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Abstract: It is well known that living cells interact mechanically with their microenvironment. Many
basic cell functions, like migration, proliferation, gene expression, and differentiation, are influenced
by external forces exerted on the cell. That is why it is extremely important to study how mechanical
properties of the culture substrate influence the cellular molecular regulatory pathways. Optical
microscopy is one of the most common experimental method used to visualize and study cellular
processes. Confocal microscopy allows to observe changes in the 3D organization of the cytoskeleton
in response to a precise mechanical stimulus applied with, for example, a bead trapped with optical
tweezers. Optical tweezers-based method (OT) is a microrheological technique which employs a
focused laser beam and polystyrene or latex beads to study mechanical properties of biological
systems. Latex beads, functionalized with a specific protein, can interact with proteins located on
the surface of the cellular membrane. Such interaction can significantly affect the cell’s behavior.
In this work, we demonstrate that beads alone, placed on the cell surface, significantly change
the architecture of actin, microtubule, and intermediate filaments. We also show that the observed
molecular response to such stimulus depends on the duration of the cell–bead interaction. Application
of cytoskeletal drugs: cytochalasin D, jasplakinolide, and docetaxel, abrogates remodeling effects
of the cytoskeleton. More important, when cells are plated on elastic substrates, which mimic the
mechanical properties of physiological cellular environment, we observe formation of novel, “cup-
like” structures formed by the microtubule cytoskeleton upon interaction with latex beads. These
results provide new insights into the function of the microtubule cytoskeleton. Based on these results,
we conclude that rigidity of the substrate significantly affects the cellular processes related to every
component of the cytoskeleton, especially their architecture.

Keywords: cytoskeleton; elastic substrates; endocytosis; latex microspheres; microtubules; actin; vi-
mentin

1. Introduction

Micrometer-size beads are commonly used in biomedical studies. One area, where
such microspheres are extensively used, is to study the process of phagocytosis where they
serve as a model for cellular phagocytosis [1]. Moreover, latex beads are also employed
in cellular mechanobiology studies, where they are usually used with optical or magnetic
tweezers, that allow to manipulate the beads. These techniques can be applied to stimulate
cells mechanically [2] as well as to measure various parameters of cells, such as cytoskeleton
elasticity [3] or membrane viscoelasticity [4].

One type of a commonly performed experiment is the tether extraction [5–7]. It
was described in 1989 by Ashkin and Dziedzic [8]. The experiment bases on attaching a
bead to the outer membrane of a cell and then pulling a thin, membrane-derived thread
out of it [9]. Primarily, this technique was used to estimate cell membrane properties
such as its viscosity or the actin cytoskeleton–cell membrane interaction [5,9]. Currently,
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optical tweezers-pulled tethers are also used to study nanotubular protrusions like tubular
nanotubes or filopodia [10,11].

Microspheres are frequently used to measure cell viscoelasticity. Unfortunately, mea-
suring viscoelastic properties of cells is challenging and the results usually are burdened
with high measurement errors. To perform this kind of experiment, usually, a trapped
diamagnetic bead and dynamically perturbed by the laser beam is employed [12].

The main problem with applying bead trapping techniques to cells, tissues, and other
biological samples is the need to use of a high-power laser beam which is harmful to these
samples [13]. This is why cellular research is mostly performed using a near-infrared
light (e.g., λ = 1 064 nm) [13], which is less harmful than a visible light [13,14]. There are
also other aspects that may interfere with experiment’s results, including the interaction
between beads and cell structures is often overlooked while planning an experiment.

As it was mentioned earlier, one of the applications of the beads trapping techniques
is to measure elastic parameters of cells, which can be estimated by using polystyrene or
latex beads [15]. It is obvious, that the beads should be completely biocompatible, i.e., they
should not be toxic nor interfere with cellular structures.

The cytoskeleton is responsible mainly for elasticity and other mechanical properties
of cells [16]. It consists of three components: microfilaments, intermediate filaments, and
microtubules. There are many diverse functions of the cytoskeleton [16,17], however,
from the point of cell elasticity, the most important function of the cytoskeleton is the
transduction of mechanical signals [16]. The cytoskeleton is an important component of any
cell, thus, for researchers working with cells, it is extremely important to closely investigate
its behavior. The cytoskeleton is responsible for many important cellular processes essential
for cell functioning. Yet, there are many cytoskeleton-mediated molecular mechanisms to
be discovered. Without the cytoskeleton, basic processes such as cell migration, cell division
or intracellular transport would not be possible. Furthermore, mechanical functions such
as shaping the cell, mechanical strengthening, and keeping the cell organelles in proper
position are equally significant. This is extremely important for animal cells as they do not
have a rigid cell wall. The multitude and wide range of functions of the cytoskeleton make
it an essential and interesting component of the cell.

Latex beads are widely used not only in biomechanical studies but also in differ-
ent types of endocytosis experiments [18,19]. Molecular pathways of endocytosis and
mechanosensing are often intercrossed, like in integrin-mediated adhesion or phagocy-
tosis [20,21]. Integrins are the key proteins in the cell adhesion process. They are cell
surface receptors of extracellular matrix (ECM) proteins, like integrin α5β1, a receptor for
fibronectin [22,23]. Integrin binding to the ECM initiates formation of adhesion complexes
and remodeling of the actin cytoskeleton [24]. On the other hand, previous studies show
that integrins also mediate formation of phagosomal compartments [21]. Furthermore,
Grinnell discovered that whether cells undergo adhesion-migration or phagocytosis path-
way depends directly on the size of the object that cells get in contact with [25], what
further shows that these processes are tightly connected. In many experiments, beads are
often coated with extracellular matrix protein, such as fibronectin, to increase their affinity
towards cells. However, the interaction activates not only mechanosensing pathway, but
also initiates endocytotic (including phagocytotic) response, especially in the case of beads
of smaller sizes [25]. One of the main question is: how does elasticity of substrate influ-
ence this interaction? The problem described above has already been studied, but it was
described only partially [26–28].

