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a b s t r a c t 

The Poisson’s ratio and elastic modulus are two parameters determining the elastic behavior of bioma- 

terials. While the effects of elastic modulus on the cell response is widely studied, very little is known 

regarding the effects of the Poisson’s ratio. The micro-architecture of meta-biomaterials determines not 

only the Poisson’s ratio but also several other parameters that also influence cell response, such as poros- 

ity, pore size, and effective elastic modulus. It is, therefore, very challenging to isolate the effects of 

the Poisson’s ratio from those of other micro-architectural parameters. Here, we computationally design 

meta-biomaterials with controlled Poisson’s ratios, ranging between -0.74 and + 0.74, while maintaining 

consistent porosity, pore size, and effective elastic modulus. The 3D meta-biomaterials were additively 

manufactured at the micro-scale using two-photon polymerization (2PP), and were mechanically eval- 

uated at the meso–scale. The response of murine preosteoblasts to these meta-biomaterials was then 

studied using in vitro cell culture models. Meta-biomaterials with positive Poisson’s ratios resulted in 

higher metabolic activity than those with negative values. The cells could attach and infiltrate all meta- 

biomaterials from the bottom to the top, fully covering the scaffolds after 17 days of culture. Interestingly, 

the meta-biomaterials exhibited different cell-induced deformations ( e.g., shrinkage or local bending) as 

observed via scanning electron microscopy. The outcomes of osteogenic differentiation ( i.e., Runx2 im- 

munofluorescent staining) and matrix mineralization ( i.e., Alizarin red staining) assays indicated the sig- 

nificant potential impact of these meta-biomaterials in the field of bone tissue engineering, paving the 

way for the development of advanced bone meta-implants. 

Statement of significance 

We studied the influence of Poisson’s ratio on bone cell response in meta-biomaterials. While elas- 

tic modulus effects are well-studied, the impact of Poisson’s ratio, especially negative values found in 

architected biomaterials, remains largely unexplored. The complexity arises from intertwined micro- 

architectural parameters, such as porosity and elastic modulus, making it challenging to isolate the Pois- 

son’s ratio. To overcome this limitation, this study employed rational computational design to create 

meta-biomaterials with controlled Poisson’s ratios, alongside consistent effective elastic modulus, poros- 

ity, and pore size. The study reveals that two-photon polymerized 3D meta-biomaterials with positive 

Poisson’s ratios displayed higher metabolic activity, while all the developed meta-biomaterials supported 
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. Introduction 

Both the effective elastic modulus of the scaffolds ( ∼stiffness) 

nd the biomaterial’s Young modulus may modulate cell fate 

nd subsequent tissue development through mechanotransduction 

athways involving cytoskeletal reorganization, and changes in 

ene expression and protein synthesis [1–4] . It is, therefore, nec- 

ssary to consider the elastic modulus of the target tissue in the 

esign of biomaterials and scaffolds, which can vary greatly from 

oft tissues ( e.g., brain with an elastic modulus of approximately 1–

 kPa [5–7] ) to hard tissues ( e.g., cancellous bone with an elastic

odulus in the range of 0.04–1 GPa [ 6 , 8 ]). 

Several strategies can be employed to modulate the effective 

lastic modulus of scaffolds depending on the targeted tissue, bio- 

hemical properties, and manufacturing techniques. These strate- 

ies encompass a variety of factors, including the base material, 

oating, external stimuli, and geometrical cues [9–11] . For instance, 

n porous scaffolds or implants, the micro-architectural design de- 

ermines the effective elastic modulus with porosity and pore size 

erving as critical morphological parameters that need to be tai- 

ored to mimic native tissues [ 12 , 13 ]. 

In addition to the effective elastic modulus, the Poisson’s ra- 

io ( i.e., the negative ratio of the transverse to the longitudinal 

train) is a crucial factor in biomaterial design and is known to 

lay a significant role in regulating cell behavior [ 9 , 14-17 ]. The

oisson’s ratio of architected biomaterials with repetitive unit cells 

s a function of the kinematic design of their underlying mecha- 

isms. This ratio can be varied from negative to positive values by 

ationally adjusting the geometrical designs of the repetitive unit 

ells [ 18 , 19 ]. Mechanical metamaterials offer a promising approach 

o control the Poisson’s ratio while keeping the effective elastic 

odulus unaffected. These materials are a class of advanced en- 

ineered materials featuring unconventional properties owing to 

heir micro-architectural design [20–27] . 

One example of the unusual properties of mechanical meta- 

aterials is the auxetic property or negative Poisson’s ratio. Aux- 

tic metamaterials expand transversely when stretched longitudi- 

ally and contract transversely when compressed longitudinally, 

hich is the opposite of the behavior shown by conventional ma- 

erials [ 20 , 28–31 ]. This unique property can make auxetic mate- 

ials ideal for use in hybrid hip implants, as they can expand 

n the side of the implant experiencing tension under bending 

32] . This can solve the current challenges in traditional hip im- 

lants which exhibit shrinkage on the tension side and expansion 

n the compression side under such loading conditions. Expansion 

n the compression side is beneficial as it promotes adherence 

o the surrounding bone and prevents aseptic loosening. However, 

he shrinkage on the tension side may eventually lead to the cre- 

tion of a gap between the bone and the implant, increasing the 

isk of implant loosening. Auxetic meta-biomaterials could address 

his problem by offering a negative Poisson’s ratio on the tension 

ide of such implants, which has been already demonstrated as a 

onceptual design and early prototype [32] . Such a design, there- 

ore, can prevent implant loosening and improve the connection 

etween the implant and the surrounding bone [ 32 , 33 ]. Therefore, 

uxetic meta-biomaterials have the potential to offer unique solu- 
229
osteoblasts as well as matrix mineralization. The outcomes pave the way

d 3D bone tissue models and meta-implants. 
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ions to the challenges faced in the design of implantable medical 

evices [34] . 

To better understand the effects of mechanical cues on cell- 

caffold interactions, both effective elastic modulus and Poisson’s 

atio must be considered. However, the maximum values of both 

he Poisson’s ratio and effective elastic modulus are coupled with 

ach other (Hashin–Shtrikman bounds [35–37] ). The effective elas- 

ic modulus is coupled with micro-architectural parameters, which 

akes it challenging to change either the morphology or the elas- 

ic behavior without affecting the other. However, rational design 

echniques could be used to decouple the Poisson’s ratio of meta- 

iomaterials from their effective elastic modulus and morphologi- 

al properties. 

Recent studies have highlighted the significance of the Poisson’s 

atio in regulating cell behavior [ 9 , 13 , 17 , 38-40 ]. For example, neg-

tive values of the Poisson’s ratio have been shown to differently 

ffect cell prolif eration [17] , differentiation [9] , alignment, and di- 

ectionality, as compared to positive values of the Poisson’s ratio 

16] . However, most research has focused on the effect of the Pois- 

on’s ratio in 2D (and 2.5D) meta-biomaterials, with only a few 

tudies investigating the impact of the Poisson’s ratio in 3D bio- 

aterials [ 9 , 16 , 40 ]. In those studies, however, the interdependence

etween micro-architectural parameters, Poisson’s ratio, and effec- 

ive elastic modulus, has not been sufficiently addressed. Here, we 

im at elucidating the independent effects of the Poisson’s ratio on 

he response of preosteoblast cells within 3D micro-environments. 

Advanced micro-additive manufacturing (micro-AM) techniques, 

uch as two-photon polymerization (2PP), have emerged as a valu- 

ble tool for exploring the influence of the Poisson’s ratio on 

ell response in 3D micro-/meso–scale structures [41–44] . The 2PP 

echnique creates high-resolution, complex meso–scale structures 

ith micro-metric or sub-micrometric features [45–50] , enabling 

he creation of 3D scaffolds with varying Poisson’s ratios and al- 

owing the study of the impact of these properties on the cell be- 

avior in 3D. Moreover, the availability of chemically biocompat- 

ble photoresists make the 2PP technique a potential tool in cell 

iology studies [42] . 

