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Early detection of fatigue cracking is critical for extending the lifetime of structural materials and reducing
waste from premature part replacement or over-engineering. Current detection methods, such as strain
sensors and ultrasonic testing, are costly, maintenance-intensive, and lack any built-in response to
damage. Here, we present a durable engineered living coating that enables in situ crack detection of
conventional structural materials. The coating integrates bacterial spores within a tailored synthetic
polymer matrix, combining the mechanochemical control of the matrix with the biological responsiveness
of the spores. Upon crack formation, the coating produces a fluorescence signal that directly reports
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damage under diverse loading conditions, geometries, and material systems. This biohybrid platform
establishes a scalable and generalizable strategy for sustainable material design. Beyond detection, the
modular spore-polymer architecture offers potential for next-generation multifunctional coatings capable
of not only sensing but also mitigating crack propagation. This work demonstrates a new approach for
integrating living components onto structural materials to enhance their durability, safety, and sustainability.
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All materials eventually fail. Repeated loading and everyday use
of materials and structures leads to fatigue cracking and ulti-
mately, failure over time.'® Engineers are continuously working
to design fatigue resistant materials with higher toughness and
improved elasticity. Considerable progress has been made in
designing tougher materials with various mitigation strategies to
prevent fatigue cracking.>”~® Nonetheless, early crack detection
remains essential for safety to prevent catastrophic failure in
infrastructure and equipment such as bridges, oil and gas
vessels, aircraft fuselages, piping, power plant equipment, and
boat hulls.'® Early detection of fatigue cracks is important for
safety as well as for minimizing material waste through
increased product lifespan and reduced over-engineering.
Current materials lack the ability to sense and respond to
cracks, calling for innovative design solutions for stimuli-
responsive materials. Nature provides many examples of mate-
rials with advanced functionalities, including responses to
environmental stimuli and self-healing, that surpass existing
synthetic material capabilities. Biomaterials, such as bone and
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plant tissue, demonstrate the ability to sense damage and then
allocate resources to facilitate a response, for example in the
form of hormone signaling or healing.'"'* Bio-inspired strate-
gies, such as vascularization, embedded capsules, and intrinsic
dynamic bonds aim to mimic biological sense-and-response to
enable healing of a damaged region. However, these strategies
each have their own limitations, for example compatibility with
only a narrow set of chemistries or only working for a single
damage event.">™° Researchers have addressed some of these
limitations by incorporating biological organisms. Previous
work in this field has produced many examples of futuristic
living materials capable of sensing, adapting, and responding
to diverse signals and stimuli."**'>” Unfortunately, the chal-
lenge of integrating and maintaining living components often
prevents the use of biological approaches to expand material
functionality.**" This roadblock has prevented researchers
from harnessing living materials to extend material lifespan,
calling for innovative biological and material design solutions.
A possible strategy is to design materials with biological sen-
sing components and structural synthetic components. These
hybrid living coatings may be the ideal solution for the ubiqui-
tous problem of fatigue cracking in conventional materials,
providing early crack detection and the potential for future
autonomous crack mitigation, surpassing existing crack detec-
tion strategies.

Current crack detection methods often require regular
inspection or can be destructive. Methods, such as visual
inspection and dye penetrant testing, are labor intensive or
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decrease the structural performance of the component.’**
Electrical or optical strain sensors can be embedded in some
materials, or alternatively, attached to the surface and are non-
destructive alternatives, but still require contact.>*° Non-
contact methods, including applying acoustic, ultrasonic, and
eddy currents, are typically used for monitoring over the long-
term and for large regions. However, these methods are sensi-
tive to noise and debris, which limits detection to primarily
actively growing cracks.'%**%°7¢ Additional studies of deforma-
tion and damage- and plasticity-detection in structural poly-
mers have made use of mechanochromic activation to obtain
fluorescence or a color change in the region of material
deformation.”®"~*° Current crack detection methods and
equipment can be costly, may require equipment downtime,
may not be optimal for detection of sub-millimeter cracks
covered with dirt, debris, or paint, and largely do not provide
pathways for mitigation.

We introduce a spore-polymer material coating to provide a
generalized strategy for structural material crack detection and
response. The use of spores that are innately resistant to UV
exposure, lack of nutrients, temperature and pH shifts, and
mechanical abrasion, will allow our coating to maintain func-
tionality after polymer curing and during component use.>'™*
Active cells that germinate from the spores offer diverse bio-
chemical functionality to the coating. The synthetic polymer
provides control of the chemical environment, and transduces
impending damage in the substrate into a coating response.
When the structural material undergoes local plastic deforma-
tion in the process of cracking, our composite coating cracks to
expose the spores to nutrients and germinants, which induces
spore germination and allows vegetative cell growth. The active
cells fluoresce or produce other signals, such as luminescence
or pH changes, to enable crack detection. Our coating can
detect and respond to fatigue cracks, addressing the need for
non-destructive, continuous crack monitoring of structural
materials. A bacteria cellular response to deformation of the
structural material can thus assist in early detection of damage.
The hybrid coating also offers future potential for genetic
engineering to realize crack mitigation strategies. We demon-
strate that our coating can successfully detect and respond to
cracks in situ by detecting regions of plasticity ahead of a
propagating crack, support living cells without an external
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nutrient source, and can be applied to different structural
materials in various loading environments. Real world use of
this coating will improve safety and reduce material waste
through increased product lifespan.

