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Abstract

Repairing tissue defects caused by diseases and traumas presents significant challenges in the clinic. Recent
advancements in biomaterials have offered promising strategies for promoting tissue regeneration. In particular,
the exploration of 3D macro and microstructures of biomaterials has proven crucial in this process. The integration
of macro, micro, and nanostructures facilitates the performance of biomaterials in terms of their mechanical
properties, degradation rate, and distinctive impacts on cellular activities. In this review, we summarize the recent
progress in biomaterials with hierarchical structures for tissue regeneration. We explore the various methods and
strategies employed in designing biomaterials with hierarchical structures of different dimensions. The
improvement of physicochemical properties and bioactivities by hierarchically structured biomaterials, including
the regulation of mechanical properties, degradability, and the specific functions of cell behaviors, has been
highlighted. Furthermore, the current applications of hierarchically structured biomaterials for tissue regeneration
are discussed. Finally, we conclude by summarizing the developments of hierarchically structured biomaterials for
tissue regeneration and provide future perspectives.
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INTRODUCTION

Tissue defects resulting from accidents, aging, cancer, and other diseases have profoundly affected
individuals’ lives. Regrettably, the clinic is confronted with significant challenges when achieving rapid and
effective tissue regeneration’. It is worth noting that tissue engineering offers the remarkable potential for
efficient and prompt tissue regeneration”. As a critical part of tissue engineering, the design and
development of biomaterials with different structures and bioactivities are particularly crucial. Biomaterials
with diverse structures have been applied for tissue regeneration, providing essential physicochemical cues
and bioactivities”. Reasonable composition design of biomaterials can provide bioactive clues for tissue
defects; for example, bioactive ions released (Si, Mg, Mn, Fe, Ca, Sr, efc.) from biomaterials are beneficial for
the improvement of cell activities and regulation of microenvironment, finally promoting tissue
regeneration*.. Moreover, tissue regeneration caused by diseases, such as tumors and trauma, usually needs
biomaterials that possess additional therapeutic functions, such as antibacterial and antitumor properties.

Generally, the macro, micro, and nanostructures of biomaterials play a vital role in determining their
performance. This impact is evident not only in their physical and chemical properties, such as mechanical
strength and porosity, but also in the behavior of cells, showcasing beneficial biological effects”. For
example, the multi-layer structure of the scaffold has been prepared to achieve the gradient mechanical
strength, which is necessary for hierarchical tissue repair”. The hierarchical or tubular structure is
conducive to cell encapsulation and distribution, which is crucial for repairing tissue defects with
characteristic structures such as tracheal defect repair and osteochondral regeneration". In addition to the
positive effect of the macrostructure of scaffolds on tissue regeneration, the corresponding micro/
nanostructures of biomaterials are also critical®. For instance, inorganic biomaterials, such as zeolites, with
different pore structures exhibit variable physical and chemical properties, affecting the drug loading
efficiency""”. Correspondingly, the differently structured zeolites with controllable loading rates not only
serve as excellent drug delivery agents but also facilitate the adsorption of beneficial proteins to promote
tissue regeneration. Moreover, Cells usually come into contact directly with biomaterials. Consequently, the
micro/nanostructures of biomaterials can provide physical and chemical signals, further guiding cell
behaviors in terms of cell adhesion, proliferation, morphology, and migration"". Overall, the structures are
crucial in tissue regeneration, which indicates that the design of biomaterials with hierarchical structures is
of great significance.

Hierarchically structured scaffolds are characterized by a combination of structural units that have distinct
differences in their characteristics or components, following a certain regular or hierarchical pattern?.
Examples of such scaffolds include multi-layered scaffolds, scaffolds with integrated units, and scaffolds
with varying length scales, among others. The design of hierarchical structures is highly diverse and can be
tailored to meet specific needs. It is worth noting that many tissues in the human body, such as
osteochondral tissue, skin, and trachea, possess a hierarchical structure. For example, osteochondral tissue
has a complex hierarchical structure, and its biology, physiology, and mechanical properties vary
significantly throughout the thickness from the subchondral bone area below to the transparent cartilage
area on the joint surface"”. This suggests that compared to homogenous scaffolds, scaffolds with a
hierarchical structure are expected to mimic the structure of native tissues better. Moreover, a hierarchically
structured scaffold can provide an appropriate environment for cells to achieve optimal cell growth and
function by offering ideal and variable mechanical support and physiochemical signal regulation*.
Furthermore, a desirable hierarchically structured scaffold should closely resemble the target tissue in terms
of its chemical and structural composition, ultimately leading to optimal tissue regeneration.
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The hierarchically structured biomaterials with an integrated combination of macro, micro, and
nanostructures have been developed to improve the efficiency of tissue regeneration. The physicochemical
properties and bioactivities are enhanced due to the reasonable and fascinating design of hierarchically
structured biomaterials. Generally, the macroscopic structure of materials influences the mechanical
properties of scaffolds”. Hence, the macroscopic structure can be flexibly adjusted according to the
mechanical strength demands of different tissues. The introduction of micro/nanostructures not only
influences the mechanical properties of biomaterials but also improves their degradation behavior, which is
convenient for the loading and releasing of drugs and growth factors"®. Furthermore, the porous structure
of scaffolds can influence cell infiltration and the transport of nutrients and metabolic products"”. In
contrast, the surface morphology that cells contact can further guide cell adhesion, proliferation,
differentiation, and spreading"”, indicating the comprehensive effects on cell behaviors between the
microporous structure and surface morphology of biomaterials. Likewise, the micro/nanostructures can
improve extracellular matrix (ECM) deposition, cell alignment, and morphology". The improved cell
behaviors can regulate cell activity and microenvironments, leading to cellular functional responses™.
Besides, attributed to the structure properties of biomaterials, the cell-cell interactions can be enhanced for
tissue regeneration”. Overall, the integrated functions of macro and microstructures of hierarchically
structured biomaterials play an important role in tissue regeneration.

In this review, we aim to summarize the recent progress on hierarchically structured biomaterials for tissue
regeneration, focusing on the preparation strategies of hierarchical structure and their roles in regulating
physicochemical properties and bioactivities [Figure 1]. The favorable effects of hierarchically structured
biomaterials on tissue regeneration and the comprehensive functions of macro and micro/nanostructures
are emphasized. Moreover, this review presents the recent applications of hierarchically structured
biomaterials on tissue regeneration. Finally, the challenges that developments of biomaterials with
hierarchical structures will encounter are discussed, aiming to provide cues for subsequent research.

DESIGN STRATEGIES AND PREPARATION METHODS OF BIOMATERIALS WITH
HIERARCHICAL STRUCTURES

The performance of biomaterials in tissue regeneration can be regulated by changing the structures, which
has stimulated the emergence of design strategies for different hierarchical structures. Biomaterials with
hierarchical structures have been developed through three-dimensional (3D) printing, electrospinning,
freeze-drying, etc.””*. The hierarchical porous structures of biomaterials can be well designed by changing
the corresponding parameters of these methods. In this section, we focus on summarizing these common
preparation methods for developing hierarchically structured biomaterials, highlighting the diversity and
importance of structure design for biomaterials.

3D printing

Currently, 3D printing has been applied as an essential method for manufacturing biomaterials. This
technology can be used to prepare porous scaffolds by layer-by-layer (LBL) stacking®, which is widely
known and employed for its flexibility and convenience. As a practical method, 3D printing supports the
design of hierarchically structured biomaterials. It can easily achieve the design from macroscale to
microscale and accurately control the scaffold structures by changing related preparation parameters such
as the nozzle and designed model””. For example, scaffolds with different pore distributions and sizes
prepared by 3D printing possess excellent mechanical strength and convenience for cell growth and
transportation, facilitating tissue regeneration®. The representative studies of using 3D printing techniques
to fabricate scaffolds with hierarchical structures have been summarized in Table 1.
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Table 1. The hierarchically structured scaffolds fabricated by 3D printing for tissue regeneration

The types of 3D printing Scaffold types Application Ref.
Extruded 3D printing Multi-layered scaffolds Osteochondral tissue [7]
Scaffolds with integrated units Bone [32]
Scaffolds with varying length scales Bone [31]
DLP 3D printing Multi-layered scaffolds Cornea [171]
Scaffolds with integrated units Bone [35]
Scaffolds with varying length scales Bone [34,36]
Bioprinting Multi-layered scaffolds Wound healing [38]
Scaffolds with integrated units Cartilage [40]
Scaffolds with varying length scales Muscle [39]

Hierarchically
structured
biomaterials

Figure 1. Overview of the hierarchically structured biomaterials for tissue regeneration.

Extruded 3D printing

Extrusion 3D printing is one of the most commonly employed printing methods. Under the pre-set
Computer-Aided Design (CAD) program, the printing nozzle extrudes ink based on biomaterials and stacks
them LBL, forming continuous fibers to build the structure. Assisted by this printing method,
biomaterials can form 3D scaffolds with specific microstructures, demonstrating improved mechanical and
biological properties for tissue regeneration". For instance, our group constructed a flexible bioceramic
scaffold with a spicule-like concentric layered bionic microstructure by extrusion 3D printing®. The shear
stress field during the extrusion process could be adjusted by printing parameters, thereby regulating the
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concentric layered microstructure. Therefore, the designed bioceramic scaffold exhibited an ordered porous
structure at the macroscale. At the same time, at the microscale, its pillars revealed concentric layered
structures, accurately mimicking the layered structures of sponge skeletons and spicule. The scaffold
possesses excellent flexibility, higher bending strength, and toughness, which could effectively solve the
problem of high brittleness in traditional bioceramics and contribute to efficient bone tissue regeneration
[Figure 2]. In another study, Zhang et al. designed a gradient hydrogel scaffold with a structure similar to
osteochondral tissue by 3D printing”. The proportion of nano-sized hydroxyapatite in the three-layer
scaffold increases sequentially, corresponding to the cartilage layer, calcified cartilage, and subchondral
bone. Interestingly, the size of micropores also varied in gradient with the content of nano-sized
hydroxyapatite. Therefore, the scaffolds with a gradient pore size range tended to promote chondrocyte
activity and ECM formation, which was very beneficial for the construction of cartilage tissue. Compared to
scaffolds with homogenous pore structures, this pore gradient could provide satisfactory mechanical
support and optimize the repair of osteochondral defects in vivo. In addition, hydrogel/polycaprolactone
(PCL)/SrCuSi,0,, (wesselsite, CS) core/shell scaffolds had been successfully prepared by coating PCL + CS
on the surface of 3D-printed hydrogel scaffolds”™. The core/shell structures could provide enhanced
mechanical support for defects in the early stage. Afterward, the degradation of hydrogel led to the
transformation of the core/shell scaffold into a hollow channel scaffold. The hollow channel structures
could endow bone formation and angiogenesis by providing more space for cell growth. Therefore, the
above studies demonstrated the important role of 3D printing in the preparation of hierarchically structured
materials.

