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Abstract

Hemostat has been a crucial focus since human body is unable to control massive blood

loss, and collagen proves to be an effective hemostat in previous studies. In this study, colla-

gen was isolated from the mesoglea of jellyfish Rhopilema esculentum Kishinouye and its

hemostatic property was studied. The yields of acid-soluble collagen (ASC) and pepsin-sol-

uble (PSC) were 0.12% and 0.28% respectively. The SDS-PAGE patterns indicated that the

collagen extracted from jellyfish mesoglea was type I collagen. The lyophilized jellyfish colla-

gen sponges were cross-linked with EDC and interconnected networks in the sponges were

revealed by scanning electron microscope (SEM). Collagen sponges exhibited higher water

absorption rates than medical gauze and EDC/NHS cross-linking method could improve the

stability of the collagen sponges. Compared with medical gauze groups, the blood clotting

indexes (BCIs) of collagen sponges were significantly decreased (P < 0.05) and the concen-

tration of collagen also had an influence on the hemostatic property (P < 0.05). Collagen

sponges had an improved hemostatic ability compared to the gauze control in tail amputa-

tion rat models. Hemostatic mechanism studies showed that hemocytes and platelets could

adhere and aggregate on the surface of collagen sponge. All properties make jellyfish colla-

gen sponge to be a suitable candidate used as hemostatic material and for wound healing

applications.

1. Introduction

Uncontrolled hemorrhage after trauma and in surgical procedures has associated with the

increased mortality rate, and emergency hemostatic management has been a crucial focus [1–

3]. The body’s natural responses to an injury are comprised of hemostatic process and healing

of the wound site [4]. However, the body’s natural mechanism is unable to control massive

hemorrhaging caused by major trauma or surgery. There is a medical need to develop an effec-

tive hemostat for emergency circumstances [5].

Traditional hemostasis techniques (cautery and suture ligation) used in the operating

room can always cause problems such as oozing bleeding [3] and damaging of capillaries
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resulting in tissue necrosis [6]. For these reasons, a number of hemostatic agents that can

arrest bleeding and promote hemostasis have been developed. Either natural or synthetic

polymers have been employed for the construction of hemostatic agents. The configurations

of these agents are mostly sheet [7], sponge [8–9] and glue [10]. Natural polymers have been

widely used as topical hemostatic agents for their excellent properties such as biodegradabil-

ity and biocompatibility.

Natural hemostatic agents such as oxidized cellulose [11–12], chitosan [9,13–14], gelatin

[15], thrombin [16], collagen [17–18] and fibrin [19] can be divided in active and passive

agents [20]. For example, fibrin glue has been widely used as active hemostatic agents which

can effectively prevent the postoperative complications such as bleeding, hematoma formation,

seroma, edema, and prolonged drainage [21–23]. However, plasma derived fibrin sealant/

hemostatic products can cause viral contamination and anaphylaxis [24–25]. Horowitz and

Busch have reported that the fibrin sealants have some risks of transmission of HIV, hepatitis

virus and other parvovirus [26]. Passive hemostatics, including collagen, gelatin and oxidized

cellulose, are not biologically active; their mechanism of action is to provide platelet activation

and aggregation [3]. Among them, collagen has been reported as useful hemostatic agent [27–

30]. Collagen is the most abundant protein (approximately 30% by weight of total protein) in

human’s body which consists in extracellular matrix [31]. The triple helical structures exist in

all collagen molecules and form three parallel, left-handed helical polypeptide α-chains [32].
Each α-chain has a characteristic [Gly-X-Y] domain repeat, in which X and Y mostly represent

the proline (Pro) and hydroxyproline (HyP) [33]. Moreover, it has been proved that collagen

has better biocompatibility, higher biodegradability, lower antigenicity and cell-binding prop-

erties as a natural protein, which can be degraded into physiologically tolerable compounds in

vivo. [34–36]. The role of collagen in regulation of hemostasis is that collagen can combine

with thrombin to stimulate the platelets and promote the release of clotting factors [37], and

can also induce platelets aggregate formation [38].

Commercially available collagen-based agents are usually derived from bovine and

swine. Collagen of bovine origin is associated with transmission of bovine spongiform

encephalopathy (BSE) and transmissible spongiform encephalopathy (TSE) [39–40]. Por-

cine collagen can also cause religious problems in some regions. So, it is necessary to obtain

a much safer collagen from ocean environment in order to find an alternative resource. Jel-

lyfish has been shown to be rich in minerals and proteins [41], and collagen is a major pro-

tein in jellyfish [42]. China is the first country to process the jellyfish as food and medicine

and Chinese have been eating jellyfish for more than a thousand years [43–44]. One of the

most abundant species of jellyfish in China is Rhopilema esculentum Kishinouye (R. esculen-

tum), and it is widely distributed over the South China Sea, the Yellow Sea and Bohai Sea

[45]. Liu et al. [46] reported that the peptides derived from R. esculentum could reduce the

blood pressure in spontaneously hypertensive rats and be used as antihypertensive com-

pounds in functional foods. Yu et al. [47] reported that proteins isolated from jellyfish R.

esculentum showed strong antioxidant activity and might be applied in the food and phar-

maceutical industries.

To the best of our knowledge, so far, no report has been published on the hemostatic prop-

erties of collagen from the jellyfish R. esculentum. In the present paper, we extracted collagen

form jellyfish mesoglea, and the characters of collagen were studied. Furthermore, we pre-

pared collagen sponge and the structure of the sponge was analyzed by Fourier Transform

Infrared Spectrum (FITR) and Scanning Electron Microscope (SEM). Finally, the hemostatic

ability of jellyfish collagen sponge was assessed by whole blood clotting and rat tail amputation

experiments.
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2. Materials and Methods

2.1 Ethics statement

As a normal kind of jellyfish, no specific permits are required for the studies on R. esculentum

so far (There was no specific permissions were required for catching jellyfish). This study was

carried out in strict accordance with the recommendations in the Guide for the Care and Use

of Laboratory Animals (2011) and the Guide for the Use of Experimental Animals of Ocean

University of China. The protocols for animal care and handling were approved by the Institu-

tional Animal Care and Use Committee of Ocean University of China (Permit Number:

20130601).

2.2 Materials

The jellyfish R. esculentum, caught in the Yellow Sea of Qingdao, China, was kept in cold water

(There was no specific permissions were required for these activities). After it transported to

the laboratory, mesoglea, the major part of jellyfish umbrella was manually excised in vivo and

cut into pieces. Then the samples were immersed in cold distilled water at 4˚C for 3 days, and

the water was changed two times every day to desalting. After that, the washed samples were

stored in polyethylene bags and frozen in −80˚C until further used. Sprague-Dawley (SD) rats

used in this study (2 to 3 months old, weighting 250 ± 50 g) were purchased from Qingdao

Experimental Animal Center (China).

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide

(NHS) were purchased from Sigma Chemical Co. (MO, USA). All other reagents used in this

paper were of analytical grade and obtained from Sinopharm Chemical Reagent Co., Ltd

(Shanghai, China).

2.3 Extraction of collagen from jellyfish

The collagen from jellyfish mesoglea was extracted according to previously published method

with a little modification [42]. Briefly, mesoglea pieces were smashed by tissue homogenate

machine (IKA T10 Basic ULTRA-TURRAX, Staufen, Germany). The smashed mesoglea was

added into 0.6 M acetic acid solution with continuous stirring at 4˚C for 72 h. The mixture

was filtered through cheesecloth to remove water-insoluble components. Then solid NaCl was

added into the filtrate to a final concentration of 0.9 M and the precipitate was harvested by

centrifugation at 4,000 g for 15 min. After centrifugation, the precipitate was named as acid-

soluble collagen (ASC). The pepsin-soluble collagen (PSC) was prepared by dispensing ASC

into 20 volumes of 0.5 M acetic containing 1% pepsin (w/w, EC 3.4.23.1, Sigma, USA). After

incubation at 4˚C for 24 h, the mixture was centrifuged at 10,000 g for 30 min and supernatant

was dialyzed against 0.02M Na2HCO3 to inactive the pepsin, and PSC was salted out by 0.9 M

NaCl solution. The ASC and PSC were dissolved in 0.5 M acetic acid solution and dialyzed

against deionized water at 4˚C for 72 h to get the collagen solution. Finally, the collagen fibers

were obtained by lyophilization.

2.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed as previously described [48]. The extracted jellyfish collagen was

dissolved in the 0.02 M sodium phosphate (pH 7.2) containing 10 g/L SDS and 3.5 M urea.

