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SUMMARY

Living organisms use functional gradients (FGs) to interface hard
and soft materials (e.g., bone and tendon), a strategy with engineer-
ing potential. Past attempts involving hard (or soft) phase ratio vari-
ation have led to mechanical property inaccuracies because of
microscale-material macroscale-property nonlinearity. This study
examines 3D-printed voxels from either hard or soft phase to
decode this relationship. Combining micro/macroscale experiments
and finite element simulations, a power law model emerges, linking
voxel arrangement to composite properties. This model guides the
creation of voxel-level FG structures, resulting in two biomimetic
constructs mimicking specific bone-soft tissue interfaces with supe-
rior mechanical properties. Additionally, the model studies the FG
influence onmurine preosteoblast and human bonemarrow-derived
mesenchymal stromal cell (hBMSC) morphology and protein expres-
sion, driving rational design of soft-hard interfaces in biomedical ap-
plications.
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INTRODUCTION

Natural materials have developed smart design principles over millennia of evolu-

tion to interface materials with highly dissimilar mechanical properties (e.g., a

hard material like bone and a soft material like cartilage or tendon).1,2 These struc-

tural interfaces, commonly known as functional gradients (FGs), exhibit specific me-

chanical property transition functions (e.g., linear, power, exponential)3,4 and are

present in a vast array of biological systems, including the squid beak,5 dentinoena-

mel junction,6,7 bone-soft tissue insertion,8–10 and byssal thread.11 The develop-

ment of advanced materials with enhanced, mutually exclusive mechanical proper-

ties (e.g., strength and toughness) is often inspired by such biomimetic design

principles12 to address challenges associated with the arising stress concentrations

and the mismatch between the load-carrying capacities of both materials.13–16

Recent progress in polymer-based, multi-material additive manufacturing (AM;

known as 3D printing)17,18 has enabled the realization of FGs through several

processes, such as material extrusion19–23 and material jetting.24–26 Among those

techniques, voxel-based material jetting provides unparalleled freedom to design

complex structures thanks to its hallmark drop-on-demand capability.27,28 Voxel-

based design of soft-hard interfaces is then akin to the positioning of soft and
Cell Reports Physical Science 4, 101552, September 20, 2023 ª 2023 The Author(s).
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hard voxels with side lengths of, say, 42 mm next to each other to create a specific

transition zone between 100% hard and 100% soft voxels. Different variations of

this technique have already been used to generate hierarchical and graded con-

structs with improved strength and toughness.29–31 At the macroscale, however,

we usually do not care about the exact organization of voxels but would instead

like to realize transition zones with specific variations in the mechanical properties.

The studies performed to date have mainly analyzed such transition zones in terms

of the ratio of the number of hard voxels to that of soft voxels without considering all

possible permutations of hard and soft voxels.32–34 Furthermore, it is noteworthy

that the correlation between the proportions of hard and soft voxels and the result-

ing macroscale properties is often presumed to be linear. This assumption, however,

fails to account for the markedly nonlinear nature of this correlation. This nonlinearity

emerges from a multifaceted interplay of factors, including the non-linear mechan-

ical properties of the individual materials, the complex geometrical arrangement

of the different phases (somewhat similar in origin to the power law relationship be-

tween the relative density and elastic modulus of cellular materials), and the aspect

ratio of the voxels. It has already been shown that such assumptions can lead to inac-

curate estimations of effective mechanical behavior.35–37

Here, we aim to establish nonlinear models that relate the positioning of voxels to

the actual values of the elastic modulus within the transition zone of FG soft-hard in-

terfaces. We then use these models to create FG soft-hard interfaces with multiple

types of functionalities. Our methodology combines experimental tools to charac-

terize FGs through nanoindentation experiments at the microscale, quasi-static ten-

sile tests analyzed with digital image correlation (DIC) at the macroscale, with

detailed finite element models at both scales. We showcase the applications of

such FG soft-hard interfaces by (1) rationally designing the soft-hard interfaces of

two types of 3D-printed biomimetic constructs and (2) demonstrating that such a

transition zone can be used to regulate cell behavior. The biomimetic constructs

include a bone-ligament junction of the knee and the nucleus pulposus-annulus

fibrosus interface of an intervertebral disk. As for the second application, prop-

erty-based FGs are shown to direct the migration (i.e., durotaxis) and potential dif-

ferentiation of living cells.38–42 Here, we demonstrate that our voxel positioning

approach can be used to regulate the behavior of murine preosteoblasts and human

bone marrow-derived mesenchymal stromal cells (hBMSCs). Toward this aim, we

analyzed the morphological differences, focal adhesion kinase (FAK) expression,

subcellular localization, and yes-associated protein (YAP) nuclear translocation of

primary hBMSCs across graded and non-graded specimens.
RESULTS AND DISCUSSION

Material characterization and modeling

Using voxel-based AM technology, we 3D printed two types of prism-shaped spec-

imens with a linear gradient of hard material volume fraction (r) projected into their

volume (Figures 1A–1C). Within these gradients, each respective value of r repre-

sents the ratio of the number of hard material voxels to the total number of voxels

within each corresponding cross-sectional layer of the interface designs. We used

VeroCyan (Stratasys, USA) UV-curable photopolymer as the hard phase for both

specimens. For the soft material, however, we assigned Agilus30 Clear (Stratasys)

to the first specimen type and MED625FLX (Stratasys) to the second specimen

type. We tested these specimens using a nanoindentation (NI) protocol32,43 which

allowed us to interrogate multiple locations within the FG transition zones, revealing

the entire elastic behavior achievable by these composites (Figures 1B–1E).
2 Cell Reports Physical Science 4, 101552, September 20, 2023
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Figure 1. The initial characterization results

(A) The design of the 3D-printed specimen used for testing the properties of voxel-based composites via NI.

(B) A representative binary image of the NI specimens with a gradient of material properties projected onto their geometry.

(C) The function describing the volume fraction of the hard material, r, applied to the specimen for measuring the properties of these composites across

their entire property space. Each rðxÞ value indicates the ratio of the number of the hard material voxels to the total number of voxels in each cross-

sectional layer of the interface design.

(D) An RVE extracted from a subsection of the NI specimens, used to create the FEM models of NI, accompanied by the dimensions of the voxels.

(E) The normalized elastic modulus vs. r and the corresponding average response (in blue) measured through NI experiment (EXP) and predicted by

computational models (FEM). These values and their associated trend lines are compared with several existing models for these composites. The

modified co-continuous model was found to be the most accurate.

(F) Heatmaps showing the elastic moduli measured through NI as well as the corresponding FE predictions across the FG specimens, demonstrating the

linear variation of r. These correspond to the plots presented in (E).
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Furthermore, the mechanical properties of several representative volumetric ele-

ments (RVEs) extracted from these specimens were simulated using the finite

element method (FEM), which indicated good agreement between the simulations

and experimental results (Figures 1D and 1E).

On average, the elastic modulus of the hard material, EH, was 1,994.7 (G74.89) MPa.

