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Histatin 1-modified SIS hydrogels enhance
the sealing of peri-implant mucosa
to prevent peri-implantitis

Zihao Liu,2,5 Yaqi Du,1,5 Shendan Xu,1,5 Minting Li,1 Xuemei Lu,1 Guangjie Tian,1 Jing Ye,3 Bo Zhao,4,*

Pengfei Wei,4,* and Yonglan Wang1,6,*

SUMMARY

Dental implants make it possible to replace teeth in more sophisticated ways. Nevertheless, peri-implan-
titis is one of the leading causes of implant failure, which can be avoided with proper soft tissue sealing.
The aim of this study was to achieve the promotion of the synthesis of peri-implant epithelial hemidesmo-
some throughHistatin 1 and porcine small intestinal submucosa (SIS) hydrogel to form a goodperi-implant
seal. The results show that hydrogel can improve the biological barrier function around implants by
combining antibacterial, promoting soft tissue healing and promoting epithelial bonding. This means
that the morphology and anti-infection ability of soft tissue are enhanced, which ensures the long-term
stability of the implant.SIS-Hst1 hydrogel has certain clinical application in the prevention and early treat-
ment of peri-implantitis. In conclusion, Hst1-SIS hydrogel, as a local administration system, provides
experimental evidence for the prevention of peri-implant disease.

INTRODUCTION

The implant is a safe and predictable way to treat completely and partially absent teeth. One of the major factors affecting its survival rate is

peri-implant disease.1 Peri-implant diseases are inflammation of the surrounding soft and hard tissues related to bacterial infection, which

often leads to implant loosening and falling out.2 Therefore, it is urgent to design strategies to take precautions against peri-implant diseases.

Recently, it has been proved that the soft tissue seal around the implant can effectively resist physical and pathological stimulation.3,4 By

improving the interaction of epithelial cells with the titanium surface and enhancing the stability of the implant during healing, it is possible

to avoid the growth of bacteria and their metabolites, thereby lowering the risk of inflammation andmarginal bone loss.5–7 The prevention of

peri-implant disease involves soft tissue sealing as a crucial component.

The sealing of the soft tissue surrounding healthy teeth and implants is maintained by the Junctional epithelium (JE).8 JE is composed of

substrate and hemidesmosome (HD). The attachment of JE mainly depends on the anchoring effect of HD, and HD are highly specialized

epithelial attachment structures on the substrate.9–11 However, due to the ischemic state of the tissue surrounding the implant and the release

of metal ions from the implant, the proliferation of peri-implant cells is slow. Only 1/3 of the attached epithelium around the implant’s root

forms the HD, and the number is significantly less than that around the natural teeth.12,13 This results in the peri-implant mucosa being less

resistant than the gingiva at adjacent natural teeth sites.14

Favorable properties of peptides, such as low toxicity, intercellular communication, and involvement in host defense, make peptides an

attractive approach for therapeutic drug development. Histatin1 (Hst1) is derived from human salivary glands such as the submandibular and

parotid glands.15 It can potentially to maintain the integrity of soft tissues by affecting the extension of epithelial cells and cell adhesion and

migration.16 Studies have shown that Hst1 can promote the adhesion between cells and the surface of implanting materials (titanium, hy-

droxyapatite, etc.), and participate in forming the host’s natural immune system.17,18 Van Dijk et al. systematically studied the process of

Hst1 promoting the dynamic adhesion of epithelial cells on the titanium surface and speculated that this process was produced by activating

integrin-mediated cell adhesion.19,20 As the transmembrane part of HD, integrin a6b4 initiates the assembly of HD, thereby mediating cell

adhesion and epithelial adhesion to improve soft tissue sealing around the implant.21,22 There should be tremendous potential for the appli-

cation of Hst1 in the soft tissue around the implant. The effects of Hst1may be inhibited or enzymatically hydrolyzed if it is applied directly, and
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a shorter period between doses is also necessary. Therefore, finding a carrier material to enable prolonged release of HST1 in the tissue is

indeed required in order to accomplish a suitable application.

