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Abstract. Synthetic biomaterials combined with cells and 
osteogenic factors represent a promising approach for the treat-
ment of a number of orthopedic diseases, such as bone trauma 
and congenital malformations. To guarantee optimal biological 
properties, bone substitutes are prepared with a 3D structure and 
porosity grade functional to drive cell migration and proliferation, 
diffusion of factors, vascularization and cell waste expulsion. In 
this study, synthetic hydroxyapatite (HA) or rat bone extracellular 
matrix (BP) were examined in an effort to optimize the mechan-
ical properties and osteogenic activity of poly-ε-caprolactone 
scaffolds prepared with alginate threads (PCL-AT). Using rabbit 
bone marrow-derived mesenchymal stem cells (rMSCs), the 
effects of PCL composite substrates on cell adhesion, growth and 
osteogenic differentiation were evaluated. Micro-CT analysis 
and scanning electron microscopy evidenced that porous PCL 
scaffolds containing HA or BP acquire a trabecular bone-like 
structure with interconnected pores homogenously distributed 
and are characterized by a pore diameter of approximately 
10 µm (PCL-AT-BP) or ranging from 10 to 100 µm. Although 
the porosity grade of both PCL-AT-HA and PCL-AT-BP 
promoted optimal conditions for the cell growth of rMSCs at the 
early phase, the presence of BP was crucial to prolong the cell 
viability at the late phase. Moreover, a precocious expression of 
Runx2 (at 7 days) was observed in PCL-AT-BP in combination 
with osteogenic soluble factors suggesting that BP controls better 
than HA the osteogenic maturation process in bone substitutes. 

Introduction

Advanced bone surgical therapies are currently based on 
reconstruction surgery and tissue transplantation. However, 

several therapeutic and methodological limitations, such as the 
incomplete restoration of biological tissue functionality or the 
progressive deterioration of implants have been observed (1). 
As an alternative clinical approach, tissue engineering (2) has 
been suggested and is currently used to restore tissue damage, 
promoting the proliferation and differentiation of bone cells 
within synthetic scaffolds. In particular, cell-induced bone regen-
eration therapy is based on the transplantation of mesenchymal 
stem cells (MSCs) combined with biomaterials favouring an effi-
cient diffusion of nutrients, a good gas exchange and 3D structure 
simulating in vivo local environment. The low grafting rate of 
engineered bone substitutes has been demonstrated to be greatly 
dependent on the porosity grade and geometry of the scaffold (1). 
As previously demonstrated by Langer and Vacanti (3), porous 
biomaterials enhance the therapeutic efficacy of cellular trans-
plants, preserving cells from excretion and death. Synthetic and 
natural materials, such as polymers, ceramics, metals or their 
composites, have been largely investigated and their use has 
been explored for bone repair applications using in vitro and 
in vivo settings (2). Polymers, including collagen, hydroxyapatite 
(HA), polylactic acid (PLA), polyglycolic acid (PGA) and poly-
ε-caprolactone (PCL) have been used to obtain biodegradable 
and mechanically resistant matrices using solution casting tech-
niques (4), solvent casting particulate leaching (5), gel casting (6), 
gas saturation (7) and phase separation (8,9).

The success of biomaterials to sustain a complete bone 
repair is dependent on their ability to mimic the natural extra-
cellular matrix (ECM), thereby minimizing foreign body or 
fibrotic responses. The mature bone matrix is composed of 65% 
minerals predominantly including HA and 35% protein (10) as 
collagen I (Coll I) fibers and proteoglycans (11). Bone ECM 
components act as primary chemical effectors in cell signaling 
and functionality. When HA (12,13) and/or Coll I (14,15) are 
combined with synthetic scaffolds such as PCL, matrices 
become highly osteoconductive (16) and acquire tensile and 
bending force, but no compressive strength. PCL is a semi-
crystalline, aliphatic polyester with a degradation grade rate 
lower than collagen and strong mechanical strength (17). A 
composite matrix containing ECM and PCL has been previ-
ously investigated by Phipps et al (18) to obtain a useful 
scaffold with defined mechanical properties and a high level 
of biocompatibility. A tri-component electrospun scaffold 
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composed of PCL, Coll I and nanoparticulate HA was shown 
to blend the advantageous mechanical resistance of PCL with 
the favourable biochemical cues provided by native bone 
molecules, such as Coll I and HA, guaranteeing the better 
adhesion, spreading and proliferation of human MSCs (18).

