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Introduction
The quality of anastomotic healing is a critical factor in assessing the success and 
prognosis of gastrointestinal (GI) surgery, as it is closely associated with surgical out-
comes and the short- and long-term prognosis of patients [1]. With the development 
of minimally invasive surgical technique, instrumented anastomosis has been widely 

Abstract 

Purpose: This study investigates the effects of hexagonal microtextured titanium 
sheets on fibroblast growth and collagen synthesis, crucial factors in anastomotic 
healing.

Materials and methods: Hexagonal titanium sheets were fabricated using a laser 
microtextured machine. Mouse fibroblastic embryonic stem cells (NIH/3T3) were cul-
tured on these sheets. Cell proliferation was assessed using a CCK8 assay, and expres-
sion of TGF-β/Smad pathway-related genes and collagen types I and III was evaluated 
through qRT-PCR and western blot.

Results: Hexagonal titanium sheets significantly enhanced fibroblast growth and col-
lagen synthesis. The 50–30 group, with the smallest contact angle (48 ± 2.3°), exhib-
ited the highest cell growth rates by CCK8 assay. Gene expression analysis revealed 
that TGF-β1, Smad2, Smad3, Smad4, and COL1A1 were significantly upregulated 
in the 50–30 group on day 7. Meanwhile, type I collagen expression was significantly 
increased in the 50–30 group on day 7 by western blot analysis.

Conclusion: Our findings demonstrate that laser-fabricated hexagonal microtextured 
titanium sheets enhance hydrophilicity and promote fibroblast growth, activating 
the TGF-β/Smad pathway to facilitate collagen synthesis. These results have important 
implications for tissue repair and regeneration.
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Collagen secretion, Tissue repair

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Inter-
national License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified 
the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The 
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

RESEARCH

He et al. BioMedical Engineering OnLine          (2024) 23:119  
https://doi.org/10.1186/s12938‑024‑01313‑0

BioMedical Engineering
OnLine

†Haoyu He, Peiyao Wang and 
Zhuo Liu have contributed 
equally to this work.

*Correspondence:   
huyahuilg@126.com; tjmughgs_
fwh@163.com

1 Department of General Surgery, 
Tianjin Medical University 
General Hospital, 154 Anshan 
Road, Tianjin 300052, People’s 
Republic of China
2 Present Address: Department 
of General Surgery, Shijingshan 
Hospital, Shijingshan Teaching 
Hospital of Capital Medical 
University, Beijing, China
3 Tianjin Key Laboratory 
of Advanced Mechanical 
and Electrical System Design 
and Intelligent Control, 
National Experimental Teaching 
Demonstration Center 
for Mechanical and Electrical 
Engineering, Tianjin University 
of Technology, No.391, Binshui 
West Road, Xiqing District, 
Tianjin, China
4 Department of General 
Surgery, Baotou Central Hospital, 
Baotou 0140, Inner Mongolia, 
China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-024-01313-0&domain=pdf


Page 2 of 13He et al. BioMedical Engineering OnLine          (2024) 23:119 

used in gastrointestinal surgical procedures. At present, pure titanium or titanium–
nickel alloy are the most frequently used clinical materials for gastrointestinal anas-
tomotic staples due to pure titanium’s ability to reduce inflammatory response, good 
biocompatibility, corrosion resistance, and low Young’s modulus [2, 3]. While instru-
mented anastomosis enhances the quality of the anastomosis to some extent com-
pared to traditional manual anastomosis, pure titanium, being an inert material, does 
not actively contribute to the healing process.

The healing of GI tissues occurs in three phases: the inflammatory phase, prolifera-
tive phase, and remodeling phase [4]. During this dynamic process, positively regulat-
ing the proliferation of tissue healing-related cells and increasing collagen secretion 
may enhance the tensile strength of the anastomosis. Given that anastomotic heal-
ing is primarily associated with the growth of fibroblasts and the synthesis of colla-
gen fibers in the submucosal layer, some scholars have suggested enhancing fibroblast 
growth and collagen fiber synthesis by applying chemical coatings to the surface of 
anastomotic nails. For instance, Wang et al. [5] implanted a polylactic acid–acetic acid 
(PLGA)-coated scaffold containing 1  mg of doxycycline into the lumen of a colonic 
anastomosis to potentially prevent colonic leakage. Similarly, Chua et al. [6] deposited 
polyelectrolyte multilayers (PEMs) consisting of hyaluronic acid and chitosan on the 
surface of titanium implants to inhibit microbial adhesion and confer antimicrobial 
properties to the titanium implants. Nonetheless, the durability of surface coatings 
and their gradual degradation over time present challenges for the method of adding 
chemical coatings to implant surfaces. Furthermore, the effects of artificial implant 
materials on tissue healing have been investigated in the field of orthopedics. Prior 
research has demonstrated that artificial implant materials can markedly enhance 
angiogenesis and bone tissue healing [7, 8]. This indicates that biomechanics may be a 
pivotal factor in the process of tissue healing.

