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HIGHLIGHTS

« The increase of the polymeric
molecular weight decreased
hydrophilicity, surface hardness,
mechanical properties, and
crystallinity.

« No significant crystallinity changes
were observed during the
degradation process.

« Fiber diameter, porosity, and mass
loss linearly decreased with the
degradation time, while compressive
modulus and strength decreased non-
linearly.

« Enhanced in vitro hADSC proliferation
and osteogenic differentiation were
observed on lower molecular weight
PCL scaffolds.
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ABSTRACT

Polycaprolactone (PCL) is one of the most recognized polymeric materials used for bone tissue engineer-
ing scaffold fabrication. This study aims to evaluate the effects of the molecular weight (Mn) of PCL on the
degradation kinematics, surface, microstructural, thermal, mechanical, and biological properties of 3D
printed bone scaffolds. Surface properties were investigated considering water-in-air contact angle and
nanoindentation tests, while morphological characteristics and degradation kinematics (accelerated
degradation tests) were examined using scanning electron microscopy (SEM), pairing with thermal
and mechanical properties monitored at each considered time point. A set of mathematical equations
describing the variation of fiber diameter, porosity, mechanical properties, and weight, as a function of
molecular weight and degradation time, were obtained based on the experimental results. Human
adipose-derived stem cells (hADSCs) proliferation and differentiation tests were also conducted using
in vitro colorimetric assay. All results indicated that molecular weight had impacts on the surface,
mechanical and biological properties of PCL scaffolds, while no significant effects were observed on the
degradation rate. Scaffolds with lower molecular weight presented better bio-mechanical properties.
These findings provide useful information for the design of polymeric bone tissue engineering scaffolds.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Scaffolds fabricated through additive manufacturing technology
are widely used for bone tissue engineering applications due
to the freedom of design, good control over the geometry and
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interconnectivity, and high reproducibility [1,2]. A wide range of
polymeric (natural and synthetic), ceramic, and composite materi-
als were studied regarding the fabrication of tissue constructs engi-
neering scaffolds. However, synthetic polymeric materials are the
most commonly used materials owing to their low immunogenic-
ity and cytotoxicity, easy to process, and the capability to tailor
their properties during the polymer synthesis process. Polycapro-
lactone (PCL) is one of the most relevant synthetic polymers being
investigated for bone scaffolds applications due to its mechanical
properties and excellent biocompatibility to support cell growth
and differentiation, which can ultimately lead to bone tissue regen-
eration [3-7]. Several studies demonstrated the capability of PCL
scaffolds to sustain cell attachment and spreading of stem cells,
osteocytes, osteoblasts, chondrocytes, fibroblasts, and endothelial
cells [8-13].

The molecular weight of the polymeric materials plays a critical
role influencing the properties of both raw materials and fabricated
scaffolds. Several studies suggested that high molecular weight
polymers may take a longer time to degrade, as longer polymeric
chain length require a greater number of ester bonds to be cleaved
in order to generate water-soluble monomers/oligomers to allow
erosion to proceed [14]. Moreover, some studies also suggested
that low molecular weight polymers have a positive effect on
angiogenesis stimulation in compression to high molecular weight
polymers [15,16], and a similar effect was also reported in terms of
cell proliferation and differentiation [17]. When used as biomedical
implants, PCL normally undergoes a two-stage degradation pro-
cess: first hydrolytic degradation through which ester linkages
are broken by water, followed by intracellular degradation per-
formed by enzymes [18]. The effect of the degradation process
on the crystallinity of PCL scaffolds is not clear with some studies
reporting crystallinity changes with the degradation time [19,20],
and other studies reporting no changes [21]. Currently, the under-
standing on how PCL molecular weight’s influence on the degrada-
tion kinetics is limited, and a systematic study on the effect of PCL
molecular weight on the scaffold’s biological properties is still
required.