The stacking and separation gels concentrations were 5% and 8% respectively. After stained by

Coomassie Brilliant Blue R250, the bands of ASC and PSC were contrasted with type I collagen

from murine tail tendon.
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2.5 Amino acid analysis

After protecting the cysteine, methionine and tyrosine, acid-soluble collagen was hydrolyzed

by acid such as 6 N hydrochloric acid in vacuum or N2 at 110˚C for 10-24h. Hydrolysates of

PSC were characterized by amino acid analyzer (HITACHI L-8900 Amino Acid Analyzer,

Tokyo, Japan).

2.6 Preparation of the hemostatic sponges

Jellyfish collagen was immersed in acetic acid solution prepared in different ratios (2.5, 3.3 and

5 mg/ml) and stirred constantly for about 20 h after the collagen was totally dissolved. The col-

lagen solutions were dialyzed against deionized water at 4˚C for 72 h. The resulted solutions

were added into 12-well plates (3 ml per well) and lyophilized at -50˚C to fabricate the collagen

sponges. The collagen sponges were cross-linked by different concentrations of EDC/NHS

(EDC: 25 mM, 50 mM, and 100 mM; NHS: 6 mM) dissolved in 95% ethanol for different time

periods (12 h and 24 h) at 4˚C. After cross-linking, the sponges were washed five times by

deionized water and lyophilized.

2.7 Determination of the degree of cross-linking

The degree of cross-linking was determined by ninhydrin assay which could measure the per-

centage of free amino groups remaining in the collagen sponges before and after cross-linking.

In the ninhydrin assay, lyophilized jellyfish collagen sponges were weighted and 5 mg samples

were mixed with 2 ml ninhydrin solution and heated to 100˚C in water bath for 20 min and

then cooled down to room temperature. The solution was added into 10ml 50% isopropanol

and the optical absorbance at 570nm (Abs570) was measured by spectrophotometer (Shimadzu

UV-3600Plus, Kyoto, Japan). The amount of free amino groups is proportional to the value of

Abs570, and glycine at various known concentrations was used to create standard curve of gly-

cine concentration vs absorbance. The degree of cross-linking of sample is then calculated fol-

lowing the equation:

Degree of cross�linking ¼

Amino
0
� Aminoc

Amino
0

� 100

Where Amino0 is the free NH2 concentration in non-cross-linked samples, and Aminoc is the

free NH2 concentration in cross-linked samples.

2.8 Scanning electron microscope (SEM) analysis

In order to study the morphology and internal structure of the sponges, the JSM-840 scanning

electron microscope (JEOL JSM-840 Scanning Microscope, Tokyo, Japan) was used. After the

sponges were coated with platinum, the surface and cross-section of the sponges were exam-

ined by SEM.

2.9 Infrared (IR) spectrum

Collagen IR spectrummeasurements were carried by infrared spectrometer (Thermo Scientific

Nicolet iS5 Infrared Spectrometer, MA, USA). The collagen sponges were grounded to powder

with KBr (Spectral pure, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), and the

mixture was pressed to films. The main parameters of IR setting were the resolution for 4 cm-1

and the scan number for 64 times and the SNR for greater than 25,000. The spectrum between

4000–400 cm-1 was recorded.

Jellyfish Collagen Used in Hemostatic Applications
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2.10Water absorption capacity (WAC) measurement

A gravimetric method was carried out to determine the water absorption capacity of collagen

sponges [49]. Different sponges were cut into 10×10 mm2 pieces and were weighed at dry sta-

tus (Wd); these pieces were then immersed in the distilled water at room temperature and

water on the surface was removed with the help of filter paper. The swollen membranes

weights were measured (Ws). Water absorption capacity (WAC) of sponges was calculated by

the following equation:

WAC ¼

Ws �Wd

Wd

2.11 Degradation rate

Collagen sponges divided into different groups were weighed in the dry state as the initial

weight (Wi). And these sponges were immersed in the distilled-water and incubated at 37˚C

for 3 days. The final dry weights of the membranes (Wf) were measured to calculate the mem-

brane degradation using the following equation:

Weight loss ¼

Wi �Wf

Wi

2.12 Cell culture and viability

The mouse fibroblasts (L-929) cells were obtained from American Type Culture Collection

(ATCC Number: CCL-1), and the cells were maintained in Dulbecco’s Modified Eagles

Medium (DMEM) with 10% fetal bovine serum (FBS) supplemented with penicillin (120 U/

ml) and streptomycin (75 mg/ml) at 37˚C with 5% CO2. When the cells reached 80%-90% con-

fluency the cells were treated with trypsin for passing. The sterilized sponges were put into

24-well plates, and the cells were seeded on the microparticles with the seeding density of

3×104 cells/well. The polystyrene was used as control. Cell viability determined by evaluating

the uptake of 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) by the

cells. Briefly, after incubation for 7 days, the medium was removed and 500 μLMMT (5 mg/

ml, soluted in DEME) was added into the wells. The sponges were washed with PBS after incu-

bated for 3 h in 37˚C and were transmitted into other plates containing DMSO. And the

Abs550 of the solutions were measured.

% of control ¼
Abs

550
of sample

Abs
550

of control
� 100

2.13Whole blood clotting

Collagen sponges were placed into polypropylene tubes, and pre-warmed to 37˚C. Citrated

whole blood (0.2 ml) was then dispensed onto the sponges, and 20 μl of 0.2 M CaCl2 solution

was added to start coagulation. The tubes were incubated at 37˚C and shaken at 30 rpm. After

5 min, red blood cells (RBCs) that were not trapped in the clot were hemolyzed with 25 ml of

deionized water. The absorbance of the resulting hemoglobin solution was measured at 540

nm (Ds), and the absorbance of 0.2 ml whole blood hemolyzed with 25 ml deionized water at
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540 nm was denoted as D0. The blood clotting index (BCI) was calculated with the formula:

BCI = Ds/D0.

2.14 Interaction between the collagen sponges and blood cells

In order to explore the hemostatic mechanism of jellyfish collagen and evaluate the hemostatic

effect of collagen sponges, the morphology study and adhesion of RBCs and platelets on the

collagen sponges were carried by SEM. The collagen sponge (1 × 1 cm2) was immersed in PBS

(pH 7.4) at 37˚C for 2 h, and 0.1 ml citrated whole blood was added onto the sponges (n = 5).

The sponge containing whole blood was incubated at 37˚C for 1 h. The sample was then gently

washed three times with PBS (pH 7.4) and fixed with 2.5% glutaraldehyde at 4˚C for 2 h. After

dehydrated with 50, 60, 70, 80, 90 and 100% ethanol for 10 min orderly, the sample was lyophi-

lized for SEM observation.

2.15 Platelet adhesion

Platelet adhesion on collagen sponges was observed by fluorescence staining with calcein-AM.

The whole blood was centrifuged at 300 g for 20 min at 4˚C to obtain platelet-rich plasma

(PRP), and PRP was added to 24-well plate (1 ml/well) and incubated with collagen sponges at

37˚C for 1 h with gentle shaking. Then the sponges were rinsed three times with PBS to

remove non-adhered platelets. The adhered platelets were stained with 2 μM calcein-AM PBS

solution. The stained platelets were observed under fluorescence microscope (Olympus CX23,

Japan), and the numbers of adhered platelet were counted.

2.16 Murine tail amputation

Surgeries were completed on 2 to 4-month-old Sprague-Dawley rats (200–300 g). Anesthesia

was induced with 4% isoflurane, and maintained with 2.5% isoflurane by anesthetic ventilator.

In addition, all efforts were made to minimize suffering. Tail amputation at 50% tail length

was completed using surgical scissors. After the amputation, the pre-weighted materials (n = 7

for each group) were immediately put on the wound with minimal pressure and after 5 min

the mass of blood loss was recorded. In an analogous experiment, time to hemostasis was

recorded after checking for bleeding in 1 min intervals. After the tail amputation, the condi-

tion of rats used in this study were monitored in every 12 h, and pentobarbital sodium was

used to minimize suffering of the rats. When the experiment was finished, none of the experi-

mental rats was died during the study, and finally the euthanasia was induced with 70% carbon

dioxide by anesthetic ventilator.

2.17 Statistical analysis

Statistical analysis was performed by analysis of variance (ANOVA) and Kruskal-Wallis test

using SPSS 17.0 package (SPSS Inc., IL, USA). Statistical significance was determined at a

value of P< 0.05.

