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Abstract 
Architected metamaterials are built upon the assembly of repeating cellular structures, exhibiting unprecedented 
mechanical properties attributed to the tunability of cellular geometries. They have demonstrated a wide range of 
applications in the optical and electromagnetic fields, and recently they are employed as advanced tissue 
engineering scaffolds. The microgeometry-driven strategy enlarges the design domain of scaffold features and 
enables more accurate manipulation of cell-material interactions. In this review, we introduce the most popular 
metamaterial designs in biomedical engineering and summarize their representative applications to fabricate in vitro 
models and in vivo implants. These studies validate the unique advantages of metamaterials in supporting 
mechanobiological studies and improving the functionality of tissue replacements. Nevertheless, the evolution of 
meta-biomaterials requires more detailed investigations of the relationship between structural designs and cell 
phenotypes as well as accurate theoretical models.  
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Abbreviations 

3D Three-dimensional 
2D Two-dimensional 
FEA Finite element analysis 
AM Additive manufacturing 
CAD Computer-aided design 
FDM Fused deposition modeling 
SLM Selective laser melting 
TPP Two-photon polymerization 
TPMS Triply periodic minimal surfaces 
MEMS Micro-electromechanical system 
MSCs Mesenchymal stem cells 
MEW Melt electro writing 
HUVECs Human umbilical vein endothelial cells 
BM-MSCs Bone marrow derived mesenchymal stem cells 
ALP Alkaline phosphatase activity 
NGF Nerve growth factor 
MI Myocardial infarction 
BMP2 Bone morphogenetic protein 2  
GI Gastrointestinal 
PCL Polycaprolactone 
TRL Thermo-responsive linkers 
PEGDA Polyethylene glycol diacrylate 
GelMa Gelatin methacryloyl 
PLA Polylactic acid 
PU Polyurethane 
PE Polyethylene 
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Introduction 
Since the last decade, the scientific community has aimed to design materials and structures that possess properties 
far greater than their natural counterparts. The concept of metamaterials or architected materials has emerged based 
on geometrical and structural configurations that can offer unique properties. The optical and electromagnetic 
metamaterials demonstrate excellent capability to dictate how optical[1] and electromagnetic[2] waves propagate 
through the materials. Mechanical metamaterials associated with structural mechanics focus on how the mechanical 
responses can be tuned in the elastic, plastic, nonlinear elastic, and fracture domains[3]. Controlling the properties, 
such as auxeticity[4], isotropy[5], and fracture impedance[6] is of critical importance for bioimplants[7], 
composites[8], and even aerospace engineering[9]. The mechanical performance of the metamaterials is controlled 
by their basic building blocks, called unit cells[10], which can be designed with different geometrical parameters. 
The most predominant category is lattice structures[11–13], which are comprised of beam members tactically 
arranged in the three-dimensional (3D) domain. Lattice structures have been employed in every aspect of 
mechanical metamaterial design, because they can be easily fabricated at different length scales and easily analyzed 
based on beam theory. Another emerging category in two-dimensional (2D) metamaterials, plate lattices[14,15], 
are often used predominantly for bistable, origami[16,17], and kirigami[18] structures that can reconfigure on 
controlled shapes for wave propagation and densification.  
 
In the field of tissue engineering, one of the main goals is to engineer the desired scaffold that can home cells and 
direct their functions. Mechanical metamaterials offer an opportunity to expand the forms of mechanical signals in 
a reproducible way, thus they can be utilized to fabricate advanced scaffolds to precisely tune the biological 
behaviors of cells and tissues. A new concept of “meta-biomaterial” has emerged, referring to the mechanical 
metamaterials with biomimicry properties that are barely found in conventional porous biomaterials[19]. For 
example, the skin tissue exhibits lower stiffness under small strains while higher stiffness under large deformation, 
which has been reproduced in auxetic metamaterials with negative Poisson’s ratio[20]. The macroscopic auxeticity 
can be achieved by stacking microunits with different configurations, such as chiral, re-entrant, or rotating 
elements[21,22]. Their use in tissue engineering is largely dependent on the feasibility of fabrication, since the 
property integrity is ensured by the accurate microgeometry and the way of assembly[23]. Besides, other critical 
properties such as stiffness, should be modified based on different applications. In another case, the trabecular bones 
possess both high strength and porosity, but these contradictory properties are very challenging to be engineered 
within the same biomaterial scaffold[24]. Such unique mechanical properties have been realized in metamaterials 
through the manipulation of their microscopic geometries. In addition to the advanced properties, mechanical 
metamaterials also show predictable mechanical behaviors based on their well-organized cellular units. Finite 
element analysis (FEA) is the most widely used tool in the simulation of stress distribution within metamaterials 
under external force[25–27]. In the metamaterial scaffolds populated by biological cells, cell-generated traction 
force can be analyzed based on the local strain analysis, which in turn, can further influence the cellular behaviors.  
 
