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A B S T R A C T

Glioblastoma (GB) is one of the most aggressive and lethal brain tumors, characterized by rapid proliferation, 
diffuse infiltrative growth, therapeutic resistance, and molecular heterogeneity. A major challenge in studying 
GB is the lack of in vitro models that accurately replicate the tumor’s cellular characteristics observed in vivo, 
particularly the importance of three-dimensional (3D) models. This study investigated the traction stress exerted 
by LN229 and T98G human GB cell lines, as well as the HMC3 human microglia cell line, using traction force 
microscopy. First, cells were cultured on two-dimensional (2D) collagen-coated surfaces and within three- 
dimensional (3D) collagen-based bioactive matrices. Afterward, these cells were extracted and reseeded on 
flat polyacrylamide gels coated with collagen type I to perform traction force microscopy, thereby directly 
probing the mechanical memory imparted by their prior 2D or 3D environments. Our findings reveal that GB 
cells exert substantially higher traction stresses when cultured on 2D collagen-coated surfaces compared to those 
cultured in 3D bioactive matrices. This underscores the relevance of protein-based bioactive materials, such as 
collagen scaffolds, in replicating in vivo tumor microenvironments to study GB behavior. Single-cell nano
indentation and focal adhesions quantification were performed to offer mechanistic insights into glioblastoma 
and microglia cells. Interestingly, in addition to notable differences in traction stresses between cells cultured in 
2D and 3D collagen environments, glioblastoma showed significant variation based on the cell type in terms of 
single-cell stiffness and focal adhesion metrics. These findings underscore the importance of complementary 
biophysical assays and realistic 3D bioactive matrices when studying GB mechanics in vitro.

1. Introduction

Glioblastoma (GB), classified as grade IV astrocytoma, is the most 
aggressive and lethal primary brain tumor. It has a desolate prognosis, 
with a median survival typically under 15 months despite various 
treatment strategies like surgery, radiation, and chemotherapy [1,2]. Its 
high recurrence rate (~90 %) underscores the need for better therapies 
and reliable preclinical models [3].

While glioblastoma has long been studied from a molecular and 
genetic perspective, increasing attention has turned to its tumor 
microenvironment (TME), including mechanical and structural cues. 
The TME plays a pivotal role in glioma progression, resistance, and in
vasion [4–6]. GB cells interact dynamically with both cellular and 
acellular components of their microenvironment, sensing mechanical 
cues and responding through cytoskeletal remodeling, force generation, 
and changes in morphology [7–9]. A key player in this interaction is the 
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extracellular matrix (ECM), which does not merely provide structural 
support but actively shapes tumor behavior [10] and also controls the 
effect of mechanical cues on cell responses [11]. In GB, ECM components 
such as collagen, fibronectin, laminins, and hyaluronic acid influence 
cell adhesion, migration, and invasion [12–15]. Adhesion sites, nutrient 
gradients, and biochemical signals contribute to dynamic structural 
remodeling, further reinforcing GB’s highly invasive phenotype [4]. The 
ECM also responds to mechanical forces exerted by tumor cells, creating 
a feedback loop that promotes malignancy [15,16].

Indeed, biomechanical characteristics, such as the ability of cells to 
generate and respond to traction forces, have emerged as hallmarks of 
malignancy and cancer progression. Unlike many solid tumors that 
metastasize via the bloodstream, GB infiltrates diffusely into surround
ing brain tissue. This invasion is tightly linked to how tumor cells 
interact with and deform the ECM [17–19]. Understanding these 
cell-matrix mechanical interactions is therefore critical to grasping the 
invasive potential of glioma cells.

However, dissecting these mechanobiological processes in vitro pre
sents its own challenges. Traditional GB research has relied extensively 
on in vivo systems [20] and two-dimensional (2D) cell culture systems. 
While in vivo models (particularly rodents) provide biological context, 
they often suffer from interspecies differences that limit clinical trans
lation [21]. Conversely, culturing cells on 2D surfaces allows for highly 
controlled experiments but lacks the mechanical and topographical 
complexity of the brain’s native 3D microenvironment [22]. Cells grown 
on rigid 2D plastic surfaces adopt flattened morphologies and exhibit 
altered gene expression, cytoskeletal organization, and signaling activ
ity compared to 3D environments [22–24]. These limitations have 
prompted a shift toward 3D biomimetic culture systems, which better 
replicate in vivo-like conditions [3,25–27].

Among ECM components, Collagen type I is extensively utilized in 
2D and 3D GB models due to its tunable mechanical properties and 
biological relevance [24,28–31]. By modulating collagen concentration 
or enzymatic cross-linking, researchers can mimic different stiffness 
levels of brain tissues [32,33]. Studies show that GB cells exhibit 
enhanced cellular mobility in low-concentration collagen hydrogels 
(3–5mg/mL) compared to high-concentration hydrogels (10 mg/mL), 
making these models physiologically relevant for investigating the me
chanics of invasion [28,31].

Building on collagen-based 2D and 3D culture models, it is essential 
to assess how prior dimensional context influences the biomechanical 
behavior of glioblastoma cells. To do so, we employed traction force 
microscopy (TFM), a widely used technique to quantify cell-generated 
forces by tracking bead displacements on compliant, ECM-coated poly
acrylamide gels [34–38]. These gels are well-established as linearly 
elastic over physiologically relevant strains and geometrically linear 
within the small deformations imposed during TFM, justifying the use of 
linear elasticity assumptions in force calculations. Importantly, the 
linear elastic properties of the substrate are material-dependent and 
remain valid irrespective of the cell type cultured [39–41].

While TFM has been widely applied in models of breast, lung, and 
prostate cancers [42–44], its application in glioblastoma (GB) remains 
limited. TFM has been applied to study cell-matrix interactions in both 
2D and 3D environments [34,36,45–47]. To our knowledge, there are no 
published studies investigating how prior culture conditions—specifi
cally, 2D versus 3D collagen microenvironments imprint a mechanical 
phenotype on GB cells that persists when the cells are subsequently 
reseeded on identical 2D substrates. This approach bridges the gap be
tween dimensional culture history and dynamic cell mechanics in glio
blastoma, revealing the impact of mechanical memory.

It is now well established that the dimensional context in which cells 
are cultured influences their morphology, cytoskeletal organization, and 
force-generating behavior, as shown in studies of cellular mechanical 
memory [48]. Cells preconditioned in 3D matrices exhibit different 
cytoskeletal organization and force-generating capacities compared to 
2D-cultured counterparts, as demonstrated in recent studies using TFM 

in cancer models [49,50]. However, such effects have not been sys
tematically explored in GB, particularly in relation to non-malignant 
CNS cell types.