Due to the development of the field of mechanobiology it is crucial to design and
thoroughly characterize experimental methods used to study new, emerging questions.
The rationale of this work was to check whether the latex beads have any influence on cells,
especially the cytoskeleton. Initial results indicated that the latex beads interaction with
the cell is more complex than one could expected and that led us to examine the observed
changes in the cytoskeleton architecture in 3D with confocal microscopy.
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Here, we describe how beads, commonly used in mechanobiological studies, influence
cells. We examined the changes in the architecture of actin, microtubules, and intermediate
filaments in a time dependent manner. Modification of cytoskeleton’s architecture should
have quite a significant impact on the experimental results and it should be taken under
consideration at the planning stage of the experiment. The last goal of our work was
to investigate how culture substrate elasticity alters the observed phenomena. During
that work, we discovered that novel cup-like structures were formed by microtubule
cytoskeleton, which is not known for its active involvement in endocytosis, only on elastic
substrates.

2. Results
2.1. Cytoskeleton Remodeling Due to External Stimuli

To learn how cells respond to an external stimulus we analyzed cytoskeleton re-
arrangement caused by latex beads in time. We plated Mouse Embryonic Fibroblasts
(MEF) 3T3 cells on glass-bottom dishes with a low confluence and cultured overnight.
The next day we added 2 µm carboxylated fluorescent latex beads, uncoated or coated
with fibronectin. Then, the cells were incubated with beads for 15 min or 3 h, and after
that, fixed with 4% formaldehyde solution. After fixation, cells were stained against actin,
α-tubulin, or vimentin and images of respective cytoskeleton components were captured
using confocal microscopy. After 3D reconstruction, we noticed that the beads disturbed all
types of cytoskeleton filaments and many of the beads were fully enveloped by the specific
filament. The enveloped beads were counted and compared with the number of all the
beads attached to the cells (Figure 1A, Supplementary Figure S1); fractions of enveloped
beads by specific components of the cytoskeleton are shown in Figure 1B,C.
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components (separately) and visualized using confocal microscopy in 3D. Images are presented as sums of stacks. (A) 
Representative images of cytoskeletal structures in experiments with fibronectin-coated beads are shown, arrows point at 
spots where beads were enveloped by the cytoskeleton and visible changes could be observed. (B) Histogram showing 
the fraction of beads enveloped by a specific component of the cytoskeleton. Fully enveloped beads were counted and 
presented as a fraction of all beads interacting with cells. Data are presented as a percentage fraction ± SEM (actin, 15 min, 
uncoated, n = 16; actin, 3 h, uncoated, n = 71; actin, 15 min, coated, n = 129; actin, 3 h, coated, n = 523; microtubules, 15 min, 
uncoated, n = 19; microtubules, 3 h, uncoated, n = 135; microtubules, 15 min, coated, n = 285; microtubules, 3 h, coated, n = 
905; vimentin, 15 min, uncoated, n = 39; vimentin, 3 h, uncoated, n = 100; vimentin, 15 min, coated, n = 192; vimentin, 3 h, 
coated, n = 581). (C) Two proportion Z-test was used to determine statistical significances between specific samples: (upper 
left) bead incubation duration: 15 min versus 3 h; (upper right) uncoated versus coated beads; (lower left) comparison 
between cytoskeletal components: (A)ctin, (M)icrotubules, and (V)imentin. * p < 0.05, ** p < 0.005, *** p < 0.001. Data are 
representative of at least two independent experiments. 
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Figure 1. Latex beads cause the cytoskeleton rearrangement. MEF cells were plated on glass-bottom dishes and incu-
bated with 2 µm diameter latex beads (coated with fibronectin and uncoated) for 15 min or 3 h, then fixed, stained for
cytoskeletal components (separately) and visualized using confocal microscopy in 3D. Images are presented as sums of
stacks. (A) Representative images of cytoskeletal structures in experiments with fibronectin-coated beads are shown, arrows
point at spots where beads were enveloped by the cytoskeleton and visible changes could be observed. (B) Histogram
showing the fraction of beads enveloped by a specific component of the cytoskeleton. Fully enveloped beads were counted
and presented as a fraction of all beads interacting with cells. Data are presented as a percentage fraction ± SEM (actin,
15 min, uncoated, n = 16; actin, 3 h, uncoated, n = 71; actin, 15 min, coated, n = 129; actin, 3 h, coated, n = 523; microtubules,
15 min, uncoated, n = 19; microtubules, 3 h, uncoated, n = 135; microtubules, 15 min, coated, n = 285; microtubules, 3 h,
coated, n = 905; vimentin, 15 min, uncoated, n = 39; vimentin, 3 h, uncoated, n = 100; vimentin, 15 min, coated, n = 192;
vimentin, 3 h, coated, n = 581). (C) Two proportion Z-test was used to determine statistical significances between specific
samples: (upper left) bead incubation duration: 15 min versus 3 h; (upper right) uncoated versus coated beads; (lower left)
comparison between cytoskeletal components: (A)ctin, (M)icrotubules, and (V)imentin. * p < 0.05, ** p < 0.005, *** p < 0.001.
Data are representative of at least two independent experiments.

As expected, more fibronectin-coated than uncoated beads attached to cells in general,
due to their higher affinity. Moreover, the general tendency was that the greater or at least
the same fraction of coated beads were influencing the cytoskeleton rearrangement when
compared to the uncoated ones. Furthermore, our results show that the bead–cytoskeleton
interaction is time dependent. As expected, more beads were enveloped by the actin
or the vimentin cytoskeleton after 3 h of interaction than after 15 min. However, in the
case of microtubules, more uncoated beads were enveloped after 15 min than after 3 h of
interaction (Figure 1B).

2.2. Influence of Cytoskeletal Toxins on Cell–Bead Interaction

To investigate how cytoskeleton targeting drugs influence the cytoskeleton–bead
interaction, we treated MEF 3T3 cells with cytochalasin D (actin polymerization inhibitor),
jasplakinolide (actin depolymerization inhibitor), or docetaxel (microtubules stabilizer).
Cells were plated as described above and incubated with carboxylated fluorescent latex
beads (2 µm diameter), uncoated or coated with fibronectin, together with 0.1% cytochalasin
D for one hour. Cells were then fixed using 4% formaldehyde solution, stained against
actin, and the cytoskeleton was visualized by confocal microscopy. Obtained 3D images
were analyzed to count the beads attached to the cellular membrane or interacting with
specific filament (Figure 2).
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Figure 2. Lack of beads envelopment by actin filaments after treatment with cytochalasin D. (A) MEF cells were plated on
glass-bottom dishes and cultured overnight then incubated with 2 µm latex beads (coated with fibronectin and uncoated)
together with 20 µM cytochalasin D for 1 h and stained for actin. 3D images of cells were taken and analyzed. Representative
images (as sum of stacks) are shown. (B) Beads enveloped by actin were counted and presented as fractions of all beads
interacting with cells. Data are presented as a fraction ± SEM (uncoated, n = 34; coated, n = 145). Z-test was performed.
Data are representative of at least two independent experiments.