Since the polymerization of PCL can be controlled to produce a
wide range of molecular weights, a careful choice of PCL molecular
weight shows great potential for tuning the biological properties,
as well as the capability to bound proteins to suit their pharmaco-
dynamics requirements. This research presents a comprehensive
study on the effect of PCL molecular weight on 3D printed scaffold
surface properties, degradation kinetics, crystallinity, and mechan-
ical and biological performance of bone tissue engineering scaf-
folds. Predictive models were also generated based on key
results. These results can contribute to the optimal design of bone
tissue engineering scaffolds.

2. Materials and methods
2.1. Scaffold design and fabrication

PCL pellets (50,000 number average molecular weight, abbrevi-
ated as 50 K PCL; Perstorp, UK) and filaments (40,000 and 100,000
number average molecular weight, abbreviated as 40 K PCL and
100 K PCL; eSun, China) were considered for scaffold fabrication.
The density, p, of the unprocessed material (UPM) was determined
before scaffolds fabrication, as follows:

<z

p= (1)
where, m stands for the mass measured by an analytical balance (LA
214, VMR, USA) and V is the volume measured by the water dis-
placement method at room temperature. Calculated densities of
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PCL were 1.133 % 0.006 g/cm? for 40 K PCL, 1.124 + 0.003 g/cm®
for 50 K PCL, and 1.109 * 0.008 g/cm? for 100 K PCL.

A pellet-based screw-assisted material-extrusion 3D printing
system (3D Discovery, regenHU, Switzerland) was considered to
fabricate the 50 K PCL scaffolds, while a filament-based material-
extrusion additive manufacturing system (i3 Mega S, Anycubic,
China) was considered for the fabrication of both the 40 K and
100 K PCL scaffolds. To obtain scaffolds with similar geometric
properties, the following processing conditions were considered:

e Pellet-based system: nozzle diameter of 330 pm, melting tem-
perature of 92 °C, layer thickness of 270 pm, deposition velocity
of 13 mm/s, and screw rotational velocity of 8 mm/s.

¢ Filament-based system: nozzle diameter of 300 pm, melting
temperature of 95 °C, layer thickness of 270 um, deposition
velocity of 15 mmy/s, filament extrusion ratio of 1.3 (40 K PCL)
and 1.5 (100 K PCL).

Scaffolds were designed as follows: fiber diameter of 330 pm,
pore size of 350 pm, and 0°/90° lay-down pattern. The dimensions
of all printed scaffolds were 32 mm x 32 mm x 3.2 mm.

2.2. Surface properties

2.2.1. Wettability

The surface hydrophilicity of the scaffolds was assessed using a
KSV CAM 200 system (KSV Instruments, Finland). Briefly, 2 ml of
deionized water droplets were thrown down onto the top of the
scaffolds through the use of a micrometric liquid dispenser (Hamil-
ton, USA), being the images of the droplets recorded through the
use of a DMK 21F04 FireWire monochrome camera (Imaging
Source, Germany). The water-in-air contact angle was automati-
cally calculated by using the Attension Theta software (Biolin Sci-
entific, Sweden) according to the sessile drop technique.

2.2.2. Surface hardness and reduced modulus

Nanoindentation tests were used to determine the surface hard-
ness and reduced modulus of the scaffolds. Tests were conducted
using an HYSITRON TI 950 Tribolndentor (Bruker, USA) fitted with
a standard three-sided pyramidal (Berkovich) probe. A 50 pm spac-
ing was considered between indents with 20 indents for each sam-
ple. The nanoindentation was conducted using a load of 5 mN
which gives a depth of approximately 2 pm. The load profile was
0.8 uN/s load for 5 s, 2 s hold at peak load (Pmax) and 0.8 uN/s
unload for 5 s. The force and displacements were recorded during
the test. The nanoindenter data analysis software HYSITRON TI 950
Tribolndentor (Bruker, USA) was used to estimate the hardness (H)
using Pn.x and the contact area (A.) as follows:
H="p @)

c

The reduced modulus (E;) was calculated using the Oliver-Pharr
model considering the contact stiffness (S) and the A, according to
the following equation:

_ Sxvm
B =k 3)

2.3. In vitro degradation

An accelerated in vitro degradation method was considered to
evaluate the degradability of all printed scaffolds. Samples were
cut into 6 mm x 6 mm x 3.2 mm small blocks, washed and air-
dried overnight. Prior to the degradation test (DO0), the weight of
each scaffold was recorded and then the scaffolds were put into
glass vials. 2 ml of 5 M sodium hydroxide solution was added into
each vial and all vials were placed in an incubator under standard
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conditions (5% CO,, 37 °C, and 95% humidity). The scaffolds were
examined every two days. At each time point, samples were
removed, rinsed with deionized water three times, and dried in a
fume cupboard for 48 h. The scaffolds were then weighed again,
and the weight loss of each sample was expressed as a percentage
of the original weight, according to the following equation:

Mass loss (t) = (l —",/\'/1—?) x 100% 4)

where, M(t) is the residual mass of the scaffolds weighted by scale
after t days of degradation and M is the initial mass of the scaffolds
weighted by scale before degradation. The degradation test stopped
when the scaffolds lost their structural integrity. No significant pH
value (~13.2) changes were observed during the degradation test.

2.4. Thermal analysis

The crystallinity of the scaffolds was examined using a Q100
Differential Scanning Calorimeter (DSC, TA Instrument, USA). Tests
were performed under a nitrogen atmosphere with a flow rate of
50 ml/min.

Two heating cycles and one cooling cycles were conducted dur-
ing the test. The samples were first heated from —90 °C to 100 °C at
the rate of 10 °C/min, followed by fast cooling from 100 °C to
—90 °C at the rate of 10 °C/min. The temperature was maintained
for 2 min, and the second heating cycle was also conducted from
—90 °C to 100 °C at the rate of 10 °C/min. The first heating cycle
shows the thermal history after the printing process, presenting
the thermal characteristics of the fabricated scaffolds, while the
second heating cycle removes the previous thermal history, pre-
senting the intrinsic nature thermal properties of material. The
crystallinity (y.) was calculated based on the following equation:

~ __ AH 100
L = g x 190 (5)

where, AH,, corresponds to the experimental melting enthalpy,

AH? (139.5 J/g) represents the enthalpy of melting of 100% crys-
talline PCL, and w is the weight fraction of material.

2.5. Morphological characterization

Morphological characterization was performed using scanning
electron microscopy (SEM). Scaffold fiber surface and cross-
section images were captured using a TESCAN MIRA3 system (TES-
CAN, Czech), with an accelerating voltage of 2 kV. Before image
capturing, the scaffolds were cut into 4 mm blocks and coated with
6 nm of Gold-Palladium (80:20) using the Q150T ES sputter coater
(Quorum Technologies, UK). The obtained images were processed
by Image] (NIH, USA).

2.6. Mechanical characterization

Uniaxial mechanical compression tests were conducted accord-
ing to the ASTM standards [22,23] with an INSTRON X testing sys-
tem (High Wycombe, UK) equipped with a 100 N load cell. The
scaffolds were cut into 3 mm x 3 mm x 3.24 mm small blocks
and the compression tests were performed considering a strain
ranging from O to 0.3 mm/mm (30%) and a displacement rate of
0.5 mm/min. Compressive modulus and compressive strength
were calculated using the software Origin (OriginLab, USA).

2.7. In vitro biological characterization
Human adipose-derived stem cells (hADSCs) (Invitrogen, USA)

(passage 3-5) were used for both cell proliferation and differenti-
ation tests. Cells were cultured with MesenPRO RS™ Basal medium
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(Thermo Fisher Scientific, USA) for proliferation tests and Stem-
Pro™ Osteogenesis Differentiation medium (Thermo Fisher Scien-
tific, USA) for differentiation tests. Before cell seeding, scaffolds
were trimmed to fit in 48-well plates (Corning, USA), sterilized
with 70% ethanol, rinsed with phosphate buffered saline (PBS)
(Sigma-Aldrich, UK), and air-dried. Approximately 2 x 10* hADSCs
were seeded to each scaffold, and the incubation was conducted
under standard conditions.