While astrocytes and neural progenitors are often considered the 
putative cells of origin in glioblastoma, we selected microglia (HMC3) as 
a comparator because they are the predominant non-malignant, CNS- 
resident cell type within the GB tumor microenvironment. Microglia are 
resident immune cells that are highly interactive with tumor cells, 
actively shaping tumor progression through chemotactic signaling, 
extracellular matrix remodeling, and physical interactions. Importantly, 
like astrocytes and neural stem cells, microglia are not transformed cells 
in their natural state. However, their abundance and dynamic role in the 
tumor microenvironment make them a biologically and mechanically 
relevant reference for distinguishing glioblastoma-specific force profiles 
from those of other CNS-resident cells. This rationale supports their in
clusion as a non-malignant comparator in our study [51–56].

To address this, we characterized the traction stress exerted by two 
GB cell lines (LN229 and T98G) and compared them with that of the 
non-malignant human microglia cell line HMC3. To investigate the 
impact of dimensionality, cells were cultured on collagen type-I-based 
2D hard substrates and within 3D soft bioactive substrates. We aimed 
to assess whether dimensional memory persists in GB and microglia cells 
and to evaluate the physiological relevance of this phenomenon using a 
well-defined in vitro traction force assay, complemented by quantitative 
analyses of focal adhesions and cellular stiffness.

2. Results and discussion

We began by characterizing the biomechanical profiles of two glio
blastoma cell lines, LN229 and T98G, and the non-malignant HMC3 
microglia, following pre-culture in either a hard 2D or a soft 3D collagen 
environment (Fig. 1). LN229, a highly tumorigenic line with epithelial- 
like characteristics [57,58] and T98G, a less tumorigenic, 
mesenchymal-like line [59,60]provided contrasting models to assess 
dimensional memory in malignant cells. By comparing force generation, 
focal adhesion organization, and cortical stiffness after reseeding on 
standardized 2D substrates, we aimed to determine whether pre-culture 
conditioning in different dimensional environments leaves a lasting 
mechanical imprint.

We first performed a proliferation assay to determine whether the 
composition of the collagen type-I-based substrates affects the biological 
activity of HMC3, LN229, or T98G. This study involved cells seeded on 
6-well plates coated with collagen type-I (2D), collagen type-I-based 
bioactive matrices (3D), and conventional cell culture flasks (control). 
As shown in Fig. 2, all cell lines maintained their proliferative capacity 
across all three conditions, indicating that collagen-based substrates did 
not impair their biological activity. However, the assays revealed 
distinct differences in proliferation dynamics among the cell lines.

HMC3 microglial cells showed similar proliferation trends under 
control and 2D conditions, which may indicate that surface coating with 
collagen did not substantially affect their growth. In contrast, HMC3 
cells in 3D collagen matrices exhibited slower proliferation and longer 
duplication times, indicating that the dimensionality of the matrix im
pacts their proliferative capacity more than substrate composition alone 
[62]. LN229 glioblastoma cells exhibited comparable overall prolifera
tion rates across all three conditions. However, their duplication time 
was shorter in 3D matrices than in 2D or control conditions, indicating a 
subtle effect of matrix dimensionality on their duplication time [24] 
Whereas, T98G glioblastoma cells demonstrated faster proliferation in 
2D collagen conditions than in the control. Compared to the 3D matrix, 
the 2D and control conditions supported a higher proliferation rate, and 
a clear difference in duplication time was observed between 2D and 3D 
environments [29].

In addition to assessing cell proliferation, this assay was used to 
determine the optimal day of cell confluence for each condition and cell 
line. These time points were used as reference for extracting cells from 
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their respective pre-culture conditioning environments (2D, 3D, or 
control) for reseeding on 2D surfaces, i.e., collagen-coated poly
acrylamide gels, glass cover slips, and plastic well plates. The reseeded 
cells were then analyzed in downstream experiments, including traction 
force microscopy (TFM), focal adhesion characterization, and nano
indentation measurements (Fig. 1). The 3D cultures were kept suffi
ciently thin (~400 μm) and low in collagen density (~3.5 mg/ml) to 
minimize nutrient diffusion limitations and avoid hypoxia-induced ar
tifacts [24,28–31].

Traction force microscopy (TFM) was performed using collagen type- 
I functionalized polyacrylamide (PAA) hydrogels embedded with fluo
rescent microbeads [39,64] (as illustrated in Fig. 3A). PAA hydrogels are 
widely used for TFM due to their optical transparency, mechanical 
tunability, and inherent homogeneity, which allow for precise mea
surements of cell-generated forces [65,66]. To verify that our PAA 
hydrogels provided a representative and uniform mechanical environ
ment for single-cell TFM measurements, matrix scan-based nano
indentation was performed across multiple regions of each 
polyacrylamide gel to assess relative homogeneity and reproducibility of 

mechanical properties [67,68]. Across n = 112 measurement points 
sampled from three independently prepared gels (see Supplementary 
Fig. S1; Table S1), nanoindentation revealed a mean Young’s modulus of 
3.64 ± 0.37 kPa (Fig. 2B, one representative gel). Our measured mean 
stiffness was approximately 17 % higher than the target value (3.13 ±
0.42 kPa), which is well within the typical 10–20 % variability reported 
for polyacrylamide gels prepared by hand [64].

The mean Young’s modulus exhibited a coefficient of variation (CV) 
of 10.72 % across all the samples (see Supplementary Fig. S1; Table S1), 
indicating good spatial uniformity. This falls within the upper end of the 
5–10 % range typically reported for polyacrylamide gels of similar 
stiffness and remains well below the generally accepted threshold (<15 
%) for hydrogel characterization in cell mechanics studies. Such vari
ability is consistent with published standards, particularly when ac
counting for minor batch-to-batch differences and the effects of 
overnight PBS storage [40,41,69,70].

In addition to mapping stiffness, our nanoindentation protocol (see 
Supplementary Information Section 1) directly confirms both material 
and geometrical linearity required for Hertzian analysis. Moreover, all 

Fig. 1. A schematic of experimental design including representation of GB tumor microenvironment where glioblastoma cells also interact with other cell types, i.e., 
microglia and astrocytes, etc. This research includes glioblastoma cell lines (T98G and LN229) and microglia cell line HMC3, which were set in two pre-culture 
conditions, i.e., 2D and 3D, to perform a cell proliferation assay further followed by single-cell traction force microscopy, immunofluorescence assays, and 
single-cell nanoindentation studies [61].

Fig. 2. Representative graphs of the cell proliferation assay of HMC3, LN229, and T98G. In these graphics, the gray curve represents the duplication of cells in the 3D 
condition, while the orange and blue curves depict the proliferation of cells under 2D conditions and control, respectively.
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load–indentation curves (Supplementary Fig. S1B) fit the Hertz model 
with R2 ≥ 0.95, and display minimal hysteresis, demonstrating an 
essentially linear elastic response [71–73]. These results validate our 
assumption of a constant Young’s modulus and support the accuracy of 
our substrate mechanics for subsequent TFM calculations. However, 
while nanoindentation provides valuable microscale mechanical char
acterization data [74–76], it should be regarded as complementary 
rather than definitive for validating TFM substrate assumptions. It 
confirms that the substrate behaves as a homogeneous, linear elastic 
material, thereby underpinning the reliability of our traction-force 
measurements [76–78].

