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A B S T R A C T   

The precise combination of conflicting biological properties through sophisticated structural and functional 
design to meet all the requirements of anastomotic healing is of great demand but remains challenging. Here, we 
develop a smart responsive anastomotic staple (Ti–OH-MC) by integrating porous titanium anastomotic staple 
with multifunctional polytannic acid/tannic acid coating. This design achieves dynamic sequential regulation of 
antibacterial, anti-inflammatory, and cell proliferation properties. During the inflammatory phase of the anas-
tomotic stoma, our Ti–OH-MC can release tannic acid to provide antibacterial and anti-inflammatory properties, 
together with immune microenvironment regulation function. At the same time, as the healing progresses, the 
multifunctional coating gradually falls off to expose the porous structure of the titanium anastomotic staple, 
which promotes cell adhesion and proliferation during the later proliferative and remodeling phases. As a result, 
our Ti–OH-MC exceeds the properties of clinically used titanium anastomotic staple, and can effectively promote 
the healing. The staple’s preparation strategy is simple and biocompatible, promising for industrialisation and 
clinical application. This work provides an effective anastomotic staple for anastomotic stoma healing and serve 
as a reference for the functional design and preparation of other types of titanium-based tissue repair materials.   

1. Introduction 

The precise coupling and sequential combination of antibacterial and 
anti-inflammatory properties with cell proliferation promotion, ac-
cording to the microenvironment of different tissue repair phases, is of 
great demand for implantable tissue repair materials but remains chal-
lenging [1–5]. The titanium anastomotic staple commonly used in 
gastrointestinal surgery, can be considered as an ideal model to explore 
the biological applications of multifunctional implantable materials [6, 
7]. Anastomotic stoma healing is typically divided into three phases: the 
inflammatory phase, the proliferative phase, and the remodeling phase 

[8–10]. The inflammatory phase, lasting approximately 3–5 days, in-
volves the secretion of large amounts of inflammatory factors and 
recruitment of immune cells to prevent the bacterial infection and 
remove the dead tissue. The inflammatory phase is susceptible to bac-
terial infection, which prolongs and exacerbates the inflammatory phase 
and negatively affects the healing process. The proliferative phase, 
occurring around 4–14 days post-anastomosis, is characterized by 
enhanced proliferation of fibroblasts and endothelial cells, increased 
formation of vessels, reduced tissue edema, and regenerated mucosal 
epithelium [11,12]. In the remodeling phase, collagen deposition and 
remodeling are crucial to improve anastomotic stoma strength. Given 
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the complicated nature of the digestive microenvironment, an ideal ti-
tanium anastomotic staple must cater to diverse biological requirements 
across different phases of the repair process [13,14]. During the in-
flammatory phase, the titanium anastomotic staple must exhibit potent 
antibacterial and anti-inflammatory properties while intelligently 
responding to the digestive microenvironment to regulate its antibac-
terial and anti-inflammatory levels. As the repair progresses to the 
proliferation and remodeling phases, which is dominated by cell pro-
liferation, the titanium anastomotic staple should facilitate cell adhesion 
and tissue regeneration. However, conventional titanium anastomotic 
staple lacks these essential properties, is susceptible to bacterial colo-
nization and cannot regulate the inflammatory environment, which is 
not conducive to anastomotic healing (Fig. 1a) [15]. Consequently, a 
significant disparity exists between conventional titanium anastomotic 

staple and the ideal anastomotic staple. 
Recent studies have attempted to improve tissue repair by inte-

grating antibacterial, anti-inflammatory, and cell-proliferating proper-
ties into titanium materials. However, these studies have mainly focused 
on addressing individual issues without providing comprehensive so-
lutions. For example, antibacterial agents such as antibiotics, metal ions, 
metal oxides, and antimicrobial peptides are highly effective, but their 
use may inhibit cell proliferation and lead to drug resistance over time 
(Fig. 1b) [16–18]. Conversely, bioactive molecules such as miR-21, 
BMP-2, gelatin-CaPO, and MOFs, incorporated into titanium materials 
can promote cell proliferation but lack antibacterial and 
anti-inflammatory properties, which can lead to bacterial adhesion and 
proliferation during the early phases of tissue repair [19–21]. To resolve 
these shortcomings, studies have attempted to coat titanium materials 

Fig. 1. Schematic illustration of the performance of a) titanium staple, b) antibacterial titanium staple and c) Ti–OH-MC for application to the anastomotic stoma; d) 
Schematic illustration of the structure and preparation process of Ti–OH-MC. 
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with multifunctional components to achieve simultaneous antibacterial, 
anti-inflammatory, and cell proliferation capabilities [22]. However, the 
previous materials’ biological properties lack precise temporal regula-
tion to meet the needs of the tissue repair at different phases. Therefore, 
the scientific challenge for the implantable titanium anastomotic staple 
lies in dynamically modulate antibacterial and anti-inflammatory ca-
pabilities while promoting cell proliferation, adapted with the progres-
sion of the anastomotic stoma healing phases, which means doing the 
right thing at the right time. 

This study aims to illustrate the multifunctional design concept of 
titanium anastomotic staple through in vitro experiment and a rabbit 
gastrointestinal anastomosis model. The fabrication process involves 
creating a uniform porous structure on the surface of titanium staple 
using alkali-heat treatment. Subsequently, a polytannic acid/tannic acid 
multifunctional coating is applied onto the alkali-heat treated titanium 
staple with oxidative self-polymerization, hydrogen bonding, and π-π 
stacking. Importantly, during the early phase of tissue repair, acidic 
condition caused by infection or inflammation can break hydrogen 

bonding and π-π stacking between tannic acid molecules and polytannic 
acid, releasing tannic acid molecules to provide antibacterial and anti- 
inflammatory, and immune microenvironment regulation functions. 
Simultaneously, the hydrogen bonding between the multifunctional 
coating and the titanium staple is also broken to expose the porous 
structure of the staple, promoting cell adhesion and proliferation during 
the later proliferation and remodeling phases. This design achieves dy-
namic sequential regulation between antibacterial, anti-inflammatory, 
and cell-proliferative properties, facilitating anastomotic stoma repair 
(Fig. 1c). This fabrication strategy of titanium material is simple and 
biocompatible, holds promise for industrialization and clinical appli-
cation. This work addresses the current limitations of conventional 
anastomotic staple and provides inspiration into the multifunctional 
design of titanium materials for tissue repair. 