3. Results and Discussion

3.1 Characterization of jellyfish collagen

3.1.1 Yield of ASC and PSC from jellyfish mesoglea. The yields of collagen extracted

with acid and pepsin were 0.12% and 0.28% respectively (on a wet weight basis). The higher

yield was obtained with the pepsinized extraction method. This may be attributed to pepsin

cleaving the peptides localized at the telopeptide region, resulting in the increased collagen

extraction efficacy [50–51]. This result was in agreement with other reports which reported

Jellyfish Collagen Used in Hemostatic Applications
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that higher yields of PSC were also found in four jellyfish species (Aurelia aurita, Cotylorhiza

tuberculata, Pelagia noctiluca, and Rhizostoma pulmo) [52], scale [53] and skin [54] of fish.

3.1.2 SDS-PAGE patterns. Electrophoresis analysis of ASC and PSC from jellyfish meso-

glea was shown in Fig 1. The patterns revealed that both ASC and PSC consisted of α1 and α2
chains around 116 KD with a ratio of 2:1, and the β chains (dimers), γ chains (tripolymers)

and cross-linked α chains were located on high molecular mass region (above 200 KD). It had

been reported that the collagen isolated from marine invertebrate animals, such as Red Sea

cucumber (Stichopus japonicus) [55], sea urchin (Asthenosoma ijima) [56], and starfish (Aste-

rias amurensis) [57], was classified into type I collagen. Moreover, the marine vertebrate colla-

gen, such as scales and skin of fish also belongs to type I collagen [58–60]. SDS-PAGE profiles

of ASC and PSC from jellyfish showed a similar pattern, demonstrated that the ASC and PSC

extracted from jellyfish mesoglea were similar to type I collagen. Furthermore, β chains

(dimers) and γ chains (tripolymers) were observed in both ASC and PSC. Compared with

ASC, the band intensities of β chains and γ chains of PSC were weaker and the band intensity

of α chain was obviously stronger. This result indicated that the inter- and intra-crosslinking

of collagen molecular was destroyed by pepsin to some extent [51], and β chains and γ chains
degraded to α chains, which suggested that α chain was the basic building block in collagen.

As exhibited in the SDS-PAGE pattern, we also found that the molecular weight of α and β
chains from jellyfish collagen were slightly higher, which revealed the structural differences

between jellyfish collagen and collagen from terrestrial vertebrates. According to the modern

point of view, the evolution of fibrillar collagen genes is the major reason which causes these

structural differences [61].

3.1.3 Amino acid composition. Amino acid composition of PSC from jellyfish, expressed

as residues per 1000 total residues, is shown in Table 1. The most abundant amino acid was

glycine (Gly) in jellyfish collagen (277.8 residues/1000 residues), similar to the calf-skin

Fig 1. SDS polyacrylamide gel electrophoresis pattern of collagens from jellyfishmesoglea. STD:
molecular weight marker; RTC: rat tail type I collagen; PSC: pepsin soluble collagen; ASC: acid soluble
collagen.

doi:10.1371/journal.pone.0169731.g001
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collagen (325.6 residues/1000 residues). In general, glycine spaced in every third residue in col-

lagen except the first 10 amino at C-terminus region and the last 14 amino at N-terminus

region [62], so glycine accounts for about one-third of total residues. The alanine (Ala) content

in PSC from collagen was high (108.6 residues/1000 residues). Besides, asparagine/aspartic

acid (Asp), glutamine/glutamic acid (Glu) and arginine (Arg) were also found at high content

in PSC. The proline (Pro) in PSC from jellyfish was 72.3 residues/1000 residues, which was

lower than that from fish scale (108 residues/1000 residues) [63], fish skin (112 residues/1000

residues) [64], and body wall of sea cucumber (95 residues/1000 residues) [65]. The imino

acids, which include proline and hydroxyproline, can contribute the stability of collagen

because the triple helix of collagen is held by the hydrogen bonds between hydrogen atoms

and pyrrolidine rings of these imino acids [66]. Moreover, the content of cysteine (Cys) was

negligible in PSC (2.8 residues/1000 residues). Lysine (Lys) content in PSC was 51 residues/

1000 residues, higher than the collagen extracted from scales of spotted golden goatfish [19]

and calf skin type I collagen [67]. It is reported that lysine and hydroxylysine exist in cross-

linking of telopeptide of collagen molecules [50]. This result revealed that the β chains and γ
chains in PSC from jellyfish were more abundant. PSC from jellyfish can be classified as type I

collagen which is similar to calf skin collagen. However, there were some slight differences

between the amino acid composition of typical type I collagen and jellyfish collagen, which led

to the structural changes of jellyfish collagen.

3.2 Characterization of jellyfish collagen sponges

3.2.1 Degree of cross-linking. In this study, 1-ethyl-3-(3-dimethylaminopropyl) carbodii-

mide (EDC), a non-toxic cross-linking reagent, was used to cross-link jellyfish collagen to

improve the mechanical property of collagen sponges. As shown in Table 2, under the same

EDC concentration (50 or 100mM), the cross-linking degree increased with increasing cross-

Table 1. Amino acid composition of the collagen from jellyfish (PSC) and calf-skin collagen (results
are expressed as residues/1000 residues).

Amino Acid PSC Calf-skin collagen

Asp 68.3 49.3

Thr 36.5 23.5

Ser 44.4 40.9

Glu 85.8 78.4

Gly 267.9 325.6

Ala 108.6 129.1

Cys 2.8 0.9

Val 38.0 39.7

Met 11.6 8.6

Ile 30.5 23.5

Leu 41.9 38.2

Tyr 18.3 9.1

Phe 29.6 19.4

His 5.7 0.6

Lys 51.0 42.7

Arg 76.9 53.6

Pro 72.3 116.9

Trp 0.0 0.0

TOTAL 1000 1000

doi:10.1371/journal.pone.0169731.t001
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linking time. Similarly, the cross-linking degree increased with increasing EDC concentration

with the same time (12 or 24h). However, jellyfish collagen concentration had no significant

impact on the cross-linking degree (P> 0.05). When the sponges were cross-linked by

100mM EDC for 24h, 90% of the amino groups in both test membranes were cross-linked,

which indicated that EDC is an effective cross-linking reagent.

3.2.2 Fourier transform infrared spectroscopy. The FITR spectrum of collagen sponges

with different cross-linking degree is shown in Fig 2. The main bands of collagen arisen from

peptide bond vibrations are amide A, I, II and III. It is reported that N-H stretching vibrations,

which represent amide A band, usually occurred at 3400 cm-1 to 3340 cm-1 [68]. In this study,

the amide A band position of different collagen sponges was found at ~3300 cm-1, which

shifted to a lower frequencies. This may be because the N-H groups of collagen are involved in

a hydrogen bond [69]. The amide I band of collagen sponges was found at ~1650 cm-1, and

this was the carbonyl group (C = O) stretching vibration coupled with COO- [70]. The differ-

ence between uncross-linked and cross-linked collagen sponges in the amide I band indicated

that the C = O bond in collagen was slightly weakened because of the formation of new bonds

between carboxyl groups and amine groups [71]. Peaks at ~1530 cm-1 are the amide II bands

in all groups of collagen sponges, which is N-H bend coupled with C-N stretching vibration

[72]. The position of amide III band was found at ~1240 cm-1 [70], which is the evidence of

the existence of helical structure [73]. However, the amide III bands of cross-linked collagen

Table 2. Cross-linking degree of jellyfish collagen sponges.

EDC concentration (mM)/ Cross-linking time (h) Collagen concentration (mg/ml)

2.5 3.3

Degree of Cross-linking

50/12 35.17±4.35 36.61±8.65
100/12 48.76±2.89 46.73±7.41
50/24 64.78±2.13 65.14±2.97
100/24 86.92±4.87 88.17±5.67

doi:10.1371/journal.pone.0169731.t002

Fig 2. Fourier transform infrared spectrum of different collagen sponges. A, uncross-linked collagen
sponge; B, collagen sponge cross-linked with 50mMEDC for 12h; C, collagen sponge cross-linked with
100mMEDC for 24h (The unit of the numbers in figure is cm-1).

doi:10.1371/journal.pone.0169731.g002
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sponges (Fig 2B and 2C) were much weaker than that of untreated collagen sponge. This dem-

onstrated that the cross-linking process by EDC influenced the structure of collagen fibres.

From Fig 2, we could also observe the band at ~2930 cm-1 arising from C-H stretching of

amide B [74] was very weak in cross-linked collagen sponges (Fig 2B and 2C). The modifica-

tion can be explained by the conformational changes of the secondary structure of collagen

after cross-linking [75]. It was noticed that the intensity of band at 2362.67 cm-1 increased

with the enhancement of degree of cross-linking. This may be caused by the tertiary amine

(N-H+ groups) in o-acylisourea as an intermediate [76].