1 Results and discussion

1.1 Material selection and design of living coating for crack
detection

Bacterial spores are a natural choice as a living component of a
coating for fatigue crack detection. Spores do not require
nutrients in the spore state and are also resistant to many
external perturbations, ideal characteristics for fatigue detec-
tion, which requires long periods of inactivity (weeks to years)
followed by short periods of activity (hours to days). However,
spore engineering is in its infancy, with relatively few cues that
spores will germinate in response to.>>*° Furthermore, the
spores must be spatially distributed on the structural material
of interest. Therefore, we cannot simply ‘“use spores to detect
cracks”, but rather the spores must be integrated into a
material system to produce a functional coating. We take
inspiration from the self-healing concrete literature, and use
hydration and distribution of germinants as the trigger for
spore germination.'**"®> We connect this to the desired input
trigger (fatigue cracking of an arbitrary structure) by integrating
the spores into a water impermeable polymer that develops
microcracks at a low strain threshold. These microcracks in the
coating remain open for water, nutrients, and germinants to
permeate with any local accumulation of plastic strain in the
structural substrate - a signature of a propagating process zone
in the near-crack tip region. In contrast to spore engineering,
engineering of bacterial cell behavior in the vegetative state is
advanced, particularly for model organisms. There are there-
fore a range of options to make the vegetative cells outgrown
from spores visible - fluorescence is demonstrated here. This
concept for detecting the onset of fatigue fracture is shown
schematically in Fig. 1.

The spore component of the functional coating is required
to have fast germination and proliferation for quick detection.
Working with a genetically tractable organism enables genetic
modifications to aid detection (e.g., via fluorescence or biolu-
minescence) and to implement mitigation responses to enable
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Fig. 1 Schematic of crack detection mechanism for a structural material based on a spore-polymer coating. When the structural material undergoes
plastic deformation or initiation of a ductile fracture process, the coating cracks, allowing nutrients to enter and leading to spore germination. The spores
then germinate into vegetative cells that fluoresce, enabling crack detection via fluorescence imaging.
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modification for visualization via fluorescence, biolumines-
cence, or other signals to enable responsive behavior. Bacillus
subtilis spores were selected based on their common use in
previous literature,®®®” demonstrated fast growth of vegetative
cells, with a doubling time of approximately 30 minutes in ideal
conditions, and the availability of a large synthetic biology
toolkit. Here, we used a strain of B. subtilis that was modified
to constitutively express green fluorescent protein (GFP) in the
vegetative cell state. We compared the germination and sub-
sequent growth dynamics, as measured by optical density, of
our spores to those of a commercially available B. subtilis to
demonstrate that the fast growth was unchanged and that the
fluorescent signal was strong enough for detection (Fig. S1, SI).

The polymer matrix for the hybrid living coating was
selected based on five main requirements: non-cytotoxicity to
B. subtilis, embedded spore revivability, brittle mechanical
behavior, water/nutrient broth impermeability, and transpar-
ency. Accordingly, four material candidates were initially
selected for evaluation. An epoxy was selected due to prominent
use of epoxies in literature that indicated biocompatibility and
convenient fabrication methods.®® Three other materials used
in biocompatible coatings were also selected for additional
testing: tetEGDA,* PEMA,”® and PMMA.”"”? Literature also
indicated thermal stability and stiffness similar to common
non-gel cell culture substrate materials (E ~ 1 GPa) for these
candidates.”®”*”* The four transparent selected materials were
investigated further based on the requirements for non-
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cytotoxicity, brittleness,
cracking.

Biocompatibility of the matrix material candidates was first
tested to ensure that the B. subtilis cells could grow when in
contact with the polymer matrix. Cytotoxicity results indicate
that PEMA and PMMA are the most biocompatible due to no
growth inhibition around samples of these materials, as seen in
Fig. 2a. All trials for the cytotoxicity tests are shown in Fig. S2a
(SI). Uncured methylmethacrylate was also later tested to
ensure that the unpolymerized monomers of PMMA were also
non-cytotoxic (Fig. S2b, SI).

Uniaxial tensile tests were conducted to evaluate the strain
to failure of the different material candidates before spores
were embedded (Fig. 2b). The coating requires a brittle beha-
vior at small strains to successfully detect plastic deformations
of the structural substrate. Uniaxial tensile tests indicated low
strain to failure (<10% elongation) for all materials except for
PEMA. All candidates had a Young’s modulus ~ 1 GPa except
for tetEGDA, however the stiffness of tetEGDA (0.22 GPa) is still
above that of bacterial cells (0.15 GPa).”>”” A graph of the low
strain values is included for close up visualization in Fig. S2c
(SI). All tensile testing trials for each material candidate is
included in Fig. S3a-d (SI) and results for Young’s modulus,
ultimate tensile stress, and strain to failure are summarized in
Table S1 (SI). PMMA showed the smallest strain to failure at
1.08%, demonstrating small strain brittle behavior that is ideal
for the coating matrix material.

and revivability only upon matrix
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Fig. 2 The matrix material for the spore-polymer composite coating was selected based on (a) material non-cytotoxicity shown via the lack of a growth
inhibition zone (quantified by [the polymer block width subtracted from the diameter of inhibition zone] divided by 2), (b) mechanical properties including
strain to failure and Young's modulus, and (c) embedded spore revivability (PMMA test shown here) where growth was measured for cracked spore-
polymer coating (green), uncracked spore-polymer coating (orange), and coating without spores (blue) samples. PMMA was selected as the ideal
polymer matrix due to biocompatibility, brittle mechanical behavior, and spore revivability. All error bars report standard error of the mean (n = 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of material selection process for the polymer matrix
based on requirements of mechanical properties and biocompatibility.
PMMA was selected as the best candidate

