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ARTICLE INFO ABSTRACT

Keywords: Local drug delivery has received increasing attention in recent years. However, the therapeutic efficacy of local
Andrias davidianus delivery of drugs is still limited under certain scenarios, such as in the oral cavity or in wound beds after resection
Hydrogel

of tumors. In this study, we introduce a bioinspired adhesive hydrogel derived from the skin secretions of Andrias
davidianus (SSAD) as a wound dressing for localized drug elution. The hydrogel was loaded with aminoguanidine
or doxorubicin, and its controlled drug release and healing-promoting properties were verified in a diabetic rat
palatal mucosal defect model and a C57BL/6 mouse melanoma-bearing model, respectively. The results showed
that SSAD hydrogels with different pore sizes could release drugs in a controllable manner and accelerate wound
healing. Transcriptome analyses of the palatal mucosa suggested that SSAD could significantly upregulate
pathways linked to cell adhesion and extracellular matrix deposition and had the ability to recruit keratinocyte
stem cells to defect sites. Taken together, these findings indicate that property-controllable SSAD hydrogels could
be a promising biofunctional wound dressing for local drug delivery and promotion of wound healing.

Drug loading
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1. Introduction

Traditional delivery methods based on systemic administration can
lead to side effects and low bioavailability [1]. As such, local adminis-
tration has received increasing attention in recent years because it can
improve local drug bioavailability and reduce drug-induced systemic
toxicity [2]. However, this approach is still limited by certain short-
comings, such as the complex wound sites in the oral cavity or the
wound beds after tumor resection.
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Periodontitis and diabetes mellitus are highly related common
chronic diseases. Under a hyperglycemic environment caused by dia-
betes, advanced glycation end-products (AGEs) may largely accumulate
in periodontal tissues [3], which subsequently induces cell apoptosis,
reduces the proliferation and migration of cells related to wound healing
[4,5], and inhibits stem cell differentiation [6,7], eventually impairing
the wound-healing process. Although systemic administration of ami-
noguanidine (AG, an AGE-inhibitor) has been proven to accelerate
palatal wound healing in diabetic rats after free gingival grafting (FGG)
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[8], some safety concerns related to the use of high concentrations of AG
have also been reported [9-11]. Moreover, the moist condition of the
oral cavity and constant mastication stop drugs from being retained
locally [12].

On the other hand, malignant melanoma is considered to be one of
the most aggressive and highly metastatic skin tumors [13], and surgical
resection is still the most commonly used treatment in the clinic [14].
Potential residual melanoma cells after surgical resection can easily lead
to cancer recurrence [14]. Therefore, local resection combined with
systemic chemotherapy is a common treatment approach. Nevertheless,
the nonspecific distribution of chemotherapy drugs and fluctuating
blood concentrations always result in serious side effects and place a
significant burden on patients [15]. Consequently, topical chemo-
therapy is increasingly being used to minimize drug exposure to healthy
tissues while reducing the risk of local recurrence. However, most
chemotherapy drugs, such as doxorubicin (DOX), have relatively poor
specificity and cannot distinguish between normal and cancer cells [16].

Ideally, a local drug delivery system for wound healing should be
cost-effective, safe and possess multiple functions, such as controlled
release, local retention, biodegradability, and pro-healing abilities. To
overcome the above-mentioned deficiencies, as we recently reported, a
bioadhesive derived from the skin secretion of Andrias davidianus
(SSAD) exhibits strong tissue adhesion and is readily biodegradable in
vivo, which could reduce the secondary damage inflicted during dressing
changes [17,56]. This bioadhesive could be modified and used as a
drug-loaded wound dressing to promote wound healing. However,
SSAD-based drug delivery systems remain to be investigated for their
hypothesized strong potential in various translational applications.

In this study, we prepared a series of SSAD hydrogels with different
properties by controlling the corresponding SSAD powder particle sizes
(20, 60, and 200 meshes) and subsequently loaded them with different
drugs (AG or DOX). First, we verified the ability of SSAD to sustain drug
release in vitro. Then, animal experiments using a palatal mucosal defect
model or a melanoma-bearing model were conducted to fully verify the
dual functions of SSAD for simultaneous local delivery of drugs and
promotion of wound healing in vivo. SSAD application combined with
controlled release of pharmaceutical agents and the mechanism by
which it promotes regeneration were systematically investigated
(Fig. 1).

Cutaneous Melanoma Model
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2. Results and discussion
2.1. Structural characterization and drug release properties of SSAD

As shown in Fig. 2a, SSAD powders with different mesh sizes were
readily obtained, and these powders resulted in hydrogels with different
porous properties. The formed hydrogels suggested that the SSAD par-
ticle size and the associated variations in the hydration process directly
influenced the pore sizes of the resulting hydrogels [55]. After mixing of
the SSAD particles with water, they hydrate and swell to form a hydrogel
with a porous structure induced by hydrogen bonding and S-S bonds
between amino acid residues of SSAD proteins [17]. The pores on the
hydrogel surfaces were circular and interconnected, which could be the
result of two factors: the micropores were formed from the SSAD powder
hydration, and the macropores were determined by the SSAD particle
size. This observation confirmed that a denser mesh was related to
smaller pores and suggested that the accompanying hydrogel network
might be more stable [17].