3.2.3 Morphology of the collagen sponges. Porosity and pore size are considered as

important factors in sponges when used as hemostat. The collagen sponges were prepared by

lyophilization of jellyfish collagen solution. The microstructure of sponges was observed by

scanning electron microscope (SEM). From Fig 3, we found interconnected network of pores

Fig 3. SEM images of cross-linked and uncross-linked lyophilized collagen sponges of different
concentration. A, B: cross-section and surface of 3.3 mg/ml collagen sponges cross-linked by 100mMEDC
for 24 h, respectively. C, D: cross-section and surface of 10.0 mg/ml collagen sponges cross-linked by
100mMEDC for 24 h, respectively. E, F: cross-section and surface of 10.0 mg/ml collagen sponges uncross-
linked, respectively.

doi:10.1371/journal.pone.0169731.g003
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in the sponges, which insure that sponges have excellent water-absorbing properties. With the

increasing concentration of the collagen solution the porosity and pore size showed a tendency

of decline (Fig 3A, 3B, 3C and 3D). Compared with uncross-linked ones, the cross-linked

sponges did not show significant differences (Fig 3C, 3D, 3E and 3F). We could draw the con-

clusion that cross-linking process does not influence the microstructure apparently, and the

result was in agreement with Song and his coworkers who reported that EDC/NHS cross-link-

ing density did not significantly influence the microstructure of collagen scaffolds [67].

3.2.4 Water absorption capacity of collagen sponges. Water absorption capacity reflects

the blood-absorbing property of hemostat, and it is an important parameter in evaluation of

hemostat and wound dressing materials [77]. Fig 4A revealed that collagen sponges exhibited

higher water absorption rates than medical gauze (P< 0.05) and collagen sponges fabricated

with high level concentration of collagen solution possess higher WAC (More information see

in S1 and S2 Tables). This may be due to porous structure of collagen sponge and the water

retention of collagen fibers. Fig 4B showed the effect of cross-linking degree on the WAC of

collagen sponge. The concentration of EDC and cross-linking time represent the degree of

cross-linking. The water absorption rate decreased with increasing concentration of EDC and

prolonging cross-linking time. From the results, collagen sponges with a higher degree of

cross-linking revealed a lower WAC value. These results suggested that with increasing the

cross-linking degree and time the collagen sponges became more rigid and thus reduced the

swelling of the sponges.

3.2.5 Degradation rate in vitro. Fig 5 showed the weight loss of collagen sponges after

putting in distilled water for 3 days. From the results, it was observed that after 3 days the colla-

gen sponges lost about 8% weight, while the cross-linked collagen sponges lost up to 4% ~ 5%

weight. Moreover, the untreated collagen sponges became fragmented and the shape of cross-

linked collagen sponges maintained very well through the whole experiment. The slow degra-

dation and improved mechanical property of cross-linked collagen sponges might be attrib-

uted to the EDC/NHS cross-linking between carboxyl groups and amine groups of collagen

sponge. Collagen sponges serve as a matrix for clot formation and stable collagen sponge can

improve platelet aggregation, degranulation, and release of clotting factors. The weight loss

results suggested that EDC/NHS crosslinking was a useful way to improve the stability of the

Fig 4. Water absorption capacity (WAC) of different sponges. (A) shows theWAC of different collagen sponges (3.3
mg/ml and 2.5 mg/ml), and medical gauze group was set as control. The symbol (*) denotes statistical significance from
control group (P < 0.05). (B) shows the sponges with different cross-linking degree fabricated by 3.3 mg/ml collagen have
different WAC. Degree of cross-linking is expressed as EDC concentration (mM)/cross-linking time (h) (50/12, 50/24, 100/
12 and 100/24 in this study). The symbol (*) and (**) denotes statistical significance from uncross-linked groups and 100/
12 groups, respectively (P < 0.05).

doi:10.1371/journal.pone.0169731.g004
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collagen sponge. From these results, including water absorption and degradation rate, we

found that the cross-linking process had a similar effect on the jellyfish collagen compared to

the collagen from other sources [78]. This maybe because the jellyfish collagen has the typical

structure in which there were water fixation sites and the bonds produced by cross-linking

plays an important part in the stabilization of collagen [79].

3.3 Cytotoxicity study

The in vitro cytotoxicity of collagen sponges was evaluated using fibroblast by MTT assay,

which can present the parameter of metabolic activity [80, 81]. Viabilities of the cells cultured

on the collagen sponges are showed in Fig 6. In this study, relative cell viability in this study is

expressed as the Abs550 value of cells on the sample versus that of cells on tissue culture plates.

From the result, we could found that jellyfish collagen did not induce a significant cytotoxic

effect (P>0.05) and the cells cultured on sponges showed much higher viability than tissue cul-

ture plates. The values of ‘% of control’ were all above 100 which indicated that the jellyfish col-

lagen could promote growth and viability of fibroblast. Moreover, the cell viabilities exhibited

no significant difference between day 1, 3 and 7, and the viability of fibroblasts did not

decrease within the 7-day observation period. In comparison, the cells cultured on the collagen

sponges with different degree of cross-linking showed no significant differences (P>0.05).

This revealed that the method of cross-linking with EDC was less likely to induce any signifi-

cant adverse effect on the viability of cells.

3.4 Interaction between the collagen sponges and blood cells

The morphology of RBCs and platelets, and their adhesion on the collagen sponges were

observed by SEM. To reveal whether the collagen sponges could impact the physiological

action during the coagulation process, the whole blood was added onto the sponges with

RBCs and platelets to have an immediate contact with the surface of collagen sponge. Fig 7A

Fig 5. Comparison of weight loss of uncross-linked collagen (Control group) and cross-linked
collagen groups.Degree of cross-linking are expressed as EDC concentration (mM)/cross-linking time (h)
(50/12, 50/24, 100/12 and 100/24 in this study). The symbol (*) denotes statistical significance from control
group (P < 0.05).

doi:10.1371/journal.pone.0169731.g005

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 12 / 21



showed the SEM image of blood cells adsorbed on the surface of collagen sponges. A mass of

RBSs adhered to the surface of sponge and the aggregation of RBCs was obviously on colla-

gen. Under high magnification, as shown in Fig 7B, the morphology of aggregated RBCs

changed to irregular shape. Furthermore, it was found that some RBCs stretched out spiny

pseudopodia (arrows in Fig 7B). The above mentioned phenomena revealed that the blood

clot was formed on the surface of collagen sponge and RBCs went through physiological

changes caused by collagen sponge. Fig 7C showed the platelets adhered to the surface of

sponge and only a few of platelets with regular resting shape were found adhering on the sur-

face of sponges.

Fig 7. SEM images of blood cells and platelets adhered on the surface of collagen sponges. (A) Aggregation and
morphology of RBCs on the collagen sponge. (B) RBCs generated spiny pseudopodia (arrow). (C) Platelet adhered on the
collagen sponge exhibited regular resting shape (arrow).

doi:10.1371/journal.pone.0169731.g007

Fig 6. Viability of cells cultured in direct contact with various biomaterials at 1, 3 and 7 days, as
determined by MTT assay. Viability is expressed as a percentage of live cells compared to positive control
cells: (1) uncross-linked 2.5 mg/ml collagen sponges; (2) 2.5 mg/ml collagen sponges cross-linked with 100 mM
EDC for 24h; (3) uncross-linked 3.3 mg/ml collagen sponges; (4) 3.3 mg/ml collagen sponges cross-linked with
100 mMEDC for 24h.

doi:10.1371/journal.pone.0169731.g006
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The platelets adhered on collagen sponges were stained with calcein-AM, and observed

under fluorescence microscope. The results were showed in Fig 8. It was observed that platelets

adhered on both uncross-linked and cross-linked collagen sponges were more when compared

with control group. Moreover, the numbers of adherent platelets of each group were counted.

From this result, we could draw the conclusion that collagen sponges induced the adherent of

platelets dramatically, and the strongest effect could be seen in uncross-linked collagen

sponges (Fig 8D).

These results suggested that the sponges fabricated by jellyfish collagen were hemocompati-

ble. RBCs’ adhesion and aggregation in the process of blood coagulation suggested that the

Fig 8. Collagen sponges effect on platelets adhesion. The adherent platelets on different sponges were observed by calcein-
AM staining, and images were showed in (A) control group, (B) uncross-linked collagen sponges and (C) cross-linked collagen
sponges. The numbers of platelets were counted (D). Scale bar, 30 μm.

doi:10.1371/journal.pone.0169731.g008
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hemostatic mechanism of the collagen sponges was mainly due to the excellent blood absorb-

ing property, and therefore, the concentration of hemocytes and platelets was increased to

achieve a fast hemostasis. It was reported that collagen was a major activator of platelets

response after injury [81]. However, the jellyfish collagen sponge, as mentioned above, could

not induce activation of platelets (Figs 7C and 8D). This reflected that the contribution of jelly-

fish collagen to coagulation is an indirect effect due to its water absorbing property.

