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Bioceramic/polymer scaffolds have been considered as potential grafts used for facilitating bone healing.
Unfortunately, the poor interfacial interaction between polymer matrices and bioceramic fillers limited
their use in practical medicine. Thus, a facile strategy for reinforcing the three-dimensional printed
B-tricalcium phosphate/polycaprolactone scaffolds through employing polydopamine modified-ceramics
as fillers. The effects of the dopamine precursor on the compressive strength, degradability, cell
proliferation, osteogenic differentiation, and in vivo osteogenicity were measured. The results indicated
that the concentration of dopamine could remarkably affect the thickness and density of the
polydopamine layer on fillers, further varying the compressive strength (1.23-fold to 1.64-fold),
degradability, and osteogenicity of the scaffolds. More importantly, the presence of polydopamine in the
three-dimensional printed composite scaffolds not only facilitated the proliferation, alkaline phosphatase
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tissue in femur defects. Taking together, the proposed scaffolds might serve as a candidate for bone
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1. Introduction

Synthetic polymers, such as polycaprolactone (PCL), polylactic
acid (PLA) and polylactic-co-glycol acid (PLGA), have been
considered as candidates for bone tissue engineering due to
their combined advantages of biodegradability, biocompatibility,
and workability.* In particular, PCL has shown its applicability
to the manufacturing of customized porous scaffolds with
controlled porosities and pore structures by means of an
extrusion-based three-dimensional (3D) printing strategy
because of its low melting and crystallization temperature.’
Although the inert surface of PCL can hinder the adhesion and
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growth of cells, it can be remarkably enhanced through the
incorporation of osteoconductive bioceramics, such as hydroxy-
apatite (HA), calcium phosphate-based and calcium silicate-
based materials.? Additionally, the inorganic particles can
function as reinforcing agents to raise both stiffness and
toughness of PCL through providing mechanical interlocking
supports to the polymer matrix.” However, the reinforcing
effect of the bioceramic would gradually become irrelevant
when the concentration of fillers exceeds the critical content
in the composite owing to the absence of chemical bonds
between hydrophilic ceramic fillers and the inert polymer
matrix with hydrophobicity.®

To overcome this issue, numerous attempts have been
made, such as enhancing the exposed surface area of the
bioceramic phase to leverage the osteoconductivity of compo-
site scaffolds through deposition of calcium phosphate on the
surface of polymeric scaffolds, as well as introducing additional
fillers (e.g., graphene) in the composite system to promote the
mechanical interlock bonding.”® Nevertheless, the effectiveness
of the abovementioned routes on the simultaneous enhancement
of both osteogenic activity and mechanical strength still remains
challenging. Hence, performing suitable surface modification on
the bioceramic fillers to enhance the interfacial strength between
polymer matrices and fillers has been considered as a potential
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strategy to improve the mechanical properties of the composite
with high filler contents.'® Wang et al. suggested that grafting of
y-methacryloxypropyl-trimethoxysilane on the surface of HA could
be an effective strategy for enhancing the reinforcement effect of
bioceramic dopants due to the improved interfacial interactions
and better dispersity of fillers in polymer matrices.'* However,
silane molecules leached from fillers due to unstable coating and/
or degradation of substrates may lead to adverse effects on tissues
surrounding the scaffolds."

Since the last decade, the mussel-inspired polydopamine
(PDA) surface modification has gained much attention due to
its astounding material-independent adhesive properties and
the ability to serve as a multifunctional platform for enabling the
surface of PDA-modified substrates to be decorated effortlessly
with a large pool of materials.™® Since its first emergence, the PDA
modification strategy has contributed to many breakthroughs in
the development of bone grafts and implants through immobiliz-
ing osteoconductive and osteoinductive matters on conventional
biomaterials.'* However, limited research studies have focused on
elucidating the effects of PDA modification on the reinforcing
efficiency of bioceramics in the organic/inorganic composites
despite the fact that PDA has been considered as an efficient
interfacial reinforcement agent in different composite systems."

Thus, the aim of this study was to assess the reinforcing
efficiency of PDA the PCL/bioceramic composite. -Tricalcium
phosphate (B-TCP) was employed as the bioceramic filler
due to its excellent biodegradability, biocompatibility, and
osteoconductivity.""” The PDA-B-TCP/PCL composite was
fabricated following a two-step process, including deposition
of PDA on B-TCP powder and blending the modified powder
into the PCL matrix. The morphologies and chemical structures
of different PDA-B-TCPs obtained by performing the self-poly-
merization of the dopamine (DA) precursor at different DA
concentrations. Furthermore, the porous scaffolds were fabri-
cated through an extrusion-based robotic dispensing system,
and the morphology, compressive strength, degradability, cyto-
compatibility, and osteogenicity of the scaffolds were analyzed.
Finally, the in vivo femur bone defect regeneration experiments
were presented to examine the osteogenic capability of PDA-B-
TCP/PCL scaffolds, and we showed that the scaffolds can
significantly enhance bone repair at the defect site.

