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Summary:

Water-responsive (WR) materials can exert significant energy when they deform in response
to changes in relative humidity (RH). Recent studies on biological WR materials have
brought attention to the potential influence of nanoconfined water on their high-energy WR
actuation. Here, we investigated the effects of nanoconfined liquids’ properties on the WR
actuation of Bacillus (B.) subtilis cell walls by introducing chaotropic or kosmotropic solutes,
known for their impact on the H-bonding network and biomolecule stabilities in aqueous
solutions. We discovered that cell walls treated with low-concentration kosmotropic solutes
exhibited a significant increase in WR actuation energy density, reaching 103.3 MJ m>,
surpassing that of existing actuators. However, higher concentrations of kosmotropic or
chaotropic solutes led to decreased WR performance. Our observations suggest the presence
of an optimal range for kosmotropic and chaotropic treatments to enhance WR energy
density. These findings could be explained by the impact of the solutes on hydration forces
and intermolecular interactions, which affect the ultimate WR pressure. This, in turn,
provides a pathway towards achieving superior WR actuation performance and advancing

the development of high-work-density actuator materials.
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Introduction

Nature has developed materials and structures that undergo water-responsive (WR) actuation,
involving expansion and contraction in response to changes in relative humidity (RH). These WR
materials play a crucial role in numerous essential biological functionalities, such as seed
dispersal!, reproductive behavior?, and photoinhibition’. For instance, pine cones use WR
structures to release their seeds under dry environment*, and wheat awns open and close to propel
the seed into the soil driven by daily RH changes®. Recent studies have demonstrated that such
kinds of WR actuation could be extremely fast and powerful®’. Bacillus (B.) subtilis’ cell walls,
which are mainly composed of peptidoglycan, display record-high WR actuation energy and power
densities of 72 MJ m™ and 9.1 MW m?, surpassing those of conventional actuator materials and
all known muscles®. In addition, the WR actuation of the B. subtilis cell walls is extremely fast,
taking only ~0.1 s for expansion and ~0.2 s for contraction®. These natural WR materials hold great
potential to be used as high-performance actuators for a broad range of engineering applications,

112 "and energy harvesting devices!®. However,

including seed carriers’, smart windows'?, clothing
the fundamental physical principles of water-responsiveness and the design criteria that

systematically lead to high-performance WR actuation are still poorly understood.

Despite the unclear WR mechanism, our prior studies have provided compelling evidence of the
critical role of anomalously high viscosity of nanoconfined water (~16.4 Pa-s) played in the high
energy WR actuation of B. subtilis’ cell walls®. This observation aligns with the enhanced H-
bonding network observed in high-energy WR peptide crystals'*'®. Moreover, recent research has
shown that hydration forces, resulting from the interactions between nanoconfined water and solid

surfaces, play a determinant role in the WR deformation and mechanical properties of the
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‘hydration solids’, such as the B. subtilis spores'!8. These findings highlight the importance of
enhanced water-water and water-material interactions in materials’ WR actuation, and thus,
adjusting the properties of liquids confined in aqueous pores should substantially affect the WR

behavior and performance!®-°.

21-23 and osmolytes®*2° have the ability to alter confined water

Salts ranked in the Hofmeister series
properties and intermolecular interactions. They can be categorized by their effects on
macromolecular structures: chaotropes, which tend to disrupt the structure, or kosmotropes, which

27,28

promote structure formation and stability”’“°. Despite the ongoing debate regarding the

terminology and mechanism through which these chemical substances influence water properties

29,30

and intermolecular interactions®>", their impact on confined liquids and water-material

3132 such as starch™,

interactions have been extensively studied across diverse material systems
protein hydrogels®*, and silk fibroins®>, as well as in synthetic polymers like poly(N-
isopropylacrylamide)*® and polyamide®’. Therefore, we hypothesized that chaotropes and

kosmotropes should significantly influence materials’ WR behaviors, allowing for a systematic

investigation into their mechanisms.