In this study, we first used computational mechanics and the fi- 

ite element method (FEM) to rationally design meta-biomaterials 

ith different values of the Poisson’s ratio (range of - 0.74 

o + 0.74) while maintaining similar values of the effective elas- 

ic modulus, porosity, pore size, and strut diameter. Then, we 

mployed the 2PP technique to fabricate these complex meta- 

iomaterials at the meso–scale ( i.e., 1356.0 × 1356.0 × 1800.0 μm3 

ith a strut diameter of 36.0 μm) using a methacrylate photosen- 

itive polymer (called IP-QTM ). Subsequently, we measured the me- 

hanical properties of IP-Q at the micro-scale ( i.e., a cylinder with 

qual diameter and height of 30.0 μm) for our FEM models us- 

ng micro-compression, and similarly, characterized the mechanical 

roperties of the meta-biomaterials at the meso–scale to validate 

ur rational design approach. Finally, we evaluated the response 

f mouse preosteoblasts seeded onto the meta-biomaterials by as- 

essing their viability, metabolic activity, spatiotemporal organiza- 

ion, as well as osteogenic differentiation and matrix mineraliza- 

ion. 

Our study provides new insights into the importance of the 

oisson’s ratio, as a mechanical cue in the design of meta- 

iomaterials. This offers new opportunities for developing innova- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ive 3D-engineered micro-environments that can be customized for 

pecific tissue engineering and regenerative medicine applications. 

. Material and methods 

.1. Rational design of the meta-biomaterials 

To determine the optimal parameters for the 3D design of 

eta-biomaterials, we started off with 2D structures to initially 

uess the mechanical properties. This approach was advantageous 

s computational modeling of 2D structures is more straightfor- 

ard than that of 3D structures. Moreover, there is an explicit ana- 

ytical relationship describing the relationship between the design 

arameters of hexagonal unit cells and the Poisson’s ratio ( v ) of 

he resulting 2D meta-biomaterial [51] : 

 = −εT /εL ; vyz =
(

h 
l 

+ sin θ
)

sin θ

cos 2 θ
, (1) 

here εT and εL denote the transverse and longitudinal strains, re- 

pectively. The geometrical parameters h , l and θ are illustrated in 

ig. 1 a.iii. The porosity of such meta-biomaterials is defined as: 

oro sity =
(
1 − Vscaf fold /Vsolid 

)
× 100 , (2) 

here Vsca f f old and Vsolid respectively refer to the volumes of the 

eta-biomaterial calculated from a CAD software and the volume 

f a solid cube encompassing the entire meta-biomaterial structure 

 Lt × Wt × Wt in Fig. 1 a.i). 

Furthermore, we defined pore size ( PS ) as the diameter of 

he largest sphere that can fit within a unit cell of the meta- 

iomaterials ( i.e. , the yellow sphere in Fig. 1 a.ii). 

To rationally design the meta-biomaterials studied here, we 

mployed a combination of a customized Matlab (R2022b) code 

Mathworks, US), SolidWorks (2022, Dassault Systèmes, France), 

nd computational models created using a commercial nonlinear 

EM code (Abaqus, 2022, Dassault Systèmes, France) for model- 

ng the meta-biomaterials and expediting the process. We applied 

q. (1) to obtain a rough approximation of vyz and study the ef- 

ects of geometrical parameters ( e.g., h and l, and θ ) on it, which

s valid for 2D structures. First, we designed a 2D auxetic meta- 

iomaterial with a large absolute value of the (negative) Poisson’s 

atio ( = −1) to serve as a reference in our mechanical design. Sub- 

equently, we adjusted the geometrical parameters to match the 

echanical and morphological properties of the auxetic structure 

or other designs. Multiple iterations were performed to calculate 

he longitudinal effective elastic modulus, porosity, pore size, and 

trut diameter in 2D structures. 

Using the initial approximation of these parameters ( e.g., unit 

ells size, pore size and porosity) in 2D and the cell size constraint, 

e determined the final 3D designs along with their corresponding 

nit cells ( Fig. 1 b) via 3D FEM. We assumed the meta-biomaterials 

re comprised of 6 × 6 × 3 unit cells with an overall dimension 

f 1356.0 × 1356.0 × 1800.0 μm3 (in x, z, and y , Fig. 1 a.i) with a

articular definition of the pore size ( Fig. 1 a.ii) and parametrized 

nit cells ( Fig. 1 a.iii). We first applied two constraints to limit the

ermitted porosity and pore size. We limited the porosity to the 

alues found for the trabecular bone ( i.e., 50–95 %) [52] while the 

ore sizes were limited to values exceeding 100.0 μm to allow for 

asy penetration of preosteoblast cells into the meta-biomaterials 

nd to facilitate mass transport. The latter constraint was based on 

ur measurement of the size of the preosteoblast cells (MC3T3- 

1) via visualizing their cytoskeleton morphologies, which indi- 

ated that the cells were in the approximate range of 50–100 μm 

 Fig. 1 a.iv). The unit cell parameters ( e.g., h or l), were, therefore,

djusted to have a similar effective elastic modulus but different 

oisson’s ratio values. This resulted in a pore size of 180.1 ± 5.3 μm 

nd a strut diameter of 36.0 μm. 
230
It is noted that both effective elastic moduli and Poisson’s ratios 

eported in Fig. 1 d and Table 1 were calculated at small strains ( =
%) to minimize the effects of plasticity and damage on the cal- 

ulation. It is worth noting that to calculate the mechanical and 

orphological properties of the meta-biomaterials, we used 3D 

olid elements (instead of beam elements). We merged the struts 

f meta-biomaterials to create a uniform, single-solid structure. 

herefore, no concerns of struts overlapping and multiple mass 

ounting [53] exist. 

.2. FEM analysis 

The .step (the standard for the exchange of product data) 

les of the designs were imported from SolidWorks into Abaqus. 

o model the constitutive behavior of the base material (IP- 

), which exhibited a highly nonlinear behavior ( Fig. 2 b.i), we 

sed hyperelastic models, allowing IP-Q to be compressible but 

ssuming it to be isotropic. Different hyperelastic models, in- 

luding Neo-Hookean ( � = C10 (Ī1 − 3 ) + 1 
D (J − 1 )2 ), Mooney-Rivlin 

 � = C10 (Ī1 − 3 ) + C01 (Ī2 − 3 ) + 1 
D (J − 1 )2 ), and third-ordered re- 

uced polynomial ( � =
3 ∑ 

i =1 

Ci 0 (Ī1 − 3 )i + 1 
Di 

(J − 1 )2i ) were exam- 

ned. ψ , Īi , Cij , D , and j represent strain energy density function, 

he invariants of the modified Cauchy-Green tensors, distortional 

esponse-related coefficients, volumetric response-related coeffi- 

ients, and total volume ratio, respectively. We calibrated the mod- 

ls based on the uniaxial engineering stress/strain of the polymer- 

zed IP-Q under compression loading ( Fig. 2 b.i), considering strains 

 6 %, and calculated the material constants. For this purpose, the 

ngineering stress ( P , first Piola–Kirchhoff stress tensor) was de- 

ived from the strain energy density function as P = ∂ �/∂ F , where

 is the deformation gradient tensor. In uniaxial compression test, 

onsidering λx , λy and λz , as stretches in x, y and z directions, 

3 ×3 = [λx , 0 , 0 ; 0 , λy , 0 ; 0 , 0 , λz ] with λx = λy . We found the 

est curve that fitted on the above-mentioned constitutive mod- 

ls and our experimental data in Matlab (R2022b) (Mathworks, US) 

o calibrate the material constants. The third-order reduced poly- 

omial model provided the best fit between the modeling and ex- 

erimental results, ensuring enhanced computational stability with 

 coefficient of determination ( R2 ) of 0.9910. The material coeffi- 

ients for the model were determined as C10 = 52 . 80 MPa , C20 = 

1521 . 43 MPa , C30 = −6034 4 4 . 78 MPa , D1 = 0 . 0 0 03 MP a−1 , and

D2 = D3 = 0 . The very small values of the volumetric response- 

elated coefficients ( Di ) indicated that IP-Q is nearly incompress- 

ble. 

