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ABSTRACT 

Despite advances in wound treatment through tissue engineering, the rapid colonization of biomaterials 

by host cells remains a crucial step towards complete wound healing. Thanks to their excellent 

biocompatibility, biodegradability, low antigenicity and cost-effectiveness, crosslinked hydrogels have 

attracted much attention as a viable solution for wound treatment. In this work, we have developed an 

inovative crosslinking method for gelatin-based hydrogels inspired by the wound closure mechanism of 

the green algae C. taxifolia. Caulerpenyne (CYN), a metabolite extracted from the algae, was used as a 

latent crosslinking agent for gelatin. The covalent crosslinking process is triggered by an in situ and on-

demand deacetylation of the enol acetate functionalities of CYN in oxytoxin 2 (OXY) containing 1,4-

dialdehyde, which immediately reacts with the lysine residue in gelatin. The content of ε-amino groups 

in gelatin was monitored as a function of CYN concentration. Swelling and gel content were analyzed 
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as a function of CYN concentration. Morphology, rheological and biological properties were evaluated 

by in vitro and in vivo tests. Cell adhesion and viability tests performed with OXY-crosslinked hydrogels 

and compared with non-crosslinked and genipin-crosslinked gelatin showed excellent performance. 

Their use in whole skin wounds in pigs showed that CYN-crosslinked hydrogels promoted complete 

skin regeneration without any cytotoxicity, making them extremely promising matrices in the field of 

regenerative medicine.    

1. INTRODUCTION  

Perfected over millions of years of evolution, marine biological systems possess the extraordinary ability 

to fulfil their functional needs through a sophisticated interplay of chemical, physical, and mechanical 

strategies, seamlessly integrated into seawater or high-moisture environment. These systems exhibit 

adaptive multifunctionalities and mechanisms that surpass even our most advanced manufacturing 

technologies to design innovative synthetic materials 1. Understanding the mechanisms that control 

biological systems in the sea offers fascinating approaches to mimicking the performance of natural 

underwater organisms. Many marine organisms have inspired the development of synthetic materials 

technologies, such as response to stimuli 2, 3, antimicrobial shell 4, strength and toughness 5, 

microgrooves and microchannels 6, and wet adhesion 7, 8. Underwater protein crosslinking is not 

exclusively limited to bioadhesive processes as similar mechanisms have been observed in certain 

species of macroalgae, such as siphonous green algae. Upon injury, these unicellular organisms initiate 

a series of biochemical cascade reactions aimed at triggering rapid chemical crosslinking of extracellular 

matrix (ECM) proteins, leading to the formation of a biopolymer known as external wound plug (EWP) 

9-11. Beyond the wound healing mechanism, the plug-forming process is an efficient strategy for the 

rapid proliferation of green algae 12. Caulerpa taxifolia, is a tropical green invasive alga that has spread 

rapidly in the Mediterranean 13. The formation of EWP produced by C. taxifolia occurs thanks to its 

main second metabolite – Caulerpenyne (CYN) – which plays a key role in the underwater crosslinking 

process 14. This sesquiterpene is stabilized by enol acetate functionalities and stored in this latent 

chemical configuration until an external physical damage threaten the survival of the alga. Within few 

seconds after injury, cells damages trigger an esterase-mediated deacetylation of CYN producing a 1,4-
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dialdehyde derivative, referred to oxytoxine 2 (OXY). The 1,4-dicarbonyl moiety promptly reacts with 

nucleophilic functional groups of ECM proteins promoting covalent bonding. This seals the damage 

tissue so that the cytoplasm does not come into contact with the sea water.  

The use of synthetic and biological crosslinkers has been widely used to promote stability of the physical 

architecture of protein-based hydrogels used for the treatment of deep skin wounds 15. Biomaterials 

traditionally used for wound healing can act as a temporary barrier to stop bleeding, prevent infection 

and promote tissue regeneration. Despite advances in wound treatment, colonization of materials by host 

cells remains a critical challenge as the behavior of skin cells is significantly influenced by the physical, 

chemical and mechanical properties of hydrogels such as stiffness, porosity, shear stress, hydrophobicity 

and permeability 16. Although several biomaterials such as collagen and synthetic polymers have been 

developed for wound treatment, only a few have reached the market for clinical use 17. Hydrogels are 

good candidates for wound healing as they not only provide a physical barrier but also drain excess 

exudate and create a moist environment 18, 19. However, their low mechanical strength limits their use in 

clinical practice. Hydrogels with low covalent bonds promote high porosity, which enables cell viability 

and molecular diffusivity, but their low crosslinking density reduces their stiffness, which impairs the 

tissue repair process. In fact, hydrogels with optimal stiffness can promote wound closure through 

keratinocyte proliferation and migration, enhance ECM synthesis and remodeling, improve 

myofibroblast transformation, and reduce scar formation 20-23. 

Gelatin hydrogels offer promising properties, including excellent biocompatibility, biodegradability, 

low antigenicity and cost-effectiveness, but when physically crosslinked, they exhibit poor stability and 

mechanical properties. The introduction of covalent bonds between polypeptide chains using 

crosslinkers solves this problem 24, and fossil-based glutaraldehyde (GTA) is one of the most commonly 

used aldehyde compounds to produce stable protein-based hydrogels 25-27. However, this chemical 

reagent impairs the biocompatibility of these hydrogels and leads to cytotoxic effects 28. 

Biological alternatives with low cytotoxicity have been explored, such as genipin (GP) 29-31, tannic acid 

32, enzymes 33, 34, dialdehyde of natural sources 35, carrageenan 36, and methacrylate anhydride 37. 
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However, these approaches are designed for a rapid and uncontrolled crosslinking process once the 

crosslinker has been physically mixed into an aqueous gelatin solution or has come into contact with the 

gelatin scaffold. An important aspect in the development of future hydrogels is the introduction of latent 

compounds that are able to activate a crosslinking process in-situ and on demand, triggered by simple 

and mild external stimuli. A recent study reported the development of gelatin–poly(ethylene glycol) 

(PEG) composite hydrogels with different solid contents and crosslinking degrees by crosslinking a 

four-arm-PEG-succinimidyl glutarate (4-arm-PEG-SG) with gelatin for controlled release of drugs 38. 

In order to strengthen and diversify the options for meeting this challenge, we developed a novel 

crosslinking method for gelatin-based hydrogels based on the wound closure mechanism of C. taxifolia. 

We designed a biomimetic gelatin-based hydrogel by promoting its covalent crosslinking through in situ 

and on-demand deacetylation of the metabolite CYN, mimicking the CYN-crosslinked matrix scaffold 

of the alga. To achieve this, we further refined the extraction of CYN from the alga and tested its ability 

to trigger chemical crosslinking in a protein-based hydrogel by acting on a pH change through a non-

toxic and completely environmentally friendly process. We characterized the absorbability and tunable 

mechanical properties of the obtained 3D hydrogel, investigated its biocompatible and skin cell growth-

inducing properties and questioned its potential to promote wound healing in vivo. 