Fig. 2. Structure characterization of Ti–OH-MC. a) FT-IR spectra of Ti, Ti–OH, and Ti–OH-MC; b) SEM images of Ti, Ti–OH, and Ti–OH-MC (upper scale bars = 50 
μm, lower scale bars = 1 μm); c) CSLM images of the surface roughness of Ti, Ti–OH, and Ti–OH-MC; d) Elemental mapping images of Ti–OH-MC (scale bars = 50 
μm); e) Water contact angles of Ti, Ti–OH, and Ti–OH-MC; f) Tensile test of the Ti, Ti–OH, and Ti–OH-MC; g) Single anastomotic staple tensile strength test of the Ti, 
Ti–OH, and Ti–OH-MC; h) Accumulated TA release of the Ti–OH-MC in buffer solutions under different pH; n = 3; ns = no significance. 
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2. Results and discussion 

2.1. Preparation and characterization of Ti–OH-MC 

We constructed multifunctional polymer coating on the surface of 
titanium staple (Ti) by surface pore-making and tannic acid (TA) 
oxidative polymerization (Fig. 1d). Surface pore-making via alkali-heat 
treatment provides the Ti with well-developed porosity, high surface 
area, and –OH to coat more coatings [23]. The polytannic acid (PTA) is 
then gradually deposited on the surface of alkali-heat treated Ti by 
oxidative polymerization of TA [24], and the TA is encapsulated in the 
PTA by hydrogen bonding and π-π stacking simultaneously. The samples 
obtained by surface pore-making and surface multifunctional coating 
are referred to as Ti–OH and Ti–OH-MC, respectively. As shown in the 

FT-IR spectra (Fig. 2a), the peak of Ti–OH at 3222 cm− 1 reflects the O–H 
stretching vibration, the peaks at 1617 cm− 1 and 1438 cm− 1 in 
Ti–OH-MC are attributed to the stretching vibration of the benzene 
skeleton, and the peak at 1355 cm− 1 belongs to the C–O vibration [25]. 
The scanning electron microscopy (SEM) images of Ti, Ti–OH, and 
Ti–OH-MC are displayed in Fig. 2b. Contrary to the smooth, nonporous 
surface of the Ti, Ti–OH has a porous surface morphology characterized 
by pore diameters ranging from approximately 65 to 250 nm, resem-
bling a honeycomb-like structure (Fig. 2b and Fig. S1). The Sa value of 
the Ti-OH (0.77 ± 0.04) is considerably higher than that of Ti (0.25 ±
0.01), while the Sa value of Ti–OH-MC (0.63 ± 0.03) falls between the 
other two groups (Fig. 2c and Fig. S2). The elemental mapping images 
(Fig. 2d) show that the elements C and O are uniformly and densely 
distributed on the surface of the Ti–OH-MC. According to Fig. 2e, the 

Fig. 3. The biocompatibility of Ti–OH-MC. a) Schematic of the “co-culture with samples” model; b) Cell viability of L929 cells in the Ti, Ti–OH, and Ti–OH-MC 
groups; c) Live/dead cell staining images of L929 cells in the Ti, Ti–OH, and Ti–OH-MC groups (scale bar: 200 μm); d) Cytoskeleton staining images of L929 cells inm 
the Ti, Ti–OH, and Ti–OH-MC groups (scale bar: 50 μm); e) Digital phpto of hemolysis tests in the Triton-100, PBS, Ti, Ti–OH, and Ti–OH-MC groups; f) Hemolysis 
ratios of the Triton-100, PBS, Ti, Ti–OH, and Ti–OH-MC groups; g) Immunohistochemical staining images of IL-4, IL-10, CD68, and IL-1β for Ti, Ti–OH, and Ti–OH- 
MC after rat subcutaneous implantation for 7 days (scale bar: 100 μm); h) Quantitative analysis of IL-4 and IL-10; i) Quantitative analysis of CD68 and IL-1β; n = 3; ns 
= no significance, ***p < 0.001. 
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contact angles of Ti, Ti–OH, and Ti–OH-MC are 72◦, 2◦, and 20◦, 
respectively. These results confirm that the multifunctional coating is 
successfully coated on the surface of Ti–OH. 

The tensile strength of anastomotic staple is critical to its anasto-
motic effectiveness [26,27]. The results of the mechanical tensile test 
show that there is no significant difference in tensile strength between 
Ti, Ti–OH, and Ti–OH-MC (Fig. 2f). In addition, tensile strength test was 
performed on a single staple in the anastomosed state to assess the 
maximum tensile force it could withstand (Fig. S3). The results show 
that there is also no significant difference among the three anastomotic 
staples (Fig. 2g). These findings indicate that the pore-making and 
coating processes do not damage the mechanical properties of the Ti. 

During the healing process, anastomotic stoma exhibits varying pH 
values at different phases. At the inflammatory phase, the pH often as-
sumes a weakly acidic state. However, once the inflammatory phase 
subsides, the wound environment changes to a neutral state. Therefore, 
the construction of pH-responsive antibacterial and anti-inflammatory 
anastomotic staple is of great importance for anastomotic stoma heal-
ing. To investigate the pH-responsiveness of the Ti–OH-MC, we simu-
lated an inflammatory environment (pH = 6.0) and a normal 
physiological environment (pH = 7.4) in vitro to evaluate the release 
behaviors of TA [24,28]. Fig. 2h shows that the percentage of released 
TA in the inital 2 h approaches 20 % and then remains nearly constant 
under pH=7.4. In contrast, the Ti–OH-MC releases TA continuously, 
with complete release occurring by the 7th day under pH=6.0. Appar-
ently, the pH condition exerts a significant influence on the release be-
haviors of TA. The results confirm the pH-responsiveness of our 
Ti–OH-MC, which allows for controlled antibacterial and 
anti-inflammatory properties by regulating the amount of released TA 
during the inflammatory phase. 

