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Visualizing mechanical stress distribution in soft and live biomaterials is
essential for understanding biological processes and improving material

design. However, it remains challenging due to their complexity, dynamic
nature, and sensitivity requirements, necessitating innovative techniques.

Since polysaccharides are common in various biomaterials, a biosensor inte-
grating a Forster resonance energy transfer (FRET)-based tension sensor
module and carbohydrate-binding modules (FTSM-CBM) has been designed
for real-time monitoring of the stress distribution of these biomaterials. By
simple dripping or soaking, FTSM-CBM enables fast, reproducible and semi-
quantitative detection of both 2D and 3D stress distributions in
polysaccharide-based hydrogels. Additionally, it provides valuable informa-
tion such as microstructure hints and fracture site warnings. FTSM-CBM can
also monitor the locomotion of maggots, which is not feasible with most
existing techniques. Furthermore, by changing the CBM, FTSM-CBM can be
expanded for various polysaccharide-based biomaterials. This study provides

a powerful tool that may promote related research in life and materials

science.

Natural soft materials, such as vertebrate skin, crustacean arthrodial
membrane, and insect soft cuticles, play crucial roles in providing
physical barriers and mechanical support for these organisms'®.
Polysaccharides, including chitin, cellulose, and glucans, are the most
abundant components of soft materials and often provide essential
structural support to various biomaterials’®. These include chitin-
reinforced arthropod cuticles, squid pens, cellulose-reinforced plant
leaves, and algae cell walls, as well as a- or 3-glucan-reinforced fungal
cell walls>***", Inspired by nature, various artificial soft materials like
hydrogels and aerogels have been developed with polysaccharides for
applications in the fields of flexible electronics, soft robots, and tissue
engineering, depending on desired rational mechanical properties™ ™.

Given that all materials are subjected to a certain of stress, real-
time monitoring of stress is fundamentally crucial for elucidating the
physiological functions of natural soft materials, and is practically
indispensable for the applications of artificial soft materials”*°. For
example, the stress damage detection in soft materials and the
mechanical force transduction in the cuticle during worms’ locomo-
tion requires accurate stress monitoring. However, due to their low
modulus at the pascal (Pa) level and piconewton (pN) force interac-
tions within them, dynamic nature, and complexity, it is challenging to
characterize the force or stress distribution in soft materials in situ,
particularly for the live biomaterials* >, This limitation has hindered
the development of new soft materials and their potential applications.
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Over the past two decades, various techniques have been devel-
oped to probe mechanical stress. Single-molecule force spectroscopy
techniques such as atomic force microscopy (AFM)*%, optical
tweezers”, and magnetic tweezers® have emerged as powerful tools
for investigating molecular forces but are unsuitable for large-scale
soft material analysis. Nanoindentation (NI) and rheology, while useful,
but damage soft samples and lack real-time detection capabilities® >,
Acoustoelastic imaging, traction force microscopy (TFM), digital
image correlation (DIC) techniques*, and surface plasmon resonance
(SPR)* have addressed some of these limitations, but they require
expensive, specialized equipment and complex sample preparation.
Therefore, there is an urgent need to develop a novel method for real-
time, nondestructive, and universal method of structural stress dis-
tributions in soft materials, particularly in complex, mesoscale inter-
filament systems.

Forster resonance energy transfer (FRET) is a method used to
probe interactions between molecules®. Due to its high sensitivity,
distance dependence, rapid response, and simplicity, FRET-based
biosensors have shown significant potential in determining cellular
dynamics and molecular interactions®®. They can detect conforma-
tional changes in proteins (e.g., amyloid-B) and nucleic acids (e.g.,
nucleosomes), as well as accurately identify cancer biomarkers such as
micro RNAs (miRNAs)***., It has also been extensively engineered as
tension sensor modules (TSMs) to detect cellular forces and
behaviors?®****, This powerful molecular tool holds promise for the
visualization of mechanical force distribution in soft materials.

In this study, by using the carbohydrate-binding modules*
(CBMs), we for the first time report an engineered FRET-based TSM
and CBM into a biosensor (FTSM-CBM) for in situ stress distribution
detection in polysaccharide materials. The FTSM-CBM enables rapid,
accurate, and stable detection of stress distribution in
polysaccharide-based hydrogels in a simple manner. It also allows for

semiquantitative detection of both 2D and 3D force distributions and
microstructures in polysaccharide-based hydrogels. Furthermore,
the FTSM-CBM is applicable for in situ monitoring of the jump of
locusts and locomotion of maggots. Additionally, the FTSM-CBM
platform can be further tailored to target different substrates by
changing the anchoring module. This powerful mechano-
luminescent platform allows for the convenient detection of struc-
tural stress in multiple scenarios through in-vivo imaging, providing
basic insights about interactions among basic units and promoting
related research in life and materials science.