The elastic moduli of the soft materials, ES , were 0.507 (G0.171) MPa and 5.4282

(G2.72) MPa for Agilus and MED625FLX, respectively. The elastic moduli of these

materials are within the range of the elastic moduli reported for the human trabec-

ular bone and tendon.44–47 For the linear gradient of r, the experiments and simula-

tions showed high variations in the local elastic response (Figures 1E, S1A, and S1B).

The heterogeneous nature of the composites at the voxel scale caused these varia-

tions, which is the length scale probed during the NI tests (Figure 1F). Regardless of

the local variations, the average response of both types of specimens showed a

nonlinear transition of elastic modulus across the gradient, which contrasted with

the linear transition in r. The actual values of the ratio of the hard voxels to the total

number of voxels in 3D-printed specimens were assessed in the case of a linear rðxÞ
transition function and using digital microscopy (as detailed in Note S1 and Figure

S2). The results of this experiment confirmed that the actual transition function is

close to the prescribed transition function. Moreover, the observed behaviors of
Cell Reports Physical Science 4, 101552, September 20, 2023 3
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both types of specimens and their corresponding FEM estimations were remarkably

similar (Figure S1C). These two observations confirmed the validity of the obtained

data and allowed us to use them as input for the mechanical characterization of such

3D-printed voxel arrangements.

Most of the predictions made by the classic models of particle-reinforced com-

posites did not match the elastic response observed during our experiments

and simulations. These models included those proposed by Nielsen et al.48

and Counto49 and the simplified power and logarithmic co-continuous models

proposed by Davies50 (Note S2). Among these models, the simplified power-

based co-continuous model was the most accurate. While possible size effects

stemming from the NI experiments could have affected our results, the high ac-

curacy of the co-continuous model is in line with the findings of a recent study

performed on non-voxelated specimens with homogeneous distributions of r43.

The residual plots of this model, however, highly increased for most r values

(Figures S1D–S1F). These high errors indicate that this version of the co-contin-

uous model is insufficient for capturing the elastic behavior of the voxel-based

composites studied here. We therefore generalized the power law-based co-

continuous model as

E1=a = E1=a
H r+E1=a

S ð1 � rÞ (Equation 1)

where E is the elastic modulus of the composite material. Similarly, a is a power law

coefficient that determines the nonlinear behavior of the composite and depends on

the geometrical arrangement of the voxels, the ratio of the elastic modulus of both

phases (EH=ES ), and the particle joint probability function of the voxel arrange-

ments.39 After fitting this parameter with a bi-square nonlinear regression algorithm,

we obtained a = 1.95 (95% confidence interval [CI] = 1.82–2.1) and a = 1.86 (95%

CI = 1.75–1.97) for the experiments on AgilusClear and MED625FLX, respectively.

Similarly, we obtained a = 1.93 (95% CI = 1.83–2.04) for the FEM simulations. The

residual of different models strongly depended on r. For r < 25%, higher residuals

were observed, highlighting the complexity of capturing the behavior of composites

when their mechanical behavior is dominated by the soft phase. Nevertheless, the

nonlinear model proposed here achieved lower residual values across the entire

design space of the voxel arrangements (Figures S1D and S1E) compared with the

simplified power and logarithmic co-continuous models. We therefore proceeded

to the evaluation of the modified co-continuous model by designing FGs using

the direct design of local elastic properties instead of designing the ratio of hard

voxels to that of soft voxels.
Property by design of FGs

Generating three FGs with three different transition functions enabled us to evaluate

the precision of the model (Equation 1). These FGs had linear (ElinðxÞ), stepwise
(EsteðxÞ), and sigmoidal (EsigðxÞ) functions (Figure 2), which were 3D printed using

VeroCyan and AgilusClear. The shapes of these FG functions were based on those

observed in the enthesis (disregarding the compliance effect caused by collagen fi-

ber misalignment),51 in the dentinoenamel junction (for the linear and sigmoidal

FGs),7,52 and in the distinct structures within the byssus thread and squid beaks

(for the stepwise gradient).5,53 To generate their equivalent rðxÞ functions, we

used the inverse of Equation 1, which has the following form:

rðxÞ =
EðxÞ1=a � E1=a

S

E1=a
H � E1=a

S

(Equation 2)
4 Cell Reports Physical Science 4, 101552, September 20, 2023
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Figure 2. The measured and FEM-predicted NI results for various FG designs according to the modified co-continuous model

These tests were performed for the FGs with linear (A), stepwise (B), and sigmoidal (C) variations in the elastic modulus.
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where EðxÞ is the desired FG function. For simplicity, we chose a = 2.0 to design

these FGs because this value was within the 95% CI of the nonlinear fitting results

obtained for experiments and simulations.

Similar to FGs with a linear r, we observed high variations in experimentally obtained

and FEM-predicted values of the local elastic moduli (Figures 2A–2C). The average

behavior of the FGs was, however, highly correlated with the target elastic modulus

functions (i.e., R2 > 92%), particularly for the sigmoid gradients (i.e., R2 > 98%; Fig-

ure 2C). Despite the higher number of estimation points for the simulations (i.e.,

1,405 simulation points per FG and 320 experimental points per FG), the average

response and standard deviation of both types of characterization techniques

were similar. Althoughmany factors can complicate NI testing of polymeric materials

(e.g., adhesion and viscoelasticity), the strong similarity between NI and FEM sug-

gests that the heterogeneous nature of the voxel composites is the main cause of

the high standard deviations observed here. The mean trendlines of the elastic

modulus of all measurement groups resembled their corresponding designs, except

for the stepwise FG group, which, despite having a high coefficient of determination

(R2 = 92.67%), substantially deviated from its design function. The deviations

observed in the stepwise FG group can be explained by the fact that the size of

each step in that group was smaller than the observed variations in the local elastic

response.
Cell Reports Physical Science 4, 101552, September 20, 2023 5
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Figure 3. Additional FGs with different elastic modulus transition shapes, which were designed with the modified co-continuous model after

idealizing the tensile test specimens under uniaxial deformations as systems of linear springs

(A) A representative binary image of the tensile test specimens (out-of-plane thickness = 4 mm). The gauge region was designed with four symmetric

FGs. We performed DIC measurements and FEM estimations to obtain the local deformations along the gradients.

(B–F) The stress-strain curves of the experiments (B). The FGs included those with power-law (C), linear (D), stepwise (E), and sigmoidal (F) changes in the

elastic modulus.
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The NI experiments and their corresponding FEM simulations probed the properties

of individual voxels and their close neighbors at the micrometer length scales. To

assess how the microscale measurements relate to those performed at larger scales,

we performed quasi-static tensile tests that measured the mechanical response of

the specimens across the entire FG. We used DIC during those tests to measure

the full-field strain distributions. We modeled the FGs as systems of linear springs

subjected to tensile loading. To obtain the mesoscale spatial variation of the elastic

modulus from the experimentally measured strains, we assumed that the local elastic

modulus value along the x coordinate, EðxÞ, is equivalent to the slope between the

normal stress applied to the system (s = F
Ao
;Ao = 32.512 mm) and the average lon-

gitudinal (engineering) strains (εp;avgðxÞ) of each cross-sectional layer of the FG

(EðxÞ = s=εp;avgðxÞ).

