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Abstract: This in vitro study aimed at evaluating the physical and mechanical properties of newly
developed scaffolds of poly (lactic-co-glycolic acid) (PLGA) and biphasic ceramic (Hydroxyapatite
HA + beta-tricalciumphosphate β-TCP) with or without collagen impregnation to be used for bone
regeneration in the oral and maxillofacial district. Solvent casting and particle leaching techniques
were used to produce the scaffolds, which were then divided into six groups according to PLGA/HA +

β-TCP ratio and impregnation with collagen: G1 (50/50) + collagen; G2 (60/40) + collagen; G3 (40/60)
+ collagen; G4 (50/50); G5 (60/40); G6 (40/60). As control group, inorganic xenogenous bone was used.
Structure and porosity were evaluated by scanning electron microscopy, and a chemical analysis
was performed through an energy-dispersive spectrometer. Moreover, to evaluate the hydrophilicity
of the samples, a wettability test was conceived, and finally, mechanical properties were examined
by a compression test. High porosity and interconnectivity, resulting in a large surface area and
great fluid retention capacity, were presented by the PLGA/HA + β-TCP scaffolds. In the composite
groups, collagen increased the wettability and the mechanical resistance, although the latter was not
statistically affected by the percentage of HA + β-TCP added. Further in vitro and in vivo studies
are needed for a deeper understanding of the influence of collagen on the biological behavior of the
developed composite materials and their potential, namely biocompatibility and bioactivity, for bone
tissue regeneration.
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1. Introduction

Polymeric materials are widely used as biomaterials because of their great flexibility in controlling
their properties and processing through the manipulation of their composition and chemical structure [1–3].
Natural and mainly synthetic polymers are gaining a great deal of attention in the field of tissue
engineering for bone and other mineralized tissue applications [1,2,4]. The synthetic polymers most
commonly used for the production of scaffolds are polylactic acid (PLA), polyglycolic acid (PGA), and
their copolymer polylactic-co-glycolic acid (PLGA).
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PLGA is the most used because it offers better control of its properties by adjusting the monomer
percentage [2,3]. In addition, it is nontoxic, as the products resulting from its degradation are lactic acid and
glycolic acid, which are eliminated in the form of carbon dioxide and water [3,5–7]. However, before being
metabolized, the acids can induce adverse reactions, such as inflammation, in the surrounding tissues by
altering the pH of the region. A technique used to neutralize the acidity of degradation products is the
addition of alkaline substances [8]. In this light, ceramic particles could be used as additives to PLGA
in order to provide a pH buffering effect at the polymer surface and, thus, avoid the local reduction of
pH, which could in turn damage bone cell health and hamper new bone growth [9].

Calcium phosphates, besides being alkaline materials, have calcium and phosphorus, which are
natural constituents of the bone and, therefore, would neutralize the pH and increase the osteoconductive
properties of PLGA [4,5,8,10–12]. The use of calcium phosphates combined with PLGA enhances
alkaline phosphatase activity, which is crucial for osteoblastic differentiation [13] and acts as a
reinforcement to improve the mechanical strength of the scaffold [3]. The main disadvantage of using
PLGA is its hydrophobic nature, which prevents penetration and adhesion of the cells [14,15]. However,
surface modification through the addition of natural polymers can be used.

Type I collagen could be a good option as it represents about 90% of the proteins in the bone
extracellular matrix, is highly hydrophilic, it is considered a weak antigen [16], and an immune response
against it is very rare [17]. Lynn et al. [16] reported that less than 3% of the patients presented adverse
reaction, inflammation, and granuloma; hypersensitivity to collagen was found in 2% to 4% of patients,
and only 1% presented allergy during the postoperative. Nevertheless, collagen could contribute to the
hydrophilicity, biocompatibility, porosity, biodegradability, and osteoconduction of composite scaffolds.
Collagen would interact with the various proteins mimicking the natural environment of the cells,
and it could perform a structural role enhancing the mechanical properties [15,18–24]. Composites
of collagen and Hydroxyapatite (HA) showed improved bioactivity and in vitro mineralization [25],
higher bone formation, as well as enhancement of elastic modulus [26], when compared to collagen
alone. Polymers coated with collagen have been shown to allow attachment, survival, and proliferation
of human neural cells [17], increase and accelerate bone formation [27], and enhance the spreading
of endothelial cells [28]. Some limitations, however, exist when working with collagen, as it is costly,
it has a low biostability, owing to its rapid degradation in the biological environment, and there are
problems related to its antigenicity [29].