2. MATERIALS AND METHODS 

2.1. Raw materials 

Gelatin (type B, 225 Bloom) was purchased from Sigma (Sigma Aldrich Chimie S.a.r.l., Saint-Quentin-

Fallavier, France). GP was purchased from Apollo Scientific (Cheshire, UK) and CYN was isolated 

from C. taxifolia in Villefranche-Sur-Mer (France) according to our previously described protocol 39 

under current regulatory framework. In brief, freeze-dried C. taxifolia (~ 30 kg) was crushed and 

extracted six times with 1 L of a mixture of MeOH–CH2Cl2 (1:1, v/v). The combined fractions were 

evaporated under reduced pressure to obtain a crude organic extract, which was purified by CPC using 

Arizona U (heptane, EtOAc, MeOH, H2O; 4/1/4/1; v/v/v/v) as a two-phase solvent system to obtain 7 

g of pure CYN. 
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2.2 Preparation of crosslinked gelatin  

2.2.1. CYN-crosslinked gelatin  

Two mL of aqueous gelatin solution (20 %, w/v) was heated at T = 60 °C for 3 hours to ensure complete 

solubilization. A mixture of CYN/EtOH (10, 20, 30 mg.mL-1) was then added to the solution to achieve 

a final CYN concentration of 5, 10 and 15 wt% (based on gelatin), designated as gel/CYN5, gel/CYN10 

and Gel/CYN15, respectively. The formulation was then poured into a silicone mold and cooled to T = 

4 °C for 3 hours. The physical hydrogel was then removed from the silicone mold and immersed in 

NaOH solution (0.1 M) at T = 4 °C for 24 hours. To re-equilibrate the pH and remove all traces of 

unreacted CYN, the hydrogel was purified in water at T = 37 °C for 24 hours. As a control, pure gelatin 

was mixed with CYN without treatment with aqueous NaOH solution. The control samples were stored 

at 4 °C for 1 week. 

2.2.2. GP crosslinked gelatin 

Two mL of aqueous gelatin solution (20 %, w/v) was heated at T = 60 °C for 3 hours to ensure complete 

solubilization. A mixture of GP/EtOH (10, 20, 30 mg.mL-1) was added to the solution to achieve a GP 

concentration of 5, 10, 15 % (relative to the gelatin), designated as gel/GP5, gel/GP10 and gel/GP15, 

respectively. The formulation was then poured into a silicone mold and incubated at 37 °C for 24 hours. 

To remove all traces of unreacted GP, the hydrogel was purified in water at T = 37 °C for 24 hours.  

2.3. Methods for biomaterial characterization 

2.3.1. Trinitrobenzene sulfonic acid (TNBS) assay 

The extent of reacted ε-amino groups in gelatin was determined using TNBS % (Sigma), which interacts 

with lysine and hydroxylysine residues to generate trinitrophenyl derivatives that absorb in the UV 

range. In brief, 11 mg of uncrosslinked and crosslinked gelatin samples were mixed with 1 mL of a 4 % 

sodium bicarbonate solution and 1 mL of 0.5 % TNBS and incubated at 40 °C for 4 hours. Subsequently, 

3 mL of 6-N hydrochloric acid was added to the mixture and autoclaved at 120 °C for 1 hour to dissolve 

all insoluble parts of the hydrogel. The hydrolysate was then diluted with 5 mL of water and extracted 
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with diethyl ether. To remove the remaining ether, 5 mL of the aqueous phase was heated in a hot water 

bath for 15 minutes. After cooling to room temperature, the aliquot part of the aqueous phase was diluted 

with 15 mL of water. The absorbance was measured at 346 nm in a UV-Vis spectrometer using a quartz 

cuvette with 1 cm path length. The blanks were prepared using the same procedure, except that HCl was 

added before TNBS to prevent the amino groups of the gelatin from reacting with TNBS. Three 

replicates were used for each determination. The same procedure was used for the pure gelatin samples, 

which served as controls. 

𝑟𝑒𝑎𝑐𝑡𝑒𝑑	𝜀 − 𝑎𝑚𝑖𝑛𝑜	𝑔𝑟𝑜𝑢𝑝𝑠	(%) = 	61 − !"#.		&'()*+,##-./012	31-45./
!"#.6/+14*512	31-45./	

8  (1) 

2.3.2. Rheological properties of CYN-crosslinked gelatin    

A HAAKE MARS rheometer (Thermo Fisher Scientific, Villebon-sur-yvette, France) with a plate 

geometry (25 mm plate diameter and 1 mm gap) was used to characterize the rheological properties of 

CYN-crosslinked gelatin. An integrated Peltier plate was used to set the temperature. The storage 

modulus (G’) and the loss modulus (G'') were investigated as a function of frequency. A frequency 

sweep experiment was performed by varying the frequency from 0.1 to 10 Hz at constant strain (1 %) 

at T = 37 °C. The hydrogel was equilibrated at 37 °C for 10 minutes. A solvent trap was used to avoid 

water evaporation during the measurement. 

2.3.3. Compression Tests 

The HAAKE MARS rheometer was used for the mechanical compression test at 37 °C. The cylindrical 

test specimens (25 mm diameter, 3 mm thickness) were inserted into the lower plate of the rheometer. 

The hydrogels were compressed vertically by the upper plate at a constant speed of 0.1 mm.s-1 to 40 % 

of the initial gap to prevent the sample from being squeezed out. 

2.3.4. Gel content and Swelling 

Freeze-dried crosslinked samples with a cylindrical shape (20 mm diameter x 10 mm thickness) were 

prepared and weighed for the gel content and swelling tests. The samples were hydrated in deionized 

water at 37 °C for 24 hours, removed from water, wiped with tissue paper and weighed. The gel content 
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was determined by immersing the CYN-crosslinked gelatin samples and the control sample in hot 

deionized water (T = 50 °C) for 48 h. The remaining crosslinked hydrogels were then removed, frozen 

for 24 h and freeze-dried for 48 h. The gel content (%) and SD (%) were calculated using the following 

equations: 

𝑔𝑒𝑙	𝑐𝑜𝑛𝑡𝑒𝑛𝑡	(%) = 7!"#$%

7"#"&"$%
× 100  (2)     

𝑆𝐷	(%) = 7'()%%*#)7"#"&"$%
7"#"&"$%

× 100  (3) 

Wswollen was the weight of the swollen sample after 24 hours at 37 °C, Winitial was the initial weight of the 

dry samples, and Wfinal was the weight of the dry samples after 48 hours at T = 37 °C. The results of the 

degree of swelling and gel content were averaged over the measurements carried out in triplicate. The 

results are given as mean ± standard error. 

2.3.5. Scanning Electron Microscopy (SEM) 

CYN-crosslinked samples (5, 10 and 15%) were swollen in water at 37 °C for 48 hours, cut into 

cylindrical shapes (20 mm diameter), frozen overnight and freeze-dried for 48 hours. Cross-sections 

were performed at room temperature using a razor blade. The cross sections were gold plated (3 nm) 

with a Q150R S sputter coating (Quorum Technologies) prior to observation with a Phenom ProX 

Desktop SEM. Image-J software was used to estimate the pore size. The results are given as mean ± SD. 

2.4. Methods for analyzing biocompatibility and functionality of gels 

2.4.1. Cell culture 

Normal human keratinocytes (NHK) were obtained from human foreskin according to previously 

published procedures 40 and grown in supplemented keratinocyte growth medium containing 0.15 mM 

CaCl2 (KGM-GOLD BulletKit, Lonza Biosciences, Basel, Switzerland). Normal human fibroblasts 

(NHF) were obtained from human foreskin explants and cultured using standard techniques in DME 

supplemented with 2 mM glutamine, an antibiotic cocktail and 10 % fetal calf serum 41. Skin biopsies 
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were obtained in compliance with ethical and safety guidelines according to the French donor regulation 

(declaration n° DC -2008-162, submitted to the Cell and Tissue Bank of the Hospices Civils de Lyon). 

2.4.2. Cell adhesion experiment 

The NHF and NHK were detached from culture plates and counted. Cells were seeded in 96-well plates 

with bottoms previously coated with gelatin, CYN-crosslinked gelatin (5, 10 and 15 %) and with GP-

crosslinked gelatin (5, 10 and 15 %). Both NHFs and NHKs were seeded (4 x 104 cells per well) in their 

respective culture medium (5 wells per condition). After 1 hour at 37 °C in a humidified incubator with 

5 % CO2, the non-adherent cells in each well were counted. The number of adherent cells was 

determined by subtracting the non-adherent cells from the total number of seeded cells.  