In our previous study (9), experimental conditions were 
defined to obtain porous PCL scaffolds using the phase 
separation technique and alginate threads as porogen agents 
(PCL-AT). Although it was demonstrated to sustain osteo-
blastic adhesion, growth and differentiation, the mechanical 
properties of PCL-AT proved that it was not sufficient for 
bone repair. Therefore, in this study, HA or bone extracellular 
matrix powder (BP) was used to optimize the mechanical 
properties of PCL-AT matrices, and the effects were examined 
by a micro-CT analysis, while the improvement of the osteo-
genic activity by rabbit bone marrow MSCs was evaluated 
by gene expression analysis, MTS proliferation assay and an 
Alizarin Red functionality test.

Materials and methods

Preparation of PCL scaffolds by the phase separation 
technique. As previously reported (9), porous scaffolds were 
prepared using PCL (molecular weight ~65 kDa; density, 
1.145 g/cm3) (Sigma Chemical Co., St. Louis, MO, USA) and 
Ca2+ alginate threads at 200/100 weight ratio (Ca2+ alginate/
PCL). To increase mechanical resistance and osteogenic 
properties, mineral components, such as HA or BP were added 
(PCL-AT-HA, PCL-AT-BP). In parallel, PCL without porogen 
(PCL-WP) was used as the control.

Hydroxyapatite. HA was prepared using calcium acetate 
aqueous solution [Ca(Ac)2] (1 M) and ammonium phosphate 
aqueous solution [(NH4) H2PO4] (1 M) as follows: 5 Ca (Ac)2 + 
3 (NH4) H2 PO4 + 7 (NH4) (OH) → Ca5 (PO4)3 (OH) + 6 H2O + 
10 (NH4) (Ac). The final solution pH was corrected to 10 with 
33% ammonium hydroxide solution. The mixture was stirred 
for 24 h and then heated at 70˚C for 20 h under agitation. The 
resulting precipitate was filtered, washed and dried overnight.

Bone extracellular matrix powder. BP was obtained using the 
femurs of Sprague Dawley rats under animal care committee 
authorization. Following the removal of residual covering 
tissues, the samples were frozen in liquid nitrogen and pulver-
ized using a mill. The resulting powder was treated with 0.5 M 
HCl solution (25 mEq/g) for 2 h at 4˚C and then centrifuged at 
4˚C for 4 min at 4,000 rpm. To remove cellular contaminants 
from BP, 4 repeated cycles of detergent-enzymatic treatment 
were performed, as previously described by Meezan et al (19), 
each one consisting of the 3 following steps: i) distilled water 
for 72 h at 4˚C; ii) 4% sodium deoxycholate solution for 4 h; 
and iii) 2,000 KU DNase I in 1 M NaCl for 2 h.

Preparation of composite scaffolds. HA and BP were added 
to the PCL gel using 25/100 (PCL-AT-HA) and 13.3/100 
(PCL-AT-BP) weight ratios, respectively. The samples were 
kept at 30˚C until complete solidification. The residual solvent 
and Ca2+ alginate threads were removed by washing with 
a sodium phosphate solution (0.1 M, pH 7.0) and then with 
distilled water.

Scaffold characterization
Morphological analysis. The size and distribution of pores 
were examined in the PCL matrices by scanning electron 
micro scopy (SEM). The specimens were lyophilized, frozen in 
liquid nitrogen, fractured, coated with gold and observed using 
a Stereoscan-205 S scanning electron microscope (Cambridge 
Instruments, Cambridge, MA, USA).