The stresses measured for four groups of the tensile test specimens (i.e., power law,

linear, stepwise, and sigmoidal) monotonically increased with the applied strain

(Figure 3B). The sigmoidal design exhibited the most compliant response. The local

distributions of the elastic modulus were determined by the underlying design func-

tions (R2 > 93%) (Figures 3C–3F). Similarly, the effective elastic moduli, bE ; which is

the equivalent modulus of the entire interface calculated from each EðxÞ value along

the gradient, strongly correlated with the elastic moduli measured from the general

stress-strain curves, EG (R2 = 95.76%; Table S1). Despite their considerable standard

deviations, the average elastic modulus across the linear, power, and sigmoid gra-

dients followed their target elastic modulus functions, validating the possibility of

generating accurate FGs. Corroboration through tensile test experiments further

confirms that the NI experiments did not introduce any significant size effects,
6 Cell Reports Physical Science 4, 101552, September 20, 2023
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adversely affecting the precision of our models. The mean EðxÞ of the stepwise FG

specimens, however, deviated from their corresponding design function. In fact,

only the most compliant steps of these gradients were discernible. Two factors

might have caused the absence of stiffer steps. First, the 6 times larger facet size

of the DIC recordings compared with the voxel size has likely led to the averaging

of strains in the regions where sharp step transitions were present, blurring the

measured step feature. Second, partial resin mixing at the interface between the

voxels may have resulted in a gradual transition of the elastic properties across

the steps, similar to what other studies have suggested.36,43,54,55 This partial resin

mixing has been demonstrated to extend to up to three times the maximum voxel

size (i.e., approximately 150 mm) when the interface is created prior to UV curing.43

The build direction in the cited study aligns with the direction along which the ma-

terials presented in this study were manufactured. In contrast, none of these effects

were present when simplifying the outcome from the FEM estimations into systems

of linear springs. The obtained mechanical properties of the simulations showed the

highest coefficients of determination in this study (R2 > 99%), and the shapes of the

gradients followed the expected gradient shapes. These results confirm that the de-

viations in the experimental measurements were due to the imaging resolution and

potential material mixing effects. Therefore, these quasi-static tensile test experi-

ments confirm that the presented model allows for the adjustment of the actual

macroscale properties of voxel-based 3D-printed FGs.
Tough biomimetic structures

We used the modified co-continuous model proposed and corroborated in the pre-

vious sections to explore the applications of FGs in the design of clinically relevant

biomimetic structures. First, we considered the challenging problem of interfacing

soft and hard tissues, such as ligament and bone, tendon and bone, and cartilage

and bone. Toward this end, we designed two different systems of knee ligaments

and performed quasi-static tension experiments and FEM simulations (Figure 4A).

In the first group, we incorporated a sigmoidal FG into the design of each liga-

ment-bone connection (Figures 4B and S4B). In the second group, however, we sim-

ply connected the soft and hard phases, effectively implementing a step function.

The second group served as the control group (Figure 4C). The choice of sigmoidal

functions was motivated by the results obtained in the above-presented tensile ex-

periments and the fact that the strain distributions of these transition functions indi-

cated a smooth transition between the hard and soft phases.

The non-graded (i.e., control) design exhibited substantial strain concentrations at

the soft-hard ligament interface, particularly within the anterior cruciate ligament

(ACL) region (Figure 4C). This early onset of strain concentrations resulted in non-

critical cracks for low displacements (Figure S4B). Furthermore, the FEM predictions

revealed that shear deformations at the ligament-bone interface cause inadequate

performance of the non-graded design (Figure S4C). In contrast, the graded design

showed lower strain values at the ligament-bone interfaces, indicating an improved

distribution of stresses that led to a higher ultimate load before failure (Figure 4B).

Moreover, the FEM simulations showed no substantial shear deformations in the

graded system. These positive effects caused by the presence of FGs were reflected

in the force-displacements curves of these experiments (Figure 4D). The graded

structure was 1.3 times stiffer (i.e., Kg = 1.09 N/mm vs. Kng = 0.84 N/mm), 1.44 times

stronger (i.e., Fmax;g = 12.7 N vs. Fmax;ng = 8.82 N), and 1.55 times tougher (i.e., Ug =

180.66 mJ vs. Ung = 116.77 mJ) than the non-graded design. It can therefore be

concluded that decreased stress concentrations at soft-hard interfaces and reduced
Cell Reports Physical Science 4, 101552, September 20, 2023 7
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Figure 4. A case study where we implemented several strategies of functional grading to design biomimetic devices with enhanced strength and

toughness

(A) The design of a knee ligament system.

(B and C) Graded (B) and non-graded (C) versions of this knee system were defined to study the failure mechanisms of the biomimetic bone-ligament

connections through DIC measurements and FEM simulations.

(D) The force-displacement curves of the graded and non-graded designs.

(E) The different sinusoidal transition functions defined for each IVD design together with the resulting mechanical properties and stress-strain curves.

(F) The representative renders of each design after projecting the elastic modulus FGs onto each lamella of the IVD.

(G) The elastic strain energy density distributions resulting from the FEM simulations performed for all designs. The specimens were subjected to quasi-

static compression.
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shear deformations improve the overall mechanical performance of the biomimetic

FG design compared with a non-graded design.

The second biomimetic, clinically relevant construct was an intervertebral disc (IVD)

with rationally designed elastic properties (Figure 4E). Although similar bioinspired

structures have been introduced in the literature,20 the gradient strategy applied in

that study consisted of a stepwise FG to transfer the failure mode from the nucleus

pulposus (NP) to the edge of the annulus fibrosus (AF). Their applied design

methodology, however, resulted in a lower toughness compared with that of

non-graded designs. To overcome this issue, we assumed that the vertical defor-

mations of an IVD under compression occur at the same rate across its surface and

that the construct fails once the lamella with the lowest ultimate strain fracture. For

soft-hard voxel composites arranged in parallel as NP and AF, this failure will typi-

cally occur in the region with the highest number of stiff voxels (i.e., highest r

value). We hypothesized that implementing an FG transition zone will reduce the

interface stresses between the NP and AF. Moreover, we adjusted the maximum

r value within the AF to be high enough to enable the construct to withstand phys-

iological loads while remaining as low as possible to maximize its potential to store

strain energy. Based on these strategies, we defined different transition functions

within IVDs to increase their overall toughness while maintaining the same effective

elastic response.

To demonstrate the design freedom provided by the voxels, we designed three

types of specimens with three different gradient functions across the lamellae of

the IVDs using sinusoidal elastic modulus functions. Within these functions, each in-

dividual value of r represents the ratio of the total number of hard voxels to the total

number of voxels within each individual lamella. All constructs were designed to

have effective elastic moduli of around 350 MPa, which we calculated using Equa-

tion 1 under the assumption that IVDs behave like systems of parallel springs.

