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ABSTRACT: Natural bone is a complex composite, consisting
predominantly of collagen and hydroxyapatite (HA), which form a
highly organized, hierarchical structure from the nano- to the
macroscale. Because of its biphasic, anisotropic, ultrafine
structural design, bone tissue possesses excellent mechanical
properties. Herein, inspired by the composition and micro-
structure of natural bone, a biphasic composite consisting of
highly aligned strontium/copper-doped one-dimensional hydrox-
yapatite (Sr/Cu-doped 1D HA) and poly(p,L-lactide) (PDLA) was
developed. The presence and alignment of Sr/Cu-doped 1D HA
crystals resulted in mechanical reinforcement of the polymer
matrix, including compressive and tensile strength and modulus,
fracture toughness, swelling resistance, and long-term structural
stability. The compressive strength, tensile strength, and Young’s modulus of the biomimetic composite were comparable to
that of cortical bone. Biologically, the biomimetic composite showed a sustained release of the incorporated Sr and Cu ions,
facilitated mineral deposition from simulated body fluid, and supported attachment, proliferation, and alkaline phosphatase
activity of human mesenchymal stromal cells (hMSCs). Moreover, the highly aligned Sr/Cu-doped 1D HA crystals in the 3D
porous scaffolds induced the alignment of hMSCs and secretion of an anisotropic collagen fiber matrix in 3D. The biomimetic
Sr/Cu-doped 1D HA/PDLA composite presented here contributes to the current efforts aiming at the design and development
of load-bearing bioactive synthetic bone graft substitutes. Moreover, the biomimetic composite may serve as a 3D platform for
studying cell—extracellular matrix interactions in bone tissue.
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INTRODUCTION

In the fields of orthopedics and craniomaxillofacial surgery,
large bone defects and bone loss resulting from severe trauma,
tumor resection, infection, and other diseases pose a great

(HA).>® Collagen nanofibrils are the main constituent of the
organic matrix, endowing natural bone with excellent tensile
strength and toughness, while HA nanocrystals, the inorganic
phase, provide high stiffness and high compressive strength

clinical challenge worldwide, causing pain to the patients,
decreasing quality of life, and even reducing life expectancy.' ™
It is estimated that over four million bone grafts are used
annually worldwide.” To address this challenge, it is important
to develop biomaterials that can be used as an effective
replacement of a patient’s own bone transplants, which have
limited availability.

From a materials perspective, natural bone is a complex
composite, consisting predominantly of collagen and calcium
phosphate (CaP) in the form of nanocrystalline hydroxyapatite
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and act as a natural reservoir of calcium, phosphate, and other
inorganic ions. As a biomimetic approach to develop synthetic
bone graft substitutes, in the last 40 years, extensive research
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Figure 1. Schematic illustration of the (A) microstructure of natural bone, (B) design of the biomimetic composite, (C) preparation process
of the 1D Sr-HA and 1D Cu-HA, and (D) fabrication process of the biomimetic composite.

efforts have been expended to synthesize and fabricate
composites consisting of various polymers and CaP phases.’”
For example, successful development of composites combining
CaPs with collagen, %9 chitosan,'”"! alglnate,12 3 poly-
(caprolactone) (PCL),'*"* poly(lactic acid) (PLA),'™"®
poly(ether ether ketone) (PEEK), and poly(urethane)
(PU)"~*! has been demonstrated. Importantly, the mechan-
ical properties of these composites are rarely comparable to
those of natural bone. Moreover, the mechanical properties,
such as tensile strength and bending strength of some
polymers, decreased rather than increased by blending them
with CaP into a composite.”” ™"

An important reason for this is the fact that, while much
attention was paid to the actual choice of the polymer and
ceramic phase, e.g., to tailor their degradation and bioactivity,
less attention was paid to the structural characteristics of the
individual components and their spatial organization in the
composite material. A majority of the composites developed
for applications in bone repair and regeneration are made by
either physical mixing of the polymer and ceramic (nano)-
particles or by adding the ceramic (nano)particles to a
dissolved polymer, followed by processes such as freeze-drying
or extrusion. As a result, in general, a random, aggregated,
unstructured distribution of the ceramic particles in the
composite was observed, which is very different from the
structure of natural bone.'®'#?!252¢

In fact, the superior mechanical properties of natural bone
are attributed not only to its chemical composition, but largely
to its hierarchical structural design. On the micro- and
nanoscale, bone comprises uniaxial, highly aligned collagen

nanofibrils with HA nanocrystals embedded in a spatially
controlled manner to serve as reinforcement. These HA
nanocrystals are oriented such that the crystallographic c-axes
lie parallel to the long axes of the collagen fibrils and their (1 0
0) planes are all approximately parallel to each other.”” >’
Because of this highly aligned, anisotropic, biphasic, ultrafine
structural design, bone tissue possesses excellent tensile
strength and toughness, as well as high stiffness and
compressive strength.”**° Therefore, it is important to
investigate how microstructure influences the mechanical
properties and bioactivity of the polymer/CaP composites
and use this knowledge to develop bone graft substitutes that
more closely resemble natural bone tissue. A few attempts have
been made in this direction including the development of
polymer fiber-reinforced CaP cements, intrafibrillar collagen
mineralization, and composites produced by in situ CaP
precipitation. Polymer fibers were successfully introduced into
CaP cements; however, their spatial distribution was poorly
controlled and their reinforcement effect, in terms of improved
elasticity modulus and flexural strength, was limited.”' ™
Biomimetic methods of intrafibrillar collagen mineralization
resulted in hierarchical collagen/HA fibers with bone-like
microstructure; however, this biomimetic structure was
restricted to the single-fiber level rather than the scaffold as a
whole, due to the fabrication methods used.>**> The in situ
mineral precipitation method delivered a polymer/CaP
composite with homogeneously distributed HA nanoparticles.
Nevertheless, the spatial arrangement of these HA nano-
particgcgswwas random and different from that of natural
bone.””
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Figure 2. (A) Schematic illustration of the fabrication process of Sr/Cu-doped 1D HA/PCL filaments by using a syringe. SEM micrographs
of the surface (B, C) and cross-section (D, E) of the Sr/Cu-doped 1D HA/PCL filament obtained by extruding a suspension with the solid
content of 33.3 wt % using an 18G needle with a length of 10 mm at the extrusion rate of 100 yL/min.

Herein, inspired by natural bone, we have developed a
biomimetic composite consisting of strontium (Sr)/copper
(Cu)-doped 1D HA and poly(pr-lactide) (PDLA), which not
only exhibits mechanical properties comparable to those of
natural bone but also serves as a 3D platform for the study of
bone cell-matrix interactions. In the Sr/Cu-doped 1D HA/
PDLA composite, PDLA forms the organic matrix, while
uniformly dispersed, highly aligned Sr/Cu-doped 1D HA
crystals embedded in the PDLA matrix serve as an inorganic
reinforcement phase, just like the HA nanocrystals in natural
bone. Mechanically, the existence of aligned Sr/Cu-doped 1D
HA crystals resulted in all-sided mechanical reinforcement of
the polymer matrix, including compression, tension, modulus,
fracture toughness, swelling resistance, and long-term mechan-
ical stability. Biologically, the biomimetic composite showed a
sustained release of the incorporated Sr and Cu ions and
supported proliferation and alkaline phosphatase activity of
human mesenchymal stromal cells (hMSCs). Interestingly, the
oriented Sr/Cu-doped 1D HA induced the alignment of
hMSCs throughout the scaffold and production of an
anisotropic type I collagen fiber matrix. The method and
design principles applied here may provide inspiration for

other researchers developing advanced composites for bone
regeneration.

