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Abstract: Bone graft substitutes combining the mechanical features of poly-ε-caprolactone
(PCL) and the bioactivity of β-tricalcium phosphate (β-TCP) have been widely reported
in the literature. Surprisingly, however, very little is known about the incorporation of
carbonate at a biomimicking level. The authors studied β-TCP/PCL composites at 20 wt.%
and 40 wt.%, either enriched or not with sodium bicarbonate (at 2 wt.% and 4 wt.%),
through SEM and EDX analyses; surface free energy estimation; pH measurement after 1,
2, and 3 days of incubation in cell media; nanoindentation; and a protein adsorption test
with bovine serum albumin. The early biological response was assessed using adipose
mesenchymal stem cells, as an established in vitro model, via cellular adhesion (20 min),
spreading (24 h), and viability assays (1, 3, 7 days). By increasing the β-TCP content, the
composites’ hardnesses and Young’s moduli (EiT) were improved, as well as their protein
adsorption compared to neat PCL. Sodium bicarbonate increased the polar component of
the surface energy, alkalinized the composite with a higher β-TCP content, and attenuated
its early negative cell response. Further investigation is needed to deepen the knowledge of
the mechanisms underpinning the mechanical features and long-term biological behavior.

Keywords: poly-ε-caprolactone (PCL); β-tricalcium phosphate (β-TCP); sodium bicarbonate;
bone substitute material; adipose stem cells; cellular adhesion; cell viability; nanoindentation;
pH

1. Introduction
Bone healing capacity, although intrinsically high, can be challenged by non-union

fractures, oncologic resections, craniofacial malformations, resulting in large bone de-
fects with long-term disability and pain [1]. To increase bone volume, where insufficient,
surgeons perform bone repair procedures based on tissue grafts (autografts, allografts,
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xenografts) and artificial scaffolds (alloplasts) [2]. The cumulative economic burden thereof
was estimated to be USD 17 billion per year [2].

Regarded clinically as the gold standard until recently, autografts, even though both
osteoinductive and osteoconductive, are hindered by donor-site morbidity and the scarcity
of available bone [3,4]. Allografts and xenografts may be prone to immune rejection by
the recipient and disease transmission, and finally the result is less osteoinductive than
autografts, owing to an often poorly conservative manufacturing process [4]. Propelled by
advances in regenerative medicine, artificial scaffolds [3] hold great promise, but achieve
low fusion rates, mainly due to limited cell ingrowth, and induce local aseptic inflammation
upon degradation [4,5].

More research is therefore needed to improve the performance of artificial scaffolds,
improving their biological response. Calcium phosphate-based ceramics (CaPs), i.e., hy-
droxyapatite (HA) and β-tricalcium phosphate (β-TCP), are the most obvious choice as
alloplasts, in terms of biomimicry, since HA is the primary mineral phase of bone, account-
ing for 65% of its weight [6]. While all CaPs are osteoconductive [7], only specific types
are osteoinductive [8]. β-TCP is resorbable [9], osteoinductive [10], and similar to the bone
mineral phase, with equivalent rates of clinical success compared to autografts according
to some authors [11].

However, CaPs’ favorable mechanical features, such as structural strength and com-
pression resistance, do not overcome their fragility and low stiffness [12]. Hence, a viable
approach could entail the combination of CaPs and resorbable polymers. Several polymers
that have been proposed as bone substitutes are endowed with good flexibility, low weight
and ductility, and controllable degradation [13], but show low rigidity [14]. Among them,
poly-ε-caprolactone (PCL) is one of the most commonly used thermoplastic polyesters [15].
At physiological temperature, PCL has a low tensile strength and high elasticity, due to
the presence of amorphous regions in its semicrystalline lattice [16]. Owing to a relatively
low melting temperature (around 60 ◦C), PCL is easily printable [17]. As its complete
dissolution may require up to 2–3 years [18], it is indicated for long-term applications in
bone tissue replacement, where good mechanical properties and prolonged stability over
time are sought [19].

