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Jellyfish-Based Smart Wound Dressing Devices Containing 
In Situ Synthesized Antibacterial Nanoparticles

Roman Nudelman, Hashim Alhmoud, Bahman Delalat, Sharon Fleicher, Eran Fine, 
Tammila Guliakhmedova, Roey Elnathan, Abraham Nyska, Nicolas H. Voelcker,* 
Michael Gozin,* and Shachar Richter*

Although the negative consequences of the global phenomenon of jellyfish 
(JF) swarms are well recognized, the use of their biomass for practical 
applications is mostly limited to a niche in the Asian food industry. This 
fact is quite surprising since JF’s biomass comprises useful biomaterials 
such as Q-mucin glycoprotein and collagen. In this work, the JF biomass, 
collected from two different species, is used to prepare electrospun scaffolds 
composed of nanometric “core–shell”-type fibers, in which adjustment of 
the electrospinning process parameters can easily control their mechanical, 
morphological, and chemical properties. This nonwoven scaffold shows 
excellent biocompatibility and biodegradability, indicating suitability for 
biomedical research contexts. Performed cell proliferation assays show that 
the scaffold could support the growth of cardiac cells, fitting the requirement 
of tissue engineering. Additional incorporation of in situ-generated silver 
nanoparticles in these nanofibers produced mats with potent antibacterial 
properties. Preclinical trials with the resulted mats on porcine wound healing 
models exhibit fast and complete healing of wounds.
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kidney diseases. This trend also induces 
considerable economic burden on health-
care systems, estimated to be 20 billion 
per year in the USA alone, and 3–5% of 
healthcare expenses in other developed 
countries.[2,3] Thus, there is a big demand 
for finding ways to alleviate this problem. 
One of the promising routes includes an 
application of advanced wound dressing 
materials, composed of natural compo-
nents, such as collagen and polysaccha-
rides, capable of accelerating the healing 
process of chronic wounds.[4,5]

In this context, collagen-based dress-
ings in the wound healing process are 
widely reported.[4,6] These are known to 
reduce the concentration of the unwanted 
matrix metalloproteinases (MMPs), in 
wounds. MMPs are always present in 
the inflammation step during the wound 
healing process, but in the chronic or 
contaminated wounds, their concentra-

tion is exceptionally high and slows or even prevents successful 
wound healing.[6] When externally applied to wounds, external 
nonhuman collagen competes with human collagen for inter-
action/degradation with MMPs, present in the wound bed, 
allowing the quicker formation of new human collagen fibers 
within the wound. Collagen-based dressings are designed to 
successfully mimic the extracellular matrix (ECM) and enhance 

Smart Wound Dressings

1. Introduction

The continuous increase in the world’s life expectancy, along 
with the expansion of unhealthy diet habits, is manifested by 
diabetes and other diseases in which acute and chronic wounds 
are one of their outcomes.[1] The medical complications from 
chronic wounds can lead to amputations, as well as to heart and 
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cellular proliferation and migration.[7] There are various avail-
able sources of collagen that can be used for wound dressing 
applications, mostly extracted from bovine tissues. Unfortu-
nately, collagen from bovine origin bears a risk of transmission 
of bovine spongiform encephalopathy (BSE), and  transmissible 
spongiform encephalopathy (TSE), that thus far limited their 
universal usage.[8] Moreover, the extraction processes of this 
protein involve time- and cost-consuming steps, reducing the 
total protein yield, and increasing the overall cost of goods. 
Thus, it is intriguing to examine any nonmammalian sources 
of collagen and to explore other suitable materials, which could 
exhibit similar functionality to the mammalian source-derived 
collagen in wound healing applications.

One of the very promising candidates for this task could be 
jellyfish (JF) biomass. JF is an ancient aquatic organism, which 
exists on our planet for hundreds of millions of years.[9] The 
JF body comprises 90–95% water, while the biomass is mostly 
composed of cellular and protein materials. Recent investiga-
tions revealed that these protein mainly comprise a mixture of 
collagen (mainly of types I and II that are commonly present 
in many life forms on our planet[10–12]) and of Q-mucin glyco-
proteins.[13,14] The latter biomaterials are members of a large 
family of mucusal proteins[15], which are highly glycosylated 
high molecular weight nonglobular proteins,[16–19] which 
share several structural features with human mucins. Impor-
tantly, mucin proteins can successfully bind collagen-digesting 
enzymes, such as MMPs and neutrophil elastase, due to the 
presence of cysteine amino acid in mucins’ core structure, thus 
allowing growth of new collagen in a dermis layer[20] and pro-
moting wound healing. Despite a relatively high content of the 
mucin glycoproteins in the JF’s biomass, the use of JF as a val-
uable raw material is mostly limited to a relatively small niche 
in the oriental food industry (500 000–800 000 tons per year).[21] 
This fact is surprising, considering the vast amounts of avail-
able JFs, on the one hand, and great potential of their biomass 
use in advanced biomedical, cosmetic, agriculture, and broad 
range of other applications,[22] on the other hand.