Hydrogel is a carrier material that has been extensively used in clinics. It can simulate the complex extracellular environments, provide

structural support for the defect, and deliver the therapeutic materials dissolved within the materials to the surrounding tissues.22 Among

them, thermosensitive hydrogels have been widely studied in the fields of tissue pharmaceuticals and engineering because of they maintain

a liquid state at low temperatures and transforming into gels at 37�C.23 The thermosensitive hydrogel can act as a lubricant when it is liquid,

decreasing the interface friction and thereby increasing the preload between the implant and the abutment.24,25 When it is converted into a

gel state, it can seal the micro gap between the implant and the abutment, prevent the invasion of bacteria and their metabolites, and

improve the stability of the abutment. The application of thermosensitive hydrogel around the implant allows for its good biocompatibility

and liquid-gel phase transition properties to be exploited. Based on previous research by our group, we chose small intestinal submucosa

(SIS) to prepare thermosensitive hydrogels. The main components of SIS are type I and type III collagens, which have good biocompatibility.

The prepared thermosensitive hydrogels have good physical properties. In addition, SIS contains a variety of active factors such as proteo-

glycan, elastin, glycosaminoglycan, growth factor, etc., which can provide an integral cell growth microenvironment to promote cell prolifer-

ation.26–28 We believe that SIS, as a raw material for hydrogels, can be used as a carrier for the sustained release of Hst1. At the same time, it

can compensate for each other through different signal pathways to promote the formation of epithelial attachment and improve the sealing

of the soft tissue around the implant.

In this study, we design Hst1-modified SIS thermosensitive hydrogels. This study will explore the sealing effects of Hst1 hydrogels on the

peri-implant epithelium promoted by in vitro cell experiments and in vivo experiments. This research aims to adopt this kind of hydrogel to

enhance the biological closure around the implant and provide a new method for preventing peri-implant diseases.

RESULT AND DISCUSSION

Preparation and characterization of hydrogels

The hydrogel was synthesized by the aforementioned method, and after lyophilization, we could see the loose and porous structure formed

and the loading of peptides by scanning electron microscopy (Figure 1A). Cross-linking brings small through-pore structures around large

pores, increasing the porosity of the structure, which not only provides more cell adhesion sites but also facilitates the co-supply of nutrients

and the discharge of metabolites.29,30

Certainmechanical properties are provided by the hydrogel’s structure. The hydrogel has a certain fluidity before gelation and changes its

shape through temperature changes to adapt to the shape of the tissue. SIS was transformed into a gel at 37�C (Figures 1Ba and 1Bb), and the

mechanical properties were examined by compressive tests (Figure 1C) and rheological tests (Figures 1F, 1G, and S1–S4). The stress-strain

relationship was studied with a compressive testing machine; when the strain is 79%, the tensile strength of the hydrogel can reach 81 kPa. At

37�C, its storagemodulus is greater than the lossmodulus, and thematerial is in a semi-solidmode. The elasticmodulus value of Hst1 has little

change. It demonstrates that the addition of Hst1 does not affect the mechanical properties of the hydrogel.31

In the process of hydrogel synthesis, the stable combination of Hst1 and SIS hydrogel is required for the sustained release of Hst1. Consid-

ering its application, the chemical cross-linking method is a cheaper and simpler preparation methods. However, most of the chemical cross-

linking agents are toxic to the human body, so the low-toxicity cross-linking agent is still an important factor to be considered. 1-Ethyl-3-(3-

dimethyl aminopropyl) carbodiimide (EDC) is a water-soluble, non-cytotoxic chemical cross-linking agent that can stably cross-link amino

groups as a coupling agent. N-hydroxy succinimide (NHS) is used as a stabilizer to increase cross-linking efficiency.32,33 EDC andNHS activate

the carboxyl group of the collagen and form an amide bond with the amino group of the polypeptide.34 After the reaction, the cross-linking

agent (Scheme 1A) can be removed by dialysis.35

After cross-linking, we verified the release of Hst1 in the hydrogel, and it was visually seen that the color of the fluorescent Hst1-labeled

hydrogel faded with the release of Hst1 (Figures 1Bc and 1Bd). At the same time, the release was quantitatively analyzed by measuring the

absorbance of the labeled fluorescent peptide (Figures 1C and S5). The results of sustained release showed that Hst1 without cross-linking

was completely released after 2 days, while after cross-linking it could be released for about 1 week. There was little difference between HST1

and HST1 without cross-linking in the second week. In addition, there was no statistical difference in the effect of Hst1 concentration on sus-

tained release.We verified the swelling property of hydrogel (Figure 1D). The swelling reached equilibrium in about 400min; the swelling rate

of cross-linked hydrogel was relatively low. This is related to the cross-linking effect of EDC and NHS on collagen, which makes the relative

structure of gelmore stable. Regarding the degradation of hydrogel (Figure 1E), the degradation curve of hydrogel is basically proportional to

time.We speculate that Hst1 is released as the SIS hydrogel diffuses or degrades, and the amide bond is broken, thereby being released into

surrounding tissues. Based on the aforementioned results, SIS-Hst1 hydrogel has thermosensitivity and certain mechanical strength and can

be sustained release after cross-linking, so it has a great application prospect in injection.