For cell proliferation, tests were conducted at 1, 3, and 7 days
after cell seeding, using the Alamar blue assay. At each time point,
cell-seeded samples were first transferred to a new 48-well plate,
then adding 0.5 ml medium containing 0.001% Resazurin sodium
salt (Sigma-Aldrich, UK). After 4 h of incubation under standard
conditions, 150 pL of medium from each well was transferred into
a 96-well plate and the fluorescence intensity was measured by
biomicroplate reader (BioTec, USA) according to the manufac-
turer’s guidance (540 nm excitation wavelength and 590 nm emis-
sion wavelength).

For all cell differentiation tests, hADSCs were first allowed to pro-
liferate for 7 days in Basal medium and then differentiate in osteoge-
nesis differentiation medium for further 7 (corresponding to 14 days
of cell culture in the results) and 14 (corresponding to 21 days of cell
culture in the results) days. The SensoLYTE® pNPP Alkaline Phos-
phatase Assay Kit (AnaSpec, Fremont, CA, USA) was used to assess
the alkaline phosphatase (ALP) enzymatic activity. On each time
point, samples were first rinsed with PBS to remove the culture med-
ium, and then rinsed again with 1x ALP dilution assay buffer. After-
wards, the samples were moved to 15 ml centrifuge tubes, adding
1 ml 1x assay buffer containing 0.2% (v/v%) Triton X-100. To collect
the cell lysates, each scaffold was vortexed for 30 s and sonicated for
1 min. The process was repeated twice. Scaffold were then stored
under —80 °C for 20 min, using ice crystals to destroy the cell mem-
brane. This procedure was repeated two times. Subsequently, all
tubes were centrifuged under 2500g for 10 min at 4 °C. Samples were
incubated for 1 h at room temperature for the dephosphorylation of
p-nitrophenyl phosphate by ALP enzyme, then the supernatants were
collected and detected using a microplate reader (405 nm absor-
bance). ALP concentration was determined based on a standard curve
and normalized to the total protein concentration which was evalu-
ated using the bicinchoninic acid assay (Micro BCA Protein Assay Kit,
Thermo Fisher Scientific, USA).

Alizarin red-S (ARS) (Sigma-Aldrich, Dorset, UK) was used to
determine the mineralization process of hADSCs on the samples.
Scaffolds were first washed with PBS to remove the culture med-
ium, and then immersed into 10% neutral formaldehyde solution
(Sigma-Aldrich, Dorset, UK) for 15 min. These samples were
washed with deionized water and 0.2% ARS staining dye was added
to bind the calcium salts (40 min incubation at room temperature).
After washing with deionized water to remove residual ARS stain-
ing, the samples were then placed into 15 ml centrifuge tubes, with
800 pL 10% acetic acid added, stood for 30 min with gently vibrat-
ing, and then heated to 60 °C for 10 min. After being stored into ice
for 5 min, all samples were centrifuged under 2500g for 15 min.
The supernatants were eventually detected by the microplate
reader at absorbance of 405 nm.

2.8. Data analysis

At least three scientific repeats (n > 3) were considered for all
experiments, and the data were represented as mean * standard
deviation. One-way ANOVA with Tukey post-hoc tests were
applied using the Origin software. The significance levels were
set at * P <0.05, ** P < 0.01, and *** P < 0.001. For degradation, mor-
phological and mechanical characterization, after obtaining all
data, results were curve-fitted considering liner and polynomial
fitting.
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3. Results and discussion
3.1. Material and scaffolds characterization

3.1.1. Surface wettability

The water-in-air contact angle describes the surface wettability
and material hydrophilicity, with a contact angle lower than 90°
representing a hydrophilic behavior [24,25]. Results showed that
the contact angle value increases by increasing the PCL molecular
weight (Fig. 1A). This observation can be linked with the surface
energy of printed filaments made of PCL with different molecular
weights, which is related to the polarity of the molecules [26,27].
Similar results were also reported for other semi-crystalline poly-
mers such as polystyrene [28,29]. However, only 100 K PCL scaf-
folds showed significant statistical differences in comparison to
the other PCL scaffolds, and no significant differences were
observed between 40 K and 50 K PCL, probably due to the relatively
small molecular weight differences between them.

