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Abstract

3D printing is a robust technique that can fabricate customized tissue-engineered scaffolds for bone regeneration. Eggshell
(ES) contains bone-like compounds, which makes this biowaste an interesting material for bone tissue engineering. Here, we
fabricated 3D printed scaffolds using polycaprolactone (PCL) and ES powder and investigated the effect of ES concentra-
tion on the printability, mechanical properties, and morphology of the scaffolds. It was found that ES significantly alters the
surface topography of the 3D printed PCL/ES structures from smooth at 10 wt.% to irregularly shaped at 30 wt.%. Moreover,
although ES agglomeration was observed at higher concentrations, no significant adverse effect on mechanical properties was
observed. To enhance the scaffolds' bioactivity, we used plasma polymerization to deposit an oxygen-rich thin film coating
to activate the scaffolds' surfaces. Subsequently, gentamicin (Gent), as a model bioactive agent, was grafted on the surface
of the scaffolds. The Gent grafting was approved by X-ray photoelectron spectroscopy. Gent-grafted scaffolds showed over
80% and 99.9% bacteria reduction against Pseudomonas aeruginosa after 1 and 24 h, respectively. Biocompatibility assess-
ments using fibroblasts showed both high cell viability (over 90%) and cell proliferation during 23 days of culture. Using
mesenchymal stem/stromal cells, successful osteoblast differentiation was observed, as shown by upregulation of Runt-related
transcription factor 2 (RUNX2) and osteocalcin genes along with increased mineralization. Overall, our findings demonstrated
the great potential of the 3D printed scaffolds with improved bioactivity for bone tissue engineering.
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1 Introduction

Tissue engineering is one of the fastest-growing fields that
aims to repair or replace damaged tissues. The presence
of a scaffold, which acts as a temporary environment for
cell growth and tissue development, is crucial in tissue
engineering [1, 2]. Such scaffold would attract endogenous
cells to populate, infiltrate, remodel, and form a mature
tissue from this "blueprint". The implementation of cells
and/or bioactive molecules could improve the efficiency of
the implanted scaffolds [3—5]. Depending on the targeted
tissue, different strategies, such as electrospinning, mold-
ing, gas foaming, freeze-drawing, and 3D printing could
be employed to produce tissue-engineered scaffolds [6-9].
Among these strategies, three-dimensional (3D) printing
has shown to be a versatile technique for producing scaf-
folds with high efficiency, controllability, and precision
[10, 11]. In 3D printing, a computer-aided design (CAD)
of a 3D object is used. For printing, the design is divided
into several two-dimensional (2D) structures (layers), and
through a layer-by-layer assembly, the 3D object is formed
[12].

Bone is a unique tissue that provides the body with
the required structural support and protection for internal
soft tissues. Bone also serves as a mineral reservoir and
coordinates blood production [13, 14]. Bone tissue damage
and disorder can occur for several reasons, ranging from
accidents to diseases and traumas [15, 16]. The implanta-
tion of artificial bone grafts has been considered a stand-
ard to facilitate bone regeneration. Bone regeneration is a
complex cascade that needs the orchestrated function of
several cell types, including immune cells, osteoblasts, and
stem cells [17]. Conventionally, allografts and autografts
are considered the best options for implantation. However,
tissue-engineered bone scaffolds are emerging as appeal-
ing alternatives. Engineered scaffolds can evade several
drawbacks of former traditional approaches (i.e., allo-
grafts and autografts), including donor shortage, immune
responses, and chance of body rejection [18-20]. Based
on the selected materials, tissue-engineered bone scaf-
folds can improve healing by enhanced vascularization,
remodeling, biodegradation, and complete integration with
the host body [21]. Considering its extracellular (ECM)
composition, bone is a biocomposite formed from miner-
alized and organic compounds [22]. Polymers could be a
suitable choice for mimicking the organic phase of bone
due to their biocompatibility, biodegradation, and ease of
process [23]. Among others, polycaprolactone (PCL) is a
Food and Drug Administration (FDA) approved synthetic
polyester that is widely used for the fabrication of tissue-
engineered scaffolds [24, 25]. Along the aforementioned
characteristics, PCL has a low degradation rate, providing
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bone tissue enough time for remodeling [26]. In addition,
PCL has a relatively low melting point that facilitates its
printing using melt-extrusion-based approaches [27].

In recent years, due to global concerns for energy con-
sumption and pollution, recycling waste products and mak-
ing high-value products have opened new perspectives on a
greener and more sustainable planet. As tissue engineering is
an emerging and rapidly growing industry, using biowastes
in scaffolds can help reduce the final price and make the pro-
cess more sustainable and greener. For instance, tons of egg-
shells (ES) (8.58 million metric tons according to the Food
and Agriculture Organization (FAO)) are discarded yearly
as biowastes through industries and household consumption
[28]. Nevertheless, this naturally occurring biomaterial has
been shown to have many applications ranging from cata-
lyst production to agriculture and biomedical engineering
[29]. Like natural human bone, ES is a calcium-based mate-
rial that contains other components, including magnesium,
sodium, and potassium [30]. In addition, the abundance of
ES makes it a highly desirable material for bone tissue engi-
neering. Huang et al. developed a composite scaffold for
bone tissue engineering using ES particles grafted with mag-
nesium oxide nanoparticles, carboxymethyl chitosan, and
bone morphogenetic protein 2 [31]. It was shown that the
fabricated scaffold has suitable biomineralization and osteo-
genic differentiation properties. In another work, Wu et al.
fabricated Gelatin methacryoyl (GelMA)/ES particles com-
posite scaffolds for bone regeneration, showing this struc-
ture's potency to facilitate the differentiation and biominer-
alization of pre-osteoblast cells. The obtained results also
revealed that the osteogenic improvements directly relate to
the presence of the ES particles in the scaffolds. Moreover,
subcutaneous implantation demonstrated that ES composite
scaffold has biocompatibility without any sign of inflamma-
tory response [32].