Cell biocompatibility

Cell live/dead staining (Figure 2A) analysis was used to evaluate the cytotoxicity of the material, within the field of view of the blank group, SIS

group. However, SIS-Hst1(L) group and SIS-Hst1(H) group after coculture for 12/24 h showed almost no dead cells. At the same time, the

number of cells in the field was counted. It could be seen that there was a statistical difference in the number of cells relative to the blank

group, but there was no significant statistical difference in the cell appreciation of the hydrogel group. The Cell counting Kit-8 (CCK-8)
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cell count analysis was used to evaluate cell proliferation within 7 days (Figure 2B). The proliferation of other cells was enhanced compared

with the blank group, but there was no statistical difference in cell proliferation between the SIS-Hst1 group and the SIS hydrogel group.

The immunohistochemical study around the implant confirmed that the cell proliferation and regeneration ability of the peri-implant

epithelium were weaker than those of the JE.36 Therefore, it is of great significance for materials to promote cell proliferation.37 The positive

stimulating effect of SIS on cell proliferation, which may be related to the growth factors preserved by SIS, including transforming growth

factor b, basic fibroblast growth factor (FGF), hepatocyte growth factor, and vascular endothelial growth factor (VEGF), is retained in the extra-

cellular matrix biological scaffold in their bioactive form after sterilization.38–40 These growth factors and collagen, proteins, and other com-

ponents enhance cell adhesion and activate signals to affect cell differentiation and regeneration potential. Compared with the control group

containing only SIS hydrogel, the effect of Hst1 introduction on cell proliferation was not statistically different, which is consistent with the

previous research results.

S. gordonii is an early colonization bacterium of peri-implantitis. The antibacterial activity of S. gordonii was tested. The results revealed

that all the extracts in the hydrogel group had certain antibacterial effect. The antibacterial region (Figure 2C) of SIS-HST1 was slightly larger

Figure 1. Preparation and characterization of hydrogels

(A) Surface and cross-section of hydrogel under SEM. The arrow shows the Hst1; (B)Visual photographs (a) Hydrogel at room temperature (b) Hydrogel at 37�C (c)

Fluorescent Hst1 labeling (d) Hydrogel after release for 2 weeks; (C) The release profile of Hst1 in hydrogel; (D) Swelling ratio of hydrogel; (E) Degradation rate of

hydrogel; (F) Storage modulus (G’) and loss modulus (G’) of the Hst1-SIS(H) hydrogel under strain amplitude sweep (g 0.1%–1000%) at a fixed angular frequency;

(G) Hst1-SIS(H)Stress-Strain curve.
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than that in the SIS group, but there was no significant statistical difference. The staining results for colony forming units count agar plates

(Figure 2D) and live/dead bacteria (Figure 2E) were similar, and the hydrogel groups all displayed antibacterial activity. We speculated

that Hst1 might have a certain synergistic effect, but the effect was subtle. Above all, the results demonstrated that the hydrogel is

biocompatible.

Cell adhesion and migration

Transwell’s experiment (Figure 3A) revealed that the hydrogel promoted cell migration. By counting and observing, compared with other

groups, SIS-Hst1(H) will have a stronger effect on cell migration. Cell migration ability is an essential part of wound healing.41 Previous studies

have found that Hst1 promotes the effective healing of oral wounds by activating the 2 (RIN2)/Rab5/Rac1 signaling pathway to enhance cell

migration, which may relate to the vascular endothelial growth factor receptor.42 The promotion of cell migration on tissue and titanium by

Hst1 is beneficial to tissue regeneration and to the subsequent adhesion of cells on titanium.

Cells were cultured on titanium sheets containing hydrogel and observed under scanning electron microscope (SEM) (Figure 3B).