RESULTS AND DISCUSSION

Biomimetic Design of Sr/Cu-Doped 1D HA/Biopol-
ymer Composite. Natural bone comprises uniaxial, highly
aligned collagen nanofibrils mineralized with HA nanocrystals
that are aligned along their crystallographic c-axes and lie
parallel to the long axes of the collagen fibrils (Figure 1A).
Inspired by this, herein, we aimed at developing a synthetic
composite to mimic natural bone from both a compositional
and structural perspective. As is shown in Figure 1B, the
biomimetic composite design included a biphasic organic/
inorganic composition consisting of Sr/Cu-doped 1D HA and
linear biopolymer (PCL or PDLA). The ceramic crystals were
designed to be uniformly distributed within the polymer matrix
and highly aligned along their crystallographic c-axes, similar to
HA nanocrystals in natural bone. The fabrication process of
the biomimetic composite is shown in Figure 1, C and D. First,
1D Sr-HA and 1D Cu-HA were prepared through a
hydrothermal method (Figure 1C). Biological HA, as found
in bone, is not stoichiometric and contains several additional
elements, often in trace amounts, such as Sr, potassium,
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Figure 3. (A to C) SEM micrographs of Sr/Cu-doped 1D HA/PCL filaments obtained by extruding a suspension with the solid content of
33.3 wt % at the extrusion rate of 100 #L/min using needles with a length of 10 mm but different diameter (25G, 21G, 18G, respectively). (D
to F) SEM micrographs of Sr/Cu-doped 1D HA/PCL filaments obtained by extruding a suspension with the solid content of 33.3 wt % at the
extrusion rate of 100 yL/min using 21G needles with different lengths (2, 6, 10 mm, respectively). (G to I) SEM micrographs of Sr/Cu-
doped 1D HA/PCL filaments obtained by extruding a suspension with the solid content of 33.3 wt % by using the same needle (21G, 2 mm)
but three different extrusion rates (100, 200, 400 uL/min, respectively). (J to L) SEM micrographs of Sr/Cu-doped 1D HA/PCL filaments
obtained by using the same needle (21G, 2 mm) and the same extrusion rate (100 yL/min) but three different concentrations of the solid

content of the suspension (24.4, 33.3, 42.3 wt %, respectively).

fluoride, zinc, magnesium, carbonate, and silicate, which play
. . .38 :

an important role in bone metabolism.”™ Moreover, many ions

including Sr, Cu, zinc, cobalt, and sodium were reported to

affect processes related to bone regeneration.”” For example, Sr

ions have been shown to enhance the osteogenic differ-

entiation of hMSCs and to inhibit proliferation of osteo-

40,41
clasts.™™

Cu ions have been suggested to enhance the
expression of angiogenic and osteogenic markers in hMSCs, as
well as to provide antibacterial effects.*** Therefore, herein,

we incorporated Sr and Cu ions into the 1D HA as a

biomimetic way to enhance the bioactivity of the composite.
The 1D Sr-HA and 1D Cu-HA were both phase-pure HA
crystals with a length of around 50 micrometers and a diameter
of about one micrometer (Figure S1, Supporting Information).
The amount of Sr and Cu in the 1D Sr-HA and 1D Cu-HA, as
determined using inductively coupled plasma-mass spectrom-
etry (ICP-MS), was 10.2% (Sr/(Ca + Sr), mole ratio) and
4.6% (Cu/(Ca + Cu), mole ratio), respectively. In the second
step, Sr/Cu-doped 1D HA consisting of 50 wt % 1D Sr-HA
and 50 wt % 1D Cu-HA was mixed with biopolymer (PCL or

https://doi.org/10.1021/acsnano.1c03905
ACS Nano 2021, 15, 17480—17498
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Figure 4. (A—C) Tensile stress—strain curves, UTS, and Young’s modulus of pure PCL, biomimetic Sr/Cu-doped 1D HA/PCL composites
with 10, 30, and 50 wt % Sr/Cu-doped 1D HA, and Nano HA/PCL composites with 30 and 50 wt % Nano HA, respectively. (D—F) SEM
micrographs of the fracture surface of biomimetic Sr/Cu-doped 1D HA/PCL composites with 30 and 50 wt % Sr/Cu-doped 1D HA and the
Nano HA/PCL composite with 50 wt % Nano HA after the tensile test, respectively. (G—I) Compressive stress—strain curves, compressive
strength (at 5% strain), and compressive modulus of pure PCL, biomimetic Sr/Cu-doped 1D HA/PCL composites with 30 and 50 wt % Sr/
Cu-doped 1D HA, and Nano HA/PCL composites with 30 and 50 wt % Nano HA in the longitudinal direction, respectively. (*) for p < 0.05,

(**) for p < 0.01, (***) for p < 0.001, and (****) for p < 0.0001.

PDLA) to form a uniform mixture, then extruded through a
nozzle by using a 3D plotting system. During the extrusion
process, the orientation of Sr/Cu-doped 1D HA changed
gradually from random to highly aligned due to the shear stress
within the suspension flow (Figure 1D). Similarly, shear stress-
induced alignment of anisotropic materials such as cellulose
nanocrystals and carbon fibers was reported elsewhere.***
Finally, by controlling the movement of the printer head, the
biomimetic composite with desired dimensions and shape was
obtained.

Anisotropic Structure of the Biomimetic Composite.
First, we chose PCL as the polymer matrix to investigate
whether it is possible to obtain composites with aligned Sr/Cu-
doped 1D HA. As is shown in Figure 2A, a suspension of Sr/
Cu-doped 1D HA (50 wt %) and PCL (50 wt %) with a
concentration of the solid content of 33.33 wt % in chloroform
was prepared and loaded in a S mL syringe. The suspension
was then extruded through a needle (18G, 10 mm) at the
speed of 100 #L/min under the control of a syringe pump. The
orientation of Sr/Cu-doped 1D HA within the PCL matrix was
characterized using a scanning electron microscope (SEM).
Figure 2, B to E, show that the Sr/Cu-doped 1D HA crystals
were uniformly embedded in the PCL matrix and were highly

17484

aligned along the long axes of the extruded filament
throughout the entire structure. Furthermore, the effects of
the diameter and length of the needle, the extrusion rate, and
the concentration of the solid content on the alignment of Sr/
Cu-doped 1D HA were investigated. First, three needles with
different diameters (25G, 21G, 18G) were tested while
keeping the other parameters constant. Figure 3, A to C,
show that aligned Sr/Cu-doped 1D HA was successfully
obtained in the PCL matrix with all needles, indicating that the
diameter of the needle did not have an obvious effect on the
microstructure of the composite filament. The results showed
no obvious effects of either the length of the needle (Figure 3,
D to F) or the extrusion rate (Figure 3, G to I) on the ceramic
alignment. The concentration of the solid content seemed to
be the dominant factor that influenced the alignment of Sr/Cu-
doped 1D HA. As shown in Figure 3, J to L, the Sr/Cu-doped
1D HA crystals were less aligned when the concentration of
the solid content was 24.4 wt % (Figure 3]J) than when the
concentration of the solid content was 33.3 wt % (Figure 3K)
or 42.3 wt % (Figure 3L). This phenomenon could be
explained by the change of viscosity of the suspension when
the concentration of the solid content changed. The viscosity
of the suspension was difficult to quantify due to the very fast
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volatilization of chloroform. However, the suspension with the
solid content of 42.3 wt % was observed to have the highest
viscosity (hardest to stir by hand), and as a result, a higher
shear stress was exerted on the suspension during extrusion, in
turn resulting in a more pronounced alignment of Sr/Cu-
doped 1D HA inside the polymer matrix.

Mechanical Properties of the Biomimetic Sr/Cu-
Doped 1D HA/PCL Compact Samples. To investigate the
effect of incorporation of aligned Sr/Cu-doped 1D HA into the
polymer, the tensile and compressive properties of compact
biomimetic composite samples were investigated, using
compact samples of Nano HA/PCL (composite prepared
using conventional nanosized HA particles) and pure PCL as
controls.

First, the tensile test was performed by applying force on the
sample in the direction in which Sr/Cu-doped 1D HA crystals
were aligned. The tensile stress—strain curves and ultimate
tensile strength (UTS) are shown in Figure 4, A and B. The
UTS of the composite increased with the increase of the
amount of Sr/Cu-doped 1D HA and reached the highest value
when the amount of Sr/Cu-doped 1D HA was 30 wt %. The
UTS of the composite with 30 wt % ceramic was 1.87 times
higher than that of pure PCL. The UTS of the Nano HA/PCL
composite with the same amount of HA was significantly lower
than that of the biomimetic Sr/Cu-doped 1D HA/PCL
composites (Figure 4B; Table S1, Supporting Information).
The UTS of the Nano HA/PCL composite with 30 wt % HA
was comparable to that of pure PCL, but when the ceramic
content was increased to 50 wt %, the UTS of the composite
was about 23% lower than that of the polymer without
ceramic. In contrast, the biomimetic Sr/Cu-doped 1D HA/
PCL composite with 50 wt % ceramic showed an increase of
UTS of about 50% compared to pure PCL (Figure 4B; Table
S1, Supporting Information).