Digital laser processing-based 3D printing

Digital laser processing-based (DLP) 3D printing is a forming technique that mainly solidifies
photosensitive polymer liquids LBL through selective light irradiation”. The high molding accuracy of this
technology is conducive to fabricating 3D scaffolds with complex and precise structures. Zhang et al.
developed a type of large porous hydroxyapatite bioceramic scaffolds by DLP 3D printing®. The
bioceramic possessed a micro/nanoporous surface structure, which could be finely adjusted. The in vitro
experimental results showed that the designed bioceramics exhibited desirable bioactivity and the ability to
promote bone regeneration. It was worth noting that the high-precision design and large-scale preparation
of pore structures and surface morphologies of the scaffold could be achieved by DLP 3D printing. In
another study, DLP 3D printing was applied to successfully and accurately manufacture tricalcium
phosphate/bioglass composite (TCP/BG) scaffolds with helical structures”. Compared with commercial
artificial bone graft materials, TCP/BG scaffolds with spiral structures could effectively induce bone
ingrowth and integration. Furthermore, Zhang et al. manufactured macro/micro layered porous scaffolds
by DLP printing to promote the ingrowth of bone tissue®”. The micro/nano surface structures of
hierarchical porous scaffolds were regulated into three different morphologies. The results of rat skull defect
repair indicated that layered scaffolds with micro/nano surface structures were able to promote the
differentiation of rabbit bone marrow mesenchymal stem cells (rBMSCs), exhibiting fascinating bone
regeneration capabilities.

Bioprinting

At the forefront, 3D bioprinting involves printing living cells and bioinks together according to a
predetermined structure to form a 3D living construction””, which can be used in tissue engineering.
Zhou et al. developed a new fabrication method to construct functional living skins"®. The prepared living
skins effectively promoted skin regeneration by imitating the double-layer structure of natural skin. At the
same time, the living skins possess interconnected microchannels in the lower layer, which could promote
cell migration and oxygen/nutrient exchange, thus promoting neovascularization and vascular ingrowth.
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Figure 2. The fabrication of bioceramic scaffolds with spicule-like concentric layered bionic microstructures by extrusion 3D printing.
(A) The schematic process of preparing spicules-inspired flexible bioceramic-based scaffolds by 3D printing. (B) Radial and axial
morphology of the scaffolds printed by different printing nozzle lengths. (C) The scaffolds showing desirable manipulation and
applicability. (D) Flexural strength of three groups. (E) VG staining of different groups. Reproduced with permission™". Copyright 2022,

|IOP Publishing Ltd.

In another study, the uniaxial arrangement of myoblasts in gelatin methacryloyl (GelMA) was accomplished
by the in-situ crosslinking process during 3D bioprinting™. The related in vitro and in vivo experiments
found that GelMA scaffolds loaded with cells with arranged cell structures are expected to become a

promising platform for promoting muscle regeneration.

In articular cartilage, type II collagen arranged in an arched shape could form the main fiber network.
Hence, it was reported that arched structures could be manufactured using two types of bioinks: GelMA
and silk fibroin gelatin’. The arched structure is beneficial for promoting the chondrogenic gene
expression of loaded cells by activating the transforming growth factor- g (TGF-p) signaling pathway, which
plays an important role in forming fibrous collagen networks and cartilage formation.
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Electrospinning

Among the different types of scaffold manufacturing technologies, electrospinning is the simplest and most
versatile. It can be applied to construct scaffolds with biomimetic components and structures’. Nanofibers
with different arrangements or surface structures can be obtained by adjusting electrospinning parameters
| Subsequently, the obtained nanofibers can be further modified to endow them
with further structures, indicating the feasibility and superiority of electrospinning in preparing

42,43

and collection devices!

hierarchically structured biomaterials'*. For instance, Gan et al. successfully manufactured a type of 3D
PCL/polylactide (PLA)/carbon nanotubes (CNTs) disk scaffolds with simple electrospinning technology™.

At first, PCL/PLA electrospun fibers were formed and arranged in parallel or circular directions,
corresponding to the collagen arrangement in the middle and peripheral areas of natural intervertebral
discs. Then, the dual concave structure and regionally anisotropic microstructure recapitulated the structure
of the native disc [Figure 3A and B]. The results of in vivo experiments demonstrated that the scaffold can
guide intervertebral disc regeneration and protect subchondral bone. Han et al. applied the electrospinning
method to construct nanofiber scaffolds with aligned core-shell structures to simulate the microstructure of
natural annulus fibrosus tissues"*. Nanofiber scaffolds could protect drugs in the core due to their unique
core-shell structure. As the shell polymer dissolved, the drugs in the core were slowly released, meeting the
requirements of “sustained release”. Meanwhile, the scaffold with an aligned microstructure, where the
arrangement of annulus fibrosus cells was aligned with the direction of the nanofibers, was more similar to
the normal physiological state of the annulus fibrosus cells. This hierarchical structure promotes annulus
fibrosus tissue repair. Researchers have further improved traditional electrospinning techniques to develop
more desirable structures””. Wang et al. combined melt electrospinning writing with solution
electrospinning to prepare hierarchical scaffolds for bone tissue engineering with a layered structure of
microfiber grid structure and random nanofiber morphology*. The designed layered scaffold provides
mechanical support and a favorable microenvironment for cells to promote osteogenesis.

In some situations, the biomaterial structures fabricated by single electrospinning technology may not be
enough for the specific requirements of tissue regeneration. Therefore, the design strategy of combining
electrospinning with other techniques has been developed. Liu et al. prepared an anisotropic multi-scale
cardiac scaffold by combining electrospinning and 3D printing!*’. The scaffold framework could mimic the
interwoven myocardial anatomical structure, while the aligned electrospinning nanofiber network is able to
guide cell alignment in a targeted manner. Moreover, a study was reported in which a nerve catheter was
designed with poly(lactide-co-¢-caprolactone) (PLCL) nanofibers by electrospinning and gelatin hydrogel
by 3D printing®™’. The formed PLCL nanofilms possess a transparent pore structure and can be applied as
flexible external nerves for nerve conduits.

Meanwhile, the internally arranged paths were manufactured to produce patterned gelatin hydrogel with
the surface microgroove, which can be used as the guiding path for effective axonal regeneration.
Correspondingly, the experiment of sciatic nerve defects in rats demonstrated that PLCL/gelatin catheter
could improve axonal regeneration. In addition, Zheng et al. developed an anisotropic micro/
nanocomposite scaffold with electrospinning and micro-forming technology”'. The scaffold presented a
composite topology structure, with nanofibers randomly oriented and micro ridges/grooves parallel
oriented. Their results indicated that the scaffold with anisotropic micro/nanocomposite structures not only
enhanced mechanical properties but also guided the oriented growth of Schwann cells and promoted nerve
regeneration.

Freeze-drying
Freeze-drying, known as ice templating, is a commonly employed preparation technique™”. Freeze-drying
first solidifies solutions, suspensions, sols, or gel under controlled conditions. After that, the solidified
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Figure 3. The preparation methods of biomaterials with hierarchical structures. (A) Schematic diagram of the preparation of a porous
scaffold by electrospinning'®®. Copyright 2022, Acta Materialia Inc. Published by Elsevier Ltd. (B) The micro morphologies of 3D
biomimetic electrospinning scaffolds[ASJ.Copyright 2022, Acta Materialia Inc. Published by Elsevier Ltd. (C) Preparation and application
diagram of hierarchical chitosan scaffolds by freeze drying®®.Copyright 2021, Wiley-VCH GmbH. (D) Schematic diagram of the
manufacturing process of micro gel with core-shell structures and 3D printing scaffolds with micro gel loading cells'®”. Copyright 2021,
Elsevier Ltd.

solvent template is removed by sublimation while the structural framework is retained, finally producing a
well-shaped whole™”. Freeze-drying is suitable for assembling units with different structures as long as these
units are stably dispersed””. Its main advantage is that the macro/microstructures of the scaffolds can be
regulated by changing the processing conditions”™. This method is effective for the preparation of
hierarchically structured biomaterials. For instance, 3D printing scaffolds with controlled macro/
microstructures had been prepared by freeze-drying®.. It was worth noting that changing the temperature
and pressure of the drying progress could regulate the size of pillars and channels of the scaffold, thereby
improving its mechanical performance and influencing the differentiation of seeded chondrocytes. Li et al.

manufactured porous chitosan conduits with micro-patterned inner walls and seamless side walls using
freeze-drying and microfabrication processes””. The results showed that chitosan conduits with
micropatterned inner wall structures could promote peripheral nerve regeneration effectively compared to
conduits without micropatterned structures. In another study, a novel layered chitosan scaffold was
prepared to accommodate different types of cells and promote gingival tissue regeneration by bidirectional
freeze-drying". This scaffold possessed a typical long-distance porous layered microstructure, which could
simulate the layered structure of attached gingiva and provide superior mechanical properties, contributing
to the regeneration of soft gingival tissue [Figure 3C].

