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Bacteria adapt the mechanical properties of their cell envelope, including cell wall stiffness, turgor, and
cell wall tension and deformation, to grow and survive in harsh environments. However, it remains a
technical challenge to simultaneously determine these mechanical properties at a single cell level.
Here we combined theoretical modelling with an experimental approach to quantify the mechanical
properties and turgor of Staphylococcus epidermidis. It was found that high osmolarity leads to a decrease
in both cell wall stiffness and turgor. We also demonstrated that the turgor change is associated with a
change in the viscosity of the bacterial cell. We predicted that the cell wall tension is much higher in
deionized (DI) water and it decreases with an increase in osmolality. We also found that an external force
increases the cell wall deformation to reinforce its adherence to a surface and this effect can be more sig-
nificant in lower osmolarity. Overall, our work highlights how bacterial mechanics supports survival in
harsh environments and uncovers the adaption of bacterial cell wall mechanical integrity and turgor
to osmotic and mechanical challenges.

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cellular-scale processes of bacteria, for example growth, cell
division and motility, depend on the mechanical properties and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2023.02.100&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcis.2023.02.100
http://creativecommons.org/licenses/by/4.0/
mailto:jinju.chen@ncl.ac.uk
https://doi.org/10.1016/j.jcis.2023.02.100
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


R. Han, X.-Q. Feng, W. Vollmer et al. Journal of Colloid and Interface Science 640 (2023) 510–520
interactions of the cell envelope [1–4]. As a polymeric meshwork
surrounding the cell, the bacterial cell wall mainly consists of pepti-
doglycan (PG), a networkof longglycanchains connectedby stretch-
able peptides. PG protects bacteria fromosmotic lysis andmaintains
the cell shape andmechanical integrity [5–10]. The PG also helps to
accommodate the selective transport of compounds across the cell
envelope. It undergoes changes during growth and division, and
transfers signals fromthe environment into the cell [11]. These func-
tions require that both the architecture [12] andmechanical proper-
ties of the bacteria and its cell envelope are dynamic and adaptive to
the environment [13,14]. The osmotic pressure difference between
the cytoplasm and extracellular environment (turgor) affects the
possiblemechanical cell deformation [4]. Themechanical properties
of the cell envelope contribute to the structural integrity and sur-
vival of cells under conditions of external forces, adhesion force,
and other environmental conditions, i.e., pH levels [15], ionic
strength [16], temperature [17], and the nature of the surrounding
materials [18–22]. Therefore, we need to determine the mechanical
properties and turgorof thebacterial cells to gainbetter understand-
ing of bacterial behaviours.

Atomic force microscopy (AFM) is specifically well suited to
visualize the cell morphology in the growth and division process
of cells (e.g., bacteria, yeast and eukaryotic cells), and to quantify
the interaction forces between cells and the substrate [23–27].
The AFM-based indentation technique has been applied to mea-
sure the mechanical properties of bacteria, such as Young’s modu-
lus (apparent cell modulus), bacterial cell wall stiffness, and turgor
[6,13,14,27–31], using a cantilever tip to probe the cellular elastic
response under an externally applied force. For different bacteria,
the apparent cell moduli measured by AFM range from 0.05 MPa
to 769 MPa [3], which depends on the fixation method [26], tem-
perature, chemical environments, and other factors. For example,
Francius et al. [32] found that antibiotic agents such as lysostaphin
decrease the bacterial cell wall stiffness for Staphylococcus aureus.
This study demonstrated that cell wall structure changes were cor-
related with major differences in cell wall nanomechanical proper-
ties, which involved complicated mechanisms such as the
digestion of peptidoglycan by lysostaphin and eventually leads to
the formation of osmotically fragile cells. Cerf et al [17] have found
that an exposure at 45 �C caused cell membrane damage in E. coli
DH5a cells, which caused the apparent cell modulus to increase 2-
fold compared to cells kept at 37 �C. In all these investigations, the
apparent cell modulus was determined by assuming the bacterial
cell as a solid structure based on the Hertz or Sneddon models.
Very recently, Han and Chen et al. [27,33] further developed the
Sneddon model by introducing the effects of the sample size and
tip angles and used this modified model to determine the apparent
cell modulus of Staphylococcus epidermidis.