Furthermore, though the usefulness of JF is often neglected, 
the negative global economic impact of JFs’ proliferation is 
internationally recognized and is attracting considerable public 
attention.[23] The so-called “JF bloom,” generated by a plague 
of JF invasion on the shores of North and South America,[24] 
South-East Asia, and Europe,[25] causing considerable and 
repeated damage to electrical powerhouse, industrial cooling 
systems, the fishing industry, and tourism.[26] The reasons for 
the “JF bloom” phenomenon are diverse and include global 
warming,[26] overfishing,[27] and eutrophication.[26,27]

Here we report the successful electrospun-based[28,29] prepa-
ration of novel composite biocompatible nanofibers[30,31] com-
posed of the JF biomass and qmucin and polycaprolactone 
polymer[32] (PCL; Figure 1 and Figures S1and S2, Supporting 
Information). We further show that adjustment of the pro-
cess parameters and electrospinning solution (Table S1 and 
Figure S2, Supporting Information) allows us to control and 
refine JF-PCL nanofibers morphological and mechanical pro-
perties,[33] as well as their wetting characteristics (Figure 2 and 
Figures S4–S7, Supporting Information).[34] Cell proliferation 
assays showed that this novel material both as a raw jellyfish 
biomaterial and JF-PCL nanofibers could sustain complex 

 cellular tissue and proliferate cardiac tissue growth (Figures S8 
and S9, Supporting Information).[35] Preparation of JF-PCL 
nanofibers decorated with in situ generated bio-templated 
metallic silver nanoparticles (AgNPs, Figure 3d),[36,37] resulting 
in a scaffold with potent antibacterial properties. Preclinical 
wound healing experiment on a porcine model indicated fast 
and complete wound tissue recovery (Figure 4). The superior 
wound-healing performance of our novel mats is due to a syn-
ergistic action of these mats components, which simultane-
ously fight bacterial infection and accelerate the wound-healing 
process.

2. Results and Discussion

2.1. Scaffold Preparation and Characterization

Figure 1 shortly depicts the processing steps (see also Figure S1  
in the Supporting Information for the detailed process). 
The procedure was successfully applied to two species of JF: 
 Rhophalema Nomadica (collected near the port of Tel Aviv, Medi-
terranean Sea, Israel) and Nomura giant (collected near the 
port of Busan, South Korea). First, JF upper part (“umbrella”) 
was separated from the oral arms and then was frozen and 
defrosted, to reduce the water content in the biomass. Subse-
quently, the JF’s biomass was homogenized by mechanical 
cutting until the formation of white paste-like material. The 
homogenate was then diluted with ethanol in order to precipi-
tate the JF collagen and Q-mucin biomass followed by centrifu-
gation and collection of the cleaned JF biomass precipitate.

Next, the ethanol-precipitated JF’s biomass was further solu-
bilized in acetic acid (AcOH), added to a solution of PCL and 
the resultant mixture was further used as the feeding solution 
for the electrospinning process.

In order to find the most stable w/w% combination of JF/
PCL, we used several electrospinning solutions (Table S1 and 
Figure S2, Supporting Information). We found that the most 
stable materials combination with capable of varying the elec-
trospinning parameters (working range voltage, solution speed 
flow and a distance between electrodes) is 35/10% of JF/PCL 
respectively (see Supporting Information for details).

Analysis of the chemical (infrared spectroscopy, Figure S3, 
Supporting Information), wettability and morphological (envi-
ronmental scanning electron microscopy, ESEM; Figure 2 
and Figures S4–S6, Supporting Information) properties of the 
mat’s fibers that were obtained by the electrospinning process, 
revealed that these fibers indeed comprised a blend of JF’s bio-
mass and PCL (see comprehensive analysis in the Supporting 
Information). Control over mechanical, morphological, and 
wetting properties of JF-PCL was achieved by applying different 
voltage while maintaining the same flow speed and electrode 
distance. Mechanical tests test revealed that the scaffolds com-
posed of fibers with a diameter 150–250 nm exhibited higher 
Young’s modulus values (≈7.7 MPa) than those of large diam-
eter of 400–500 nm (Figure S6, Supporting Information). These 
values are typical for the random arrangement of fibrous mate-
rials, made of biopolymers[31] and could be attributed to high 
friction forces that exist between small-diameter individual 
fibers and high fiber density of these scaffolds.[38]

Adv. Funct. Mater. 2019, 29, 1902783
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Wettability studies can provide valuable information on the 
arrangments of the PCL and the JF’s biomass in the fibers. We 
found that in contrast to the hydrophobic nature of the pristine 

PCL–mat (Figure 2b), the JF-PCL scaffolds exhibit distinct hydro-
philic nature, with contact angle that can be easily varied between 
30–80° (Figure 2a,c, and Figure S7, Supporting  Information).  

Adv. Funct. Mater. 2019, 29, 1902783

Figure 1. Jellyfish (JF) bloom: pests and benefits. a) JF swarm of Aurelium Nomadica near the Israeli shores (photo by Amit Lotan). b) Processed JF 
biomass. c) Electrospinning process schematic presentation. d) ESEM image of JF-PCL nanofibers. e) Optical image of stand-alone material.