2.2. Biocompatibility of Ti–OH-MC 

Excellent biocompatibility is an essential property for biomedical 
materials [29]. To evaluate the biocompatibility of the prepared anas-
tomotic staple, a “co-culture with sample” model was conducted 
(Fig. 3a) [30]. The CCK-8 kit was used to quantitatively assess the 
toxicity of the Ti, Ti–OH, and Ti–OH-MC. The results show that the cell 
viability of all samples exceed 90 % (Fig. 3b). The live/dead cell assay in 
Fig. 3c shows that most of the L929 cells in the three groups are alive 
(green fluorescence), with only a few dead cells present (red fluores-
cence). In addition, the cells in the three groups are densely arranged in 
a spindle shape, with normal cytoskeletal (green) and nuclear (blue) 
morphology (Fig. 3d). These results indicate that our Ti–OH and 
Ti–OH-MC have good cytocompatibility comparable to that of clinical 
Ti. The hemocompatibility of the Ti–OH-MC was assessed using a he-
molysis test. As shown in Fig. 3e, the positive control group (Triton 
X-100) exhibits a bright red color, indicating significant erythrocyte 
rupture and hemoglobin release. In contrast, the PBS, Ti, Ti–OH, and 
Ti–OH-MC groups show no color change, with hemolysis percentages of 
less than 5 %, indicating excellent hemocompatibility (Fig. 3f). 
Furthermore, the inflammatory response of the prepared anastomotic 
staple was evaluated by a rat subcutaneous implantation model. The 
results of immunohistochemistry indicate that (Fig. 3g), in comparison 
to the Ti and Ti–OH groups, the expression of the pro-inflammatory 
markers (CD68 and IL-1β) in the Ti–OH-MC group is significantly 
decreased (Fig. 3i), while that of anti-inflammatory markers (IL-4 and 
IL-10) is significantly increased (Fig. 3h). The above results confirm the 
ideal biocompatibility of our Ti–OH-MC. 

2.3. Antibacterial property of Ti–OH-MC 

Bacterial metabolism can induce a weakly acidic microenvironment, 
which has a pH value of 5.0–6.5. In such microenvironment, the 
hydrogen bonding between TA and PTA is disrupted, leading to the 
release of TA [24]. TA has been found to interrupt the bacterial 

biological activity by different mechanisms including iron chelation, 
inhibition of cell wall synthesis, and disruption of the cell membrane 
[31,32]. We compared the antibacterial effects of Ti–OH-MC against 
three type of common bacteria causing anastomotic infections (S. aureus, 
E. coli, and E.faecalis) with the Ti and Ti–OH. After 12 h of co-culturing, 
the culture medium in the Ti–OH-MC group exhibits transparency, 
signifying minimal bacterial growth, whereas the medium in the Ti and 
Ti–OH groups appear turbid, indicating significant bacterial growth 
(Fig. 4a). Fig. 4b shows that Ti–OH-MC exhibits almost 100 % killing 
efficiency against the three bacteria, outperforming the Ti and Ti–OH 
groups. The results of the long-lasting antibacterial test demonstrate that 
Ti–OH-MC group still has a good antibacterial ratios on the 5th day 
(S. aureus, 78.3 %; E. coli, 69.7 %; E.faecalis, 71.3 %) (Fig. 4c). Therefore, 
our Ti–OH-MC has long-lasting and broad-spectrum antibacterial 
properties. 

2.4. Antioxidant and anti-inflammatory properties of Ti–OH-MC 

Excessive inflammation at the anastomotic stoma can significantly 
hinder anastomotic healing [33]. In addition, inflammation always 
produces an overabundance of reactive oxygen species (ROS), which 
directly degrade nucleic acids, proteins, and lipids, causing irreversible 
damage to the organism [30,34]. TA-based coatings are promising for 
the treatment of inflammation, as TA is a natural anti-oxidant [35]. The 
free radical scavenging capacities of Ti–OH-MC against 2,2-diphenyl-1--
picrylhydrazyl (DPPH) and 2,2ʹ-azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) were evaluated in this study. As 
shown in Fig. 4d and e, Ti–OH-MC exhibits enhanced scavenging ca-
pabilities for DPPH and ABTS compared to Ti and Ti–OH, indicating 
improved antioxidant activity. The cellular antioxidant performance of 
Ti–OH-MC was also evaluated by co-culturing it with L929 cells or 
Raw264.7 cells exposed to 100 μM H2O2, with Ti, Ti–OH as control 
groups. As shown in Fig. 4f and g, significantly higher cell survival ratios 
are observed in the L929 cells and RAW 264.7 cells groups treated with 
the Ti–OH-MC compared to the Ti and Ti–OH groups, indicating that the 
Ti–OH-MC can scavenges the free radicals produced by H2O2. We further 
used 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent 
probe and flow cytometry to measure the intracellular ROS levels. The 
fluorescence microscopic images (Fig. 4h and i) show that the Ti and 
Ti–OH groups exhibit more intense green fluorescence, whereas the 
Ti–OH-MC group exhibits decreased green fluorescence. The flow 
cytometry tests also show that the fluorescence intensities of RAW 264.7 
and L929 cells in the Ti and Ti–OH groups are higher than those in the 
Ti–OH-MC group (Fig. S4), indicating that Ti–OH-MC can significantly 
reduce the intracellular ROS levels. These results demonstrate the 
excellent antioxidant capacity of Ti–OH-MC. 