In this study, we explored the effects of nanoconfined liquids on WR actuation of the B. subtilis
cell wall by employing chaotropic solutes: urea®® and potassium iodide (KI)*°, and kosmotropic
solutes: sucrose*’, potassium sulfate (K2SO4)*!, and potassium chloride (KC1)*° (Fig. 1a and Fig.
S1). Upon treatment with low-concentration solutions, cell walls display distinct WR properties.
For instance, cell walls treated with kosmotropic solutes such as sucrose and K>SO initially show

an increase in WR energy density as the solute concentration rises to 10 mM. However, their
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energy densities subsequently decrease as the concentration further increases to 50 mM. In contrast,
cell walls treated with chaotropic urea and KI solutions show a monotonic decrease in WR energy
density as the concentration increases from 10 mM to 50 mM. The observed trends in WR energy
density strongly correlate with the WR pressure of these treated cell walls. We also found that the
water-responsiveness of cell walls, including those treated with low-concentration solutes, aligns
with the newly discovered theory of hydration solids!’, both in terms of relative size change with
RH and the molecular length scale estimated from the data. Our findings suggest that even minor
alterations in the properties of nanoconfined liquids can lead to significant changes in WR
actuation. These findings not only shed light on the general WR mechanism but also suggest
opportunities for optimizing the energy conversion of WR actuation through controlled

manipulation of nanoconfined liquids.

Results

Macroscale water-responsiveness of untreated and solute-treated cell-wall-adhesive/Mylar
bilayers

The influence of chaotropic and kosmotropic solutes on the water-responsiveness of cell walls was
first studied by monitoring macroscopic curvature changes in cell-wall-adhesive/Mylar bilayers.
To create these bilayers, we mixed the cell walls with a commercial glue and coated a 9-pum-thick
(dry thickness) layer of cell-wall-adhesive composite onto 25-um-thick Mylar films, using
established methods (Fig. 1b)®. The resulting bilayer films were then immersed in solutions of
various concentrations (1 mM, 10 mM, 30 mM, and 50 mM) of urea, KI, KCI, K»SO4, and sucrose.
After drying, these cell-wall-adhesive/Mylar bilayers displayed distinct actuation in response to

alternating RH changes between 5% and 90% (Fig. 1¢-h). Compared to the untreated samples, the
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bilayer films treated with 1 mM and 10 mM sucrose and K>SO solutions exhibited enhanced
curvature. However, the curvature decreased when the concentrations of the solutions increased to
30 mM and 50 mM. The bilayer films treated with urea and KI solutions did not show enhanced
water-responsiveness; instead, the curvature decreased as the concentration of urea and KI
solutions increased from 1 mM to 50 mM (Fig. 1i). Based on the curvature at 5% RH, we estimated
the WR energy density of the cell-wall-adhesive composites coated on Mylar films (Fig. 1j)**. We
observed that, compared to untreated cell-wall-adhesive composites (3.8 MJ m™), samples treated
with low-concentration (10 mM) kosmotropes of sucrose and K>SO4 exhibited increased WR
energy densities of 4.5 MJ m™ (an 18.7% increase) and 4.0 MJ m™ (a 6.2% increase), respectively.
However, WR energy densities decreased by 52.2% (1.8 MJ m™) and 41.9% (2.2 MJ m™) when
the concentrations of sucrose and K>SOj4 solutions were further increased to 50 mM. The samples
treated with a moderate kosmotrope, KCl, displayed a trend similar to those treated with sucrose
and K>SO, but did not show any significant increase in energy density. In contrast, the cell-wall-
adhesive composites treated with chaotropic urea and KI exhibited a monotonic decrease in WR
energy densities to 1.6 MI m™ (a 58.5% decrease) and 2.0 MJ m™ (a 48.3% decrease), respectively,
as the solute concentrations increased to 50 mM. These results suggest that treatment with
kosmotropic solutions at certain concentrations can enhance the water-responsiveness of cell-wall-

adhesive composites.