Based on this mechanical validation, TFM experiments were per
formed to quantify how cellular forces deform the polyacrylamide 
substrate embedded with fluorescent microbeads. These bead displace
ments in the X/Y plane were tracked by confocal microscopy and con
verted into traction stresses based on the computational analysis [36,79,
80] as illustrated in Fig. 3A. The mechanical work performed by HMC3, 
LN229, and T98G cells to deform the substrate, quantified as total strain 
energy following pre-culture in 2D or 3D collagen environments, is 
summarized in Fig. 3C and Table 1.

Notably, glioblastoma cells retained distinct biomechanical pheno
types even after being reseeded onto 2D TFM substrates. Specifically, 
LN229 and T98G cells, which were previously cultured in 3D, exerted 
significantly lower traction stress and total strain energy compared to 
their 2D-cultured counterparts (Fig. 3C–E & Table 1), consistent with a 
mechanical memory effect similar to that described in human stem cells 
[81]. These differences can be attributed to both the 

microenvironmental context experienced during pre-culture condition
ing and the inherent cellular characteristics of glioblastoma and 
microglia cells.

Glioblastoma cell lines (LN229 and T98G) demonstrated a significant 
difference in total strain energy when comparing microenvironmental 
changes experienced after 2D and 3D pre-culture conditions. It shows 
that cells that were precultured on 2D collagen surfaces and then 
reseeded on a flat polyacrylamide substrate typically spread out and 
form extensive focal adhesions [22], which exert strong, localized pulls 
on a stiff surface, generating higher total strain energy and traction 
stress. In contrast, 3D collagen bioactive matrices create a more physi
ologically relevant environment for the cells [82]. Depending on the 

Fig. 3. (A) Illustration of the method to analyze traction stress exerted by single cells [63]. This analytical strategy requires a flat polyacrylamide hydrogel func
tionalized with collagen type I. (B) The box plot represents the elastic properties of the aforenamed PAA hydrogel from one representative gel of three independently 
prepared PAA gels; data from all three gels are shown in Supplementary Fig. S1, measured by nanoindentation, exhibiting an average elasticity of approximately 3.6 
kPa (measured as Young’s modulus). (C) Quantification of the total strain energy exerted by single cells after being extracted from 2D hard substrates and 3D soft 
substrates, later anchored to polyacrylamide hydrogels functionalized with collagen type I. (D) Determination of the F/A ratio for HMC3, LN229, and T98G. (E) Mean 
focal adhesion stress for each cell line in both culture conditions. Data represent pooled measurements from 5 to 10 independent experiments per condition, (n =
85–193) cells per condition. Mann-Whitney U Test was performed after random resampling for statistical analysis between two conditions for (C), (D), and (E), where 
*p < 0.05, ***p < 0.001, and ****p < 0.0001.

Table 1 
Quantitative traction force microscopy measurements: total strain energy, 
traction stress (force per area, F/A), and mean focal adhesion (FA) stress. Data 
are presented as n = X cells per condition from Y independent experiments. 
Statistical comparisons were performed using the nonparametric Man
n–Whitney U test.

Cell Culture X Y Total Strain 
Energy (fJ)

Force/Area 
(nN/um2)

Mean FA 
stress (kPa)

HMC3 2D 85 5 0.74 ± 0.11 0.14 ± 0.01 0.27 ± 0.03
HMC3 3D 90 6 0.37 ± 0.06 0.15 ± 0.01 0.29 ± 0.03
LN229 2D 137 9 2.01 ± 0.34 0.22 ± 0.02 0.87 ± 0.1
LN229 3D 158 9 0.73 ± 0.13 0.16 ± 0.01 0.36 ± 0.05
T98G 2D 193 10 17.9 ± 2.6 0.49 ± 0.05 2.16 ± 0.18
T98G 3D 153 9 0.86 ± 0.15 0.19 ± 0.01 0.38 ± 0.04
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intrinsic properties of cells, they often adopt a more rounded or elon
gated morphology with fewer, more dynamic adhesions [28,29]. This 
altered organization, i.e., reduced cell-substrate coupling, usually re
sults in lower total strain energy and overall traction stress.

LN229 exhibited a moderate difference in total strain energy as 
compared to T98G (Fig. 3C and Table 1). This may indicate differences 
in their invasive mechanisms. Studies show that LN229 cells tend to 
have a faster proliferation rate and weaker invasion ability, i.e., this type 
of glioblastoma cell likely relies on protease-dependent ECM degrada
tion for invasion, thus requiring less mechanical work to deform the 
TFM substrate. [57,83–86]. In contrast, T98G cells appeared to be more 
invasive than LN229 [87,88]. This type of glioblastoma cells relies on 
mechanical force-dependent invasion [57,59,60], resulting in higher 
total strain energy as cells deform the TFM substrate.

However, since the magnitude of total force exerted by single cells is 
proportional to their spreading area (i.e. the larger the cells, the higher 
the magnitude of total forces) [89–91], the normalization of the forces 
exerted by anchored cells (relative to their surface) is essential to pre
vent misinterpretation of the experimental data, especially in case of 
heterogeneous cell populations exhibiting a wide range of biomechan
ical phenotypes [92,93]. This comparison can be made by determining 
the ratio of Force/Area (F/A) for traction stress (Fig. 3D & Table 1). The 
low traction stresses exerted by glioblastoma cells observed in our study 
are consistent with previously reported values for other glioblastoma 
cell lines, such as U87 and patient-derived cells, thereby validating our 
experimental setup and providing a benchmark for comparison [9,32,
94,95]. However, to our knowledge, similar quantitative measurements 
have not been reported for LN229, T98G, or HMC3 cells, nor have 
previous studies systematically compared these cell types across 2D and 
3D collagen environments using a combination of traction force mi
croscopy, focal adhesion analysis, and single-cell stiffness measure
ments. This underscores the novelty of our work in extending the 
mechanobiological characterization of these specific cell lines to 
different dimensions. As illustrated in Fig. 3D, the ratio F/A of glio
blastoma cells exhibits a distinctive difference among 2D and 3D culture 
conditions and among both glioblastoma cell lines.

These assays also reveal that both malignant cell types generate a 
wide range of traction stresses and strain energies, underscoring their 
mechanical heterogeneity. In this regard, it is important to mention that 
cellular heterogeneity, generated by mutations or chromosomal insta
bility and other factors, is one of the mechanisms used by cancer cells to 
enhance their aggressiveness, becoming resistant to several treatments, 
such as chemotherapy or radiotherapy [1,92,96]. These findings high
light the distinct mechanical behaviors of glioblastoma cell subtypes and 
their adaptation to different microenvironmental conditions.