Material Cytotoxic Brittle Revivable spores
Epoxy 4500 Yes Yes —

tetEGDA Yes No —

PEMA No No —

PMMA No Yes Yes

The remaining material candidate, PMMA, that met the
requirements for non-cytotoxicity and brittle mechanical beha-
vior was tested both for spore revivability upon matrix cracking
and absence of germination in the absence of matrix cracking
(Fig. 2c). Note that there was no background spore growth
without cracks, as a second, spore free coating of PMMA fully
encapsulated spores for complete biocontainment. A primary
concern was that polymer cure strains or uncured monomers
may affect bacterial revivability once embedded in the
coating.”® Spores, methylmethacrylate monomer, and initiator
were mixed at a 1% w/v ratio of spores to monomer and cured
as a coating on polycarbonate blocks (as a representative
substrate). A layer of methylmethacrylate monomer and initia-
tor without spores was then applied on the top surface and
cured to ensure that no spores were exposed at the surface of
the coating. This hybrid living coating was manually cracked
under a bending load and then placed in Lysogeny broth (LB)
growth media for 24 hours. The number of cycles to induce
fatigue cracking can range from a few to ten million cycles
which might occur over the span of years. Often fatigue
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cracking occurs over the span of years with factors such as
temperature and loading waveform playing a key role.” Cell
germination and growth was apparent from the increasingly
cloudy appearance of the medium over time, which was quan-
tified through optical density measurements (Fig. 2c). In the
absence of surface cracking, the medium remained clear,
indicating that the intact PMMA matrix was negligibly perme-
able to nutrients and embedded spores did not germinate. As
expected, blocks coated in neat PMMA (no spores) did not show
signs of vegetative cell growth. Collectively, these results show
that PMMA is a non-cytotoxic matrix material for embedding
spores and does not prohibit spore germination and cell growth
upon nutrient exposure due to matrix cracking. The material
selection process leading to the selection of PMMA as the
polymer matrix is summarized in Table 1.

1.2 Detection of structural material deformation using a
hybrid living spore-polymer coating

To determine the coating’s ability to detect the structural
deformation through the sequence of coating cracking, spore
germination, and subsequent cell fluorescence, dog bone sam-
ples of polycarbonate (a ductile and transparent glassy poly-
mer) coated with the spore-PMMA composite were subjected to
tensile testing (Fig. 3a). Samples were then given 24 hours of
growth time in a nutrient bath with no applied tensile force.
Under these conditions, cracks are not expected to grow
further. Samples were then imaged using fluorescence micro-
scopy. Note that coating the glassy polymer (polycarbonate) did
not have a statistically significant effect on the Young’s

Day 0

Day 4

Day 1

100 pm

Fig. 3 Mechanically driven crack detection demonstrated via cracks in the spore-PMMA coating detected when the underlying substrate underwent
plastic deformation. (a) Schematic of polycarbonate dog bone sample coated with the spore-polymer composite coating for crack detection and
subjected to uniaxial tensile testing. (b) Cyclic stress—strain curves for coated polycarbonate samples tested at 2% and 4% strain demonstrating the elastic
and plastic behavior for the strain levels respectively as indicated by the amount of residual strain. (c) No fluorescence was observed for samples at Day O
just after testing as cells had not yet grown. Samples tested until 0.2% strain did not crack and did not show any fluorescent signal. Crack fluorescence
was first detected at Day 1 for samples subjected to 4% strain. Fluorescent signal was much stronger at Day 4 with high background fluorescence due to
culture growth in the surrounding medium. Samples tested until 2% strain showed negligible crack fluorescence at Day 1 and limited crack fluorescence
at Day 4.
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modulus, using a two-tailed student ¢-test (Fig. S4, SI). Samples
were tested to different levels of deformation, including 0%,
0.2%, 2%, and 4% strain (Fig. 3b and Fig. S5a-c, SI). Note that
plastic yielding for polycarbonate occurs at approximately 2%
strain in uniaxial tension, as indicated by the inelastic strains
observed upon unloading (Fig. 3b and Fig. S5d, SI). As expected,
deforming the coated specimens to 2% and 4% strain resulted
in cracking of the coating, whereas cracking did not occur for
lower strains. Consequently, no fluorescence was observed in
the samples subjected to 0% or 0.2% strain (Fig. 3¢ and Fig. S6,
SI). Specimens tested to 4% strain showed fluorescent cracks in
the matrix at 24 hours of growth in LB media (Fig. 3c and Fig.
S6, SI), indicating that the cracks enabled the nutrient bath to
penetrate the coating, leading to spore germination and then
cell growth. Interestingly, samples with 2% strain displayed a
predominantly elastic response and consequently later onset of
fluorescence (apparent at 4 days). The faster fluorescence
response for the 4% strain samples compared to 2% strain
samples is likely due to the plastic deformation of the poly-
carbonate substrate holding the cracks in the PMMA open and
allowing nutrients and water to flow into the cracks more easily
(Fig. S6 and S7, SI). This presents a way to practically distinguish
between cracks that may be the result of external action through
handling the coating, compared to deformation or cracking
within the structural material itself. Fig. S7 (SI) provides a
zoomed in image in which cells can be identified in the wispy
pattern along the fluorescent cracks. By day four, the 4% strain
samples show significant overgrowth from the original crack
pattern. No fluorescence is observed at any mechanical strain
when no spores are embedded in the PMMA (Fig. S6).

