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Abstract
In nature, many biological surfaces exhibit inherent bacteriostatic property due to 
the existence of special microstructures. However, the key factors and underlying 
mechanisms driving this property remain unclear. A significant challenge lies in 
the lack of proper techniques for precisely fabricating such microstructures as 
well as finely tuning their morphological parameters. In this study, we adopted a 
two-photon 3D printing-based approach to fabricate microstructures on specified 
surfaces with accurate control over their morphology, enabling the investigation 
of structural bacteriostasis. Through abstracting the subtle morphology on shark 
skin, we replicated their bacteriostatic microstructures and were able to regulate 
their morphology at the micron scale. By culturing Streptococcus mutans on the 
surface of these microstructures, we validated their bacteriostatic performance and 
demonstrated that morphological parameters significantly influenced the efficacy 
of structural bacteriostasis. Other kinds of microstructures such as micro-holes with 
bacteriostatic property could also be fabricated and investigated utilizing this two-
photon polymerization technology. We believe this strategy offers a powerful tool 
for researching bacteriostatic mechanisms of various microstructures and will inspire 
their broad applications in both daily and industrial settings.

Keywords: 3D printing; Antisepsis; Bacteriostatic microstructures; Biomimetics; 
Two-photon polymerization 

1. Introduction
Bacteria have evolutionarily developed robust surface colonization capabilities, allowing 
them to adhere to a wide range of biological and non-biological surfaces.1–3 The 
formation of bacterial biofilms significantly enhances bacterial tolerance to antibiotics, 
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the host immune system, and other adverse environmental 
conditions.4–6 Biofilm-associated infections account for 
approximately 80% of chronic infections and 50% of 
nosocomial infections, leading to substantial medical and 
economic burdens worldwide.7–9 Anti-bacterial strategies 
employed across fields such as healthcare, food safety, 
textiles, and consumer goods comprise physical and 
chemical approaches. Physical methods, including high 
temperature/pressure and ultraviolet (UV) radiation, 
effectively inactivate bacteria but are often limited by 
material compatibility. Chemical methods, encompassing 
disinfectants and antibiotics, offer widespread applications 
but are increasingly challenged by issues like antimicrobial 
resistance and potential environmental impact.10–13 Thus, 
there is an urgent need for innovative approaches to 
combat bacterial proliferation effectively.

Inspirations for surface bacteriostasis can be derived 
from nature. Certain biological surfaces, such as cicada 
wings and lotus leaves, have been shown to possess 
intrinsic bacteriostatic and anti-wetting properties.14–16 
In the marine environment, biofouling on the surfaces of 
hard objects has long had a serious impact on shipping, 
aquaculture, and coastal industries. Its formation 
originates from biofilms formed by microorganisms and 
microalgae on the surface of the object in the first place. 
In order to obtain stable and effective antimicrobial 
properties, the skin of marine mammals, especially sharks, 
has been successfully fabricated using bionic replication 
technology.17 Interestingly, microstructures imitated 
from the surfaces of living organisms do exhibit excellent 
antimicrobial and antifouling properties.18,19 Additionally, 
these inherent properties give the material multiple 
advantages in real-world applications, including extended 
service life, self-cleaning properties, stability, and avoidance 
of environmental pollution and safety issues. Therefore, 
biomimetic antimicrobial materials have become one of 
the research hotspots in the field of antimicrobial materials 
that are widely demanded and applied. Gao et al.20 made 
membranes with a sea urchin-like texture on the surface 
by a non-solvent-induced phase separation process and 
found that such membranes have stronger antimicrobial 
properties and self-cleaning ability compared to flat 
membranes. Inspired by the physical antimicrobial form 
on the surface of insect wings, Li et al.21 prepared a novel 
Cu2+-doped nanoarray material on fluorine-doped tin 
oxide substrate using a one-step hydrothermal method. 
The surface of this material was uniformly distributed with 
pyramid-shaped nanoarrays, and the study confirmed that 
its surface has some physical antibacterial effects against 
Staphylococcus aureus (S. aureus) and Escherichia coli. 
The results may be related to the interaction between the 

morphological effects of the bacteria themselves and the 
physical structure of the sample surface.