To apply the boundary conditions to the meta-biomaterials, all 

he degrees of freedom of the reference points (RPs) were kine- 

atically coupled to the corresponding node sets in the model 

 Fig. 1 a.i). RP1, RP2, RP3, and RP4 were respectively located on 

he top surface of the structures in the xz plane, the left side of 

he structures in the yz plane, the bottom surface of the struc- 

ures in the xz plane, and the right side of the structures in the 

z plane. In addition, the sets of RP1-RP3 and RP2-RP4 were re- 

pectively used to model the meta-biomaterials along the longi- 

udinal and transverse directions. It is worth mentioning that no 

P was considered in the xy plane as the meta-biomaterials were 

ransversely isotropic. The nonlinear static solver of Abaqus was 

sed for all the simulations, which were assumed to be quasistatic 

n nature. Geometric nonlinearities were also considered due to 

he micro-architectural complexity of the meta-biomaterials. To 

easure the longitudinal effective elastic modulus ( EL ) and Pois- 

on’s ratio ( vyz or vyx ), the structures were loaded along the y - 

irection (loading I) under displacement-controlled conditions. For 

he transverse effective elastic modulus ( ET ), the structures were 

oaded along the x - or z-direction (loading II) under displacement- 
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Fig. 1. A schematic illustration of the design process for meta-biomaterials. a.i: A 3D representation of the meta-biomaterials, displaying the corresponding geometrical pa- 

rameters, a global coordinate system ( x − y − z), and reference points ( i.e., RP1-RP4). Lt and Wt represent the overall height and width of the meta-biomaterials, respectively. 

a.ii: A depiction of a unit cell of the meta-biomaterials, highlighting the pore size ( PS ) and the diameter ( D ) of the yellow sphere. a.iii: A 2D schematic representation of 

a unit cell of the meta-biomaterials with corresponding geometrical parameters. hu , wu , h , l, and θ represent the overall height and width of a unit cell, length of vertical 

struts, length of tilted struts, and the angle between two struts, respectively. a.iv. The preosteoblast cells after 1 day of culture (immunofluorescence staining of actin). The 

scale bar represents 100 μm. b. A schematic illustration of the final design of the meta-biomaterials and their corresponding unit cells. c. The deformation pattern of the 

meta-biomaterials modelled using FEM at 6 % longitudinal strain under quasi-static loading. The contour qualitatively displays the magnitude of the measured displacement 

in the specified units (blue represents the lowest magnitude while red indicates the highest one). d. The final numerical results of the meta-biomaterials in terms of the 

longitudinal stresses/strains (i.), Poisson’s ratio ( i.e., vyz ) (ii.) and the ratio of the longitudinal effective elastic modulus to the transverse one (iii.). 

231
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Table 1 

Geometrical and mechanical properties of the final design of the meta-biomaterials with their corresponding mean and standard deviations. PS and ds respectively stand for 

pore size and strut diameter. Note that the numbers in the table without standard deviations are obtained from computational simulations and CAD designs for which no 

standard deviations are available. 

Type 2D unit 

cell 

Porosity 

[%] 

EL Exp 

[MPa] 

EL FEM 

[MPa] 

ET FEM 

[MPa] 

EL / ET 

[-] 

vyz 

[-] 

vxz 

[-] 

vxy 

[-] 

ds 

[μm] 

PS 

[μm] 

NPR 92.64 9.67 ± 0.40 4.50 2.00 2.25 −0.74 −0.22 −0.22 36.0 184.0 

ZPR 92.64 20.00 ± 0.80 18.00 8.60 2.09 0.08 0.05 0.03 36.0 184.0 

PPRp 92.64 16.11 ± 1.10 15.00 0.60 25.00 2.24 −0.59 0.11 36.0 174.7 

PPRs 94.47 10.15 ± 0.40 5.64 5.00 1.13 0.74 −0.22 0.33 36.0 184.0 

Hybrid 

92.64 13.30 ± 0.60 5.89 3.60 1.64 −0.10 0.00 −0.07 36.0 174.0 
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ontrolled conditions. The boundary conditions for the loadings I 

nd II were ( uy,RP3 
= 0 , uy,RP1 

= 0 . 05 × Lt ) and ( ux,RP2 
= 0 , ux,RP4 

=
 . 05 × Wt ), respectively, where u is the displacement. The meta- 

iomaterials were discretized with 3D quadratic tetrahedral ele- 

ents of type C3D10. To ensure the robustness of our numerical 

nalyses and achieve mesh-independent results, we performed a 

esh sensitivity analysis with varying element sizes. The results 

f this study demonstrated the values calculated for the effective 

lastic modulus converge within 4 % when 450,0 0 0 elements are 

sed. 

The engineering stresses of the simulations were calculated by 

aking the reaction force derived from the FEM modeling and di- 

iding it by the initial projected cross-sectional area of the meta- 

iomaterials (Wt × Wt in loading I and Lt × Wt in loading II). The 

ngineering strain was calculated by taking the displacement of 

he relevant RP (RP1 in loading I and RP2 in loading II) and di- 

iding it by the initial height ( Lt in loading I) or initial width of

he meta-biomaterials (Wt in loading II). Ultimately, the longitu- 

inal and transverse effective elastic moduli were computed using 

he reaction force of the RPs and the projected cross-sectional ar- 

as as: 

L = (FRP1 / (Wt × Wt )) /εL ; ET = (FRP2 / (Lt × Wt )) /εT (3) 

here FRP1 , and FRP2 , respectively represent the longitudinal reac- 

ion force of RP1 (in loading I), and the longitudinal reaction force 

f RP2 (in loading II). 

The Poisson’s ratios in two orthogonal planes ( i.e., vyz ( = vyx ), 

xy ( = vzy ), and vxz ( = vzx )) were calculated using the following 

quations: 

yz = −(ūz−right − ūz−le f t ) / (Wt × εy,L ) : loading in the y − directio

xy = −(ūy −bottom 

− ūy −top ) /
(
Lt × εx,L 

)
: loading in the x − directio

xz = −(ūz−right − ūz−le f t ) / (Wt × εx,L ) : loading in the x − directio

(4) 

here ū indicates the average displacements of the nodes on the 

orresponding surfaces. For example, ūz−right shows the average 

isplacement of the nodes in the z -direction that are placed on 

he right side of the meta-biomaterial in Fig. 1 a.i. Also, εx,L and 
232
y,L correspond to the applied longitudinal strains in the x - and y - 

irections, respectively. 

.3. 2PP-based fabrication of the meta-biomaterial specimens 

The meta-biomaterials were fabricated using 2PP. Their designs 

ere created using a commercial computer-aided design (CAD) 

oftware, SolidWorks (Dassault Systèmes, France), and exported as 

 .stl (standard triangle language) file. These .stl files were then im- 

orted into the DeScribe software (Nanoscribe, Germany) to gener- 

te General Writing Language (.gwl) files. The .gwl files were sub- 

equently imported into Nanowrite (printing software, Nanoscribe, 

ermany) for connection to the 2PP 3D printer, facilitating the fab- 

ication of the final meta- biomaterials. The specimens were then 

rinted using a Photonic Professional GT + (Nanoscribe, Germany) 

D printer. 

The dip-in laser lithography (DiLL) configuration was employed, 

ith a 10 × objective featuring a numerical aperture (N.A) of 0.30. 

he lens was chosen based on the size of the specimens and 

olid/void features that needed to be reproduced. A negative tone- 

ethacrylate-based photoresist known as IP-Q (Nanoscribe, Ger- 

any) with a refractive index of 1.49 was used as photoresist. The 

pecimens were printed on silicon substrates (25 ×25 ×0.7 mm3 in 

imensions, Nanoscribe, Germany) featuring a refractive index of 

.71. 

Furthermore, as the 3D meta-biomaterials exceeded the writ- 

ng field and working distance of the 10 × objective (707.10 ×707.10 

m2 and 700 μm, respectively), we divided them into smaller 

locks ( Fig. 2 a). We also conducted multiple printing trials to re- 

ne the printing parameters, particularly for the NPR and Hybrid 

roups. These two groups theoretically had some features that 

eed supports, which were practically challenging to print. To over- 

ome this challenge, we employed a piezo scanning mode instead 

f z-drive for the stage movement. This approach was chosen be- 

ause z-drive movement can cause mechanical stage movement 

nd photoresists instability, potentially leading to micro-movement 

nd print imperfection. Another technique to avoid photoresist in- 

tability immediately after the print starts is to decelerate the me- 

hanical movement of the stage for printing blocks that likely re- 

uire support. This was achieved by reducing the acceleration and 

elocity of the stage to 5 mm s−2 and 100 mm s−1 , respectively. 
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Fig. 2. a. A schematic representation of the 2PP technique employed for fabricating meta-biomaterials from IP-Q photoresist on a silicon substrate using a laser (10 ×
objective). b. The mechanical evaluation of IP-Q cylinders (i) and meta-biomaterials (ii); i. The engineering stress-strain curves measured for IP-Q-based specimens at the 

micro-scale under 25 % strain and a strain rate of 0.25 μm s − 1 . The scale bars in the upper and lower images correspond to 50 and 500 μm, respectively. The red and 

black lines represent mean and standard deviation, respectively. ii. The compression testing of the meta-biomaterials at 50 % strain (1 mm displacement) performed with 

a displacement rate of 10 μm s−1 . c. The SEM images of meta-biomaterials 3D printed using 2PP, showcasing their respective unit cells at higher magnifications. The scale 

bars for the overall structures and unit cells measure 500 and 100 μm, respectively. d. The optical microscopy of compressed meta-biomaterials at 50 % strain (1 mm 

displacement) when tested using a displacement rate of 10 μm s−1 . The scale bar represents 300 μm. 
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To improve print quality in solid structures, we considered the 

ntegration of a block shear angle (the angle between the stitched 

esigns) with a specific overlap. Since the meta-biomaterials con- 

isted of tilted struts, it is important to consider the effects of the 

ilted struts’ angles ( i.e., θ ) and block shear angle at the same time.

 proper block shear angle is recommended so that the stitching 

lanes create an angle between the material and themselves. In 

his case, a block shear angle close to zero is favorable for NPR, 

PRp , PPRs , and Hybrid groups, as these structures had already 

ilted struts. For the ZPR group, however, a block shear angle of 

0 ° was chosen, as there are no tilted struts. 