To study the influence of jasplakinolide and docetaxel, cells were plated as described
above, after cells adhered to the surface we added jasplakinolide or docetaxel to media
(final concentration 100 nM of either drug) and cultured overnight. On the next day, we
added carboxylated YG fluorescent latex beads (2 µm diameter), uncoated or coated with
fibronectin, incubated for 1 h with cells, then fixed samples with 4% formaldehyde solution,
and stained against actin or α-tubulin, respectively. Such drug treatment totally inhibited
previously observed cytoskeletal rearrangement.

2.3. Role of Substrate Elasticity in Mechanical Stimulus-Mediated Cytoskeleton Remodeling

Nowadays, many cell studies are carried out on substrates which mimic mechanical
characteristics of cells’ natural environment as close as possible, for example their elas-
ticity/stiffness. To elucidate how substrate elasticity influence the cell–bead interaction
we prepared polyacrylamide (PA) elastic substrates of three different elasticities—2 kPa,
17 kPa, 40 kPa. We plated MEF 3T3 cell as described before and cultured overnight on those
substrates. Cells were then incubated with carboxylated YG fluorescent latex beads (2 µm
diameter), uncoated (Supplementary Figure S2) or coated with fibronectin (Figure 3A), for
one hour, then fixed, stained against α-tubulin, imaged, and analyzed as described above.
Obtained data were compared with respective data for cells plated on glass substrate
(Figure 3A–C).
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Figure 3. Influence of substrate elasticity on the latex bead-microtubule cytoskeleton interaction. (A) MEF cells were plated
overnight on PA substrates of various elasticities or glass and incubated with 2 µm latex beads (coated with fibronectin and
uncoated) for 1 h, then fixed, stained for the microtubule cytoskeleton and imaged using confocal microscopy in 3D. Images
are presented as sums of stacks. Arrows point at spots where beads were enveloped by microtubule filaments and visible
changes could be observed. Representative images of examined elasticities for experiments with fibronectin-coated beads
are shown. (B) Microtubules enveloped beads were counted and presented as fractions of all beads interacting with cells.
Data are presented as a fraction ± SEM (2 kPa, uncoated, n = 36; 2 kPa, coated, n = 88; 17 kPa, uncoated, n = 20; 17 kPa,
coated, n = 369; 40 kPa, uncoated, n = 11; 40 kPa, coated, n = 394; glass, uncoated, n = 100; glass, coated, n = 434). (C) Two
proportion Z-test was used to determine statistical significance between specific samples: (left) uncoated versus coated
beads; comparison between different substrate elasticities using uncoated (upper right) and coated beads (lower right).
* p < 0.05, *** p < 0.001. (D) MEF cell plated on substrate of 17 kPa of elasticity, scanned as a 3D image and showed as a sum
of stack. Green color represents beads, red—microtubules. On the right side an enlarged section (white frame) and an axial
projection of the 3D image (cyan frame) are presented. Data are representative of at least two independent experiments.

Our results show that more coated beads are enveloped in comparison to uncoated
ones on stiffer substrates (40 kPa and glass). In the case of cells plated on soft substrates
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(2 kPa and 17 kPa) we observed that bead coating has no influence on fractions of enveloped
beads. What is noteworthy, on elastic substrates with Young modulus of 17 kPa and 40 kPa
we observed formation of novel microtubules structure which resemble cups in places
where the beads were located (Figure 3D). The formation of such cup-like structures in the
case of actin filaments (Supplementary Figure S3), which take active part in the endocytosis
process, was already described by Jaumouillé et al. [29] where cup-like structures formed of
actin filaments were described as closely connected to the phagocytosis mechanism [30]. We
observe the formation of similar structures made of microtubules, which, as it is postulated
thus far, do not take an active role in the process of endocytosis. This clearly indicates that
the microtubule cytoskeleton plays an active role, not described till now, in the process of
phagocytosis, which has not been reported yet. A representative visualization of a cup is
shown in Figure 4. Interestingly, similar structures do not form when the fibroblast cells
were plated on glass substrate.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 14 
 

 

where polystyrene or latex beads are employed, for example phagocytosis or optical twee-
zers experiments, this effect has to be taken into account. The preservation of intact struc-
tures in living cells is sometimes of utmost interest and all factors which can have an im-
pact on those structures have to be taken into consideration. 

 
Figure 4. The microtubule cup-like structure in 3D rendering. The part of the same cell as in Figure 3D is shown. (upper 
panels) A 3D visualization of microtubule surface (red) surrounding beads (green). (lower panels) The height-color-cod-
ing for the same fragment for microtubule filaments (blue → green → yellow → red: low → high). Beads are shown in 
white. Images were rendered using FluoRender; rendering parameters in Supplementary Note S1. 

4. Materials and Methods 
4.1. Cell Culture 

We used MEF 3T3 Swiss mouse embryonic fibroblast cell line. Cells were cultured in 
DMEM Low Glucose medium (L0066, Biowest, Nuaillé, France) supplemented with 10% 
Gibco FBS (10270106, Thermo Fisher Scientific, Waltham, MA, USA), and 100 I.U./mL Pen-
icillin and 100 µg/mL Streptomycin Solution (L0022, Biowest, Nuaillé, France) at 37 °C, 
5% CO2, and 100% humidity. Prior to the experiment, cells were cultured overnight in a 
fresh medium and plated in a 35 mm glass bottom dishes with thickness #1 (0.13–0.16 mm) 
or #1.5 (0.16–0.19 mm) designed for high resolution imaging (Cellvis, Mountain View, CA, 
USA). 