HMC3, a non-malignant microglia cell line, displayed no significant 
differences in total strain energy or traction stress between 2D and 3D 
pre-cultured conditions (Fig. 3C, D & Table 1). While 3D soft substrates 
do not compromise microglia cell viability, they can alter cell 
morphology [97,98], which may contribute to reduced traction stress. 
Microglia, including HMC3, typically remain in a resting state until 
activated by external signals to perform specific functions [56,99,100]. 
HMC3 is a non-malignant cell line with most likely no invasion profile, 
so its biomechanical activity is inherently lower, leading to reduced 
force generation unless activated by external stimuli (e.g., 
glioblastoma-secreted factors or inflammatory signals) [98].

The forces exerted at individual focal adhesions were analyzed to 
compare cells cultured on 2D and in 3D collagen environments. As 
shown in Fig. 3E and Table 1, the mean focal adhesion stress (deter
mined by selecting visible focal adhesions from the traction stress map) 
follows the same trend as observed for total strain energy (Fig. 3C) and 
Force/Area (Fig. 3D). For each focal adhesion point, we calculated the 
mean stress within a (1.5 μm2) surrounding area in both x and y di
rections and then took the absolute value by normalizing the x and y 
components. These forces are predominantly generated by mature focal 
adhesion (see Supplementary Fig. S2), which are characterized by a 

higher concentration of cytoskeleton and integrin proteins [101,102]. 
This quantification helps determine whether the exertion of biome
chanical forces would be related to the increased activity of the acto
myosin machinery (i.e., due to the magnitude of forces involved directly 
at the cell-matrix interface) or due to the density of focal adhesions 
located on the cell surface. Consistent with the total strain energy and 
traction stress data, HMC3, LN229, and T98G exhibit distinct mean focal 
adhesion stresses, underscoring the influence of both dimensionality and 
cell type on their mechanical behavior.

Next, to investigate the impact of prior culture dimensionality on cell 
morphology and adhesion, we performed immunostaining for F-actin, 
vinculin, and nuclei in HMC3 microglia and LN229 and T98G glioblas
toma cells that were previously cultured in 2D or 3D collagen environ
ments, as well as in cells maintained under conventional plastic (flask) 
conditions (see Supplementary Fig. S3). Culture durations in 2D or 3D 
collagen ranged from 5 to 14 days, depending on the proliferation rate of 
each cell line (as detailed in Fig. 1). Cells previously cultured on 2D 
collagen substrates or plastic exhibited a broad, well-spread morphology 
and a larger cell–matrix contact area, consistent with established 2D- 
adapted phenotypes. In contrast, cells retrieved from 3D collagen 
matrices displayed marked morphological changes, including a pro
nounced reduction in spreading area, particularly evident in HMC3 
microglia, while LN229 and T98G glioblastoma cells showed more 
modest decreases in cell area.

These findings are consistent with previous reports demonstrating 
that substrate dimensionality and stiffness regulate cell spreading, focal 
adhesion maturation, and cytoskeletal organization [103–105]. Our 
study extends these principles to LN229 and T98G glioblastoma cells 
and HMC3 microglia by providing the first systematic quantification of 
focal adhesion dynamics and cell mechanics following culture in 2D or 
3D collagen environments (Fig. 4 & Table 2). This analysis reveals cell 
line–specific adaptations and heterogeneity in focal adhesion organi
zation, offering novel insights into how dimensional culture history 
shapes the mechanical phenotypes of glioblastoma and microglial cells.

Immunostaining for vinculin revealed distinct focal adhesion char
acteristics between 2D- and 3D-cultured cells across all three cell lines. 
In 2D, cells exhibited larger, more mature focal adhesions, typically 
localized at the cell periphery and associated with prominent actin stress 
fibers. By contrast, cells retrieved from 3D collagen matrices showed 
smaller, more punctate focal adhesions with reduced actin fiber for
mation, consistent with adaptation to a softer, heterogeneous microen
vironment. The quantification of focal adhesion has been summarized in 
Table 2 (A-C).

Quantitative analysis revealed marked differences in the average cell 
spreading area, focal adhesion (FA) number, and FA area between cells 
cultured in 2D and 3D collagen environments, with the magnitude and 
significance of these changes varying across cell lines (Fig. 4C–E; 
Table 2A–C). In HMC3 cells, 3D collagen culture significantly reduced 
cell area, FA number, and FA area compared to 2D, all with large to huge 
effect sizes (Table 2). Cell area decreased by ~68 %, FA number dropped 
by more than half, and FA area was similarly reduced, indicating strong 
biological effects despite the marginal p-value for FA number. Similarly, 
in LN229 cells, reductions were also observed across all three metrics, 
reflecting a robust response to dimensionality. The cell area decreased 
significantly, FA number and FA area dropped substantially, consistent 
with a pronounced adaptation to the 3D environment. In contrast, T98G 
cells showed a significant reduction in cell area after 3D culture, but 
changes in FA number and FA area were not statistically significant (p >
0.05). Nonetheless, both metrics exhibited medium to large effect sizes 
(r = 0.250, d = 1.502), suggesting potential trends that may become 
significant with larger sample sizes. Together, these findings highlight 
cell line-specific mechanobiological adaptations following culture in 2D 
and 3D collagen environments, underscoring the value of reporting both 
statistical significance and effect sizes to fully capture biologically 
meaningful changes, particularly in studies with limited statistical 
power.

M. Khan et al.                                                                                                                                                                                                                                   Bioactive Materials 55 (2026) 515–528 

519 



The data shown in Fig. 4 & Table 2 indicate that HMC3 microglia 
cells adjust their adhesion and morphology when transitioning from 
rigid to soft 3D environments, consistent with their known mechano
sensitivity and ability to adopt low-adhesion, amoeboid-like behavior on 
soft matrices [98,106]. These findings are consistent with microglia’s 
known ability to modulate migration style and adhesion according to 
ECM topography and mechanical cues [56,100,107].

Whereas, LN229 cells, despite maintaining stress fiber–associated 
morphology, suggest compensatory mechanisms such as increased 
integrin turnover [108–110] or unique surface charge properties [111], 
previously described for this cell line. These findings suggest that LN229 
cells maintain their attachment after 3D culture by shifting to a more 
dynamic adhesion state, minimizing large focal adhesions despite 
retaining some spread morphology relative to other glioblastoma cell 
lines.

Conversely, T98G may be less sensitive to dimensionality compared 
to LN229, which we interpret to be consistent with reports of stable 

integrin expression (α1β1, α2β1) and decoupling of biochemical and 
mechanical responses in this cell line [112]. This may indicate that such 
properties may support the invasive phenotype of T98G by enabling 
adaptation to mechanical heterogeneity while preserving adequate 
adhesion dynamics.