Additionally, overlaps between the segments and the number 

f contours as well as their distances were adjusted to optimize 
233
he print quality of the NPR and Hybrid groups. This was accom- 

lished by conducting several tests on a unit cell of the NPR group 

without stitching) to determine the optimal conditions for these 

arameters. 

Before printing the meta-biomaterials, the silicon substrates 

ere cleaned with acetone and isopropyl alcohol (IPA; both from 

igma-Aldrich, Germany) using a lint-free wipe and were subse- 

uently blow dried with nitrogen. To further clean and activate 

he surface of the substrates, an oxygen plasma cleaner (Diener 

lectronic GmbH, Germany) was employed at 80 W with a gas 

ow rate of 5 cm3 min−1 , and a pressure of 0.12 bar for 15 min.

o enhance the adhesion between the specimens and substrates, 

ilanization with 3–(Trimethoxysilyl) propyl methacrylate (Sigma- 
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ldrich, Germany) was performed for 1 hour. Silanization facili- 

ates effective chemical bonding by rendering the substrate sur- 

ace hydrophobic. A suitable concentration of 3-(Trimethoxysilyl) 

ropyl methacrylate was established at 2.67 % v/v by diluting it 

ith ethanol. Following silanization, the specimens were washed 

ith acetone, distilled water, and were then air-dried. 

After exposing the specimens, the samples were immersed in 

ropylene glycol methyl ether acetate (PGMEA, Sigma-Aldrich, Ger- 

any) for 1 hour in a borosilicate Petri dish to dissolve the unpoly- 

erized photoresist. Subsequently, the specimens were rinsed with 

PA for 5 min in a Petri dish to remove the PGMEA. To further re-

uce capillary force-induced deformation in the structures and to 

rovide stronger bonding between the specimens and silicon sub- 

trates, Novec 7100 engineered fluid (Sigma-Aldrich, Germany) was 

pplied for 30 s, as this solvent exhibits a lower surface tension 

han IPA. 

.4. Micro-mechanical test experiment 

To measure the mechanical properties of the polymerized IP-Q 

t the micro-scale and integrate them into our FEM models, a com- 

ression test was performed on standard micro-cylindrical speci- 

ens with equal diameter and height of 30.0 μm using the FT- 

MT03 nano-mechanical testing system (FemtoTools, FT-NMT03, 

witzerland). The specimens were 3D printed using 2PP with the 

ame parameters as the actual meta-biomaterials, which included 

 laser power of 50 mW, a scanning speed of 10 0,0 0 0 μm/s, a slic-

ng distance of 5 μm, and a hatching distance of 1 μm. We assumed

hat the IP-Q possessed isotropic elastic properties. A 20 0,0 0 0 μN 

ilicon probe with a tip cross-section of 50 ×50 μm2 was employed 

o compress the specimens. To visualize the interface between the 

robe and the specimens, the FT-NMT03 machine was integrated 

nto a scanning electron microscope (JSM-6010LA, LEOL, Japan). To 

ccount for the stiffness of the silicon substrate and the adhe- 

ive used between the substrate and sample holder, the substrate’s 

tiffness was initially measured at a 0.25 μm s−1 displacement rate 

ith a 3 μm displacement. Following this, the compression exper- 

ment was conducted at the same displacement rate but at a 25 % 

train, after establishing contact between the probe and specimen. 

he final engineering (nominal) stress and strain were obtained by 

ividing the derived force and loading displacement to the initial 

ross-section area and initial length, respectively. 

.5. Macro-mechanical compression test 

To measure the mechanical properties of the meta-biomaterials 

t the macro-scale, a mechanical uniaxial test machine (LLOYD 

nstrument LR5K, UK) with a 5 N load cell was employed. All 

he experiments were conducted in the compression mode at a 

troke rate of 10 μm s−1 until 50 % strain. The acquired force- 

isplacement data was used to calculate the engineering stress and 

ngineering strain of the specimens by dividing them by the initial 

rojected cross-section and by the height of the specimens, respec- 

ively. The effective elastic modulus of the meta-biomaterials was 

hen determined from the linear portion of the engineering stress- 

train curve. 

.6. Preosteoblast cell culture 

Mouse preosteoblast cells (MC3T3-E1, Sigma Aldrich, Germany) 

ere pre-cultured in alpha minimum essential medium ( α-MEM 

ithout nucleoside) supplemented with 10 % (v/v) fetal bovine 

erum and 1 % (v/v) penicillin-streptomycin (all from Thermo 

isher Scientific, US) for one week at 37 °C and 5 % CO2 . The cul-

ure medium was refreshed every 2 days. To sterilize the speci- 

ens, they were first immersed in 70 % ethanol for 10 min, fol- 
234
owed by twice submersion in 1 × PBS (Sigma Aldrich, Germany). 

ubsequently, the specimens were exposed to UV light for 20 min. 

or all biological assessments except for the PrestoBlue assay, the 

pecimens were glued to a transparent PMMA substrate (9 mm 

n diameter and 2 mm in thickness) using a biocompatible sili- 

one adhesive and were placed in a 24-well plate. The cells were 

eeded on the specimens along the y- direction (1 × 105 cells per 

ample) in a 24-well plate. After 4 h of incubation, the speci- 

ens were transferred to new well plates (Greiner, Bio-One, The 

etherlands). From day 2, the cells were supplied with osteogenic 

edium containing 50 μg mL−1 ascorbic acid (1:10 0 0) and 4 mM 

-glycerophosphate (1:500) (both from Sigma Aldrich, Germany). 

ll the cell culture experiments were conducted with at least three 

eplicates per group, and two independent experiments were car- 

ied out for each assay. 

.7. Immunofluorescence staining of the cytoskeleton 

The cells were fixated by washing the specimens with 1 × PBS 

wice, followed by immersion in 4 % (v/v) formaldehyde solution 

Sigma Aldrich, Germany) for 10 min. After washing the cells with 

 × PBS twice, they were permeabilized by immersion in 0.5 % Tri- 

on X-100/PBS solution (Sigma Aldrich, Germany) at 4 °C for 5 min, 

ollowed by incubation in 1 % BSA/PBS (Sigma Aldrich, Germany) at 

7 °C for 5 min. Anti-vinculin mouse monoclonal primary antibody 

1:100 in 1 % BSA/PBS, Sigma Aldrich, Germany) and rhodamine- 

onjugated phalloidin (1:10 0 0 in 1 % BSA/PBS, Thermo Fisher Sci- 

ntific, US) as a primary antibody were added followed by incuba- 

ion for 1 hour at 37 °C. This was followed by washing the cells 

n 0.5 % Tween-20/PBS (Sigma Aldrich, Germany) three times for 

 min each. The specimens were then incubated again in Alexa 

luor 488, donkey antimouse polyclonal secondary antibody (1:200 

n 1 % BSA/PBS, Thermo Fisher Scientific, US) at room temperature 

or 1 h. Finally, the specimens were washed with 0.5 % Tween- 

0/PBS three times for 5 min each, followed by 5 min washing 

ith 1 × PBS. 

.8. PrestoBlue assay 

This assay was used to measure the metabolic activity of the 

ell-laden meta-biomaterials after 1, 3, 6, 8, 10, 13, and 17 days 

f culture. Accordingly, the specimens ( n = 4 ) were placed in a 

6-well plate without the PMMA substrates (with 300 μL of α- 

EM). α-MEM with 10 % PrestoBlue (300 μL, Thermo Fisher Sci- 

ntific, US) was added and the specimens were incubated for one 

our at 37 °C and 5 % CO2 . Subsequently, 100 μL of the incu- 

ated medium was transferred to a 96-well plate (Greiner, Bio- 

ne, The Netherlands) in duplicate. Finally, the metabolic activity 

f the specimens was measured by using a Victor X3 micro-plate 

eader (PerkinElmer, Groningen, The Netherlands) at a 530 nm ex- 

itation wavelength and 595 nm emission wavelength. 