WR strain and speed of untreated and solute-treated cell walls
To further investigate the effects of nanoconfined liquids’ properties on WR actuation of individual
cell walls, we used an environment-controlled atomic force microscope (AFM) to measure the WR

strain of the cell walls in response to local RH changes (Fig. 2). To characterize the WR strain, we

https://doi.org/10.26434/chemrxiv-2025-g3rpr ORCID: https://orcid.org/0000-0002-2985-358X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-g3rpr
https://orcid.org/0000-0002-2985-358X
https://creativecommons.org/licenses/by-nc-nd/4.0/

compared the AFM topography of the cell walls at 90% RH to those at 5% RH (Fig. 2a and Fig.
S2-6). We observed that the WR strain of cell walls treated with kosmotropic sucrose, K2SO4, and
KCl slightly increased from 27.9% (untreated) to 36.6%, 29.3%, and 35.0%, respectively, as the
solute concentrations increased to 10 mM. It then decreased to 22.0%, 20.4%, and 26.5% as the
solute concentrations were further increased to 50 mM (Fig. 2¢). However, the WR strain of
chaotrope-treated cell walls showed dramatic increases, reaching up to 52.8% (urea, 30 mM) and
38.6% (KI, 30 mM) as the solute concentration exceeded 30 mM (Fig. 2¢), which differs from the
decreased energy densities with increased chaotrope concentrations observed in the bilayers (Fig.
1j). The enhanced swelling of the urea- and Kl-treated samples is likely due to the chaotropic
effects, which disperse and swell cell wall structures as the solute reaches the critical

concentration*>*,

Given the distinct WR behaviors of these cell walls resulting from slight changes in the properties
of their confined liquids, we hypothesized that untreated and solute-treated cell walls could belong
to the newly discovered class of hydration solids'”. Accordingly, their WR strain can be predicted

by the hygroelastic theory, captured by the following mathematical relationship:
AR A
— ~ 7In(In(eo)/In(e)) (1)

where % is the WR strain of the cell walls, 4 is the characteristic decay length of hydration force,

l is the pore-to-pore distance at 50% RH (which approximately corresponds to the characteristic
size of the biomolecules forming the cell wall), 99 and @ are the RH values of the initial state and
the final state of the cell walls, respectively!’. We used equation (1) to fit our measured WR strain

data and found that the WR strain of most untreated and solute-treated cell walls aligns well with
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this hygroelastic model, where the hydration force dominates the WR size change, except for the
samples treated with higher concentrations of urea and KI solutions at high RH (Fig. 2d-h). These
deviations for chaotropes are likely due to increased van der Waals forces among the molecular
structures of the cell walls as solute concentrations rise*. The characteristic decay length to pore-
to-pore distance ratio (4/1), indicating the changes in hydration force within the untreated and
treated cell walls, was also obtained from the fitting (Fig. 2i). We found that the 4/l ratios of
kosmotrope-treated cell walls follow a similar trend that they first increase as the solute
concentration increase to 10 mM, and then decrease as the concentration continues to rise to 50
mM. In contrast, the A4/l ratios of chaotrope-treated cell walls gradually increase as the
concentration increases (Fig. 2i). Considering the observed WR strain (Fig. 2¢), it appears that,
while chaotropes can enhance the WR deformation, they dramatically reduce the intermolecular
interactions in cell walls, and thus reduce the WR energy density. The ability of low-concentration
kosmotropes to increase WR energy density could be attributed to their capacity to enhance the

intermolecular interactions.

These salts and osmolytes slightly affect the WR speed of the cell walls (Fig. 3 and Fig. S7-11).
When the local RH was rapidly alternated between 5 % and 90 %, the untreated cell wall took 0.16
s to absorb water and expand during hydration, and 0.21 s to desorb water and shrink during
dehydration (Fig. 3b). After treatments, the WR speed remains largely unchanged (Fig. 3c-e).
However, the dehydration time constants showed a noticeable increase as the solute concentration
increased to 50 mM: 0.20 s for urea, 0.27 s for KI, 0.24 s for KCl, 0.39 s for K»SO4, and 0.33 s for
sucrose (Fig. 3d). The observed increase in the dehydration time constant in the solute-treated cell

walls could be attributed to the reduced evaporation rate of these salt and osmolyte solutions*S.
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Nanoconfined-liquid-dependent WR energy density and actuation pressure of untreated and
solute-treated cell walls