2.5. In vitro macrophage phenotype regulation of Ti–OH-MC 

As vital components of the innate immune system, macrophages play 
a crucial role in protecting the host, modulating the immune response, 
and promoting wound healing [36]. In vitro co-culture experiments were 
performed to investigate the potential of Ti– OH-MC to induce macro-
phage polarization from the M1 to the M2 phenotype. As shown in 
Fig. 5a, the immunofluorescence staining images indicate significantly 
higher expression of CD206, a marker of M2 macrophages, in the 
Ti–OH-MC group compared to the Ti and Ti–OH groups (Fig. S5). We 
then evaluated the effect of Ti–OH-MC on various inflammatory factors 
using ELISA test kits. As shown in Fig. 5b, LPS treatment results in 
excessive production of pro-inflammatory cytokines, with the expres-
sion levels of TNF-α and IL-6 (secreted by M1 macrophages) being 4.90 
± 0.46 ng mL− 1 and 11.40 ± 1.25 ng mL− 1, respectively. Both Ti and 
Ti–OH have no significant down-regulating effect on pro-inflammatory 
cytokines. In contrast, Ti–OH-MC can down-regulate the expression 
levels of TNF-α and IL-6 to 0.77 ± 0.06 ng mL− 1 and 2.17 ± 0.12 ng 
mL− 1, respectively. Meanwhile, the expressions of anti-inflammatory 
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cytokines were examined. In the LPS group, the expression levels of 
IL-10 and IL-4 (secreted by M2 macrophages) are 30.37 ± 1.70 ng mL− 1 

and 20.40 ± 2.05 ng mL− 1, respectively. The expression levels in the Ti 
and Ti–OH groups are similar to those in the LPS group. In contrast, the 
expression levels of IL-10 and IL-4 increased to 54.03 ± 3.09 ng mL− 1 

and 47.63 ± 1.27 ng mL− 1 in the Ti–OH-MC group (Fig. 5c). These re-
sults clearly indicate that Ti–OH-MC can effectively promote macro-
phage polarization from the M1 to the M2 phenotype, thereby 
down-regulating pro-inflammatory cytokines and up-regulating anti--
inflammatory cytokines. 

RNA sequencing was used to evaluate the messenger RNA (mRNA) 
levels of M1 macrophages after co-culture with Ti–OH-MC for 24 h. The 
transcriptomic profiles of M1 macrophages and Ti–OH-MC-treated M1 
macrophages were compared with differential expression assessment, 
Gene Ontology (GO) enrichment studies, and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway-based analyses. The Venn diagram 
(Fig. 5d) shows that 18381 genes are shared between the M1 and Ti–OH- 
MC groups, with the M1 group having 2794 exclusive genes and the 
Ti–OH-MC group having 1834 unique genes. The volcano plot (Fig. 5e) 
shows the distribution of differentially expressed genes (DEGs) between 
the M1 and Ti–OH-MC groups. A total of 692 DEGs were detected in 
Ti–OH-MC group, with 497 genes up-regulated and 195 genes down- 

regulated. The GO enrichment analysis of these DEGs includes biolog-
ical process, cellular components, and molecular functions (Fig. 5f–h). 
The biological process analysis reveals that Ti–OH-MC may regulate 
macrophage polarization through the regulation of JNK cascade. The 
cellular component (CC) analysis shows that the DEGs are associated 
with the inflammasome complex, suggesting that Ti–OH-MC may 
modulate the expression of inflammatory factors via regulation of the 
inflammasome complex. Molecular function (MF) results show that 
differential gene expression is associated with immune receptor activity, 
further demonstrating that Ti–OH-MC can regulate immune function by 
affecting immune receptor activity. Studies have shown that the Notch 
signaling pathway is one of the major pathways regulating macrophage 
polarization, which not only influences the differentiation of immune 
cells, but also regulates the functional states [37]. The KEGG pathway 
enrichment analysis in Fig. 5i shows that the DEGs are associated with 
the Notch signaling pathway. The above results indicate that our 
Ti–OH-MC probably accelerates the healing of the anastomotic stoma by 
activating the Notch signaling pathway to promote the polarization of 
macrophages from the M1 phenotype to the M2 phenotype and alleviate 
inflammation. 

Fig. 4. In vitro antibacterial and antioxidant properties. a) Digital photos of S. aureus, E. coli, and E.faecalis suspensions cocultured with the Ti, Ti–OH, and Ti–OH-MC 
after 12 h; b) Digital photos of the viable bacterial clones formed by S. aureus, E. coli, and E.faecalis on agar plates after 12 h contact with Ti, Ti–OH, and Ti–OH-MC; c) 
The antibacterial ratios of the Ti–OH-MC for S. aureus, E. coli, and E.faecalis after 1, 3, and 5 days of incubation; d-e) The results of Ti, Ti–OH, and Ti–OH-MC on 
scavenging DPPH (d) and ABTS (e) radicals; f-g) Cell viability of L929 cells (f) and RAW 264.7 cells (g) co-cultured with Ti, Ti–OH, and Ti–OH-MC for 12 h in a 
medium containing H2O2; h-i) Fluorescence images illustrating intracellular ROS reduction in H2O2-stimulated L929 cells (h) and RAW 264.7 cells (i) (scale bar: 200 
μ m) when co-cultured with Ti, Ti–OH, and Ti–OH-MC; n = 3; ***p < 0.001. 
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2.6. Enhancement of cell adhesion and proliferation properties of Ti–OH- 
MC 

The adhesion and proliferation capacities of cells are critical for 
anastomotic stoma healing. In order to evaluate the effects of Ti–OH-MC 
on cell adhesion and proliferation, we co-cultured the Ti–OH-MC after 
soaking in PBS (pH = 6) for different times with cells. As shown in 
Fig. 6a, after 3 days of immersion, the coating of Ti–OH-MC dis-
integrated, and the porous surface was exposed partially. By day 7, the 
multifunctional coating completely delaminates, and the entire porous 
surface was exposed. The Ti–OH-MC after immersion in PBS for 3 days 
and 7 days are named as Ti–OH-MC-3d and Ti–OH-MC-7d, respectively. 

When Ti, Ti–OH, Ti–OH-MC-3d, and Ti–OH-MC-7d are co-cultured with 
L929 cells, it is found that more cells adhere to samples with more pores, 
indicating that the porous structure formed by alkali treatment effec-
tively promotes the cell adhesion and proliferation (Fig. 6b). The semi- 
quantitative analysis results reveal that the fluorescence area of the 
Ti–OH-MC-7d group (59.60 ± 4.09 %) is higher than that of the Ti (3.27 
± 0.45 %) and Ti–OH-MC-3d (13.28 ± 2.20 %) groups (Fig. S6). 
Nanoscale porous surface has been demonstrated to effectively regulate 
cellular behavior, potentially by altering the spatiotemporal dynamics 
within cells and influencing the sensing behavior of intracellular 
mechanosensors [38,39]. Furthermore, compared to smooth substrates, 
nanoscale porous surface exhibits a pronounced upregulation of integrin 