1.3 In situ detection of localized deformation

The spore-PMMA coating was further enhanced to function
independently (no external nutrient bath required), and then
used to demonstrate in situ monitoring and detection of the
structural material deformation, including complex geometries
with regions of concentrated stress. A gel layer was added on
top of the spore-PMMA layer to supply nutrients to spores and
cells via cracks. The nutrient layer would enable the coating to
be used in ambient dry environments for practical applications.
The gel was required to be biocompatible in order to not inhibit
cell viability or proliferation. The layer was also designed to
have a high strain to failure to maintain cohesion and contact
when cracks appear in the underlying spore-PMMA layer.
Various gels traditionally used as bacterial substrates were
considered for this layer based on the biocompatibility and
stretch requirements (Fig. S8, SI). We tested biocompatibility of
gel candidates by growing bacteria on gel plates to determine if
the gels enabled cell growth (Fig. S8a, SI). Mechanical proper-
ties were measured through uniaxial tensile testing of gel dog
bone samples for each candidate material. Based on test
results, polyacrylamide (pAAM) was chosen due to fast and
extensive bacterial growth indicating biocompatibility, and
high stretch to failure (Fig. S8b, SI). The gel layer recipe,
specifically the fraction of crosslinker and initiator, were tuned
to improve diffusivity of nutrients (Fig. S9a-e). A compliant,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water impermeable layer was added on top of the nutrient layer
to keep the gel layer hydrated. It is essential that the gel layer
stays hydrated, so that it can deliver nutrients to the spores via
the cracks when they are triggered by structural material
deformation.”” UV-cured silicone was selected as the water
proofing layer for its ability to best keep the gel hydrated and
adhere the gel to the structural material (Fig. S10a, SI). The
silicone layer had sufficiently high strain to failure to ensure
that it would not fail before the structural material (Fig. S10b).
Ideal detection conditions would be indoors to avoid environ-
mental weathering with temperatures above freezing to avoid
damage to the gel layer. A sufficient silicone seal prevented
drying out at typical room temperatures and humidity levels of
approximately 20 °C and 30% humidity for several days. Sam-
ples remained hydrated for over 28 days when in humidity
conditions of 95%. The time scales for polymer aging are
estimated to be approximately 25 years for PMMA and 20 years
for silicone materials at 20 °C.%°"®> However, drying of the
nutrient layer occurs over a much shorter period. While the
PMMA layer is adhered to the structural materials in this study,
the gel layer is not adhered to the underlying PMMA layer,
which may facilitate replacing the nutrient layer if needed.
Alternative gel layers or gel surface treatments could be used if
adhesion were required for a particular application, provided
that the gel still meets the design criteria outlined: biocompat-
ibility and high strain to failure.

The complete coating, consisting of the spore-PMMA layer,
nutrient layer, and silicone layer, was tested to ensure that
there was no spontaneous germination and that the complete
coating could successfully detect cracks. Polycarbonate dog
bone samples with the complete coating were stored for
4 weeks in a humidity chamber and checked each week to
monitor if there was spontaneous germination. No sponta-
neous germination was observed after 4 weeks (Fig. S11, SI),
indicating the need for cracks for the nutrients to reach the
embedded spores. This also demonstrates potential storage for
the material before application to a structural material or
possible humidity conditions for longer term coating use. To
test crack detection with the complete coating, dog bone
samples were tested under uniaxial tension to 0%, 2%, and
4% strain as per the previous tests conducted in the nutrient
media bath to demonstrate similar crack detection trends (Fig.
S12, SI). Faint cracks could be detected in the 4% strain sample
at 24 hours, with significant overgrowth seen by day 4. Samples
tested to 2% strain showed limited fluorescence at 24 hrs and
stronger response by day 4, whereas samples subjected to 0%
strain showed no response. Specimens that had been stored for
4 weeks were also tested at 4% strain and demonstrated
successful crack detection (Fig. S11b and c, SI) post storage.

Next, a new specimen geometry was selected to demonstrate
the coating’s effectiveness for detecting localized damage. A
stress concentration in the form of a circular cutout in the
polycarbonate structural layer was added to a widened dog
bone geometry (Fig. S13a, SI). The samples were subjected to
monotonic loading to a crosshead displacement of 4% of the
initial grip-to-grip distance, exhibiting first linear elasticity and

Mater. Adv., 2026, 7,1099-1113 | 1103
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Fig. 4 In situ detection of localized cracks. (a) (i) Image of sample coated region pre-testing and post-testing showing cracks concentrated in the high-
stress regions of the sample. (ii) Microscopy results for a sample loaded monotonically to 4% strain with a nutrient layer added showing no cracks and
fluorescent response in the no-stress region and crack detection in the region of localized stress. (b) (i) Schematic of in situ fluorescence imaging setup
consisting of a blue light for excitation, sample being tensile tested, filter and camera for capturing GFP fluorescence. (ii) Fluorescence responses for the
low stress region beside the hole with no cracks and the high stress region above/below the hole with cracks were measured over a time period of 48
hours. Samples with no loading did not show any cracks or fluorescence when imaged using microscopy at 48 hours. Samples that underwent 1 hour of
loading showed surface level cracks but no significant fluorescence response (Fig. S17, SI). Samples that were intermittently loaded for a total of three
hours showed a statistically significant fluorescence response at 48 hours and clear fluorescent crack regions. Samples that underwent 3 hours of loading
immediately had the most growth time and showed the strongest fluorescence response which was statistically significant by 32 hours as measured with
the in situ imaging setup. Cyclic tensile testing was performed at 100 N, 0.03 Hz. All error bars report standard error of the mean (n = 3). (c) Microscopy
images validating the in situ fluorescence imaging setup taken at the 48 hour time point in the region of stress concentration.
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then yielding (Fig. S13b, SI). The stress concentration resulted
in localized cracking in the coating at the top and bottom of the
circular cutout (Fig. 4a(i)). Digital image correlation results on
neat polycarbonate specimens indicate that, as expected, max-
imum principal strain at the top and bottom of the circle
(Fig. 4a(i)) surpasses 4% (Fig. S14, SI), and therefore that plastic
deformation will occur at the top and bottom as shown in
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Fig. 4a(i). Microscopy conducted on the coated specimen 24
hours post-test indicated successful crack detection as expected
in the cracked regions and no cracks or fluorescence in the
meridional edge of the hole, which experienced low stress and
strain levels (Fig. 4a(ii) and Fig. S15, SI).