Porosity measurement. The total porosity of the PCL 
scaffolds was determined by micro-CT analysis and density 
measurement, as previously described (9). Parallel sections 
were manually prepared and then scanned using a Skyscan 1172 
HR Micro-CT scanner (Skyscan, Aartselaar, Belgium) using 
the following settings: voltage, 48 kV; current, 167 µA; exposi-
tion time, 363 msec; field of view (FOV), 1280x1024 pixels; 
and an 8-µm isotropic voxel size. Moreover, all samples were 
submitted to 360˚ rotation, a 0.4˚ rotation step and 1 frame 
averaging. The reconstruction of raw data was performed using 
N-Recon software (Skyscan) and a back projection algorithm 
was applied to the subsequent axial images acquired in bitmap 
format. Micro-CT images were analyzed using Ct-An software 
(Skyscan) and focusing the selected volume of interest (VOI; 
3x1.59 mm) in the centre of each scaffold to prevent artifacts 
from cutting. All samples were binarized with the same instru-
ment settings. Sample porosity was calculated as follows: 
Φ = 1 - BV/TV, where Φ is total porosity, BV the bone volume, 
TV the total volume and BV/TV the percentage bone volume. 
Trabecular thickness (Tb.Th) (or pore wall) and trabecular 
separation (Tb.Sp) (or pore diameter) were computed by direct 
measurements. A 3D reconstruction was performed using 
CT Vol software (Skyscan) and OsiriX open-source software.

Biological properties of PCL scaffolds. The PCL scaffolds 
were sterilized in 95% ethanol for 2 h, incubated in PBS 
containing 2% penicillin/streptomycin solution and then 
washed 3 times in αMEM (Invitrogen, Grand Island, NY, 
USA). The scaffolds were then placed in 24-well plates, seeded 
with MSCs (3x104 cells/cm2) and cultured in proliferative 
medium containing αMEM, 15% fetal bovine serum (FBS) 
(Invitrogen), 2 mM glutamax (Invitrogen) and 1% antibiotic 
solution (Sigma). At different time points, the samples were 
submitted to an analysis of cell viability study morphological 
analysis by SEM. To determine the effects of PCL matrices on 
osteogenic differentiation, the samples were cultured in differ-
entiation and proliferative medium and subsequently analyzed 
by RT-PCR and functionality tests.

Mesenchymal stem cells. MSCs were isolated in sterile 
conditions from femurs and tibia of rabbits (rMSCs) acquired 
from private animal breeding. Following the removal of bone 
tips, bone marrow was harvested using Dulbecco's modified 
Eagle's medium (DMEM) (Invitrogen) supplemented with 
0.2% penicillin-streptomycin (Invitrogen). The mononuclear 
cell fraction was then isolated by centrifugation (2,000 rpm, 
30 min) on Ficoll 1077 (Invitrogen) density gradient and subse-
quently cultured in proliferative medium at 37˚C, 95% humidity 
and 5% CO2. The immunophenotypical profile of bone marrow 
MSCs was verified on all primary cultures by detecting the 
expression of CD105, CD44, CD29, CD90, CD34 and CD45 
by flow cytometry (FACS). The analysis was performed by 
indirect labeling using specific anti-rabbit primary antibodies 
and FITC-conjugated secondary antibodies (all from Santa 
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Cruz Biotechnology, Inc., CA, USA). Samples were loaded on 
a FACSCanto II cytometer (BD Biosciences, San Jose, CA, 
USA) and the data were presented as a percentage of positive 
cells relative to the labeling control.

SEM. SEM was performed to evaluate the morphology and 
distribution of rabbit MSCs on the PCL scaffolds. At each time 
point (24 h, 7 and 14 days), the samples were washed with PBS 
and fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.4), for 24 h, at 4˚C. The specimens were then 
rinsed 3 times with sodium cacodylate buffer and dehydrated 
through a graded series of ethanol and then air-dried. The 
scaffolds were coated with gold and observed by SEM.

Analysis of cell viability. After seeding on PCL scaffolds, 
cell viability was monitored at 24 h, 72 h, 7 and 14 days using 
the colorimetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. 
Metabolically active cells react with tetrazolium salt in MTS 
reagent to produce a soluble formazan dye detectable at 
490 nm. At each time point, all constructs were rinsed with 
PBS and then incubated for 3 h with 20% MTS reagent in 
culture medium. Thereafter, the aliquots were pipetted into 
96-well plates and the absorbance of each sample was read at 
490 nm using ELx 808 Ultra Microplate reader (Bio-Tek 
Instruments, Winooski, VT, USA). The data were expressed as 
the number of cells x103. A calibration curve (cell number/ 
cm2=3.8x105A490-1.1x104, R2=0.98) was prepared.