One of the most challenging issues in developing and
implanting an artificial scaffold in the human body is the
possibility of infection and subsequent severe inflamma-
tion due to bacterial growth at the implantation site. The
occurrence of such complications will then lead to implant
rejection and the necessity of a follow-up surgery [33].
This would be even more prominent in invasive surgical
procedures such as bone implantations with an infection
risk of 10 to 50% [34, 35]. As a result, having proper and
efficient antibacterial properties is of great importance for
bone tissue-engineered scaffolds. Several drug delivery
approaches have been successfully investigated to fabri-
cate bioactive platforms to tackle this issue. For example,
Paris et al. fabricated a porous composite scaffold contain-
ing agarose, hydroxycarbonate apatite, and mesoporous
silica. It was shown that both the loaded scaffolds and the
mesoporous silica nanoparticles with an antibiotic drug
had rapid and prolonged antibacterial effects. Besides, this
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scaffold could provide an adequate antibiotic effect at the
initial state to kill bacteria as well as a sustained release
over a longer period, which was shown to be effective
against Staphylococcus aureus [36].

Surface modification of scaffolds has shown to be prom-
ising as it opens many possibilities for further modification
of 'scaffolds' properties. Among others, plasma treatment
has several advantages over more traditional wet chemical
modification, such as high efficiency, less toxicity, and the
production of less chemical waste, leading to a greener and
more sustainable procedure [37, 38]. One of the most power-
ful techniques developed by our team [39—42] is the deposi-
tion of a plasma-polymerized coating to introduce functional
groups on the scaffolds to promote bioactive properties
(e.g., cell adhesion) or enable biomolecule immobilization
[43, 44]. Plasma-polymerized thin film coatings have been
shown to induce high-density and stable functional groups
that are more effective than conventional plasma treatment/
modification techniques. For example, Savoji et al. coated
poly(ethylene terephthalate) (PET) nanofibers with nitro-
gen-rich plasma polymerized coating and compared human
umbilical vein endothelial cells (HUVEC) adhesion and
growth on plasma-coated and non-coated scaffolds [45]. It
was observed that plasma coating has significantly improved
cell adhesion and growth on the nanofibrous scaffolds. Many
studies have also used oxygen-rich plasma coatings to
improve polymers' hydrophilicity and surface functionality
[39-42, 46]. The oxygen-rich plasma polymerized coatings
can be applied to functionalize the scaffolds' surfaces by
depositing a thin film containing carboxy groups (-COOH),
which can later be used for further grafting [47, 48]. Boesp-
flug et al. reported an oxygen-rich plasma polymerized coat-
ing that also supported HUVEC adhesion and growth [49].

In the current study, we developed a bioactive antibacte-
rial 3D printed scaffold using PCL and different concentra-
tions of ES biowaste powder to show the potential of this
composite for bone tissue engineering. A highly efficient
plasma polymerization technique was employed on the scaf-
folds to further activate their surface and enable the graft-
ing of an antibacterial biomolecule (i.e., gentamicin sulfate
(Gent)). Gent was grafted on plasma-polymerized coated
scaffolds. Different characterization techniques were used
to evaluate the physicochemical properties of the composite
scaffolds containing various ES concentrations. Moreover,
the effect of plasma polymerization on Gent grafting was
investigated. Finally, the scaffolds' biocompatibility was
evaluated using somatic fibroblast cells and mesenchymal
stem/stromal cells. The obtained results showed the suc-
cess of 3D printing and surface bioactivation, along with
the potency of the differentiation of the cells cultured on
the scaffolds toward osteoblasts, confirming the possibil-
ity of using these scaffolds for bone tissue engineering
applications.

2 Materials and Methods
2.1 Materials

PCL (Mn=280,000), chloroform, 1-Ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC), N-Hydroxysuccinim-
ide (NHS), and gentamicin sulfate (Gent) were purchased
from Sigma-Aldrich, USA. Ostrich eggs were bought from
a local ostrich farm in Quebec, Canada. Human bone mar-
row-derived mesenchymal stem/stromal cells (hBMSCs),
and RoosterNourish™-MSC media were obtained from
RoosterBio, USA. Dulbecco's Modified Eagle Medium-
F12 (DMEM-F12), fetal bovine serum (FBS), Penicil-
lin—Streptomycin (pen/strep), and StemPro™ Osteogenesis
Differentiation Kit (ODM) were all acquired from Gibco
(ThermoFisher Scientific, USA). LIVE/DEAD™ Viability/
Cytotoxicity Kit was obtained from Invitrogen, USA.

2.2 Composite Preparation

Fresh ostrich eggs were cracked to remove the egg white and
yolk. The shells were then washed thoroughly with excess
distilled water, the eggshell membrane was peeled off, and
the ESs were rewashed with excess distilled water. Follow-
ing drying, ESs were ground using a ball mill (8000 M,
Spex). The morphology of the ES powder was investigated
using field emission scanning electron microscopy (FE-
SEM, JSM-7600 TFE, JEOL, Japan).

To prepare the PCL/ES composites, PCL with 10, 20,
and 30 wt.% of ES powder were dissolved in chloroform
using a magnetic stirrer. Subsequently, the solutions were
sonicated using an ultrasound machine for 1 h to disperse the
particles. Solutions were then poured into glass Petri dishes
and put under a vacuum for two days to ensure complete
solvent removal.

