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Abstract

BACKGROUND: Extracellular vesicles (EVs) exhibit potential as functional biomolecules for tissue regeneration and

immunomodulation as they play important roles in the physiological communication between cells. EV internal cargo

contains miRNAs, proteins, lipids, and so on. Osteoarthritis (OA) is a common joint disease causing disability owing to

impaired joint function and pain. EVs originating from animal cells and tissue matrices are also being considered for OA,

in addition to research involving non-steroidal therapeutic agents. However, there are no studies on EVs from marine

organisms. Hence, we focused on sea cucumber-derived EVs and conducted experiments to set up an extraction protocol

and to demonstrate their efficacy to modulate the inflammatory environment.

METHODS: Sea cucumber extracellular matrices (SECMs) were prepared by a decellularization process. Lyophilized

SECMs were treated with collagenase and filtered to isolate sea cucumber extracellular vesicles (SEVs). After isolation, we

conducted physical characterization and cell activation studies including cytotoxicity, proliferation, and anti-inflammation

effect assays.

RESULTS: The physical characterization results showed circular SEVs in the size range of 66–480 nm. These SEVs

contained large amounts of protein cargo, infiltrated the synoviocyte membrane without damage, and had a suppressive

effect on inflammatory cytokines.

CONCLUSION: This study established an extraction process for EVs from sea cucumber and reported the anti-inflam-

matory ability of SEVs. Isolated SEVs can be further utilized for tissue regeneration studies and can be compared to

various marine or animal-derived EVs.
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1 Introduction

Inflammation is a strategy evolved to protect the body

against microbial infections, tissue damage, and harmful

substances. This immune response is an essential process to

remove harmful stimuli and enable healing of damaged

tissue [1]. Inflammation occurs due to acute or chronic

infections, with acute conditions like fractures, seizures

being serious and inflammation occurring suddenly at the

beginning. In contrast, chronic conditions like cancer,

diabetes, stroke, asthma, and arthritis are long-term con-

ditions [2]. Osteoarthritis (OA) is the most common

& Sang-Hyug Park

shpark1@pknu.ac.kr

1 Industry 4.0 Convergence Bionics Engineering, Pukyong

National University, Busan 48513, Republic of Korea

2 The Center for Marine Integrated Biomedical Technology

(BK21 PLUS), Pukyong National University, Busan 48513,

Republic of Korea

3 Department of Orthopedics Surgery, Kosin University Gospel

Hospital, Busan 49267, Republic of Korea

4 Department of Biomedical Engineering, Pukyong National

University, 45, Yongso-ro, Nam-gu, Busan 48513, Republic

of Korea

123

Tissue Eng Regen Med (2021) 18(1):71–79 Online ISSN 2212-5469

https://doi.org/10.1007/s13770-020-00319-8

http://orcid.org/0000-0002-2293-2285
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-020-00319-8&amp;domain=pdf
https://doi.org/10.1007/s13770-020-00319-8


chronic disease, and the underlying pathology progresses

through interaction with surrounding tissues. Early stage

OA has an inflammatory microenvironment controlled by

complex factors, with the most important factor being

inflammatory cytokines [3–5]. Various treatment methods

for OA are being used, and the development of non-ster-

oidal treatments is being actively conducted, including a

treatment method using extracellular vesicles (EVs) from

mesenchymal stem cells (MSCs) [6–10].

Most cells release nano or micro vesicles consisting of a

lipid bilayer to the extracellular environment [11]. In the

early days of discovery, these vesicles were considered as

dead cells [12]. Later it was found that EVs released out-

side of cells play a role in cell-to-cell communication [13],

such as maintaining homeostasis and regulating immune

responses [14]. EVs are generally found in biological fluids

like blood, saliva, urine, or in the supernatant after cell

culture. EVs are also known to play an important role in the

physiological activity of cells as they contain numerous

miRNAs and proteins. Hence, many studies have applied

EVs to the treatment of degenerative diseases such as

atopic dermatitis [15], osteoarthritis, cancer [16], myocar-

dial infarction [17], and stroke [18, 19]. Although EV

treatments do not use stem cells, many basic and clinical

studies are being conducted as an alternate to stem cell

therapy, and the advantage of eliminating problems asso-

ciated with the use of stem cells [20].

