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An ideal implant surface should promote cell attachment and tissue integration while preventing 
bacterial colonization. Engineering the surface topography of a biomaterial implant to elicit a 
differential response is a promising approach to dealing with both issues. To achieve this, we integrated 
Moth-Eye (ME) nanocones with micrometric features such as gratings and pillars in various hierarchical 
configurations, leading to different responses in bacteria and cells. These hierarchical topographies 
were tested on different polymers to compare their biological responses. Mesenchymal stem cells 
(MSCs) were employed as a model system to study cell behavior, given their ability to proliferate, self-
renew, and differentiate. The bactericidal effect was tested using gram-negative Escherichia coli and 
gram-positive Staphylococcus aureus. Results show that these topographies-maintained cell viability 
and influenced cell morphology, orientation, migration and differentiation, which are crucial processes 
for regeneration and osseointegration. Finite Element Method (FEM) simulations estimated the 
traction forces generated by cells on these surfaces. Overall, the hierarchical topographies enhanced 
the expression of osteogenic markers in the MSCs while retaining the bactericidal properties of the ME 
nanostructures.
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 Due to increased life expectancy and an ageing population, there is a growing demand for prosthetic implants 
to restore or regenerate the lost normal function of a body part1,2. However, implant fixation and functional 
recovery of the lost function do not always occur, with the most frequent failures being the lack of biointegration 
in the host tissue and bacteria proliferation on the surface of the implant. In these processes, the characteristics 
of the implant surface play a critical role for proper implant integration with tissues3–6. The introduction of 
a foreign body automatically triggers an inflammatory response, while bacteria, if present, would initiate the 
so-called “race for the surface” with the host cells to colonize the surface of the implant. The latter process 
was first described in 1988 by Gristina et al., who recognized that the outcome of this competition dictates the 
success of an implant biointegration7. When bacteria adhere to an implant’s surface and form a biofilm, they 
become highly resistant to bactericidal agents. The implant surface acts as a shield against the immune system, 
creating a conducive environment for infection. As a result, implant infections often lead to implant failure and 
removal becomes necessary. Systemic antibiotics are routinely prescribed in patients undergoing implantation 
surgeries to prevent early implant failure. Nevertheless, implant-related infections still occur in approximately 
5% of orthopedic implant procedures8. In addition, this routine and the widespread use of antibiotics is driving 
the emergence of antibiotic-resistant bacteria strains9–11.

Research has shown that the surface texture of an implant significantly affects its ability to integrate into 
biological tissues. In this regard, micro- and nano-engineering offers an opportunity to create micro- and 
nanotopographical surface features that can influence cellular responses. Indeed, extensive research has 
consistently demonstrated that surface topography is crucial in guiding cellular behavior and fate, influencing 
aspects such as cell morphology, adhesion, proliferation/viability, migration, and differentiation12–15. These 
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responses have been shown to occur through the modulation of focal adhesions (FAs) influenced by surface 
topography, which activates various downstream cell signaling pathways16–20. FAs are protein complexes that 
assemble through integrin transmembrane receptors to the external environment, transducing bidirectional 
mechanical forces into the cell and vice versa, inducing cell cytoskeleton reorganization21. These biomechanical 
responses are influenced not only by topographical cues, but also by the mechanical properties of the surface. 
Particularly, substrate stiffness has been shown to affect fundamental cellular processes, including spreading, 
proliferation, migration, differentiation and tumoral progression22–25. Hence, many works have focused on 
understanding the response of stem cells to different mechanical cues26,27. Studies on Mesenchymal Stem Cells 
(MSCs) are particularly interesting, as these cells are involved in wound healing and regeneration processes 
by coordinating repair at different levels of response, i.e., through differentiation, immunomodulation, and 
secretion of growth factors28,29. Some earlier works have recognized the ability of nanotopographies to influence 
the MSCs differentiation towards the osteocyte lineage. Conversely, other studies have highlighted their capacity 
to maintain a long-term stemness, preserving the cell’s capacity for self-renewal30–32.

As previously stated, it is essential to prevent infection of the implant surface to ensure proper implant 
biointegration. To this end, nanostructured materials have emerged as an attractive strategy to deter 
bacterial attachment and proliferation through mechano-bactericidal effects. In recent decades, different 
nanotopographies, many of them bioinspired by natural sources, have been shown to offer protection against 
bacteria10,33. For example, lotus leaves and butterfly wing nanostructures possess self-cleaning properties, which 
may prevent bacterial attachment due to their powerful superhydrophobicity repelling water droplets34–36. Other 
species such as cicadas and dragonfly wings or moth-eyes (MEs)37–41, have developed nanostructures to prevent 
bacterial infection by mechanical stress and deformation of the bacteria cell envelope upon attachment to the 
surface compromising the viability of the bacteria42,43.

Only a limited number of studies have addressed the problem of implant biointegration from a both host cell 
biointegration and bacterial infection perspectives. Among these, few have approached the issue from a physical 
standpoint, specifically through topographical modifications of the material37,44,45.

Here, we propose a hierarchical micro-nano topography for directing the behavior of MSCs while preventing 
bacteria colonization. The hierarchical topography consists of a micrometric arrangement covered by a 
nanometric texture. The dimensions of the micro- and nanofeatures were chosen based on previous works. The 
micro features were intended to instruct the response of MSCs46. Several microtopographies have been assessed 
with an aspect ratio of 1:2 (height: diameter), an interspace of 2 μm, and varying degrees of anisotropy. Previous 
nanotopographies with bactericidal action have involved surface features in the range of 10–100  nm at the 
contact point to generate a bactericidal effect14,42,47. In this work, for the hierarchical topography, we selected 
the bioinspired ME nanocones because of their known bactericidal effect and proven cytocompatibility37. The 
ME nanofeatures were implemented on the upper and lower levels of the microtopography covering the entire 
surface. The materials selected to fabricate the topographies in comparative studies were polydimethylsiloxane  
(PDMS) in hard and soft variations (hPDMS and sPDMS respectively) and poly(methyl methacrylate) (PMMA), 
both polymers commonly used in implants. MSCs were cultured on these substrates to assess the changes in cell 
viability, morphology, motility, and differentiation ‒specifically towards the osteogenic lineage‒ induced by the 
topographies. Finite Element Method (FEM) simulations were conducted to substantiate how the mechanical 
properties of the substrates affect the response of the MSCs by investigating cell traction forces in relation to 
the stiffness of the topography. Likewise, the bactericidal efficacy of these topographies was evaluated for E. coli 
(gram-negative) and S. aureus (gram-positive) strains. The results suggest that hierarchical topographies could 
be an effective tool for directing the biological response of MSCs while preventing bacterial infection, both 
important processes in reducing implant failure.

Results and discussion
Substrate fabrication and characterization
A range of micro- and nanostructured surfaces and hierarchical arrangements on various polymeric materials, 
including the elastomeric polydimethylsiloxane polymer (PDMS) or thermoplastic poly(methyl methacrylate) 
(PMMA), were fabricated with the aim of eliciting distinct responses in mammalian cells and bacteria. Figure 1 
shows representative SEM images of the different topographies examined in this study. These topographies, 
classified into three main categories include: (1) Nanotopography, consisting solely of Moth-Eye nanocones 
(ME); (2) Microtopographies, which include both Low Aspect Ratio (LAR) and High Aspect Ratio (HAR) 
features such as Gratings, Square Pillar Arrangement (SPA), and Hexagonal Pillar Arragement (HPA); and (3) 
Hierarchies, combining LAR microtopographies with ME nanocones (LAR + ME). The geometrical details are 
summarized in Table S1 of the Supplementary Information.

Initially, the wetting properties of the different fabricated substrates were evaluated by measuring the water 
contact angle (WCA) on each surface. A summary of the data obtained is displayed in Fig. 2(a). The analysis 
of the WCAs indicates that the nano- and microtextured substrates increased their hydrophobicity compared 
to their flat counterparts. Moreover, all the topographic substrates were more hydrophobic than the standard 
cell culture plates, which were used as a reference control (labelled as PS flat). On the grating topographies, two 
different WCA values were obtained due to the anisotropic spreading of water droplets in the direction of the 
grating.