Nowadays, advanced manufacturing (AM) techniques have been used to generate nanoscopic patterns on 
metamaterials with high complexity[28]. The superior mechanical properties of metamaterial scaffolds are enabled 
by reliable AM techniques allowing 3D patterning of microscopic geometries guided by computer-aided design 
(CAD). Extrusion-based printing, especially fused deposition modeling (FDM), can continuously deposit melted 
polymer filaments to a supporting plate until the completion of 3D architected scaffolds[29], but the spatial 
resolution of printed cellular units is limited. The major advantages of FDM are the general material compatibility 
and the possibility of depositing multiple materials[28]. More structural complexity can be achieved by the 
employment of selective laser melting (SLM), which is based on the local laser sintering of a thin solid powder 
layer to generate designed patterns at predefined locations[30]. It has been used to create delicate penta-mode 
metamaterials with gradient diameters in their double-cone struts[31]. Selective laser sintering is simple and 
versatile in the use of a broad range of powders to produce porous ceramics and polymers to enhance bone 
regeneration in the fabricated tissues and permeating the growth of blood vessels[32]. One of the main challenges 
of this technique is to obtain the ideal fabrication conditions, such as the laser power and scanning speed. For 
polymers, the range of the glass transition temperature and melting temperature can result in substantial variations 
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in the volume change of the scaffold[33]. Another prevalent technique, electron beam melting, utilizes an electron 
beam to selectively melt the powder bed[34]. The high velocity and a high beam power enable the design of high-
performance alloys used in implant design. Thus, it has been employed for the realization of arbitrary open-cellular 
architectures[35]. Similar to the SLM, the effect of electron beam on the microstructure, the residual stresses and 
the material consolidation require fine control to provide the optimal result [36]. Binder jetting method is a cost-
efficient technique that dispenses a liquid binding agent on a powder bed to create two-dimensional layers[37]. 
While it has been successfully employed for the design of lattice structures[38], the capillary pressure-wetting 
saturation between the agent and the powder may lead to non-uniformities in the porosity of the material.Multi-
photon absorption occurring at the focal point of ultrafast lasers enables the production of ultrafine patterns when 
polymer resin is cured[39]. As an example, using the combination of two-photon polymerization (TPP) and oxygen-
plasma etching, a lattice strut with a thickness at 19 nm has been fabricated, resulting in 60 times decrease of relative 
density compared to other materials with the similar topology and length scale[40]. However, the slow laser writing 
speed and limited field of view of high NA objective restrict the construction of mm scale structures[28]. All of 
these pros and cons need to be evaluated to select the most appropriate fabrication technique that can facilitate the 
required porosity, uniformity and material rigidity for the effective design of biological scaffolds possessing 
metamaterial structures. 
 
In this review, we first introduce the current popular choices of mechanical metamaterials regarding their superior 
properties and the mechanisms of which microgeometries lead to these advantages. Then we summarize their 
current in vitro or in vivo applications in tissue engineering (Table 1). At last, we outlook future advances of 
metamaterials and emphasize the need of further investigations in different aspects to improve the practice of 
metamaterials in mechanobiological studies.  
 
Cellular designs of metamaterials in biomedical applications 
The most thoroughly studied mechanical metamaterials are ultra-light and ultra-stiff metamaterials[8,41–43], which 
have high strength at extremely low relative density. For the lattice structures, this ultra-light and ultra-stiff property 
can be accomplished by controlling the nodal connectivity between the structural beam members[11,13,44,45]. The 
number of beam members that share the same node determines whether the metamaterial is a bending or stretching 
dominating structure. Bending dominating structures can encompass higher strain energy density, due to the large 
deformation and densification of bending beams under compression. For stretching dominating structures, the 
higher nodal rigidity enables higher stiffness and higher yield strength. The determining factor distinguishing these 
two structures is the average connectivity Z[46], which is related to the number of beam members and nodes. The 
choice of unit cell with defined average connectivity is one of the design criteria to create a mechanical metamaterial 
for the applications of either energy absorption devices or ultra-stiff materials.  
 
Apart from the implementation of different designs with defined average connectivity, such as the octet truss[13], 
cuboctahedron[47], Kelvin foam[48,49], diamond[47] , and Weaire-Phelan structure[47], it is critical to identify the 
anisotropy of metamaterial structures[5,11,50–52]. Anisotropy determines the variance in the elastic or plastic 
properties of the material at different loading directions[6,44]. This effect has a significant impact on the stress 
concentration on the structures, which may cause early failure and catastrophic collapse. To quantify the anisotropy 
of structures, the 3D polar stiffness map needs to be calculated and plotted numerically[11,50,51]. Since most 
metamaterial designs possess cubic symmetry, anisotropy index A is often used as a measure to quantify the 
anisotropy4,8. Controlling the anisotropy for metamaterial structures is crucial for the applications that require a 
smooth transition of stiffness gradient, such as bioimplants to avoid stress shielding[54] or wave mechanics to 
control the slope of the dispersion curves[55]. 
 
The auxetic architectures have been identified as a prevalent design candidate for biological applications. In nature, 
biological tissues are known to display auxetic characteristics, reported in skin[4], arteries, tendons, and cancellous 
bone[56]. Auxetic porous materials have been predicted to facilitate mass transport, which gives them a great 
potential for the delivery of nutrients and therapeutic agents, as well as the removal of metabolic wastes. The 
fundamental principle of auxetic structures is to overcome the volumetric Poisson effect through unique architected 
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designs[57,58]. While the feasible range of Poisson’s ratio is between -1 and 0.5, bulk materials without any specific 
microarchitectures usually do not have a negative value. Different classes of the auxetic metamaterials reveal a 
macroscopic negative Poisson effect under deformation, which would obstruct necking, barrel shape formation and 
catastrophic collapse of the material at a high deformation. The auxetic metamaterials can be designed as either re-
entrant structures made of lattices[59], chiral models, or bucklicrystals comprised of grooved shell-resembling 
members[60]. Re-entrant unit cells possess hexagonal elements that can deform through the interior of the structure, 
leading to an auxetic behavior in the linear elastic domain[59,61]. Chiral units are formed by straight ribs connecting 
tangentially to central nodes, and the ribs will rotate in opposite directions depending on compression or stretch[62]. 
In contrast, bucklicrystals enable the auxeticity by controlling the buckling modes, which can direct the deformation 
field to the interior[63,64].   
 