The extracellular matrix (ECM) is defined as the com-

posite accumulation of structural and functional molecules

that are secreted by cells of all tissues and are arranged in a

tissue-specific niche [21]. Tissue ECMs have the potential

to control biological activity [22] by cell recruitment,

immune modulation, and angiogenesis, and is involved in

regenerating injured tissue. The biological functions of

ECMs may be dependent on the characteristics of the tissue

source [23] and therefore, it is essential to study the

characteristics of specific tissues in regenerative medicine

research. Nowadays, pure ECM is obtained through

decellularization of xenogenic or allogenic tissues to take

advantage of the structural and functional molecules

[24, 25], and is applied to regeneration treatments [26].

Several studies have shown potential application of ECM

in a variety of tissues as EVs are bound in decellularized

ECM. These ECM-bound EV molecules were able to

protect the internal nucleic acid and protein cargos that are

involved in cellular, organismal development, nerve

regeneration, and immune regulation [27–30].

Marine organisms are recently being considered as

alternative biomaterial sources for terrestrial vertebrates.

Bovine-derived biomaterials have a risk of mad cow dis-

ease and porcine-derived materials have religious restric-

tions [31]. Marine derived substances produced by

metabolism in the marine organisms have unique structures

and strong physiological activities [32, 33]. Regenerative

medicine and biomedical applications using marine derived

substances are actively being considered for

implantable polymers, polysaccharides, and ceramics.

Marine polymers show anti-inflammation, anti-microbial,

and anti-cancer properties, and marine ceramics are

reported to play an important role in osteogenesis for bone

regeneration [34]. Marine organism-derived components

are applied to OA treatment [35], with echinoderm-derived

biomaterials being especially utilized for inflammation

control [36].

Echinoderms are a group of marine invertebrates. The

term echinoderm is derived from the spiny skin, and sea

cucumbers, sea urchins, and starfish are common examples.

Echinoderms have an incredible regenerative capacity,

with many species routinely regenerating their arms and

organs [37]. Sea cucumbers often drain some of their

internal organs when threatened, and the tissue is regen-

erated over several months. Sea urchins and starfish also

constantly regenerate arms and thorns lost due to damage

[38–41]. In the present study, sea cucumbers were the

echinoderms selected, as sea cucumbers are composed of

bioactive components such as saponin, chondroitin sulfate,

collagen, amino acids, and phenols [42]. Research on the

application of sea cucumber components to cosmetics, anti-

cancer, anti-inflammatory, and wound healing treatments

are being actively conducted [43–46].

Therefore, this study intends to expand from studies on

terrestrial animal-derived EVs to study on marine organ-

derived EVs. Physical characterization, cell proliferation,

and anti-inflammation effects of sea cucumber ECM-an-

chored EVs (SEVs) were evaluated.

2 Materials and methods

2.1 Experimental marine animal

A sea cucumber (Stichopus japonicus) weighing over

400 g was used. The intestines were completely removed,

washed with deionized water, and stored at - 80 �C in an

ultralow temperature refrigerator (ULT freezer; Thermo

Fisher Scientific, Waltham, MA, USA).

2.2 Marine ECM preparation

The sea cucumber body wall collagen was isolated as

previously described [31], with modifications to simplify

the preparation step. Briefly, body walls (200 g by net) of

the frozen sea cucumber were cut in 1–2 cm size pieces

and then agitated with 1000 mL hypotonic buffer con-

taining 0.1 M tris-base (Sigma-Aldrich, St. Louis, MO,

USA) at 4 �C for 4 days. The sea cucumber tissue residue
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was filtered using a sieve, as it did not dissolve completely,

followed by centrifugation (8000 g, 60 min) of the highly

viscous sea cucumber solution. The centrifuged pellet was

dried through a freeze-drying process. Enzymatic digestion

was performed by treating 0.3 M HCl with pepsin for

1 day at room temperature. After digestion, 10 M NaOH

was used to block the activity of pepsin, and then the salt

was removed through dialysis with a 2 kDa molecular

weight cut-off (MWCO) membrane (Spectra/Por7, Spec-

trum Laboratories, Rancho Dominguez, CA, USA).