4.2. Beads and Bead Coating 
Fluoresbrite YG Carboxylate Microspheres with diameter 2 µm were obtained from 

Polysciences (09847, Polysciences Inc., Warrington, PA, USA), are made of latex and can 
be visualized by fluorescent microscopy (441 nm absorption and 486 nm emission). Beads 
were coated with fibronectin from bovine plasma (341631, Merck, Darmstadt, Germany) 
in concentration of 0.7 mg/mL using PolyLink Protein Coupling Kit (24350-1, Polysciences 
Inc., Warrington, PA, USA), according to the manufacturers’ protocols. In brief, pellet of 
microparticles was suspended in PolyLink Coupling Buffer twice and the whole suspen-
sion was mixed with PolyLink EDAC solution. After these steps, fibronectin was added, 

Figure 4. The microtubule cup-like structure in 3D rendering. The part of the same cell as in Figure 3D is shown.
(upper panels) A 3D visualization of microtubule surface (red) surrounding beads (green). (lower panels) The height-color-
coding for the same fragment for microtubule filaments (blue→ green→ yellow→ red: low→ high). Beads are shown in
white. Images were rendered using FluoRender; rendering parameters in Supplementary Note S1.

3. Discussion
3.1. Cytoskeletal Rearrangement

We examined the effect of latex beads with diameter of 2 µm (nonfunctionalized and
functionalized with fibronectin), usually employed in endocytosis studies and optical
tweezers-based measurements, on the cytoskeleton. Our study shows that beads alone,
interacting with cells, significantly change the architecture of the cytoskeleton in as little as
15 min. Analysis of images of the actin, the microtubule and the vimentin cytoskeleton in
cells grown on glass substrate clearly demonstrates what appears to be a void of respective
filaments in the place where the beads were present (Figure 1A). The difference in the
shape of filaments surrounding the beads 15 min and 3 h after placing them on the cell
surface can be observed: after 15 min the actin and the vimentin cytoskeleton show a sign
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of beads engulfment attempt which is demonstrated by risen edges of respective filaments,
surrounding the bead. In some cases (~20%), actin formed what appeared to be, a cup-like
structure around the bead (Supplementary Figure S3). As expected, this effect is weaker
with uncoated beads (Supplementary Figure S1). A careful analysis of the orthogonal
cross-sections of the 3D images reveals that in many cases beads are enveloped by the
respective filaments (Figure 3D) and because of the weak fluorescence signal from the top
of the engulfment they look like a void in the filaments. We calculated and compared the
percentage of fully engulfed beads by each cytoskeleton component and the results are as
follows:

1. more fibronectin coated beads are engulfed by the respective cytoskeleton after 3 h
incubation, though the percentage varies between them from 45% in case of actin and
vimentin to 28% for microtubules;

2. for uncoated beads, the results are mixed—the highest percentage of engulfed beads
is for vimentin (~50%) followed by actin (~30%) and then microtubules (~10%);

3. in the case of uncoated beads and microtubules, we see that beads are more efficiently
engulfed after 15 min. than after 3 h of incubation. This counter intuitive result may
point to the different mechanisms of bead engulfment by microtubules in comparison
to actin and vimentin.

To determine the efficiency of latex beads enveloping by every filament type, we
compare fractions presented in Figure 1B (after 15 min and 3 h of bead–cell interaction).
We observe that in the case of actin, the very small percentage of uncoated (UC) beads is
engulfed by actin, while 20% of fibronectin coated (FC) beads are enveloped after 15 min.
After 3 h, we can see that almost 30% of UC beads and around 45% of FC beads are fully
enveloped. In case of vimentin, the process of bead envelopment has different dynamics:
5% of UC and 15% of FC beads are enveloped by vimentin but after 3 h more UC beads
(50%) than FC beads (45%) are enveloped by vimentin. When we look at microtubules, the
picture is different than in previous two cases: surprisingly, after 15 min almost 30% of UC
beads and only 8% of FC are enveloped by microtubules. Then, after 3 h of incubation,
the percentage of enveloped UC beads drops to 8% but of enveloped FC beads increases
to 27%. This shows that each cytoskeleton component interacts differently with UC and
FC beads. Our data also show that the cytoskeleton’s role in the process of endocytosis is
much more complex than it was thought thus far, especially when considering the time
course of such process.

Summarizing this part, we can conclude, that the beads cause the fibroblast cytoskele-
ton’s rearrangement in as little as 15 min of interaction and many of the beads are fully
engulfed by the cytoskeleton. Additionally, after 3 h beads are located closer to the nucleus
(data not shown), what is in agreement with previous study [31]. One may speculate that
actin treadmilling processes are responsible for this effect.

3.2. Cytoskeletal Toxins

The cytoskeleton rearrangement after latex beads settlement poses a question on
how specific cytoskeletal inhibitors influence observed changes. To check this, we used
SiR-Actin and SiR-Tubulin dyes containing cytoskeletal drugs jasplakinolide and docetaxel,
respectively, to observe cytoskeletal changes in real time. Jasplakinolide inhibits the
depolymerization of actin filaments [32] and docetaxel, which is a strong cytoskeletal drug
used in chemotherapy, stabilizes microtubules [33]. Both of them have a major impact on
the cytoskeleton and prevent the rearrangement of cytoskeletal components. After drug
application, we did not observe any changes in the structure of actin or microtubules (data
not shown). The beads settled on the dorsal side of cells and did not cause any visible
changes in the cytoskeleton.

Following this lead, we checked the effect of cytochalasin D which prevents actin
polymerization (opposite to jasplakinolide) [34]. In this case, we observed changes in
the structure of actin filaments after cytochalasin application—it was difficult to see vis-
ible stress fibers and a very small percentage of beads were enveloped—5% fibronectin
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coated beads, 3% uncoated versus previously described 30–40%. This suggests that im-
paired regulation of cytoskeleton homeostasis lowers cells ability to respond to mechanical
stimulus. It also shows that deformations caused by beads employed by optical tweezers-
based methods have a significant impact on the architecture of a properly functioning
cytoskeleton.

3.3. Elastic Polyacrylamide (PA) Substrates

Several previous studies demonstrated that cells behave differently when cultured
on substrates with different elasticities [35,36]. To address this issue, we analyzed the
architecture of the microtubule cytoskeleton, one of the components of the cytoskeleton, in
fibroblasts plated on polyacrylamide elastic substrates with different elasticities—40 kPa,
17 kPa, and 2 kPa—and compared them to the ones plated on glass. As in previous
experiments, we used two kinds of beads—uncoated and coated with fibronectin. After
quantitative analysis of 3D images, we noticed an intriguing relationship. First, in the
case of glass and 40 kPa substrate we observed a bigger percentage difference between
envelopment of nonfunctionalized and fibronectin coated beads than in the case of softer
substrates—17 kPa and 2 kPa (Figure 3B). This means, that on the softer substrates the beads
are enveloped almost with the same efficiency for uncoated and coated ones. Second, even
more striking, is that in the case of elastic substrates of 17 kPa and 40 kPa, we observed for
the first time, the formation of specific, cup-like structures made of microtubules (Figure 4),
which are not present in cells plated on glass. To our knowledge, this type of filament has
not been reported to participate in phagocytosis directly, thus the effect was unanticipated.
There are some indications that microtubules are able to create cup-like structure during
phagocytosis [37], but this has not been directly observed yet. It also shows that mechanical
parameters of the cellular microenvironment influence cellular regulatory processes.