On the other hand, non-auxetic structures are mostly bending-dominated architectures, like diamond and rhombic 
dodecahedron, which leads to a critical deformation under mechanical compression. Diamond unit is made up by 
16 equal edges and 14 vertices, and each node is connected to four others with an interior angle of 109.5°[65]. This 
large connection angle is the main reason of strut bending, in comparison to the buckling mode of cube unit struts 
(interior angle: 90°) in parallel to the loading direction, which could improve the compliance of biomaterials under 
mechanical force[66,67]. Moreover, the combination of auxetic and non-auxetic structures with an optimized 
structural gradient could provide a moderate mechanical strength and smooth internal stress transition, which can 
be engineered as the next generation of tissue engineering scaffolds. 
 
Inspired by biological membranes and block copolymers, nanolabyrinth structures are designed to comprise triply 
periodic minimal surfaces (TPMS) that possess symmetries of a crystallographic group[68]. These surface designs, 
such as Schwarz P ("Primitive"), Schwarz D ("Diamond"), and Schwarz G ("Gyroid"), can locally minimize the 
surface area for a given boundary to achieve zero mean curvature at each point on the surface. In comparison to the 
lattice geometries, the smooth surfaces mitigate stress concentration and hinder catastrophic collapse in the 
structure[69]. More importantly, they can be employed to tailor the anisotropic behaviors, rendering the structures 
compliant in specific directions but extremely stiff at others. The anisotropic properties of nanolabyrinth structures 
make them feasible candidates for bioimplants and ultra-light structures. In addition, due to the shell elements within 
the structure, nanolabyrinth metamaterials demonstrate the capability to sustain large buckling deformation in a 
reversible manner. While this response is related to the shell buckling, the inherent complexity of this structure 
makes it difficult for further mechanical investigations from an analytical perspective.  
 
The new applications of soft robotics, artificial muscles, and micro-electromechanical systems (MEMS) require large 
but reversible deformations. Since the photoresist materials used in microfabrication have a limited degree of elastic 
deformation, it is necessary to design architected structures to furnish this effect. To achieve hyper-elasticity and 
reversibility, structural bistability has been reported to contain multiple stable and unstable equilibrium positions, 
enabling it to transition between different deformation states. This bistability mechanism can be achieved by curved 
beam members or hinge design to allow the structures to transition from one equilibrium position to another. 
Specifically in the hinge design, 3D tensegrity structures with rigid beam members can reconfigure in 3D space 
through the rotation of the hinges. These tensegrity metamaterials have shown great potentials in wave 
propagation[70], transfer and storage of mechanical work[71], and controllable motion[72]. Furthermore, compliant 
metamaterials facilitate large irreversible deformation by connecting the beam members with hinges that are either 
free to rotate or have small resistance. Therefore, the structure can reconfigure to different geometries kinematically 
without the instigation of instability. Characteristic examples are origami[73] and kirigami[74] structures that have 
demonstrated nonreciprocal behaviors, control wave propagation, and tailored densification mechanisms.  
 
Metamaterials for in vitro biological models 
Natural or synthetic material scaffolds have been used to create the appropriate environment for different cell and 
tissue types[75–77]. The mechanical properties of scaffolds could be modified by changing either bulk property or 
porosity. In the case of laser-fabricated polymer scaffolds, the mechanical stiffness could be easily tuned by varying 
the ratio of crosslinkers and monomers or the laser processing intensity[78,79]. For these 3D printed scaffolds, the 
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design of pore size and density can be precisely controlled in a layer-by-layer manner[80,81]. Bulk manufacturing 
techniques such as pore leaching[82], freeze drying[83] and electrospinning[84], are also widely used for making 
porous scaffolds at high efficiency. Nevertheless, it is still difficult to produce the scaffolds with high mechanical 
versatility due to the limited design space when the bulk property is predefined by the nature of polymers. The yield 
strength of commercially available synthetic polymers is within the range of 10 to 102 MPa with a density around 
103, while the nickel lattice could provide a strength from 10-1 to 103 MPa, and the density could be extended to 10-
104[85].The rational geometric designs of mechanical metamaterial scaffolds largely broaden the complexity of 
mechanical microenvironments, which is of great importance to mechanobiology studies that aim to correlate cell 
or tissue remodeling with mechanical designs in a quantitative way. In this section, we summarize in vitro biological 
models built upon the usage of metamaterials with tunable mechanical properties (Figure 1). 
 
Metamaterials with tunable Poisson’s ratio 
Auxetic structures are the most popular metamaterials for tissue engineering applications because of their ability to 
direct unique cellular behaviors due to their negative Poisson’s ratio. In an early study, embryonic fibroblasts were 
found to deform the laser-made auxetic webs to a large extent, while the web with positive Poisson’s ratio showed 
a very limited deformation[86]. In turn, auxetic webs resulted in abnormal cell division, manifested as the failure of 
daughter cell separation. To manipulate single cells at a sub-cellular level, an auxetic cantilever was fabricated by 
deep reactive ion etching to obtain cellular units with a high aspect ratio and nanoscopic resolution[87] (Figure 1A). 
By growing the mesenchymal stem cells (MSCs) on either re-entrant or chiral structures, the cells exhibited linear 
or moon-like morphology in contrast to rounded or star-shaped morphology on coverslips. These MSCs tried to 
clime upon the auxetic structures instead of falling through the holes, because the surface adhesion force was 
stronger than the gravitational force. In addition, cell attachment caused the deformation of the auxetic structures 
and induced a shift of their resonant frequency, which can be used as a sensor for cell growth. In another study, 
C2C12 myoblasts demonstrated efficient muscle differentiation on the elastic auxetic micro-scaffolds fabricated by 
TPP. Myotubes fused on these scaffolds showed active actuations under a bipolar pulsed field stimulation[88].  
 