However, insufficient attention has been given to the staple’s surface morphology 
despite the potential of changes in biomechanics to stimulate cell growth [9]. It may be 
critical to understand how the physical morphology of staples can convert mechanical 
signals into biological signals to promote wound healing. Among the myriad of signal-
ing pathways involved, the transforming growth factor-beta (TGF-β) signaling pathway 
plays a critical role in orchestrating the processes of re-epithelialization, inflammation, 
angiogenesis, and granulation tissue formation [10]. Upon tissue injury, TGFβ is released 
from platelets and other cells, initiating a cascade of cellular activities that promote the 
migration and proliferation of fibroblasts and keratinocytes. This pathway facilitates the 
deposition of extracellular matrix components and enhances vascularization, both of 
which are vital for successful wound closure. The objective of this study was to investi-
gate the impact of microtextured titanium surfaces on the TGF-β signaling pathway in 
fibroblasts.

In our study, we constructed hexagonal microtextured titanium sheets surface by 
laser microtextured marking technology. Our objective is to investigate the role of 
hexagonal microtextured titanium sheet surfaces in facilitating cell proliferation and 
tissue regeneration by converting mechanical signals on the surface of microtex-
tured titanium sheets into bioelectrical signals within fibroblasts. The findings indi-
cated that hexagonal microtextured titanium sheets significantly stimulate fibroblast 
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growth and collagen synthesis, highlighting their potential as a novel anastomotic sta-
ple for gastrointestinal anastomosis.

Results
The 50–30 group has the smallest surface contact angle, indicating that it has the best 

hydrophilicity

The hydrophilicity of each group of microtextured surfaces was determined by meas-
uring their average roughness and contact angles. Good hydrophilicity favors cell 
growth. The average roughness (Ra) and the contact angles were measured in accord-
ance with the previously described methodology. The statistical analysis revealed 
notable variations in the mean surface roughness among the polished group, 50–30 
group, 50–90 group, and 150–30 group (p < 0.05) (Table 1). Similarly, the mean sur-
face contact angles exhibited significant differences among the polished, 50–30, 
50–90, and 150–30 groups (p < 0.05). It is noteworthy that the surface contact angle of 
the 50–30 group was the smallest, measuring 48 ± 2.3°, with a statistically significant 
difference (p < 0.01). The aforementioned outcomes indicated that the 50–30 group 
might exhibit the most hydrophilic properties.

The microtextured titanium sheets surface promoted mouse fibroblast proliferation

To measure the viability of cells, CCK8 was performed as described before. The via-
bility of cells in the experimental groups at day 0 was found to be statistically indis-
tinguishable, indicating the absence of any significant artificial interference (Fig.  1). 
Notably, the 50–30 group exhibited the highest optical density (OD) value relative 
to the other groups. At days 2, 3, and 6, the OD of the 50–30 group was found to be 
significantly different from that of the second-highest group, 150–30. (1.3755 ± 0.0325 
vs. 1.2509 ± 0.0047, p < 0.01; 2.2171 ± 0.0318 vs. 1.2702 ± 0.0188, p < 0.0001; 
2.7804 ± 0.1443 vs. 2.5148 ± 0.0613, p < 0.05, respectively) (Table  2). Conversely, 
at the second and fourth days, the mouse fibroblasts in the 50–90 group exhibited 
significantly lower OD values than those in the polished group. (0.9644 ± 0.0085 vs. 
1.0930 ± 0.0132, p < 0.001; 1.8718 ± 0.0834 vs. 2.1787 ± 0.1048, p < 0.05, respectively). 
The results indicated that these discrepancies might be attributed to the compatibility 
of cell size with edge spacing on microtextured surface.