3.5 Hemostatic properties of collagen sponges

3.5.1 Whole blood clotting experiment. The in vitro hemostatic properties of collagen

sponges were evaluated by whole blood clotting experiment. Calcified rabbit whole blood was

allowed to contact with collagen sponges for 5 min. Then the RBCs not trapped in clots were

hemolyzed with 25 ml water. The absorbance at 540 nm can reflect the concentration of hemo-

globin and the amount of free RBCs. Lower BCI value indicates a better blood clotting capabil-

ity. BCI values of medical gauze group, uncross-linked 2.5 mg/ml collagen sponges, uncross-

linked 3.3 mg/ml collagen sponges were 0.73 ± 0.02, 0.52 ± 0.01 and 0.41 ± 0.05 respectively

(S3 Table). From Fig 9, it is obvious that compared with medical gauze group, the BCIs of col-

lagen sponges were significantly decreased (P< 0.05) and the concentration of collagen also

had an influence on the hemostatic property (P< 0.05). The hemostatic mechanism of colla-

gen sponge is that collagen fibres can provide a physical matrix to promote platelets adhesion

[38], clotting factors binding [82], and lead to clot formation rapidly [83]. Moreover, the blood

clotting capability of collagen sponges will be increased as more fibres exist.

Fig 9 also showed that BCI values of sponges increased after cross-linking, and it indicated

that cross-linking process could improve the hemostatic property of collagen sponges. This

can be explained that the cross-linked collagen sponges which have lower levels of water

Fig 9. Results of whole blood clotting experiment. The clotting formation capacity is expressed as blood
clotting index (BCI), which reflect the free RBCs not trapped in clots. Lower BCI value means better clotting
formation capacity. Control: medical gauze; (1) uncross-linked 2.5 mg/ml collagen sponges; (2) 2.5 mg/ml
collagen sponges cross-linked with 100 mMEDC for 24h; (3) uncross-linked 3.3 mg/ml collagen sponges; (4)
3.3 mg/ml collagen sponges cross-linked with 100 mMEDC for 24h. The symbol (*) denotes statistical
significance from control group (P < 0.05).

doi:10.1371/journal.pone.0169731.g009
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absorption capability can decrease local concentration of platelets and RBCs compared with

uncross-linked collagen sponges.

3.5.2 Rat tail amputation experiment. In order to investigate hemostatic property of col-

lagen sponges in vivo, tail amputation experiment was conducted on SD rats. After applying

the medical gauze, external bleeding continued for at least 15 min. Meanwhile, bleeding

stopped after treated with collagen sponges within 5 min. In comparison with medical gauze,

the mass of blood loss in tail amputation rat models treated with collagen sponges decreased

from 3.11 g to about 1 g (Fig 10A). Fig 10B exhibited the time to hemostasis in tail amputation

models of collagen sponges vs. a gauze control. The average time to achieve hemostasis of tail

amputation models treated with collagen sponges was 16 min faster than that of untreated

models and 12 min faster than that of models treated with medical gauze. The results showed

that collagen sponges had an improved hemostatic ability with decreasing in time to hemosta-

sis and the mass of blood loss in tail amputation rat models compared to a gauze control. A

possible reason is that when the collagen sponges were applied on wound surface, the blood

was absorbed rapidly by porous collagen sponges due to their higher WAC and the platelets or

blood cells aggregation on the surface of sponges. Therefore, the local concentration of plate-

lets increased in a short time and promoted the hemostatic process.

In contrast to that, there is no significant difference in time to hemostasis and the mass of

blood loss in tail amputation rat models after treatment with different collagen sponges. It can

be explained that the wound surface area of tail amputation rat models was small and collagen

sponges can control bleeding rapidly and effectively. Differences in physicochemical properties

(such as porosity and water absorption capacity) of collagen sponges did not influence on their

hemostatic ability in this study.

4. Conclusion

In this study, we have shown that the collagen isolated from jellyfish species R. esculentum was

similar to collagen type I. Porous collagen hemostatic sponges with an interconnected network

pore configuration were prepared by lyophilization and subsequent chemical cross-linking.

Whole blood clotting experiment indicated that collagen sponges accelerated the hemostatic

process. Hemocyte morphology and adhesion test revealed that the hemostatic mechanism of

Fig 10. Hemostatic effect of collagen sponges in a murine tail amputationmodel. (A) Blood loss after tail amputation was conducted in 5 min.
The symbol (*) denotes statistical significance from control group (P < 0.05). (B) Coagulation time of tail amputation experiment. The symbol (*)
denotes statistical significance from blank (P < 0.05). The symbol (**) denotes statistical significance from control (P < 0.05). In the picture, (1)
uncross-linked 2.5 mg/ml collagen sponges; (2) 2.5 mg/ml collagen sponges cross-linked with 100 mMEDC for 24h; (3) uncross-linked 3.3 mg/ml
collagen sponges; (4) 3.3 mg/ml collagen sponges cross-linked with 100 mMEDC for 24h.

doi:10.1371/journal.pone.0169731.g010
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the collagen sponges was mainly physical absorption. Moreover, when applied to the rat tail

amputation experiment models, all collagen sponge groups showed decrease in time to hemo-

stasis and the mass of blood loss as compared to medical gauze, which can be attributed to

porous structure and the higher water absorption rate of collagen sponge. Considering the

physicochemical properties and hemostatic ability of jellyfish collagen sponge, it is a suitable

candidate for wound dressing applications.

Supporting Information

S1 Table. Experiment and data set of WAC of the jellyfish collagen sponges.

(DOCX)

S2 Table. Experiment and data set of WAC of the jellyfish collagen sponges.

(DOCX)

S3 Table. Experiment and data set of Whole blood clotting. Control: medical gauze; (1)

uncross-linked 2.5 mg/ml collagen sponges; (2) 2.5 mg/ml collagen sponges cross-linked with

100 mM EDC for 24h; (3) uncross-linked 3.3 mg/ml collagen sponges; (4) 3.3 mg/ml collagen

sponges cross-linked with 100 mM EDC for 24h.

(DOCX)

Acknowledgments

The authors wish to thank Mr. Lide Li for his animal experiment guidance, and Mr. Jinshan

Tan for his SEM technical assistance. The technical help from our colleague, Dr. Chengbo Li

and Dr. Wenhao Wei is also appreciated.

Author Contributions

Conceptualization: XCC CGL.

Data curation: XCC ZYS.

Formal analysis: XCC ZYS CBL.

Investigation: XCC ZYS.

Methodology: XCC ZYS LJY.

Project administration: CGL.

Resources: ZYS LJY.

Software: XCC CBL.

Supervision: CGL LJY.

Validation: CGL LJY.

Visualization: XCC CBL.

Writing – original draft: XCC CBLMAR.

Writing – review & editing: XCCMAR.

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169731.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169731.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169731.s003


References
1. Boucher BA, Hannon TJ. Blood management: a primer for clinicians. Pharmacotherapy. 2007; 27

(10):1394–411. doi: 10.1592/phco.27.10.1394 PMID: 17896895

2. McManus JG, Eastridge BJ, Wade CE, Holcomb JB. Hemorrhage control research on today’s battle-
field: lessons applied. J Trauma. 2007; 62(6 Suppl):S14. doi: 10.1097/TA.0b013e3180653b6d PMID:
17556941

3. Emilia M, Luca S, Francesca B, Luca B, Paolo S, Giuseppe F, et al. Topical hemostatic agents in surgi-
cal practice. Transfus Apher Sci. 2011; 45(3):305–11. doi: 10.1016/j.transci.2011.10.013 PMID:
22040778

4. Davie EW, Fujikawa K, Kisiel W. The coagulation cascade: initiation, maintenance, and regulation. Bio-
chemistry-US. 1991; 30(43):10363–70.

5. Behrens AM, Sikorski MJ, Li T, Wu ZJ, Griffith BP, Kofinas P, et al. Blood-aggregating hydrogel particles
for use as a hemostatic agent. Acta Biomater. 2014; 10(2):701–8. doi: 10.1016/j.actbio.2013.10.029
PMID: 24185001

6. Bouten PJM, Zonjee M, Bender J, Yauw STK, van Goor H, van Hest JC, et al. The chemistry of tissue
adhesive materials. Prog Polym Sci. 2014; 39(7):1375–405.