Bone graft substitutes combining the mechanical features of poly-ε-caprolactone and
the bioactivity of β-TCP [20] have already emerged as a viable option. Challenges remain,
however, in replicating both the complex multiscale hierarchy of bone structure and the
sophisticated chemical composition of bone components. Surprisingly, to the best of our
knowledge, no research has focused on the fact that, for truly replicating the bone matrix
chemical composition, β-TCP/PCL should also incorporate low levels of carbonates [21].
Yet, according to a famous textbook in the bone field [21], “bone mineral is known to
be composed of highly substituted, poorly crystalline carbonated apatite”, in which “the
substitution of carbonate ions into phosphate sites, can occupy up to 6% of the total mineral
by weight”. Staring from a careful biomimicry, therefore, the authors aimed at comparing
the early biological response of different β-TCP/PCL composites, either enriched or not
with sodium bicarbonate at physiological concentrations, as bone substitute materials.

2. Materials and Methods
2.1. Sample Preparation

Polycaprolactone matrix (CELLINK PCL TP-60505, Bico Group, Gothenburg, Sweden)
was charged with two concentrations 20 wt.% (PCL/β-TCP 80/20) and 40 wt.% (PCL/β-
TCP 60/40) of β-tricalcium phosphate (CAS-No.: 7758-87-4; Sigma-Aldrich, St. Louis,
MO, USA) through solvent casting with chloroform (CHCl3, CARLO ERBA Reagents
s.r.l., Cornaredo, Italy), as previously described [22]. Another two composites were pre-
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pared by substituting 10% of the filler quantity in PCL/β-TCP 80/20 and PCL/β-TCP
60/40 with sodium bicarbonate (CAS No: 144-55-8; Merck Life Science S.r.l., Milano,
Italy), obtaining, respectively, samples with 18 wt.% β-TCP/2 wt.% sodium bicarbon-
ate (PCL/β-TCP/NaHCO3 80/18/2) and 36 wt.% β-TCP/4 wt.% sodium bicarbonate
(PCL/β-TCP/NaHCO3 60/36/4). In summary, along with neat PCL, which was kept as
a control, four different materials were prepared: PCL/β-TCP 80/20, PCL/β-TCP 60/40,
PCL/β-TCP/NaHCO3 80/18/2, and PCL/β-TCP/NaHCO3 60/36/4 (Table 1).

Table 1. Compositions of formulations.

Sample PCL [g] β-TCP [g] NaHCO3 [g]

PCL 5 / /
PCL/β-TCP 80/20 4 1 /

PCL/β-TCP/NaHCO3 80/18/2 4 0.9 0.1
PCL/β-TCP 60/40 3 2 /

PCL/β-TCP/NaHCO3 60/36/4 3 1.8 0.2

2.2. SEM and EDX Analyses

A scanning electron microscope (Phenom XL G2 Desktop SEM, Thermo Fisher Scien-
tific, Waltham, MA, USA) (SEM) was employed to study the microstructure of the samples.
Specimens were washed in distilled water, rinsed thoroughly in a 70-30 ethanol–water solu-
tion, polished ultrasonically in 99.9% ethanol for 20 min, and after a drying process under
a chemical hood, coated with a ~10 nm conductive layer of gold. The SEM parameters
adopted for acquisition and analyses were 10 kV of voltage V in the MAP configuration
with a back-scatter detector (BSD). The correct filler dispersion was evaluated with EDX
analyses carried out on the surface of the composites.

2.3. Contact Angle and Surface Free Energy

Contact angles were measured with a Biolin Scientific Theta Lite optical tensiometer
(Stockholm, Sweden) using the sessile drop method, with double-distilled water (dH2O)
and diiodomethane (CH2I2, CAS-No.: 75-11-6, Sigma-Aldrich, St. Louis, MO, USA), as
described elsewhere [22]. The Owens–Wendt–Rabel–Kaelbele (OWRK) technique was used
to compute the surface free energy [22]. Simple linear regression was used to derive total
(γ), polar (γP), and dispersive (γD) components, with dH2O and CH2I2 values serving as
standard constants (Table 2).

Table 2. Standard parameters for the measure of contact angle.