Table 1 Measured surface roughness and contact angle of each group of titanium sheets

n Surface roughness(μm) Surface 
contact 
angle(°)

Polished 4 0.164 ± 0.05 65.5 ± 3.1

50–30 4 3.049 ± 0.32 48 ± 2.3

50–90 4 3.986 ± 0.31 57 ± 2.5

150–30 4 1.993 ± 0.18 61 ± 2.7
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Microtextured titanium sheets surface increased RNA expression of the TGF‑β/SMAD 

pathway and COL1A1 and COL3A1 in mouse fibroblasts

The expression levels of genes related to collagen secretion were analyzed using quan-
titative real-time PCR (qRT-PCR), as described previously. On the fourth day of incu-
bation, it was observed that the expression of COL1A1 and COL3A1 was significantly 
higher in all three microtextured groups compared to the polished group (Fig.  2) 
(Table 3). The findings indicated that the microtextured surface may have facilitated 
the secretion of collagen-related genes. Nevertheless, no statistically significant differ-
ence was observed in the expression of SMAD genes. On the seventh day of the exper-
iment, the results were found to be highly promising. In particular, the expression 
levels of TGF-β, SMAD2, SMAD3, SMAD4, COL1A1, and COL3A1 were observed to 
be the highest in the 50–30 group, in comparison to the other three groups (P < 0.5, 
except for COL3A1 where no statistical difference was observed compared to the pol-
ished groups) (Fig. 3) (Table 4). In contrast, gene expression was significantly reduced 
in the 50–90 group and the 150–30 group compared to the polished group. Over-
all, these findings indicated that microtextured titanium sheets in the 50–30 group 
upregulated the expression of collagen-related genes, while microtextured titanium 
sheets that deviated from the cell size appeared to inhibit gene expression.

Fig. 1 Absorbance values of culture supernatants on titanium wafers: A–D absorbance at days 0, 2, 4, and 6 
for each group; E dynamic changes from days 0 to 6. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Table 2 Absorbance values of culture supernatants on the surface of each group of titanium plates

Day 0 Day2 Day 4 Day 6

Polished 0.2365 ± 0.0022 1.0930 ± 0.0132 1.2538 ± 0.0096 2.1787 ± 0.1048

50–30 0.2369 ± 0.0039 1.3755 ± 0.0325 2.2171 ± 0.0318 2.7804 ± 0.1443

50–90 0.2370 ± 0.0033 0.9644 ± 0.0085 1.2702 ± 0.0188 1.8718 ± 0.0834

150–30 0.2369 ± 0.0039 1.2509 ± 0.0047 1.8791 ± 0.0487 2.5148 ± 0.0613
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Microfabricated titanium sheets significantly stimulated the secretion of collagen types I 

and III from mouse fibroblasts

To investigate collagen secretion in mouse fibroblasts, the expression of collagen I and 
III was analyzed using western blotting. On the fourth day, the expression of collagen 
I and III was significantly increased in both the 50–30 and 50–90 groups compared to 
the polished group (Fig. 4) (Table 5). On the seventh day, the 50–30 group exhibited the 
highest level of type I collagen expression, thereby confirming its superior ability to pro-
mote collagen secretion. Furthermore, the expression of collagen was found to be sig-
nificantly higher in the 50–90 and 150–30 groups in comparison to the polished group. 
Notably, the 150–30 group exhibited the highest content of collagen III (Fig. 4) (Table 6). 
Although the expression of type III collagen in the 150–30 group was greater than that 
in the 50–30 group, it should be noted that type I collagen has a stronger tensile strength 
than type III collagen. As the process of tissue healing progresses, the expression of type 
III collagen is gradually replaced by that of type I collagen. This shift in expression results 
in a greater reliance on type I collagen for tensile strength maintenance. Consequently, it 

Fig. 2 Expression levels of collagen synthesis-related pathway genes in each group at day 4 of culture. *: 
p < 0.05. **: p < 0.01. ***: p < 0.001

Table 3 Expression levels of genes for collagen synthesis and its related pathways at day 4 of culture

TGF‑β1 Smad2 Smad3 Smad4 COL1A1 COL3A1

Polished 1.0000 ± 0.2253 1.0000 ± 0.0472 1.0000 ± 0.0353 1.0000 ± 0.2241 1.0000 ± 0.3400 1.0000 ± 0.0357

