* Based on visual observa-
tions, it was also suggested that the agglomeration of HAp
particles could have partly contributed to this increase. In
this study, at all temperatures, all the composites evidently
displayed shear-thinning behavior. For example, the values
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Two coefficients, consistency index (K) and flow behavior
index (n), describe the shear-thinning ability of a material.
While K can be used as a measure to compare viscosities
of different materials, decrease in n values suggests a greater
shear-thinning behavior. The quantification of shear-thinning
behavior also suggested that as temperature increased, the
shear-thinning behavior intensified. In this study, all the
composites prepared and tested showed a classic pseudo-
plastic behavior as evidenced by values of n between 0
and 1 (Supplementary Table S1). As expected, the loss
modulus (G’) of all composites at all tested temperatures
was lesser than the storage modulus (G”) throughout the
tested frequency range. From these results, it is reasonable
to expect that higher printing temperatures facilitate extru-
sion, given the reduction in viscosity and shear-thinning
behavior.

Print quality metrics

Linear print speed assessment.  Strands were printed for
the PCL/HAp mixtures at each process condition, imaged
in situ by the EnvisionTEC 3D-Bioplotter’s onboard cam-
era, and strand diameters were measured in post. A decreas-
ing average strand diameter with increasing linear print
speed is evident in Figure 3a—c. This trend is likely closely
related to the material extrusion rate. For instance, strands

trusion rate surpasses the linear print speed, causing excess
material to extend outwards, ahead, and to the sides, of the
print direction. Conversely, strand diameter is less than
the needle diameter when the linear print speed surpasses
the material extrusion rate, as a smaller volume of material
is deposited at a particular point. Another explanation is that
the strand thins to a lesser diameter as it is rapidly pulled
along as it is being deposited.

If the resulting desirable linear print speed was below
5 mm/s, or above 40 mm/s, the PCL/HAp mixture was not
subjected to geometric shape validation tests for that process
condition. This serves to limit testing to a range that could
be suitable for the production of large scaffolds. For tradi-
tional 3D printing, excessively slow speeds are avoided as
they increase production time significantly. In addition, ex-
cessively high speeds may lead to more pronounced errors
and vibration, and wear of machine elements. For instance, a
bubble in the material can cause underextruded gaps in
strands, which will become exacerbated at faster print speeds.

These tests revealed that certain printing conditions were
infeasible for further printing and were subsequently elim-
inated as the combination was unviable for further testing.
For instance, in Figure 3a—c, the 90/10 PCL/HAp compo-
sition at 140°C temperature and 4.5 bar of pressure yielded a
strand of acceptable diameter at a linear print speed above
the inordinately high printing speed 40 mm/s. Likewise,
during the testing of 60/40 PCL/HAp, even the highest
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FIG. 3. Printability analysis of PCL/HAp at several composition ratios. (a—c) Linear speed optimization strand width
results for PCL/HAp mixture ratios at different printing temperature/pressure conditions. (d—f) Geometric quality assess-
ments of different composite PCL/HAp ratios printed at the linear print speeds of 8§ mm/s and the desirable linear print speed
for the mixture at specific printing temperature/pressure combinations (n=10; o.=5% for the comparison of samples printed
at 8 mm/s and the desirable linear print speed for a composition).

temperature-pressure parameter combination of 140°C and
4.5 bar of pressure could not produce the desired strand
width above the lowest considered linear print speed of
5 mm/s.

Accordingly, the 60/40 PCL/HAp composition was re-
jected as infeasible and not tested further. Comparing the
three compositions in Figure 3, at a constant process
temperature-pressure combination of 130°C and 3.5 bar of
pressure, it becomes evident that as the proportion of the
HAp increases, the desirable linear speed, and the slope of the
linear print speed to average strand width relationship de-
creases. This trend stems from the increase in viscosity of the

composite with increasing bone material (HAp), which in
turn reduces the extrusion rate of the material. Images used in
the linear print speed analysis can be seen in Figure 4. Ap-
proximately desirable linear print speeds determined as the
closest linear print speed yielding strand widths near 0.7 mm
are shown in Supplementary Table S2.

Geometric quality analysis. Three shape types (circles,
squares, and 30°-60°-90° triangles) were printed at 8 mm/s
(the desirable linear print speed of 90/10 PCL/HAp at 110°C
and 1.5 bar) and the desirable speed for each PCL/HAp
mixture for a process condition verified from the linear print
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at 110°C, 1.5 bar
6 mm/s
Average Width: 0.844 mm
FIG. 4. In situ strand images illustrat- 8 mm/s
Average Width: 0.696 mm

ing the change in strand width with
changes in linear print speed.