Cells exert compressive traction force on the auxetic metamaterials, leading to local densification of their cellular 
units. This property not only reinforces the material scaffolds under mechanical load but also facilitates the 
formation of tight intercellular connections for 3D tissue assembly. Employing TPP, auxetic scaffolds with two 
different pore sizes were fabricated to support the 3D culture of fibroblasts[89]. Cells could only penetrate the 
scaffolds with larger pore sizes and modulate their orientation according to the directionality of the auxetic units. A 
mesenchymal microtissue model was established by seeding MSCs on both octet truss and auxetic metamaterials 
with a high density[90] (Figure 1B). On the octet truss structures, MSCs elongated and separated by the struts as 
individual cells, while auxetic structures promoted cell aggregation and tissue formation. In addition, FEA 
simulation showed that deformation patterns for the metamaterials under biological load were quite different from 
the deformation under common mechanical loading tests. A technique called melt electro writing (MEW), was used 
to deposit polymeric fibers with well-defined geometry and tunability of Poisson’s ratio to fabricate the scaffolds 
for efficient tissue engineering applications[91] (Figure 1C). The thick fiber backbone defined the shape of cellular 
units and the auxetic behaviors, while the thin fiber web intertwining within each unit cell promoted cell growth. 
Human umbilical vein endothelial cells (HUVECs) tended to wrap around the fibers, while bone marrow stem cells 
were prone to fill the pores, which illustrated the distinct responses of different cell types to the auxetic webs.  
 
Metamaterials with tunable porosity and stiffness  
Porosity is one of the most essential design parameters for architected scaffolds, since it has a significant impact on 
cell behaviors and mass transport. For example, MSCs on the scaffolds with diamond crystal units and gradient 
density showed a higher alkaline phosphatase activity (ALP), which is an early marker of osteoblast differentiation, 
though all the scaffolds resulted in similar morphology, viability, and proliferation rate for MSC culture[92]. The 
uniqueness of this diamond crystal design was that low porosity at the inner layer of the scaffolds allowed more 
cell attachment, while high porosity at the outer layer promoted better cell proliferation and prevented the 
occurrence of pore occlusion. To better correlate the scaffold porosity and cellular behaviors, simulation-aided 
designs of gyroid lattices were fabricated by SLM[93] (Figure 1D). It was found that an increase of permeability 
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due to high porosity was the main factor that promoted cell proliferation. During cell adhesion at the beginning, a 
lower cell number was observed on the scaffolds with larger pores. However, high permeability due to larger pore 
sizes enabled faster transport of nutrients and oxygen, which eventually promoted the rapid growth of cells within 
the scaffolds. It has also been shown that the upper limit of cell density can be optimized based on the balance 
between surface area and permeability of the scaffolds. 
 
Manipulation of scaffold stiffness is important for mechanobiological studies under diverse mechanical 
environments. Although the stiffness of conventional materials can be easily tuned by varying the composition or 
architectures, it would inevitably change other mechanical properties of the scaffolds, such as porosity. It is difficult 
to independently investigate the influence of mechanical stiffness on cellular behaviors. The stiffness of 
metamaterial scaffolds can be modulated through the alteration of their microscopic geometries without affecting 
other properties. For example, 3D nanolattice scaffolds consisting of tetrakaidekahedral units were printed at high 
accuracy using TPP[94] (Figure 1E). The struts radius and hollowness of individual units were varied to endow the 
scaffolds with different stiffness ranging from 0.7 MPa to 100 MPa but the same pore size. The osteoblast-like cells 
on the most compliant nanolattice produced more intracellular F-actin and minerals than the cells on the stiffer 
scaffolds. Based on these results, a model was established to describe the relationship between scaffold stiffness 
and actin concentration, which could further optimize the scaffold stiffness for maximal actin production and bone 
cell growth. Another work successfully decoupled the mass transport efficiency and the mechanical properties of 
penta-mode metamaterial scaffolds using various strut parameters[95]. The unique strut designs resulted in the 
transformation of material deformation patterns under the compressive load, thus the shear modulus was no longer 
negatively correlated with the volume fraction. Moreover, double-cone strut morphology increased the tortuosity 
of the scaffold surface and improved nutrient transport and waste removal. The simulation results of scaffold 
permeability showed a clear linear relationship with the experimental measurements, making it possible to predict 
the scaffold permeability based on the strut geometry.  
 
To create metamaterial scaffolds that fulfill the requirements for different tissue engineering applications, a 
parametric optimization method was introduced to design TPMS sheet scaffolds composed of three different cellular 
geometries, including primitive, gyroid, and diamond, with defined porosity, Young’s modulus, and pore sizes[96] 
(Figure 1F). Based on the report of tissue-specific mechanical properties, the authors have optimized the cellular 
dimensions of metamaterials scaffolds to match with a variety of soft and hard tissues. This optimization method 
can also be employed to design new scaffolds with nonuniform mechanical properties by assembling two base 
materials with different Young’s modulus. Stem cells cultured on the scaffolds might differentiate into multiple 
lineages directed by the mechanical heterogeneity. Moreover, the structural gradient present within native tissues, 
such as the zonal cartilage, could be simulated by combining primitive structures with various cellular dimensions 
or stacking primitive, gyroid, and diamond structures in a specialized order.  
 