The Young’s modulus of the pure PCL, the biomimetic Sr/
Cu-doped 1D HA/PCL composites, and the Nano HA/PCL
composites is shown in Figure 4C and Table SI1. Again, the
biomimetic Sr/Cu-doped 1D HA/PCL composites with 30 wt
% Sr/Cu-doped 1D HA showed the highest Young’s modulus,
which was about 1.5 times higher than that of pure PCL.

The morphology of the fracture area of the samples after the
tensile test was observed by SEM (Figure 4, D to F). Sr/Cu-
doped 1D HA crystals were observed on the fracture surface of
the biomimetic Sr/Cu-doped 1D HA/PCL composite with 30
wt % ceramic content. On one side of the fractured sample, St/
Cu-doped 1D HA was still embedded in the PCL matrix, while
on the other end, the crystals were exposed, suggesting that the
crystals were pulled out from the other part of the sample
during the tensile test (Figure 4D). It is suggested that the
interfacial debonding between Sr/Cu-doped 1D HA and PCL
matrix and the pull out of Sr/Cu-doped 1D HA from the PCL
matrix resulted in absorption of crack-propagating energy,
which was increased because of the alignment of the ceramic
phase in the composite. This is plausibly the reason for the
biomimetic Sr/Cu-doped 1D HA/PCL composite with 30 wt
% Sr/Cu-doped 1D HA showing higher UTS and Young’s
modulus than the other tested materials.

In the case of the biomimetic composite with 50 wt % Sr/
Cu-doped 1D HA, many small bundles of Sr/Cu-doped 1D
HA/PCL were observed in the fracture area (Figure 4E).
Because of the relatively high ceramic content, the polymer
was not the dominant phase of the composite anymore. As a
result, the strength of the PCL matrix decreased and during the

tensile test the composite was prone to break at the PCL
matrix framework, thus leaving bundles of Sr/Cu-doped 1D
HA/PCL on the fracture surface (Figure S2, Supporting
Information). As a result, the UTS and Young’s modulus of the
biomimetic Sr/Cu-doped 1D HA/PCL composite with 50 wt
% Sr/Cu-doped 1D HA were somewhat lower than those of
the Sr/Cu-doped 1D HA/PCL composite with 30 wt % Sr/
Cu-doped 1D HA. Due to the low aspect ratio and random
distribution of the Nano HA, the effect of interfacial
debonding between Nano HA and the PCL matrix and pull-
out of the Nano HA from the PCL matrix were negligible
during the tensile test. Therefore, only irregular fragments of
the composite were found on the fracture surface of the Nano
HA/PCL composite with S0 wt % Nano HA (Figure 4F). As a
consequence, the tensile properties of the nano HA/PCL
composites were inferior to those of biomimetic Sr/Cu-doped
1D HA/PCL composites.

The compressive test on the compact composite and pure
PCL samples was performed by using a uniaxial compression
testing equipment. The compressive strength of the compact
Sr/Cu-doped 1D HA/PCL composites was analyzed both in
the longitudinal direction, in which the aligned Sr/Cu-doped
1D HA crystals inside the composite were parallel to the z-axis,
and in transversal direction, where the Sr/Cu-doped 1D HA
crystals in the composite were perpendicular to the z-axis
(Figure S3, A and B, Supporting Information). The
compressive stress—strain curves of the biomimetic Sr/Cu-
doped 1D HA/PCL compact composite samples loaded in the
longitudinal direction are shown in Figure 4G. Pure PCL and
the Nano HA/PCL composite with the same amount of HA
were used as controls. Similar to the results of the tensile test,
the biomimetic Sr/Cu-doped 1D HA/PCL composites
exhibited the highest compressive strength (Figure 4H) and
highest compressive modulus (Figure 4I) among the groups.
The compressive modulus of the Sr/Cu-doped 1D HA/PCL
composite with 30 wt % Sr/Cu-doped 1D HA was about 5
times higher than that of pure PCL (Table S2, Supporting
Information). The anisotropic structure of the biomimetic Sr/
Cu-doped 1D HA/PCL composites resulted in anisotropic
mechanical properties (Figure S3, C and D, Supporting
Information). The compressive strength and compressive
modulus of the Sr/Cu-doped 1D HA/PCL composite with
30 wt % Sr/Cu-doped 1D HA in the transversal direction were
significantly lower than those in the longitudinal direction.
When the loading was applied in the longitudinal direction, the
ceramic crystals acted as “pillars” that bear the load efficiently,
hence resulting in higher compressive strength and higher
compressive modulus in this direction. This reinforcement
effect disappeared when the loading was applied in the
transversal direction (on the sides of the “pillars”), leading to a
significant decrease of the compressive strength and
compressive modulus.

Mechanical Properties of the Biomimetic Sr/Cu-
Doped 1D HA/PDLA Compact Samples. The mechanical
properties of the biomimetic Sr/Cu-doped 1D HA/PCL
composite were significantly improved by introducing highly
aligned Sr/Cu-doped 1D HA into the polymer matrix.
Nevertheless, these properties were still inferior to those of
natural bone. Therefore, in this part, we changed the polymer
matrix of the biomimetic composite from PCL to PDLA and
developed a biomimetic Sr/Cu-doped 1D HA/PDLA
composite, since the elasticity modulus of PDLA is higher
than that of PCL.*® Compact samples of Sr/Cu-doped 1D
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Figure S. (A—C) Tensile stress—strain curves, UTS, and Young’s modulus of pure PDLA, the biomimetic Sr/Cu-doped 1D HA/PDLA
composite with 25 wt % Sr/Cu-doped 1D HA, and the Nano HA/PDLA composite with 25 wt % Nano HA, respectively. (D—F) SEM
micrographs of the fracture surface after the tensile test of pure PDLA, the biomimetic Sr/Cu-doped 1D HA/PDLA composite with 25 wt %
Sr/Cu-doped 1D HA, and the Nano HA/PDLA composite with 25 wt % Nano HA, respectively. (G—I) Compressive stress—strain curves,
compressive strength, and compressive modulus of pure PDLA, the biomimetic Sr/Cu-doped 1D HA/PDLA composite with 25 wt % Sr/Cu-
doped 1D HA, and the Nano HA/PDLA composite with 25 wt % Nano HA, respectively. (*) for p < 0.05, (**) for p < 0.01, (**%) for p <

0.001, and (****) for p < 0.0001.

HA/PDLA composite were prepared by extruding the mixture
of Sr/Cu-doped 1D HA/PDLA through a heated nozzle,
similar to the preparation of the composite with PCL.
According to the results of the mechanical tests of the Sr/
Cu-doped 1D HA/PCL composites, the optimal amount of
Sr/Cu-doped 1D HA in the polymer matrix was determined to
be 30 wt %. However, we decreased the amount of Sr/Cu-
doped 1D HA in the PDLA matrix from 30 wt % to 25 wt %
since it was difficult to extrude the Sr/Cu-doped 1D HA/
PDLA mixture through a nozzle with a higher amount of the
ceramic. Similar to the microstructure of the Sr/Cu-doped 1D
HA/PCL composite, the Sr/Cu-doped 1D HA crystals were
highly aligned in the PDLA matrix (Figure S4, Supporting
Information).

The tensile stress—strain curves of compact Sr/Cu-doped
1D HA/PDLA samples, upon applying tensile force in the
direction of Sr/Cu-doped 1D HA alignment, are shown in
Figure SA. Pure PDLA and the Nano HA/PDLA composite
with the same amount of HA were used as controls. The UTS
of the biomimetic Sr/Cu-doped 1D HA/PDLA composite was
significantly higher than that of pure PDLA and Nano HA/
PDLA (Figure SB). The Young’s modulus of the biomimetic
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Sr/Cu-doped 1D HA/PDLA composite was as high as 6.1 GPa
and, again, significantly higher than that of pure PDLA and
Nano HA/PDLA samples (Figure SC; Table S3, Supporting
Information). The SEM images of the fracture surface of the
samples after the tensile test (Figure S, D to F) showed that
the surface of PDLA (Figure SD) and the Nano HA/PDLA
composite (Figure SF) was relatively smooth. In contrast, the
surface of the biomimetic composite was irregular with Sr/Cu-
doped 1D HA crystals exposed on it. The pull out and crack
bridging effect of Sr/Cu-doped 1D HA crystals, the interfacial
debonding between Sr/Cu-doped 1D HA crystals and the
PDLA matrix, and the crack deflection effect induced by Sr/
Cu-doped 1D HA crystals contributed to the increase in tensile
properties of the composite (Figure SE).

