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Abstract

Despite their demonstrated biocompatibility and osteogenic properties, oyster shells have

been reported as a potential alternative to other commonly used materials for bone substitu-

tion. This study evaluated whether an experimental bone substitute (EBS) made from a typi-

cal oyster shell of Northeastern Brazil (Crassostrea rhizophora) has effects on bone

development using an animal model. Oysters were collected from a biologically assisted

vivarium, and their inner layer was used for preparing an EBS. Chemical and surface char-

acterization of EBS was performed using Individually Coupled Plasma Optical Emission

Spectrometry (ICP-OES) and Scanning Electron Microscope (SEM), respectively. Seventy-

two rats were randomly assigned to groups according to the treatment of bone defects cre-

ated in the submandibular area: Negative Control (-C), Positive Control (+C; Bio-Oss®) and

EBS. Euthanasia occurred at 7, 21, 42 and 56 days postoperatively. The bone pieces were

stained with hematoxylin and eosin (H&E). The formation of bone tissue was evaluated his-

tologically and histomorphometrically. Data were analyzed through the Kruskal-Wallis test

and ANOVA considering a significant level of 5%. The main element found in EBS was cal-

cium (71.68%), and it presented heterogeneity in the particle size and a porosity aspect at

SEM analysis. Histological results revealed the absence of inflammatory cells in all groups,

being that EBS presented the most accelerated process of bone formation with a statistically

significant difference between this group and the +C and -C groups in the 21-day time-point

(p < 0.05). After 21 days, the bone formation process was similar between all groups (p >
0.05), showing an immature lamellar bone pattern after 56 days of experimentation (p >
0.05). Within the limitations of this study, it was possible to conclude that EBS presented

good biocompatibility and promoted fast stimulation for bone-forming cells in an animal

model.
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Introduction

Implant rehabilitation in partially or totally edentulous patients has become a common prac-

tice with predictable long-term results [1–3]. However, edentulism provided by periodontal

disease, trauma, malformations or neoplasms can lead to bone atrophies and insufficient bone

quantity and/or quality for implant placement [4]. In these cases, ridge augmentation is

required to correct the unfavorable bone volume, which can be accomplished with the use of

bone grafts and bone-graft substitutes, used individually or combined [2,5–7].

Autogenous bone is considered to be the gold-standard among all bone-grafting material

[7,8]. It is highly successful because it contains cellular and matrix components from the same

patient that are replaced by newly formed bone, thus providing scaffolding for osteoconduc-

tion and growth factors for osteoinduction [8,9]. However, the harvesting procedures could be

combined with associated patient morbidity and limitations to harvest reasonable volumes of

bone at the time of grafting [10,11].

The bone-graft substitutes serve as a structural scaffold for the attachment of bone marrow

cells and other bone-forming cells [6–8,12]. The main groups of bone-graft substitutes are

demineralized freeze-dried bone graft, collagen, hydroxyapatite and β-tricalcium phosphate

[13–16]. The demineralized freeze-dried bone graft, usually from human or animal donors, is

formed by a collagenous matrix and may contain variable amounts of bone morphogenetic

proteins (BMPs) [17,18]. It is considered to be osteoinductive, but only osteoconductive in

most instances, offering good results besides the high investment necessary [19]. Hydroxyapa-

tite and β-tricalcium phosphate offers the potential for bone substitution because it has a

chemical composition close to biological human bone apatite [20]. However, the high reab-

sorption of this material after grafting is also considered an important limiting factor [21].

Recently, research has demonstrated that nacre obtained from oyster shells presents

biocompatibility, biodegradability and osteogenic properties, marking nacre’s potential as an

alternative to other commonly utilized biomaterials in tissue engineering [12,21–26]. It is a

natural composite material consisting of an inorganic mineral phase and an organic matrix,

similar to the structure of human bone. This organized mineral structure is related to its

remarkable mechanical strength, while the presence of the organic matrix imparts improved

osteoconductivity [23]. The organic matrix has also been found to contain biological molecules

practically identical to those found in humans, the BMPs (bone morphogenetic proteins) [27],

and other molecules capable of activating osteoblasts through chemical signaling. However,

research into these organic molecules has been limited.

