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1. Introduction

Mechanical metamaterials are a class 
of artificial materials with exceptional 
mechanical properties.[1] These are not a 
result of the chemical composition of the 
bulk material, but a consequence of the 
tailored architecture, employing novel 
design principles and combining the con-
cept of hierarchical structures with mate-
rial size effects at the micro and nanoscale. 
Mechanical metamaterials have properties 
that surmount the behavior of bulk mate-
rials, such as high strength and low-den-
sity,[2,3] negative thermal expansion,[4] and 
negative Poisson’s ratio.[5–7]

More specifically, materials with nega-
tive Poisson’s ratio, known as auxetics,[8] 
have extraordinary mechanical properties 
such as high energy absorption and frac-
ture resistance.[9–12] They are widely found 
in nature, as a large number of crystalline 
materials are auxetic.[13] Biological tissues 
are also known to display auxetic char-
acteristics; auxetic properties have been 

reported in cat[14] and salamander skin,[15] arteries,[16] tendons,[17] 
and cancellous bone.[18] Auxetic porous materials have been 
predicted to facilitate mass transport[19] and, therefore, there 
is potential for optimal delivery of nutrients and therapeutic 
agents, and removal of metabolic wastes. For these reasons, 
auxetic architectures have been identified as candidates for the 
development of the next-generation, porous scaffolds for tissue 
engineering applications, based on the unique combination of 
suitable materials and structure design.[20]

Until recently, the application of auxetics in scaffold fabrica-
tion was limited to the usage of two-dimensional (2D) struc-
tures or auxetic foams.[21] However, the porosity, geometry, and 
other mechanical properties of such materials cannot be fine-
tuned, as the creation of the foam is chemically based.[19] Recent 
progress in additive manufacturing technologies has enabled 
the realization and investigation of complex mechanical meta-
materials, with submicron features, using a wide variety of con-
stituent materials.[22] The most suitable additive manufacturing 
technique for mechanical metamaterial fabrication has been 
shown to be multiphoton lithography (MPL).[23] It is a laser-
based technique which allows the fabrication of three-dimen-
sional (3D) structures with a resolution of as little as a few tens 
of nanometers. It is based on the phenomenon of multiphoton 

Exploiting the unique properties of three-dimensional (3D) auxetic scaffolds 
in tissue engineering and regenerative medicine applications provides new 
impetus to these fields. Herein, the results on the fabrication and charac-
terization of 3D auxetic scaffolds for tissue engineering applications are 
presented. The scaffolds are based on the well-known re-entrant hexagonal 
geometry (bowtie) and they are fabricated by multiphoton lithography using 
the organic−inorganic photopolymer SZ2080. In situ scanning electron 
microscopy–microindentations and nanoindention experiments are employed 
to characterize the photocurable resin SZ2080 and the scaffolds fabricated 
with it. Despite SZ2080 being a stiff material with a positive Poisson’s ratio, 
the scaffolds exhibit a negative Poisson’s ratio and high elasticity due to their 
architecture. Next, mouse fibroblasts are used to seed the scaffolds, showing 
that they can readily penetrate them and proliferate in them, adapting the 
scaffold shape to suit the cells’ requirements. Moreover, the scaffold architec-
ture provides the cells with a predilection to specific directions, an imperative 
parameter for regenerative medicine in many cell-based applications. This 
research paves the way for the utility of 3D auxetic metamaterials as the next-
generation adaptable scaffolds for tissue engineering.
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absorption: when the beam of an ultrafast laser is focused inside 
the volume of a transparent, photosensitive material, the high 
intensity of the beam can induce the absorption of two or more 
photons within the focal volume, causing the material to cross-
link locally. Moving the beam in a 3D pattern allows the writing 
of high-resolution 3D structures. Like any other lithographic 
technique, to obtain the structure, one needs to “develop” the 
sample, by immersing it into an appropriate solvent.

In this work, we demonstrate for the first time the application 
of MPL-made auxetic scaffolds for cell growth in 3D culture. As 
an auxetic we have chosen the re-entrant hexagonal structure, 
also known as the bowtie, a well-known and well-character-
ized architecture. For the structure fabrication, we employ an 
organic−inorganic hybrid material, SZ2080, known to enhance 
cell proliferation.[24,25] We characterize its mechanical proper-
ties and we show that, despite the material itself being stiff, 
the fabricated scaffolds are flexible and exhibit auxetic behavior. 
Finally, we use two different types of the scaffolds in fibroblasts 
cell cultures aiming to study the response of cells thereto and 
vice versa. These two types of auxetic scaffolds differ in the size 
of their pores. The first of these exhibits smaller pore size in 
order to be used as a cell-substrate, without the possibility of 
cell penetration, while the second one has a larger pore size to 
study the penetration potential of fibroblasts.

