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Abstract: This study characterized the morphological aspects of marine collagen – spongin (SPG) extract 

from marine sponges, as well as, evaluating its in vitro and in vivo biological performance. Aplysina fulva 

marine sponge was used for the SPG extraction. It was investigated the physicochemical and morphological 

properties of SPG by using scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray 

diffraction and compared to PMMA and bovine collagen. Additionally, the SPG cytotoxicity and its influence 

on cell proliferation, through in vitro tests. Moreover, the in vivo biological response was investigated using 

HIGHLIGHTS 
 

 Marine collagen – spongin – extract from specimens of the sponge Aplysina fulva. 

 Spongin has physicochemical and morphological properties analogous to human collagen. 

 Spongin is an alternative source of collagen for tissue engineering proposals. 
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an experimental model of tibial bone defect. The results demonstrated that SPG presented an irregular 

granular aspect, with a composition of OH, C=O, NH, CN and an amorphous profile. Also, in vitro viability 

results for the L929 and MC3T3 cell lines cultured with SPG extracts demonstrated normal growth in 

comparison to controls, except for MC3T3 viability at day 3. For in vivo analysis, using tibial bone defects in 

rats, SPG treated animals presented an increased rate of material resorption and higher granulation and 

bone formation deposition in the region of the defect, mainly after 45 days. As a conclusion, SPG was 

successfully extracted. The in vitro and in vivo studies pointed out that SPG samples produced an increase 

in L929 and MC3T3 viability and improved the performance in tibial bone defects. It can be concluded that 

SPG can be used as a bone graft for bone regeneration. 

Keywords: spongin; Aplysina fulva; tibial bone defects; bone regeneration; biocompatibility. 

INTRODUCTION 

It is well known that collagen is the most abundant protein in animals and it is involved in structural 

integrity of many tissues [1]. Based on its biocompatibility and non-cytotoxicity, collagen-derived grafts are 

extremely suitable for the field of regenerative medicine (TERM) to treat human health issues in the medical, 

dental and pharmacological areas [1]. Collagen biomaterials have many medical applications such as skin 

grafts, carriers for drug delivery, bone substitutes, antithrombogenic surfaces and immobilization of 

therapeutic enzymes [2,3,4].  

Collagen can be originated from many sources, including bovine and porcine origins [2]. However, their 

use involves some concerns especially due to the risk of disease transmission such as bovine spongiform 

encephalopathy (BSE) [2]. In this context, alternative collagen has been explored mainly the ones from 

marine origin, especially from sponges, being considered highly attractive by the industry as an important 

alternative source [2,5]. 

Marine sponges are sessile animals from the phylum Porifera, presenting a very interesting structure 

and composition, being formed by an inorganic and organic part [6]. The mineral part is constituted mainly by 

amorphous non-crystalline silica (SiO2/H2O) or calcium carbonate (CaCO3) [7]. The organic part is compound 

by special collagen fibers called spongin (SPG), which is a collagenous protein synthesised by spongocytes. 

Also, it is known that SPG fibers, disposable in different arrangements, confer the flexibility observed in these 

animals [7]. In addition, SPG has been considered to be analogous to type XIII human collagen [8]. Many 

works have been showing that collagen fibers of the marine sponge skeleton indeed provide a suitable 

framework for the attachment, migration and proliferation of osteoblasts [8,9,10]. More recently, Pozzolini et 

al. [1] developed a protocol of SPG extraction from Chondrosia reniformis Nardo marine sponges and 

manufactured a collagenous membrane, able of supporting fibroblast and keratinocytes cell proliferation 

through in vitro studies.  

