
Bioactive Materials 47 (2025) 513–527

2452-199X/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

A natural biological adhesive from slug mucus for wound repair

Zhengchao Yuan a,1, Siyuan Wu b,1, Liwen Fu c,1, Xinyi Wang a, Zewen Wang d,  
Muhammad Shafiq e, Hao Feng a, Lu Han a, Jiahui Song a, Mohamed EL-Newehy f,  
Meera Moydeen Abdulhameed f, Yuan Xu d,**, Xiumei Mo a,g,* , Shichao Jiang b,***

a State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Shanghai Engineering Research Center of Nano-Biomaterials and Regenerative 
Medicine, College of Biological Science and Medical Engineering, Donghua University, 201620, Shanghai, PR China
b Department of Orthopedics, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan, 250021, PR China
c Department of Orthopedic Oncology, Shanghai Bone Tumor Institute, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, 200080, 
PR China
d Department of Orthopaedics, Xinqiao Hospital, Army Military Medical University, No. 183, Xinqiao Street, Shapingba District, Chongqing, 400037, PR China
e Innovation Center of NanoMedicine (iCONM), Kawasaki Institute of Industrial Promotion, Kawasaki-ku, Kawasaki, 210-0821, Japan
f Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh, 11451, Saudi Arabia
g Institute of Biomaterials and Biomedicine, School of Food and Pharmacy, Shanghai Zhongqiao Vocational and Technical University, Shanghai, 201514, PR China

A R T I C L E  I N F O

Keywords:
Wound healing
Tissue regeneration
Slug mucus
Hemostasis
Tissue adhesion

A B S T R A C T

Slugs could secrete mucus with multifunctional characteristics, such as reversible gelation, mucoadhesiveness, 
and viscoelasticity, which can be harnessed for multifaceted biotechnological and healthcare applications. The 
dried mucus (DM) was prepared using slug, which can be adhered to the tissue surface through different types of 
interactions (lap-shear force, 1.1 N for DM-3 group). The DM-3 further exhibited the highest hemostatic ability as 
discerned in a liver trauma injury model (hemostasis time, <15 s), biocompatibility and biodegradability (an 
insignificant residue at 4 weeks) in vivo, and considerably improved skin repair in full-thickness excisional 
wounds (wound closure, 96.2 % at day 14). Taken together, slug’s mucus can be easily prepared with an eco
nomic and an eco-friendly method, which may have broad biotechnological and healthcare implications and 
potential utility in other related disciplines. This transition from natural components to the biomaterial may 
provide an invaluable platform for different types of applications.

1. Introduction

Acute or chronic wounds due to lacerations, burns, or abrasions, 
including various ulcers (e.g., venous leg ulcers, diabetic foot ulcer, etc.) 
pose debilitating health burden worldwide [1,2]. Wound healing pri
marily aims to promote functional closure, rapid hemostasis, and 
anti-infection [3]. Traditional dressings, such as cotton gauze and sur
gical sutures are intensively utilized for wound healing albeit their poor 
adhesiveness and an additional requirement for the use of foreign ob
jects to fix dressings at wound site [4]. Similarly, while traditional 
dressings rapidly absorb blood or tissue exudate at injury site, they may 

cause secondary bleeding and pain during their removal process [5]. 
Moreover, surgical sutures are commonly utilized for the wound closure, 
which may induce an additional damage and pain during subsequent 
removal [6]. Interestingly, the 3M™ (commercial adhesives) could be 
applied to replace sutures albeit different limitations, including toxicity, 
incompatibility, and robust adhesion [7].

To address above-mentioned limitations, different types of ap
proaches have been leveraged, including the utilization of natural ma
terials, hydrocolloids, films, foams, hydrogels, and micro/nanofibers 
[8]. Especially, natural materials play a pivotal role for various 
biomedical applications, thanks to their easier production, 
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cost-effectiveness, and wider availability [9]. Moreover, natural mate
rials manifest additional characteristics, such as non-toxicity, biocom
patibility, biodegradability, and potentially an availability of cell 
binding motifs [10]. Recently, snail mucus, as a natural product 
discovered and isolated from snails, has been employed for skin repair 
[11]. Similarly, slugs’ mucus has been shown to exhibit chemical di
versity alongside several additional metabolites and an abundance of 
natural products [12]. The slug mucus can exhibit different types of 
physical properties (e.g., sticky, clear foamy secretions, etc.), which are 
mainly ascribed to its versatile content (Fig. 1a). Slug mucus possesses 
various bioactive components, such as glycoproteins, polysaccharides, 
peptides, lipids, and secondary metabolites. It is anticipated that these 
diverse array of natural products may confer multifunctional charac
teristics to wound dressings, including anti-oxidative ability, 
anti-microbial ability, anti-inflammatory potential, and tissue repair
ability (Fig. 1b and c) [12].

Slugs are terrestrial gastropods, which inhabit at a wide range of 
ecosystems and are composed of a mucus shell layer; the latter leverages 
an array of functions to the slug, including defense against predation and 
infection, resistance against slippage for an appropriate locomotion, and 
moisturization of the host’s surface, which may also have potential 
implications for regenerative medicine and tissue engineering (TE) [13]. 
Despite these intriguing yet advantageous abilities of the slugs’ mucus, 
including adhesiveness, lubrication, and microbial protection, there is 
an acute scarcity of the scientific literature of the potential utilization of 
slug as a biomaterial [14]. Especially, slug’s mucus has received only a 
little attention of the researchers to comprehensively elucidate its 
structure and function as well as innovatively utilize it for various 
biotechnological and healthcare related applications [15].