The combination of multiple fabrication methods

For the precise and complex preparation of hierarchically structured biomaterials, a single preparation
method still has limitations, which need the participation of multiple fabrication methods. Therefore, the
employment of multiple preparation methods together to construct biomaterials with hierarchical
structures has been widely studied. Among them, the combination of 3D printing and other methods is
often used. Our group prepared scatfolds with controllable micro/nanostructures through 3D printing and
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hydrothermal methods"™. The scaffolds were prepared by 3D printing, and then micro/nano calcium
phosphate crystals with different morphologies were successfully grown on the surface of the scaffolds
through the hydrothermal method. The macroscopic porous structure of the scatfold provided mechanical
support and cell transport for tissue regeneration. In addition, the introduction of microstructures further
improved mechanical properties and could promote the migration and differentiation of chondrocytes,
regulating cell morphology. The hierarchical structures formed by these two methods provide
comprehensive and satisfactory effects for osteochondral regeneration. Besides, Yin et al. developed a high-
density polyethylene scaffold with satisfactory pore size and connectivity'”. The microstructure of this
scaffold could be improved by the LBL method to enhance its bioactivity and antibacterial performance.
Among them, the macro and microstructures were adjusted through 3D printing parameters. A multilayer
e-polylysine (EPL) and fibrin (FIB) modification on the surface of the scaffold could be constructed via the
LBL self-assembly approach. The research results indicate that the scaffold prepared by LBL methods
combined with 3D printing could significantly enhance the inward growth of skin tissue and improve the
inflammatory response caused by local stress. The macroscopic structure and microscopic surface
morphology of implants play a crucial role in bone tissue regeneration. Therefore, Song et al. proposed a
method to improve the bone integration performance of 3D-printed titanium implants further by
combining 3D printing and surface modification techniques'*’. The 3D-printed porous titanium implants
developed possessed dual modulation of macro/microstructures. The titanium implants showed a large pore
structure and were obtained by 3D printing with improved mechanical properties. Subsequently, titanium
implants with specific surface microstructures could be obtained by surface modification. The results of in
vitro and in vivo experiments indicated that the scaffold could significantly promote the adhesion and
proliferation of bone marrow mesenchymal stem cells (BMSCs) and the enhanced osseointegration of
macro/microstructured implants. Moreover, Chai et al. prepared a core-shell structure microgel for
encapsulating cells by multi-channel microfluidic technology to protect cells from shear stress damage
during an extrusion-based 3D printing process®. Subsequently, methacrylic silk fibroin (SilMA) and
GelMA were mixed with microgel-containing cells as bioink to produce 3D-printed structures [Figure 3D].

By changing the content of SilMA, the pore structure of the scaffold could be adjusted, thus affecting the
compression performance of the scaffold.

THE FUNCTION OF BIOMATERIALS WITH HIERARCHICAL STRUCTURES FOR TISSUE
REGENERATION

Both the macro and microstructures are able to regulate the physicochemical properties and bioactivities of
biomaterials, finally facilitating tissue regeneration'”. In this section, we summarize the function of
biomaterials with hierarchical structures on tissue regeneration, focusing on their role in tissue regeneration
by influencing the physicochemical properties and bioactivities of biomaterials.

The improvement of physicochemical properties

The physicochemical properties of biomaterials are essential for tissue regeneration
appropriate mechanical properties can provide sufficient support before synthesizing newly formed bones,
which is beneficial for bone growth. Different bone defect sites have additional requirements for mechanical
strength'®”. The degradability of scaffolds also requires reasonable regulation to meet the needs of varying
tissue regeneration'”. Meanwhile, adjusting other physicochemical properties is also favorable for tissue
regeneration'””. Therefore, designing hierarchical scaffolds to regulate and improve these physicochemical
performances is crucial for tissue regeneration.

[64

1. For instance,
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Improved mechanical performances

Matching the mechanical properties of materials with tissue defects is an essential part of tissue repair. The
design of different hierarchical structures can play an important role in regulating mechanical
performances'®. Therefore, increasing studies concentrate on regulating the mechanical properties of
scaffolds by designing hierarchically structured scaffolds.

Among the structural clues provided by biomaterials, porosity is one of the main factors regulating the
mechanical properties of the scaffold. For example, our group developed a type of Haversian bone-
mimicking scaffold with a layered Haversian bone structure through DLP-based 3D printing”. By changing
the parameters of the Haversian bone simulation structure, the porosity of the scaffold could be well
controlled, thereby affecting the compressive strength of the scaffold [Figure 4]. Besides, Jia et al. prepared
layered porous Mg scaffolds with customized interconnectivity and pore size distribution”. Among them,
porosity and pore size could change the mechanical strength of the scaffolds, and the scaffolds with better
interconnectivity showed lower mechanical strength. This study indicates that the design of
interconnectivity and pore size distribution can provide a flexible strategy to achieve mechanical matching
with the host organism. Moreover, the macroscopic structure of the scaffold, combined with the influenced
surface curvature and surface area, can also affect mechanical strength. Zhang et al. constructed a 3D-
printed hydroxyapatite scaffold based on triply periodic minimum surface (TPMS) structures”. The results
indicated that the hydroxyapatite scaffold based on the TPMS structure possessed a more extensive range of
compressive strength due to the variable surface area and microporous structures. The changes in the
microstructures of hierarchical biomaterials can also influence the mechanical properties of scaffolds. For
instance, Meng et al. developed poly(L-lactic acid) (PLLA)/PCL nanofiber scaffolds with heterogeneous
porous structures”. A part of PCL was extracted from the fibers and enriched on the fiber surface, which
changed the surface morphology and characteristics of the scaffold. Fascinatedly, the experiment results
indicate that these heterogeneous porous nanofiber scaffolds revealed excellent mechanical properties.
Besides, in order to guide periodontal tissue regeneration effectively, a study was conducted on the
preparation of bilayer membranes with different superimposed surfaces. The differences in surface
morphologies, including fiber arrangement and roughness, had improved the mechanical properties of
membranes and were expected to serve as guiding periodontal regeneration scaffolds. In addition to the
above research, our group also explored the compressive strength of the scaffolds by endowing them with
different structural characteristics on the surface™. The results showed that the growth of different micro/
nano calcium phosphate morphologies on the surface of the scaffolds could significantly improve the
compressive strength by repairing micro-cracks.

The hierarchical structures of biomaterials display variable mechanical properties in different areas, which
can match the varying mechanical characteristics of the tissue defects. For example, Fan et al. prepared
frozen gel with an anisotropic structure to accelerate tissue regeneration”. The periphery of the cryogel
scaffold was a relatively dense layered structure to imitate the cortical bone, while the inner layer possessed
a uniform porous structure. The inconsistent porosity at different levels led to varying mechanical
properties, which could provide further biomechanical clues to achieve rapid bone healing. Besides, Li et al.
designed a biomimetic scaffold with a heterogeneous porous structure for the regeneration of the rabbit
humeral head”. The cartilage and skeletal areas of this scaffold are composed of different supporting
materials. The design of this heterogeneous structure would enable the scaffold to exhibit coordinated
dynamic mechanical stimulation characteristics, promoting endochondral ossification and leading to
effective subchondral bone regeneration.
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Figure 4. The regulation of mechanical performances by the structures of scaffolds. (A) Optical microscope images exhibiting different
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by blue arrows. Scar bars, T mm. (G) Compressive strength of scaffolds with different diameters of Haversian canals. (H) Porosity of
scaffolds with different diameters of Haversian canals. (I) Micro-CT images of scaffolds with different numbers of Volkmann canals.
Scar bars, 1 mm. (J) Compressive strength of scaffolds with different numbers of Volkmann canals. (K) Porosity of scaffolds with
different numbers of Volkmann canals. Reproduced with permission”’%’. Copyright 2020, American Association for the Advancement of
Science. *P < 0.05, **P < 0.01, ***P < 0.001.

It is necessary to simulate the microstructure and mechanical properties of natural tissues to achieve rapid
tissue regeneration. Therefore, there was a study constructing a layered spiral scaffold with high tensile
strength, which was similar to the structure of natural tissues and matched with their non-affine
deformation mechanical properties””. Under the synergistic effect of elastic polymer and spring coil
structure, the spiral scaffold revealed desirable tensile properties. Meanwhile, the local cell stretching bore
much less pressure than the overall scaffold, creating a stable mechanical microenvironment for new tissue
growth. Ligament regeneration is a complex process. Designing a hierarchically structured scaffold is
expected to achieve dynamic mechanical performance and meet the needs of ligament regeneration".
Xie et al. designed a core-shell structure scaffold with three-phase mechanical behavior and excellent
strength by adjusting the trajectories of three fibers with different degradation rates”. This hierarchical
structure provided dynamic mechanical properties that could regulate collagen permeability and maintain
structural integrity, thereby promoting ligament reconstruction.
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Degradability

In the application of tissue regeneration, biodegradability is one of the important evaluation indicators for
the application efficiency and value of biomaterials™.In order to satisfy the regeneration speed of different
tissue repairs, the degradability of biomaterials needs to be reasonably regulated. Many studies have shown
that the structures of biomaterials, especially the presence of hierarchical structures, can significantly affect
their degradability”*"*!. For example, the hierarchical porous structure of biomaterials can not only achieve
regulation of degradability but also cause the overall scaffold to exhibit inconsistent degradation rates,
which is beneficial for tissue regeneration with an uneven structure'. In addition, hierarchical structures
can flexibly regulate the degradability of different levels, resulting in the variable release rate and sequence
of bioactive ions or loaded drugs and meeting the diverse need for tissue regeneration"*’. Therefore, it is
worth paying attention to the improvement and regulation of hierarchically structured biomaterials on
biodegradability.