Despite the positive evidence of SPG from the specie Aplysina fulva toward the stimulation of tissues, 

many of the physicochemical and morphological characteristics, in vitro biocompatibility and in vivo response 

are not well known yet. Thus, the aim of this study is: i) to characterize by SPG by using scanning electron 

microscopy (SEM), Fourier transform infrared spectroscopy, X-ray diffraction (XRD); ii) to study SPG 

cytotoxicity and its influence on cell proliferation, through in vitro tests, iii) in vivo biological response using 

an experimental model of tibial bone defect. We hypothesized that SPG presents proper osteopromotive 

properties to be used as a new substrate for tissue engineering applications. 

MATERIAL AND METHODS  

Spongin extraction 

Marine sponge (specie Aplysina fulva) was used for the SPG extraction. Samples were collected in Praia 

Grande (23o49'23.76 "S, 45o25'01.79" W, São Sebastião, Brazil). A scalpel blade was used for collecting 

the samples, which were immediately washed with sea water and transported to the lab in thermal boxes 

(with sea water). Then, samples were washed 3 times with Milli-Q water in order to remove cell debris and 

were immediately stored in a freezer (-20 °C). For SPG extraction, the marine sponges were cut into small 

pieces and inserted in a box with Tris-HCl buffer (100 mM, pH 9.5, 10 mM EDTA, 8 M urea, 100 mM 2-

mercaptoethanol). pH was adjusted to 9 (with the addition of NaOH solution) and then, solution was 

transferred into a stirred beaker. After 24 hrs, the solution was centrifuged for 5 minutes at 2oC. Then the 

supernatant was removed for analysis and the pellet was discharged. Acetic acid solution was added to 

adjust pH to 4. At the end, the solution was lyophilized for preservation and stored until use [11]. 
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Bovine collagen  

For the in vitro studies, commercially fibers of bovine collagen type I (COL) (US Biological Life Sciences) 

were used in this study as a control.  

Preparation of composites  

The in vitro study was performed using scaffolds manufactured with SPG and bovine collagen. For 

scaffold manufacturing, the methodology used in previous works was used [12-15]. Briefly, SPG and bovine 

Col were separately weighted. Afterwards, aggregating reagent was added to both SPG and Collagen 

poly(methyl methacrylate) (PMMA) and mixed. For creating porosity, Carboxymethyl cellulose (CMC)) was 

used as a porogenic agent (porosity of 60%). To this mixture, distilled H2O was added and the solution was 

inserted in a silicone mold with a spatula (at different percentages-corresponding groups). After mixturing, 

methyl methacrylate monomer (MMA) was added and the mixture was rapidly transferred to another silicon 

mold (6 mm diameter x 2 mm height for the in vitro tests and 3 mm diameter x 1 mm height for the in vivo 

studies). Subsequently, the molds were sealed and inserted in a pressure air chamber (at 0.6 MPa for 30 

mins). The molds were then vacuum dried during 15 minutes and produced scaffolds were removed and 

sterilized by ethylene oxide (Acecil, Campinas, SP, Brazil). The following amount of materials was used: 

PMMA (0.236g), MMA (0.472), SPG and Collagen (0.560), CMC (0.043) and water (0.565). 

Material characterization 

Scanning electron microscopy (SEM) 

SEM was used for analyzing the morphology of the scaffolds (ZEISS LEO 440 microscope, 20 kV, 2.82 

A). 

Fourier transform infrared spectroscopy (FTIR) 

FTIR (Perkin-Elmer 1700 UK) was performed for the analysis of the chemical bonds present in both 

collagen samples (both SPG and bovine). Samples were scanned 100 times for each FTIR measurement (at 

the range of 400-4000 cm-1 with a resolution of 2 cm-1) and the spectrum acquired was the average of all 

these scans. 

X-ray diffraction (XRD) 

XRD (Philips, Cu-Ka, 45 kV, 30 mA), at 2θ range, 5–60°, to investigate the crystalline structures of SPG 

samples. 