Summarizing, our study shows, that latex beads change the architecture of the actin,
the microtubule and the intermediate cytoskeleton of fibroblast cells. This effect is more
pronounced when beads were functionalized with fibronectin. When cytoskeletal drugs,
interfering with the function of the cytoskeleton, were used, its remodeling was almost
unnoticeable. More importantly, we report for the first time, that

1. the effect of bead envelopment occurs, especially in the cell lamella,
2. the bead envelopment depends on the elasticity of the cellular substrates,
3. microtubules in cells cultured on soft cellular substrates, form cup-like structures

surrounding beads placed on their dorsal surface.

These results can be extremely important in studies of the role and behavior of micro-
tubules. According to current knowledge, microtubules do not participate in the process of
endocytosis, but our results indicate that this may not be the case. Formation of the cup-like
structures by microtubules on elastic substrates shows that these cytoskeletal elements
may take part in the endocytosis process. This also implies that in future works, where
polystyrene or latex beads are employed, for example phagocytosis or optical tweezers
experiments, this effect has to be taken into account. The preservation of intact structures
in living cells is sometimes of utmost interest and all factors which can have an impact on
those structures have to be taken into consideration.

4. Materials and Methods
4.1. Cell Culture

We used MEF 3T3 Swiss mouse embryonic fibroblast cell line. Cells were cultured
in DMEM Low Glucose medium (L0066, Biowest, Nuaillé, France) supplemented with
10% Gibco FBS (10270106, Thermo Fisher Scientific, Waltham, MA, USA), and 100 I.U./mL
Penicillin and 100 µg/mL Streptomycin Solution (L0022, Biowest, Nuaillé, France) at 37 ◦C,
5% CO2, and 100% humidity. Prior to the experiment, cells were cultured overnight in a
fresh medium and plated in a 35 mm glass bottom dishes with thickness #1 (0.13–0.16 mm)
or #1.5 (0.16–0.19 mm) designed for high resolution imaging (Cellvis, Mountain View, CA,
USA).



Int. J. Mol. Sci. 2021, 22, 960 10 of 13

4.2. Beads and Bead Coating

Fluoresbrite YG Carboxylate Microspheres with diameter 2 µm were obtained from
Polysciences (09847, Polysciences Inc., Warrington, PA, USA), are made of latex and can
be visualized by fluorescent microscopy (441 nm absorption and 486 nm emission). Beads
were coated with fibronectin from bovine plasma (341631, Merck, Darmstadt, Germany) in
concentration of 0.7 mg/mL using PolyLink Protein Coupling Kit (24350-1, Polysciences
Inc., Warrington, PA, USA), according to the manufacturers’ protocols. In brief, pellet of
microparticles was suspended in PolyLink Coupling Buffer twice and the whole suspension
was mixed with PolyLink EDAC solution. After these steps, fibronectin was added, incu-
bated in room temperature with gentle mixing for 1 h, centrifuged twice, and resuspended
in PolyLink Wash/Storage Buffer. The mixture was stored in 4 ◦C. The binding of the
protein to the beads has been verified spectrophotometrically by measuring absorbance of
suspension at 280 nm, according to the manufacture’s advice.

4.3. Cell Labeling and Immunoflurescence

Cells were fixed with 4% formaldehyde solutions (47608, Sigma-Aldrich, St. Louis,
MO, USA) for 10 min, permeabilized for 7 min in 0.1% Triton X-100 (T8787, Sigma-Aldrich,
St. Louis, MO, USA). In the cases of antibody staining, the non-specific sites were blocked
with 3% BSA PBS buffer (A7906, Sigma-Aldrich, St. Louis, MO, USA) for 30 min, then
stained for α-tubulin (1:500 in 3% BSA PBS buffer; T9026, Sigma-Aldrich, St. Louis,
MO, USA) or vimentin (1:100 in 3% BSA PBS buffer; EPR3776, Abcam, Cambridge, UK)
overnight. Then, Alexa Fluor 555-labeled goat anti-mouse IgG (H+L) antibody (1:100 in 3%
BSA PBS buffer; A21422, Thermo Fisher Scientific, Waltham, MA, USA) or Alexa Fluor 633-
labeled goat anti-rabbit IgG (H+L) antibody (1:50 in 3% BSA PBS buffer; A21070, Thermo
Fisher Scientific, Waltham, MA, USA) for α-tubulin and vimentin, were added. For actin
staining, cells were fixed, permeabilizated and incubated with DyLight 633-conjugated
phalloidin (1:100 in PBS buffer; 21840, Thermo Fisher Scientific, Waltham, MA, USA) for
45 min.

4.4. Cytoskeletal Drugs

Cytoskeleton targeting drugs experiments were carried out with cytochalasin D so-
lution (C8273, Sigma-Aldrich, St. Louis, MO, USA), which prevents polymerization of
actin. Jasplakinolide (enhances polymerization of actin filaments) and docetaxel (stabi-
lizes microtubules) were included in dyes Cytoskeleton Kit (SiR-Actin and SiR-Tubulin,
652 nm absorption, 674 nm emission) (CY-SC006, Cytoskeleton, Inc., Denver, CO, USA).
The dyes were diluted to 100 nM of concentration. To inhibit actin polymerization, 20 µM
cytochalasin D solution was applied for one hour. Experiments were made according
to the manufacturers protocols and SiR drugs were incubated with cells overnight in an
incubator.