3.1.2. Nanoindentation

Fig. 1B and 1C show that both surface hardness and reduced
modulus significantly decreased by increasing the molecular
weight. However, no statistical differences were observed between
50 K PCL and 100 K PCL in terms of reduced modulus (Fig. 1C). The
decrease in both cases could be explained by their differences in
terms of crystallinity, which is discussed in Section 3.2.1. The scaf-
folds produced with lower molecular weight PCL presented higher
crystallinity, which means the formation of more and larger crys-
tals, enhancing the load-bearing capacity [30].

3.2. In vitro degradation

3.2.1. Thermal analysis with time

The first and second heating curve allows the determine the
glass transition temperature (Tg), melting temperature (Ty,), melt-
ing enthalpy, and crystallinity, while the cooling curve allows to
determine the melt crystallization temperature (Ty,c), crystalliza-
tion enthalpy (AH.), and crystallinity. Results showed that the
crystallinity significantly decreased by increasing the polymer
molecular weight (Fig. 2). Similar results were obtained by Jenkins
and Harrison [31]. This could be explained by the Hoffman nucle-
ation theory, in which long polymeric chains (higher molecular
weight) exhibit longer reptation times, forming loops and cilia that
obstruct the reptation processes, leading to lamella thickening
[32]. All of these result in lower mobility and crystal growth rate,
thereby reducing the final degree of crystallinity [33]. Results also
showed that there are no statistical differences in the crystallinity
during the degradation time. Full results are available as supple-
mentary material (Tables S1-3).

Further analysis was conducted to study the non-isothermal
crystallization kinetics. The relative crystallinity y.(t) can be
described as a function of crystallization temperature as follows
[34]:

. dT’
T (6)
0

where, Ty and T, is the initial and end temperature of crystalliza-
tion, dH, is the variation of enthalpy, and dT is the change of tem-
perature. The crystallization time and temperature can be
described according to the following equation [35]:

t="ToT (7)

where, T is the temperature at time t. Fig. 3A, 3C, and 3E show the
plots of relative crystallinity of 40 K, 50 K, and 100 K PCL versus
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temperature. Fig. 3B, 3D, and 3F show the plots of relative crys-
tallinity of 40 K, 50 K, and 100 K PCL versus time.

The Avrami equation was considered to describe the crystalliza-
tion process [36-38]:

Xe(D) =10 (8)

where, %.(t) corresponds to the relative crystallinity (degree of
phase conversion), t corresponds to the time of crystallization, K
is the Avrami constant related to the nucleation rate and the growth
rate, and n is the Avrami exponent related to the type of nucleation
and the growth dimension [39]. Taking the logarithms of both sides
of Equation (8) gives:

log (—In(1 -y (t))) =nxlogt+logK (9)

The parameters K and n can be obtained by plotting the
log(—In(1 — %.(t))) versus logt according to the Avrami equation,
with n corresponding to the slope and logK was obtained from
the log(—In(1 — x.(t)) intercept as shown in Fig. 4.

However, as the DSC tests were conducted under non-
isothermal crystallization conditions and the general Avrami equa-
tion is not suitable to describe a non-isothermal crystallization
process, only the primary stage of the non-isothermal crystalliza-
tion can be considered [40]. Considering the influence of the cool-
ing rate, Jeziorny modified the Avrami constant K as follows [34]:

log K ="K (10)

where, ¢ is the cooling rate.