2.4.3. Cell viability test 

NHFs and NHKs were separated from their culture plate and placed in a 96-well plate whose bottom 

had previously been coated with gelatin, CYN-crosslinked gelatin (5, 10 and 15 %) and with GP-

crosslinked gelatin (5, 10 and 15 %) and sterilized with ethanol 70 %. NHFs were seeded with 105 cells 

per well and NHKs with 4 x 105 cells per well in the respective culture media (5 wells per condition). 

After 2 hours at 37 °C in a humidified incubator with 5 % CO2, the cell culture medium was removed 

and replaced with culture medium containing 12.5 % Alamar Blue cell viability reagent (Bio-Rad France 

Laboratories, Marnes-La-Coquette, France). To monitor cell growth, the absorbance of the culture 

medium was measured at 590 nm at different time points. NHFs and NHKs were photographed using a 

Zeiss Axiovert 40 microscope coupled to a Coolsnap Fx camera (Roper Scientific, Evry, France).  

2.4.4. In vivo assay 

Two full-thickness wounds (punch biopsy of 11 mm diameter and 4 mm thickness) were made on the 

backs of 2 female pigs. In each pig, one wound was treated with the gel/CYN5 and a control wound was 

treated with the gel/GP5. The gel-treated wounds were covered with a secondary dressing consisting of 

a microporous polyurethane film (Tegaderm), sterile dressings and Elastoplast to protect and secure 

them. The quality of each wound was clinically assessed by photographs on day (D)7 and D10 after 
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wound treatment, and a secondary dressing change was performed on D7. A biopsy including all wounds 

treated with the two gels from the same pig was performed on D7 and D10. The samples were 

immediately processed for microscopic examination. The experiments were conducted at the Institut 

Claude Bourgelat VetAgro Sup Campus Vétérinaire de Lyon, where the pigs were kept under pathogen-

free conditions in facilities approved by the accreditation for the care of laboratory animals and 

compliant with current regulations and standards of the French Ministry of Agriculture, which comply 

with the ARRIVE guidelines and should be carried out in accordance with the U.K. Animals (Scientific 

Procedures) Act, 1986 and associated guidelines. All procedures used in this study were approved by 

the Institutional Animal Care and Use Committee of VetAgro Sup, Campus Vétérinaire de Lyon, France. 

For histologic analysis, biopsies were processed for paraffin embedding, and paraffin sections were 

processed for hematoxylin-eosin-phloxin-saffron (HES) staining. The stained skin sections were 

scanned with a ZEISS Axioscan 7 and the images were processed with Fiji software as previously 

described 42. 

2.4.5. Transmission electron microscopy 

The tissue was cut into small pieces and fixed in 2 % glutaraldehyde at 4 °C for 2 hours. The samples 

were washed three times at 4 °C and fixed in 2 % OsO4 for 1 hour at 4 °C. The fixed tissues were 

dehydrated in a series of graded ethanol washes, transferred to propylene oxide and impregnated with 

Epon A (50 %), Epon B (50 %), and DMP30 (1.7 %). Inclusions were obtained by polymerization at 60 

°C for 72 hours and sections were made using a UC7 (Leica) ultramicrotome. Areas were first selected 

on semi-thin sections (1000 nm thick) stained with methylene blue Azur II. Ultrathin sections (~100 

nm) were mounted on 150 copper grids coated with 1:1,000 polylysine, stabilized at RT and treated with 

uranyl acetate and lead citrate. The sections were examined with a Jeol 1400JEM (Tokyo, Japan) 

transmission electron microscope, 100 kV, equipped with an Orius 600 camera and Digital Micrograph. 

2.5. Statistical treatment of the data 

All data in the Results section are presented as mean ± st. dev., unless otherwise specified. The one-way 

method ANOVA and Student tests were used to analyse the cell biology data, and a p-value of less than 
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0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism 

software, version 8.4.2 (GraphPad Software). All results are given as mean ± standard deviation (SD). 

3. RESULTS  

3.1 Preparation and characterization of CYN-crosslinked gelatin 

The CYN-crosslinking process, shown schematically in Figure 1, was carried out at low temperature (~ 

4 °C), in order to maintain the dimensional stability (tripe-helix configuration) of the physical hydrogel 

during chemical crosslinking.  

 

Figure 1. Schematic illustration of the main steps for the preparation of gelatin hydrogel crosslinked 

by CYN. 

Since it can be assumed that OXY reacts with the ε-amino groups of lysine or hydroxylysine in the 

gelatin, the unreacted free primary amino groups can be easily quantified by a spectrophotometric 

method using the TNBS assay. The extent of reacted ε-amino groups was determined using Equation 1 

and shown in Figure 2a. By increasing the CYN concentration from 5 to 15 wt%, the extent of reacted 

ε-amino groups increases from 60 to about 90 %.  
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Figure 2. (a) TNBS assay results, (b) gel content, and (c) sweeling degree function of the CYN 

concentration (5, 10, 15 %wt).  

The degree of crosslinking of hydrogels can be efficiently estimated by measuring the gel content and 

swelling. In general, a low degree of crosslinking leads to a high-water absorption capacity and thus to 

a decrease in gel content, while highly crosslinked hydrogels allow an increase in gel content and reduce 

swelling capacity. As shown in Figure 2b, an increase in gel content was observed as a function of the 

concentration of the latent crosslinking agent. Gel/CYN5 shows a gel content of about 60 %, while with 

gel/CYN15 almost 90 % gel was achieved. As with the algae, no crosslinking reaction was observed 

between the CYN stabilized by enol acetate functionalities and the gelatin, even when incubated for 1 

week at 4 °C. This result could be easily verified by evaluating the gel content of the control samples 

(without treatment in aqueous NaOH solution). As expected, the mixture was completely dissolved, 

indicating the absence of crosslinking network. The swelling capacity of the CYN-crosslinked gelatin 

hydrogels was calculated using Equation 3 and shown in Figure 2c. The degree of swelling of the three 

tested samples is 2260 % ± 62 %, 552 % ± 55 % and 438 % ± 27 % for gel/CYN5, gel/CYN10 and 

gel/CYN15, respectively. According to the gel content results (Figure 2b), the increase in crosslink 

density with the increase in CYN concentration contributes to the decrease in swelling capacity. The 

TNBS determination, the gel content and the swelling capacity (Figure 2) show a similar trend with a 

strong variation between 5 and 10 wt%. However, a less pronounced variation in gel content and 

crosslinking ability was observed at CYN content higher than 10 wt (Figures 2b, c), which is a direct 

consequence of the lower ability to find ε-amino groups for the crosslinking reaction (Figure 2a). This 

indicates that deacetylated CYN is unable to form a fully crosslinked hydrogel, likely due to the 
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shielding effect of the gelling tertiary structure 43, 44, which prevents some of the lysine residues from 

reacting with OXY.  

The morphology of the CYN-crosslinked gelatin was examined by scanning electron microscopy 

(SEM). Figure 3 shows the cross-section SEM images of freeze-dried gelatin hydrogels prepared with 

different CYN concentrations (5, 10 and 15 %). The images show interconnected open pores, which are 

essential for the transport of nutrients and oxygen to the cells in the hydrogel 45. Similar morphologies 

have already been described for hydrogels crosslinked with gelatin 46-48. From 50 to 80 pores were 

measured in SEM images of each condition using the Image J software (threshold technique). The pore 

sizes were estimated to be 400 ± 34, 362 ± 23 and 348 ± 41 μm for gel/CYN5, gel/CYN10 and 

gel/CYN15, respectively. An increase in CYN concentration leads to a decrease in average pore size, 

indicating an increase in crosslink density. As previously reported, such average pore sizes enable cell 

proliferation and angiogenesis 49. 

