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Abstract: This study evaluated the biocompatibility of dense and porous forms of Poly(hydroxybutyrate-
co-hydroxyvalerate) (PHBV), Poly(e-caprolactone) (PCL), and their 75/25 blend for bone tissue
engineering applications. The biomaterials were characterized morphologically using scanning
electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR), and the thickness
and porosity of the scaffolds were determined. Functional assessments of mesenchymal stem cells
(MSCs) included the MTT assay, alkaline phosphatase (ALP) production, and morphological and
cytochemical analyses. Moreover, these polymers were implanted into rats to evaluate their in vivo
performance. The morphology and FTIR spectra of the scaffolds were consistent with the expected
results. Porous polymers were thicker than dense polymers, and porosity was higher than 92% in all
samples. The cells exhibited good viability, activity, and growth on the scaffolds. A higher number
of cells was observed on dense polymers, likely due to their smaller surface area. ALP production
occurred in all samples, but enzyme activity was more intense in PCL samples. The scaffolds did not
interfere with the osteogenic capacity of MSCs, and mineralized nodules were present in all samples.
Histological analysis revealed new bone formation in all samples, although pure PHBV exhibited
lower results compared to the other blends. In vivo results indicated that dense PCL and the dense
75/25 blend were the best materials tested, with PCL tending to improve the performance of PHBV

in vivo.

Keywords: poly(hydroxybutyrate-co-hydroxyvalerate); poly(e-caprolactone); tissue engineering;
bioresorbable polymers; mesenchymal stem cells; polymers
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1. Introduction

Autologous bone grafts are the gold standard for bone reconstruction surgery. How-
ever, the limited availability of this type of bone and the donor site morbidity have stim-
ulated interest in developing new methods for effective bone repair [1]. In this context,
tissue engineering has developed biomaterials that promote the rapid proliferation of bone
cells, thus becoming an interesting alternative for regenerative medicine [2—4].

Among the materials developed for tissue engineering, temporary polymeric sub-
stances have been extensively studied. Bioresorbable polymers, in particular, are of great
biomedical interest [5-7]. These materials are eliminated from the body through physio-
logical processes such as metabolism or excretion [6]. Therefore, a second surgery for the
removal of the material is unnecessary. The degradation of the scaffold increases the rates
of cell proliferation and migration for subsequent replacement of newly formed tissue [7].

Many polymers have been tested for bone tissue engineering, with poly(hydroxybutyrate
co-hydroxyvalerate) (PHBV) being particularly noteworthy. This natural thermoplastic,
produced by bacteria, has been experimentally used as an implant to repair small bone
fractures and spinal cord injuries, showing good biocompatibility [8,9]. Classical experi-
ments by Kose et al. [10] showed that osteoblasts cultured on PHBV matrices maintain their
bone differentiation patterns. The results were highly satisfactory, with cells proliferating
on the scaffold and producing large amounts of alkaline phosphatase (ALP) and osteo-
calcin. Moreover, osteoblasts were found to grow inside the matrices and promote their
mineralization. Other studies evaluating the behavior of mesenchymal stem cells (MSCs)
on fibrous PHBV scaffolds reported positive results in terms of cell viability. Furthermore,
MSCs responded differently to substrate characteristics, such as PHBV fiber orientation [11].
Several assays for bone reconstruction using PHBV-based substrates indicated MSC growth
in vitro and regenerative capacity in vivo [12].

Another widely used polymer is poly(e-caprolactone) (PCL). This polyester is de-
graded by hydrolysis at physiological pH, is easily processed, and exhibits good compat-
ibility with human tissues and good thermal stability [13]. Moreover, PCL is approved
by the FDA (Food and Drug Administration, USA), making it an interesting material for
tissue engineering applications [2,14]. MSCs show a good growth pattern on PCL. In a
recent study, MSCs adhered to and proliferated easily on both pure and functionalized
PCL scaffolds [15]. Expression of bone differentiation factors such as ALP, osteopontin, and
calcium minerals was observed in all substrates [15].

The development of polymer blends aims to enhance their functions and characteris-
tics, optimizing their use in tissue engineering. PHBV-based scaffolds have good tenacity,
an important characteristic for bone tissue engineering, and can be combined with the
plasticizing and biocompatible properties of PCL. In this respect, the properties of PHBV
and PCL may complement each other [13], making PHBV-PCL blends a promising alter-
native. Some of the early reports on PHBV-PCL blends came from our research group.
Over time, we have aimed to develop a porous scaffold for use in bone tissue engineer-
ing. Although recent studies have explored this blend, they have focused on different
purposes and compositions. The physical characterization of these blends was previously
reported [13]. Recent findings have shown that it is possible to obtain membranes of these
blends with good porosity, no cytotoxicity, and the ability to actively support fibroblast
cell cultures [16]. Moreover, dense PHBV and PCL membranes do not interfere with the
osteogenic differentiation pattern of MSCs [17]. Finally, the 75/25 blends have shown the
best results in previous studies [16]. In this study, we evaluated dense and porous forms of
pure PHBV, PCL, and their 75/25 blend for bone tissue engineering using in vitro (MSCs)
and in vivo (rat implants) assays.