.9. SEM imaging 

To conduct SEM imaging, the specimens were washed and fix- 

ted following the same steps as for cytoskeleton staining. After 

ashing the specimens with 1 × PBS, followed by distilled water 

or 5 min (twice each step), the specimens were dehydrated in 

0 %, 70 %, and 96 % ethanol for 15, 20, and 20 min, respectively.

ubsequently, the specimens were dried in air overnight at room 

emperature. Prior to SEM imaging, gold sputtering was performed 

n all the specimens at 20 mA for 20 s twice in ±45 ° tilted con-

gurations to ensure a homogeneous distribution of the gold layer 

ith a thickness of ∼12 nm. An SEM (JEOL JSM-IT100, Japan) was 

sed to image the specimens. 
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.10. Runx2 staining 

First, the specimens were fixated and permeabilized following 

 similar procedure as for F-actin. The specimens were then incu- 

ated in a dilution of primary and secondary antibodies, including 

unx2 rabbit monoclonal primary antibody (1:250 in 1 % BSA/PBS, 

bcam, UK), and Alexa Fluor 488, donkey anti-rabbit polyclonal 

econdary antibody (1:200 in 1 % BSA/PBS, Thermo Fisher Scien- 

ific, US), respectively. 

.11. Alizarin red staining (ARS) 

Initially, the specimens were fixated using the same fixation 

rocedure. The specimens were then incubated in 2 % (w/v) ARS 

olution (Sigma Aldrich, Germany) for 30 min in the dark, followed 

y washing them five times with distilled water. 

.12. Fluorescence microscopy 

A fluorescent microscope (ZOE fluorescent cell imager, Bio-Rad, 

he Netherlands) was employed to visualize the cytoskeleton of 

he stained cells (20 × objective featuring 0.4 NA). 

.13. Live/dead assay 

After washing the meta-biomaterials with 1 × PBS twice, a so- 

ution of 2 μM calcein and 3 μM ethidium homodimer-1 (both 

rom Thermo Fisher Scientific, Waltham, MA, USA) in 1 ml 1 × PBS 

as added to the specimens, which were then stored in dark for 

0 min at room temperature. 

.14. Confocal imaging 

A confocal microscope (Zeiss LSM 710, USA) with a 10 × objec- 

ive and 0.25 NA (air configuration) was used to image the Runx2 

nd ARS. The confocal microscope covered 263 μm (25 slices of 

-stack). A laser with 50 % power (max power of 0.35 mW) at a 

avelength of 543 nm was used. For ARS, only one channel with 

xcitation and emission wavelengths of 543 and 562 nm, respec- 

ively, was used. For Runx2, a laser with a wavelength of 488 nm 

nd 60 % power (max power of 5.93 mW) with two channels 

488 nm and 540 nm) and (543 nm and 562 nm) was employed 

or the excitation and emission wavelengths, respectively. 

.15. Image analysis 

To quantitatively compare the expression levels of Runx2 and 

RS, Fiji (ImageJ, National Institutes of Health, USA) was utilized. 

he .czi images from the confocal were imported into fiji prior to 

he measurement. To measure the maximum intensity and modifi- 

ation of the images, a macro code (.ijm) was written. The contrast 

f all the images were enhanced by 0.35 saturated pixels and the 

nal images were derived based on the maximum intensity of each 

ayer. 

.16. Statistical analysis 

Origin (2022, USA) was used for the micro- and macro- 

echanical tests for the calculation of the means and standard 

eviations. Prism (9.4.1, GraphPad, US) was also utilized for bio- 

ogical results, including metabolic activity, shrinkage of the meta- 

iomaterials, and osteogenic responses ( i.e., Runx2 and ARS) to cal- 

ulate the mean and standard deviations, adjusted p-value, and ef- 

ect size ( i.e., eta-squared ( η2 ) and Cohen’s d values). All the ex- 

eriments were performed with at least three replicates, and two 
235
ndependent sets of biological experiments for the statistical anal- 

ses. We performed a normality test using the Shapiro–Wilk test 

ith alpha = 0.05, to confirm the normal distribution of the data in 

ach group. Moreover, the repeatability of the second independent 

et of the biological experiments were assessed via the Student’s 

-test. We also performed ordinary one-way ANOVA test, followed 

y post-hoc analysis using the Tukey’s multiple comparison test for 

onsidering the interaction effect between groups. It is noted that 

or all the experiments and graphs, a p − value < 0 . 05 was consid-

red as statistically significant. Moreover, η2 was calculated based 

n the ratio of the sum of squares between groups and the total 

um of squares [54] . For pairwise analysis, the Cohen’s d value was 

alculated based on the ratio of the mean differences between two 

roups and the total pooled standard deviation of the same two 

roups as follows [55] : 

ohens′ d value = 

(M1 − M2 ) 

SDpooled 

; SDpooled 

= 

√ 

(n1 − 1) × SD1 
2 + (n2 − 1) × SD2 

2 

n1 + n2 − 2 

(5) 

where M, SD , n , and SDpooled indicate the mean of each group, 

he standard deviation of each group, the sample size of each 

roup, and the pooled standard deviation of two groups 1 and 

, respectively. The subscripts 1 and 2 represent groups 1 and 2, 

espectively. Moreover, F (DF n, DF d ) ratio shows the distribution 

f degrees of freedom in the numerator ( DF n ) and the dominator

 DF d), and was defined as the ratio of the mean square between 

roups and within groups. We reported the η2 and F (DF n, DF d ) 

alues for the comparison groups in which a statistically significant 

ifference at each timepoint was observed. 

. Results 

.1. Design of the meta-biomaterials 

Five distinct structures with controlled Poisson’s ratios, namely 

egative (NPR), zero (ZPR and Hybrid), and positive (PPRp and 

PRs ), were designed based on the results of the computational 

odels ( Fig. 1 b-d). The NPR, PPRs and Hybrid (a combination of 

PR and PPR) designs were created with the same porosity, longi- 

udinal effective elastic modulus ( = EL , Fig. 1 d.i), pore size, strut di- 

meter, and overall dimensions. The PPRp exhibited almost identi- 

al porosities but different values of the effective longitudinal elas- 

ic modulus as compared to the NPR meta-biomaterial. The ZPR 

eta-biomaterial featured a near-zero Poisson’s ratio ( Fig. 1 d.iii), 

ut a different pore shape as compared to the Hybrid one. The de- 

igned structures exhibited different mechanical behaviors when 

oaded in different directions ( x or y ), as they were transversely 

sotropic structures. We, therefore, reported the transverse effec- 

ive elastic modulus ( = ET , Fig. 1 d.i) and its ratio to the longitudi-

al effective elastic modulus ( Fig. 1 d.iii and Table 1 ). 

We also assessed the deformation pattern of the meta- 

iomaterials under a certain compression strain ( = 6 %) ( Fig. 1 c).

he designs with negative and zero Poisson’s ratio exhibited differ- 

nt modes of deformation (lateral sliding), unlike those with posi- 

ive values of the Poisson’s ratio ( i.e., vyz ) . The mechanical and mor- 

hological parameters of the final design of the meta-biomaterials 

re presented in Table 1 . It is worth mentioning that the PPR de- 

igns ( i.e., PPRp and PPRs ) exhibited negative Poisson’s ratio in one 

irection ( i.e., νxz , Table 1 ). We believe that this can be improved

n further studies by considering three symmetric planes in the de- 

ign of the meta-biomaterials. 
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.2. 3D printing and mechanical characterization of the 

eta-biomaterials 

We used 2PP to fabricate the designed meta-biomaterials at the 

icro-scale (Video 1 of the supplementary document and Fig. 2 a). 

owever, printing complex micro-structures via 2PP requires find- 

ng refined printing parameters ( e.g., laser power, scanning speed, 

licing distance (the z-distance between two adjacent layers), and 

atching distance (the x -, and y - distance between two adjacent 

olymerized lines)), stitching parameters ( e.g., block size, block 

hear angle and connection between blocks), scanning mode (piezo 

r z-drive), and acceleration and movement of the stage. Structures 

hat needed to be supported during the printing process, such as 

PR and Hybrid, required careful attention to ensure high-quality 

rints. The detailed printing parameters are described in the ex- 

erimental section. 