Metamaterials for engineered tissue implants 
Metamaterials are promising scaffold candidates for tissue implants, because they can provide an in vivo-mimicking 
environment for endogenous cells and potentially minimize the immune responses. Their macroscopic mechanical 
flexibility enables them to adapt to various native environments, while their microscopic patterns offer topological 
guidance to cells, which may improve tissue function and regeneration. For the purpose of minimally invasive 
delivery, injectable hydrogels have been used for transplanting live cells to the injured site, but low cell viability 
due to extensive flow during injection dramatically reduces their therapeutic efficacy[97,98]. To solve this issue, 
compressible metamaterials have been explored for their macroscopic ductility enabling minimally invasive 
injection and sturdy microstructures that can protect the encapsulated cells from external mechanical stress. In this 
section, we discuss the use of metamaterials for tissue implants with different in vivo objectives (Figure 2). 
 
Meta-implants for soft tissues 
The deformability and fracture resistance of auxetic structures demonstrate significant advantages for engineering 
elastic patches for soft tissue regeneration. The extrusion-based bioprinting enabled the fabrication of a neural cell-
laden auxetic patch that could bear the tensile force up to 20% strain[99]. Encapsulated Schwann’s cells 
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experiencing cyclic stretch showed the enhancement of cell viability, proliferation rate, and nerve growth factor 
(NGF) production than the cells under static culture. The excellent elasticity and degradability of the auxetic patch 
might play a synergistic effect on its superior functionality in neural tissue regeneration. The human heart is one of 
the most mechanically active organs, thus it’s critical to create cardiac patches that can sustain the dynamic 
mechanical load. To resolve this challenge, a micropatterned auxetic patch was designed with re-entrant 
honeycombs[100] (Figure 2A). By changing the dimensions of cellular units, the mechanical property of the auxetic 
patch can be modified to match the mechanical strength and structural anisotropy of the myocardium. Ex vivo results 
showed that auxetic patches were able to conform to the heart movements. After transplanting in a rat model with 
myocardial infarction (MI), the patch had a great integration with the left heart ventricle and resulted in negligible 
fibrotic responses. By two weeks, a significant increase of left ventricle mass was observed from the MI rats with 
the patch implants, which were hypothesized to decrease the heart wall stress and attenuate the hypertrophy. Four 
isometric crystal lattices as subtypes of body-centered cubic and face-centered cubic have been used as the basic 
building blocks of breast implants by taking advantage of their ideal symmetry and isotropy. Printed by FDM, the 
scaffolds with a ~90% porosity could support a large volume of fat tissue infiltration after implantation[101] (Figure 
2B). They also demonstrated excellent shape recovery after several compression cycles. The compressive 
mechanical test showed that the scaffolds with diamond lattice structures were the softest among all the designs, 
giving the best match with native breast tissues. After implanting the scaffolds into a nude rat model, softer scaffolds 
displayed a better performance than the stiffer scaffolds, demonstrated by promoting adipocyte survival, enhancing 
vascularization, and prohibiting fibrosis. 
  
Meta-implants for hard tissues 
The mechanical mismatch between the orthopedic implants and the native bone tissues often leads to stress-
shielding, implant loosening, chronic immune responses, and final implant failure. The incorporation of meta-
structures into medical implants enables superior mechanical properties that can potentially slow down the 
deterioration of orthopedic implants to improve their longevity. Early work has demonstrated the effect of different 
cell topologies on in vivo tissue regeneration in a canine model. The octet truss structure induced a faster rate of 
bone tissue ingrowth than the tetrahedron structure, although they both showed high mechanical strength for load-
bearing applications[102]. Later on, the Zadpoor group highlighted the advantages of metamaterials by 
incorporating a mixture of cellular structures with negative and positive Poisson’s ratios into a hip implant[103] 
(Figure 2C). Unlike common implants that retract from one side of the interface, this hybrid meta-implant produced 
bilateral compressive force into surrounding bone tissues. This uniform compression increased the bone-implant 
contact, which would enhance the implant fixation and inhibit the entrance of wear particles. Moreover, the external 
compression and porous structures of the meta-implants stimulated bone ingrowth and regeneration.  
 
Deformability is also introduced into stiff hard tissue implants to improve the surface compliance under a high 
mechanical force. A critical-sized acetabular bone defect frequently occurs during the total hip replacement surgery 
due to severe bone deficiencies. Common filling biomaterials do not have the perfect mechanical strength and shape 
to match such defects, which makes these filling materials difficult to stabilize and provide long-term support. 
Metamaterial scaffolds with a high positive Poisson’s ratio can undergo a profound lateral expansion under 
compression, which makes them promising materials for this application. As a result, 3D-printed acetabular cup 
meta-implants based on several designs of non-auxetic structures with different densities were fabricated to have a 
large deformation without any mechanical failure[67] (Figure 2D). By evaluating the deformation patterns of these 
space-filling meta-implants using load-displacement curves and microCT images, it has been found that the 
diamond metamaterials with a gradient density created the most desired deformation at the implant-mold interface 
compared to other designs.  
 