Fourier-transform infrared (FT-IR) spectra further illustrated the
successful loading of AG or DOX molecules within SSAD, as shown in
Fig. 2b. For pure AG or DOX molecules, absorption bands attributable to
the stretching vibrations of the main alkyl chains could be observed at
3,440 em ! and 3,326 cm ™}, respectively (Fig. 2b i). The stretch vi-
bration peak of N-H appeared at 3,435 cm ! before SSAD loading with
drugs (Fig. 2b ii and iii). However, there were two peaks (3,274 cm Lor
3,500 cm™ 1) present after integration with either AG or DOX, as revealed
in Fig. 2b ii and iii, respectively. Given the absence of reactive chemical
groups in the drug molecules, their loading within the SSAD hydrogels
could mainly be attributed to physical entrapment or adsorption
through various noncovalent interactions.

To evaluate the drug release properties of the SSAD hydrogels made
from powders of different particle sizes, 20-, 60-, and 200-mesh
hydrogels were constructed. AG (Mw: 111.55) and DOX (Mw: 543.52)
were chosen as model drugs for loading into the SSAD hydrogels. During
the assessment period (24 h). The cumulative AG released from the 20-,
60-, and 200-mesh SSAD hydrogels was 64%, 56%, and 50%, respec-
tively (Fig. 2¢). The cumulative DOX released from the 20-, 60-, and 200-
mesh SSAD hydrogels was 73%, 70%, and 51%, respectively (Fig. 2d).
With an increase in the particle size of the SSAD powder, the drug
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Fig. 1. Schematic diagram showing the two animal models used in this study and the possible mechanism by which the drug-loaded SSAD hydrogel promotes

wound healing.
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Fig. 2. Structural characterizations and sustained
drug release properties of SSAD. (a) SEM images
showing the sizes of the 20-, 60-, and 200-mesh
SSAD powders and the porous structures of the
corresponding formed hydrogels. (b) FR-IR char-
acterization of i) AG and DOX, ii) AG loaded in
SSAD hydrogels of different pore sizes (20, 60, and
200 meshes), and iii) DOX with different SSAD
hydrogels of different pore sizes (20, 60, and 200
meshes). (¢, d) Cumulative release profiles of (c)
AG and (d) DOX in SSAD hydrogels of different
pore sizes (20, 60, and 200 meshes).
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release rate from the corresponding SSAD hydrogel increased. In addi-
tion, to analyze in vitro degradation behavior of the SSAD hydrogels,
they were immersed in phosphate-buffered saline (PBS) or human saliva
at 37 °C for 24 h. The degradation behaviors were measured at different
time intervals (Fig. S1). The SSAD hydrogels degraded gradually in both
PBS and saliva. During the earlier 8 h, the mass of the hydrogels (20, 60,
and 200 meshes) were reduced quickly; after 8 h, all the hydrogels (20,
60, and 200 meshes) had degraded gradually and reached an equilib-
rium state at 36 h. These results showed that the hydrogel degradation
rate increased with the SSAD particle size and consequently, the larger
pore size of the resulting hydrogel during degradation.

2.2. Invitro cytological studies
2.2.1. Cell proliferation induced by SSAD

Cell Counting Kit-8 (CCK-8) assays were used to evaluate the
biocompatibility of SSAD with L929 fibroblasts and human umbilical
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vein endothelial cells (HUVECs), both of which play important roles in
skin and mucosal regeneration [19]. In our preliminary experiment
(Fig. S2), we had evaluated the cytotoxicity of SSAD towards L929 cells
and HUVECs with Dulbecco’s modified Eagle’s medium (DMEM) con-
taining a series of SSAD concentrations (from 5 to 0.005 mg/mL).
Among the different concentrations, 0.1 mg/mL of SSAD seemed to be a
good intermediate concentration that promoted cell proliferation, and
was chosen for subsequent cell experiments.

2.2.2. Cell migration induced by SSAD

Scratch (Fig. 3a) and Transwell migration (Fig. 3b) assays were used
to verify the effects of SSAD on the migration of L929 cells and HUVECs
in vitro. Compared to the control group, SSAD-conditioned medium
significantly promoted the lateral migration of L929 cells (1.5-fold of the
control group) and HUVECs (1.7-fold of the control group) (Fig. 3c).
Compared to the control group, SSAD-conditioned medium also signif-
icantly promoted the transmembrane migration of L929 cells (2.1-fold of
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Fig. 3. Cell migration induced by SSAD. (a) Scratch assay of L929 cells and HUVECs cultured with or without SSAD. (b) The migratory abilities of L929 cells and
HUVECs treated with or without SSAD were further confirmed by Transwell assays. (c, d) Quantitative analyses of (c) the relative migration areas in the scratch assay
and (d) the number of cells that migrated from the top chamber to the bottom chamber in the Transwell assay. (*P < 0.05, **P < 0.01, ***P < 0.001).

the control group) and HUVECs (3.0-fold of the control group) (Fig. 3d).
Since cell migration is a critical step in wound healing [20], the above
results indicate that SSAD can dramatically increase the migration of
relevant cell types, potentially also in wound areas.

As is well-recognized, the expressions of a number of growth factors
may be beneficial in the process of wound healing [21]. Our bioassay
results showed that SSAD contained a collection of growth factors, such
as vascular endothelial growth factor (VEGF), insulin-like growth factor
1 (IGF-1), and stromal cell-derived factor-1 (SDF-1), among others
(Table S1). According to the content of each growth factor SSAD con-
tains, we chose IGF-1 and SDF-1, which are the two most abundant ones
in SSAD. SSAD exhibited a better performance in promoting cell
migration compared with that when dosing IGF-1 or SDF-1 alone, or
SDF-1 and IGF-1 together (Fig. S3), which indicated that it could be a
combinatory outcome of the various components of SSAD in promoting
cellular behaviors.