20 mmis

- m— e —

speed optimization. These shapes were chosen to approxi-
mate commonly used geometries in bioprinting, such as
curvatures, sharp angle changes, and acute angles. Geometric
quality was assessed using the circularity of the printed
circles, squares, and 30°—60°-90° triangles. The theoretical
circularity values of circles, squares, and 30°-60°-90° tri-
angles are 1, 0.785, and 0.468, respectively.

Printing was conducted both at the desirable linear print
speed for a mixture/process condition combination, as well
as at 8 mm/s, the desirable linear print speed for 90/10 PCL/
HAp at 110°C and 1.5 bar of pressure. As shown in
Figure 3d—f, the printed shapes had approximately the de-
sired circularity for all mixtures and process conditions
tested, with the overall worst performing structures being
circles. Comparing the geometry results in terms of circu-
larity between geometries printed at 8 mm/s versus the de-
sirable linear print speed for a process condition, there were
statistically significant differences for some groups, most
notably, the 90/10 PCL/HAp groups printed at 130°C and
3.5 bar of pressure (=5%).

Comparatively, the other compositions with statistical
differences between the 8 mm/s and desirable linear print
speed groups demonstrate a smaller overall difference than
the 90/10 PCL/HAp groups. This difference indicates a
lower geometric quality in one of the two groups, the 8 mm/s
(overextrusion case) and the desirable speed, but the over-
extrusion case is most often the group with the inferior
performance. Ultimately, for several process conditions and
composite combinations, there is no statistical difference
between 8 mm/s and desirable linear print speed samples.
However, using a linear print speed that is lower than the
desirable speed, determined by the strand diameter testing,
will lead to a larger than desired strand diameter, as shown
in Supplementary Figures S1 and S2. Therefore, for the
printing of complex architectures, it is necessary to ensure
geometric quality, since small errors can close pore spaces
and inhibit nutrient flow to areas of the print.

Mechanical testing

Compressive testing results. Four samples were tested
for the lowest and highest print conditions per material
composition (Supplementary Table S3), and the average

Under extrusion

GERDES ET AL.

70/30 PCL/HAp Printed
at 120°C, 2.5 bar at 130°C, 3.5 bar

7 mm/s 7 mm/s
Average Width: 0.862 mm Average Width: 0.994 mm

R e

9 mm/s 7 9mmis
Average Width: 0.684 mm Average Width: 0.690 mm

1.mm 1mm

11 mmis ! 15 mmvs
Average Width: 0.612 mm Average Width: 0.461 mm

1mm 1.mm

Desired Width: 0.7 mm

compressive moduli were determined. Through visual com-
parison of the lower and higher printing condition’s results in
Figure 5, it was observed that the higher printing temperature
and pressure generally yielded a higher compressive modulus
for the 90/10 and 70/30 PCL/HAp compositions. Further-
more, Figure 5b shows a trend of decreasing compressive
modulus with increasing HAp concentration in the printed
samples. This is an unexpected outcome as the addition of
hard ceramics such as HAp usually leads to an increase of the
compressive modulus, as was discussed in Section ‘‘Rheo-
logical measurements.” Comparing the molded and printed
samples, statistically significant differences were determined
to be present in most printing conditions, as shown in
Figure 5b. This major difference between the 3D printed
scaffolds and the base material might be due to the formation
of defects and weak points in the printed structures.

To explore the latter hypothesis, the in-process printing
images were visually assessed; the poorest performing
samples from each group can be seen in Figure 5c. Notably,
the 90/10 PCL/HAp exhibited proper deposition for both
printing conditions, while the 80/20 and 70/30 PCL/HAp
mixtures had print defects in the testing groups. These de-
fects led to a less solid print, and subsequently, a lower
compressive modulus. As the samples were prepared with
the desirable linear print speed determined by strand width
analysis, the issue is likely a partial occlusion of flow
through the needle, leading to a smaller than traditional
strand diameter and the creation of large gaps in the printed
construct. This is an important observation highlighting the
importance of in situ monitoring in the printing process.
Also, it stresses the importance of a proper material com-
position and printing protocol selection, as the occurrence of
printing defects in stiffer materials may lead to the gener-
ation of constructs with poor mechanical properties.