In addition to modifications of mechanical properties, biofunctionalization of the lattice surface could further 
amplify the efficiency of tissue integration and regeneration. However, the complex topology of metamaterial 
makes it hard to have a uniform coating of bioactive molecules by physical deposition. TPMS have been largely 
used for bone tissue regeneration due to their feature of zero mean surface curvature resembling the trabecular bones. 
To obtain a tight molecular conjugation on the TPMS, a radical-rich polymeric coating was formed on the surface 
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of Ti meta-implants using plasma polymerization and plasma immersion ion implantation[104]. This activated 
implant exhibited improved stability in corrosive solutions and promoted the immobilization of bone morphogenetic 
protein 2 (BMP2) for bone tissue growth. Zadpoor group demonstrated a layer-by-layer functionalization process 
to coat the metamaterial surface with antibiotic vancomycin and BMP2 in a consecutive manner[105]. 
Functionalized metamaterials showed a sustainable release of these two molecules for several weeks, and the release 
profile could be adjusted by switching the coating order of different chemicals. In vitro characterization showed 
that this meta-biomaterial had a strong antimicrobial performance and promoted the osteogenic differentiation of 
MSCs. In vivo assessment based on a rat model revealed that the transplantation would not induce a foreign body 
reaction, and the biofunctionalization facilitated the ingrowth of connective tissues to the metamaterial scaffolds.  
 
Meta-implants for minimally invasive delivery 
In 2006, the first origami pattern was adopted to fabricate self-deployable stent grafts using shape memory alloys 
to achieve minimally invasive delivery. The hill-valley patterns on the alloy foil allowed it to be folded to a small 
volume and inserted into an acrylic tube with a 13 mm radius, and then expanded to fill a 25 mm tube triggered by 
the temperature[106]. This early study gave rise to the subsequent development of injectable metamaterials as 
medical devices or drug carriers. Guided by the extensive mechanical simulation, a novel injectable meta-
biomaterial was made by clustering irregular microparticles based on the cryogelation of carboxymethylcellulose 
to create a porous structure[107] (Figure 2E). Compared to traditional microgels in which the porosity is limited to 
the interspace between particles, this meta-biomaterial showed an unprecedented elastic-softening transition given 
by multi-scale porosity and particle friction. This property made it possible for material injectability, in situ shaping 
capability, and matching the shear modulus to the surrounding tissues. Bone marrow stromal cells were seeded to 
the scaffolds after biofunctionalization for cell delivery applications. In vivo characterization in a mouse model 
showed that this meta-biomaterial scaffold had the ability to support cell growth and recruit endogenous tissues.  
 
Deployable meta-implants with multi-stability can achieve minimal invasiveness during implantation[108]. Based 
on the rational arrangement of two basic bistable elements and four types of element connections, five deployable 
meta-implants were fabricated and tested for their stability at both deployment and retraction states with different 
mechanical loads. Among these meta-implants, auxetic units were the most appealing structures for minimizing 
tissue damage, because they had the smallest dimensions at their retraction configurations. Inspired by the Russian 
dolls, a multi-layer deployable meta-implant was fabricated based on the combination of kirigami and origami[109] 
(Figure 2F). Bistability was introduced into the kirigami cuts on the flat sheets as 2D surface micropatterning. 
Based on the origami design, the meta-implants could be assembled with a uniform 3D surface functionality. 
Through the control of the number of layers, it was possible to adjust the mechanical properties and geometries of 
the implants.  
 
Hierarchical metamaterials with a high surface area and flexible shape transformations can be used as efficient drug 
delivery vehicles. The rational design of the internal structural organization allows precise control of the drug 
release profile. A temperature-responsive deployable metamaterial composite was generated to deliver drugs to the 
gastrointestinal (GI) tract[110]. This composite was composed of three components: polycaprolactone (PCL) arms 
to bind the drugs, elastic hinges to provide the shape flexibility, and thermo-responsive linkers (TRLs) to 
disassemble the structure. Two drugs, carbamazepine, and moxifloxacin, were loaded to the folded metamaterial 
composite and administrated to a porcine model. Radiographic examination confirmed that the macrostructure 
deployed successfully in the stomach, remained intact under gastric contraction, and provided a sustained drug 
release for 2 weeks. This macrostructure could be disassembled by weakening the TRLs with 55˚C water, and 
subsequently removed through the intestine without any obstruction. In another study, a kirigami-inspired drug 
delivery stent was made by inserting a soft actuator into a cylindrical shell, which consisted of an array of triangular 
cuts mimicking the patterns of snake skin[111]. This device could be made into a range of sizes to fit into different 
tubular organs, such as the GI tract, vasculature, and airways. The pressurized fluid would trigger the expansion of 
the actuator and erupt the triangular cuts, which could penetrate the esophageal tissue to release the drug 
microparticles. Only after a few minutes, this device could be transformed back to its original flat shape and 
removed by reducing the fluid pressure, while the drug microparticles were left inside the esophageal tissue for an 
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extended release. 
 
Conclusion and Future Perspectives 
The application of metamaterials in tissue engineering is a representative demonstration of interdisciplinary research 
harnessing physical science, computational simulation, and mechanobiology. In comparison to traditional scaffolds 
on mechanical controls of cells and tissues, mechanical metamaterials possess significant advantages of refined 
cellular geometries and unprecedented mechanical properties. Many of their unique mechanical properties, such as 
extreme mechanical strength, negative Poisson’s ratio, zero curvature, anisotropy, and deformability, have been 
utilized for in vitro and in vivo biomedical applications. Although the utility of metamaterials in biological studies 
has been well demonstrated, the variety of cellular designs used in cell and tissue engineering are relatively limited 
compared to the abundance of accessible geometries. Many other extraordinary mechanical properties found in 
metamaterials, such as negative compressibility, have not been widely applied in the biomedical fields yet. 
Dilatational metamaterials with 3D isotropic auxeticity have been printed at centimeter scales with extrusion 
printing and at micrometer scales using TPP, which can be used for creating a uniform tissue construct with 
multidirectional elasticity[112]. Due to the limitation of fabrication techniques, metamaterials with simpler 
microstructures were more often used for different applications. Further comparisons between the metamaterials 
with similar mechanical performances but different unit cell microstructures are needed. For example, both re-
entrant and rotating rigid structures can provide the auxetic property, while the former is more frequently employed 
in the fabrication of tissue engineering scaffolds.  
 