2.3. In vivo animal studies

2.3.1. Hard palate mucosal injury model

Patients receiving FGG suffer from many complications associated
with palatal mucosa defects, such as pain, infection, and discomfort
during eating, especially diabetic patients. Although diabetic ulcers
have received much attention in recent years, there have been few
studies regarding intraoral wound healing in diabetes mellitus patients
[22,23]. To the best of our knowledge, this study is the first to load AG
for local use to promote palatal wound healing in the presence of hy-
perglycemia. Due to the moist and unstable environment of the oral
cavity, it is impossible for the SSAD hydrogel to stably stay where it is
applied over extended periods, and thus a relatively quick release of AG
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could be a better choice for our intended application in vivo, which could
improve the bioavailability to the greatest extent. In addition, more
liquid was needed for the gelation of the same weight of SSAD powders
with the particle size increased, which indicated that SSAD powders
with a larger particle size might have a better hemostasis effect (Fig. S4).
All these data formed the rationale where 20-mesh SSAD was chosen for
treating the palatal mucosal injury model.

In our study, no abnormal physiological symptoms were observed
throughout the experimental period. Compared with the other two
groups, mice treated with SSAD and SSAD loaded with AG (SSAD + AG)
showed less bleeding (Fig. 4a). Furthermore, a classic liver damage-
hemostasis model (Fig. S5) indicated that SSAD could effectively
adhere to the wound site to seal and stop bleeding (Fig. S6). As revealed
in Fig. 4b and Table S2, at 3 days postsurgery, the wound closure rates of
the animals in the SSAD + AG group (57.2 + 9.0%), the AG group (48.9
=+ 10.2%), and the SSAD group (49.9 + 5.6%) were significantly faster
than that of mice in the control group (39.8 + 8.2%), among which the
SSAD + AG group healed the fastest. At 7 days postsurgery, the wound
closure of the animals in the SSAD + AG group (75.9 + 6.7%) was still
significantly higher than that of those in the control group (53.8 +
15.4%). At 18 days postsurgery, the wounds in the SSAD + AG group
had almost completely healed, with an average wound closure rate of
96.9 + 3.4%, which was higher than rates in the control group (86.4 +
9.3%), the SSAD group (92.5 + 7.1%), and the AG group (91.0 £ 9.2%),
and the difference between the SSAD + AG group and the control group
was significant (P < 0.05). Thus, SSAD + AG greatly accelerated the
healing of oral mucosa defects within a relatively short period of time.

Diameter of the full-thickness hard palatal mucosal defect in this
study was 3 mm, and we generated the wounds located in the middle of
the hard palatals, which was consistent for each rat. Accordingly, we
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Fig. 4. Assessment of the wound healing rates in the palate. (a) Macroscopic
observations of wounds. (b) Wound closure rates calculated using Equation (1).
(c) Images of HE-staining of the wound sites at 18 days postsurgery. (d) New
tissue thicknesses in different groups at 7 days postsurgery. (e) Re-
epithelialization rates in different groups at 18 days postsurgery. (f) Images
of Masson’s trichrome staining of the wound sites at 7 and 18 days. The dashed
lines show the boundary between normal and regenerated tissues. Normal tis-
sues (black arrows), regenerated tissues (blue arrows), re-epithelialization
(yellow arrows), and gland regeneration (@). (*P < 0.05, **P < 0.01, ***P
< 0.001).

could roughly calculate the position of the wound relative to the upper
jaw. More importantly, the normal oral tissue consists of epithelium,
lamina propria, and submucosa, where small salivary glands (@) are
present (Fig. S7). In addition, the regenerated palate mucosa thickness
was remarkably higher than that of normal tissues during healing, and
the collagen in regenerated tissues was arranged in a relatively disor-
dered manner and showed more cell infiltration (Fig. S8). Therefore,
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hematoxylin-eosin (HE) staining was conducted to observe mucosal
thickness, epithelial integrity, and gland regeneration in the treatment
groups, and the black dotted line indicates the boundaries between the
normal (black arrows) and the regenerated tissues (blue arrows)
(Fig. 4c). Although the regenerated palate mucosa thickness exhibited
no statistically significant differences between the four groups at 18 days
postsurgery, at 7 days postsurgery, the regenerated palate mucosa
thickness in the SSAD + AG group (847.4 + 17.8 pm) was remarkably
higher than that in the SSAD (292.4 + 11.3 pm), AG (299.6 + 11.4 ym),
and control (248.8 &+ 29.8 pm) groups (Fig. S9 and Fig. 4d, P < 0.001),
which could be attributed to tissue remodeling during wound healing.
Specifically, at the early recovery stage, large amounts of extracellular
matrix (ECM) are secreted by the migrating and proliferating keratino-
cytes and fibroblasts at the wound edge, and then, the granulation tissue
becomes mature to form a scar, characterized by continued collagen
synthesis and collagen catabolism [24].

Epithelial spikes (yellow arrows, Fig. 4c) are a symbol for mucosa
healing. According to the standard shown in Fig. S10, we calculated the
re-epithelialization rate in each group, and the re-epithelialization rate
in the SSAD + AG group (97.2 + 2.8%) was higher than that in the SSAD
(92.1 + 3.6%), AG (91.5 £ 31.7%), and control (85.5.3 + 9.6%) groups,
and the difference between SSAD + AG and control was significant
(Fig. 4e). More interestingly, almost no saliva could be previously re-
generated at the full-thickness mucosa defect area [25]. In this study,
some salivary glands (@) were observed in the SSAD + AG group but not
in the AG, SSAD, or control groups. Appendage regeneration is one of the
key indicators of scarless healing [26].