Considering that bone-graft substitutes used for osseointegrated implant surgery should

ideally have biological properties similar or identical to those of human bones [4,8], nacre

derived from oyster shells may be a promising source. Thus, this study aimed to evaluate

whether an experimental bone substitute (EBS) made from a typical oyster shell of North-

eastern Brazil (Crassostrea rhizophora) has effects on bone development using an animal

model.

Materials and methods

Preparation of EBS

Oyster shells (C. rhizophora) were collected with the same lifetime, from the same biologically

assisted vivarium, from Raposa, Maranhão, Brazil. The oyster shells were cleaned in running

water using a steel brush and dried in the sun. The outer surface of the shell was removed with

drills under irrigation, resulting in an inner layer free of residues and/or contaminants, also

known as the nacre. Using a porcelain hand-held pestle, the nacre was crushed and sifted in a
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1.5-mm sieve for particle size standardization. The sieved material was sterilized by gamma

irradiation, and the final product was stored in an appropriate sterile vial as EBS.

Chemical characterization of EBS

Approximately 180.0 mg of EBS were obtained from a sample pool, and this material was sub-

jected in triplicate to the chemical digestion process with 98% sulfuric acid, 65% P.A nitric

acid and 30% hydrogen peroxide. After digestion, the sample was stored in a vessel for chemi-

cal analysis, which was investigated by Individually Coupled Plasma Optical Emission Spec-

trometry (ICP-OES).

Surface characterization of EBS and Bio-Oss1

The microstructure of EBS was assessed using the Scanning Electron Microscope (SEM; JEOL

JSM-5600LV; Peabody, MA, USA) to evaluate the size and distribution of particles. The obser-

vations were performed on gold-coated specimens and investigated at an acceleration voltage

of 15 kV. Bio-Oss1 (Geistlich Pharma AG, Wolhusen, Switzerland), a gold-standard demin-

eralized freeze-dried bone graft, was used as a positive control group.

Animal model

The research proposal was reviewed by the Ethics in Animal Research Committee of CEUMA

University, Brazil (Process number 202/2015), and the study design was approved. Seventy-

two male, healthy, adult Wistar rats weighing 180.0 g on average were used in this study. Prior

to surgical procedures, a destress protocol was performed, in which the animals were kept

individually in cages for 24 hours. Animals received an intramuscular injection of xylazine

chloride (Kensol1; Avellaneda, Argentina; 60mg/Kg body weight) to attain muscular relaxa-

tion and were anesthetized intramuscularly with ketamine chloride (Ketalar1; Parke-Davis,

Aché Laboratório, São Paulo, SP, Brazil; 0.08mL/100g body weight).

After shaving and asepsis of the submandibular area with 2% chlorhexidine, a 2-cm-long

incision was made using a scalpel blade. Skin and periosteal flaps were elevated, the underlying

bone tissue was exposed and a defect was prepared with a cylindrical stainless-steel bur (3 mm

diameter; 2 mm deep) using a hand piece coupled with a motor for implantation (BML 600;

Plus Driller, Sao Paulo, Brazil) at 1,500 rpm under constant sterile saline irrigation, in a sterile

environment. Then, animals were randomly assigned to the following groups according to the

treatment of the bone defects: Negative Control (-C), Positive Control (+C) and Experimental

Group (EBS).

For the Negative Control (-C) group, no bone substitute was inserted into the bone defect in

order to evaluate physiological bone growth. For the Positive Control (+C), a Bio-Oss1 bovine

bone substitute (Geistlich Pharma AG, Wolhusen, Switzerland) was inserted into the bone

defect. The amount of material introduced was approximately 7.0 mg. A biological membrane

of bovine origin (GenDerm; Baumer, Mogi Mirim, São Paulo, Brazil) was placed under the Bio-

Oss1 to promote the isolated conduction of the bone substitute. For the Experimental group

(EBS), approximately 7.0 mg of EBS were inserted into the bone defect and posteriorly covered

by a biological membrane (GenDerm; Baumer, Mogi Mirim, São Paulo, Brazil) as described.