Compared with the blank group, the appearance of cell pseudopodia was significantly observed in the SIS hydrogel group. It shows that

the SIS hydrogel has a certain promoting effect on cell adhesion. As a hydrogel whose main component is collagen, SIS can effectively

improve cell affinity and promote early cell adhesion and extension. On the other hand, cells on the surface of SIS-Hst1 hydrogel showed

more obvious lamellipodia and filopodia, showing stronger cell biological activity. This indicates that Hst1 can promote the extension of

cell pseudopodia. We think this as the dynamic changes of cell surface expansion, and the early changes of cell migration prove that Hst1

also has a certain influence on cell movement.43 The adhesion of cells in the SIS-Hst1 hydrogel group was superior to that in the SIS hydrogel

group, which confirmed the synergistic effect of the twomaterials. The cytoskeletalmorphology (Figure 3C) was consistent with the SEMdata.

Hydrogel promotes the synthesis of HD

(IF) detected the expressions of HD-related proteins laminin 5, integrin-a6, and integrin-b4 in human gingival epithelial cells (hGECs). Among

these proteins, laminin 5 is mainly distributed in the cytoplasm, and integrin-a6 is mainly distributed on the surface of the cell membrane (Fig-

ure 4). By IF staining, the laminin 5, integrin-a6, integrin-b4 proteins widely distributed in the cells could be observed in the SIS-Hst1 group,

Scheme 1. Schematic diagram of the application of Hst1-SIS hydrogels

(A) EDC/NHS chemical cross-linking agent; (B) Shows the synthesis of hydrogels and potential applications of hydrogels around implants.
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and they were stronger than those in the blank group. It shows that SIS-Hst1 hydrogel can effectively promote the expression of laminin 5,

integrin-a6, and integrin-b4 in hGECs.Western blot (Figures 5A and 5B) results also demonstrated this. Therefore, the expression of laminin 5,

integrin-a6, and integrin-b4 in hGECs was detected. The expressions of laminin 5, integrin-a6, and integrin-b4 in SIS-Hst1 group were higher

than those in the blank group, while the expression of SIS-Hst1(H) was the best. qRT-PCR results showed that the mRNA expression levels of

laminin 5, integrin-a6, and integrin-b4 were the lowest in the blank group and the highest in the SIS-Hst1(H) group (Figure 5C).The results

indicated that SIS-Hst1 hydrogel could promote the expression of HD-related factors. Integrin a6b4 is the critical component of transmem-

braneHD,with intermediate plectin connecting the basal layer and the underlying structure of keratinocytes, which is themain adhesion struc-

ture. It regulates laminin 5. The ligand (LG) domain of laminin 5 interacts with integrin a6b4, and the basal keratinocytes will adhere to the

internal basal lamina (IBL) connecting enamel through this structure.44 The expression level of integrin protein in hGECs is upregulated, which

proves that the cell adhesion ability is enhanced. Integrin a6b4 not only supports the adhesion of basal keratinocytes but also maintains cell

proliferation. At the same time, the composite signal of integrin and growth factor activates focal adhesion kinase (FAK), and its function is

related to wound healing, including the formation, migration, proliferation, survival, and expression of polarized lamellipodia.45 This is also

consistent with the aforementioned experimental results.

In vivo experiments

According to the results of in vitro experiments, SIS-Hst1(H) was generally superior to SIS-Hst1(L) in the selection of experimental concen-

trations, so we directly selected SIS-Hst1(H) as the experimental group for in vitro experiments. And we choose the peri-implant epithelium

Figure 2. Cell biocompatibility

(A) Cell live/dead staining of cells cultured at 12h and 24h. At the right is the corresponding living cell count.