2. Materials and Methods
2.1. Preparation of Dense and Porous PHBV, PCL, and PHBV/PCL (75/25) Blend Scaffolds

In this study, we used PHBV (12% wt, Sigma—AldriCh®, 403121-100G, St. Louis,
MO, USA), PCL (Sigma—Aldrich®, 440744-250G, Mn 70000-90000, St. Louis, MO, USA),
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chloroform (Synth®, Diadema, Brazil), NaCl, and ethanol (Vetec®, Sao Paulo, Brazil). Dense
membranes of PHBV, PCL, and the 75/25 blend were prepared using the solvent casting
technique [16]. For each membrane, a polymer solution in chloroform (5% w/v) was cast
into Petri dishes and allowed to evaporate in a fume hood at room temperature. Porous
scaffolds with the same composition were prepared by adding NaCl crystals (180-300 pm
diameter) into the polymer solution (50% w/v, 1 g NaCl per mL of polymer solution),
which was also cast into Petri dishes. After solvent evaporation, the scaffolds were washed
with distilled water for 48 h to remove the salt. Finally, the scaffolds were washed with
ethanol for 24 h and left to air dry (Figure 1). The tests conducted in this study followed the
ASTM F813-83 guidelines [18] for the evaluation of biomaterials according to international
standards [19]. Before cell inoculation, the polymers were disinfected in 70% ethanol
(overnight at room temperature), immersed in medium 199 (Lonza) without fetal bovine
serum (FBS), and incubated at 37 °C for 24 h.

PHBV 75:25 PCL

1 1 1

Chloroform (5%, w/v)

Solven? 4====m NaCl crystals
evaporation (180-300 um diameter)

Dense Porous

! !

Washing (distilled
water/ethanol)

Figure 1. Schematic diagram of scaffold preparation.
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2.2. Characterization of the Scaffolds

The thickness of the membranes of the pure polymers and the blend was measured
using a caliper and characterized by scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR). For SEM, the samples were examined using a
compact scanning electron microscope (JSM-6010LA, JEOL®, Peabody, MA, USA). For
FTIR, the samples were analyzed with a spectrometer (Thermo Nicolet® 6700, Madison, WI,
USA) at a resolution of 2 cm~!. The pore diameter was determined using Image]® software
(version 1.48, Bethesda, MD, USA). Porosity was calculated using the following equation:
p (%) = (pp — ps)/ps x 100 [20], where pp, = pore density of the non-porous polymer and
ps = pore density of the porous polymer.

2.3. Culture of Rat Mesenchymal Stem Cells (MSCs)

We used Gibco® Rat (SD) Mesenchymal Stem Cells (51601-100). These cells express a
flow cytometry cell-surface protein profile positive for CD29, CD44, CD90, and C106 (>70%)
and negative for CD11b, CD34, and CD45 (<5%). The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with low glucose and GlutaMAX®-1, supplemented
with 10% MSC-Qualified FBS (Gibco®, Carlsbad, CA, USA) to promote optimal growth
and maintain the undifferentiated state of MSCs. Cultures were maintained in a controlled
environment at 37 °C with 5% CO; and 95% humidity. For osteogenic differentiation, we
used StemPro® Osteocyte/Chondrocyte Differentiation Basal Medium (Gibco®, Carlsbad,
CA, USA) according to the manufacturer’s recommendations.

2.4. MTT Assays

Two MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assays were
conducted to evaluate the viability of Vero cells cultured on dense and porous materials.
Samples of each polymer (1 = 5) were placed in 96-well plates (Corning, Corning, NY, USA).
Next, 200 puL of a cell suspension (2 X 10° cells/well) was inoculated into the materials. The
plates were incubated at 37 °C with 5% CO, and 95% humidity for 24 h. After this period,
10 uL of MTT was added to each well, and the plates were incubated under the same
conditions for an additional 4 h in the dark. Then, 100 pL of 10% sodium dodecyl sulfate
(SDS) was added to each well to lyse the cell membranes. Absorbance was measured after
12 h using a DNM 9602 Microplate Reader® (Beijing Perlong Technology, Beijing, China) at
a wavelength of 570 nm. Wells containing only medium 199 without serum and the same
reagents served as blanks. Wells containing materials but no cells served as controls for
the reaction, whereas wells containing cells but no materials served as positive controls.
Wells with cells treated with 70% alcohol to reduce viability were used as negative controls.
Statistical analysis was conducted using one-way ANOVA followed by Tukey’s post-test,
with a significance level of 5%.