Collagen is the main component of the lamina propria, and the bal-
ance between collagen synthesis and degradation plays a vital role in
wound regeneration [27]. Masson’s trichrome staining was conducted
to observe collagen deposition (Fig. 4f). At 7 days postsurgery, which
was a relatively early stage of wound healing, the proliferated collagen
fibers in the SSAD + AG group were densely packed with a thick bundle
morphology. At 18 days postsurgery, the regenerated collagen in the
SSAD + AG and SSAD groups was gradually rebuilt to normal levels with
a more densely aligned fiber matrix (Figs. 4f and 40 x ), whereas the
collagen fibers in the AG and control groups were still in a relatively
disordered arrangement (Fig. 4f). The abovementioned data showed
that matrix collagen deposition in the SSAD + AG group was gradually
rebuilt to normal levels at the later stage of wound healing, indicating
that SSAD loaded with AG significantly promoted tissue regeneration
under hyperglycemia by accelerating collagen synthesis and maturation.
The combined effect was better than that of SSAD or AG alone and far
superior to that in the blank control group, and thus, SSAD loaded with
AG could be considered an effective approach for promoting diabetic
wound healing.

Immunofluorescence staining of relevant biomarkers related to tis-
sue regeneration was also conducted to compare regeneration effects
among the four groups. CD31 (red) was used to stain vascular endo-
thelial cells, which demonstrate neovascularization [28]; Col-1 (green)
was used to stain collagen, which is a vital marker of ECM deposition
[29] (Fig. 5a). a-Smooth muscle actin (a-SMA, red) was used to stain
myofibroblasts, which contribute to the contraction of mature vessels
[30], and the macrophagocyte marker CD68 (green) was used to assess
the inflammation level [31] (Fig. 5b).

At 18 days postsurgery, the expression densities of the CD31" and
Col-1+ cells in each single microscopic view were significantly higher in
the SSAD + AG treatment group (38.6 & 6.5, or 33.0 & 4.2%) than in the
control group (1.2 + 0.5, or 3.4 + 1.2%), the SSAD group (16.1 + 4.0, or
13.1 £+ 6.5%), and the AG group (8.9 £ 2.6, or 7.4 & 2.1%) (Fig. 5¢). The
expression densities of a-SMA + cells in each microscopic view were
significantly higher in the SSAD + AG treatment group (2.1 £+ 0.8%)
than in the control group (0 + 0%), the SSAD group (0.7 + 0.4%), and
the AG group (0.3 = 0.3%) (Fig. 5d). The expression densities of CD68™
cells in each microscopic view in the SSAD + AG treatment group (0.6 +
0.2%), the SSAD group (1.3 £ 0.3%), and the AG group (1.3 + 0.3%)
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were significantly lower than in the control group (11.5 + 2.0%)
(Fig. 5d). The separate fluorescence images of Fig. 5a are also provided
to evaluate the collagen deposition and neovascularization (Figs. S11
and S12). These findings further demonstrate that SSAD loaded with AG
can enhance the performance of SSAD in promoting vascularization,
enhancing ECM remodeling, and reducing inflammation [32].

Collectively, by releasing AG in a controllable manner and promot-
ing L929 cell and HUVECs proliferation and migration, SSAD loaded
with AG was believed to promote granulation tissue formation and
neovascularization by interactions between keratinocytes in the prolif-
erative phase [33].

To further elucidate the underlying mechanisms of SSAD in pro-
moting wound healing, transcriptomics analyses of the regenerated oral
mucosa were conducted. The Venn diagram shown in Fig. 6a indicates
that 994 differentially expressed genes (DEGs) were coexpressed in the
two groups. Heatmaps of the DEGs after SSAD treatment are shown in
Fig. 6b. We analyzed the protein-protein interaction (PPI) network
corresponding to the coexpressed DEGs, and the color intensity (from
blue to red) and size of each node positively represents their degree of
linkage with other protein molecules. As shown in Fig. 6¢, PPI analysis
revealed that the primary relevant signaling molecules were proteins
associated with collagens, such as Collal, Col3al, and Col6al. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis of the upregulated DEGs (shown in Fig. 6d) showed that those
genes were significantly enriched in collagen protein digestion and ab-
sorption, ECM-receptor interactions, and cell adhesion molecules
(CAMs), indicating that SSAD can accelerate cell adhesion, collagen
deposition, and ECM production. Moreover, although not significant,
some genes were also enriched in other signaling pathways, such as
those regulating the pluripotency of stem cells, reminding us that SSAD
may also promote wound healing by recruiting stem cells. Functional

a-SMA
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Fig. 5. Images of immunofluorescence
staining of palatal wounds at 18 days post-
surgery. (a) Immunofluorescence staining of
vascular endothelial cells (CD31, red) and
collagen I (Col-1, green). (b) Immunofluo-
rescence staining of myofibroblasts (a-SMA,
red) and macrophage (CD68, green). The
nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI, blue), and the double-
stained tissues were identified by yellow
fluorescence. (c, d) Histograms representing
the quantitation of (c) the percentages of
CD31" cells and Col-1 and (d) the percent-
ages of myofibroblasts (a-SMA+) and
macrophage (CD68") cells at Day 18.

