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Abstract

On-demand printing through additive manufacturing (AM) has become a mainstream method
for fabricating bio-inspired and biological systems. The rapid development of new printing
approaches provides capabilities for prototyping precise 3D structures that recapitulate features
of biological systems. To address challenges posed by the living environment, natural
organisms have evolved a series of multi-purpose functional biomaterials and structures with
properties such as super-hydrophobicity, anisotropy, and mechanical reinforcement. These
provide rich inspiration for biological design and fabrication. Implantable organs with
biomimetic surfaces and interfacial structures are created using 3D printing technology to
further improve their compatibility with the human body and enhance their biomechanical
properties. This paper reviews and summarizes the current structural designs and applications
of bioprinting. We also explore a variety of different biomimetic surface-interface structure
designs combined with 3D printing, highlighting and categorizing their applications. Finally,
we discuss the optimized design of 3D printed biomimetic surfaces with functional materials,
focusing on the opportunities and challenges in the field of bio-AM.

1. Introduction

Bio-additive manufacturing (AM) is an emerging technology in tissue engineering and
regenerative medicine, facilitating the creation of tissue and organ-like structures. This method
involves bioprinting models in vitro, which can then be transplanted into the body for predictive
diagnostics and therapeutic applications.[1,2] Alternatively, bioprinting can be conducted
directly in situ within the living body.[3] Both in vitro and in situ printing use 3D printing and
its derivative technologies to create cell-containing objects with high resolution and layered
tissues.[4,5] In overall biomanufacturing, not only is bioprinting included, but also the
subsequent processes of proliferation and growth of cells in the tissue.[6] In addition to the



material properties of the printing ink,[7] the structure of the print building blocks can also
significantly affect cell growth and proliferation.[8—10]

Different structures of the printed component implants have varying effects. To realize the
printing of different structures, simply designing 3D models is not sufficient. This is because
different printing methods focus on different priorities. The biggest advantage of the extrusion
ink printing method is the adjustability of the ink (Figure 1a, b).[1,11] However, this method
is far less precise than others, often resulting in complex models being printed with low
precision.[12] Therefore, extrusion ink printing is commonly used in the field of
biomanufacturing to print scaffold structures (which do not require high precision).[13]
Scaffolds offer the advantage of providing a 3D framework that guides cell attachment and
growth. Additionally, scaffolds can be designed with specific porosity, pore size, and
connectivity.[2] These parameters can be adjusted to optimize the delivery of cells as well as
the release of growth factors, which in turn maintains the activity and viability of the
cells.[14,15] Furthermore, complex structures can be engineered to perform diverse functions
and better adapt to the organism when implanted, necessitating the application of various 3D
printing technologies (Figure 1c, d). Thin-walled, complex structures, including hourglass
shapes and single columns with large aspect ratios, can be fabricated using laser-assisted
printing.[16,17] Human corneal stroma featuring a dome structure,[18] along with intestinal
scaffolds containing human chorion,[19] can be precisely printed using the stereolithography
(SLA) method. Utilizing the high-precision capabilities of two-photon printing (TPP),
multicellular microspheres featuring extremely small openings (at the micron level) on their
surfaces were designed and printed to control the migration of cancer cells.[20] Corresponding
to the needs of different implantation sites and tissues, specific 3D structures are necessary and
can be selectively prepared using the appropriate printing technology.

However, these 3D structures often face challenges in ensuring optimal contact with the
human body or other implant hosts, and their surface morphology may potentially disrupt the
implant’s functionality. For instance, when 3D printing a dental implant, the design includes
microstructures that enhance its hydrophilicity, facilitating faster bonding with the body and
accelerating wound healing.[21] Consequently, it is crucial to consider the fabrication of
microstructures on implant surfaces to enhance properties such as superhydrophobicity,[22,23]
superhydrophilicity,[24,25] self-cleaning,[26] antimicrobial activity,[27,28] wetting,[29] and
friction resistance.[30,31] Certain organisms have developed complex structures featuring
unique surface functionalities, encompassing specially evolved hierarchical structures ranging
from the nanoscale to the macroscale.[32—36] These structures can be utilized as templates for
interfacial surface designs in the development of next-generation bio-printed implants. For
instance, lotus leaves, roses, and pine leaves exhibit exceptional superhydrophobicity and self-
cleaning capabilities.[37-39] Additionally, the preparation of superhydrophobic surfaces
inspired by the structures of springtails and geckos is facilitated through the use of TPP-based
3D printing (Figure 1e).[22] Cell adhesion properties can be customized by modifying the
organ surface structure and selectively designing zones with hydrophobic and hydrophilic
properties.[40,41] Simultaneously, the implementation of self-cleaning surfaces facilitates
bacteriostatic and antifouling effects.[42] An active antifouling method that reduces cell
adhesion is achieved through the preparation of self-cleaning cylindrical membranes.[43] Cell
adhesion, encompassing attachment to substrates, spreading, and cytoskeleton development, on
the modified surface can be effectively modulated by altering its wettability properties (Figure
1f).[44] Additionally, changing the surface’s wettability also influences the amount of protein
adsorption, which is advantageous for tissue engineering applications.[45] Furthermore, the
ribbed structure of shark skin significantly reduces hydrodynamic drag, thereby dramatically
enhancing its swimming speed.[26,46] Implants used in cardiac and vascular surgeries,
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including artificial blood vessels and heart valves, which possess drag-reducing properties on
their surfaces, can decrease turbulence and friction during blood flow.[47] This reduction in
turbulence and friction subsequently lowers the risk of thrombosis and improves blood
compatibility.[48] These findings confirm that by modulating the surface structure of implants
to provide various functions, and subsequently applying them to the appropriate organs and
tissues, they can significantly contribute to tissue engineering applications (Figure 1g, h).

Therefore, this perspective commences with an introduction to bioprinting technology,
detailing the different methodologies currently available for bio-AM. It then assesses which
specific aspects of tissue engineering are best addressed by each printing technique, aiming to
provide the reader with a clear understanding of the advantages and disadvantages associated
with each method. The design, processing, and fabrication of bionic surface textures are
subsequently explored, with an emphasis on their integration with 3D printing technology. This
comprehensive overview enables readers to more effectively choose the appropriate printing
technology to enhance surface texture printing accuracy and shape fidelity. Lastly, the critical
role of 3D-printed surface textures in biological tissue engineering is discussed, and the concept
of ‘surface-tissue’ interaction is introduced as a novel paradigm for advancing next-generation
bioprinting, particularly in enhancing the in vivo properties of implants through surface
texturing.
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Figure 1. From surface textures to bioprinting. Different bioprinting techniques: a) direct ink
printing;[1] b) volumetric bioprinting.[9] Functions performed by various printed structures:
¢) in situ printing of different structures;[3] d) gelatin fiber arrangement leads to different
microstructures.[8] 3D printing for surface textures: e) TPP printing of superhydrophobic
functional surfaces;[22] f) 3D printing wetting functional surfaces.[29] Applications of
surface engineering: g) femtosecond direct writing for the preparation of parahydrophobic

surfaces;[24] h) dynamic optical projection stereolithography to prepare surfaces favorable for
cell proliferation.[49]

2. 3D bioprinting

3D bioprinting encompasses several core components: design, manufacturing, and
application. The design process often incorporates bionics, while manufacturing typically

involves self-assembly methods. Ultimately, the final printed products are biologically tested,
either in vivo or in vitro. We discuss these in more detail below.



2.1. Biomimicry

Nature serves as an exceptional teacher, and through a lengthy evolutionary process, living
organisms have developed a wide array of structures to continuously adapt to their
environments. Biology-inspired engineering has effectively addressed numerous practical
engineering challenges across various fields such as flight,[50,51] navigation,[46,52]
materials science,[53] cell proliferation,[54] and micro- and nano-manufacturing.[55] Its
application in bioprinting mainly consists of the fabrication of tissues or organs as well as
their cells, involving the bionics of components as well as structures. For instance, bioprinting
can replicate the functional components of specific tissue cells to achieve bionics, thereby
mimicking the structure and function of real skin.[56,57] This is done by printing bioinks that
contain multiple cell types, such as epidermal and dermal cells. Similarly, the function of
heart muscle tissue can be bionically reconstructed by precisely controlling cell placement
and tissue structure.[58] Moreover, artificial blood vessels, crucial tissue structures within the
human body, can be fabricated using bioprinting technology to exhibit complex network
structures. These vessels must structurally resemble natural blood vessels and functionally
support blood circulation.[59] Additionally, the creation of porous bionic scaffolds, which
facilitate bone repair and regeneration by working in concert with bone cells, mimics the
natural growth environment of bone, promoting cell growth and bone formation.[2,15] More
advanced applications of biomimetic bioprinting involve printing complete organs, such as
kidneys or livers, for transplantation.[8] This technique faces the challenge of replicating the
complex multi-cell type structures and functions of these organs. The various biomimetic
designs discussed, from replicating biological tissues at the microscopic scale to designing
biological organs at the macroscopic scale, necessitate a deep understanding of cellular
behavior in microenvironments and the integration of suitable printing techniques to achieve
them.

2.2. Different printing approaches and applications

The principal technologies employed in bioprinting include inkjet printing,[60] extrusion ink
printing,[61] laser-assisted printing,[62] and stereolithography printing (Figure 2).[63]
Additionally, several other printing technologies represent modifications and enhancements of
these. Consequently, the selection of a bioprinting method is contingent upon specific
requirements such as resolution, cellular activity, material properties, and structural
characteristics.
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Figure 2. Components of inkjet, extrusion, laser-assisted bioprinters and stereolithography
bioprinters. a) Inkjet printers with different stimulus (thermal or electrical) responses. b)
Extrusion ink printers with different extrusion methods (pneumatic, piston, screw). ¢) Laser-
assisted printers utilize a laser focused on an absorbing substrate to generate pressure to
propel the cell-containing material onto a collector substrate. d) Stereolithography printers
fabricate porous scaffolds by selectively illuminating photopolymers with a light source.