Finally, the sea cucumber ECM (SECM) was harvested and

freeze-dried (Fig. 1A).

2.3 Marine ECM-anchored EVs isolation

To isolate the matrix anchored EVs, lyophilized SECM

was treated with a disaggregating solution containing

phosphate buffer saline (PBS) and collagenase (Wor-

thington, OH, USA) for 2 days at room temperature.

Enzymatically digested SECM was subjected to a contin-

uous centrifugation process such as 500 g for 10 min,

2500 g for 20 min, and 10,000 g for 30 min to remove the

ECM debris. A 0.45, 0.2 lm filter was used to obtain high-

purity EVs, and to remove insoluble collagen fiber debris.

The filtered supernatant was concentrated in a 100 kDa

filter and ExoQuick-TC (System Biosciences, Palo Alto,

CA, USA) precipitation solution (Fig. 1B).

2.4 Marine EVs morphology

Electron microscope imaging analysis was conducted using

a transmission electron microscope (TEM) (H-7500;

HITACHI, Tokyo, Japan) and scanning electron micro-

scopy (SEM) (JEM-2100F; JEOL, Tokyo, Japan). Sea

cucumber-derived EVs (SEVs) were fixed in 2.5% glu-

taraldehyde (JUNSEI, Tokyo, Japan) for 24 h, and a small

amount of SEV mixture was dropped on the carbon-coated

grid (TED PELLA, Redding, CA, USA) or cover glass and

then dried at room temperature.

2.5 Size distribution of marine EVs

The SEVs were diluted in 0.2 lm filtrated deionized water

(DW), and the nanoparticle suspension’s Brownian motion

was determined using dynamic light scattering (DLS)

(ELS-8000; Ozuka-Electronics, Osaka, Japan).

Fig. 1 Schematic diagram. A Sea cucumber-derived ECM (SECM) isolation protocol. B Sea cucumber-derived EVs (SEVs) isolation protocol
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2.6 Cell culture

Synovium-derived cells (SW-982; ATCC, Manassas, VA,

USA) were used. Synoviocytes were cultured in DMEM

(GE Healthcare, Boston, MA, USA) supplemented with

10% fetal bovine serum (FBS; Gibco, Grand Island, NY,

USA) and 1% Antibiotic-Antimyotic (Gibco) at 37 �C in a

5% CO2 incubator. The FBS was centrifuged at 120,000 g

using an ultra-centrifuge for 6 h to remove EVs. Except for

cell culture, exosome-depleted FBS was used in other

experiments.

2.7 Marine EVs fluorescence labeling

The SEV membrane was labeled with PKH-26 red fluo-

rescent cell linker (Sigma-Aldrich) for 24 h at 4 �C.

Labeled SEVs were washed with 0.2 lm filtered PBS and

concentrated again using a 100 kDa filter, and further

diluted in DMEM (GE Healthcare, MA, USA) containing

10% exosome-depleted FBS (Gibco) and 1% Antibiotic-

Antimyotic (Gibco) to treat the SW-982 cells, followed by

treatment with the DAPI fluorescent reagent after 6 h.

Endocytosis into the cells was observed using a fluores-

cence microscope (Axio-Observer 5; Carl Zeiss, Oberko-

chen, Germany).

2.8 Measurement of SEVs implied proteins

SEV protein cargos were measured by destroying the

membrane with lysis buffer (RIPA; Rockland, PA, USA) and

then diluting with distilled water filtered through a 0.2 lm

filter. Diluted normal SEVs and destroyed SEVs were mea-

sured using Bradford assay (Bio-Rad, Hercules, CA, USA).

2.9 Cell viability and proliferation

The effect of SEVs on the viability and proliferation of

synoviocytes was evaluated by the water soluble tetra-

zolium salt (WST) assay (EZ-cytox, DoGenBio, Seoul,

South Korea). To detect cell cytotoxicity, cells were seeded

in 48-well plates at 2 9 104 cells per well and incubated at

37 �C with 5% CO2. After 24 h, the culture medium was

changed with a new medium containing SEVs at 0, 1, 5, 10,

and 20 lg/mL. The assay was performed after 6 h,

according to the manufacturer’s protocol. Proliferation

assays were performed under the same conditions except

for the use of 5 9 103 cell density, and were measured

after 0, 1, 3, 5, and 7 days.