The majority of cracks in a structural layer form over an
extended period of time due to small cyclic loads or

a) Polycarbonate
Bright Field

i) ii)
1

Fluorescence

Steel
Bright Field

1cm
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—
p—
Day: (; 1 i ;3 :l 1cm
Loading Microscopy Local Color Metabolite

Change Diffusion in Gel

Fig. 5 Detection of crack propagation in compact tension specimens. (a) (i) Example image of a coated polycarbonate compact tension sample. Black
lines denote grip boundaries and arrows indicate applied forces from the pins used to mount the sample. (a) (ii) Microscopy images at each position after
24 hours: (1) crack tip, (2) plastic zone, and (3) region far from the crack tip. Samples that underwent no loading did not show any crack growth and
fluorescence. Samples loaded for 1 hour (shown here) showed substrate crack growth and fluorescence at the crack tip and plastic zone. Samples that
were loaded for 3 hours (Fig. S22, SI) showed the largest substrate crack growth and also had fluorescent coating cracks in the plastic zone. (b) (i) A steel
compact tension sample and (i) microscopy images for crack detection. (c) The addition of the pH indicator, phenol red, enabled visual detection of the
plastic region with substrate cracks after 3 days for bacterial growth post fatigue testing.
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intermittent use of a part or structure; in this context a
microbial growth timescale of 1 to 4 days to warn of impending
damage is quite practical. Using the stress concentration
geometry from above, we demonstrate in-situ detection of
substrate plasticity due to intermittent fatigue loading. Samples
were subjected to no loading, 1 x 1 hour, 3 x 1 hour,and 1 x 3
hours of cyclic loading of 0 N to 100 N tension, at 0.03 Hz (Fig.
S16, SI) - the initial cycle of this loading corresponds to
approximately 1% strain of the crosshead displacement. A
custom in situ fluorescence imaging setup was used to monitor
samples undergoing cyclic loading (Fig. 4b(i)). A statistically
significant increase in fluorescence of the stress concentrated
region versus the unstressed region was observed for the 3 x 1
hour loaded sample at 48 hours and for the 3 hour continu-
ously loaded sample at 32 hours (Fig. 4b(ii)). These results were
validated using microscopy imaging at 48 hours to check for
cracks in the spore-PMMA layer (Fig. 4c). No coating cracks or
fluorescence were observed in the spore-PMMA layer in the
unloaded control sample. The sample loaded for 1 hour showed
surface level damage via a branched pattern but no through
cracks in the coating (Fig. S17, SI). Intensity scaled images of
the control (uncracked) and cracked regions are provided in
Fig. S18 (SI) to enable visual comparison of the different
loading histories.

1.4 Response to deformation ahead of fatigue cracks in
different structural materials for early detection

We demonstrate that our coating can detect regions of plasti-
city ahead of a propagating crack, critical for avoiding cata-
strophic failure. This might be useful to indicate where a
material is likely to crack but also to enable repair prior to
failure. A standard ASTM crack propagation geometry for the
structural material, the compact tension specimen (Fig. S19,
SI), was used for testing (note: our samples are thin and do not
meet the typical plane strain version of this standard geometry).
The samples contain a pre-crack made using a razorblade
before coating. Samples were then coated along a narrow region
covering the area where the crack was expected to propagate.
The samples were then cyclically loaded for 1 hour (Fig. 5 and
Fig. S20, SI) and 3 hours (Fig. S21, SI) (Fig. 5a(i)). The applied
cyclic loading resulted in crack propagation on the order of
hundreds of microns. Three regions of interest were imaged 24
hours after mechanical loading: the crack tip, the plastic zone
just ahead of the crack tip, and a far field region where no
cracks were expected, as annotated in Fig. 5a(i). Fluorescent
cracks in the coating are observed at the crack tip and plastic
zone for samples that were loaded from 0 N to 60 N, at 0.03 Hz,
for 1 hour, indicating successful detection of plasticity ahead of
the crack. The crack in the structural material was tracked via
imaging during loading, while the coating cracks were exam-
ined via microscopy. All images for bright field and fluores-
cence of different loading conditions are included in Fig. S22
(SI). No cracks in the coating were observed for samples
that underwent no loading or for the region far from the crack

tip (Fig. 5a(ii)).
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The coating also proved to be effective on a different
structural material, demonstrating that the coating is not
substrate chemistry specific. We coated and tested steel A572
compact tension specimens. A572 is a low alloy, high strength
steel that is common in structural applications.®**** A razor
blade was used to achieve a sharp pre-crack stress concen-
tration of approximately 0.32 mm (Fig. S23, SI) to ensure that a
crack propagated during loading (Fig. S24, SI). Fig. 5b(i) shows
successful application of the coating to a steel compact tension
sample. The steel crack propagation was approximately 200 pm,
yet the crack and plastic zone deformation was successfully
detected via the cell fluorescence (Fig. 5b(ii)). Steel detection
images are included in Fig. S25 (SI), including the pre-coating
and control samples.

One major benefit of including a biological component in
material design is the potential to leverage the biological
component for structural material crack mitigation strategies.
Genetic engineering could be harnessed to use cells to mediate
the crack environmental conditions, for example to promote
crack blunting to prevent crack propagation.>*>*® To demon-
strate this promise, we integrated a pH indicator, phenol red,
into the nutrient layer, to demonstrate that the embedded cells
in the coating can be used to alter the crack environment pH. A
transparent polycarbonate compact tension sample was uti-
lized rather than a steel specimen to facilitate visualization.
Samples were first coated and cyclically loaded on Day 0 and
then were imaged once a day to check for colorimetric changes
due to pH shifts. A shift in the pH from approximately 7 to
greater than 8 based on the color change was first observed at
3 days post testing, two days after crack detection via fluores-
cent microscopy (Fig. 5¢). The delayed colorimetric shift is due
to the need for significant bacterial proliferation to drive the
change in pH through the production of metabolites or waste
products. As expected, this initial color change occurs in the
plastic zone. By the fourth day, the metabolites have diffused
throughout the gel leading to color along the entire specimen
width. No fluorescence or small cracks were observed in the far
region on the fourth day, confirming that the global color
change was indeed due to diffusion of metabolites from the
bacterial growth in the plastic zone cracks. The additional
colorimetric option for crack detection makes the coating more
accessible for use without imaging equipment or genetic mod-
ification. A colorimetric change leads to a detection zone that
enlarges spatially over time which can be used to infer the
source, and demonstrates the potential of the coating to control
the crack environment for future crack mitigation.