Fig. 5. Pro-macrophage polarization properties in vitro. a) Immunofluorescence staining (DAPI and CD206) images of M1 macrophages after co-culture with Ti, 
Ti–OH, and Ti–OH-MC (scale bars: 100 μm); b) Expression levels of TNF-α and IL-6 in Normal, LPS, Ti, Ti–OH, and Ti–OH-MC groups; c) Expression levels of IL-10 
and IL-4 in Normal, LPS, Ti, Ti–OH, and Ti–OH-MC groups; d) Venn diagram of differential gene counts in the M1 and Ti–OH-MC groups; e) Volcano plot of 
differentially expressed genes; f-h) GO enrichment analysis of the DEGs (f: Biological Process, g: Cell Component, h: Molecular Function); i) KEGG pathway analysis of 
the DEGs; n = 3; ns = no significance, *p < 0.05, **p < 0.01, ***p < 0.001. 
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expression, thereby enhancing cell adhesion, which is critical for tissue 
repair [40,41]. The delamination of the coating on Ti–OH-MC coincides 
well with the healing phase of the anastomotic stoma, which can also 
effectively promote anastomotic stoma healing during the proliferative 
phase. 

2.7. In vivo animal surgery 

The promising in vitro results have motivated us to further investigate 
the therapeutic efficacy of Ti–OH-MC in a more complex in vivo envi-
ronment. A rabbit model of gastrointestinal anastomosis was established 
as shown in Fig. 7a and Fig. S8. Tissue samples from the anastomotic 
stoma were collected on days 3, 7, and 14 to monitor the progress of 
anastomotic stoma healing and assess the effect of Ti–OH-MC on the 
three phases of tissue repair (inflammatory phase, proliferative phase, 
and remodeling phase, as depicted in Fig. 7b). The initial inflammatory 
phase of anastomotic stoma healing, which typically lasts 3–5 days, is 
characterized by inflammatory cells infiltration and elevated levels of 
pro-inflammatory cytokines. Immunohistochemical staining was con-
ducted to evaluate inflammatory state by assessing the expression of 
pro-inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis 
factor alpha (TNF-α), as well as anti-inflammatory cytokines trans-
forming growth factor-β (TGF-β) and interleukin-10 (IL-10) (Fig. 7c). In 
comparison to the Ti and Ti–OH groups, the expression levels of IL-6 and 
TNF-α are significantly decreased in the Ti–OH-MC group (Fig. 7f and g). 
Conversely, the expression levels of TGF-β and IL-10 are significantly 
increased in the Ti–OH-MC group (Fig. 7h and i). These results indicate 
that Ti–OH-MC shows desirable anti-inflammatory properties during the 
inflammatory phase to accelerate the transition of the anastomotic 
stoma from the inflammatory phase to the proliferative phase. During 
the proliferative phase, neovascularization plays a critical role in 
ensuring the transport of nutrients and oxygen to the anastomotic stoma, 
supporting fibroblast proliferation and collagen synthesis. The results of 
platelet endothelial cell adhesion molecule 1 (CD31) immunostaining 
indicate that the amount of neovascularization in the Ti–OH-MC group 
is significantly higher than that in the Ti and Ti–OH groups (Fig. 7j). In 
the remodeling phase, proper collagen deposition and remodeling are 
crucial for improving tissue strength and healing. The results of Masson 

staining reveal higher levels of collagen expression in the Ti–OH-MC 
group compared to the Ti and Ti–OH groups (Fig. 7k). These results 
provide evidence that Ti–OH-MC exerts various beneficial effects, 
including reducing inflammation, promoting neovascularization, and 
accelerating collagen deposition, thereby offers a promising approach to 
improve anastomotic stoma healing. 

The burst pressure test is a crucial method for evaluating the healing 
degree of anastomotic stoma [26]. As shown in Fig. 7l, the ability of an 
anastomotic stoma to withstand burst pressure increases as it gradually 
heals. Specifically, the burst pressure of the Ti–OH-MC group on day 7 is 
26.4 ± 0.6 kPa, and further increases to 36.1 ± 0.8 kPa on day 14. In 
comparison, the burst pressure of the Ti group is 17.7 ± 0.6 kPa on day 7 
and 27.7 ± 0.9 kPa on day 14. Similarly, the burst pressure of the Ti–OH 
group is 20.8 ± 0.5 kPa on day 7 and 28.3 ± 0.3 kPa on day 14. The 
results confirm that the Ti–OH-MC group exhibits superior healing of the 
anastomotic stoma, and the comparison of bursting pressure is statisti-
cally significant. 

Peripheral blood was collected from the rabbits on preoperative day 
1 (Pre-1) and postoperative days 3, 7, and 14 for the detection of 
physiological indicators. The results indicate that the white blood cell 
count (normal value:3–13.5*10^9 L− 1) in the Ti–OH-MC group is lower 
than that in the Ti and Ti–OH groups on days 3, 7, and 14 (Fig. 7m), 
suggesting that Ti–OH-MC has an ideal regulatory effect on inflamma-
tion. Activated partial thromboplastin time (APTT), thrombin time (TT), 
and fibrinogen (FBg) were used to assess coagulation function of the 
rabbits, while alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were used to evaluate liver function. There are no 
significant differences in coagulation and liver function among the Ti, 
Ti–OH, and Ti–OH-MC groups (Figs. S9 and 10). These findings further 
suggest the excellent biocompatibility of Ti–OH-MC, indicating that the 
presence of the multifunctional coating does not induce coagulation and 
liver dysfunction. 