After surgical procedures, the periosteum was repositioned over the defect and sutured

internally with polyglactin sutures (Catgut 4.0; Bioline, Anápolis, Goiás, Brazil), and the inci-

sion was closed with nylon sutures (Tecnofio 5.0; Anápolis, Goiás, Brazil). For analgesic pur-

pose, animals received a dose of subcutaneous morphine (1 mL; Bayer, Germany) and

antibiotic therapy with Cefalotina1 (25 mg/kg; ABL, Cosmópolis, São Paulo, Brazil). During

all experimental period, animals were housed in individual cages and maintained under a
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feeding regimen with rations and water ad libitum as well as good temperature, illumination

and hygiene conditions. Euthanasia occurred in a humanized way using a CO₂ chamber

(Insight—EB 248; Ribeirão Preto, São Paulo, Brazil) at 7, 21, 42 and 56 days postoperatively,

being that six animals were sacrificed per group at each time-point.

The mandibles were removed with appropriate surgical technique, and the piece containing

the bone defect was extracted. The pieces were fixed in 10% buffered formalin for 96 hours,

decalcified in Morse solution for 30 days and thereafter submitted to routine laboratorial pro-

cessing. The specimens were embedded in paraffin, and longitudinal 4,0-μm-thick sections

were cut and stained with hematoxylin and eosin (H&E) for histological analysis.

Histological and histomorphometric analysis

Histological analysis was performed using a digital camera with a resolution of 1.3 megapixels

coupled to an optic microscope (Zeiss-Axio Imager 2, Oberkochen, Germany) with x5, x10,

x20 and x40 magnifications. Additionally, images were analyzed using the software Image J

(Jandel Scientific, San Rafael, CA, USA).

Semi-quantitative analysis about formation and quality of bone tissue were performed and

scored as displayed in Table 1 [28]. For this, two blinded trained examiners evaluated each

specimen independently. In the case of disagreement, the specimen was reevaluated, and a

consensus was reached between examiners. For the histomorphometric evaluation, the origi-

nal defect area was delimited and the metric calibration of the microscope was used as a stan-

dard. Within this region, the area of neoformed bone was measured and expressed as

percentage. A same calibrated examiner performed all measurements. The reproducibility of

results was tested by carrying out duplicate measurements in two samples form each group, at

two different time points, one week apart. The results of the two recordings were then statisti-

cally analyzed with the Wilcoxon test for paired observations. No statistical significant differ-

ences were found between the two recordings (p< 0.05).

Statistical analysis

Semi-quantitative scores were analyzed statistically through the Kruskal-Wallis test to compare

the groups with respect to the formation and quality of bone tissue. Differences between histo-

morphometric data were analyzed through ANOVA two-way followed Tukey test. SAS 9.0

Software was used considering a significance level of 5%.

Results

Chemical characterization of EBS

The analysis of EBS by ICP-OES revealed a predominance of calcium in the composition,

which was 71.68% of the total sample. Minor quantities of sodium and magnesium were also

Table 1. Scores attributed to the formation and quality of bone tissue.

Score Characterization

1 New tissue formation (filling of the defect with connective tissue containing blood capillaries, fibroblast,

macrophage and newly formed collagen fibers).

2 Dense connective tissue suggesting bone tissue differentiation with the presence of a large number of cells

and organized fibers.

3 New bone formation in which the connective tissue is differentiated to form a bone matrix or osteon.

4 Presence of bone tissue.

Adapted from Pretel H, Lizarelli RF, Ramalho LT. Effect of low-level laser therapy on bone repair: histological study

in rats. Lasers Surg Med. 2007;39(10):788–796.

https://doi.org/10.1371/journal.pone.0198697.t001
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identified (less than 1% of total sample) (Table 2). Contaminant mineral materials did not

reach significant values (Table 3).

Surface characterization of EBS and Bio-Oss1

The microstructure of EBS and Bio-Oss1 was assessed using the SEM. It was observed in Fig

1A and 1C that EBS presents a larger heterogeneity in the particle size, while Bio-Oss1 pre-

sented higher homogeneity (Fig 1B and 1D). Although EBS was prepared in a tightly con-

trolled process, several morphological figures characterizing a porosity aspect were observed.

Histological and Histomorphometric analysis

In the histological results, the absence of inflammatory process in the bone defects of all groups

regardless of the time-point period was verified (i.e. 7, 21, 42 and 56 days). Considering the

distribution of the animals according to the formation and quality of bone tissue, different

scores according to the groups as well as progressive degrees of the bone neoformation process

were detected, as detailed in Table 4. The area occupied by neoformed bone in each group is

presented in Table 5. After 21 days of evaluation, the percentage of neoformed bone in the EBS

group was 48.13 ± 21.15 of the original defect area, being significantly higher than–C and +C

groups (p< 0.05). However, in the subsequent evaluation time-points (i.e. 42 and 56 days), it

was not detected differences between groups (p> 0.05).