Figure 2. a) Contact angle versus scaffold surface porosity. The hydrophilicity decreases with increasing porosity; (right): contact angle images of 
 reference hydrophobic PCL fibers, with 32% surface porosity b) and corresponding hydrophilic JF-PCL scaffold, exhibiting 31% porosity c).
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These findings indicate that the hydrophilic nature of the JF’s 
biomass determines the degree of wetting (which increases with 
porosity, i.e., surface area, Figure 2a), and not governed by mor-
phological effects, which predict the opposite phenomenon.[39]

The excellent wetting properties of the JF-scaffold compared 
to the hydrophobic nature of the PCL material can be realized 
via the formation of two phases in the fiber, during the elec-
trospinning process (Figure 5a). This “coaxial” arrangement 
suggests that the inner part of the fiber is mostly composed 
of the hydrophobic PCL, while the outer coating shell mainly 
comprise JF’s hydrophilic proteins. We suggest that the phases 
that are formed during JF and PCL co-dispersion in the acetic 
acid solvent, serving as a mediator between these two materials 
(Figure 5a).

We note that Ac also induces positive charges on the JF’s pro-
teins, as it has lower pKa value than JF’s collagen and Q-mucin. 

We have previously shown that Q-mucins in acetic acid media 
is subjected to conformational changes, due to the expose of 
these glycoproteins hydrophobic inner core, which in turn 
can interact with the PCL core-fiber part.[40] Thus, during the 
electrospinning process, acetic acid rapidly evaporates, while 
the interaction between the acidified JF’s biomass and PCL 
polymer remains (Figure 5a). Verification of this model was 
performed using protein shell degradation induced by pepsin 
enzymatic reaction, followed by selective fluorescence labeling 
of collagen and mucin. Figure 5b shows a confocal microscopy 
(CM) image of JF-PCL fibers labeled with dichlorotriazinyl 
aminofluorescein (DTAF), a specific dye that targets only the 
proteins compounds via their amine, carboxy acids, and poly-
saccharides moieties.[41] It is evident that the outer surface 
of the JF-PCL’s fibers consists mainly of dense protein layer, 
which could be only originated only from the JF’s biomass.  

Adv. Funct. Mater. 2019, 29, 1902783

Figure 3. a–c) Bacterial growth curves measured at λ = 600 nm at 37 °C over 24 h period. Negative control represents the optical absorption of 
sterile Tryptic soy (TS) broth over time while positive control is of TS broth inoculated with a) E. coli, b) S. aureus, and c) Methicillin-resistant S. aureus 
(MRSA). JF-PCL or AgNP-JF-PCL dressings were immersed into the corresponding TS broth solutions throughout incubation after inoculation with the 
corresponding bacterial strain. d) SEM micrographs of silver nanoparticles growth on JF nanofibers (Ag concentration: D- 0.05 m; E- 0.01 m).
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In a control  experiment,  nonspecific labeling of PCL by DTAF 
and auto-fluorescence of JF’s proteins was ruled out (Figure S10,  
Supporting Information). To further verify this mechanism, 

we inspected the  morphological characteristics of dam-
aged fibers by environmental scanning electron microscopy. 
Figure 5c shows an image of the JF-scaffold featuring  fractions 

Adv. Funct. Mater. 2019, 29, 1902783

Figure 4. Porcine wound healing model. Top. Micrographs of Haemotoxylin and Eosin (H&E) stained wound tissue samples of wounds treated with 
jellyfish wound dressing (A) and silvercell commercial wound dressing (D), taken for 12 days. Panels A3 and D3 show comparison between the differ-
ently treated wounds on the three days of continuous treatment. Note presence of acute necrosis in the early stages of wound healing in the wound 
treated by the commercial dressing. At day 6 (A6 & D6) a notable formation of third-degree hematoma and deep necrosis present under newly formed 
granulation tissue in wound treated by the commercial dressing. A6 shows no presence of severely damaging conditions, which are present in D6. The 
day 9 results (A9 and D9) enlights the dramatic difference between the differently treated wounds in the more presumably advanced stage of wound 
healing. Wound D9 showed the presence of bacterial colonization, excessive abscess that prevents from granulation tissue to close and acute necrosis 
beneath the granulation layer. In comparison, wound A9 (same porcine) showed a healthy wound healing stage with thick granulation tissue with a 
minimal normal amount of inflammatory cells. Finally, A and D wounds were compared to healthy reference tissue (HRT) after 12 days (A12, D12). It 
is evident that D12 shows presence of abnormally thick (for this stage of healing) epidermal layer, lack of collagen fibers and the presence of inflam-
mation in the dermis layer while A12 shows presence continuous epidermal layer with collagen fibers formation and completely mature dermis layer. 
Bottom. The recovery rate of wounds treated with a JF-based wound dressing.
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of the exposed inner core in some of the damaged fibers. 
Further verification of the structure was done by comparison 
between the distribution of the fiber diameters after protein 
removal (pepsin-treated) and the untreated ones (Figure 5d). 
As expected, the average size of the treated fibers decreased by 
almost 70 nm, corresponding to the JF’s decomposed biomass 
part verifying our mechanism.