Osteogenic differentiation of MSCs on PCL matrices. At 48 h 
after seeding in proliferative medium, the cells were stimulated 
from 7 to 21 days with αMEM, 10% FBS, 1% antibiotic solution 
(APS), 0.1 µM dexamethasone, 10 nM β-glycerophosphate and 
0.05 mM ascorbate. Cultures of MSCs in proliferative medium 
were used as the control. To verify the maturation into osteo-
blastic-like cells, all samples were submitted at different time 
points to the analysis of osteogenic markers by RT-PCR (7 and 
14 days), alkaline phosphatase (ALP) activity analysis and the 
analysis of extracellular matrix calcium deposition by Alizarin 
Red staining (24 h, 7 and 14 days) as follows:

i) RT PCR. After 7 and 14 days, the constructs were 
rinsed with PBS and then submitted to total RNA extraction 
using TRIzol (Invitrogen). RNA was firstly quantified using 
a NanoDrop 2000 spectrophotometer (Thermo Scientific, 
Waltham, MA, USA) at 260 and 280 nm, and then reverse 
transcribed into cDNA by M-MLV Reverse Transcriptase 
(Sigma Aldrich), according to the manufacturer's instructions. 
For PCR amplification, ReadyMix™ Taq PCR Reaction Mix 
with MgCl2 (Sigma) and specific oligo primers (Invitrogen) 
designed on GenBank sequences (Table I) were used. PCR 
products were then analyzed on 2% agarose gels and visual-

ized using a Gel Doc imaging system (Bio-Rad, Hercules, CA, 
USA) after GelRed staining. The expression of β-actin was 
used as an internal control.

ii) Alkaline phosphatase assay. ALP activity was analyzed 
using p-nitrophenyl phosphate (p-NPP) as the substrate. 
Following cell lysis and centrifugation at 12,000 x g for 
10 min, the supernatants were incubated with p-NPP for 
30 min at 37˚C. The reaction was terminated by the addition 
of 3 N NaOH and the absorbance was measured at 405 nm. All 
results were expressed as the mean values ± SD of 3 separate 
experiments consisting of triplicates.

iii) Alizarin Red staining. To detect the calcium deposi-
tion of MSCs on the PCL scaffolds, an Osteogenesis assay kit 
(Millipore, Billerica, MA, USA) was used. The samples were 
fixed with 10% formalin solution for 15 min, washed twice 
with distilled water and then incubated with Alizarin Red S 
for 20 min at room temperature. After washing with distilled 
water and incubation for 30 min with 10% acetic acid under 
agitation, the cellular monolayers were then transferred to 
microcentrifuge tubes, heated to 85˚C for 10 min, placed on 
ice for 5 min and then centrifuged at 20,000 rpm for 15 min. 
After the addition of ammonium hydroxide, the amount of 
extracted Alizarin Red dye was measured at 562 nm and 
quantified using an Alizarin Red S standard curve. All results 
were expressed as the mean concentration (µM) ± SD of 
3 separate experiments performed in triplicate on stimulated 
and unstimulated samples with osteogenic factors.

Statistical analysis. Data are expressed as the means value ± SD 
of at least 3 different samples. Significant differences were 
estimated by one-way analysis of variance (ANOVA) followed 
by a Student-Newman-Keuls post hoc test. Values of p<0.05 
were considered to indicate statistically significant differences.

Results

PCL scaffolds. The absence of alginate threads in PCL-WP 
(Fig. 1A) determined a random formation of fine and not 
interconnected micropores. Homogeneously distributed pores 
largely characterized by a diameter of ~10 µm were observed by 
SEM in PCL-AT (Fig. 1B) and PCL-AT-BP (Fig. 1D) or ranging 
from 10 to 100 µm in PCL-AT-HA (Fig. 1C). Differently sized 
and distributed large pores due to air bubbles were detected in 
all samples.