Although various factors affecting the physical 
inhibitory properties of bionic structures have been 
reported, such as the type of boundary structure,22 the 
type of surface morphology, adherence,23 and the surface 
wettability,24 there is still a large gap in the underlying 
mechanisms and influencing factors. One of the most 
notable hindrances lies in the difficulty of precise 
fabrication and morphology tuning of microstructure 
with current fabrication methods of chemical synthesis 
and etching-based techniques.25–27 Chemical synthesis 
often requires harsh conditions such as high temperature 
or high salt environment, while etching-based methods 
are typically restricted to specific materials such as silicon 
and glass.28 More importantly, these fabrication methods 
face challenges for fine control over individual structural 
parameters, impeding systematic investigations into the 
bacteriostatic mechanisms of micro-nano structures.

As an emerging three-dimensional (3D) printing 
strategy, two-photon polymerization technology enables 
accurate construction of various 3D topographies on 
the micron and even submicron scales, providing a 
powerful tool for research on bacteriostatic micro-nano 
structures.29,30 Two-photon polymerization technology 
was first used for micro- and nano-scale 3D printing in 
1965.31 The near-infrared (NIR) light femtosecond laser 
acts as a light source to provide sufficient photon flux 
density to initiate effective polymerization. The resin 
radical quenching capability and the choice of objective 
lens determine the resolution of 3D printing, which is now 
achievable below 100 nm.32,33 Two-photon polymerization 
technology can produce nanostructures with very low 
resolution and arbitrary morphology and has been widely 
used in cell biology, optical engineering, and medical 
device development.

In this study, we utilized a strategy based on two-
photon polymerization 3D printing technology to precisely 
regulate the morphological parameters of biomimetic anti-
bacterial microstructures, which facilitates our exploration 
of the key parameters and even the mechanisms behind 
microstructural bacteriostasis (Figure 1). Specifically, we 
constructed a shark skin-like bionic microstructure and 
simplified it to enable us to regulate the morphological 
parameters of the microstructures. By co-culturing the 
microstructures with Streptococcus mutans (S. mutans), 
we identified their bacteriostatic capacity and confirmed 
that topographical parameters could significantly affect 
the bacteriostatic property of the microstructures. Similar 
results were obtained when we explored the bacteriostatic 
capacity of other microstructures such as microporous 
structures. Thus, two-photon polymerization 3D printing 
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technology can be used as a powerful tool to explore the 
underlying mechanisms and influencing factors of the 
bacteriostatic capabilities of various microstructures, 
thereby deepening the understanding of the bacteriostatic 
mechanisms of micro- and nano-structures and broadening 
their applications in various aspects of daily life.

2. Materials and methods
2.1. Materials
Photo-sensitive resin (IP-S) and glass substrates were 
obtained from Nanoscribe, Germany. S. mutans was 
provided by the School & Hospital of Stomatology, 
Wuhan University, China. Brain-heart infusion (BHI) was 
obtained from Phygene, China. The reagents of crystal 
violet and glutaraldehyde were purchased from Sigma-
Aldrich, USA. Fluorescent SYTO 9 reagent, phosphate-
buffered saline (PBS, 1×, pH = 7.2), and anhydrous ethanol 
were obtained from Thermo-Fisher Scientific, USA. Agar, 
propylene glycol monomethyl ether acetone (PGMEA), 
and isopropanol were purchased from Aladdin, China. 

2.2. Design and fabrication of microstructures on 
glass substrates
The design of the biomimetic microstructures (shark skin 
denticle simulation and corresponding simplified indented 
micro-strips) or circular holes microstructure was prepared 
by SolidWorks 2019 (Dassault Systems – SolidWorks 
Corporation, USA). Various strips with the same height  

(3 or 5 μm) and width (2 or 5 μm), yet with different lengths 
(4, 8, 12, and 16 μm), were arranged in parallel with a 2- or 
5-μm-wide gap. Holes with a depth of 3 μm and different 
diameters (2, 3, and 4 μm) were arranged in parallel, with 
the spacing between two adjacent holes equal to the hole 
diameter. The centers of every three adjacent holes formed 
an equilateral triangle. 