2.3 3D Printing and Printability Assessment

Composite sheets of PCL/ES were loaded into a thermo-
plastic printhead of BIO X6 bioprinter (CELLINK, USA)
to print the scaffolds. The effect of temperature was inves-
tigated on the printing fidelity by printing the scaffolds at
various temperatures and measuring the quality of the 3D
printed constructs using a stereo microscope (M205, Leica
Microsystems, Canada). The mean fiber diameter + stand-
ard deviation (SD) was calculated by analyzing 20 different
fibers with ImageJ software (National Institutes of Health).
Based on these preliminary examinations, appropriate
printing parameters were chosen to be: printing pressure:
600 kPa, printing speed: 2 mm/s, printing temperature:
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180 °C. Finally, printed scaffolds were collected and kept in
a dry place for further experiments.

2.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to investigate the chemical composition of
the scaffolds. The attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) apparatus (Spectrum 65, Perkin
Elmer, USA) recorded transmittance of the samples in the
range of 600 — 4,000 cm™! with 2 cm™! resolution and a total
number of 32 scans.

2.5 Thermogravimetric Analysis (TGA)

To investigate the thermal stability of composites for print-
ing, TGA was performed using a Q500 (TA instruments,
USA) under a dry nitrogen atmosphere from room tempera-
ture to 800 °C, with a heating rate of 10 °C/min.

2.6 Differential Scanning Calorimetry (DSC)

DSC curves were obtained through a cycle of heating, cool-
ing, and heating the samples from —90 to 200 °C, with a
10 °C/min temperature change rate. For this purpose, around
5 mg of samples were weighed, filled into hermetic pans,
and loaded into the Q2000 (TA instruments, USA) machine.
Tests were performed under nitrogen gas.

2.7 X-ray Diffractometry (XRD)

XRD analysis was conducted to confirm the presence of ES
particles within the 3D printed constructs. Samples were
prepared based on manufacturer protocols to be tested by
the D8 advance apparatus (Bruker, Germany).

2.8 Scanning Electron Microscopy (SEM)

SEM imaging was implemented to investigate 'scaffolds'’
surface morphology, fiber—fiber interaction, 'fiber's internal
morphology, and ES distribution using a benchtop SEM
machine (TM3030Plus, Hitachi, Japan). Before imaging,
samples were coated with chromium using a Q150R-ES
(Quorum Technologies, England) sputter coater. In addition,
further ES distribution in printed filaments was investigated
through elemental mapping analyzed by a dispersive X-ray
(EDX) approach.

2.9 Mechanical Characterization
The effect of different ES contents on the mechanical behav-
ior of the 3D printed scaffolds has been investigated by MTS

Insight Electromechanical Testing Machine (MTS Systems
Corporation, USA). Unconfined compression tests were
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performed on the samples (n=6) by compressing 3D printed
cylindrical scaffolds (1 cm diameter, 5 mm height, and
25% infill density) at a rate of 0.5 mm/min [50]. Obtained
stress—strain data was then used to calculate compression
modulus in the linear region.

2.10 Plasma Polymerization

Plasma polymerization on PCL/ES10 3D printed scaffolds
was carried out in a capacitively-coupled (13.56 MHz,
ENI) radio-frequency (r.f.) glow discharge plasma reactor
(Fig. 1). The plasma was created in a cylindrical aluminum/
steel vacuum chamber, approximately 20 cm in diameter and
20 cm high; this system was already illustrated earlier, so we
will refer the reader to these works [40]. A turbo-molecular
pump, backed by a two-stage rotary vane pump, was used
to evacuate the chamber to a base pressure of < 10~ Pa.
Flows of high-purity feed gas were then admitted into the
chamber using electronic flow meter/controllers (Vacuum
General Inc.) and a ""shower head"" gas distributor (10 cm
in diameter). Plasma was generated under mild conditions,
with applied r.f. power p=10 W (resulting in a negative
d.c. bias voltage, Vz = —40 V), and at an operating pressure
p =280 Pa, maintained constant by a butterfly throttle valve,
in combination with a capacitive pressure gauge (Baratron,
MKS Instruments). Reagent gas mixture was used as fol-
lows: ethylene (C,H,) was combined with molecular oxygen
diluted in argon (10% O,+90% Ar) to obtain low-pressure
plasma-polymerized (L-PP) thin coatings containing oxy-
gen. The flow rate of C,H, (F,y4) Was kept constant at 20
standard cubic centimeters per minute (sccm), while the
other reagent gas flow could be varied; the gas flow ratio R
(Fos/ Feopa) in this case was 0.15. Note that O, was diluted
in argon to minimize the occurrence of competing ablation
(etching) by atomic oxygen. Based on our earlier work, the

“Shower head”
gasdistribution
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Powered Electrode

RF Power@ Pressure

Source / Meter/Controller|

(13.56 MHz)
Baratron

PressureGauge

Fig. 1 Schematic views of the low-pressure capacitively-coupled r.f.
reactor, used for depositing oxygen-rich thin organic thin. Repro-
duced with permission from Ref?’
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above-cited R-value resulted in coatings with maximum het-
ero-atom content and low solubility in water or cell culture
medium. The plasma-assisted polymerization was continued
for 10 min, resulting in a roughly 100 nm thick coating [39,
41, 42]. After the reaction was terminated, surface-coated
3D printed scaffolds were retrieved and used immediately
for further experiments.

2.11 Gentamicin Grafting

After plasma polymerization, Gent, as a model bioactive
agent, was grafted on the surface of the 3D printed plasma-
polymerized constructs using EDC/NHS chemistry (hereaf-
ter referred to as Gent-grafted PCL/ES10) [51]. The surface
bioactivation and Gent grafting were done in two steps. First,
plasma-polymerized constructs were soaked in an aqueous
solution of EDC (3 mM) and NHS (7.5 mM) for 15 min.
Subsequently, they were washed with distilled water and
merged into a 40 mg/mL solution of Gent (in phosphate
buffer saline (PBS)) for 2 h at room temperature. After-
ward, samples were rewashed with distilled water, dried,
and stored in a dry environment for further use.