2.10 Anti-inflammation assay

To test the anti-inflammatory effect of SEVs, an in vitro OA

model was used. Synoviocytes were seeded 6-well plates and

treated with tumor necrosis factor-a (TNF-a) (25 ng/mL)

and interleukin-1b (IL-1b) (10 ng/mL) (Peprotech, Cran-

bury, NJ, USA) after 24 h. The in vitro OA models were

treated with 10 lg/mL SEVs for 7 days. Fresh media was

replaced once every 2–3 days. RNA was collected after

7 days for Real-Time PCR (RT-qPCR) analysis.

2.11 Gene expression analysis

RNA was extracted using an isolation kit (Bioneer, Dea-

jeon, South Korea) and the total quantity was detected

using a SpectraDrop Micro-Volume Microplate (Molecular

Devices, San Jose, CA, USA). RNA (1 lg) was reverse

transcribed using a cDNA synthesis kit (Cellsafe, Yongin,

South Korea). RT-qPCR was performed using specific

primers and 1X SYBR Green Reaction Mix (Thermo

Fisher Scientific). The relative gene expression levels of

the samples were normalized to glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) as an internal control and

calculated by the comparative method.

2.12 Statistical analysis

GraphPad Prism version 7.0 (GraphPad, San Diego, CA,

USA) was used to produce graphic images and perform

statistical analysis. Data were expressed as mean ± stan-

dard deviation (SD) from at least three independent

experiments. Statistical significance was analyzed by using

Student’s t test and one-way analysis of variance

(ANOVA) followed by a Tukey–Kramer post-hoc test. A

value of p\ 0.05 was considered as statistically significant

(*,#p\ 0.05, **,##p\ 0.01, and ***,###p\ 0.001).

3 Results

3.1 Physical characterization of SEVs

Specific analytical methods were used to explore the

physical properties and biological effects of SEVs. SEV

morphology was studied using TEM and SEM, and large

amounts of circular material 100–200 nm in size was

observed from the electron microscopy results (Fig. 2A,

B). The similarity of their appearance to exosomes or

microvesicles derived from cells of terrestrial animals was

confirmed. The size of the SEVs was measured using DLS,

and presence of a size of 100–200 nm and size distribution

of 66–479 nm was confirmed. Moreover, micrometer-sized

debris were not observed (Fig. 2C).

The SEV internalization assay was conducted by stain-

ing them with PKH-26 to track the location, and results

demonstrated absorption of the stained SEVs into the cell

membrane of synoviocytes without changes in cell
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morphology (Fig. 3A). To confirm whether SEVs con-

tained proteins as protein cargo, the SEV membrane was

destroyed. The confined protein amount in SEV cargo was

measured as 5.06 times higher than the amount before

treatment (Fig. 3B).

3.2 Cytotoxicity and proliferation

Various concentrations of SEVs (0, 1, 5, 10, and 20 lg/

mL) were added to the synoviocytes to test cell cytotoxicity

and proliferation. Results for mitochondrial activity by

WST assay confirmed no change in cell viability at all

concentrations of SEV treatment from 1 to 20 lg/mL.

These results indicate that SEVs did not induce cytotoxi-

city during cell culture (Fig. 4A).

Cell growth rates were compared between the same

treated groups, and the synoviocyte proliferation rate

decreased to 74.6% at 20 lg/mL SEV concentration on day

3. However, no statistical difference was observed after

one week between the groups (Fig. 4B).

3.3 Analysis of inflammatory cytokines

The relative amount of mRNA after treatment with SEVs

was measured to determine whether SEVs were able to

suppress the production of inflammatory cytokines related

Fig. 2 Physical characterization. A SEVs morphologies using

transmission electron microscope. Scale bar 0.5 lm. B SEVs mor-

phologies using scanning electron microscope. Scale bar 0.5 lm.