Most of the snails or slugs’ mucus can stimulate angiogenesis by 
binding with various growth factors (GFs), such as vascular endothelial 
growth factor (VEGF), platelet-derived growth factor (PDGF), and 
fibroblast growth factor (FGF) [11,16]. Due to oxidative stress, an 
imbalance occurs between the production of reactive oxygen species 
(ROS) and cellular antioxidant defense mechanism [17]. Skin repair 
products contain bioactive components, including glycosaminoglycans 
(GAGs) from snail’s mucus; the latter can impart anti-oxidative and 
anti-inflammatory effects for various dermatological effects [18]. These 
salutatory effects are ascribed to snail’s mucus-mediated suppression of 
the gene expression level of the cyclooxygenase-2 (COX-2) [19]. More
over, slug secretes mucus, which can either inhibit or even kill the 
bacteria to avoid infection, which is indicative of their significant anti
bacterial activity [20,21]. Taken together, mucus components could 
enhance essential cellular processes, while antimicrobial peptides and 
proteins could be used as novel antimicrobial agents to minimize anti
biotic resistance. These advantageous features manifest the potential 
utilization of the slugs’ mucus for different types of healthcare and 
biomedical applications, such as products for skin repair, aging resis
tance, inflammation resolution, and microbial resistance, thanks to the 
diverse array of bioactive compounds alongside structural and func
tional diversity and tunable physicochemical properties [20,22].

Wound healing encompasses multiple cellular and biological effects. 
Cells, scaffold, and extracellular matrix (ECM) components work in a 
concerted manner alongside a spectrum of cytokines, chemokines, and 
GFs for functional skin tissue repair [16,23]. Thus, wound healing is a 
dynamic yet a complex process, that involves multiple overlapping 
phases, such as hemostasis, inflammatory reaction, cell proliferation, 
and maturation [24]. Thus slug mucus may have considerable potential 
for skincare and cosmetics products as well as potential utilization as a 
functional dressing to promote wound healing, thanks to its 
anti-microbial activitym, anti-inflammatory response, inflammation 
resolution, [19]. Despite existing positive effects and potential trans
formation of waste material into valuable resources, the utilization of 
the natural bioactive components, such as slugs’ mucus is still at its 
infancy for the regenerative medicine and TE applications albeit the dire 
need of naturally-sourced sustainable bioactive materials for 

biotechnological, healthcare, and biomedical gains (Fig. 1c). The over
arching objective of this research was therefore to sustainably produce 
slugs’ mucus in an environmentally friendly yet a cost-economic 
manner. Meanwhile, we further elucidate the structure and function of 
the isolated slugs’ mucus using advanced transcriptomics and metab
olomics for the potential utilization of slug for practical gains in 
regenerative medicine and TE, especially for the dermatological appli
cations, including wound healing.

2. Experimental

2.1. Materials

The slugs were purchased from the Qushou Natural Interesting Insect 
and Plant Museum (Nanyang, China). The NIH-3T3 fibroblasts and 
human umbilical vein endothelial cells (HUVECs) were obtained from 
the Typical Culture Collection Committee Cell Bank (Shanghai, China). 
The P-control dressing (Wound Inorganic Dressing; Dermlin; National 
Product Approval # 20152140168) was mainly composed of silicon 
dioxide (SiO2), calcium carbonate (CaCO3), petroleum jelly and non- 
woven fabrics and was purchased from Jiangsu Yangsheng Biotech
nology Co., Ltd (Jiangyin, China).

2.2. Preparation of dry slug mucus

2.2.1. Collection of mucus
For stable secretion of variouscomponents, slugs were cultured in an 

homemade insect terrarium at 20 ◦C and were homogenously reared 
with lettuce leaves for up to 3 days, and mucus was extracted. Since the 
mucus is water-soluble, the mucus layer was dissolved in deionized (DI) 
water by swelling, and solution was collected (Fig. S1). This approach 
may help extract the mucus while preserving animals’ life alongside 
cost-effectiveness (Fig. 1a). The collected mucus was further diluted and 
homogenized to obtain a homogenous solution and insoluble foreign 
matter was removed by centrifugation at 10,000 rotations per minute 
(rpm) for up to 10 min. To further remove the impurities, the solution 
was filtered and freeze-dried (Fig. S2).

2.2.2. Preparation of dry slugs mucus
Dry matter content of the collected mucus was very small, which can 

be rapidly dissolved in an aqueous solution. Consequently, it is imper
ative to increase the density of the dry mucus to ensure its stability in an 
aqueous solution. 50 mg, 100 mg, and 200 mg of the dry mucus was 
dissolved in 10 mL of DI water, poured into a mold, and lyophilized. The 
lyophilized matter was sterilized with gamma (γ) rays using cobalt (Co)- 
60 to obtain DM-1, DM-2 and DM-3 scaffolds.

2.3. Analysis of the ingredient in the fresh slug mucus

2.3.1. Proteomic analysis of fresh slugs’ mucus
The proteomic analysis of slug mucus was carried out with Hang 

Zhou KaiTai-Bio CO., LTD (Hang zhou, China) [25]. Briefly, slug mucus 
was dissolved into lysis buffer solution for protein digestion and labelled 
with iTRAQ. Liquid Chromatography (LC)-Electrospray Ionization (ESI) 
Tandem by Q Exactive was used to identify peptides from slug mucus 
following a previous report [25]. Finally, this information including the 
peptide mass tolerance, MS/MS tolerance, enzyme, and missed cleavage 
was used to identify protein.

2.3.2. Untargeted metabolomics analysis of fresh slugs’ mucus
Untargeted metabolomics analysis of slugs’ mucus was accomplished 

with Hangzhou KaiTai-Bio CO., LTD (Hangzhou, China) [26]. Briefly, an 
appropriate amount of slug mucus was added into a 2 mL centrifuge tube 
containing 400 μL of methanol and was vortexed for 1 min. The mucus 
was centrifuged at 12,000 rpm for 10 min at 4 ◦C. The dried sample was 
redissolved using 150 μL of 2-chloro-l-phenylalanine (concentration, 4 
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Fig. 1. Schematic illustration of the preparation and wound healing mechanism of DM. (a) Fabrication process and representative structures of small molecules from 
untargeted metabolomics of DM. (b) The conversion process and mechanism of transition from DM to hydrogel. (c) The postulated mechanism of DM to promote skin 
tissue repair.