2.2.1. Inkjet printing

Inkjet bioprinters offer significant advantages such as low cost, high speed, and
compatibility with a wide range of biomaterials.[64] For instance, these printers can create
compositionally heterogeneous structures by varying the density and size of the ejected
droplets, which allows for modulation of concentration gradients of cells, growth factors, and
other components within the 3D structure.[65] Additionally, this technology supports more
accurate biomimicry and regulation in designs that emulate actual living organisms.
Compared to other more sophisticated bioprinting technologies, inkjet bioprinting devices are
generally less expensive and simpler to disseminate and implement, enabling many
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laboratories to modify and enhance these systems freely, building upon conventional 2D
inkjet printing technology.[64] This technology is extensively employed by numerous teams
to advance the capabilities of inkjet bioprinters. The enhancement of high resolution in inkjet
printing primarily targets the precision of droplet size and deposition volume. At present, it is
feasible to achieve droplet volumes ranging from a minimum of 1 pl to over 300 pl,[66,67]
with deposition rates ranging from 1 to 10,000 drops per second (Table 1).[68] Currently, a
single small cell-filled droplet can print a pattern with a width of approximately 20 um.[69]
Future developments in inkjet printing should focus not only on improving the construction of
complex 3D structures but also on maintaining the existing convenience.

2.2.2. Extrusion ink printing

Extrusion ink printing operates by extruding a filamentary paste through a nozzle that builds
up layers sequentially (Figure 2b), unlike inkjet printing, which generates droplets. The
nozzle moves in the xy-plane to create a 2D pattern, while the z-axis console shifts to
facilitate the addition of subsequent layers. Currently, this printing method is highly
compatible with a variety of materials, including soft matter,[26,70] hydrogels,[8,14]
biocompatible ceramics,[2,13,71] and cell-laden fluids.[61,72] Among the prevalent extrusion
techniques (pneumatic,[73] mechanical piston,[74] and screw spinning[75]), the pneumatic
approach accommodates the broadest range of ink viscosities and is particularly effective with
more viscous inks, albeit with some delay. The mechanical piston method facilitates direct ink
distribution but demands a more robust mechanical structure due to the viscosity requirements
of the ink. Screw rotary systems offer precise spatial control for extruding high-viscosity inks,
though they involve more complex mechanics. By contrast, pneumatic extrusion handles
high-viscosity inks with simpler mechanics, constrained only by the capacity of its pneumatic
system. Moreover, multi-material, multi-nozzle extrusion becomes feasible on a high-
throughput platform utilizing multi-material, multi-nozzle adaptive 3D printing.[76] This
platform can independently control nozzle heights and seamlessly switch between inks,
applying three different visco-elastic inks to complex substrates with varied topographies,
including those with surface irregularities akin to skin abrasions or deep grooves. This
capability opens new possibilities for the rapid patterning of soft materials in structural,
functional, and biomedical applications.One of the advantages of extrusion ink printing is its
ability to achieve higher cell densities compared to inkjet printing. Higher cell densities are
particularly beneficial for specific tissue applications, such as heart and brain.[77,78] This
technique has been employed to fabricate various tissue types, including aortic valves,
branching vascular trees, in vitro pharmacokinetics models, and tumor models.

2.2.3. Laser-assisted printing

Laser-assisted bioprinting devices need to have a complete pulsed laser light source as well as
a focusing system (Figure 2c), using a laser to precisely control the release of bioinks. The
laser beam is focused onto a small spot on the surface of the bioinks, generating enough
energy to vaporize or create tiny bubbles in a small portion of the ink. This localized energy
input causes an increase in pressure on the ink and pushes it out to the desired location. By
controlling the position and intensity of the laser, the shape and position of the released bio-
ink can be precisely controlled.

The precise control of the laser beam in LAB enables the printing of biomaterials with
exceptional precision and resolution, facilitating the creation of complex structures and
microscopic features. The resolution is primarily influenced by factors such as laser energy,
the surface tension of the ink, substrate wettability, and the bioink’s thickness and
viscosity.[62,79] Furthermore, the LAB printing process is generally faster than traditional
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bioprinting methods as it does not require direct contact with the biomaterial, thereby
reducing printing times. The absence of nozzles eliminates clogging issues associated with ink
viscosity mismatches. LAB is compatible with a wide range of viscosities, from 1 to 8000
mPa/s,[80,81] and its non-contact nature prevents physical damage to cells, thus preserving
their integrity and functionality. Additionally, LAB technology enables precise control over
cell location and distribution within biomaterials, enhancing cell survival and viability. LAB
can deposit cell densities of 10"8 cells/ml with microscale resolution, achieving individual
cell placement per drop at speeds up to 1,600 mm/s, and utilizing a laser pulse repetition rate
of 5 kHz.[82] Moreover, LAB supports the use of diverse biomaterials, including cells, cell
carriers, and scaffolds, enabling the fabrication of more complex and functional biological
tissues and organs.[83,84]

2.2.4. Light curing printing

SLA boasts numerous advantages in bioprinting, particularly in creating biological structures
such as tissue engineering scaffolds and microfluidic chips. This technology enables the
printing of extremely fine and intricate structures, crucial for replicating delicate biological
models. For instance, using SLA combined with computed tomography angiography data, 3D
models of blood vessel structures with diameters of 400 pum and resolutions as low as 25 um
have been fabricated. These models are instrumental in studying the mechanisms of arterial
thrombosis—a major cause of heart attacks and strokes—and developing therapeutic
strategies.[63] Additionally, SLA supports a wide array of light-cured biocompatible
materials, including hydrogels and specific bioactive substances,[85,86] producing structures
with smooth surfaces that enhance cell attachment and proliferation. Conversely, DLP excels
in rapidly curing entire layers of material, facilitating large-scale and rapid production.[87,88]
DLP devices generally incur lower operating and equipment costs compared to SLA and are
better suited for large-scale production due to their ability to process multiple structures
simultaneously. For example, large-scale hydroxyapatite porous bioceramics (length >150
mm) with highly micro- and nano-porous surface structures (print resolution <65 pm) have
been successfully fabricated using DLP. This demonstrates DLP’s capability to produce large
bone tissue engineering scaffolds with precise porosity.[87] Recent advancements in SLA
include the development of near-infrared (NIR) 3D bioprinting, which enables non-invasive
in vivo 3D bioprinting.[89]



Table 1. Comparison of different bio printing technologies

Bioprinting technologies type

Inkjet printing

Extrusion ink printing

Laser-assisted printing

Light curing printing

Material
Viscosities

Molding methods

Preparation time

Printing speed

Resolution or
droplet size

Cell Viability

1.7~300 mPa*s[90,91]

Chemical, photo-crosslinking[66]

Low[96]

Fast (1~10,000 droplets per second,
10~1000 mm/s)[68]

<1 pl to >300 pl droplets,[66,67] 20
um wide[69]

>90%[103]

30 mPa/s to 6/ 107 mPa*s[77]

Chemical, photo-crosslinking, shear thinning,
temperature, solvent[94]

Low to medium[96]

Slow (3100 mm/min)[98]

5 pm to millimeters wide[100]

73.6%~92%[ 104]

1~8000 mPa*s[80,81]

Chemical, photo-
crosslinking[84]

Medium to high[97]

Medium-fast (200~1600

mm/s)[82]

<1 um[101]

>95%[105]

SLA 100~1000 mPa*s
DLP 30~150
mPa/s[92,93]

Chemical, photo-
crosslinking[95]

High[86]

Fast (4000 mm/s)[99]

8~10 pm[102]

>90%[106,107]



Medium, 1~3{5 108

. p . . . 3
Cell densities Low, 10° cells/mI[108] High, cell spheroids[109] Medium, 108 cells/ml[82] cells/mi[110]
Printing cost Low[77] Medium[77] High[77] Low[111]
Type of print . . . Medium-complex,

Simple, cell/scaffold[112] Medium, scaffold/tissue[72] Complex, organ[9]

structures tissue/organ[80]
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2.3. Materials, structures and applications
2.3.1. Bioinks

3D bioprinting requires meticulous attention to cell viability, unlike other forms of additive
manufacturing—such as those involving metals, ceramics, and thermoplastic polymers—that
do not need cell-friendly environments. Traditional methods can employ processes harmful to
biological cells, including the use of organic solvents, high temperatures, and cross-linking
agents. In contrast, 3D bioprinting starts with bioinks that must be compatible with
bioprinting technologies and suitable for subsequent structural design and functional
realization.

Bioinks, which refer to materials containing cells for bioprinting, currently face several
challenges. Physical and chemical perturbations, such as pressure encountered during
bioprinting, may affect cell behavior and survival.[113] During printing, the cell density needs
to be high enough to ensure the formation of multicellular structures in subsequent stages,
while the content and survival of cells vary between printing methods (Table 1). The addition
of cells can alter the properties of the final molded biomaterial, potentially causing toxicity to
the cells.[114] In different bioprinting techniques, the concentration of the ink currently
exceeds 1,000,000 cells/ml (Table 1). This cell concentration represents no more than 5% of
the total volume of the bioink, and therefore does not significantly impact the rheological
properties required for extrusion ink printing. Instead, extrusion ink printing induces a fluid
state with low viscosity due to an increase in shear rate, i.e., shear-thinning properties.[!0!]
This shear can cause some cell damage, so special attention is needed when using extrusion
ink methods. In inkjet printing, cells that cluster can interfere with droplet ejection.[115] As
the cell content increases, it poses a greater challenge for inkjet printing, which is why current
inkjet printing inks have low cell content. For LAB, SLA and DLP printing, thermal damage
from the laser light source and UV light exposure is a concern for ink safety.[116] Generally,
a criterion is sacrificed, such as reducing cell viability or content, to achieve high-precision
printing.