2.5. Morphological Analysis

For the direct contact test, the polymers were cut into appropriate sizes and placed
in a 24-well plate. MSCs were inoculated at a concentration of 2 x 10° cells/well (1.5 mL)
onto the pure polymers and PHBV /PCL blends (dense and porous samples). The plate
itself served as the control. The cells were incubated in DMEM with low glucose and
GlutaMAX-I (Gibco®, Carlsbad, CA, USA), supplemented with 10% FBS, at 37 °C with 5%
CO,. After 5 days, the medium was removed from the wells, and the samples were fixed in
10% formalin (in 0.1 M phosphate-buffered saline—PBS, pH 7.2) within the culture plate
and washed twice with distilled water. The cells were then stained with crystal violet.

2.6. Analysis of Osteogenic Differentiation: Alkaline Phosphatase (ALP) and Alizarin Red
Staining (ARS)

MSCs cultured under osteogenic differentiation conditions were analyzed for ALP
production and ARS. ALP production was assessed using a specific kit (Sigma Fast p-
nitrophenyl phosphatase) following the manufacturer’s recommendations. Briefly, 50 puL
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of differentiation medium from the 24-well plate was transferred to a 96-well plate and
incubated for 2 h at 37 °C. Next, 200 uL of ALP substrate solution was added, and the plate
was incubated in the dark for 30 min at room temperature. Absorbance was measured at
405 nm. The analysis was performed using media conditioned by cells that grew in contact
with the tested materials (including controls) after 7, 14, and 21 days of incubation.

For ARS, after 21 days of incubation, the cells were fixed in 4% paraformaldehyde for
10 min, washed with distilled water, and stained for 2 min. The cells were washed again
with distilled water and differentiated in 95% ethanol and 100% hydrochloric acid for 15 s.
The cells were kept in distilled water while images were obtained with a Leica inverted
microscope (Leica TCS-SPE®, Mannheim, Germany). ARS activity was evaluated using the
semiquantitative colorimetric method described by Gregory et al. [21]. After discarding the
water, the plate was kept at room temperature until fully dry. Next, 10% acetic acid was
added, and the plate was shaken for 30 min. The contents of each well were transferred to
Eppendorf tubes, heated to 85 °C for 10 min, and then cooled on ice for 5 min. Next, the
tubes were centrifuged at 16,000 x g for 20 min, and the supernatant was transferred to a
new tube containing 10% ammonium hydroxide.

2.7. Cytochemical Analysis of MSCs Cultured Under Osteogenic Differentiation Conditions

After 21 days of culture, MSCs cultured under osteogenic differentiation conditions
were stained with toluidine blue (TB) at pH 4.0 to identify DNA, RNA, and glycosaminogly-
cans (GAGs) and with xylidine ponceau (XP) at pH 2.5 to identify total proteins [22,23]. The
samples were analyzed using a light microscope (Nikon®, model 80i, Tokyo, Japan) with a
20x objective. Images were captured with a Nikon Digital Sight camera (DS-Ril, Nikon®,
Tokyo, Japan) coupled to the microscope using the NIS-Elements software v. 5.21.00 (Nikon
Instruments®, Tokyo, Japan). Because of the irregularities of the substrates, 4 to 12 images
of the same field were obtained for each material, photographed under a 4x objective at
intervals of 0.5 um. For the 40X objective, images were captured at intervals of 0.2 um.
All images were merged using the Combine ZP software v. 1.0, and the final images
were analyzed using the Infinity Analyze software v. 6 (Teledyne Lumenera®, Ottawa,
ON, Canada).

2.8. Scanning Electron Microscopy (SEM) of Cellularized Scaffolds

The materials were placed in a 24-well culture plate, and a cell suspension was
inoculated at a concentration of 2 x 10° cells/well (1.5 mL). The plate was then incubated
for 21 days at 37 °C. After incubation, the samples were fixed for 2 h at room temperature
in a 3% glutaraldehyde solution (Sigma-Aldrich®, St. Louis, MO, USA) dissolved in 0.1 M
cacodylate buffer (pH 7.4). The materials were subsequently washed with PBS, post-
fixed with 1% osmium tetroxide (Sigma—AldriCh®, St. Louis, MO, USA) in a refrigerator
for 15 min, washed with distilled water, and dehydrated in increasing concentrations of
ethanol (50%, 70%, 95%, and 100%). After that, the samples were dried using a critical point
dryer (Leica EM CPD300®, Wetzlar, Germany), coated with gold (Sputtering Leica ACE
200®, Leica Microsystems, Wetzlar, Germany), and observed under a scanning electron
microscope (FEI Quanta 250®, Hillsboro, OR, USA).