Results showed that in all cases, the Avrami exponents n were
close to 2 (Fig. 5), indicating two-dimensional (disk-shaped) nucle-
ation growth. Results also showed that the Avrami constant K’ does
not depend on the PCL molecular weight (Fig. 5), indicating that
the molecular weight of PCL has no significant impact on the
growth rates of PCL crystals. However, different trends were
observed by Limwanich et al. [41], when investigating the influ-
ence of molecular weight on the non-isothermal crystallization of
poly(d-lactide). Differences might be attributed to the narrow
range of molecular weight considered in this study. The highest/
lowest ratio was 4 in the case of poly(d-lactide), while in this study
was 2.5. As observed both n value and K’ parameters do not change
throughout the degradation process (Fig. 5), suggesting well-
balanced degradation kinetics of both the amorphous and crys-
talline regions of PCL.

3.2.2. Morphological characterization with time

Fig. 6 presents the SEM images of scaffolds’ top surface and
cross-section, with zoom-up fiber surface images in the middle.
After printing and before starting the degradation process, the fiber
diameter, horizontal pore size, and vertical pore size values were
335.30 * 6.85 pm, 356.29 * 8.97 um, and 160.76 + 23.99 um for
40 K PCL scaffolds; 338.23 + 18.49 pum, 347.84 + 18.77 pm, and
192.38 + 26.65 um for 50 K PCL scaffolds; 333.78 + 6.40 um, 350.
14 £ 1.83 um, and 230.42 + 14.18 um for 100 K PCL scaffold. These
values were closed to the designed values (fiber diameter of
330 um, horizontal pore size of 350 pm, and vertical pore size of
210 pm), indicating that the extrusion-based additive manufactur-
ing, under the considered processing parameters, is an effective
way to produce the designed scaffolds, allowing the fabrication
of reproducible scaffolds with relatively stable fiber diameter, pore
size, and uniform pore distribution. Minor differences could be
attributed to the rheological properties of the polymer melt (vis-
cosity, shear-thinning, and viscoelastic properties) associated with
the different molecular weights. Moreover, SEM images after
degradation clearly showed the erosion of the fiber caused by
hydrolysis. Fig. 7 presents the variation of the average fiber diam-
eter and porosity throughout the degradation time. As observed,
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both fiber diameter and porosity showed linear-like relationships
with time for all considered PCL scaffolds:

Fiber diameter (t) =Fo— f; x t (11)

Porosity (t) =Po+f, xt (12)

where, Fy is the filament and P, is the porosity before degradation,
By and g, are coefficient rates for both fiber diameter and porosity,
and t is degradation time expressed in days. Fitting results sug-

gested that the PCL molecular weight has no significant influence
on both f; and g, (Table 1).

3.2.3. Mass loss with time

The degradation kinetics of PCL scaffolds was determined by
measuring the mass loss of the scaffolds over time. Fig. 8 shows
that all types of PCL scaffolds exhibit a linear degradation rate
described by the following equation:
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where « is a constant and $,, is the mass loss rate of the scaffolds.
Results also showed that the 40 K PCL scaffolds degraded faster in
the first 8 days but the degradation process gradually slowed down
afterwards. This may be attributed to the fact that the hydrolysis
resistance had reached a peak around day 8 [21]. Similar results
were also observed in other studies [19,20,42]. However, these
results seem to indicate that the degradation rate of PCL scaffolds
is not strongly linked with the molecular weight (Table 2). Previous
observations were not conclusive on the impact of the molecular
weight on the degradation kinetics [14].

Previous research showed that the chain length increases with
the molecular weight [14]. For the same type of polymer, a relevant
longer chain means that more cleaved ester bonds are required to
generate water-soluble monomers/oligomers that allow erosion to
proceed, thus leading to a longer degradation time [14]. However,
other researchers suggested that the molecular weight has no sig-
nificant impact on the degradation rate [19]. Furthermore, the
hydrophobic material is more difficult to be hydrolyzed, which
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may partially explain the reason why 100 K PCL (has the highest
water contact angle among three molecular weight PCL) degrade
slower than the other two groups in the first 8 days.