To quantify the influence of urea, KI, KCI, K2SOs, and sucrose solutions on the WR energy output
and actuation pressure of individual cell walls, we employed the method that we had previously
developed for examining the WR energy density of materials at the nanoscale (Fig. 4)%. In this
method, we used a customized AFM to create a thermodynamic cycle that is composed of four
stages (Fig. 4a). First, a predetermined external force is applied to the cell wall using AFM, and
the local RH is maintained at 5% (Fig. 4a (1)). Then, the local RH is increased to 90%, causing
the expansion of the cell wall while keeping the force constant (Fig. 4a (2)). Subsequently, the
force applied by the AFM cantilever is reduced to a minimum level, resulting in further expansion
of the cell wall (Fig. 4a (3)). In the final stage, the RH decreases back to 5%, and the cell wall
shrinks while maintaining the minimum force from the previous stage (Fig. 4a (4)). Throughout
this thermodynamic cycle, the AFM probe remains in contact with the cell wall, allowing for the
detection of the cell wall’s deformation. The total work done by the cell wall is determined by the
enclosed area of the force-displacement curve (Fig. 4a). The WR energy density can be then
estimated by dividing the work by the effective volume that contributed to the work given by,

w
Ep — 2w (2)

Vet

where E, is the WR energy density of the cell walls, Wy is the WR work done by the cell walls

during the thermodynamic cycle, and V¢ is the effective volume of the cell walls. The Vg was
calculated based on previously reported method that equates the indentation depth and mechanical

work between sphere indenter condition and plane indenter condition®.
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We found that the measured WR energy densities of individual cell walls aligned well with the
trends observed in the bilayer experiment (Fig. 1j, Fig. 4b-h, and Fig. S12-16). As the solute
concentrations increased from 1 mM to 50 mM, the WR energy densities of kosmotrope-treated
cell walls initially increased at 10 mM, and then decreased compared to that of the untreated
sample (83.2 MJ m™) (Fig. 4h). Remarkably, the cell walls treated with a 10 mM sucrose solution
showed an exceptional WR energy density of 103.3 MJ m?, surpassing those of all known actuator
materials®®. The urea- and Kl-treated cell walls exhibited monotonic decrease in energy density to
47.4 MJ m™ and 45.3 MJ m?, as the concentration of solutions increased to 50 mM (Fig. 4h). The
WR actuation pressure of the cell walls (equivalent to the pressure applied by the AFM probe),
where the cell walls show their maximum energy densities, also changed in a similar manner (Fig.
4i). The cell walls treated with a 10 mM sucrose solution exhibited the highest WR actuation
pressure, reaching 202.5 MPa, which represents a 23.3% increase compared to the untreated case
(164.2 MPa). The K2SO4- and KCl-treated cell walls also showed their highest WR pressures of
190.1 MPa and 171.9 MPa, respectively, at 10 mM. As the solute concentration increased further,
the WR pressure of all kosmotrope-treated cell walls decreased. In contrast, the actuation pressure
of chaotrope-treated cell walls decreased as the concentration of chaotropes increased. These
results suggest that the observed changes in the WR energy densities of treated cell walls were
dominated by the change in WR pressure rather than the WR strain. For example, although
treatments with 30 mM and 50 mM urea and KI dramatically enhanced the cell wall’s WR strain
(Fig. 2¢), the WR pressure and energy densities decreased significantly compared to the untreated
samples (Fig. 4h, i). It is clear that the water-responsiveness of the cell wall is highly sensitive to

the properties of nanoconfined liquids. Even slight alterations of these properties through low-

10
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concentration chaotropes and kosmotropes can result in significant changes in WR pressure and
energy. Our observations also suggest the existence of an optimal range for kosmotropic and
chaotropic treatments to maximize WR energy density. Beyond this range, both WR actuation
pressure and energy density decrease. It is noteworthy that while both high-concentration
kosmotropes and chaotropes decrease WR pressure and energy density, their mechanisms differ
significantly. Kosmotropes tend to aggregate cell wall structures and restrict the WR strain (Fig.
2¢, i), thereby limiting the transfer of intermolecular forces to macroscopic WR pressure. In
contrast, chaotropes swell cell wall structures and reduce intermolecular interactions, leading to

decreased WR pressure.