50–30 1.3099 ± 0.0709 0.9113 ± 0.0914 1.0949 ± 0.0838 0.9436 ± 0.1012 1.6886 ± 0.0635 1.7521 ± 0.2102

50–90 1.2522 ± 0.0685 0.9861 ± 0.0475 1.1087 ± 0.0691 0.8541 ± 0.0366 2.3282 ± 0.1790 1.6036 ± 0.1536

150–30 1.4362 ± 0.3893 0.9508 ± 0.0901 0.8837 ± 0.0131 0.7103 ± 0.0918 1.3472 ± 0.1126 1.2797 ± 0.2597
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is of paramount importance to synthesize more type I collagen at this stage. These find-
ings provided further evidence that microtextured surface might influence cell biology.

Discussion
In clinical practice, the materials most commonly used for gastrointestinal anasto-
motic staples are either pure titanium or titanium–nickel alloy. It has previously been 
demonstrated that the application of a chemical coating to the surface of the anas-
tomosis can enhance the healing process [5, 6]. Nevertheless, there are limitations 
to this approach. One such limitation is the potential for the coating material to be 
released, which could result in a reduction in efficacy over time. Additionally, there 
is a possibility of resistance developing with long-term use. In an effort to overcome 

Fig. 3 Expression levels of collagen synthesis-related pathway genes in each group at day 7 of culture. *: 
p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001

Table 4 Expression levels of genes for collagen synthesis and its related pathways at day 7 of culture

TGF‑β1 Smad2 Smad3 Smad4 COL1A1 COL3A1

Polished 1.0000 ± 0.0591 1.0000 ± 0.0798 1.0000 ± 0.1038 1.0000 ± 0.1323 1.0000 ± 0.1370 1.0000 ± 0.1280

50–30 2.1610 ± 0.5588 1.6677 ± 0.0850 1.5959 ± 0.2737 2.1780 ± 0.1120 2.2573 ± 0.1368 1.0448 ± 0.0514

50–90 0.5984 ± 0.2472 0.7007 ± 0.0572 0.4100 ± 0.1036 0.5623 ± 0.0586 0.3585 ± 0.0498 0.3795 ± 0.0770

150–30 0.8555 ± 0.2772 0.7383 ± 0.0363 0.6012 ± 0.0601 0.7584 ± 0.0865 0.8103 ± 0.0744 0.6116 ± 0.3893
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these shortcomings, we endeavored to physically transduce mechanical signals into 
biological electrical signals. The aim of this study was to design hexagonal microtex-
tured surface on titanium sheets using a laser microtextured marking technology. We 
evaluated the proliferation of fibroblasts on the microtextured titanium sheets and 
assessed the expression of collagen types I and III. Our results indicated that laser 
microtextured titanium sheets surface significantly increased the roughness and 
reduced the contact angle, making them more hydrophilic. These surface modifica-
tions had a significant effect on promoting fibroblast proliferation and collagen type I 
and III secretion. Surface texturing designs have been found to have significant effects 
on cellular behavior at the genetic level [11–14]. In the field of bionics, certain natural 

Fig. 4 Protein expression levels of collagen: A type I collagen at day 4; B type III collagen at day 4; C type I 
collagen at day 7; D type III collagen at day 7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Table 5 Protein expression levels of type I collagen and type III collagen in each group at day 4 of 
incubation

COL1A1 COL3A1

Polished 0.2858 ± 0.0356 0.1603 ± 0.0070

50–30 0.3910 ± 0.0372 0.2447 ± 0.0249

50–90 0.4149 ± 0.0450 0.2462 ± 0.0309

150–30 0.2930 ± 0.0305 0.1670 ± 0.0200

Table 6 Protein expression levels of type I collagen and type III collagen in each group at day 7 of 
incubation

