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Bacterial spores have outstanding properties from the materials science perspective, which
allow them to survive extreme environmental conditions. Recent work by Harrellson et
al. [Nature 619, 500-505 (2023)] (1) studied the mechanical properties of Bacillus subtilis
spores and the evolution of these properties with the change of humidity. The experimental
measurements were interpreted assuming that the spores behave as water-filled porous
solids, subjected to hydration forces. Here we revisit their experimental data using literature
data on vapor sorption on spores and ideas from polymer physics. We demonstrate that
upon the change of humidity the spores behave like rubber with respect to their swelling,
elasticity, and relaxation times. This picture is consistent with the knowledge of the
materials comprising the bacterial cell walls — cross-linked peptidoglycan. Our results
provide an interpretation of the mechanics of bacterial spores and can help in developing
novel synthetic materials mimicking the mechanical properties of the spores.
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B acterial spores are of interest due to their unique survival capabilities.
Understanding their physical properties is valuable for several reasons. On the
one hand, there is a demand to be able to kill spores of pathogenic bacteria (e.g.,
anthrax). On the other hand, understanding the physical properties that provide
outstanding protection can help in creating nature-inspired materials with similar
properties. Additional interest in bacterial spores, and in particular their response
to water sorption, is driven by the observed significant swelling upon an increase in
humidity. Since this response to humidity is fast and reversible, the materials that
comprise spores may be promising materials for actuators (2).

Harrellson et al. studied dormant Bacillus subtilis spores from the perspective of
materials science (1). They utilized atomic force microscopy (AFM) and cantilever-
bending experiments and measured: (i) swelling of spores as a function of relative
humidity (RH), (ii) elastic properties of spores at various RH, and (iii) characteristic
relaxation times of spores when RH is perturbed, which appeared strongly dependent
on the RH (Fig. 1b). Ref. (1) interpreted these measurements assuming the spores
are solids, non-porous at dry conditions, and porous when exposed to humidity.
The pore widths = were assumed to change from zero at RH = 0 to 1.5 nm at
RH = 100% proportionally to the measured linear expansion of the spore. The
deformation was assumed driven by the hydration force expressed as Aexp(—z/\),
where A and A are constants. Harrellson et al. showed that the measured relaxation
time cannot be rationalized within the framework of classical poroelasticity (3),
since agreement between experiment and theory would have required the viscosity of
pore water to exceed the viscosity of bulk water by five orders of magnitude. While
nanoscale confinement can alter the properties of water, including viscosity (4), five
orders of magnitude increase of viscosity does not appear plausible, and suggests
possibilities of additional or alternative mechanisms. This Brief Report proposes
such a mechanism based on literature data on sorption of water and nitrogen in B.
subtilis spores, as well as on knowledge of the spore composition.

Nitrogen adsorption is a standard technique for characterization of nanoporous
materials. Nitrogen adsorption isotherms (Fig. 1c) on dry B. subtilis spores look
similar to isotherms on non-porous solid surfaces (5), consistent with the assumptions
made in Ref. (1). The BET (Brunauer—-Emmett—Teller) surface area calculated from
this isotherm is 5m? /g, which is noticeably lower than for a typical nanoporous
material, and comparable to the specific surface area of a non-porous solid the size of
a spore. However, adsorption isotherms for water at room temperature on B. subtilis
spores show qualitatively different behavior (Fig. 1d): the mass of sorbed water
exceeds the mass of nitrogen by an order of magnitude and cannot be explained by
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adsorption on the outer surfaces of the spores. Furthermore,
Neihof et al. (6) provided clear evidence of porosity appearing
in the hydrated state: after the spores were hydrated, water
in the spores was replaced by different solvents, and only
then dried. Nitrogen adsorption on such solvent-replaced
spores showed an order of magnitude higher BET surface
area, 74m?/g (6). Additional evidence for the appearance
of nanopores of ~ 2nm in size in the hydrated spores comes
from the measurement of diffusion of large molecules through
the spore wall material, peptidoglycan (7).