2 Conclusion

Early crack detection in structural materials is essential for
safety critical applications and minimizing material waste. We
created a hybrid living coating capable of sense-and-response
behavior as often is observed in nature. Our coating success-
fully senses localized plasticity in situ and can be applied as a
coating for different structural materials for detection of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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deformation and the onset of fatigue cracks. The biohybrid
coating also holds the potential to be harnessed for crack
mitigation, by leveraging the biological component. Our coat-
ing might be suitable for use on internal surfaces, such as ship
hulls, where crack detection and mitigation are particularly
challenging. The outlined material selection process, including
matrix and organism requirements, candidate selection, and
comprehensive evaluation, will facilitate the development of
other biohybrid composites to expand the field of living mate-
rials and increase material functionality. The coating success-
fully detects structural material plastic deformation associated
with the onset and propagation of cracks, creating an ideal tool
for in situ monitoring of fatigue that can be used for different
geometries and materials. Our hybrid living material presents a
major leap towards increasing material functionality and
improving safety and sustainability through early crack detec-
tion preventing catastrophic failure. Future work is needed to
explore coating performance under varied application relevant
environmental conditions and even longer timescales and to
harness the biological function for damage mitigation and self-
healing.

3 Experimental section
3.1 Bacterial sporulation and culture conditions

We used a B. subtilis 168 trpC2 strain with genotype sacA::Pveg-
infC translation initiation region with AUUAUG start codons-
3XFlag-GFP. Cells were grown in lysogeny broth (LB) Miller
(VWR, Radnor, PA) at 37 °C on an orbital shaker (VWR) at 200
rotations per minute (rpm) unless otherwise noted. Plates were
made using 1.5% bacteriological agar (VWR) and 2.5% LB
Miller broth powder (VWR). All reagents were sourced from
Sigma Aldrich (St. Louis, MO) unless otherwise noted. Spores
were produced by first inoculating 4 mL of LB medium with B.
subtilis. The bacteria were grown overnight at 37 °C at 200 rpm.
The overnight culture was then diluted to an optical density
(OD) at 600 nm of 0.1-0.2 in 10 ml LB. Cells were grown to an
OD of 0.8 at 37 °C at 200 rpm before centrifuging the cells at
13000xg for 1 minute, washing the pellet with 1 mL 1x
phosphate buffered saline (PBS) (VWR), and re-suspending
the pellet in 5 mL Difco Sporulation Medium (DSM). DSM
broth consisted of 8 g nutrient broth, 1 g potassium chloride,
1 mL magnesium sulfate (1 M), 1 mL manganese chloride
(10 mM), 1000 mL deionized water, 0.5 mL calcium chloride
(1 M stock concentration), and 1 mL iron sulfate (1 M stock
concentration). After 24 hours of growth in DSM media, the
cells were treated with 1 mg mL ™" lysozyme for 1 hour at room
temperature. The cells were subsequently washed 6 times with
1x PBS, lyophilized overnight and stored at 4 °C.

3.2 Spore growth and fluorescence testing

To compare spore growth and fluorescence between commer-
cially available B. subtilis spores (Ecosh Life, Estonia) and the
spores produced through the outlined sporulation protocol
using the strain with GFP expression, 200 pl of LB were
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inoculated with 1 mg of spores from non-fluorescent and
fluorescent cell lines on a 96-well plate. Tests were performed
in triplicate. The optical density at 600 nm (Fig. S1a, SI) and
fluorescence at an excitation and emission of 488 and 509 nm
(Fig. S1b and c, SI) respectively were measured at 0 hours and at
22 hours. A blank well with just LB was used as a control for
background signal.

3.3 Fabrication of additional matrix polymer candidates for
the spore-polymer composite

Polymer matrix materials that were considered for the spore-
polymer composite, include epoxy, polyethylmethacrylate
(PEMA), tetra(ethylene glycol) diacrylate (TetEGDA) and PMMA.
Epoxy 4500 was mixed with the curing agent 4570 from Fiber
Glast (Brockville, OH) at a ratio of 100:22 and allowed to cure
for 14 hours overnight at 65 °C as per the manufacturer’s
guidelines. TetEGDA and PEMA (Polysciences Inc., Warrington,
PA) were made by mixing the monomer, tetraethylene glycol
diacrylate or ethyl methacrylate respectively, with 1%
2-hydroxy-2-methylpropiophenone initiator and curing for
30 minutes under UV. PMMA was made by mixing MMA with
1% 2-hydroxy-2-methylpropiophenone initiator and curing for
approximately 50 minutes under UV until the polymer was fully
solidified.

3.4 Cytotoxicity test

Cytotoxicity tests were conducted to determine which polymer
matrix material candidates were biocompatible with spore
germination and cell growth. B. subtilis spores were first bead
plated on LB-agar gel plates. Three polymer blocks, approxi-
mately 1 cm x 1 cm x 1 cm, for each of the material candidates
were then placed on the plates. The plates were incubated at
37 °C for 24 hours and imaged following the growth period.
Cytotoxic materials lead to a ring of no growth on the agar
surrounding the block following the growth period. The dia-
meter of the ring of no growth was measured to quantify the
material’s toxicity. The width of the block was subtracted from
the diameter of the growth ring and divided by two to deter-
mine the size of the growth inhibition zone.