(B) CCK-8 detection of cell proliferation; (C) Inhibition zones of S. gordonii co-cultured (a) Blank (b) SIS (c) SIS-Hst1(L) (d) SIS-Hst1(H); (D) Photographs of colony

forming units count agar plates (a) Blank (b) SIS (c) SIS-Hst1(L) (d) SIS-Hst1(H). At the right is the corresponding relative bacterial numbers; (E) Fluorescent LIVE/

DEAD staining images of S. gordonii.
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of the simple implant group (smooth) as the control group. If the peri-implant epithelium around the implant is not well combined with the

implant, inflammation will quickly affect the surrounding tissues including the underlying bone tissue.46 At the same time, the mucosa will

be painful and discolored, which is double harm to the function and aesthetics after implantation. The peri-implant epithelium is more like

the JE of natural teeth in all aspects; the closer it is combined with implants, the stronger its ability to resist external toxic substances and

the better its soft tissue sealing ability.47 So at the same time, the epithelial tissue of rat tooth was also taken as the contrast of normal

tissue. After the first molar was extracted and the implant was implanted, the morphology of the JE and peri-implant epithelium of the rats

were preliminarily observed (Figure 6A). The epithelial regeneration was observed 1 week after the operation, and it could be seen that a

thin epithelial layer had been formed around the implants in each group. The histological morphology of SIS-Hst1 group was closer to

natural teeth. The JE of natural teeth is a stratified squamous non-keratinizing epithelium consisting only of the stratum basale and the

stratum suprabasale.48 Basal cells face the gingival connective tissue. The basal cells and the adjacent suprabasal cell layer are cuboidal

to slightly spindle-shaped. The basal cell layer of SIS-Hst1 consists of 3–5 layers of flat cells, which are more than those of SIS and blank

groups, and the morphology is similar to that of the JE. All remaining cells in the suprabasal layer are flat and parallel to the tooth surface

and are very similar to each other. While the suprabasal layer cells in the smooth group are not flat enough, and the nuclei are obvious, it

may be due to certain inflammatory infiltration. Inflammatory infiltration often affects the initial stability of implants.49 Antibiotics can

reduce inflammatory infiltration and accelerate epithelization.50 However, the morphology of basal upper layer cells in SIS group and

SIS-Hst1 group is better than that in smooth group, which is related to the antibacterial activity of SIS components. In general, the supra-

basal layer cells of SIS-Hst1 are the closest to natural teeth. In overall morphology, both SIS-Hst1 and JE tapered in the apical direction.51

Combined with the results in vitro, SIS-Hst1 hydrogel has the functions of promoting healing and epithelial bonding, and at the same time,

it can reduce inflammatory infiltration and play a synergistic role in healing, so that the rat peri-implant epithelium treated with SIS-Hst1

hydrogel has the shape closest to natural teeth.

The expression and distribution of HD-related proteins at the implant interface were detected by IF staining (Figure 6B). HD is critical

for epithelial attachment stabilization. Laminin 5 is an extracellular component of HD, and integrin a6b4 is mainly a transmembrane pro-

tein.52 The formation of HD can be inferred by measuring the expression of these main proteins. One week later, the expression of laminin

5 could be detected in both the basal layer and the suprabasal layer around the implant; especially the expression of SIS-Hst1 in the inner

and outer layers of the peri-implant epithelium was significant. Laminin 5 plays a role in guiding epithelial healing, and its higher expres-

sion also represents increased epithelial migration and re-epithelialization. SIS-Hst1 basically has a fluorescent band appearing. The

expression of integrin-a6 is more evident in the middle part, and the expression of integrin-b4 is more obvious in the middle and lower

parts. Overall, it can be seen that the protein expression level of SIS-Hst1 is relatively high. Therefore, we speculate that SIS-Hst1 hydrogel

can promote the formation of HD around implants. In conclusion, the peri-implant epithelium formed after the hydration treatment of SIS-

Hst1 is closer to the natural teeth and increases the synthesis of the key anchoring factor HD, which can effectively improve the soft tissue

Figure 3. Cell adhesion and migration

(A) Transwell detection of cell migration ability. At the right is the corresponding of migrated cells count; (B) Observing the cell morphology under SEM, and the

illustration shows a higher magnification image in a white frame; (C) Cytoskeleton staining.
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closure around the implant. It is possible to prevent peri-implantitis and provide possible therapeutic prospects for early adjuvant treat-

ment of peri-implantitis.

Limitations of the study

The limitation of this study is that the selection of animal models is not perfect. There are two options for tooth extraction: immediate extrac-

tion and delayed extraction and implantation. For research purposes, we only opted for immediate tooth extraction and implantation.

The main difference between the two models is that the healing results at the bone level are different. Because this study focuses on the

horizontal healing of implant soft tissue, only one of them is chosen for modeling. We think that this will have no significant impact on the

results.