Negative Control group (-C). In the first 7 days, a predominance of disorganized connec-

tive tissue was verified, especially in the borders of the bone defect. Some cells with a cytologi-

cal pattern compatible with mesenchymal/fibroblasts and osteoblasts were also observed. In

subsequent time-point periods of evaluation (21 and 42 days), the neoformation progressed

Table 2. Expressed quantities of minerals in EBS detected by ICP-OES (g/kg).

Mineral Symbol g/kG

Calcium Ca 5.52 ± 0.17

Potassium K 0.019 ± 0.00032

Magnesium Mg 0.517 ± 0.26

Manganese Mn 0.005 ± 0.0004

Sodium Na 1.429 ± 0.041

Phospor P 0.211 ± 0.062

Iron Fe NDa

Zinc Zn NDa

a Not detected.

https://doi.org/10.1371/journal.pone.0198697.t002

Table 3. Expressed quantities of mineral contaminants in EBS detected by ICP-OES (g/kg).

Mineral Symbol g/kG

Aluminium Al 0.004 ± 0.0038

Cadmium Cd NDa

Chrome Cr NDa

Copper Cu NDa

Mercury Hg 0.0004 ± 0.0002

Pb Lead Pb 0.011 ± 0.005

a Not detected.

https://doi.org/10.1371/journal.pone.0198697.t003
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with the presence of osteocytes and neoformed bone trabeculation occupying the space once

predominantly filled by connective tissue, characterizing an intramembranous ossification

(Fig 2A and 2B). After 56 days, a progressive closure of the bone defect was visualized, present-

ing immature bone tissue with a lamellar patter containing osteoblasts and numerous

osteocytes.

Positive Control group (+C). This group demonstrated disorganized connective tissue in

the first 7 days and bone differentiation after 21 days of evaluation, where mesenchymal/fibro-

blasts tissue and discrete neoformed bone trabeculation could be predominantly observed (Fig

2C and 2D). The process of bone neoformation was more pronounced at the borders of the

bone defected but also occurring around the Bio-Oss1. After 56 days of evaluation, a signifi-

cant intramembranous ossification was observed, with immature lamellar bone at the borders,

multifocal points of border coaptation and a small region containing connective tissue in

transformation at the center of the bone defect. The bone substitute used in this group (Bio-

Fig 1. Surface characterization using SEM analysis of EBS at X2.500 (A) and X5.000 (C); and Bio-Oss1 at X2.500 (B) and X5.000 (D).

https://doi.org/10.1371/journal.pone.0198697.g001
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Oss1) persisted throughout all evaluation periods, being completely encased by connective

tissue and/or neoformed trabecular bone.

Experimental group (EBS). The histological progression pattern observed was close to

the -C group. However, it is worth mentioning that, since the first 7 days, it was noted there

was a large presence of mesenchymal/fibroblasts, osteoblasts and osteoclasts cells around the

EBS, occupying the borders and center of the bone defect. Also, after 21 days, the predomi-

nance of mesenchymal/fibroblasts tissue and multifocal points of immature bone tissue almost

totally occupying the area of the defect was already observed (Fig 2E and 2F). The neoforma-

tion and organization of the lamellar bone tissue and border cooptation in the 56 remaining

days were more evident than in the -C group. Similar to Bio-Oss1, the EBS persisted through-

out all evaluation periods, as it was completely encased by connective tissue and/or neoformed

trabecular bone.

It was observed that the EBS group presented a more accelerated process of bone neoforma-

tion compared to the other groups, with a statistically significant difference between this group

and the other groups in the 21-day time-point (p = 0.03112, Fig 3). However, after 42 days, the

bone neoformation process was similar among all groups (p> 0.05), showing an immature

lamellar bone pattern after 56 days of experimentation (p> 0.05).

Discussion

An increase in tissue engineering has been noticed in the search for an ideal bone substitute

[5–7]. Despite its demonstrated biocompatibility, biodegradability and osteogenic properties,

nacre from oyster shells has been reported as a potential alternative to other commonly used

materials for bone substitution [12,21–26]. Also, the use of oyster shells for bone grafting pro-

vides evidence with self-sustaining development that may reduce the cost for final rehabilita-

tion treatment. Here we investigated the potential of a typical oyster shell of Northeastern

Brazil (C. rhizophora) as a bone substitute.