Bl o-SMA/CD68/Nuclei

I c-SMA/CD68/Nuclei

Hl Control
W AG

B SSAD

[l SSAD+AG

CcDé68

enrichment analysis was carried out based on the KEGG database, and
the top 20 gene ontology (GO) terms are shown in Fig. 6e, among which
the significantly enriched biological processes were ECM formation
related to cell-matrix adhesion, cell adhesion and migration, ECM or-
ganization, collagen fibril organization, multicellular organism devel-
opment, and positive regulation of cell-substrate adhesion. All of the
above transcriptome results were verified by immunofluorescence
staining with the corresponding antibodies. The results in Fig. 5 show
that after SSAD treatment, there were high positive staining rates for
Col-1, CD31, and a-SMA in the SSAD-related groups, consistent with the
transcriptome data. This outcome indicates that pathways and biolog-
ical processes associated with wound healing were activated by SSAD
treatment, such as ECM-receptor interactions, cell-matrix adhesion, and
ECM organization.

Wound healing can generally be divided into four stages: hemostasis,
inflammation, cell proliferation, and tissue remodeling [33]. Activation
and efficient recruitment of stem cells toward the wound area are critical
contributors to wound re-epithelialization [34,35]. Owing to their ca-
pacity to differentiate into a variety of functional cells [36], keratinocyte
stem cells (KSCs) homing to wound sites play a vital role in wound
healing and can maintain and repair epithelial tissue and retain the
proliferative potential of the tissue [37,38]. Our bioassay results showed
that SSAD contained a large number of growth factors, such as VEGF,
IGF-1, and SDF-1 (Table S1). Most growth factors are thought to pro-
mote cell proliferation and migration, thereby promoting wound heal-
ing. In particular, SDF-1 recruits stem cells to wound sites [39], where
they differentiate into endothelial cells and fibroblasts, turning into
myofibroblasts via cell activation/proliferation or mesenchymal transi-
tion, which play key roles in soft tissue regeneration [40]. Moreover, the
expression of IGF-1 also plays an important role in mediating wound
healing [41]. In this study, to further verify whether SSAD can recruit
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Fig. 6. Therapeutic mechanisms of SSAD in
wound healing. (a) Venn diagram of the
transcriptomic profiles between the SSAD
and control groups. (b) Heat maps of
significantly changed genes after SSAD
treatment (|log| > 2, P < 0.05). (c) The
KEGG pathway and (d) the 20 most signifi-
cantly enriched biological processes. (e)
Enrichment analyses of the identified
differentially expressed genes in the pro-
; tein—protein interaction network of the
/ IR \V7A N differentially expressed genes based on the

o KEGG database. (f) Immunofluorescence
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endogenous stem cells and activate cell adhesion and migration path-
ways, as suggested by the above transcriptome analyses, we assessed
stem cell recruitment and cell proliferation in the regenerated tissues via
immunofluorescence.

Immunofluorescence staining of KSCs (a6+/CD71-) [37,42,43] and
proliferating cell nuclear antigen (PCNA) staining [44] were conducted
and compared between the SSAD-treated group and the blank control
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group. The results (Fig. 6f and g) showed that significantly more KSCs
were recruited to the wound sites in the SSAD-treated group than in the
control group (P < 0.001) at 7 days postsurgery. The number of PCNA +
keratinocytes in the SSAD-treated group was also significantly greater in
the SSAD-treated group than in the control group at the same time point
(P < 0.001).

Based on these results, we concluded that SSAD could promote KSC
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recruitment to wound sites and maintain a larger pool of regenerative
epithelial keratinocytes that function in accelerating wound healing.
Moreover, SSAD could promote cell adhesion and ECM and collagen
deposition, making it a promising dressing for soft tissue regeneration.

2.3.2. Tumor-bearing wound healing model

In our study, encouraged by the outstanding in vitro drug-loading and
controlled-release performance, we further proposed the idea of syner-
gistically combining local chemotherapy with tissue regeneration in
treating skin tumors. As for the tumor-bearing wound healing model,
considering the strong irritation associated with topical application of
DOX, under the conditions that the total dosage of DOX were same, a
relatively lower release rate of DOX might benefit the melanoma-
bearing wound healing in vivo, and thus we eventually chose the 200-
mesh SSAD hydrogel, which could release drugs more sustainably. The
incidence of malignant melanoma is on the rise in many areas, and
melanoma can occur in the skin or mucosa [45,46]. Cutaneous
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SSAD

IHIMMN"1‘ill"HH;‘|i HIH
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malignant melanoma is most common in Caucasians, while mucosal
malignant melanoma is most common in yellow people (e.g., Japanese)
[47]. Malignant melanoma in the oral cavity mostly occurs in the upper
gingiva and hard palate [47]. Therefore, melanoma was chosen as the
tumor model.

B16F10 tumor-bearing mice were randomized into 4 groups: control,
SSAD, DOX, and SSAD + DOX. Photographs of tumor-bearing wound
healing at the indicated time points are shown in Fig. 7a. Photographs of
the excised tumors 18 days after various treatments (Fig. 7b) further
visually illustrate the therapeutic effect in each group.