3. Conclusion 

In conclusion, a novel anastomotic staple, combining a multifunc-
tional coating with a porous surface structure, has been successfully 
fabricated in our study. This innovative design enables the anastomotic 

Fig. 6. A) SEM images of Ti, Ti–OH, Ti–OH-MC-3d, and Ti–OH-MC-7d (upper scale bar: 500 nm; lower scale bar: 200 nm); b) Fluorescent images of cell adhesion 
(scale bar: 200 μm) of Ti, Ti–OH, Ti–OH-MC-3d, and Ti–OH-MC-7d. 
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staple to intelligently respond to the microenvironment of the anasto-
motic stoma, dynamically adapt to the healing phases of the anastomotic 
stoma, and comprehensively meet its “step by step” requirements for 
antibacterial, anti-inflammatory, and cell proliferation effects. During 
the inflammatory phase, the multifunctional coating gradually disinte-
grates under the influence of a weak acidic environment, and the 
released TA has potent antibacterial and anti-inflammatory properties, 
promoting the polarization of macrophages towards the M2 phenotype 
and reversing the "pro-inflammatory" state, which is detrimental to 
anastomotic healing. Meanwhile, disintegration of the coating exposes 

the porous surface structure of Ti-OH-MC, which can enhance cell 
adhesion and tissue regeneration, further promoting anastomotic heal-
ing during the proliferative phase. Therefore, the dynamic transition of 
its biological activity provides a potential strategy to address the early 
phase requirements for resistance to infection and inflammation, as well 
as the later phase requirements to promote healing. The in vivo gastro-
intestinal anastomosis experiment in New Zealand rabbits shows that 
Ti–OH-MC significantly promotes the anastomotic stoma healing. This 
study provides an effective strategy for the precise coupling and 
sequential combination of contradictory biological activities and has 

Fig. 7. A) Schematic diagram of gastrointestinal anastomosis in rabbit; b) Schematic of anastomotic stoma healing progress; c) Immumohistochemical staining 
images of IL-6, TNF-α, TGF-β, and IL-10 at the anastomotic stoma on day 3 (scale bar: 20 μm); d) Immumohistochemical staining images of CD31 on day 7 at the 
anastomotic stoma (scale bar: 50 μm); e) Masson staining images on day 14 at the anastomotic stoma (scale bar: 20 μm); f) Statistical analysis of IL-6 expression; g) 
Statistical analysis of TNF-α expression; h) Statistical analysis of TGF-β expression; i) Statistical analysis of IL-10 expression; j) Statistical analysis for the number of 
blood vessel; k) Statistical analysis of collagen expression; l) Statistical analysis of bursting pressure on days 7, and 14; m) Statistical analysis of WBC on days pre-1, 3, 
7, and 14; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. 
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important implications for the design of anastomotic staples for 
gastrointestinal anastomosis. 

4. Materials and method 

4.1. Materials 

Tannic acid (TA) was purchased from Shanghai Macklin Biochemical 
Technology Co., Ltd. (China). Ti staples, disposable endoscope linear 
cutting staplers, and components (Fig. S7) were provided by Jiangsu 
Channel Medical Device Co., Ltd. (China). Ti desks were purchased from 
Guangzhou Lige Technology Co., Ltd. (China). Staphylococcus aureus 
(S. aureus, ATCC 25923) and Escherichia coli (E. coli, ATCC 25922) were 
obtained from the department of laboratory medicine, Guangdong 
Provincial People’s Hospital (China). Enterococcus faecalis (E. faecalis, 
BNCC337174) was purchased from Beina Biotechnology Co., Ltd. 
(China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine 
serum (FBS), and penicillin-streptomycin solution were provided by 
Gibco BRL (USA). Cell counting kit-8 (CCK-8) was purchased from 
Labgic Technology Co., Ltd. (China). Live/dead cell viability kit (Cal-
cein-AM/PI) was purchased from Shanghai Xinyu Biotechnology Co., 
Ltd. (China). Actin-Tracker Green-488 was purchased from Beyotime 
Biotech Inc. (China). Standard fibroblast cell line L929 fibroblasts and 
mouse macrophages (Raw264.7) were purchased from Jiangsu Keygen 
Biotech Co., Ltd. (China). Rabbit blood was purchased from Guangzhou 
Hongquan Biotechnology Co., Ltd. (China). Rabbit polyclonal antibody 
to CD206 and Cy3-labeled goat anti-rabbit IgG were purchased from 
Wuhan Servicebio Technology Co., Ltd. (China). All solvents and 
chemicals were purchased from commercial sources and used as 
received, unless otherwise noted. The Sprague Dawley (SD) rats and 
New Zealand rabbits were purchased from Huateng BioScience Co., Ltd. 
(China). All rats and rabbits were fed and tested in accordance with 
laboratory rules and guidelines. Gene sequencing and histological 
analysis were conducted by Wuhan Servicebio Technology Co., Ltd. 
(China). 

4.2. Sample preparation 

The titanium (Ti) substrates were polished in steps using various SiC 
sandpapers ranging from 400# to 1500#, ultrasonically cleaned for 15 
min with acetone, ethanol, and distilled respectively, and then air dried. 
Afterwards, the Ti samples were alkaline heat treated using 5 M NaOH at 
60 ◦C with agitation at 100 rpm for 24 h, and washed by distilled water 
and vacuum drying to obtain the alkali-heated Ti samples (Ti–OH). 
Subsequently, the Ti–OH samples were immersed in TA solution (60 mg 
mL− 1) at pH 8.0 for 2 h to obtain the Ti–OH-MC samples. The Ti samples 
for the experiment were as follows: titanium wire with a diameter of 0.1 
mm for tensile test; titanium disks with 2 mm in height, 10 mm in 
diameter for Fourier transform infrared (FT-IR), Atomic Force Micro-
scope (AFM) and in vivo subcutaneous implantation experiment; Ti 
anastomotic staples for other experiments. 

4.3. Structure characterizations 

FT-IR spectra were recorded using an FT-IR spectrometer (Nicolet 
IS50, Thermo Scientific, USA). Surface morphologies and elemental 
mapping images were examined by field-emission scanning electron 
microscopy (FESEM, Sigma 300, Zeiss, Germany). Roughness measure-
ments were performed with a confocal laser scanning microscope 
(CLSM; LSM 700, Zeiss, Germany) and the Sa (Arithmetical Mean 
Height) parameter was obtained by AFM (Asylum Research MFP-3D, 
Oxford Instrument, UK). Water contact angles were measured using a 
drop shape analyzer (DSA 100, Kruss, Germany). Mechanical tests were 
conducted on an electronic universal test machine (WD-5A, Guangzhou 
Guangshi Instrument Co., Ltd., Guangzhou, China). 