Table 4. Distribution of the animals according to the scores attributed to formation and quality of bone tissue.

Scoresa

Groups Nb 1 2 3 4

-C

7 days 6 6 0 0 0

21 days 6 2 4 0 0

42 days 6 0 2 4 0

56 days 6 0 0 2 4

+C

7 days 6 6 0 0 0

21 days 6 0 6 0 0

42 days 6 0 0 4 2

56 days 6 0 0 2 4

EBS

7 days 6 6 0 0 0

21 days 6 0 2 4 0

42 days 6 0 2 4 0

56 days 6 0 0 2 4

a Scores according to Table 1.
b Animal per group.

https://doi.org/10.1371/journal.pone.0198697.t004
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The novelty of this study was demonstrated by the fast osteoinduction and osteogenesis

stimulated by EBS using an animal model, which was described for the first time in the litera-

ture. The histological evidence indicates that the bone in EBS sites in the first time-points was

denser when compared to a gold-standard bone substitute material (i.e. Bio-Oss1). Because

neither bone-induction material nor stem cells or precursor cells were introduced at the EBS

site, it may be possible that the release of active factors from nacre composition leads to the

recruitment and differentiation of osteoprogenitor cells that give rise to bone cells and conse-

quently produce new bone [21].

Nacre and human bone are both mineralized structures, although their composition and

organization differ [4,8]. The mineral phase of bone is composed of calcium phosphate in the

hydroxyapatite (HA) crystal form, whereas nacre is composed of calcium carbonate in an ara-

gonite crystal form [27,29]. The chemical characterization confirmed that the main element

found in the EBS was calcium (Ca; 71.68% of total sample), which is in accordance with several

studies [23–26,29–34]. However, the composition of our samples differed from that of Western

Mediterranean oyster samples (particularly the most studied oyster, the giant Pinctada maxima
[22–26,31–36]), indicating a high variation of these components according to the geographic

origin. Also, the amounts of calcium detected were relatively higher than described elsewhere

[23,29,30], thus probably being one of the factors responsible for the good histological results.

It is known that the most used osteoconductive scaffolds are calcium-sulfate and calcium-

phosphate substitutes, since they allow the growth of capillaries, perivascular tissue and mesen-

chymal stem cells, forming a structure like that of spongy bone [31]. However, in addition to

serving as an osteoconduction scaffold, the EBS histological results demonstrated a progres-

sion pattern close to that observed in the -C group (i.e. physiological bone growth). This result

suggests that, in addition to osteoconduction, EBS was able to induce osteogenesis, which

leads us to believe in its potential osteoinduction. Calcium substitutes also share several char-

acteristics that make them a good choice: slow biodegradation, superior strength in compres-

sion and unique capacity for osseointegration, or the ability of the bone’s host to interdigitate

with a rough crystalline graft interface [26,32].

Additionally, SEM analyses revealed that EBS presented larger heterogeneity in the particle

size compared to the Bio-Oss1 group, and its composition resembles a cluster of other sub-

particles characterizing a porosity aspect. It is known that the structural characteristics of a

scaffold for tissue engineering directly affect the cellular response and must be elaborated on

to promote cell adhesion, proliferation and differentiation [17]. It is possible that the micropo-

rosity present in EBS guarantees high capillary action, an ideal environment for bone forma-

tion, as it allows the entry of blood, osteoprogenitor cells and proteins into the particles of the

material.

Table 5. Neoformed bone expressed as percentage of total defect area (mean ± SD).

Neoformed bone area (%)

Groups Na -C +C EBS

7 days 6 NDb NDb NDb

21 days 6 13.22 ± 7.15 (A,a) 11.08 ± 8.21 (A,a) 48.13 ± 21.15 (B,a)

42 days 6 59.17 ± 33.39 (A,b) 61.56 ± 29.12 (A,b) 68.07 ± 33.29 (A,b)

56 days 6 71.86 ± 31.09 (A,b) 69.21± 25.58 (A,b) 75.26 ± 35.11 (A,b)

a Animal per group.
b Not detected.