Micro-CT analysis. The analysis revealed a significative 
increase in total porosity (Table II), trabecular spacing (Tb.
Sp) (Fig. 2B) and trabecular thickness (Tb.Th) (Fig. 3B). In 
comparison to PCL-WP (Fig. 2A) characterized by a pore diam-

Table I. Primers used for RT-PCR.

Gene Forward primer sequence (5'→3')  Reverse primer sequence (3'→5')

β-actin AGATCTGGCACCACACCTTCTACA ACTCGTCATACTCCTGCTTGCTGA
Runx2 AGTTTGTTCTCTGACCGCCTCAGT ATGGTCGCCAGACAGATTCATCCA
Osteocalcin (OC) CATGAGAGCCCTCACA AGAGCGACACCCTAGAC
Osteopontin (OPN) CCGACCAAGGAACAAT CTCTGAAGCACCAGGATA
Collagene type I (Coll I) GGCAAACATGGAAACCG TCAAGGAAGGGCAAACG
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eter ranging from ~15 to 300 µm, PCL-AT (Fig. 2B) showed a 
porous structure with cavities homogeneously distributed and 
sized (diameter, ~15 to 1,400 µm). In PCL-AT-HA (Fig. 2C) and 
PCL-AT-BP (Fig. 2D), the maximum size of the pores detected 

was ~700 µm and unimodal (Fig. 2C) or bimodal (Fig. 2D) 
distribution was respectively observed. In parallel, Tb.Th values 
ranging from ~15 to 600 µm were observed with a similar 
distribution in PCL-AT (Fig. 3B) and PCL-AT-BP (Fig. 3D) in 

Figure 1. Pore distribution analysis by SEM on (A) PCL-WP, (B) PCL-AT, (C) PCL-AT-HA and (D) PCL-AT-BP scaffolds (magnification, x100). PCL, poly-ε-
caprolactone; WP, without porogen; AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate threads and bone powder.

Figure 2. Measurement of trabecular separation (Tb.Sp) by micro-CT on (A) PCL-WP, (B) PCL-AT, (C) PCL-AT-HA and (D) PCL-AT-BP scaffolds. Data 
were computed by direct measurements. PCL, poly-ε-caprolactone; WP, without porogen; AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; 
AT-BP, alginate threads and bone powder.
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comparison to the control characterized by Tb.Th values from 
~15 to 150 µm (Fig. 3A). The highest Tb.Th value (~900) was 
observed in PCL-AT-HA (Fig. 3C). 3D scaffold reconstruction 
confirmed the presence of interconnected pores in all scaffolds 
relative to the control (Fig. 4), suggesting a trabecular bone-like 

structure. As shown in Fig. 5, the addition of HA did not signifi-
cantly alter the mechanical properties of PCL-AT. An increase 
in the displacement value (3,900±2.17) and the shift/deformation 
due to the load (3,273±4.73) observed on PCL-AT-BP suggested 
that the addition of BP led to a reduction in the elastic module of 
the PCL-AT matrix, preserving the porous structure.

Biological properties of PCL scaffolds
MSC cultures. A total of 7 days after seeding, typical colony 
forming units with fibroblastic cell morphology (Fig. 6A) 
were observed. FACS analysis revealed that the rMSCs were 

Figure 3. Micro-CT analysis of trabecular thickness (Tb.Th) on (A) PCL-WP, (B) PCL-AT, (C) PCL-AT-HA and (D) PCL-BP scaffolds. Data were computed 
by direct measurements. PCL, poly-ε-caprolactone; WP, without porogen; AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate 
threads and bone powder.

Figure 4. 3D reconstruction of PCL scaffolds by micro-CT analysis. PCL, 
poly-ε-caprolactone; WP, without porogen; AT, alginate threads; AT-HA, algi-
nate threads and hydroxyapatite; AT-BP, alginate threads and bone powder.

Table II. Total porosity value of PCL matrices detected by 
micro-CT analysis and density measurement.