2.9. Animals and Surgical Procedure

Forty-two male Wistar rats (Rattus norvegicus), 4 months old, with an average weight of
approximately 365 g, were maintained at the bioterium of the School of Medicine of Jundiai
(FMJ/Jundiai, Brazil). This experimental protocol was approved by the Ethics Committee
on Animal Experimentation of FMJ (Protocol 49/2018). The rats were housed individually
in appropriate cages, with a temperature of approximately 23 °C and a light/dark cycle
controlled by a timer device set for 12 h each. All specimens received food (Nuvilab®,
Curitiba, Brazil) and water ad libitum. We followed the existing ARRIVE guidelines for
in vivo experimentation to monitor all stages of the experiment.
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The animals were anesthetized with an intramuscular injection of a 1:1 mixture of
ketamine hydrochloride (Francotar®, Virbac, Sao Paulo, Brazil) and xylazine hydrochloride
(Virbaxyl®, Virbac, Sao Paulo, Brazil) at a dose of 0.010 mL per 10 g of body weight. A
trichotomy was performed in the proximal tibia region, and the skin was cut longitudi-
nally and separated laterally. A 3.0 mm surgical bur coupled to a handheld drill (Beltec
LB-100®, Araraquara, Brazil) was used to create a bone defect in the left proximal tibia.
The defect was then filled with a 3.0 mm scaffold made of different biomaterials or left
empty in the control group. The animals were randomly assigned to the following groups
(n = 6 each): G1—control, untreated bone defect; G2—bone defect implanted with dense
PHBV; G3—bone defect implanted with porous PHBV; G4—Dbone defect implanted with
dense 75/25 blend; G5—bone defect implanted with porous 75/25 blend; G6—bone defect
implanted with dense PCL; G7—bone defect implanted with porous PCL. The skin was
closed using 4-0 silk sutures.

2.10. Histomorphometric and Statistical Analysis

The rats were euthanized 6 weeks after surgery using an excessive (triple) dose of
the anesthetics described for the experimental surgery. The operated tibias were then
removed and subjected to routine histological processing (decalcification and embedding
in paraffin blocks for sectioning at 5 pm thickness). Histological sections of the entire
wound area were stained with Masson’s trichrome to characterize and differentiate bone
neoformation. The formation of new bone was quantified using Motic software (Motic
Images Plus 2.0ML software®, Motic China Group, Xiamen, China). In each image, the
total area of the osteotomy and the area of newly formed bone were delineated, and bone
volume was calculated as a percentage. Values were compared between groups using
ANOVA followed by Tukey’s post-test, with a significance level set at p < 0.05.

3. Results
3.1. Scaffolds

Figure 2 illustrates the morphological characteristics of the dense and porous scaffolds
as observed by SEM. Both dense and porous membranes presented irregular surfaces,
with the porous membranes presenting irregularities in the shape of the NaCl crystals.
For the PHBV /PCL (75/25) blend, the surface of the dense membranes contained small,
homogeneously distributed pores, whereas the porous membranes exhibited irregular
pores that extended to the surface. PCL scaffolds showed a granule-like structure on
the surface of the dense membranes and a porous structure on the surface of the porous
membranes. Table 1 summarizes the apparent porosity, pore diameter, and thickness of
the scaffolds. Overall, the samples exhibited high porosity (>92%), with pore diameters
ranging from 240 to 280 um. The porous scaffolds were thicker than the dense ones.

Table 1. Thickness, porosity, and pore diameter of PHBV, 75/25, and PCL scaffolds.

Samples Thickness Porosity Pore Diameter
(um) (%) (um)

PHBV Dense 190 + 48 - -
Porous 2500 + 280 92.38 +0.20 280 + 100

75:25 Dense 194 £ 41 - -
Porous 2157 + 410 93.17 + 0.34 245 + 130

PCL Dense 197 £ 6 - -
Porous 1997 £ 520 93.68 £+ 0.87 242 + 51

PHBV—Poly(hydroxybutyrate-co-hydroxyvalerate); PCL—Poly(e-caprolactone).
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PHBV

75:25

PCL

200 pm

200 yarn-1

Figure 2. Scanning electron microscopy images of the upper surface of the studied materials
[PHBYV: poly(hydroxybutyrate-co-hydroxyvalerate; PCL: poly(e-caprolactone); the 75/25 blend].
Scale bar =200 pm.