The objective of this study was to develop a new class of composite porous scaffolds of PLGA and
biphasic ceramic with or without collagen impregnation to be used for bone regeneration in the oral
and maxillofacial district and to investigate their physical–mechanical properties in order to tailor their
usage accordingly.

2. Materials and Methods

2.1. Production of PLGA/HA + Beta-Tricalciumphosphate (β-TCP) Composite Scaffolds

Resomer® LG 824 S poly (L-lactic-co-glycolic) 82:18 (Evonik, Essen, Germany) and Resomer® LT
706 poly(L-lactic acid-co-trimethylene carbonate) 70:30 (Evonik, Essen, Germany) were used as the
matrix of the newly developed composite scaffold, with a ratio of 75:25. Whereas, biphasic calcium
phosphate (70% HA 30% β-TCP) (Baumer, Mogi Mirim, São Paolo, Brazil), with a mean particle size of
50 µm, was used as the bioactive ceramic.

The composite scaffolds were produced following the methodology described in detail by
Messias et al. [30] according to the solvent casting and particle leaching (SC/PL) method. Briefly, 10 g
of polymer was dissolved in 100 mL of chloroform; after complete dissolution, HA-β-TCP was added
in 40%, 50%, and 60% weight and homogenized. Then, sucrose, a porogenic agent with mean particle
size of 500 µm (Merck®, Darmstadt, Germany), was added in the solution to produce scaffolds with
70% (w/w) of porosity. The obtained solution was poured into cubic molds. Once the solvent was
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evaporated, the samples were washed with fully hydrolyzed poly (vinyl alcohol) (PVA) (P1763, Sigma
Aldrich, Saint Louis, MO, USA) to remove the sucrose.

Six groups of newly developed composite scaffolds with different PLGA/HA+ β-TCP ratios were
obtained, and inorganic xenogenic bone (Geistlich Bio-Oss Block®, Wolhusen, Switzerland) was used
as control (Table 1).

Table 1. Experimental groups distribution.

Groups (PLGA/HA + β-TCP) Number of Samples

G1 (50/50) + Collagen n = 13
G2 (60/40) + Collagen n = 15
G3 (40/60) + Collagen n = 15

G4 (50/50) n = 13
G5 (60/40) n = 13
G6 (40/60) n = 15

Control inorganic xenogenous bone n = 8

[PLGA: polylactic-co-glycolic acid; Hydroxyapatite (HA) + beta-tricalciumphosphate (β-TCP): biphasic ceramic].

Half of the specimens were impregnated with collagen; specifically, a 10%vol solution of collagen
was produced by diluting 10 g of hydrolyzed bovine type 1 collagen (Homeopatia Galênica Florianópolis,
Santa Caterina, Brazil) in 100 mL of distilled water at 60 ◦C. After the solution reached room temperature,
the samples were immersed in the liquid, being left under vacuum for 10 min, and then dried in the
open air for approximately 72 h.

2.2. Structural Characterization and Chemical Analysis

The surface features, structure morphology, and interconnectivity of the pores of all scaffolds were
analyzed by scanning electron microscopy (SEM). Briefly, one sample for each group (total: 7 samples)
were cut with a scalpel and lightly sputter-coated with gold (SCD-050 Sputter Coater, New York, NY,
USA) (average coating time: 2–3 min). The samples (surface and cross-section) were viewed with an
SEM (HITACHI TM3030, Tokyo, Japan) with operating conditions of 15 kV accelerating voltage and
mean working distance of 7 mm. The images (1280 × 1040 pixels) were captured with 3 scans using a
frame-average technique.

To perform a compositional analysis for calcium and phosphorus concentration, an energy-
dispersive spectrometer (EDS; TM3030, HITACHI, Tokyo, Japan) was used with an acquisition time of
10 s and accelerating voltage of 15 kV.