Z. Yuan et al.                                                                                                                                                                                                                                    



Bioactive Materials 47 (2025) 513–527

516

ppm) solution, supernatant was filtered with a 0.22 μm membrane, and 
transferred into a detection bottle for subsequent analysis by LC-MS. The 
LC analysis was performed on a Vanquish UHPLC System (Thermo 
Fisher Scientific, USA), while the chromatography was carried out with 
an ACQUITY UPLC ® HSS T3 (2.1 × 100 mm, 1.8 μm) (Waters, Milford, 
MA, USA).

2.4. Network pharmacology analysis

The molecular structural formula of the top 20 untargeted metab
olomics components (T20 UMC) was prepared in the section titled 
“Untargeted Metabolomics analysis” and PubChem database. We lever
aged top 20 molecular structural formulas alongside keywords, such as 
“wound healing” to identify target genes according to the literature [27,
28]. The intersection of the potential targets was imported into the Venn 
diagram, PPI Network Analysis, GO (Gene Ontology) function and KEGG 

Fig. 2. Characterizations and component assay of slugs mucus. (a) Macroscopic images of slug feeding in the vegetable leaves, fresh slug mucus, freeze-drying mucus, 
as well as the freeze-drying mucus SEM. (b) The state of DM-3 soaked in the PBS solution at various time points. (c) The top 12 protein structures identified through 
proteomic analysis.
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(Kyoto Encyclopedia of Genes and Genomes) enrichment analysis [29]. 
The GO enrichment analysis included three modules: cell composition 
(CC), biological process (BP), and molecular function (MF), and the top 
10 modules were selected according to the number of involved targets 
(p < 0.05). Meanwhile, KEGG pathway analysis was selected for the top 
30 targets (p < 0.05).

2.5. Physico-chemical analysis

The morphology of DM-1, DM-2 and DM-3 was examined by scan
ning electron microscopy (SEM, Hitachi, TM-1000, Tokyo, Japan). To 
assay changes after exposure to a liquid on DM-3, the sample was 
immersed in phosphate-buffered saline (PBS) for up to different time 
points.

2.6. Biocompatibility and biological functions of scaffolds in vitro

To assay biocompatibility and biological functions of DM scaffolds, a 
series of in vitro tests, including cytocompatibility, transwell, tube for
mation assay, and blood coagulation index (BCI), were performed. The 
detailed methods are provided in Supplementary Information.

2.7. Animal experiments

Protocols for animal experiments were approved by the Shandong 
Provincial Hospital Affiliated with Shandong First Medical University, 
Shandong, China (Approval # 2024-126). For preliminary biocompati
bility assessment, DM-1, DM-2, and DM-3 scaffolds were subcutaneously 
implanted in Sprague-Dawley (SD) rats for up to 4 weeks. Scaffolds 
along with adjacent tissues were harvested and subjected to histo
morphometric analysis with Hematoxylin and Eosin (H&E) staining and 
Masson’s trichrome (MT) staining. Similarly, the potential of dressings 
to induce the skin repair was also examined in a full-thickness excisional 
defect model in SD rats as well as in an anti-scarring ear injury model of 
rabbits. Detailed methods are provided in Supplementary Information.

3. Results

3.1. Preparation and characterizations of DM

Slugs, as mollusks, could secrete mucus on their body surface to 
facilitate adhesion to the object surface (Fig. S3). As shown in Fig. 2a, 
slugs can engulf vegetable leaves and secrete mucus to conformally 
contact with the surface of various objects by secreting bioactive com
pounds as they crawl. The mucus exhibits sufficient solubility and 
therefore can be obtained by soaking an object in DI water (Fig. 2a). The 
slug-secreted mucus was appeared to be colorless and transparent and 
was lyophilized into aerogel scaffolds (Fig. 2a). Scaffolds manifested 
light yellow color after being placed for some period presumably due to 
the oxidation of the unsaturated components of the dried mucus, 
thereby implying an anti-oxidative ability of the mucus (Fig. 2a & 
Fig. S4).

The DM exhibited versatile mucus with different microstructures, 
and the high mucus displayed strip-like structure with a 3D hollow 
fibrous structure (Fig. 2a & Fig. S4). The DM-3 could absorb water to 
form the hydrogels at an initial stage, which can gradually degrade over 
time (Fig. 2b & Fig. S5). The lap-shear assay was used to discern the 
tissue adhesive property of DM. The time-force curve manifested that 
the DM exhibit tissue-adhesion ability (Figs. S6a–b) [30]. The DM-3 
exhibited the highest tissue-adhesion ability in all scaffolds, which can 
be ascribed to the high content of DM with the binding sites to the skin 
tissue (Figs. S6b–c).

To discern the components of fresh slugs’ mucus, proteomic analysis 
was carried out and specific proteins alongside molecular weight were 
determined. As shown in Fig. 2c and Tables S1–S3, the slug mucus dis
played 52 types of proteins, which were referred to 26 species of well- 

characterized proteins (e.g., hemocyanin beta, SSD domain-containing 
protein, calcium-transporting ATPase, resequencing protease and 
mitochondrial, phosphoinositide phospholipase C, etc.), 13 species of 
protein fragments (e.g., Tyrosinase copper-binding domain-containing 
protein, KATNIP domain-containing protein, Kinesin-like protein, U3 
small nucleolar RNA-associated protein 25 homologs, etc.), and 13 
species of uncharacterized protein. Of these three different protein 
categories, approximately half of the proteome displayed molecular 
weight (Mw) more than that of the 50 kDa; several molecules were 
composed of even Mw more than that of the 200 kDa. These results 
indicate that the DM is mainly composed of macromolecules with the 
potential to form the hydrogels (Tables S1–S3).

To further analyze primary metabolites, secondary metabolites, and 
natural productions, untargeted metabolomics (Mw < 1 kDa) was 
employed. Fresh slug mucus possessed 31 types of primary metabolites 
and 42 types of secondary metabolites (Figs. S7 and S8). Primary me
tabolites included carboxylic acids and derivatives, fatty acyls, organo
oxygen compounds, pyridines and derivatives, phenols, and indoles and 
its derivatives (Fig. S7). On the other hand, secondary metabolities 
included amino acids, peptides and analogs, fatty acids and fatty acid 
conjugates, carbohydrates and carbohydrate conjugates, pyridine car
boxylic acids and their derivatives, and benzenediols (Fig. S8). More
over, we identified 130 types of natural products, with the high content 
of betaine, erucic acid, palmitic acid, rutin, 3-hydroxybenzyl alcohol 
glucoside, nicotinic acid, and hydroquinone. These results indicated the 
slug’s mucus contains the high content of small molecules with the 
potential anti-oxidative activity (Fig. 3a & Fig. S9).