Liquid γ [mN/m] γP [mN/m] γD [mN/m]

Water 72.8 43.7 29.1
Diiodomethane 50 2.6 47.4

2.4. Nanoindentation

Nanoindentation tests were performed using a FISCHERSCOPE HM 2000 XYm (Hel-
mut Fischer GmbH, Sindelfingen, Germany) fitted with a Vickers indenter. An acrylic plate
reference sample was used to calibrate the indenter tip before testing, allowing accurate
definition of the predicted contact area (AC) from the contact penetration depth (hC). Ten
indentations were performed in a load-control mode up to 3 mN. A load–hold–unload
cycle was used, with a 20 s loading period, a 5 s holding period, and a 20 s unloading
period. Load–depth curves, hardness values, and the reduced modulus were evaluated.
The translation stage was moved to choose random test sites under an optical microscope.
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Nanoindentation tests were performed on cylindrical flat samples of 8 mm in diameter and
3 mm in thickness.

2.5. pH Evaluation

The pH was evaluated in cell culture medium (Alpha-MEM Life Technologies, Milan,
Italy) using a test tube LLG-pH Pen (Am Hambuch 1-3, 53340 Meckenheim, Germany). To
reproduce as closely as possible the conditions of the cellular tests, the same volume of
medium (200 µL) per sample was used. The pH evaluation was carried out at 3 time points:
1, 2, and 3 days.

2.6. Protein Adsorption

A protein adsorption assay was performed by covering the samples with a 5% solution
of bovine serum albumin (BSA CAS-No.: 9048-46-8, Merck Group, Darmstadt, Germany) in
phosphate-buffered saline (PBS, Euroclone, Pero, Italy). After incubation at 37 ◦C for 20 min,
specimens were washed twice with PBS. According to the manufacturer’s instructions,
the result was subsequently quantified through a Pierce™ BCA Protein Assay Kit (Life
Technologies, Carlsbad, CA, USA).

2.7. Cellular Tests

Adipose stem cells ASC52hTert (ATCC, Manassas, VA, USA) were cultured in Alpha-
MEM (Life Technologies, Milan, Italy) supplemented with 10% fetal bovine serum (FBS,
Euroclone, Pero, Italy), 100 U/mL penicillin, and 100 µg/mL streptomycin (Life Technolo-
gies, Carlsbad, CA, USA) to study the biological response in vitro. To prevent contact
inhibition, cells were passed at sub-confluence and maintained at 37 ◦C in a humidified
environment containing 5% CO2.

2.7.1. Cell Adhesion and Cell Spreading

Cells were seeded at 7000 cells/well on 96-well plate samples with different percent-
ages of filler. A cell adhesion analysis was performed by plating ASCs for 20 min, then
fixing in 4% paraformaldehyde solution, and washing with PBS, then cell nuclei were
stained by 1 µM DAPI (CAS-No.: 28718-90-3, MBD0020 Sigma-Aldrich, St. Louis, MO,
USA) for 15′ at 37 ◦C.

To evaluate cellular morphology, cells were maintained in culture for 24 h, then they
were fixed and stained with both phalloidin (Alexa Fluor® 488 Phalloidin, Cell Signaling
technology, Danvers, MA, USA) for the cytoskeleton and DAPI for cell nuclei. Immunoflu-
orescence microscopy images were acquired using a Nikon Eclipse Ti-E microscope with
Nikon Plan 40×/0.75 and Nikon Plan 10×/0.10 objectives (Nikon Corporation, Tokyo,
Japan). Cell nuclei were counted using the ‘analyze particles’ tool of the ImageJ software
(Version 2.14.0/1.54f, ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA). For
cellular morphology analysis, four different fields were acquired at a “higher magnification”
on each of the three samples for each composite, then processed with the cellpose [23,24]
cyto3 segmentation algorithm, and pre-trained with other similar images in a controlled
learning process to obtain the contours of the single cell on all the images. Twelve different
shape descriptors were measured for each detected cell with the Set Measurements function
implemented in Fiji/ImageJ (i.e., area, perimeter, best fitting ellipse (BFE) major axis, BFE
minor axis, BFE aspect ratio, BFE angle, circularity, roundness, solidity, Feret’s diameter,
Feret’s angle, and minimum caliper diameter). Six out of these twelve parameters were
selected as relevant data for cell spreading evaluation (area, perimeter, BFE aspect ratio,
BFE angle, circularity, and roundness). A MATLAB (MATLAB R2024a; The MathWorks,
Inc., Natick, MA, USA) script was implemented and used to analyze and plot the data.
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2.7.2. Cell Viability

ASCs were seeded onto various specimens at a density of 10,000 cells per well in
96-well culture plates, in alpha-MEM with 10% FBS and 1% penicillin/streptomycin. The
viability evaluation was performed after 1, 3, and 7 days of in vitro culture using the Cell
Titer GLO kit (Promega, Milan, Italy), following the manufacturer’s instructions. The
results were measured in relative light units (RLUs).