The pore structure characteristics, including porosity, pore size, and pore connectivity, can affect the
degradability of biomaterials. Kim et al. designed a magnesium phosphate ceramic scaffold with a multi-
level pore structure™. Regulating the diameter of the micropores inside the scaffold formed structures with
different porosity, which resulted in a regular change in the degradation rate. Magnesium phosphate
scaffolds with higher porosity promote faster biodegradation and then enhance the formation and
remodeling activity of new bones. Shi et al. fabricated bioactive glass scaffolds with two distinct
architectures while maintaining a constant interconnection size of the scaffold pore structure but with
different porosity. The degradation experiment results indicate that the degradation rate of scaffolds with
higher total porosity was higher, which allowed for rapid bone ingrowth and cancellous bone formation™.
Furthermore, some studies have shown that the geometric shape of pores can also affect the
biodegradability of scaffolds. Li et al. designed three types of scaffolds with different pore shapes, namely
gyroscopes, cylinders, and cubic pores™. The in vitro degradation experiments showed that the cylindrical
porous scaffold had a slower mass loss in the first eight weeks. Besides, the release rate of calcium and
silicon ions of cubic porous scaffolds in the early stage was slightly slower than other scaffolds.

Tissue regeneration proposes higher requirements for the degradability of scaffolds. During tissue
regeneration, the uniformity of scaffold degradation will lead to part tissues being difficult to ingrow,
thereby negatively affecting the efficiency of repair®. In addition, the degradability of biomaterials can
affect the release behaviors of loaded growth factors or drugs. Dynamic and controllable release behavior is
more conducive to tissue repair or disease treatment®. Fortunately, the design of the hierarchical structure
provides a solution for these requirements, which can contribute to dynamic or controllable degradation of
scaffolds. Dou et al. prepared hierarchical scaffolds with graded pore structures, demonstrating gradient
degradation performance™'. The internal microporous structure was able to rapidly degrade and provide an
open space for the ingrowth of cells and tissues. At the same time, the overall structural integrity of the
scaffold remained for at least 32 weeks, endowing reliable mechanical support for tissue growth. The
degradation differences caused by hierarchical structures can also lead to variations in the loaded factors or
release sequence of drugs and behaviors of the scaffold. For example, the layered porous scaffold prepared
by Wang et al. achieved sequential release of angiogenic peptides (AP) and osteogenic peptides (OP) loaded
in different structures due to varying degradation behaviors of the whole scaffold. AP exhibited rapid release
behavior, and OP release was slow but continuous®’. Zhou et al. assembled the prepared short nanofiber
dispersion into the pores of the 3D printing scaffold to obtain a scaffold with a flower bed-like structure'.

Attributed to the different degradation rates of nanofibers and 3D-printed microfilaments at various
structures, dimethyloxalylglycine (DMOG) and Sr ions can be sequentially released from the biomimetic
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scaffold to achieve timely vascularization and stable bone formation. Likewise, 3D-printed gradient scaffolds
with different pore sizes were prepared and loaded with E7 peptide and B2A peptide, respectively”. The
site E7 peptide loaded exhibited rapid degradation behavior, which can lead to quick release of E7 peptide.
Meanwhile, the slowly degraded silk fibroin porous matrix sustained the release of B2A peptides. Benefiting
from programmed biomolecular delivery caused by differences in spatial structural degradability, this
scaffold displayed enhanced cartilage and subchondral bone regeneration. Furthermore, there was a study
that showed by designing the geometric structure of hierarchical microdevices, the degradation behaviors
could be regulated, thereby accurately controlling the drug release behaviors"*.

The influence on other physicochemical properties

The structures of biomaterials have a significant impact on mechanical properties and degradability. To
benefit tissue regeneration, they can improve some other physicochemical properties of the scaffold, such as
hydrophilicity, permeability, roughness, and conductivity. Our group employed bamboo with a layered
porous structure as a template and combined biomimetic mineralization method to prepare mineralized
calcium phosphate/bamboo composite scaffolds®’. Owing to the hierarchical porous structure of bamboo
templates and bioactive mineralized components, mineralized biomaterials exhibited enhanced
hydrophilicity and liquid transport performance, which could promote cell transport and nutrient diffusion
during tissue regeneration. Besides, a bilayer scaffold with a hierarchical structure similar to human skin
was developed using silk fibroin and sodium alginate®’. The upper membrane showed a poreless structure,
while the lower scaffold possessed a porous structure. The results found that the scaffold revealed
appropriate water permeability, moderate hydrophilic surface, and suitable water vapor permeability, which
could provide a moist environment for wound healing and protect them from dehydration. The surface
roughness of the material can affect the adhesion of the scaffold to cells. A study constructed carbon-based
scaffolds with hierarchical nano- and micro-scale structures, which could control physical and chemical
properties””. Microscale features (interconnecting pores and arranged fibers) and surface functionalized
nanostructures could precisely regulate the nano roughness and wettability of scaffolds, thus profiting cell
adhesion and differentiation. The regeneration strategy of tissues, such as nerves, muscles, and the heart,
requires biomaterials with certain conductivity®. A study was conducted on coating various layers of
Mxene on the surface of PCL fiber scaffolds to form composite scaffolds with diverse surface
morphologies®. The presence of defective structures and Mxene layers endowed the possibility of this
scaffold as a conductive biomaterial for the application of tissue regeneration. In addition, changes in
surface structure caused an increase in the surface activity of the scaffold, providing a favorable
environment for cell adhesion and proliferation.

The improvement of bioactivities

Correspondingly, the bioactivities of biomaterials are also important for tissue regeneration, which can
influence the behavior of cells, thereby regulating related functions such as angiogenesis, neurogenesis, and
anti-inflammatory"®.. It is worth noting that the macro and microstructures of biomaterials can guide cell
adhesion, morphology, migration, proliferation, and differentiation by providing physical and chemical
signals"”". In addition, the micro morphologies offered by the structure have positive effects on particular
biological functions, including angiogenesis, neurogenesis, immune regulation, and improving cell
metabolism. For example, the morphology from submicron to nanoscale can directly affect cells, and
submicron morphology can have an impact on intercellular interactions, intercellular signal transduction,
and other cellular activities"*”. Moreover, some reports have shown that the nanopore structure can alter
the conformation of certain cell attachment proteins or affect cell function by altering surface energy"*.
Therefore, in this section, we focus on summarizing the bioactivities of hierarchical biomaterials with
different macro and microstructures in guiding tissue regeneration from three aspects: regulating cell
behaviors, improving cell functions, and fostering intercellular interactions.
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The regulation of cell behaviors

Cells adhesion. Cell adhesion is an important cellular process in the formation of new tissues. The macro
and microstructures of biomaterials can regulate cell adhesion by providing physical and chemical signals
such as surface area, hydrophilicity, surface roughness, and mechanical stimulation"*. The surface area
regulated by structure regulation can affect cell adhesion sites. Zhang et al. investigated the effects of
nanorod arrays on the front surface and honeycomb-like microstructures on the adhesion behavior of stem
cells"**. The results showed that the adhesion area of stem cells in the honeycomb microstructure was much
smaller because the diameter of the honeycomb structure was relatively large, leading to cells falling into
pores and limiting their adhesion range"*". In addition, a multi-level micro/nanostructure scaffold was
prepared to investigate the effect of different mesoporous pore sizes of the scaffold on cell adhesion. The
results showed that the larger mesoporous pore size was conducive to protein adsorption due to its larger
specific surface area, thereby promoting cell adhesion"".

The regulation of hierarchical structures on the hydrophilicity of scaffolds has been analyzed.
Hydrophilicity also has a certain impact on cell adhesion. Research has found that moderately hydrophilic
surfaces can enhance cell adhesion. In the study of osteoblasts, cell adhesion increased after the
improvement of hydrophilicity"*. Hou et al. prepared gradient surfaces with morphologies ranging from
nanoscale to micrometer scale roughness"”. The optimized layered structure, combined micron and
nanoscale roughness, showed an increased surface area that facilitated protein adsorption to enhance the
affinity between cells and substrates. Further research demonstrated that different surface roughness could
regulate cell adhesion through related mechanical stimulation pathways, including signal pathway activation
and nuclear tension generation.

Cells arrangement. The orderly or controllable arrangement of cells in various tissues plays a vital role in
maintaining specific functions"*. Therefore, designing scaffolds with specific structures to guide the
arrangement of cells is meaningful. Generally, to guide the arrangement of cells, the scaffold needs to mimic
the structure of native tissue. Current research indicates that specific structures can promote cell
orientation"”. However, a single structural characteristic limits the accuracy and efficiency of cell
orientation due to the complexity of native tissues. Hierarchical structure design is expected to combine
various structures required for cell arrangement and can also regulate the physical and chemical gradients
involved in forming ECM to control cell behaviors, thereby highlighting cell functions and promoting tissue
regeneration more effectively"*. In a study, silicon molds with four types of surface morphology, including
hemispherical, pyramid, semi-cylindrical, and triangular microstructures, were transferred to the surfaces of
PCL films and nanofiber scaffolds, respectively. The results of in vitro experiments indicated that triangular
microstructure nanofibers could guide the longitudinal elongation and arrangement of cultured C2C12
myoblasts, forming slender cell morphology"*. In addition, Yu et al. constructed a scaffold with a layered
double-layer structure. The prepared biphasic scaffold revealed a unique micro/nanostructure and stable
two-phase interface!'". The lower layer exhibited a periodontal ligament-like periodic parallel arrangement
structure, promoting the migration and orientation of endogenous stem cells, thereby supporting the
parallel arrangement of newly formed collagen fibers. Moreover, a study controlled the macroscopic cell
arrangement by adjusting the microstructure of the scaffold""”. It was found that square grids showed
randomly oriented cells. In contrast, the arrangement of cells in diamond grids was anisotropic, where cells
were arranged along the main axis of the diamond shape along a single axis.