Cell culture studies 

The indirect assay, using the extracts of the materials, was used for analyzing the cytotoxicity of SPG 

and bovine collagen [16]. Before analysis, scaffolds were sterilized using ultraviolet irradiation (UV) during 

24 h and then, they (n=5) were maintained in standard α-MEM culture medium (Alpha Minimal Essential 

Medium with 10% fetal bovine serum and 1% antibiotic; Vitrocell, Campinas, Brazil), with 1% β-

Glycerophosphate, 1% 2-phospho-L-ascorbic acid trisodium salt and 0.1% dexamethasone) for 24 hrs, in an 

incubator, at 37°C and 5% CO2. After this period, a 0.22 µm filter (Kasvi, Curitiba, Brazil) was used for filtering 

the extracts. Control without material was incubated under the same conditions described above. 

For this work, 2 cell lines were used: mouse calvaria-derived MC3T3-E1 subclone 14 pre-osteoblastic 

cells and murine fibroblasts cells (L929). MC3T3-E1 and L929 cells (BCRJ, RJ, Brazil) were cultured in 

standard procedures. After reaching 80% of confluence, cells were detached with trypsin and seeded (with a 

density of 5 x 103 cells/cm2) in 24-well plates (1 ml of supplemented standard medium per well). After 24 h, 

the used medium was substituted by 1 ml of scaffold composites previously collected. Cells were cultured in 

the extracts in 3 experimental periods (1, 3 and 6 days).  

AlamarBlue® assay (Thermo Fisher Scientific, São Paulo, Brazil) was used as cell viability analysis 

through the addition of 500 µl of 10% alamarBlue® solution to each well and incubated in dark during 3 h. 

The next step was the addition of 200 µl of solution (in duplicate) to each well and the measurements in the 

microplate spectrophotometer (Bio-Tek Instruments, Inc.), with the wavelengths of 570 and 600 nm. The 

proliferation rates were calculated as the percentage of the reduction of alamarBlue®, according to 

manufacturer's instructions. Experiments were performed in triplicate.  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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In vivo study 

Thirty-two male Wistar rats (12 weeks, weight 300-350 g) were randomly distributed into 2 groups, with 

2 different experimental periods, 15 and 45 days (n=8 for each subgroup). The groups were constituted as 

following: animals receiving the implant of PMMA (positive control) and animals receiving the implants of 

SPG. All animals were subjected to the surgical procedure during this experiment to induce the unilateral 

noncritical tibial bone defect. After surgery, animals were kept under controlled temperature (22 ± 2 ºC), 12 

h light–dark periods and with free access to water and food. This study was approved by the Animal Care 

Committee guidelines of the Federal University of São Paulo (CEUA nº 1952071216). After 15- or 45-days 

post-surgery animals were euthanized. 

Surgical procedures 

Before the surgical intervention, animals were submitted to anaesthesia with ketamine (80 mg/kg), 

xylazine (8 mg/kg), acepromazine (1 mg/kg) and fentanyl (0.05 mg/kg). After this procedure, animals had 

their hind limbs shaved, washed and disinfected with povidone-iodine. Using aseptic techniques, an incision 

was made on the skin for exposing the medial compartment of the tibia. A motorized drill (Beltec®, 

Araraquara, SP, Brazil) was used to perform the bilateral bone defects at the upper third of the tibia (10 mm 

distal of the knee joint). The pre-set implants were placed in the created defect (3 mm diameter x 1 mm 

height), according to a randomization scheme. Finally, wounds were closed with resorbable Vicryl® 5-0 

(Johnson & Johnson, St.Stevens-Woluwe, Belgium) and rats were treated with post-surgery cares (i.m., 0.05 

mg∕kg buprenorphine (Temgesic; Reckitt Benckiser Health Care Limited, Schering Plough, Hoddesdon, 

United Kingdom) after the returning to their cages. 