The tumors resected from the mice in each group were also weighed
(Fig. 7c) and sized (Fig. 7d). The average tumor size in the control group
increased rapidly and exceeded 2,580 mm? and 1.9 g at 18 days, with
the highest tumor recurrence rate (up to 67%) (Fig. 7e). Interestingly,
the tumor volume in the SSAD hydrogel group increased more slowly,
and the average tumor size (691 mm3, 0.3 g) was smaller than that in the
control group, with a 44% tumor recurrence rate, verifying that SSAD

Fig. 7. In vivo anticancer efficiency of
the DOX-loaded SSAD hydrogel. (a)
Macroscopic observation of tumor-
bearing wounds under four different
treatments. (b) Photographs and (c)
weights of the resected tumors at 18
days after various treatments. (d)
Growth curves of tumors in the different
groups after the various treatments. (e)
Tumor recurrence curves, (f) body
weight curves, and (g) survival curves of
the mice in the different treatment
groups (n = 9, *P < 0.05, **P < 0.01,
%P < 0.001).
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itself already exhibits antitumor activity to some extent. A slightly more
obvious inhibition of the tumors (239 mrn3, 0.4 g) was observed in the
DOX group, with a 22% recurrence rate, compared with the control
group. However, strikingly no mice in the SSAD + DOX group exhibited
tumor recurrence during the period evaluated (Fig. 7e). Meanwhile, no
obvious abnormalities in body weight were found in any of the four
groups (Fig. 7f). During the entire treatment duration, the tumor-
bearing mice in the control, DOX, and SSAD groups survived at rates
of 78%, 89%, and 100%, respectively, whereas mice in the SSAD + DOX
treatment group not only survived at a rate of 100% but also remained
tumor-free (Fig. 7g).

These encouraging results indicate that the tumor cells could be
effectively eliminated in the SSAD + DOX group by the DOX released
from the SSAD hydrogel during the early stage and that the ability of
SSAD to cure full-thickness skin defects was not significantly affected by
the relatively short period of DOX treatment. Although normal skin cells
near DOX-loaded SSAD might also be ablated by DOX release, SSAD
could induce many types of cells from relatively healthy tissues to
migrate to the wound site, where they can participate in the subsequent
wound healing process. This synergy played an important role in the
subsequent tissue healing process. More importantly, SSAD contains a
large number of growth factors that recruit stem cells and activate
wound healing-related signaling pathways and biological processes
during wound healing, consequently promoting neovascularization,
ECM production, and collagen deposition. Meanwhile, the mild tumor-
suppressive effect of SSAD itself might be attributed to immune regu-
lation of the recruited stem cells [48,49]. In addition, the SSAD hydrogel
made of 200-mesh fine particles could limit the exchange of nutrients
and metabolites. Although the limitation could be very weak and had no
obvious effects on normal tissues, solid tumors that require more nu-
trients and oxygen and produce more waste products during fast growth
could be more susceptible.

Finally, HE, terminal-deoxynucleotidyl transferase-mediated nick
end labeling (TUNEL), and Ki67 staining of the tumor tissues at 18 days
were performed (Fig. 8a). Images of HE staining revealed that the SSAD
+ DOX group induced the most tumor cell destruction. As demonstrated
by TUNEL staining, the SSAD + DOX group had the highest expression of
apoptotic fluorescence compared with the other three groups. Moreover,
Ki67+ tumor cell expression in the SSAD + DOX group was almost
invisible, suggesting a pronounced reduction in tumor cell proliferation
with the SSAD wound dressing loaded with DOX. Quantitative analyses
of the apoptotic cells and Ki67+ tumor cells are shown in Fig. 8b and c.
Overall, it was obvious that SSAD + DOX showed the best inhibition of
melanoma compared with the other groups in vivo. Moreover, there were
no clear histopathological changes in the major organs after the different
treatments in this study (Fig. 8d), which suggests that SSAD could be
used as a safe vehicle for localized drug delivery.

3. Conclusion

In summary, the SSAD hydrogels were proven to be an effective local
drug sustained-release system for AG and DOX based on the particle
sizes of the SSAD powders forming the corresponding hydrogels.
Moreover, the effects of SSAD, shown to promote cell migration and
proliferation, accelerate ECM deposition, and recruit endogenous stem
cells to wound sites, were further studied. Our unique SSAD wound
dressing system shows considerable potential as a local drug delivery
system for sustained drug release and wound healing promotion. How-
ever, because of the limited laboratory conditions, it was not possible to
track the drug release by SSAD in real time in vivo. In addition, although
our study revealed that there were more collagen deposition and stem
cell recruitment at the wound sites after SSAD treatment, the types of
cells that were most activated or inhibited in the process of wound
healing still remain unknown. In the follow-up studies, we may need to
further investigate into single-cell transcriptomes to explore the specific
pro-healing mechanisms of SSAD in tissue regeneration.
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4. Materials and methods
4.1. SSAD preparation and characterization

4.1.1. SSAD preparation, SEM, and FT-IR measurement

The dorsal mucus was collected from the Chinese giant salamander,
as we described previously [17]. In brief, the Chinese giant salamander
began to secrete mucus under mechanical stimulation (gently scratching
its skin). After the mucus was collected into a clean tube, it was washed
with sterilized PBS, shaken, and centrifuge. Next, the mucus was
freeze-dried for 24 h, ground into powder by a freezing ball milling
machine at 0 °C for different times, and finally divided into different
particle sizes using the corresponding mesh sizes (20, 60, and 200
meshes).

The SSAD powders and drug (AG or DOX)-loaded hydrogels with
different pore sizes were examined via SEM and FT-IR. SSAD powders
and freeze-dried SSAD hydrogels with different sizes (20, 60, and 200
mesh) were installed on the holders. After gold sputter coating, all
samples were imaged via SEM (SU8010, ZEISS MERLIN Compact,
Japan) at 10 kV and 5 kV. The FT-IR spectra (4000-400 em™ ) of AG,
DOX, and the drug-loaded SSAD hydrogels were recorded using an FT-IR
spectrometer (Nicolet 670, USA) in transmission mode, and the spectral
data were recorded as absorbance units.