IR spectra of untreated and solute-treated cell walls

The intermolecular interactions of untreated and solute-treated cell walls were further investigated
using an environment-controlled Fourier transform infrared spectroscopy (FTIR). The observed
amide I (1648 cm™) and amide II (1546 cm™) spectra of untreated cell walls agree with those
reported in previous studies (Fig. 5a, b)*’. When the RH increased from 10% to 90%, the amide I
peak of both untreated and solute-treated cell walls showed a slight shift to lower wavenumbers,
whereas the amide II peak shifted to higher wavenumbers (Fig. 5b). These shifts of amide peaks
are likely caused by the changes in stress during WR actuation, which was also observed in

previous studies!*.

To assess how chaotropic or kosmotropic solutes affect water interactions within cell walls, we
deconvoluted the hydroxyl (O-H) stretching band (2800-3750 cm™) with four Gaussian

components, following the method reported in previous studies*®* (Fig. 5¢, d and Fig. S17-19).

11
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In this approach, lower wavenumbers indicate stronger H-bonding interactions with cell walls and
solutes (bound water), while higher wavenumbers correspond to weaker or negligible interactions
(bulk water)**>!. By comparing the relative amounts of bulk water and bound water in untreated
and solute-treated cell walls, we found that kosmotropic solutes enhance H-bonding interactions.
Specifically, the amount of bound water at 90% RH increased from 39.1% in untreated cell walls
to 43.1% and 45.6% in cell walls treated with 50 mM K>SO4 and sucrose solutions, respectively
(Fig. Se). In contrast, chaotropic solutes weaken H-bonding interactions, with the amount of bound
water decreasing to 34.1% and 37.0% in cell walls treated with 50 mM KI and urea solutions,
respectively. The effects of other concentrations (1, 10, and 30 mM) on the relative amounts of
bulk and bound water followed a similar trend (Fig. S17-19). These results further highlight the
significance of H-bonding environments in materials’ water-responsiveness and the possibility of

controlling this through the addition of kosmotropic and chaotropic solutes.

Discussion

We observed that kosmotropes and chaotropes, which alter the H-bonding network and properties
of nanoconfined liquids, can lead to significant changes in the WR strain, speed, pressure, and
actuation energy density of B. subtilis cell walls. In particular, treatment with low-concentration
kosmotropes can increase WR pressure, leading to a significant rise in WR actuation energy
density. Conversely, higher concentrations of kosmotropes or any chaotropes reduce WR pressure
and energy density. These results could be understood in the light of the hygroelastic theory of
hydration solids, which argues that the hydration force generated by the confined water is the
dominant mechanism of WR actuation. As the AFM measurements of the cell wall show, the

hygroelastic theory successfully predicted the WR strain of the cell wall, providing the first

12
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evidence of hydration solids in a material system different from the bacterial spores where the
initial discovery was reported!’. It is therefore possible that changes in the H-bonding environment
alter the characteristics of the hydration forces and intermolecular interactions, consequently
affecting WR pressure. As a result, the WR actuation energy of cell walls, which is mainly
determined by the work done by the hydration force during WR actuation, also changes. Thus, the
H-bonding network and the hydration force characteristics appear to play a key role in high-energy
WR actuation. Our findings also highlight the potential of using chemical substances to adjust the
H-bonding network and intermolecular interactions, ultimately enabling control over the actuation

and energy conversion behaviors of hygroscopic materials in a scalable and cost-effective manner.

Methods

Preparation of B. subtilis cell walls

B. subtilis cell walls were prepared by following previous protocols®. The B. subtilis cells were
grown by adding 0.5 mL of B. subtilis spore suspension (BGA, Sigma Aldrich) in a nutrient broth
(Difco, BD) supplemented with 47.2 mg of Ca(NO3)2-4H>0, 0.44 mg of FeSO47H>0, 1 mg of
MnCl> and 0.2 g of glucose (Fisher Scientific)®. The B. subtilis cells were cultured on a hot plate
(Isotemp, Fisherbrand) at 37 °C and vigorous aerobic conditions were maintained using a magnetic
stir bar (19 mm X 76.2 mm, Corning) at 200 rpm. After 19 hours, the B. subtilis cells were collected
from the pellet after centrifuging the cell media suspension at 14,000 X g for 8 min. The collected
B. subtilis cells were frozen at — 4 °C and thawed at 25 °C 7 times to separate cell wall-bound
proteins®2, and then boiled in a 10% w/v sodium dodecyl sulfate (SDS) solution for 3 hours. The
resulting cell walls were washed for 5 times with DI water and treated with 10 mL of 2 mg mL"!

of pronase (Sigma Aldrich)>® for protein lysis at 50 °C for 2 hours. Finally, the cell walls were

13
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washed with DI water for 5 times and freeze-dried using a lyophilizer (HyperVAC, Grozen). The
topography of the isolated cell walls was checked using an AFM and Transmission Electron
Microscopy (TEM) (Fig. S20). All other chemicals were purchased from Fisher Scientific unless

otherwise specified.