2. Experimental Section

2.1. Material Synthesis and Sample Preparation

The material employed for the scaffold fabrication was the pho-
tosensitive organic−inorganic hybrid SZ2080.[26] Samples were 
prepared by drop casting the liquid resin onto conventional glass 
coverslips and prebaking them at 70 °C for 1 h to form a hard 
gel. To promote structure adhesion, the coverslips were previ-
ously coated with the organic monomer compound 3-(trimethox-
ysilyl) propyl methacrylate (MAPTMS). After polymerization, the 
whole sample was immersed in a developing solution consisting 
of 1:1 4-methyl-2-pentanone/isopropanol for 15  min, washed 
with isopropanol for another 15min, and then allowed to air dry.

2.2. 3D Scaffold Fabrication Using MPL

The experimental setup used in this work is shown in Figure 1. 
It consists of two scanning systems, which have been described 
in detail.[27] Both systems use the same irradiation source: a 
Ti:Sapphire pulsed fs laser operating at 800  nm (Femtolasers 
Fusion, pulse duration <  20  fs in the sample, repetition rate 
80 MHz).

Figure 1. Multiphoton lithography setup (made using 3ds MAX 2020). All the scaffolds were 3D printed using the “nano” setup which is able to make 
very accurate and detailed structures up to few nanometers. A 3D computer-aided design (CAD) of the design is inserted into the computer and the 
movement of the stages, attenuator, and shutter are orchestrated by 3Dpoli software.
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The first setup (referred to as nano setup) employs piezo-
electric stages for the x−y−z movement (Physik Instrumente 
M-110.1DG). In this case, a second, oil-immersed, focusing 
microscope objective lens is also used (100×, NA  =  1.4, Zeiss, 
Plan Apochromat). All the auxetic scaffolds were made using 
this setup, with a laser fluence of 106 mJ cm−2 and 80 µm s−1 
scanning speed.

The second setup uses a galvanometric mirror system (Scan-
labs Hurryscan II) to scan the laser beam inside the material on 
the xy-plane, while a linear translation stage moves the sample 
in the z-direction (Physik Instrumente M-500). The galvanom-
eter was adapted to house a microscope objective lens (40×, 
NA  =  0.95, Zeiss, Plan Apochromat). This setup was used to 
fabricate the structures for the mechanical characterization of 
the material

2.3. Nanodynamic Mechanical Measurement and Analysis 
(Nano-DMA)

The nanoscale mechanical measurements were carried out 
using Bruker’s TI 950 TriboIndenter to conduct nano-DMA 
experiments, a dynamic testing technique equipped with Con-
tinuous Measurement of X (CMX) control algorithms that 
provides a continuous measurement of mechanical properties 
as a function of indentation depth, where X can be hardness 
H, storage modulus E′, loss modulus E′, complex modulus 
E*, and the mechanical damping tan δ. The technique can be 
applied from ultrasoft hydrogels to hard coatings, with a greatly 
improved signal to noise ratio.[28,29] Dynamic testing can be 
performed in a range of frequencies between 0.1 and 300 Hz. 
A quasi-static force, up to 10 mN, is applied to the indentation 
probe while superimposing a small oscillatory force of 5  mN 
maximum. A lock-in amplifier measures phase and ampli-
tudes changes in the resulting force−displacement signal. To 
obtain the viscoelastic properties the material is modeled as 
two Kelvin−Voigt systems in parallel, with one end fixed and 
applying the indenters force to the other. This model requires 
four viscoelastic parameters to calculate the moduli of the mate-
rial, providing highly accurate results compared to the simple 
Maxwell model or even the Standard Linear Solid.[30]

2.4. Cell Culturing and Characterization

For this study, the mouse fibroblast cell line NIH-3T3 was 
used, which was maintained in a 5% CO2 incubator at 37  °C 
in standard Dulbecco’s modified eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin. In order to sterilize the scaffolds, the cover 
slips were immersed for 30 min in 70% ethanol and then left to 
dry inside a UV chamber for 1 h. Finally, they were placed in a 
24-well plate and seeded with cells.

To prepare samples for scanning electron microscopy 
(SEM) imaging, 3  ×  104 cells/well were seeded and cultivated 
for 4 days. After the 4d timepoint, the cells were fixed using 
the cell fixation/preparation for SEM analysis protocol. Briefly, 
the culture medium was removed and the cover slips were 
washed twice with sodium cacodylate buffer 0.1 m (SCB). Then, 

4% w/v glutaraldehyde (GDA) in SCB was added followed by 
two washes with SCB. Finally, the specimen was dehydrated 
in graded ethanol solutions (from 30% to 100%), underwent a 
critical point drying process (Baltec CPD 030) and 10 nm gold-
sputter coat (Baltec CPD 030).