3.2. FTIR Scaffolds

Figure 3 shows the FTIR spectra of PHBV, PCL, and the PHBV /PCL (75/25) blend. A
small stretching vibration is observed around 668 cm !, corresponding to the vibrational
points of the carboxyl group (CH) bond present in both polymer chains. Another band
appears at approximately 2885 cm ™!, associated with the elongation of the carboxyl bond.
In the region of 28652945 cm ™!, bands related to both symmetrical and asymmetrical CH,
bonds are identified. The largest band is found at a wavelength of 1722 cm ™!, correspond-
ing to the carbonyl bond present in both polymers. Within the 1045-1470 cm~! range,
bands characteristic of carbonyl (C-O), carbon-carbon (C-C), and ether (C-O-C) bonds
are observed at 1293, 1173, and 1238 cm ™!, respectively. The PCL spectra better illustrate
these data.
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Figure 3. FTIR spectra of dense and porous PHBV, 75/25 blend, and PCL in the range of 4000 to
500 cm~1. d PHBV = dense PHBV (G2); p PHBV = porous PHBV (G3); d 75:25 = dense 75/25 blend
(G4); p 75:25 = porous 75/25 blend (G5); d PCL = dense PCL (G6); p PCL = porous PCL (G7).
3.3. MTT Assay

When cultured with MSCs, all substrates performed better than the negative control,
except for the porous 75/25 blend. Statistically, the tested polymers were similar to the
positive control, except for the dense PCL membrane, which outperformed the other
substrates (Figure 4).

180

160

140-:
120-:
100-‘
80-‘

60

40 1

Viability / activity (%)

20 4

CLT- CLT+ dPHBV d75/25 dPCL pPHBV p7525 pPCL
Sample studied

Figure 4. MTT assay results of mesenchymal stem cells after 24 h of incubation. Different lower-
case letters indicate significant differences between groups (p < 0.05). CLT — = Negative Control;
CLT + = Positive Control; d PHBV = dense PHBV (G2); p PHBV = porous PHBV (G3); d 75:25 = dense
75/25 blend (G4); p 75:25 = porous 75/25 blend (G5); d PCL = dense PCL (G6); p PCL = porous PCL
(G7). The dashed line indicates a 30% reduction in viability of the negative control.
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3.4. Morphological Analysis of MSCs

Cells cultured on dense materials exhibited a confluent to semi-confluent distribution
pattern. We observed cells with irregular morphology, nuclei with decondensed chromatin,
and partially visible nucleoli. The number of MSCs was lower on porous than on dense
samples. Elongated cells were the most prevalent cell type observed in the samples
(Figure 5).

Porous

Ve

PHBV |

75:25 °.

Py i / .

V /4
mﬁ

T
\l.:‘r.. - E

PCL e

Figure 5. Morphological analysis of mesenchymal stem cells cultured on dense and porous polymers
for 5 days. Stain: crystal violet. Scale bar = 100 pum.

3.5. Analysis of Osteogenic Differentiation by Alkaline Phosphatase Measurements

At 7 days of differentiation, ALP peaked in the negative control (common medium),
occurring earlier and at a higher level than observed in the samples. In the samples, ALP
activity levels were similar to those in the positive control (induction medium) (Figure 6A).
By 14 days (Figure 6B), ALP production appeared to decrease in the negative control but
remained stable in the positive control and in the samples in which the cells grew in contact
with the polymers. An exception was observed in dense PCL, which showed increased
ALP activity compared to day 7. At 21 days, a marked decline in ALP activity was detected
in the positive and negative controls. Although most polymers also exhibited reduced
ALP activity compared to the 14-day time point, their levels remained higher than those
of the controls. Notably, both dense and porous PCL maintained stable ALP production,
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with higher activity compared to earlier time points (Figure 6C). Figure 6D illustrates the
temporal expression of ALP.

Alkaline phosphatase (U/L)
Alkaline phosphatase (U/L)

Control- Control+ dPHBV d75/25 dPCL pPHBV p75/25 pPCL Control- Control+ dPHBV d75/25 dPCL pPHBV p75/25 pPCL
Samples studied Samples studied

—a— Control-
—e— Control+
25 4 —A—dPHBV

—v—d75/25 D
——dPCL
—<— pPHBV
—»—p75/25
—e—pPCL

20

Alkaline phosphatase (U/L)
Alkaline phosphatase (U/L)
>
1

Control- Control+ dPHBV d75/25 dPCL pPHBV p75/25 pPCL 0 7 14 21
Samples studied Time (days)

Figure 6. Production of alkaline phosphatase during osteogenic differentiation. (A) 7 days;
(B) 14 days; (C) 21 days; (D) over time. Different lowercase letters indicate statistically signifi-
cant differences (one-way ANOVA and Tukey’s post-test, p < 0.05). CLT — = Negative Control;
CLT + = Positive Control; d PHBV = dense PHBV (G2); p PHBV = porous PHBV (G3); d 75:25 = dense
75/25 blend (G4); p 75:25 = porous 75/25 blend (G5); d PCL = dense PCL (G6); p PCL = porous
PCL (G7).