 

Figure 3. SEM images of cross-section morphology of the gel-cyn hydrogels: (a) gel/CYN5, (b) 

gel/CYN10, (c)gel/CYN15. 

The rheological properties of the CYN-crosslinked gelatin hydrogels were investigated by frequency 

sweep experiments. The measurements were performed at 37 °C to evaluate the reaction of the hydrogel 

at physiological temperature. Above a certain temperature (denaturation temperature, Td), the physically 

crosslinked gelatin hydrogel transitions from a triple helix to a random coil. The Td of gelatin depends 

on several factors, such as gel straightness (Bloom), concentration, moisture content and pH 50, 51, and is 

generally below 37 °C. It is worth noting that the frequency sweep experiment for CYN-crosslinked 
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samples shows an almost constant value of G’ in the frequency range studied (0.1-10 Hz), indicating the 

formation of a stable crosslinked network in gel/CYN samples (Figure 4a). The storage modulus of the 

crosslinked gelatin hydrogels increases as a function of CYN concentration. The G’ (f = 1 Hz) was 

measured at 64, 463 and 1426 Pa for gel/CYN5, gel/CYN10, and gel/CYN15, respectively. This result 

reflects the degree of crosslinking of the samples, which increases with increasing CYN concentration.  

 

Figure 4.(a) Frequency sweep experiment of cyn-crosslinked gelatin at 37 °C (strain 1%); (b) 

compression test of cyn-crosslinked gelatin at 37 °C.  

A compression test was carried out with a constant compression rate of up to 40 % of the strain (Figure 

4b) at 37 °C. The stress-strain curves follow a similar trend as reported in the literature for protein-based 

hydrogels 30, 52. Due to the viscoelastic properties of the crosslinked hydrogels, a non-linear variation of 

the curves was observed and no breaking point was observed at 40 % of the strain. As can be seen in 

Figure 4b, different behaviors were detected depending on the CYN concentration. When the CYN 

concentration is increased from 5 to 15 %, the compressive stress rises from 4.8 to 20.6 kPa at 40 %, 

indicating a significant increase in mechanical strength.  

3.2. In vitro characterization of the biological properties of the CYN-crosslinked gelatin  

To investigate the compatibility of CYN-crosslinked hydrogels with human skin cells, we first examined 

the ability of dermal NHFs and epidermal NHKs to interact with the gels compared to control GP-

crosslinked gels (Figure 5). As expected, NHF adhesion was significantly increased regardless of the 

concentration of CYN or GP used compared to non-crosslinked gelatin, which is known to be less 
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effective 53. (Figure 5a). While cell adhesion to CYN-crosslinked gels remained high, it was increased 

with the stiffness of the gel. This stiffness-dependent adhesion property was not found for GP gels 

(Figure 5a). As for NHKs, adhesion to all CYN- or GP-crosslinked gels was as good as to gelatin alone, 

which is known to be a good adhesion substrate for NHKs (Figure 5b) 52. Similar to that seen with NHFs, 

the adhesion of NHKs to the CYN-crosslinked gels was progressive and correlated with the degree of 

crosslinking achieved in the 15 % crosslinked gel, which was higher than in the corresponding GP 

control.  

 

Figure 5. CYN-crosslinked gelatin promotes human skin cells adhesion in a gel stiffness-dependent 

manner. (a) Human primary dermal fibroblasts and (b) epidermal keratinocytes were seeded for 1 hour 

on non-crosslinked gelatin, gel/CYN5, gel/CYN10 and gel/CYN15 as well as gel/GP5, gel/GP10 and 

gel/GP15. Adherent cells were quantified and expressed as a percentage of total cells.  Shown are mean 

± SD with ****p < 0.0001, ***p < 0.001, **p < 0.01 determined by Student's t test. 

To assess the cytocompatibility and the ability of the CYN-crosslinked gels to promote cell growth, we 

examined the viability of NHFs and NHKs seeded on the CYN-crosslinked gels compared to non-

crosslinked and GP-crosslinked gelatin (Figure 6). All gels tested allowed the cells to live and grow over 
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a long period of time, albeit to varying degrees. Higher NHF growth was observed on the CYN gels in 

the first few hours of culture, but this quickly reached a plateau (Figure 6a). 

 

Figure 6. CYN-crosslinked gels biocompatibility over time. Human primary dermal fibroblasts (a) and 

epidermal keratinocytes (b) were seeded on gelatin, gel/CYN and gel/GP as indicated. Cell viability and 

growth were monitored using the Alamar-Blue assay during the indicated period. Shown are mean ± SD 

with ****p < 0.0001, ***p < 0.001, **p < 0.01 determined by Student's t test. Note the presence of cell 

aggregates on the gels crosslinked with GP. Bar, 50 µm. (c) Phase contrast images of cells at confluency. 

Note the presence of cell aggregates on the gels crosslinked with GP. Bar, 50 µm. 

Growth on the GP gels was slower over time and remained significantly lower at each time point 

measured and for each concentration of crosslinking agent. Non-crosslinked gelatin was again the least 

effective growth substrate. The situation was different for the NHKs, which showed a profile of survival 

and maximum growth on non-crosslinked gelatin (Figure 6b). Although the cell viability profiles for all 

crosslinked gels were relatively close to each other, we found that the growth rate on the CYN-
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crosslinked gels was systematically slightly and significantly higher than on their GP-crosslinked 

counterparts. Observation of the cells after 24 hours of culture shows that confluent cell layers are 

present under all crosslinking conditions, indicating a good growth rate of the cells (Figure 6c).  We 

note that cell aggregates are present on the GP-crosslinked gels, which could be related to the high 

adhesion capacity of these gels and could be the cause of the slowdown in the proliferation process.  

3.3. Analysis of the skin healing effect of CYN-crosslinked gelatin in vivo  

The healing-promoting activity of the gel/CYN5 was evaluated in a porcine model of a deep wound in 

comparison to the gel/GP5 (Figure 7). The two gels were equally easy to apply to the wounds, remained 

in place throughout the experiment and showed no macroscopically significant differences in the healing 

process, which lasted until D10.  

 

Figure 7. Full thickness punch wounds on the back of two pigs at D0 and immediate treatment with 

GEL/CYN5 or GEL/GP5. Appearance of the two healed skin wounds at D10 post-injury. Bar 5 mm. 

Histological analysis of HES-stained sections of biopsies taken at D7 (a, b) and D10 (c, d) after injury 

showed clear differences in the healing process (Figure 8A). From the seventh day after treatment (a,b), 

the wounds treated with the two gels showed well-developed granulation tissue filling the entire wound 

space. The wounds treated with gel/CYN5 were already completely reepithelialized by a thin epidermal 

layer (a), whereas the epidermalization of the wounds treated with gel/GP5 only started at the two 

adjacent wound edges (b). The analysis of the biopsies on D10 shows very clear differences (c, d). The 
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epidermis of the gel/CYN5-treated wounds was completely regenerated and reconstructed (c), whereas 

the epidermis of the gel/GP5-treated wounds had not even covered the granulation tissue (d). The 

maturation of the granulation tissue of wounds treated with the gel/CYN5 hydrogel was remarkably 

advanced and showed an appearance close to the normal dermis when compared to the gel/GP5, which 

was still in the inflammatory phase of the repair process. These results show that CYN-crosslinked 

gelatin is a hydrogel that can promote skin repair. Wounds treated with this hydrogel were already 

covered with epidermis on the seventh day after injury, and complete healing was accomplished on the 

tenth day without any abnormalities. Wound re-epithelialization is an essential step that determines the 

overall healing process and influences the quality of the restored tissue 21.  The CYN-crosslinked gelatin 

showed a clear advantage over its GP-crosslinked counterpart, in which the re-epithelialization of the 

wound was not even completed on the tenth day under the same conditions and the inflammatory phase 

was still ongoing. 