2. Materials and methods

2.1. Preparation and characterization of PDA-§-TCP powder

Briefly, 10 g of B-TCP powder (Sigma-Aldrich, St. Louis, MO,
USA) was immersed in 100 mL of trishydroxymethyl amino-
methane buffer (tris-buffer; 50 mM, pH 8.5) containing various
concentrations (2, 4, and 8 mg mL ") of DA (Sigma-Aldrich) and
vigorously stirred for 24 h at room temperature. After modifica-
tion, the PDA-B-TCP was washed and dried at 100 °C for 1 day.
The specimen codes “T”, “2PT”, “4PT” and “8PT” represent
the pristine B-TCP and PDA-B-TCP powders obtained by per-
forming the PDA modification at DA precursor concentrations
of 2, 4, and 8 mg mL™', respectively. The morphologies of
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different powders were examined using both a field emission
scanning microscope (SEM; JSM-6700F, JEOL, Tokyo, Japan) and
a high-resolution transmission electron microscope (HRTEM,;
JEM-1400, JEOL). The chemical structure of PDA-B-TCP was
examined by '*C solid-state nuclear magnetic resonance (**C
ssNMR; DSX400 WB, Bruker, Karlsruhe, Germany). The weight
ratio of the PDA coated on B-TCP was determined by using a
thermogravimetric analyzer (TGA; Q500, TA Instruments, New
Castle, DE) over a temperature range from room temperature to
800 °C at a heating rate of 10 °C min~ " under atmosphere.

2.2. Preparation of PDA-§-TCP/PCL composite scaffolds

To prepare B-TCP/PCL and PDA-B-TCP/PCL composites, 5 g of
B-TCP or PDA- B-TCP powder was suspended in ethanol and the
mixture was added dropwise to 5 g of molten PCL (M,, = 43 000-
50000, Polysciences, Warrington, PA) at 120 °C. After being
vigorously stirred at 120 °C, the composite was dried at 100 °C
for 24 h. The molten paste was transferred into a syringe barrel
equipped with a metallic nozzle with an inner diameter of
0.4 mm. The specimen codes of “C”, “TC”, “2PTC”, “4PTC”
and “8PTC” represent the pristine PCL, T/PCL, 2PT/PCL, 4PT/
PCL, and 8PT/PCL, respectively. The scaffolds were fabricated
by using a bioplotting system (Bioscaffolder 3.1, GeSim,
Grosserkmannsdorf, Germany) at processing temperatures of
70 and 90 °C for neat PCL and composite scaffolds, respectively.
The pneumatic pressures/nozzle moving rates used for the
fabrication of C, TC, 2PTC, 4PTC, and 8PTC scaffolds were
1.5 mm s %/230 kPa, 0.7 mm s~ /350 kPa, 0.6 mm s~ /400 kPa,
0.45 mm s~ '/400 kPa, and 0.45 mm s~ '/400 kPa, respectively.
The layers with a thickness of 0.35 mm were stacked on each
other at a 0°-90° orientation. The first two layers of the scaffold
were both filled with seven parallel struts with a diameter of
500 pm and separated by 500 pm. Subsequent third and fourth
layers were filled by six parallel struts which were located above
the gaps of the first and second layers, respectively.

2.3. Characterization of PDA-§-TCP/PCL composites

The rheological properties of composites were analyzed by
using a rheometer (MCR302, Anton Paar, Graz, Austria) operated
on a parallel plate geometry with a diameter of 25 mm and a gap
of 0.5 mm. The oscillatory frequency sweep test was conducted to
measure the changes in complex viscosity within an angular
frequency range between 0.1 and 500 rad s~ with a strain of
0.1% at different temperatures (60, 90, and 120 °C). The morphol-
ogies of different composite scaffolds were examined by SEM. The
weight ratio of 3-TCP or PDA-B-TCP in the composite was deter-
mined by using a thermogravimetric analyzer (TGA; Q400, TA
Instrument, New Castle, DE) under a N, atmosphere at a heating
rate of 10 °C min ", A differential scanning calorimeter (DSC;
Q100, TA Instrument) was used to record the thermal history of
the specimen that underwent two heat cycles from 10-85 °C under
a N, atmosphere at a temperature ramping rate of 5 °C min™ .
The peak temperature recorded in the second heating scan and
the integral area of the DSC curves were defined as the melting
temperature and enthalpy change (AH,,), respectively. The relative
crystallinity (X.) of the composite was calculated according to the
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following equation:

AH, m

X, = fm
¢ AHpcr x CpcrL

x 100%

where AHpcp, and Cpqp, are melting enthalpy of fully crystalized

PCL (139 J g~ ") and the weight fraction of PCL, respectively.'®
To measure the compressive strength and modulus of the

composite scaffolds, the scaffold with a dimension of 6.5 X

6.5 x 10 mm?® was placed on a universal testing machine (MTS

Exceed™ E42.503 with 500 N load cell; MTS system, Eden

Prairie, MN) at a loading rate of 1 mm min".

2.4. In vitro immersion experiments

To assess the effect of PDA-B-TCP on the degradation kinetics of
PCL, the dry weight of the as-prepared scaffold with dimensions
of 6.5 x 6.5 x 10 mm?® was recorded by using a digital balance.
Subsequently, the scaffold was immersed in 40 mL of sterilized
simulated body fluid (SBF) that was prepared according to the
previous study.” After being soaked in SBF at 37 °C for 1, 2, 3,
and 4 weeks, the scaffolds were washed with distilled water three
times, dried by freeze-drying, and weighed to calculate the
weight loss of the individual sample. The compressive strengths
and modulus of the scaffolds soaked in SBF for different periods
were also tested.