Cells migration. The hierarchical structures of biomaterials are also effective in promoting cell migration.
Our group designed conch-like scaffolds with a hierarchal structure. The internal scaffold was comprised of
a spiral cross-section, a cavity, and an intermediate support spar, while the external showed the outer walls
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containing penetrating macropores"’. Interestingly, the spiral structure of the scaffold could effectively
induce cells to migrate from the bottom to the top. Hence, attributed to the directional migration of cells in
the conch-like scaffold, the scaffold could effectively guide the growth of bone tissue from the bottom to the
top [Figure 5]. Besides, Yang et al. prepared hydroxyapatite scaffolds with three different structure types
(tortuous channels, parallel channels, and gradient channels) by freeze-drying"'*. The results showed that
graded channels could significantly enhance cell migration compared to tortuous or parallel channels, as
graded channels promoted fluid circulation inside the scaffolds by the “capillary effect”, accelerating
metabolic waste clearance and nutrient transport'*. The regulation of pore structures on cell migration is
also critical. Composite scaffolds with randomly arranged, radially arranged, or axially arranged pores were
developed to investigate the effects of different pore structures on the migration of cells"'”. The results
revealed that radially and axially arranged scaffolds could promote the migration of endogenous repair cells
in cross-sectional and vertical directions, respectively.

Cells proliferation and differentiation. The proliferation and differentiation behaviors of cells are crucial for
tissue regeneration, which can also be adjusted by the structures of the biomaterial. Thus, scaffolds with
different surface microstructures were designed to investigate the regulatory effect of morphology on cell
"I The results showed that when cells were cultured on nanogratings, the percentage of
proliferating cells was significantly lower than that on flat surfaces and nanocolumns. Besides, nanogratings
were beneficial for the adipogenic differentiation of human mesenchymal stem cells (hMSCs).
Nanomorphology could regulate cell behavior by mechanically coupling the cell membrane and nuclear
envelope through the cytoskeleton to deform the nucleus at the nanoscale. Considering the positive impact
of micro/nano surface structure on cell bioactivity, scaffolds with different surface micro/nanostructures
have been designed and investigated to improve bioactivities in tissue regeneration. Yang et al. developed a
3D porous scaffold with controllable nano morphologies on the pore wall surface by a surface modification
process to enhance the cell bioactivity of BMSCs and promote bone repair'®. The designed surface
nanostructures included nanoneedles and nanosheets, which were only formed on the surface of the pillars.
Subsequently, it was found that nanoneedle surface structures revealed more excellent bioactivity in
promoting BMSC attachment and osteogenic differentiation. Moreover, our group proposed a microbial
catalytic strategy to generate calcium carbonate with micro/nanostructures on the surface of bioceramic
scaffolds""”. Microbial-catalyzed micro/nanostructures were able to promote cell adhesion and osteogenic
differentiation, demonstrating desirable bioactivities. It could be attributed to the influence of the physical
and chemical properties of different micro/nanostructure surfaces on the expression of the integrin alpha-2,

behaviors!

which could participate in cell-surface interactions and play an important role in subsequent osteogenic

[120]

differentiation

The impact of structures on a single type of cell behavior has been explored. However, the function of
biomaterials on cell behaviors is comprehensive in tissue regeneration. The integrated functionality of
hierarchical structure in improving cell behaviors should be emphasized because they can provide more
structural characteristics, which are conducive to the comprehensive regulation of a series of cell
behaviors'?'). For example, a micro/nano-hierarchical scaffold was constructed by incorporating arranged
micro/nanofibers into layered scaffolds'*”. The design of this hierarchical structure significantly improved
the proliferation and arrangement of myoblasts and even promoted the formation of myotubes. Likewise,
Meng et al. combined 3D printing, electrospinning, and unidirectional freeze-casting to develop composite
scaffolds with mechanically robust frameworks and aligned nanofiber structures"*. The framework of the
scaffold with a porous structure could guide cell infiltration and migration. Besides, the arranged nanofiber
structure was conducive to cell adhesion, infiltration, and differentiation, which could be ascribed to the
effect of increasing the contact area between cells and materials and the properties of fibers on cell
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Figure 5. The hierarchically structured biomaterials promote cell migration. (A) The adhesion of rBMSCs in 3D-printed conch-like
scaffolds with different spacing. (B) Migration images of rBMSCs in 3D-printed conch-like scaffolds with different spacing at various
time points. Statistical analysis of cell migration in the Z direction (C) and XY direction (D). Reproduced with permission™. Copyright
2022, Publishing services by Elsevier BV on behalf of KeAi Communications Co. Ltd. *P < 0.05, ***P < 0.001.

morphology. Moreover, hierarchically ordered recombinant human collagen hydrogel was prepared with
microstructures of inverse opal nano-scale pores and aligned microgrooves for corneal stroma
regeneration"”*. The ordered microstructure could stimulate the orderly growth and differentiation into
keratinocytes of limbal stromal stem cells in vitro, thereby supporting the regeneration of corneal stroma.
Opverall, the hierarchical structures of biomaterials can influence the interactions between cells and materials
by providing unique physical and chemical clues, thereby achieving regulation of cell behaviors.

Promotion of specific cell functions

The hierarchical structure of biomaterials can regulate specific cellular behavior by providing certain
physical and chemical clues, thereby improving cellular function"*”. Scaffolds with different fiber diameters
and porosity were prepared to investigate the functions of microstructures on angiogenesis**. It was found
that scaffolds with relatively low fiber diameter, higher porosity, and specific surface area could promote the
formation of dense microvascular systems, demonstrating the feasibility and effectiveness of structure
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changes in regulating angiogenesis. Ha et al. manufactured bone microenvironment-mimetic scaffolds with
hierarchical micro/nanofibers and microchannel structures”. The microchannel structure inside the
scaffold was similar to vascular-like structures, with perfusion properties that facilitated nutrient transport
and promoted gene/protein expression related to angiogenesis. Besides, the improved degradation
characteristics could benefit drug release and further encourage angiogenesis.

Furthermore, the structure signals of biomaterials are also beneficial for neurogenesis in tissue regeneration.
Lu et al. prepared neural conduits with a hierarchical anisotropic architecture*. The conduits could
support the migration of Schwann cells and induce neural differentiation, confirming that the arrangement
structure was beneficial for regulating the biological response of nerve cells to promote neurogenesis
[Figure 6]. In addition, another study developed an aligned composite topography with micro-sized ridge/
groove structures and nano-sized fibers together to promote neurogenesis"*. The results showed that the
scaffold could effectively induce the directed growth of Schwann cells and upregulate genes and proteins
related to myelin formation.

The macro and micropore structures of biomaterials can regulate the immune microenvironment by
improving the behavior of immune cells, which is beneficial for tissue repair’®. Our group fabricated gear-
inspired 3D bioceramic scaffolds with an ordered microstructure"*”. The research found that the scaffold
could regulate the polarization of macrophages, exhibiting anti-inflammatory functions [Figure 7]. The
possible mechanism by which the scaffold possessed good immune regulation function was due to the
inhibition of macrophage contact by the microchannel structure, resulting in the loss of E-cadherin. The
loss of E-cadherin in macrophages would lead to the translocation of B-catenin from membrane to nucleus,
which would finally adjust the polarization of macrophages™". In addition, He et al. developed a novel
hierarchical-structured mineralized nanofiber scaffold that combined mineralized arranged nanofibers
(anisotropic) and mineralized random nanofibers (isotropic)"*?. It was found that the morphology of
mineralized arranged nanofibers within the scaffold showed bone immune microenvironment regulation
function, which could effectively stimulate the polarization of macrophages and promote the secretion of
healing cytokines IL-4 and IL-10. In another study, three types of hierarchical porous scaffolds with
different pore size combinations were designed to investigate the effects of varying levels of pore size on the
inflammatory response of macrophages"*”. Different levels of pore structures could induce macrophage
polarization into pro-inflammatory M1 macrophages in the early stage and efficiently switch to anti-
inflammatory M2 macrophages in the later stage by influencing the morphology of macrophages. The
hierarchical pore structure could quickly regulate the transition of macrophage inflammatory response,
reduce pro-inflammatory response, and increase anti-inflammatory response, creating a more favorable
bone repair microenvironment. The controlled regulation of macrophages enabled the tissue immune
microenvironment to quickly recover to tissue homeostasis after tissue repair rather than interfering with
the homeostasis of the host!"*". In addition, M2 macrophages could increase the survival rate and osteogenic
differentiation of mesenchymal stem cells (MSCs) in bone regeneration and benefit angiogenesis"*”. These
processes were essential for bone defect repair. Therefore, the hierarchical porous scaffolds were beneficial
for tissue repair and regeneration by providing a satisfactory immune response mode.

Biomaterial structures can also regulate metabolic function due to relevant signaling pathways activated by
influencing cell behavior. For instance, in order to meet the unique metabolic direction and the vast
demand for nutrient delivery of flat bone regeneration, researchers have designed different configurations of
flow channels in hydroxyapatite porous scaffolds"*”. Curved channels exhibited higher permeability,
enhancing material transport and cell sedimentation by forming eddies. Flow channel scaffolds were able to
provide a rich blood supply and cell/nutrient transportation, resulting in better tissue ingrowth ability.
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Figure 6. The regulation of neurogenesis by hieratical structures. (A) Schematic diagram of the fabrication of neural conduits with a
hieratical structure. (B) Optical photograph of hollow conduits. (C) The photo of conduits filled with aligned hydrogel. (D) SEM images
of conduits filled with silk nanofiber fillers. Laser scanning confocal microscopic images (E) and proliferation (F) of Schwann cells
cultured on different concentrations of layered conduits for one, three, and seven days. (G) The distribution of orientation angle of
Schwann cell nucleus after seven days. (H) ELISA for brain-derived neurotrophic factor (BDNF) secreted by cells on hieratical conduits.
(1) Longitudinal and transverse H&E staining of regenerated nerves in vivo.(J) S-100 and NF-200 staining of regenerated nerves at
12 weeks after surgery. Reproduced with permission?®. Copyright 2021, Wiley-VCH GmbH. **P < 0.01, ***P < 0.001.