Mechanically individual bacterial cells can be considered and
modelled as rigid wall, liquid-filled shell structures with turgor
[7,8]. Both, bacterial cell wall stiffness and turgor are important
for bacterial survival and adaptation. A few approaches have been
proposed to determine these two key parameters. For instance,
Yao et al. [34] proposed a theoretical method to describe the
mechanical behavior of spherical bacteria, and derived the relation-
ship between the indentation depth of the samples and turgor.
Arnold et al [35] reported another theoretical model, using a func-
tion of the indentation depth caused by the AFM tip and the cell
wall deformation, based on the local deformation of rob-shaped
bacteria. Deng et al. [29] studied intact and bulging E. coli cells to
separate the contributions of the cell wall and turgor to the cell wall
stiffness and found evidence to support power-law stress stiffening
in E. coli cell wall. In addition, Zhang et al. [14] developed an explicit
expression to explain the relation between turgor and rod-shaped
cell wall elasticity through AFM and finite element method (FEM).
Recently, we proposed amethod to determine the bacterial cell wall
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stiffness and turgor simultaneously by using modified Reissner
model and inverse finite element analysis [27]. However, there is
a lack of studies investigating the osmotic effect on cell wall stiff-
ness, turgor, cell wall tensions and cell wall deformation [4].

In the present work, we adapted a mathematical model, initially
developed for engineered capsulates [36–38] to decipher the
mechanical properties (cell wall stiffness, turgor, cell wall tensions
and deformation) of a representative Gram-positive spherical bac-
terium, S. epidermidis, using AFM fitted with a large spherical
probe. We propose a biophysical mechanism to explain how these
key mechanical properties will be altered by the turgor and how
they may correlate with cell wall deformation.
2. Materials and methods

2.1. Theoretical model

The deformation analysis method for a liquid-filled spherical
shell structure with internal pressure is based on the analysis of
Feng and Yang [39], Lardner and Pujara [40], and others [41–44].
The cell wall is assumed as a homogenous, isotropic, and linear
elastic material. Fig. 1(a) shows the sample compressed by a large
flat plate. The wall can be divided into the contact and non-contact
regions. The governing equations for the contact and non-contact
regions are given in ESI*. The radius of the sample is inflated from
the initial radius r0 to ri and the thickness of the cell wall t. Spher-
ical coordinates (r, h, u) were used for the inflated sphere before
contact, and cylindrical coordinates (q, h, g) were used after the
deformation of the sphere, as seen in Fig. 1(a). At a given force,
the deformation of the inflated sphere depends on wall stiffness
(E) and Poisson’s ratio (m), turgor (P0) and initial stretch ratio (k0),
as seen in Fig. S1-S3 in supporting information. The governing dif-
ferential equations were applied separately to contact regions and
non-contact regions. These equations with their boundary condi-
tions (see supporting information) can be solved by the Runge-
Kutta method, using the MTLAB (MathWorks Inc.) ode45 solver
[43]. To solve this multivariant and multi-objective optimization
problem, the ‘‘fminsearch” function in MATLAB was employed
(based on a simplex search method, which uses sum of errors for
optimization) [45]. The flowchart for solving governing equations
was presented in Fig. 1(b).
2.2. AFM measurements and macro-compression tests

All AFM measurements were performed with a Flex-Bio AFM
instrument (Nanosurf, Switzerland) was mounted on an Axio
Observer D1 inverted microscope (Carl Zeiss, Jena, Germany).
Monolithic silicon cantilevers CP-qp-CONT-BSG, each fitted with a
5 lm spherical probe were purchased from Apex Probes
(Apex Probes ltd., Bracknell, UK), with a spring constant of about
0.1 m/N. We used the thermal tune method to calibrate the spring
constants of all cantilevers, which were in a range of 0.1–0.12 m/N.
The cantilevers were cleaned in a UV/ozone cleaner (BioForce
Nanoscience, Inc., Ames, IA) and the deflection sensitivity wasmea-
sured on amica piece. All forcemeasurementswere performed as in
our previous work [27]. The bacterial culture (Staphylococcus epi-
dermidis FH8 cells) and the details of immobilizing the samples onto
the coated mica piece (71855–15-10, Sigma-Aldrich) can be found
in [27]. Seven different osmolarity environments for bacteria were
considered, including deionized (DI) water, 0.15 M, 0.75 M, 1.5 M
phosphate-buffered saline (PBS, D1408, Sigma-Aldrich), and
0.1 M, 0.5 M, 1 M CaCl2 solutions (C5670, � 96.0 %, Sigma-
Aldrich). The procedure makes sure that the samples could not
dry. For bacterial samples, 36 cells were measured for each condi-
tion, and three tests were performed for each cell, thereby provid-



Fig. 1. (a) Schematic of the indentation test of an inflated spherical shell structure compressed by a large plate before and after deformation. (b) The flowchart for solving
governing equations of the model, where the equations were detailed in supporting information.
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ing 108 force–indentation depth curves. AFMmeasurements would
be completed within 2 h and the samples were still viable during
the measurements [27].