7. Ohta S, Nishiyama T, SakodaM, Machioka K, FukeM, Ichimura S, et al. Development of carboxymethyl
cellulose nonwoven sheet as a novel hemostatic agent. J Biosci Bioeng. 2015; 119(6):718–23. doi: 10.
1016/j.jbiosc.2014.10.026 PMID: 25488042

8. Diaz-Guemes I, Enciso S, Perez-Medina T, Casado JG, Sanchez-Margallo FM. Hemostatic sponge
effect on adhesion prevention in a porcine model. J Surg Res. 2015; 194(1):312–8. doi: 10.1016/j.jss.
2014.10.017 PMID: 25454970

9. Gu R, SunW, Zhou H,Wu Z, Meng Z, Zhu X, et al. The performance of a fly-larva shell-derived chitosan
sponge as an absorbable surgical hemostatic agent. Biomaterials. 2010; 31(6):1270–7. doi: 10.1016/j.
biomaterials.2009.10.023 PMID: 19880175

10. Dickneite G, Metzner H, Pfeifer T, Kroez M, Witzke G. A comparison of fibrin sealants in relation to their
in vitro and in vivo properties. Thromb Res. 2003; 112(1–2):73–82. doi: 10.1016/j.thromres.2003.10.
010 PMID: 15013277

11. Sugar O. Oxidized cellulose hemostat (Surgicel). Surg Neurol. 1984; 21(5):521. PMID: 6546812

12. Schonauer C, Tessitore E, Barbagallo G, Albanese V, Moraci A. The use of local agents: bone wax, gel-
atin, collagen, oxidized cellulose. Eur Spine J. 2004; 13 Suppl 1(S01):S89–96.

13. Cole DJ, Connolly RJ, ChanMW, Schwaitzberg SD, Byrne TK, Adams DB, et al. A pilot study evaluating
the efficacy of a fully acetylated poly-N-acetyl glucosaminemembrane formulation as a topical hemo-
static agent. Surgery. 1999; 126(3):510–7. PMID: 10486603

14. Jayakumar R, Prabaharan M, Sudheesh KP, Nair SV, Tamura H. Biomaterials based on chitin and chit-
osan in wound dressing applications. Biotechnol Adv. 2011; 29(3):322–37. doi: 10.1016/j.biotechadv.
2011.01.005 PMID: 21262336

15. Kabiri M, Emami SH, Rafinia M, Tahriri M. Preparation and characterization of absorbable hemostat
crosslinked gelatin sponges for surgical applications. Curr Appl Phys. 2011; 11(3):457–61.

16. RobertsWS, Cavanagh D, Roberts VC, Hewitt S, Lyman GH.Wound hematoma: prophylaxis with topi-
cal thrombin. South Med J. 1989; 82(5):607–9. PMID: 2717986

17. Qerimi B, Baumann P, Husing J, Knaebel HP, Schumacher H. Collagen hemostat significantly reduces
time to hemostasis compared with cellulose: COBBANA, a single-center, randomized trial. Am J Surg.
2013; 205(6):636–41. doi: 10.1016/j.amjsurg.2012.05.033 PMID: 23332688

18. Mizuno K, Ikeda T, Ikoma K, Ishibashi H, Tonomura H, NagaeM, et al. Evaluation of resorption and
biocompatibility of collagen hemostats in the spinal epidural space. Spine J. 2014; 14(9):2141–9. doi:
10.1016/j.spinee.2014.01.050 PMID: 24486475

19. Krishnan LK, Mohanty M, Umashankar PR, Lal AV. Comparative evaluation of absorbable hemostats:
advantages of fibrin-based sheets. Biomaterials. 2004; 25(24):5557–63. doi: 10.1016/j.biomaterials.
2004.01.013 PMID: 15142738

20. Samudrala S. Topical hemostatic agents in surgery: a surgeon’s perspective. AORN J. 2008; 88(3):S2–
11. doi: 10.1016/S0001-2092(08)00586-3 PMID: 18790097

21. Patel MJ, Garg R, Rice DH. Benefits of fibrin sealants in parotidectomy: is underflap suction drainage
necessary? Laryngoscope. 2006; 116(9):1708–9. doi: 10.1097/01.mlg.0000231785.96955.c8 PMID:
16955010

22. Marchac D, Greensmith AL. Early postoperative efficacy of fibrin glue in face lifts: a prospective ran-
domized trial. Plast Reconstr Surg. 2005; 115(3):911–6, 917–8. PMID: 15731694

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 18 / 21

http://dx.doi.org/10.1592/phco.27.10.1394
http://www.ncbi.nlm.nih.gov/pubmed/17896895
http://dx.doi.org/10.1097/TA.0b013e3180653b6d
http://www.ncbi.nlm.nih.gov/pubmed/17556941
http://dx.doi.org/10.1016/j.transci.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22040778
http://dx.doi.org/10.1016/j.actbio.2013.10.029
http://www.ncbi.nlm.nih.gov/pubmed/24185001
http://dx.doi.org/10.1016/j.jbiosc.2014.10.026
http://dx.doi.org/10.1016/j.jbiosc.2014.10.026
http://www.ncbi.nlm.nih.gov/pubmed/25488042
http://dx.doi.org/10.1016/j.jss.2014.10.017
http://dx.doi.org/10.1016/j.jss.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25454970
http://dx.doi.org/10.1016/j.biomaterials.2009.10.023
http://dx.doi.org/10.1016/j.biomaterials.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19880175
http://dx.doi.org/10.1016/j.thromres.2003.10.010
http://dx.doi.org/10.1016/j.thromres.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15013277
http://www.ncbi.nlm.nih.gov/pubmed/6546812
http://www.ncbi.nlm.nih.gov/pubmed/10486603
http://dx.doi.org/10.1016/j.biotechadv.2011.01.005
http://dx.doi.org/10.1016/j.biotechadv.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21262336
http://www.ncbi.nlm.nih.gov/pubmed/2717986
http://dx.doi.org/10.1016/j.amjsurg.2012.05.033
http://www.ncbi.nlm.nih.gov/pubmed/23332688
http://dx.doi.org/10.1016/j.spinee.2014.01.050
http://www.ncbi.nlm.nih.gov/pubmed/24486475
http://dx.doi.org/10.1016/j.biomaterials.2004.01.013
http://dx.doi.org/10.1016/j.biomaterials.2004.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15142738
http://dx.doi.org/10.1016/S0001-2092(08)00586-3
http://www.ncbi.nlm.nih.gov/pubmed/18790097
http://dx.doi.org/10.1097/01.mlg.0000231785.96955.c8
http://www.ncbi.nlm.nih.gov/pubmed/16955010
http://www.ncbi.nlm.nih.gov/pubmed/15731694


23. Matthews TW, Briant TD. The use of fibrin tissue glue in thyroid surgery: resource utilization implica-
tions. J Otolaryngol. 1991; 20(4):276–8. PMID: 1920583

24. Busuttil RW. A comparison of antifibrinolytic agents used in hemostatic fibrin sealants. J Am Coll Surg.
2003; 197(6):1021–8. doi: 10.1016/j.jamcollsurg.2003.07.002 PMID: 14644291

25. Hino M, Ishiko O, Honda KI, Yamane T, Ohta K, Takubo T, et al. Transmission of symptomatic parvovi-
rus B19 infection by fibrin sealant used during surgery. Br J Haematol. 2000; 108(1):194–5. PMID:
10651745

26. Horowitz B, Busch M. Estimating the pathogen safety of manufactured human plasma products: appli-
cation to fibrin sealants and to thrombin. Transfusion. 2008; 48(8):1739–53. doi: 10.1111/j.1537-2995.
2008.01717.x PMID: 18466171

27. Ruozi B, Parma B, Croce MA, Tosi G, Bondioli L, Vismara S, et al. Collagen-based modified mem-
branes for tissue engineering: influence of type and molecular weight of GAGs on cell proliferation. Int J
Pharm. 2009; 378(1–2):108–15. doi: 10.1016/j.ijpharm.2009.05.049 PMID: 19501149

28. Akturk O, Tezcaner A, Bilgili H, Deveci MS, Gecit MR, Keskin D. Evaluation of sericin/collagen mem-
branes as prospective wound dressing biomaterial. J Biosci Bioeng. 2011; 112(3):279–88. doi: 10.
1016/j.jbiosc.2011.05.014 PMID: 21697006

29. Fleck CA, Simman R. Modern collagen wound dressings: function and purpose. J Am Col Certif Wound
Spec. 2010; 2(3):50–4. doi: 10.1016/j.jcws.2010.12.003 PMID: 24527149

30. Jeong SI, Kim SY, Cho SK, Chong MS, Kim KS, Kim H, et al. Tissue-engineered vascular grafts com-
posed of marine collagen and PLGA fibers using pulsatile perfusion bioreactors. Biomaterials. 2007; 28
(6):1115–22. doi: 10.1016/j.biomaterials.2006.10.025 PMID: 17112581

31. Prockop DJ, Kivirikko KI. Collagens: molecular biology, diseases, and potentials for therapy. Annu Rev
Biochem. 1995; 64(1):403–34.