For microstructure fabrication, a two-photon laser 
3D printer (Photonic Professional GT2, Nanoscribe, 
Germany) and IP-S were employed. Initially, glass 
substrates were pre-treated by oxygen plasma (PDC-001, 
Harrick Plasma, USA) to enhance the affinity between 
IP-S and the substrates. Subsequently, IP-S was dropped 
on the glass substrates and placed into the 3D printer for 
constructing specific microstructures according to design. 
Finally, PGMEA and isopropanol were employed to 
develop those microstructures, and PBS was used to wash 
the substrates to remove excess organic reagents.

2.3. Bacteria cultivation on the surfaces 
of microstructures
S. mutans was cultured in a BHI solution growth medium 
and grown at 37°C overnight in static conditions. 
Substrates with different microstructures were placed into 
six-well plates and sterilized with ultraviolet (UV) light 
for 30 min before experiments. Subsequently, S. mutans 
suspension made with BHI broth concentration of 1 ×  
106/mL was inoculated into each well of the six-well 

Figure 1. Schematic showing the fabrication of finely tuned bacteriostatic surfaces to inhibit bacterial growth. Bionic microstructures were designed to 
simulate shark skin using SolidWorks 2019. A photosensitive resin, IP-S, was attached to the substrate surface after pretreatment by oxygen plasma and 
two-photon polymerization. Finally, the designed bionic bacteriostatic microstructures were accurately constructed on the substrate surface.
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plates to immerse the substrates, which were then left 
for incubation at 37°C for different periods of time. The 
substrates were washed gently in PBS three times to remove 
free bacteria before observation.

2.4. Microscopy and scanning electron 
microscopy observation
3D-printed microstructures with/without S. mutans were 
observed using a fluorescence microscope equipped with 
a charge-coupled device (Olympus, Japan). Scanning 
electron microscopy (SEM; S-3400N, Hitachi, Japan) was 
employed to further obtain detailed information relating to 
the microstructures and bacterial proliferation. Substrates 
with 3D-printed microstructures were sprayed with a thin 
layer of gold to increase conductivity before SEM imaging. 
To observe bacteria attached to the microstructures, 
they were first treated with 2.5% glutaraldehyde solution 
for 2 h, followed by dehydration using ethanol solutions 
with different concentrations (30%, 50%, 80%, and 100%,  
10 min for each concentration) and complete drying. Then, 
the microstructures were sprayed with a thin layer of gold 
for SEM observation.

2.5. Fluorescence staining assays
After incubation with S. mutans in BHI solution at 37°C, 
every substrate with different microstructures was gently 
washed three times with PBS and then stained by SYTO 9 
solution according to the manual from the manufacturer. 
An inverted fluorescence microscope (NIKON, Japan) 
was employed to record fluorescent images for bacteria 
proliferation analysis.

2.6. Statistical analysis
Data were presented as mean ± standard deviation (SD). 
Unpaired t-test or one-way analysis of variance (ANOVA) 
was used to assess the statistical differences between 
experimental groups. All the analyses were performed 
using GraphPad Prism software. A p-value < 0.05 was 
considered statistically significant.

3. Results
3.1. Two-photon polymerization 3D printing enables 
construction of biomimetic microstructures and 
their simplification with bacteriostatic properties
The microstructure of the shark skin surface has been 
extensively studied for its excellent bacteriostatic 
properties. Therefore, we first employed the two-photon 
polymerization-based 3D printing platform (Photonic 
Professional GT2, Nanoscribe, Germany) to fabricate 
microstructures inspired by the unique morphology of 
shark skin. 

A drop of IP-S was applied to an oxygen plasma-
pretreated glass substrate and processed in the 3D 

printer to create designed microstructures. As shown in 
Figure 2a and b, the shark skin denticle simulation was 
successfully fabricated on the glass substrate. For the 
feasibility of investigating structural effectiveness, the 
irregular morphology was abstracted and simplified into 
a quantifiable, indented micro-strip array with a certain 
arrangement pattern. The structure that simulates shark 
skin is characterized by continuous, gentle, longitudinal 
bulges of varying lengths. The structure of the mimic 
shark skin is characterized by continuous, gently sloping, 
and longitudinal rises of varying lengths. We accentuated 
this feature by simplifying the ridges of the rises into long 
columns of squares, and the spaces between the ridges 
were simplified from small slopes to flat surfaces. We then 
changed the length of the rises from continuously varying 
to neighboring columns spaced 2 µm apart (ranging from 
4 µm increments to 16 µm and then reducing to 4 µm). 
Finally, this simplified structure featured seven parallel 
indented micro-strips of varying lengths (4, 8, 12, and  
16 µm), with a height of 3 µm, a width of 2 µm, and a 
spacing of 2 µm, and was fabricated on the glass substrate, 
as depicted in Figure 2b. 