Therefore, it is of utmost importance that the bioink meets the requirements for cells to
thrive and possesses the biocompatibility needed for long-term transplantation, proper
swelling characteristics, and short-term stability.[80] Short-term stability ensures that a robust
three-dimensional structure is maintained during printing and that the pores and channels
within the structure are well-organized, allowing cells to attach, grow, and proliferate
effectively.[96] Next, we will discuss in detail the importance of structure for bioprinting and
the key properties, such as functional applications and material biomimicry, that different
structures can provide.

2.3.2. Structure and corresponding applications

Different bioprinting methods have diverse applications in the biomedical field due to their
unique characteristics. This section will provide an overview of recent advances in various
bioprinting techniques, highlighting their technical features for preparing simple and complex
structures in the biofabrication of cells and tissues, as well as their applications.

The structures that can be printed with inkjet printing are relatively simple compared to
other printing methods, characterized by the low viscosity requirements of the bioinks and
relatively fast printing speeds (Table 1). Bead-jet, a variant of inkjet printing, introduces new
features. Bead-jet printers, specifically designed for high-throughput intraoperative
formulation and printing of matrix gel beads containing mesenchymal stem cells (MSCs),
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hold the promise of repairing severe trauma.[112] High-density encapsulation of MSCs in
Matrigel beads enhances MSC function and increases MSC proliferation, migration, and
extracellular vesicle production compared to low-density beads or high-density bulk
encapsulation of the same number of MSCs. Printing structures with heterogeneous
organization includes two types of gelatin microbeads, yellow and green (Figure 3a-i). This
approach can improve tissue microenvironment simulation by patterning multiple types of
cellular and tissue elements within an engineered architecture. This heterogeneous structure is
relatively simple in three dimensions. Complex three-dimensional structures were printed,
such as freestanding microvessels with endothelial cells embedded in fibrin tubes, using a
single piezoelectric nozzle.[117] Microvessels were generated by continuously printing
alginate-based droplets containing endothelial cells into a bath of viscous cross-linking agent
(Figure 3a-i1). By first printing in a circular pattern, the alginate capsules bind to form a
helical structure as the printed scaffold sinks, a process reminiscent of layer-by-layer
extrusion printing. Rapid cross-linking of the alginate provides temporary structural support
to guide fibrinogen polymerization into hollow tubes. Tiny blood vessels printed by this
method can remain viable for more than 14 days. Further challenges include the design and
preparation of complex structures, such as bionic designs articular cartilage.[118] MEW was
first used to produce arrays of polymer structures that orient the growth of spontaneously
generated cell aggregates and provide tensile enhancement to the resulting tissues. Inkjet
printing was then used to deposit a specific number of cells into the MEW structures, which
self-assembled into organized arrays of spheres over several hours, ultimately generating a
hybrid tissue with a composition similar to transparent cartilage (Figure 3a-ii1). Structurally,
the printed cartilage mimicked the typical organization of tissues observed in skeletally
immature synovial joints, with potential applications in biological joint surface remodeling.
The most interesting and promising application for inkjet printing is brain tissue printing.
Creating realistic brain-like tissue has always been a significant challenge due to the delicate
nature of brain tissue. Using 3D printers to eject cells, some researchers have prepared tissues
that look and behave similarly to brain blocks.[94,119] By modifying the printing technique,
it is possible to print and combine multiple cell subtypes to better mimic signaling in the
human brain (Figure 3a-iv). This new technique may offer advantages over existing methods
used by neuroscientists to create 3D brain tissue in the lab.

Extrusion ink printing offers many advantages. One obvious advantage is the ability to
print anatomically shaped structures based on clinical imaging data. This is well demonstrated
by the bioprinting of cell-containing bioinks with supporting biodegradable polymers to
design structures that resemble bone, cartilage, and skeletal muscle. Classical layer-stacked
scaffold structures are widely used in clinical medicine (Figure 3b-i). Bone implants with
interconnected large porosity and good mechanical properties were prepared by extrusion-
assisted 3D printing, combining Sr2+ ion-modified MgP ceramics and PCL polymers.[13]
This combination significantly improved the range of applications for the materials. MgPSr-
PCL30 implants were able to promote bone formation in vitro without the addition of
osteoinductive components, and in vivo experiments demonstrated their effectiveness in
promoting bone defect repair. The MgPSr-PCL30 implant not only provides a new
combination of 3D printing materials for bone tissue engineering but also offers a new
solution for repairing large and complex bone defects. Extrusion ink printing not only mimics
the complex geometry of organs but also addresses the challenge of cells self-organizing into
functional tissues within 3D structures (Figure 3b-ii).[8] Precise 3D printing requires no
support material, thanks to the customized rheology of the ink, which allows for a controlled
sol-gel transition. The shear-induced alignment of fibers during the printing process endows
the final scaffolds with microscopic anisotropy, mimicking the extracellular matrix of cardiac
tissue. This feature is critical for guiding human cardiomyocytes to self-organize into
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anisotropic muscle tissue in vitro. This advancement opens new avenues for creating 3D
printed tissue models with higher fidelity to natural tissue, offering promising prospects for
biomedical research and therapeutic applications. Very interesting tissue adhesives can be
prepared by extrusion ink printing, enabling the fabrication of bioadhesive patches and
devices with programmable architectures, which opens up new possibilities for application-
specific designs (Figure 3b-iii). The adhesive is malleable and stretchable, achieving a solid
bond with moist tissue within seconds and demonstrating good biocompatibility.[120] In an in
vivo rat model of tracheal and colonic defects, the printed patch demonstrated leak-proof
tissue sealing ability and maintained adhesion for up to four weeks. Additionally, the
introduction of a hydrophobic matrix that repels blood enabled the printed patch to seal living
blood tissues. For in vitro applications, viscoelastic inks can be rapidly patterned on arbitrary
3D surfaces using the Multi-Material Multi-Nozzle Adaptive 3D Printing platform (Figure
3b-iv). This platform demonstrates the ability to conformally pattern viscoelastic inks on
complex substrates, including those with surface imperfections that mimic skin abrasion or
deep indentations, by independently controlling the nozzle height and seamlessly switching
between different inks.[76] This technology overcomes the limitations of previous 3D
printing technologies, which were largely restricted to flat substrates and single materials, and
opens up new possibilities for applications such as structural defect repair, wound repair, and
tissue regeneration.

LAB technology enables the printing of engineered tissues with high cell density and
microstructures. Guillotin. achieved the first cell printing at 5 kHz and micrometer resolution,
solving the problem of balancing resolution and speed simultaneously.[82] The precise
arrangement of multiple cell types in a designed pattern during the same printing process was
realized, providing a technological basis for future complex tissue engineering constructs in
which multiple cell types coexist. A method capable of printing at high cell concentrations
was developed to ensure that the printed tissues have cell densities similar to those of natural
tissues (Figure 3c-1). The advantages of laser-assisted bioprinting technology in terms of high
resolution, high speed, and multi-cell type tissue printing were experimentally verified.
However, the technology has not yet achieved structures identical to actual tissues and organs,
remaining on the scale of tiny structures. In addition, corneal-like tissue structures can be
constructed using LAB technology.[84] Using recombinant human laminin and human type I
collagen as the basis of bioinks, three types of corneal structures were printed: stratified
corneal epithelium, lamellar corneal stroma, and composite structures containing both stroma
and epithelial portions (Figure 3c-ii). The construction of three-dimensional corneal
structures was successfully realized. These bioinks are biocompatible with human stem cells
and facilitate the construction of corneal tissues with potential clinical applications. The
printed corneal structures exhibited good mechanical properties without additional cross-
linking, demonstrating feasibility in porcine corneal organ culture and providing new ideas
and techniques for future corneal regenerative medicine. Further, free-form 3D printing of
alginate and cellular tubular structures, including complex Y-shaped tubes and cantilever
structures, can be performed using LAB technology (Figure 3c-iii).[121] Under optimized
printing conditions, the cell survival rate remained high immediately after printing and after
24 hours of incubation, demonstrating good protection of cells during the printing process.
The use of a crosslinking solution as support material solved the support problem in cantilever
structure printing and simplified the printing process. This advancement supports the
realization of complex structure printing and provides new technical ideas for applications in
tissue engineering and regenerative medicine. As the technology continues to iterate, in situ
printing has become more sophisticated, allowing bone regeneration to be promoted in vivo
by generating pre-vascularized networks with defined architectures through in situ printing of
endothelial cells in mouse cranial defects. For the first time in vivo, Olivia et al. achieved pre-
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vascularized networks with defined architectures using LAB technology, significantly
promoting bone regeneration.[122] Under optimized printing conditions, the cells had a high
survival rate after in vivo printing, demonstrating the advantages of LAB technology in terms
of biocompatibility and cell protection (Figure 3c-iv). Compared with random seeding, in
situ-printed human umbilical vein endothelial cells significantly improved vascularization and
bone regeneration rates in the cranial defect region, especially under disc-shaped and cross-
circular pattern conditions. This implies that the same printing method and materials with
different printing structures can have completely different implications for biomedicine,
realizing different properties. Therefore, in the field of bioprinted tissues and organs, both the
macroscopic three-dimensional structure and the microscopic surface structure have a
significant impact.