To delineate biological function of small molecules acting on soft 
tissue regeneration, the T20 UMC was employed for Network Pharma
cology Analysis on “wound healing”. T20 UMC displayed 2,122 targets 
and the wound healing was referred to 5,262 targets, while common 
targets were 1,004 (Figs. S10a–b). These results indicated that compo
nents in the slug’s mucus may exhibit the potential to promote wound 
healing. The correlation of the intersecting targets was further analyzed, 
which revealed 156 targets with a correlation coefficient more than that 
of 99.815, including tumor suppressor p53 (TP53), B-cell lymphoma-2 
(Bcl-2), albumin (ALB), transforming growth factor-β1 (TGFβ-1), 
mitogen-activated protein kinase 3 (MAPK3), epidermal growth factor 
(EGF), interleukin-6 (IL-6), and AKT serine/threonine kinase 1 (AKT-1) 
(Fig. 3b). These targets mainly involved the resolution of inflammatory 
response and tissue regeneration.

KEGG enrichment analysis showed that these intersecting targets 
were mainly referred to the signaling pathways of inflammation regu
lation and angiogenesis, such as AGE-RAGE (advanced glycation end 
products-receptor for advanced glycation endproducts) signaling 
pathway, TNF (tumor necrosis factor) signaling pathway, and PI3K-Akt 
(phosphatidylinositol 3-kinase-protein kinase B) signaling pathway 
(Fig. 3c). Moreover, GO enrichment analysis highlighted these bio
functional change in cell proliferation, metabolic activity, and inflam
mation regulation, including positive regulation of gene expression, 
positive regulation of cell proliferation, inflammatory response, iden
tical protein binding, protein kinase activity, and protein kinase binding 
(Fig. 3d–f). Taken together, metabolomics and proteomics results indi
cate the potential of the slug mucus to promote soft tissue regeneration.

3.2. Biocompatibility and biofunction in vitro

The cytocompatibility of DM was discerned by live/dead staining 
and CCK-8 assay. The extract solution of the DM manifested good 
biocompatibility as indicated by enhanced cell vitality and cell 
spreading at day 5 (Fig. 4a and b & Fig. 4f–g & Fig. S11). The chemo
tactic effect of DM toward HUVECs and NIH-3T3 fibroblasts was dis
cerned by Transwell migration assay. DM scaffolds, including DM-1, 
DM-2, and DM-3 recruited significantly more number of cells in com
parison to the control group (Fig. 4c and 4h–i). (# of migrated cells, 20.5 
± 3.7, 33.0 ± 4.1, 41.3 ± 5.7, 65.3 ± 6.1 per hpf for NIH-3T3 
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fibroblasts, and 7.5 ± 3.1, 9.8 ± 3.3, 20.8 ± 4.2, and 32.5 ± 3.9 per hpf 
for HUVECs in the control, DM-1, DM-2, and DM-3 groups, respectively).

We further discerned angiogenic ability of DM scaffolds using 
HUVECs in vitro. The DM-1, DM-2, and DM-3 groups displayed distinct 
angiogenic network formation ability in Matrigel in vitro. Quantitative 
analysis showed that the number of meshes were 2.8 ± 1.3, 8.8 ± 3.3, 

6.5 ± 1.3, and 5.8 ± 1.0 in the control, DM-1, DM-2, and DM-3 groups, 
respectively (Fig. 4d & j). These results indicated that DM can facilitate 
cell growth as well as improve their chemotaxis and tubule-like network 
formation in vitro.

Given the viscous and hygroscopic properties of the DM in vitro, 
coagulation properties were evaluated by the BCI measurement. As 

Fig. 3. Network pharmacology analysis. (a) The molecule structure of the top 20 untargeted metabolomics components (T20 UMC). (b) The PPI analysis of core 
targets of wound healing and T20 UMC. (c) Graph of KEGG enrichment analysis. (d–f) Graph of GO enrichment analysis results.
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shown in Fig. 4k, the BCI value were 85.6 ± 6.0 %, 12.0 ± 2.3 %, 11.7 ±
3.1 %, and 8.0 ± 2.6 % for the control, DM-1, DM-2, and DM-3 groups, 
respectively. The surface of DM-1, DM-2, and DM-3 groups exhibited 
distinct blood clots, while the testing solution displayed a light red color 
due to hemolysis (Fig. 4e). These results indicated the potential of 
scaffolds to promote coagulation in vitro.

3.3. Biocompatibility of scaffolds in vivo

The cytocompatibility and hemocompatibility of the scaffolds in vitro 
indicated the potential of mucus components to improve the biocom
patibility. Therefore, we next elucidated the biocompatibility of DM 
scaffolds in vivo for up to 3 weeks (Fig. 5a). As shown in Fig. 5b, DM-1, 
DM-2, and DM-3 scaffolds displayed the residual scaffold at 1 week, 

while the lumps of three groups had significantly decreased at 2 weeks 
post-operatively compared with that of the 1 week. Moreover, DM-1 and 
DM-2 did not show residual scaffolds 3 weeks post-operatively, while 
DM-3 still had a small amount of lumpy residue, which can be ascribed 
to the higher DM content. These results indicated that the DM scaffolds 
could be degraded in vivo (Fig. 5b).