The wettability of the substrates after exposure to the culture medium was also investigated. To do so, the 
ME nanopatterned hPDMS and PMMA substrates were incubated in a protein-enriched culture medium such 
as Luria-Bertani (LB) broth for 5 h. The results obtained displayed in Fig. 2(b) indicate that after the incubation 
period, all substrates become highly hydrophilic with WCA values below 50. This was an expected result caused 
by the adsorption of proteins in the medium thereby changing the surface chemistry and charge. This is an 
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event that takes place naturally when a biomaterial surface comes in contact with biological fluids, forming a 
conditioning layer that influences subsequent cellular attachment and biomaterial integration48.

Given that oxygen plasma is a standard surface treatment for conventional polystyrene culture plates, we also 
investigated the changes in the WCA of our topographies following this treatment49–51. Figure 2(c) displays the 
WCAs for the ME topography fabricated in hPDMS and its flat counterpart after treatment with oxygen plasma. 
It can also be seen that after periods of 1 h, 24 h and 72 h post-treatment, the surface activation was not stable 
over time, as the wetting behavior of the surface gradually reverted when the substrates were stored in air. This 
result indicates that cell culture substrates should be promptly pre-incubated in the corresponding medium 
following plasma activation to enhance protein adsorption, thereby optimizing conditions for cellular adhesion 
and growth.

Cell proliferation
Cell proliferation was assessed by the resazurin assay. The proliferation of MSCs on the different topographic 
substrates (ME, LAR, HAR and hierarchies) was compared to that of their respective PS flat controls. Before 
cell culture, the surfaces were pretreated with oxygen plasma to favor wetting in culture medium and cell 
adhesion. The proliferation curves obtained are displayed in Fig. 3. As can be seen, all the substrates supported 
the growth of the MSCs. However, unlike the PS flat control, which exhibited a steady increase in proliferative 
activity, the proliferation rate on the topographies was somewhat slower during the initial days. This occurrence 
was previously reported, and it has been associated with a slowdown in cell cycle progression. The underlying 

Fig. 1.  SEM images of the different topographies under study fabricated in (polydimethyl siloxane) PDMS 
and (poly(methyl methacrylate)) PMMA. The topographies are classified according to their aspect ratio as 
LAR (Low Aspect Ratio), HAR (High Aspect Ratio) microtopographies and ME (Moth-eye) nanocones. The 
hierarchical topographies include a combination of the LAR features with ME nanocones. The geometrical 
arrangements are either HPA (Hexagonal Pillar Arrangement), SPA (Square Pillar Arrangement) and Gratings.
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mechanism involves mechanobiological signaling pathways regulated by cytoskeletal reorganization, which is 
itself modulated by the structural properties of the surface52. Conversely, when comparing only flat surfaces to 
evaluate the effect of material stiffness, it was observed that increased stiffness corresponded with greater cell 
proliferation. This outcome agrees with earlier reports, where MSCs exhibited lower proliferation on PDMS than 
on PS tissue culture plates53. Nonetheless, around the 4th −5th day, an increase in the proliferative behavior of 
the MSCs was observed on the nano- and microtopographies. Attending only to flat surfaces, sPDMS exhibited 
the lowest proliferation rate (Fig. 3(d)) whereas the topographies in this material showed significant variations 

Fig. 2.  Wetting properties of the topographies used for the study. (a) WCAs measured on sPDMS, hPDMS, 
and PMMA substrates with a wide variety of topographies (nano-, hierarchical (LAR + ME), LAR and 
HAR microtopographies). Note the difference in the WCA of the gratings according to their orientation 
(shown by red box, O1 and O2). (b) WCAs measured in flat and ME nanopatterned substrates fabricated 
on hPDMS and PMMA polymers before and after 5 h incubation in a protein-enriched medium (LB broth). 
(c) WCAs for hPDMS either flat or topographed (ME) at 1 h, 24 h and 72 h after oxygen plasma treatment. 
Measurements were plotted as the WCA mean ± SE. One-way ANOVA analysis shows statistical significance 
by **** p-value < 0.0001. Dashed lines show the contact angle intervals that determine hydrophilicity (θ < 90˚), 
hydrophobicity (90˚< θ < 150˚) and superhydrophobicity (150˚ < θ). Representative water droplets are shown 
above data columns.
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in proliferation rates (compare the length of the red arrows in Figs. 3(a), with 3(b) and 3(c)). This could be 
attributed to the fact that sPDMS is the softest polymer among the substrates tested.

Both wettability and cell proliferation assays indicated that an oxygen-plasma pretreatment adequately 
sustained cell growth on the surfaces54,55. Hence, for subsequent studies, all surfaces were pre-treated with 
oxygen plasma under the same conditions prior to incubation with the cell medium.

Morphological cell response
Topographical and mechanical characteristics of substrates have been shown to influence cell shape and spreading 
through mechanotransduction processes, shaping cellular behavior as they interact with their surroundings56,57. 
Images of MSCs cultured on the different substrates with cytoskeleton and nuclei fluorescently labelled were 
analyzed to characterize the cell morphology adopted on the different topographies. The morphological 
parameters analyzed (area, circularity, eccentricity, and orientation) were performed with CellProfiler software, 

Fig. 3.  Cell proliferation dynamics of MSCs ‒measured as resofurin fluorescence intensity (Ex. 550/Em. 
590 nm; mean ± SE) were analyzed to assess the growth of MSCs. MSCs cultured on different substrates (ME, 
LAR, HAR, hierarchies (LAR + ME)) made in three different materials: (a) sPDMS, (b) hPDMS, and (c) 
PMMA. (d) MSCs cultured on flat sPDMS, hPDMS, and PMMA polymers. One-way ANOVA test followed 
by Holm-Šídák post-hoc analysis was carried out for comparing the MSCs proliferation rates between 
polymers at each time point. Significant differences are marked by */# (p < 0.05) for both sPDMS and hPDMS 
respectively. PS flat substrate from tissue-culture plates was included as a control. Gray shading highlights 
the top-performing conditions, emphasizing the early-culture response (days 4–5), where the highest growth 
increment occurs relative to the PS control (threshold reference). Gray arrows denote the phase of maximal 
proliferation increase.
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establishing a correspondence of cell nuclei with the cytoskeleton as illustrated in Figure S1(a) from the 
Supplementary Information. Figure S1(b) shows some representative post-processed images of each data set 
analyzed.

Figure 4(a) depicts the cell projected area measurements for the MSCs cultured on LAR topographies 
fabricated on the different materials. Here, the largest mean area values were observed for cells cultured over 
the hPDMS substrates in all the topographies. Figure 4(b) shows representative images comparing the cell area 
outlined by a green line between the different materials tested patterned with the LAR HPA topography. In turn, 

Fig. 4.  (a) Influence of the substrate polymeric material over the cell area (mean ± SE) of MSCs, showing the 
comparison between different materials (sPDMS, hPDMS, and PMMA) with the same microtopography. 
The projected cell area is outlined in  green for each cell, with the nucleus identified by a blue outline. (b) 
Representative images comparing the cell area of MSCs across various materials patterned with the LAR HPA 
topography. The outlines of the cytoskeleton and nucleus are shown in green and blue lines, respectively. 
(c) Influence of the ME nanostructure on MSC cell area (mean ± SE) . For each substrate, it is shown the 
comparison with its non-ME counterpart. (d) Influence of ME nanostructure over circularity (mean ± SE) 
for MSCs cultured onto different substrates, compared with the non-ME counterparts. (e) MSCs actin and 
nucleus staining grown onto different substrates. Representative pictures exemplify the influence of the ME 
nanostructures comparing hPDMS Flat vs. ME and hPDMS HPA vs. HPA + ME (hierarchy). Upper row shows 
the influence of the nanostructure compared to a flat substrate, while the bottom row shows this influence 
for a substrate that includes a microtopography, as in this case, HPA. One-way ANOVA statistical analysis 
was performed for comparisons. Significance is displayed by ns (not significant) and * symbols (ns p > 0.05, * 
p < 0.05, ** p < 0.01, *** p < 0.0001, **** p < 0.0001).
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each cell is identified by its respective nucleus outlined by a blue line. This behavior was also observed on flat 
surfaces, where there is no influence from topography (see also in Figure S2(a)).