2.2. In Situ Synthesis of Ag Nanoparticles

To enhance the antibacterial properties of the JF-PCL fibers, we 
incorporated silver nanoparticle (AgNP) within applying in situ 
bio-template synthesis, developed by us (Figure 3d and Sup-
porting Information).[36] AgNPs are well-known antibacterial 
material, capable of inhibiting the growth of both gram-positive 
and negative bacteria.[42,43] The synthesis of AgNPs was medi-
ated via reduction of the Ag+ to Ag0, which was carried out with 
the help of the mucin’s[40] cysteine amino acids, which are rec-
ognized as natural biological reducing agents, due to their small 
electronegativity value (−0.318 eV), which is much lower than 
of silver (+0.8 eV). The synthesized AgNPs exhibited an average 
diameter size of 80 nm, with an average surface coverage of 
15%. Control over the AgNP surface coverage could be achieved 
by adjustment of initial silver ion concentration in the reac-
tion solution. To qualitatively examine the AgNP-doped scaf-
fold, a disk diffusion bacterial inhibition assay was performed 
using gram-positive model bacteria (Bacillus subtilis p479 strain, 
Figure S11, Supporting Information). The assay showed that the 
AgNP-JF-PCL scaffolds successfully inhibited bacterial growth 
around the scaffolds and formed bacteria-free areas, which were 
unaffected by bacteria growth for prolonged periods.

Moreover, the JF-PCL nanofibers scaffold are also able to 
serve as passive barrier bacteria diffusion due to its extremely 
small pore size (averaged <0.5 µm2). We tested it by drop 
casting of a solution containing a 109 CFU per ml of Bacillus 
subtilis on JF-PCL scaffold and incubating it overnight. We 
observed no bacterial growth directly underneath the scaffold 
(Figure S11, Supporting Information).

Furthermore, inclusion of the AgNP-doped scaffold into a 
bacterial broth, inoculated with Escherichia coli (Figure 3a), non-
pathogenic Staphylococcus aureus (Figure 3b), and methicillin-
resistant Staphylococcus aureus (Figure 3c) resulted in complete 
growth inhibition as was analyzed by UV spectroscopy 
(λ = 600 nm). The silver content in nanofibers scaffolds and 
silver ions release into deionized water (DI) was measured 
by timed immersions of Ag-JF-PCL scaffolds in DI, which 
followed the dissolution of silver particles to silver ions by the 
sulfuric/nitric acid mixture. We have found that the average 
amount of silver released was ≈30% during the first 16 hours 
of water immersion.

The biocompatibility of nanofibers was investigated using 
fibroblast cells isolated from human foreskin (HFF). HFF cells 
are a type of biological cell within the dermis layer which are 
responsible for producing a structural framework and protein 
molecules including fibronectin and laminin, for the creation 
of the extracellular matrix (ECM) and play a crucial role during 
wound healing. To determine the biocompatibility of HFF on 
the JFnanofibers, an lactate dehydrogenase (LDH) assay was 
performed in triplicate over 48 h (Figure 6a). Multiple types of 
nanofibers were tested, including undoped single layered types 
(samples, A2-A4) which were prepared using variable JF bio-
mass processing (SI), AgNP-decorated nanofibers (samples, 
A5-A6) which were prepared by using different Ag concentration  

Adv. Funct. Mater. 2019, 29, 1902783

Figure 5. a) Proposed mechanism of JF-PCL fiber structural formation during the electrospinning process (see text for details); b) confocal fluorescence 
microscope image of DTAF labeled JF-PCL fibers and (inset) reference nonlabeled JF-PCL fibers; c) ESEM image of damaged JF-PCL fibers exhibiting the 
exposed inner core PCL material (scale bar 5 µm); d) JF-PCL fibers size distribution before (blue) and after (green) enzymatic degradation by pepsin.
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(A5-0.005M, A6-0.05M) and A1 which is multilayered JF- 
nanofibers based wound dressing material comprised of contact 
(JF nanofibers)-, Ag-doped (JF nanofibers with silver nanoparti-
cles), alginate hydro-mesh (crosslinked alginate adsorbed on JF 
nanofibers), and barrier layer (JF nanofibers). The biocompat-
ibility results and cellular growth of HFF were both compared 
to commercially available collagen wound dressings (A7-8) (Pro-
mogran & Biopad). The proliferation capacity of HFF cells on 
the JF nanofibers was tested over six days using the colorimetric 
reduction of tetrazolium salts (TXT) in a cell proliferation assay 
kit. As shown in Figure 6b, the metabolic activities of HFF cells 
on all tested samples of JF nanofibers (except A5 and A6) were 
found to increase with culture time. This is a clear sign that JF 
nanofibers can successfully sustain and proliferation of cells for 
a prolonged time which can be  utilized in the tissue engineering 
applications.

It is evident that AgNP-decorated nanofibers (sample A5 and 
A6) inhibited cell attachment and proliferation significantly for 
HFF cells when compared to other nanofibers up to six days. This 
result is expected due to the known silver nanoparticles adverse 
effect on cellular growth in in vivo biocompatibility models.[43]

A most surprising observation was found in the multilayer 
sample (A1). It exhibited high metabolic activities and HFF 
proliferation despite containing silver nanoparticles within. 
This finding could be explained by the designed arrangement 
of within, in which the doped layers are shielded, and direct 
contact of the AgNP to the HFF cells is avoided. Microscopic 
observations revealed that HFF cells were attached on the sur-
face of nanofibers (Figure 6c–f,i–j), while they did not grow on 
the surface of AgNP-decorated nanofibers (sample A5 and A6, 

Figure 6g,h). Figure 6k–r, shows the corresponding confocal 
microscopy images of HFF cells proliferated on JF nanofibers 
after six days.