3.5 Embedded spore revivability test

PMMA was tested for whether spores could be revived once
embedded in the material by mixing in spores with the selected
polymers and testing growth. Small blocks of polycarbonate
(Robosource, Worcester, MA) were first cut to act as the
structural material. Spores and methylmethacrylate were then
mixed at a 1% w/v ratio and cured to coat the polycarbonate
blocks. A layer of PMMA with no spores was finally cured on top
to ensure that all spores were coated with the polymer. The
blocks were then put in LB growth media for 24 hours. The
optical density of the media at 600 nm was measured each hour
for 24 hours to quantify growth. Three groups were considered:
a polymer coated block with no spores in the coating, an intact
spore-polymer coated block, and a cracked spore-polymer
coated block.
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3.6 Fabrication of polycarbonate samples and coating with
spore-PMMA layer

Polycarbonate (Robosource, Worcester, MA) sheets were cut into
dog bone shapes with a miter saw following the ASTM D638 Type
5 standard with a gauge length of 25.4 mm and sanded to
remove any uneven edges. To make the selected coating, MMA
was mixed with 1% 2-hydroxy-2-methylpropiophenone (TCI
America, Portland, OR) initiator and pre-cured for 40 minutes
under a 6-watt UV-A lamp (VWR) at a wavelength of 365 nm. A
1% w/v mixture of spores to the volume of partially cured PMMA
was made. The spore-PMMA mixture was gently pipetted up and
down to evenly mix in the spores until visually homogeneous.
Any inhomogeneities were vortexed to ensure a fully uniform
spore dispersion. A 1% w/v solution of spores ensures effective
spore coverage throughout the coating without affecting
mechanical properties, such as stiffness (SI, Fig. S4). The mixture
was then pipetted onto the structural substrate to form a coating.
The sample was exposed to an additional 30 minutes of UV to
fully solidify the coating. A second layer of pre-cured PMMA was
applied, fully covering the first layer, and cured for 30 minutes to
ensure that no spores were exposed at the coating surface. The
final coating had an average thickness of 0.28 + 0.10 mm with
each layer of PMMA approximately equal in thickness. Both
spore and non-spore (control) samples received the second coat
for consistency. Polycarbonate dog bone circular stress concen-
tration and compact tension samples were coated following the
same procedure.

3.7 Fabrication of polyacrylamide nutrient gel

The nutrient layer was made from polyacrylamide (pAAM) gel
based on the protocol outlined by Tuson et al.*” To produce the
gel, 710.8 mg of acrylamide (Sigma Aldrich) and 30.834 mg
methylene bis-acrylamide (MBA) (Sigma Aldrich) were dissolved
in 10 mL of deionized water. The solution was filter sterilized
using a Steriflip-GP, 0.22 um, polyethersulfone, gamma irra-
diated filter (EDM Milipore, Burlington, MA). Following ster-
ilization, 10 pL of N,N,N’',N-Tetramethyl ethylenediamine
(TEMED) (Oakwood Chemical, Estill, SC) and 10 mg of ammo-
nium persulfate (APS) (Sigma Aldrich) were added before pour-
ing the solution into ASTM D638 Type 5 dog bone shaped
Teflon molds for mechanical tests or Petri dishes for growth
tests or layers for samples. A mold required 0.5 mL of solution
and a 55 mm diameter Petri dish (VWR) used 10 mL solution.
The gels were then cured at 45 °C for 60 min. After curing, gels
were soaked in a 1 L bath of deionized water over night for
three days with the water renewed each day to remove uncured
monomers as per the protocol outlined by Tuson et al. The gels
were then soaked in LB solution for 24 hours to infuse nutrients
for bacterial growth and sterilized using a UV Stratalinker
(REUZEit, Temecula, CA) with 3000 x 100 pJ energy mode to
ensure no live cells were present in the nutrient gels.

3.8 Fabrication of additional nutrient gel candidates

Several gels were considered to serve as the nutrient layer
including LB-agar, LB-agarose, LB-pAAM-alginate, calcium-
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alginate, and LB-pAAM (described in previous section). LB-
agar gel was made by dissolving 2.5 g LB powder (VWR) and
1.5 g bacteriological grade agar (VWR) in 100 ml deionized
water and autoclaving to sterilize before pouring plates to test
growth or filling dog bone molds for tensile testing. LB-agarose
was made by mixing 1% agarose (Sigma Aldrich) in deionized
water and casting the mixture in a plate or dog bone form. The
plates were sterilized under UV using 3000 pJ with a Stratalin-
ker. To produce an LB-agarose plate, LB medium was used
instead of water. LB-pAAM-alginate was made with 10 mL LB
broth, 0.72 g acrylamide, 0.0036 g N,N-Methylbis (acrylamide),
and 0.072 g potassium persulfate initiator, and 0.024 g sodium
alginate (all chemicals from Sigma Aldrich unless otherwise
indicated). Calcium-alginate gels were produced by mixing 5%
sodium alginate in deionized water and stirring over night to
allow for bubbles to escape to form a homogeneous solution.
The gel was then solidified by soaking it in 1 M calcium
chloride (Sigma Aldrich) solution.

3.9 Water loss assay

To test water loss, pAAM gel was cast in 5.5 cm diameter Petri
dishes and covered with the desired candidate material for
preventing water loss and left uncovered at a temperature of
23 °C and 30% humidity. The plate was weighed on a scale
(LA2002E, Metlier Toledo, Columbus, OH) initially and on each
subsequent day. The percent water loss was calculated to
determine the effectiveness of various materials for preventing
water loss in the gel. The weight was corrected to discount the
weight of the Petri dish.