2.12 X-Ray Photoelectron Spectroscopy (XPS)

Surface characterization of plasma-polymerized and plasma-
polymerized Gent grafted scaffolds was evaluated by VG
Escalab 250Xi (ThermoFisher Scientific, USA) using mono-
chromatic Al Ka as the radiation source. A 900 um diameter
in a depth of < 10 nm was scanned for the analysis. Spectra
were recorded at zero-degree takeoff angle. Data analysis
and quantification were completed using Avantage v4.12
software (Thermo Electron Corporation) through peak area
integration, after Shirley-type background subtraction, and
using sensitivity factors from the Wagner table.

2.13 Contact Angle Measurement

The change in surface hydrophilicity was evaluated using
water contact angle (WCA) measurement using a sessile
drop method (Dataphysics OCA20). Water droplets of 4
puL were placed on the surface of the 3D printed scaffolds,
and the static contact angles were measured using obtained
images.

2.14 Antibacterial Activity

The antibacterial activity of Gent-grafted composites was
tested against the gram-negative bacteria Pseudomonas aer-
uginosa (P. aeruginosa) based on standard ASTM E2149-
20 with slight modifications. Briefly, bacteria were inoc-
ulated overnight in LB agar (Liquid inoculum). 50 mg of
scaffolds were weighed and incubated in 5 ml of bacterial

solution (~1x 10® CFU/mL) in PBS. Samples were then put
in a shaker incubator set at 37 °C with a shaking rate of
170 rpm. At specified intervals, a certain amount of bacte-
rial suspension was retrieved, diluted, and used for standard
plate counting. Bacterial suspensions without the scaffolds
were used as control.

2.15 Biocompatibility and Cell Proliferation
Assessment

The cytotoxicity of Gent-grafted 3D printed scaffolds was
investigated through the culture of 3T3 mouse fibroblast
cells on the scaffolds. In brief, 3T3 cells were passaged
using a complete medium (DMEM-F12 containing 10%
FBS and 1% pen/strep) until reaching ~80% confluency.
Subsequently, cells were detached from the 'flask’s surface
using trypsin—EDTA and counted. Scaffolds were ultraviolet
(UV) sterilized for 30 min on each side. 1x 10° cells were
cultured on the scaffolds and incubated for 2 h in 12 well
plates. Afterwards, scaffolds were transferred into new plates
and cultured with the complete medium for 23 days in an
incubator set at 37 °C with 5% CO,.

At specific time points, samples were removed from the
incubator and stained with live/dead stains per the 'manu-
facturer's protocol. This was achieved by incubating scaf-
folds in 1 mL of live/dead solution for 30 min. The scaffolds
were then rinsed with Dulbecco's phosphate-buffered saline
(DPBS) and were used for imaging using a confocal micro-
scope (TCS SP8-DLS, Leica Microsystems).

2.16 Stem/Stromal Cell Culture and Differentiation

hBMSCs were passaged on cell culture flasks using specific
complete media (RoosterNourish, Rooster Bio, USA), simi-
lar to the previous section. After counting, 2x 10> hBMSCs
were incubated on the scaffolds in the complete media for
4 days. To induce cell differentiation, scaffolds were incu-
bated for 21 days in the ODM. The ODM was changed every
3 days. At the end of the differentiation period, the samples
were used for alizarin red S staining, reverse transcription-
polymerase chain reaction (RT-PCR) analysis, and fluores-
cent imaging.

2.16.1 Alizarin Red Staining

After the culture of hBMSCs in ODM for 21 days, the extent
of mineralization was evaluated using alizarin red S stain-
ing. Following the culture, cells were washed with DPBS
and fixed using a 4% paraformaldehyde solution for 30 min.
Subsequently, cells were washed twice with distilled water
and stained with 2% alizarin red S solution for around 2 min.
After staining, the samples were rinsed and imaged with a
stereo microscope (Leica M205).
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2.16.2 RNA Isolation and Quantitative Reverse
Transcription-Polymerase Chain Reaction (RT-qPCR)

RNA was isolated with the ReliaPrep RNA Miniprep kit
(Promega Z6111) per the manufacturer's protocol and quan-
tified on a Thermo Scientific NanoDrop spectrophotometer.
500 ng RNA was used to generate cDNA with Superscript
IV reverse transcriptase (Thermo Scientific 18,090,010) and
random hexamers (Thermo Scientific N8080127). Quantita-
tive PCR was performed as technical triplicates with SYBR
Green (Roche Fast Start, Millipore Sigma 4,913,850,001) on
a BioRad CFX real-time PCR system. Data were analyzed
with BioRad CFX Maestro. PCR products were checked for
specificity via melt-curve and gel electrophoresis analyses.
PCR primers were designed with the NCBI Primer-BLAST
tool. Primer specifics can be found in Supplementary
Table 1. Baseline thresholds were set in the exponential
phase for each gene, and the resulting Ct values were used
to calculate the 274 for each gene versus the reference
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.16.3 Fluorescent Staining

The cytoskeletal structure of cells at the end of the differen-
tiation process was investigated using Phallodin-iFlour 594
(Abcam, USA) and 4',6-diamidino-2-phenylindole dihydro-
chloride (DAPI, Invitrogen) staining. After removing the
scaffolds from the media, they were washed with DPBS and

Fig.2 Physicochemical charac-
terization of composite PCL/ES
scaffolds: (a) FTIR spectra, (b) Es
TGA analysis, (¢) DSC, and (d)
XRD spectra of PCL, ES, and
PCL/ES composite scaffolds
with different concentrations of
ES. Arrows in panel b show the
start point of the decomposition
stages
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fixed with 4% paraformaldehyde. Later, 0.1% Triton X-100
was used to permeabilize the cells, and phalloidin solution
was introduced and incubated for 70 min. DAPI staining was
also done similarly based on the 'manufacturer's protocol.
Finally, the scaffolds were rinsed and imaged using a TCS
SP8-DLS confocal microscope.