2.3. Wound Dressing Model

Next, we evaluated the possible cytotoxic effects of the doped 
JF-PCL in in vivo murine (Supporting Information) and full 
wound healing efficacy experiment utilizing porcine wound 
healing models. Murine experiments indicated that JF-Ag 
nanofibers mat did not show any cytotoxic effects on the wound 
healing process (Figure S12, Supporting Information).

Porcine experiments included the four-layer smart wound 
dressing (SWD) (A1) which were tested and compared to a com-
mercial medical device (Silvercell; for comparison to additional 
products see Supporting Information)[44] (Figure 4, sample D). 
The latter represents types comprising cellulose microfibers 
coated with alginate and silver ions aggregates (Figure S12, Sup-
porting Information).

The porcine wound healing results demonstrated the excel-
lent performance of our SWD material. It is evident that in of 
the all wounds, the extension of the newly formed epidermis 
in the wound margins treated by the JF-wound dressing, grew 
faster and more extensively than wounds treated by reference 
wound dressing bandage. Importantly, wounds treated by 
our four-layered SWD material exhibited a minimal presence 
of epidermal crust formed during the initial healing stage of 
day 3 and day 6, while in later stages (day 9 and 12), no crust 
formation or margin or central area of the wound was found. 

Adv. Funct. Mater. 2019, 29, 1902783

Figure 6. Effects of JF nanofibers on cell viability, attachment, and proliferation of HFF cells. a) Cell viability data for HFF cells on the JF nanofibers. 
b) Cell attachment and proliferation of HFF cells on the JF nanofibers, as determined by XTT assay. c–j) Examples of cell attachment of HFF plated 
onto the JF nanofibers (samples, A1-A8). k–r) Examples of cell proliferation HFF cells plated onto the JF nanofibers (samples, A1-A8). Cell nuclei and 
cytoskeleton were stained with Hoechst (blue) and phalloidin (red), respectively. Data are expressed as mean ± SE (n = 3).



www.afm-journal.dewww.advancedsciencenews.com

1902783 (8 of 11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

On the other hand, wounds treated with the reference wound 
dressing (D) showed moderate crust formation during most of 
the healing stages, possibly due to wound dehydration.

In some of the reference commercial dressing, some non-
reversible tissue damages were inspected. For example, 
wound D3 (Figure 4) showed evidence for secondary miner-
alization (i.e., dystrophic mineralization) by this confirming 
the extensive, widespread complication in the healing pro-
cess. In the same animal, a wound sample covered with the 
reference dressing demonstrated severe hemorrhage associ-
ated with acute inflammation (i.e., abscess formation), and 
frequently associated with widespread deposits of bacte-
rial colonies (Figure 4, D9). Again, this aspect is interpreted 
to reflect a significant complication of the healing process, 
which was absent in the wounds treated by our device. Gran-
ulation tissue formation in the subcutis layers was mostly 
similar in both treatments. The degree of wound epitheli-
alization was higher in wounds treated by our device, and 
wound re-epithelialization was apparent starting from day 9,  
and fully healed skin tissue by day 12 with thin and contin-
uous epidermal layer and new collagen fibers formations in the 
dermis layer was found. Wounds that were treated for 12 days 
with wound dressing D showed signs of the healed wound but 
with abnormally thick epidermal layer which indicates that the 
epithelialization was not complete and not fully matured. Col-
lagen fibers formation were also absent in the margin wound 
samples of wounds treated with wound dressing D. This is a 
clear sign that wound healing process was not complete, and 
that dermis layer has not achieved a mature state. On the other 
hand, all wounds treated with a wound dressing A demo-
nstrated progressive healing without complications such as 
necrosis, acute inflammation, abscess formation, bacterial con-
tamination, or hematoma.

We attribute this dramatic effect on several factors: 1) forma-
tion of an intimate interface between the wound and the col-
lagen and mucin proteins decorating the high surface area of 
fibers. These effectively divert MMP’s from newly formed col-
lagen and by this enhancing the normal growth of collagen 
fiber formations in the dermis layer. 2) The presence of AgNP 
that prevent bacterial contamination. 3) The porous structure of 
JF nanofiber scaffold that mimics natural ECM which actively 
promotes cellular proliferation and wound healing. 4) Hydro-
philic nature of JF nanofibers that actively retains moisture in 
the wound environment and by this preventing wound dehy-
dration and crust formation.

3. Summary

In summary, we demonstrated the ease of use of the JF’s bio-
mass as a biodegradable and biocompatible raw material for 
producing antibacterial mats. Our approach reflects a new para-
digm, which suggests exploiting the JF as an accessible, cheap 
and valuable renewable material that can be used in various 
applications, such as cosmetics, medical devices, and bioplas-
tics. Successful production of such materials from two different 
species of JFs that reside in different marine environments 
suggests the opportunity to utilize the JF in a mass production 
worldwide. We strongly believe that further exploration of this 

route may help to reduce the negative  consequences JF bloom, 
reconstruct fishery-based economics, and contribute to main-
taining ecological balance in marine environments.