The DLP technique allows the preparation of large-scale hydroxyapatite porous
bioceramics over 150 mm in length, featuring micro and nano-scale surface pore structures
(Figure 3d-1).[87] The micro/nanopore structure of the ceramics can be precisely controlled
by adjusting the solids content of the printing ink and the sintering temperature, thereby
optimizing the bioactivity of the material. In vitro and in vivo experiments demonstrate that
these bioceramics have good bone regeneration ability, showcasing their potential for
application in bone tissue engineering. The ceramics possess both macroscopic and micro-
nano pore structures, and this bilayer structure facilitates protein adsorption and cell
attachment, promoting osteogenesis and providing a new strategy for bone tissue engineering
and the development of personalized bone implants. SLA has significant advantages in
printing scaffold structures, particularly for preparing scaffolds with dual driving forces to
achieve efficient cellular uptake and high-density cellular loading, which are critical in spinal
cord injury repair (Figure 3d-i1).[123] The preparation of scaffolds with microstructures
combining macroscopic swelling forces and microscopic capillary forces significantly
improves the efficiency of cellular uptake. The designed and printed structure facilitates long-
term storage and transportation and can be quickly used in clinical emergencies,
demonstrating its great potential as an efficient cell delivery tool. DLP also enables the
printing of more complex 3D structures. For example, complex organ structures, including
highly intricate brain and heart structures, have been constructed using silk fibroin-based
bioink, demonstrating the wide range of applications for silk fibroin-based bioink and DLP
technology in tissue engineering and regenerative medicine (Figure 3d-iii).[124]
Biocompatible hydrogels with multiple vascular networks and functional vascular topologies
can also be created using SLA.[125] Complex vascular networks, including helical structures,
Hilbert curves, bicontinuous cubic lattices, and annular junctions, were designed using a
mathematical space-filling topology algorithm and generated in hydrogels by projected
stereolithography (Figure 3d-iv). Functional vascular structures in hydrogels, such as venous
valves and fluid mixers, were also validated, demonstrating the functionality of these
structures in vitro and in vivo. The potential of these hydrogel structures in treating liver
injury was demonstrated through experiments in a mouse model, providing new ideas for
future tissue engineering and regenerative medicine applications.

Different printing methods have unique characteristics for biological applications, but the
primary goal is to achieve functional consistency with shape similarity. After printing an
implant, the first consideration is its interaction with the body upon implantation. Good
contact not only ensures the stability of the implant but also minimizes its impact on the
patient. How can the surface contact of the implant be improved? This can be achieved
through bionic design of the implant surface, taking inspiration from natural plant and animal
surfaces to prepare different microstructures that realize various functional surfaces. This
approach will enhance the stability and biomechanical properties of the implant in the body.
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Figure 3. Bioprinting structures and corresponding applications. a) Inkjet printing for various
structures, ranging from simple to complex.[112,117-119] b) Extrusion ink printing for
complex structural applications, including biological scaffolds and fractal
surfaces.[8,13,76,120] c) LAB, ranging from 2D cell deposition to direct generation of
complex structures in situ.[82,84,121,122] d) SLA and DLP printing, covering applications
from large bone structures to micronized vascular models.[87,123—125]

3. Surface textures printing
3.1. Bio-inspired design and manufacturing

Different organisms in nature have evolved diverse surface structures to adapt to their
environments. For example, the lotus leaf exhibits a superhydrophobic effect due to multilevel
microstructures called “papillae” on its surface, which increase the surface contact angle and
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prevent contamination by mud (Figure 4a, c).[26] The nepenthes vase features an annular lip
around its entrance, covered with tiny grooves that guide prey toward the vase opening,
increasing the likelihood of them slipping off the edge; this can be utilized as a liquid guide
(Figure 4b, d).[126] The fine bristle structure mimicking the gecko’s foot enables free
crawling on smooth vertical surfaces.[127] A ribbed structure modeled after shark skin can
reduce fluid resistance, enhancing speed and efficiency underwater.[46] Layered
nanocomposite structures inspired by shells provide high stiffness and toughness, making
them suitable for bulletproof materials, robust building materials, and wear-resistant
coatings.[128] These examples illustrate the design of bionic multi-scale surfaces. Bionic
interfacial structures represent a multidisciplinary research field involving physics, chemistry,
materials science, biology, and other disciplines. This field’s outstanding feature is the close
integration of basic and applied research, reflecting the diversity of bionic concepts and
material preparation techniques.

In recent years, researchers have conducted in-depth studies on several key scientific
issues related to the construction and application of bionic multi-scale micro-nano-structures,
achieving significant advancements and developing various surface structures to realize
different functions (Figure 4e, f).[24,129] Among these advancements, bionically prepared
superhydrophobic interfaces have evolved into multifunctional applications, including the
simultaneous combination of different types of specific wettability, such as
superhydrophobic/superoleophobic (superbiphobic), superoleophilic/superhydrophilic
(superbiphilic), and superhydrophobic/superoleophilic.[130] By analyzing and theorizing the
characteristic structures of different organisms, similar structures are designed and fabricated
to achieve these specialized functions. This approach represents the overall logic of current
biomimetic interfaces. Drawing on the unique structural surfaces found in nature, artificially
oriented mimicry to prepare similar biological surfaces has become a breakthrough direction
in the scientific community. Unique surface bionic structures have emerged and are rapidly
being realized and applied to varying degrees. In today’s era, biomimetic surface materials
have become indispensable in various high-tech fields such as modern defense and military,
industrial applications, environmental protection, and daily necessities.[131,132] For
example, micro-nano manipulation of liquids and applications in the field of biomedicine can
be realized through liquid delivery systems (Figure 4g, h). Currently, the study of surface
structural properties is a prominent area of focus in materials science research.

The utilization of 3D printing technology for surface texturing preparation dates back to
2008.[133] Initially, “mushroom field” surface textures were printed onto ceramic abrasives
and subsequently transferred to metal castings. The application of 3D-printed surface textures
to orthopedic implants was later proposed to enhance osseointegration by increasing surface
porosity and pore size, offering a valuable alternative to traditional biological fixation
methods. Since then, the use of additive manufacturing techniques to prepare surface-interface
textures with special functionalities has advanced significantly. Superhydrophobic surfaces
with volumetric structures have been prepared using DLP printing technology, where nano-
voids formed by porogenic solvents confer superhydrophobicity to the printed objects (Error!
Reference source not found.a-i).[134] These objects exhibit extremely low water adhesion
and retain their superhydrophobic properties even after wear and tear. The feasibility of
printing superhydrophobic 3D objects has been verified, offering new ideas and technical
support for integrating interface functionalities into entire objects. Drawing on the complex
microstructure of the leaves of the aquatic plant Salvinia molesta, a superhydrophobic
structure with eggbeater-shaped microhairs was designed and printed using FDM, exhibiting
excellent superhydrophobic properties (Figure 4¢).[135] An efficient oil-water separation
method was developed to rapidly absorb and separate various oils, demonstrating its potential
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application in environmental protection and the petroleum industry. Additionally, by adjusting
the number of arms and spacing of the eggbeater structure, the droplet adhesion force can be
controllably adjusted, showing significant advantages in droplet manipulation and
microreactor applications. The potential of bionic superhydrophobic structures for droplet
manipulation and oil-water separation has been experimentally verified, providing new
material and technical support for environmental engineering and biomedical fields.

In recent years, 3D printing technology has made significant strides in the fabrication of
functional surface structures, opening new avenues for the development of bionic materials
and smart surfaces.[136,137] Traditional surface preparation methods, such as
photolithography and etching, face limitations in creating complex geometries and
multifunctional surfaces. In contrast, 3D printing enables the fabrication of intricate micro-
and nanoscale structures by building materials layer by layer. This increased design flexibility
not only allows for the more accurate mimicry of complex natural surface structures, such as
shark skin, lotus leaves, and butterfly wing scales, but also facilitates the creation of surfaces
tailored to specific application needs.[37,136] Current research on 3D-printed functional
surface structures primarily focuses on several key areas. The first is material diversity and
functionalization. The range of 3D printing materials has expanded beyond thermoplastics to
include photosensitive resins, metals, ceramics, and multi-material composites.[26,137—-139]
This expansion allows researchers to fabricate functional surfaces with diverse physical,
chemical, and biological properties, such as superhydrophobicity, antimicrobial activity,
conductivity, photonic crystals, and surfaces with adjustable friction coefficients.

With advances in 3D printing, particularly in micro/nano-scale techniques like TPP and
nanoimprinting, researchers can now fabricate higher-resolution surface structures. These
techniques enable the production of complex structures at the submicron or even nanoscale,
leading to more biomimetic and functionalized surfaces.[140—142] Additionally, 3D printing
has advanced smart surface research by incorporating responsive materials (e.g., shape
memory alloys, thermotropic materials, and photoresponsive materials) into the printing
process, enabling the creation of dynamically tunable surfaces that respond to external
stimuli, such as temperature, light, or humidity.[143,144] These smart surfaces hold promise
in applications such as sensing, actuation, and self-cleaning.