The compressive stress—strain curves of the biomimetic Sr/
Cu-doped 1D HA/PDLA composite, upon loading in the
longitudinal direction, are shown in Figure S5G. The
incorporation of the aligned Sr/Cu-doped 1D HA resulted in
an increase of the compressive strength of PDLA from 69 MPa
to 113 MPa (Figure SH) and an improvement of 85% of the
compressive modulus (Figure SI; Table S4, Supporting
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Information). The effect of incorporation of Nano HA on the
mechanical reinforcement of the polymer was limited.

The fracture toughness (Kg) of compact Sr/Cu-doped 1D
HA/PDLA samples upon applying bending force in the
direction perpendicular to the Sr/Cu-doped 1D HA alignment
was characterized via single-edge-notch bending (SENB)
testing. Pure PDLA and the Nano HA/PDLA composite
with the same amount of HA were used as controls. As shown
in Figure SS (Supporting Information), the fracture toughness
of Sr/Cu-doped 1D HA/PDLA was 2.37 MPa-m'/?, which was
significantly higher than that of pure PDLA (1.03 MPa-m'/?)
and was higher, although not statistically significant, than that
of the Nano HA/PDLA composite (1.35 MPa-m'/?).

Taken together, by introducing highly aligned Sr/Cu-doped
1D HA into the polymer matrix, the mechanical properties
including tensile strength, compressive strength, compressive
modulus, and fracture toughness of the material were
significantly improved.

The biomimetic microstructure endowed the Sr/Cu-doped
1D HA/PDLA with an all-round improvement of mechanical
properties including compressive strength, tensile strength,
Young’s modulus, and fracture toughness. The reinforcement
efficiency (102.2%) of tensile strength of the biomimetic Sr/
Cu-doped 1D HA/PDLA composite was higher than that of
other HA/PLA composites reported in the literature (Figure
6A; Table SS, Supporting Information). It is important to note
that the biomimetic Sr/Cu-doped 1D HA/PDLA composite
showed high compressive strength (116 MPa) and high
Young’s modulus (6.1 GPa) even though it was made from
PDLA with a relatively low molecular weight (Figure 6B; Table
S6, Supporting Information). A comparison with physical
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Figure 6. Comparison of reinforcement efficiency of (A) tensile
and (B) compressive strength of HA/PLA composites between this
and previously published work (more information and references
can be found in Table S5 and Table S6).

properties of cortical bone (Table 1) showed similarities in
compressive strength, tensile strength, Young’s modulus, and

density.

Table 1. Physical Properties of the Biomimetic Sr/Cu-
Doped 1D HA/PDLA Composite and Cortical Bone

compressive  tensile Young’s
strength strength  modulus densit;r
material (MPa) (MPa) (GPa) (g/cm?) ref

cortical bone 100-230 50—-1S51 7-30 1.6—2.1 47,48
biomimetic Sr/ 116 52.6 6.1 1.32 this

Cu-doped 1D work

HA/PDLA

composite

Mechanical Properties of Sr/Cu-Doped 1D HA/PDLA
Porous Scaffolds. In the context of bone graft substitutes,
biodegradable materials are required that support the
regeneration process (in an ideal situation both mechanically
and biologically) and during the process degrade without
leaving remnants in the body that may cause long-term adverse
effects. Nevertheless, biomaterial degradation, especially when
biodegradable polymers are used, may deteriorate the
mechanical properties of the bone graft substitute, thereby
impairing the process of regeneration.”” Therefore, one of the
ultimate challenges in bone regeneration is to achieve a balance
between tissue formation and biomaterial degradation.”” In
addition to degradation properties, swelling behavior is another
important factor that influences the physical properties of the
polymer-based bone graft substitutes before and after
implantation. Uncontrolled swelling can be detrimental to
the mechanical properties of the implant.”" Therefore, we set
out to investigate the swelling behavior and its effect on the
mechanical properties of Sr/Cu-doped 1D HA/PDLA porous
scaffolds.

St/Cu-doped 1D HA/PDLA porous scaffolds with a
porosity of 50% were prepared by layer-by-layer printing in
the 0—90 deg direction. The schematic illustration of the
structure of the porous scaffolds is shown in Figure S6
(Supporting Information). Due to the anisotropic distribution
of the Sr/Cu-doped 1D HA, the mechanical properties of the
Sr/Cu-doped 1D HA/PDLA porous scaffolds were also
anisotropic. The compressive stress—strain curves of the Sr/
Cu-doped 1D HA/PDLA porous scaffolds in the longitudinal
and transversal direction (Figure S7A, Supporting Informa-
tion) are shown in Figure S7B (Supporting Information). The
compressive strength of the Sr/Cu-doped 1D HA/PDLA
porous scaffolds in the transversal direction was higher than
that in the longitudinal direction. The Sr/Cu-doped 1D HA/
PDLA porous scaffolds could bear the load consistently and
showed better structural stability when loaded in the
transversal direction. The reason for this observation may be
the fact that the layers were more prone to detach during the
compression test in the longitudinal direction than in the
transversal direction, as is illustrated in Figure S8, Supporting
Information, thus resulting in an inferior structural stability in
the longitudinal direction. For the rest of this section, the
results reported are based on compression tests with loading
applied in the transversal direction, unless otherwise stated.
Figure 7A shows that the Sr/Cu-doped 1D HA/PDLA porous
scaffolds exhibited a higher compressive strength and better
structural stability than scaffolds made of pure PDLA and
Nano HA/PDLA that served as controls. In contrast to porous
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Figure 7. (A, B) Compressive stress—strain curves and energy of absorption per unit volume of the Sr/Cu-doped 1D HA/PDLA porous
scaffolds, pure PDLA porous scaffolds, and Nano HA/PDLA porous scaffolds, respectively. (C) Swelling ratio of the Sr/Cu-doped 1D HA/
PDLA porous scaffolds, pure PDLA porous scaffolds, and Nano HA/PDLA porous scaffolds in SBF at 37 °C for different time intervals (4, 7,
and 14 days). (D) Energy of absorption per unit volume of the Sr/Cu-doped 1D HA/PDLA porous scaffolds, pure PDLA porous scaffolds,
and Nano HA/PDLA porous scaffolds after a 14-day hMSC culture. (E, F) Compressive modulus of the pure PDLA porous scaffolds, Nano
HA/PDLA porous scaffolds, and Sr/Cu-doped 1D HA/PDLA porous scaffolds before (E) and after (F) a 14-day hMSCs culture. (G)
Schematic illustration of the proposed reinforcement mechanism of aligned Sr/Cu-doped 1D HA in the PDLA matrix. (*) for p < 0.05, (**)

for p < 0.01, (**%*) for p < 0.001, and (**%*) for p < 0.0001.

PDLA and Nano HA/PDLA scaffolds, Sr/Cu-doped 1D HA/
PDLA porous scaffolds exhibited a higher yield strength, which
was retained at larger strain values, indicating that the scaffold
did not collapse (Figure S9, Supporting Information). The
energy of absorption per unit volume of the Sr/Cu-doped 1D
HA/PDLA porous scaffolds was 3.3 times and 2.4 times higher
than that of pure PDLA porous scaffolds and Nano HA/PDLA
porous scaffolds, respectively (Figure 7B).