32. Beck K, Brodsky B. Supercoiled protein motifs: the collagen triple-helix and the alpha-helical coiled coil.
J Struct Biol. 1998; 122(1–2):17–29. doi: 10.1006/jsbi.1998.3965 PMID: 9724603

33. Beck K, Chan VC, Shenoy N, Kirkpatrick A, Ramshaw JA, Brodsky B. Destabilization of osteogenesis
imperfecta collagen-like model peptides correlates with the identity of the residue replacing glycine.
Proc Natl Acad Sci USA. 2000; 97(8):4273–8. doi: 10.1073/pnas.070050097 PMID: 10725403

34. Lee CH, Singla A, Lee Y. Biomedical applications of collagen. Int J Pharm. 2001; 221(1–2):1–22. PMID:
11397563

35. FriessW. Collagen—biomaterial for drug delivery. Eur J Pharm Biopharm. 1998; 45(2):113–36. PMID:
9704909

36. Prabhakaran MP, Mobarakeh LG, Kai D, Karbalaie K, Nasr-Esfahani MH, Ramakrishna S. Differentia-
tion of embryonic stem cells to cardiomyocytes on electrospun nanofibrous substrates. J BiomedMater
Res B Appl Biomater. 2014; 102(3):447–54. doi: 10.1002/jbm.b.33022 PMID: 24039141

37. Hemker HC, van Rijn JL, Rosing J, van Dieijen G, Bevers EM, Zwaal RF. Platelet membrane involve-
ment in blood coagulation. Blood Cells. 1983; 9(2):303. PMID: 6661560

38. Sixma JJ, van Zanten GH, Huizinga EG, van der Plas RM, Verkley M,Wu YP, et al. Platelet adhesion to
collagen: an update. Thromb Haemost. 1997; 78(1):434–8. PMID: 9198192

39. OgawaM, Portier RJ, Moody MW, Bell J, Schexnayder MA, Losso JN. Biochemical properties of bone
and scale collagens isolated from the subtropical fish black drum (Pogonia cromis) and sheepshead
seabream (Archosargus probatocephalus). Food Chem. 2004; 88(4):495–501.

40. Li H, Liu BL, Gao LZ, Chen HL. Studies on bullfrog skin collagen. Food Chem. 2004; 84(1):65–9.

41. Hsieh YP, Leong F, Rudloe J. Jellyfish as food. Hydrobiologia. 2001; 451(1–3):11–7.

42. Nagai T, Ogawa T, Nakamura T, Ito T, Nakagawa H, Fujiki K, et al. Collagen of edible jellyfish exum-
brella. J Sci Food Agr. 1999; 79(6):855–8.

43. Gu JP, Lin QL. Medicinal value of jellyfish. Chin J Mar Drugs. 1985; 4:47–8.

44. Hsieh YP, Rudloe J. Potential of utilizing jellyfish as food in Western countries. Trends Food Sci Tech.
1994; 5(7):225–9.

45. Yu H, Li R, Liu S, Xing R, Chen X, Li P. Amino acid composition and nutritional quality of gonad from jel-
lyfishRhopilema esculentum. Biomed Prev Nutr. 2014; 4(3):399–402.

46. Liu X, Zhang M, Jia A, Zhang Y, Zhu H, Zhang C, et al. Purification and characterization of angiotensin I
converting enzyme inhibitory peptides from jellyfishRhopilema esculentum. Food Res Int. 2013; 50
(1):339–43.

47. Yu H, Liu X, Xing R, Liu S, Guo Z,Wang PB, et al. In vitro determination of antioxidant activity of proteins
from jellyfishRhopilema esculentum. Food Chem. 2006; 95(1):123–30.

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/1920583
http://dx.doi.org/10.1016/j.jamcollsurg.2003.07.002
http://www.ncbi.nlm.nih.gov/pubmed/14644291
http://www.ncbi.nlm.nih.gov/pubmed/10651745
http://dx.doi.org/10.1111/j.1537-2995.2008.01717.x
http://dx.doi.org/10.1111/j.1537-2995.2008.01717.x
http://www.ncbi.nlm.nih.gov/pubmed/18466171
http://dx.doi.org/10.1016/j.ijpharm.2009.05.049
http://www.ncbi.nlm.nih.gov/pubmed/19501149
http://dx.doi.org/10.1016/j.jbiosc.2011.05.014
http://dx.doi.org/10.1016/j.jbiosc.2011.05.014
http://www.ncbi.nlm.nih.gov/pubmed/21697006
http://dx.doi.org/10.1016/j.jcws.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24527149
http://dx.doi.org/10.1016/j.biomaterials.2006.10.025
http://www.ncbi.nlm.nih.gov/pubmed/17112581
http://dx.doi.org/10.1006/jsbi.1998.3965
http://www.ncbi.nlm.nih.gov/pubmed/9724603
http://dx.doi.org/10.1073/pnas.070050097
http://www.ncbi.nlm.nih.gov/pubmed/10725403
http://www.ncbi.nlm.nih.gov/pubmed/11397563
http://www.ncbi.nlm.nih.gov/pubmed/9704909
http://dx.doi.org/10.1002/jbm.b.33022
http://www.ncbi.nlm.nih.gov/pubmed/24039141
http://www.ncbi.nlm.nih.gov/pubmed/6661560
http://www.ncbi.nlm.nih.gov/pubmed/9198192


48. Weber K, Osborn M. The reliability of molecular weight determinations by dodecyl sulfate-polyacryl-
amide gel electrophoresis. J Biol Chem. 1969; 244(16):4406–12. PMID: 5806584

49. Witono JR, Noordergraaf IW, Heeres HJ, Janssen LPBM.Water absorption, retention and the swelling
characteristics of cassava starch grafted with polyacrylic acid. Carbohyd Polym. 2014; 103:325–32.

50. Knott L, Bailey AJ. Collagen cross-links in mineralizing tissues: a review of their chemistry, function, and
clinical relevance. Bone. 1998; 22(3):181–7. PMID: 9514209

51. Nalinanon S, Benjakul S, VisessanguanW, Kishimura H. Use of pepsin for collagen extraction from the
skin of bigeye snapper (Priacanthus tayenus). Food Chem. 2007; 104(2):593–601.

52. Addad S, Exposito JY, Faye C, Ricard-Blum S, Lethias C. Isolation, characterization and biological eval-
uation of jellyfish collagen for use in biomedical applications. Mar Drugs. 2011; 9(6):967–83. doi: 10.
3390/md9060967 PMID: 21747742

53. Zhang J, Duan R, Ye C. Isolation and characterization of collagens from scale of silver carp
(Hypophthalmichthys molitrix). J Food Biochem. 2010; 34(6):1343–54.

54. Singh P, Benjakul S, Maqsood S, Kishimura H. Isolation and characterisation of collagen extracted from
the skin of striped catfish (Pangasianodon hypophthalmus). Food Chem. 2011; 124(1):97–105.

55. Park S, Lim HK, Lee S, Hwang HC, Cho SK, Cho M. Pepsin-solubilised collagen (PSC) from Red Sea
cucumber (Stichopus japonicus) regulates cell cycle and the fibronectin synthesis in HaCaT cell migra-
tion. Food Chem. 2012; 132(1):487–92. doi: 10.1016/j.foodchem.2011.11.032 PMID: 26434320

56. Omura Y, Urano N, Kimura S. Occurrence of fibrillar collagen with structure of (α1)2α2 in the test of sea
urchin Asthenosoma ijimai. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1996; 115(1):63–8.

57. Kimura S, Omura Y, Ishida M, Shirai H. Molecular characterization of fibrillar collagen from the body
wall of starfish Asterias amurensis. Comp. Biochem Physiol B. 1993; 104(4):663–8.

58. Duan R, Zhang J, Konno K, WuM, Li J, Chen Y. Analysis and improvement of stability of pepsin-solubi-
lized collagen from skin of carp (Cyprinus carpio). ChemPap. 2012; 66(7):636–41.

59. LiuW, Li G. Preparation and characterization of pepsin solubilized type I collagen from the scales of
snakehead (Ophiocephalus Argus). J Food Biochem. 2009; 33(1):20–37.