2.17 Statistical Analysis

Analysis of variance (ANOVA) tests were applied to the
obtained data to determine statistical significance. All the
analyses were performed in triplicate experiments (unless
otherwise indicated) and mean + SD was reported. P val-
ues under 0.05 have been considered statistically significant
(*p<0.05, **p<0.01, ***p <0.001, and ****p <0.0001).

3 Results and Discussion
3.1 Composite Scaffold Characterization

Figure 2a shows the FTIR spectra of pure PCL, ES, and
PCL/ES composite scaffolds at different ES concentra-
tions. The typical characteristic peaks of PCL at 1166
(symmetric C — O — C stretching) and 1725 (C = O stretch-
ing) cm~! were observed [52, 53]. ES, mainly composed
of calcium carbonate (CaCO;), showed 3 characteristic
peaks at 713, 874, and 1409 cm™! corresponding to C — O
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bands [32, 54]. As expected, PCL/ES composite scaf-
folds showed all the characteristic peaks of both PCL and
ES, with a slight shift C—O—C stretching from 1166 to
1177 cm™! due to PCL chains interaction with ES [52].

The thermal properties of composite scaffolds and pure
compounds were also investigated using TGA analysis
(Fig. 2b). The thermal stability of the materials and com-
posites was of specific importance in this work since the
3D printing process was conducted at elevated tempera-
tures. Consequently, it was critically important to ensure
the materials did not show any signs of degradation at
the selected printing temperature. The results showed
that ES was thermally stable up to temperatures around
600 °C. Above this temperature, ES started to decompose,
losing a total weight of 43% up to 726 °C. Further tem-
perature increases up to 800 °C did not affect the ES, and
no additional weight loss was observed. The ES weight
loss from 600 to 726 °C was due to the decomposition of
CaCQ; into calcium oxide (CaO) and CO, in which CaO
remained as a solid, and CO, was released in the air as
a gas [54]. Recorded data for PCL also showed that the
polymer was stable to around 300 °C, then went through
a sharp decrease in weight, and finally fully decomposed
at 378 °C. PCL/ES10, PCL/ES20, and PCL/ES30 showed
a sharp decrease in weight (88.86, 75.92, and 65.40%,
respectively) starting from around 250 °C, that was fol-
lowed by a second less steep decrease in weight (2.63,
3.14, and 5.65%, respectively) at 434 °C. These weight-
loss regions could be related to PCL decomposition as the
combined weight loss of the first and second regions was
equivalent to the PCL content of the scaffolds. The reason
for the formation of the two regions was most probably
due to the presence of ES. Besides, the PCL/ES composite
scaffolds showed lower onset decomposition temperatures
than pristine PCL. Previous studies have shown that the
nature of CaCO;, the main component of ES, could act as a
catalyst to depolymerize the ester bonds of polyesters [55,
56]. The subsequent weight loss was observed at 600 °C
due to the decomposition of ES. Overall, all the composite
scaffolds were shown to be thermally stable at the printing
temperature, showing that no thermal degradation occurs
during printing.

The DSC analysis of PCL and composite scaffolds
showed an endothermic melting point at 56.88 °C during
the second heating cycle and an exothermic crystallization
peak during the cooling cycle at 28.55 °C. The obtained
results showed that the addition of ES did not change PCL's
melting point or crystallization temperature. Moreover, the
degree of crystallinity was calculated to be 45.3% which is
in agreement with previous reports [57]. Incorporation of ES
resulted in no significant change in the crystallinity as for
PCL/ES10, PCL/ES20, and PCL/ES30 the crystallinity was
calculated to be 46.2, 48.9, and 44.9, respectively.

Further investigation on the presence and incorporation of
ES into PCL was conducted using XRD (Fig. 2d). XRD anal-
ysis of ES powder showed a sharp peak at 20=29.45°and
several other smaller peaks at 20=36.1°, 39.54°, 43.59°,
48.65°, and 48.66°), proving that ES was mainly composed
of CaCO; [58]. PCL is a biodegradable polyester that is
known to have a semi-crystalline structure. The XRD dif-
fraction pattern of PCL also showed the two characteristic
crystalline peaks at 20 =21.73° and 24.09° relating to the
(110) and (200) planes of the orthorhombic crystal struc-
tures, respectively [59]. PCL/ES composite scaffolds showed
both characteristic peaks of PCL and ES; however, the inten-
sity of PCL crystalline peaks decreased as the concentration
of the PCL decreased.

3.2 3D Printing

To find the suitable conditions for 3D printing of PCL/
ES scaffolds and the printing window, a series of prelimi-
nary printing studies on PCL and PCL/ES were performed.
Figure 3 summarizes the results related to the adjustment
of printing temperature. A printing temperature range of
140 to 190 °C was investigated, far below the set point of
decomposition obtained by TGA analysis. It was observed
that increasing the printing temperature from 140 to 180 °C
improved the quality of printing (Fig. 3). More increase in
printing temperature to 190 °C resulted in a significant devia-
tion between the printed filament and nozzle diameter and
reduced printing fidelity. The fiber diameter was shown to be
larger by increasing the temperature due to the PC Lmelt's
viscous behavior at higher temperatures [60]. Higher tem-
perature leads to lower viscosity; thus, the molten polymer's
flow rate increases, which means more materials are extruded
at a constant printing pressure [61]. Furthermore, the effect
of printing temperature on the printability of PCL/ES20 has
also been investigated. The results showed that the PCL/ES20
composite scaffolds had lower fiber diameters at particular
temperatures compared to pure PCL scaffolds. This was due
to the addition of ES particles, which increased the viscosity
and elastic behavior of the polymer melt, as had already been
shown by previous studies [62, 63]. This phenomenon makes
the flow of the polymer melt more difficult. As a result, less
material could be extruded from the nozzle, and fiber diam-
eter was decreased. It could be seen that the addition of 20%
ES improves the quality of the printed structure. Overall,
the results showed that 180 °C was also suitable for printing
PCL/ES composite scaffolds; thus, 180 °C was chosen as an
optimum printing temperature for further printing.