To ensure high fabrication resolution, metals and synthetic polymers are generally used for metamaterial fabrication, 
instead of natural biomaterials, which are too soft to maintain the structural integrity during 3D assembly. Loss of 
structural integrity makes it much more difficult for comparing different microgeometries and the matching their 
mechanical properties with theoretical predictions. Nevertheless, bioactivity and softness of natural biomaterials 
are essential for soft tissue engineering, thus future effort should be made towards the enhancement of their 
printability in the lattice fabrication. In addition to the advancement of fabrication techniques for natural soft 
materials, the combination of natural and synthetic materials could provide a great balance of mechanical strength 
and bioactivity. This could be achieved by mixing the polymer precursors to get uniform scaffolds, or generating 
natural-synthetic composites with spatial nonuniformity[113,114]. For example, the mechanical strength of gelatin 
and alginate hydrogels was improved by the dispersion of carbon nanofibers, which increased the shear-thinning 
and printability of the hybrid hydrogels when constructing a 3D lattice[115]. 
 
FEA modeling has been used extensively to guide new designs of metamaterial scaffolds and further enhance their 
mechanical functionalities. It has been well established to simulate the stress distribution within the metamaterials 
under external force, but the accuracy of FEA models reduces significantly when active cell-material interactions 
are taken into considerations for tissue engineering applications. The biological forces generated during tissue 
integration and remodeling are much more complex than the simulated force in FEA models. To optimize the FEA 
models, a composite system of tissue-metamaterial integration was simulated by incorporating a soft matrix that 
represented the bone tissue in the metamaterial scaffolds[116]. Hence, a new performance metric was established 
to evaluate the growth of bone tissue based on the strain field distribution within the soft matrix. The results showed 
that the spinodal shell topologies had better fatigue resistance and promoted more bone growth than the truss designs.  
 
Using metamaterials as a platform for mechanobiology study is still at the early stage of development. The analysis 
of cell behaviors and responses on the metamaterials only emphasizes the morphological characterization of cell 
shape, attachment, and proliferation. The biological investigations still focus on how macroscopic mechanical 
properties of the metamaterial scaffolds influence cell and tissue phenotypes but lack in-depth studies on how 
microscopic unit structures affect cell remodeling. More molecular characterizations on cell metabolism, 
cytoskeleton organization, gene expression, and cell signaling will significantly advance our understanding of cell-
material interactions based on the vast and precise metamaterial designs. For the applications of meta-implants, the 
design criteria need to be further refined for specific tissue types or disease conditions to improve their 
functionalities. To optimize the implants for minimally invasive delivery, the material degradation profile, external 
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triggers for shape transformation, and surface biofunctionalization should be taken into considerations, in addition 
to the geometric design. Enhancement of tissue integration is especially important to the implants for long-term use, 
which requires more mechanistic understanding of cell-material interactions based on in vitro metamaterial model 
systems.  
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Figures and Captions 
 
Table 1 Mechanical metamaterials and their applications in biomedical engineering 

Category 
Advantage 

in tissue 
engineering 

Cellular 
Geometry Material Fabrication 

Cellular 
response/Ap

plication 
Reference 

Auxetic 

Negative and 
tunable 

Poisson’s 
ratio, elastic, 

energy 
absorption, 

fracture 
resistance 

Re-entrant PEGDA TPP 

10T1/2 
fibroblasts, 
movement, 

division 

[86] 

Re-entrant, 
chiral 

Negative 
photoresist DIE 

MSCs, 
attachment, 
migration 

[87] 

Re-entrant Negative 
photoresist TPP 

C2C12 
muscle 

precursor 
cells, 

myotube 
formation 

[88] 

Re-entrant 
Organic-
inorganic 

hybrid resin 
TPP 

3T3 
fibroblasts, 

proliferation, 
penetration 

[89] 

Re-entrant 
Organic-
inorganic 

hybrid resin 
TPP 

MSCs, 3D 
tissue 

assembly 
[90] 

Re-entrant PCL MEW, FDM 

HUVECs and 
BM-MSCs, 
attachment 
and growth 

[91] 

Perforated 
sheet GelMa Moulding 

Human 
Schwann cell, 
proliferation, 
differentiatio

n 

[99] 

Re-entrant Chitosan Laser 
microablation 

Integrated 
cardiac patch [100] 

Re-entrant Ti6Al4V SLM Hybrid hip 
implant [103] 

Non-auxetic 
Positive 

Poisson’s 
ratio 

Diamond, 
rhombic 

dodecahedron
, cube 

truncated 
cube, 

truncated 
cuboctahedro

n, body-
centered cube 

Ti 3D printing Space-filling 
implant [67] 

Ultra-stiff 

Ultrahigh 
mechanical 

strength with 
large pore 

size, 
especially 

Tetrahedron Ti6AL4V SLM 

BM-MSCs, 
osteointegrati

on and 
osteogenesis 

[92] 