3.10 Fabrication of polycarbonate samples with complete
coating

Fabrication of polycarbonate samples with the complete coat-
ing initially followed the procedure described in ‘“Fabrication of
Polycarbonate Samples and Coating with spore-PMMA Layer”.
Nutrient gel layer strips were cut and layered onto the spore-
PMMA coated samples and sealed to prevent water loss with
silicone (SS-155 UV Dual Cure Silicone Adhesive Sealant -
Humiseal 1C63 Offset, silicone solutions, Cuyahoga Falls,
OH). The silicone layer was cured under UV for approximately
1 hour and given 24 hours to set before sample use.

3.11 Tensile testing

We conducted uniaxial tensile testing to determine the
mechanical properties of each material candidate when select-
ing the matrix material, to check if the coating layered on
polycarbonate altered mechanical properties, and to test the
coating performance when subjected to different amounts of
strain. Specimens followed the ASTM D638 Type 5 standard
shape with a gauge length of 25.4 mm. Tests were conducted on
a Zwick-Roell (Zwick Roell, Germany) Z010 system with a
10000 N capacity load cell. A constant crosshead displacement
rate of 0.05 mm s ' was applied corresponding roughly to a
strain rate of 0.002 s~ ', determined by dividing the crosshead
displacement rate by the gauge length. Strain was determined
by dividing the final crosshead displacement by the initial
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gauge length. A 20 N load cell was used for tensile testing of
freestanding gels. Three replicates were conducted for each
material. All stress values are reported as engineering stress
and were calculated using the initial cross-sectional area of the
sample.

3.12 Fabrication of dog bone samples containing stress
concentrations for fatigue testing

Fatigue testing following testing protocols (ASTM D 5045-99)
and the Standard Test Method for Open-Hole Tensile Strength
of Polymer Matrix Composite Laminates (ASTM 5766) was
conducted to determine the effectiveness of the coating for
detecting fatigue cracking. Dog bone shaped specimens were
laser cut using a Boss Laser LS-2440 (Boss Laser, Sanford, FL) at
60% power, a speed of 20 mm s~ ', and a single pass following
the dimensions outlined in the relevant ASTM standard. The
thickness of 1/32” polycarbonate was used to enable laser
cutting of the samples.

3.13 Digital image correlation

Digital image correlation (DIC) analysis was conducted with a
Point Grey camera (GRAS-50S5M-C, Richmond, Canada) with a
12x zoom lens (Navitar, Rochester, NY). A speckle pattern was
applied to the dog bone samples containing circular stress
concentrations, with matte white spray paint (Fusion, Cleve-
land, OH). Imaging was carried out using VIC-Snap 8 software
and analyzed using VIC-2D Digital Image Correlation (Corre-
lated Solutions, Irmo, SC). An imaging rate of 15 frames s~ was
used for DIC tests.

3.14 In situ fluorescence imaging

A fluorescence setup was assembled to image full field fluores-
cence during mechanical testing. The setup consisted of a UV
light, filter, and camera. A UV light at at wavelength of 395 nm
(WF-502B, Ultrafire, Chicago, IL) was used to excite the sample.
A Point Grey (GRAS-50S5M-C) camera with a 525 nm micro-
scope filter in front of the lens was used to image the sample.
Image] software was used to conduct fluorescent image analy-
sis. Images were taken of the regions of high and low stress
surrounding the circular stress concentration. The average
fluorescence intensity was measured in Image] and recorded
for the in-frame sample area, which was kept consistent
between time points.®®

3.15 Compact tension testing

Polycarbonate compact tension testing samples were lasercut at
60% power, a speed of 20 mm s ', and a single pass and
following the standard dimensions provided by ASTM 3999
(Fig. S19, SI). Polycarbonate sheets with a thickness of 1/32”
were used, resulting in a plane stress case according to ASTM
E399. Custom grips were machined using tool steel to mount
the samples to the Zwick Roell load frame. Polycarbonate
samples were pre-cracked to a depth of 1 mm using a single
swipe with a steel razor blade, as per ASTM guidelines, before
coating. Coated polycarbonate samples were loaded from 0 to
75 N, at 0.03 Hz for 0 hours, 1 hour, and 3 hours.
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Steel samples were water jet cut from stainless steel A572
following the same dimensions used for polycarbonate com-
pact tension samples. Steel samples were pre-cracked using the
razor blade method with an average pre-crack value of 0.32 mm.
Steel compact tension tests were conducted from 0 to 200 N, at
0.05Hz for 360 cycles. Both polycarbonate and steel samples
were imaged at a rate of 5 images per cycle for the duration of
testing to track the crack growth. Images were analyzed using
Image] to make accurate crack length measurements, that
aided in distinguishing cracks in the structural material from
coating cracks in the plastic zone. Samples were imaged using
microscopy (Leica DMi8 C microscope) at 24 hours after the
start of loading to measure fluorescence response.

3.16 Change in pH in crack environment

Additional tests were done to demonstrate changes in the crack
pH through the addition of phenol red indicator which turns
bright pink at an approximate pH value of 8. The indicator was
added to the initial LB used to infuse the pAAM nutrient layer.
A phenol red stock concentration of 15 mg mL ™" in deionized
water was used to make a final phenol red concentration of
1 uL mL™" in the LB solution. The sample was then subjected to
fatigue loading and imaged each day to observe any color changes
due to bacterial production of metabolites.

3.17 Spontaneous germination testing

To ensure that samples do not spontaneously germinate, fully
coated samples were stored in a humidity chamber (Associated
Environmental Systems, Ayer, MA) at 25 °C, 95% humidity.
Three samples were removed each week for microscopy ima-
ging for 4 weeks to check for any fluorescence or cell growth.

3.18 Microscopy

Fluorescence and optical microscopy were used to visualize crack
patterns and cell fluorescence. A Leica DMi8 C microscope
(Leica, Germany) was used with 20x magnification, 5 ms expo-
sure, and gain of 10. A 488 nm excitation wavelength and a 530/
40 nm emission filter were used for fluorescence measurements.
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