2.8. Statistical Analysis

The statistical analyses were carried out using the Stata software (version 18.0; Stat-
aCorp, College Station, TX, USA). A one-way ANOVA was used to compare differences
in group variances at different time steps, and a Bonferroni post hoc correction coefficient
was used to determine which groups varied statistically significantly. Repeated t-tests were
employed to conduct a statistical analysis on shape descriptors to assess cell morphology.
An alpha significance level of 0.05 was used [25].

3. Results
3.1. SEM and EDX Analyses

Micrographs representing the surface of the samples are reported in Figure 1. Neat
PCL, PCL/β-TCP 80/20, and PCL/β-TCP/NaHCO3 80/18/2 (Figure 1a–c) shared a clear
similarity of their surface morphology, characterized by random clusters of PCL stripes (red
circles in Figure 1a,b,e), most likely due to solvent evaporation during the casting process.
This characteristic was not highlighted on the composites at a higher concentration of
β-TCP, particularly on the sample containing sodium bicarbonate (PCL/β-TCP/NaHCO3

60/36/4). Indeed, the presence of NaHCO3 seemed to improve β-TCP dispersion inside
the PCL matrix and to limit the formation of filler aggregates during the drying process. A
better filler dispersion, when comparing PCL/β-TCP 80/20 with PCL/β-TCP/NaHCO3

80/18/2 and PCL/β-TCP 60/40 with PCL/β-TCP/NaHCO3 60/36/4, was observed in the
former case, in the reduced dimensions of the filler aggregates (red arrows in Figure 1a).
In the latter case, there was a clear decrease in the number of clusters formed during
solvent evaporation, and a consequent higher homogeneity of the composite PCL/β-
TCP/NaHCO3 60/36/4.

According to the EDX analyses performed on each surface (Figure 1f), carbon was
the most represented element, reaching the highest value in neat PCL and the lowest
in PCL/β-TCP/NaHCO3 60/36/4. On the contrary, oxygen was the highest in PCL/β-
TCP/NaHCO3 60/36/4 and the lowest in neat PCL; it increased with the β-TCP and
NaHCO3 contents. Nitrogen was inversely correlated with the filler quantity and was
reduced in the presence of bicarbonate. Notably, PCL/β-TCP 80/20 and PCL/β-TCP 60/40
differed from their NaHCO3-containing counterparts, and PCL/β-TCP/NaHCO3 60/36/4
presented by far the lowest values of nitrogen. As expected, phosphorus was not detectable
in neat PCL, while it progressively increased in PCL/β-TCP 80/20 and PCL/β-TCP 60/40;
it was also less detected in PCL/β-TCP/NaHCO3 80/18/2 than in PCL/β-TCP 80/20,
but, remarkably, it was present in double the amount in PCL/β-TCP/NaHCO3 60/36/4
compared to PCL/β-TCP 60/40. Calcium reproduced a similar pattern, with a 3.5-fold
increase in PCL/β-TCP/NaHCO3 60/36/4 compared to PCL/β-TCP 60/40. Finally, small
amounts of sodium could be measured only in PCL/β-TCP/NaHCO3 60/36/4.



Materials 2025, 18, 2600 6 of 16

 

Figure 1. Scanning electron micrographs of samples, performed at a 1500× magnification, and EDX
spectra (top right corner of the images): (a) PCL/β-TCP 80/20, (b) PCL/β-TCP/NaHCO3 80/18/2,
(c) PCL/β-TCP 60/40, (d) PCL/β-TCP/NaHCO3 60/36/4, and (e) neat PCL. (f) Table of elements
detected on samples’ surfaces with EDX (red circles highlight clusters of PCL stripes; red arrows
point out filler aggregates).

