
This is a repository copy of The structure and mechanics of the cell cortex depend on the 
location and adhesion state.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/218437/

Version: Published Version

Article:

Flormann, D.A.D., Kainka, L., Montalvo, G. orcid.org/0000-0003-0223-6191 et al. (12 more
authors) (2024) The structure and mechanics of the cell cortex depend on the location and
adhesion state. Proceedings of the National Academy of Sciences, 121 (31). 
e2320372121. ISSN 0027-8424 

https://doi.org/10.1073/pnas.2320372121

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



PNAS  2024  Vol. 121  No. 31 e2320372121 https://doi.org/10.1073/pnas.2320372121 1 of 9

RESEARCH ARTICLE | 

Significance

The actomyosin cortex plays a 
dominant role in determining  
cell mechanics and therefore a 
plethora of cellular functions 
such as migration, division, and 
differentiation. Understanding 
the relationship between the 
structure and mechanics of the 
cortex in different situations is 
necessary to explain cell 
properties crucial to health and 
disease, for example, cancer. 
Therefore, we quantitatively 
characterized the cortex in 
suspended and adhered cells and 
found significant differences. We 
show a clear correlation between 
the structure and stiffness of the 
cortex. Aspects of our data in 
cells fit with earlier theoretical 
predictions based on in vitro 
experiments. We provide an 
important step toward predicting 
and controlling the mechanical 
behavior and therefore function 
of cells from the underlying 
structure of their cortex.
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Cells exist in different phenotypes and can transition between them. A phenotype 
may be characterized by many different aspects. Here, we focus on the example of 
whether the cell is adhered or suspended and choose particular parameters related to 
the structure and mechanics of the actin cortex. The cortex is essential to cell mechanics, 
morphology, and function, such as for adhesion, migration, and division of animal cells. 
To predict and control cellular functions and prevent malfunctioning, it is necessary 
to understand the actin cortex. The structure of the cortex governs cell mechanics; 
however, the relationship between the architecture and mechanics of the cortex is not 
yet well enough understood to be able to predict one from the other. Therefore, we 
quantitatively measured structural and mechanical cortex parameters, including cortical 
thickness, cortex mesh size, actin bundling, and cortex stiffness. These measurements 
required developing a combination of measurement techniques in scanning electron, 
expansion, confocal, and atomic force microscopy. We found that the structure and 
mechanics of the cortex of cells in interphase are different depending on whether 
the cell is suspended or adhered. We deduced general correlations between structural 
and mechanical properties and show how these findings can be explained within the 
framework of semiflexible polymer network theory. We tested the model predictions 
by perturbing the properties of the actin within the cortex using compounds. Our 
work provides an important step toward predictions of cell mechanics from cortical 
structures and suggests how cortex remodeling between different phenotypes impacts 
the mechanical properties of cells.

actin | cortex | cytoskeleton | cells | suspended

Actin is the most abundant protein in eukaryotic cells (1). Its filamentous form, in com-
bination with microtubules and intermediate filaments, defines the cytoskeleton (2). The 
main structure responsible for the mechanical properties of cells is the actin cortex, which 
is a filamentous network of actin assembled directly under the plasma membrane (3). 
Interacting with the actin filaments are many actin- binding proteins such as nucleators, 
cross- linkers, bundling proteins, and molecular motors (4–8). As the actin cortex is such 
a pivotal cellular element, it has stimulated a lot of studies, especially for its roles in cell 
mitosis, migration, and differentiation (1, 3, 9–11). Key to the function of these cell 
processes are the structure and mechanics of the cortex (12, 13). However, the mechanisms 
of how the structure is related to the mechanics of the cell cortex are not yet well 
understood.

Simpler actin networks studied in vitro have led to some helpful insights into the rela-
tionship between structure and mechanics which might be relevant in living cells. Gardel et al. 
(14) investigated in vitro the effect of the concentration of actin and cross- linkers on 
network stiffness using a parallel plate bulk rheometer. In their work, a constant cross- linker 
concentration with an increasing actin concentration resulted in a decrease of actin mesh 
size and a subsequent increase of stiffness, showing a negative correlation between the actin 
mesh size and its stiffness. This is consistent with earlier theoretical work by MacKintosh et al. 
(15). However, when Gardel et al. (14) kept the actin concentration constant and increased 
the cross- linker concentration, the mesh size also increased but resulted in an increase of 
stiffness due to thicker actin bundles. So, in this case, the actin mesh size and the stiffness 
were positively correlated. This positive correlation is also consistent with the theory in ref. 
15 assuming cross- linking increases bundling.