Histological analysis by H&E staining manifested an accumulation of 
large number of inflammatory cells in all groups, while MT staining 
showed collagen regeneration as earlier as week 1 post-implantation of 
scaffolds (Fig. 5c). These results indicated an infiltration of inflamma
tory cells at an earlier implantation stage of DM scaffolds. H&E staining 
further revealed significant neo-tissue infiltration, which is indicative of 
the degradation of scaffolds 3 weeks post-implantation (Fig. 5d). MT 
staining manifested collagen regeneration in all scaffolds. Scaffolds 

Fig. 4. Biocompatibility and biofunction analysis of scaffolds in vitro. (a) Live/dead staining, and (b) DAPI/F-actin staining of NIH-3T3 fibroblasts and HUVECs at 
day 5. (c) Transwell migration assay of HUVECs and NIH-3T3 fibroblasts at 12 h. (d) Tubule-like network formation of HUVECs at 6 h. (e) Macroscopic images of 
dynamic whole-blood clotting model of various scaffolds. Quantitative analysis of the proliferation of NIH-3T3 fibroblasts (f), and HUVECs (g) is measured with a 
CCK-8 assay. Migration ratio of NIH-3T3 fibroblasts (h) and HUVECs (i) in a Transwell assay. The number of meshes (j) and BCI value (k) in vitro. *P < 0.05, **P <
0.01, and ***P < 0.001.
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containing the low content of the DM-1 were found to be more condu
cive for the cellular infiltration as well as collagen production presum
ably owing to their rapid degradation (Fig. 5d). These data revealed 
potential of scaffolds to promote cellular infiltration, blood vessel for
mation, and ECM deposition, which may also have implications for the 
potential of scaffolds for tissue regeneration. H&E staining of main or
gans, including heart, liver, spleen, lung, and kidney did not manifest 
the cytotoxicity of the scaffolds (Fig. 5e).

3.4. Adhesion ability of scaffolds in a rat skin incision model in vivo

We next ascertained the potential of DM scaffolds on the tissue 
adhesion in a skin incision model in SD rats for 4 weeks (Fig. 6a). As 
shown in Fig. 6b, Bio-adhesives 3M™ as well as DM scaffolds can 
effectively achieve skin adhesion on both sides of long wounds at day 0. 
In contrast, wounds did not heal well in the control group, presumably 
due to the skin tension during the movement. On the other hand, at day 
4 and 7 post-operatively, defects in the control groups manifested a 
reduction in the wound size albeit an incomplete closure. In comparison 
to the control group, Bio-adhesives 3M™ as well as DM scaffolds were 

appeared to form scabs at the defect site (Fig. 6b, e-f). DM-2 and DM-3 
scaffolds exhibited an inferior wound closure, plausibly due to the 
presence of the DM at the wound site, which can constrict wound closure 
owing to its sluggish absorption (Fig. 6b). By day 14, all groups showed 
almost complete wound closure; the scab layer was found to be peeled 
away and the neo skin tissues were formed (Fig. 6b).

We observed distinct scar tissue formation in the control and 3M™ 
groups. Conversely, scar tissue formation was only observed at the su
ture site in the defects treated with the DM-1, DM-2, and DM-3 groups 
even at day 28 (Fig. 6b) [6]. While skin incision treated with 3M™ 
dressings exhibited well-bridged defect healing, residual adhesive was 
observed at the wound site, which may impair skin repair. Skin regen
eration requires re-epithelialization, cellular infiltration, ECM compo
nent regeneration, and neovascularization [16]. While H&E staining 
manifested residual inflammatory cells at the defect site, MT staining 
showed the deposition of collagen albeit an insignificant difference 
among different groups (Fig. 6c and d). MT staining further showed 
more scar length in the 3M™, DM-2, and DM-3 groups in comparison to 
the other groups, thereby indicating that the residual adhesives may 
induce scar tissue formation and necessitating further optimization of 

Fig. 5. Biocompatibility of scaffolds in vivo. (a) Schematic illustration of the subcutaneous implantation of scaffolds in rats for up to 3 weeks. (b) Photographs 
showing the samples of subcutaneous implantation at 1, 2, and 3 weeks. H&E staining and MT staining at week 1 (c) and 3 (d) post-implantation. (e) H&E staining of 
main organs collected from different animals transplanted with DM-1, DM-2, and DM-3 scaffolds at week 3 post-implantation.

Z. Yuan et al.                                                                                                                                                                                                                                    



Bioactive Materials 47 (2025) 513–527

521

the composition to induce the wound closure while inhibit the scar tis
sue formation (Fig. 6d and g).

3.5. Wound healing in vivo

Given the biocompatibility and adhesive properties of the DM, 
scaffolds were further assessed for the healing of full-thickness exci
sional defects in rats for up to 2 weeks (Fig. 7a). As shown in Fig. 7b, the 
wound has a noticeable crust at day 3 in all groups, while the crust was 
removed at day 7. Both the control group (defects with no treatment) 
and the P-control group (defects treated with a commercial dressing) 
exhibited larger residual wounds as compared to their counterparts 
treated with the DM scaffolds. While wounds in the DM-1 DM-2, and 
DM-3 groups manifested distinct wound closure at day 10, those in the 
control and P-control groups exhibited scab on the skin surface (Fig. 7b 
and e). Taken together the DM scaffolds displayed a superior skin repair 
ability both in terms of the wound closure and the neo-tissue formation, 

which may be ascribed to bioactive components of the slugs’ mucus and 
is also in agreement with the findings of the metabolomics and tran
scriptomics in vitro.

The H&E staining showed a large number of residual inflammatory 
cells at the defect site, while the epithelial layer in the control and P- 
control groups was thicker compared to normal skin(Fig. 7c, Fig. S12a). 
The number of inflammatory cells were 26.3 ± 8.5, 38.0 ± 8.6, 21.8 ±
5.5, 18.4 ± 6.6, and 17.9 ± 3.8 per hpf, while the thickness of the 
epithelial layer was 5.4 ± 1.3 μm, 5.7 ± 1.2 μm, 3.9 ± 0.7 μm, 3.1 ± 0.7 
μm, and 3.1 ± 0.6 μm for control, P-Control, DM-1, DM-2, and DM-3 
groups, respectively (Fig. 7f and g). Further analysis of the tissue sec
tions for pro-inflammatory, CD68-positive (M1) macrophages and anti- 
inflammatory, CD206-positove (M2) macrophages revealed signifi
cantly more CD206-positive macrophages in DM-1 and DM-3 groups 
than that of the other groups (Fig. S13). Therefore, wound defects 
treated with DM-1, DM-2, and DM-3 scaffolds exhibited less number of 
inflammatory cells and thinner epithelial thickness. The control and P- 