C Size distribution measured by dynamic light scattering. Data are

presented from four independent experiments

Fig. 3 A PKH-26 labeled SEVs (red) endocytosis into SW-982

counterstained with DAPI (blue), the cells were observed using

fluorescence microscope at 6309 magnification. Scale bar 10 lm.

B The amount of SEVs protein cargo measured using Bradford assay.

Red arrows point out representative PHK-26 labeled SEVs. Data are

presented as the mean ± SD from three independent experiments.

(***p\ 0.001 by Student’s t test)
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to early stage OA. The SEVs-treated group showed sup-

pression of inflammatory cytokine at the gene level. IL-1b
gene expression in the SEV-treated group was less than

26.4% compared to the inflammation group. However,

there was no statistical difference between the SEV-treated

and normal groups (Table 1).

Expression of IL-6 gene and matrix metalloproteinase-1

(MMP-1) were 1.9 times (52.4%) and 2.8 times (34.9%)

less than that in the inflammation group, respectively.

Moreover, cyclooxygenase-2 (COX-2) involved in pain,

was expressed less than 3.5 times (28.2%) (Fig. 5).

4 Discussion

Marine biomaterials have been widely utilized for biolog-

ical applications; particularly, the regenerative ability of

echinoderm has been of interest. In this study, we focused

on sea cucumbers among the echinoderms [43–45], as sea

cucumber-derived components have been utilized as

pharmaceutical products for the prevention or treatment of

cancer [47] and modulation of macrophage inflammatory

response [48]. However, no studies have been reported to

extract EVs from marine organisms. To date, research on

marine EVs has mainly focused on vesicles secreted from

bacteria to investigate ecosystems [49–51]. The present

study establishes an isolation method for marine organs-

derived EVs to apply to regenerative medicine. We

demonstrated the extraction of EVs from sea cucumber,

and the chemical reagents suggested in the isolation

process were minimized to prevent degeneration of EVs

anchored to the ECM of sea cucumber. Finally, SEVs

isolated in this study showed physical characteristics sim-

ilar to EVs derived from terrestrial vertebrates.

Circular particles were observed by TEM and SEM, and

the molecular SEVs showed a shape similar to the com-

monly known EVs [52]. The smallest of the SEVs was

66 nm and the largest measured 479 nm in the DLS results.

The size of isolated SEVs also indicated that the SEVs

included a range of exosomes and microvesicles. However,

additional experiments were needed to verify that the iso-

lated molecules were not calcareous matters of the sea

cucumber. The isolated molecules were stained with the

PKH-26 cell tracking dye and were composed of a lipid

layer. The PKH-26 labeled SEVs also easily entered the

cells without changes in cell morphology. Based on these

results, we confirm that the isolated SEVs were types of

exosomes and microvesicles. We further determined whe-

ther the isolated SEVs contained several proteins as a

protein cargo, and in the protein concentration assay, large

amounts of protein were detected after SEV lysis, sug-

gesting presence of various proteins as protein cargo in

isolated SEVs.

Cytotoxicity experiments are important for establishing

an isolation protocol, and the study analyzed the residual

enzyme and contamination factor. The SECM anchored EV

extraction process involved enzymatic digestion using

pepsin and collagenase, and the isolated SEVs did not

change cell viability even after treatment with high SEVs

concentrations.

Fig. 4 Basic cell activation. A Effect of SEVs cytotoxicity on SW-982. B Effect of SEVs for 7 days using cell proliferation assay. Data are

presented as mean ± SD from four independent experiments. (**p\ 0.01 and ***p\ 0.001 by one-way ANOVA)

Table 1 Primer sequences for

real time polymerase chain

reaction

Target Forward sequences (50-30) Reverse sequences (50-30)

IL-1b AGCTCGCCAGTGAAATGATG GGAGCACTTCATCTGTTTAGGG

IL-6 AGCATCCCTCCACTGCAAA AGCATCCCTCCACTGCAAA

MMP-1 GGCCACAAAGTTGATGCAGT TGCTACGGCAATGAAATGGAG

COX-2 GTTGTATCTCTGTCTTCATCGCC TCTGGCCGAGGCTTTTCTAC

GAPDH TATGGACACGCTCCCCTGA CATTCCCCAGCTCTCATACCA
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A previous study reported that SECM could promote

skin wound healing [31]. Therefore, acceleration of cell

proliferation by SEV treatment was expected; however,

SEVs did not affect the proliferation of synoviocytes. As

the study focused only on the synovium tissue related to

OA, the response of different cells to SEVs should be

tested to clarify the effects of SEVs on tissue regeneration.