3.3 SEM and EDX Elemental Mapping

SEM images and EDX elemental mapping were performed
to study the morphology of the printed scaffolds. For bare
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Fig. 3 Evaluating the print-
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PCL, the images obtained revealed a smooth surface for the
filaments and adhesion between layers (Fig. 4 and Figure S1
Supporting Information). The SEM images also showed that
the surface morphology of PCL/ES composite scaffolds
remained relatively smooth, up to 20% ES. Nonetheless, the
incorporation of 30% ES into the composite significantly
altered the surface morphology. 3D printed PCL/ES30 scaf-
folds showed higher surface roughness with a rough, irregu-
larly shaped filament surface. On the other hand, inter-layer
adhesion of filaments seemed to be still present in all PCL/
ES scaffolds, assuring the possibility of printing multi-layer
constructs (Figure S1 Supporting Information).

Moreover, surface and cross-sectional EDX elemental
mappings were recorded to further investigate ES particle
dispersion within printed constructs (Figure S2 Supporting
Information). Low magnification surface mappings showed
the presence of ES particles all over the constructs. How-
ever, higher magnifications showed the existence of large
agglomerates of ES particles in PCL/ES20 and PCL/ES30.
These observations could be expected since particles tend
to agglomerate to reduce their surface energy, and higher
concentrations of particles facilitate this phenomenon [62,
64]. This higher incidence of particle agglomeration and its
effects on flow behavior could be a reason for the observed
rough and irregular surface of PCL/ES30 scaffolds.

3.4 Mechanical Analysis
The mechanical properties of the scaffolds have been stud-
ied. The obtained results showed that 3D printed pure PCL

scaffolds had a compressive modulus of 19.7+4.1 MPa.
The addition of 10% ES slightly increased the modulus
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to 20.1+1.16 MPa for PCL/ES10 scaffolds. On the other
hand, 20 and 30% of ES reduced the modulus of PCL/ES20
and PCL/ES30 scaffolds to 16.0+2.5 and 16.1 +5.7 MPa,
respectively (Fig. 4e and Figure S3 Supporting Informa-
tion). The addition of more than 20% ES was shown to
affect the compressive modulus of the scaffolds adversely.
However, regardless of ES concentration, none of the
samples revealed any signs of macroscopic crack or break
during the tests up to 90% compressive strains (Fig-
ure S3 Supporting Information). As was shown in EDX
results (Figure S2 Supporting Information), an increase in
ES concentration led to the formation of agglomerates. The
presence of agglomerates acts as defect points, resulting
in lower mechanical properties [65]. Natural human bones
can be generally categorized into cortical and cancellous
bones. Cortical bones are dense and hard, while cancellous
bones are spongy and porous. Due to their different inter-
nal structure and functions, these types of bones possess
different mechanical properties. The compressive modulus
of cortical bones ranges from 100 to 200 MPa, while this
is between 2 to 20 MPa for cancellous bones [66]. The
compressive modulus of the fabricated composite scaffolds
was in the range of cancellous bone, showing their potential
application for cancellous bone regeneration. Notably, the
obtained compressive modulus was influenced by the infill
percentage of the printing design (25%). Previous studies
have also shown that increasing the infill percentage could
significantly improve compressive modulus [67, 68]. Since
PCL/ES20 and PCL/ES30 scaffolds showed increased sur-
face irregularities, agglomeration of ES within their struc-
ture, and reduced mechanical properties, PCL/ES10 was
selected for subsequent tests.
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Fig.4 Evaluation of the surface morphology and mechanical prop-
erties of the 3D printed scaffolds. SEM images showing the surface
morphology of (a) PCL, (b) PCL/ES10, (¢) PCL/ES20, and (d) PCL/
ES30 scaffolds at i) 40x and ii) 300 X magnifications. (e¢) Compres-

3.5 Plasma Polymerization and Gent Grafting

Plasma polymerization is a well-established green and sustain-
able procedure for promoting the bioactivity of scaffold and
implant surfaces. It is possible to introduce various functional
groups on the surface of a material that could alter the sur-
face properties, such as hydrophilicity, or be used for further
modifications (e.g., growth factor and biomolecule grafting
and immobilization). Table 1 summarizes the atomic concen-
trations of elements recorded from the XPS of oxygen-rich
plasma-polymer coated PCL/ES10 and subsequent Gent-
grafted PCL/ES10 scaffold. As expected, the former (coated)

sive modulus of the pristine and composite scaffolds containing dif-
ferent amounts of ES. Statistical analysis showed no significant differ-
ence among the groups (P> 0.5)

PCL/ES10 scaffold showed only the presence of carbon and
oxygen [69]. After Gent grafting, XPS results showed the pres-
ence of nitrogen and sulfur, which were attributed to the pres-
ence of the gentamicin sulfate on the surface of scaffolds, con-
firming that the grafting of Gent took place on the scaffolds.
Further detailed surface chemistry analysis was achieved
through high-resolution XPS (Fig. 5). For the plasma-polymer-
ized PCL/ES10 scaffolds, the C1s and O1s spectra were fitted
with C — C (peak binding energy (BE)=285), C — O (peak
BE=286.5), and C=0 (peak BE=532.2). In addition, the
N1s spectra for this scaffold did not show any peak, reconfirm-
ing the absence of any nitrogen-related bonds. On the other