Due to its importance in biology (16, 17), we wondered how the actin mesh size correlates 
with stiffness in living cells. Because of the large number of actin- binding proteins present 
in living cells (4, 18), the regulation of the actin cortex is considerably more complex than 
that of minimalistic in vitro reconstituted networks. Regulation of the actin cortex can lead D
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to changes in its properties when cells are in different situations 
(19). For example, consider a white blood cell suspended in the 
blood flow. To respond to immune system signaling it adheres to 
the blood vessel walls prior to transmigration (20). Since the behav-
ior of adhered and suspended cells differs (21), we questioned 
whether the properties of their cortices differ. Therefore, we inves-
tigated the amount and structure of actin and myosin as well as the 
cortex stiffness in adhered and suspended cells (Fig. 1A) by fluores-
cence microscopy. To test our understanding of the relationships 
between structure and mechanics, we used commercial compounds 
to alter the concentrations of actin and myosin in the system.

We used a combination of fluorescence and scanning electron 
microscopy (SEM) (22) to measure the structure of the cortex of 
Human telomerase reverse transcriptase- immortalized retinal 

pigment epithelial cells (hTERT- RPE1 cells). In particular, we meas-
ured the cortical mesh size, thickness of the actin cortex and amount 
of actin and myosin in both adhered and suspended cells. To inves-
tigate the mechanical properties we used atomic force microscopy 
(AFM) (23) (Fig. 1B). In the case of adhered cells, we considered 
two distinct regions: the nuclear and the perinuclear region (Fig. 1C). 
The full description of the methods and analysis can be found in 
SI Appendix, Materials and Methods.

Results and Discussion

We expect changes in mesh size and stiffness with changes in actin 
concentrations. Initial measurements of the amount of actin in 
the cortex of adhered and suspended cells using fluorescent 

A

B

C

Fig. 1.   Overview of adhesion states and investigation methods. (A) Scheme of the actin–myosin cortex of an adhered versus a suspended cell. (B) Overview of 
methods used: Mechanics was measured by atomic force microscopy (AFM), the cortex structure by scanning electron microscopy (SEM) followed by a mesh 
analysis using a filament network- tracing algorithm (FiNTA). (C) The cortex of adhered cells was analyzed at two different locations: one location directly above 
the nucleus (nucleus) and one in the periphery of the nucleus (perinucleus).D
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microscopy showed different amounts of F- actin per unit area 
(SI Appendix, Fig. SI1). This convinced us that cells in different 
adhesive states provide a test bed for our investigation of the mesh 
size and stiffness of the cortex.

The Structure of the Actin Network Depends on the Cell Location 

and Adhesion State. Cell mechanics is dependent on the structure 
of the actin network. We characterized the structure of the actin 
cortex by measuring three key parameters namely the cortex 
thickness, filament bundling, and the mesh size.
Actin cortex thickness differs depending on the cell location and 
adhesion state. To deepen our investigation of the amount of actin 
in different cell locations, we measured the thickness of the actin 
cortex. Previously, this has only been done before in suspended 
cells where the measurement can be made in the horizontal plane 
(24, 25). For adhered cells, the thickness measurement is difficult 
due to the limited resolution in z (26). To avoid this problem 
and increase the resolution to a maximum, we did measurements 
on the apical side of the cell using expansion microscopy (27) 
on a cross- section of adhered cells to obtain the thickness in the 
highest resolution available in the xy plane (Fig. 2 A and B and 
SI Appendix, Fig. SI2), thus allowing us to measure the thickness 
of the cortex in adhered cells (Fig. 2 C and D).

We found that in adhered cells, the nuclear and perinuclear 
regions of the cortex have a similar cortex thickness (Fig. 2E). 
However, in suspended cells, the cortex is thicker (Fig. 2E) than 
in adhered cells. The values we find are similar to those found by 
Clark et al. (28).
Actin bundling differs depending on the cell location and adhesion 
state. Gardel et al. showed that actin bundling has an important effect 
on network mechanics in vitro (14, 29). To test whether bundling 
is important in the actin cortex of living cells, we investigated 
differences in bundles of actin in our different regions of interest.