To verify the bacteriostatic efficacy of 3D-printed 
biomimetic microstructures, S. mutans, a representative 
pathogenic microorganism, was utilized as the model 
bacterium. The glass substrates, with a 3D-printed flat 
structure, 3D-printed shark skin denticle simulation, or 
3D-printed simplified indented micro-strips, respectively, 
were co-cultured with S. mutans to evaluate bacterial 
proliferation. In a BHI solution containing 1 × 106 cells/
mL, the co-culture of microstructures and S. mutans 
was maintained for 24 h, and bacterial coverage on 
different surfaces was observed after fluorescent staining 
and analysis. As shown in Figure 2c, S. mutans on the 
surface with 3D-printed flat structure (“Plane” group) 
demonstrated vigorous proliferative activity, and their 
coverage was rapidly expanded. After 8 h of co-cultivation, 
over half of the surface of the “Plane” group was covered 
by bacteria. The bacteria continued to proliferate and 
after 16 h, the “Plane” group was almost entirely covered 
by bacteria. The rapid proliferation of bacteria serves as a 
stark reminder, urging us to seek more effective methods 
of inhibiting their growth. 

In contrast, bacterial proliferation on the surface with 
3D-printed shark skin denticle simulation (“Simulation” 
group) was significantly inhibited. After 8 h of co-cultivation, 
only about 10% of the substrate surface was covered by 
bacteria, confirming the bacteriostatic properties of the 
shark skin-inspired microstructure. After 16 and 24 h of 
co-cultivation, the bacterial coverage in the “Simulation” 
group gradually increased, but remained substantially lower 
than in the “Plane” group, at approximately 25% (16 h) and 
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50% (24 h), respectively (Figure 2d). The “Simplification” 
group was obtained by simplifying the microstructure of 
the sharkskin surface. As shown in Figure 2e, this group 
exhibited an even lower bacterial coverage after 24 h 
of co-cultivation compared to the “Simulation” group, 
indicating that the simplified microstructure possesses 
superior bacteriostatic properties for at least 24 h. Also, 
the difference in bacterial proliferation between the 
“Simplification” and “Simulation” groups implies that the 
change in microstructural morphology has a significant 
effect on bacteriostatic properties. Moreover, the simplified 
structure makes it easier to explore the effect of specific 
parameter variations on the bacteriostatic properties.

3.2. Influence of different parameters of 
microstructures on bacterial inhibitory capacity
In order to investigate whether changing the size of the 
microstructures has an effect on the bacteriostatic effect 
of the simplified shark skin-like surface microstructures, 
we utilized two-photon 3D printing to precisely regulate 
the key parameters of the microstructures, including stripe 
width (W), height (H), and spacing (S). The standard 
parameters of the simplified bionic microstructure are as 
follows: stripe lengths of 4, 8, and 16 μm; W = 2 μm; H = 3 
μm; and S = 2 μm (Figure 3a). After 24 h of incubation in 

BHI solution containing 1 × 106/mL S. mutans, a limited 
number of bacteria proliferated on the surface of the 
simplified 3D-printed bionic microstructures (Figure 3b). 

Similarly, we co-cultured S. mutans with parameter-
adjusted microstructures to specifically evaluate the 
effect of changing different parameters on the bacterial 
inhibition performance. On the basis of the standard 
parameters, we adjusted each of the individual parameters 
and divided them into three groups: the stripe spacing of 
“S5” group was adjusted from 2 to 5 μm, the stripe width 
of “W5” group was adjusted from 2 to 5 μm, and the stripe 
height of “H5” group was adjusted from 2 to 5 μm. After 
incubation of different microstructures with S. mutans in 
BHI solution for different periods of time (8, 16, and 24 h),  
in order to quantitatively analyze the proliferation of S. 
mutans, each substrate of different microstructures was 
gently washed three times with PBS and then stained with 
SYTO 9 solution. Fluorescence images were recorded using 
an inverted fluorescence microscope (Figure 3c). It can be 
seen that there is a significant difference in the area of the 
substrate occupied by bacteria proliferating on the surface 
of the microstructures with different parameters after 
only 8 h. The area of the substrate occupied by bacteria 
proliferating on the surface of the microstructures with 