We measured the mechanical properties of IP-Q at the micro- 

cale and found that its engineering stress-strain curves are highly 

onlinear ( Fig. 2 b.i and Video 2 of the supplementary document). 

e considered such nonlinearity (hyperelastic behavior) in the 

odeling of the meta-biomaterials through the third-order re- 

uced polynomial hyperelastic model. Based on the material’s be- 

avior at the small scale, the Young’s modulus of the IP-Q was 

ound to be 823.00 ±23.12 MPa (mean value ± SD). 

To characterize the macro-mechanical properties of the 3D 

rinted specimens ( Fig. 2 c), we obtained the engineering stress- 

train variation ( Fig. 2 b.ii). The stress values, represented by 

he mean values with their corresponding standard deviations 

s shaded regions, display significant fluctuations, which can be 

ttributed to the densification and possible damage (at higher 

trains) in the studied lattice structures. We focused on the initial 

inear part of the stress/strain graph ( i.e., < 2 % axial strain) to de-

ermine the effective elastic modulus of our specimens ( Fig. 2 b.ii, 

nd Table 1 ). 

It is worth noting that we included a solid pedestal 

1400 ×1400 ×200 μm3 ) beneath each scaffold ( Fig. 2 c). The addi- 

ion of the solid pedestal was required to prevent the specimens 

rom moving and ensure their stability during cell culture, thus 

acilitating subsequent handling and processing steps. This modi- 

cation is expected to be particularly helpful in the development 

f complex and delicate biofabricated structures with low relative 

ensities ( < 10 %), where maintaining their stability and avoiding 

otential disruptions during cell culture is of utmost importance. 

The deformation patterns of meta-biomaterials following com- 

ression tests were captured using an optical microscope ( Fig. 2 d). 

n these tests, the structures, particularly in the middle part, were 

bserved to deform laterally, either to the right or left, under large 

eformation at 50 % longitudinal strain. 

.3. Adhesion and growth of the preosteoblast cells 

The polymerized IP-Q resin employed for the creation of the 

eta-biomaterials was found to be cytocompatible, following vi- 

bility tests conducted on the MC3T3-E1 preosteoblasts (Figure S1 

f the supplementary document). The cells were able to adhere, 

row, and migrate upwards to the top surfaces of the structures in 

bout 6 days, as confirmed by SEM imaging after various cultur- 

ng times ( Fig. 3 ). This was supported by the seeding along the y -

irection ( Fig. 1 a.i), which facilitated cell growth through the pores 

nd onto the flat pedestal. The micro-architectures of the unit cells 

romoted the upward growth of the cells. After 17 days, the cells 

ad already covered the entire meta-biomaterials. However, it was 

bserved that the NPR scaffolds had fewer cells as compared to the 

ther structures ( Figs. 3 , 4 ; days 6 and 10). 

Interestingly, increasing the cell culture time revealed local 

ending of the struts in the cell-laden meta-biomaterials ( Figs. 3 , 4 ,
236
nd S2 of the supplementary information). As cells grew upward, 

hey appeared to crawl along the struts, stretching them until the 

ntire meta-biomaterial was covered. This resulted in local bend- 

ng, which was more pronounced in the NPR group than in the 

ther groups. 

Cell growth together with the shrinkage of the cells as well as 

he meta-biomaterials over time induce 3D deformation in meta- 

iomaterials (see Figs. 3 and 4 b, with statistical data reported in 

able S1 in the supplementary information). This effect was partic- 

larly prominent in the PPRp group, where the shape of the struc- 

ure transitioned from a cuboid to a pyramid. 

To determine whether the observed substantial deformation is a 

esult of living cells interacting with the meta-biomaterials, a con- 

rol group without cells on day 17 was also examined. This group 

nderwent the same culture, fixation, and dehydration conditions 

s the cell culture specimens with cells (first column of Fig. 3 ). To

uantify the deformation of these meta-biomaterials, the shrinkage 

f their top surface was measured ( Table 2 ). It should be noted that

he shrinkage was calculated based on a comparison between the 

nitial configuration immediately after fabrication and the current 

urface area. 

The induced deformation in the cell-free meta-biomaterials was 

egligible for the NPR, ZPR, PPRs and Hybrid groups on day 10, 

xcept for the PPRp group. The PPRp group exhibited an average 

hrinkage of 29.1 % on day 17, which warrants consideration when 

valuating the final deformation attributed to the cells ( Fig. 3 , first 

olumn). 

Furthermore, to ascertain whether the deformation observed 

n the meta-biomaterials was attributable to living cells interact- 

ng with the structures or cell shrinkage during SEM imaging pro- 

esses, we quantified the shrinkage of the meta-biomaterials be- 

ore fixation and dehydration on day 17 ( Fig. 3 , last column, con- 

rol with cells before fixation and dehydration). The optical images 

f the meta-biomaterials (top surfaces) revealed that PPRp group 

ad experienced the highest degree of shrinkage as compared to 

he other meta-biomaterials (46.1% vs . 21.1 %). This finding sug- 

ests that the final deformation depicted in the SEM images re- 

ulted from both the forces exerted by the cells and the shrinkage 

aused by cell dehydration and specimen processing. 

.4. Metabolic activity and osteogenic response of the preosteoblast 

ells 

The metabolic activity of the cells seeded on the different meta- 

iomaterials increased with time ( Fig. 4 c, with statistical data re- 

orted in Table S2 in the supplementary information), indicating 

hat the cells could proliferate and grow within the micro-porous 

tructures. It is important to note that, to account for the effects of 

he metabolic activity of the initial cell population, the metabolic 

ctivities were normalized by dividing them by their correspond- 

ng day 1 value. This adjustment was made because most cells 

ere situated on the pedestal during the early stages of cell cul- 

ure ( Figs. 3 and 4 ). The PPRp and PPRs groups displayed the high- 

st metabolic activity at later time points, while the NPR group had 

he lowest ( Fig. 4 c). 

To evaluate the osteogenic response of the preosteoblast cells, 

hree groups were selected, namely NPR, PPRp , and Hybrid. The 

PR group comprised meta-biomaterials with an extremely neg- 

tive value of the Poisson’s ratio, the PPRp represented meta- 

iomaterials with an extremely positive value of the Poisson’s ra- 

io ( i.e., vyz ) as a counterpoint to the NPR group, and the Hybrid

roup served as a control group possessing almost the same ef- 

ective elastic moduli and porosity as the NPR group but with a 

ear-zero Poisson’s ratio. The osteogenic differentiation of the cells 

as assessed by measuring the expression of Runx2 after 10 days 

f culture ( Fig. 5 a.i and b.i and Video 3–8 of the supplementary
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Fig. 3. SEM images of cell-laden meta-biomaterials on various days of the cell culture experiments. Included are optical microscopy images of control specimens without 

cells post-fixation and dehydration (day 17, first column), and control specimens with cells pre-fixation and dehydration after a 17-day culture period. Scale bars for all the 

SEM and optical microscopy images measure 500 and 700 μm, respectively. Red annotations highlight local deformations resulting from cellular growth. 

Table 2 

The shrinkage ratio of the top surface of the cell-free meta-biomaterials (after dehydration) and cell-laden meta-biomaterials (before dehy- 

dration). 

Type NPR [%] ZPR [%] PPRp [%] PPRs [%] Hybrid [%] 

Control (no cell after dehydration), day 17 5.9 ± 0.5 9.3 ± 1.1 29.1 ± 2.1 7.0 ± 0.6 12.7 ± 0.9 

Control (with cells before dehydration), day 17 21.1 ± 1.0 24.1 ± 2.4 46.1 ± 3.1 22.2 ± 2.0 21.6 ± 1.1 

d

r  

b

m

n

a

e

s

o

ocument) whereas matrix mineralization was assessed by Alizarin 

ed staining of the matrix after 17 days of culture ( Fig. 5 a.ii and

.ii and Video 9–14 of the supplementary document). Both assess- 

ents were representative of the top surface of the scaffolds and 

ot the entire 3D structures. 
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After 17 days of culture, a mineralized matrix was detected in 

ll the three different meta-biomaterials ( Fig. 5 a.ii and b.ii). Inter- 

stingly, the mineralized matrix presents on the surface of the NPR 

pecimens, which exhibited less cell coverage, featured a relatively 

rdered pattern (predominantly within the pores). 
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Fig. 4. a. High-magnification SEM images of meta-biomaterials exhibiting local deformation (bending) induced by cellular activity. Red arrows indicate cell presence, while 

ellipses and rectangles highlight cell-induced deformation (bending). The scale bar measures 50 μm, except for the NPR image at day 6, which has a 100 μm scale bar. 