 Φ micro-CT Φ density method
Samples (% value ± SD) (% value ± SD)

PCL-WP 21.59±7.06 70±3.75
PCL-AT 51.83±5.30 79.6±1.17
PCL-AT-HA 55.92±5.31 82.5±0.46
PCL-AT-BP 52.53±3.15 84±0.43

PCL, poly-ε-caprolactone; Φ, total porosity; SD, standard deviation; 
WP, without porogen; AT, alginate threads; AT-HA, alginate threads 
and hydroxyapatite; AT-BP, alginate threads and bone powder.
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positive for MSC markers, such as CD105, CD44, CD29 and 
CD90 and negative for hematopoietic markers, such as CD34 
and CD45 (Fig. 6B).

MTS assay. From 24 h to 14 days, porous PCL matrices 
showed a significant increase in cell viability relative to the 
control (Fig. 8). Larger cavities were shown to promote optimal 

Figure 5. Loading displacement test performed by micro-CT analysis on PCL scaffolds. Data from 3 independent experiments were acquired using the SkyScan 
Material testing stage and are expressed as the average values of 3 experiments ± standard deviation (SD). PCL, poly-ε-caprolactone; WP, without porogen; 
AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate threads and bone powder.
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conditions for cell growth at 72 h, as detected in PCL-AT. 
After 1 week, all porous PCL scaffolds presented similar cell 
proliferation rates (p<0.05) in comparison to PCL-WP (Fig. 8). 
Although cell viability markedly decreased in all samples 
at 14 days, possibly due to an impaired flux of nutrients and 
gas under static growth conditions, the cell number detected 
on PCL-BP significantly (p<0.05) diverged from that of the 
control, suggesting that the porosity grade and BP prolonged 
the cell viability on the PCL scaffolds over time.

SEM. At 24 h after cell seeding, the surface of all the 
porous PCL scaffolds was shown to be largely populated by 
MSCs (Fig. 7). From 7 to 14 days, the cells were still orga-
nized in a monolayer. By contrast, the rare cells observed on 

Figure 6. (A) Contrast phase microscopy of MSC primary cultures isolated from rabbit bone marrow (rMSCs) (magnification, x100). (B) Immunophenotypical 
characterization of rMSCs by FACS. Data from samples treated with anti-rabbit CD34, -CD45, -CD105, -CD44, -CD29 and -CD90 antibodies (grey peak) were 
compared to the controls (black peak) labeled only with FITC-conjugated secondary antibody.

Figure 7. SEM micrographs of rabbit MSCs (rMSCs) grown on PCL matrices (magnification, x400). PCL, poly-ε-caprolactone; WP, without porogen; AT, algi-
nate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate threads and bone powder.

Figure 8. Analysis of the viability of rabbit MSCs (rMSCs) cultured on PCL 
matrices for 2 weeks by MTS assay. *p<0.05 vs. PCL-WP at each time point; 
&p<0.05 vs. PCL-AT-HA and PCL-AT-BP; ^p<0.05 vs. PCL-AT and PCL-
AT-HA. PCL, poly-ε-caprolactone; WP, without porogen; AT, alginate threads; 
AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate threads and bone 
powder.
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PCL-WP at the early (24 h), intermediate (7 days) and late 
growth phase (14 days) suggested that the scaffold porosity 
grade was not functional to guarantee cell viability, adhesion 
and proliferation.

RT-PCR. The expression of osteopontin (OPN) and Coll I 
was shown to be independent of PCL substrates (Fig. 9). 
Although its expression was detected at 14 days in the samples 
under both proliferative and osteogenic conditions, Runx2 
was expressed as early as 7 days on PCL-BP, possibly due to 
the combined stimulatory effects of the composite matrix and 
differentiation medium. Independent of the porosity grade of 
the scaffolds, the differentiation induction by soluble factors 
was shown to strictly control the mRNA expression of osteo-
calcin (OC) in rMSCs (Fig. 9A-D).

ALP assay and Alizarin Red staining. From 24 h to 14 days, 
a low activity of the ALP enzyme was detected in all porous 
PCL scaffolds and control samples under proliferative condi-
tions (Fig. 10A). When the MSCs were induced with osteogenic 
medium, the ALP value significantly (p<0.05) increased. 
In particular, the differentiated cells on PCL-HA (7 days) and 
PCL-BP (7, 14 days) showed a significant (p<0.05) increase 
in ALP activity in comparison to PCL-AT, suggesting that 
BP and HA enhanced the osteogenic properties of the porous 
PCL scaffolds. As expected, mineralized deposits (Fig. 10B) 
were detected from 24 h to 14 days on PCL-HA under both 
proliferative (p<0.05) and differentiation (p<0.05) conditions. 
The BP extracts revealed to be effective (p<0.05) in stimu-
latig ECM mineralization from 7 to 14 days only in samples 
cultured in osteogenic medium.