Preparation of cell-wall-adhesive/Mylar bilayers

To prepare cell-wall-adhesive/Mylar bilayers, 3 mm X 3 mm X 25 um Mylar films (Mylar TF-
160, Premier Lab supply) were first treated by argon (75%) / oxygen (25%) plasma (Fischione
M1070, NanoClean) for 25 s. Subsequently, 8 puL of the cell wall-adhesive suspension consisting
of 29.7 mg mL! of cell walls and 3.05 mg mL™! of a glue (Elmer’s glue, Elmer’s Product) was
deposited on the Mylar films and allowed to dry under ambient conditions. Previous studies have

reported that the water-responsiveness of the adhesives were negligible®.

Solute-treatments of cell walls

To treat the cell-wall-adhesive/Mylar bilayers, the bilayer samples were immersed in urea, KI,
KCl, K2SOs, and sucrose solutions with various concentrations (1 mM, 10 mM, 30 mM, and 50
mM) for 20 s, followed by blow-drying with nitrogen to eliminate excessive of solution. To treat
cell wall samples for AFM measurements, 0.5 pL of untreated cell wall solution (0.3 mg mL™)
was first deposited on a silicon substrate and dried under ambient conditions. After drying, the
samples were immersed in urea KI, KCl, K>SO4, and sucrose solutions of 1 mM, 10 mM, 30 mM,
and 50 mM for 20 s and blow-dried with nitrogen. The cell wall samples for FTIR were prepared
similarly. First, 4 pL of the cell wall solution (0.4 mg mL™') was deposited on a 2-mm-thick

calcium fluoride (CaF>) substrate and dried to form a ~ 20-pum-thick cell wall layer. The samples
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were immersed in urea, KI, KCI, K2SO4, and sucrose solutions with different concentrations for
20 s and blow-dried. The solution concentrations were kept not to exceed 50 mM in order to avoid

the saturation effect caused by high ion concentration®*.

WR strain characterization

The WR strain of cell walls was tested by an environment-controlled AFM (Multimode 8, Bruker)
at 25 °C. The AFM was customized to control the RH by injecting dry and humid air with a certain
ratio. The RH inside the AFM chamber was monitored by a commercial RH sensor (HIH-4021-
003, Honeywell). Each RH level was maintained for at least 5 minutes before measurements. The
topographic images of the cell walls were obtained using an AFM probe (NCHYV, Bruker) at
tapping mode and analyzed using the Nanoscope Analysis software (Bruker). The WR strain of
the cell walls was calculated by diving the height differences of cell walls between 90% RH and

5% RH by that of 5% RH, given by

£ = (hoov Rn—sv rH) o 900 () ©)

hso, RH

where & is the WR strain, and hggo, gy and hso, gy are the heights of the cell walls at 90% RH

and 5% RH, respectively.

WR time constant characterization

The WR time constants of the cell walls were determined from the instant height change of the
cell walls when responding to alternated RH changes between 5% and 90% RH. The RH was
alternated by injecting dry air (5% RH) or humid air (90% RH) controlled by a solenoid valve

(VK332Y-6GMS, SMC) with a response time of less than 10 ms. The dynamic height changes of
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the cell walls were measured by using AFM with a probe (LRCH-250, Team Nanotec) placed on
the top surface of the cell walls in real-time. Dehydration and hydration time constants of the cell
walls were calculated by fitting the obtained height change to exponential growth and decay

functions:

-t

l-‘hyd (t) = (rmax - l-‘min)erhyd + l-‘min (4)

t

l-‘dehyd(t) = _(Fmax - l—‘min)e fdehyd 4 l-‘max (5)

where I,yq and Tgenyq are the dynamic height over time (t) during hydration and dehydration,
Fmax and [y, are the maximum and the minimum height, Tyyq and Tqenyq are the relaxation time

constants during hydration and dehydration, respectively.