The superior structural stability of the Sr/Cu-doped 1D
HA/PDLA porous scaffolds was further confirmed by a
swelling test. The swelling behavior of the porous scaftolds
in simulated body fluid (SBF) at 37 °C for the time intervals of
4,7, and 14 days is shown in Figure 7C. The Sr/Cu-doped 1D
HA/PDLA porous scaffolds had a controlled swelling behavior
during the test. The Sr/Cu-doped 1D HA/PDLA porous
scaffolds exhibited a swelling ratio of 8% at day 4, after which it
remained stable up to day 14. In contrast, both pure PDLA
porous scaffolds and Nano HA/PDLA porous scaffolds
showed an increase in swelling ratio over the 14-day period.
The swelling ratio of the pure PDLA porous scaffolds increased
from 12.3% at day 4 to 52.6% at day 14. Nano HA/PDLA

porous scaffolds had the highest swelling ratio at day 4, which
was as high as 51.5%, and then increased to 65.9% at day 14.
On the one hand, the presence of Nano HA increased the
hydrophilicity of the composite.52 On the other hand, Nano
HA has a relatively limited ability to constrain the swelling of
the PDLA matrix compared to Sr/Cu-doped 1D HA.
Therefore, the swelling ratio of Nano HA/PDLA porous
scaffolds at day 4 was high relative to the other groups. A
pronounced increase in swelling ratio due to the incorporation
of Nano HA into a PLA-based matrix was also observed in
other studies.”>

To study the long-term structural stability and mechanical
properties of the materials upon exposure to a physiologically
relevant environment, the porous scaffolds of Sr/Cu-doped 1D
HA/PDLA and the Nano HA/PDLA and pure PDLA controls
were exposed to a compressive test after a 14-day culture of
hMSCs (Figure S10, A to C, Supporting Information). As can
be seen from the compressive stress—strain curves of the
scaffolds before and after cell culture, pure PDLA and Nano
HA/PDLA porous scaffolds showed a strong decrease in
mechanical properties following cell culture (Figure S10, A and
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Figure 8. (A—C) In vitro mineralization of Sr/Cu-doped 1D HA/PDLA porous scaffolds (A), Nano HA/PDLA porous scaffolds (B), and
pure PDLA porous scaffolds (C) in SBF at 37 °C for 7 days. (D) Cumulative amounts of Ca and P in physiological saline solution in time
upon immersion of Sr/Cu-doped 1D HA/PDLA porous scaffolds. (E) Cumulative amounts of Sr and Cu in physiological saline solution in
time upon immersion of Sr/Cu-doped 1D HA/PDLA porous scaffolds. (F, G) Metabolic activity and DNA content of hMSCs cultured for 7
and 14 days on pure PDLA porous scaffolds, Nano HA/PDLA porous scaffolds, and Sr/Cu-doped 1D HA/PDLA porous scaffolds. (H) ALP
activity of hMSCs cultured for 14 days on pure PDLA porous scaffolds, Sr/Cu-doped 1D HA/PDLA porous scaffolds, undoped 1D HA/
PDLA porous scaffolds, and Nano HA/PDLA porous scaffolds, respectively. (I) N, adsorption—desorption isotherms of Nano HA and
undoped 1D HA. (*) for p < 0.05, (**) for p < 0.01, (***) for p < 0.001, and (****) for p < 0.0001.

B, Supporting Information), while the Sr/Cu-doped 1D HA/
PDLA porous scaffolds still showed a relatively high
compressive strength (Figure S10C, Supporting Information).
The energy of absorption per unit volume during the
compressive test of the Sr/Cu-doped 1D HA/PDLA porous
scaffolds after cell culture was 13.4 times and 2.96 times higher
than that of pure PDLA and Nano HA/PDLA porous
scaffolds, respectively (Figure 7D).

The compressive modulus of the Sr/Cu-doped 1D HA/
PDLA porous scaffolds before cell culture was comparable to
that of Nano HA/PDLA and slightly higher than that of pure
PDLA (Figure 7E). However, after a 14-day cell culture, the
compressive modulus of the Sr/Cu-doped 1D HA/PDLA
porous scaffolds was significantly higher than that of pure
PDLA (3.3 times) and of Nano HA/PDLA (2.8 times) (Figure
7F).

As discussed earlier, the excellent mechanical strength and
toughness of natural bone are attributed to its biphasic,
hierarchical, and anisotropic structure. The highly aligned
collagen fibers and HA crystals toughen bone by multiple
toughing mechanisms including fibrillar sliding, crack bridging,
and crack deflection.*® Similar to the result of the tensile test in
Figure SE, it is suggested (and illustrated in Figure 7G) that
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the resistance to swelling and retention of compressive
strength and toughness of the Sr/Cu-doped 1D HA/PDLA
porous scaffold upon exposure to cells and cell culture medium
can be attributed to its bone-like microstructure and analogous
toughening mechanisms, resulting from aligned Sr/Cu-doped
1D HA fibers, which have strong interfacial interactions with
the PDLA matrix, such as through hydrogen bonds.>”

In Vitro Mineralization, lon Release, and Bioactivity
of Sr/Cu-Doped 1D HA/PDLA Porous Scaffolds. In bone
regeneration, the ability of a biomaterial to facilitate deposition
of (bone) mineral on its surface is considered an important
bioactivity characteristic. One way of investigating this
characteristic in vitro is by immersing the material in SBF
and studying the process of mineral formation on its surface.>®
The results of an in vitro mineralization test of the biomimetic
Sr/Cu-doped 1D HA/PDLA porous scaffolds, in comparison
with pure PDLA and Nano HA/PDLA porous scaffolds with
the same amount of HA, are shown in Figure 8. After
incubation in SBF at 37 °C for 7 days, numerous mineralized
spots were observed on the Sr/Cu-doped 1D HA/PDLA
porous scaffold and the Nano HA/PDLA porous scaffolds
(Figure 8, A and B), but only sparse mineralized clusters
formed on the pure PDLA porous scaffolds (Figure 8C). The
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A

Figure 9. (A, B) Fluorescence microscopy images of actin cytoskeleton (phalloidin: green) staining of hMSCs cultured on pure PDLA
porous scaffolds for 3 and 7 days, respectively. (C) SEM micrographs of hMSCs cultured on pure PDLA porous scaffolds for 3 days. (D, E)
Fluorescence microscopy images of actin cytoskeleton (phalloidin: green) staining of hMSCs cultured on Nano HA/PDLA porous scaffolds
for 3 and 7 days, respectively. (F) SEM micrographs of hMSCs cultured on Nano HA/PDLA porous scaffolds for 3 days. (G, H)
Fluorescence microscopy images of actin cytoskeleton (phalloidin: green) staining of hMSCs cultured on Sr/Cu-doped 1D HA/PDLA
porous scaffolds for 3 and 7 days, respectively. (I) SEM micrographs of hMSCs cultured on Sr/Cu-doped 1D HA/PDLA porous scaffolds for

3 days. Unlabeled scale bar: 100 gm.

improvement of the in vitro mineralization ability of polymers
by incorporating HA has been reported in other studies.’”~®'

The release profiles of calcium (Ca), inorganic phosphate
(P), Sr, and Cu ions from Sr/Cu-doped 1D HA/PDLA porous
scaffolds upon immersion in a physiological saline solution are
shown in Figure 8, D and E. While various solutions have been
used in vitro to study degradation of and the release profile of
(inorganic) constituents and additives from biomaterials
including PBS,°> SBF,** and cell culture medium,®* here we
selected a physiological saline solution for its simple
composition compared to other solutions and the fact that it
initially does not contain Ca or P ions. The Sr/Cu-doped 1D
HA/PDLA porous scaffolds exhibited a relatively rapid Ca, P,
S1, and Cu ion release during the initial 4 days, followed by
leveling-off and a more sustained release until day 36.
According to the literature, in the context of bone regeneration
the Cu ion acts as a double-edged sword; depending on the
concentration, Cu ions have been shown to enhance
angiogenesis, but also to induce cell death.®® In the biomimetic
Sr/Cu-doped 1D HA/PDLA porous scaffolds developed here,

the amount of Sr/Cu-doped 1D HA was 25 wt %, which in
turn consisted of 1D Sr-HA and 1D Cu-HA in a 1:1 ratio. A
preliminary live/dead assay with hMSCs cultured on these
scaffolds (Figure S11, Supporting Information) showed a large
number of dead cells, suggesting that the amount of Cu ions
within the scaffolds may have been too high (Cu/Ca X 100% =
2.5% in total, mole ratio). Therefore, for the following
experiments, we changed the ratio of the 1D Sr-HA/1D Cu-
HA from SO0 wt %/50 wt % to 80 wt %/20 wt % while
maintaining the total amount of Sr/Cu-doped 1D HA at 25 wt
%.