2.3. Evaluation of the Scaffold’s Wettability

To assess the wettability of the composite scaffolds, the methodology described by Barbosa et
al. was adapted, and the absorption of liquid was measured, taking into consideration that it has
been demonstrated that the capillary effect can be used to verify the wettability of an implant [31].
The test consisted of introducing the 10 × 10 × 10 mm3 scaffold into 1 mm of aqueous solution with
methylthioninium chloride as a dye for 5 min. The parameters used to evaluate the wettability were
the absorption time, the height reached by the liquid at the external surface of the sample, the ability
of the liquid to reach the center of the scaffold, and the ability of the scaffolds to retain the liquid
(measured as drop formation once the scaffolds were removed from the solution). A camera recorded
all the parameters.

2.4. Mechanical Properties

The compressive strength and modulus of elasticity of each sample were measured dry and at room
temperature using a ElectroForce®, 3300 Seria II (Bose, Eden Prairie, MN, USA). The samples with 10 ×
10 × 10 mm3 were compressed with a speed of 1 mm/min according to the ASTM D695-15 (Standard Test
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Method for Compressive Properties of Rigid Plastics) [32]. For the composites, the maximum deformation
adopted was 2 mm according to the ASTM D1621-16 (Standard Test Method for Compressive Properties
of Rigid Cellular Plastics) [32] and maximum stress as the yield strength calculated with a deformation
of 0.2%. In the control group, the maximum stress considered was the fracture stress. The modulus of
elasticity (stiffness) was calculated along the elastic deformation portion.

2.5. Statistical Analysis

The Kruskall–Wallis non-parametric test followed by a non-parametric multiple comparison test
was used to determine if the differences between the groups for both properties (compressive strength
and modulus of elasticity) were statistically significant at a significance level of 5% (p < 0.05).

3. Results

3.1. Structure, Porosity, and Chemical Analysis of PLGA/HA+ β-TCP Scaffolds

Control scaffolds showed an interconnected pore structure with round morphology (Figure A1).
The solvent casting and particle leaching technique (SC/PL) produced highly porous structures with
heterogeneous pore sizes of 120, 220, and 680 µm. In addition to high porosity, the composites
showed high interconnectivity, resulting in a larger surface area and greater fluid retention capacity
than the control group. The ceramic particles were dispersed in the matrix forming agglomerations,
which increased by increasing the amount of ceramic; these agglomerations were mainly detectable in
groups G4, G5, and G6, whereas in groups G1, G2, and G3, a great portion of the ceramic particles was
coated by collagen (Figure 1).

The collagen coating (groups G1, G2, and G3) covered the exposed ceramic particles and rounded
the irregular pores within the PLGA matrix (Figure 2).

EDS analysis revealed the presence of carbon (C), oxygen (O), calcium (Ca), and phosphorus (P)
(Figure 3). The carbon derived from the polymeric matrix as well as from the collagen (in G1, G2,
and G3). Oxygen was present within the matrix and in the calcium phosphate particles. Calcium and
phosphorus derived exclusively from calcium phosphates.

3.2. Wettability of PLGA/HA+ β-TCP Scaffolds

The presence of collagen (groups G1, G2, and G3) on the surface of the composite scaffold caused
an increase in wettability, as shown in Table 2 and Figure 4, whereas the scaffolds without collagen
(groups G4, G5, and G6) showed high hydrophobicity and did not allow the liquid to penetrate into
their structures.

The ceramic/polymer ratio seemed to influence the wettability, mainly in the groups impregnated
with collagen, and this was evident through the variation of the absorption time and drop formation
(Table 2). G1 presented the greatest similarity with the control group (Figure A2), showing the absence
of drop formation once it was extracted from the solution and complete absorption of the liquid.