Tetrakaidecah
edron 

Negative 
photoresist TPP SAOS-2 

cells, [94] 
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  useful for 
hard tissue 
engineering 

adhesion and 
mineralizatio

n 
Double-cone 

elements Ti6AL4V SLM Bone implant [95] 

Tetrahedron, 
octet truss Ti6AL4V SLM Bone implant [102] 

Isotropic 

Symmetric 
structure, 
stackable 

units, tunable 
macroscopic 
mechanical 

property 

Body-
centered 

cubic, face-
centered 

cubic 

PU 3D printing 

Elastic and 
compliant 

breast tissue 
implant 

[101] 

TPMS 
Bone-like 
zero mean 
curvature 

Diamond Ti6Al4V SLM 

BM-MSCs, 
osteointegrati

on and 
osteogenesis 

[92] 

Gyroid Stainless steel SLM 

Human 
Caucasian 

osteosarcoma 
cells, 

proliferation 

[93] 

Primitive, 
gyroid, 

diamond 
- - 

Natural tissue 
mimicking 

scaffold 
[96] 

Diamond, 
gyroid Ti SLM Bioactive 

bone implant [104] 

Gyroid Ti SLM 
Bone implant 
for dual drug 

release 
[105] 

Deployable Shape 
flexibility 

Origami Shape 
memory alloy 

Negative 
etching 

Expandable 
vascular 

stents 
[106] 

Fragmented 
porous 

particles 

Carboxymeth
ylcellulose 

Cryogelation, 
fragmentation 

Elastic, 
porous and 
injectable 
implants 

[107] 

Bistable 
elements PLA FDM Deployable 

implant [108] 

Bistable 
elements, 
kirigami, 
origami 

PLA, Al, Ti Laser cutting Deployable 
implant [109] 

Arm, joint 
and linker 
assembly 

Elastollan, 
PCL, PU Moulding 

Deployable 
drug delivery 

device 
[110] 

Kirigami PE Laser cutting 
Penetrative 

drug delivery 
device 

[111] 
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Figure 1. Metamaterial scaffolds with tunable mechanical properties for in vitro tissue engineering 
applications.  (A) Auxetic cantilevers with a nanoscopic resolution were fabricated by deep reactive ion etching, 
and they showed a shift of resonant frequency when MSCs attached. Reprinted with permission from Ref. [87], 
Copyright (2015), IOP Publishing, Ltd. (B) Octet truss and auxetic lattices showed different deformation 
patterns under the mechanical load of mesenchymal microtissues. Reprinted with permission from Ref. [90], 
Copyright (2021), Mary Ann Liebert, Inc. (C) MEW enabled the fabrication of auxetic webs with tunable 
Poisson’s ratio by intertwining thick and thin fibers. Bone marrow stem cells filled the large pores between thin 
fibers while vascular endothelial cells wrapped around the fibers. Reprinted with permission from Ref. [91], 
Copyright (2021), Elsevier. (D) Gyroid lattices with higher porosity and permeability inhibited the initial 
adhesion of human cancer cells but promoted cell proliferation in 7 days. Reprinted with permission from Ref. 
[93], Copyright (2020), Elsevier. (E) By varying the strut radius and hollowness of tetrakaidekahedral units, a 
huge range of stiffness magnitudes could be achieved with constant pore size. Based on the relationship between 
f-actin expression and scaffold stiffness, a phenomenological model was developed to guide the future design 
of bone scaffolds. Reprinted with permission from Ref. [94], Copyright (2017), Elsevier. (F) A parametric 
optimization method considering multiple mechanical parameters was established to direct the fabrication of 
TPMS metamaterial scaffolds with a better similarity to native tissues Reprinted with permission from Ref. [96], 
Copyright (2018), American Chemical Society. 
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Figure 2. Metamaterial implants with superior mechanical properties for in vivo tissue support and 
minimally invasive delivery. (A) An auxetic cardiac patch with improved mechanical strength and anisotropy 
was created to improve its adaptivity to the heart movement during its beating, which might help to relieve the 
wall stress in the hypertrophic rat heart. Reprinted with permission from Ref. [100], Copyright (2018), John 
Wiley and Sons. (B) Four crystal lattices with different stiffness were used as the building blocks for breast 
tissue implants. The most compliant diamond structure provided the best mechanical match with the breast 
tissue and promoted the survival of adipose tissue after implantation in rats. Reprinted with permission from 
Ref. [101], Copyright (2019), IOP Publishing, Ltd. (C) A hybrid hip implant was manufactured leveraging the 
combination of cellular units with negative and positive Poisson’s ratios. Its bilateral compression to 
surrounding tissues could improve the contact at their interface and the implant longevity. Reprinted with 
permission from Ref. [103], Copyright (2017), Royal Society of Chemistry. (D)Non-auxetic structures provided 
metamaterials with superior ductility that they had the potential to fulfill the critical-sized acetabular defect. 
Diamond structures with a gradient distribution manifested the most desired deformation at the implant-mold 
interface. Reprinted with permission from Ref. [67], Copyright (2021), Elsevier. (E) Elastic-softening transition 
was present in microgels composed of fragmented irregular particles, which enabled injectability, in situ shaping 
capability, and mechanical match with adjacent tissues in mice. This design could be generalized to serve as the 
cell delivery vehicle. Reprinted with permission from Ref. [107], Copyright (2021), John Wiley and Sons. (F) 
Bistability was utilized to fabricate origami-inspired deployable implants that provided a dramatic shape 
transformation triggered by the mechanical load. It could be assembled into multilayers to allow the adjustment 
of mechanical properties. Reprinted with permission from Ref. [109], Copyright (2020), Elsevier. 
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