Notably, substrates patterned with the ME nanostructure, including hierarchical features, significantly 
reduced the cell projected area, regardless of the material (see Fig. 4(c)). In terms of cell circularity, the presence 
of ME nanostructure was also found to induce a more isotropic rounded cell shape, as it can be seen in Fig. 4(d). 
Figure 4(e) presents fluorescence images of MSCs illustrative of the impact of the ME nanostructures on the 
cellular shape compared to a flat substrate (upper row) and the LAR HPA hierarchical arrangement (lower row) 
compared with their control without ME nanostructures. Thus, the presence of ME nanostructures not only 
decreased cell area but also increased circularity. These findings further confirm that the spatial constraints 
imposed by nanopatterning influenced cell spreading58.

Another remarkable effect in terms of cell shape is that for the MSCs cultured on more anisotropic 
topographies, such as LAR gratings, typically a more elongated shape was observed (see Figure S2(b)). Conversely, 
stiffness not only affected elongation but also influenced cell shape by preventing the typical circularity observed 
in anisotropic topographies. In this case, the effect of anisotropy is overshadowed by the stiffness effect on the 
PMMA substrates, where higher mean values of cell circularity were seen (see Figures S2(c) and S2(d)).

The orientation of cells was evaluated based on their angular distribution across the topography, indicating 
the primary direction that cells adopt when growing on these surfaces. The orientation of cells was evaluated 
based on their angular distribution across the topography, indicating the primary direction that cells adopt 
when growing on the topographies. The rose plots in Fig. 5(a) depict the mean cell orientation adopted by MSCs 
cultured in substrates with features of increasing anisotropy. The mean resultant vector, represented as the R 
value (displayed by a red line in the rose plots), increased as the substrate became more anisotropic reaching a 
maximum value for gratings. Conversely, in more isotropic topographies such as flat surfaces or HPA, the cells 
were more randomly distributed and low R values were observed. The SPA substrates, with an intermediate 
degree of anisotropy, did not induce any statistically predominant orientation, thus, medium-low values for 
the length of the mean resultant vector were obtained. These findings suggest that cells align with the grating 
topographic structure, demonstrating a directional organization that is consistent with observations reported 
in previous studies59–61. Figure 5(b) shows a comparison of the R value obtained in relation to the substrate 
topographic feature. The figure signifies that the highly anisotropic grating results in high R values, attributed to 
the predominant orientation adopted by the cells.

Cell orientation was also influenced by the aspect ratio of the microstructure for the stiffer materials. This 
cell alignment effect was noticeable when comparing the HAR PMMA gratings with their LAR counterparts 
(see Figure S3(a)). On the other hand, results show that the ME nanostructure does not affect cell orientation 
when it is part of a hierarchical topography (see Figure S3(b)). This result is expected since an isotropic 
hexagonal arrangement such as the ME nanostructure should not promote any particular orientation. Even 
when patterned over anisotropic microstructures, the ME topography did not alter cell orientation distribution 
when compared with the non-hierarchical counterpart. On the other hand, the star-like clustering of MSCs on 
the ME nanotopogarphy was noteworthy (see upper-right row from Fig.  4(e)). This behavior has previously 
been observed on uncoated and non-nanostructured PDMS substrates53,62. Our findings indicate that this 
clustering effect is mostly driven by the ME nanotopography regardless of the material, either PDMS or PMMA. 
The organization of cells into clusters is relevant for constructing functional microtissues, as it promotes stable 
cellular networks and extracellular matrix production, which are essential steps for effective integration with 
host tissues63,64.

Cell migration behavior
The characterization of cell migration behavior on a surface topography is important to predict the ability of the 
host cells to migrate and attach to the implant surface, facilitating osseointegration. The motility of the MSCs 
cultured on different substrates was measured by the cell average speed calculated from the time-lapse images 
of the cell trajectories. The results are displayed in Fig. 6. The results in Fig. 6(a) indicate that stiffness of the 
substrate significantly influenced the cell motility. The data indicate that cell motility was highest on substrates 
with intermediate stiffness (see Table 1 from Methods: hPDMS E ~ 9 MPa), whereas it decreased on both softer 
and stiffer materials. Indeed, cell motility is directly linked to the turnover rate of focal adhesions (FAs), which is 
modulated by the stiffness of the substrate. On stiffer materials, an enhanced cell attachment prevents the rapid 
disassembly of FAs in the rear edge of the cell, delaying cellular migration. On the contrary, softer materials 
preclude the formation of stable FAs in the front edge, which also limits FA turnover. This biphasic behavior of 
cell motility, where cells exhibit optimal migration speeds at intermediate substrate stiffness, has been described 
in previous studies. This behavior is influence by the turnover rate of FAs in response to material stiffness65–67.

Patterning of the surfaces had also an influence on cell adhesion and motility. Figure 6(b) shows that for the 
same microtopography, the average cell migration speed decreased on the hPDMS substrates while it increased in 
sPDMS. On these substrates, the stiffness-dependent biphasic behavior of cell motility appeared to be modulated 
by the substrate microtopography. However, no significant differences were observed when comparing different 
microstructures fabricated in the same polymeric material. This indicates that the stiffness of the material has a 
greater influence on cell migration speed than the spatial distribution of the topographic features. Nevertheless, it 
is well-documented that cells modulate their migration behavior in response to different topographic features68.

Our observations further demonstrated that nanotopographical features within the hierarchical surface 
influenced cell motility. Figure6(c) shows that the ME nanocones increased the average cell speed compared to 
the micro topographies not including the ME substrates. Previous studies have shown that nanosized features 
can hinder the formation of large, mature FAs by restricting integrin clustering. The dimensional constrains 
imposed by these features limit the available area for integrin clustering, thereby hindering the maturation 
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Fig. 5.  One-way ANOVA analysis followed by Holm-Šídák post-hoc test comparing the length of the mean 
resultant vector, R , which represents the directionality degree acquired by MSCs cultured on the different 
substrates. Significant data is established by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) 
and non-significant (ns) for the corresponding comparisons. (a) Representative fluorescence images of cells 
grown in the three main geometric arrangements analyzed (Gratings, SPA, HPA) ‒exemplified by the PMMA 
substrate‒ and their respective rose diagrams below show their angular distribution (violet facets) and their 
main acquired orientation (R values shown by the red line). (b) The plot shows a comparison between the 
flat PS control and the different substrates studied. The high R values (R >0.6) are noteworthy for the most 
anisotropic topographies, whichexhibited particularly significant differences.
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process of FAs58,69. Accordingly, our findings suggest that the ME nanostructures did not facilitate integrin 
clustering, which in turn, led to a rapid FA turnover, ultimately enabling a faster rate of cell migration70,71.

The aspect ratio of the microstructures was also seen to influence the average cell migration speed as seen in 
Fig. 6(d). The more flexible HAR microfeatures were found to be less conducive to rapid cell migration compared 
to the LAR ones. This result is consistent with previous findings, showing that cells on HAR topographies 
exhibited reduced motility while experiencing increased cell traction forces14.

The influence of topographic anisotropy on the cell migration directionality was also investigated. Figure 6(e) 
shows the directionality of cell migration observed in gratings (anisotropic) comparatively to HPA (isotropic). 
It can be seen that, the degree of anisotropy played a crucial role in guiding the directional migration of cells, 
following the same tendency seen in studies on cell spreading (see rose plots in Fig. 5(a)). The graph highlights 
the significant effect of the more anisotropic topographies notably influencing the cell movement, guiding it to 
become directional and persistent. On the other hand, the aspect ratio of the microstructure exhibited minimal 
influence on cell migration directionality.

The persistence of cell migration was estimated based on the cellular trajectories obtained from cell tracking 
video images (see Video S1 in Supplementary Information). From these videos, the α-values were calculated to 
quantify the persistence of the cell migrating path. Figure 6(f) displays the comparison between the different 
topographies in hPDMS. An increase in the α-value can be observed on the topographies with higher anisotropy 
(i.e., gratings and SPA). The increase in migration speed was most pronounced when comparing the grating 
topography to other microtopographies fabricated in hPDMS (Figure S4). This effect correlated with the optimal 
substrate stiffness for promoting cell motility among all tested polymer materials. Conversely, the addition of 
the ME topography to these microtopographies systematically induced greater migration randomness (lower 
α-value) as it can also be seen in Fig.  6(f). Moreover, the influence of anisotropy on the persistence of cell 
migration became more evident as the aspect ratio increased (see Fig. 6(g)) in agreement with previous works72,73.