60. Liu Z, Oliveira AC, Su YC. Purification and characterization of pepsin-solubilized collagen from skin and
connective tissue of giant red sea cucumber (Parastichopus californicus). J Agric Food Chem. 2010; 58
(2):1270–4. doi: 10.1021/jf9032415 PMID: 20085374

61. Exposito JY, Larroux C, Cluzel C, Valcourt U, Lethias C, Degnan BM. Demosponge and sea anemone
fibrillar collagen diversity reveals the early emergence of A/C clades and the maintenance of the modu-
lar structure of type V/XI collagens from sponge to human. J Biol Chem. 2008; 283(42):28226–35. doi:
10.1074/jbc.M804573200 PMID: 18697744

62. Kittiphattanabawon P, Benjakul S, VisessanguanW, Nagai T, TanakaM. Characterisation of acid-solu-
ble collagen from skin and bone of bigeye snapper (Priacanthus tayenus). Food Chem. 2005; 89
(3):363–72.

63. Matmaroh K, Benjakul S, Prodpran T, Encarnacion AB, Kishimura H. Characteristics of acid soluble col-
lagen and pepsin soluble collagen from scale of spotted golden goatfish (Parupeneus heptacanthus).
Food Chem. 2011; 129(3):1179–86. doi: 10.1016/j.foodchem.2011.05.099 PMID: 25212354

64. Zeng S, Yin J, Yang S, Zhang C, Yang P, WuW. Structure and characteristics of acid and pepsin-solu-
bilized collagens from the skin of cobia (Rachycentron canadum). Food Chem. 2012; 135(3):1975–84.
doi: 10.1016/j.foodchem.2012.06.086 PMID: 22953947

65. Saito M, Kunisaki N, Urano N, Kimura S. Collagen as the Major Edible Component of Sea Cucumber
(Stichopus japonicus). J Food Sci. 2002; 67(4):1319–22.

66. Foegeding EA, Lanier TC, Hultin HO. Characteristics of edible muscle tissues. Food Chem. 1996; 3
(15):879–942.

67. Song E, Yeon KS, Chun T, Byun HJ, Lee YM. Collagen scaffolds derived from amarine source and
their biocompatibility. Biomaterials. 2006; 27(15):2951–61. doi: 10.1016/j.biomaterials.2006.01.015
PMID: 16457878

68. Sai KP, Babu M. Studies onRana tigerina skin collagen. Comp Biochem Physiol B BiochemMol Biol.
2001; 128(1):81–90. PMID: 11163307

69. Wang L, An X, Yang F, Xin Z, Zhao L, Hu Q. Isolation and characterisation of collagens from the skin,
scale and bone of deep-sea redfish (Sebastes mentella). Food Chem. 2008; 108(616–23. doi: 10.1016/
j.foodchem.2007.11.017 PMID: 26059140

70. Payne KJ, Veis A. Fourier transform IR spectroscopy of collagen and gelatin solutions: Deconvolution
of the amide I band for conformational studies. Biopolymers. 1988; 27(11):1749–60. doi: 10.1002/bip.
360271105 PMID: 3233328

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/5806584
http://www.ncbi.nlm.nih.gov/pubmed/9514209
http://dx.doi.org/10.3390/md9060967
http://dx.doi.org/10.3390/md9060967
http://www.ncbi.nlm.nih.gov/pubmed/21747742
http://dx.doi.org/10.1016/j.foodchem.2011.11.032
http://www.ncbi.nlm.nih.gov/pubmed/26434320
http://dx.doi.org/10.1021/jf9032415
http://www.ncbi.nlm.nih.gov/pubmed/20085374
http://dx.doi.org/10.1074/jbc.M804573200
http://www.ncbi.nlm.nih.gov/pubmed/18697744
http://dx.doi.org/10.1016/j.foodchem.2011.05.099
http://www.ncbi.nlm.nih.gov/pubmed/25212354
http://dx.doi.org/10.1016/j.foodchem.2012.06.086
http://www.ncbi.nlm.nih.gov/pubmed/22953947
http://dx.doi.org/10.1016/j.biomaterials.2006.01.015
http://www.ncbi.nlm.nih.gov/pubmed/16457878
http://www.ncbi.nlm.nih.gov/pubmed/11163307
http://dx.doi.org/10.1016/j.foodchem.2007.11.017
http://dx.doi.org/10.1016/j.foodchem.2007.11.017
http://www.ncbi.nlm.nih.gov/pubmed/26059140
http://dx.doi.org/10.1002/bip.360271105
http://dx.doi.org/10.1002/bip.360271105
http://www.ncbi.nlm.nih.gov/pubmed/3233328


71. Usha R, Sreeram KJ, Rajaram A. Stabilization of collagen with EDC/NHS in the presence of l-lysine: A
comprehensive study. Colloid Surface B. 2012; 90:83–90.

72. KrimmS, Bandekar J. Vibrational spectroscopy and conformation of peptides, polypeptides, and pro-
teins. Adv Protein Chem. 1986; 38:181–364. PMID: 3541539

73. Liu H, Li D, Guo S. Studies on collagen from the skin of channel catfish (Ictalurus punctaus). Food
Chem. 2007; 101(2):621–5.

74. Abe Y, KrimmS. Normal vibrations of crystalline polyglycine I. Biopolymers. 1972; 11(9):1817–39. doi:
10.1002/bip.1972.360110905 PMID: 5072731

75. ChangMC, Tanaka J. FT-IR study for hydroxyapatite/collagen nanocomposite cross-linked by glutaral-
dehyde. Biomaterials. 2002; 23(24):4811–8. PMID: 12361620

76. Timkovich R. Detection of the stable addition of carbodiimide to proteins. Anal Biochem. 1977; 79(1–
2):135–43. PMID: 869171

77. Neuffer MC, McDivitt J, Rose D, King K, Cloonan CC, Vayer JS. Hemostatic dressings for the first
responder: a review. Mil Med. 2004; 169(9):716–20. PMID: 15495727

78. Damink LO, Dijkstra PJ, Van LuynMJA, VanWachemPB, Nieuwenhuis P, Feijen J. In vitro degradation
of dermal sheep collagen cross-linked using a water-soluble carbodiimide. Biomaterials. 1996; 17
(7):679–84. PMID: 8672629

79. Lazarev YA, Grishkovsky BA, Khromova TB, Lazareva AA, Grechishko VS. Bound water in the colla-
gen-like triple-helical structure. Biopolymers. 1992; 32(2):189–95. doi: 10.1002/bip.360320209 PMID:
1637993

80. Zange R, Li Y, Kissel T. Biocompatibility testing of ABA triblock copolymers consisting of poly (L-lactic-
co-glycolic acid) A blocks attached to a central poly (ethylene oxide) B block under in vitro conditions
using different L929 mouse fibroblasts cell culture models. J Control Release. 1998; 56(1):249–58.

81. Farndale RW, Sixma JJ, Barnes MJ, De Groot PG. The role of collagen in thrombosis and hemostasis.
J Thromb Haemost. 2004; 2(4):561–73. doi: 10.1111/j.1538-7836.2004.00665.x PMID: 15102010

82. Achneck HE, Sileshi B, Jamiolkowski RM, Albala DM, Shapiro ML, Lawson JH. A comprehensive
review of topical hemostatic agents: efficacy and recommendations for use. Ann Surg. 2010; 251
(2):217–28. doi: 10.1097/SLA.0b013e3181c3bcca PMID: 20010084

83. SpotnitzWD, Burks S. Hemostats, sealants, and adhesives: components of the surgical toolbox. Trans-
fusion. 2008; 48(7):1502–16. doi: 10.1111/j.1537-2995.2008.01703.x PMID: 18422855

Jellyfish Collagen Used in Hemostatic Applications

PLOSONE | DOI:10.1371/journal.pone.0169731 January 19, 2017 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/3541539
http://dx.doi.org/10.1002/bip.1972.360110905
http://www.ncbi.nlm.nih.gov/pubmed/5072731
http://www.ncbi.nlm.nih.gov/pubmed/12361620
http://www.ncbi.nlm.nih.gov/pubmed/869171
http://www.ncbi.nlm.nih.gov/pubmed/15495727
http://www.ncbi.nlm.nih.gov/pubmed/8672629
http://dx.doi.org/10.1002/bip.360320209
http://www.ncbi.nlm.nih.gov/pubmed/1637993
http://dx.doi.org/10.1111/j.1538-7836.2004.00665.x
http://www.ncbi.nlm.nih.gov/pubmed/15102010
http://dx.doi.org/10.1097/SLA.0b013e3181c3bcca
http://www.ncbi.nlm.nih.gov/pubmed/20010084
http://dx.doi.org/10.1111/j.1537-2995.2008.01703.x
http://www.ncbi.nlm.nih.gov/pubmed/18422855