Only the last two types of IVDs included an FG transition zone (Figure 4E). After

manufacturing these specimens and testing them under quasi-static compression,

we compared their actual elastic moduli, which were ED1 = 384.3 MPa, ED2 =

332.6 MPa, and ED3 = 322.1 MPa for the first to the final design, respectively.

Because the elastic properties estimated with the FEM simulations were highly

similar for all designs (i.e., ED1;FEM = 367.5 MPa, ED2;FEM = 357.1 MPa, and

ED3;FEM = 359.3 MPa), we attributed the variations in the measurements to the over-

estimations the corrected model yields for lower r values. Integrating a model

correction based on the residual values of the co-continuous model may improve

the precision of the designs and is suggested to be performed in future studies. Im-

plementing a machine learning modeling approach may further minimize these

errors. However, such a methodology would generally require a large number of ex-

periments and simulations56 and could betray the purpose of offering a simple and

practical model.
Cell Reports Physical Science 4, 101552, September 20, 2023 9
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The toughness values measured for both graded designs (i.e., design 2 [D2] and D3)

were z2.4 times higher than that of the non-graded design (UD1 = 7.79 MPa, UD2 =

18.86 MPa, and UD3 = 19.05 MPa). The lower toughness of the non-graded design

was caused by sudden separation of the AF from the NP because of their stiffness

mismatch (Figure S4D), leading to a critical stress drop at z27% strain. In contrast,

the graded designs cracked around the AF but did not show critical separation be-

tween their phases, which resulted in their continuous hardening. These outcomes

support the suitability of the approach chosen for implementing FG in the design

of IVDs to improve their toughness. Moreover, these experiments further corrobo-

rated the property-by-design approach proposed in the current study that allows

for the free adjustment and improvement of the mechanical properties of biomi-

metic structures for different applications.

Regulating cell behavior

Although poly-jet 3D printing is more commonly used in biomedical research for

pre-surgical planning, anatomical modeling, and the design of materials that mimic

the structure and mechanical properties of tissues and other biological materials,28

there has been insufficient research into the potential applications of these materials

in tissue engineering. To address this, we extended our analyses to evaluate the po-

tential application of our soft-hard interfaces in mechanobiological studies. This

approach could leverage the extensive design possibilities of voxel-based materials

for creating scaffolds that regulate or influence cellular behavior (e.g., cell

morphology, migration, and stem cell differentiation) through mechanical cues

(i.e., stiffness).57 More specifically, we hypothesized that we could use the local

variations in the elastic modulus of the substrates created through the rational

arrangement of voxels to regulate the morphology and function of cells. The use

of UV-curable photopolymers in combination with voxel-based AM techniques in

the biomedical field has been limited so far because the biocompatibility of

commercially available UV-curable photopolymers has only been assessed for a

few cell types.58,59 One factor limiting the extensive use of these materials is the

adverse effects of their leachates on cells.60,61 Therefore, prior to the direct seeding

of cells on these materials, we assessed the cytotoxicity of materials by exposing

hBMSCs and cells from a murine preosteoblast cell line (MC3T3-E1) to the material

leachates (Note S6ii). We did not observe a substantial number of dead cells under

any of the conditions considered here. The live/dead images, however, showed

limited proliferation of MC3T3-E1 cells and BMSCs (Figures S6B and S6C). The

leachates from the soft material (i.e., MED625FLX) inhibited proliferation more

than those from the hard material (i.e., VeroClear) (Figures S6D and S6E). For direct

cell cultures, a series of surface treatments consisting of grinding, protein coatings,

and the combination thereof was first tested to improve adhesion of the cells to the

3D-printed soft-hard substrates (Note S5iii; Figures S5 and S7). We found that a

combination of grinding (silicon carbide [SiC] abrasive paper, grain size = 5 mm) fol-

lowed by fetal bovine serum (FBS) protein coating was the most efficient way to

improve cell adherence to the substrates for hBMSCs and MC3T3-E1 cells

(Figures S7D and S7E). Therefore, we implemented this surface treatment for all sub-

sequent experiments. This strategy significantly reduces the interaction between the

cells and the photopolymer, consequently mitigating the potential effects that the

surface chemistry of the 3D printed materials could have on the biological response

of the cells.

We first investigated the effects of the hard, soft, graded, and non-graded speci-

mens on the morphology of hBMSCs (i.e., the area covered by each cell)

after 1 day of direct culture (Figures 5A and 5B). The cell area on the non-graded
10 Cell Reports Physical Science 4, 101552, September 20, 2023
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Figure 5. The results of the cell study

(A) Live/dead images corresponding to the monolithically hard and soft, non-graded, and graded specimens.

(B) A scatterplot indicating the surface area of individual cells at the specified locations across the specimens. An intermediate average surface area

value was present at the center of the graded specimens.

(C) FAK immunofluorescence staining of the cells seeded on the monolithic and graded specimens.

(D) A scatterplot depicting the mean FAK intensity signal. An intermediate level (greater than the one for the hard material and less than that for the soft

material) was present at the center of the graded specimens.

(E) Representative images of YAP1 (cyan, visualized via immunofluorescent staining) of cells adhering to the non-graded and graded specimens.

(F and G) Quantification of the YAP1 nuclear/cytoplasmatic ratio and CSI of the cells adhering to the specimens. The data presented in each scatterplot

indicate the value per single cell. Unpaired t tests with Welch’s correction were performed to compare the ranks of the extremely hard and soft results.

The significance of each comparison is marked as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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soft-hard specimens and at the extremes of the graded specimens was similar to that

of their respective monolithic materials, with a clear interface observed between the

hard and soft phases on the non-graded specimens (Figure 5B). The mean cell area

at the center of the FG specimens was an intermediate value between the values

observed for the hard and soft phases, while the values corresponding to the soft

and hard extremes were similar to those observed for the non-graded specimens.

This finding should be interpreted by taking into account the fact that the chemical

leachate compositions of the graded and non-graded specimens were the same,

meaning that the factor affecting the cell behavior is likely to be local. This consis-

tency in the total amount of hard and soft material across all specimens, combined

with the effects of the applied protein coating, suggests that the observed differ-

ences in the biological response of the cells can be primarily attributed to the stiff-

ness of the underlying substrates.

To understand whether adhesion to the different substrates would result in differen-

tial mechano-responses, we evaluated the expression of FAK by hBMSCs seeded on

the graded and monolithic specimens through immunofluorescence staining (Fig-

ure 5C). FAK is part of integrin-mediated signal transduction and participates in

the formation of focal adhesions between the cells and the substrate.62–65 The acti-

vation of FAK and the consequent signaling pathways modulate a range of cellular

processes, including cytoskeletal organization, cell survival, proliferation, migration,

and gene expression. By orchestrating these processes, FAK plays a pivotal role in

cell adhesion, motility, and the dynamic interactions between cells and their micro-

environment. Consequently, changes in FAK localization or expression levels serve

as indicators of cellular responses to stiffness.66,67 The FAK signal was distributed

more homogeneously within the cells seeded on the hard material, implying a

more uniform formation of focal adhesions within the hard substrate than in the

soft one. As for the soft phase, the FAK signal was more intense and was concen-

trated around the cell nuclei (Figure S8). Again, the use of a graded substrate led

to an intermediate level of FAK expression at the center of the specimens (Figure 5D).