Table 1 Summary of elemental
analysis of samples obtained

by XPS

Sample [C] (%at.) [O] (%at.) [N] (%at.) [S] (%at.)
Plasma-polymerized PCL/ES10 71.1 28.9 0 0
Gent-grafted PCL/ES10 61.9 293 6.8 2.0
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Fig.5 Analysis of plasma polymerization on the surface of the 3D printed scaffolds. High-resolution XPS spectra (Cls, Ols, and N1s) for (a)

plasma-polymerized PCL/ES10 and (b) Gent-grafted PCL/ES10

hand, the surface grafting of Gent on the plasma-polymerized
PCL/ES10 scaffolds led to the presence of nitrogen-associated
peaks, along with other peaks related to oxygen plasma polym-
erization in the high-resolution XPS spectra (Fig. 5b). More
specifically, the N1s spectra showed peaks of C — N (peak
BE=399.6) and NH,* (peak BE=401.7), confirming Gent's
presence and grafting on the scaffolds. The obtained results are
in agreement with previous works in which Gent was grafted
to the surface of scaffolds [51, 70].

The contact angle measurement of the plasma-polym-
erized and pristine scaffolds showed a significant increase
in surface hydrophilicity. The water contact angle of non-
coated PCL scaffolds was 93.1+2.7 deg. (Figure S4 Sup-
porting Information). However, after plasma-polymeri-
zation, the surface hydrophilicity significantly increased,
making it impossible to measure the actual contact angle
(Figure S5 Supporting Information).

3.6 Antibacterial Properties

Substantial antibacterial properties are crucial for successful
implantation after surgery due to the high risk of bacterial
infection [34]. Recent studies showed that P. aeruginosa
is responsible for almost 14% of total infections related to
open fractures [71]. Moreover, infection with P. aeruginosa
is one of the most difficult infections to treat due to its vari-
ous resisting mechanisms against antibacterial agents [72].
Among several available antibiotics, Gent showed good
effectiveness against P. aeruginosa [73]. Gent activity

@ Springer

stems from its irreversible binding to 30 s ribosomal subu-
nits, inhibiting the production of bacteria protein [74]. As a
result, we chose P. aeruginosa and Gent as a model system
to show the effectiveness of our antibacterial surface treat-
ment. Figure 6a shows the result of the antibacterial study.
The Gent-grafted PCL/ES10 scaffolds were shown to have
significant antibacterial properties against P. aeruginosa.
Around 80% reduction was observed 1 h after incubation,
which increased to 99.94% after 24 h. This result further
confirmed the success of surface activation and the graft-
ing of Gent to the scaffolds. Consequently, these composite
scaffolds could effectively be implanted without the risk of
bacterial infection.

3.7 Cell Cytotoxicity and Proliferation

Cell cytotoxicity assay was performed by live/dead stain-
ing at days 10, 14, and 23 after culture on Gent-grafted
PCL/ES10 scaffolds. The cell viability is calculated
by counting live and dead cells using ImageJ software
(Fig. 6b). The results showed 90.9 +5.0, 92.8 +£2.7, and
93.1+6.0% viability at days 10, 14, and 23, respectively.
This showed that the 3D printed composite scaffolds were
not toxic to cells. Also, Gent grafting did not adversely
affect cell survival. Moreover, the confocal microscopy
images of the cultured scaffolds showed that fibroblast
cells preserved their natural spindle-like shape morphol-
ogy, showing that the bioactive scaffolds improved cell
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adhesion and growth. The cells covered the surface of the
scaffold by day 10. On day 14, the cells started bridging
between filaments to fill the pores, as seen at the corner of
the pores (Fig. 6¢). On day 23, the bridging was more evi-
dent; fibroblasts significantly filled the voids and changed
the pore shape from square-like to circular. Further z-stack
images in 3D showed that cells kept their phenotype and
proliferation potentials (Video S1-4, Supporting Informa-
tion). These observations could be attributed to changes
imposed on the scaffolds through plasma polymerization
and Gent grafting. As shown with XPS results, plasma
polymerization and Gent grafting introduce different func-
tional groups, such as hydroxyl, carboxyl, and amines, to
the surface of the scaffolds. These groups can promote sur-
face properties, affecting hydrophilicity, protein adsorp-
tion, and cell-scaffold interaction. Consequently, they
could enhance cell binding to the surface of the scaffolds
and support prolonged cell viability and proliferation on
the substrates [45, 75]. Overall, these results showed that
the Gent-grafted PCL/ES10 scaffolds are biocompatible.

Day 10

3.8 Stem/Stromal Cell Differentiation

Following the cytotoxicity assessment and the confirmation
of biocompatibility of the Gent-grafted PCL/ES10 scaffolds
with fibroblast cells, the potential of 3D printed scaffolds
for bone tissue engineering applications was assessed by
culturing hBMSCs on Gent-grafted PCL/ES10 scaffolds and
differentiating them toward osteoblasts using ODM.
Figure 7 shows the obtained RT-qPCR data for the
expression of osteogenic genes, namely runt-related tran-
scription factor 2 (RUNX?2), alkaline phosphatase (ALP),
and osteocalcin (OCN), among tested groups. The expres-
sion of RUNX2 and OCN was upregulated in groups
exposed to ODM for 21 days. In 2D cultures, exposure to
ODM resulted in a 5.6-fold increase in OCN and a 7.8-fold
increase in RUNX2 expression in hBMSCs + ODM com-
pared to hBMSCs + CM group. On the other hand, in 3D cul-
tures, comparing Gent-grafted PCL/ES10 samples + ODM
(N=3) with Gent-grafted PCL/ES10+ CM, a 22.6-fold
and 5.3-fold increase in OCN and RUNX?2 was observed in
the former group. RUNX?2 is one of the main transcription
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Fig.7 Osteogenic differentia-
tion of the hBMSCs cultured
on the scaffolds. RT-qPCR
analysis for gene expression of
(a) RUNX2, (b) OCN, and (c)
ALP. (d) Alizarin red S staining
for (i) hBMSCs cultured in