We analyzed our SEM images by tracing the network connec-
tions of particular thicknesses using our own and commercial 
software [e.g., filament network- tracing algorithm (FiNTA) (30) 
(SI Appendix, Fig. SI4), Filament Sensor2.0 (31), and Fiji (32)]. 
However, none of these tools were able to quantify the bundling 
in the actin cortex, e.g., FiNTA double counts some thick filament 
bundles as two single filaments and is generally ill- suited to cap-
turing bundling (SI Appendix, Actin Bundles Analysis Using FiNTA 
and Fig. SI4). We therefore estimated the number of bundles by 
hand (Fig. 2 F and G and SI Appendix, Fig. SI5) classifying each 
image into one of three categories; no, few (1- 5), or many (>5) 
bundles. From this, we conclude that suspended cells contain very 
few bundles, most bundles are in the perinuclear region of adhered 
cells and some in the nuclear region.

Many different actin- binding proteins may be responsible for 
bundling (6). If such a protein were differently expressed in 
adhered and suspended cells, it could explain the differences in 
bundling we observe. One such candidate is myosin (33). We 
found that the distribution of myosin as quantified from fluores-
cent images is different in suspended and adhered cells. However, 
myosin cannot be responsible for the bundling we see since there 
is more myosin in suspended cells where we see less bundling 
(SI Appendix, Myosin II).

There are also physical explanations for bundle formation based 
on depletion forces, electrostatic interactions (34–36), and 
mechanical strain. When cells are placed under strain, they may 
form focal adhesions that are connected by stress fibers (37). It is 
also known that strain can induce the alignment of filaments in 
polymer networks such as actin (38, 39). Such alignment may 
cause what we see as bundles in our SEM images and cause strain 
stiffening (40, 41) in a similar way as the bundles formed by 

cross- linkers in Gardel et al.’s work (14). We note that a strain 
alignment mechanism for bundling could fit with our observation 
of more bundles in the perinuclear region compared to the nuclear 
region. This might indicate that the perinuclear region experiences 
more mechanical strain compared to the nuclear region.

Mesh Size and Stiffness of the Actin Cortex Positively Correlate. 
The third key characteristic of the actin cortex is the network 
mesh size. We recently developed a robust method to visualize 
(22) and quantitatively analyze (30) the cortical mesh size from 
SEM images (Fig. 3A). Interestingly, the mean mesh hole area 
(MHA) of the cortex differed significantly between suspended 
cells and the nuclear and perinuclear regions of adhered cells 
(Fig. 3A).

We expect the mesh size to affect the stiffness of the cortex. To 
determine the stiffness, we used AFM to deform the surface and 
measured the force- distance curves (23). We found significant 
differences in stiffness between the cortex of suspended cells and 
the nuclear, perinuclear regions of adhered cells (Fig. 3B). We 
further confirmed these trends with AFM measurements in HeLa 
cells (SI Appendix, Fig. SI8C).

Next, we investigated the correlation between the MHA and 
stiffness. We find a clear positive correlation between stiffness and 
mesh size (Fig. 3C). We found that fluidity is inversely correlated 
with mesh size (42), which is consistent with the general obser-
vation that stiffness and fluidity are inversely correlated in living 
cells (43, 44). Fluidity measurement data are shown in 
SI Appendix, Fig. SI6A. To ensure that our AFM method using 
a sharp pyramidal tip does not lead to distortions, we took some 
measurements with a colloidal tip for comparison and found that 
the trends are similar, i.e., the perinuclear region is stiffer than 
the nuclear region (SI Appendix, Fig. SI6B). We used the sharp 
pyramidal tip in all future measurements since it is easier to obtain 
localized data on the perinuclear region than with a colloidal tip. 
Additionally, we used AFM to image a stiffness map of whole 
cells (SI Appendix, Fig. SI7). These maps do not show any obvious 
stress fibers. We therefore conclude that the indentation we are 
using is small enough (400 nm on average, SI Appendix, Fig. SI8) 
that we are measuring the actin cortex but not any underlying 
actin stress fibers.