Fig. 6. The wound adhesion efficacy assay in vivo. (a) Schematic illustration of the wound adhesion treatment for 4 weeks. (b) Photographs of the rat incised skin 
after treatments by using various scaffolds for 4 weeks. The H&E (c) and MT (d) staining of the incised skin at 4 weeks. The yellow double-headed arrows indicated 
the scar. The quantitative analysis of wound area at day 4 (f) and day 7 (g). The scar length analysis at day 28 (h). *P < 0.05, **P < 0.01, and ***P < 0.001.
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control groups showed a slower healing ratio and less epithelial thick
ness than that of the DM-1 and DM-2 groups (Fig. 7d). MT staining 
displayed an increase in the collagen deposition in all groups over time. 
DM-1, DM-2, and DM-3 groups displayed significantly higher collagen 
deposition than the control and P-control groups (Fig. 7d & Fig. S12b). 
Scar length was respectively 75.4 ± 9.5 μm, 82.2 ± 11.8 μm, 55.7 ± 2.9 
μm, 62.1 ± 7.7 μm, and 53.2 ± 11.8 μm in the control, P-Control, DM-1, 
DM-2, and DM-3 groups, respectively (Fig. 7h). These data showed that 
the DM scaffolds could effectively mitigate the scar tissue formation.

The whole transcriptome RNA sequencing of regenerated skin was 
used to discern gene expression level in comparison to the normal skin in 
the wound microenvironment at day 10 post-operatively. As shown in 
Fig. 8a, the up- and down-regulated genes in the mucus group were 
similar to those of the normal group (up-regulated genes, 629 in mucus 
group v.s. 575 in normal group; down-regulated genes, 1,070 in mucus 
group v.s. 1,288 in normal group), while the gene expression level of the 
control group was quite different compared to normal skin, indicating 
the gene expression of the mucus group was highly similar to that of the 
normal skin (Fig. 8b–d). The PCA showed remained consistency among 
the samples within the group, and had obvious differences between the 
samples (Fig. 8e). Meanwhile, the heatmap of correlation of various 
groups showed the samples within the group were highly correlated, 
while the Venn diagram of differential genes for control, mucus, and 
normal groups displayed the genetic changes among different 

comparison regimens (Figs. S14a–b).
The GO upregulated enrichment analysis focused on the regulation 

of cell behavior and tissue regeneration for both mucus and control 
groups, including cellular component, extracellular region, cell differ
entiation, cell adhesion, and regulation of gene expression (Fig. 8f). 
Meanwhile, the GO downregulated enrichment analysis was concen
trated on inflammation and immune response for both mucus and con
trol groups, such as inflammatory response, immune response, 
inflammation resolution, toll-like receptor signaling pathway, and pos
itive regulation of ERK1 and ERK2 cascade (Fig. 8g). The KEGG upre
gulated enrichment analysis was referred to different transcription 
factors, MAPK signaling pathway, PPAR (peroxisome proliferator- 
activated receptors) signaling pathway, FoxO (forkhead box protein 
O1) signaling pathway, HIF-1 (hypoxia-inducible factor-1) signaling 
pathway, and Apelin signaling pathway, while the KEGG downregulated 
enrichment analysis manifested cytokine-cytokine receptor interaction, 
chemokine signaling pathway, toll-like receptor signaling pathway, 
Rap1 (Ras-related protein 1) signaling pathway, IL-17 signaling 
pathway, and TNF signaling pathway (Fig. 8h and i). These results 
indicated that the mucus can downregulate inflammatory expression, 
promote cell metabolism and cell viability, and accelerate tissue 
regeneration.

Wound healing needs to consider not only the wound healing rate, 
but also the hemostasis performance, and tissue remodeling process 

Fig. 7. Evaluation of scaffolds for skin repair in a full-thickness excisional defect model in SD rats. (a) Schematic diagram of the wound treatment for up to 14 days. 
(b) Representative images of wounds healing by day 14. The H&E staining (c) and MT staining (d) of the wound center and margins at day 14. (e) Wound size at each 
time point normalized with respect to the day 0. Quantitative analysis of the number of inflammatory cell (f), epithelium thickness (g), and scar length (h) in the 
wound site at day 14. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 8. Whole transcriptome RNA sequencing reveals the wound microenvironment for normal, control, and DM-1 group at 10 days. (a) Heatmap of upregulated and 
downregulated genes in the wound microenvironment after normal, control, and DM-1 treatment. Volcano plot of the differential gene of Mucus vs Control (b), 
Mucus vs Normal (c), Normal vs Control (d). Principal component analysis (PCA) of each group (e). The upregulated (f) and downregulated (g) of the top 10 dif
ferential genes by GO enrichment analysis between Mucus and Control group. The upregulated (h) and downregulated (i) of the top 10 differential genes by KEGG 
enrichment analysis between Mucus and the Control group.
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after shin repair, such as scar-free tissue regeneration [23]. In compar
ison to the control group, DM-1, DM-2, and DM-3 groups showed good 
hemostatic ability, which is ascribed to the rapid uptake of the blood by 
the DM scaffolds. The DM scaffolds may quickly absorb the blood, 
transform into a gel-like state, and adhere to the bleeding site, thereby 
achieving wound hemostasis (Fig. S15). A rabbit ear punch wound 
model was chosen to discern the ability of the scaffolds to reduce the 
scar tissue formation during wound healing (Fig. 9a). By day 7, wounds 
exhibited a scab, which were healed at day 14 post-operatively (Fig. 9d). 
The wound further underwent tissue remodeling from day 14 for up to 
day 28. The defects treated with DM-1, DM-2, and DM-3 scaffolds 
exhibited significantly less injured area than that of the other groups on 
day 28 (Fig. 9d).