Cell traction forces: simulation vs. experiments
We employed Finite Element Method (FEM) simulations to examine how forces exerted on the different 
topographies, led to a different degree of deflection and von Mises stress distribution depending on material 
stiffness. These simulation results were compared with the deflections caused by the cellular tractions on the 
polymeric topographies and observed experimentally by SEM. Figure  7 shows representative examples of 
these for four different substrates: sPDMS + hPDMS hierarchical LAR pillars (Fig. 7(a)), sPDMS LAR pillars 
(Fig. 7(b)), sPDMS HAR gratings (Fig. 7(c)), and HAR micropillars (Fig. 7(d)). The complete set of simulations 
is also shown in Figure S5 as Supplementary Information. Our study examined the mechanical deformation 
of topographic features under cell traction forces on LAR and HAR microtopographies with two different 
geometries (SPA and gratings) fabricated on sPDMS, hPDMS, and PMMA polymers. In these simulations, only 
the forces applied at the at the upper part of the topographic features were considered as these are the areas 
where FAs predominantly form19. These simulations allow for the observation of the microstructure’s degree 
of deflection and the von Mises stress distribution onto the underlying substrate and adjacent microfeatures. 
Their magnitude is influenced by both the stiffness of the substrate and the geometric characteristics of the 
topography. The deflection or deformation of topographical features is determined by the ratio between the 
applied forces to Young’s modulus. That is, softer materials require less force to achieve significant displacements, 
whereas stiffer materials approach a deflection saturation point only at higher force values74–77. The simulations 
also showed that the aspect ratio plays a critical role in the mechanical behavior of topographical features with 
higher aspect ratios leading to increased deflection and Von Mises stress in response to traction forces. As the 
SEM micrograph shows in Fig. 7(d), even HAR micropillars of PMMA, the stiffest among the tested polymers, 
bend under cell traction forces when the aspect ratio is high enough, i.e., aspect ratio = 5.

As the SEM micrograph shows in Fig. 7(d), even HAR micropillars of PMMA, the stiffest among the tested 
polymers, bend under cell traction forces when the aspect ratio is high enough, i.e., aspect ratio = 5.

Hierarchies that include the material combination sPDMS + hPDMS were also studied. The importance of 
the contribution of the different polymeric layers, either hPDMS from the top or sPDMS from the base of the 
pillar to the stiffness in the hierarchical topographies was simulated. As shown in Fig. 7(a), the two polymeric 
layers influenced the mechanical properties of the topography, as evidenced by the bending of the pillar under 
cell traction forces, with a deflection length falling between those observed for sPDMS and hPDMS (see Figure 
S6).

Differentiation into osteocyte lineage
The extent of osteogenic differentiation of MSCs cultured on different topographical and polymeric substrates 
was investigated under inductive differentiation conditions. Alizarin Red S was initially used to stain calcium 
deposits generated by the mineralization process taking place during osteogenesis. This assay served to determine 
the optimal incubation time (14–21 days of osteogenic induction) for detecting the differentiation of MSCs 
into the osteocyte lineage. Based on the results, the differentiation of MSCs on the different topographies was 
studied after 21 days of culture under osteogenic inductive conditions by evaluating the expression of specific 
osteoblastic biomarkers (OCN, OPN). The entire set of representative images obtained in the Alizarin Red S and 
specific osteogenic biomarker experiments with their corresponding analyses can be seen in Figures S7, and in 
Figures S8 and S9 respectively in the Supplementary Information.

 The Alizarin Red S test results, depicted in Fig. 8(a), evidence the effect of stiffness in cell differentiation, 
which takes place earlier on the stiffest PMMA substrate compared to the other softer materials. In the PMMA 
substrates, calcium deposits-stained red are already noticeable at 14 days as contrasted with soft substrates, 
which are even more marked after 21 days under inductive conditions. These findings are consistent with 
previous works, in which stiffness was seen as a key parameter to promote osteogenic differentiation56,78,79. 
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Regarding the influence of the topography, it was seen that micropatterns with either low or high aspect ratio 
do not have a great impact on the MSCs differentiation, as it can be seen in Figure S7(a) in Supplementary 
Information. Figure  8(b) compares Alizarin test results for microtextured hPDMS topographies with and 
without ME nanocones. Enhanced differentiation was observed when the ME nanotextures were patterned, 
particularly after the 14-day differentiation period.

After this first screening using the Alizarin assay, 21 days was selected as the period for osteogenic-inducing 
conditions. The differentiation of MSCs towards the osteocyte lineage was further investigated by studying 
the specific osteogenic biomarkers OCN and OPN. Consistent with the above results, Fig. 8(c) shows shows 
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increased expression of OCN and OPN in the cells grown on the stiffer substrates regardless of the topography. 
Notably, phenomena such as cell monolayer retraction and cell aggregation were observed, particularly in the 
softer polymers such as the flat sPDMS and hPDMS substrates, where osteogenic differentiation was also delayed. 
The observed cellular aggregation may reflect a preservation of stemness, consistent with the well-documented 
tendency of mesenchymal stem cells (MSCs) to spontaneously form three-dimensional spheroidal structures 
under appropriate culture conditions80,81. See Figures S7, S8, and S9 in the Supplementary Information for visual 
evidence.

Figure 8(c) also illustrates the effect of the ME nanostructure on the osteogenic differentiation of MSCs. 
Interestingly, it was found that the expression of the osteogenic markers was lower for the PMMA substrates when 
patterned with the ME nanostructure compared to its flat counterpart. These results could be a consequence of 
the reduction of the effective surface stiffness upon nano-/microtexturization82–84. Conversely, softer materials 
such as hPDMS, and nanostructuring with the ME nanocones showed a dramatic increment in the expression 
of osteogenic marker levels. Implementing the ME patterns in a hierarchical arrangement using hPDMS also 
resulted in a small, non-significant increment in osteogenic differentiation. These findings align with the Alizarin 

Fig. 6.  Comparison of the average speed by cell (µm·min−1) of MSCs grown on the different substrates. The 
plots are grouped comparing parameters of interest: (a) polymer (stiffness), (b) LAR microstructures, (c) 
presence or not of ME nanostructure, and (d) aspect ratio. (e)Directionality ratio of MSCs cultured on the 
different groups of substrates comparing LAR microtopographies and their homologous hierarchies with 
some representative cell tracks. α-values obtained from the MSCs migration assay on the different substrates 
comparing (f) presence of ME nanostructure also in hierarchical combination and (g) aspect ratio. Statistical 
comparisons were made by means One-way ANOVA followed by Holm-Šidak post-hoc analysis. Significant 
differences were established by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) and non-
significant (ns) for the corresponding comparisons.

◂

Fig. 7.  Comparison of the experimentally observed cellular deflection with the simulated result indicating 
the induced Von Mises stress distribution under uniaxial force loading (FA, force per unit area) on different 
microstructures, including: (a) hierarchical micropillars with a bottom layer of sPDMS and a top layer of 
hPDMS simulated as (1) sPDMS core and hPDMS shell under a FA = 55 kPa. Focus ion beam ablation was 
performed to more clearly observe the deflected pillars. (b) LAR micropillars fabricated in sPDMS and 
simulated under a FA = 25 kPa. (c) HAR gratings fabricated in sPDMS and simulated under a load of FA = 10 
kPa. (d) HAR micropillars fabricated in PMMA under a lateral load of FA = 85 kPa. Scale bar: 2 μm.

 

Material
Density
(Kg · m−3)

E
(MPa)

ν
(no units)

λ
(MPa)

µ
(MPa) Reference

sPDMS 970 2.5 0.49 0.714 0.179 67,98,99

hPDMS 970 9.0 -- 4.66 0.517 99,100

PMMA 1185 2400 0.37 -- -- 101

Table 1.  Mechanical parameters for the materials employed to fabricate the topographies simulated by FEM. 
For soft and hard PDMS, a value of 0.49 was used for the poisson’s ratio.
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Fig. 8.  Percentage of area covered by differentiated MSCs ‒observed by positive Alizarin Red S staining‒ 
after 14 and 21 days of inductive osteogenic culture. Results were obtained for the comparison of (a) LAR 
microtopographies on the different substrate tested, i.e., sPDMS, hPDMS, PMMA, and (b) the presence of 
ME nanotopography, exemplified in both cases with LAR HPA-including microtopography (right). Scale 
bars: 100 μm. (c) OCN and OPN proteins expression in MSCs cultured onto the different substrates for 21 
days under inductive osteogenic induction were quantified from immunofluorescence images and expressed 
as mean ± SE of arbitrary fluorescence units per cell. The results were analyzed to evaluate the influence of 
polymeric substrate stiffness—specifically hPDMS and PMMA—and the presence of ME nanotopography on 
cellular osteogenic differentiation, also in hierarchical combination with micron-sized topography (in this case 
LAR HPA). Representative fluorescence images are shown for OCN (first row) and OPN (second row). One-
way ANOVA followed by Holm-Šidak post-hoc test. Significant differences were established by asterisks (* 
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) and non-significant (ns) for the corresponding comparisons. 
Scale bar: 50 μm.
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test results. Similarly, introducing microstructures into sPDMS enhances osteogenic differentiation compared to 
flat surfaces, as particularly evident in Figure S7.