COL1A1 COL3A1

Polished 0.9633 ± 0.0742 0.3469 ± 0.0407

50–30 3.1254 ± 0.1913 0.5937 ± 0.0476

50–90 2.3207 ± 0.1750 0.6339 ± 0.0667

150–30 1.4061 ± 0.1269 0.8351 ± 0.0453
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objects with unique surface morphologies have been found to have special properties. 
For example, the finger pads of tree frogs have excellent hydrophilicity and adhesion, 
allowing them to adhere effectively to various surfaces. Barnes et  al. [15] observed 
that the surface microstructure of tree frog finger pads consists of dominant hex-
agonal prisms. According to the Wenzel model of wettability theory, the hexagonal 
prism structure offers the largest effective contact area and the best surface wetta-
bility compared to quadrangular, pentagonal, and heptagonal prisms. Moreover, the 
hexagonal prism structure and the grooves between them increase the effective solid–
liquid contact area, resulting in high surface hydrophilicity and good adhesion [16]. 
The rate of cell growth and collagen aggregation are critical to tissue healing. In this 
study, we took inspiration from the surface microstructure of tree frog finger pads 
and constructed hexagonal prismatic micrometer-scale patterns with various sizes on 
titanium sheets. The aim of this study was to overcome the shortcomings of previous 
pure titanium and chemical coatings by converting mechanical signals on the surface 
of microtextured titanium sheets into bioelectrical signals in fibroblasts. Our results 
confirmed that the hexagonal microtextured surface of titanium sheets significantly 
promoted fibroblast growth. Compared to the polished group, both the 50–30 and 
150–30 groups exhibited significant pro-proliferative effects, with the 50–30 group 
showing the most pronounced effect. The fibroblasts had a diameter range of approxi-
mately 17–20 μm, which closely matched with the size of the grooves between adja-
cent hexagonal prisms on the titanium sheet surface in the 50–30 group. As a result, 
the fibroblasts were able to better embed themselves in the grooves, thereby enhanc-
ing the biological effects of the textured surface on the cells. In addition, the 50–30 
group showed superior hydrophilic properties, which may explain its stronger pro-
proliferative effect on fibroblasts compared to the 150–30 group.

Type I collagen and type III collagen play a crucial role in maintaining the tensile 
strength of the anastomosis after gastrointestinal surgery [17]. Among the numerous 
secreted growth factors and cytokines, the transforming growth factor-β (TGF-β) family 
has been the subject of considerable research interest due to its multifaceted functions 
at the cellular level and during development, as well as its involvement in a wide range 
of diseases, including cancer [18]. Verrecchia et al. [19] observed that TGF-β promotes 
the healing of whole wounds and improves the strength of the wound tissue at an early 
stage of wound healing in a healing study of whole wounds in rabbit ears. In a separate 
study, coculturing adipose-derived stromal cells (ASCs) with bone marrow stromal cells 
(BMSCs) was observed to markedly enhance osteogenic differentiation and angiogen-
esis. Of particular note was the elevated level of transforming growth factor (TGF)-βR1 
and SMAD3 observed in BMSCs cocultured with ASCs. These findings underscore the 
capacity of TGF-β to facilitate bone regeneration and tissue healing [20]. Research has 
shown that TGF-β1 can increase the expression of collagen synthesis-related genes, 
namely COL1A1 and COL3A1, through the TGF-β/Smad signaling pathway [21]. 
This leads to an increase in the levels of type I and type III collagen in the extracellu-
lar matrix, promoting tissue healing. In our study, we observed that hexagonal micro-
textured titanium sheets significantly activated the TGF-β/Smad signaling pathway and 
facilitated the expression of COL1A1 and COL3A1, which was consistent with previ-
ous research. Specifically, at day 4 of the culture, there were no significant differences in 
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gene transcript levels of the TGF-β1/Smad signaling pathway among the groups, except 
for Smad3. However, both the 50–30 and 50–90 groups exhibited higher levels of type I 
and type III collagen gene transcripts and protein expression. This suggested that these 
microtextured designs may promote early extracellular matrix production during the 
healing process. By day 7, the 50–30 group showed superior promotion of collagen syn-
thesis at both the gene and protein levels, providing further evidence for the influence 
of hydrophilicity and the size of the microtextured structures on cellular responses. It is 
crucial to highlight that while the 150–30 group exhibited a higher level of type III colla-
gen compared to the 50–30 group, it has been demonstrated that type I collagen exhibits 
superior tensile strength. As the process of tissue healing progresses, type III collagen is 
gradually replaced by type I collagen. Consequently, the synthesis of greater quantities 
of type I collagen at this stage is of greater importance for the maintenance of overall 
tensile strength.