3.2. Contact Angle and Surface Free Energy

The hydrophilic and the lipophilic behaviors of the samples are shown in Figure 2.
Regarding the hydrophilic environment, applying the polar solvent (water) optical contact
angle (OCA) did not show any relevant statistical difference among samples, settling in a
range between ~70◦ and ~80◦. These results suggest a common behavior in an aqueous
environment. On the contrary, in the lipophilic context, the materials behaved differently.
All OCAs were lower than in a hydrophilic environment, revealing a marked affinity
with the apolar solvent (diiodomethane). PCL/β-TCP/NaHCO3 80/18/2 reached the
highest value among the samples and PCL/β-TCP/NaHCO3 60/36/4 was the lowest;
in general, the higher the amount of filler, the higher the affinity with the apolar solvent.
Comparing samples with and without NaHCO3, in both cases the OCA followed the same
trend: specimens with sodium bicarbonate appeared slightly more lipophilic than their
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counterparts. A statistically significant difference (p < 0.05), however, was found only
between PCL/β-TCP 80/20 and PCL/β-TCP/NaHCO3 60/36/4.

Figure 2. Image representing OCA values of specimen in (a) hydrophilic and (b) lipophilic environ-
ment (* for p < 0.05).

Table 3 reports the values of surface free energy (SFE) calculated through the OWRK
method. The total surface energy (γ) was the lowest for PCL/β-TCP 80/20 and the highest
for PCL/β-TCP/NaHCO3 60/36/4. Adding sodium bicarbonate increased γ, i.e., PCL/β-
TCP/NaHCO3 80/18/2 and PCL/β-TCP/NaHCO3 60/36/4 exhibited, respectively, higher
values than PCL/β-TCP 80/20 and PCL/β-TCP 60/40. This was mainly due to the vari-
ation in the dispersive component in the 20 wt.% compounds and to the variation in the
polar component in the 40 wt.% specimens.

Table 3. Surface free energy.

Sample Surface Energy:
Total [mN/m]

Surface Energy:
Polar [mN/m]

Surface Energy:
Dispersive [mN/m]

PCL 42.97 2.14 40.83
PCL/β-TCP 80/20 38.55 2.12 36.43

PCL/β-TCP/NaHCO3 80/18/2 42.10 3.27 38.84
PCL/β-TCP 60/40 45.11 0.92 44.19

PCL/β-TCP/NaHCO3 60/36/4 47.52 3.72 43.79

3.3. Nanoindentation

The indentation data (Figure 3) revealed that the Vickers hardness (HV) and Young’s
moduli (EiT) values increased when increasing the β-TCP content, probably due to the
strength enhancement effect of filler inside the polymer matrix. The rise, compared to
neat PCL, is particularly evident from 20 to 40 wt.%. The addition of NaHCO3 in the
PCL/β-TCP composites resulted in a relevant decrease in both HV and EiT values in
specimens with 40 wt.% total filler content. On the contrary, the sodium bicarbonate
significantly enhanced the hardness of PCL/β-TCP 80/20 (p << 0.01), while it did not
alter the mechanical properties. Indeed, the increase in hardness and Young’s modulus
compared with the pure polymer is evident. However, the differences between samples
containing ~20% and ~40% β-TCP appeared less pronounced in the presence of NaHCO3,
especially in the case of hardness, where the average values could not be considered
significantly different.
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Figure 3. Graphs representing HV (a) and EiT (b) results ((*) for p < 0.05 and (**) for p < 0.01).

3.4. pH

The pH measurements after keeping the samples for 1, 2, and 3 days in cell culture
medium are reported in Figure 4. Overall, the pH of alpha-MEM tended to decrease, always
remaining around pH 7 owing to the medium’s buffer effect. At all time steps, neat PCL
differed statistically from the other compounds, showing a more basic behavior. In the
formulation containing 4 wt.% sodium bicarbonate, an alkalizing buffering effect occurred,
with statistical significance, comparing PCL/β-TCP 60/40 with PCL/β-TCP/NaHCO3

60/36/4 at 1 and 2 days. An initially opposite statistically significant (p < 0.05) effect (acidi-
fication) was evident at 24 h for PCL/β-TCP 80/20 and PCL/β-TCP/NaHCO3 80/18/2,
which was attenuated at the subsequent time steps, with the two conditions reaching
similar pH levels with no significant differences.

 

Figure 4. pH measurement at day 1, day 2, and day 3 ((*) for p < 0.05).