Particularly, the integration of curved and annular channels demonstrated comprehensive performance,
promoting flat regeneration by improving metabolism in the repair microenvironment.

In addition, Gu et al. prepared scaffolds mimicking the surface structure of the liver extracellular skeleton
for bone regeneration*”. The research found that specific surface structures could activate related signaling,
leading to Arg2 retrograde translocation from mitochondria to the cytoplasm. Translocation further
promoted spermine and mitochondrial respiration, reprogramming energy metabolism and arginine
metabolism in macrophages. Moreover, a micropatterned collagen scaffold with a corner layer structure
simulating the microstructure features of Annulus fibrosus was fabricated"*. It was found that the
micropatterns on the surface of the collagen membrane regulated the morphology and orientation of
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Figure 7. The immune microenvironment regulated by pore structures and surface microstructures. (A) Optical images of gear-inspired
3D bioceramic scaffolds with ordered surface microstructures. (B) SEM images of scaffolds with different microstructure parameters.
(C) SEM images of gear-inspired scaffolds with different microstructure shapes. (D) Laser scanning confocal microscopic images of
RAW?264.7 cells on the surface of different gear-inspired scaffolds. (E) The inflammation-related gene expression of RAW264.7 cells
after cultured. (F) Masson trichrome staining of mouse skin and subcutaneously implanted scaffolds. (G) Micro-CT reconstruction
model of newly formed bone (green) and implanted scaffold (red). Reproduced with permission"%’. Copyright 2022, Elsevier Ltd. *P <
0.05, **P < 0.01, ***P < 0.001.

BMSCs to a directional arrangement, and the aligned cells in the scaffold showed increased expression of
genes and proteins related to matrix anabolism.

The regulation of cell-cell interactions

Cell-cell interactions, as fundamental biological processes of multicellular organisms, are crucial for growth,
tissue formation, and intercellular communication"*”. Likewise, the structure characteristics of biomaterials
also influence cell-cell interactions by providing physical and chemical signals. For example, Ren et al.
prepared uniformly distributed PCL nanoneedle arrays, and the surface was modified with
polydopamine"*’. After modification with polydopamine, compared to direct cultivation on nanoneedle
arrays of cells, the cell state changed from aggregated distribution to laminar distribution. The laminar
distribution of cultured cells led to weak intercellular interactions, weakening the pluripotency of stem cells,
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while the aggregation distribution of cells cultured on pure PCL nanoneedle array enhanced intercellular
interactions, which was beneficial for maintaining the pluripotency of BMSCs.

Research results showed that large interconnections between different pores promoted cell communication,
thereby facilitating the production of ECM"*. In addition, a study employed nanoscale wavy surface
morphology as the extracellular environment for cell culture. The results indicated that surface morphology
could influence cell-cell interactions to make cells display different degrees of convergence, further
regulating cell arrangement"*”. Moreover, isotropic-arranged nanowires were prepared to investigate the
effects of structures on neurite growth and neuronal formation. The isotropic arrangement of nanowires
activated mechanical conduction pathways as physical clues to guide the development of neurite and help

143]

form networks with neighboring neurons through intercellular communication of synaptic connections"*.

Meanwhile, the hierarchically structured biomaterials were very suitable for loading multiple types of cells
to enhance the interaction between different kinds of cells, which is conducive to tissue regeneration.
Inspired by plant chloroplasts, our group designed a dendritic scaffold as a 3D platform for multicellular
delivery and multiple tissue interactions*!. The multi-layer leaves of the scaffold fully supported the
adhesion, proliferation, and osteogenic and neurogenic differentiation of BMSCs and Schwann cell co-
culture systems. Besides, the gradient structure on the surface of scaffold leaves could promote the
proliferation, osteogenesis, and neurogenic differentiation of the co-culture system by regulating layer
thickness. Succulent plant-like bioceramic scaffolds had also been prepared to create beneficial cellular
microenvironments for bone regeneration*”. The succulent-like structures could prevent cells from leaking
from the scaffold and enhance cell adhesion. They also possessed excellent cell loading and cell distribution
regulation performance, promoting cell interactions and osteogenic differentiation of stem cells. Moreover,
Zhang et al. applied Haversian bone-mimicking bioceramic scaffolds to establish a platform for regulating
multicellular bone immune response and study the interaction between MSCs and macrophages"*”. The
results showed that the immune response of macrophages was influenced by the proportion of MSCs,
demonstrating the regulatory effect of hierarchically structured scaffolds on the spatial distribution and
interaction between multicellular spaces"*. Furthermore, our group designed a honeycomb-shaped scaffold
with a parallel channel structure. By loading MSCs and macrophages into different corresponding
microchannels, the scaffolds were constructed with different cell arrangement patterns (star shape, Tai Chi
shape, and staggered shape to investigate the function of the designed bone immune microenvironment in
tissue regeneration"*”. Correspondingly, this study also indicated that the structure of scaffolds can achieve
“cross-talk” reactions between multiple cells, thereby providing different bone regeneration
microenvironments.

THE RECENT APPLICATIONS OF HIERARCHICALLY STRUCTURED BIOMATERIALS FOR
TISSUE REGENERATION

We have recapitulated the function and importance of hierarchically structured biomaterials in improving
physicochemical properties and bioactivities above. In this section, the recent applications of hierarchically
structured biomaterials for tissue regeneration are discussed. Figure 8 shows the schematic diagrams of the
structures of some natural tissues. It can be found that most native tissue organizations have hierarchical
structures. Therefore, hierarchically structured scaffolds possess significant advantages in promoting tissue
regeneration.

Bone regeneration
Bone repair is a complex process that involves the reconstruction of biological functions and the restoration
of mechanical properties. Recently, the strategy for repairing bone defects is to design bioactive scaffolds



Ma et al. Microstructures 2024;4:2024014 | https://dx.doi.org/10.20517/microstructures.2023.61 Page 21 of 34

Haversian B Aticular cartiage
canal N
\\?}
YR
Volkmann /,F\

Articular surface

Blood vessel /{ [ Chondrocyte
canal \ Superficial (10%-20%)
\ Collage
2 \ Middle (40%-60%)
Backbone \ Tide mark
Cancellous ‘ \ Deen om0y _[
bone Bone marrow Caloified cartilage

~a Subehondral bone _|
Epiphyseal line

s . Cancellous bone

L

Blood vessel

Haversian bone

Tendon/Ligament NFC  Tidemark MFC Bone
P .

",,” > ",'; -","% ] Epidermis

e > Basement
e, Oe_o membrane ~ N Sweat gland
— o ‘. ° Sebaceous gland Derimis
v K'Y g [ ] Nerve ending ~—— 37 g ] Hypodermis
E Siical Comtet "~ Blood vessels
' Cilia
g Epithelial cell
Pscudostratified \ 99 g, 09, 00,00. 041,000 M"/
columnar ciliated b & JE
E([Iob]etf c:llsq et Mucosa
astic fibers: \/ ° CT fibers
Gland—9) 2 @ 2 0
Adipose cells: OQ @ O ©Qo@> }Submucosa
Chondrocy!es—-,‘ . . ’ . . Cartilaginous rin PDL
Smooth muscle fibers—S& . . '. (Hyaline cartilage’ ’ |
Fibroblast i { ~  Be—CM
Loss connective tissue —— } Adventitia -

Collagen, Elastin fibers.

zm Epicardium A
m Endocardium /| Cell alignment
X Y /

orientations

Y

Necrosis Myocardial tissue structure

Helical

stroma
Descemet's membrane| =~

Parallel

Endothelium

Helical

Figure 8. The schematic diagrams of the hierarchical structures of different native tissues. (A) The structure schematic diagram of
Haversian bone'’®’.Copyright 2020, American Association for the Advancement of Science. (B) The histologic structure of an
osteochondral unit“m.Copyright 2020, Springer Nature. (C) The schematic of tendon-to-bone tissueW“.Copyright 2020, Production
and hosting by Elsevier BV on behalf of KeAi Communications Co., Ltd. (D) The diagram of skin""*.Copyright 2019, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (E) The diagram of tracheal tissue"”’®.Copyright 2020, John Wiley & Sons, Ltd. (F) The
schematic diagram of periodontal tissue'””’. Copyright 2021, Publishing services by Elsevier BV on behalf of KeAi Communications Co.
Ltd. (G) Scheme illustrating myocardial architecturemﬂ.Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (H)
Schematic diagram of the native muscle structure”®®.Copyright 2019, Elsevier Ltd. (1) Schematic diagram of human cornea™®.
Copyright 2020, Elsevier Ltd. JE: junctional epithelium; CT: connective tissue; PDL: periodontal ligament; CM: cementum; AB: alveolar
bone.

with specific functions to meet the needs of bone regeneration. Hierarchically structured biomaterials
display great advantages in designing bone repair scaffolds due to their excellent regulation of
physicochemical properties, including mechanical properties and enhanced bioactivities such as
angiogenesis, nerve regeneration, and immune regulation.

Li et al. designed a Haversian-like hierarchical porous scaffold for bone regeneration*. The axial tunnel
composed of peripheral large pores could form a Haversian tubular tunnel, and the central small pore was
similar to the cancellous bone. Compared to uniform scaffolds, the gradient scaffold exhibited favorable
mechanical properties and excellent bioactivities, such as promoting cell migration and angiogenesis,
effectively supporting bone regeneration in vivo. Besides, a series of bioceramic scaffolds with different
curved pore walls were manufactured to explore their potential applications in bone regeneration*'. It was
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found that Gyroid and Diamond porous scaffolds could significantly induce osteogenic differentiation of
BMSCs, supporting early bone tissue regeneration, owing to the pore characteristics of Gyroid and
Diamond scaffolds being more conducive to bone conduction. Furthermore, Zhang et al. developed 3D
printing scaffolds with a hierarchical porous structure™*”. This scaffold could mimic cortical and cancellous
bone tissue. Meanwhile, the soft hydrogel infused through internal channels further endowed the scaffold
with the features of ECM. Research results found that the layered structure contributed to integrating
multiple functions into one platform. Finally, the induced comprehensive performance regulation endowed
the scaffold with desirable capacities for immune regulation, angiogenesis, and enhanced osteogenesis.