Figure 2. Precisely fabricated shark epidermal structure simulated and simplified microstructure with bacteriostatic ability using two-photon 
polymerization 3D printing. (a) SEM image of the printed simulated shark skin microstructure. Scale bar: 200 and 50 μm (enlarged). (b) SEM image of the 
3D-printed simplified microstructure (the parameters: stripe lengths of 4, 8, and 16 μm; width of 2 μm; height of 3 μm; and distance between stripes of 2 
μm). Scale bar: 50 μm. (c) Proliferation of bacteria (green fluorescence-labeled) on flat, shark skin-like microstructures, and simplified microstructures in 
24 h. Scale bar: 20 μm. (d) Statistical plot of bacterial proliferation area on the surface with/without printed structures. (e) The simulated and simplified 
microstructures of shark skin showed significant bacteriostatic effects for at least 24 h. Data are expressed as mean ± SD. n = 3; unpaired t-test; ns, no 
significance; **p < 0.01; ****p < 0.0001. Abbreviation: SEM, scanning electron microscopy.
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different parameters was not more than 50% in the “S5” 
group, but more than 70% in the “H5” group after 24 h. It is 
hypothesized that the change of a certain parameter of the 
microstructure has a significant effect on the bacteriostatic 
function of the microstructure. In addition, the “S5” group 
was found to maintain the lowest bacterial proliferation at 
different times compared to the other two groups. It can 
be hypothesized that there are some specific parameters 
that can make the physical bacteriostatic capacity of the 
microstructures the most significant (Figure 3d).

3.3. Bacteriostatic properties of microporous 
structures alter with structural parameters 
In order to explore whether similar structural effects 
could influence the bacteriostatic capacity, we constructed 
another microstructure at the micron scale. The surface 
of this microstructure featured uniformly distributed 
micropores of the same size, and the diameter of the 
micropores was used as a parameter adjusted to explore 
its effect on the bacterial inhibition capacity. To further 
confirm the effect of parameters on the physical inhibitory 
capacity, we designed three microporous structures with 
different pore sizes (pore sizes [D] of 2, 3, and 4 μm, 
respectively) and precisely printed them using two-photon 
3D printing technology (Figure 4a). SEM clearly shows 
bacterial cells proliferated and attached to the 3D-printed 
microporous structures after 24 h of co-culture with 
S. mutans (Figure 4b). Subsequently, using fluorescent 

staining and fluorescence microscopy observation records, 
we compared the substrate area occupied by bacterial 
proliferation on the surface of microporous structures 
at different pore sizes. Three groups of microporous 
substrates with microporous diameters of 2, 3, and 4 μm 
were recorded as groups “D2,” “D3,” and “D4.” It can be 
seen that the “D2” group consistently showed the largest 
bacterial proliferation area at different times, while the 
bacterial proliferation of the “D3” and “D4” groups was 
significantly inhibited (Figure 4c and d). In addition, 
we found a strong link between the magnitude of the 
parameter and the inhibitory capacity. The “D3” group, 
which had an area of bacterial proliferation of less than 
50%, was significantly better than the other two groups after 
24 h. This indicates that the magnitude of this parameter is 
not a determining factor of antimicrobial performance of 
the microstructures, as testing needs to be performed to 
identify the specific value of the parameter that can lead 
to the most significant antimicrobial performance. Taken 
together, our findings offer new ideas and methods for the 
study of antimicrobial mechanisms in microstructures.