 

Figure 8. (A) HES-stained histological sections of the whole wound biopsies treated with gel/CYN5 

(a, c) and gel/GP5 (b, d) at D7 and D10 post injury. GT granulation tissue; mGT, mature granulation 

tissue; E, epidermis; cE, complete epidermisation; rE, regenerated epidermis. Bar 1 mm. (B) 

Transmission electron microscopy images of the granulation tissue of wound treated by gel/CYN5 (a, 

c) and gel/GP5 (b, d) at day 10 post-injury. Bar 2 µm (a, b), 0.2 µm (c, d). 
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To assess the quality and maturation stage of the granulation tissue on the 10th day after injury, we 

performed transmission electron microscopy (Figure 8B). Low magnification images of the granulation 

tissue of wounds treated with gel/GP5 show a sparse matrix containing numerous inflammatory cells 

(b), whereas it is very dense and much less cellularized in wounds treated with gel/CYN5 (a). A closer 

look at the ECM shows a network of longitudinal and transverse collagen fibers that is already well 

organized after treatment with gel/CYN5, while it still appears rudimentary and early in the granulation 

tissue formed after treatment with gel/GP5.  

4. DISCUSSION  

Our study reports the first crosslinking method of protein-based hydrogels based on the wound closure 

mechanism of the Mediterranean algae C. taxifolia. The successful spread of C. taxifolia is indeed 

attributed to a combination of factors, including high temperature tolerance, asexual reproduction and 

an exceptionally fast response to wounds 54. This ability to heal by forming a protective matrix depends 

on CYN, an important metabolite that plays a key role in the repair of damaged tissue. The three acetate 

groups of this sesquiterpene are enzymatically cleaved within minutes after mechanical damage, and its 

deacetylated structure (OXY) immediately reacts with nucleophilic functional groups of ECM proteins, 

promoting the process of underwater covalent crosslinking thereby building the 3D network EWP. After 

extracting CYN, we successfully used it to crosslink a gelatin polymer and mimic the structural and 

mechanical properties of the algae’s EWP matrix. By acting on external stimuli such as pH with an 

aqueous NaOH solution, we achieved in situ deacetylation of CYN, leading to the formation of OXY, 

which immediately crosslinked gelatin molecules (Figure 1). As previously reported 55, chemical bases 

were efficiently used to convert 1,4-bis-enol acetate to 1,4-dialdehyde. The development of several 

physical gelatin hydrogels with different concentrations of organic latent CYN crosslinker from 5 to 15 

% showed that the crosslinking density increases as a function of CYN concentration, leading to a 

gradual decrease in the degree of swelling from 2260 % ± 62 % to 438 % ± 27 %. These data place the 

tested gels in the category of highly swelling hydrogels, whose properties are extremely interesting for 

wound care, as they have a high absorption capacity for wound exudates and a high activity to promote 

cell recruitment and migration 56. In addition, the excellent water retention capacity is the most 
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remarkable feature of hydrogels, which is the basis for mimicking the softness and water content of 

ECMs 57. Also, the pore size, ranging from 400 ± 34 to 348 ± 41 μm in diameter, makes these 

macroporous gels excellent candidates for direct cell colonization, ECM production, and the 

development of a network of blood and lymphatic vessels ranging from 20 to 150 µm in diameter 58. 

The rheological and mechanical properties showed a similar trend with an increase in storage modulus 

and mechanical strength as a function of CYN concentration. A storage modulus of 64, 463 and 1426 

Pa for gel/CYN5, gel/CYN10 and gel/CYN15, respectively, offers a wide range of possibilities for 

clinical applications. Several cell types are involved in the wound healing process, including 

inflammatory cells, keratinocytes, fibroblasts, myofibroblasts, and endothelial cells, which respond to 

the mechanical forces of the microenvironment by initiating a cascade of cell cytoskeleton-dependent 

events and pathways leading to cell proliferation and migration, ECM synthesis and remodeling, and 

termination of inflammation 20, 21, 59. Regardless of their CYN content, the gels were found to induce 

adhesion and growth of human dermal and epidermal cells, consistent with the process of tissue repair. 

These properties were steadily better than those of GP-crosslinked gels. Our cell adhesion assays showed 

that both NHFs and NHKs immediately adhered and spread on CYN-crosslinked gels. More than 70 % 

of the plated cells adhered within one hour after contact with the gel/CYN5 % and increased to 80 % 

and 100 % when gel stiffness increased with gel/CYN 10 and 15, respectively. This stiffness-dependent 

cell adhesion property confirms that CYN-crosslinked gels are powerful tools with tunable mechanical 

properties that are sensed and responded to by the cells. This represents a significant advantage, as 

substrate stiffness influences the organization of the cell cytoskeleton, the migration behavior and the 

fate of the cells 60. The dependence on the percentage of crosslink was also evident in our cell viability 

and proliferation assays, where we found optimal cell growth with CYN5 gels, a result most likely 

related to a stiffness more suitable for cell proliferation. Our results showing that all CYN-crosslinked 

hydrogels exhibit excellent cytocompatibility and growth-promoting properties towards skin cells 

prompted us to consider their use for skin repair in vivo. Our preliminary preclinical tests with the 

gel/CYN5 in a deep porcine wound model have shown that the gel can excellently promote skin 

regeneration compared to its counterpart, the gel/GP5. Immunohistochemical analysis of the healing 

process showed that the CYN-crosslinked gel already promoted complete epidermal coverage of 
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granulation tissue on the seventh day. Furthermore, the gel/CYN5 led to a complete regeneration of the 

epidermis on a fully reconstituted dermis of mature ECM, whose inflammatory phase seems to have 

subsided on the tenth day after the lesion, when the gel/GP5 had not yet completed its re-epithelialization 

phase. All our in vitro and in vivo results make CYN-crosslinked hygrogels extremely promising 

matrices for the field of regenerative medicine. With its specific properties, CYN joins the list of 

biological crosslinking agents obtained from natural resources that have no toxic effects and therefore 

guarantee safety for humans and the environment 61. Our work, which shows a functional superiority of 

the CYN-crosslinked hydrogels compared to hydrogels crosslinked with GP, one of the most commonly 

used natural crosslinking agents, opens up interesting perspectives to be explored in the near future with 

regard to the range of possible applications. The mechanical and ultrastructural properties of CYN-

crosslinked hydrogels, which can be modulated according to the degree of crosslinking, are similar to 

those recently described in a series of new gelatin-PEG hybrid hydrogels for the delivery of molecules 

38. However, CYN-crosslinked hydrogels differ from gelatin-PEG hybrid hydrogels in their ease and 

speed of synthesis and their exclusive gelatin content. Besides, their already proven ability to promote 

skin regeneration in vivo makes them candidates for immediate large-scale preclinical testing. 