Hierarchical tissue regeneration
The hierarchically structured biomaterials are very suitable for hierarchical tissue regeneration, including
osteochondral, tendon-to-bone interface, skin, tracheal, and periodontal regeneration.

Osteochondral regeneration. Due to the complexity of hierarchical structures and composition,
osteochondral regeneration remains a considerable challenge. The preparation of biomimetic scaffolds with
layered structures provided a potential strategy for repairing osteochondria”'. A study showed that the
physicochemical and mechanical properties of the layered PCL scaffold could meet the requirements of the

design of bone cartilage scaffolds"™

l.ECM hydrogel was incorporated into the upper pore structure,
showing excellent cartilage regeneration performance. The lower scaffold possessed a significant osteogenic
differentiation due to the continuous release of Mg ions. The repair results in vivo indicated no tissue
separation between the regenerated cartilage and subchondral bone. Overall, the integrated double-layer
scaffold revealed effective osteochondral repair ability. In addition, Gao et al. prepared a hierarchical
scaffold composed of a hydrogel layer on a porous cryogel to simulate the layered structure of
osteochondral tissue*”. The upper layer of hydrogel supplemented high Mg ions and possessed small pores,
which could promote cartilage differentiation. At the same time, the bottom frozen gel showed a
macroporous and interconnected pore structure with low Mg supplementation, contributing to stem cell
migration, matrix mineralization, and osteogenesis. Therefore, this hierarchical double-layer scaffold was
expected to achieve optimal regeneration of cartilage and subchondral tissue. Moreover, PCL microsphere-
based scaffolds with hierarchical structures were fabricated for osteochondral repair*’. At the macro level,
integrated scaffolds with different channel modes of non-channel, continuous-channel, and inconsecutive-
channel had been fabricated. At the micro level, the two layers of the integrated scaffold were composed of
small and large PCL microspheres. The experiment results indicated that the inconsecutive-channel scaffold
possessed layered structures and gradient interconnected porosity. The cartilage area presented a dense
phase that inhibited vascular invasion, while the subchondral bone area produced a porous phase for bone
and vascular growth, facilitating the remodeling of osteochondria. Consequently, this work demonstrated
that integrated design with hierarchical structures provided a feasible method for repairing cartilage and
subchondral bone.

Tendon-to-bone interface regeneration. Tendon-to-bone interface injury is also one of the most common
and challenging injuries. The tendon-to-bone interface has a hierarchical structure and composition. Thus,
biomaterials with hierarchical structures are widely developed for repairing the tendon-to-bone interface. A
biomimetic nanofiber scaffold was successfully constructed to simulate the microstructure of the tendon-
bone interface**. The curly microstructure mimicked the natural tendon-bone interface ECM, promoting
cartilage generation at the interface area. The in vivo results showed that the scaffold induced a continuous
translational interface between tendons and bones. Our group created a biomimetic multicellular layered
scaffold by designing the spatial distribution of biomimetic ink to simulate the hierarchical structure and
cell composition of the tendon-bone interface™. It was found that the biomimetic scaffold presented dual
functions of inducing tendon differentiation and osteogenic differentiation in vitro and promoted
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regeneration of the tendon-to-bone interface in vivo. Furthermore, Zhang et al. prepared scaffolds with
hierarchical structures, composition, and mechanics to promote tendon-to-bone interface regeneration*.

The scaffold possessed a three-layer structure that could support the creation of a bone tissue area at the
bottom, a transitional tissue area in the middle, and a tendon area at the top. The repair experiment of
rotator cuff injury in vivo confirmed that the hierarchically structured scaffold could induce satisfactory
graded tendon-bone differentiation properties in the repair interface.

Skin regeneration. The treatment of full-thickness wounds also requires biomaterials with matched
structure characteristics. Hierarchical scaffolds can provide a necessary microenvironment for appropriate
structural and functional reconstruction of full-thickness skin. Lu et al. prepared layered nanofiber scaffolds
with arranged porous structures to promote skin regeneration"*”. It was found that the layered fiber
structure promoted cell adhesion and proliferation in the scaffold, while the arranged porous structure
facilitated the infiltration of fibroblasts and endothelial cells, thereby promoting angiogenesis and wound
healing. In addition, a biodegradable scaffold that mimics the function and structure of three layers of skin
was developed for wound healing"**. The scaffold showed gradient porosity, mechanical properties, and
hydrophilicity similar to skin, which could meet the needs of skin regeneration of different levels and was
very conducive to wound healing. The scaffold with a highly porous fiber structure and enhanced fiber-to-
fiber distance was developed by electrospinning technology"*”. This scaffold could promote cell migration,
matrix remodeling, and ECM synthesis. In addition, the utilization of highly porous fiber scaffolds can
generate a three-layer skin model including the dermis, epidermis, and subcutaneous tissue, demonstrating
the potential of scaffolds with high porosity and moveable fibers as substitutes for constructing tissue
models.

Tracheal regeneration. Developing biomimetic tracheal substitutes is a vast challenge in reconstructing
segmental tracheal defects"®’. Due to the unique physiological structure of the trachea, there are also certain
requirements for the biomaterial structure in tracheal regeneration. In particular, by constructing a
hierarchically structured scaffold, the structure of the trachea can be simulated, which is beneficial for
tracheal regeneration. Wu et al. successfully developed a human airway-like multilayered tissue based on
interpenetrated hierarchical structures"*’. The layered, interconnected porous structure of the scaffold
allowed collagen hydrogels to be impregnated into a mutually permeable hybrid network, which could
support the culture of epithelial cells. Besides, the scaffold could promote the growth and differentiation of
human bronchial epithelium, producing a tracheal tissue analog with the biological structure and function
of the human airway. Subsequently, a study prepared a biomimetic trachea using a modular strategy similar
in structure and function to natural trachea"*”. Specifically, the porous chondroitin-sulfate-incorporating
type-1I atelocollagen (COL II/CS) scaffold as a cartilage ring is alternatively stacked on a silicone tube with a
porous COL II/CS scaffold to form a biomimetic trachea. In tracheal reconstruction, the biomimetic trachea
showed satisfactory therapy effects, demonstrating the effectiveness of scaffolds with layered structures in
tracheal regeneration. Moreover, the double-layer tubular scaffold was constructed as an artificial trachea
similar to a natural trachea"*”. Chondrocytes derived from iPSC and human bronchial epithelial cells were
inoculated into the outer and inner layers of the scaffold, which could enhance the regeneration of the
cartilage and mucosal layers, respectively. Correspondingly, the model of artificial tracheal transplantation
in vivo showed excellent repair effects.

Periodontal regeneration. It is difficult to reconstruct the complex mineralized/non-mineralized hierarchical
structure of periodontal tissue. To this end, a layered double-layer structure was constructed, consisting of
intrafibrillarly mineralized collagen scaffolds with porous structures similar to cementum and
unmineralized parallel-arranged fibrils simulating periodontal ligaments"'". The prepared scaffold showed a
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unique micro/nanostructure, which could simulate the natural periodontal hard/soft tissue interface. The
parallel arrangement of the upper structure was able to attract more periodontal ligament stem cells to form
fibroblast-like morphology. The biphasic structure successfully induced the differentiation of stem cells into
soft and hard periodontal tissue. By recruiting and regulating host stem cells, it contributed to periodontal
tissue regeneration [Figure 9]. In addition, hierarchical scaffolds with customized components and
structures were developed for the regeneration of the periodontal ligament-bone interface*. The
incorporation of magnesium phosphate into the upper scaffold improved mechanical properties and
facilitated osteogenic differentiation, while the highly arranged PCL fibers in the lower layer could induce
ligament regeneration. Two different fiber structures were in the interface area, allowing for coordinated
regeneration of multiple tissues. Furthermore, Ma et al. designed a hierarchical biomimetic periodontal
patch for periodontal regeneration"*. Firstly, a columnar hydrogel matrix was prepared to provide specific
spatial guidance for cells in its interior and simulate the specific orientation of periodontal ligament fiber
bundles. Subsequently, grid scaffolds were added to support the theme structure. Meanwhile, microchannels
could allow for nutrient exchange between columnar structures and grids. The bioengineered tissue
produced by this patch was very similar to natural periodontal tissue, especially showing different and
specific directional fibers in various tooth root areas. Overall, the scaffold indicated hierarchical
composition and structure, demonstrating effective simulation of periodontal tissue and excellent
regeneration ability.

Other hierarchical tissue regeneration

Hierarchically structured biomaterials have also been developed for other tissue regeneration scenarios,
including myocardial regeneration, muscle regeneration, and corneal regeneration. Wang et al. constructed
cardiac constructs with highly arranged microstructures and adjustable curvature"*. The shape of cardiac
constructs could be changed as needed to simulate and reconstruct the curved topological structure of
myocardial tissue. The optimal microchannel width was determined based on cell morphology and
arrangement. Importantly, it was found that uniform distribution of arranged cells and excellent myocardial
maturation in curved cardiac constructs. In addition, scaffolds with micro/macro architectures had been
developed for myocardial 3D tissue reconstruction””. The scaffold was composed of a stackable double-
layer structure with linear micro ridge/groove patterns and macro through-hole arrays, which could achieve
customizable anisotropy and interconnected free space. It was found that this hierarchical scaffold was able
to guide cell arrangement accurately, further achieving 3D pattern reconstruction similar to natural
myocardium.