3.2.4. Mechanical characterization with time

Fig. 8 presents the variation of the compressive modulus and
compressive strength over the entire degradation process (day O
to day 18). The initial compressive modulus of the scaffolds was
104.81 + 3.49 MPa, 100.35 + 3.45 MPa, and 61.04 + 2.36 MPa for
40 K, 50 K, and 100 K PCL scaffolds respectively. The initial com-
pressive strength was 2.85 + 0.12 MPa, 2.90 + 0.08 MPa, and 1.55
+ 0.08 MPa for 40 K, 50 K, and 100 K PCL scaffolds respectively.
As observed, the fabricated scaffolds have mechanical modulus
and strength similar to human trabecular bone, ranging from 50
to 1500 MPa with the mean value of 194 MPa for compressive
modulus, and ranging from 1 to 30 MPa with the mean value of
3.55 MPa for compressive strength [43-46]. Results showed that
the compressive modulus and compressive strength decreases by
increasing the PCL molecular weight. However, no statistical differ-
ences were observed between 40 K and 50 K PCL due to the rela-
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Fig. 5. Crystallization kinetic parameters of the non-isothermal crystallization of 40 K, 50 K, and 100 K PCL scaffolds.

tively small difference in the molecular weight. Furthermore,
through the entire degradation process, the 40 K PCL scaffolds
exhibit the highest compressive modulus while the 100 K PCL scaf-
folds exhibit the lowest compressive modulus and compressive
strength. Lower molecular weight PCL scaffolds showed higher
mechanical properties, which can be attributed to their high crys-
tallinity values. Results also showed that the compressive modulus
and compressive strength decreases with time in a non-linear way:

Compressive modulus (Mn, t) = Cmo(Mn) — B (Mn) x t + ., (Mn)xt?
(14)

Compressive strength (Mn,t) = Cso(Mn) — B (Mn) x t + 7, (Mn)xt?
(15)

where, Cmy and Csy corresponds to the compressive modulus and
compressive strength before the degradation, f,, and )., are the
coefficient rates for compressive modulus and compressive
strength, S and 7y are the coefficient rates for compressive modu-
lus and compressive strength. The fitted equation parameters are
presented in Table 3. Results showed that the coefficients f,, S,
and y., depend on the PCL molecular weight, being possible to
observe that both f,, ., and 7., varies inversely proportional to
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Fig. 6. SEM images of (A-D) 40 K, (E-H) 50 K, and (I-L) 100 K PCL scaffolds at (A, E, and I) DO, (B, F, and ]) D6, (C, G, and K) D12, and (D, H, and L) D18 of degradation. (1) Top

surface, (2) cross-section, (3) zoom-up fiber surface.
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Fig. 7. Fiber diameter (red) and porosity (blue) with time, for (A) 40 K, (B) 50 K, and (C) 100 K PCL scaffolds. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Table 1
Curve fitting parameters of fiber diameter and porosity for 40 K, 50 K, and 100 K PCL scaffolds.
Fiber diameter Porosity
2 2
Fo Br R Po Bp R
40 K PCL 341.6227 5.35032 0.98205 50.63935 1.34523 0.9806
50 K PCL 345.60485 8.80484 0.98239 50.78447 1.97238 0.99251
100 K PCL 350.2371 7.23921 0.98021 48.78181 1.74408 0.9856
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Fig. 8. Mass loss (black), compressive modulus (red), and compressive strength (blue) with time, for (A) 40 K, (B) 50 K, and (C) 100 K PCL scaffolds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Curve fitting parameters of mass loss for 40 K, 50 K, and 100 K PCL scaffolds.
o B R?
40 K PCL 1.3563 2.96258 0.99707
50 K PCL —1.74054 3.76536 0.99412
100 K PCL —2.60251 3.49916 0.98893

the molecular weight. However, there is no direct correlation

between 7y, and PCL molecular weight.