3.6. Analysis of Osteogenic Differentiation by Alizarin Red Staining

Mineralized nodules were observed in each image of all samples, except for the
negative control (without osteogenic differentiation medium). Although the number of
nodules was small, this finding confirms the differentiation capacity of the cells on the
polymers (Figure 7).
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Dense XP

Porous Xp

ARS

Figure 7. Cytochemical and osteogenic differentiation of mesenchymal stem cells (MSCs) cultured
on dense and porous polymers for 21 days, as assessed by alizarin red staining (ARS). Black arrows
indicate ARS marking. TB = Toluidin Blue at pH 4.0; XP = Xylidine Ponceau at pH 2.5; ARS = Alizarin
Red Staining. Scale bar = 200 pm.
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3.7. Cytochemical Analysis of MSCs Under Osteogenic Differentiation Conditions

Cytochemical analysis was conducted after 21 days of culture, and the results are
presented in Figure 6. Staining with TB at pH 4.0 revealed metachromatic cytoplasm and
orthochromatic nuclei in cells grown on porous samples. Cells on dense materials exhibited
slightly metachromatic cytoplasm but maintained orthochromatic nuclei. Staining with XP
at pH 2.5 revealed highly acidophilic cells on the materials, with a more intense staining
pattern observed in dense samples because of the higher cell density. No cytochemical
variations were noted among the different polymers (Figure 7).

3.8. Scanning Electron Microscopy (SEM) of Cellularized Scaffolds

In the monolayer regions, MSCs showed irregular morphology and slightly flattened
cells in culture dishes (Figure 8A,B). No signs of mineralization were seen in these regions.
Locating the cells in the porous samples was difficult; cells were identifiable only in regions
of lower confluence. In the dense PHBYV, the cells exhibited less elongation (Figure 8C).
In the porous PHBYV, a flat layer of cells adhered well to the material (Figure 8D). The
dense 75:25 blend exhibited regions of semi-confluence and confluence, resulting in a
homogeneous monolayer that was difficult to characterize. The characteristics of the
material were visible in areas lacking cellular contact (Figure 8E). In the porous blends, the
characteristics of the cells intermixed with the material surface, preventing a clear analysis
(Figure 8F). Dense PCL exhibited either a semi-confluent or confluent layer, depending on
the region (Figure 8G). Finally, in porous PCL, the cells around the pores of the material
were clearly distinguishable (Figure 8H).

In the dense 75/25 blend group (G4), immature bone formed mainly at the defect
borders, but some trabecular bone also formed in the center of the defect. Fragments of
the membrane were located centrally, bordered by newly formed bone and connective
tissue. Areas of mature bony trabeculae were also observed in the center of the defect
(Figure 9). In the porous 75/25 blend group (G5), mature trabecular bone formed around
the implant, whereas remnants of the material were present in the more central area of the
defect (Figure 9). In the dense PCL group (G6), there was a predominance of immature
and irregular newly formed bone around the implant, with more mature bone observed
near the defect borders. Membrane remnants were observed in the center of the defect,
interspersed with newly formed bone and fibrous connective tissue (Figure 9).

In the porous PCL group (G7), both mature and immature bone formed from the mar-
gins of the defect. Remnants of the material were also observed in the center, interspersed
with newly formed bone and connective tissue. The trabeculae of the newly formed bone
showed characteristics of mature bone (Figure 9).

3.9. Histological and Morphometric Analysis

No tissue degeneration or signs of a local apoptotic process were observed at the
implant site in any of the samples. In the control group (G1), minimal bone neoformation
occurred solely at the defect borders, with the central area filled exclusively with dense
connective tissue. In the dense PHBV group (G2), trabecular bone neoformation was
observed at the defect borders, along with the presence of mature bone. Implant remnants
were evident around the newly formed bone (Figure 9). In the porous PHBV group (G3),
newly formed mature trabecular bone was found only at the defect borders, with material
remnants covered by fibrous connective tissue (Figure 9). In both cases, no osseointegration
between the polymer and bone was observed.
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Figure 8. Scanning electron microscopy of mesenchymal stem cells cultured on dense and porous
polymers for 21 days. (A) Culture plate without mineralization medium; (B) culture plate with
mineralization medium; (C) dense PHBV; (D) porous PHBV; (E) dense 75/25 blend; (F) porous 75/25
blend; (G) dense PCL; (H) porous PCL. Scale bar = 40 um.
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Porous

Figure 9. Histological analysis of the experimental groups stained with Masson’s trichrome. Asterisks
indicate the implant site. Scale bars = 100 um and 500 pm.

Regarding morphometry, the PHBV implants (dense, G2 and porous, G3) yielded
the poorest results among the materials studied. The largest amount of newly formed
bone was observed in the dense 75/25 blend (G4) and dense PCL (G6). Unfortunately, the
results obtained for the porous blend (G5) and PCL (G7) were inconclusive because of the
high standard deviations; however, they indicated bone formation of approximately 70%
(Figure 10).
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Figure 10. Morphometric analysis of bone formation (%) across experimental groups. Different
lowercase letters indicate significant differences among groups (one-way ANOVA and Tukey’s post-
test, p < 0.05). Control (G1); dPHBV = dense PHBV (G2); pPHBV = porous PHBV (G3); d75:25 = dense
75/25 blend (G4); p75:25 = porous 75/25 blend (G5); dPCL = dense PCL (G6); pPCL = porous
PCL (G7).