We next describe the differences we observed between nuclear 
and perinuclear regions of adhered cells and between these and 
suspended cells. We explain these differences using densely 
cross- linked semiflexible biopolymer theory.
Mesh size and stiffness increase in the perinuclear compared 
to nuclear region of adhered cells. We find that both the mesh 
size and stiffness are larger in the perinuclear region compared 
to the nuclear region (Fig. 3 A and B), i.e., there is a positive 
correlation between mesh size and stiffness. It is striking to note 
that this positive correlation agrees with the densely cross- linked 
semiflexible biopolymer theory (15), in which the elastic modulus 
(stiffness) is given by

 
[1]G ∼

KB
2

kBT �5
,

where the thermal energy is kBT   , and the bending rigidity of 

an actin bundle is KB ∼ DB
4  where DB  is the bundle thickness. 

Gardel et  al. (14) and Shin et  al. (29) found in their in  vitro 
experiments that the bundle thickness depends on the cross- linker 
to actin ratio as DB ∼ ([crosslink]∕[actin])0.3  . The mesh size, ξ, is 
related to the bundle thickness and the concentration of actin, 
� ∼ DB∕[actin]

1∕2 and thereforeD
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[2]G ∼

[actin]5∕2DB
3

kBT
.

The concentration of actin, [actin], in the cortex depends not 
only on the thickness but also on the mesh size, which we analyzed 
(Fig. 3). The total length of filamentous actin in the cortex is 
proportional to the thickness, h, divided by the MHA ξ2. From 
our measurements, we calculate hξ

−2 to be 0.07 nm−1 in the 
nuclear region, 0.06 nm−1 in the perinuclear region, and 0.10 
nm−1 in suspended cells. From this, we conclude that the amount 

of F- actin in the nuclear and perinuclear cortex regions of adhered 
cells is similar but that the amount of actin in the cortex of 
 suspended cells is larger.

For constant actin concentration in adhered cells therefore

 
[3]G ∼ DB

3 ∼ �3,

i.e., a positive correlation between stiffness and mesh size is 
expected. This theory assumes that a larger mesh size with no change 
in the amount of actin is due to increased cross- linking causing 
thicker actin bundles between larger holes. Since thicker bundles are 

A

C

D

F

G

E

B

Fig. 2.   In suspended cells, the actin cortex is thicker than in adhered cells but contains fewer bundles. (A) Scheme of the preparation procedure for side- view 
imaging of adhered cells using expanded samples. (B) Final imaging setup after gel (and hence cells) was rotated by 90° to enable side- view imaging. This 
is further illustrated in SI Appendix, Fig. SI2. (C) Side view of expanded nuclear and perinuclear regions as well as suspended hTERT- RPE1 cells imaged with 
expansion microscopy in combination with confocal imaging (Airyscan 2). Yellow arrows indicate representative measurement areas. The protocol for choosing 
the regions for measurements is provided in SI Appendix, Fig. SI3. All scale bars: 10 μm. (D and E) Analysis of intensity profiles leads to actin cortex thickness. 
The red horizontal lines represent the means of the distributions, and the black horizontal lines represent the medians of the distributions. In the graph (E), 
each dot represents a region. (F) Representative example SEM images of the cortex in the nuclear and perinuclear regions of adhered cells and the cortex of 
suspended cells (Left to Right) (Scale bar: 1 μm.) (G) Pie charts of the percentage of images showing many (black, over 5 bundles per region of interest (ROI)), few 
(red, between 1 and 5 bundles per ROI), or no (blue, no bundles per ROI) bundles in images like the example ones in F (~30 images per region). The star method 
is representing statistical Welch- corrected t tests: n.s.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001. Cell counts: n = 10. Numbers of total measurements: 
ventral: nucleus = 30 (3 per cell), perinucleus = 30 (3 per cell), suspended cells = 41 (at least three per cell).
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stiffer, this explains the higher stiffness. For their in vitro system, 
Gardel et al. (14) and Shin et al. (29) analyzed EM images and show 
that DB ∼ ([crosslink]∕[actin])0.3 and therefore

 
[4]� ∼

[crosslink]0.3

[actin]0.8
.

In Eq. 4, the larger mesh size is due to a larger amount of 
cross- linking and therefore bundling.