Different upper case letters indicates significant differences between groups at each time-point. Different lower case letters indicates significant differences between

time-points in the same group. (ANOVA followed by Tukey test, p < 0.05).

https://doi.org/10.1371/journal.pone.0198697.t005
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Early studies [26,32] investigated the potential application of the powder of P. maxima to

bone grafting using animal models. Their results showed newly formed bone in close contact

with the nacre placement, in that the nacre particles in contact with the trabeculae gradually

Fig 2. Histological findings of bone defect after 21 days. A and B represent the -C group with the presence of

osteocytes (black arrow), osteoblasts (white arrow) and neoformed bone trabeculation (NB). C and D represent the +C

group showing mesenchymal tissue (MT) and discret neoformed bone trabeculation (NB). E and F represent the EBS

group where the predominance of MT and multifocal points of NB occupy the bone defect, presence of osteocytes and

osteoblasts. B indicates Bio-Oss1; EBS indicates experimental bone substitute; � indicates the border of the bone defect.

Tissues were stained with H&E and examined at 5x and 20x magnification (200 μm and 50 μm, repectively).

https://doi.org/10.1371/journal.pone.0198697.g002
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dissolved after 56 days. Our findings are in agreement, where the presence of osteoblasts and

osteoclasts around the EBS from the first 7 days of evaluation and initial bone formation in

only 21 days was observed, which was confirmed by histological and histomorphometric data.

Compared to control groups, this bone formation it was only expressive after 42 days. Also,

EBS showed good biocompatibility to bone that was confirmed for the absence of inflamma-

tory process and border cooptation in bone defects regardless of the time-point period.

Regarding the union of the EBS particles with the bone, it was verified that, after 56 days,

there were still points of cooptation of the newly formed bone with the edges of the bone

defect. This “cement line” may represent not only a chemical union of the bone with the EBS

but also a micromechanical interdigitating possibly of non-collagenous proteins, which is a

favorable signal for the osteoclast migration and bone remodeling. It was previously observed

[33] that the use of solid nacre was bonded directly to the newly formed bone, without interfer-

ence by cells, which was different from our findings. This may be due to our use of nacre pow-

der instead of solid nacre.

An investigation about the mineral and organic phases of P. maxima revealed the presence

of a water-soluble matrix (WSM) existing at the organic-mineral interface of the nacres layer

[34,35]. These studies demonstrated the tight linkage of the matrix proteins and the mineral

Fig 3. Bone formation score median between groups at different periods. Different symbols (�,��) indicate statistically significant differences between groups at the

same period.

https://doi.org/10.1371/journal.pone.0198697.g003
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phase. It is also suggested that the WSM presents BMPs, which induce bone growth [27,32]

and had a great effect on MC3T3 pre-osteoblast cells, accelerating differentiation and minerali-

zation [36]. Studies using mammalian bone marrow cells observed that WSM induces rapid

mineralization and that fibroblasts displayed an early increase in alkaline phosphatase (ALP)

activity [35–38]. These results indicated the osteogenic potential of nacre, and it is possible

that the greater the mineral availability, the better this organic-mineral interface formed. The

literature has never documented an oyster that presents higher amounts of Ca such as C. rhizo-
phora, which could suggest the formation of a layer responsible for great potential of

bioactivity.

The results of this initial study indicate that the nacre particles from C. rhizophora can pro-

mote bone formation more rapidly than a gold-standard bone substitute material. In fact, after

21 days, the bone formation in the EBS occurs in a similar way to the other groups, which

leads us to believe that the mechanisms of osteoinduction happen incisively in the early stages

of bone formation. Thus, future studies into the mineral and organic contents of C. rhizophora
will hopefully reveal the regulatory mechanisms of osteogenesis that will optimize the possible

use of this material in tissue engineering. Added to the high calcium contents detected, it is

hypothesized that the use of nacre as an alternative bone-substitute material appears to be

promising.

Conclusion

Within the limitations of this first study, it was possible to conclude that EBS presented good

biocompatibility and promoted fast stimulation for bone-forming cells in an animal model.
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Brazilian oyster shell stimulates bone-forming cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0198697 June 5, 2018 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0198697.s001
https://doi.org/10.1371/journal.pone.0198697


Investigation: Ricardo Coringa, Eduardo Martins de Sousa, Juliana Nunes Botelho, Rafael
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