3.5. Protein Adsorption

The amount of BSA protein adsorbed on the sample surfaces was higher for com-
pounds with β-TCP (Figure 5). Neat PCL displayed the lowest value (~2.5 mg/mL), differ-
ing in a statistically significant way (p = 0.032) from PCL/β-TCP 80/20, which adsorbed the
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highest amount of protein (~4 mg/mL) out of all the tested conditions. Also, PCL/β-TCP
60/40 adsorbed a higher amount of protein compared to PCL (p = 0.007). No relevant differ-
ences were found between either PCL/β-TCP 80/20 and PCL/β-TCP/NaHCO3 80/18/2
or between PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4 (p > 0.05).

Figure 5. Graph showing the total amount of BSA protein adsorbed on each sample ((*) for p < 0.05
and (**) for p < 0.01).

3.6. Cellular Tests
3.6.1. Cell Adhesion and Cell Spreading

The number of adherent cells after 20 min (Figure 6) was significantly the highest
for PCL/β-TCP/NaHCO3 80/18/2, compared to all the other specimens. Considering
the samples with an equal amount of filler, an increase in terms of cellular adhesion is
noticeable when PCL/β-TCP 80/20 and PCL/β-TCP 60/40 are compared to their respective
counterparts containing bicarbonate (p = 0.032 and p = 0.001). PCL/β-TCP 60/40 was,
indeed, the sample on which the greatest decrease in the number of adherent cells occurred
overall. However, except for PCL/β-TCP/NaHCO3 80/18/2, no composites outperformed
PCL in a statistically significant way.

Figure 6. Graph representing cell adhesion assay, performed on samples after 20 min of culture in
incubator ((*) for p < 0.05 and (**) for p < 0.01).

The shape descriptor of the BFE angle, calculated on the cell segmented from the
spreading analysis (Figure 7a,b,d,e,g), did not show any preferential orientation of ASCs
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along a particular direction on any of the solvent-cast smooth substrates. Area and perime-
ter (Figure 7c,f) values were not significantly different among the samples, except for
PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4, where the cells were smaller
in terms of dimensions and less rich in filopodia structures, a feature of well-spread
cells. These two parameters were slightly smaller for PCL/β-TCP 80/20 and PCL/β-
TCP/NaHCO3 80/18/2 cells than for those grown on neat PCL; however, not in a signifi-
cant way. Consistent with the perimeter parameter, the aspect ratio (Figure 7h) values were
significantly higher for the neat polymer compared to the composites. The PCL/β-TCP
60/40 specimens showed the lowest value in terms of aspect ratio (Figure 7h) owing to
the more rounded ASCs; this was also in accordance with the complex descriptors of
circularity (Figure 7i) and roundness, where the resulting values were near to 1. These last
two variables showed a statistically significant difference between neat PCL and all the
other specimens (p < 0.05). Furthermore, the composites with the same amount of filler
only varied from their bicarbonate-containing counterparts in a statistically relevant way at
higher concentration of β-TCP. Specifically, sodium bicarbonate improved the properties
of the cells adherent to PCL/β-TCP 60/40 in terms of mean area (p << 0.01), perimeter
(p << 0.01), aspect ratio (p = 0.043), and circularity (p = 0.036).

 

Figure 7. Images of immunofluorescence microscopy performed on ASCs plated on (a) PCL/β-
TCP 80/20, (b) PCL/β-TCP/NaHCO3 80/18/2, (d) PCL/β-TCP 60/40, (e) PCL/β-TCP/NaHCO3

60/36/4, and (g) PCL after 24 h of incubation (nuclei of cells represented in blue; cytoskeletons stained
in green). The other graphs represent the (c) area, (f) perimeter, (h) aspect ratio, and (i) circularity
shape descriptor values ((*) for p < 0.05 and (**) for p < 0.01).
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3.6.2. Viability

A cell viability analysis shows that all the samples proved to be biocompatible, since
they were capable of sustaining cell proliferation, even though with different growth
rates (Figure 8). Neat PCL always outperformed the 40 wt.% composites, being slightly
surpassed, although not in a statistically significant way, only by PCL/β-TCP/NaHCO3

80/18/2, at day 3. Moreover, albeit reaching minor RLU values, PCL/β-TCP 80/20 and
PCL/β-TCP/NaHCO3 80/18/2 did not differ significantly from neat PCL at day 7. At each
time point, PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4 showed a statistically
significantly (p < 0.01) lower proliferation rate compared to the other composites.