4.5. Preparation of Polyacrylamide (PA) Gel Substrates with Different Mechanical Properties

PA gel substrates with different stiffnesses were fabricated based on standard proce-
dures [38]. In brief, glass-bottom dishes were treated with a solution of 3-(Trimethoxysilyl)
propyl methacrylate (440159, Sigma-Aldrich, St. Louis, MO, USA), 99.5% acetic acid, and
96% ethanol (1:1:14 ratio) for 30 min, washed twice with 96% ethanol, and dried. The
proportions for preparation of the substrates with elasticity of 40 kPa, 16.7 kPa, and 2 kPa
were taken from protocol [39]. Then, 13 µL of specific solution was placed at the center
of a glass-bottom dish, covered with a glass coverslip, and incubated for 1 h in room
temperature. After this time, the coverslip was removed, then the substrate was incubated
with 2 µg/mL Sulfo-SANPAH (22589, Thermo Fisher Scientific, Waltham, MA, USA) under
ultraviolet light for 5 min. Gels were rinsed with a sterile PBS solution and incubated with
10 µg/mL fibronectin at 4 ◦C overnight.
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4.6. Confocal Microscopy and Data Analysis

Confocal images were acquired using Zeiss LSM 710 confocal module set on Zeiss Axio
Observer.Z1 inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) using
an oil immersion 40x 1.4 NA Plan-Apochromat objective. Before analysis, z-stack images
were deconvolved using Batch Deconvolution Fiji v0.49 plugin (https://github.com/
Mechanobiology-Lab/BatchDeconvolution) [40–43] with Ricardson-Lucy deconvolution
algorithm [44,45]. PSF was calculated using Gibbson-Lanni PSF model [46] with the
highest accuracy and parameters matching acquisition. All calculations were made using
Fiji ImageJ environment [47,48]. 3D rendering was made using FluoRender 2.24 software (
https://www.sci.utah.edu/software/fluorender.html) [49].

4.7. Statistical Analysis

Two proportion Z-test was used to analyze difference significance between the results.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/2/960/s1.

Author Contributions: O.A. performed experiments, analyzed data, interpreted results, and wrote
the manuscript; Z.B. analyzed data, prepared figures, interpreted results, and contributed the
manuscript discussion and writing; M.S. performed experiments and analyzed data; Z.R. devised the
project, designed experiments, interpreted results, and contributed the manuscript discussion and
writing. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the grant from Ministry of Science and Higher Education,
Poland No. 2020-N17/MNS/000001 (to O.A.) and the SciMat Priority Research Area budget under
the program “Excellence Initiative–Research University” at the Jagiellonian University (to Z.B.). The
APC was funded by the Priority Research Area DigiWorld under the program Excellence Initiative–
Research University at the Jagiellonian University in Kraków.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We sincerely thank Jan Masajada from Wrocław University of Science and
Technology, for discussion and helpful comments. We also thank Miklos Kellermayer and his group
from Semmelweis University in Budapest for discussions and insightful comments on the project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Desjardins, M.; Griffiths, G. Phagocytosis: Latex leads the way. Curr. Opin. Cell Biol. 2003, 15, 498–503. [CrossRef]
2. Resnick, A. Use of optical tweezers to probe epithelial mechanosensation. J. Biomed. Opt. 2010, 15, 015005. [CrossRef] [PubMed]
3. Sako, Y.; Nagafuchi, A.; Tsukita, S.; Takeichi, M.; Kusumi, A. Cytoplasmic regulation of the movement of E-cadherin on the free

cell surface as studied by optical tweezers and single particle tracking: Corralling and tethering by the membrane skeleton. J. Cell
Biol. 1998, 140, 1227–1240. [CrossRef] [PubMed]

4. Tavano, F.; Bonin, S.; Pinato, G.; Stanta, G.; Cojoc, D. Custom-Built Optical Tweezers for Locally Probing the Viscoelastic Properties
of Cancer Cells. Int. J. Optomechatronics 2011, 5, 234–248. [CrossRef]

5. Pontes, B.; Viana, N.B.; Salgado, L.T.; Farina, M.; Neto, V.M.; Nussenzveig, H.M. Cell Cytoskeleton and Tether Extraction. Biophys.
J. 2011, 101, 43–52. [CrossRef] [PubMed]

6. Kanda, H.; Gu, J.G. Membrane Mechanics of Primary Afferent Neurons in the Dorsal Root Ganglia of Rats. Biophys. J. 2017, 112,
1654–1662. [CrossRef]

7. Pontes, B.; Monzo, P.; Gauthier, N.C. Membrane tension: A challenging but universal physical parameter in cell biology. Semin.
Cell Dev. Biol. 2017, 71, 30–41. [CrossRef]

8. Ashkin, A.; Dziedzic, J.M. Internal cell manipulation using infrared laser traps. Proc. Natl. Acad. Sci. USA 1989, 86, 7914–7918.
[CrossRef]

9. Dai, J.; Sheetz, M.P. Mechanical properties of neuronal growth cone membranes studied by tether formation with laser optical
tweezers. Biophys. J. 1995, 68, 988–996. [CrossRef]

https://github.com/Mechanobiology-Lab/BatchDeconvolution
https://github.com/Mechanobiology-Lab/BatchDeconvolution
https://www.sci.utah.edu/software/fluorender.html
https://www.sci.utah.edu/software/fluorender.html
https://www.mdpi.com/1422-0067/22/2/960/s1
https://www.mdpi.com/1422-0067/22/2/960/s1
http://doi.org/10.1016/S0955-0674(03)00083-8
http://doi.org/10.1117/1.3316378
http://www.ncbi.nlm.nih.gov/pubmed/20210445
http://doi.org/10.1083/jcb.140.5.1227
http://www.ncbi.nlm.nih.gov/pubmed/9490734
http://doi.org/10.1080/15599612.2011.604117
http://doi.org/10.1016/j.bpj.2011.05.044
http://www.ncbi.nlm.nih.gov/pubmed/21723813
http://doi.org/10.1016/j.bpj.2017.02.040
http://doi.org/10.1016/j.semcdb.2017.08.030
http://doi.org/10.1073/pnas.86.20.7914
http://doi.org/10.1016/S0006-3495(95)80274-2


Int. J. Mol. Sci. 2021, 22, 960 12 of 13

10. Datar, A.; Bornschlögl, T.; Bassereau, P.; Prost, J.; Pullarkat, P.A. Dynamics of membrane tethers reveal novel aspects of
cytoskeleton-membrane interactions in axons. Biophys. J. 2015, 108, 489–497. [CrossRef]

11. Pascoal, P.; Kosanic, D.; Gjoni, M.; Vogel, H. Membrane nanotubes drawn by optical tweezers transmit electrical signals between
mammalian cells over long distances. Lab Chip 2010, 10, 2235. [CrossRef] [PubMed]