4.1.2. SSAD hydrogel degradation experiments

The degradation ratios of the SSAD hydrogels derived from different
particle sizes (20, 60, and 200 mesh) were evaluated in PBS and human
saliva. In brief, 100 mg of SSAD was gelled with PBS. Afterward, the
hydrogels were soaked in PBS or human saliva (5 mL). For the SSAD
hydrogel degradation experiments, SSAD hydrogel was collected at a
predetermined time point and freeze-dried for 24 h. The degradation
ratio was calculated according to Equation (1):

W( — Wh

b

x 100% (@)

Degradation ratio =

where W, represents the weight of the SSAD hydrogel lyophilized after
swelling in PBS or human saliva at different time intervals, and Wy,
represents the weight of the SSAD powders at baseline.

4.1.3. Controlled release of drugs in vitro

The release kinetics of the SSAD hydrogels with different particle
sizes (20, 60, and 200 meshes) were evaluated using AG or DOX. In brief,
50 mg of AG or 10 mg of DOX was mixed with 500 mg of SSAD or 1,000
mg of SSAD (20, 60, or 200 meshes) to form an SSAD-loaded hydrogel in
PBS. Afterward, the drug-loaded hydrogels were soaked in PBS (5 mL,
pH 7.4). At the predetermined time points, the samples were collected
and detected at wavelengths of 230 nm or 480 nm to determine the
concentrations of AG or DOX. Meanwhile, the same volume of PBS was
added back to each test tube to maintain a constant volume.

4.2. Cell proliferation and migration assays

4.2.1. CCK-8 assay

A total of 5,000 cells in 200 pL ofmedium were seeded in each well of
96-well plates. After incubation for 24 h in an incubator (37 °C, 5%
COy), the culture medium was replaced with 200 pL of SSAD-containing
hydrogel for 12 and 24 h. At the indicated time points, 100 pL of fresh
DMEM and 10 pL of CCK8 solution were added to each well for a 2-h
incubation at 37 °C, and the absorbance at 450 nm was measured
using a microplate reader (EnSpire, PerkinElmer, Singapore).

4.2.2. Scratch wound-healing assay

For the scratch assay, 6 x 10° cells were seeded in each well of a 6-
well plate, and after they had reached confluence, they were wounded
with a 200-pL pipette tip followed by washing with PBS three times and
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Fig. 8. In vivo microscopic anticancer efficacy. (a) Images of HE staining, TUNEL staining, and Ki67 staining (red: apoptotic cells; green: Ki67+ cells; blue: nuclei) of
the tumor tissues in the different groups. Quantification of (b) the expression of Ki67 and (c) TUNEL assay results (cell numbers in each visual field). (d) Repre-
sentative histological images of the main organs with HE staining (*P < 0.05, **P < 0.01, ***P < 0.001).
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then incubation with DMEM containing SSAD for 24 h. The cells were
photographed under a microscope at 0 and 24 h.

4.2.3. Transwell migration assay

Based on the scratch wound healing results, we then conducted a
Transwell migration assay. Briefly, 100 pL of DMEM containing 2 x 10°
cells (1929 or HUVECs) was seeded in the top chamber of the insert, and
the bottom chamber was loaded with 800 pL of DMEM supplemented
with SSAD. After incubation for 24 h, the inserts were removed and
washed, and the cells that had migrated to the lower side of the mem-
brane were stained with 0.1% crystal violet and counted under a mi-
croscope as previously described [50].

4.3. Animal studies

4.3.1. Hard palate mucosal wound healing model with hyperglycemia

Animals were purchased from the Experimental Animals Center of
Chongging Medical University and housed under specific pathogen-free
(SPF) conditions at the animal experimental center of the Stomatological
Hospital of Chongqing Medical University. The animal experiments
were approved by the Stomatological Hospital of Chongging Medical
University Animal Use and Care Committee (CQHS-REC-2020-021).

Forty (8-12 weeks) male Sprague-Dawley (SD) rats weighing an
average of 200-220 g were used in this study, and type 2 diabetes
mellitus was induced by intraperitoneal injection of streptozotocin (STZ,
60 mg/kg). At 1 week after STZ injection, only rats with blood glucose
levels higher than >250 mg/dL were included in the subsequent study
[23]. Hard palate mucosal injury was induced as described by First and
colleagues [51]. Briefly, all animals were anesthetized intraperitoneally
with 1% pentobarbital sodium (30 mg/kg). Then, a blepharostat was
used to open the mouth, and the palatal mucosa was disinfected with
iodine and 75% ethanol. Next, a full-thickness hard palatal mucosal
defect was created in the rat palate (located in the middle) with a
disposable biopsy punch (diameter = 3 mm). All animals were randomly
divided into the following four groups and treated according to their
group (n = 10):

- Control group: blank control where no treatments were used

- AG group: AG (0.4 mg per site) [10,52,53].

- SSAD group: SSAD hydrogel (5 mg of SSAD powder per site)

- SSAD + AG group: SSAD hydrogel loaded with AG (5 mg of SSAD
powder + 0.4 mg AG per site)

These treatments were repeated daily. Moreover, local AG used in
this study (0.4 mg per site) should have a negligible systemic drug effect,
which was only 2% of some reported systemic administrating dosages of
AG (100 mg/kg) for promoting palatal wound-healing [8].