4. Discussion
Bacteria have a profound impact on human existence, 
and their various roles affect our well-being and the 
environment.34,35 These microscopic organisms play a 
crucial role in processes such as food spoilage, material 

Figure 3. Precise modulation of microstructure morphology using two-photon polymerization 3D printing to investigate the key parameters affecting 
bacterial inhibition. The standard parameters: stripe lengths of 4, 8, and 16 μm; width (W) of 2 μm; height (H) of 3 μm; and inter-stripe distance (S) of 2 
μm. Adjustment of parameters—W: 2–5 μm, H: 2–5 μm, S: 2–5 μm. (a) 3D printing allows precise tuning of microstructural parameters. Scale bar: 10 and 5 
μm (inset). (b) SEM image of 3D-printed simplified microstructures with bacterial proliferation on the surface after 24 h. Scale bar: 10 μm. (c) Proliferation 
of bacteria (green fluorescence-labeled) on printed microstructures with different parameters in 24 h. Scale bar: 30 μm. (d) 24-h proliferation of bacteria 
on microstructures with different parameters measured in terms of total occupied area on the substrate. Data are expressed as mean ± SD. n = 3; one-way 
ANOVA; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Abbreviation: SEM, scanning electron microscopy.
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corrosion, immunity and environmental sustainability, 
and contributing to a range of diseases.36–40 Several studies 
have found that some plant and animal surfaces have 
inherent antimicrobial capacity, due to the micro- and 
nano-structures on their surfaces.41,42 In order to further 
explore the key factors and mechanisms of microstructure-
induced antimicrobial effects, a processing technology that 
can precisely fabricate specific surface microstructures 
and accurately control the microstructural parameters is 
urgently required. 

3D printing has emerged as a versatile and favorable 
platform for manufacturing a wide range of products with 
elaborate structures.43,44 Two-photon polymerization 3D 
printing has been demonstrated to have many advantages 
in the precise printing of microstructures on a variety of 
surfaces as well as in the regulation of microstructural 
morphology, such as mild printing conditions, applicability 
to a wide range of material surfaces, and precise control of 
morphology parameters. The strategy of replicating bionic 
inhibitory microstructures on the surface of objects based 
on two-photon polymerization 3D printing shows great 
promise for application.32,45 

It is now generally accepted that the mechanism of 
microstructure inhibition is primarily the stretching of the 
membrane region suspended between the nanocolumns 
as the bacterial cell encounters the surface of the column. 
Once the membrane is stretched enough, it will lead to 
rupture and eventually cell death.46–48 It is certain that 

chemical inhibition is not involved in this inhibitory 
process. Bandara et al.49 suggested that membrane damage 
to bacteria is achieved through strong adhesion between the 
nanopillar and the bacterial extracellular polysaccharide 
substance (EPS) layer. However, Linklater et al.50 found 
that EPS did not play a role in the mechanical bactericidal 
action on the surface of the nanopillar by labeling the 
companion bean globulin using a label-tracking method. 
They also obtained black silicon surfaces with different 
morphologies and heights of microstructures by plasma 
etching silicon wafers51 and found that the different surfaces 
of microstructures exhibited similar killing efficiencies 
against both Pseudomonas aeruginosa and S. aureus cells. 
However, limited by the etching technique, they could 
not precisely regulate other parameters of the nanopillars 
such as length, width, and spacing. This problem can be 
easily resolved by the two-photon polymerization 3D 
printing technique. Our study highlights the potential 
of two-photon polymerization 3D printing technology 
as an advanced fabrication technique for developing 
bacteriostatic micro-nano structures. By enabling precise 
control over microstructural parameters, two-photon 
polymerization 3D printing provides a powerful tool for 
systematically investigating the bacteriostatic mechanisms 
of bioinspired surfaces. 

In this study, we simplified the microstructure that 
simulates shark skin. The simplified microstructure has the 
following advantages: first, the simplified structure inherits 