3.3. Mechanical Properties

Both control and composites presented lower values of compressive strength than the bone tissue;
however, the scaffolds coated with collagen showed values closer to the bone (Table 3). There was a
statistically significant difference in terms of compressive strength between all the scaffolds and the
control; moreover, groups with collagen (G1, G2, and G3) showed a significantly higher compressive
strength than noncollagen groups (G4, G5, and G6) (Table 3), indicating that collagen improved the
mechanical resistance of the scaffold materials.
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Figure 1. Scanning electron microscopy surface (A,C,E,G,I,K) and cross-section (B,D,F,H,J,L) images 
of the composite scaffolds made of polylactic-co-glycolic acid (PLGA) and biphasic ceramic (HA + β-
TCP) at different ratios with G1: 50/50 (A,B), G2: 60/40 (C,D), and G3: 40/60 (E,F) and without G4: 
50/50 (G,H), G5: 60/40 (I,J), and G6: 40/60 (K,L) collagen impregnation. In all groups, a structure with 
open pores and visible interconnectivity was produced. In groups G1, G2, and G3, collagen was able 
to coat both PLGA and HA + β-TCP, although group G3 exhibited several agglomerated ceramic 
particles. The groups without collagen coating presented a rougher morphology, and the HA + β-TCP 
particles seemed separated from the matrix; moreover, the agglomerates increased by increasing the 
amount of ceramic (G5 < G4 < G6). Magnification 60×. 

Figure 1. Scanning electron microscopy surface (A,C,E,G,I,K) and cross-section (B,D,F,H,J,L) images
of the composite scaffolds made of polylactic-co-glycolic acid (PLGA) and biphasic ceramic (HA +

β-TCP) at different ratios with G1: 50/50 (A,B), G2: 60/40 (C,D), and G3: 40/60 (E,F) and without G4:
50/50 (G,H), G5: 60/40 (I,J), and G6: 40/60 (K,L) collagen impregnation. In all groups, a structure with
open pores and visible interconnectivity was produced. In groups G1, G2, and G3, collagen was able to
coat both PLGA and HA + β-TCP, although group G3 exhibited several agglomerated ceramic particles.
The groups without collagen coating presented a rougher morphology, and the HA + β-TCP particles
seemed separated from the matrix; moreover, the agglomerates increased by increasing the amount of
ceramic (G5 < G4 < G6). Magnification 60×.
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Figure 2. Scanning electron microscopy images of samples made of polylactic-co-glycolic acid (PLGA) 
and biphasic ceramic (HA + β-TCP) at a ratio of 60/40 in G2 with collagen (A) and 60/40 in G5 without 
collagen (B). (A) The ceramic particles within the matrix were covered by collagen, which created a 
bond holding the ceramic on the PLGA and resulting in higher mechanical properties. Isolated HA + 
β-TCP could be detected probably because of the sectioning of the samples by scalpel. (B) There is a 
lack of bond between PLGA and HA + β-TCP and ceramic scattered in the matrix is present. 
Magnification 150×. 

 

Figure 3. Chemical analysis by an energy-dispersive spectrometer (EDS) of all composite groups 
made of polylactic-co-glycolic acid (PLGA) and biphasic ceramic (HA + β-TCP) at different ratios: G1, 

Figure 2. Scanning electron microscopy images of samples made of polylactic-co-glycolic acid (PLGA)
and biphasic ceramic (HA + β-TCP) at a ratio of 60/40 in G2 with collagen (A) and 60/40 in G5 without
collagen (B). (A) The ceramic particles within the matrix were covered by collagen, which created a
bond holding the ceramic on the PLGA and resulting in higher mechanical properties. Isolated HA
+ β-TCP could be detected probably because of the sectioning of the samples by scalpel. (B) There
is a lack of bond between PLGA and HA + β-TCP and ceramic scattered in the matrix is present.
Magnification 150×.
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Figure 3. Chemical analysis by an energy-dispersive spectrometer (EDS) of all composite groups made
of polylactic-co-glycolic acid (PLGA) and biphasic ceramic (HA + β-TCP) at different ratios: G1, 50/50
+ collagen (A); G2, 60/40 + collagen (C); G3, 40/60 + collagen (E); G4, 50/50 (B); G5, 60/40 (D); G6,
40/60 (F); and control group (G), which revealed the presence of carbon (C), oxygen (O), calcium (Ca),
and phosphorus (P).
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Table 2. Characterization of the wettability of the composite and control groups. In the groups without
collagen impregnation there is no liquid absorption (*).