In section actin cortex thickness, we observe that the amount 
of actin in adhered cells is similar in the nuclear and perinuclear 
regions, and we would therefore expect Eq. 3 to hold. Our results 
agree with Eq. 3 in that we see a positive correlation between 
stiffness and mesh size in the different regions of adhered cells 
(Fig. 3). In our SEM images, we also see more bundling in the 
perinuclear region compared to the nuclear region (Fig. 2G) indi-
cating that the increased mesh size and increased stiffness are 
indeed due to actin bundles, as in Eq. 3. Therefore, we expect that 
there may be an increase in cross- linking in the perinuclear region 
compared to the nuclear region as in Eqs. 3 and 4.
Mesh size and stiffness decrease in suspended compared to 
adhered cells. Suspended cells also show a positive correlation 
between mesh size and stiffness but both are lower than in adhered 
cells (Fig. 3). This is consistent with our understanding that an 
increase in F- actin concentration leads to a smaller mesh size (14). 
In suspended cells, we see almost no bundling (Fig. 2) but we 
see a denser actin network with a smaller mesh size (Fig. 3). The 
decrease in stiffness we measure is consistent with a decrease in 
bundling, despite the increase in the amount of actin.

Effects of Chemical Treatment on Mesh Size and Stiffness. We 
found differences between the mesh size and stiffness in suspended 
cells compared to adhered cells (Fig.  3). These differences are 
consistent with the changes in actin concentration and bundling 
that we observe, as discussed in the previous sections. To further test 
our understanding of the system we used blebbistatin, an inhibitor 
of myosin II activity (45), and latrunculin A, an inhibitor of actin 
polymerization (46) to manipulate actin and myosin II in the cells 
(Fig. 4). We used drug concentrations small enough to not destroy 
the actin cortex (SI Appendix, Fig. SI9). Specifically, we measured 
the mesh size (Fig. 4A), stiffness (Fig. 4B), and bundling (Fig. 4C). 
In Fig. 4, we compare control cells (the same data as presented in 
Fig. 3) to blebbistatin-  and latrunculin A–treated cells.
Blebbistatin does not alter the bundling of actin. The distribution 
of myosin II (SI Appendix, Fig. SI10) as well as a detailed discussion 
of the effects of myosin II on the mesh size (Fig. 4A) and stiffness 
(Fig. 4B) of cells can be found in SI Appendix. Inhibiting myosin 
II activity using blebbistatin did not, as we had expected, alter 
the bundling of actin (Fig. 4C and SI Appendix, Myosin II Is Not 
Bundling Actin) and was therefore not included in our theoretical 
description (Discussion and Conclusion).
Stiffness decreases and mesh size increases with latrunculin 
a treatment. Latrunculin A inhibits polymerization of actin 
(46). As demonstrated by Laplaud et  al. (25) and Cartagena- 

Rivera et al. (47), actin treated with latrunculin A continues its 
depolymerization process without subsequent repolymerization, 
leading to a decrease in the overall concentration of polymerized 
actin filaments, which leads to a thinner actin cortex (25).
In adhered cells, we observed that the mesh size increases after 
latrunculin A treatment (Fig. 4A). This is what we expect due to 
the decreased concentration of actin, as shown in Eq. 4. Physically, 
we expect latrunculin A to decrease the amount of actin sufficiently 
to break thin bundles/filaments thus reducing the network 
connectivity, resulting in a larger mesh size.

In suspended cells, however, we find the mesh size is not signif-
icantly affected by latrunculin A. We suspect that since suspended 
cells originally have a thicker cortex with more actin than adhered 
cell, even with latrunculin A treatment the cortex remains thick 