We hope that more animal models can be chosen to validate the results in subsequent research, thereby minimizing the experiment’s

limitations.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell lines

Figure 4. Immunofluorescence staining

Immunofluorescence analysis of Integrin-a6 (A), Integrin-b4 (B), laminin 5 (C), related protein localization. (Red is the protein, blue is the nucleus and the result of

the synthesis).
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d METHOD DETAILS

B Preparation of hydrogels

B Characterizations

B Antioxidant experiment

B Antibacterial test

B Cell adhesion and migration

B Real-time quantitative polymerase chain reaction (qRT-PCR)

B Western blot

B Immunofluorescence staining

B Animal experiments in vitro

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108212.
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Figure 5. Western blot and qRT-PCR analysis of HD

(A) Western blot analysis of HD-related proteins; (B) Quantitative analysis of HD-related proteins; (C) qRT-PCR analysis of related genes.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yonglan Wang

(tmuperiodontology@163.com).

Materials availability

All materials are from commercial sources and are widely available.

Data and code availability

Original data are available from corresponding authors.

This paper does not report the original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human oral mucosa was taken out under aseptic conditions, washed twice with PBS solution containing double antibodies and soaked for

5 minutes. The tissue was cut into 0.5mm3, rinsed twice with PBS solution, centrifuged at 1000r/3min for 3 minutes, and the precipitate was

collected. The tissue was resuspended with mixed collagenase and digested at 4�C overnight. Complete medium of human oral epithelial

cells was added to terminate digestion. Filter the digestive suspension and tissue with 200 mesh sterile nylon net, collect the suspension, and

centrifuge at 1000r/5min for 5 minutes.

METHOD DETAILS

Preparation of hydrogels

Fresh pig small intestinewas washed, and the serosal layer andmuscular layer weremechanically removed to obtain the original SIS. Degreas-

ing, enzymoly SIS, digestion, washing, SIS -80�C in a freeze dryer (GAMMA 2-16 LSC; Christ, Germany), and then freeze-dried in a frozen mill

(MM400; Retsch, German). The obtained SIS powder was stirred in an aqueous solution containing 3% acetic acid and 0.1% pepsin (25�C) for
48h, and the obtained SIS digestive solution was lyophilized again to obtain a soluble SIS matrix, which was sterilized with ethylene oxide gas.

Add 50mMEDC and 50mMNHS into Hst1 solution (10mg, 100mg) and SIS (10 ml) matrix, stir for 6h, and dialyze in the dark for 24h. Then, 2.5 M

NaOHwas added to neutralize to pH 7.4, and the neutralized solution formed gel at 37�C. (Hst1 wasmanufactured by Jill biochemical co., ltd.

(Shanghai, China). Finally, the scaffold was rinsed four times with PBS and DMEM.53

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Histatin1 Jill Biochemical Co., Ltd. N/A

1-Ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) Solarbio CAS:25952-53-8

N-hydroxy succinimide (NHS) Solarbio CAS:35013-72-0

LIVE/DEAD� Cell Imaging Kit Sigma 04511-1KT-F

Cell counting Kit-8 (CCK-8) Solarbio Cat# C0039

4’,6-Diamidino-2-phenylindole, dihydrochloride(DAPI) Solarbio CAS:28718-90-3

Hematoxylin and Eosin Staining Kit Solarbio Cat:G1120

Rhodamine B Solarbio CAS:81-88-9

Oligonucleotides

Primers for qRT-PCR, see Table S1 This paper N/A

Software and algorithms

Image J NIH https://imagej.nih.gov/ij/download.html

GraphPad Prism GraphPad https://www.graphpad.com/
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Characterizations

Morphology

The hydrogel was freeze-dried at -80�C in a freeze-dryer (Gamma 2–16 LSC, Christ, Germany) for 24h. After the freeze-dried sample was

added to the gold scanning electron conductive layer, the surface and cross-section of the material were observed. The microscopic image

was obtained by scanning electron microscope (SEM, Gemini 300; Zeiss, Germany). The sol-gel transition behavior was observed by the vial

tilt method. SIS-Hst1 was added into the vial and incubated at 37�C to observe the fluidity in real-time.

Release of hst1 in vitro

The hydrogel formed by FITC-Hst1 was used to simulate the release of Hst1 and incubated stably at 37�C and 100 rpm in an oscillating water

bath. Soak the gel in PBS, collect 1ml of the released solution every day, and replace it with fresh PBS of equal volume. The absorbance was

measured by ultraviolet spectrophotometer (BIOTEK)480 nm, and the release amount was calculated. The standard curve was measured by

gradient dilution of FITC-Hst1 in PBS.