4. Experimental Section
Jellyfish Processing and Electrospinning Polymer Solution Preparation: 

Freshly fished JF (Aurelium Nomadica from Israeli coasts and Nomura 
from Korean coasts) were thoroughly rinsed, and their oral arms were 
cut-off. The remaining umbrella parts were frozen and stored until 
further use. Next, the biomass was defrosted and homogenized. The 
resulting sludge included various unwanted sea salts and contaminants 
that were further separated by means of ethanol wash (ethanol:JF 
biomass 3:1 v/v). The precipitate JF-biomass was separated by 
centrifugation (5000G, 30 min) and dissolved in 98% glacial HAc and 
mixed 35%/7% JF/PCL w/w.

Electrospinning: All experiments were performed in a home-built 
electrospinning setup. In a typical electrospinning process, the JF-PCL/ 
HAc solution was loaded into a plastic syringe and injected via a blunt 
needle of 22G connected to high voltage power supply (Berten). The 
solution flow speed was controlled by an MRC microinjection pump. 
The resulted nanofibers were collected on a simple rectangular collector 
plate with a controlled height that was connected to a high voltage 
power supply.

Typical electrospinning parameters include; applied voltage in 
10–22.5 kV range, the controlled flow rate of 3–5 µL min−1 and needle–
collector distance of 12–15 cm in RT and 70% humidity.

Preparation of JF-PCL-Ag Scaffolds: Freshly prepared JF-PCL were 
soaked in the dark, in RT, in an aqueous solution of AgNO3, for 2 h. 
Optimization of the Ag concentrations was done by varying the silver 
salt concentration (5.0, 10.0, and 50.0 × 10−3 m). After soaking, the 
resulted materials were washed with deionized (DI) water and soaked 
in sodium borate buffer (pH 9, 20 × 10−3 m) for 2 h. Finally, the mesh 
was rinsed again with deionized water and dried under nitrogen flow for 
24 h.

JF Proteins Probing with DTAF Fluorescent Dye: Freshly prepared 
JF-PCL nanofibers scaffold was rinsed with PBS buffered saline and DI 
water for removal of possible residual solvent and other contaminations. 
The scaffold was placed in DTAF solution (1 mg mL−1) for 2 h and 
further dried in a fume hood. The excess of DTAF was then removed 
by repeated washing of the scaffold for 10 min with DI water. Next, the 
labeled material was dried in a fume hood in RT overnight. An inverted 
Zeiss Axiovert 200 microscope (Carl Zeiss, Germany) coupled to an LSM 
510 Meta (Carl Zeiss, Germany) laser scanning microscope was used to 
image the labeled material using tuned Ar Argon laser (λ excitation = 
480 nm) corresponding to the DTAF excitation wavelength. A 40× water-
immersion objective (1.2 NA; Carl Zeiss, Germany) was used and the for 
the corresponding fluorescence imaging.

Antibacterial Assay: Standard ATCC bacterial strains were used for 
conducting the antibacterial activity tests. E. coli (ATCC 25922), S. aureus 
(ATCC 29213), and methicillin-resistant S. aureus (ATCC 43300) were 
obtained from frozen cultures and streak-plated onto preprepared tryptic 
soy (TS) agar plates and allowed to incubate at 37 °C overnight. The 
following day, one colony was picked from each bacterial strain and used 
to inoculate 10 mL of TS broth. The inoculated broth was then incubated 
overnight at 37 °C to generate overnight cultures of each bacterial 
strain with a concentration of 108 CFU each. 100 µL was collected from 
each overnight culture and diluted in 900 µL of fresh sterile TS broth 
containing 1 cm2 of either JF-PCL or AgNP-JF-PCL in 48 well plates to a 
final bacterial concentration of 107 CFU. Turbidity in each well plate was 
measured at 600 nm every hour for 24 h, and the optical density was 
plotted accordingly.

Cytotoxicity and Cell Proliferation Assay: Prepared JF nanofibers were 
cut into circular pieces of 1 cm in diameter and placed in specialized 
wells in tissue growth plate and sterilized by UV radiation. Next, the 
nanofibers samples were washed with the cell growth Dulbecco’s 
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modified Eagle’s medium (DMEM) and left under the biological hood 
for 8 h. The fibroblast cells were grown according to a previously 
published procedure[32] and placed in an incubator at a temperature 
of 37 °C until further use. In order to separate fibroblast cell from the 
growth, petri dish trypsin enzyme was added for 3 min and later washed 
with serum medium which disables trypsin. Next fibroblast + serum 
solution was placed in a centrifuge under 300 G for 5 min in order to 
separate the cells as residue from the serum. Proper dilution of the 
cell was achieved in order to get approximately 50 000 cells per 10 µL. 
Next, a 10 µL of cell + serum solution was placed on each JF nanofibers 
scaffold and left for 15 min of adhesion time in which the cells connect 
to JF nanofibers. After 15 min, 0.5 mL of growth medium was added to 
the mesh, and JF scaffolds were left in incubation for seven days. Cells 
viability and proliferation were systematically checked after 3, 5, and  
7 d of incubation. Four samples of JF nanofibers were subjected to an 
essay which examined cellular metabolism, and the remaining samples 
were subjected to cellular proliferation essay. A separate reference PCL 
scaffold sample was investigated as well for comparison.