EVs are high-purity factors that cells release outside to

maintain homeostasis or resolve a threatening environment

[14]. EVs have been applied in various diseases [15–19],

with particular interest on the effects of EV treatment on

regulating inflammation and alleviating OA [6–10]. How-

ever, the effect of EVs on inflammation and immune reg-

ulation need to be elucidated further.

Although SEVs did not affect cell proliferation in our

study, they are expected to change the inflammatory

environment because of the reported anti-inflammatory

effects of SECM, and hence, SEVs were treated in an OA

in vitro model and expression of genes related to OA

progression like IL-1b, IL-6, MMP-1, and COX-2 were

analyzed. The expression levels of IL-1b, MMP-1, and

COX-2 cytokine genes in the SEV-treated group were

significantly reduced compared to the levels in the

inflammation group. Although IL-6 mRNA expression was

not as high as in the normal control group, it was statisti-

cally lower as compared to the inflammation group. IL-1b

suppresses type II collagen and aggrecan (ACAN) syn-

thesis, but also induces pain. IL-6 upregulates MMP

expression and reduces the expression of type II collagen.

COX-2 enzyme is involved in the synthesis of pros-

taglandin-2, which induces inflammation, fever, and pain,

and plays an important role in pain related to chronic dis-

eases such as osteoarthritis [3–5, 53]. Taken together, the

present study demonstrates the anti-inflammatory effects of

SEVs.

It is expected that proteins and miRNAs inside SEVs

[54, 55] may suppress the amount of inflammatory cyto-

kines. However, the factors in SEVs associated with

reduction in OA inflammation are unknown. There is a

need for future studies to identify the mechanism of

inflammation and to determine the efficacy of the protein

and miRNA cargos.

In conclusion, we have successfully set a SEV isolation

protocol and identified anti-inflammatory effects of SEVs

isolated from sea cucumber. Although an early stage

research, this novel trial using marine-derived EVs can be

used to further expand marine biomaterial research for

regenerative medicine.
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Fig. 5 Anti-inflammatory

effects of SEVs on infected SW-

982. Real-Time PCR results

showed that stimulation of SW-

982 with or without IL-1b and

TNF-a successfully induced

inflammation. After SEVs

treatment in an in vitro early

stage OA model, mRNA

expression levels of IL-1b, IL-6,

MMP-1, and COX-2 decreased

significantly. Data are presented

as the mean ± SD from three

independent experiments.

(*,#p\ 0.05 and **,##p\ 0.01,

versus untreated control (*) or

inflammatory cytokines treated

(#) by one-way ANOVA)

Tissue Eng Regen Med (2021) 18(1):71–79 77

123



Compliance with ethical standards

Conflict of interest The authors have no financial conflicts of

interest.

Ethical statement There are no animal experiments carried out for

this article.

References

1. Ahmed AU. An overview of inflammation: mechanism and

consequences. Front Biol. 2011;6:274.

2. Chen Y, Jiang W, Yong H, He M, Yang Y, Deng Z, et al.

Macrophages in osteoarthritis: pathophysiology and therapeutics.

Am J Transl Res. 2020;12:261–8.

3. Wojdasiewicz P, Poniatowski ŁA, Szukiewicz D. The role of

inflammatory and anti-inflammatory cytokines in the pathogen-

esis of osteoarthritis. Mediators Inflamm. 2014;2014:561459.

4. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi

H. Role of proinflammatory cytokines in the pathophysiology of

osteoarthritis. Nat Rev Rheumatol. 2011;7:33–42.

5. Miller RE, Miller RJ, Malfait AM. Osteoarthritis joint pain: the

cytokine connection. Cytokine. 2014;70:185–93.

6. Cosenza S, Ruiz M, Toupet K, Jorgensen C, Noël D. Mes-
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