The preparation of functional surfaces using 3D printing technology has become a
significant branch in the field of bionic surface science, with numerous related studies. For
example, TPP-printed bionic adhesion microstructures have been designed to combine
springtail and gecko-inspired microstructures, exhibiting superhydrophobicity on both top and
side surfaces and strong dry adhesion.[22] Another combination involves octopus suction
cups and gecko-inspired microstructures, which exhibit excellent adhesion properties in both
dry and wet environments. Additionally, a cactus- and nepenthes-inspired fog collector was
designed and fabricated using customized micro-continuous liquid interface printing
technology.[145] The fog collector consists of cactus-shaped spines with longitudinal ridges
and a bottom channel with curved-inclined-arc pits and grooves (C-IAPGs). The C-IAPGs
structure utilizes a combination of gravity, Laplace pressure gradient, and capillary forces to
achieve fast and efficient water transfer, significantly enhancing droplet transport speed and
efficiency. Furthermore, a surface mimicking the barb-like structure of the spiny flatfish
(Filefish) skin was fabricated using DLP technology.[146] This surface, consisting of hook-
like spines and rigid or flexible support layers, realizes frictional anisotropic properties similar
to those of biological prototypes, making it suitable for applications such as smart sensors and
specific tribological uses. These examples confirm the significant potential of 3D printing for
surface interfaces. Next, we will present an overview of the different functional applications

of current bionic surfaces to explore more ideas applicable in the field of bioengineering.
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Figure 4. Bionic design surface structures and applications. a, b) Biological blueprints, such
as those derived from lotus leaves and nepenthes, are utilized in bionics.[26,126] c, d)
Microstructure of bionic blueprints.[26,129] e, ) 3D printed bionic structures.[135,147] g, h)
Different applications of 3d printed bionic structures. [135,148]

3.2. Applications of textures

Bionic surfaces can be expanded into various directions and fields of application due to the
different physical micro- and nanostructures that impart diverse functions. Examples include
superhydrophobic surfaces (Figure 5), superhydrophilic surfaces (Figure 6), liquid-guiding
surfaces (Figure 7), multi-functional surfaces (Figure 8), self-cleaning surfaces (Figure 9),
adhesive surfaces (Figure 10), antimicrobial surfaces (Figure 11). Many of these surfaces
interact with liquids, and since the main component of the human body is water, the adhesion,
growth, and reproduction of cells are closely related to water. Implants in the human body can
incorporate different functional surfaces to achieve better performance.
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3.2.1. Superhydrophobic surface

With advancements in nanotechnology, new methods for fabricating superhydrophobic
surfaces, such as laser processing, templating, and electrochemical deposition, are continually
emerging.[149] These techniques have significantly improved the controllability, stability,
and functionality of superhydrophobic surfaces. A key focus of current research is the long-
term durability of these surfaces, which remains a challenge due to the demanding conditions
in practical applications, including mechanical abrasion and chemical corrosion. Conventional
superhydrophobic materials often struggle to retain their performance over extended periods
in such environments. Consequently, researchers are developing more robust
superhydrophobic materials by incorporating multilayer structures and nanocomposites to
enhance durability.[26,150] While superhydrophobic surface interfaces are now very well
developed, researchers such as Levkin et al. have advanced this technology to three-
dimensional structures by utilizing DLP to print complex shapes (Figure 5a).[134] Through
ink photopolymerization phase separation, a bicontinuous 3D structure with nanopores is
formed, imparting superhydrophobic properties. It was also found that the nanopores were
uniformly distributed and retained their superhydrophobic properties after wear tests. This
advancement provides a foundation for the development of superhydrophobicity from surface
interfaces to the three-dimensional scale. Chun et al. utilized a commercial FDM 3D printer
and polylactic acid (PLA) filament to print surface structures with microscopic patterns.[151]
The printed samples were then dip-coated with a mixed solution containing hydrophobic
silica nanoparticles and methyl ethyl ketone to form a hydrophobic coating with
nanostructures. These dip-coated 3D printed samples retained their superhydrophobic
properties after five months of storage, demonstrating good long-term stability (Figure 5b).
However, compared to the previous DLP one-piece molding method, this secondary dip-
coating process is significantly more complex. Similarly, Ravi et al. prepared PLA
superhydrophobic surfaces using FDM 3D printing combined with a chemical etching
process.[151] This method, which does not involve nanoparticles, simplifies the fabrication
process and avoids the complexity and environmental issues associated with nanoparticles
(Figure 5c¢). It forms superhydrophobic surfaces with hierarchical structures and is simpler,
more efficient, and economical compared to the secondary dip-coating of nanoparticles.
Superhydrophobic products with complex configurations can be accurately constructed into
functional bionic yarns with diameters of 900 pm using Two-photon Femtosecond Laser
Direct Writing (TFLW).[24] The bionic yarn consists of hollow round tubes, regularly
arranged micron-sized papillae, and nano-folds on the papillae surfaces, inspired by rose
petals (Figure 5d). Compared to other natural and artificial hydrophobic materials, the bionic
yarn exhibits excellent properties, including a higher contact angle and stronger droplet
adhesion, demonstrating the great application potential of 3D-printed bionic yarn in functional
textiles. Additionally, this technological approach can be used to develop products for
bioengineering applications, such as superhydrophobic band-aids, which protect wounds from
water and accelerate the recovery process.
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Figure 5. Applications of superhydrophobic surfaces. a) Superhydrophobic objects with bulk
nanostructure.[ 134] b) Fabrication of a superhydrophobic surface using a FDM printer.[23] ¢)
3D printing and chemical etching a PLA surface.[151] d) Schematic of 3D printed
parahydrophobic functional textile with a hierarchical nano-microscale structure.[24]

3.2.2. Superhydrophilic surface

Superhydrophilic surfaces are also a significant branch of biomimetic surfaces.
Superhydrophilic surfaces demonstrate pronounced hydrophilicity by rapidly adsorbing water
and forming a uniform water film. The primary characteristic of a superhydrophilic surface is
its ability to quickly disperse and absorb water droplets, preventing them from aggregating or
flowing.[40,152] This property offers potential advantages in various practical applications.
One physical preparation method involves microstructuring, which enhances hydrophilicity
by increasing surface energy through roughness modulation (e.g., a combination of
nanostructures and microstructures). Common techniques include laser treatment, plasma
treatment, and micro/nanofabrication. Zhao et al. fabricated superhydrophilic multifunctional
Janus foams using spatially shaped femtosecond laser processing, which enables efficient fog
collection and water transport.[130] This technology provides new material and technical
support for addressing water shortages and pollutant detection (Figure 6a). Additionally, this
hydrophilic surface treatment can be applied to human bioengineering, where hydrophilic
treatment on the surface of new implants enhances cell adhesion and proliferation. Huang et
al. prepared micro- and nanocomposite porous structures using in situ laser deposition, where
the microstructures promote liquid wetting and the nanostructures inhibit organic
diffusion.[152] The duration of superhydrophilicity was increased by a factor of 54 compared
to conventional nanostructured surfaces (Figure 6b). Through molecular dynamics
simulations and experimental studies, the structural design was optimized to ensure effective
liquid wetting and organic diffusion inhibition, even when the outer layer is contaminated
with organic matter. Revealing the mechanism of superhydrophilicity persistence and
proposing novel preparation techniques provide new ideas and methods for the design and
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fabrication of high-performance wetting structures. Superhydrophilic surfaces are more
suitable for application in organisms than superhydrophobic surfaces, as the hydrophilic
properties are more favorable for cell growth. Su et al. prepared superhydrophobic materials
with anisotropic water transport ability and wear resistance through selective laser sintering
(SLS) printing (Figure 6c).[153] Glass beads and thermoplastic phenolic resin powder were
combined to construct superhydrophobic structures in a single step using SLS. During the
printing process, long capillary channels formed, enabling anisotropic water transport on
different print surfaces. These materials rapidly absorb water in a direction perpendicular to
the print surface, while water absorption occurs more slowly on the print surface itself. This
unique property allows the materials to resist gravitational water transport effectively.
Abrasion tests demonstrated that the superhydrophobicity remained stable even after
prolonged wear, showcasing excellent mechanical durability. The ability for directional liquid
transport makes these materials promising for applications in the human body, such as
nutrient delivery. Li et al. investigated a 3D-printed solar evaporator based on natural
molecules.[154] Through rational structural design, they constructed a durable interfacial
solar evaporator using inexpensive and efficient natural polyphenols, such as ellagic acid,
combined with iron, thereby avoiding the environmental issues commonly associated with the
synthesis of conventional photovoltaic materials (Figure 6d). The surface of the evaporator
features a tapered array structure that significantly enhances light capture via multiple
reflective and anti-reflective effects. This design also promotes efficient droplet collection and
shows promise for application in external medical devices. Research on superhydrophilic
surfaces is currently in a phase of rapid development, with future innovations and
breakthroughs anticipated in material design, preparation methods, and functionalization.
These advancements will also provide a stronger foundation for 3D printing superhydrophilic
surfaces in bioengineering.
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Figure 6. Applications of superhydrophilic surfaces. a) Superhydrophilic janus foam
fabrication using a spatially shaped femtosecond laser.[130] b) Schematic of fabrication
durable superwetting/superhydrophilic metal surfaces.[152] ¢) Superhydrophobic materials
with anisotropic water transport capacity and wear resistance.[153] d) 3D-printed conical
array solar liquid collector.[154]
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3.2.3. Liquid-guiding surfaces