4.4. In vitro release of TA 

Ti–OH-MC was immersed in 2 mL of phosphate-buffered Saline (PBS) 
solution (pH:6.0 and 7.4) at 37 ◦C. On days 1, 3, 5, and 7, 2 mL of su-
pernatant was collected for TA content measurement while an equal 
volume of fresh buffer solution was added to the solutions. The super-
natant was analyzed by UV–Vis spectrometer to determine the TA 
content. 

4.5. Biocompatibility of Ti–OH-MC 

The cell counting kit-8 reagent (CCK-8) was conducted to evaluate 
the cell cytotoxicity and proliferation. L929 cells were co-cultured with 
the sterilized Ti, Ti–OH, and Ti–OH-MC samples and incubated at 37 ◦C 
for 24 h. CCK-8 (10 %) solution was then added and kept in the dark for 
1 h. The absorbance of the resulting solution at 450 nm was measured 
using a full wavelength microplate reader (Multiskan Go, Thermo Sci-
entific, USA). Live/dead staining kits were performed for L929 cell 
staining. Briefly, L929 cells were co-cultured with Ti, Ti–OH, and 
Ti–OH-MC samples and incubated at 37 ◦C for 24 h. After incubation, 
live and dead cells were stained using a Calcein-AM/PI staining kit ac-
cording to the manufacturer’s instructions. Images were captured with a 
fluorescence microscope (ZEISS Axio Observer Z1, Germany). The pro-
tocol of cytoskeleton staining is as follows: L929 cells were co-cultured 
with Ti, Ti–OH, and Ti–OH-MC samples and incubated at 37 ◦C for 24 h. 
The cells were then fixed with 4 % paraformaldehyde for 10 min, fol-
lowed by 3 washes with PBS (each lasting for 3 min). Permeabilization 
was achieved with 0.1 % Triton X-100 for 5 min, followed by a further 3 
washes with PBS. The cells were then sequentially stained with Actin- 
Tracker Green working solution (200 μL) and counterstained with 
DAPI (200 μL), each followed by 3 washes with PBS. Finally, fluores-
cence images were captured using a fluorescence microscope (ZEISS 
Axio Observer Z1, Germany). 

The hemolytic activity assay was conducted to assess the hemo-
compatibility of Ti, Ti–OH, and Ti–OH-MC. Briefly, rabbit blood was 
centrifuged at 1500 rpm for 5 min to obtain erythrocytes. The erythro-
cytes were washed 3 times and diluted to a concentration of 5 % (v/v) 
with PBS. The Ti, Ti–OH, and Ti–OH-MC samples were then co-cultured 
with 500 μL erythrocyte suspension (5 % v/v) in tubes for 1 h at 37 ◦C. 
The supernatant was then collected to measure absorbance at 540 nm 
using a microplate reader (Multiskan Go, Thermo Scientific, USA). 0.1 % 
Triton X-100 was used as a positive control and PBS was used as a 
negative control. The hemolysis ratio (HR) was calculated according to 
Eq. (1): 

HR=
OD of Sample − OD of negative control

OD of positive control − OD of negative control
× 100% (1) 

Histocompatibility test was performed by implanting samples sub-
cutaneously into the dorsal side of the rat. On day 7 after implantation, 
the dorsal tissues were collected, fixed, dehydrated, and subjected to 
immunohistochemical staining. The expression levels of the pro- 
inflammatory markers (CD68 and IL-1β) and the anti-inflammatory 
markers (IL-4 and IL-10) were analyzed. 

4.6. Antibacterial property of Ti–OH-MC 

To assess the antibacterial properties, the plate count method was 
performed to quantify the number of colony forming units (CFU) on agar 
plates. S. aureus, E. coli, and E.faecalis were cultured in Luria-Bertani 
(LB) growth medium overnight at 37 ◦C in a shaking incubator. Subse-
quently, the sterilized Ti, Ti–OH, and Ti–OH-MC samples were placed in 
a 24-well plate and immersed in 300 μL of S. aureus, E. coli, and E.faecalis 
(106 CFU mL− 1) respectively, followed by incubation at 37 ◦C for 12 h. 
The supernatants from each sample were then diluted 106-fold with PBS, 
and subsequently inoculated onto agar plates using a volume of 20 μL 
from the diluted bacterial suspension. After a further incubation of 12 h, 
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the bacterial CFU were photographed. The antibacterial ratio (AR) was 
calculated using Eq. (2): 

AR=
CFU of blank − CFU of sample

CFU of blank
× 100% (2) 

The turbidity of the bacterial solutions was observed. The Ti, Ti–OH, 
and Ti–OH-MC samples were sterilized by UV irradiation for 1 h and 
added to small glass bottles containing S. aureus, E. coli, and E.faecalis 
suspensions (108 CFU mL− 1) respectively. The small glass bottles were 
then incubated at 37 ◦C for 12 h. In this assay, an untreated bacterial 
solution was used as a blank group. Photographs were taken to record 
the turbidity of the bacterial suspensions. 

For the long-lasting antibacterial test, the sterilized Ti–OH-MC 
samples were placed in a 24-well plate, immersed in 300 μL of S. aureus, 
E. coli, and E.faecalis suspensions (106 CFU mL− 1) respectively and then 
added to a fresh bacterial solution every 24 h for 5 days. The antibac-
terial ratios on days 1, 3, and 5 were calculated using the plate count 
method described above. 

4.7. Antioxidant and anti-inflammatory properties of Ti–OH-MC 

First, the free radical scavenging capacities of Ti, Ti–OH, and Ti–OH- 
MC against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2ʹ-azino-bis (3- 
ethylbenzothiazoline-6-sulfonic acid) (ABTS) were evaluated. Briefly, 
Ti, Ti–OH, and Ti–OH-MC were separately immersed in PBS solution 
(pH = 6.0) for 24 h to obtain the extracts. The extracts were then added 
to the DPPH ethanol solution and incubated at 37 ◦C in the dark for 1 h, 
as well as to the ABTS solution and incubated at 37 ◦C for 6 min. The 
absorbance of each sample was then measured at 517 nm (for DPPH) 
and 414 nm (for ABTS) using a UV spectrophotometer. The clearance 
ratio was then calculated using the following Eq. (3): 

Clearance ratio= 1 −
At

Ai
× 100% (3) 

Ai represents the initial absorbance of the DPPH and ABTS solution, 
and At represents the absorbance of the DPPH and ABTS after incubating 
with the sample. 