hMSCs cultured on these scaffolds showed an increase in
metabolic activity as well as DNA content over a culture period
of 14 days (Figure 8, F and G), indicating that the cells were
able to proliferate on the Sr/Cu-doped 1D HA/PDLA porous
scaffolds. No significant differences were observed in metabolic
activity among biomimetic Sr/Cu-doped 1D HA/PDLA, Nano
HA/PDLA, and pure PDLA porous scaffolds at either time
point. Similarly, the DNA amount was comparable at 14 days,
while at 7 days, Sr/Cu-doped 1D HA/PDLA scaffolds showed
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Figure 10. (A, B) Compressive stress—strain curves and compressive modulus of the assembled Sr/Cu-doped 1D HA/PDLA porous
scaffolds, assembled PDLA porous scaffolds, and assembled Nano HA/PDLA porous scaffolds, respectively. (C) Swelling ratio of the
assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds, assembled PDLA porous scaffolds, and assembled Nano HA/PDLA porous
scaffolds in SBF at 37 °C for different time intervals (4, 7, and 14 days). (D—F) Compressive stress—strain curves of the assembled PDLA
porous scaffolds (D), assembled Nano HA/PDLA porous scaffolds (E), and assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds (F)
before and after a 14-day hMSC culture. (G, H) Compressive stress—strain curves and compressive modulus of the assembled Sr/Cu-doped
1D HA/PDLA porous scaffolds, assembled PDLA porous scaffolds, and assembled Nano HA/PDLA porous scaffolds after a 14-day hMSC
culture. (I) Compressive modulus of the assembled PDLA porous scaffolds, assembled Nano HA/PDLA porous scaffolds, and assembled Sr/
Cu-doped 1D HA/PDLA porous scaffolds before and after a 14-day hMSC culture. (*) for p < 0.05, (**) for p < 0.01, (***) for p < 0.001,

and (¥#%%) for p < 0.0001.

a significantly higher DNA amount than Nano HA/PDLA and
PDLA porous scaffolds. Therefore, the Sr/Cu-doped 1D HA/
PDLA porous scaffolds showed a good biocompatibility.
Additionally, we tested the ability of the material to support
the alkaline phosphatase (ALP) enzymatic activity of hMSCs,
which is an early marker of osteogenic differentiation (Figure
8H). While all composite scaffolds showed a higher ALP
activity than pure PDLA scaffolds, the ALP expression of
hMSCs cultured on the Sr/Cu-doped 1D HA/PDLA porous
scaffolds was lower than that of undoped 1D HA/PDLA
porous scaffolds, suggesting that the presence of Sr and Cu
ions decreased the ALP activity of cells. Previous work
suggested a beneficial effect of cosubstitution of Sr and Cu ions
on the ALP activity;éé’67 however, due to differences in the
biomaterial used as well as cell types tested, a direct
comparison with our study is difficult to make. The high
ALP activity by hMSCs grown on Nano HA/PDLA might be
attributed to the nanoscale dimension of Nano HA used for
the preparation of the composite. Nano HA had a significantly
higher specific surface area (56.08 m*/g) than the microsized
ID HA crystals (3.64 m*/g) (Figure 8I). Therefore, it is

17491

suggested that the surface exposure of the Nano HA to hMSCs
was more pronounced, resulting in a positive effect on the ALP
activity of hMSCs. Previous studies have shown the beneficial
effects of smaller-size HA particles (20—100 nm) on the
expression of osteoblast-related markers by bone marrow
MSCs than similar particles with a larger size (150—250
nm).68,69

Taken together, these results showed that the Sr/Cu-doped
1D HA/PDLA composite supported proliferation and ALP
activity, a marker of osteogenic differentiation of hMSCs,
enhancing it relative to pure PDLA porous scaffolds. Further
research is needed to study specific effects of Cu, Sr, or other
ions that can be incorporated into the 1D HA ceramic on the
osteogenic differentiation of MSCs on both protein and gene
expression level, which was beyond the aim of this study.

After 3 and 7 days of culture, the morphology of hMSCs on
the Sr/Cu-doped 1D HA/PDLA, Nano HA/PDLA, and PDLA
porous scaffolds was observed by using fluorescence
microscopy and SEM (Figure 9; Figure S12, Supporting
Information). On PDLA porous scaffolds, the cells were
observed on the scaffold fibers and exhibited random
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morphology (Figure 9, A to C). Similarly, hMSCs cultured on
the Nano HA/PDLA porous scaffold showed a random
morphology (Figure 9, D to F). Moreover, visually, more cells
were present on Nano HA/PDLA than on pure PDLA
scaffolds, suggesting that the presence of Nano HA enhanced
the attachment of cells but did not affect their orientation.
Interestingly, on the Sr/Cu-doped 1D HA/PDLA porous
scaffolds, the cells exhibited an elongated morphology and
were orientated in the direction of the alignment of Sr/Cu-
doped 1D HA crystals in the composite (Figure 9, G to I).
Differences in not only chemical but consequently also physical
properties between HA and PDLA, including wettability,
surface charge, and surface structural properties, may be a
reason for preferential cell attachment to the ceramic phase.
The elongation and orientation of the cells is attributed to
contact guidance by the anisotropic 1D HA crystals, which will
be discussed in greater detail in the next section. Taken
together, the morphology analyses suggested that the presence
of Sr/Cu-doped 1D HA not only enhanced attachment of the
hMSCs, but also directed their morphology and orientation.

Collagenous Matrix Deposition on Sr/Cu-Doped 1D
HA/PDLA Porous Scaffolds. While the effect of structural
organization of the organic and inorganic components of bone
on the mechanical properties is well understood, the influence
of collagen fiber and HA crystal orientation in bone tissue on
the regulation of cellular processes has not been fully
understood so far.”® In the human body, osteocyte morphology
is dependent on the type of bone tissue. Elongated osteocytes
are found in load-bearing long bones that are predominantly
loaded parallel to their longitudinal direction.”’ Osteocyte
lacunae are aligned to the collagen fiber orientation, and the
formation of a highly oriented collagen matrix may require an
alignment of osteoblasts.”” A promising approach to mimic the
bone cell-bone matrix interactions is the use of nano- or
micropatterned substrates, which can provide directional cues
in regulating cell behavior and collagen matrix assembly and
alignment in a preferred direction.”””? Nevertheless, these
patterning approaches are often restricted to the two-
dimensional (2D) level and cannot be easily translated to
3D bone graft substitutes.

As discussed so far, the porous scaffolds were built using
fiber deposition in the 0—90 deg direction. As a consequence,
not all fibers in the scaffold had the same orientation of Sr/Cu-
doped 1D HA crystals. Therefore, in order to investigate
whether the physical properties of the scaffold could be further
improved by ensuring the same orientation of the ceramic
phase throughout the scaffold, and how this influences the cell
behavior, a Sr/Cu-doped 1D HA/PDLA porous scaffold with
all the Sr/Cu-doped 1D HA aligned in the longitudinal
direction was developed by using 3D printing followed by
manual assembly. Moreover, these assembled scaffolds were
used to investigate whether the observed effect of Sr/Cu-
doped 1D HA/PDLA porous scaffolds on the alignment and
orientation of hMSCs also translates to the modified properties
of the ECM secreted by cells. The fabrication process of the
assembled Sr/Cu-doped 1D HA/PDLA porous scaffold is
shown in Figure S13. Two types of building blocks were
prepared by layer-by-layer printing in the 0—0 deg direction.
Then, the building blocks were assembled into 3D porous
scaffolds manually. During the assembly process, one side of
the building block (labeled in red in Figure S134, Supporting
Information) was wetted by acetone by putting it on a piece of
paper that was soaked with acetone beforehand for 10 s.

Subsequently, the building blocks were stacked on the top of
each other to form a 3D porous scaffold. The alignment of Sr/
Cu-doped 1D HA in the building blocks was characterized by
SEM. As shown in Figure S13, B to D (Supporting
Information), all the Sr/Cu-doped 1D HA were aligned in
the longitudinal direction.

The mechanical properties of the assembled Sr/Cu-doped
1D HA/PDLA porous scaffolds with a porosity of 50% are
shown in Figure 10. Assembled PDLA porous scaffolds and
assembled Nano HA/PDLA porous scaffolds with the same
porosity were used as controls. The assembled Sr/Cu-doped
1D HA/PDLA porous scaffolds again showed higher values for
compressive strength, Young’s modulus, swelling resistance,
and long-term structural stability compared to the controls.
The highest compressive strength of the assembled Sr/Cu-
doped 1D HA/PDLA porous scaffolds was around 36.6 MPa
(Figure 10A). The compressive modulus of the assembled Sr/
Cu-doped 1D HA/PDLA porous scaffolds was as high as 1.1
GPa (Figure 10B), which was higher, although not statistically
significant, than that of the controls as well as that of the fully
printed porous scaffolds with the same porosity described
above. The reason that the modulus of the assembled porous
scaffolds was higher than that of the fully printed porous
scaffolds is plausibly related to the fact that in the assembled
scaffold all Sr/Cu-doped 1D HA/PDLA crystals were oriented
in the same direction, thus active in supporting the load
(Figure S14A, Supporting Information). In contrast, in the
fully printed Sr/Cu-doped 1D HA/PDLA porous scaffolds, the
Sr/Cu-doped 1D HA aligned in the transversal direction in the
composite (Figure S14B, Supporting Information) were less
effective in supporting the load.