To prepare samples for confocal microscopy imaging, cells 
were cultured in the same way as for the SEM imaging. Once 
the cells reached the desired timepoint, they were washed 
three times with phosphate-buffered saline (PBS) and fixed 
with 4% w/v paraformaldehyde (PFA) in PBS for 10  min, fol-
lowed by permeabilization with Triton X-100 0.5% v/v in PBS 
for 5 min. Then, the samples were blocked by incubating with 
2% w/v bovine serum albumin (BSA) in PBS for 30 min. After 
washing three times with PBS, phalloidin-680 (1:1000 dilution) 
was used to dye the actin cytoskeleton in 0.5% w/v BSA/0.1% 
v/v Triton X-100 in PBS for 45 min. Finally, the specimens were 
placed upside down on an objective glass slide with slow fade 
mounting medium containing DAPI and kept at 4  °C until 
observation (Leica SP8 inverted confocal microscope).

3. Results and Discussion

3.1. Mechanical Properties of SZ2080

Materials used in MPL are viscoelastic, exhibiting both elastic 
and viscous behavior when deformed. Elasticity is a result 
of bond distortion when the material is stressed.[31] Elastic 
deformation occurs almost instantly and the material returns 
to its original length when the stress is removed. Viscosity is 
attributed to larger scale rearrangements of molecules inside 
the material. These molecular allocations depend on the dura-
tion of the stress and are not necessarily reversible. In order 
to consider both responses, dynamic tests were performed on 
structures fabricated with MPL, in which sinusoidal stress is 
applied on them and the resulting strain is recorded. Stress 
and strain will both oscillate with the same frequency, but 
with the former displaying a phase delay, the magnitude of 
which depends on how viscous the material is. It is conven-
ient to handle stress as a complex quantity whose real and 
imaginary parts are, respectively, in and out of phase with the 
strain. The ratio of in-phase stress to strain is used to define 
storage modulus E′, which represents the elastic portion of the 
material’s response, while the ratio of out-of-phase stress to 
strain is the loss modulus E″, which represents the contribu-
tion of viscosity to the material’s response. Identifying storage 
and loss modulus greatly of the bulk material is crucial to 
accurately model and simulate the mechanical response of 
architected scaffolds.

Two geometries were considered for the characterization 
of the material’s mechanical properties: rectangular boxes 
(40  ×  50 × 40  µm) and upright cylinders (radius of 4  µm and 
height of 80 µm) (Figure 2A,B). Arrays of such structures were 
fabricated with a variable laser fluence ranging from 90 to 
150 mJ cm−2 at a constant scanning speed of 10 µm s−1.

For each geometry, eight arrays were prepared to consider 
for statistical errors. The boxes were measured using the nano-
DMA to extract the storage and loss modulus, as well as the 
hardness of the material as a function of laser fluence during 
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Figure 2. A,B) Scanning electron microscopy (SEM) images of the boxes and the cylinders used for the calculation of the mechanical properties, 
C) Hardness, D) loss modulus, E) storage modulus as a function of laser fluence. There is an abrupt jump at the vicinity of ≈110 mJ cm−2 in all three 
graphs attributed to the polymerization threshold and the writing strategy followed.
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fabrication. The nano-DMA oscillation frequency ω was 220 Hz 
for all measurements. The upright cylinders were used in in 
situ SEM—microindentation experiments to measure the 
material’s Poisson’s ratio. For the nano-DMA, a 50  µm diam-
eter spherical probe was employed, while for the microindenta-
tion experiments, a 10 µm flat punch was utilized.

The storage modulus E′, loss modulus E″ and hardness H 
were graphed separately as a function of laser fluence. In the 
vicinity of 110 mJ cm−2 there appears to be an abrupt jump 
in all three graphs for their respective y-axes. Especially loss 
modulus and hardness graphs appear to transition from one 
constant value to another during this sudden increase. This 
step-function behavior can be attributed to the polymerization 
threshold and the polymer writing strategy which was followed: 
the motors use a line-by-line hatching strategy to write each 
structure, where the distance between each line is ≈200  nm. 
So, between two parallel lines, the distance between the center 
of the focus of the laser beam is ≈200 nm. At the same time, 
within the line, as the 80 MHz laser is scanned at a speed of 
10 µm s−1, the distance between consecutive laser pulses is in 
the order of 1 pm. The test samples therefore consist of very 
densely cross-linked plates, while the material holding together 
these plates is less dense with its cross-linking density being 
dependent on the photon flux received. Above a certain laser 
fluence, which in this case at approximately 110 mJ cm−2, the 
cross-linking density reaches a saturation point, after which it 
can no longer increase.