Rheology

HR-2 rheometer (AR-G2; TA Instrument, USA) tomeasure the rheological properties of the hydrogel. The storagemodulus (G’) of SIS and SIS-

Hst1 hydrogels was monitored at 37�Cwith 1% stress-strain and 1hz frequency over time. At constant angular frequency (10 rad s -1), the stor-

agemodulusG’) and lossmodulus (G’’) of hydrogels weremeasured by strain amplitude scanning (0.1% -1000%). In addition, the compression

test of hydrogel was carried out at 37�C using the load cell of PC compressor (Minnesota, USA). The cylindrical hydrogel (4 10mm3 5mm) on

the lower plate was compressed at a compression rate of 5 mm/min to obtain the stress-strain curve.

Degradation

To determine the degradation, the hydrogel was placed in PBS containing collagenase (Sigma). Accurately weigh 1ml of hydrogel with the

samemass, weigh the samplemass (W0) after freeze-drying, soak it in 15 ml of enzyme buffer at 37�C for degradation, continuously weigh the

remaining hydrogel mass (W1) every day, and stop the degradation after 2 weeks. The calculation formula of degradation degree: degrada-

tion degree (%) = (1-W1/W0) 3100.

Swelling properties

Weigh a certain amount of hydrogel into artificial saliva, placing it in a wat bath at 37�C, taking out that hydrogel at regular intervals, wiping the

surface moisture with wet filt paper, weighing it, then putting it back into the solution, and calculating the swelling ratio according to the

quality before and after swelling at different time points. The formula for calculating the swelling ratio (Q) is: Q = ( mt － m0 ) /m0 (mt is

the mass of hydrogel when the swelling time is t, and m0 is the initial gel.).

Antioxidant experiment

Cell live/dead staining

To evaluate the hGECs cell compatibility, take 100ml of the hydrogel and put it in a 24-well plate. The control groupwas blank. After incubation

for 12/24h, cells in 24-well plates were stained with live/dead reagents for 20 minutes, and images were obtained by inverted fluorescence

microscope (Olympus IX71, Japa). Take photos in any five fields of vision, and count the number of cells in the microscope field of vision by

ImageJ.

CCK-8 experiment

To evaluate cell proliferation, 10ml of solidified gel was placed in a 96-well plate, and 53103 cells were inoculated in each well with titanium

plate culture medium without fetal bovine serum (the control group was blank).On Days 1,3,5, and 7, LDH levels in cell supernatants were

measured using a Lactate dehydrogenase kit (LDH kit; Solarbio), and absorbance (OD) at 450 nm was measured using a microplate reader

(Multiskan FC, USA) to determine the relative cell viability.

Antibacterial test

Inhibition zone experiment

Hydrogel were prepared using a fixed-size circular die, 100 mL of 106 cfu/mL S. gordonii bacterial solution was inoculated on BHI agar plates

and incubated for 30 minutes at 37�C. After bacterial colonization, 100–1000 mL pipette was used to drill holes in the agar plate. Three groups

of hydrogel prepared in advancewere placed in the hole, and PBSwas added as the blank control. Culture in an incubator at 37�C for 24 hours.

Live/dead staining

Hydrogel (1mL) were immersed in each contain 2mL of S. gordonii and incubated at 37�C for 12 h. The bacterial solution (100uL) was then

removed from the tube and stained with a live/dead staining kit. Bacterial suspensions in sterile PBS were used as controls. Live bacteria

(green) and dead bacteria (red) were observed with CLSM.
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Bacterial growth plate

Each 20 mL suspension of S. gordonii were added on the surface of hydrogel for 12 h. Bacterial suspension (20 mL) in sterile PBS (1mL) was used

as control. Add sterile PBS diluted bacterial suspension to each well, and spread the diluted bacterial suspension (10 mL) evenly on BHI agar

plate. After 24 h, photos were taken and the number of colony forming units (CFU) was calculated.