In addition, biomimetic surfaces play a significant role in liquid guidance and fractal
structures. By mimicking biological surfaces in nature with efficient liquid management
capabilities, such as those found in lotus leaves, desert beetles, and fish scales, researchers
have developed artificial surfaces with unique liquid-guidance properties that significantly
enhance the precise manipulation of liquids on surfaces.[155] Li et al. investigated a
programmable 3D-printed bionic wheat awn structure system designed for efficient droplet
collection.[156] Inspired by the wheat awn, the researchers developed a hierarchical bionic
system incorporating tapered spines, gradient microgrooves, and oriented spines (Figure 7a).
These combined structures enabled the system to excel in droplet capture and rapid transport.
The bionic design facilitated a seamless transition from droplet capture to fast transport,
significantly enhancing collection efficiency. The study also suggests that the bionic system
can be applied to various shapes and assembly forms, offering innovative possibilities for the
future development of multifunctional and efficient droplet collection devices. These devices
are expected to be applied in bioengineering, such as in nutrient delivery for regenerating
transplanted organs. Greer et al. drew inspiration from cactus thorns to design tree-like
microstructures, using 3D printing to fabricate polyvinyl alcohol/polypyrrole hydrogel
membranes with these tree-like structures.[157] The membranes efficiently capture fog
droplets and evaporate them under sunlight (Figure 7b). This research introduces new ideas
for developing more efficient liquid collection devices with promising applications. Other
natural biological structures, such as spider webs, can also be mimicked through 3D printing
to improve liquid collection efficiency. Furthermore, the introduction of 4D printing
technology, which utilizes smart materials to create dynamic water collection devices that
respond to environmental changes, expands the functionality and application potential of
traditional water collection systems. Stellacci et al. constructed a super-wetting nanowire
membrane using a self-assembly method, which can preferentially adsorb oil substances in
water with an adsorption capacity of up to 20 times its own weight, exhibiting remarkable
selectivity and high-efficiency adsorption performance.[158] The nanowire membrane can be
resuspended in solution and recover its original paper-like morphology after multiple cycles
(Figure 7c¢). It can be regenerated through ultrasonic cleaning and high-temperature treatment
after several uses, showing good mechanical stability and heat resistance (up to 380°C). This
innovative material demonstrates great potential for oil removal and can be effectively applied
to wounds contaminated with oil in trauma surgery for controlled wound cleaning. Song et al.
developed a new superhydrophilic tandem pendulum pattern (SSCP) inspired by the
microcavity shape of a porcupine.[159] The water transport velocity of SSCP was found to be
faster than that of the superhydrophilic tandem wedge pattern under the same parameters, and
the faster water transport mechanism was analyzed (Figure 7d). Experimental results show
that the water transport velocity of SSCP can reach 289 mm/s. This speed was achieved
through a combination of one-factor experiments, orthogonal optimization design, streamline
connection transition optimization, and pre-wetted patterning strategies. The optimized SSCP
demonstrates excellent performance in long-distance water transport, gravity-resistant water
transport, heat transfer, and fog collection, providing a new approach to high-performance
fluid transport systems. Therefore, it can be used for fluid guidance in the human body.
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Figure 7. Applications of liquid-guiding surfaces. a) 3D-printed liquid collection system
imitating wheat awn structures.[156] b) 3D-printed liquid-collecting membrane with a treelike
structure.[157] ¢) Superwetting surfaces.[158] d): Enhanced water transportation on a
superhydrophilic serial cycloid-shaped pattern.[159]

3.2.4. Multi-functional surface

Fractal structures, along with drag-reducing surfaces, represent an important branch of bionic
surface design. Fractal structures are geometric formations characterized by self-similar
properties across different scales. These structures are widely found in nature, such as in tree
branches, blood vessels, corals, snowflakes, and lightning. A key feature of fractal structures
is their ability to function at both micro and macro scales, providing a unique advantage in
bionic surface design. The self-similar nature of fractal structures allows them to exhibit
similar geometric features across multiple scales. This property enhances drag reduction by
effectively dispersing and directing fluid flow, thereby minimizing resistance. The integration
of fractal structures with drag-reducing surfaces is an effective biomimetic strategy for
significantly reducing frictional resistance between fluids and solid surfaces. The drag-
reducing effect of fractal structures is evident in many living organisms, such as sharks and
dolphins, whose skin features certain fractal characteristics that contribute to reducing water
flow resistance.Chen et al. successfully printed hydrogel scaffolds with complex fractal
geometries for the first time using maskless stereolithography, transitioning from simple
mathematical models to complex bionic fractal designs (Figure 8a).[49] By employing a
DMD-based projection printing platform, they achieved micro-meter resolution and rapid
fabrication, significantly improving printing efficiency and structural complexity. The
biocompatibility and cell adhesion support of polyethylene glycol diacrylate hydrogels were
demonstrated, with cell growth and proliferation on fractal structures further enhanced by
fibronectin modification. These fractal geometries, resembling nature’s patterns in optimizing
energy and material distribution, show broad potential for tissue engineering and other
biomedical applications. Liang et al. fabricated 3D-printed structures that mimic the surface
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of shark skin and explored their drag reduction performance.[136] The unique surface texture
of shark skin has long attracted the interest of biologists and engineers, and similar surface
structures have been applied in various engineering and medical products. This study presents
a method for evaluating the topographical parameters of shark skin and investigates the effect
of scale orientation on hydrofluidic behavior (Figure 8b). Sharkskin-like surface structures
with varying scale orientations were 3D-printed using acrylonitrile-butadiene-styrene
materials. For the first time, the impact of scale orientation on the fluid damping performance
of sharkskin-like surfaces was systematically examined, with results showing that the optimal
damping effect occurred when the fluid flow direction was perpendicular to the scales. This
study not only enhances the understanding of drag reduction mechanisms in sharkskin-like
surfaces but also provides theoretical and practical insights for developing more efficient drag
reduction technologies in the future. Furthermore, biomaterials used in long-term implants,
such as artificial joints and cardiac stents, could be designed with sharkskin-like structures to
reduce friction with body fluids or blood, minimizing discomfort and inflammatory reactions
in patients.
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Figure 8. Applications of multi-functional surfaces. a) 3D printing of hydrogel scaffolds with
fractal geometries.[49] b) 3D-printed sharkskin-imitating surface structure.[136]

3.2.5. Self-cleaning surface

The development of superhydrophobic surfaces has gradually led to the creation of self-
cleaning surfaces, which use their superhydrophobic properties to allow water droplets to
easily remove surface debris as they roll. The microstructure of gecko skin demonstrates
ultra-low adhesion of contaminant particles while providing a superhydrophobic, moisture-
resistant barrier that can self-clean through low-speed rolling or impacting water droplets
(Figure 9a). Watson et al. prepared a similar surface structure and material through bionic
design, where small water droplets (10-100 pm) can easily enter the valleys between scales to
achieve efficient self-cleaning.[127] These droplets can self-propel away from the surface,
enhancing their mobility and cleaning effect. This study provides a new theoretical basis and
technical support for the development of efficient self-cleaning surfaces, antimicrobial
coatings, and biocompatible materials. Meanwhile, the contradiction between mechanical
stability and hydrophobicity of self-cleaning surfaces can be resolved through dual-scale
structural design. Deng et al. proposed a method to achieve superhydrophobic surfaces by
constructing structures at two different length scales.[160] The microstructure provides
mechanical stability, while the nanostructure provides hydrophobicity. The microstructure
forms an interconnected surface framework containing “pockets” that hold highly
hydrophobic but mechanically fragile nanostructures (Figure 9b). This framework acts as
“armor” to prevent the removal of the nanostructures by abrasive materials larger than the
framework size. The sidewalls of the microstructures are angled to enhance mechanical
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stability while maintaining superhydrophobicity. This interconnected framework structure
effectively protects the hydrophobic nanostructures from abrasive wear and maintains good
self-cleaning performance, significantly improving the mechanical robustness of the surface.
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Figure 9. Applications of self-cleaning surfaces. a) Design of self-cleaning surfaces.[127] b)
Schematic of self-cleaning structures.[160]

3.2.6. Antimicrobial surface

Research on antimicrobial surfaces has garnered significant attention in recent years,
particularly in the medical, food processing, public health, and industrial sectors. These
surfaces can effectively inhibit or kill microorganisms, such as bacteria and fungi, that adhere
to the material's surface, thereby reducing the risk of infection and contamination. Gecko skin
surfaces are antimicrobial against Gram-negative bacteria (Porphyromonas gingivalis), killing
the bacteria on contact while showing good compatibility with human stem cells.[127]
Antibacterial surfaces can also be prepared by mimicking gecko skin structures. Additionally,
antimicrobial surfaces can be created using ZnO nano-arrays (ZnO NAs) structures. Zhou et
al. grew ZnO NAs on stainless steel substrates using a two-step hydrothermal method.[161]
The ZnO NAs exhibited ultra-fast physicobactericidal activity against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus), killing 97.5% of E. coli and 94.9% of S. aureus
in less than one minute. The bactericidal mechanism was attributed to the high stress
generated by the nano-array tips and irregular morphology, as supported by simulation
analysis (Figure 10a). The renewable and photocatalytic self-cleaning function of the ZnO
NAs surface was verified through cyclic sterilization experiments, maintaining high efficiency
over multiple sterilization cycles. The ZnO NAs surface not only demonstrates excellent
sterilization performance under laboratory conditions but also has a wide range of practical
application potentials, including clinical therapy, water purification, and air filtration. High
aspect ratio surface structures, present on the wings of organisms such as cicadas and
dragonflies, exhibit significant antimicrobial effects (Figure 10b). These natural surfaces
display unique antimicrobial activity by destroying pathogen cells through physical contact,
independent of biochemical surface functions.[162] Such structures can be continuously
optimized to enhance their biocompatibility and antimicrobial efficiency in applications such
as biomedical implants. The optimized structures are printed in tandem with the implants
using additive manufacturing, providing a safer and more effective material option for
medical devices and other applications.
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Figure 10. Applications of antimicrobial surfaces. a) ZnO nanoarrays for rapid and
sustainable bactericidal applications.[161] b) Nano-structured antimicrobial surfaces.[162]
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3.2.7. Adhesive and anti-waer surface