Photographs of the wound were taken with a digital camera (Nikon,
JY670N, Japan) at the indicated time points, and the digital photo-
graphs were transferred to a computer for analyses of palatal incision
closure using ImageJ software (National Institutes of Health, NIH, USA).
The wound closure rate was calculated according to Equation (2):

S'mi ial _Scurren
SISt e 100% 2

Wound closure percentage =
SCHH’C“K

where Sipitial is the initial wound size and Scyrent is the current wound
size. Each wound was measured 3 times, and the average wound size
was recorded. At 7 and 18 days after surgery, 5 rats in each group were
euthanized to harvest the hard palate for histological analysis.

The samples were fixed in 4% paraformaldehyde for 24 h and
decalcified in 10% ethylenediaminetetraacetic acid (EDTA, pH 8.0) for
2-3 months. Afterward, they were dehydrated with graduated concen-
trations of ethanol (60-100%). Subsequently, the specimens were
embedded in paraffin and cut into 5-pm sections. For each sample, more
than ten slides were prepared, and the wound area of each specimen was
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sampled perpendicular to the midline of the palate. Then, we chose the
sections that exhibited relatively wider wounds for histological analyses
and stained them with HE (Solarbio, China) and Masson’s trichrome
(Solarbio).

The re-epithelialization rate was measured at 18 days postsurgery
and was calculated according to Equation (3):

D, — D,

b

x 100% 3

Re — epithelialization rate =

where Dy, represents the distance of the mucosa defect at baseline (3
mm) and D, represents the distance without epithelization (Fig. S10) at
18 days postsurgery.

Moreover, immunofluorescence staining was performed. After the
sections were blocked with 3% bovine serum albumin (BSA, A8020,
Solarbio), they were immunostained with primary antibodies (Abcam,
USA) at 4 °C overnight. Then, after incubation with the corresponding
secondary antibodies (Abcam) for 1 h at room temperature, the nuclei
were counterstained with DAPI (Goodbio Technology Co., Ltd., China).
All images were acquired with an inverted fluorescence microscope
(Nikon, Nikon Eclipse Ti-SR, Japan).

To further elucidate the mechanism of SSAD in promoting wound
healing, we assessed cell proliferation in the repaired tissues using PCNA
staining and conducted transcriptomics analyses. SD rats with the
established palatal mucosal defect model (diameter = 3 mm) were
randomly grouped into SSAD (receiving SSAD dressing, n = 16) and
control (no treatment, n = 16) groups. On Day 3 and Day 7, half of the
rats (n = 8) in each group were sacrificed, and the palatal mucosa was
collected for transcriptome analysis. RNA extraction, purification,
reverse transcription, library construction, and sequencing were all
performed at Shenzhen BGI Co. Ltd. (Shenzhen, China).

After completing the sequencing, we conducted bioinformatic ana-
lyses based on the database we obtained, and the expression level of the
genes was calculated using RSEM (v1.2.12). Differential expression
analysis was performed using PossionDis with a false discovery rate
(FDR) < 0.001 and |Log2Ratio| > 1. Venn diagrams were used to detect
the coexpressed genes in the two groups. To gain insight into the change
in phenotype, GO and KEGG enrichment analyses (http://www.geneo
ntology.org/and https://www.kegg.jp/, respectively) of the coex-
pressed genes in both groups were performed using Phyper based on
hypergeometric tests (https://en.wikipedia.org/wiki/hypergeometric_d
istribution). The significance levels of the terms and pathways were
corrected with a Q value < 0.05 via Bonferroni correction. In addition,
PPI network analyses of the coexpressed genes were performed using the
Search Tool for the Retrieval of Interacting Genes/Proteins algorithm.

4.3.2. Antitumor efficacy and wound-healing model

Thirty-six female C57BL/6 mice (8-10 weeks) were used in this study
[54]. The tumors were created by injection of 1 x 106 B16F10 cells [54]
into the back of each C57BL/6 mouse after fur removal from the injec-
tion site. When the tumor reached approximately 50 mm?, the
tumor-bearing C57BL6 mice were randomly grouped as follows (n = 9):

- Control group: blank control where no treatments were used

- DOX group: DOX (4 mg/kg per site) [54].

- SSAD group: SSAD hydrogel (8 mg of SSAD powder per site)

- SSAD + DOX group: SSAD hydrogel loaded with DOX (8 mg of SSAD
powder + 4 mg/kg DOX per site)

Then, a circular full-thickness skin defect of 10 mm was created at
each tumor site, and the corresponding material for each group was used
to cover this wound created by tumor removal. Considering that tumor-
bearing wounds in this study would experience scabbing under a rela-
tively dry environment, they were only treated at day 0 with a reason-
able dosage of drugs to avoid stimulating the wounds repeatedly. After
treatment, the mouse body weights, tumor sizes and survival rates were
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recorded every two days. The tumor sizes were calculated according to
Equation (4):

LxWxW

Tumor volume = )

@
where L represents the tumor length and W represents the tumor width.

At 18 days after treatment, the mice were sacrificed, and the tumors
were collected, weighed and photographed. After a series of routine
treatments (tissue fixation, dehydration, embedding, slicing), tissue
sections from the four groups were selected and stained with HE for
histological analyses. Ki67 immunohistochemistry was used to evaluate
the proliferation of tumor cells. We also performed a TUNEL assay to
detect any apoptotic tumor cells.

4.4. Statistical analyses

All data are shown as the means + standard errors of the means.
Statistical analyses were carried out with GraphPad Prism software
(GraphPad Software, USA). Statistical significance was evaluated using
one-way analysis of variance (ANOVA) or an unpaired t-test. Signifi-
cance was established for P values < 0.05.
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