The compression tests on the inflatable butyl rubber balls were
purchased from Yuansheng Sports Company, Wuxi, China. They
were inflated with different pressure (10 kPa and 15 kPa, as mea-
sured by a pressure gauge) and then compressed between two
large rigid plates using AGS-X 100 kN universal testing machine
(Shimadzu Corporation, Japan). These compression tests will be
used to validate the theoretical model under the ambient condi-
tion. The maximum deformation depth of 60 mm (35 % relative
deformation) with a loading rate of 20 mm/s was applied in all
tests, and at least 5 measurements were made.
2.3. Finite element method (FEM)

In principle, when the characteristic size of the spherical probe
is sufficiently large compared to the bacterial cell, the AFM mea-
surements can be approximately represented by the model
described in Section 2.1. To reveal the required size ratio of the
spherical probe and the bacterium, we employed FEM to simulate
the indentation of bacteria using both a rigid plate and spherical
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probes of different diameters (1–10 times of the bacterial size).
To improve the computational efficiency, a two-dimensional (2D)
axisymmetric model was developed, using commercial software
ABAQUS/Standard 6.18. In the FE models, as shown in Fig. 2, the
interaction between the indenter and the sample was normal hard
and tangential frictionless contact. CAX4RH elements (A 4-node
bilinear axisymmetric quadrilateral, hybrid, constant pressure,
reduced integration, hourglass control) were used in all simula-
tions. Displacement-controlled loading was applied. In the FE
model here, the bacterium diameter of 600 nm was chosen based
on experimental measurements (see Fig. S4 and Table S1 in sup-
porting information) and bacterial cell wall thickness of 30 nm
was chosen based on what was reported [27]. Poisson’s ratio of
the cell wall was fixed as 0.49 [27]. To mimic the turgor in a bac-
terial cell, the fluid cavity module was utilized [46].
3. Results and discussions

3.1. Experimental and numerical results for model validation

The material parameters of the inflated butyl rubber balls used
in the theoretical model were listed in Table 1. The theoretical



Fig. 2. FE models of AFM indentation tests of a representative spherical bacterium
using (a) a flat plate and (b) a large spherical probe with a diameter of 6000 nm (10
times of the bacterial size).
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model predictions agreed well with the experimental data (R-squ
are � 0.98), as seen in Fig. 3a. The force-relative deformation
curves based on FE simulations for indenting a representative bac-
terium using a flat plate and various spherical probes (1–10 times
size of bacteria) were presented in Fig. 3(b). It was found that a
spherical probe can be simplified as a flat plate if its size is over
8 times larger than the sample (difference � 5 %), especially when
the deformation is below 35 % (the max deformation ratio in this
study). Therefore, the analytical model was applicable to the
indentation of a bacterium (with diameter of 600 nm) using the
big spherical probe (with diameter of 5 lm) which was the case
in this study.
3.2. Bacterial cell wall stiffness and initial stretch ratio

The indentation tests were repeated at the center of individual
cells. A few representative force–depth curves and the fitting
curves are displayed in Fig. 4(a)-(b). We first determined the two
vital mechanical parameters, i.e., initial stretch ratio k0 and cell
wall stiffness E, by fitting force–deformation curves from the
numerical simulations. In all calculations, we took the Poisson’s
ratio of the cell wall as 0.49, which is common for biological sam-
ples [14], and the same diameter (600 nm) and wall thickness
(30 nm) were used as the input parameters in the analytical model
because different media used here had little effect on bacterial size
(Table S1 in supporting information) [48]. A wide range of simula-
tions with various initial stretch ratios and cell wall stiffnesses
were computed when the fitting process is the best (R-
square = 0.998). In addition, Fig. 4(c)-(d) compared the cell wall
stiffness and the initial stretch ratio of S. epidermidis in DI water,
0.15 M, 0.75 M, 1.5 M PBS, and 0.1 M, 0.5 M, 1 M CaCl2. Both
parameters were predicted to decrease with increasing medium
osmolarity (See Table S2 in supporting information), which was
consistent with a previous study by Stenson [49]. There was a sig-
nificant difference of cell wall stiffness between DI water and other
osmotic mediums, specifically, the cell wall of S. epidermidis was
about twice as stiff in DI water compared to PBS and CaCl2. This
is likely because a high osmotic condition may compact the cell
wall to enhance its stiffness [50] as illustrated in Fig. 4(e). Further-
more, the stiffness was slightly larger in CaCl2 than PBS at the same
Table 1
Material parameters of the inflated butyl rubber balls.