Qualitative assessment of vinculin and actin immunostaining (see 
Fig. 4A and B and Supplementary Information 3) supported our quan
titative focal adhesion analysis. Together, these findings illustrate how 
glioblastoma and microglial cells differentially modulate their adhesion 
machinery in response to dimensional and mechanical cues, reflecting 
their distinct roles in the tumor microenvironment. The greater ECM 
responsiveness of microglia may reflect their immune surveillance role 
[56,99,100,107]. Whereas the reduced mechanosensitivity of glioblas
toma cells might be an indication to support their invasive behavior 
through durotaxis, blebbing-driven migration, and adaptation to aligned 
collagen fibrils [113–118]. These mechanistic insights may inform 
future strategies for targeting tumor invasion and modulating microglial 

Fig. 4. Changes in the number of focal adhesions based on cytoskeleton images of HMC3, LN229, and T98G cells seeded on glass coverslips after culturing them on 
2D collagen-based surfaces (A) and 3D collagen-based bioactive matrices (B). In these images, red staining indicates the presence of F-actin, while green staining 
displays focal adhesions (i.e., vinculin). Based on these images, cell area (C), the number of focal adhesions per cell (D), and the focal adhesion area (E) were 
calculated. In the last three images, blue bars correspond to cells pre-conditioned on 2D collagen-coated surfaces, while orange bars represent values obtained from 
cells cultured in 3D collagen-based bioactive matrices. Statistical analysis was performed using the Welch’s t-test for normally distributed data and the Mann-Whitney 
U test for non-normally distributed data. Significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.
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function within the glioblastoma niche.
To further characterize how prior dimensional environments influ

ence cellular mechanics beyond adhesion dynamics, we next examined 
the intrinsic mechanical properties of the cells themselves. Specifically, 
we measured the stiffness (Young’s modulus) of HMC3, LN229, and 
T98G cells using single-cell nanoindentation after culture under three 

different conditions: conventional plastic flasks (control), collagen type- 
I–coated 2D surfaces, or collagen type-I 3D scaffolds (Fig. 5). We found 
no significant difference in stiffness for HMC3 and LN229 cells between 
2D and 3D pre-culture conditions. In contrast, T98G cells exhibited a 
significant reduction in Young’s modulus after 3D collagen culture 
compared to 2D.

Table 2 
Summary of focal adhesion quantification for HMC3, LN229, and T98G cells cultured in 2D and 3D environments. Data include (A) cell area (μm2), (B) Average number 
of focal adhesions (FA), and (C) Average focal adhesion (FA) area (μm2), reported as mean(M) ± SD or median(Mdn) ± MAD, with corresponding sample size (n), p- 
values, and effect sizes (Cohen’s d or rank biserial correlation r) after performing the Shapiro–Wilk test to assess the normality of the data. (see Supplementary 
Table S2).

A

Cell Line 2D (n) 3D (n) Cell area (μm2, 2D) Cell Area (μm2, 3D) p-value Effect Size

M ± SD d

HMC3 8 3 2058.74 ± 389.39 653.56 ± 97.81 <0.001 4.055
LN229 10 7 1933.00 ± 570.97 1313.16 ± 508.58 0.034 1.133
T98G 3 4 1180.69 ± 183.34 761.63 ± 151.31 0.034 2.542

B

Cell Line 2D (n) 3D (n) FA Number (2D) FA Number (3D) p-value Effect Size

Mdn ± MAD r

HMC3 8 3 31.00 ± 5.00 12.00 ± 0.00 0.051 0.833
LN229 10 7 32.00 ± 5.00 8.00 ± 1.00 0.001 0.971
T98G 3 4 24.00 ± 1.00 14.00 ± 6.00 0.721 0.250

C

Cell Line 2D (n) 3D (n) FA Area (μm2, 2D) FA Area (μm2, 3D) p-value Effect Size

M ± SD d

HMC3 8 3 87.10 ± 65.91 21.38 ± 10.98 0.026 1.126
LN229 10 7 77.77 ± 42.24 9.55 ± 5.66 <0.001 2.073
T98G 3 4 28.96 ± 12.60 13.49 ± 8.43 0.154 1.502

Fig. 5. A) A schematic of the nanoindentation experiment is presented [119] detailing indentation on single cells conducted using a cantilever with a spherical tip. B) 
Representative load–indentation curves featuring Hertz fits. C) Stiffness measurements obtained through the peak load poking mode of the nanoindenter on cells. The 
elasticity (Young’s modulus) of HMC3, LN229, and T98G was analyzed using the single-cell nanoindentation method. Similar to other mechanical characterizations, 
these cell lines underwent specific culture pre-culture conditions, i.e., a 2D hard substrate and a 3D soft substrate, along with a conventional culture flask serving as 
the control. Mann-Whitney U Test was conducted for statistical analysis among the three conditions, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Considering the difference in Young’s Modulus of both glioblastoma 
cell lines, LN229 shows no statistically significant difference between 2D 
and 3D precultured conditions, as compared to T98G (Fig. 5C & 
Table 3).

LN229 cells have been reported to show minimal changes in 
morphology and mechanics between 2D and 3D culture conditions 
[120]. As shown in Fig. 2, LN229 also showed similar behavior across all 
three culture conditions in terms of proliferation. This suggests that 
these cells possess a more adaptable cytoskeletal architecture, which 
may explain the lack of significant stiffness differences among control, 
2D, and 3D pre-culture conditions. These findings align with the TFM 
results, where LN229 exhibited only modest differences between 2D and 
3D pre-culture conditions compared to the more pronounced changes 
seen in T98G.

By contrast, T98G cells displayed a prominent difference in cellular 
stiffness between 2D and 3D pre-culture conditions (Fig. 5C & Table 3). 
Studies on glioblastoma models and reviews on 3D culture systems have 
emphasized that a more in vivo-like microenvironment in 3D culture can 
drive cytoskeletal tension and focal adhesion reinforcement [4,57,121,
122], which may explain why T98G cells become stiffer in 3D 
pre-culture conditions. Supplementary Fig. 3 further supports this, 
showing that T98G cells appear to have greater cytoskeletal remodeling, 
which is often associated with higher cellular stiffness [123–125].

Our findings suggest that HMC3 cells do not show significant dif
ferences in stiffness between 2D and 3D pre-culture conditions (Fig. 5C 
& Table 3), similar to TFM results, which aligns with the notion that 
microglia maintain a stable mechanical phenotype across different di
mensionalities. Notably, qualitative immunostaining images (see Sup
plementary Fig. S3) demonstrate the greater cytoskeletal remodeling of 
HMC3 between 2D and 3D pre-culture conditions, indicating that 
microglia are probably more sensitive to environmental cues at the 
structural level without a corresponding change in mechanical stiffness. 
This apparent discrepancy may reflect the unique ability of microglia to 
adapt their morphology dynamically while maintaining consistent me
chanical properties, as suggested by previous studies [97,107,126,127]. 
To gain a comprehensive understanding of microglial mechanical 
properties in varying culture conditions, further research involving 
direct stiffness measurements is necessary.

Despite probing the same cells, our three assays reveal distinct but 
interrelated aspects of cellular mechanobiology. Traction force micro
scopy (TFM) measures the contractile forces transmitted to the extra
cellular matrix (ECM) through cell–matrix adhesions [40,128]. Focal 
adhesion (FA) quantification reflects the size, number, and area of 
integrin-based complexes that mediate cell–ECM attachment [129]. 
Stiffness (Young’s modulus, YM) measured by nanoindentation pri
marily reflects the mechanical resistance of the cell body (cortical actin 
and nucleus) [130].