The choice of material for printing implants is critical, as friction properties directly affect
biocompatibility. Low friction materials reduce wear and tear between the implant and
surrounding tissue, thereby minimizing inflammatory reactions and adverse biological
responses. Additionally, the stability of the implant in the body is closely related to friction.
Appropriate friction can help the implant remain fixed in the target position during the initial
phase without excessive movement or slippage. Conversely, high friction may lead to wear
and tear of the implant material, shortening its service life. Bioengineering must consider the
tribological properties of materials when designing implants to ensure their long-term
functionality and durability. Chen et al. designed a strong wet friction surface enhanced by
micro-nano hierarchies inspired by tree frog toe pads, aiming to achieve excellent wet friction
properties without the need for special external forces.[163] This surface has potential
applications in biomedical engineering, wearable flexible electronic devices, and other fields.
The structural features of tree frog toe pads were replicated using micromachining techniques
with polydimethylsiloxane (PDMS) materials. These structures exhibit strong boundary
friction, with wet friction approximately 20 times greater than dry friction, without the need
for special external forces. It was found that on the surface of the bionic structures, the liquid
automatically splits and distributes uniformly to form a nanoscale liquid film, which generates
strong boundary friction (Figure 11a). The self-splitting and self-absorption effects of liquids
on the surface of micro- and nanostructures were discovered and verified, providing a new
mechanism of liquid regulation. This understanding helps to optimize wet friction surfaces
and offers theoretical support for the future design of bionic surfaces. Abalone shells
exemplify excellent friction properties in nature, with a smooth interior suitable for contact
with soft bodies and an outer layer providing strong mechanical properties that effectively
protect the organism. Qin et al. utilized magnetic Fe;04@Si0, nano chains (NCs) reinforced
composites, arranging the NCs differently in the surface layer of sensors to reduce the
coefficient of friction and improve wear resistance through a combination of vertical magnetic
field and extruded flow field (Figure 11b).[128] They investigated the effect of different NC
arrangements on the mechanical behavior of polymers and found that vertically aligned NCs
significantly increased the Young’s modulus and hardness of the composites, while multilayer
NC samples demonstrated the lowest hysteretic energy and the best mechanical properties.
Low friction and high wear resistance were achieved through nano- and micrometer-scale
structural design, particularly by using Fe;O4@Si10, NCs alignment control to enhance
material properties. Wang et al. designed bionic suction cups inspired by natural suction cup
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structures, utilizing multi-material 3D printing technology to fabricate a bionic suction cup
system with multi-level stiffness.[164] The system enables the rotation and movement of
bionic scales through a soft body driver, achieving strong underwater adhesion. Its adhesion
performance was verified on various surfaces, including smooth, rough, and flexible surfaces,
demonstrating the bionic suction cup’s ability to attach efficiently in complex environments
(Figure 11c). This system holds significant application potential, particularly in the
attachment of bioengineered transplanted tissues. Shao et al. designed flexible electrodes
inspired by the red-netted tree frog, featuring high permeability, stable adhesion, and strong
durability.[165] These electrodes aim to address issues of stable adhesion, low impedance,
and durability in long-term continuous monitoring of physiological electrical signals. The
electrode structure, modeled after the red-netted tree frog’s toe pad, includes dispersed
columns at the bottom and asymmetric tapered holes at the top (Figure 11d). This design
improves contact stability through dispersed columns, showing a 2.79-fold improvement in
adhesion under dry conditions and a 13.16-fold improvement under wet conditions. It also
enhances breathability through an improved breathable channel structure, achieving a 12-fold
improvement compared to cotton. The bionic electrode demonstrates good adhesion, low
impedance, and strong durability under various skin conditions, making it suitable for long-
term continuous detection of physiological electrical signals such as electrocardiograms,
electromyograms, and electroencephalograms. In addition to excelling in medical health
monitoring, the bionic electrode has potential for use as a 3D-printed implant with high
adhesion.
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Figure 11. Applications of adhesive and anti-wear surfaces. a) Strong wet friction surface
inspired by tree frogs.[163] b) Tree fog inspired surface with robust durability.[165] ¢) 3D-
printed bionic suction cups.[164] d) Magnetically assisted 3D printed anti-wear surface
inspired from abalone shell.[128]
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4. Surface textures printing into biological engineering

In the medical field, the utilization of biological surface structures has a long history. In drug
delivery, for example, interfacial structures are designed to ensure secure attachment and
prevent premature dislodgement of microneedles, thus ensuring precise delivery of the drug or
therapeutic agent. Unlike traditional subcutaneous drug delivery, microneedling allows for
painless administration.[132] However, smaller microneedles are prone to fracture. To
address this, microneedles inspired by shark teeth, mosquitoes, and praying mantis forearms
achieve higher adhesion, while those designed with reference to the barb of a honeybee’s
olecranon needle are more difficult to pull out.[ 166—169] These biomimetic surface designs
enhance the reliability of drug delivery. Moreover, the science of surface biomimetics should
not be limited to medical devices. Combining the structural properties of biological surfaces
with additive manufacturing can offer advanced strategies for tissue engineering. In implant
printing, the choice of print material and surface treatment significantly influences friction
properties. Using 3D printing technology, the surface structure of an implant can be
customized to optimize its frictional properties for specific bioengineering needs. For
example, the surface friction properties of in vivo implants are regulated through the design of
surface microstructures. By controlling the friction, the performance of the implant can be
improved, such as by reducing resistance during implantation or increasing stability after
implantation. The frictional properties of the implant also affect postoperative recovery.
Appropriate friction promotes tissue healing and integration, while excessive friction may
lead to tissue damage and postoperative complications.

4.1. Surface textures in human organs

The skin, as the outermost structure of the human body, serves multiple roles as the first line
of defense for human health, including physical, chemical, and immune barriers. In the event
of burns or other skin damage, medical repair is required. Some biological surfaces in nature
possess properties that can be applied to human skin (Figure 12a). For example, sharks,
known for their excellent swimming abilities, have ribbed structures on their shield scales that
alter water flow, reducing turbulence and fluid resistance.[46,52] This microstructure can also
effectively remove surface dirt and microorganisms as water passes through, providing a self-
cleaning effect. Such structures can be introduced to repair injured skin. Additionally, the
surface of the tree frog features natural antimicrobial peptides and high adhesion
properties,[163,165] which can be replicated through 3D printing to create bionic skin or
wound dressings. These biomimetic solutions can reduce the risk of infection and promote
wound healing, especially for burns and chronic wounds. Thorns typically have a sharp and
hard structure to prevent damage or attacks by herbivores or predators.[131] Their surfaces
are often rough and uneven, which not only enhances their defensive capabilities but also
helps reduce water evaporation and resist microbial attacks. By using 3D printing to create
thorn-like structures for bionic skin and soft tissue surfaces, their protective properties can be
enhanced. This approach can be particularly beneficial in trauma repair and surgery,
improving tissue recovery and protection. The abalone has a tough outer shell that can
withstand great external forces, with the cross-arrangement of the pearl and prismatic layers
providing excellent mechanical properties.[170,171] Altering the orientation and distribution
of reinforcing particles in composites can enhance their mechanical properties in the direction
of mechanical loading. Inspired by this, composites can be designed to adapt the distribution
of materials in three dimensions, mimicking the structure of abalone shells. This local
customization results in anti-wear materials, serving as a blueprint for fabricating biomimetic
skins for long-lasting artificial skin applications. Our previous work has confirmed that
structural materials modeled after abalone shells exhibit excellent tribological properties.[128]
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The papillary structure on the surface of the lotus leaf provides excellent self-cleaning
properties.[37] This multi-stage structure creates extreme hydrophobicity, allowing water
droplets to carry away dirt and bacteria as they roll over the surface, keeping it clean. When
applied to medical devices such as urinary catheters, this structure can reduce the risk of
scaling and bacterial infections, improving patient comfort and safety (Figure 12b). It also
facilitates catheter insertion and removal, reducing tissue damage and enhancing patient
comfort. The antibacterial properties can be further enhanced by adding antibacterial
materials or coatings to the lotus leaf papillae structure, effectively preventing bacterial
attachment and multiplication on the surface of the medical device, thus reducing the risk of
infection. Similarly, the nanopillar structures on the surface of dragonfly wings possess
natural antimicrobial properties that can disrupt bacterial cell walls, preventing bacterial
attachment and growth.[172] Utilizing these structures in urinary catheters and other medical
devices can significantly reduce the risk of bacterial infection and improve patient safety
(Figure 12b). Additionally, nanopillar structures enhance the mechanical strength and
durability of materials, making them suitable for medical devices requiring high strength and
abrasion resistance, such as long-term implanted catheters and stents. These structures also
promote cell attachment and growth, improving the biocompatibility of medical devices,
reducing rejection and inflammatory reactions, and enhancing the long-term efficacy of
implants. Therefore, urinary catheters and other medical devices with the biological
characteristics of lotus leaves and dragonflies can be fabricated using bioprinting. Urinary
catheters with a lotus leaf papillary structure offer self-cleaning and low-friction advantages,
reducing the risk of bacterial infection and urine scaling, and providing higher levels of
comfort and safety. Catheters with a dragonfly surface nanopillar structure exhibit excellent
antimicrobial properties and biocompatibility, making them suitable for long-term
implantation and use. Additionally, the lotus leaf papillae and dragonfly nanopillar structures
can be applied to instruments such as scalpels and forceps to improve their antifouling and
antimicrobial properties, reducing the risk of postoperative infection.

Microstructures on the surface of butterfly wings hold great potential for 3D printing of
ophthalmic implants and retinal repair (Figure 12¢). These microstructures can effectively
capture and manipulate light, a property that can be leveraged to design efficient optical
components. When applied to retinal repair materials, they can improve the efficiency of
capturing light signals and enhance the response of retinal cells to light.[173] Additionally,
these microstructures can reduce light reflection and glare, improving the visual effect of
ophthalmic implants and enhancing the quality of patients’ vision. Furthermore, the
microstructures of butterfly wings can promote cell attachment and growth, aiding in the
growth and repair of retinal cells on the implant and enhancing the biocompatibility of retinal
repair materials. This integration helps the implant merge better with surrounding tissues,
reduces rejection, and promotes retinal regeneration and repair. Artificial retinas utilizing
butterfly wing microstructures can improve the efficiency of light signal capture and
conduction, enhancing the transmission of visual signals. As 3D printing technology and
material science advance, the application of butterfly wing microstructures in ophthalmic
implants and retinal repair will continue to expand.

The microstructure on the surface of fish scales has natural antimicrobial properties that
can effectively inhibit bacterial attachment and growth. Applying this property to
gastrointestinal stents can significantly reduce the risk of postoperative infection and improve
the safety and reliability of the implant (Figure 12d). Firstly, the fish scale structure can
mimic the microenvironment of natural tissues, aiding in the integration of the scaffold with
gastrointestinal tract tissues, reducing the body’s rejection of the scaffold, and enhancing its
performance. Secondly, the unique arrangement of the fish scale structure can enhance the
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mechanical properties of the scaffold, providing sufficient support and flexibility to adapt to
the complex motions of the gastrointestinal tract. This structure also reduces the weight of the
stent, improving patient comfort. Additionally, the micro- and nanostructures on the surface
of the fish scale structure can promote cell attachment and proliferation, aiding in the rapid
repair and regeneration of gastrointestinal tract tissues, thus accelerating postoperative
recovery. After gastrointestinal tumor resection surgery, bioprinted scaffolds with a fish scale
structure can provide stable support and promote tissue regeneration and repair.