WR energy density characterization
The WR energy density of the macroscale cell-wall-adhesive composite was estimated from the
elastic energy stored in the curved bilayer samples at 5% RH. The elastic energy of the curved

bilayers was calculated using previously reported method®, where the elastic energy U is given by

U= (6)

where I, is the inertial momentum of the Mylar film, E,,, is Young’s modulus (3.60 GPa®) of the
Mylar film, and R is the radius of the bilayer’s curvature at 5% RH, analyzed from photographs
taken with a DSLR camera (Canon) using the Image J software. The WR energy density, ED, of
the cell-wall-adhesive composite is then calculated by dividing the elastic energy by the volume

of the composite (V) using,
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U

The WR energy densities of untreated and solute-treated cell wall samples were obtained from a
thermodynamic cycle created by an environment-controlled AFM with a large radius probe
(LRCH-250, Team Nanotec), which was reported in previous studies®. During the experiment, the
RH, the force applied on the cell walls, and the indentation depth were controlled and synchronized
by a LabVIEW program and a high-speed data acquisition device (PCI-6115, National
Instruments). The cycle time was fixed to 20 s while the applied force was varied to find the

maximum WR energy densities and their corresponding actuation pressure (Fig. S12-16).

Environment-controlled FTIR

The FTIR (Vertex 70, Bruker) was customized to be environment-controlled. A 300-pum-thick
acrylic spacer was placed between the prepared samples and the CaF» substrate in the flow cell
(Harrick Scientific), which allows the injection of air with a certain RH monitored by a commercial
RH sensor (HIH-4021-003, Honeywell). The FTIR spectra of the samples were measured over a
wavenumber range of 1500-3750 cm™! in 64 scans at a resolution of 6 cm™'. To analyze H-bonding
interactions, the O-H stretching spectra from 2800 cm™! to 3750 cm™! was first baseline-corrected
and normalized. Subsequently, the O-H stretching peak was deconvoluted into six Gaussian
functions with the following constrained wavenumber ranges: 3080-3110 cm™ for IBW, 3220-
3250 cm™ for FBW, 3385-3400 cm™ for INBW, 3520-3550 cm™' for LBW, and 2900-2990 cm!
for two Gaussian components representing C-H vibrations, following methodologies from
previous studies*®* (see Supplementary Information, Fig. S17-19, and Table S1-4). All peaks
demonstrated a high goodness of fitting, with R? values greater than 0.997. The contributions of

the two C-H peaks were less than 5.5% and 6% of the total relative area, respectively. The relative
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amounts of bulk and bound water were estimated by summing the area contributions of INBW and
LBW to represent bulk water, and the contributions of IBW and FBW to represent bound water**->.
Note that the fitting results slightly vary depending on the fitting parameters used. The O-H

stretching spectra for solutions at concentrations of 50 mM, 100 mM, and 500 mM were also

measured (Fig. S21).

TEM

For TEM experiments, we use grids that were purchased from Electron Microscopy Sciences (Cat#
CF400-Cu), which has thin film of pure carbon (5-6 nm) deposited on one side of the grid. All
grids with carbon side facing up were cleaned for 35 seconds in Fischione Nanoclean 1070 (70%
power) with a mixture of Argon (75%) and Oxygen (25%). 4-5 pl of sample solution was pipetted
onto the carbon film side of a freshly cleaned grid. The sample solution was incubated on EM grid
for 1 mins and excessive solution was removed with filter paper. Then, it was washed by one drop
of DI water that was removed by filter paper. TEM grids were air-dried and then transferred to
desiccator for storage. EM grids were later transferred into a single tilt specimen holder that was
then inserted into the microscope. Imaging was performed in Titan Halo TEM operating at 300 kV

and CETA camera (Thermo Fisher Scientific).
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Fig. 1 | The effect of solute treatment on the macroscale water-responsiveness of B. subtilis
cell walls. a, Alternation of the properties of nanoconfined liquids in porous B. subtilis cell walls
through treatment with low-concentration chaotrope and kosmotrope solutions. The pore
diameters of peptidoglycan, the main component of B. subtilis cell walls, vary from approximately
6.8 nm to 38.4 nm>®. b, The cell-wall-adhesive/Mylar bilayers bend and strengthen in response to
RH changes between 5% and 90%. c-h, Untreated (UnTR) and 10 mM solute-treated cell-wall-
adhesive/Mylar bilayers display different curvatures at 5% RH. Scale bar, 1 mm. i, Curvature of
UnTR and solute-treated cell-wall-adhesive/Mylar bilayers at 5% RH. j, WR energy densities of