Groups (PLGA/HA + β-TCP) Absorption Time
(s)

Liquid Height
(mm)

Reached Sample
Center

Drop
Formation

G1 (50/50) + Collagen 129 10 Yes No
G2 (60/40) + Collagen 146 5 Yes Yes
G3 (40/60) + Collagen 157 3 Yes Yes

G4 (50/50) * 1 No Yes
G5 (60/40) * 1 No Yes
G6 (40/60) * 1 No Yes

Control Bio-Oss Block® 2 10 Yes No

[PLGA: polylactic-co-glycolic acid; HA + β-TCP: biphasic ceramic].
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Figure 4. Wettability of the composites made of polylactic-co-glycolic acid (PLGA) and biphasic
ceramic (HA + β-TCP) at different ratios with collagen impregnation—G1: 50/50 (A), G2: 60/40 (B),
and G3: 40/60 (C)—and without collagen impregnation—G4: 50/50 (D), G5: 60/40 (E), and G6: 40/60
(F)—immediately after being extracted from the solution. Drop formation was evident in groups G2
and G3 and in all the groups without collagen, as there was no absorption of the liquid.

Equally, the elastic modulus was statistically higher in groups coated with collagen (G1, G2, and
G3) than in noncoated groups (G4, G5, and G6); however, all the scaffolds exhibited a significantly
lower stiffness than the control (Table 4). The mechanical properties of the evaluated scaffolds were
not affected by the amount of biphasic ceramic added.
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Table 3. Compressive strength values in the composite and control groups. There was a statistically
significant difference between the composites and control group. Moreover, statistical analysis revealed
significant differences in the compression strength between groups with (G1, G2, and G3) and without
collagen impregnation (G4, G5, and G6).

Compression Strength (MPa)

Groups (PLGA/HA + β-TCP) Median Minimum Maximum

G1 (50/50) + Collagen */** 1.5 1.32 1.83
G2 (60/40) + Collagen */** 1.91 1.78 2.22
G3 (40/60) + Collagen */** 1.62 1.51 1.82

G4 (50/50) * 0.96 0.84 1.02
G5 (60/40) * 1.01 0.89 1.67
G6 (40/60) * 1.15 0.76 1.29

Control Bio-Oss Block® 0.34 0.17 0.46

Trabecular Bone [10] 2–10

* All presented a statistical difference with the control group. ** Groups G1, G2, and G3 presented statistical
differences with groups G4, G5, and G6. [PLGA: polylactic-co-glycolic acid; HA + β-TCP: biphasic ceramic].

Table 4. Elastic modulus values in the composite and control groups. There was a statistically significant
difference between the composites and control group. Moreover, statistical analysis revealed a significant
difference in the elastic modulus between groups with (G1, G2, and G3) and without collagen impregnation
(G4, G5, and G6).

Elastic Modulus (MPa)

Groups (PLGA/HA + β-TCP) Median Minimum Maximum

G1 (50/50) + Collagen */** 18.6 16.7 23.8
G2 (60/40) + Collagen */** 28.3 26.7 40.6
G3 (40/60) + Collagen */** 22.8 21.9 24.5

G4 (50/50) 13.2 11.4 17.3
G5 (60/40) 15.4 13.8 18.6
G6 (40/60) 15.7 9.5 21.6

Control Bio-Oss Block® * 2882.6 1808.6 3018.9

Trabecular Bone [33] 1000
PLGA [5] 2000

* The control group presented statistical difference with all the other groups. ** Groups G1, G2, and G3 presented
statistical differences with groups G4, G5, and G6. [PLGA: polylactic-co-glycolic acid; HA +β-TCP: biphasic ceramic].