Histopathological analysis 

After the euthanasia with the method of CO2 suffocation, the right tibiae was removed, fixed in 10% 

buffer formalin (Merck, Darmstadt, Germany) for 24 hours, washed and submitted to the decalcified process 

in 10% EDTA solution (ethylenediaminetetraacetic acid, Labsynth®, Diadema, Brazil) for 40 days. Samples 

were inserted in paraffin blocks and thin sections (5 μm) were prepared using a microtome (Leica 

Microsystems SP 1600, Nussloch, Germany). Sections were stained with hematoxylin and eosin (Merck, 

Darmstadt, Germany) and examined using light microscopy (Leica Microsystems AG, Wetzlar, Germany, 

Darmstadt-Germany) [17,18,19] Qualitative analysis of the laminae was performed using the following 

criteria: presence of granulation tissue, newly formed bone and material degradation (analysis was performed 

in a blinded way, KRF and JRP).  

Histomorphometric analysis 

The software OsteoMeasure System (Osteometrics, Atlanta, GA, USA) was used for the sample 

analysis. The following parameters were evaluated: bone volume per tissue volume (BV/TV, %), osteoblast 

surface per bone surface (Ob.S/BS, %) and for number of osteoblast per tissue area (N.Ob/T.Ar, %) to 

measure the effects of the treatment in the process of bone healing (the analysis was performed by one 

experienced observer, JRP, in a blinded way).   

Biomechanical test 

Biomechanical analysis was performed through the 3-point bending test performed on the left tibia of the 

animals (Instron® Universal Testing Machine (USA, model 4444). Tibiae were placed on a 3.8-cm metal 

device, which provided a 1.8-cm-distant double support on the bone diaphysis. A load cell was 

perpendicularly positioned at the exact site of the bone defect and the following variables were analyzed: 

maximum load (N), resilience (N/nn2) and tenacity(J) [20]. 

Statistical Analysis 

Mean ± standard deviations (SD) were used to express the data. Statistical analyses were performed 

using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). The distribution was checked using 

the Shapiro-Wilk normality test and the Kruskal-Wallis test and Dunn post hoc were used for non-parametric 

data. One-way analysis of variance (ANOVA) and Tukey multiple comparisons post-tests were used for 

parametric data. Test t was used for histomorphometry and biomechanical analysis. Differences of p ≤ 0.05 

were considered for demonstrating significance. 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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RESULTS 

SEM 

SEM results are depicted in Figure 1 (with a magnitude of 200x-A1, B1 and C1 and 500x- A2, B2 and 

C2). PMMA characteristics spheres could be observed in the pure polymer (Figure 1.A1). After mixing with 

other materials and polymerization, PMMA could still be noticed but with a flatter aspect (Figures 1.A2, B2 

and C2). Additionally, pores were found in all composites. Fibers of the bovine COL could be seen in COL-

plain material and in the composites containing this organic component (Figure 1.B1 and B2). SPG presented 

a smoother and more granulous form compared to bovine COL (Figures 1.C1 and C2). Both organic 

components, i.e. COL and SPG, presented irregular and heterogeneous morphology. 

 

 
Figure 1. SEM micrographs of pure materials (A1) PMMA, (B1) COL and (C1) SPG) used in powder form. Scaffolds of 
(A2) PMMA, (B2) COL and (C2) SPG. Bar represents 100 or 250 µm at magnifications of 200x and 500x respectively. 
PMMA particles (PMMA), Collagen fibers (COL), Spongin particles (SPG) and pores (arrows). 

FTIR 

FTIR spectra of SPG indicated absorption peaks for this marine organic component at 3522, 1644, 1510 

and 1258 wavenumber (cm-1) related to the chemical groupings of OH, C=O, NH and CN respectively. 

Additionally, an N-H axial deformation was detected around 2900 cm-1 (Figure 2). 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4
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Figure 2. FTIR spectra of SPG. Dashed lines show peaks associated to SPG (OH stretching, NH axial deformation, 
C=O stretching, NH bending and CN stretching). 

XRD 

The XRD investigation confirmed the predominantly amorphous profile of the SPG, with a degree of 

crystalline at 2-Theta Degrees of 22.40. These data demonstrate the amorphous character of this collagen-

like material (Figure 3). 