The microstructure of the nepenthes surface has excellent liquid-guiding and self-
cleaning capabilities,[126,148] effectively preventing the adhesion of bacteria and food debris
on the surface of teeth. When applied to dental implants, this property significantly reduces
the risk of bacterial infection and periodontal disease, extending the service life of dental
implants (Figure 12¢). The nepenthes microstructure can mimic the surface properties of
natural tissues, promoting a strong bond between the dental implant and the hard and soft
tissues of the oral cavity, reducing foreign body sensation and rejection. Additionally,
introducing these microstructures on dental implants can promote the attachment and
proliferation of bone cells, accelerating the process of osseointegration and improving the
stability and success rate of dental implants. This is particularly beneficial for patients
requiring bone regeneration for implantation. These microstructures also aid in the attachment
and repair of gingiva and other oral soft tissues, improving the health of tissues surrounding
dental implants and reducing inflammation and other complications. When applied to crowns,
bridges, and other restorations, they help reduce surface staining and bacterial buildup,
maintaining oral hygiene. The liquid-guided microstructure of the nepenthes demonstrates
promising applications in the field of 3D-printed dental implants and oral prosthetics. This
structure not only optimizes liquid guidance and antifouling properties but also enhances the
biocompatibility, mechanical properties, and cell adhesion of the material, providing an
innovative solution for oral healthcare.
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Figure 12. Prospective scenarios for the applicability of surface texturing in the human
organs. a) Drag reduction, anti-wear, and adhesive surfaces find applications on human skin.
b) Self-cleaning and antimicrobial surfaces are implemented in built-in catheters or scaffolds.
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¢) Optically-reflective surfaces aid in repairing visually-impaired retinas. d) Fish scale-
inspired antimicrobial and anti-bio-adhesive surfaces are utilized for gastrointestinal tract
scaffolds. e) Liquid-directed surfaces are used for dental implants to promote rapid healing.

4.2. Surface textures in human tissues

The porous structure of sponges exhibits excellent adsorption properties, and mimicking this
structure in artificial joints can enhance their mechanical properties and compatibility with the
human body.[174] The integration of implants is improved by replicating the porosity and
mechanical properties of natural bone, which helps to improve the biocompatibility and
mechanical stability of artificial joints (Figure 13a). The porous structure reduces the weight
of the material while providing sufficient mechanical strength to support normal joint
function. It also provides space for bone cells to attach and grow, aiding in better integration
at the bone-implant interface and enhancing the long-term stability and durability of the
artificial joint. Bioprinting technology allows for the customization of artificial joints to match
the specific needs and anatomy of the patient. By designing a specific sponge-like porous
structure, implants can be optimized for individual differences among patients, improving
surgical outcomes and patient comfort. The porous structure enhances the efficiency of
nutrient and waste transfer between bone cells, improves metabolism, and promotes tissue
repair and regeneration. Additionally, because the porous structure can better integrate with
host bone tissue, it reduces the risk of implant rejection by the immune system, thereby
lowering the incidence of postoperative complications. For example, knee implants with
porous structural surfaces can better mimic the elasticity and strength of natural bone, helping
to restore patients’ motor function.

The hydrophobic hair surface structure of ants and the surface microstructure of gecko
foot pads offer numerous innovations and advantages in the 3D printing cardiovascular field.
The hydrophobic hair structure of ants exhibits excellent hydrophobicity, preventing liquids
from remaining on its surface.[175] When applied to vascular scaffolds, this structure can
significantly reduce blood retention on the scaffold surface, thereby decreasing the risk of
thrombosis. The hydrophobic surface reduces the attachment of platelets and other blood
components, minimizing the chances of thrombosis and inflammatory reactions on the stent
surface and improving its biocompatibility. Additionally, the hydrophobic structure prevents
the attachment and propagation of bacteria on the stent surface, reducing the risk of infection,
which is especially crucial for cardiovascular stents implanted for long periods. The
microstructure of gecko foot pads, known for its strong adhesion capacity, can form robust
attachments on various surfaces (Figure 13b).[127] In cardiovascular applications, this can
enhance the stability of vascular stents or other implants in the body, preventing migration.
The gecko foot pad microstructure also promotes the attachment and growth of tissue cells,
facilitating a strong integration between the scaffold and the vessel wall, thus enhancing the
long-term stability and functionality of the implant. In the future, with advancements in 3D
printing technology and biomaterials science, the application of ant hydrophobic hair
structures and gecko foot pad microstructures in the cardiovascular field will become more
extensive and in-depth.

The adhesive surface structure of spider silk holds great potential for application in the
field of 3D-printed nerve repair materials (Figure 13c). Spider silk has special adhesive
structures that effectively promote cell attachment, which can help nerve cells adhere better to
repair materials and promote nerve regeneration.[176] The nanostructures on the surface of
spider silk not only enhance cell attachment but also guide the direction of cell growth. In
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nerve repair, this guidance helps nerve fibers grow in the intended direction, speeding up the
repair process and improving the recovery of nerve function. Additionally, spider silk has
excellent mechanical properties, and its surface structure can enhance the mechanical strength
and flexibility of 3D-printed materials. This is crucial for nerve repair materials that need to
be implanted for long periods and subjected to physiological stress. The controlled release of
growth factors, anti-inflammatory drugs, and other therapeutic agents can be achieved by
incorporating drug carriers into the spider silk structure. This feature provides continuous
drug support in nerve repair, promoting nerve regeneration and reducing inflammatory
responses. In the future, 3D-printed nerve scaffolds could adopt a spider silk surface structure
to enhance the biocompatibility and mechanical properties of the scaffolds, providing a stable
support environment and promoting the growth and connection of nerve fibers. This
advancement in nerve repair technology has the potential to improve the quality of life for
patients significantly.

The octopus sucker structure possesses extremely strong adhesion capacity, a property
that can be leveraged to design 3D-printed soft tissue repair materials (Figure 13d). These
materials can better adhere to the target tissue during the repair process, providing stable
support and preventing dislocation.[177,178] Additionally, the surface of the octopus sucker
has a micro- and nanoscale structure that promotes cell attachment and proliferation. This
characteristic can help the repair material integrate more effectively with host tissue,
accelerating tissue regeneration and repair. The octopus sucker structure not only offers
adhesion but also provides flexibility and strength. This is especially important for soft tissue
repair materials that need to adapt to human movement, providing the necessary support and
flexibility. 3D-printed skin repair materials with an octopus sucker structure can ensure strong
adhesion to skin wounds, promoting wound healing. In muscle and ligament repair, the
octopus sucker structure can provide both strong adhesion and flexibility, helping the repair
material integrate better and offer the necessary support to promote tissue healing and
regeneration.
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Figure 13. Prospective scenarios for the applicability of surface texturing in the human
tissues. a) Porous structures serve as surfaces for bone or joint implants. b) Hydrophobic
surfaces reduce protein and bacterial adhesion in cardiovascular implants. ¢) Adhesive
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regeneration.
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5. Perspective

With the continuous progress of 3D printing technology and material science, the application
of 3D-printed bionic surfaces in biomedical engineering holds significant promise. Future
advancements in 3D printing will lead to higher precision and resolution, allowing for the
accurate replication of complex micro- and nanostructures found in nature. These
advancements will make the application of bionic surfaces in biomedicine more extensive and
effective. For instance, in fabricating vascular stents and heart valves, precise control over the
size and arrangement of microstructures can enhance anti-thrombotic properties and
mechanical stability. Future bionic surfaces will evolve beyond single-function capabilities to
multifunctional composites. By integrating bionic surfaces with antimicrobial materials and
drug release systems, biomedical devices with multiple functions can be developed. These
multifunctional materials can automatically release antimicrobial drugs or growth factors
post-implantation, further improving therapeutic efficacy and safety. Combining smart
materials with bionic structures will enable more precise and personalized medical solutions.
One key advantage of 3D printing technology is its ability to personalize. In the future,
customized design and manufacturing of biomimetic surface biomedical devices will become
a reality, tailored to patient-specific conditions and needs. For example, orthopedic implants
and soft tissue repair materials can be designed according to a patient’s anatomical structure
and biomechanical requirements, enhancing surgical success rates and patient recovery.

Although bionic surfaces have shown excellent performance in the laboratory, their
clinical application requires extensive validation and trials. Future efforts will focus on
validating the safety and efficacy of bionic surfaces through multi-center clinical trials and
large-scale studies, which will be crucial for their clinical adoption. Despite the promising
results demonstrated by bionic surfaces in controlled laboratory environments, the transition
to clinical application presents numerous challenges that necessitate rigorous and
comprehensive validation processes. Extensive preclinical studies are imperative to establish
the biocompatibility, stability, and functional performance of these surfaces under
physiological conditions. Multi-center clinical trials will play a pivotal role in providing
robust evidence regarding the safety and therapeutic efficacy of bionic surfaces across diverse
patient populations and clinical settings.

In summary, the application of 3D-printed bionic surfaces in biomedical engineering will
continue to expand and deepen. Through refined design and manufacturing, development of
multifunctional composites, personalized customization, clinical validation, and
multidisciplinary collaboration, bionic surfaces will drive innovation and breakthroughs in
biomedical engineering, providing patients with superior medical solutions. With ongoing
technological advancements, 3D-printed bionic surfaces are poised to become a vital force in
the development of biomedical engineering.
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