2.5. Cell adhesion and proliferation

Human Wharton’s jelly mesenchymal stem cells (hWJMSCs;
RM60596, BCRC, Hsinchu, Taiwan) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Waltham, MA) supple-
mented with 10% fetal bovine serum (Gibco), 100 U mL™"
penicillin/100 pg mL ™" streptomycin (Gibco), 10°% M dexa-
methasone (Sigma-Aldrich), 2.16 g L' glycerol 2-phosphate
disodium salt hydrate (Sigma-Aldrich), and 0.05 g L' -
ascorbic acid (Sigma-Aldrich) in an incubator with a humidified
atmosphere and 5% CO, at 37 °C, and the culture medium was
changed every 2 days. Cells at passage 3-8 were used for further
experiments. All scaffolds with dimensions of 6.5 x 6.5 X
1.4 mm?® were sterilized with 75% ethanol and ultraviolet light
for 30 min. Afterwards, cells (10 000 cells per well) were seeded
on the scaffolds. After culturing for 6 and 24 h, the scaffolds
were washed with phosphate buffer solution (PBS) three times
and fixed in 4% paraformaldehyde at 4 °C overnight. Afterward,
the cells were permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) for 5 min. The cytoskeleton and nuclei of cells adhered
on the scaffolds were stained with Alexa Fluor™ 488 phalloidin
(Invitrogen, Carlsbad, CA) and 4',6-diamidino-2-phenylindole
(DAPI; Invitrogen), respectively, according to the manufacturer’s
instruction. The fluorescent images of cells were captured by
using an Olympus BX53 microscope equipped with a DP-50
digital camera (Olympus, Tokyo, Japan) at X200 magnification.
For cell proliferation analysis, the medium was replaced with
fresh medium containing 0.5 mg mL ™" of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) at
each culture period (1, 3, and 7 d), and then incubated with cells
for 2 h. The precipitated formazan crystals were dissolved by
DMSO and the absorbances at 570 nm with a reference
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wavelength of 650 nm were measured using a Tecan Infinite
200® PRO microplate reader (Tecan, Minnedorf, Switzerland).

2.6. Osteogenic activity assay

The osteogenic differentiation of hWJMSCs cultured on differ-
ent scaffolds was evaluated by measuring the alkaline phos-
phatase (ALP) activity and the level of matrix mineralization.
For ALP activity assay, the cells cultured on scaffolds for 7 and
14 days were washed with 0.9% NaCl and lysed in 0.2% NP-40
(Sigma-Aldrich) solution. The cell lysate was incubated with
p-nitrophenyl phosphate (pNPP; Sigma-Aldrich) for 1 h, after
which the reaction was terminated by adding 5 M NaOH and
the absorbance at 405 nm was measured using a microplate
reader. Furthermore, the absorbance was normalized to the
reaction time and the total protein of each sample which was
determined using the BCA protein assay reagent (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions.
For matrix mineralization, the cells cultured on scaffolds for 7
and 14 days were fixed in 4% paraformaldehyde (Sigma-Aldrich)
at room temperature for 2 h. After being washed with PBS, the
scaffold was then stained by 0.5% Alizarin-Red S solution for
15 min at room temperature. After being extensively washed, the
scaffold was then soaked in 250 pL of PBS containing 0.1 M
cetylpyridinium chloride (Sigma-Aldrich) and the absorbance at
562 nm was measured. The absorbance of the dye-stained scaffold
without culturing cells was used as the reference absorbance.

2.7. Invivo bone healing

The in vivo bone healing experimental procedures employed in
the present study were approved by the Animal Experimental
Ethics Committee of China Medical University (CMUIACUC-
2019-099-1). Male New Zealand white rabbits aged three
months and weighing 1.5-2 kg were used and randomly divided
into three groups, namely TC, 2PTC, and 8PTC. General
anesthetization was induced by artificial respiration of oxygen
containing 5% isoflurance. Disinfection was conducted by
applying alcohol and iodine to the skin of the hind legs after
being shaved. The skin and muscle fascia were carefully dis-
sected to expose the distal femoral condyle without causing
adverse nerve and blood vessel injuries. A bone defect with a
6 mm diameter and a 6 mm depth were made using a low-speed
dental drill on the medial femoral condyle. Scaffolds sterilized
with 75% ethanol disinfection were implanted in the condyle
defects. Eventually, the wound was suture closed and an
anti-inflammatory ointment was applied. The rabbits were sacri-
ficed by carbon dioxide asphyxiation at 4 and 8 weeks post-
surgery. The scaffold-implanted bone tissue was harvested and
fixed in 10% normal formalin for 2 days. After being rinsed,
gradient dehydrated, and embedded in an optimum cutting
temperature compound (OCT®, KMA-0100-00A, CellPath Ltd,
Newtown, Wales, UK), the specimens were sliced into 6 pm-
thick sections and stained either with hematoxylin/eosin, Mas-
son’s Trichrome staining kit (MT; ScyTek Lab, West Logan, UT)
or Von Kossa kit (VK, ScyTek Lab) following the manufacturer’s
instructions. Stained sections were visualized under a BX53
Olympus microscope equipped with a DP-50 digital camera.