The mean intensity of FAK on the graded specimens increased gradually from the

hard extreme to the soft one. Even though the regulation of FAK expression at the

protein level cannot be easily attributed to single mechanical cues of the substrate,

these results provide some insight into the potential effects of such soft-hard inter-

faces and the role of FG. More decisive conclusions, however, can only be drawn

with a more thorough investigation in future studies.

Another fundamental factor in mechanosensing and mechanotransduction path-

ways is the YAP1/transcriptional co-activator (TAZ) factor.68 Cell adhesion to

substrates results in the assembly of actin fibers, which then transfer the cytoskeletal

tension to the nuclei, opening mechanosensitive channels.69 This process, in turn,

allows YAP translocation to the nucleus, with enhanced nuclear translocation of

YAP corresponding to increased tensile forces. These key downstream effectors of

mechanotransduction pathways, specifically their nuclear translocation and activa-

tion, can signify a cellular response to stiffness. Specifically, a stiffer extracellular ma-

trix (ECM) often leads to translocation of YAP/TAZ (transcriptional coactivator with a

PDZ-binding motif) into the nuclei of cells.70 We therefore evaluated the presence of

this factor and assessed whether changes in the mechanical properties of the spec-

imens regulate the nuclear translocation of the hBMSCs that were seeded on

different types of specimens. The cells seeded on non-graded specimens showed

a different response to the hard and soft materials (Figure 5E). The cells seeded

on regions made of the hard phase had higher YAP1 nuclear-to-cytoplasmatic ratios

than those seeded on the soft phase (Figure 5F). On the graded specimens, the
12 Cell Reports Physical Science 4, 101552, September 20, 2023
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nuclear-to-cytoplasmatic ratio increased with the presence of the hard phase,

although variations existed between cells. The observation that the nuclear-to-cyto-

plasmatic signal ratio is higher for stiffer materials than for more compliant ones has

been reported in the literature,71 which corroborates our results. Furthermore, the

YAP staining signal in regions with mostly hard material was significantly different

from those of mostly soft material for non-graded and graded specimens

(p < 0.05). Similarly, the cell shape index was, on average, lower for cells seeded

on the soft material than those seeded on the hard material for graded and non-

graded specimens (Figure 5G). This observation indicates that cells residing on

the soft material have amore circular shape than those on the hardmaterial. Previous

studies have shown that cells exposed to substrates with different stiffnesses tend to

migrate toward regions with higher stiffness.72 It could therefore be the case that the

cells adhering to the central region of the graded specimens preferentially attach or

locally migrate to the stiffer substrate, resulting in the mechanoresponse not being

fully correlated with the local ratios of both phases. Nevertheless, the differences be-

tween the hard and soft phases in terms of YAP translocation to the nucleus of the

cells suggest differential activation of mechanosensitive pathways, which have

been shown to play a key role in controlling cell behavior, including growth, prolif-

eration, and differentiation.62,68,73 Again, because all substrates underwent treat-

ments to minimize the effects of the surface chemistry of the materials on the cell

response, and given the equal distribution of hard and soft materials (and, hence,

similar leachate compositions), we can attribute the intermediate distribution of

YAP/TAZ between the predominantly hard and mostly soft material regions to the

local stiffness of the composites. These results suggest that the voxel-by-voxel

manufacturing technique can be used to create customized, tunable scaffolds or

substrates for studying or regulating the mechanotransduction of cells.

In this work, we developed a modified version of classic co-continuous models

originally derived for particle-reinforced composites. These models aim to estab-

lish a direct relationship between the arrangement of voxels and the macroscale

elastic behavior of multimaterial 3D-printed specimens with voxel-level FGs be-

tween their soft and hard phases. Using these models, FGs can be designed at

the voxel level given the target function describing the variation of the elastic

properties between the hard and soft materials. Our experiments and computa-

tional models indicated a high degree of correlation between the model-based

designs and the actual elastic properties (R2 > 90%) of such FGs, as characterized

by NI and quasi-static tension tests. We then applied the developed model to

design complex biomimetic systems (i.e., knee ligaments and IVDs) with pre-pro-

grammed variations of elastic properties between their soft and hard phases. Bio-

mimetic specimens incorporating FGs were at least 130% stronger and 140%

tougher than their non-graded counterparts, indicating improved load transfer at

their soft-hard interfaces. At the cell scale, our experiments supported the hypoth-

esis that cell behavior can be guided by selective deposition of hard and soft

phases in a transition region. Our results therefore pave the way for the application

of graded soft-hard interfaces fabricated by voxel-level 3D printing to various

areas within biomedicine (e.g., regenerative medicine and implantable medical

devices). Future studies should focus on the characterization of the anisotropic

response of soft-hard voxel arrangements by canvassing the space of all possible

permutations of soft and hard voxels. Moreover, more extensive studies should be

performed to better understand how the arrangement of voxels influences the

mechanoresponse of cells. Finally, there is a need for more cytocompatible UV-

curable photopolymers that can be used with the existing printers to create arbi-

trarily complex soft-hard interfaces at the voxel level.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Mohammad J. Mirzaali (m.j.mirzaali@

tudelft.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw and processed data used in this study, just as the codes used to generate the

composite designs and computational simulations, will be made available upon

request from the lead contact.

3D printing

We fabricated all the specimens throughmulti-material poly-jet 3Dprinting (ObjetJ735

Connex3, Stratasys). This equipment allows material deposition in a ‘‘voxel-by-voxel’’

manner, wherein each voxel represents a microparticle to be deposited, with its shape

idealized as a prism. Thedimensions of theseparticles are constrainedby themaximum

resolution of the printer. Given the resolution of our printer (i.e., 6003 300 dpi in a 27-

mm layer), the minimum feasible voxel size was 423 843 27 mm3. The resolution of the

printer (i.e., 6003 300dpi in layers of 27mm)enables aminimumvoxel size of 423 843

27 mm3. The material deposition was controlled using a stack of binary images, which

provided a voxel-by-voxel description of the deposition coordinates of both phases.

In each binary image, the white bits represent the locations where the 3D printer de-

posits each type of voxel, making it necessary to define, for every design, a separate

stack of binary images for the soft material and another one for the hard material.

Each image in a stack represents a layer of the composite with a uniform thickness of

27 mm.We prepared the binary images using a customMATLAB (R2018b, Mathworks,

USA) code, which processes the gradient functions into 3D images at resolutions

compatible with those of the 3D printer. These images were then projected onto the

geometries of the biomimetic devices. Subsequently, these 3D image geometries

were discretized into binary image files. When the stacks of images were ready, they

were processed formanufacturing usingGrabCADPrint (Stratasys). Formost of theme-

chanical experiments, the hard and soft phases weremade from the UV-curable photo-

polymers VeroCyan (RGD841, Stratasys) and Agilus30 Clear (FLX935, Stratasys),

respectively. The biocompatible MED625FLX (Stratasys) was used as the soft phase

in a single NI specimen with a linear r gradient and for all biological experiments.