H&E staining exhibited significantly fewer inflammatory cells in DM 
groups than that of the control and P-control groups (Fig. 9e). The 
number of inflammatory cells were 25.8 ± 3.8, 126.8 ± 14.5, 111.5 ±
11.4, 96.5 ± 6.6, 86.8 ± 9.5, and 93.0 ± 10.4 per hpf in the normal, 

control, P-Control, DM-1, DM-2, and DM-3 groups, respectively (Fig. 9b 
& Fig. S16a). MT staining showed thicker epithelial layer in the control 
and P-Control groups in comparison to the other groups (Fig. 9e). The 
thickness of the epithelial layer was 10.1 ± 1.8 μm, 34.2 ± 6.1 μm, 32.7 
± 6.9 μm, 27.5 ± 2.6 μm, 18.7 ± 4.2 μm, and 19.7 ± 2.2 μm in the 
normal, control, P-Control, DM-1, DM-2, and DM-3 groups, respectively 
(Fig. 9c and e). Moreover, the MT staining exhibited an obvious collagen 
regeneration in all groups, while the regenerated collagen in the defects 
was morphologically similar to the collagen tissues in the normal skin 
(aligned collagen fibers in the dermal tissue) (Fig. 9e & Fig. S16b). These 
results indicated the repaired wound of DM treatment has a lighter scar 
in terms of the epithelial layer thickness and collagen regeneration.

4. Discussion

The utilization of bioactive components holds great promise for the 
treatment of debilitating diseases, including their potential utilization 

Fig. 9. The wound healing assay in an ear punch wound model in rabbits. (a) Schematic diagram of ear punch wound model. (b) The epithelium tissue thickness, (c) 
the number of inflammatory cells at the wound site on day 28. (d) Representative images of wound size and scar residue of wounds, as well as (e) the H&E and MT 
staining for up to 28 days. *P < 0.05, **P < 0.01, and ***P < 0.001.
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for regenerative medicine and TE. Herein, we have utilized slugs and 
obtained the mucus using a gentle and a cost-effective method, which 
requires the minimal use of animals alongside well-compliance with the 
animal ethics [31]. Global demand for natural products has substantially 
increased bioprospecting efforts to obtain novel sources of bioactive 
ingredients or biomaterials [12]. The majority (>80 %) of pharmaceu
tical drugs from natural products or natural sources, as well as synthetic 
products avoid adverse side effects. These natural products have also 
been exploited for cosmetic applications and skin repair, thanks to an 
easier availability and cost-effectiveness [19]. Due to these advantages 
and an increasing utilization of natural materials, the development of 
biomimetic materials has garnered considerable attention of the 
research community [6].

Snail mucus has been widely utilized for cosmetics and wound 
healing applications, and has been shown to promote blood vessel for
mation and skin repair with minimal side effects [32,33]. These natural 
medicines exhibit high content of hyaluronic acid (HA), proteoglycans, 
glycoprotein enzymes, and antibacterial peptides. Taken together, these 
ingredients of nanomedicine can facilitate wound healing [22,34]. The 
mucus possesses glycoproteins, such as heavily glycosylated mucins, 
which constitutes for up to 50− 90 % of the mass of the mucus. These 
glycoproteins can potentially form hydrogels (Fig. 2b) [12]. While 
smaller peptides and hydrophobic lipids mainly constitute the mucin’s 
network, adhesive functions of the mucus are mainly governed by the 
mucus’ biochemical properties, including lectin content, metal ions, and 
aromatic amino acids [35]. Moreover, ions, crosslinking networks, and 
lectin-carbohydrate interactions contribute to physical and chemical 
properties of mucus as well as its reversible gelation, viscoelasticity, and 
shape recovery [12]. Consequently, the slug mucus is considered as an 
attractive material, which can endow multiple functionalities to the 
healthcare products as well as wound dressings, such as moisturization, 
microbial protection, and tissue regeneration [11].

The fresh mucus exhibits different types of inorganic metal ions, 
including copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), which can 
help gel formation upon the secretion of the mucus [36]. Besides, mucus 
contains high-molecular-weight organic compounds, such as glycopro
teins, enzymes, peptides, as well as protein, glycolic acid, elastin, 
collagen, allantoin, and other bioactive compounds (Fig. 2c and 3a) 
[15]. Since mucus is abundant in different types of bioactive com
pounds, it can serve as a valuable resources for the production of novel 
formulations with reduced toxicity and minimal side effects for 
cosmetic- and pharmaceutical-related applications [11].

Nevertheless, fresh slugs’ mucus exhibits 91–98 % water, which may 
not be conducive to regulate the content of active ingredients alongside 
potential preservation risks [22]. Besides, due to the ability of the slug to 
adjust its temperature with the habitat environment, the mucus retains 
for up to 80 % of its original viscosity as temperature is varied from 
15 ◦C to 30 ◦C. Nonetheless, beyond 45 ◦C, the viscosity of the mucus 
decreases for up to 50 % plausibly due to change in protein conforma
tion, which may limit its stable application form [15].

The DM, derived from the fresh mucus, was similar to the sponges 
alongside adequate gas permeability and moisture/exudate uptake 
ability, which may also have implications for the absorption of wound 
exudate and can additionally moisturize the wound microenvironment 
to potentially facilitate the migration of keratinocytes and the prolifer
ation of fibroblasts at the injury site (Fig. 2b) [37,38]. The DM addi
tionally exhibits significant tissue adhesion ability via multiple 
interactions (e.g., ionic, covalent, coordination bonds, van der Waals 
interactions, hydrogen bonding, etc.) [39,40]. Network pharmacology 
between T20 UMC and wound healing also indicated that DM exhibits 
an ability to promote soft tissue repair (Fig. 3).

We observed good hemocompatibility and cytocompatibility of DM 
scaffolds in vitro albeit severe inflammatory response at an initial stage 
of subcutaneous implantation (Fig. 4a and b & Fig. 5b–d). These results 
indicated that the material was biologically active with the potential to 
stimulate an inflammatory response of the host [23]. Nevertheless, the 

inflammatory response was dampened with an increase in the implan
tation time in vivo [41]. Since an aberrant inflammatory response may 
not be conducive for a healthier tissue repair, further optimizations are 
required to adjust the composition of slug mucus to modulate the in
flammatory response.