5. CONCLUSION  

Caulerpenyne plays a key role in the repair of damaged tissue in C. taxifolia. Its deacetylated structure 

(OXY) promptly reacts with nucleophilic functional groups of ECM proteins, promoting the process of 

underwater covalent crosslinking. Inspired by the wound closure mechanism of C. taxifolia, we 

developed a crosslinked gelatin hydrogel by in situ and on-demand deacetylation of CYN. In this study, 

we determined a simple method to convert CYN to OXY by changing the pH with an aqueous NaOH 

solution. The results show an increase in crosslinking density as a function of CYN concentration, 

leading to a decrease in the swelling degree and pore size. The rheological and mechanical properties 

showed a similar trend with an increase in storage modulus and mechanical strength as a function of 

CYN concentration. The gels crosslinked in this way exhibited such cytocompatibility properties that 

we could consider their use for skin repair. Regardless of their CYN content, the gels were found to 

induce adhesion and growth of dermal and epidermal cells, consistent with the process of tissue repair. 
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These properties were consistently better than those of GP-crosslinked gels. Preliminary preclinical tests 

conducted with the gel/CYN5 in a porcine deep wound model demonstrated the gel's ability to promote 

skin regeneration in an exceptional manner. 

 

Table of Contents (TOC) 

 

  



 22 

AUTHOR INFORMATION 

Corresponding author 

*Email: Nicolas.SBIRRAZZUOLI@univ-cotedazur.fr 

Author Contributions 

The conception, design, achievement of experiments, and analysis of data were performed by all authors. 

GM and PR wrote the manuscript. PR and DP performed in vitro and in vivo experiments respectively. 

All authors revised the manuscript and gave their approval of the submitted version. 

Notes  

The authors declare that they have no known competing financial interests or personal relationships that 

could have appeared to influence the work reported in this paper.  

Data availability  

The raw data required to reproduce these findings are available on request. 

ACKNOWLEGMENTS 

The work was supported by Université Côte d’Azur and SATT Sud-Est funds to MM and NS and by 

Auvergne-Rhône Alpes and Cares HORIZON-TMA-MSCA-SE grants to PR. We acknowledge E. 

Errazuriz of SFR Santé Lyon-Est (UAR3453 CNRS, US7 Inserm, UCBL) facility for EM experiments.  

  

mailto:Nicolas.SBIRRAZZUOLI@univ-cotedazur.fr


 23 

REFERENCES 

(1) Egan, P.; Sinko, R.; LeDuc, P. R.; Keten, S. The role of mechanics in biological and bio-inspired 
systems. Nat Commun 2015, 6, 7418. DOI: 10.1038/ncomms8418  From NLM. 
(2) Bellamkonda, R. V. Biomimetic materials: marine inspiration. Nat Mater 2008, 7 (5), 347-348. DOI: 
10.1038/nmat2176  From NLM. 
(3) Capadona, J. R.; Shanmuganathan, K.; Tyler, D. J.; Rowan, S. J.; Weder, C. Stimuli-responsive 
polymer nanocomposites inspired by the sea cucumber dermis. Science 2008, 319 (5868), 1370-1374. 
DOI: 10.1126/science.1153307  From NLM. 
(4) Papi, M.; Palmieri, V.; Bugli, F.; De Spirito, M.; Sanguinetti, M.; Ciancico, C.; Braidotti, M. C.; 
Gentilini, S.; Angelani, L.; Conti, C. Erratum: Biomimetic antimicrobial cloak by graphene-oxide agar 
hydrogel. Sci Rep 2017, 7 (1), 2779. DOI: 10.1038/s41598-017-00063-5  From NLM. 
(5) Espinosa, H. D.; Juster, A. L.; Latourte, F. J.; Loh, O. Y.; Gregoire, D.; Zavattieri, P. D. Tablet-level 
origin of toughening in abalone shells and translation to synthetic composite materials. Nat Commun 
2011, 2, 173. DOI: 10.1038/ncomms1172  From NLM. 
(6) Lee, M. K.; Rich, M. H.; Baek, K.; Lee, J.; Kong, H. Bioinspired tuning of hydrogel permeability-
rigidity dependency for 3D cell culture. Sci Rep 2015, 5, 8948. DOI: 10.1038/srep08948  From NLM. 
(7) Zhong, C.; Gurry, T.; Cheng, A. A.; Downey, J.; Deng, Z.; Stultz, C. M.; Lu, T. K. Strong underwater 
adhesives made by self-assembling multi-protein nanofibres. Nat Nanotechnol 2014, 9 (10), 858-866. 
DOI: 10.1038/nnano.2014.199  From NLM. 
(8) Clancy, S. K.; Sodano, A.; Cunningham, D. J.; Huang, S. S.; Zalicki, P. J.; Shin, S.; Ahn, B. K. Marine 
Bioinspired Underwater Contact Adhesion. Biomacromolecules 2016, 17 (5), 1869-1874. DOI: 
10.1021/acs.biomac.6b00300  From NLM. 
(9) Welling, M.; Pohnert, G.; Küpper, F. C.; Ross, C. Rapid Biopolymerisation During Wound Plug 
Formation in Green Algae. The Journal of Adhesion 2009, 85 (11), 825-838. DOI: 
10.1080/00218460903291452. 
(10) Weissflog, I. A.; Grosser, K.; Bräutigam, M.; Dietzek, B.; Pohnert, G.; Popp, J. Raman 
spectroscopic insights into the chemical gradients within the wound plug of the green alga Caulerpa 
taxifolia. Chembiochem 2013, 14 (6), 727-732. DOI: 10.1002/cbic.201300013  From NLM. 
(11) Dreher, T. W.; Hawthorne, D. B.; Grant, B. R. The wound response of the siphonous green algal 
genusCaulerpa III: Composition and origin of the wound plugs. Protoplasma 1982, 110 (2), 129-137. 
DOI: 10.1007/BF01281539. 
(12) Giulia, C.; Francesco, C. The role of vegetative fragmentation in dispersal of the invasive alga 
Caulerpa taxifolia in the Mediterranean. Marine Ecology Progress Series 1999, 182, 299-303. 
(13) Meinesz, A.; Belsher, T.; Thibaut, T.; Antolic, B.; Mustapha, K. B.; Boudouresque, C.-F.; Chiaverini, 
D.; Cinelli, F.; Cottalorda, J.-M.; Djellouli, A.; et al. The Introduced Green Alga Caulerpa Taxifolia 
Continues to Spread in the Mediterranean. Biological Invasions 2001, 3 (2), 201-210. DOI: 
10.1023/A:1014549500678. 
(14) Adolph, S.; Jung, V.; Rattke, J.; Pohnert, G. Wound closure in the invasive green alga Caulerpa 
taxifolia by enzymatic activation of a protein cross-linker. Angew Chem Int Ed Engl 2005, 44 (18), 
2806-2808. DOI: 10.1002/anie.200462276  From NLM. 
(15) Firlar, I.; Altunbek, M.; McCarthy, C.; Ramalingam, M.; Camci-Unal, G. Functional Hydrogels for 
Treatment of Chronic Wounds. Gels 2022, 8 (2). DOI: 10.3390/gels8020127  From NLM. 
(16) Mastrullo, V.; Cathery, W.; Velliou, E.; Madeddu, P.; Campagnolo, P. Angiogenesis in Tissue 
Engineering: As Nature Intended? Front Bioeng Biotechnol 2020, 8, 188. DOI: 
10.3389/fbioe.2020.00188  From NLM. 
(17) Smandri, A.; Nordin, A.; Hwei, N. M.; Chin, K. Y.; Abd Aziz, I.; Fauzi, M. B. Natural 3D-Printed 
Bioinks for Skin Regeneration and Wound Healing: A Systematic Review. Polymers (Basel) 2020, 12 
(8). DOI: 10.3390/polym12081782  From NLM. 
(18) Broussard, K. C.; Powers, J. G. Wound dressings: selecting the most appropriate type. Am J Clin 
Dermatol 2013, 14 (6), 449-459. DOI: 10.1007/s40257-013-0046-4  From NLM. 