Similar to the fully printed Sr/Cu-doped 1D HA/PDLA
porous scaffolds, the assembled Sr/Cu-doped 1D HA/PDLA
porous scaffolds showed controlled swelling behavior, although
the swelling ratio was higher, up to 18% compared to the 8%
observed for the fully 3D printed scaffolds (Figure 10C). Also
this affect can be attributed to the fact that in the assembled
composite, where all 1D HA crystals were oriented in the same
direction, swelling of the composite was effectively constrained
in the z-direction, whereas in the fully printed scaffolds, this
effect occurred in two directions. Moreover, the pore walls of
the assembled scaffold were compact, whereas in the fully
printed scaffold, space among the fibers could consume part of
the swelling. Therefore, the fully printed Sr/Cu-doped 1D
HA/PDLA porous scaffolds as well as the fully printed PDLA
and Nano HA/PDLA porous scaffolds showed a lower swelling
ratio compared to that of the assembled ones.

The assembled Sr/Cu-doped 1D HA/PDLA porous
scaffolds possessed superior structural stability. After a 14-
day hMSC culture, the compressive strength of the assembled
PDLA (Figure 10D) and assembled Nano HA/PDLA porous
scaffolds (Figure 10E) showed a strong decrease. However, the
highest compressive strength of the assembled Sr/Cu-doped
1D HA/PDLA porous scaffolds was still as high as 30.1 MPa
(Figure 10F), which was more than 3 times higher than that of
the controls (Figure 10G). The compressive modulus of the
assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds after
in vitro cell culture was 1.02 GPa (Figure 10H) and
comparable to the modulus before the cell culture (Figure
10I). In contrast, the compressive modulus of the assembled
PDLA and Nano HA/PDLA porous scaffolds decreased by
46.7% and 68.3%, respectively (Figure 10, H and I). Taken
together, by assembling printed fibers in such a way that all
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Figure 11. (A—C) Fluorescence microscopy images of actin cytoskeleton (phalloidin: green) and nuclei (DAPI: blue) staining of hMSCs
cultured on the assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds for 4 days. Arrows indicate the direction of the ceramic alignment.

Scale bar: 100 gm.

ceramic crystals inside the porous scaffold were aligned in the
same direction, further improvement of the mechanical
properties was achieved.

Next, the morphology of hMSCs after 4 days of culture on
the assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds
and assembled Nano HA/PDLA porous scaffolds was studied
using fluorescence staining of the actin cytoskeleton and
nuclei. As expected, the cells exhibited an elongated
morphology and were oriented in the direction of the ceramic
phase. Because of the scaffold design, the orientation of
hMSCs was the same on the scaffold periphery and on the pore
walls (Figure 11, A to C). In contrast, the hMSCs seeded on
the assembled Nano HA/PDLA porous scaffolds exhibited
different behavior. The cells on the scaffold periphery were
randomly oriented (Figure S1SA, Supporting Information), in
contrast to the cells on the periphery of the assembled Sr/Cu-
doped 1D HA/PDLA porous scaffolds (Figure 11A). However,
the hMSCs on the pore walls of the assembled Nano HA/
PDLA porous scaffolds showed preferred orientation in the
longitudinal direction (Figure S15, B and C, Supporting
Information) despite the fact that Nano HA particles were
randomly distributed inside the composite. A reason for this
may be the limited space in the transversal direction, leading to
cells attaching in the longitudinal direction of the fibers.

At day 14, the morphology of hMSCs and type I collagen, a
component of the secreted extracellular matrix (ECM), was
visualized by immunofluorescence staining. As shown in Figure
12, A to C, throughout the assembled Sr/Cu-doped 1D HA/

PDLA porous scaffolds, both actin and type I collagen were
aligned in the direction of Sr/Cu-doped 1D HA crystals. For
the assembled Nano HA/PDLA porous scaffolds, random actin
and type I collagen were found on the scaffold periphery, while
the cells and ECM were aligned on the pore walls (Figure S16,
A to C, Supporting Information). These results demonstrate
that the morphology and orientation of not only the cells but
also of the ECM produced by the cells were directed by the
structural properties of the scaffold, and more specifically, the
orientation of Cu/Sr-doped 1D HA crystals, although the
available scaffold area for cell attachment also played a role.
Previous studies have shown that topographical cues, derived
from surface-patterning of biomaterial surfaces, influenced
cytoskeletal morphology and orientation of focal adhesions.
The contact guidance provided by nano- and/or microtopo-
graphical features affected hMSC adhesion, migration, and
even proliferation and differentiation.”*””® Moreover, hMSCs’
directional migration and ECM remodeling under the
influence of topographical stimuli at the micro- and nanoscale
have been investigated on various substrates.”””** Cells
organize and interact with ECM through integrins, guided by
different stimuli, to generate patterns, essential for tissue and
organ functions. Reciprocally, the ECM influences the
morphology and phenotype via bidirectional integrin signal-
ing.*>** Based on this body of evidence, it is reasonable to
suggest that also in the biomimetic Sr/Cu-doped 1D HA/
PDLA porous scaffolds developed here, integrin signaling plays
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Figure 12. (A—C) Fluorescence microscopy images of nuclei (DAPI: blue), actin cytoskeleton (phalloidin: red), and type I collagen (green)
of hMSCs cultured on the assembled Sr/Cu-doped 1D HA/PDLA porous scaffolds for 14 days. Arrows indicate the direction of the ceramic

alignment. Scale bar: 100 gm.

a role in hMSC organization and directional collagen matrix
formation, in 3D.

In sum, by using the Sr/Cu-doped 1D HA for developing
anisotropic porous composite scaffolds, we succeeded in
significantly improving the mechanical properties and also
controlling the orientation of hMSCs and the formation of
anisotropic bone-like type I collagen in 3D. In other words, the
Sr/Cu-doped 1D HA/PDLA scaffolds mimicked not only the
microstructure, and hence the mechanical properties of natural
bone, but also the function of the bone matrix in modulating
the cell behavior. Therefore, the biomimetic Sr/Cu-doped 1D
HA/PDLA composites developed here may serve as a 3D
platform for the investigation of how the bone matrix regulates
of the orientation of cells and the property of the ECM
secreted by these cells in bone tissue.

CONCLUSION

In this work, inspired by the composition and microstructure
of natural bone, a biomimetic, biphasic composite consisting of
PDLA as an organic matrix and uniformly dispersed, highly
aligned Sr/Cu-doped 1D HA as an inorganic reinforcement
phase was developed. The presence and alignment of Sr/Cu-
doped 1D HA crystals resulted in mechanical reinforcement of
the polymer matrix, including compressive and tensile strength,
compressive modulus, and fracture toughness, making them
comparable to the mechanical properties of cortical bone.
Moreover, the interfacial interactions between the polymer
matrix and aligned anisotropic ceramic crystals endowed the

composite with pronounced swelling resistance and long-term
structural and mechanical stability upon exposure to a
physiological environment. Sr and Cu ions substituted into
1D HA could be sustainably released from the composite.
Moreover, the composite facilitated mineral deposition from
SBF and supported attachment, proliferation, and ALP activity
of hMSCs. Finally, the highly aligned Sr/Cu-doped 1D HA
crystals in the composite induced the alignment of hMSCs and
formation of anisotropic collagen fiber matrix. The method and
design principles applied here may provide inspiration for the
development of advanced composites for bone regeneration
with improved mechanical properties and bioactivity. More-
over, the biomimetic composite may serve as a 3D platform for
studying cell-ECM interactions in bone tissue.