Radius: r0 (mm) Thickness: t (mm) Initial stretch ratio:k0 Initial internal

77.5 1.0 1.13 10
77.5 1.0 1.22 15
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osmolarity, possibly because a lower pH of 5.0 (compared to 7.4 in
PBS) and Ca2+ ions contributed to the structure and integrity of the
cell wall [51,52]. On the other hand, there was no obvious differ-
ence in the initial stretch ratio (1.4–1.6 in various conditions) while
the parameter has a largest value, 1.59, in DI water.
3.3. Turgor change during deformation

The variations of turgor with respect to the relative deformation
in different environments were shown in Fig. 5(a)-(b). It is seen
that the turgor showed a nonlinear (parabolic) increase with
respect to the imposed deformation. However, an approximately
linear relation occurred at a deformation smaller than 20 %, and
the turgor initially increased slowly and then increased rapidly.
In addition, at zero relative deformation, the turgor was not equal
to 0 but 2.12 MPa in 0.15 M PBS because of the presence of the ini-
tial stretch ratio. The difference of turgor, � 60 %, with and without
the mechanical stimuli, and the initial turgor of bacteria in differ-
ent osmotic conditions as well, indicating that the combined chem-
ical and mechanical stimuli, in general, turgor decreases but to less
extent (Fig. 5(c)-(d)). A significant difference in turgor was found
for S. epidermidis under different osmotic conditions, and the tur-
gor for the samples in PBS and CaCl2 dropped by about 30 % or
60 % compared to bacteria in DI water. Both the turgor and cell
stiffness decreased when the external osmotic pressure increased
[50]. However, the turgor in PBS was larger than that of in CaCl2,
even though the osmolarity of PBS (280–315 mOsm/L) and 0.1 M
CaCl2 (300 mOsm/L) was almost similar, this might because K+ ions
in PBS play an active role in the recovery of the turgor [55]. By
reducing the osmolarity of the medium, the cell wall stiffness
and turgor of bacterial cells increase, in agreement with Deng
et al. [29], who showed that the cell wall stiffness of E. coli corre-
lates with the turgor and proposed a stress-stiffening response as
a mechanism to limit shape-changes under high osmotic pressure.
A turgor-mediated increase in stiffness was also reported in yeast
[28] and streptococci [13]. In all cases, turgor increased with the
deformation and the percentage of the turgor increase at a given
deformation was similar.

Fig. 6(a) showed a strong correlation between the turgor and
the cell wall stiffness of S. epidermidis in DI water, PBS, and CaCl2
solutions. The ratio of cell wall stiffness and turgor (slope k)
increased with the increase in osmolarity. This suggests that the
cell wall stiffness and turgor of S. epidermidis are more sensitive
to a medium with stronger ionic strength [13,56]. Our findings
are important for understanding how bacterial cell shape and
growth may vary in different osmotic environments [57,58]. In
the simulations of Gram-negative bacterium, Klebsiella pneumo-
niae, Feng’s group predicted a linear relation in the log–log plot
for the normalized cell wall stiffness and normalized turgor [14].
In our results in Fig. 5(b), a similar linear relation has been
observed for S. epidermidis in CaCl2 solutions and partially for S. epi-
dermidis in PBS at higher turgor. However, the linear relation in the
log–log plot does not exist for S. epidermidis in DI water in Fig. 6(b).
The bacterial cell wall stiffness values, determined using AFM fit-
ted with a large spherical probe in this work, agree with what
was determined using a pyramid probe in our previous study
[27]. Furthermore, turgor is also consistent with other studies for
pressure: P0 (kPa) Young’s modulus [47]: E (GPa) Poisson’s ratio [47]: m

0.06 0.49
0.06 0.49



Fig. 3. (a) Comparison of indentation force-relative deformation curves of the inflated rubber balls with different internal pressures obtained from the experimental
measurements and the predictive model, n = 20. (b) Force-relative deformation curves for probes of different sizes. Where size ratio of the spherical probe over the bacterium
was 1 – 10.
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the Gram-positive bacterium Staphylococcus aureus [4,27,29,30]
and our previous study [27].