 24 

(19) Francesko, A.; Petkova, P.; Tzanov, T. Hydrogel Dressings for Advanced Wound Management. 
Curr Med Chem 2018, 25 (41), 5782-5797. DOI: 10.2174/0929867324666170920161246  From NLM. 
(20) Rousselle, P.; Montmasson, M.; Garnier, C. Extracellular matrix contribution to skin wound re-
epithelialization. Matrix Biol 2019, 75-76, 12-26. DOI: 10.1016/j.matbio.2018.01.002  From NLM. 
(21) Rousselle, P.; Braye, F.; Dayan, G. Re-epithelialization of adult skin wounds: Cellular mechanisms 
and therapeutic strategies. Adv Drug Deliv Rev 2019, 146, 344-365. DOI: 10.1016/j.addr.2018.06.019  
From NLM. 
(22) Luo, T.; Tan, B.; Zhu, L.; Wang, Y.; Liao, J. A Review on the Design of Hydrogels With Different 
Stiffness and Their Effects on Tissue Repair. Front Bioeng Biotechnol 2022, 10, 817391. DOI: 
10.3389/fbioe.2022.817391  From NLM. 
(23) Chen, S.; Shi, J.; Xu, X.; Ding, J.; Zhong, W.; Zhang, L.; Xing, M.; Zhang, L. Study of stiffness effects 
of poly(amidoamine)–poly(n-isopropyl acrylamide) hydrogel on wound healing. Colloids and Surfaces 
B: Biointerfaces 2016, 140, 574-582. DOI: https://doi.org/10.1016/j.colsurfb.2015.08.041. 
(24) Yang, G.; Xiao, Z.; Long, H.; Ma, K.; Zhang, J.; Ren, X.; Zhang, J. Assessment of the characteristics 
and biocompatibility of gelatin sponge scaffolds prepared by various crosslinking methods. Sci Rep 
2018, 8 (1), 1616. DOI: 10.1038/s41598-018-20006-y  From NLM. 
(25) Tian, Z.; Liu, W.; Li, G. The microstructure and stability of collagen hydrogel cross-linked by 
glutaraldehyde. Polymer Degradation and Stability 2016, 130, 264-270. DOI: 
https://doi.org/10.1016/j.polymdegradstab.2016.06.015. 
(26) Liu, Y.; An, M.; Wang, L.; Qiu, H. Preparation and Characterization of Chitosan-
Gelatin/Glutaraldehyde Scaffolds. Journal of Macromolecular Science, Part B 2014, 53 (2), 309-325. 
DOI: 10.1080/00222348.2013.837290. 
(27) Ma, X.; Sun, X.; Hargrove, D.; Chen, J.; Song, D.; Dong, Q.; Lu, X.; Fan, T. H.; Fu, Y.; Lei, Y. A 
Biocompatible and Biodegradable Protein Hydrogel with Green and Red Autofluorescence: 
Preparation, Characterization and In Vivo Biodegradation Tracking and Modeling. Sci Rep 2016, 6, 
19370. DOI: 10.1038/srep19370  From NLM. 
(28) Poursamar, S. A.; Lehner, A. N.; Azami, M.; Ebrahimi-Barough, S.; Samadikuchaksaraei, A.; 
Antunes, A. P. The effects of crosslinkers on physical, mechanical, and cytotoxic properties of gelatin 
sponge prepared via in-situ gas foaming method as a tissue engineering scaffold. Mater Sci Eng C 
Mater Biol Appl 2016, 63, 1-9. DOI: 10.1016/j.msec.2016.02.034  From NLM. 
(29) Liang, H. C.; Chang, W. H.; Lin, K. J.; Sung, H. W. Genipin-crosslinked gelatin microspheres as a 
drug carrier for intramuscular administration: in vitro and in vivo studies. J Biomed Mater Res A 2003, 
65 (2), 271-282. DOI: 10.1002/jbm.a.10476  From NLM. 
(30) Chang, W. H.; Chang, Y.; Lai, P. H.; Sung, H. W. A genipin-crosslinked gelatin membrane as 
wound-dressing material: in vitro and in vivo studies. J Biomater Sci Polym Ed 2003, 14 (5), 481-495. 
DOI: 10.1163/156856203766652084  From NLM. 
(31) Chiono, V.; Pulieri, E.; Vozzi, G.; Ciardelli, G.; Ahluwalia, A.; Giusti, P. Genipin-crosslinked 
chitosan/gelatin blends for biomedical applications. J Mater Sci Mater Med 2008, 19 (2), 889-898. 
DOI: 10.1007/s10856-007-3212-5  From NLM. 
(32) Aguzin, A.; Luque, G. C.; Ronco, L. I.; Del Agua, I.; Guzmán-González, G.; Marchiori, B.; Gugliotta, 
A.; Tomé, L. C.; Gugliotta, L. M.; Mecerreyes, D.; et al. Gelatin and Tannic Acid Based Iongels for 
Muscle Activity Recording and Stimulation Electrodes. ACS Biomater Sci Eng 2022, 8 (6), 2598-2609. 
DOI: 10.1021/acsbiomaterials.2c00317  From NLM. 
(33) Jus, S.; Stachel, I.; Fairhead, M.; Meyer, M.; Thöny-meyer, L.; Guebitz, G. M. Enzymatic cross-
linking of gelatine with laccase and tyrosinase. Biocatalysis and Biotransformation 2012, 30 (1), 86-
95. DOI: 10.3109/10242422.2012.646036. 
(34) Hou, S.; Lake, R.; Park, S.; Edwards, S.; Jones, C.; Jeong, K. J. Injectable Macroporous Hydrogel 
Formed by Enzymatic Cross-Linking of Gelatin Microgels. ACS Appl Bio Mater 2018, 1 (5), 1430-1439. 
DOI: 10.1021/acsabm.8b00380  From NLM. 
(35) He, S.; Wang, J.; Li, Z.; Cao, Y.; Ning, X.; Sun, J.; Chen, Q.; Ling, M. Reversible cross-linking of 
gelatin by a disulphide-containing bis-succinimide for tunable degradation and release. Food Chem X 
2023, 18, 100699. DOI: 10.1016/j.fochx.2023.100699  From NLM. 

https://doi.org/10.1016/j.colsurfb.2015.08.041
https://doi.org/10.1016/j.polymdegradstab.2016.06.015