EXPERIMENTAL SECTION

Sr/Cu-Doped 1D HA/PCL Filament Preparation. The initial
feasibility experiments aimed at producing aligned ceramic/polymer
composite filaments were performed using PCL as a model polymer.
PCL is approved by the Food and Drug Administration (FDA) for
biomedical applications and has been extensively studied for
fabrication of synthetic bone graft substitutes. The reason that we
chose PCL in this part is its relatively low cost compared to other
biopolymers. The typical procedure for preparation of Sr/Cu-doped
1D HA/PCL filaments was as follows: S g of 1D Sr-HA and S g of 1D
Cu-HA were added to 50 mL of chloroform in a glass bottle at room
temperature and stirred for 2 h using a magnetic stirrer. The weights
of the glass bottle and the magnetic stir bar were measured. Then, 10
g of PCL was added to the solution followed by continuous stirring,
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allowing chloroform to evaporate, and the weight of the total system
was measured until the concentration of the solid content reached 33
wt %. Subsequently, the solution was loaded in a syringe and extruded
through a needle at the desired speed under the control of a syringe
pump (ProSense B.V. NE-300, USA). To investigate the effect of the
extrusion rate, the diameter and length of the needle, and the
concentration of the solid content on the structure of the extruded
filaments, three different extrusion rates (100, 200, 400 uL/min),
three needles with the same length (10 mm) but different diameters
(18G, 21G, 25G), three needles with the same diameter (21G) but
different lengths (2, 6, 10 mm), and three suspensions with different
concentration of the solid content (24.42, 33.33, 42.24 wt %) were
tested. Finally, Sr/Cu-doped 1D HA/PCL filaments fabricated under
different conditions were immersed in liquid nitrogen and broken into
small pieces. These small samples were sputtered with gold, and their
cross-sections were observed using an SEM (Philips XL30, The
Netherlands).

Sr/Cu-Doped 1D HA/PCL Compact Sample Preparation. In
order to investigate how the mass ratio between HA and PCL
influences the mechanical properties, we prepared Sr/Cu-doped 1D
HA/PCL compact samples with different amounts of Sr/Cu-doped
1D HA (0, 10, 30, SO wt %). Unless stated otherwise, the Sr/Cu-
doped 1D HA is a mixture of 1D Sr-HA (50 wt %) and 1D Cu-HA
(50 wt %). Typically, solutions consisting of Sr/Cu-doped 1D HA/
PCL (33 wt %) and chloroform (67 wt %) with different amounts of
Sr/Cu-doped 1D HA were prepared. Sr/Cu-doped 1D HA/PCL
compact composites with desired dimensions were made by extruding
the solutions through a nozzle (24G) by using a 3D plotting system
(Bioplotter, Japan). The moving speed of the plotting head was set at
4 mm s~', and the pressure was $ bar. All samples were prepared by
layer-by-layer printing of the solutions in the 0—0 deg direction. The
displacement of the printer head for printing adjacent fibers in the x—
y plane was set at 0.13 mm. Similarly, the displacement of the printer
head during printing different layers in the z direction was set at 0.12
mm; 0.12 mm is smaller than the diameter of the nozzle (24G, 0.3
mm), thus ensuring that the printed composite was compact. The
composites were dried in a fume hood until a constant weight was
obtained. Moreover, to compare the mechanical reinforcement
performance between Sr/Cu-doped 1D HA used in this work and
conventional nanosized HA powder (Nano HA), Nano HA/PCL
compact composites with 30 and 50 wt % of ceramic phase were also
fabricated under the same conditions.

Mechanical Properties of Sr/Cu-Doped 1D HA/PCL Com-
pact Samples. Compressive and tensile tests were performed on an
ElectroForce 3200 machine (ElectroForce 3200, USA), with a 450 N
load cell. For the tensile test, three rectangular specimens with
dimensions of 60 X 5 X 1 mm?® were tested at a rate of 9 mm min~".
The samples were fixed on the mechanical testing machine by using
two clamps on both ends of the sample. A piece of sandpaper was
placed between the sample and the clamp on each side to avoid
sample sliding during the test. For compressive tests, three specimens
with dimensions of 3 X 3 X 4 mm?> were tested at a rate of 0.5 mm
min~". For both tests, pure PCL samples and Nano HA/PCL samples
with the same dimensions as the experimental samples were used as
controls. Young’s modulus, or the modulus of elasticity, was defined
as the slope of the linear region of the stress—strain curve.

Sr/Cu-Doped 1D HA/PDLA Compact Samples and Porous
Scaffold Preparation. A 2.5 g amount of 1D Sr-HA and 2.5 g of 1D
Cu-HA were added into 30 mL of acetone at room temperature and
mixed using a magnetic stirrer for 2 h. Then 15 g of PDLA was added
to the solution and mixed until the acetone evaporated, resulting in a
mixture of Sr/Cu-doped 1D HA (25 wt %) and PDLA (75 wt %).
The remaining mixture of Sr/Cu-doped 1D HA and PDLA was
further dried in a vacuum oven at 30 °C for 3 days. Sr/Cu-doped 1D
HA/PDLA compact composites and porous scaffolds with desired
shapes were made by extruding the mixture of Sr/Cu-doped 1D HA
and PDLA through a nozzle (23G) at 145 °C by using a 3D plotting
system (Bioplotter, Japan). The moving speed of the plotting head
was 4 mm s”', and the pressure was 5 bar. Compact composite
samples were prepared by layer-by-layer printing in 0—0 deg direction.

The displacement of the printer head for printing adjacent fibers in
the x—y plane, as well as for printing different layers in the z direction,
was set at 0.2 mm, ensuring deposition of compact samples. Sr/Cu-
doped 1D HA/PDLA porous scaffolds were prepared by layer-by-
layer printing in the 0—90 deg direction. The displacement of the
printer head for printing adjacent fibers in the x—y plane was set at 1
mm, and the displacement of the printer head for printing different
layers in the z-direction was set at 0.1 mm. PDLA compact samples
and porous scaffolds were prepared by using the same 3D plotting
system and plotting parameters, at a temperature of 140 °C. Nano
HA/PDLA compact samples and porous scaffolds with 25 wt % of
Nano HA were also fabricated under the same conditions as the Sr/
Cu-doped 1D HA/PDLA samples.

The porosity of the porous scaffolds was calculated by the following
equation:

Porosity = (1 — p,/p,)X 100% (1)
pl = Ml/‘/l (2)
Py = (PuaPopra)/ (Wappgs + Wippp ) 3)

where M, and V| are the mass and volume of the porous scaffolds,
respectively. py, represents the theoretical density of HA, which is
3.16 g cm™3, and ppp 4 represents the theoretical density of PDLA,
which is 1.25 g cm™. W, and W, are the mass fraction of HA and
PDLA in the porous scaffolds, respectively.

Mechanical Properties of Sr/Cu-Doped 1D HA/PDLA
Compact Samples and Porous Scaffolds. Tensile tests were
performed on an ElectroForce 3200 machine (ElectroForce 3200,
USA), with a 450 N load cell. For tensile tests, three specimens with
dimensions of 50 X 2.5 X 1 mm?> were tested at a rate of 1 mm min™".
Compressive tests were performed on a material testing machine
(Zwick/Roell, Germany), with a 10 000 N load cell. For compressive
tests, three specimens of compact composites with dimensions of 4 X
4 x 5 mm® and three specimens of porous scaffolds (50% porosity)
with dimensions of 6 X 6 X 6 mm® were tested at a rate of 1 mm
min~". Pure PDLA samples and Nano HA/PDLA samples with the
same dimensions and porosity were used as controls. Young’s
modulus was calculated as described for the Sr/Cu-doped 1D HA/
PCL samples above. Energy of absorption per unit volume
(toughness) was calculated by integrating the area between the x-
axis and the stress—strain curves.

The fracture toughness (Ky) of Sr/Cu-doped 1D HA/PDLA
compact samples with dimensions of 5 X 10 X S0 mm?® (n = 3) was
characterized by the SENB test according to the ISO 13586 standard.
Pure PDLA and the Nano HA/PDLA composite with the same
amount of HA were used as controls. A 4.6 mm deep notch (radius of
0.4 mm) was milled into the specimens. Due to the brittleness of the
samples, a razor-blade cut was made into the tip of the notch instead
of tapping a crack. The three-point bending test was performed on a
tensile tester (Zwick Z010) equipped with a 1000 N load cell. The
diameter of rollers, test speed, and test temperature were 10 mm, 10
mm/min, and 20 °C, respectively. Fracture toughness was calculated
from the data according to the following equation by using Matlab
R2021a:

_ fo
o femi @

where F, is the load at crack growth initiation, / is the test specimen
thickness, w is the test specimen width, and f(a/w) is the geometry
calibration factor.
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