12. Ayala, Y.A.; Pontes, B.; Ether, D.S.; Pires, L.B.; Araujo, G.R.; Frases, S.; Romão, L.F.; Farina, M.; Moura-Neto, V.; Viana, N.B.; et al.
Rheological properties of cells measured by optical tweezers. BMC Biophys. 2016, 9, 5. [CrossRef] [PubMed]

13. Svoboda, K.; Block, S.M. Biological Applications of Optical Forces. Annu. Rev. Biophys. Biomol. Struct. 1994, 23, 247–285.
[CrossRef] [PubMed]

14. Ashkin, A.; Dziedzic, J.M.; Yamane, T. Optical trapping and manipulation of single cells using infrared laser beams. Nature 1987,
330, 769–771. [CrossRef] [PubMed]

15. Nussenzveig, H.M. Cell membrane biophysics with optical tweezers. Eur. Biophys. J. 2018, 47, 499–514. [CrossRef]
16. Pegoraro, A.F.; Janmey, P.; Weitz, D.A. Mechanical Properties of the Cytoskeleton and Cells. Cold Spring Harb. Perspect. Biol. 2017,

9, a022038. [CrossRef]
17. Fletcher, D.A.; Mullins, R.D. Cell mechanics and the cytoskeleton. Nature 2010, 463, 485–492. [CrossRef]
18. Bandmann, V.; Müller, J.D.; Köhler, T.; Homann, U. Uptake of fluorescent nano beads into BY2-cells involves clathrin-dependent

and clathrin-independent endocytosis. FEBS Lett. 2012, 586, 3626–3632. [CrossRef]
19. Lloyd, Y.M.; Ngati, E.P.; Salanti, A.; Leke, R.G.F.; Taylor, D.W. A versatile, high through-put, bead-based phagocytosis assay for

Plasmodium falciparum. Sci. Rep. 2017, 7, 14705. [CrossRef]
20. Kechagia, J.Z.; Ivaska, J.; Roca-Cusachs, P. Integrins as biomechanical sensors of the microenvironment. Nat. Rev. Mol. Cell Biol.

2019, 20, 457–473. [CrossRef]
21. Dupuy, A.G.; Caron, E. Integrin-dependent phagocytosis: Spreading from microadhesion to new concepts. J. Cell Sci. 2008, 121,

1773–1783. [CrossRef] [PubMed]
22. Goodfellow, P.J.; Nevanlinna, H.A.; Gorman, P.; Sheer, D.; Lam, G.; Goodfellow, P.N. Assignment of the gene encoding the

beta-subunit of the human fibronectin receptor (β-FNR) to chromosome 10p11.2. Ann. Hum. Genet. 1989. [CrossRef] [PubMed]
23. Hudson, S.V.; Dolin, C.E.; Poole, L.G.; Massey, V.L.; Wilkey, D.; Beier, J.I.; Merchant, M.L.; Frieboes, H.B.; Arteel, G.E. Modeling

the Kinetics of Integrin Receptor Binding to Hepatic Extracellular Matrix Proteins. Sci. Rep. 2017, 7, 12444. [CrossRef] [PubMed]
24. Vicente-Manzanares, M.; Choi, C.K.; Horwitz, A.R. Integrins in cell migration–the actin connection. J. Cell Sci. 2009, 122, 199–206.

[CrossRef] [PubMed]
25. Grinnell, F. Fibroblast spreading and phagocytosis: Similar cell responses to different-sized substrata. J. Cell. Physiol. 1984, 119,

58–64. [CrossRef] [PubMed]
26. Gardel, M.L.; Shin, J.H.; MacKintosh, F.C.; Mahadevan, L.; Matsudaira, P.A.; Weitz, D.A. Scaling of F-Actin Network Rheology to

Probe Single Filament Elasticity and Dynamics. Phys. Rev. Lett. 2004, 93, 188102. [CrossRef]
27. Fabry, B.; Maksym, G.N.; Butler, J.P.; Glogauer, M.; Navajas, D.; Taback, N.A.; Millet, E.J.; Fredberg, J.J. Time scale and other

invariants of integrative mechanical behavior in living cells. Phys. Rev. E 2003, 68, 041914. [CrossRef]
28. Bursac, P.; Lenormand, G.; Fabry, B.; Oliver, M.; Weitz, D.A.; Viasnoff, V.; Butler, J.P.; Fredberg, J.J. Cytoskeletal remodelling and

slow dynamics in the living cell. Nat. Mater. 2005, 4, 557–561. [CrossRef]
29. Jaumouillé, V.; Cartagena-Rivera, A.X.; Waterman, C.M. Coupling of β2 integrins to actin by a mechanosensitive molecular clutch

drives complement receptor-mediated phagocytosis. Nat. Cell Biol. 2019, 21, 1357–1369. [CrossRef]
30. Vorselen, D.; Labitigan, R.L.D.; Theriot, J.A. A mechanical perspective on phagocytic cup formation. Curr. Opin. Cell Biol. 2020,

66, 112–122. [CrossRef]
31. Nobezawa, D.; Ikeda, S.; Wada, E.; Nagano, T.; Miyata, H. Directional Transport of a Bead Bound to Lamellipodial Surface Is

Driven by Actin Polymerization. Biomed Res. Int. 2017, 2017, 1–14. [CrossRef] [PubMed]
32. Cramer, L.P. Role of actin-filament disassembly in lamellipodium protrusion in motile cells revealed using the drug jasplakinolide.

Curr. Biol. 1999, 9, 1095–1105. [CrossRef]
33. Schiff, P.B.; Horwitz, S.B. Taxol stabilizes microtubules in mouse fibroblast cells. Proc. Natl. Acad. Sci. USA 1980, 77, 1561–1565.

[CrossRef] [PubMed]
34. Cooper, J.A. Effects of cytochalasin and phalloidin on actin. J. Cell Biol. 1987, 105, 1473–1478. [CrossRef] [PubMed]
35. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 2006, 126, 677–689.