3.3. In vitro biological characterization

Cell proliferation results are presented in Fig. 9A. In all cases,
the fluorescence intensity increased with time, indicating that all

Table 3

fabricated scaffolds are able to sustain hADSCs proliferation, with
no significant cytotoxicity. Among these scaffolds, 40 K PCL scaf-
folds showed better cell proliferation results, significantly higher
than the other two groups. Confocal microscopy images (Fig. 9D)
showed cell attachment and distribution after 7 days of prolifera-
tion, being possible to observe extensive cell attachment, and
spreading along the scaffold filaments.

Fig. 9B shows the ALP activity after 14 and 21 days of cell cul-
ture, while Fig. 9C shows the calcium deposition (a typical conse-
quence of osteogenesis) on all types of scaffolds after 14 and
21 days. Results indicated that both ALP activity and calcium depo-
sition significantly increase with time, confirming the capability of
all scaffolds to support the hADSCs osteogenic differentiation. Fur-
thermore, on day 21, both ALP protein and calcium deposition
increased with the decrease of the PCL molecular weight. The
ALP activity and calcium deposition on 40 K PCL scaffolds were also

Curve fitting parameters of compressive modulus and compressive strength for 40 K, 50 K, and 100 K PCL scaffolds.

Compressive modulus

Compressive strength

Cmo Bem Vem R? Cso Bes Ves R?
40 K PCL 104.17771 5.63844 0.10359 0.98821 2.81451 0.13709 0.00233 0.98451
50 K PCL 99.98364 5.13918 0.04811 0.9867 2.92498 0.08051 —0.00309 0.98664
100 K PCL 58.50677 0.53834 -0.11271 0.98681 1.53473 0.02333 —0.00225 0.99092
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Fig. 9. (A) Viability and proliferation results of hADSCs on 40 K, 50 K, and 100 K PCL scaffolds after 1, 3, and 7 days of cell proliferation. (B). Alkaline phosphatase activity on
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statically higher than the other two groups. This may be attributed
to the surface properties of these scaffolds, especially the surface
hardness, as the hADSCs osteogenesis is influenced by the sub-
strate surface properties, with stiffer surfaces promoting the osteo-
genesis process [47,48]. These results could also be associated with
the surface wettability of the scaffolds. As previously reported,
more hydrophilic surfaces present high proteins adhesion and cell
attachment [49-51], which can explain the fact that the most
hydrophilic scaffold among the three considered groups presented
high cell proliferation and osteogenic differentiation. SEM images
(Fig. 9E) showed the cell differentiation results after 21 days, being
possible to observe confluent cell sheets bridging through the scaf-
fold fibers.

4. Conclusions

This research investigated the effects of PCL molecular weight
on non-biological (surface, degradation, thermal, and mechanical
properties) and biological characteristics of bone tissue engineer-
ing scaffolds. Results showed a direct impact of the molecular
weight on the scaffolds properties. Scaffolds produced with lower
molecular weight PCL presented more hydrophilic surfaces, higher
surface hardness and better mechanical properties (higher reduced
modulus, compressive modulus, and compressive strength), these
results also yield to improved cell proliferation and osteogenic dif-
ferentiation results. However, it was not possible to establish any
direct correlation between the degradation rate and the molecular
weight, probably due to the narrow range of molecular weight val-
ues considered in this study, constrained by the rheological mate-
rial requirements and printability imposed by the considered
additive manufacturing technology. A range of equations describ-
ing the variation of fiber diameter, porosity, mechanical properties,
and mass loss as a function of degradation time and molecular
weight were also established. These equations represent an impor-
tant contribution to the design of scaffolds, minimizing the need
for extensive experimental tests. Once implemented in a Finite Ele-
ment Analysis simulation tool, they will allow to computer-aided
design optimal scaffolds for bone tissue engineering. Longer-term
non-accelerated in vitro degradation tests will be conducted as well
as in vivo studies.
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