Another type of material showing such a change in
behavior is hydrogels. When dry, the solid matrix of a
hydrogel can show no porosity, while the addition of water
leads to penetration (absorption) of water molecules between
the chain-like molecules (free volume) and swelling of the
hydrogel. When hydrogels are dried, the porosity vanishes.
However, if water in a swollen hydrogel is replaced by a
different solvent (e.g., methanol and then carbon dioxide)
and then dried, it is possible to maintain the porous structure,
and form a nanoporous solid structure: a xerogel or an
aerogel. Here we argue that the experimental observations
from Ref. (1) can be explained within the framework of
hydrogels (8): water molecules penetrate between the flexible,
chain-like molecules of the outer layers of the spores. In
particular, we contrast adsorption — a process on a surface
with absorption — a process taking place in the bulk of the
material. While adsorption of vapor in nanoporous solid
materials induces deformation, which can be quantified from
the solvation pressure in the pores, the resulting strains
typically do not exceed 1% (9). Swelling of a polymeric
material as a result of solvent absorption can be quantified
by assuming that a polymer and a solvent form a solution.
The simplest approximation for the swelling can be obtained
from an ideal solution model, i.e., the volume of the swollen
spore V is equal to the sum of the volume of the dry spore Vg
and the volume of the absorbed water V. Using the data on
vapor sorption shown in Fig. 1d we can calculate the volume
of absorbed water Vi, at various RH and compare it to the
volume change AV = V — Vj based on the change of the
spore height, h, measured in Ref. (1) and geometry shown in
Fig. 2a,b (Fig. 2c and Methods).

Results and Discussion

We compare different estimates for the relative volume change
AV/Vy of spores as a function of relative humidity (Fig. 2¢).
The grey dotted line shows AV/Vy calculated from the
experimentally measured Ah (1). The red solid line shows
Vi / Vo calculated based on the water sorption isotherm from
Ref. (6), and the blue dashed line shows V4, /Vp calculated
based on the sorption isotherm from Ref. (2) (see Methods for
details of the calculations). The sorption data from Ref. (2)
gives an almost perfect match with the measured swelling,
while the calculations based on Ref. (6) slightly over-predict
the measured swelling. Note that when calculating the volume
of absorbed water we assumed that its mass density equals
that of bulk water, which is not necessarily the case, especially
at the low loading, owing to pre-existing free volume between
the polymer chains.

The rubber-like behavior of hydrated spores is consistent
with what is known about the material comprising the spores’
outer layers — peptidoglycan (PG) (7, 12). PG, similarly
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Fig. 1. The effect of relative humidity on the swelling of spores. (a) SEM micrograph
of B. subtilis spores; scale bar 1 um, reprinted from H. Wang, et al., Adv. Sci. 9,
2104697 (2022), Wiley-VCH GmbH. (b) Change of the spore height h and relaxation
times 7 as a function of relative humidity (data from (1)). (c) Nitrogen adsorption
isotherm measured on B. subtillis spores at 78.15 K from Ref. (5) and a linear fit for
the BET surface area calculations (inset). (d) Water adsorption isotherms on spores
at room temperature. Data from Ref. (2, 6, 10, 11). Note that there is more than an
order of magnitude difference between the mass of nitrogen and water adsorbed.

to rubber, has a cross-linked structure and can swell upon
sorption of water, like rubber swelling in organic solvents or
hydrogels swelling in water.

Does the physical picture of a swelling hydrogel explain
the other experimental data from Ref. (1), i.e., measured
relaxation times and their evolution with humidity? The
picture proposed here, where the water diffuses into the
polymer network, suggests that the characteristic relaxation
time (Fig. 1b) should correspond to chemical diffusion rather
than the pressure-driven flow. To evaluate the plausibility of
the proposed physical picture we can estimate the diffusion
coefficient of water in spores as

D~ a2’/ [1]

where z is the thickness of the water-permeable layer of
the spore, 7 is the relaxation time measured in Ref. (1),
and a ~ 0.24 is the numerical coeflicient corresponding
to transient diffusion in a cylindrical annular geometry.
This value, obtained from the solution in Crank (13, p. 84-
86), differs from the value reported in Ref. (1), which was
derived for a planar geometry. The resulting D values as
a function of RH are shown in Fig. 2d, along with the
diffusion coefficients of water in other types of cross-linked
polymers: the commercial hydrogel Hilafilcon A, used for
contact lenses, (14), densely cross-linked epoxy resin (15),
human stratum corneum (16), and Nylon 6,6 (17). For all
polymers, diffusion coefficients change nearly exponentially
with RH. D in spores is = 20 times lower than in a hydrogel,
however the relative change is the same. Water diffusion
coefficients in rubbery polymers are typically of the order
of 1078%cm? /s, but in glassy, semicrystalline polymers (e.g.,
Nylon 6,6, and epoxy resin) the diffusion is slower by 1-2
orders of magnitude (17). Slow diffusion in spores is consistent
with that result, as the glass—rubber transition in B. subtilis
is observed at 90-115°C (18). The similar value of D in the
outer layer of spores to the D in human stratum corneum
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(outer layer of skin) (16) is noteworthy, as both of them
perform similar protective functions.