Structures of biomaterials also play an important role in guiding muscle regeneration. For instance, cell
arrangement and myotube formation are crucial for muscle tissue regeneration. A hierarchical scaffold
composed of microscale and nanoscale morphology structures was prepared to achieve this goal"*. This
hierarchical structure not only enhanced mechanical stability but also induced myotube formation.
Meanwhile, highly aligned nanofibers contributed to the alignment of myoblasts, confirming the potential
application of scaffolds with hierarchical structures for muscle tissue regeneration. The layered porous
structure could provide guiding clues for cell migration and spatial organization, which is conducive to
reconstructing the structure and function of targeted tissues. In addition, ECM scaffolds with parallel
microchannels were designed to guide muscle regeneration"*. Skeletal muscle cells could grow
longitudinally along microchannels, promoting cell migration and differentiation. The experimental results
in vivo demonstrated that porous scaffolds with parallel microchannel structures were able to promote
muscle regeneration.
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Figure 9. Hierarchical bilayer structured scaffold for periodontal tissue regeneration. (A) The schematic diagram of manufacturing of
hierarchical bilayer architectures. (B) SEM and confocal images of upper and lower layers from the top to the bottom. (C) Parallel-
arranged CGF (P-CGF), randomly arranged CGF (R-CGF), and cell arrangement in the intrafibrillarly mineralized collagen (IMC) layer at
day 1. (D) Micro-CT, H&E, and Masson trichrome staining of the periodontal tissue regeneration area of different groups. (E)
Immunohistochemical staining of CD146, STRO-1, BMP2, COL-1, and VEGFR-1. Arrow: Positive cells. (F) Semiquantitative analysis of
positive cell count of (E). Reproduced with permission™".Copyright 2021, Publishing services by Elsevier BV on behalf of KeAi
Communications Co. Ltd. *P < 0.05.

Due to its complex structure and corneal fibroblast transformation, cornea regeneration remains
challenging. Grid-shaped microfiber scaffolds with different fiber spacing were prepared, and GelMA
hydrogel was injected into the scaffolds"”.. It was found that this structure could simulate stromal structures
similar to natural corneal characteristics and induce the regeneration of damaged corneal stroma in vitro
and in vivo by maintaining keratinocyte phenotypes and inducing orthogonal arrangement of keratinocytes
to secrete specific ECM. Besides, He et al. prepared a bionic epithelial/stroma double dome hydrogel
scaffold for corneal regeneration, which consisted of the epithelial layer loaded with rabbit corneal epithelial
cells and the orthogonal arrangement of fibrous matrix layers (loaded with rabbit fat-derived MSCs)"”". The
synergistic effect of microstructures and precise positioning of cells provided a satisfactory
microenvironment for corneal regeneration, demonstrating the advantages of hierarchically structured

scaffolds for corneal regeneration.
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CONCLUSION AND PROSPECTIVES

The hierarchical structure of biomaterials is crucial for tissue regeneration, as they can regulate
comprehensive cell functions to promote tissue regeneration. In tissue regeneration, the macro and
microstructures of biomaterials present the following advantages: (1) The structure can provide appropriate
mechanical support, thereby guiding tissue regeneration; (2) The degradation rate can regulated by
structures to match with tissue regeneration; (3) Accurately designed structures at different levels can
simulate the complex structure of tissues; (4) The structure provides an ideal microenvironment for cell
adhesion, diffusion, proliferation, and ECM production; (5) The hierarchical structure enhances the
interactions between multiple cells, which is beneficial for multiple cells to participate in tissue repair
processes. Given the importance of structures on tissue regeneration, different structured scaffolds have
been widely developed for varying tissue regeneration applications. In particular, hierarchically structured
scaffolds are suitable for the regeneration of tissues with complex structures, such as osteochondral, tendon-
bone, skin, tracheal, and periodontal regeneration. We have summarized representative research works
about hierarchically structured scaffolds for different tissue regeneration in Table 2. The performance and
advantages of different hierarchical structures were highlighted to demonstrate the function mechanism of
hierarchically structured scaffolds in promoting tissue regeneration. Firstly, the mechanical properties,
degradability, and other physicochemical properties of the scaffolds can be regulated to provide controllable
mechanical support for tissue repair and the optimal growth space of newly formed tissues. In addition,
improved bioactivity is crucial for tissue repair. The mechanism of structural regulation on bioactivity is
mainly related to the interaction between the structure and cells. Some cells with specific functions, such as
endothelial cells, stem cells, and macrophages, can sense changes in topography cues, which, in turn,
influence certain cellular functions (targeted differentiation, angiogenesis, and immune regulation) and
paracrine effects, which is very beneficial for regulating the repair microenvironment. Overall, tissue repair
can proceed well under the multiple signals provided by the structure.

Although hierarchically structured biomaterials have been widely studied for tissue regeneration and shown
favorable repair effects, several issues still need to be addressed. (1) The preparation of hierarchically
structured biomaterials requires appropriate fabrication methods, with 3D printing technology being the
most commonly used method. However, the accuracy of 3D printing is limited, especially for some precise
surface structures that are difficult to replicate. Therefore, it is crucial to design scaffolds that meet the needs
at different scales by combining multiple preparation methods; (2) The structure of biomaterials changes
over time. The regulation of these dynamic changes in cell behaviors and tissue regeneration processes may
be variable and need further study; (3) In many studies, one of the main purposes of designing
hierarchically structured materials is to simulate the structure of complex organizations for guiding tissue
regeneration with the envisioned structure. However, the regeneration environment in vivo is relatively
complex, and the actual growth of tissues may disrupt the plan. Thus, how to confirm that newborn tissues
grow as expected should be considered; (4) 3D bioprinting can print cells into different hierarchical
structures. However, the printed cell types are relatively single, insufficient to reflect the biological
characteristics of specific tissue structures, and exhibit limited functionality. Organoids refer to 3D
multicellular constructs formed by the self-organization of stem cells or organ-specific progenitor cells,
which can simulate many structural and functional features of real tissues"””. Therefore, organoids may
serve as biological components when bioprinted with hierarchically structured scaffolds, better promoting
tissue regeneration; and (5) The structure of biomaterials can be regulated by some external stimulation,
including light, heat, magnetic field, efc. The behavior and function of cells may respond to the dynamic and
flexible adjustment of structure. This possesses the potential to develop intelligent biomaterials of bioactivity
responding structure for tissue regeneration. To address the limitations of current hierarchically structured
biomaterials, several aspects should be considered. Firstly, the design of biomimetic hierarchical structures
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Table 2. The summary of hierarchically structured scaffolds for tissue regeneration

Hierarchically Preparation

Performan n n lication
structured scaffolds methods erformances and advantages Applications
Multi-layered scaffolds 3D bioprinting Coordinate dynamic mechanical stimulation; Osteochondral tissue'’®™' "%
mimic native cell composition tendon-bone'"™
Freeze-drying Improve mechanical properties; control cell Periodontium'™
arrangement and differentiation
3D printing Provide structure and function similar to native Trachea"®*: cornea™"
tissues
Cast molding Guide cell arrangement; improve cell metabolism  Annulus fibrosus'™®
and matrix anabolism
Scaffolds with integrated Electrospinning Mimic the structure of native tissue; improve Temporomandibular joint disc™
units mechanical and bioactivity
3D printing Mimic the structure of native tissue; regulate cell- Bone!*4 15147150 flat bone!™®!
cell interactions
Electrospinning and 3D Mimic the structure of native tissue; guide cell Myocardiummg]; skeletal muscle
printing alignment and differentiation tissue ", adipo tissue
Freeze-drying and cast Improve perfusion properties and neurogenesis; Peripheral nervel® %
molding direct the growth of neotissues
Scaffolds with varying Electrospinning Mimic the structure of native tissue; improve Bonemm]; skint™”?
length scales mechanical strength; enhance cell bioactivity
3D printing Mimic the structure of native tissue; enhance cell Osteq%l'}gpdral regenerationm];
bioactivity bone! "2
Electrospinning and 3D  Mimic the structure of native tissue; guide cell Myocardiummsl
printing arrangement
Freezing drying Improve mechanical performance and Soft gingival tissue®®
angiogenesis
Femtosecond laser Mimic the structure of native tissue; guide cell Bone™"
direct writing arrangement

can be enhanced by combining multiple preparation methods. It will allow for improved resolution of
structures, such as pore structures, through the use of advanced preparation techniques. It is important to
note that the structure of biomaterials may change over time after implantation. To ensure integrity and
compatibility with tissue regeneration, different tissue defects may require specific hierarchical structure
retention times. Thus, the composition of biomaterials used to construct hierarchical structures must also
be carefully considered, as it can affect scaffold degradation and support structure maintenance. Monitoring
specific components of biomaterials can provide valuable insights into the maintenance of scaffold
structures in vivo. Furthermore, incorporating organoids as stable and comprehensive cell sources in
hierarchical scaffolds offers opportunities for more realistic tissue structure simulation and advantages in
promoting tissue regeneration. Exploring whether the developmental influence of organoids in different
structures can regulate tissue regeneration is an area of interest for future study. Finally, combining
hierarchical structures with external stimuli holds promise in advancing the design of hierarchically
structured scaffolds toward a more flexible direction. External stimuli can regulate the structure of scaffolds
to align with the tissue regeneration process. This integration of external stimuli and hierarchical structures
offers potential for improved scaffold adaptability.

The structures of biomaterials play an essential role in tissue regeneration. The proper structure effectively
promotes tissue regeneration through the regulation of different levels of performance. Varying hierarchical
structures can improve the performance of the scaffolds by tuning the physicochemical properties and
enhancing the bioactivities. Future research can focus on matching the hierarchical structure with the
process of tissue regeneration and applying the hierarchical structure to simulate the structural
characteristics of natural organizations more realistically and in detail. In addition, the advances in
fabrication technologies are key to realizing complex hierarchical structures. It is expected that fabrication
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technologies and methods can mutually be reinforced to optimize the current types and functions of
hierarchical structures. Overall, further efforts are needed to optimize structural design for comprehensive
tissue regeneration.
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