 

Figure 8. Viability results in relative light units (RLUs) at days 1, 3, and 7 ((*) for p < 0.05 and (**) for
p < 0.01).

4. Discussion
The purpose of this work was to evaluate the early biological response elicited by

different β-TCP/PCL composites, with the specific aim of assessing whether the addi-
tion of sodium bicarbonate could be favorable. The printable polymer PCL was blended
with the widely used calcium phosphate-based ceramic β-TCP, obtaining two formula-
tions, namely, PCL/β-TCP 80/20 and PCL/β-TCP 60/40, to which two counterparts en-
riched with sodium bicarbonate were added (PCL/β-TCP/NaHCO3 80/18/2 and PCL/β-
TCP/NaHCO3 60/36/4). Sodium bicarbonate has been used for porogenesis in conjunction
with citric acid (or other acids) in the preparation of bone cements, with good results [26–28].
Notably, the functional importance of bicarbonate gained interest at a clinical level, as a
decreased carbonate/phosphate ratio in cortical and cancellous bone may be a significant
explanatory variable for fracture [29]. Also, as reported above, carbonate ions substituted
into phosphate sites can occupy up to 6% of the total mineral bone by weight [21]. Hence,
the authors wished to test whether biomimicking the bone mineral composition more
closely in alloplastic scaffolds for bone substitution could have beneficial effects in terms
of early cell response [30]. To the authors’ knowledge, this is the first time that sodium
bicarbonate has been employed structurally, owing to its physiologic presence.

SEM micrographs highlighted the formation of residual random “star-like” PCL
clusters, likely resulting from solvent evaporation during the casting process, that were
dimensionally reduced with an increase in the β-TCP content, especially in the presence
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of NaHCO3. A possible explanation for this phenomenon relies on the fact that, since
only the polymeric phase is completely soluble in chloroform, by increasing β-TCP, the
available PCL surface may have been reduced during the drying process. Furthermore,
by substituting one tenth of the β-TCP with NaHCO3, the total filler dispersion inside
the compounds was improved, suggesting the positive role of sodium bicarbonate as a
dispersing agent, possibly counteracting, at least partially, the van der Waals forces that
could lead to particle aggregation in the presence of high amounts of filler [31].

This seems to be in accordance with the EDX analysis, which highlighted that phos-
phorus and calcium, respectively, more than doubled (atomic concentration % 3.5 vs. 1.3)
and increased three-fold (atomic concentration % 6.5 vs. 1.7) on the surface of PCL/β-
TCP/NaHCO3 60/36/4 compared to PCL/β-TCP 60/40, which must depend on the surface
distribution of the filler, since paradoxically the PCL/β-TCP/NaHCO3 60/36/4 is less
rich in P and Ca than PCL/β-TCP 60/40. Likewise, nitrogen was inversely correlated
with the filler quantity and was reduced in the presence of bicarbonate. A mechanistic
explanation regarding this peculiar distribution of the chemical elements available on the
surface clearly correlated to NaHCO3 deserves thorough examination and will be the object
of future experiments.

It is also noteworthy that sodium bicarbonate increased the polar component of the
surface free energy of the samples, while the dispersive component (γD) was higher in the
40 wt.% samples compared to the other composites and neat PCL. The only statistically
significant difference concerning the OCA of diiodomethane, however, was found between
PCL/β-TCP 80/20 and PCL/β-TCP/NaHCO3 60/36/4, which had the highest total SFE.
The preferential lipophilic features of the composites tested here are consistent with the
behavior reported for several polymers [32], and the high level of surface free energy
displayed by β-TCP is in accordance with Gao [33].