SZ2080’s Poisson’s ratio was calculated from its original def-
inition by measuring the cylinders’ dimensions before and after 
deformation and was found to be independent of laser fluence 
with a constant value of 0.490 ± 0.002.

3.2. Auxetic Scaffold: The Re-Entrant Hexagonal Structure 
(Bowtie)

The bowtie is probably the most thoroughly investigated auxetic 
geometry. It has been widely studied in 2D, to make meshes for 
stents, as well as for studying auxetics is sports safety equip-
ment. In 3D, it was first built in the microscale by the Wegener 
group.[32]

In this study, we fabricated scaffolds with two different unit 
cells: 8.6 µm (Figures 3–5) and 40 µm (Figure 6). Each size cor-
responds to the length of the top line of the bowtie unit cell as 
well as the height of it. The 8.6 µm unit cell size (small pore-
size scaffold) was used for mechanical tests and 2D cell cul-
tures, whereas the 40 µm unit cell (large pore-size scaffold) for 
3D cell cultures. All scaffolds were fabricated using the nano 
setup.

The structures used to investigate the mechanical proper-
ties of the bowtie scaffold are shown in Figure  3, where the 
computer-aided design (CAD) model of the structure is com-
pared to the SEM images. There is close matching between 
the experimental structure and the CAD model, since the 
unit cells are consistent and well-defined. Its auxetic behavior 
was investigated using the Hysitron PI 88 SEM PicoIndenter, 
enabling in situ mechanical testing and observation of the 
tested samples. Multiple videos of the mechanical tests were 
recorded to show the deformation of the scaffolds. Figure  4 
shows that under compression, the scaffold shrinks homoge-
neously, without cracking until 60% deformation, thus dem-
onstrating the auxetic behavior. A representative force dis-
placement curve is presented in Figure 4G. While there is no 
fracture until 60% load, the curve has an undulated profile, 

Figure 3. Scanning electron microscopy (SEM) images of the bowtie auxetic scaffold with X axis direction small pore size (8.6 µm) in comparison with 
the computer-aided design (CAD) model (designed in 3DS max2020). A) tilted view of the scaffold, B) top view, C) zoomed photo of the one edge of 
the scaffold. The red color was added in photoshop to make the bowtie unit cell clearer, and D) tilted view of the whole scaffold.
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which is associated with the reconfiguration of the structure 
due to internal compression, altering the contact between the 
structure and the indentation tip. This reconfiguration occurs 
through the whole loading cycle, leading to instability of the 
structure due to buckling at 26% deformation (e.g. the slope 
of the curve becomes negative), causing large deformations 
and fracture at 60% (Figure 4C). These results reveal that the 
structure can sustain large deformations, shrinking during 
compression, and reconfiguration during loading, elucidating 
its utility as a bioengineering scaffold. The imaging of the 
tested samples also confirms the simulation results of 3D 
model created using the 2020 R1 academic version of ANSYS 
software, where a virtual axial force was applied on top of the 
scaffold, compressing it in all directions. The CAD simula-
tion was made using ANSYS Design Modeler and the scaf-
fold had 1350 nodes and 720 elements. The material used for 
the simulation had a Young’s modulus of 200GP and Poison’s 
Ratio of 0.3.

3.3. Cultures of NIH-3T3 Cells on the Scaffolds

The bowtie structure with the small pore size was initially used 
as a cell substrate. This pore size is too small to allow cell pene-
tration; however, it is useful in order to investigate the ability of 
fibroblasts to adhere and proliferate on the scaffold and to adapt 
and deform it. All the cells were able to create filopodia, adhere 
on the surface as well as the sides of the scaffold (Figure 5) and 
pull the whole structure. We observed major deformations of 
many unit cells of the scaffold, as well as buckling around and 

on the scaffold. This was a very promising first indication that a 
hard and stiff material like SZ2080 can become soft and elastic 
only by tuning its geometry. Furthermore, no cell damage was 
observed.