Discussion

Following bone injury, the healing process develops through 
the recruitment of immature cells that first originate from 
osteoprogenitor cells (20) and then differentiate into bone cells 
under local, biochemical and biophysical stimuli. During bone 
implant incorporation, the phenomenon of osteoinduction can 
be observed (20). It is dependent on scaffold properties, such 
as porosity, which is defined as the percentage of internal void 
space (21) and pore size (22). Including micropores (diameter 
size <10 µm) and macropores (diameter size >50 µm), total 
porosity is a variable parameter among tissue sites (~50-90% 
in trabecular bone and 3-12% in cortical tissue) (23,24) and is 
crucial for the invasive growth of cells, vascularization and 
the diffusion of nutrients and gasses. Thus, for bone replace-
ment, in order to achieve optimal bone-tissue outcomes, the 
effects of pore size and morphology on osteoinduction and 
scaffold mechanical properties have been extensively inves-
tigated (25,26). As large pores favour direct osteogenesis and 
small pores guarantee osteochondral ossification, fabricating 
scaffolds with different grades of porosity and pore size is 
appealing in terms of improving the bone regeneration process.

Grandi et al (9) demonstrated that the biological activities 
of PCL scaffolds obtained by the phase separation technique 
were greatly enhanced when alginate threads were added 
as the porogen (PCL-AT) and pore size was in the range of 
15-1,400 nm. As a bigger void volume implies a reduction in 
scaffold mechanical strength, and the tensile strength of PCL-AT 
was not optimal for in vivo bone applications, in the present study, 

Figure 9. (A) Expression of Runx2, osteopontin (OPN), osteocalcin (OC) and collagen I (Coll I) mRNAs in MSCs cultured for 7 (7d) and 14 days (14d) in (a-d) pro-
liferative and (A'-D') osteogenic medium on (a, A') PCL-WP, (b, B') PCL-AT, (c, C') PCL-AT-HA and (d, D') PCL-AT-BP scaffolds. In parallel, the gene expression 
of the housekeeping, β-actin, was evaluated. All RT-PCR products were electrophoresed on 2% agarose gels pre-stained with GelRed. (B) Densitometry of agarose 
gel bands. *p<0.05; **p<0.01. PCL, poly-ε-caprolactone; WP, without porogen; AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate 
threads and bone powder.
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mineral components, such as HA or decellularized bone matrix 
powder (BP) were used in order to prepare composite PCL-AT 
matrices with increased mechanical strength. The obtained multi-
scale porosity and pore size in the range of ~15-800 nm in both 
PCL-AT-HA and PCL-AT-BP was in agreement with structural 
properties previously reported as functional to promote in vivo 
bone regeneration. In particular, Hulbert et al (21) demonstrated 
that pore sizes in the range of 100-150 and 150-200 µm resemble 
normal haversian systems and stimulate in vivo substantial bone 
ingrowth. Macropores with a diameter of 400-600 µm in porous 
HA implants have been shown to promote the in vivo healing of 
rat femoral defects (27), while pores ranging from 100 to 600 µm 
have been shown to sustain the in vitro osteogenic differentiation 
of murine pluripotent C3H10T1/2 cells (28). 

As the in vivo bone environment is subjected to mechanical 
compression, an elective scaffold for bone regeneration must 
be designed to withstand this force, while adequate porosity 
[Bignon et al (29)] is preserved. In the present study, the porous 
PCL-AT scaffold demonstrated a significant increase in struc-
tural resistance only when decellularized extracellular bone 
matrix was added, suggesting that the reduction of total macro-
pores due to HA is not sufficient to modify the scaffold structural 
strength. Despite being characterized by a high level of osteo-
conductivity, HA is considered a bone graft extender or carrier of 
growth factors rather than a ‘stand-alone’ bone graft substitute. It 
is weak in tensile strength and toughness, and thus when added 
to bone scaffolds, no significant change in mechanical properties 
was detected while, as expected, a reduction in total porosity, 
trabecular thickness and trabecular space was observed. 