As a general principle, these three readouts tend to correlate posi
tively. Larger focal adhesions are often associated with stronger traction 

forces [131], and cells typically exhibit higher stiffness when cultured 
on stiffer substrates [132,133]. Tissue cells also tend to migrate towards 
stiffer substrates, presumably because adhesions develop more effec
tively on the stiffer side [134]. However, since these processes involve 
overlapping, but still distinct structural and signaling pathways, they are 
not strictly coupled. In particular, small adhesions can also exert large 
traction forces, especially during periods of migration and growth, 
underscoring that adhesion size alone does not dictate force output 
[135,136]. Indeed, Oakes et al. demonstrated that traction force 
magnitude does not directly correlate with FA size or composition, 
showing that small adhesions can sustain large traction stresses [137,
138]. Similarly, studies by Rheinlaender et al. show cell stiffness can 
increase through cortical actin crosslinking independent of traction 
force output [139]. Moreover, direct interference with mechano
transductive signaling, such as siRNA-mediated kinase knockdown, can 
decouple traction forces, adhesion dynamics, and cellular stiffness 
[140].

Thus, our data showing that each assay responds differently in each 
cell line are not inconsistent, but rather highlight the complex, multi
dimensional nature of mechanobiological adaptation. HMC3 microglia 
remodel adhesion size and spread area in 3D but maintain stable traction 
and stiffness, reflecting similar behavior to podosomes [141] and mir
roring observations in other myeloid-lineage cells, osteoclasts [142], 
and monocytes [143], where podosome clusters generate primarily 
vertical, protrusive forces with minimal net lateral traction despite 
extensive adhesion assembly. T98G glioblastoma cells amplify both 
traction and stiffness after 3D embedding, despite minimal focal adhe
sion growth, which refers to studies showing FAs can transmit six-fold 
higher tension without requiring further growth, demonstrating the 
non-linear relationship between these parameters [136]. In contrast, 
LN229 glioblastoma cells adjust adhesion architecture and traction, but 
preserve cortical stiffness, reflecting a cortex-vs-stress-fiber decoupling 
[139]. Such intratumoral mechanobiological heterogeneity mirrors 
broader findings that cancer cells often uncouple stiffness from traction 
force generation [144].

3D collagen environments generate smaller, more dynamic adhe
sions than 2D surfaces [145], yet cells can sustain force via alternative 
transmission modes, underlining why FA number/area and traction 
don’t always align. Finally, statistical significance alone can overlook 
biologically meaningful changes when n is low. For our focal-adhesion 
data (the smallest sample size), we therefore report effect sizes 
(Cohen’s d) alongside p-values (Table 1, Fig. 3). For example, HMC3 FA 
number (p = 0.051) has d = 0.83, indicating a large difference despite 
borderline significance [146].

3. Conclusions

In summary, our study demonstrates that the dimensionality of the 
pre-culture environment imparts a mechanical memory to glioblastoma 
cells that persists even when they are reseeded onto standardized 2D 
surfaces. This supports our hypothesis that cells retain biomechanical 
imprints of their previous 2D or 3D microenvironments. Specifically, 
T98G glioblastoma cells exhibit a pronounced memory effect, displaying 
significantly lower traction forces and strain energy after 3D pre-culture, 
alongside marked differences in cellular stiffness, despite statistically 
unchanged focal adhesion number and area. Whereas, LN229 glioblas
toma cells, adjust their adhesion architecture and traction output in 
response to dimensionality shifts while preserving cortical stiffness, 
reflecting a distinct, cell–type–specific adaptation strategy. In compar
ison, HMC3 microglia show minimal evidence of mechanical memory, 
maintaining stable traction forces and stiffness across pre-culture con
ditions despite modest but significant changes in focal adhesion number 
and size, and pronounced changes in cell spread area. These findings 
highlight the heterogeneity of mechanoadaptation between malignant 
and non-malignant brain-resident cells.

These findings emphasize that traction force generation, focal- 

Table 3 
Mean Young’s modulus (kPa) of single cells cultured under three different 
conditions: conventional tissue culture plastic (control), collagen type I–I-coated 
2D surfaces, and collagen type I–I-based 3D scaffolds. Data are presented as n =
X cells per condition from Y independent experiments. Statistical comparisons 
were performed using the nonparametric Mann–Whitney U test.

Cell Culture X Y Young’s modulus (kPa)

HMC3 Control 116 4 0.45 ± 0.03
HMC3 2D 125 4 0.65 ± 0.02
HMC3 3D 149 6 0.59 ± 0.02
LN229 Control 127 4 0.94 ± 0.03
LN229 2D 145 6 0.94 ± 0.04
LN229 3D 290 6 0.88 ± 0.02
T98G Control 150 4 0.59 ± 0.03
T98G 2D 140 4 0.49 ± 0.02
T98G 3D 165 6 0.69 ± 0.03
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adhesion quantification, and cortical stiffness each report on separate 
facets of the cell’s force-generation machinery and do not necessarily 
always correlate in the same manner. This decoupling is consistent with 
prior reports showing that mature focal adhesions can bear high tension 
without further growth, and that nanoindentation primarily probes the 
apical cortex rather than deeper stress fibers. By quantifying all three 
parameters and consistently reporting p-values, we captured biologi
cally meaningful, cell line-specific responses. For the focal adhesion 
assay, where sample sizes were more limited, we complemented this 
with effect size analysis to strengthen the interpretation.

Ultimately, our work highlights the importance of accounting for 
mechanical memory and cell type heterogeneity in in vitro models of 
glioblastoma mechanobiology. Incorporating 3D bioactive matrices into 
experimental workflows and examining how pre-culture conditions in
fluence subsequent 2D assays offers additional insight into tumor- 
microenvironment interactions. While astrocytes or neural stem cells 
are often used as lineage controls for glioblastoma, our inclusion of 
HMC3 microglia specifically probes the distinct mechanics of non- 
malignant niche cells rather than tumorigenic lineage differences. We 
anticipate that this multi-assay, pre-culture, and reseeding approach can 
inform future studies on glioblastoma progression and interactions with 
the microenvironment.

4. Materials and methods

4.1. Cell culture

Human-derived malignant GB cells LN229 (ATCC-CRL-2611, Ger
many), T98G (ATCC-CRL-1690, Germany), and human microglia cells 
HMC3 (ATCC CRL-3304, Germany) were maintained and cultured in 
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10 % 
v/v fetal bovine serum (FBS, PAN-Biotech Gmb, Aidenbach, Germany), 
1 % penicillin-streptomycin (Sigma Life science, St. Louis, USA), 1.0 % 
v/v Glutamax (Gibco, New York, US) and 0.1 % v/v Gentamicin (Gibco, 
New York, US) in T75 culture flasks (SARSTEDT AG & Co.KG, Nüm
brecht, Germany). All cultures were maintained at 37 ◦C with 5.0 % v/v 
CO2 in an incubator (Heracell vios 160i; Thermo scientific, Waltam, US). 
The cells were regularly split with accutase (PAN-Biotech Gmb, Aiden
bach, Germany) in growing periods of 3–5 days, previously washed with 
Dulbecco’s Phosphate Buffered Saline Modified (DBPS; Sigma Life sci
ence, St. Louis, USA) twice.