In agreement with previous works, it was found that both micro-/nanotexturization of the surface and stiffness 
influenced the differentiation of the MSCs78,7985–88. Overall, when comparing patterned substrates to their flat 
counterparts, topographies on softer materials promoted cell differentiation, whereas surface patterning on stiffer 
materials delayed differentiation. Consequently, cells primarily respond to geometric variations in topography 
on stiffer materials, while on softer substrates, they react to both stiffness and topographical geometry. This 
was especially remarkable for the ME nanotopography. These findings are consistent with previous works, 
which demonstrated similar trends in cellular responses to substrate stiffness56,89,90, supporting the notion that 
as stiffness increases, cellular mechanosensing of topographical features is notably reduced, emphasizing the 
predominant role of stiffness in shaping cellular responses on highly rigid substrates56. This finding appears 
to be linked to the cell-instructive ability of the soft polymer topographies, which demonstrated enhanced 
osteoinductive properties compared to both smoother controls and stiffer substrates.

Bactericidal effect of the ME nanocones in a hierarchical configuration
The bactericidal capacity of ME nanostructures in hierarchical combination with microscale pillar and grating 
features was studied by tracking the percentage of dead bacteria for 300 min in different ME nanopatterned 
materials and their corresponding controls. The experiments were carried out with two different bacterial strains, 
E. coli (gram-negative) and S. aureus (gram-positive) to compare the bactericidal effectiveness of both groups 
of bacteria that bear different bacteria wall characteristics. The bactericidal efficacy for the topographies tested 
is displayed in Fig. 9. The data was obtained by analyzing the images in Video S2 available as Supplementary 
Information. The plots obtained indicate that, overall, the bactericidal effect of ME surfaces in a hierarchical 
configuration becomes be greater than that of ME nanotopography, especially during the initial stages of bacterial 
attachment, being more effective for E. coli than for S. aureus, in agreement with previous observations37,43. This 
difference can be attributed to the planktonic nature and more motile of E. coli. The findings also indicate that 
the bactericidal effect takes place at earlier times on the hierarchical ME topographies. This increase is more 
dramatic for the E. coli since it reaches higher dead percentage values at earlier times of the experiment.

Hence, the hierarchical topographies exhibited greater and more rapid bactericidal efficiency, emphasizing 
their superior antimicrobial performance. This bactericidal enhancement can be attributed to a “gathering effect” 
induced by the microtopography, where microscale roughness creates sheltered areas that promote bacterial 
adhesion, ultimately increasing interaction with the ME bactericidal surface.

Additionally, as shown in the plots in Fig.  9, the hierarchical topography exhibited fluctuating cycles in 
the percentage of dead bacteria, suggesting that the dead bacteria do not remain attached to the surface, but 
are gradually released. This continuous turnover supports sustained bactericidal activity of the hierarchical 
topography. This phenomenon may be linked to a recently described ‘kill-release’ mechanism91–93. Therefore, 

Fig. 9.  Bactericidal effect of ME nanostructures monitored using Dead/Live Baclight in (a)E. coli and (b)S. 
aureus cultured on hPDMS substrate also , including configurations with microscale features such as LAR 
HPA and LAR gratings, for a duration of 300 min      .  . The percentage of dead bacteria was calculated every 
10 min from fluorescent stained bacteria images. The profiles indicate that MEnanostructures exhibit greater 
bactericidal effectiveness against S. aureus compared to E. coli. In the case of the hierarchies, the bactericidal 
effect of ME nanocones was remarkably earlier but fluctuating over time.
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hierarchical topographies not only improved the bactericidal efficacy but also promote the release of dead 
bacteria. This prevents the accumulation of bacterial debris on the surface, thereby maintaining sustained 
bactericidal effectiveness over time.

The bactericidal effect of E. coli on the hierarchical topography compared to the micro topography counterpart 
(LAR HPA + ME) can be seen in the SEM images of Figure S10. These micrographs show the damage and 
deformation inflicted on the bacteria attached to the ME patterns on the hierarchy compared to that seen on the 
flat counterparts.

The results, summarized in Tables S4 and S5 in Supplementary Information, signify the complex interplay 
between surface topography and stiffness in regulating cellular responses. Notably, topographical features can 
significantly influence the cell behaviour, often exceeding the influence of material stiffness. Moreover, these 
features can be strategically designed to prevent  bacterial colonization, thereby achieving a dual functionality of 
regulating cell responses while enhancing antibacterial properties. These findings should provide useful insights 
for designing biomaterial surfaces to improve the biointegration of medical implants.

Conclusions
In conclusion, the micro- and nano-topographies examined in this study, along with their varying degrees 
of stiffness, played a crucial role in influencing substrate adhesions, ultimately modulating cellular responses 
to the substrate. The most significant findings indicate that hierarchical topographies with a combination of 
micro- and nanoscale features influence cell behavior, enhancing osteogenic differentiation, while exhibiting 
antibacterial properties. This study proposes a multifunctional strategy for improving the biointegration of 
implantable devices by addressing both host-cell interaction and bacterial infection. Further research could 
explore the specific mechanotransduction mechanisms underlying these responses and optimize the design of 
hierarchical topographies for enhanced biointegration and antimicrobial properties.

Methods
Fabrication
Sample description
Different nanofabrication processes and techniques have been used to obtain the desired micro- and nanoscale 
topographies. The nanometric topography involves ME nanocones with approximately 250 nm diameter at the 
base and 80 nm on the top, 350 nm high and 250 nm interspacing. LAR microtopographies include pillars with 
hexagonal and square arrangement and gratings of 2 μm width, 2 μm interspacing, and 2 μm height. Hierarchies 
merge the same LAR microtopographies with ME nanocones at the top and the bottom of the micrometric 
features. HAR microtopographies also include pillars with hexagonal and square arrangements and gratings of 
2 μm width and 2 μm interspacing, but with 4 μm height in the case of gratings and 10 μm height in the case of 
pillars. All topographies were fabricated using three polymers: sPDMS, hPDMS and PMMA, except in the case 
of hierarchies, where the polymer employed for the ME was hPDMS.

ME bioinspired nanocones
The ME nanotopography was fabricated on two different polymer materials following different procedures 
depending on the nature of the material. The PDMS nanocones were replicated from a nickel master mold (HT-
AR-02, Temicon) using the soft-lithography technique. This was performed by depositing two PDMS layers. 
First, hPDMS was prepared following Schmid et al., 2000 recipe94. This layer provides strength to the nanocones 
and prevents their collapse. The hPDMS layer was first spin-coated onto the master mold at 1000  rpm, 500 
rpm · s−1, for 1 min. This layer was pre-cured for 5 min at 80 ℃. Afterwards, sPDMS (Sylgard 184 Silicone 
Elastomer Kit, Dow Corning) was prepared by mixing crosslinker and precursor (1:10), degassed for 30 min at 
room temperature and 200 mbar pressure, and then cast over the hPDMS layer. Finally, the hPDMS and sPDMS 
layers were completely cured at 80℃ overnight before being peeled off from the mold. The PMMA (Evonik 
Industries AG) ME nanocones were fabricated by thermal nanoimprint lithography (T-NIL) using an EITRE3 
Nano Imprint Lithography System (Obducat). For this, the prior PDMS ME substrate was employed as mold. 
Conditions during the imprint process were 40 bar at 170 ℃ for 300 s. Similarly, PDMS and PMMA polymeric 
flat substrates were fabricated as control samples following the same procedures as their ME topographical 
counterparts by applying the same fabrication techniques and protocols but using flat molds.