 

 
Figure 3. XRD diffraction pattern of SPG. A reduced crystalline peak was found at 2-Theta Degrees of 22.40 (arrow). 
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AlamarBlue  

L929 

Figure 4A demonstrates fibroblast viability by alamarBlue® after 1, 3 and 7 days separated by groups. It 

is possible to observed a higher cell viability for L929 at 7 days compared to 1 day of seeding in all groups 

(*p<0.05). Furthermore, in Figure 4B, no significant difference in the rate of increase in viability after 3 and 7 

days of culture between the groups.  

MC3T3 

For the osteoblast viability assay, all groups demonstrated a higher cell viability at day 7 in comparison 

to day 1 (p<0.01) (Figure 4C). However, the comparisons among groups showed that the rate of viability 

increase was lower for SPG compared to Control (p<0.0001) during the first 3 days, although no significant 

difference was observed between the groups when the whole period was considered (Figure 4D).  
 

 
 
Figure 4. A: Cell viability of L929 by alamarBlue® in Control medium and solution containing extract of PMMA and SPG 
after different experimental periods (1, 3 and 7 days); B: Cell viability of L929 by % alamarBlue® reduced at 3 and 7 
days/ % alamarBlue® reduced at 1 day)  in Control medium and solution containing extract of PMMA and SPG; C: Cell 
viability of MC3T3 by alamarBlue® in Control medium and solution containing extract of PMMA and SPG after different 
experimental periods (1, 3 and 7 days); B: Cell viability of MC3T3 by % alamarBlue® reduced at 3 and 7 days/ % 
alamarBlue® reduced at 1 day)  in Control medium and solution containing extract of PMMA and SPG. *p<0.05; **p<0.01 
and ***p<0.0001. 

Histopathological analysis 

Figures 5 and 6 demonstrated the representative histological sections of PMMA and SPG, 15- and 45-

days post-surgery, in 2 different magnitudes (x2.5, x10 and x40). For PMMA, 15 days after implantation, 

material particles still could be observed, surrounded by granulation tissue, with some areas of newly formed 

bone at the borders of the defect and the presence of osteoblasts (Figure 5A, B and C). For SPG, degradation 

of the material was detected, with an intense ingrowth of granulation tissue. Some areas of newly formed 

bone tissue were observed at the borders of the defect and the presence of osteoblasts (Figure 5D, E and 

F). 
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Figure 5. Representative histological sections of PMMA (A, B and C) and SPG (D, E and F) groups after 15 days. GT: 
granulation tissue; NB: newly bone; RM: residual material; *: osteoblast. Hematoxylin and eosin. Scale bar: 1000 µm 
(mag. x2.5), 200 µm (mag. x10) and 50 µm (mag. x40). 

After 45 days of implantation, it was observed the presence of osteoblasts and a complete degradation 

of the material with the bone defect being filled mostly with newly formed bone for both groups (Figure 6). 

However, a more mature aspect could be observed for SPG (Figure 6D, E and F).  

 

 
 
Figure 6. Representative histological sections of PMMA (A, B and C) and SPG (D, E and F) groups after 45 days. NB: 
newly bone. *osteoblast. Hematoxylin and eosin. Scale bar: 1000 µm (mag. x2.5), 200 µm (mag. 10) and 50 µm (mag. 
x40). 
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Histomorphometric analysis 

Figure 7 demonstrated that SPG demonstrated a higher value of % BV/TV compared to PMMA (p=0.004) 

for both experimental periods. Moreover, for Ob.S/BS and for N.Ob/T.Ar, in the first experimental period, it 

was observed a significantly higher value for SPG compared to PMMA (p=0.031 and 0.028, respectively) 

(Figures 8 and 9). 

 
Figure 7. Means and standard deviation of % of BV/TV (bone volume per tissue volume). Dunn`s test. **p<0.01. 