3.4. Tensions and deformation in the bacterial cell wall

Using the theoretical model, the bacterial cell wall tensions,
here defined by the principal stress resultants per unit length of
the deformed surface, were obtained at 35 % relative deformation
as shown in Fig. 7(a)-(b). The meridian and circumferential tension
T1 and T2 in the cell wall were not uniform but increased with the
contact angle u, and the cell wall tension in the circumferential
direction T2 was always larger than that in the deformed merid-
ional T1. On this basis, the possible rupturing position would be
located on the cell’s equator due to the symmetry of the loading
condition, if the friction of the contact area was neglected [41].
Fig. 7(c)-(d) showed the comparison of the cell wall tensions, T1
and T2, of S. epidermidis in DI water, 0.15 M, 0.75 M, 1.5 M PBS,
and 0.1 M, 0.5 M, 1 M CaCl2 solutions. A significant difference
was found in cell wall tensions between DI water, PBS and CaCl2
solution, and cell wall tensions dropped about 12 % and 18 % in
PBS and CaCl2 respectively, compared to DI water. The maximum
cell wall tensions with respect to the relative deformation in differ-
ent environments (Fig. 8(e)-(f)) shows a nonlinear (parabolic)
increase of the tensions with the deformation. In addition, the cell
wall tensions were not 0 at zero deformation due to the turgor.
Fig. 8(g)-(h) displayed the initial cell wall tensions of S. epidermidis
in different osmotic environments, and the effect of osmolarity on
these initial tensions was similar with the maximum tensions
(Fig. 8(c)-(d)). Accurate determination of cell wall tensions helps
to understand diverse cell biological processes that involve shaping
and remodeling of cell wall [61,62].

Cell wall deformation induced by external mechanical and
chemical stimuli can affect cell growth and shape [22,57,58,63–
65], and adhesion [6–8,10,66,67]. Fig. 8(a)-(d) illustrated the repre-
sentative calculated deformed profiles of the samples in DI water,
and 0.15 M, 0.75 M or 1.5 M PBS. It is seen that the non-contact
region could be significantly stretched to maintain a constant
enclosed volume during the deformation. There was a significant
difference in the deformed profile for S. epidermidis under different
osmotic conditions, and the dimensionless lateral and vertical
deformation decreased with the increase in the medium osmolar-
ity. Similar observations were also found for CaCl2 with different
concentrations (see Fig. S5 in supporting information). The changes
imply that the cells are under low tensile stress in physiological
osmolarity, and less stretched than in hypotonic environment
[13]. On the other hand, the deformation can increase the adhesion
(pair-wise molecular interaction) as it brings more molecules [66]
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through the cell envelope, closer to substratum surface. Associated
cell wall deformation could allow bacteria to sense the presence of
a substratum surface and their adhering state through changes in
the bacterial cell wall tensions to which membrane-located sen-
sory molecules could trigger phenotypic and genotypic responses
in biofilms [68]. More specifically, there was a larger contact area
of S. epidermidis in DI water compared to other conditions, indicat-
ing that S. epidermidis did easier adhere to a substratum surface in
DI water. The external force increased the cell wall deformation to
increase the adherence to the surface and such effect could be
more significant in lower osmolarity.

3.5. Viscous behaviors in different environments

For bacterial cell mechanics, the viscoelastic characteristics
arise from the combined polymeric nature of bacterial cell wall
and cytoplasm. As expected, we observed hysteresis in the load-
ing–unloading force–displacement curves due to the viscoelastic-
ity of bacteria (Fig. S6(a)-(b) in supporting information).
Interestingly, the displacement did not return to zero during
unloading when the force reduced to zero. This may be due to
the irreversible polymer structure arrangement in the cytoplasm,
because the cell wall PG can recover its structure after removing
the load [52]. Numerical integration of the force–displacement
curves allowed us to determine both energy loss and the elastic
energy (Fig. 9(a)-(b)). The energy loss, elastic energy and total work
during the AFM measurements were all the highest for bacteria in
DI water, followed by PBS and CaCl2. These parameters are propor-
tional to the viscous, elastic, and apparent moduli at given defor-
mation, respectively, suggesting that the change of turgor is also
associated with the viscous modulus. It also suggests that the
apparent moduli for bacteria in those seven media should follow
the same order, in agreement with our results (Fig. 6(b)). On the
other hand, the ratio of energy loss over the elastic energy was pro-
portional to the ratio of viscous modulus over elastic modulus. This
ratio is below 1 for more solid-like materials. For S. epidermidis
measured here, this ratio was about 0.29 in DI water, and the value
increased with the osmolarity of medium, being higher in CaCl2
solution than in PBS (Fig. 9(c)), and the values were close to our
previous work using AFM fitted with a pyramid probe [27].