UnTR and solute-treated bilayers estimated from the curvature of the bilayers. The error bars

represent the standard errors calculated from five samples.
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Fig. 2 | WR strain of untreated and solute-treated B. subtilis cell walls. a-b, AFM topographies
(a) and cross-section height profiles (b) of B. subtilis cell walls treated with a 50 mM K>SO4
solution at 5% RH and 90% RH. ¢, WR strain of UnTR and solute-treated cell walls. The dashed
line represents the WR strain of the UnTR sample, and the grey area indicates the standard error
of the UnTR WR strain. The error bars represent the standard errors calculated from five samples.
d-h, Plots of WR strain vs. RH for UnTR cell walls and cell walls treated with solutes at various
concentrations: 1 mM (e), 10 mM (f), 30 mM (g), 50 mM (h). The dashed line represents the fitted
curve of equation (1) to the WR strain (See Supplementary Note 1). The error bars in (d-h)
represent the standard errors of five samples. (i) Characteristic decay length to pore-to-pore
distance ratio (4/1) of UnTR and solute-treated cell walls at 50% RH. The error bars in (i)

represent the 90% confidence band.
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Fig. 3 | WR speed of untreated and solute-treated B. subtilis cell walls. a, The AFM was
programmed to measure cell wall’s height changes in response to rapid RH changes between 5%
to 90%. b-c, The dynamic height changes of UnTR (b) and 50 mM K>SOy-treated cell walls (¢)
during dehydration and hydration processes. d-e, Dehydration (d) and hydration time constants (e)
of UnTR and solute-treated cell walls. The grey areas represent the standard errors of the UnTR

time constants. The error bars represent the standard errors calculated from five samples.
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Fig. 4 | WR energy density and actuation pressure of untreated and solute-treated cell walls.
a, Force-displacement curves of UnTR cell walls during the thermodynamic cycles with various
applied forces. b-g, Plots of WR energy density (ED) vs. actuation pressure for UnTR (b) and 10
mM solute-treated cell walls: urea (c), KI (d), KCl (e), K2SOs (f), and sucrose (g). The maximum
actuation pressure was obtained by fitting the WR energy density vs. actuation pressure plots to a
quadratic function. The light blue areas represent the 95% confidence band, and the dashed line
shows the maximum actuation pressure of the cell walls when they display their maximum energy
density. h, WR energy density of UnTR and solute-treated cell walls. The error bars represent the
standard errors calculated from three maximum EDs i, Maximum actuation pressure of the UnTR

and solute-treated cell walls at their maximum WR energy density.
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Fig. 5| FTIR of untreated and solute-treated cell walls. a, IR spectra of untreated cell walls was
collected from 1500 cm™ to 1750 cm™ and 2800 cm! to 3750 cm™ at 10% and 90% RH. b, Amide
I and II peaks of untreated and 50 mM solute-treated cell walls at 10% and 90% RH. ¢, O-H
stretching bands of untreated and 50 mM solute-treated cell walls at 10% and 90% RH. d, The
deconvolution of O-H stretching bands for 50 mM untreated and solute-treated cell walls at 90%
RH. The O-H stretching band was deconvoluted using four Gaussian functions to represent
different water populations: 3080-3110 cm’!, ion bonded water (IBW); 3220-3250 cm’, fully
bonded water (FBW); 3385-3400 cm!, intermediate bonded water (INBW); and 3520-3550 cm™,
low bonded water (LBW), along with two Gaussian functions (2900-2990 cm™) associated with

C-H vibrations. e, The relative amounts of bound (IBW+FBW) and bulk (INBW+LBW) water in

untreated and 50 mM solute-treated cell walls at 90% RH.
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