Furthermore, it is essential to note that there is limited research dedicated to the 
enhancement of the surface morphology of titanium staples for gastrointestinal anas-
tomosis through the promotion of tissue healing via surface texturing techniques. The 
results of our study indicated that the gene transcription of fibroblasts adhering to the 
surface of microtextured titanium sheets exhibited significant alterations. This suggested 
that surface-structured titanium sheets may have the potential to convert mechanical 
signals into biological ones. This provided a compelling rationale for the use of micro-
textured titanium sheets in promoting gastrointestinal tissue healing. The application 
of hexagonal prism-like textured titanium sheets on gastrointestinal anastomosis sta-
ples may prove beneficial in enhancing the healing of anastomotic tissues and improv-
ing patient prognosis. However, it is crucial to acknowledge the limitations of our work. 
Although the findings of our study indicated that hexagonal microtextured titanium 
sheets have a positive impact on fibroblast growth, further validation through in  vivo 
experiments is necessary to confirm these results. Conducting long-term studies and 
in  vivo evaluations is vital to assess their biocompatibility, mechanical stability, and 
potential clinical applications. Therefore, future investigations should include comple-
mentary in vivo experiments using animal models to verify the efficacy of microtextured 
titanium sheet anastomosis staples.

Conclusions
In this study, we employed laser microtextured marking technique to create hexagonal 
microtextured titanium sheets. The hexagonal microtextured surface displayed signifi-
cant effectiveness in promoting the proliferation of mouse fibroblasts. Moreover, these 
microtextured titanium sheets exhibited the capability to activate the TGF-β/Smad sign-
aling pathway, thereby inducing the synthesis of collagen type I and collagen type III. 
These findings indicated that the microtextured titanium sheets have the potential to 
facilitate tissue healing processes.

Materials and methods
Titanium sheet preparation and cell culture

Industrial pure titanium TA2 was procured from Angli Bearing Co. (Shanghai, China). 
Subsequently, cryopreserved mouse fibroblastic embryonic stem cells (NIH/3T3) 
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were thawed from the Institute of General Surgery, Tianjin Medical University. The 
NIH/3T3 cells were resuscitated  and cultured on titanium sheets featuring distinct 
microtextured surface.

The TA2 pure titanium sheet, measuring 14 mm in diameter and 3 mm in thickness, 
underwent a metallographic grinding and polishing process using silicon carbide 
sandpaper with particle sizes of 400, 800, 1200, 1500, and 2000. Subsequently, three 
groups of hexagonal microtextured were created on the polished titanium sheets 
using the YLP-D20 laser marking machine (GBOS LASER INC. Dongguan, Guang-
dong, China) operating at a wavelength of 1064 nm. The laser settings included power 
of 4 W, 15 repetitions, and a speed of 100 mm/s. The three groups were distinguished 
by their microtextured parameters: 50 μm side length, 30 μm pitch, and 15 μm depth 
(denoted as 50–30); 50  μm side length, 90  μm pitch, and 15  μm depth (denoted as 
50–90); and 150 μm side length, 30 μm pitch, and 15 μm depth (denoted as 150–30). 
The determination of these parameters was based on preliminary investigations con-
ducted by our research group [22, 23]. Prior to subsequent experiments, the polished 
group was subjected to sequential immersion in acetone, ethanol, and deionized 
water, followed by ultrasonic cleaning for 10 min. This group was designated as the 
control, and four titanium sheets were assigned to each experimental group (Fig. 5).

The surface roughness of each titanium sheet was assessed using a handheld sur-
face roughness meter (Taylor Hobson, UK), with measurements taken at five differ-
ent locations on each sheet. The average value obtained from these measurements 
was considered as the average roughness (Ra) for each titanium sheet. Subsequently, 
droplets were applied to four distinct regions on the surface of the titanium sheet, 
and the contact angles at these locations were determined using the JC2000DM sur-
face contact angle meter (Zhongchen Digital Technology Equipment Co. Shanghai, 

Fig. 5 Hexagonal microtextured titanium sheet surfaces produced with varying parameters using a laser 
marking machine: A polished; B 50–30; C 50–90; D 150–30
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China). The average contact angle obtained from these measurements represented the 
contact angle of the titanium sheet’s surface.

Mouse fibroblasts NIH/3T3 were routinely cultured at the Institute of General Sur-
gery, General Hospital of Tianjin Medical University. Prior to cell inoculation, 3–5 
cell passages were performed. The previously prepared titanium sheets were care-
fully placed into 24-well plates. The cell density was adjusted to 1 ×  10^4 /ml. After 
mixing the cell suspension, 1  ml was added to each well and used for subsequent 
experiments.