 
Figure 8. Means and standard deviation of % of Ob.S/BS (osteoblast surface per bone surface). T test. *p<0.05. 

 
Figure 9. Means and standard deviation of % of N.Ob/T.Ar (number of osteoblast per tissue area). T test. *p<0.05. 
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Biomechanical test 

No difference in the biomechanical test was observed between PMMA and SPG for any variable 

analyzed (Figure 10). 

 

 
Figure 10. Means and standard deviation of % for the biomechanical evaluation of the tibias (maximun load (N), 
resilience (N/mm2) and tenacity(J)). T test. *p<0.05. 

DISCUSSION 

The main purpose of the present study was to characterize the morphological aspects of marine collagen 

(spongin) extract from marine sponges, as well as, to evaluate its in vitro and in vivo biological performance. 

Our results demonstrated SPG presented an irregular granular aspect, with a composition of OH, C=O, NH, 

CN and an amorphous profile. Also, in vitro viability results for the L929 and MC3T3 cell lines cultured with 

SPG extracts demonstrated normal growth in comparison to controls, except MC3T3 viability at day 3. 

Furthermore, histology demonstrated that SPG treated animals presented an increased rate of material 

resorption and higher granulation and bone formation deposition in the region of the defect. These findings 

corroborate those of the histomorphometric analysis, which demonstrated higher values of BV/TV, Ob.S/BS, 

and N.Ob/T.Ar for SPG treated animals. Interestingly, the biomechanical test did not demonstrate any 

difference between groups. 

It is well known that COL displays a palette of unique and numerous features, largely and advantageously 

exploited in the bone tissue engineering field [2,11]. Due to this importance, many different sources of 

collagen have been investigated, including the ones from marine sponges [2,11]. In the present study, it was 

possible to observe that the protocol used was successful to extract collagen from the Aplysina fulva specie.  

Concerning the characterization studies, SEM images demonstrated the smooth and heterogeneous 

aspect of SPG in agreement with the findings of Tziveleka and coauthors [21]. Moreover, FTIR, which is a 

suitable analytical technique to depict the presence of major functional clusters in the samples [22], showed 

for SPG a broad band related to hydroxyl (O-H) of the water molecule at 3522 cm-1 [23]. Additionally, the 

peaks regarding the collagen-like nature of SPG must be highlighted as follows: amide I (C=O) at wavelength 

of 1644 cm-1; amide II (N–H) at 2900 cm-1 and 1510 cm-1; and amide III (C–N) at 1258 cm-1 [24]. All these 

findings demonstrate the conservation of the polypeptide chains of collagen even after the treatment used, 

in this work, for SPG obtainment. According to previous works, XRD assessment verified the predominantly 

amorphous profile of SPG, since it is a collagen-like material, exhibiting low crystalline domain [25]. Only a 

reduced crystalline peak was found at ~22.40, corresponding to the distance between amino acids in the 
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collagen triple helix structure, and this fact was already showed earlier for collagen-based materials in the 

literature [26,27]. 

The in vitro studies were performed to evaluate the biocompatibility of SPG and fibroblasts or pre-

osteoblastic cells. Cell viability study demonstrated that all groups for L929 and MC3T3 cell lineages 

demonstrated an increase in cell viability on the seventh day compared to the first day after seeding. The 

improved cell viability over time demonstrate that PMMA and SPG do not cause cell death and allow cell 

proliferation, indicating that both materials are biocompatible. Additionally, in the analysis of comparison of 

cell viability between groups, it is possible to observe that there was no significant difference in L929 viability 

in the evaluated periods, which indicates that the cellular growth showed before had similar patterns among 

cells cultivated or not with materials. For MC3T3 viability, the results demonstrated a decrease in cell viability 

in the SPG compared to Control after 3 days and no significant difference between groups after 7 days. 