Cell adhesion and migration

Cell adhesion

Human gingival epithelial cells (hGECs) were resuspended in serum-free medium, and the density of cell suspension was adjusted to 13 106

cells/ml. 100ml of epithelial cell suspension was placed in the upper chamber of TRANSWELL. Hydrogel, DMEM, and 10% FBS were added to

the orifice plate of the lower chamber (the control groupwas DMEMand 10%FBS). After 24h, themigrated cells were collected from the lower

chamber, stained with crystal violet, and observed under a microscope. After that, the visual field was randomly selected and counted by

ImageJ.

Cytoskeleton and cell morphology

To observe cell morphology, after each groupwas cultured on a titaniumplate for 24h, the hGECs cultured on the samples were fixedwith 4%

paraformaldehyde anddehydrated in a gradientmanner in an ethanol solution (30%, 50%, 75%, 90%, 95%, and 100%). SEMphotographed the

cell morphology on the titanium surface.

After 12h of culture, cytoskeletal actin was stained. The cells were fixed at 4�C with 4% paraformaldehyde, infiltrated with 0.25% Triton

X-100 (Solarbio), and protected from light. The nuclei were stainedwith DAPI (Thermo-Fisher Scientific) and actin rhodamine B (Thermo Fisher

Scientific Scientific). Photographs were taken by confocal laser scanning microscopy (CLSM;; Zeiss, Baden-Württemberg, Germany).

Real-time quantitative polymerase chain reaction (qRT-PCR)

Cells were inoculated into six-well plates with or without gel, and the control group was the blank group. Extract the cell suspension, extract

the RNA by TRIzol, then add an appropriate amount of enzyme-free (DEPC) water to dissolve the RNA, and measure the RNA concentratio.

The reaction system of GoScript reverse transcription was formulated, reverse transcription was performed at 50�C, and inactivated at 85�C.
The c DNA was obtained, and qRT-PCR was performed by the Roche LC480II system (Roche, Switzerland). Results were calculated using the

DDCt method. GAPDH is the control, and the primers are shown in table .

Western blot

The expression levels of laminin 5, integrin-a6, and integrin-b4 and protein in the cells were detected byWestern Blot. After the protein sam-

ples were prepared, the total protein content was determined by Bradford kit. The samples were subjected to concentration adjustment,

SDS-PAGE electrophoresis, transfer, blocking, and incubation at 4�C with 1: 1000 primary antibody (Abcam, UK) and the corresponding 1:

5000 secondary antibody (Abcam, UK). Finally, the protein was detected using an ECL western blot substrate (Thermo Fisher Scientific,

USA). Quantitative analysis was performed using ImageJ and the relative expression levels of laminin 5, integrin-a6, and integrin-b4 proteins

were normalized to GAPDH.

Immunofluorescence staining

Cells were inoculated into 24 well plates with or without gel, and the control group was the blank group. Fixed in 4% formaldehyde with 0.5%

(v/v) Triton X-100 permeation. 5 mg/ml BSA solution was blocked andmixed with the primary antibody (Abcam, UK) and incubated overnight.

Operate in the dark, and the secondary antibody (Abcam, UK) was incubated at 37�C for 2h. The nuclei were stained with a DAPI (Abcam, UK).

The stained cells were observed and analyzed for the location and expression of laminin 5, In-a6, and In-b4 in hGECs using CLSM. The nuclei

were stainedwith a DAPI solution. Stained cells were observed and analyzed usingCLSM for localization and expression of laminin 5, integrin-

a6, and integrin-b4 in hGECs.

Animal experiments in vitro

The animal experiment has been approved by Tianjin Medical University Animal Ethics Committee. According to the above experiment, the

SIS-Hst1(H) group was selected as the experimental group. Eight-week-old SD rats were anesthetized by inhalation combined with intraper-

itoneal anesthesia, and the right upper first molar was extracted. The rats were randomly divided into three groups: blank implant, SIS hydro-

gel, and SIS-Hst1 hydrogel. The hydrogel was implanted with the implant. The drug was administered once every two days. After 1 week, the

gingival specimens at the junction of implant and epithelium were obtained and stained with HE and immunofluorescence. Stained sections

were visualized by NDP. View 2INC software after shooting with Vectra Polaris (PerkinElmer, USA).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments in this study contain at least 3 repeated samples (nR3), and all the experiments are repeated more than 3 times. One-way

ANOVA and independent sample t test were used to analyze the data of each group, and the variables were expressed by the average stan-

dard deviation (SD). p<0.05 was statistically significant.
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