4. Discussion

Bone defects generally arise from the loss of bone mass due to trauma, pathological
fractures, abnormal skeletal development, or tumor resection. Fractures accompanied by
bone mass loss often exceed the regenerative capacity of the individual and require the use
of grafts or implants. Tissue engineering has developed biomaterials that stimulate bone
regeneration and have thus become an interesting alternative in regenerative medicine [2].
Various PHBV /PCL ratios have been previously tested [13], and physical characterizations
identified the 50:50 and 75:25 blends as the most suitable for cytotoxicity studies. However,
the 50:50 blend exhibited a low cellular response [16], and ultimately, the dense 75:25 blend
might be suitable for MSC culture [17]. Here, we assessed the use of pure PCL and PHBV
scaffolds, as well as their 75/25 blend, for MSC culture.

The morphological characteristics of the tested biomaterials are consistent with previ-
ously reported results for PHBV [24], PCL, and PHBV /PCL blends [13,16]. For the porous
polymers, SEM images revealed an irregular surface with well-distributed pores of varying
sizes and no pore-free areas—an important characteristic for cell culture [25]. Although the
optimal pore size for bone growth remains debated (with recommended ranges between
100 and 500 pm [26,27]), the pore sizes observed here fall within the recommended range
of 200-300 um [28,29]. FTIR characterization confirmed that the constructed scaffolds are
compatible with the polymers used [13]. Moreover, the physical characteristics of the blends
tested here were consistent with those reported in previous studies [13,17]. Our results are
also consistent with recent findings on PHBV /PCL blends of various proportions [30].

In the MTT assay, MSCs exhibited higher activity after 24 h of incubation across all
polymers compared to the negative control. Notably, the porous 75/25 blend approached
the toxicity threshold defined by ISO standards. However, cells were present on the samples
after 5 and 15 days of culture, indicating that the porous 75/25 blend cannot be classified
as toxic; instead, the cells exhibited lower or slower initial activity. In contrast, dense PCL
exhibited higher activity and viability, a result not seen with fibroblast cells [16,17]. Never-
theless, this increased activity did not reflect in a higher cell number at later time points or
in the amount of bone formed in the implants. Although good adhesion and viability of
endothelial cells on PHBV /PCL fibrous blends have been previously demonstrated [31],
those results are not directly comparable to ours, as the cited study included VEGF addition
to the scaffold.
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After 5 days of incubation, dense samples exhibited a confluent to semi-confluent
cellular monolayer, whereas porous samples had fewer cells. This result was expected
because porous materials, due to their irregularities, have a larger surface area than dense
materials; consequently, there is more space for cell colonization over the same time
frame. This finding was corroborated by both SEM and ARS assays, despite the extended
cultivation period. The morphological patterns of the cells on the tested materials are
compatible with previous results involving fibroblasts [16] or MSCs [17]. Studies on
osteosarcoma cell adhesion to fibrous PHBV /PCL blends also reported higher cell density in
areas with smaller pores, offering more surface area for cell growth. However, because these
blends were enriched with mineral components, direct comparison is unfeasible [32]. The
pattern of mineral deposition observed through ARS for MSCs growing around PHBV /PCL
blends was consistent with the existing literature [33].

Functional assessment of MSCs was conducted 21 days after the induction of os-
teogenic differentiation through ALP measurement and cytochemical analysis. ALP plays
an important role in osteogenic differentiation. Based on the results of ALP expression,
the various polymers tested did not appear to interfere with the osteogenic differentiation
process, except for the PCL samples, in which ALP production increased over the incuba-
tion period. The kinetics of ALP production in PHBV /PCL blends aligns with previous
reports [32]. This enzyme is an important component of the bone matrix, catalyzing cal-
cium nucleation in the organic matrix and serving as an indicator of osteoblast activity
and differentiation [34]. Moreover, extracellular ALP activity is an important parameter
for assessing osteogenic potential both in vivo and in vitro [35]. Our data support this
hypothesis, as osteogenic differentiation was confirmed by the presence of mineralized
nodules on the polymers, usually detected after 28 days of incubation. Previous studies
have also confirmed osteogenic differentiation through mineral deposition at this time
point using the same dense materials [17]. Our goal was to obtain this information at the
last ALP measurement. Although it was early in the process, we observed mineralized
nodules on the samples.