Further details regarding the fabrication process are presented below.

NI

Specimen design

To create the FGs, we discretized their rðxÞ functions across the printing direction (x

direction; Figure 1A) at the maximum voxel resolution (i.e., 42 mm/voxel). For each of

the 355 points of the rðxÞ function, we calculated the total number of hard voxels (nH)

required to achieve their respective rðxÞ value (i.e., nHðxÞ = rðxÞ3 nlayer , nlayer =

1773 740 voxels2) and randomly distributed them over the voxels with the same x

coordinate. We projected the resulting design at the center of cubic geometries

(25 3 25 3 20 mm3) with the hard phase bounding the FGs. Additionally, the final

1 mm of every design was assigned r = 0%, which served as a reference for the NI

procedure. The shape of the initial FG was a linear function of r (rlinðxÞ = � x=

LG + 100), which was printed twice: once with Agilus Clear as the soft phase and
14 Cell Reports Physical Science 4, 101552, September 20, 2023
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then with MED625FLX as the soft phase. These specimens were used for material

characterization. Later, we defined three specimens with different elastic modulus

functions. Their shapes were linear (ElinðxÞ = � ðEH � ESÞx=LG +EH), stepwise

(i.e., EstepðxÞ, similar to ElinðxÞ but discretized in nine steps), and sigmoidal

(EsigðxÞ = ðEH �ESÞ=ð1 + expðdðx � LG =2ÞÞÞ+ES ;d = 8=9 mm�1), all with a gradient

length of LG = 14.8 mm. These latter specimens were used for validation. We used a

water jet system (Genie 600, Gemini Cleaning Systems, UK) at 12 bar to remove the

support material from the specimens.

NI experiments

We used a TI 950 Triboindenter (Bruker, US) with a diamond conospherical probe

with a tip radius of 20 mm to perform the NI experiments. We followed a previously

described polishing and NI protocol.32,43 The NIs were performed in a grid of 33

points along the x direction and 10 points along the y direction, yielding 330 exper-

imental data points per FG. For each FG, the initial position of the nanoindenter was

placed at the edge between the regions with only soft and only hard voxels. The dis-

tance between successive test points was 500 mm in both directions. Whenever the

pull-off forces were >5% of the maximum load, we obtained the reduced elastic

modulus (Er ) of each point using the Johnson-Kendall-Roberts (JKR) model.74 For

cases where the pull-off forces were <5% of the maximum load, we used the

Oliver-Pharr model.75 Finally, we calculated the associated elastic moduli (i.e.,

EðxÞzErð1 � nðxÞ2Þ) by assuming the Poisson’s ratio along the gradient (nðxÞ) to
be described by the rule of mixtures between the hard and soft phases (i.e.,

nðxÞ = nH rðxÞ+ ð1 � rðxÞÞnS ;nH = 0:4;nS = 0:495). For the linear r FG results, we

compared the resulting elastic modulus functions against predictions made by

several existing models for particle-reinforced composites, including those pro-

posed by Nielsen et al.48 and Counto49 and both simplified co-continuous models

proposed by Davies50 (i.e., power and logarithmic models). Comparison with these

equations, which are described in detail in Note S2, allowed us to obtain the most

accurate model that fits our data. For obtaining the a value of the modified co-

continuous model (Equation 1), we performed a bi-square nonlinear regression be-

tween all available elastic moduli of the linear r function and their corresponding

values of the hard voxel volume fraction. For the linear, stepwise, and sigmoid

EðxÞ functions, we calculated the coefficients of determination (ordinary R2 values)

between the measured data and the designed functions to validate the accuracy

of the selected characterization model.

FEM simulations of the NI experiments

We used a commercial software suite (Abaqus Standard v.6.14, Dassault Systèmes

Simulia, France) to perform the FEM simulations of the NI experiments. Each model

was built using a grid of RVEs taken from 39 positions along the x direction and 9 po-

sitions along the y direction (Figure 1B). After a mesh convergence study (Note S3;

Figure S3A), each RVE included a matrix of 6 3 636 voxels. Each voxel was discre-

tized using a cluster of 6 3 636 linear hexahedral elements (C3D8H). We simplified

the indenter probe as a cylindrical rigid body defined as a rigid analytic shell with a

radius (Rp) of 6.25 mm. We performed four simulations per RVE to account for the

nanoindenter position during the tests. In these simulations, the indenter was

randomly positioned above the centermost half of the mesh. This process resulted

in 1,404 simulations per FG. We defined the elastic properties of every hard (i.e.,

EH = 2000 MPa;nH = 0:4) and soft (i.e., ES = 0:87 MPa;nS = 0:495) element based

on the NI experimental results. The Poisson’s ratio of both materials and the elastic

modulus of the soft phase were obtained from the quasi-static tensile tests
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performed on monolithic materials (Figures S3B and S3C). We constrained all de-

grees of freedom of the bottom and lateral regions of every mesh. For the probe,

we prescribed an indentation depth (h) of 1 mm and recorded its respective reaction

forces (RFs) for each simulation. We calculated the reduced elastic modulus (Er =ffiffiffi
p

p
RF=ð2 h

ffiffiffiffiffiffi
Ap

p Þ;Ap = p R2
p) and used the Poisson’s ratios of the RVEs (i.e., n =

nHrðxÞ+ nSð1 � rðxÞÞ) to estimate the elastic modulus (E = Er ð1 � nðxÞ2Þ) for every
simulation. To plot the variation of the elastic modulus across the length of each FG

design, we used a combination of the overall r value of each RVE and the corre-

sponding value of the estimated elastic modulus, E.
Tensile tests

Tensile mechanical tests

First, we prepared monolithic specimens made of only hard and only soft voxels ac-

cording to the description of type IV specimens in the American Society for Testing

and Materials (ASTM) D638-14 standard.76 These specimens allowed us to charac-

terize the elastic properties of these materials when loaded in the printing direction.

Furthermore, we designed four elastic modulus FGs to validate the accuracy of the

corrected characterization models under quasi-static tensile conditions. The shapes

of the FGs were a power law (i.e., EpowðxÞ = ðEmax � EminÞððLG � xÞ=LGÞ2 +Emin),

linear (i.e., ElinðxÞ = � ðEmax � EminÞ=LG +Emax ), step (i.e., EstepðxÞ, similar to

ElinðxÞ but discretized using 9 equally spaced steps), and sigmoid

(EsigðxÞ = ðEmax �EminÞ=ð1 + expðdðx � LG =2ÞÞÞ+Emin;d = 8=9 mm�1), all with

LG = 12:2 mm. We symmetrically projected these FGs onto the gauge region of

the specimens, with their centermost 8.13 mm defined by Emin (Figure 3A). We

defined Emax = 1,750 MPa and Emin = 75 MPa for all of these FGs. The rðx) functions
were obtained using Equation 2 with a = 2, ES = 0:87 MPa, and EH = 2650 MPa (EH

and ES were obtained from tensile tests performed on monolithic specimens). We

manufactured each design threefold and removed the support material using a wa-

ter jet system (Genie 600, Gemini Cleaning Systems) at 12 bar. We tested the spec-

imens using an LR5Kmechanical testingmachine (Lloyd, USA) with a 5-kN load cell at

a rate of 2mm3min�1. We recorded the local deformations of the specimens during

the tests using a DIC system (Q-400 23 12 MPixel, Limess, Krefeld, Germany) that

captured the surface of the specimens with a frequency of 1 Hz. These measure-

ments required applying a black dot speckle pattern over a white paint background

on each specimen. We calculated the first principal (true) strain distributions with the