It has been found that cells accumulate some specific compati-
ble solutes under osmotic stress [69,70]. The intracellular viscosity
has been associated with the thermal stability of biomolecules [71]
and the metabolic state of the cell (active growth or dormancy)
[72], and it might allow cells to adapt to temperature changes
and the availability of nutrients [73]. Such ’viscoadaptation’ in
response to osmolarity and temperature may enable S. epidermidis



Fig. 4. (a)-(b) Comparisons of the experimental and numerical force–displacement curves at a 35 % relative deformation (Diameter: 600 nm, thickness: 30 nm, Poisson’s
ratios: 0.49) in (a) DI water and various PBS, (b) DI water and CaCl2 solutions. (c)-(d) Cell wall stiffness and the initial stretch ratio of S. epidermidis under different osmotic
conditions, *p < 0.05, n = 108. (e) Cartoon depicting the cell wall of Gram-positive bacteria. Divalent ions interact with the PG layer and teichoic acids. Teichoic acids have a
particularly strong affinity for divalent cations and have been proposed to provide a capacity to store ions [53,54].
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to thrive in the high osmotic environment of the skin and adapt to
survival in the blood when entering a surgical site and causing
periprosthetic joint and other surgical site infections.

4. Conclusions

This work has demonstrated that the simultaneous determina-
tion of bacterial cell wall stiffness, turgor and cell wall tension can
be achieved from a single AFM indentation test through mathe-
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matical modelling. The proposed analytical model was validated
by our experimental results of engineering materials. When it
was applied to bacteria, we obtained values of cell wall stiffness
and turgor of S. epidermidis in various chemical environments in
which were consistent with what have been recently reported
using AFM fitted with a pyramid probe [27]. We demonstrated that
the bacterial cell wall stiffness and cell wall tension decreased with
the osmotic pressure, likely due to altered interactions between
cations and the PG-teichoic acid complex in the cell wall. We have



Fig. 5. (a)-(b) Representative curves of turgor versus relative deformation under varying osmotic environments. (c) The turgor difference for S. epidermidis in different
osmotic conditions at zero and 35 % deformation. (d) The initial turgor for S. epidermidis under different osmotic conditions at zero deformation, *p < 0.05, n = 108.

Fig. 6. (a) Correlation between the turgor and the cell wall stiffness under different osmotic conditions. (b) The log–log plot of normalized the turgor and the cell wall stiffness
against the apparent cell modulus (determined by modified Sneddon model [59,60]) under different osmotic conditions. (c)-(d) Comparisons of bacterial cell wall stiffness
and turgor when using a large spherical probe and a pyramid probe, where the results for pyramid probe were taken from [27], n = 108.
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also discovered that bacteria in higher osmolarity appeared to be
more viscous. Such ’viscoadaptation’ in response to osmolarity
and temperature by S. epidermidis may be an important strategy
516
to survival in the high osmotic environment of skin and blood to
cause infections. The external mechanical force increased the
apparent turgor. Our method cab be used in future work to eluci-



Fig. 7. (a)-(b) Comparison of the cell wall tensions with angular position u at the relative deformation of 35 %. (c)-(d) The maximum cell wall tensions, T1 and T2, for S.
epidermidis under different osmotic conditions, *p < 0.05, n = 108. (e)-(f) Bacterial cell wall tensions, T1 and T2, varied with the deformation under different osmotic conditions.
(g)-(h) The initial cell wall tensions, T1 and T2, for S. epidermidis under different osmotic conditions, *p < 0.05, n = 108.
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date how bacteria can modify their cell wall mechanical integrity
and turgor in response to survival from osmotic challenges (chem-
ical stimuli) or mechanical deformation (mechanical stimuli).
Data availability statement

The data is available upon request.
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Fig. 8. Representative of geometric profile of S. epidermidis during deformation under different osmotic conditions (where q is the lateral radius of the deformed bacterial cell
and r0 is initial bacterial radius): (a) DI water, (b) 0.15 M PBS, (c) 0.75 M PBS, (d) 1.5 M PBS.

Fig. 9. (a) Schematic of the energy loss and elastic recovery of bacterial cells in a loading–unloading process under different osmotic conditions. (b)-(c) Comparison of energy
loss and elastic energy, (d) the ratio of energy loss and elastic energy. *p < 0.05, n = 108.
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