In order to allow cell penetration and proliferation inside 
the scaffold, we built scaffolds with a large pore size of 40 µm, 
comparable to the size of a single cell (mouse fibroblasts have 
a diameter of ≈40–50  µm). Each scaffold consisted of two 
layers. To make the scaffold mechanically stronger, each line 
was 3D printed three times (scanning speed 100 µm s−1 with 
a laser fluence of 131  mJ  cm−2) with each line separated by 
0.5 µm. After 4 days of cells in culture, SEM pictures showed 
that they were able to enter into the pores of the scaffold and 
successfully proliferate (Figure  6). The structure seemed to 
be completely occupied by cells and deformed, especially on 
the one side which is completely flat (Figure  6B). Compared 
to cells growing on the glass, cells that grow inside the scaf-
fold seem to have proliferated more and be more directional 
due to the fact that the unit cell itself is designed in X-axis. 
It is clear that the 3D culture with auxetic properties is more 
efficient than the 2D in terms of both proliferation and direc-
tionality. This design is ideal for cell types that require envi-
ronments with well-characterized mechanical properties and 
directionality.

3.4. Confocal Observation

We used the large pore size scaffolds and the same culture 
conditions as previously described to observe the cell-loaded 

Figure 4. Microindentation scanning electron microscopy (SEM) pictures of the bowtie design. The white dashed box represents the initial uncom-
pressed form of the scaffold. A) Uncompressed scaffold, B) at 40% load, some deformations are starting to be visible, C) 60% load, and D) at 100% 
load, the first layer of the scaffold is completely compressed and touches the lower one without cracking. E) 3D computer-aided design (CAD) design 
of the scaffold using ANSYS. F) Deformation of the scaffold while applying axial force on the top. The colors represent the total strain each node 
undergoes (red: maximum, blue: minimum). G) Diagram of the load in correlation to the indentation depth.
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scaffolds under the confocal microscope and take multiple 
z-stacks. In Figure  7, the confocal images are displayed with 
z-stacks overlaying one another in two different channels. The 
blue channel represents the DAPI dyed nuclei, whereas the red 
channel represents the actin filaments of the cytoplasm. As we 
observed, the scaffold was fluorescent in both channels, with 
their overlay creating a pink color. Moreover, the fluorescence 
intensity was really high, making it hard to clearly observe the 
actin filaments of the cells inside the scaffolds. Nevertheless, 
with some small image adjustments, we were able to spot the 
cells at the bottom of the scaffold (layer of unit cells attached on 
the glass), as well as some others inside higher unit cells, thus 
showing that the cells are actually capable to exploit their 3D 
microenvironment.

4. Conclusion

Auxetic porous materials are predicted to facilitate mass trans-
port. As a result, they have the potential for optimal delivery 
of nutrients and therapeutic agents, as well as removal of 
metabolic waste and have been identified as candidates for 
the development of adaptable scaffolds for tissue engineering 
applications. We have shown for the first time that 3D auxetic 
structures constructed through MPL can be used as scaffolds 
for cell cultures. We have characterized the mechanical proper-
ties of the fabrication material, SZ2080 using nano-DMA and 
the mechanical response of the 3D auxetic scaffolds using in 
situ SEM microindentation experiments. We have shown that, 
even though SZ2080 is fundamentally a stiff material with a 

Figure 5. Culture of NIH-3T3 on small pore size auxetic scaffolds (I through III). A) General view of the three scaffolds where major deformations 
can be observed due to the mechanical forces applied by the fibroblasts. Due to the plasticity of the material, the scaffold is able to bend and deform 
without breaking, thus mimicking the mechanical properties of the extracellular matrix while providing the cells with an X axis directionality. B) Magni-
fied image of the second scaffold. C) Further magnification of the filopodia of a single cell (yellow pseudocolor).

Figure 6. Culture of NIH-3T3 on large pore size auxetic scaffold. A) General tilted views of the auxetic scaffold with the large pore size. It is obvious that 
the cells were able to penetrate inside the pores of the structure making it the first 3D culture of an auxetic scaffold. The structure consisted of two layers 
and was able to withstand the forces. B) Top view of the scaffold with green colored cells (green pseudocolor). C) Zoomed picture of several unit cells 
on the surface of the scaffold. The bowtie geometry is able to bend inwards because of the mechanical forces applied by the cells (Yellow pseudocolor).

Macromol. Mater. Eng. 2020, 2000238
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positive Poisson’s ratio, the bowtie structures fabricated with 
it exhibit auxetic behavior and high elasticity due to their 
architected design. In addition, we have shown that mouse 
fibroblasts can readily penetrate and proliferate in these scaf-
folds, adapting the scaffold shape to suit their requirements 
increasing their proliferation and acquiring desirable direc-
tionality. Our research promulgates for the use of 3D auxetic 
metamaterials as the next-generation of adaptable scaffolds for 
tissue engineering.
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