Instra 4D v.4.6 (Danted Dynamics, Skovunde, Denmark) software and the DIC mea-

surements. Furthermore, we generated the general stress-strain curves across time

(t) using the engineering stress (sðtÞ = f ðtÞ=A0;A0 = 32:512 mm2) and engineering

strain vectors, εðtÞ, measured using a digital extensometer in Instra 4D. From these

curves, we measured the general elastic modulus of each tensile test specimen, EG,

from the slope of a fitted polynomial of order one. To calculate the elastic modulus

along the x direction, EðxÞ, we fitted polynomials using the average longitudinal (en-

gineering) strains (εavgðx;tÞ) of each x position and the engineering stress vectors. All

slopes were obtained between stresses of 0.2 and 15 MPa. We then averaged the

EðxÞ results for three repetitions of each FG and calculated the corresponding coef-

ficients of determinations (ordinary R2 values) between the experimental results and

the FG designs. We further validated this method of measuring EðxÞ by calculating

the effective elastic modulus bE of each test using the equivalent equation for the sys-

tems of linear springs ( bE = WGð
RWG

0 dx=EðxÞÞ� 1
, where WG is the total length of the

DIC recording region) and by comparing them with the elastic moduli measured

from the general stress-strain curves (EG).
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FEM simulations of the tensile tests on FG specimens

Wemodeled one-half of the gauge section of the tensile test specimens with a cross-

section of 24 3 24 voxels and discretized them with linear hexahedral elements

(C3D8H). The resulting meshes consisted of 235,008 elements. Given these consid-

erations, we prescribed symmetric boundary conditions at the symmetric end (i.e., at

the center plane of the soft region) of the design and at two of its lateral surfaces. We

also prescribed a uniaxial displacement of 0.26 mm at the hard end of the mesh

(equivalent to 1.5% uniaxial strain) while restraining its remaining degrees of

freedom. The elastic properties were defined using the tensile test data obtained us-

ing the monolithic specimens (i.e., EH = 2650 MPa; n = 0:4 for the hard phase and

ES = 0:87 MPa; nS = 0:495 for the soft phase). After processing the simulations, we

extracted the RFs at the hard end of the FG and the main principal strains at the

centroid of every element of the mesh. We performed the same procedure

described for the experimental tensile tests to obtain the estimated EðxÞ functions
of every FG and to calculate their coefficients of determination (ordinary R2- values)

vs. the designed functions.

Design, testing, and FEM simulation of knee ligament systems

The geometry of the knee ligament system was adapted from an open-source com-

puter-aided design (CAD) database.77 It consisted of a femur, a tibia, and a fibula

(153 mm long) with the respective ACL (15 mm long), posterior cruciate ligament

(PCL; 20 mm long), lateral collateral ligament (LCL; 30 mm long), and medial collateral

ligament (MCL; 35 mm long) (Figure 5A). From this assembly, we generated two de-

signs. The first one had FGs between the bone-ligament interfaces. The seconddesign,

which worked as our control, was not graded and had abrupt material transitions. The

material assignment of both structures was generated with MATLAB (R218b, Math-

works). The FGs of the first design had a sigmoid transition function with LG = 1:5

mm. To attach the structures to the tensile testing machine, we integrated three cylin-

ders between the femur and tibia regions, which we cut before testing. After removing

the support material with a water jet (Genie 600, Gemini Cleaning Systems) at 12 bar,

we applied a black dot speckle pattern to a white paint background tomeasure the sys-

tem’s deformations with the DIC system. We tested the assemblies under the same

conditions as the tensile tests. Furthermore, we built FEM models of both test config-

urations after reducing their voxel resolution to grayscale RVEs covering 6 3 6 3 6 of

the original voxels. We discretized each RVE as a single element (C3D8) and assigned

its mechanical properties based on its average r after using Equation 1. We con-

strained all degrees of freedom at the bottom surface of the tibial bone. Similarly,

we constrained all degrees of freedom at the top surface of the femur mesh, except

for the vertical displacement, which was defined as 1 mm. We compared the resulting

strain fields of these simulations with the results of the DIC measurements.

Design, testing, and FEM simulation of graded IVDs

We based the dimensions of the IVDs on the L4L5 disc78 and generated the design

with SolidWorks 2021 SP2.0 (Dassault Systèmes). The major axis was 49.7 mm, with a

minor axis of 31.83 mm and a height of 8.42 mm. After voxelizing the design using

MATLAB R2018, we generated three different IVD systems. These IVDs had different

sinusoidal FG functions that connected the AF and NP regions (Note S4). To discre-

tize these functions, we partitioned the IVDs into concentric lamellae and assigned

their respective r value. The three designs were calculated to have an equivalent

elastic modulus of 350 MPa after considering the IVDs as systems of parallel springs

(Figure 4E). After printing these designs and removing the support material with a

water jet (Genie 600, Gemini Cleaning Systems) at 12 bar, we tested them under uni-

axial compression with a mechanical testing machine (load cell = 100 kN, Z100,
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Zwick, Germany) and using a stroke rate of 2 mm 3 min�1. The stresses and strains

were calculated from the load cell readings and the corresponding cross-head

displacements. To obtain more accurate elastic modulus (EIVD ) values, we printed

additional specimens of each design and tested them with the same LR5K testing

machine (5-kN load cell). The local deformations were measured using the above-

described DIC system. Based on these results, we defined a digital extensometer

around the centermost part of the IVDs to calculate the average vertical strains of

each specimen. Then, we obtained EIVD from the slope of the linear region of the

stress-strain recordings (i.e., between the stress values s = 3 MPa and 4 MPa). We

compared these measurements with the values predicted by the FE models of these

designs, which were built using the same discretization conditions as for the knee lig-

ament constructs. However, each RVE had 3 3 3 3 3 voxels, and the simulations

were performed under a uniaxial compression equivalent to 5% strain.
Cell culture experiments

3D-printed specimens

We designed and 3D printed four types of disk-shaped specimens (i.e., with a diam-

eter of 9.75 mm and an out-of-plane thickness of 2 mm) to perform the cell culture

experiments. Two of these were made of purely hard (i.e., VeroClear, Stratasys)

and purely soft (i.e., MED625FLX, Stratasys) materials. The other two were designed

as non-graded and graded multimaterial configurations. The non-graded design

had a sharp interface at the center of the disk, with one side of the specimen

made only of the hard voxels and the other printed from the soft voxels. The graded

design had a linear r FG analogous to the FG of the initial NI characterizations.