Taken together, it can be observed that SPG did not compromise the cell viability, with values close to control, 

demonstrating that the material is biocompatible and non-cytotoxic. These positive effects can be explained 

by the structure of SPG, which has been shown to be similar to collagen [2,5]. These results corroborate 

Silva et al. [2] that showed that the marine collagen of sponges is biocompatible and promotes cell viability. 

Additionally, a previous study that associated SPG to Hydroxyapatite (HA) demonstrated positive effects of 

the incorporation of SPG, improving the biological performance of HA [28]. 

Concerning the in vivo analysis, an adequate rate of material degradation is essential for bone ingrowth 

into bone defect areas, since formation of new bone tissue and ingrowth into the defect area needs the 

liberation of space [29,30]. The results of the current study indicate that SPG scaffolds degraded properly 

over time, which may result in a stimulus for bone formation. Also, no inflammatory process was observed in 

the defect region in the SPG treated animals. An exacerbated inflammatory response caused by biomaterials 

can culminate in an impairment of the process of tissue repair [31]. Also, it needs to be emphasized that the 

tissue response to an implanted biomaterial depends on its chemical composition, which determines the 

intensity of the foreign body reaction [31]. In this context, many studies demonstrated that Col has no cytotoxic 

effects and is biocompatible [32-39]. These findings are in line with the results of the current study, which 

demonstrated that SPG did not evoke any severe inflammatory responses. 

Histomorphometry indicated that higher values of newly formed bone and number of osteoblasts were 

found in the SPG treated animals. The increased implant degradation observed for SPG scaffolds might be 

related to the increased dissolution of SPG when in contact with bone tissue [40,41]. resulting in lower amount 

of remaining implant material at an earlier time point compared to the slow degradable PMMA scaffolds. Also, 

it is likely that the superior biological performance of SPG is determined by the positive effects of the organic 

material on bone metabolism.  

It is well known that bone strength depends not only on its geometry and architecture but also on its 

tissue composition [42]. The amount of bone mass is not the only parameter that influences tissue mechanical 

properties, but also the quality and arrangement of bone microstructural elements [43]. In this context, similar 

bone biomechanical properties observed for the experimental groups can be seen as a positive aspect. This 

phenomenon probably indicates that the presence of the materials and/or spatial distribution associated to 

the granulation tissue or newly formed bone in SPG treated animals culminated in the same bone strength 

compared to the PMMA group (which presented a higher amount of material into the defect area).  It is 

necessary to emphasize that the bone defect model used in the present study was a non-critical one, which 

means that the process of healing happens spontaneously [44]. In this context, the use of a critical model is 

necessary to evaluate in more detail the behavior of composites in the process of non-spontaneous healing. 

Furthermore, biomaterials with different compositions and structure have been extensively studied for bone 

tissue engineering proposals. In this context, a composite material, including Biosilica (BS) enriched with 

marine collagen was tested. Indeed, BS induced a more appropriate response to stimulate bone metabolism 

and, interestingly, the incorporation of collagen did not increase the newly formed bone deposition however 

no difference between immunohistochemistry and biomechanical analysis were observed.  

Although all the positive results of the present study, the effects of SPG need to be investigated in long-

term studies and remain to be provided. Following this line, further investigations are necessary in order to 

validate these combinations as safe and efficient materials for biomedical applications. 

Thus, marine sponge collagen has been emerging as a promising alternative from collagen derived from 

other sources such as bovine collagen and another marine collagen. The present study demonstrated that 

SPG from Aplysina fulva presented an irregular granular aspect, with a composition of OH, C=O, NH, CN 

and an amorphous profile. Also, in vitro viability results for the L929 and MC3T3 cell lines cultured with SPG 

extracts demonstrated normal growth in comparison to controls, except MC3T3 viability at day 3. Also, SPG 

treated animals demonstrated a higher amount of material degradation and newly formed bone in an 
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experimental model of bone defect in rats. Taken together, all results suggest that marine collagen from the 

sponges can be considered as an alternative source of col for tissue engineering proposals. 
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