Cytochemical analysis using TB staining at pH 4.0 revealed strongly metachromatic
cells. TB is a basic dye that forms electrostatic interactions with acidic radicals in tissues,
resulting in a purplish-blue stain for acidic structures. It binds to PO4~, SO4~, and COO™
groups, which are present in nucleic acids (DNA and RNA) and GAGs. An advantage of TB
staining is its ability to provide indirect information about cell activity; a highly basophilic
cytoplasm typically indicates a high amount of cytoplasmic rRNA, which is associated with
the rough endoplasmic reticulum [22,23]. Staining after the induction of differentiation
revealed a similar pattern and distribution of cells on both dense and porous materials after
5 days of culture, although a higher number of cells were observed on the scaffolds. Despite
osteogenic differentiation, cell proliferation on the materials did not appear to be reduced.
Intense staining of MSCs on the dense polymers indicated a higher number of cells.

XP is an acid dye that, at pH 2.5, stains cationic radicals, specifically cytochemically
detectable NH3™" radicals, present in total proteins [22,23]. The cytochemical analysis in-
dicated high protein deposition on all polymers (both dense and porous) following the
induction of differentiation. These results suggest that MSCs can grow on the polymers
and exhibit high functional activity, indicating their potential for osteogenic differentiation
even at an early stage. Collectively, the in vitro data indicate that PCL performed the best,
showing the highest activity in the MTT assay and the greatest ALP production. Interest-
ingly, PHBV /PCL scaffolds supported chondrogenic differentiation better than the other
materials studied, as evidenced by soluble GAG analysis and microscopic observations of
chondrogenic matrix deposition [36].

In the in vivo assays, we used Masson’s trichrome staining to qualitatively analyze
bone morphology. This method differentiates original mature bone, which stains red,
from immature newly formed bone, which stains blue. Moreover, this method identifies
collagen fibers in the extracellular matrix of fibrous tissues, which also stain blue [37-39].
We observed that bone neoformation progressed from the margins of the defect toward
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the center. None of the samples exhibited tissue degeneration at the implant site or signs
of local apoptosis. Some studies indicate that PHBV implants are less likely to elicit an
inflammatory response and fibrous connective tissue formation compared to other materials.
Increased bone mineral density has been reported for PHBV implants, stimulating bone
tissue regeneration in bone defects in vivo [40]. PHBV was found to induce a mild immune
response in vivo, with evidence of macrophage infiltration. The extent of this inflammation
diminished within 4 weeks post-surgery. Bone formation occurred adjacent to the implant
and appeared unaffected by PHBV [41]. Our findings are consistent with these studies,
although they did not quantify the newly formed bone. We observed the lowest level of
bone formation for PHBV, ranging from 45% to 57%.

Park et al. [42] implanted PCL scaffolds into alveolar bone defects along with f3-
tricalcium phosphate (3-TCP) powder. Their in vivo analysis showed that the PCL implants
preserved bone conductivity around the defects, with no inflammatory infiltrates observed.
Bone neoformation occurred adjacent to the scaffolds, accounting for approximately 25%
of the newly formed bone. Our findings align with those of Park et al. [42], although
we observed more intense bone formation. Another study investigated the bone-healing
capacity of PCL/PLGA scaffolds in bone defects in rabbits. X-ray, micro-CT, biochemical,
and histological analyses revealed that PCL/PLGA scaffolds promote bone neoformation
by inducing repair, suggesting they may be a good option for fracture treatment [43]. Our
data indicate that PCL, whether used alone or blended with PHBYV, is more effective than
when combined with PLGA.

In rabbit models, the nanocomposite PCL group exhibited a larger amount of newly
formed lamellar bone compared to the other groups, suggesting that PCL is a promising
material for bone implants [44—46]. The PCL scaffold also yielded satisfactory results for
repairing bone defects around dental implants. The incorporation of 3-TCP, MSCs, and
platelet-rich plasma (PRP) optimized the bone regeneration process and improved implant
stability [47-50].

Possible limitations of this study include the fact that it involved only small animals
and the absence of mechanical resistance tests on the newly formed bone in the evaluated
biomaterials. To develop a device suitable for human patients, it will be necessary to
understand how these blends behave in biological models other than murine rodents.
Moreover, the biomechanical properties of the newly formed bone must be thoroughly
evaluated in future studies.

5. Conclusions

In this study, the physical characterization of the scaffolds was consistent with previ-
ous studies. The cells exhibited good viability and growth on the produced scaffolds. The
growth was more pronounced in dense samples due to their smaller surface area. The scaf-
folds did not interfere with the osteogenic capacity of MSCs, and microscopic observations
showed no tissue degeneration or signs of local apoptosis at the implant sites. New bone
formation occurred in all samples, although pure PHBV showed lower results compared to
the other blends. Our in vivo findings identified dense PCL and the dense 75/25 blend as
the best materials. For the porous materials, our data were inconclusive. PCL tended to
improve the performance of PHBV in vivo. The addition of this polymer to PHBV blends
improved the in vivo results compared to the pure polymer. Future studies should focus
on further testing these biomaterials, particularly in medium and large animal models, to
translate these findings into clinical applications in regenerative dentistry and medicine.
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