4.2. 2D collagen matrix

To coat 6-well plates with collagen, 0.1 M NaOH, 10X PBS, 1X DPBS, 
and 3.5 mg/mL collagen type I from rat tail (ibidi GmbH; Gräfelfing, 
Germany) were mixed [147]. Further, to obtain a neutral pH, 3.17 mL of 
the mixed solution was added per well in a 6-well plate and spread 
gently to have a uniform collagen coating. This well plate was then left 
in the incubator to polymerize overnight at 37 ◦C. After polymerization, 
the 6 well plates were transferred to the sterile hood and dried for 48 
hours. In the end, the collagen coating was washed three times with 
sterile Milli Q water for 30 mins intervals. After removing sterile water 
from the 2D collagen coatings, 10,000 cells/well were seeded and left 
for incubation under cell culture conditions.

4.3. 3D collagen matrix

3.5 mg/mL collagen type I, DMEM, the reconstruction buffer, and 1M 
NaOH were mixed to prepare a 3D collagen scaffold at neutral pH [148]. 
The reconstruction buffer was prepared by mixing (0.044 g of sodium 
bicarbonate (Sigma-Germany) in 0.4 mL of HEPES (Sigma, Germany)) 
and 1.6 mL of Milli Q water and then filtered the solution with a 0.2 μm 
filter (FP 30/0.2 CA-S, sterile, Whatman TM, US). While this mixture 
was placed on ice to slow down the polymerization process, the cells 
were split, counted, and resuspended to get a final cell concentration of 

10,000 cells/well of a 96-well plate for all three cell lines (HMC3, 
LN229, and T98G). Cells resuspended in DMEM were added to the 
collagen gel mixture and mixed well, avoiding bubbles. In the end, 0.2 
mL of collagen-cell mixture was added per well. After 30 min of incu
bation to facilitate collagen polymerization, DMEM was added to these 
3D collagen scaffolds and then placed in the incubator to facilitate cell 
growth. Cell culture media was changed every 48 h.

4.4. Cell proliferation assay

Studies of the cell proliferation were carried out with HMC3, LN229, 
and T98G cells in three conditions: conventional cell culture as a control, 
2D collagen coating, and 3D collagen matrices. For the cell proliferation 
analysis, 5000 cells/well were seeded on the 24-well plate as a control 
for 2D conditions and 10,000 cells/well for 3D conditions. Cells were 
treated with WST-8 (10 % v/v, Thermofisher, Germany) for a 3h incu
bation period at cell culture conditions to determine the viable cell 
number and study the induction or inhibition of cell proliferation in 
vitro. Cell proliferation was measured every 24 h, in a plate reader 
(EPOCH/2 microplate reader; BioTek, Winooski, US) at room tempera
ture, and the absorbance was read at 450 nm. After such a measurement, 
cells were washed twice with DPBS, DMEM was added, and cells were 
left under cell culture conditions again. This strategy was repeated for 
14 days with the same samples. Proliferation assays were carried out in 
triplicate.

4.5. Preparation of polyacrylamide gels for single-cell traction force 
microscopy

Since the mechanical properties of polyacrylamide (PAA) gels are 
easily tunable, these gels are widely used for single-cell traction force 
microscopy (TFM) [36]. For TFM measurements, flat PAA gels coated 
with ECM protein, i.e., collagen type I (ibidi GmbH, Germany), were 
prepared following protocols previously described in the literature [79,
149]. These gels were prepared with a target Young’s modulus of 3.13 
± 0.42 kPa [64] and characterized using a commercially available 
fiber-optics-based nanoindenter (Pavone, Optics11, Netherlands) [150,
151] with a spherical probe (radius = 8.5 μm, spring constant = 0.32 
N/m). A 7 × 7 matrix scan protocol was employed to assess gel uni
formity and validate linear elasticity assumptions required for traction 
force microscopy. (see Supplementary Information 1 for detailed char
acterization). FluoSpheres™ Carboxylate-Modified Microspheres (red, 
200 nm in diameter, F8787, Thermofisher, Germany) were used as a 
fiducial marker embedded in the 50–70 μm thick layer of PAA gel. These 
collagen-coated PAA gels were washed with sterile DPBS before seeding 
the cells. All cell lines cultured in 2D and 3D environments were 
extracted using collagenase (1.44 mg/mL in PBS). Approximately 20, 
000 cells per gel were seeded and incubated overnight at 37 ◦C in a 
humidified incubator with 5.0 % CO2 to ensure adhesion. Non-adherent 
cells were gently removed by washing the gels with pre-warmed DPBS, 
and 3 mL DMEM was added to each gel. Cells were stained with 1.0 μL 
(per sample) of Calcein, AM (2261443, 1 mM), and nuclei with 1.0 
μL/mL Hoechst (33342, 20 mM) for live-cell imaging.

4.6. TFM imaging and analysis

Confocal images of cells were taken in two states. 1. Stressed state, i. 
e., when cells were adhered to the collagen-coated PAA gels, referred to 
as the cell image. 2. Relaxed state, i.e., when cells were not adherent 
anymore after adding accutase to the collagen-coated PAA gels, referred 
to as the reference image. Imaging was performed using a Nikon A1R 
confocal microscope with a Nikon Plan Fluor 40× objective (NA 1.3, OI 
(WD 0.2 mm, FOV 0.32 × 0.32 mm)) to perform TFM. The voxel size was 
0.27 μm × 0.27 μm × 0.9 μm (512 × 512 pixels, z-resolution: 0.9 μm). 
The integer drift between the cell and reference image was determined 
using cross-correlation. The images were then cropped to only contain 
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the overlapping section between the images. From the Z-stacks, the 
plane containing the most beads was chosen based on the sharpness of 
the image. This plane was combined with the two planes above and 
below to yield a 2D image containing the beads on the surface of the gel. 
Bead displacements were calculated using the pyramidal Kanade-Lucas- 
Tomasi (KLT) tracking algorithm [152,153], a direct optical flow 
method for determining displacement fields between image pairs [35,
45,154]. The KLT algorithm was chosen over PIV and PTV due to higher 
accuracy and robustness for tracking small, local bead displacements in 
densely labeled TFM samples [155,156]. This ensures the reliability and 
resolution of the traction force data presented in this work. Traction 
forces were reconstructed using regularized Fourier Transform Traction 
Cytometry (FTTC), an inverse method that estimates cellular traction 
forces from measured substrate displacements. A regularization scheme 
was applied to address the ill-posed nature of the inverse problem, 
which characterizes the traction stress field from displacement data 
using L2 (Tikhonov) regularization to mitigate noise-related artifacts. 
The regularization parameter (λ) was optimized for each dataset to 
balance noise suppression with spatial resolution [34–36,45,157,158]. 
The traction stress of each cell was characterized by the total strain 
energy stored in the PAA gel due to cell tractions, which is calculated as 
the product of local tractions and deformations integrated over the 
spreading area of the cells. Average traction stress was normalized to 
respective cell areas to determine the average force/area of a single cell. 
The forces exerted at individual focal adhesions were analyzed in terms 
of mean focal adhesion stress (determined by selecting visible focal 
adhesions from the traction stress map). For TFM analysis, three cell 
types (HMC3, LN229, and T98G) were cultured under 2D and 3D 
collagen conditions, then reseeded onto polyacrylamide substrates for 
force measurements. Each condition was independently repeated 5–10 
times per cell type, and the total number of single cells analyzed per 
condition ranged from 85 to 193, as detailed in Table 1 (Results and 
Discussion section).