This journal is © The Royal Society of Chemistry 2023
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To better evaluate the ability of guiding bone regeneration for
different scaffolds, the microcomputed tomographic images of the
scaffold-implanted femurs were captured using a microcomputed
tomography system (uCT, SkyScan 1076, SkyScan Inc., Kontich,
Belgium) equipped with a 1.4 M X-ray CCD camera at the max-
imum tube current and voltage of 0.2 mA and 160 KV, respectively.
The 3D models of the femur scans constructed from a 400 slice
images with a slice increment of 30 um were used for assessment
and quantitative histomorphometric analysis. A SkyScan software
was used to calculate the newly formed bone tissues in terms of the
bone volume per tissue volume (BV/TV) and trabecular thickness
(Tb.Th). The results were obtained in triplicate from three inde-
pendent measurements.

2.8. Statistical analysis

A one-way analysis of variance (ANOVA) was used to assess the
significance of the differences between the mean values in the
measured data obtained from triplicate experiments. A Scheffe’s
multiple comparison test was used to determine the significance
of the deviations in the data for each specimen. In all cases, the
results were considered statistically significant if the p-value
<0.05.

3. Results and discussion
3.1. Characterization of PDA-B-TCP powders

In the present study, PDA was modified on the surface of 3-TCP
based on the self-oxidation and polymerization of DA in a mild
basic solution. During this process, the B-TCP surface could
provide binding sites for the adhesion of monomer, oligomer,
and polymer of DA through interactions between amine/catechol
moieties of PDA and Ca*'/PO,*> ions.’® To assess the effect
of DA precursor concentration on the deposition of PDA, the
microstructures of PDA-deposited powders were examined by
SEM and TEM. As shown in Fig. 1, the SEM images illustrated
that a smooth surface was observed on B-TCP particles. In
contrast, the surface became rougher after PDA deposition
due to the formation of a layer composed of granular aggregates.
It seems that the size of aggregates deposited on the surface of
particles gradually increased with increasing precursor concen-
tration. It has been well-established that PDA deposition could
be remarkably affected by a series of parameters, such as DA and
dissolved oxygen concentration, solution pH, ionic strength, and
temperature.”® Among these, it was suggested that the thickness

TEM

Fig. 1 SEM and TEM micrographs of pristine B-TCP and different PDA-B-
TCP particles.
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of the deposited PDA layer could be increased by increasing the
precursor concentration.”' Interestingly, the TEM micrographs
indicated that a firm layer assembled by nanoparticles with a
size of about 50 nm was observed on the surface of 2PT, yet the
increase in the thickness of the deposited PDA layer was not
observed while a higher concentration of the DA precursor
was used. In contrast to 2PT, a loosened layer composed of
nanoparticles with a diameter of ca. 110 nm was obtained in
4PT. However, the thickness of the PDA layer would remarkably
decrease while the PDA deposition was performed at the DA
concentration of 8 mg mL ™. To better elucidate the controver-
sial results, the chemical structure and the content of PDA
deposited on the B-TCP surface were examined by *C ssNMR
and TGA, respectively.

The *C ssNMR spectra of PDA-B-TCP powders (Fig. 2A)
revealed good agreements with the typical spectra of PDA
demonstrated in previous studies.’” where the characteristic
peaks located at chemical shifts between 30 and 40 ppm could
be assigned to carbon atoms present in the five-membered ring
in the pyrrole moiety or the aminoethyl residue in catechola-
mine and catecholamine ortho-quinone; the board band in
between 110 and 130 ppm was attributed to the existence of
aromatic carbon atoms in catechol or quinone moieties; the

(A)

8PT

4PT

13C NMR intensity / Arb. U.

2PT

s

T T T

250 200 150 100 50 0 -50
Chemical shift / ppm
(B) pp

©

o

Q3
A

)

et

S
L

2PT

©

o

—
L

4PT

Remaining weight / %

O

o0

o0
L

8PT

98.5

0 200 400 600 800
Temperature / °C

Fig. 2 (A) C ssNMR spectra and (B) TGA curve of PDA-B-TCP synthe-
sized at different concentrations of the DA precursor.
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characteristic peaks of bridgehead carbon atoms were located
at 135 and 144 ppm, whereas the peaks of quinoid carbonyl
carbon atoms were positioned between 170 and 180 ppm. These
results illustrated that the major organic component in the
powder was PDA and the chemical structure remained similar,
regardless of whether the initial DA concentration was 2, 4, or
8 mg mL~". The weight ratio of PDA in the B-TCP powder was
determined by TGA. As seen in the TGA curves (Fig. 2B), there are
two distinct regions of the temperature-dependent weight loss in
the ranges of 50-200 °C and 200-650 °C, which could be
attributed to the evaporation of adsorbed water and decomposi-
tion of PDA, respectively. By calculating the weight changes of
the powders between 200 and 650 °C, the results indicated that
the PDA content in the powder was increased from 0.53% (2PT)
to 0.74% (4PT) and to 0.91% (8PT). This result, combined
with the TEM observation, indicated that the amount of PDA
formation indeed was determined by the initial concentration of
DA as suggested by Ball et al., but there must be nucleation and
growth sites other than the surface B-TCP for the formation of
PDA.>' A previous study had demonstrated that DA and its
oxidized derivatives unbound to the substrate could serve as
nucleation and growth sites to facilitate the formation of nano-
sized PDA aggregate dispersions in the solution.”® Della Vecchia
et al. suggested that the formation kinetic of PDA aggregates
could be encouraged while the oxidation and polymerization
process was performed in the presence of phosphate ions due to
the coordination between the protonated amino groups of DA
and the dianion form of phosphate ions.>* Since phosphate ions
could be dissipate from B-TCP powders during the PDA deposi-
tion process, it is postulated that the dissolved ionic products in
a solution with a high content of DA may endorse the formation
of PDA aggregates instead of the deposited PDA layer, resulting
in the harvest of the PDA aggregate-rich composite powder.