To further investigate the antioxidant properties, an intracellular 
antioxidant assay was conducted. L929 cells and RAW 264.7 cells were 
seeded in 24-well plates at a concentration of 1 × 105 cells per well. 
After incubation for 24 h, the initial cell culture medium was replaced 
with DMEM medium containing H2O2 (100 μM). At the same time, the 
Ti, Ti–OH, and Ti–OH-MC samples were individually immersed in the 
above medium containing H2O2. The plates were then incubated at 
37 ◦C for a further 12 h. Cell viability was assessed using the CCK-8 
assay, while ROS levels in the cells were detected using the ROS fluo-
rescent probe (DCFH-DA). Images were captured with a fluorescence 
microscope (ZEISS Axio Observer Z1, Germany). In addition, the effi-
cacy of Ti, Ti–OH, and Ti–OH-MC samples in scavenging intracellular 
ROS was evaluated using a flow cytometer (Beckman Coulter, USA). 

4.8. In vitro macrophage phenotype regulation 

The effect of Ti–OH-MC in inducing macrophage polarization was 
assessed by immunofluorescence staining for the expression of CD206 
(M2 surface marker). Briefly, Raw 264.7 cells were seeded at a density of 
1 × 105 cells per well in 6-well plates and incubated at 37 ◦C for 24 h. 
Subsequently, the cells were stimulated with LPS (100 ng mL− 1) for a 
further 24 h to induce M1 polarization. After that, different samples 
were immersed in the wells and incubated for another 24 h. The cell 
culture supernatant was collected, and the levels of the pro- 
inflammatory cytokines TNF-α and IL-6 and the anti-inflammatory cy-
tokines IL-10 and IL-4, were quantified by enzyme-linked immunosor-
bent Assay (ELISA). For immunofluorescent staining, macrophages were 
fixed with 4 % paraformaldehyde, permeabilized with 0.1 % Triton X- 
100, and blocked with 1 % BSA at room temperature. Rabbit polyclonal 

antibody against CD206 (dilution: 1:150) was applied followed by Cy3- 
labeled goat anti-rabbit IgG secondary antibody (dilution: 1:200). 
Finally, nuclei were stained with DAPI and observed under a fluores-
cence microscope (ZEISS Axio Observer Z1, Germany). In addition, 
mRNA-seq analysis was performed to investigate the gene expression 
profiles of macrophages cultured on different samples. Macrophages (1 
× 106) were co-cultured with LPS (100 ng mL− 1) for 24 h to induce M1 
polarization (M1 group), and then Ti–OH-MC was added to continue the 
culture for 24 h (Ti–OH-MC group). Each group underwent lysis in Trizol 
solution followed by mRNA extraction. RNA samples were sequenced by 
Wuhan Servicebio Technology Co., Ltd., China. 

4.9. Properties of Ti–OH-MC in promoting cell adhesion and proliferation 

The Ti–OH-MC were immersed in PBS (pH = 6.0) for 3 days and 7 
days to obtain Ti–OH-MC-3d and Ti–OH-MC-7d, respectively. Ti, Ti–OH, 
Ti–OH-MC-3d, and Ti–OH-MC-7d were co-cultured with L929 cells (1 ×
105) in the well plate for 24 h. After incubation, the samples were fixed 
with 4 % paraformaldehyde for 10 min and washed three times (3 min 
each time) with PBS to remove the residual fixative. To facilitate per-
meabilization, the samples were treated with 0.1 % Triton X-100 for 5 
min and then washed three times with PBS solution. Finally, the cells on 
the samples were sequentially stained with Actin-Tracker Green work-
ing solution (200 μL) before imaging with a fluorescence microscope 
(ZEISS Axio Observer Z1, Germany). The relative area coverage of 
fluorescence was measured by Imaje J [42]. 

4.10. In vivo animal surgery 

The New Zealand rabbits, weighing between 2.5 and 3.5 kg, were 
randomized into three groups (Ti, Ti–OH, and Ti–OH-MC) for gastro-
intestinal anastomosis. After anesthesia with 3 % sodium pentobarbital 
(30 mg kg− 1), the rabbits were placed in the supine position with their 
limbs immobilized. First, a midline incision was made in the upper 
abdomen to explore the abdominal cavity and to identify the sites of pre- 
anastomosis: the upper jejunum and the anterior wall of the gastric 
body. Small incisions were then made in the gastric and intestinal walls, 
followed by anastomosis using a linear cutting stapler device. Finally, 
the common opening was closed with a suture technique and the 
abdominal incision was sutured to close the abdominal cavity. 

Rabbits were euthanized on postoperative days 3, 7, and 14, and 
wound tissue was then collected and fixed with a 4 % formaldehyde 
solution for subsequent histological analysis and immunofluorescence 
staining. The inflammation of the anastomotic stoma was assessed by 
immunohistochemical staining for IL-6, TNF-α, TGF-β, and IL-10. The 
number of neovascularization was assessed by the level of CD31 
expression on day 7. Masson staining was used to assess collagen 
deposition. Quantification of these stains was performed using Image J 
software. Furthermore, burst pressure tests of anastomotic stoma were 
conducted on post-operative days 7 and 14 respectively, to monitor the 
degree of anastomotic healing. The burst pressure values were recorded 
when water overflowed from the anastomotic stoma. In addition, the 
peripheral blood was collected from the rabbits on the day before sur-
gery and on days 3, 7, and 14 postoperatively. The blood was then 
analyzed using an LH750 automatic blood cell analyzer (Beckman 
Coulter, USA) to measure white blood cells (WBC), and the centrifuged 
blood serum was analyzed using an LST008 automated biochemical 
analyzer (Hitachi, Japan) to determine the levels of ALT, AST, APTT, TT, 
and FBg. 

4.11. Statistical analysis 

Results are expressed as mean ± standard deviation (SD) of at least 
three independent experiments. Statistical analysis was performed using 
SPSS software (version 26.0 for Windows; SPSS, Chicago, IL, USA). 
Statistical differences between groups were determined by Student’s t- 
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test or one-way analysis of variance (ANOVA). Significance levels are 
indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. 
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