LAR microtopographies
The LAR microtopographies were fabricated by photolithography (PL). For this, 3-inch silicon wafers (University 
Wafer, USA) were activated with an oxygen plasma (Tepla 600) at 300 watts and 150 mL · min−1 gas flow rate 
for 5 min, and then Ti-Prime adhesion promoter (MicroChem) was deposited on them, spinning at a speed of 
2000 rpm, with an acceleration of 2000 rpm · s−1 during 1 min (Spin150i spin coater, Polos). Then, the wafers 
were baked at 120 ℃ on a hotplate (SUSS MicroTec) for 2 min. Afterwards, a positive photoresist (AZ1512 HS, 
MicroChem) was deposited by spin-coating at 2000 rpm, 2000 rpm · s−1 for 1 min to yield a 2 μm layer thickness. 
Before the PL process, the wafers were baked for 1 min at 100 ℃ on a hotplate. Finally, the photolithography 
was performed using a maskless laser writer (Heidelberg DWL66) and developed using the standard AZ351B 
developer diluted 1:4 in ultrapure water. In this case, AZ1512 being a positive photoresist, the laser-exposed 
areas were removed when developed obtaining a negative pattern. The lithographed area was typically a square 
of 25 cm2 in all cases.

The features obtained after the PL process were replicated by means of soft lithography onto hPDMS 
according to the abovementioned protocol also used for the ME nanocones fabrication in a hard-soft PDMS 
bilayer. Similarly, copies on the sPDMS single layer were produced by soft-lithography. The features were also 
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replicated into PMMA using T-NIL. For features other than gratings, intermediate replication steps were required 
to optimize the copying of the features to produce a negative template that subsequently led to the positive relief 
topography, as shown in Figure S11 from Supplementary Information. For this step, an epoxy resin (EPOTEK 
OG142) was used to replicate the previously obtained PDMS intermediate template through a UV nanoimprint 
lithography (UV-NIL) step by applying 12 bar at 60 ℃ and exposing it to UV light (80 mW · cm−2) for 120 s. 
The epoxy resin microtopographies were then replicated on a thermoplastic Intermediate Polymer Stamp (IPS, 
Obducat) by an additional T-NIL process under conditions of 40 bar at 155 ℃ for 300 s. That IPS was then used 
as a template to transfer the microstructures by soft lithography on PDMS. Finally, the PDMS substrate was used 
multiple times as a negative template to reproduce the microfeatures in the PMMA thermoplastic polymer by a 
T-NIL process. The processing parameters of the NIL processing steps are compiled in Table S2.

Hierarchical microtopographies
The fabrication protocol followed to make hierarchical substrates combining microtopographies and ME 
nanostructures was based on a previous publication95. The process comprises two T-NIL steps and one PL step. 
In the first T-NIL step, a ME features are imprinted onto a PVDF (Arkema Group KYNAR) thermoplastic thin 
film under 30 bar at 185 ℃ for 300 s (see Table S2). The thin film was prepared by dissolving PVDF in dimethyl 
sulfoxide (DMSO) in a concentration of 60 mg · mL−1. Then, silicon wafer was treated with oxygen plasma and 
coated with Ti-Prime adhesion promoter as described previously. Then the solution of PVDF was spin-coated 
(2000 rpm, 2000 rpm · s−1, 1 min) onto a 3-in. silicon wafer and baked for 1 min at 100 ℃ on a hotplate to 
eliminate the solvent before a T-NIL process was performed imprint the ME bottom topography. Afterwards, 
AZ1512 photoresist was deposited onto the PVDF ME imprinted film by spin-coating (2000 rpm, 2000 rpm 
· s−1, 1 min) to yield a 2 μm layer thickness. Then, the wafer was baked on the hotplate for 1 min at 100 ℃. 
Subsequently, the second T-NIL step was carried out on the photoresist to imprint the top ME nanopattern at the 
conditions shown in Table S2 (100 °C, 30 bar during 180 s). Finally, a PL step was performed using a maskless 
laser writer as described above. The lithographed area was a square of 25 cm2.

The formed hierarchic structures were used as molds and replicated using soft lithography using the hard-soft 
PDMS bilayer, as described above in the section for ME nanotopography substrate fabrication. The fabrication 
procedure and the resulting substrates are depicted in Figure S12 of the Supplementary Information.

HAR microtopographies
To produce the high aspect ratio (HAR) microfeatures involving pillars and gratings, a commercial silicon 
mold (LightSmyth Technologies) was used, and a silicon mold was fabricated respectively. For HAR gratings 
fabrication, maskless PL and dry etching by inductively coupled plasma (ICP) processes were used (see detailed 
process schematics in Figure S13 of the Supplementary Information).

First, the native oxide layer of the silicon wafers was eliminated by immersing them in a buffered hydrofluoric 
acid (HF) bath (BOE 7:1, Microchemicals) and then rinsed it with deionized water and dried with nitrogen. 
Next, the wafers were treated with oxygen plasma and Ti-Prime to promote adhesion of the photoresist. AZ1512 
photoresist was then deposited at a speed of 5000 rpm and baked for 1 min at 90 °C, yielding a film of ⁓1 μm in 
thickness. PL was performed using the same maskless laser-writer. After the resist was developed, the resulting 
structures were used as a mask for the next step of etching of the silicon wafers by using the cryogenic process, 
performed in an Inductively Coupled Plasma Reactive Ion Etching machine (ICP-RIE, Plasmalab 100, Oxford 
Instruments) with SF6 and O2 as process gases. The DC bias voltage employed was 100 V, yielding a selectivity of 
around 15. The main parameters of this process are listed in Table S3. Once the desired etch depth on the silicon 
was achieved, the resist mask was removed using acetone, obtaining the master mold.

The silicon molds were treated with an oxygen plasma (300 watts, 150 mL · min-1 flow rate, 5 min) to activate 
the surface. Then, they were exposed to a (1 H, 1 H, 2 H, 2 H-Perfluorodecyltriethoxysilane) (FDTS) atmosphere 
at 70 ℃ overnight. FTDS acts as an anti-adhesive agent and facilitates the release of the HAR structures during 
the replication. Finally, the molds were copied employing soft lithography and T-NIL techniques onto sPDMS 
and PMMA substrates, respectively.

Topography characterization
To evaluate the features’ fidelity, scanning electron microscopy (SEM), using a Field Emission Scanning Electron 
Microscope with Focused Ion Beam (FIB-FSEM Auriga, Carl Zeiss) was employed working on a low voltage 
(1.0-1.5 kV) and current mode (10 pA) to avoid polymer impairs.

The substrates’ wetting behavior was characterized by measuring the static water contact angle (WCA) by 
means of an optical tensiometer (Attension Theta, Biolin Scientific). For this, 2  µl drops of deionized water 
were gently placed onto the substrates and static WCAs were calculated by fitting the droplet profile to a Young-
Laplace curve. The values provided are average readings from at least three areas in each substrate.

Cell biology experiments
Subculturing procedure
The Mesenchymal Stem Cells (MSCs)  employed in this work were ASC52telo, hTERT immortalized adipose-
derived (ATCC SCRC-4000, Manassas, USA). The MSCs were cultured using the specific Mesenchymal 
Stem Cell Growth Kit for Adipose and Umbilical-derived MSCs ‒ Low serum (2% FBS) (ATCC PCS-500040, 
Manassas, USA) supplemented with gentamicin (PanReac AppliChem #A1492) at a concentration of 10 µg · 
mL−1. Cell maintenance was performed in T25 flasks, replacing the medium every 2–3 days, and passaging them 
when reaching approximately 80% confluence as ATCC recommended. MSCs harvesting was performed using 
TrypLE Express (1x) (Gibco NY, USA, #12604-013) enzymatic treatment. Cells were seeded 5000 cells per cm2 
according to technical specifications and incubated at 37 °C, 95% humidity, and 5% CO2.
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Topographic substrate Preparation for cell culture
Prior to cell culture experiments, the topographic polymeric surfaces were treated to facilitate cell adhesion. 
Initially, the substrates were punched using a hollow punch tool to manually obtain 18, 12, and 9  mm Ø 
substrates that fit into 12, 24, and 48 multi-well cell culture plates, respectively. Following, the substrates were 
fixed to the bottom of each well to prevent them from floating using a tiny drop of sPDMS. The surfaces were 
cleaned with isopropanol and blow-dried with nitrogen in a clean-room environment to then be exposed to an 
oxygen plasma (Tepla 600) at 50 watts and 150 mL · min−1 gas flow for 1 min for the improvement of wettability 
of the topographic substrates. Subsequently, the substrates were washed with ethanol 70%, then rinsed with 1x 
Dulbecco’s phosphate-buffered saline (1x DPBS) without Ca2+ and Mg2+ (Gibco NY, USA, #14190-144) and 
finally sterilized with UV-light irradiation in a laminar flow cabinet for at least 30 min before the wells were filled 
with medium and cell culture was performed. The commercial tissue culture plate flat polystyrene (PS) surfaces 
were used as control.