CCK8 assay

To determine the viability of cells, CCK8 assay was performed using CCK8 detection 
kit (Suolaibao Technology Co. Ltd. Beijing, China) according to the instruction of the 
Kit. The NIH/3T3 cells (1 ×  10^4 /well) were seeded in 24-well plates at 37 ℃ with 5% 
 CO2. After incubation for 0, 48, 96 and 144 h, CCK-8 solution (100 μL) was added to 
each well, after which cells were incubated for 2 h. Then, 100 µl of culture supernatant 
was added carefully to a 96 plate and the optical density (OD) was read at 450  nm 
using the microplate reader (TECAN microplate reader, Molecular Devices, Austria). 
Each sample was added to 3 wells and the average value was taken as the final OD. 
The value of OD 450 nm represents the viability of cells.

qRT‑PCR

The expression levels of secreted collagen-related genes on fourth and seventh day 
were determined through qRT-PCR, including transforming growth factor beta 1 
(TGF-β1), SMAD family member 2, 3, 4 (Smad2, 3, 4), Collagen Type I Alpha 1 Chain 
(COL1A1), and Collagen Type III Alpha 1 Chain (COL3A1). Prior to performing qRT-
PCR, TRIZOL (Invitrogen) was used to lyse fresh NIH/3T3 cells and to protect total 
RNA from degradation. Then, complementary DNA (cDNA) was synthesized using 
a  HiScript® III 1st Strand cDNA Synthesis Kit (+ gDNA wiper) (Nanjing Nuoweizan 
Biological Technology Co. Ltd. China). Then, qRT-PCR analysis was performed using 
the SYBR qPCR Master Mix (Nanjing Nuoweizan Biological Technology Co. Ltd. 
China). All samples were performed with the BioRad CFX96 (Bio-Rad, USA). Primer 
sequences are listed below in Table 7.

Table 7 Primer sequences

Primer Forward (5’‑3’) Reverse (5’‑3’)

TGF-β1 ACT GGA GTT GTA CGG CAG TG GGG GCT GAT CCC GTT GAT TT

Smad2 AAG CCA TCA CCA CTC AGA ATTG CAC TGA TCT ACC GTA TTT GCTGT 

Smad3 CAC GCA GAA CGT GAA CAC C GGC AGT AGA TAA CGT GAG GGA 

Smad4 ACA CCA ACA AGT AAC GAT GCC GCA AAG GTT TCA CTT TCC CCA 

COL1A1 TAA GGG TCC CCA ATG GTG AGA GGG TCC CTC GAC TCC TAC AT

COL3A1 ACG TAG ATG AAT TGG GAT GCAG GGG TTG GGG CAG TCT AGT G

GAPDH AAT GGA TTT GGA CGC ATT GGT TTT GCA CTG GTA CGT GTT GAT 
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Western blot

To determine collagen expression as previously described, western blots were per-
formed according to the manufacturer’s recommendations. After incubation for 96 h 
and 168 h, cell samples were homogenized in RIPA lysis buffer (Suolaibao Technology 
Co. Ltd. Beijing, China) and further centrifuged at 14,000 g at 4 ℃ for 30 min. Prior 
to electrophoresis, protein concentration of each sample was determined by BCA 
assay using the BCA kit (Suolaibao Technology Co. Ltd. Beijing, China) according 
to manufacturer’s instructions. Equal amounts of protein (20  μg) were loaded onto 
8% SDS-PAGE gel, then electrophoresed and transferred to a polyvinylidene fluoride 
(PVDF) membrane. Then the PVDF membrane was put gently into 5% non-fat block-
ing grade milk to block one hour and incubated with the COL1A1 and COL3A1 pri-
mary antibodies (1:1000) overnight at 4 ℃. On the following day, the membranes were 
incubated with the appropriate secondary antibody (1:5000) at room temperature for 
1 h. Then protein was visualized by ECL kit (Suolaibao Technology Co. Ltd. Beijing, 
China) according to manufacturer’s instructions. Immunoblot signals were quantified 
using ImageJ. The results were normalized using β-actin as an internal control.

Statistics analysis

Statistical analysis was conducted using GraphPad Prism 8.0.2 software (GraphPad 
Software, Inc., USA). Group comparisons were made using one-way ANOVA, while 
unpaired t-tests were employed for two-way comparisons between groups. P < 0.05 
was considered statistically significant.
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