A

B

C

Fig. 3.   Structure and mechanics of the cellular cortex of adhered (nucleus and 
perinucleus) and suspended hTERT- RPE1 cells. (A) The MHA of the actin cortex 
was quantitatively analyzed using SEM images and the analysis software FiNTA. 
(B) The stiffness was quantitatively analyzed employing creep compliance 
measurements using AFM. (C) Correlation plots between MHA and stiffness 
(Pearson R = 0.96). Stars represent statistical difference as quantified with 
Welch- corrected t tests. Green stars compare controls to nucleus controls, 
and purple stars compare suspended controls to perinucleus controls. n.s.: 
not significant, *P < 0.05, **P < 0.01, ***P < 0.001. Cell numbers n are in the 
order Structure (SEM): nucleus: n = 63; perinucleus: n = 57; suspended cells: n 
= 66; Mechanics (AFM): nucleus: n = 53; perinucleus: n = 52; suspended cells: 
n = 42. The dots in Fig. 3A represent individual region (field of view) captured 
for analysis, and the dots in Fig.  3B represent individual cell. The control 
measurements in Figs. 3 and 4 are the same. For the AFM measurements on 
suspended cells, we excluded cells that were rolling during the measurements.
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enough to prevent the loss of network connectivity thus keeping 
the small mesh size of the untreated cells but reducing the cortex 
thickness. It is worth noting that assuming actin filaments gener-
ally have their barbed (plus) ends pointing outward (48), depo-
lymerization will occur generally from the inside, thus thinning 
the cortex before affecting the outer surface. Our SEM images 
confirm that at the latrunculin A concentration we use (0.1 mM), 
the outer surface of the cortex remains intact (SI Appendix, Fig. 
SI9A). However, larger concentrations of latrunculin A can break 
up the cortex as seen in (SI Appendix, Fig. SI9B).

Stiffness decreases with latrunculin A treatment in all cells 
(Fig. 4B). This is expected due to the decrease in actin concentra-
tion (46, 49) and the strong dependence of biopolymer network 
stiffness on actin concentration shown in Eq. 2 (15) and was 
previously observed by others (50). Physically, the increased mesh 
size in adhered cells results in a softer network. In suspended cells, 
the thinner cortex is softer since it can bend more easily.

It is noteworthy that in adhered cells treated with latrunculin 
A, we see a negative correlation between mesh size and stiffness. 
This is contrary to what we saw when comparing untreated 

adhered cells with untreated suspended cells in which the corre-
lation was positive. These two opposite correlation behaviors are 
seen depending on whether actin concentration is held constant 
with bundling changing as seen in Figs. 2G and 3 (positive cor-
relation) or bundling held constant while actin concentration 
changes as seen in Fig. 4 B and D (negative correlation).

Discussion and Conclusion

We have shown and quantitatively described how the structure 
and mechanics of the actin cortex differ when cells are suspended 
compared to when they are adhered. We find that changes in the 
mesh size and stiffness between different cortex regions are posi-
tively correlated. We established a protocol to measure the thick-
ness of the actin cortex in adhered cells using expansion microscopy. 
Using this technique, we find there is a similar amount of actin 
in the nuclear and perinuclear regions of adhered cells. In contrast, 
we see more actin in the cortex of suspended cells compared to 
adhered cells but less actin bundling.

A

B

C

Fig. 4.   Effect of blebbistatin and latrunculin A on structure and mechanics of the cellular cortex of adhered (nucleus and perinucleus) and suspended hTERT- 

RPE1 cells. (A)The mesh size of the actin cortex was quantitatively analyzed using SEM images using software FiNTA. (B) The stiffness was quantitatively analyzed 
employing creep compliance measurements using AFM. Stars represent statistical Welch- corrected t tests. Black stars compare treated cells with the controls 
for each panel, green stars compare controls to nucleus controls, and purple stars compare suspended controls to perinucleus controls. n.s.: not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001. Cell numbers n are in the order controls, blebbistatin, latrunculin: Structure (SEM): nucleus: n = 63, 39, 37; perinucleus: n = 
57, 40, 44; suspended cells: n = 66, 75, 61; Mechanics (AFM): nucleus: n = 53, 88, 40; perinucleus: n = 52, 73, 43; suspended cells: n = 42, 47, 54. (C) Bar charts of 
percentages of images showing many (black), few (red), or no (blue) bundles in SEM images (~30 images per region).
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A Microscopic Model of Actin Cortex Structure Predicts 
Mechanical Stiffness in Living Cells. The scheme (Fig. 5) shows 
our understanding of the relationship between mesh size and 
stiffness in the cell cortex. If the amount of actin increases without 
increased cross- linking (Fig. 5A) the mesh size decreases and the 
network becomes stiffer, i.e., a negative correlation between mesh 
size and stiffness. This is the same as seen in the in vitro work of 
ref. 14 on changing the actin concentration keeping cross- linking 
constant. We see this effect at work in our data with latrunculin 
A treatment on adhered cells, which results in a larger mesh size 
and softer network. If the amount of actin remains the same but 
there is an increase in proteins that cause bundling, the mesh size 
increases (Fig. 5B). In this case, the mesh becomes stiffer due to the 
bundles being stiffer than single filaments. This results in a positive 
correlation between increased mesh size and increased stiffness, 
as seen in ref. 14. We see this effect in our adhered cells since we 
see evidence of increased bundling in the stiffer perinuclear region 
compared to the softer nuclear region. We suggest this bundling 
is not caused by myosin II but by another actin bundling protein 
or by strain alignment of actin filaments, because inhibition of 
myosin II activity did not significantly change mesh size and 
stiffness in adhered cells. However, myosin has multiple effects 
(Fig. 5 C–F) as discussed later.