Cell Seeding on the JF Nanofibers: Human foreskin fibroblast cells were 
grown and maintained at 37 °C with 5% CO2 in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine serum (FBS, 
Sigma), 2 × 10−3 m GlutaMAX (Life Technologies), 100 U mL−1 penicillin, 
and 100 µg mL−1 streptomycin (Life Technologies), for 2–3 d until they 
were 70–80% confluent. The entire JF nanofibers were sterilized by 
antimycotic antibiotic 4X solution (Sigma) in sterile PBS for one hour, 
and were washed three times in sterile PBS to remove the antimycotic 
antibiotic solution. The JF nanofibers samples were placed into flat-
bottomed 48 well plates (Nunc) and seeded with HFF cells at a density 
of 5 × 104 cells per mL in fresh complete DMEM per well.

Cell Viability Assay: The viability of cells on JF nanofibers was 
quantitatively assayed by an LDH assay kit (Abcam) according to the 
manufacturer’s recommendations. Briefly, after 48 h incubation, 200 µL 
of the cell suspension was centrifuged at 600× g for 10 min, and the 
supernatant was collected to carry out the assay. To each well, 100 µL of 
each sample was transferred into a flat-bottomed 96 well plate (Nunc). 
100 µL of the LDH reaction mix was added to each well. The wells 
were gently mixed and were further incubated at room temperature for 
30 min. The absorbance at 450 nm was read with a microplate reader.

Cell Attachment and Proliferation Studies: Cell attachment and 
proliferation were evaluated with a tetrazolium-based colorimetric assay 
(XTT assay kit; Sigma), according to the manufacturer’s instructions. 
The cells were gently rinsed with PBS to remove unattached cells after 
5 h. Briefly, after the incubation period (5, 24, 48, and 72 h), the liquid 
of each well was aspirated, and then 100 µL of the XTT labeling mixture 
was added to each well. The cells were further incubated for 4 h at 37 °C, 
5% CO2 to allow XTT formazan production. The absorbance was read 
with a microplate reader at a wavelength of 450 nm.

Cell Staining Procedure and Confocal Microscopy: HFF cells were fixed 
in 4% paraformaldehyde solution (electron microscopy science) for 
30 min. The samples were rinsed in PBS and then were incubated in 
0.25% Triton X100 in PBS at room temperature for 5 min, then rinsed 
again with PBS. Nuclei of cells were stained with two µg mL−1 Hoechst 
33342 (Life Technologies) at room temperature for 15 min, rinsed with 
PBS and finally stained with 100 × 10−3 m phalloidin (Sigma) in PBS 
for 60 min. Confocal imaging was performed using a laser scanning 
confocal microscope (Nikon A1, Japan).

Cardiac Cell Isolation, Seeding, and Cultivation: Cardiac cells were 
isolated according to Tel Aviv University ethical use protocols.[45] Briefly, 
left ventricles of 0–3 d old neonatal Sprague–Dawley rats were harvested, 
and cells were isolated using 6 cycles (30 min each) of enzyme digestion 
with collagenase type II (95 U mL−1; Worthington, Lakewood, NJ) and 
pancreatin (0.6 mg mL−1; Sigma-Aldrich) in Dulbecco’s modified Eagle 
Medium (CaCl2·2H20 (1.8 × 10−3 m), KCl (5.36 × 10−3 m), MgSO4·7H2O 
(0.81 × 10−3 m), NaCl (0.1 m), NaHCO3 (0.44 × 10−3 m), NaH2PO4 (0.9 × 
10−3 m)). After each round of digestion cells were centrifuged (600 
G, 5 min) and re-suspended in culture medium composed of M-199 
supplemented with 0.6 × 10−3 m CuSO45·H2O, 0.5 × 10−3 m ZnSO4·7H2O, 
1.5 × 10−3 m vitamin B12, 500 U mL−1 Penicillin and 100 mg mL−1 

streptomycin, and 0.5% (v/v) FBS. In order to enrich the cardiomyocytes 
population, cells were suspended in culture medium with 5% FBS and 
preplated twice (45 min). Cell number and viability were determined by 
hemocytometer and trypan blue exclusion assay. 5 × 105 cardiac cells 
were seeded onto the scaffolds by adding 10 µL of the suspended cells 
followed by 1 h incubation (37 °C, 5% CO2). Following, cell constructs 
were supplemented with culture medium (5% FBS) and further incubated.

Immunostaining: Cardiac cell constructs were fixed and permeabilized 
in 100% cold methanol for 10 min, washed three times in DMEM-
based buffer and then blocked for 1 h at room temperature in DMEM-
based buffer containing 2% FBS. The samples were then incubated 
with primary antibodies to detect α-sarcomeric actinin (1:750, Sigma-
Aldrich), washed three times, and incubated for 1 h with Alexa Fluor 647 
conjugated goat antimouse antibody (1:500; Jackson, West Grove, PA). 
For nuclei detection, the cells were incubated for 3 min with Hoechst 
33258 (1:100; Sigma-Aldrich) and washed three times. Samples were 
visualized using a confocal microscope (Nikon Eclipse Ni).