Recently, a massive number of patients have been suffering from 
various skin injuries, which range from minor skin incisions to the se
vere injuries due to traumatic incidents or chronic wounds [6]. Given 
the prevalent occurrence of traumatic injuries and persistent chronic 
wounds, efficient wound management is a major challenge in clinical 
practice [1]. Now-a-days, surgical sutures and staples, as conventional 
approaches, are widely used to connect damaged tissues and seal 
wounds albeit numerous shortcomings, including discomfort, surgical 
site infection risk, and likelihood of scar tissue formation [42]. While 
medical adhesives, such as 3M™ can be used to replace sutures, they 
possess toxicity, incompatibility, and robust adhesion, which necessitate 
an urgent solution for the alternative adhesives [43]. Surgical sutures 
may enable wound healing, however, the use of the surgical sutures is 
limited partly due to their inferior mechanical properties, limited 
functionality, and potential post-surgical complications [1]. Particu
larly, mechanical mismatch between rigid dry sutures and soft hydrated 
tissues may cause inflammation [44]. On the other hand, the braided 
sutures and rough sutures may cause friction against the contacting 
tissue, thereby leading to damaged fragile tissues or tissue dissection 
alongside several other post-surgery complications [45].

Recently, natural tissue adhesives, including snail mucus have been 
used to overcome some of the above-mentioned limitations alongside 
several other merits, such as cost-effectiveness, non-invasive, and pain 
relief [2,46]. Meanwhile, the natural adhesion with underlying molec
ular and biological mechanisms offers a promising platform to promote 
tissue regeneration [47,48]. The DM possessed bio-integration and 
healing in the pathophysiological conditions and prevented dressing 
detachment from the target tissue due to their strong tissue adhesion. 
The DM displayed good biocompatibility and coagulation properties in 
vitro (Fig. 4a and e). Meanwhile, subcutaneous implantation assay 
showed that the DM could facilitate host’s cell infiltration and enhance 
the deposition of ECM components andblood vessel formation, which 
may have implications for their applications in vivo (Fig. 5c and d).

It has been further reported that the snail’s mucus can facilitate 
wound repair by enhancing the proliferation of fibroblasts alongside the 
positive regulation of cell cycle, Col-I secretion, and the regulation of 
actin cytoskeleton and metalloproteinase (MMP) activity [19]. The 
whole transcriptome RNA sequencing revealed that the DM could 
downregulate inflammatory environment, promote cell viability and 
metabolism, and accelerate tissue regeneration (Fig. 8). In the mean
time, the snail’s mucus has been shown to possess anti-inflammatory 
characteristics alongside the potential to improve blood vessel regen
eration and play a pivotal role during the remodeling phases of wound 
healing [12]. We also observed significant wound healing potential of 
DM in this study, and observed significant wound adhesion efficacy and 
the healing of the full-thickness excisional defects in vivo (Fig. 6b & 7b) 
[30].

Interestingly, the DM could from gel-like cushion similar to the 
protective skin barrier to avoid wound desiccation, and mechanical 
damage (Fig. 2b). The lectins and glycoproteins of the DM could addi
tionally facilitate the trapping and clearance of microbes from outside 
invasion. Meanwhile, the gel-like state of the DM could provide a moist 
environment at the injury site, which may help avoid scar tissue for
mation during wound healing (Fig. 9d) [49]. The DM could also trigger 
the formation of barrier membrane by the rapid absorption of the wound 
exudate at the bleeding site, platelet aggregation, and the conversion of 
the fibrinogen into fibrin, thereby effectively promoting the hemostasis 
(Fig. S14) [8].

For wound healing, different types of scaffolds are used, such as 
granular hydrogels, fibrous membranes, hydrogels, and aerogels and 
other application forms [41]. These scaffolds are usually fabricated 
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using an array of natural and synthetic polymers alongside crosslinkers 
and complex fabrication methods [2]. The nanofiber dressings such as 
poly(lactic-co-glycolic acid)/gelatin (PLGA/Gel) exhibit good perme
ability and drug delivery efficacy [5]. Nevertheless, long degradation 
cycle and relatively poor hydrophilicity of artificial synthetic polymers 
may limit their application prospects in clinical settings [23]. On the 
other hand, hydrogel dressings, including carboxymethyl chito
san/dextran may enable a moist wound environment albeit various 
risks, such as weak mechanical properties, uncontrolled degradation, 
and limited biological activity [50].

Meanwhile, these conventional scaffolds often require complex de
vice handling, cross-linking to improve stability, and the incorporation 
of additional bioactive components to endow the dressings with the 
biological functionalities, which in turn prolong the cycle time as well as 
the production cost [51]. DM scaffold displayed aerogel-like charac
teristics, which can be transformed into a hydrogel with certain adhe
sion ability upon exposure with water, which could provide a conducive 
microenvironment of soft tissue regeneration [8]. DM scaffolds possess 
large content of bioactive components, which may avoid additional 
modification or further processing to incorporate biological function
alities to the dressings (Fig. 3b–f). Therefore, DM scaffolds may offer 
several distinct advantages over conventional dressings.

This study also has several limitations. While DM further exhibited 
antimicrobial protection, which can be ascribed to the different types of 
bioactive components, such as lectins, enzymes, and cationic peptides, 
while their relative functions are unknown. Meanwhile, slugs could 
secrete various different types of mucus in response to different stimuli 
or different food, which may lead to the mucus with varying structures 
and compositions. Moreover, DM belong to microorganism-derived 
product, which needs to be further subjected to long-term immunolog
ical evaluation and in-depth toxicological analysis for the tissue engi
neering applications. Especially, to fully realize the potential and 
application of mucus, key challenges of sustainable production, vari
ability, stable storage and rigorous translation through preclinical and 
clinical testing must be addressed.

5. Conclusion

In summary, the DM from slugs’ secretion is a renewable and a 
sustainable resource and contains a spectrum of bioactive components, 
which displayed tissue adhesion, hemostatic effect, good biocompati
bility and hemocompatibility in vitro, as well as biocompatibility, 
biodegradability, and pro-healing activity for wound healing in vivo. 
These advancements provide opportunities to achieve an efficient 
wound healing strategy and improve patient outcomes, which may offer 
a promising solution for multifaceted biomedicine applications.
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