4.7. Validation and error analysis

The accuracy of our traction force reconstruction methodology, 
implemented using the code provided by J. Blumberg & U.Schwarz [34], 
has been systematically benchmarked against synthetic ground-truth 
data in previous work. In particular, Blumberg et al. performed exten
sive simulations with analytically defined traction patterns under 
controlled noise conditions, demonstrating that the root mean square 
(RMS) error in reconstructed tractions is typically <15 % of the peak 
traction for well-resolved features under realistic noise and sampling 
conditions. A detailed summary of these published validation results, 
including the effects of noise and regularization, is provided in Appendix 
1 in the Supplementary Materials.

4.8. Immunofluorescence assay

Immunofluorescence assay (IFA) was performed to investigate the 
cytoskeleton arrangement of HMC3, LN229, and T98G after 2D and 3D 
pre-culture conditions, along with conventionally cultured cells as a 
control. To image vinculin, actin filaments (F-actin), and nuclei, 
approximately 15,000 cells were cultured on sterilized coverslips over
night and then fixed with 4 % paraformaldehyde (Sigma-Germany) for 
20 min at 37 ◦C and permeabilized with 0.1 % v/v Triton-X-100 (Sigma- 
Germany) for 10 min. Then, blocking was done with 1.0 % w/v bovine 
serum albumin (BSA) in 1X phosphate-buffered saline (PBS), and cells 
were incubated at room temperature for 30 min. Cells were stained for 
vinculin with primary antibody monoclonal anti-vinculin (V9131, 
Sigma-Germany) diluted in BSA (1:200). A goat anti-mouse secondary 
antibody Alexa Fluor™ 488 (SA5-10264, Invitrogen, Germany) diluted 
in PBS (1:1000) along with a compatible counterstain for the cytoskel
eton Rhodamine-Phalloidin (R415, Invitrogen, Germany) and 4′,6-dia
midino-2-phenylindole (DAPI) (D1306, Invitrogen, Germany) for the 

nucleus was used to perform an immunofluorescence assay. A Nikon 
A1R confocal microscope was used to image the cytoskeletal organiza
tion of cells.

4.9. Quantification and characterization of focal adhesions

For focal adhesion analysis, images obtained from the Immunofluo
rescence assay were processed following the protocol introduced by 
Horzum et al. [159] With some parameter modifications. However, the 
same parameters were applied to all images to avoid bias. Image pro
cessing was performed in Fiji [160,161].

4.10. Single-cell mechanical characterization

Mechanical properties of single cells after 2D and 3D pre-culture 
conditioning were measured using a nanoindenter (Pavone, Optics11, 
Netherlands) [150,151]. Cells were isolated from 2D collagen coatings 
and 3D collagen matrices and seeded into 6-well glass-bottom plates. 
Cells were left to adhere overnight (12–16 h) in standard culture con
ditions (37 ◦C, 5.0 % CO2). A spherical nanoindentation probe (tip 
radius 3.5 μm and spring constant of 0.013 N/m) was calibrated in 
culture medium (DMEM), and measurements were performed at 37 ◦C 
to maintain physiological conditions and avoid thermal drift. The probe 
size was chosen to provide sufficient spatial resolution while minimizing 
excessive deformation of the cell membrane. Indentation was performed 
at the nuclear region of the individual cells, with a maximum peak load 
of 0.012 μN and indentation speed of 1.0 μm/s, using the Peak Load 
Poking (PLP) mode. The PLP mode operates in an open-loop system 
where the piezoelectric speed is controlled to achieve a preset maximum 
load, after which the probe retracts at high speed by the system’s default 
settings [162]. The chosen load and speed parameters minimized cell 
deformation artifacts while allowing accurate stiffness measurements. 
Data analysis was conducted with the Data Viewer (V2.5.0) software 
provided by the manufacturer. Young’s modulus was calculated by 
fitting the load-indentation curves to the Hertzian contact model. The 
contact point was determined via software-integrated fitting up to 20 % 
of the maximum load (Pmax%), and only fits with a coefficient of 
determination (R2) ≥ 0.95 were accepted. Calibration of the system was 
performed regularly to ensure consistent force measurements across 
samples. The information regarding sample size and independent ex
periments is detailed in Table 3 (Results and Discussion section).

4.11. Statistical analysis

Experiments for TFM analysis were conducted on different days 
based on the proliferation rate for each pre-culture condition and cell 
type. During post-processing, outliers were removed by selecting data 
within the 5th to 95th percentile. To ensure balanced datasets for sta
tistical analysis, we then randomly sampled the data to match the 
smallest group size. Statistical significance was assessed using the 
nonparametric Mann–Whitney U test due to non-normal distribution. It 
was implemented with Python libraries, including SciPy [163], NumPy 
[164], and Pandas [165,166]. Data visualization was performed using 
Seaborn [167], with statistical significance annotated via statannota
tions [168]. The same procedure was applied to the single-cell nano
indentation data, except that random sampling was omitted.

For focal adhesion, after image processing, the results were further 
analyzed for statistical significance and visualization using Python. 
Specifically, SciPy was used for statistical significance testing, Pandas 
for data handling, Seaborn for visualization, and statannotations for 
statistical annotations. Unlike TFM analysis, focal adhesion data were 
not randomly sampled due to limited samples, particularly for HMC3 
and T98G cell lines. Sample sizes for focal adhesion analysis varied due 
to experimental constraints. Data normality was assessed using the 
Shapiro–Wilk test. Depending on the distribution, either the Welch t-test 
with Cohen’s d as the effect size metric (for normally distributed data) or 
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a Mann–Whitney U test with rank biserial correlation (r) as the effect 
size metric (for non-normally distributed data) was performed to eval
uate statistical significance and effect size. P-values greater than 0.05 
were considered not significant; significance levels were indicated as 
follows: *for 0.05 > p > 0.01, ** for 0.01 > p > 0.001, *** for 0.001 > p 
> 0.0001, and **** for p < 0.0001.
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