Figure 4. Precise modulation of microstructural morphology using two-photon polymerization 3D printing to study the key parameters affecting the 
bacterial inhibitory effect. The microstructural parameters: pore diameters (D) of 2, 3, and 4 μm. (a) 3D printing can precisely adjust the microstructure 
parameters. Scale bar: 20 and 10 μm (inset). (b) SEM image of bacterial proliferation on the surface of 3D-printed micropores for 24 h. Scale bar: 10 μm. 
(c) Proliferation of bacteria (green fluorescence-labeled) on the printed microporous structures with different parameters for 24 h. Scale bar: 30 μm. (d) 
The total area of the substrate occupied by the proliferating bacteria on the microporous structures with different parameters for 24 h. Data are expressed 
as mean ± SD. n = 3; one-way ANOVA; ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviation: SEM, scanning electron microscopy.
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the core features of the shark skin structure; second, the 
simplified structure is very regular, with three parameters 
that can be finely adjusted, including the width, height, 
and spacing of the rectangular columns, which facilitates 
the subsequent exploration of the mechanism; third, the 
simplified structure is relatively simple and intuitive, 
which is conducive to the generalization, extension, and 
improvement of the model as a research model; finally, the 
simplified structure is convenient for fabrication, reducing 
the cost and time of fabrication. Notably, the simplified 
microstructures had significant bacterial inhibitory 
property compared to the simulated structures. Our 
subsequent studies confirmed the parametric sensitivity 
of the inhibitory capacity of simplified microstructures. 
Previous studies, such as the one described above, have 
found that microstructures can achieve bacterial inhibition 
by disrupting the cell membranes of bacteria through 
stretching or cutting.52 However, this phenomenon was 
not detected in our experiments using SEM images. In 
addition, the size change of the micron-scale structures 
had a negligible effect on the hydrophobicity of the 
microstructures.52 The parametric sensitivity of the 
bacterial inhibitory ability is likely attributed to the 
following two factors: (i) the spatial restriction effect of 
the microstructure on the bacteria, and (ii) the effect 
of microstructure-bacteria contact mode on bacterial 
proliferation. This also explains the significantly enhanced 
inhibitory ability of the simplified microstructures, 
because they are far less smooth and continuous than the 
simulated ones, and the spatial restriction ability of the 
spaces between the rectangular columns is stronger than 
those of the simulated ones. Subsequently, we switched 
to a microporous structure and adopted an incremental 
diameter parameter design. The microporous structure 
is a model of a single parameter controlling the role of 
spatial restriction compared to the simplified structure of 
shark skin. From the results, the inhibitory ability of the 
microporous structure shows similar parametric sensitivity, 
and the effect of the parameter is dual. Therefore, we 
recommend enhancing the bacterial inhibitory capacity of 
both models by adjusting bacteria’s spatial restriction and 
mode of contact with the microstructures.

The findings suggest that certain specialized 
microstructures exhibit a bacteriostatic effect, which 
becomes significant only when specific geometric 
parameters are met. One major limitation of the present 
study is that the fully delineated mechanism of bacterial 
inhibition remains uncovered, however, capitalizing on 
the advantages of two-photon polymerization 3D printing, 
such as high accuracy, efficiency, simplicity, and low cost, 
future studies can attempt on large-scale exploration 
of the mechanism, while expanding the parameter 

range and strain types. Moreover, the characteristics of 
microstructures such as morphology, parameters, and 
the corresponding bacterial inhibitory effect are easy to 
quantify. The data gathered can then be used to construct 
independent databases, as well as simulation models 
equipped with the excellent data processing capability of 
artificial intelligence, which provides a powerful tool for the 
screening of microstructures in terms of their morphology, 
parameters, and mechanism delineation. Taken together, 
the current research not only deepens our understanding 
of bacteriostatic mechanisms in micro-nanostructures but 
also paves the way for the development of next-generation 
bacteriostatic surfaces with applications in biomedical 
devices, implants, and healthcare/industrial products.53–55

5. Conclusion
In this paper, we demonstrate that parameter and 
morphology variations affect the physical inhibition of 
microstructures formed on the surface of an object using 
two-photon polymerization 3D printing technology. First, 
the simplified shark skin structures were able to inhibit the 
proliferation of more than 90% of S. mutans within 8 h and 
retained the same inhibitory effect at more than 70% after 
24 h. Second, the height of the nanopillar had the greatest 
effect on the inhibitory ability of the microstructure against 
S. mutans compared to the spacing and width. This effect 
was also observed in other microstructures. In conclusion, 
we propose a novel strategy for exploring the mechanism of 
bacterial inhibition, i.e., to utilize the high-resolution and 
precise morphology control capability of two-photon 3D 
printing technology to precisely control the morphology 
of microstructures, so as to understand the underlying 
mechanism of bacterial inhibitory ability and the key 
influencing factors. This strategy is expected to fill the gap 
in the mechanism of physical bacterial inhibition, thereby 
improving the bacterial inhibitory effect and accelerating 
the application of this technology in industry, medicine, 
and daily life.
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