Biological properties studies

The effect of HAp content on the adhesion, growth, and
osteogenic differentiation of hMSCs was investigated. For
this reason, multilayered scaffolds (10 mmXx 10 mm x 2.4
mm featuring opposed layers with 0.4 mm between strands,
demonstrated in the SEM images of Supplementary Fig. S3)
from various compositions of PCL and HAp were 3D
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FIG. 5. Compression testing re-
sults of molded and printed PCL/
HAp. (a) Compressive behavior of
representative samples for PCL/
HAp combinations, which were

either molded or printed at the
lowest and highest print condition
under consideration for a PCL/HAp

printed, and hMSCs were seeded on them. The cell-seeded
scaffolds were used to confirm their biocompatibility and
bioactivity as an osteogenic scaffold.

Cell attachment and viability. The proliferation rate of
cultured hMSCs on the printed composite materials was
assessed by PrestoBlue Cell Viability Reagent on day 1, 3,
and 7 of culture (Fig. 6a). The results showed an increase in
metabolic activity, suggesting the proliferation of cells
during the culture period. The slight difference between
100/0 and 70/30 PCL/HAp suggests the positive role of HAp
in supporting cell attachment and proliferation.

Cells were imaged using an SEM to evaluate their mor-
phology on day 28 of the culture in differentiation media

20
a —C1: 90/10 Molded Samples
1.8 | —C2: 80/20 Molded Samples
—C3: 70/30 Molded Samples
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composition. (b) Average com-

5 pressive modulus results of each
PCL/HAp mixture ratio and com-
pression sample preparation meth-
od (n=4 per group; a=5% for the
comparison of printed and molded
samples for a composition). (c)

In situ images from the lowest
performing compressive modulus
sample from each PCL/HAp com-
position at the lowest and highest
printing condition arrangements.
Statistically significant differences
are denoted by an asterisk; o=5%.

(Fig. 6b). Although cell attachment was observed on all
composite surfaces, cells qualitatively elongated more and
made cellular layers on scaffolds with higher HAp content.
This is probably due to the hydrophilic nature of HAp,
rendering the surface of the filaments more suitable for
cellular adhesion. In addition, HAp facilitates the absorption
of proteins, and thus, it might facilitate the interaction of
cells and scaffolds.

Assessment of cellular differentiation and mineralization.
The osteogenic properties of the 3D printed composite
constructs were evaluated by the assessment of hMSCs’ fate
when cultured on 3D printed scaffolds. The osteodiffer-
entiation of cells was evaluated by immunostaining against
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FIG. 6. Assessment of cell
viability, attachment, and
differentiation of cultured
cells on the PCL/HAp sam-
ples. (a) Prestoblue viability
assay for evaluation of cell
proliferation rate on the
samples over 7 days of cul-
ture (n=3 per group).

(b) Scanning electron mi-
croscopy images of cultured
cells on the samples to eval-
uate their attachment to the
constructs, which shows
higher attachment of cell to
the 80/20 and 70/30 PCL/
HAp scaffolds than to the
other groups. (¢) Re-
presentative micrographs of
immunostaining against bone
markers (RUNX2 and colla-
gen I as early and OPN and
BSP as of late differentiation
markers) indicating the dif-
ferentiation of hMSCs. The
results suggested that the
confluency of cells and the
intensity of markers were
higher in groups with higher
HAp concentration. OPN,
osteopontin; BSP, bone sia-
loprotein; hMSC, human
mesenchymal stem cell.

Fluorescence Intensity Th

(2]

70/30 PCL/HAp 80/20 PCL/HAp 100/0 PCL/HAp

Control (TCP)

osteoblast markers, ALP activity assay, and xylenol orange
staining of calcium content.

Immunostaining. To illustrate the differentiation of see-
ded hMSC:s on scaffolds to osteoblasts, typical bone markers
(RUNX2 and collagen I as early and OPN and BSP as late
differentiation markers) were assessed by using immuno-
fluorescence staining and imaging using confocal micros-
copy. Cellular expression of OPN and BSP after 28 days of
seeding confirmed the osteogenic maturation of hMSCs
(Fig. 6¢). Both OPN and BSP were present in all samples,
but the concentration of proteins and the confluency of
differentiated cells on samples significantly increased from
100/0 to 70/30 PCL/HAp samples.

100/0 PCL/HAp 90!‘_] 0 PCL/HAp

As anticipated, the expression of RUNX?2 and collagen I
was reduced on day 28 of culture, which is suggesting the
late-stage differentiation of the cells. Overall, the intensity
of these markers was significantly higher in composite
material with HAp. These results confirmed that HAp acted
as an osteoinductive material and improved osteodiffer-
entiation. Furthermore, confocal microscopy of samples
showed the growth of cells on the entire 3D surface of the
scaffolds (Supplementary Fig. S4).