Immunofluorescence cell staining
The MSCs were cultured for 72 hours at incubating conditions as referred in Subculturing procedure and then, 
the culture medium was removed, and the cells were rinsed with 1x PBS. After that, cells were fixed with 4% 
paraformaldehyde (4% PFA) (Sigma-Aldrich) for 30 min at 4 ℃ and permeabilized with 0.1% Triton X-100 
(Sigma-Aldrich) for 30 min at room temperature. Then, actin cytoskeleton and nucleus staining were performed 
by incubating with ActinGreen 488 ReadyProbes (Molecular Probes) according to manufacturer technical 
specifications and 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes) at 1:100 dilution in 1x PBS for 
30  min at room temperature in darkness. Immunofluorescence staining of osteogenic markers, osteopontin 
(OPN) and osteocalcin (OCN) was carried out by first incubating the cells after osteogenic differentiation with 
a 1:200 dilution for both mouse anti-OPN (Santa Cruz #sc-21742) and anti-OCN (Santa Cruz #sc-365797) 
primary antibodies. Subsequently, cells were incubated with 1:500 Alexa-647 rabbit anti-mouse IgG secondary 
antibody (Molecular Probes) dilution. Both primary and secondary antibody dilutions were made in 0.5% (w/v) 
Bovine Serum Albumin (BSA) (Sigma-Aldrich) in 1x PBS, and their incubations were carried out for 1 h at 37 ℃ 
in darkness. DAPI nuclear staining was also conducted together with osteogenic markers immunostaining. After 
each fixation, permeabilization or incubation step, additional rinsing steps were made with 1x DPBS. Finally, 
substrates were mounted on microscope slides using Fluoroshield (Sigma-Aldrich) reagent media.

Cell proliferation
The proliferation rates of MSCs cultured on various polymeric micro- and nanotopographies were assessed using 
a resazurin-based metabolic activity assay, also known as the Alamar Blue assay. A stock solution (10 µg/mL in 
1× DPBS) was prepared from resazurin sodium salt powder (Sigma-Aldrich) and sterile-filtered (0.2 μm pore 
size) to prevent bacterial contamination. For experiments, a working solution was prepared by 1:100 dilution 
of the stock in culture medium. Cells were incubated with this solution for 4 h at 37 °C in a humidified 5% CO₂ 
atmosphere. Fluorescence measurements (excitation/emission: 550 nm/590 nm) were collected at designated 
time points over a 12-day period using a BioTek H4 Hybrid MultiMode Microplate Reader. Following each 
measurement, substrates were rinsed twice with 1× DPBS and replenished with fresh culture medium.

Cell morphology and spreading
The cell morphology of MSCs grown onto the different substrates was obtained from fluorescent images after 
nucleus and cytoskeleton staining, taking 10 frames per condition in each of 3 independent experiments. For 
each condition, > 100 cells were recorded in each experiment. Morphological measurements were performed 
using CellProfiler 3.1.9 software (Broad Institute, USA)96. The MeasureObjectSizeShape module was used to 
measure several morphometric parameters. Specifically, three main variables were chosen for the morphological 
characterization: Area (number of pixels covered by a cell), Circularity ‒designed by CellProfiler as FormFactor‒ 
(calculated as 4π[Area/(Perimeter)2], where 1 is a perfectly circular object) and Eccentricity (ratio of the distance 
between the foci of the ellipse and its major axis length, where 0 eccentricity represents a circle whereas 1 is a 
line), which mathematically describes the elongation. In addition, Orientation defined as the angle formed by the 
x-axis and the major axis of a hypothetical ellipse that outlines the cell and has the same second moments as the 
region (ranging from − 90 to 90 degrees), was also included to estimate the effect that the degree of anisotropy 
of a particular surface could elicit on cell spreading. Imaging was performed through 20x/0.40 objective using a 
Leica DMi8 microscope coupled to a monochrome camera Hamamatsu ORCA-Flash 4.0 V3.

Cell spreading over the surface was analyzed by circular statistics in order to obtain an objective parameter 
for its measure. For this purpose, it was used the CircStat from MATLAB toolbox97 which allows obtaining 
descriptive and inferential statistics of directional data. The mean resultant vector (R =

−
r) of the cell 

distribution on a surface represents the average of the individual orientation vector components from the n 
cells in the distribution was computed. The length of the calculated mean resultant vector R ranges from 0 to 
1 quantifying the probability of finding a cell along this mean direction on a specific surface where R values 
closer to 0 mean randomness orientation, while values closer to 1 indicate that all cells were orientated along the 
same direction. The angle of the mean resultant vector (θ = −

α ) indicates this mean direction. The distribution 
of the n-cell orientations and the mean resultant vector were represented as rose plots. Prior to data analysis, 
minor modifications were made to the original CircStat script, because CellProfiler software only generates data 
orientations ranging from 90 to −90 degrees in such a way that uniformly distributed data can be misinterpreted 
as strongly oriented. Therefore, the cell orientation data set (angular data) was extrapolated to obtain the full 
range of the circumference where the script was run.
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Afterwards, a Rayleigh test was performed running the corresponding CircStat script to determine whether 
each data set had a uniform distribution around the circumference, which is interpreted as a random orientation, 
or was concentrated around a mean direction, −

α . The null hypothesis stated as a population uniformly 
distributed was rejected when the P-value < 0.05.

Cell migration
Cell migration studies were conducted on MSCs cultured onto the different topographical PDMS and PMMA 
substrates. Initially, cells were seeded and grown on the substrates for 48 h and the culture medium was renewed 
prior to the tracking assay. Cell migration data were extracted from time-lapse images using an inverted 
microscope Axiovert 200 (Zeiss) coupled to a Hamamatsu ORCA-Flash 4.0 LT monochrome camera equipped 
with a cell incubator chamber. Images were collected using a 10x/0.3 magnification objective for 16 h every 
10  min (2–3 positions per replica). A minimum of 10 random cells per location were tracked from at least 
three locations per substrate. The migratory behavior was analyzed employing the MTrack J plugin from Fiji 
(NIH) software98. Additionally, DiPer Microsoft Excel-macro developed by Gorelik et al.99 was used to calculate 
and plot the essential parameters to analyze cell migration in 2D from data previously processed by MTrack J, 
such as cell trajectories, average speed and mean square displacements (MSDs). The MSD portrays the average 
square displacements over increasing time intervals between positions of a migration trajectory, relating to the 
area explored by cells over time. The MSD carries information about both speed and directional persistence 
during cell movement. The slope of MSD curves linearized using the log (MSD) on the y-axis and the log (time 
interval) on the x-axis were calculated by using the Slope Analyzer package of OriginPro 2021 version 9.8.0.200 
software100, delivering the α-value. This is a useful parameter for measuring directional persistence; α-values are 
equal to 1 for randomly moving cells and 2 for cells that move in a perfectly straight manner.

Osteogenesis differentiation
StemPro Osteogenesis Differentiation Kit (Gibco A1007201), supplemented with 10  µg · mL−1 gentamicin 
(PanReac AppliChem #A1492), was employed for inducing the differentiation of MSCs towards osteocyte 
lineage. Before differentiation, MSCs in the low passage (< 8 to 20 passage) were cultured on the different 
substrates for 24 h in a mesenchymal stem cell growth medium. The next day, this proliferative medium was 
replaced by an osteogenesis differentiation medium. The culture medium was changed every 3–4 days according 
to product technical specifications with the differentiation medium for periods of 14–21 days. Subsequently, cells 
were fixed with 4% PFA for 30 min and rinsed up with 1x DPBS. The cells were then stained with Alizarin Red 
S (Sigma-Aldrich) by incubating in a 40 mM Alizarin solution in distilled water at pH 4.1 at room temperature 
for 20 min. Then, the substrates were washed 4 times, for 5 min each time, with distilled water. Stained cells 
were observed and imaged at 20x/0.70 magnification by using a Leica DMI 3000B microscope coupled to a color 
Leica DFC310 FX Digital Camera. The images taken were analyzed using the IHC Tool from the Fiji software101, 
which allows for precise color detection for subsequent quantification of the percentage of the positively stained 
area with Alizarin Red corresponding to the calcium deposits by using previously a training set of images. Two 
random regions of interest (ROIs) from at least five training substrates from each condition were used, while two 
ROIs from a minimum of ten substrates from each condition were also used for testing. Each set of images was 
randomly assembled with images from three independent experiments.