 25 

(36) Chen, H.; Wu, D.; Ma, W.; Wu, C.; Liu, J.; Du, M. Strong fish gelatin hydrogels double crosslinked 
by transglutaminase and carrageenan. Food Chem 2021, 376, 131873. DOI: 
10.1016/j.foodchem.2021.131873  From NLM. 
(37) Li, X.; Zhang, J.; Kawazoe, N.; Chen, G. Fabrication of Highly Crosslinked Gelatin Hydrogel and Its 
Influence on Chondrocyte Proliferation and Phenotype. Polymers (Basel) 2017, 9 (8). DOI: 
10.3390/polym9080309  From NLM. 
(38) Zhao, Z.; Qin, Z.; Zhao, T.; Li, Y.; Hou, Z.; Hu, H.; Su, X.; Gao, Y. Crosslinked Biodegradable Hybrid 
Hydrogels Based on Poly(ethylene glycol) and Gelatin for Drug Controlled Release. Molecules 2024, 
29 (20). DOI: 10.3390/molecules29204952  From NLM. 
(39) Sfecci, E.; Le Quemener, C.; Lacour, T.; Massi, L.; Amade, P.; Audo, G.; Mehiri, M. Caulerpenyne 
from Caulerpa taxifolia: A comparative study between CPC and classical chromatographic techniques. 
Phytochemistry Letters 2017, 20, 406-409. DOI: https://doi.org/10.1016/j.phytol.2017.01.014. 
(40) Rousselle, P.; Aumailley, M. Kalinin is more efficient than laminin in promoting adhesion of 
primary keratinocytes and some other epithelial cells and has a different requirement for integrin 
receptors. J Cell Biol 1994, 125 (1), 205-214. DOI: 10.1083/jcb.125.1.205  From NLM. 
(41) Dos Santos, M.; Michopoulou, A.; André-Frei, V.; Boulesteix, S.; Guicher, C.; Dayan, G.; 
Whitelock, J.; Damour, O.; Rousselle, P. Perlecan expression influences the keratin 15-positive cell 
population fate in the epidermis of aging skin. Aging (Albany NY) 2016, 8 (4), 751-768. DOI: 
10.18632/aging.100928  From NLM. 
(42) Rousselle, P.; Carulli, S.; Chajra, H.; Dayan, G.; Pin, D.; Herbage, B. The syndecan binding 
sequence KKLRIKSKEK in laminin α3 LG4 domain promotes epidermal repair. Eur J Dermatol 2013. 
DOI: 10.1684/ejd.2013.1974  From NLM. 
(43) Kirchmajer, D. M.; Watson, C. A.; Ranson, M.; Panhuis, M. i. h. Gelapin, a degradable genipin 
cross-linked gelatin hydrogel. RSC Advances 2013, 3 (4), 1073-1081, 10.1039/C2RA22859A. DOI: 
10.1039/C2RA22859A. 
(44) Bigi, A.; Cojazzi, G.; Panzavolta, S.; Roveri, N.; Rubini, K. Stabilization of gelatin films by 
crosslinking with genipin. Biomaterials 2002, 23 (24), 4827-4832. DOI: 
https://doi.org/10.1016/S0142-9612(02)00235-1. 
(45) Mikos, A. G. T., J.S. Formation of highly porous biodegradable scaffolds for tissue engineering. 
Electronic Journal of Biotechnology 2000, 3, 23-24. DOI: 10.2225/vol3-issue2-fulltext-5. 
(46) Rasoulianboroujeni, M.; Kiaie, N.; Tabatabaei, F. S.; Yadegari, A.; Fahimipour, F.; Khoshroo, K.; 
Tayebi, L. Dual Porosity Protein-based Scaffolds with Enhanced Cell Infiltration and Proliferation. Sci 
Rep 2018, 8 (1), 14889. DOI: 10.1038/s41598-018-33245-w  From NLM. 
(47) Zhang, L.; Liu, J.; Zheng, X.; Zhang, A.; Zhang, X.; Tang, K. Pullulan dialdehyde crosslinked gelatin 
hydrogels with high strength for biomedical applications. Carbohydr Polym 2019, 216, 45-53. DOI: 
10.1016/j.carbpol.2019.04.004  From NLM. 
(48) Patarroyo, J. L.; Florez-Rojas, J. S.; Pradilla, D.; Valderrama-Rincón, J. D.; Cruz, J. C.; Reyes, L. H. 
Formulation and Characterization of Gelatin-Based Hydrogels for the Encapsulation of Kluyveromyces 
lactis-Applications in Packed-Bed Reactors and Probiotics Delivery in Humans. Polymers (Basel) 2020, 
12 (6). DOI: 10.3390/polym12061287  From NLM. 
(49) Loh, Q. L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: role of 
porosity and pore size. Tissue Eng Part B Rev 2013, 19 (6), 485-502. DOI: 10.1089/ten.TEB.2012.0437  
From NLM. 
(50) Rahman, M. S.; Al-Saidi, G.; Guizani, N.; Abdullah, A. Development of state diagram of bovine 
gelatin by measuring thermal characteristics using differential scanning calorimetry (DSC) and cooling 
curve method. Thermochimica Acta 2010, 509 (1), 111-119. DOI: 
https://doi.org/10.1016/j.tca.2010.06.011. 
(51) Osorio, F. A.; Bilbao, E.; Bustos, R.; Alvarez, F. Effects of Concentration, Bloom Degree, and pH on 
Gelatin Melting and Gelling Temperatures Using Small Amplitude Oscillatory Rheology. International 
Journal of Food Properties 2007, 10 (4), 841-851. DOI: 10.1080/10942910601128895. 

https://doi.org/10.1016/j.phytol.2017.01.014
https://doi.org/10.1016/S0142-9612(02)00235-1
https://doi.org/10.1016/j.tca.2010.06.011


 26 

(52) Rahsaz, M.; Geramizadeh, B.; Kaviani, M.; Marzban, S. Gelatin for purification and proliferation 
of primary keratinocyte culture for use in chronic wounds and burns. Exp Clin Transplant 2015, 13 
Suppl 1, 361-365.  From NLM. 
(53) Davidenko, N.; Schuster, C. F.; Bax, D. V.; Farndale, R. W.; Hamaia, S.; Best, S. M.; Cameron, R. E. 
Evaluation of cell binding to collagen and gelatin: a study of the effect of 2D and 3D architecture and 
surface chemistry. J Mater Sci Mater Med 2016, 27 (10), 148. DOI: 10.1007/s10856-016-5763-9  From 
NLM. 
(54) Jung, V.; Pohnert, G. Rapid wound-activated transformation of the green algal defensive 
metabolite caulerpenyne. Tetrahedron 2001, 57 (33), 7169-7172. DOI: 
https://doi.org/10.1016/S0040-4020(01)00692-5. 
(55) Guerriero, A.; Depentori, D.; D'Ambrosio, M.; Pietra, F. Caulerpenyne-Amine Reacting System as 
a Model for in vivo Interactions of Ecotoxicologically Relevant Sesquiterpenoids of the 
mediterranean-adapted tropical green seaweed caulerpa taxifolia. Helvetica Chimica Acta 1995, 78 
(7), 1755-1762. DOI: https://doi.org/10.1002/hlca.19950780709. 
(56) Feng, W.; Wang, Z. Tailoring the Swelling-Shrinkable Behavior of Hydrogels for Biomedical 
Applications. Adv Sci (Weinh) 2023, 10 (28), e2303326. DOI: 10.1002/advs.202303326  From NLM. 
(57) Green, J. J.; Elisseeff, J. H. Mimicking biological functionality with polymers for biomedical 
applications. Nature 2016, 540 (7633), 386-394. DOI: 10.1038/nature21005. 
(58) De France, K. J.; Xu, F.; Hoare, T. Structured Macroporous Hydrogels: Progress, Challenges, and 
Opportunities. Adv Healthc Mater 2018, 7 (1). DOI: 10.1002/adhm.201700927  From NLM. 
(59) Ingber, D. E. Tensegrity: the architectural basis of cellular mechanotransduction. Annu Rev 
Physiol 1997, 59, 575-599. DOI: 10.1146/annurev.physiol.59.1.575  From NLM. 
(60) Roig-Rosello, E.; Dayan, G.; Bovio, S.; Manissier, P.; Errazuriz, E.; Rousselle, P. Dermal stiffness 
governs the topography of the epidermis and the underlying basement membrane in young and old 
human skin. Aging Cell 2024, 23 (4), e14096. DOI: 10.1111/acel.14096  From NLM. 
(61) Sapuła, P.; Bialik-Wąs, K.; Malarz, K. Are Natural Compounds a Promising Alternative to Synthetic 
Cross-Linking Agents in the Preparation of Hydrogels? Pharmaceutics 2023, 15 (1). DOI: 
10.3390/pharmaceutics15010253  From NLM. 

 

https://doi.org/10.1016/S0040-4020(01)00692-5
https://doi.org/10.1002/hlca.19950780709