Murine Model Experiment: The experiment was approved by the Tel-
Aviv University ethical committee.

Wounding Procedure: The initial weight of the mice was in the 
range of 21.5–22.0 grams per mouse. Anesthesia was performed by 
preparation of drug cocktail which included; 0.4 mL of 2% ksilazine,  
0.4 mL of ketamine, and 3.2 mL of saline. The dosage was 0.1 mL per  
10 g (injected in temple skin). Pain relief drug included rimadyl 5 mg kg−1 
in 0.5 mL saline (injected in the back skin near the tail). All the mice were 
clean shaved near the presumed wound with shaving machine and VIT 
epilation cream. The back skin was sanitized with a polydine solution. 
Two symmetrical wounds were inflicted with 0.5 cm puncher, on the 
upper quarter of the mice back skin with an average depth of 2 mm. 
Daily monitoring of animals was conducted to ensure that the animals 
are not in any pain and stress due to the wounds and their surroundings.

Wound Inspection and Documentation: The inflicted wound was 
photographed and scaled. One of the wounds (2 mice left the side,  
3 mice right side) were bandaged with jellyfish wound dressing while 
the second wound was patched with sterile gaze). On top of the wound 
dressing, medical plaster was applied in order to cover the wound 
dressing and prevent its fall. Each mouse was stored in a separate 
cage. Each mouse was anesthetized as previously described, and their 
old bandage was removed. The wound was not sterilized with polydine 
in order to prevent interference of the polydine with the tested wound 
dressing antibacterial properties. The new bandage was applied in the 
proper wound side, and gaze dressing was put on top of it in order to 
prevent the wound walls stick to the plaster. The mice were weighted at 
the end of the process. The mice were returned to their separate cages 
till next bandage changing.

Wound Biopsy and Histological Staining: On the 9th day, the wound 
tissue of all mice judged to be sufficient for collecting for further histology 
assay. The mice were put down by a shot of barbatol pental and their 
tissue were surgically separated with the aid of 10 mL shot of 10% 
formalin. All the tissue samples were stored in 10% buffered formalin for 
further analysis. Tissue samples collected for biopsy were embedded in 
paraffin, sectioned, and stained with hematoxylin-eosin (H&E) staining.

Histologic wound tissue samples analysis was performed by a blind 
evaluation (i.e., without prior knowledge of the treatment groups) by a 
Board Certified expert in toxicologist pathology (AN).

Porcine Model Experiment: The experiment was approved by the Israeli 
health care ethical committee [IL-17-1-26].

Wounding Procedure: 3–4 month female pigs were acclimatized for a 
week before the start of the experiment. The animals were fasted overnight 
and given xylazin 2 mg kg−1 intramuscularly 15 min before sedating with 
ketamine 10 mg kg−1 IM, followed by masking down with 1–3% isofluorane 
and intubated with a size 7.0 endotracheal tube. The hair on the back 
of the pigs was shaved and vacuumed. The skin was cleaned with 1% 
cetrimide wash, 0.05% chlorhexidine, and finally with 1% povidone-iodine. 
16 rectangle of 1.5 × 1.5 cm full thickness dermal wound was created on 
the dorsal aspect on each pig’s skin by chirurgical cutting of the skin by 
the surgical blade. The depth of the wounds was roughly 8–9 mm. The 
wounds were created 3 cm apart to reduce cross-contamination of test 
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materials and local effect of possible wound infections from one another. 
The wounds on each animal were divided into 4-time groups each 
containing four wounds which were dressed with 2 types dressing. Group 
D which was a commercial wound dressing Silvercell by Systagenix and 
group A of JF smart wound dressing. Daily monitoring of animals was 
conducted to ensure that the animals are not in any pain and stress due 
to the wounds and their surroundings.

Wound Inspection and Documentation: On day 0, 3, 6, 9, and 12, old 
dressings were removed, and the wounds were cleaned from wound 
dressing residues.

Wounds were digitally photographed alongside a sterile ruler for 
size standardization. Wound assessments were done by an experienced 
wound specialist blinded to the sample types. Wound margins were 
traced onto autoclaved transparencies for statistical comparison on the 
rate of wound closure. For postoperative wound evaluation, animals 
were given ketamine and then masked with isoflurane anesthesia at 
3% concentration with oxygen. Animals were observed daily for any 
discomfort and localized/systemic infections.

Wound Biopsy and Histological Staining: On day 3, 6, 9, and 12 
histological wound samples were taken from each time group by 
full-thickness skin punch biopsy from the center of the wound and 
its margin. After punch biopsy, the wounds were taken out of the 
experiment and treated with wound dressing D for the remaining time 
of the experiment; tissue samples were fixed with 4% paraformaldehyde 
and stored in cold and dark environment till the histological staining. 
At the end time of the experiment, the animals were euthanized with IV 
penthal 8 and 20 mL KCL.

Tissue samples collected from punch biopsy of the center of each 
wound and its margin were embedded in paraffin, sectioned and stained 
with hematoxylin-eosin staining.

Histologic wound tissue samples analysis was performed by a blind 
evaluation (i.e., without prior knowledge of the treatment groups) by a 
Board Certified expert in toxicologist pathology (AN).

Additional characterization methods can be found in the Supporting 
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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