[CrossRef] [PubMed]
36. Lo, C.M.; Wang, H.B.; Dembo, M.; Wang, Y.L. Cell movement is guided by the rigidity of the substrate. Biophys. J. 2000, 79,

144–152. [CrossRef]
37. Khandani, A.; Eng, E.; Jongstra-Bilen, J.; Schreiber, A.D.; Douda, D.; Samavarchi-Tehrani, P.; Harrison, R.E. Microtubules regulate

PI-3K activity and recruitment to the phagocytic cup during Fcγ receptor-mediated phagocytosis in nonelicited macrophages. J.
Leukoc. Biol. 2007, 82, 417–428. [CrossRef]

38. Valon, L.; Marín-Llauradó, A.; Wyatt, T.; Charras, G.; Trepat, X. Optogenetic control of cellular forces and mechanotransduction.
Nat. Commun. 2017, 8, 14396. [CrossRef]

39. Tse, J.R.; Engler, A.J. Preparation of Hydrogel Substrates with Tunable Mechanical Properties. In Current Protocols in Cell Biology;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; Volume 10, pp. 10.16.1–10.16.16.

http://doi.org/10.1016/j.bpj.2014.11.3480
http://doi.org/10.1039/c004659k
http://www.ncbi.nlm.nih.gov/pubmed/20661503
http://doi.org/10.1186/s13628-016-0031-4
http://www.ncbi.nlm.nih.gov/pubmed/27340552
http://doi.org/10.1146/annurev.bb.23.060194.001335
http://www.ncbi.nlm.nih.gov/pubmed/7919782
http://doi.org/10.1038/330769a0
http://www.ncbi.nlm.nih.gov/pubmed/3320757
http://doi.org/10.1007/s00249-017-1268-9
http://doi.org/10.1101/cshperspect.a022038
http://doi.org/10.1038/nature08908
http://doi.org/10.1016/j.febslet.2012.08.008
http://doi.org/10.1038/s41598-017-13900-4
http://doi.org/10.1038/s41580-019-0134-2
http://doi.org/10.1242/jcs.018036
http://www.ncbi.nlm.nih.gov/pubmed/18492791
http://doi.org/10.1111/j.1469-1809.1989.tb01118.x
http://www.ncbi.nlm.nih.gov/pubmed/2524991
http://doi.org/10.1038/s41598-017-12691-y
http://www.ncbi.nlm.nih.gov/pubmed/28963535
http://doi.org/10.1242/jcs.018564
http://www.ncbi.nlm.nih.gov/pubmed/19118212
http://doi.org/10.1002/jcp.1041190110
http://www.ncbi.nlm.nih.gov/pubmed/6323490
http://doi.org/10.1103/PhysRevLett.93.188102
http://doi.org/10.1103/PhysRevE.68.041914
http://doi.org/10.1038/nmat1404
http://doi.org/10.1038/s41556-019-0414-2
http://doi.org/10.1016/j.ceb.2020.05.011
http://doi.org/10.1155/2017/7804251
http://www.ncbi.nlm.nih.gov/pubmed/28246604
http://doi.org/10.1016/S0960-9822(99)80478-3
http://doi.org/10.1073/pnas.77.3.1561
http://www.ncbi.nlm.nih.gov/pubmed/6103535
http://doi.org/10.1083/jcb.105.4.1473
http://www.ncbi.nlm.nih.gov/pubmed/3312229
http://doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
http://doi.org/10.1016/S0006-3495(00)76279-5
http://doi.org/10.1189/jlb.0706469
http://doi.org/10.1038/ncomms14396


Int. J. Mol. Sci. 2021, 22, 960 13 of 13

40. Kirshner, H.; Aguet, F.; Sage, D.; Unser, M. 3-D PSF fitting for fluorescence microscopy: Implementation and localization
application. J. Microsc. 2013, 249, 13–25. [CrossRef] [PubMed]

41. Griffa, A.; Garin, N.; Sage, D. Comparison of Deconvolution Software in 3D Microscopy: A User Point of View—Part 1. G.I.T.
Imaging Microsc. 2010, 12, 43–45.

42. Sage, D.; Donati, L.L.; Soulez, F.F.; Fortun, D.; Schmit, G.; Seitz, A.; Guiet, R.; Vonesch, C.C.; Unser, M. DeconvolutionLab2: An
open-source software for deconvolution microscopy. Methods 2017, 115, 28–41. [CrossRef] [PubMed]

43. Baster, Z.; Rajfur, Z. BatchDeconvolution: A Fiji plugin for increasing deconvolution workflow. Bio-Algorithms Med.-Syst. 2020, 16.
[CrossRef]

44. Richardson, W.H. Bayesian-Based Iterative Method of Image Restoration*. J. Opt. Soc. Am. 1972, 62, 55. [CrossRef]
45. Lucy, L.B. An iterative technique for the rectification of observed distributions. Astron. J. 1974, 79, 745. [CrossRef]
46. Gibson, S.F.; Lanni, F. Diffraction by a circular aperture as a model for three-dimensional optical microscopy. J. Opt. Soc. Am. A

1989, 6, 1357. [CrossRef]
47. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,

B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]
48. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef]
49. Wan, Y.; Otsuna, H.; Chien, C.-B.; Hansen, C. FluoRender: An Application of 2D Image Space Methods for 3D and 4D Confocal

Microscopy Data Visualization in Neurobiology Research. IEEE Pac. Vis. Symp. 2012, 201–208.

http://doi.org/10.1111/j.1365-2818.2012.03675.x
http://www.ncbi.nlm.nih.gov/pubmed/23126323
http://doi.org/10.1016/j.ymeth.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/28057586
http://doi.org/10.1515/bams-2020-0027
http://doi.org/10.1364/JOSA.62.000055
http://doi.org/10.1086/111605
http://doi.org/10.1364/JOSAA.6.001357
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1186/s12859-017-1934-z

	Introduction 
	Results 
	Cytoskeleton Remodeling Due to External Stimuli 
	Influence of Cytoskeletal Toxins on Cell–Bead Interaction 
	Role of Substrate Elasticity in Mechanical Stimulus-Mediated Cytoskeleton Remodeling 

	Discussion 
	Cytoskeletal Rearrangement 
	Cytoskeletal Toxins 
	Elastic Polyacrylamide (PA) Substrates 

	Materials and Methods 
	Cell Culture 
	Beads and Bead Coating 
	Cell Labeling and Immunoflurescence 
	Cytoskeletal Drugs 
	Preparation of Polyacrylamide (PA) Gel Substrates with Different Mechanical Properties 
	Confocal Microscopy and Data Analysis 
	Statistical Analysis 

	References