Alkaline phosphatase activity assay. ALP is a family of
enzymes that catalyze the hydrolyzation of organic phos-
phate to inorganic phosphate, which is a substrate for min-
eralization that can be deposited together with calcium as
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FIG. 7. Assessment of mineralization and calcium deposition of osteodifferentiated cultured cells on the PCL/HAp
samples. (a) Alkaline phosphatase activity of osteoblasts on days 7 and 14 postdifferentiation, which shows that cells
are differentiating; also, increasing HAp in groups cells are more directing to differentiation (n=3 per group; a=5%).
(b) Quantified fluorescence intensity (n=3 per group; a=5%) and (c) confocal images of xylenol orange staining of calcium
deposition of differentiated cells at day 35 postdifferentiation, which shows significant increase in groups with higher

concentration of HAp.

HAp. ALP has a high activity in bones and is used as a
biochemical marker of bone formation. For more evaluation
of osteodifferentiation of hMSCs and their mineralization,
ALP activity of cells was measured on days 7 and 14 post
differentiation. We did not observe a major difference be-
tween the level of ALP activity of various groups, nor be-
tween groups and the control cells. The ALP activity
significantly increased from day 7 to 14 in 70/30 PCL/HAp
samples (Fig. 7a). The results suggested that HAp content of
20% (w/w) and higher had a positive role in directing the
osteogenic differentiation of hMSCs.

Xylenol orange staining. Osteodifferentiated cells in the
late stage of their differentiation have a high calcium de-
position. To investigate the functional mineralization of
differentiated cells, xylenol orange staining was performed
on seeded constructs on day 35 postdifferentiation. Xylenol
orange is a fluorochromatic calcium-chelating dye (red
fluorescence), which was imaged using confocal microscopy
(Fig. 7c). Images showed a remarkable difference in calcium
deposition from 70/30 to 100/0 PCL/HAp. At the same time,
we examined noncell-seeded samples of each group em-
bedded in a culture medium, and they received fresh media
during changing media of other seeded samples to examine
the HAp background during the xylenol staining.

The results show a small background, which was not no-
table in comparison to seeded samples. Furthermore, the
calcium deposition from the staining was quantified by
measuring the fluorescence intensity of images (Fig. 7b). The
quantification results showed that the calcification area was
significantly increased by increasing the HAp percentage in
the composites in comparison to pristine PCL structures. This
trend suggests that the percentage of HAp positively relates to
the osteogenic differentiation of the cells.

Conclusions

3D printed polymeric and composite scaffolds have
shown great promise for the treatment of critically sized
bone defects. As a result, numerous research efforts have
been dedicated to identifying suitable compositions and
architectures for such scaffolds. However, successful trans-
lation of 3D printed scaffolds to clinical practice depends
on the predictability, reliability, and reproducibility of the
printing process.

As a step toward successful scaling of 3D printed bone
scaffolds for clinical use, in this work, we used a commercially
available 3D printer for fabricating scaffolds from composites
of PCL and HAp with various ratios. An instinctive approach
to optimize this process is to use a statistical design of ex-
periments, typically, using a full or fractional factorial or-
thogonal array. However, such an approach is time-consuming
and difficult to scale, given the expensive nature of the 3D
printing process. Consequently, we used a screening procedure
to narrow the experimental parameter domain.

We assessed the effect of four salient parameters, namely,
the composition of the bone tissue scaffold (PCL/HAp),
nozzle temperature, extrusion pressure, and deposition ve-
locity on the quality (shape and architecture) of the printed
scaffolds. The composition of the PCL/HAp was tested at
70/30, 80/20, and 90/10 weight ratios. Deposition of the 60/
40 composition was unviable as the material became too
viscous as to be evenly extruded at the highest temperature
and pressure settings possible on the machine.

Furthermore, an in situ monitoring system was used for
gaging the printability and shape of the 3D printed scaffolds.
Rheology and compressive mechanical tests were con-
ducted, which showed that higher concentrations of HAp led
to increased viscosity (negatively affecting printability) and
the formation of less resilient printed scaffolds, respectively.
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Our in situ image-based monitoring system suggested that
defects generated due to improper printing process can
significantly lower the mechanical properties of 3D printed
polymeric scaffolds.

Finally, the biocompatibility and osteoinductivity of the
scaffolds were also assessed by culturing hMSCs. While all
the fabricated scaffolds were biocompatible, scaffolds with
a higher concentration of HAp showed enhanced osteo-
inductivity. The experimental observations reported in this
work suggest that, to be able to generate a predictable and
reliable osteogenic material, a concentration of 20% (w/w)
of HAp would be more appropriate in comparison to the
compositions containing higher concentrations of HAp. This
is an important observation and could be extended to other
material compositions and printing processes.
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