2D in complete media (CM),
(ii) hBMSCs cultured in 2D

in ODM, and (iii) hBMSCs
cultured in 3D in ODM for

21 days. (e) Immunofluorescent
staining of phalloidin (red)

and DAPI (blue) of hBMSCs
cultured on Gent-grafted PCL/
ES10 after 21 days in ODM

@ Springer

b) OCN C) ALP

RUNX2
400y Ssse soee 0.03

' .« o 0.00107 3=
g:gi i . 0-021 L . o.ooosl I

5 G 0.01 < 0.0001

g oz g oo g 0.000 !

SO St ddiototet
2o SN T A EA S0P 2 A AD A0 B2 2 A AD AS
SR R NN O NN
RN A RN RN RSt
RS 1P e % ae® ae® A INCINS

RS 2 P SN

ra
. ’gj




Advanced Composites and Hybrid Materials (2024) 7:131

Page130f 16 131

factors influencing and regulating osteogenic differentiation
toward osteoblasts, osteoclasts, and osteocytes [76]. Besides,
OCN is considered the marker representing a fully differ-
entiated osteoblast [77]. The higher fold change of OCN in
3D culture may signify a higher differentiation efficiency.
Interestingly, the ALP expression was significantly lower
in all the groups, with the highest expression in 2D culture
in growth media (i.e., hBMSCs+CM). ALP is known as an
early osteogenic differentiation marker [78]. Previous studies
have shown the expression of ALP at the early stages of the
differentiation and its downregulation in later time points
[79]. Moreover, the upregulation of certain genes like OCN
could reduce ALP expression [80]. These results show that
exposure to ODM could significantly enhance the osteogenic
differentiation of hBMSCs. Besides, a comparison of 2D
and 3D cultures showed a reduction in gene expression of
all tested genes in 3D cultures. This could be attributed to
a change from 2 to 3D culture as well as to the lower stiff-
ness of the scaffolds compared to tissue culture plates. It
is well-known that higher stiffness supports osteogenic dif-
ferentiation [81].

We also investigated the in vitro mineralization using
Alizarin Red S staining (Fig. 7). Alizarin Red S staining is
used to visualize the deposition of calcium and mineraliza-
tion of the ECM to represent the later stage of osteogenic
differentiation [82]. Secreted mineral crystals are stained
red using this technique. hBMSCs cultured in growth media
showed no signs of mineral nodule formation, revealing lim-
ited signs of osteogenic differentiation. On the other hand,
abundant mineralization is observed for both 2D and 3D
cultures in ODM. An increase in the intensity of red spots
was observed in 3D culture compared to 2D, suggesting
upregulated mineralization in 3D. In addition, red spots were
present both on the surface of the printed filaments and on
the pores covered with cells, which further confirmed the
successful differentiation of hBMSCs on Gent-grafted PCL/
ES10 scaffolds.

Finally, the adhesion of hBMSCs to the PCL/ES10 scaf-
folds and cell phenotype was evaluated by visualizing fila-
mentous actin (F-actin) through phalloidin staining. F-actin
staining can be leveraged to show the cytoskeleton organi-
zation [83]. hMSCs could not only adhere and proliferate
on the surface of the printed scaffolds but also bridge the
gaps (pores made by mesh printing) and form a confluent
layer to fill the pores (Fig. 7). More interestingly, a z-stack
using confocal microscopy showed that cells could grow in
3D and fill the gaps at various levels (Video S5, Supporting
Information). Moreover, cells showed signs of alignments
toward filament orientation at the borders of the filament and
pores. This observation suggested that the microstructure of
the printed scaffold could influence cell orientation and be
leveraged in our future studies to induce anisotropy of ECM
depiction inside the printed tissue-engineered scaffold.

4 Conclusions

We reported that 3D printing using ES powder and PCL
was a promising technique for creating tissue-engineered
scaffolds for bone regeneration. Our results suggested that
ES incorporation into PCL can significantly alter the sur-
face topography of the 3D printed scaffolds. Besides, the
incorporation of around 30% of ES resulted in agglomera-
tions of the particles during the printing. On the other hand,
the mechanical properties were not affected significantly
by ES incorporation (10-30 wt.%), and the compressive
modulus for the scaffolds was between 16 and 20.1 MPa.
The scaffold's bioactivity was significantly improved using
plasma polymerization to modify the surface and grafting
gentamicin. Upon plasma polymerization, surface hydrophi-
licity was enhanced drastically, changing the water contact
angle from 93.1° to zero. The scaffold also exhibited excel-
lent biocompatibility with cell viability over 90%. Besides,
scaffolds supported cell adhesion, proliferation, and osteo-
blast differentiation, indicating its potential application for
bone tissue engineering. Overall, the results suggested that
the 3D printed scaffold has shown great potential in the
field of bone tissue engineering and could be a significant
step toward developing effective treatments for bone regen-
eration. Further in vivo evaluations are necessary to have a
more comprehensive conclusion on the effectiveness of the
fabricated scaffolds for bone regeneration. Thus, in continu-
ation of this research, we are planning to perform animal
studies using rat models of critically-sized bone defects.
The in vivo evaluations can provide us with a more in-depth
understanding of the behavior of these composite scaffolds
in a physiologically relevant environment.
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