3.2. Characterization of PDA-B-TCP/PCL composites

It is well documented that the rheological properties were the
determinants that would remarkably influence the extrudability
and printability of ceramic/polymer composite melts. To elucidate
the effects of different fillers on the rheological properties of the
composite melt, the evolution of complex viscosities of different
groups as a function of angular shear rate at different tempera-
tures was determined. As it is shown in Fig. 3, the complex
viscosity of every group was increased with increasing processing
temperature. The C group showed the lowest complex viscosity
among all groups in an angular frequency sweep range between
0.5 and 500 rad s~ ' at every temperature point of interest.
Additionally, it possessed Newtonian plateau on approximately
620, 210, and 95 Pa s at 60, 90, and 120 °C in the experimental
angular frequency range, respectively, except for that a shear-
thinning region initiated at the angular frequency above
99.8 rad s~ * at 60 °C could be observed. In contrast, the composite
melts at 60 °C revealed similar trends with significantly higher
Newtonian plateau values increasing from 1700 to 2000 Pa s along
with an order of the DA precursor concentration, which could be
attributed to the existence of interactions between fillers and PCL
molecules.®® At higher processing temperatures, it is obvious that
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Fig. 3 Complex viscosity evolutions of PCL and different composites as a
function of angular frequency at 60, 90, and 120 °C.

the Newtonian plateau for complex viscosity vanished progressively
in the presence of PDA, indicating a transition from an elasto-
viscous melt to a pseudoplastic one by the restrained relaxation
of the PCL molecule. At 120 °C, 2PTC, 4PTC, and 8PTC groups
revealed a clear shear-thinning behavior in particular in the
low-frequency region, resulting in 1.6-, 2.7-, and 2.3-fold increament
in zero-shear viscosities in contrast to the value of the TC
group, respectively. This implies that the presence of PDA could
be responsible for enhancing the affinity between fillers and
matrix. Yang et al. indicated that the catechol moiety of PDA
coated on reinforcing fillers could effectively increase dispersity
of the fillers and interfacial strengths in the components by the
formation of hydrogen bonds.>® It is noticed that 8PTC dis-
played a lower slope of complex viscosity as a function of
angular frequency than that of 4PTC. It could be postulated
that the coverage level and thickness of PDA on the fillers might
be another prominent attribute that might alter the rheological
behavior of the melts when associating this finding to the TEM
micrographs.

Despite the reduced flowability of PDA-B-TCP/PCL composites
by the enhancement of interfacial strength of the components,
the effect of the fillers on the rheological property was relatively
weak. Proper printing windows could be addressed by tuning the
nozzle temperature, extruding pneumatic pressure, and nozzle

This journal is © The Royal Society of Chemistry 2023
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moving rate. Furthermore, molten composites possessed better
shear-thinning performances with higher zero-shear viscosities
are applicable for alleviating thermal instability concerns under
appropriate dissipation conditions and consequently achieve
immediate solidification to endorse fidelity of the printed
layer.>® As seen in Fig. 4, different scaffolds sharing similar
diameters of struts and pores were successfully obtained. It
could be observed from SEM micrographs that some small pits
with a size of several micrometers, which was a consequence of
the cold contraction of the polymer matrix, could be observed on
the surface of all scaffolds. For B-TCP/PCL and PDA-B-TCP/PCL
groups, the fillers appeared near the outer surface of the scaf-
folds were covered with PCL due to the combination of extrusion
procedures and the rheological characteristics of molten PCL.
To better assess the distribution of the fillers in the composites, the
scaffolds were broken in a liquid nitrogen bath and the cross-
sections were visualized by SEM. A dense and homogeneous
morphology was observed in PCL; whereas partially exposed
B-TCP particles could be found in the PCL matrix for other groups.
In contrast to the TC group, numerous small particles can be found
in the matrix, which could be related to the existence of PDA/ionic
product aggregates. Moreover, the dense structure of the matrix
was retained while TC or 2PTC fillers were incorporated in PCL, but
several porous regions were found in 4PTC and 8PTC, probably due

Appearance Surface Cross-section

4PTC 2PTC TC

8PTC

2 mm 4 um I pm

Fig. 4 Digital photographs and SEM micrographs of PCL and different -
TCP/PCL, composite scaffolds.
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to the presence of PDA aggregates in the composite, which could
not be homogeneously disperse in the PCL matrix.