A quantitative analysis of the SEM-measured deformations, represented as the shrinkage ratio of the top-surface of the meta-biomaterial specimens, with (p − value = < 

0 . 0 0 01 , F (4 , 23 ) = 48 . 19 , η2 = 0 . 8934) , (p − value = < 0 . 0 0 01 , F (4 , 25 ) = 26 . 09 , η2 = 0 . 8068) and (p − value = < 0 . 0 0 01 , F (4 , 25 ) = 17 . 30 , η2 = 0 . 7346) on days 10, 

13 and 17, respectively. c. The normalized metabolic activity of the cells across a 17-day culture period (relative to day 1), with (p − value , F (DF n = 4 , DF d = 32 ) , η2 ) 

of (0.0 0 09, 6.150, 0.4346), ( < 0.0 0 01, 10.07, 0.5573) and ( < 0.0 0 01, 29.15, 0.7846) on days 10, 13 and 17, respectively. Statistical significance is denoted by ∗ , ∗∗ , ∗∗∗ , ∗∗∗∗

corresponding to p − value < 0 . 05 , p − value < 0 . 01 , p − value < 0 . 001 , and p − value < 0 . 0 0 01 , respectively. The non-asterisks groups indicate that the differences between 

the groups are not statistically significant ( i.e., p − value > 0 . 05 ). 

4

4

t

d

e

e

e

e

n  

p

o

w

m

a

t

u  

i

t

C

p

f

f

t

s

l

p

r

e

t

s

n

H

i

p

i

i

t

u

f

i

t

a

d

o

p

f

T

m

x

. Discussion 

.1. Rational design and fabrication of the meta-biomaterials 

The developed meta-biomaterials with controlled Poisson’s ra- 

io were found to influence the response of preosteoblast cells. To 

esign the meta-biomaterials studied here, several physical param- 

ters, including, porosity, pore size, strut diameter, and effective 

lastic modulus ( ∼stiffness), were considered to mimic the prop- 

rties of trabecular bone as much as possible. Nevertheless, the 

ffective elastic modulus of the developed meta-biomaterials was 

ot still in the range of the trabecular bone (0.04–1 GPa [ 6 , 8 ]). This

oint can be addressed either by adjusting the micro-architecture 

f the meta-biomaterials or by changing the base material from 

hich the meta-biomaterials are made. Geometry-based adjust- 

ent of the effective elastic modulus of the meta-materials can be 

chieved by changing the strut diameter, changing the angle be- 

ween the struts ( θ ), and modifying the ratio of the height of the 

nit cells to their width ( i.e. , hu /wu in Fig. 1 a.iii). As such, increas-

ng strut diameter leads to increased values of the effective elas- 

ic modulus while also drastically decreasing the Poisson’s ratio. 

hanging the angle between the struts ( θ ) can disrupt the com- 

atibility between the pore sizes of the designs and affect the ef- 

ective elastic modulus. The hu /wu value affects the pore size, ef- 

ective elastic modulus, and porosity such that a lower ratio leads 

o better consistency for pore size, considering the cell size and the 

imilarity of pore sizes in both PPR and NPR meta-biomaterials. 
238
Another approach for manipulating the effective elastic modu- 

us of meta-biomaterials is to modify the additive manufacturing 

arameters. For example, the Young’s modulus of the base mate- 

ial (IP-Q) varies during the 2PP process as the delivered dose of 

nergy ( i.e., laser power × scanning speed−1 ) increases [56] , or as 

he slicing distance and hatching distance [56] decrease. Modifying 

ome other printing parameters ( e.g., by switching between alter- 

ate and non-alternate hatch lines) may also have similar effects. 

owever, decreasing the scanning speed, slicing distance, or hatch- 

ng distance drastically increases the printing time for such com- 

lex meta-biomaterials. We optimized the final designs and print- 

ng parameters considering the complexity of the designs, print- 

ng quality, printing time, while also decoupling their Poisson’s ra- 

io from other properties. More details of the optimization process 

sed to adjust the parameters of the manufacturing process can be 

ound in the experimental section. 

The meta-biomaterials in this study exhibited transversely 

sotropic behavior, meaning that they had two planes of symme- 

ry. This resulted in two effective elastic moduli ( i.e., Exx , and Eyy ) 

nd three Poisson’s ratios ( i.e., νyz , νxz , and νxy ). In the longitudinal 

irection ( i.e., y -direction), the Poisson’s ratio was decoupled from 

ther mechanical and morphological parameters in some designs, 

articularly, the NPR and PPRs. However, it is yet not decoupled 

rom effective elastic modulus in the transverse direction ( i.e., Eyy ), 

able 1 . One way to overcome this is to design a fully isotropic 

eta-biomaterials with three symmetrical planes ( i.e., xy , zy , and 

z). In this case, only one effective elastic modulus and one Pois- 
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Fig. 5. The osteogenic responses of preosteoblasts-laden meta-biomaterials. a. The confocal microscopy images of Runx2 ( a.i ) and mineralized matrix ( a.ii ) on days 10 and 

17, respectively. The green rectangle represents the initial cross-section of the meta-biomaterials post-fabrication. b. A quantitative analysis of Runx2 ( b.i ) and mineralized 

matrix ( b.ii ). No statistically significant differences were detected ( p > 0 . 05 ) for the Runx2 and ARS assays. 
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on’s ratio would be enough to characterize the meta-biomaterials, 

nd therefore, the decoupling procedure may become less chal- 

enging. 

We used 2PP and IP-Q photoresist for fabricating the meta- 

iomaterials studied here because our primary objective in the 

urrent study was to understand the response of bone cells ( e.g., 

ell growth and differentiation) to meta-biomaterials with micro- 

rchitectural dimensions that are of the same order of magni- 

ude as the size of individual cells. While it is important to 

tudy the effects of the fabrication technique and the constitut- 

ng material on the response of cells to such meta-biomaterials, 

he options for such types of studies are currently limited be- 
239
ause 2PP is the only 3D printing technique capable of generat- 

ng free-form architected biomaterials with such small dimensions 

nd with precisely controlled architectures. Moreover, changing the 

abrication technique can influence the surface properties of the 

roduced meta-biomaterials, which might subsequently affect cell 

esponses. All these potential effects need to be studied in the 

uture. 

While the overall quality of the printed meta-biomaterials 

as assessed using SEM, the quality of the 3D printed meta- 

iomaterials can be further analyzed in future via other imaging 

echniques, such as micro-computed tomography (μ-CT) or confo- 

al microscopy. 
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.2. Mechanical characterization 

The experimental and numerical values of the longitudinal ef- 

ective elastic modulus were in good agreement ( Table 1 , ZPR 

nd PPRp groups). We attribute the slight discrepancies between 

he experimental and numerical values to errors in the micro- 

echanical compression tests, the inaccuracies of the macro- 

echanical uniaxial test machine, the print quality, and the post- 

evelopment shrinkage of the structures. 

Regarding the pattern transformation of the meta-biomaterials 

nder compression test, the specimens with positive Poisson’s ra- 

ios were unable to withstand such large deformations while those 

ith zero or negative Poisson’s ratios deformed without failure up 

o 50 % longitudinal strain. This was attributed to the much larger 

L /ET value of the PPRp group as compared to the other experi- 

ental groups. The NPR, PP Rs , and Hybrid specimens had the same 

alues of the effective elastic modulus but highly different ulti- 

ate strengths ( Fig. 2 a.ii). For the structures with the same effec- 

ive elastic modulus, Hybrid and NPR specimens had the highest 

nd lowest ultimate strength, respectively. Moreover, the Hybrid 

pecimens showed a higher plateau stress after yielding as com- 

ared to the PPRs and NPR specimens. This capability was more 

ighlighted when the cellular forces largely deformed the struc- 

ures. Such post-yield fluctuations of the stress-strain were mainly 

ue to structural densifications caused by excessive deformation. In 

PRp , however, there was only a negligible degree of densification 

 Fig. 2 a.ii and c). The maximum principal stress in all the structures 

ccurred near the corners of the struts but with different distribu- 

ions and magnitudes depending on the type of the structure. For 

nstance, the maximum principal stress of PPRp was higher in the 

iddle layer, unlike the NPR for which the maximum values oc- 

urred in the top and bottom layers. The distribution of the maxi- 

um principal stress in PPRs was more homogeneous than in the 

ther groups. 