As known from Refs. [34,35], incorporating a filler within a polymeric matrix may
improve the mechanical properties of the neat material, working as a toughening phase
in the composites. This was also confirmed here, where the percentage increase of β-TCP
filler within the PCL improved samples’ hardnesses (HV) and EiT Young’s moduli (EiT).
Sodium bicarbonate significantly increased the hardness of PCL/β-TCP/NaHCO3 80/18/2
compared to PCL/β-TCP 80/20, while maintaining its elastic properties. However, that
was not the case for PCL/β-TCP/NaHCO3 60/36/4, whose mechanical features became
inferior, albeit not in a statistically significant way, to those of PCL/β-TCP 60/40. As stated
above, the effect of NaHCO3 on the dispersion of β-TCP within the polymer is likely to play
a role at the interface between filler particles and PCL, according to its reported porogenic
activity [26–28].

Neat PCL was more basic than the composites, which is consistent with Juan et al. [36],
who monitored the pH of different PCL/β-TCP formulations for 15 weeks. Indeed, the
theoretical acidic behavior of PCL, owing to the release of carboxylates, is limited by its very
slow degradation kinetics [13]. The expected alkalizing effect of sodium bicarbonate was
detected only at 4 wt.% comparing PCL/β-TCP/NaHCO3 60/36/4 to PCL/β-TCP 60/40
at 1 and 2 days, losing statistical significance at the third day. Interestingly, an initially
opposite effect of acidification was observed at 24 h for PCL/β-TCP/NaHCO3 80/18/2
vs. PCL/β-TCP 80/20 (p < 0.05), which faded subsequently. This may be due to the lower
presence of sodium bicarbonate (2 wt.%) and to the reduction in the surface area available
for ion exchange [37].

The amount of protein BSA adsorbed to the samples was higher than to neat PCL for
all the composites, but it was statistically significant only for those not containing sodium
bicarbonate, with PCL/β-TCP 80/20 reaching the highest value (~4 mg/mL). The effect
of bicarbonate on early cell adhesion was instead evident, as the both the formulations
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with NaHCO3 embedded were improved compared to their counterparts, and PCL/β-
TCP/NaHCO3 80/18/2 even outperformed neat PCL in a statistically significant way.
However, PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4 had fewer adherent
cells than neat PCL in a statistically significant way. This apparent inconsistency with
the protein adsorption results finds a possible explanation in the fact that cell adhesion
is highly dependent not only on the quantity but also on the conformation and surface
interaction of the adsorbed proteins [36,38]. This pattern was also present in the cellular
morphology assay, since PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4 allowed
the adherent cells to spread less than neat PCL and the other two compounds, which is
clearly portrayed by the lower mean area and perimeter measured. Notably, also, sodium
bicarbonate rescued, at least in part, this negative outcome, as evident from a comparison
between PCL/β-TCP 60/40 and PCL/β-TCP/NaHCO3 60/36/4. The decoupling between
protein adsorption and cell spreading has been reported before by Sawyer et al. [39] and
dos Santos et al. [40]. The former study observed that mesenchymal stem cells were not
capable of spreading on HA coated with RGD, suggesting that the RGD domain alone was
not sufficient to promote full cell spreading; while the latter paper reported a downward
trend in cell spreading on β-TCP, despite its good affinity with fibronectin adsorption.

While on PCL/β-TCP 80/20 and PCL/β-TCP/NaHCO3 80/18/2 cells grew slightly
less than on neat PCL at day 7, albeit not in a statistically significant way, PCL/β-TCP
60/40 and PCL/β-TCP/NaHCO3 60/36/4 showed a remarkably slower proliferation
rate. As all the composites were nevertheless biocompatible, several hypotheses may be
formulated. An osteogenic differentiation process—theoretically—could have occurred
earlier on the composites with higher β-TCP load, consistent with previous studies linking a
decreased proliferation rate with the start of cellular commitment [41–43]. This speculation
is to be evaluated based on further experiments assessing the expression level of the
main osteogenic genes such as RUNX-2, osterix, alkaline phosphatase, collagen type I,
osteocalcin, etc. On the other hand, varying the filler content, even if it was not strictly
biomimicking, such as alumina-toughened zirconia, was demonstrated to exert selective
biological response, dependent on the cell type tested [22].

In summary, within the limits of the present study, it can be concluded that sodium
bicarbonate may be favorably introduced, as it increased the polar component of the
surface energy, alkalinized the composite with higher β-TCP content, and attenuated its
early negative cell response. Further investigation is needed to expand the filler range and
deepen the knowledge of the possible mechanisms underpinning its mechanical features
and long-term biological behavior.
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dH2O Double-distilled water
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