As previously reported (9) and confirmed in this study, the 
adhesion and proliferation of bone-forming cells in PCL-AT 
scaffolds are enhanced by pores differentially organized into 
‘blind’, ‘closed’ and ‘through’ pores (30). ‘Blind’ pores start 
from one surface and terminate inside the material. They influ-
ence the amount of fluids that can be stored within a matrix 
and contribute to increasing the surface area of cell growth. 

‘Closed’ pores are void cavities not connected to the external 
surface and do not contribute to the inflow of nutrients and 
gasses. ‘Through’ pores are channels extending from one free 
scaffold surface to another and are responsible for the flow of 
fluid through the material. Although the role of porosity in bone 
substitution to promote the migration and proliferation of osteo-
blasts and mesenchymal cells, as well as vascularization (31) 
has been demonstrated, the optimal porosity percentage and 
pore size have been not yet been identified. In this study, we 
demonstrated that the increased porosity of scaffolds due to 
AT was associated with a major degree of cell adhesion and 
proliferation. Moreover, the heterogeneity of scaffold pores in 
PCL-AT-HA and PCL-AT-BP was shown to favour the growth 
and differentiation of MSCs isolated from rabbit bone marrow. 

The proliferation of osteoblasts and mesenchymal cells has 
been largely demonstrated to be dependent on both macropores, 
assuring a major interconnected network of void cavities and 
an improved oxygen and nutrients inflow (31-33), as well as 
micropores, stimulating high levels of bone-inducing protein 
adsorption, ion exchange and bone-like apatite formation (34). 
Although the greater porosity in PCL-AT guaranteed better 
conditions for the proliferation of MSCs at the early phase, the 
presence of BP was shown to be crucial to prolong the viability 
of cells at the late phase. 

It is known that the microenviroment and soluble factors 
interact to drive the proliferation and differentiation of cells. When 
rMSCs were cultured for 14 days on porous PCL scaffolds, the 
mRNA expression of Coll I and OPN was observed at the early 
and late phase suggesting their expression is not controlled by the 
microenviroment. The mRNA expression of Runx2 (at 7 days) 
and osteocalcin (at 14 days) was observed only following stimu-
lation with osteogenic factors, demonstrating that soluble factors 
cooperate with the microenviroment to promote the progression 
of the differentiation process. The transcription factor, Runx2, 
is a key regulator of osteoblast differentiation (35), controlling 
both intramembranous and endochondral bone formation (36) 

Figure 10. Alkaline phosphatase assay (A) and Alizarin red staining (B) of rabbit MSCs (rMSCs) grown on PCL scaffolds in proliferative and differentiation 
medium for 24 h, 7 and 14 days. *p<0.05 vs. corresponding undifferentiated sample; ○p<0.05 vs. differentiated PCL-WP; §p<0.05 vs. undifferentiated PCL-WP. 
PCL, poly-ε-caprolactone; WP, without porogen; AT, alginate threads; AT-HA, alginate threads and hydroxyapatite; AT-BP, alginate threads and bone powder.
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and promoting chondrocyte maturation (37). As the expression 
of Runx2 progressively increased during osteogenic differentia-
tion, and the activity of ALP and the levels of osteocalcin in the 
culture-expanded MSCs significantly increased in response to 
Runx2, it can be hypothesized that all porous PCL scaffolds 
sustain the expression of certain osteogenic markers, but only in 
combination with specific inducers (HA or BP) and that they are 
functional to promote the activity of ALP and the mineraliza-
tion of ECM, suggesting a marked influence of HA and BP on 
osteogenic maturation in bone substitutes.

In conclusion, the data presented in this study indicate that 
PCL scaffolds prepared with AT as the porogen and HA or BP 
acquire similar osteoinductive properties, but differ in mechanical 
strength. Due to the more appropriate porosity grade, structural 
resistance and biological properties, PCL-AT-BP was shown to 
have greater potential for use in bone repair applications.
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