Fig. 5A demonstrated the TGA results of different composites. It
could be clearly observed that thermal decomposition of the pure
PCL was initiated at about 190 °C, followed by a rapid decom-
position kinetic starting at 300 °C until the complete decom-
position of PCL was achieved at temperatures up to 500 °C.>’
Similar thermal decomposition curves were obtained for all
composite groups regardless of the precursor concentration.
However, residual weights of 49.2%, 49.3%, 49.4%, and 49.0%
for TC, 2PTC, 4PTC, and 8PTC, respectively, at 600 °C were
obtained, which closely matched the designed filler contents in
the present research (50%). To assess the interactions between
the fillers and the PCL matrix, DSC analysis was employed to
verify the effect of different fillers on the formation of PCL
crystalline structures. The results of DSC demonstrated that the
incorporation of TCP of PDA-TCP fillers did not remarkably
alter the melting point of the PCL composites (Fig. 5B). The
endothermic melting peaks of neat PCL and composites
remained at 54.4 °C but increased to 56.1 °C while 8PTC was
measured. However, it could be observed that the melting
peaks gradually broadened with an increase in the initial DA
concentration, which could have resulted from a wider range of
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Fig. 5 (A) TGA, (B) DSC, and (C) compressive stress—strain curves of
different scaffolds.
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crystallite sizes.”® The relative crystallinity (X.) calculated from
the DSC curves indicated that the X. of PCL was dramatically
increased from 47.8% to 60.8% while 50 wt% of TCP was
blended in the matrix, indicating that TCP favoured the crystal-
lization of PCL. However, a diminished crystallinity was
obtained in the 2PTC group. This could have resulted from
the elevated interaction between PCL molecules and the PDA
deposited on the surface of the filler and consequently
restrained the nucleation effect of TCP. Of note, the X. was
further increased to 47.6% and 50.0% for 4PTC and 8PTC,
respectively. This might have originated from the presence of
PDA aggregates in the PCL matrix that could act as hetero-
geneous fillers to encourage the nucleation effect.>

Furthermore, the results of compressive strength and mod-
ulus of the scaffolds fabricated by using an extrusion-based
robotic dispensing system (as shown in Fig. 5C) indicated that
compressive modulus of PCL was significantly improved while
the fillers with or without PDA deposition were incorporated
in the polymer matrix (p < 0.05). The compressive moduli of C,
TC, 2PTC, 4PTC, and 8PTC were 20.4, 36.6, 59.7, 44.0, and
43.8 MPa, respectively; whereas the compressive strengths of
TC, 2PTC, 4PTC, and 8PTC were 2.54, 4.16, 3.11, and 3.14 Mpa,
respectively. The decreased strength of 4PTC and 8PTC in
comparison to that of 2PTC could be attributed to the presence
of loose structures in composites as observed from the SEM
micrographs (Fig. 4). Nevertheless, it is worth noting that
approximately 1.23 to 1.64-fold enhancement in compressive
modulus and strength of TC scaffolds were achieved owing to
the presence of PDA in the PCL matrix. Additionally, significant
differences were observed while comparing the modulus and
compressive strength of TC with each PDA-B-TCP/PCL group
(p < 0.05), except for the strength between TC and 8PTC (p >
0.05). Although the mechanism of the PDA-reinforced B-TCP/
PCL scaffolds was not clear, it is documented that the reinfor-
cing ability of the PDA-deposited fillers would result from the
enhancement of filler dispersion and formation of hydrogen
bonds between fillers and the matrix.>° The compressive strengths
of all scaffolds were in the range of the strength of cancellous
bone (2-12 Mpa), but only the compressive moduli of PDA-B-TCP/
PCL reached the lower-end of the cancellous bone (50-500 Mpa).**
Existing research suggested several opportunities that could be
considered useful for optimizing the mechanical strength of the
composite scaffolds in the future works. For instance, Soufivand
et al. demonstrated that the 3D printed porous scaffolds with a
hexagonal architecture exhibited significantly higher compressive
strength than the rectangular-patterned scaffolds with similar
porosity.*?

3.3. In vitro immersion experiment

Despite the relatively lower melting point and higher toughness
of PCL than other polyesters (e.g., PLA and PLGA) endorse it as
a prominent printable biomaterial used for application of bone
tissue engineering, the slow in vitro and in vivo degradation rate of
PCL could result in an impaired efficiency of bone regeneration.
This obstacle can be overcome by incorporating hydrophilic fillers
into PCL to diminish the hydrophobicity of the matrix.*® To assess
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the effect of the fillers on the degradation rate of the PCL-based
scaffolds, the evolution of weight change of different scaffolds
after soaking in SBF over 4 weeks was recorded. As shown in
Fig. 6A, all groups revealed slow degradation kinetics, and less
than 2% of the PCL scaffolds were degraded over an immersion
period of 2 weeks. However, a significantly faster degradation
rate in the immersion period between 2 to 4 weeks could be
observed in 4PTC and 8PTC while comparing with other
groups. The remaining weights of C, TC, 2PTC, 4PTC, and
8PTC at an immersion period of 4 weeks were 98.5%, 98.4%,
98.6%, 95.5%, and 93.7%, respectively. The significantly lower
remaining weights (p < 0.05) of 4PTC and 8PTC could be
associated with the relatively higher contents of hydrophilic
PDA aggregates buried in the composites, which could be
exposed and contacted to water upon the occurrence of surface
erosion on the scaffolds and subsequently altered the surface
chemistry to promote the hydrolysis process.** Additionally, the
compressive strength results shown in Fig. 6B demonstrated
that TC and 2PTC displayed the lowest and highest compressive
strength values among all composite groups at each immersion
period, respectively (p < 0.05). Although there were no significant
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Fig. 6 The evolution of (A) the weight loss and (B) compressive strength
of PCL, B-TCP/PCL, and PDA-B-TCP/PCL scaffolds after being immersed
in SBF for different periods.
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differences between the strengths of each group before and after
being soaking in SBF for 4 weeks (p > 0.05), a declining trend in
the strength could be observed in both 4PTC and 8PTC during
2-4 weeks of immersion. This result was in agreement with the
degradation result, implying that the presence of PDA aggregates
and the porous matrix in 4TPC and 8TPC would be responsible
for accelerating the degradation of the scaffolds.