4. Discussion

For a successful osteoconduction, the 3D structure of a scaffold should support cell penetration
and proliferation as well as neovascularization, enabling an adequate diffusion of nutrients to the
new cells and preventing the failure of bone repair [4,34–37]. Moreover, scaffolds should present
interconnected pores of sizes and morphologies adequate to ensure the diffusion of waste products
out of the scaffold without interfering with other surrounding tissues [34]. It has been demonstrated
that large pores (250–600 µm) would increase scaffold permeability, cell colonization, as well as cell
adhesion [14,38]. A relatively good pore interconnectivity, however, causes a decrease in mechanical
properties, namely loss of the compressive strength and elasticity modulus. On the other hand,
higher pore interconnectivity would increase new bone formation within the scaffolds [14]. Moreover,
osteoblasts and fibrovascular tissue seem to exhibit a preference for binding to biomaterials with
pore sizes significantly larger than the own cell size [39]. An ideal bone substitute material for
oral and maxillofacial use should mimic the structure of human trabecular bone, acting as a proper
support for vascularization and bone ingrowth [36]. The newly developed composites evaluated in
the present study showed high interconnectivity that lead to a larger surface area and greater fluid
retention capacity than control group. All the scaffolds without collagen presented agglomerates
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of ceramic particles that did not bind to the PLGA matrix, probably indicating a lack of chemical
interaction between ceramic and PLGA, which can also explain the lowest mechanical resistance found
in those groups. On the other hand, the composites with collagen showed a tight interaction with
the HA-β-TCP particles, and the presence of collagen induced an increase in the wettability of the
scaffolds. Biodegradable synthetic polymers, such as PLGA, are hydrophobic and would inhibit liquid
absorption, decreasing cell adhesion and proliferation, preventing bone tissue remodeling [14,15].
In vitro studies demonstrated that the enrichment of PLGA with collagen supported a greater adhesion
and proliferation of cells if compared to the PLGA scaffolds alone [15,40,41]. Collagen-coated scaffolds
showed a significantly higher compressive strength as well as a higher elastic modulus than noncoated
ones. However, even if collagen improved the mechanical resistance of the biomaterials, all the
scaffolds presented lower values of compressive strength and elasticity when compared to trabecular
bone. The bone substitute materials should present mechanical properties similar to those of the host
tissue. If the difference between elastic modules is wide, there will be a heterogeneous distribution of
stresses, which may lead to failure of the bone or implant [35]. Regarding the mechanical resistance,
this should allow the scaffold to be loaded with compressive and torsional tensions without any
structural impairment. From a clinical point of view, the scaffolds should present minimum resistance,
allowing their handling during implantation [35]. Indeed, the major disadvantage of Bio-Oss Block®

in clinical use is its high attitude to fracture at the moment of fixation, due to its low mechanical
strength and high stiffness, weaknesses that were confirmed by the results of the present study. On the
other hand, the mechanical properties of the studied composites were not affected by the amount of
biphasic ceramic added. Ebrahimian-Hosseinabadi et al. [42] and Shuai et al. [12] studied the effects of
bioactive ceramics, BCP and HA, respectively, added to PLGA. In both studies, ceramic produced a
large increase in the compressive strength and elastic modulus of the scaffolds; however, by increasing
the amount of ceramic to more than 20%–30% by weight, the two properties decreased dramatically.

Further in vitro and in vivo studies are needed to investigate the biological behavior of the newly
developed composite materials and their potential, namely biocompatibility and bioactivity, for bone
tissue regeneration.

5. Conclusions

(1) The PLGA/HA + β-TCP scaffolds manufactured by the solvent casting and particulate leaching
methods presented high porosity and interconnectivity, resulting in a higher surface area and fluid
retention capacity when compared to control.

(2) Collagen promoted an increase in the wettability of the composite scaffolds.
(3) The mechanical properties were also enhanced by the presence of collagen, which lent higher

compressive strength and elastic modulus values to the groups where it was added.
(4) The polymer/ceramic ratio (50/50, 60/40, and 40/60) did not statistically affect the mechanical

properties; however, it affected the wettability mainly in the groups with collagen impregnation
through the variation of the liquid absorption time and drop formation.

(5) The collagen enrichment of biomaterials tested in the present paper can be easily obtained for
other bone substitute materials (BSBs) and could improve their mechanical properties and also their
wettability. This, in turn, could enhance their regenerative potential by reducing material deformations
under masticatory loading and by improving the ability to be permeated by blood clots, which is
the first step of the bone cascade for bone regeneration. These data are of particular interest for
basic researchers working on the betterment of biological and mechanical properties of BSBs and
for clinicians in order to tailor the usage of this material to achieve the expected clinical response.
Moreover, the present study may prove very useful for future collagen enrichment of different BSBs.
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Figure A2. Wettability of the inorganic xenogenous bone (control group) immediately after being 
extracted from the solution. No drop formation was evident. 
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