Following the experimental and numerical results ( Fig. 2 d), the 

PR structures, which are characterized by maximal effective elas- 

ic modulus ratios (PPRp ) and minimal effective elastic modulus 

atios (PPRs ), experienced collapse under large deformation. The 

iscrepancy between the experimental and FEM patterns for the 

PRp and PPRs groups can be attributed to the inability of our FEM 

odel to detect damage (or failure [57] ) and collapse in the struts. 

.3. Cell-induced deformation of the meta-biomaterials 

The fact that the local bending was more pronounced in the 

PR meta-biomaterials can be attributed to the larger length of 

he struts ( h ) in this group, resulting in increased bending defor- 

ation. In contrast, the ZPR group, consisting of straight struts, 

emonstrated greater resistance to local bending. This may explain 

he fewer number of cells observed in the NPR group as compared 

o the ZPR and PPRp groups. 

Furthermore, from a geometrical perspective, the NPR meta- 

iomaterial exhibits a negative and acute angle between the struts 

 i.e., θ< 0 ), whereas the ZPR and PPRp structures are characterized 

y zero or positive angles ( i.e., θ≥0). Such sharp and negative an- 

les in the unit cell of the NPR group may decrease cell growth 

s compared to the other groups. However, this requires further 

xperiments and dedicated data analysis. Additionally, a notice- 

ble graded bending of the struts was observed, specifically in the 

PR group on day 8 (Figure S2 of the supplementary document). 

his suggests that prior to day 17, when the meta-biomaterial was 

ot yet entirely covered by the cells, the first layer of the meta- 

iomaterial (particularly in the NPR group) was subjected to bend- 

ng, resulting in the top surface deforming less ( i.e. , smaller local- 

zed bending) (Figure S2 of the supplementary document). 
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The higher shrinkage in the PPRp group can be attributed to 

he increased EL /ET value in the PPRp group. A higher EL /ET value 

mplies that while the PPRp group exhibited a greater longitudi- 

al effective elastic modulus, it possessed a substantially lower ef- 

ective elastic modulus in the transverse direction than the lon- 

itudinal one, leading to diminished mechanical strength in the 

ransverse direction ( Fig. 1 d.ii and Table 1 ). Consequently, cells can 

ore readily deform these structures ( Fig. 3 ). Therefore, the vol- 

metric contraction was more pronounced in the PPRp group, as 

ompared to local bending. 

The cell-induced shrinkage of the meta-biomaterials can be 

sed to study some aspects of mechanotransduction in bone 

ells. The force transmitted from the cell nuclei to focal adhe- 

ion and then to the meta-biomaterials can be back-calculated 

sing computational models [58] . This type of analysis, which is 

ased on computational modeling of some aspects of the relevant 

echanobiological processes, can offer a tool for indirect measure- 

ent of cellular forces [ 59 , 60 ]. 

The shrinkage of the non-seeded specimens ( Fig. 3 , first col- 

mn) was attributed to the properties of the IP-Q material and the 

icro-architectures of the designed meta-biomaterials. Capillary 

orces during the fixation and dehydration of the specimens caused 

hem to shrink. In the case of the PPRp group, higher shrinkage 

as observed due to the greater differences in its longitudinal and 

ransverse effective elastic moduli ( Fig. 1 d.ii). 

.4. Metabolic activity and osteogenic response of the preosteoblast 

ells 

The reduced metabolic activity in the NPR group is likely due 

o the sharp angles in the NPR specimens as compared to the pos- 

tive Poisson’s ratio structures, which probably hindered cellular 

daptation to this micro-architecture, as suggested by the SEM im- 

ges ( Fig. 3 , day 10 and S2 of the supplementary document, days

, 13). This may have adversely affected cell growth. Surprisingly, 

ur findings contrast with the reports available in the literature 

uggesting that auxeticity provides a more favorable environment 

or mesenchymal stem cells growth [17] . Such contradictory results 

arrant further investigation for clarification. These discrepancies 

ay be due to the improved isolation of the Poisson’s ratio from 

ther micro-architectural parameters in this study as compared to 

ther studies, as well as due to the different cell types, unit cell 

ypes and material used. Furthermore, although cells managed to 

each and cover most of the meta-biomaterials after 17 days of cul- 

ure, cell-free spaces remained visible. This observation was sup- 

orted by the increasing metabolic activity measured until day 17 

nd higher magnification SEM images ( Fig. 4 and S2 of the supple- 

entary document). 

Regarding the osteogenic response of the preosteoblast cells in 

he meta-biomaterials, no significant differences in the expression 

f Runx2 were detected among the various groups ( Fig. 5 b.i). How- 

ver, the expressions of both Runx2 and ARS were non-significantly 

igher in the NPR group as compared to the PPR one ( Fig. 5 b.i

nd ii). Previous studies have shown that the neural differentiation 

f pluripotent stem cells may be higher in positive Poisson’s ratio 

caffolds as compared to auxetic scaffolds [9] . These findings con- 

rm that the scaffolds were able to support the osteogenic differ- 

ntiation of preosteoblasts and matrix mineralization. Further re- 

earch is required to fully understand the effects of the Poisson’s 

atio on these cellular functions. However, the unit cell geometry 

ppears to influence cell growth in these structures, warranting ad- 

itional exploration. 

It is worth mentioning that different types of ordered or disor- 

ered ( i.e., random) meta-biomaterials [61] can be designed with 

he same Poisson’s ratios. It is entirely possible and, indeed, likely 

hat cells respond differently to distinct unit cell designs, even if 
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[  
he structures maintain an identical Poisson’s ratio. This aspect was 

 central focus of our study, where we observed different cell be- 

aviors with the ZPR and Hybrid meta-biomaterials, despite both 

xhibiting almost similar values of the Poisson’s ratio. 

It should be also noted that while we studied the response of 

ells to the designed meta-biomaterials under static culture condi- 

ions, the cells themselves deformed the meta-biomaterials signifi- 

antly over a 17-day culture duration ( Fig. 3 ). It is, however, impor-

ant to study the effects of external, dynamic loading on the cell 

esponse of meta-biomaterials. Introducing dynamic loading con- 

itions can add complexities, such as changes in the movement of 

he medium, temporal changes in the pore size, differences in the 

tructure of the unit cell, and local cellular deformations. These 

actors might influence the cell behavior and need to be further 

tudied in the future. Here we used the cell seeding along the y - 

irection. We believe that the direction of cell seeding might also 

nfluence the cell responses ( e.g., cell proliferation and differenti- 

tion) due to variations in the unit cell configurations and their 

echanical properties. 

. Conclusions 

We studied the influence of the Poisson’s ratio of 3D meta- 

iomaterials on the behavior of preosteoblast cells. Therefore, we 

nitially used computational models to rationally design 3D meta- 

iomaterials. In this design, the Poisson’s ratio was isolated from 

ther micro-architectural parameters and mechanical properties, 

uch as the effective elastic modulus, porosity, and pore size. For 

he fabrication of these complex meta-biomaterials at the meso–

cale, we used an advanced micro-AM technique ( i.e., 2PP) and 

P-Q as the base material. Both the micro- and meso–mechanical 

haracterizations of the IP-Q and meta-biomaterials showed a high 

egree of material nonlinearity ( i.e., hyperelastic behavior). The hy- 

erelastic behavior of the polymerized IP-Q photoresist was mod- 

led using the third-order reduced polynomial model. We designed 

he final meta-biomaterials using an FEM approach, considering 

he hyperelastic properties of the polymerized IP-Q, porosity of 

he trabecular bone, and the size of preosteoblasts. The cell-laden 

eta-biomaterials exhibited differences in terms of cell infiltra- 

ion along the struts, (lateral) structural deformation over time, 

nd metabolic activity of the cells. The cells seeded on the meta- 

iomaterials with positive values of the Poisson’s ratio ( i.e., vyz ) 

emonstrated significantly higher levels of metabolic activity and 

nduced more deformation of the structures as compared to those 

eeded on the meta-biomaterials with negative values of the Pois- 

on’s ratio. This difference in the cell responses is likely due to the 

nit cell geometry and anisotropy in the effective elastic modulus, 

ith the PPRP having the most pronounced anisotropy, leading to 

ncreased deformation. 

Furthermore, all the meta-biomaterials considered here sup- 

orted the osteogenic differentiation of preosteoblasts as well as 

atrix mineralization even though there were no significant differ- 

nces between the various groups. In summary, this study presents 

 new platform for the design, fabrication, and assessment of 

eso–scale meta-biomaterials with controlled Poisson’s ratios. The 

resented design approach also holds considerable promise for the 

evelopment of bone implants and may contribute toward expand- 

ng our understanding of how physical cues impact cell responses, 

oth individually and in combination. 
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