3.4. Invitro experiments

As evidenced by the previous reports, the deposition of the PDA
layer on hydrophobic and inert surfaces indeed can facilitate
cell adhesion and proliferation due to the suitable surface
energy of the PDA layer.>® However, the presence of the PDA
layer can barely contribute to the differentiation and miner-
alization of osteogenic cells if osteoconductive matters were
lacking.>® In the present study, PDA was modified on an
osteoconductive bioceramic, B-TCP. Differing from the PDA
modification on inert polymers, the eluted ionic products of
the ceramic powder can directly interact with DA and is
oxidized through electrostatic interactions to form Ca/P-PDA
layers or aggregate dispersions."® To better investigate the effect
of the PDA in the scaffolds on the fate of osteogenic cells, the
adhesion, proliferation, osteogenic differentiation, and miner-
alization of hWJMSCs were conducted. As seen in Fig. 7A, the
cells with a rounded shape with filopodia can be observed while
culturing on the C group for 1 day, whereas cells cultured on
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Fig. 7 (A) Fluorescent cytoskeleton staining of hWJMSCs cultured on dif-
ferent scaffolds for 1 day. (B) The MTT assay of hWJIMSCs cultured on
different scaffolds for 1, 3, and 7 days. * and § indicate significant differences
(p < 0.05) compared to C and TC, respectively.
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the composite scaffolds revealed a larger spreading area with
elongated stress fibers. Additionally, higher levels of the cell
spreading area on PTC groups than that on TC one was
observed, implying that the PDA-B-TCP/PCL composites could
provide suitable surfaces for supporting the adhesion and
cytoskeleton development of hWJMSCs. The result of quantitative
measurement illustrated that the amounts of cells cultured on the
scaffolds were gradually increased with increasing culture periods
(Fig. 7B). Significantly higher amounts of cells cultured on the
composite scaffolds could be measured while comparing with
that on C group at all culture periods (p < 0.05). However, the
amounts of cells cultured on TC, 2PTC, and 4PTC shared a similar
level at each cultured period (p > 0.05). Of note, cells cultured on
8PTC scaffolds displayed the highest absorbance values than the
polymer and composite scaffolds at each time point (p < 0.05).
For example, the absorbances of cells cultured on 8PTC were 1.59-
and 1.26-fold greater than those on C and TC scaffolds at the
culture period of 1 day, and were 1.33- and 1.18-fold greater than
those on C and TC at day 7.

To further assess the presence of PDA in the composite
scaffolds on the osteogenic differentiation of hWJMSCs, the ALP
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Fig. 8 (A) ALP activity and (B) calcium deposition of hWIMSCs cultured
on different scaffolds for 7 and 14 days. * and § indicate significant
differences (p < 0.05) compared to C and TC, respectively.
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activity and mineralization of cells cultured on each scaffold
were analyzed. ALP is a well-documented biomarker highly
expressed during the early phase of bone formation.*® As shown
in Fig. 84, it could be observed that the ALP activities of cells in
all groups were significantly upregulated during the cultured
period from 7 days to 14 days (p < 0.05), except for that on C
scaffolds (p > 0.05). Additionally, the ALP activity of cells
cultured on the composite scaffolds was significantly greater
than that on the C group (p < 0.05) during culture periods of
7 and 14 days. However, only 8PTC exhibited statistically higher
ALP activities than TC scaffolds among all PDA-B-TCP/PCL
scaffolds (p < 0.05), regardless of the culture periods. The
quantitative results of alizarin red-S staining (Fig. 8B) demon-
strated that the calcium nodules could barely be measured in
cells cultured on the C group during culture periods of 7 and
14 days. In contrast, significantly higher levels of mineralization
than the value derived from the C group were obtained on all
composite scaffolds (p < 0.05). Although the values between the
composite scaffolds were similar (p > 0.05) during the culture
period of 7 days, significant differences appeared when the
values of TC were compared with 4PTC and 8PTC (p < 0.05),
implying better in vitro cell mineralization capacity of the PDA-f3-
TCP/PCL scaffolds.

3.5. In vivo bone regeneration

The in vivo capabilities of our PDA-B-TCP/PCL were evaluated by
implantation into the femoral condyle of rabbits. As seen from
the CT images in Fig. 94, after 4 weeks of implantations, there
were increased bone tissue invasion into the center of the
scaffolds for both 8PTC and 2PTC as compared to TC. In
addition, the struts of 8PTC were discontinued and fractured
due to the invasion of bone tissues and degradation of the
scaffolds. It is important to note that an ideal scaffold should
have equivalent mechanical strength and degradation rate so as
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Fig. 9 (A) u-CT images of bone defects implanted with different scaffolds
for 4 and 8 weeks. (B) Bone volume fraction (BV/TV) and (C) trabecular
thickness (Tb.th) in different scaffolds. * and § indicate significant differ-
ences (p < 0.05) compared to TC and 2PTC, respectively.
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to support bone regeneration.?” For TC wise, it could be seen
that after 4 weeks of implantations, there was only bone growth
at the top right corner of the scaffolds with no bone growth or
tissue invasion at the rest of the scaffolds. Even after 8 weeks of
implantations, there were still areas within the scaffolds that
were not covered by new bone growth and invasion.*® Bone
volume ratio (BV/TV) and trabecular thickness (Tb.Th) were
further evaluated and shown in Fig. 9B and C respectively. As
seen from the results, 8PTC was noted to have a significantly
higher BV/TV ratio and Tb.Th as compared to both 2PTC and TC
from 4 weeks of implantation. 2PTC was also noted to have a
significantly higher BV/TV ratio and Tb.Th as compared to TC after
4 weeks of implantations. At 8 weeks of implantations, 8PTC was
noted to have 40% BV/TV ratio and 0.36 mm Tb.Th as compared to
24% and 0.24 mm for 2PTC and 19% and 0.17 mm for TC.