We summarize our findings by mapping them onto a theoretical 
map (Fig. 5G). This is a contour plot of the mesh size and stiffness 

on a graph with bundling on the vertical axis against actin concen-
tration on the horizontal axis. The stiffness is given by Eq. 2 which 
comes from MacKintosh’s polymer theory (15). The mesh size is 
given by Eq. 4 which comes from ref. 14.

The left- hand side of the theoretical map (Fig. 5G), correspond-
ing to low actin concentrations, shows a large mesh size and low 
stiffness. The top right (high actin concentration and high bun-
dling) is stiff for a variety of mesh sizes from medium to small for 
the highest actin concentration. We can map the cell adhesion 
states we have studied onto this diagram. Adhered cells are posi-
tioned in the middle of the diagram. Suspended cells have more 
actin in the cortex and less bundling than adhered cells and are 
in the region with small mesh size and relatively soft network.

We can also visualize the effects of latrunculin A treatment on 
this theoretical diagram by moving horizontally left to lower 
actin concentrations. We see that for adhered cells, the mesh size 
increases. This is also the case for suspended cells but more grad-
ually and therefore moving a small distance may not show a 
significant effect. Moving horizontally left to lower actin con-
centrations also moves away from the stiff region to softer, as 
seen in our experiments.

Therefore, we show that the bundled biopolymer theory by 
MacKintosh al. (15) holds in living cells despite the cortex being 
more complex than the bundled actin system assumed in the the-
ory and measured in vitro.

A

G

B C D E F

Fig. 5.   Conceptual overview. (A–F) Scheme of effects of actin concentration, actin cross- linker, and actin cross- linker plus contractile motors on the actin mesh. 
(G) Theoretical map. Contour plot of mesh size given by Eq. 4, � = [bundling]0.3∕[actin]0.8 with the color scale blue–white corresponding to small–large mesh size. 

Contour plot of stiffness given by G = [actin]2.5
(

[bundling]0.3∕[actin]0.3
)3

 with the color scale white- red corresponding to soft- stiff. White regions are soft with large 
mesh size, and purple regions are stiff with small mesh size. The cases measured here are plotted in: P stands for adhered cell, perinuclear region, N stands for 
adhered cell, nuclear region, S stands for suspended cell.D

o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 "

U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

, 
W

E
S

T
E

R
N

 B
A

N
K

 L
IB

R
A

R
Y

" 
o
n
 O

ct
o
b
er

 1
6
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 1

5
4
.5

9
.1

2
4
.3

2
.



8 of 9   https://doi.org/10.1073/pnas.2320372121 pnas.org

The Multifaceted Role of Myosin on Structure and Mechanics in 
Living Cells Remains an Open Question for the Field. As detailed 
in section SI Appendix, Myosin while we do not think myosin is 
responsible for the actin bundling, we see, we do observe myosin 
affecting the actin network in suspended cells (SI Appendix, Cortex 
Thickness and Mesh Size). Actomyosin is a more complex system 
than that assumed by MacKintosh et al. in the polymer theory and 
in the in vitro experiments with actin and the nonmotor cross- 
linker scruin performed by Gardel et al. and Shin et al. (14, 29). 
Gardel et al. (51) show that the effects of myosin activity depend 
on the architecture of actin bundles.