2R,

D (x108 cm?/s)

Fig. 2. Comparison of swelling of a spore to hydrogels and other polymeric materials.
(a) Schematic of the spore geometry and its change during water absorption: the
core remains the same, while the outer layers, cortex and coat, swell; (b) side view.
(c) Relative change of the spore volume as a result of water absorption calculated
based on the change of the spore height (i), and based on the amount of absorbed
water (estimated using sorption data from (6) (ii) and (2) (iii)). The inset shows
the relative difference between the data based on the amount absorbed and the
measured swelling. (d) Diffusion coefficient of water in various polymer materials as
a function of relative humidity: 1 — spores of B. subtilis (calculated using Eq. 1, 2) —
hydrogel Hilafilcon A (14), 3 — Epoxy resin (15), 4 — human stratum corneum (16), 5 —
Nylon 6,6 (17). Inset: dependence of the water diffusion coefficient in spores plotted
as function of the volume degree of swelling @, shown as log D vs (Q — 1)~ L.

Sorption induces swelling, which increases the volume,
providing the path for more molecules, and resulting in the
exponential growth of D. In a simple approximation, log D
changes linearly with (Q — 1)~ !, where the volume degree
of swelling Q = AV/(Vo — V&) (19) (Ve is the volume of the
core). Fig. 2d (inset) shows that water diffusion coefficients
in spores follow this trend.

To conclude, sorption of water induces swelling and change
of the relaxation times of bacterial spores, which is not typical
for porous solids. However, such behavior is typical for
hydrated polymer networks, i.e., hydrogels. This picture
is consistent with the knowledge of the materials comprising
the bacterial cell walls — cross-linked peptidoglycan. Our
interpretation of sorption-induced swelling and relaxation
times of bacterial spores can help better understand their
humidity-dependent properties.

Materials and Methods

Estimation of volume of adsorbed water. The volume of adsorbed
water and the corresponding relative volume change Vi /Vp can be
related to the adsorption isotherm, measured as the mass of water
per unit mass of spore, mw/mo:

Vi /Vo = (mw/mo) po/pw- 2

Here po is the mass density of dry spores, which we take as
1409 kg/m? (5), and py is the density of liquid water, which we
take at 23°C as 998 kg/m? (5), since we use the adsorption data
from Ref. (6). Note that the data in Fig. 2c are shifted to match
zero sorption and zero swelling at the minimum RH.

Estimation of volumetric swelling from measured spore height.
Experimental measurements of the spore height and information on
the spore geometry and internal structure from Ref. (1) allowed us
to estimate the corresponding volumetric swelling. Fig. 2a,b give
the approximations for the spore geometry used for calculations
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of the relative volume change. Following Ref. (1) we assume
that a spore has a cylindrical cross-section, the core of the spore is
impermeable and the core size (radius Rc) is not changing with RH.
The coat and cortex are both water responsive, and their combined
thickness z is changing uniformly upon water sorption (zp in the dry
spore). According to the Methods section in Ref. (1), zo = 140 nm,
and the overall diameter of the dry spore is 2Rg = 700 nm, so the
radius of the core is Rc = 210 nm. The thickness of the swelling
annular shell is z = z9 + Ah/2, where Ah is the measured change
of the spore height.

The SEM micrographs in Ref. (1) indicate that the length of the
spore L is approximately twice the spore diameter. Let the length
of the core be Lc. If the swelling layer (coat + cortex) has the same
thickness over the ends and sides, then the dry length of the spore
is Lo = L¢+ 220 and the swollen length is L = L +2z. The aspect
ratio of the dry spore is (Lc 4+ 220)/(2(Rc + 20)) ~ 2; normalizing
by Rc, then (Lc/Rc +2z0/Rc)/(1+ z0/Rc) ~ 4. Recognizing that
z0/Rc ~ 2/3, we find that the aspect ratio of the core is about
Lc¢/Re ~16/3, so Le ~ 1120 nm and Lo ~ 1400 nm.

The relative change of the volume of the spore can be calculated
from the change of the volume of the cylindrical shell (including
caps) from the thickness of zg to z:

AV/Vo = (R? (Le + 22) — R} (Lc +220)) / (R3 (Le + 220)) [3]

where R = Rc+ 2z = Rc + z0 + Ah/2. Eq. 3 is used for calculations
in Fig. 2c.

The geometric dimensions of the pores allow us also to estimate
the specific surface area of dry spores as a = Ag/(poV) =
2(Ro + Lo) / (RoLopo) ~ 5m?/g. This value is the same as the
BET surface area calculated from nitrogen adsorption data. This
agreement may be fortuitous, given the additional surface area
of the wrinkles on the spores’ surface clearly seen in the SEM
micrographs, and the distribution in size of the spores.
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