Additionally, the expression of the two specific markers of osteogenic differentiation, OCN and OPN were 
evaluated by immunofluorescence staining as explained above. A minimum of 10 pictures per substrate were 
taken from the MSCs’ immunostained through the 20x/0.40 objective using in this case a Leica DMi8 microscope 
coupled to a Hamamatsu ORCA-Flash 4.0 V3 monochrome camera. Quantitative results of the expression of the 
OCN and OPN biomarkers were also obtained using the Fiji software98measuring the averaged fluorescence per 
cell in each image and quantifying the number of cells (n > 100 cells per condition) by DAPI staining.

Analysis of cell tractions on topographic features
Simulation of topography Deflection by cell traction forces
The mechanical tractions exerted by the MSCs on the topography were simulated using a Finite Element Model 
(FEM) using the solid mechanics module of COMSOL Multiphysics version 5.3a software102. The materials 
under study were sPDMS, hPDMS, and PMMA. The FEM simulation was performed for the LAR and HAR 
pillars in a square arrangement and LAR and HAR gratings (topographical characteristics are given in Table S1).

The topographies were modeled as a mesh. The boundary conditions consisted of all faces of the topographic 
features being set free except for their base, which was defined as a fixed constraint. On the top face, where force 
loading was applied, the Boundary Load option was chosen to define the loads implemented in the simulation as 
force per unit area (FA). In Figure S14, the top area under load is shown in blue. The load was exerted per single 
feature, either on a single pillar or on a grating segment defined by a rectangular area of 20 × 2 μm.

The simulation was performed in two different modes: Linear elastic mode for sPDMS, hPDMS, and PMMA 
and non-linear hyperelastic mode for sPDMS. Both linear elastic and hyperelastic modes can be seen as the 
particularization of Hooke’s law, F = k∆ x, where F is defined as the force needed to inflict a deformation 
measured as ∆ x distance and k is a constant property of the material (i.e., stiffness). In the first mode, the inputs 
were Young’s modulus, E, expressed in MPa, the Poisson’s ratio, ν (dimensionless) and the material density, ρ, 
expressed in Kg · m−3. In the hyperelastic mode, the inputs were the Lamé parameters λ and µ, both expressed 
in MPa, as well as the material density. These mechanical parameters were obtained from scientific literature 
(Table 1).
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SEM visualization of cell tractions on the topography
To assess surface topography modifications induced by cell traction forces, imaging was performed using a 
focused ion beam-field emission scanning electron microscope (FIB-FESEM, Auriga, Carl Zeiss). Samples were 
analyzed in secondary electron detection mode (SE2) with an accelerating voltage of 1.5  kV and a working 
distance (WD) of 4 mm. For this, after 72 h of MSC culture on the different substrates, the cells were fixed with 
4% PFA as mentioned above and then gradually dehydrated incubating with increasing ethanol concentrations: 
0, 50, 75, and 100% for 5 min on each step. Later, a 10 nm gold layer was evaporated (e-beam evaporator Evovac, 
Angstrom Engineering) on them to facilitate charge dissipation during sample imaging. Images were obtained in 
order to compare with simulated results. To visualize the interaction between the cell and the topography, cross-
sectional images of substrates were first obtained after ablation by means of the focused ion beam (FIB-FESEM 
Auriga, Carl Zeiss).

Microbiological analysis
Bacteria culturing
Two different gram-negative and gram-positive strains, E. coli (CECT 516) and S. aureus (CECT 240) obtained 
from the Spanish Type Culture Collection (Colección Española de Cultivos Tipo or CECT, University of 
Valencia), were used for assessing the bactericidal capacity of the substrates. Initially, bacterial glycerol stocks 
were cultured overnight in 50 mL of the nutritive broth CECT2 (beef extract 1 g, yeast extract 2 g, peptone 
5 g, NaCl 5 g, distilled water 1 L, pH 7.2) at 37 ℃ in an orbital-shaker incubator at 180 rpm. Subsequently, the 
bacteria suspension was diluted 1:100 in the culture broth and grown until reaching optical density OD600 = 0.2. 
These pre-cultures were seeded onto the topographies for evaluating their bactericidal effect in bacterial death 
monitoring tests.

Bacterial attachment
The prepared topographic substrates were placed into 24-well multi-well plates. For this, 14 mm Ø substrates were 
punched out and fixed at the bottom of each well using a drop of sPDMS and curing it to prevent floating upon 
the addition of the bacterial suspension. Then 1 mL of bacterial suspension was added per well and incubated for 
5 h at 37 ℃ under static conditions. After the incubation period, substrates were rinsed with 1x PBS (Biowest) 
and then fixed with 4% PFA (Sigma-Aldrich) for 20 min. Subsequently, the substrates were gradually dehydrated, 
incubating them with increasing ethanol concentrations as previously described. Afterwards, substrates were 
inspected and imaged by SEM (FIB-FSEM Auriga, Carl Zeiss), working at a low voltage (1.0-1.5 kV) and current 
(10 pA) mode to minimize polymer and bacteria damage.

Bactericidal efficiency evaluation
The bactericidal efficacy of ME nanocones, both alone and in hierarchical combination fabricated in hPDMS, 
was evaluated in comparison to the flat control using the Live/Dead Baclight Viability Kit (Molecular Probes). 
This kit contains two fluorescence dyes, Syto9 and propidium iodide (PI), that differentially stain live and dead 
bacteria, respectively. For these experiments, 9 mm Ø manually punched substrates were placed and glued to 
the bottom of the wells of Ibidi µ-slide 8-well plates (Ibidi GmbH, Germany) using a drop of sPDMS. Once the 
well plates were prepared, substrates were sterilized by rinsing them with ethanol 70% and 1x PBS (Biowest), and 
finally exposing them with UV light in laminar flow cabinet for 30 min. Bacteria precultures (OD600 = 0.2) were 
then incubated with 0.13 µL of each of the dyes, Syto9 and PI, per 1 mL of bacterial suspension for 15 min at room 
temperature in darkness. Following, 100 µL of this bacterial suspension was used as inoculum and deposited 
in each well. Images of the stained bacteria were taken through a 20x/0.4 objective at a suitable wavelength 
every 10 min for a 5 h time-lapse. Imaging was performed using an inverted Leica DMI6000B epifluorescence 
microscope coupled to an ORCA-R2 monochrome digital camera and equipped with a thermally controlled 
stage at 37 ℃. The images collected were binarized and the pixels of the stained areas were measured using the 
Fiji software (NIH, Bethesda, MD, USA). The percentage of bacteria death was calculated from the areas stained 
with Syto9 corresponding to live bacteria and PI corresponding to dead bacteria. The bactericidal efficacy of 
the substrates is given as the ratio of (Pixel area of Dead bacteria/ Pixel are of Total bacteria) x 100, where total 
bacteria is the sum of alive and dead bacteria.

Statistical analysis
Each experiment was performed in triplicate and included at least three experimental subjects per condition to 
assess the reproducibility unless otherwise stated. The ROUT method was chosen to clean the data by detecting 
outliers with a maximum of 1% False Discovery Rate (FDR), that is, false outliers’ rate (Q = 1%). Subsequently, 
One-way ANOVA statistical analysis followed by Holm-Šídák post-hoc test for multiple comparisons were 
performed. The results were represented as mean ± standard error of the mean (Mean ± SE). Data preprocessing, 
plotting and statistical analysis were conducted using GraphPad Prism 8.0.1 version103. Data were considered 
statistically significant at p value < 0.05 (*), p value < 0.01 (**), p value < 0.01 (***) and p value < 0.0001 (****).

Data availability
Sequence data that support the findings of this study have been deposited in the Institutional Repository of IM-
DEA Nanociencia. https://nanociencia.imdea.org/repository.
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