In our cells, we expect myosin to have multiple effects. In the 
following, we summarize different effects myosin may have. 
Actomyosin contractility can stiffen the network by exerting pre-
stress on the network (Fig. 5C) (10, 52). In extreme cases, myosin 
activity can result in the breakage of actin filaments and network 
disassembly (53, 54), which in turn would lead to a larger mesh 
size and softer network similar to what is seen with decreasing 
actin concentration (Fig. 5D).

Clusters of myosin can also change the structure of the actin 
by forming asters of actin (Fig. 5E). This is seen in vitro by Vogel 
et al. (55, 56) and in cells by Verkhovsky et al. (57). This mech-
anism also increases the mesh size but without increasing bun-
dling. We expect this clustering to also increase the stiffness since 
actin asters are likely to be stiffer than single actin filaments as 
seen by Murrell and Gardel (58). In this case, the mesh size and 
stiffness are positively correlated. We see such myosin clusters 
in suspended cells (SI Appendix, Fig. SI10) which have more 
actin, a smaller mesh size, less bundling, and are softer. The 
suspended cells have more myosin clusters in the cortex than 
adhered cells. We might expect such myosin clusters and actin 
asters to increase the mesh size and stiffen the network, however, 
in our suspended cells we see a smaller mesh size and softer 
network corresponding with more actin and less bundling. 
Similarly, it was previously shown that when Vero cells detach 
from the substrate, a notable decrease in Young’s modulus was 
observed, however it appeared to correlate with the disassembly 
of stress fibers (59).

If our expectation that active myosin does increase the mesh 
size is correct, we would see a decrease in mesh size on inactivating 
myosin. We tested this using blebbistatin treatment in suspended 
cells and indeed observed a decrease in mesh size (Fig. 4A).

There is a final way in which myosin can act, namely its motor 
activity sliding filaments along each other and thus decreasing the 
stiffness (60) (Fig. 5F). This mechanism is likely to occur in sus-
pended cells due to less anchoring of the actin cortex to the surround-
ing, partly explaining why their cortex is softer despite the increased 
amount of myosin compared to adhered cells. We expect the reduc-
tion in myosin activity caused by blebbistatin to increase the stiffness 
compared to the softened active network. However, the effect 
described in Fig. 5E would decrease the stiffness due to the reduction 
in myosin cluster forming asters. In fact, we see no significant differ-
ence in the stiffness with blebbistatin treatment in suspended cells 
(Fig. 4B), indicating that these opposing effects are compensatory.

Mesh Size and Stiffness of the Cortex Depend on the Cell State. 
In conclusion, we showed how the mesh size and stiffness of 
the cortex differ depending on whether a cell is adhered or 
suspended. In particular, we measured the cortex thickness 
in adhered as well as in suspended cells. We used FiNTA to 
measure the cortical mesh size in SEM images. Characterizing 
the structure and mechanics of the cortex in different situations 
is essential in explaining various cell properties from morphology 
to migration behavior. In turn, the effects of these in living 
organisms are crucial to the progression of health and disease. 
In this work, we characterized the differences in properties of 
the cortex between two states of cells, namely adhered and 
suspended. We can view these as particular points in a state 
space and consider transitions between them. In the future, 
it will be possible to characterize other points within state 
space, for example cells with/without confinement. Due to the 
complex nature of cellular materials, corresponding state spaces 
are multidimensional. Here, we consider the key parameters of 
the structure and mechanics of the cortex (mesh size, stiffness, 
and bundling). We show that both mesh size and bundling play 
an equally important role in this phase space, however, with 
means of today the mesh size is still easier to obtain. Future 
will provide better tools to quantitatively assess the bundling 
of actin in the cortex. In addition, there are other parameters 
that might be important to characterize state transitions within 
multidimensional phase spaces. For example, it was shown that 
the process of cell spreading requires a temporary reduction 
in cortical tension, facilitating the formation of membrane 
protrusions. These protrusions, in turn, enable the cell to 
expand and spread (61). More work is required to establish 
which parameters define which transitions. In this work, we 
provide a starting point by mapping the important properties 
of the actin cortex and how it differs between two cell states 
that are key to function.

Data, Materials, and Software Availability. Study data have been deposited 
in Figshare (10.6084/m9.figshare.26139370.v1) (62).
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