The harvested scaffolds were further stained with HE, MT,
and VK stains to confirm bone regeneration using histological
methods. The histological results (Fig. 10) correspond posi-
tively to the CT results above. Firstly, the photomicrographs of
the VK stained sections of the 8PTC scaffold implanted bone
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Fig. 10 HE, MT, and VK staining of the distal femoral condyle defects after
implantation with different composite scaffolds for 4 and 8 weeks.
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show a larger area of newly generated bone than in 2PTC and
TC after implantation for 4 and 8 weeks. In addition, the MT
stained bone section of the 8PTC scaffolds indicates the for-
mation of the maximum amount of new bone with observable
bone cells compared to the 2PTC and TC groups.*® Secondly, it
could be observed that the edges of the struts in 8PTC were
irregular, rough, and discontinuous, thus further confirming
the invasion of bone tissues into the center of the scaffolds."’
On the other hand, after 8 weeks of implantations, the majority
of the microscopic visual field was covered with images of the
struts with minimal staining surrounding the perimeter of the
struts. Furthermore, the integrity of the struts was still present
with smooth edges in the TC group.*' Finally, it could be seen
that 8PTC had more intense VK stains as compared to the other
two groups, thus strongly indicating that 8PTC was not only
able to induce bone regeneration, it also enhances bone
*> Together with the
above results, it could be confirmed that the presence of PDA
enhanced in vivo bone regenerative capabilities of -TCP/PCL
scaffolds in a dose-dependent manner that confirmed that
8PTC could favor bone tissue growth from the periphery to
the interior of scaffolds.*> Furthermore, the newly regenerate

mineralization to form mature bones.

bone tissues could penetrate the interconnected porous struc-
ture of scaffolds as early as 4 weeks, which is important for
improving the early osteointegration stage of the bone graft.**
Although our in vivo results had confirmed that the incor-
poration of PDA-modified TCP exhibited a better capacity in
accelerating the formation of neo-bone tissues in the rabbit
femur defect model, detailed quantitative and qualitative
analyses for investigating the expression levels of osteogenic
differentiation markers, including Runx2, osteopontin, and
osteocalcin (OC), to better validate the osteogenic effect and
of the PDA-modified composite scaffolds, are performed.
Although additional analysis should be conducted to assess
the underlying mechanism of the elevated bone formation
ability assisted by the proposed composite scaffolds, several
pieces of existing evidence from the literature might be reason-
able for elucidating the role of PDA. Wu et al. demonstrated
that the eluted calcium and phosphate ions could associate
with the as-formed PDA layer to alter the composition of the
deposited layer, resulting in the upregulation of the expression
of osteogenic differentiation genes.'® Kao et al. suggested
that the release rate of Ca®>" from calcium silicate powders
was decreased while decorated with PDA, and the PDA content
displayed positive correlations with the adsorption of extra-
cellular matrices (collagen I and fibronectin) that could further
stimulate the expression of collagen I, Runx2, and OC.** Zhou
et al. demonstrated that the expression of 210, o11, and 31
integrin could be upregulated by the Ca**-chelated PDA-PLGA/
PCL composite scaffold, consequently encouraging the stem cell
recruitment in a subcutaneous implantation model.*® Neverthe-
less, the ALP activity and cell mineralization results from in vitro
experiments, as well as neo-bone formation results from the
animal model reported here provide an initial insight into the
versatile benefits of PDA on enhancing both physicochemical and
biological properties of the 3D-printed B-TCP/PCL scaffolds.
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4. Conclusion

In summary, we reported a facile route to reinforce the biode-
gradable PCL/B-TCP composite scaffolds fabricated by extrusion-
based 3D printing through deposition of a PDA interfacial layer
between organic and inorganic phases in the composite. A
dense and continuous PDA layer could be formed on the
surface of B-TCP and it could remarkably enhance the com-
pressive strength and modulus without interfering with the
degradability, cytocompatibility, and osteogenicity of the com-
posite scaffold. The thickness and density of the layer would
decrease with increasing concentration of the DA precursor and
favoured the formation of nano-sized particles and aggregates,
resulting in a diminished but comparable reinforcing efficiency
of the composite scaffolds than pure PCL. However, this alter-
nation in the structure of the PDA layer could lead to acceler-
ated degradation which could be beneficial for the proliferation
and production of early osteogenic differentiation indicator,
ALP, of hWJMSCs. The histological findings revealed that there
were more new bone tissues formed as well as some vessel tube
formation of PCL/B-TCP occurred. Therefore, our results demon-
strate that the facile PDA-reinforced -TCP/PCL scaffolds could be
considered as a promising bone graft for bone tissue engineering
applications. We believe that 3D printing of porous scaffolds can
be used to promote the application potential of such materials in
bone tissue engineering applications.
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