Specimen preparation for direct cell seeding

After 3D printing the specimens, the support material was removed from the printed

specimens using a water jet (Genie 600, Gemini Cleaning Systems) at 12 bar. Further

removalof supportmaterial residualswasdoneby submerging the specimens in isopro-

panol under sonication (5510, Branson, UK) for 30min. Thereafter, the specimens were

surface treated by grinding and subsequent FBS coatings, as described in Note S6.

Cell viability and FAK analyses

Human BMSCs (Lonza, 19TL155677) were thawed and plated at 6,000 cells/cm2 in an

expansion culture medium containing basal alpha minimum essential medium

(a-MEM; 22571), 10% (v/v) FBS (HyClone), 100 U/mL penicillin, 100 mg/mL strepto-

mycin, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),

supplemented with 1 ng/mL of fibroblast growth factor 2 (all from Thermo Fisher Sci-

entific, Waltham, MA, USA). The culture medium was renewed every 2 days. Upon

reaching 80% confluency, the cells were detached from plastic using 0.05%

trypsin-EDTA solution (Thermo Fisher Scientific). At passage three, 104 BMSCs sus-

pended in 300 mL (33,000 cells/mL) were seeded directly onto the specimens and

were kept at 37�C in a 5% CO2 incubator for 2 h. Then, the medium was changed

to remove the unadhered cells. The specimens were kept in culture for 48 h, with me-

dium renewal after 24 h, and were then harvested for cell viability and FAK analysis.

Cell viability was analyzed using live/dead assays (LIVE/DEAD Viability/Cytotoxicity

Kit, Thermo Fisher Scientific). After removing the culture medium and washing the

cells twice with phosphate-buffered saline (PBS; Thermo Fisher Scientific), we

stained the live and dead cells using 2 mM ethidium homodimer-1 and 5 mM cal-

cein-AM for 15 min at room temperature. Then, the solution was removed, and

the cells were washed twice with PBS. Finally, the cells were imaged with a ZOE fluo-

rescent cell imager (Bio-Rad, the Netherlands).
18 Cell Reports Physical Science 4, 101552, September 20, 2023



ll
OPEN ACCESSArticle
For the FAK immunofluorescence staining, BMSCs were fixed for 10 min with 2%

paraformaldehyde and washed twice with PBS. The cells were permeabilized with

0.5% Triton X-100 for 5 min, followed by 1-h blocking of non-specific binding sites

with PBS with 5% (v/v) bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO,

USA) at room temperature. The cells were then incubated with FAK primary mouse

monoclonal antibody (1:200, AHO1272, Thermo Fisher Scientific) dissolved in PBS

with 1% BSA for 1 h at room temperature. The specimens were subsequently washed

three times with PBS and incubated with a secondary fluorescent goat anti-mouse

Alexa Fluor 647 conjugate (A21235, Thermo Fisher Scientific) at a dilution of

1:1,000 in a blocking solution of PBS containing 1% BSA together with 300 nM

DAPI nucleus stain. After 1 h of incubation at room temperature, the specimens

were washed with PBS and stored at 4�C until the images were taken using a confocal

microscope (Leica-SP8, Leica, Germany) using a 203 air-dry objective.

YAP analysis

hBMSCs isolated from the surplus bone chips from the iliac crest of a donor (age, 9

years; male) undergoing alveolar bone graft surgery were obtained with the

approval from the medical ethics committee of Erasmus MC (MEC-2014-16). The

cells were isolated through plastic adherence and expanded in a-MEM supple-

mented with 10% (v/v) FBS, 1.5 mg/mL Fungizone, 50 mg/mL gentamicin (all from

Thermo Fisher Scientific), 25 mg/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich),

and 1 ng/mL fibroblast growth factor 2 (Instruchemie, Delfzjil, the Netherlands) in

a humidified atmosphere at 37�C with 5% of CO2 up to passage 4. 104 BMSCs sus-

pended in 300 mL (33,000 cells/mL) were seeded directly onto the specimens and

kept at 37�C in a 5% CO2 incubator. The samples were kept in culture for 48 h in cul-

ture medium containing a -MEM supplemented with 10% (v/v) of FBS, 1.5 mg/mL

Fungizone, 50 mg/mL gentamicin, and 25 mg/mL L-ascorbic acid 2-phosphate.

For YAP immunofluorescence staining, the cells were fixated using 4% paraformal-

dehyde (Boomlap, Meppel, the Netherlands) for 10 min, washed twice with PBS,

and kept in PBS at 4�C until further processing. To stain the cells, they were permea-

bilized with 0.5% Triton X-100 for 5 min, followed by blocking the non-specific bind-

ing sites with PBS supplemented with 1% (v/v) BSA (Sigma-Aldrich). The cells were

then incubated with rabbit anti-YAP1 primary antibody (1:500, AB52771; Abcam,

Cambridge, UK) dissolved in PBS with 1% BSA for 1 h. A rabbit immunoglobulin G

(IgG) isotype (X0903; Agilent Technologies, Santa Clara, CA, USA) was used as

the negative control. The specimens were washed three times with PBS and incu-

bated with goat anti-rabbit secondary fluorescent antibody (1:1,000, AB150077; Ab-

cam) dissolved in PBS with 1%BSA for 1 h at room temperature. Nucleus staining was

done using Hoechst dye 33542 (1:2,000; Thermo Fisher Scientific) for 5min, followed

by two washing steps with PBS 1% with BSA. Finally, the specimens were kept in PBS

and stored in the dark at 4�C until imaging. Images were taken with a confocal mi-

croscope (Leica-SP8, Leica) using a 203 air-dry objective.

Image analysis

All images were processed using Fiji (v.1.53q, a distribution of ImageJ2, USA). The

quantification of the mean FAK and YAP signal intensity as well as the cell surface

area and shape index was performed using an in-house macro for the Fiji software.

To analyze the surface area of the cells based on the live/dead images, the borders

of the cells were automatically selected based on thresholding. The same process

was applied manually for the FAK and YAP signal intensity analyses because the

background signal was too high. The cell shape index (CSI) was calculated from

the cytoplasm results of every manually selected cell from the YAP analysis. This
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index was defined as CSI = 4pA
P2 , where A and P represent the area and perimeter of

the cell, respectively. A CSI value of 1 indicates that the cell is entirely circular, while

0 indicates a straight line. The scatterplots of the cell area were created based on

400–500 selected cells for each experimental condition. For the FAK and YAP plots,

at least 10 cells were selected to perform the analysis, mainly among the isolated

cells that were not overlapping or connected to other cells.

Statistical analyses of images

Statistical analyses were performed for the cell surface area, FAK mean signal inten-

sity, and YAP1 nucleus-to-cytoplasm ratio using Prism (v.9.4.1, GraphPad, USA).

Scatterplots were obtained from each corresponding evaluation, where the respec-

tive mean and standard deviations were included. For every analysis, we performed

unpaired t tests without assuming equal standard deviations (i.e., Welch’s correc-

tion) to compare the ranks of the results corresponding to the hard and soft mate-

rials. We indicated the significance of each comparison as follows: *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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