Results

Design and synthesis of FTSM-CBM-1

The design strategy of our biosensor is illustrated in Fig. 1. We adopted
the FTSM approach as reported by Grashoff et al.*. Two fluorescent
proteins, eCFP (donor, D) and YPet (acceptor, A), can withstand loads
of 35pN* (Fig. 1a, Supplementary Figs. 1 and 2, Supplementary
Table 1). The elastic repeating pentapeptides (GPGGA)sg are functional
at 1-6 pN*’ (Fig. 1b). Additionally, a flexible linker (GGGGS), is utilized
to connect FTSM and substrate-specific anchoring modules, thereby
enhancing the accuracy of stress orientation in soft materials with
complex topologies (Fig. 1c). Considering the overall stress distribu-
tion within the biosensors, we selected the RR2 domain (a domain with
type 2 Rebers and Riddiford Consensus) of CPR2 from the migratory
locust Locusta migratoria as the chitin-anchoring CBM1**” (CBM], i.e.
RR2, Fig. 1d). Initially, FTSM-CBM-1 exists in a relaxed state with slight
FRET effect upon binding to chitinous soft materials. When the
material is subjected to tensile or compressive forces, the stress is
transmitted to the chitin fiber network, causing changes in micro-
structure (Fig. 1e). Consequently, FTSM-CBM-1 is either elongated or
shortened, resulting in a corresponding decrease or increase in FRET
efficiency. Moreover, the FTSM-CBM platform can be further
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Fig. 1| Design of the Forster resonance energy transfer (FRET)-based tension
sensor module and carbohydrate-binding module 1 (FTSM-CBM-1). a A Forster
resonance energy transfer (FRET) system with eCFP (Donor, D) and YPet (Acceptor,
A) is selected as the tension sensor module (TSM). b Selection of TSM springs.
Elastic spring selected from spider flagelliform silk. ¢ An engineered flexible linker
was used to link FTSMs and anchoring modules. d Carbohydrate-binding module 1

Plants

(CBM], i.e. RR2 motif) was selected as the anchoring module. Insect cuticles as
fiber-reinforced materials assembled with cuticular proteins and a-chitin. e Scheme
of live stress distribution indicated by FTSM-CBM-1. f Expansion of the FTSM-CBM
platform. The FTSM-CBM platform can be applied to detect structural stress in
various substrates by changing the anchoring modules.
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Fig. 2 | Accuracy determination and functions of FTSM-CBM-1. a Representative
single-molecule force-extension traces for the binding between CBM1 and a-chitin
by using atomic force microscopy-based single-molecule force spectroscopy (AFM-
SMEFS). n=200. Inset, SDS-PAGE of chitin-binding between CBM1 and chitin. Lanes
are ladder, total, bound fraction, unbound fraction, and negative control, from left
to right. All measurements were carried out in triplicate. b Confocal fluorescence
and FRET/donor ratiometric images of a fibrous chitin hydrogel during reversible
stretching test. n=4. A lookup table (LUT) was used to measure the stress calcu-

lated from the FRET index (stress .q). Scale bars, 200 pm. ¢ Plot of stress .4 at
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different locations along the fibrous chitin hydrogel. The data are from (b).

d Histogram of the distribution of fluorescence directions. Inset, the fast Fourier
transform (FFT) of the extended hydrogel in (b). The gray arrow indicates the load
orientation. e The plot of stress 4 and FRET intensity with increasing duration
stabilization time. Data are presented as mean values + SD (n = 6). f Plot of the stress
catc Of FTSM-CBM-1 on materials with/without stress relaxation. Data are presented
as mean values + SD (n = 6). g, h Diagrams showing the different behaviors of
chitinous fibers in binary-solvent-induced self-assembled (BSISA, g) and pre-
evaporated-BSISA (PE-BSISA, h) hydrogels.

expanded by targeting different substrates by changing the anchoring
module (Fig. 1f).

To ensure proper function of the anchoring modules, single-
molecule force spectroscopy (SMFS) was employed to probe the
chitin-binding force of CBM1***°, As shown in Fig. 2a, the rupture force
between CBM1 and chitin is about 60 pN, much higher than the other
parts, which guarantees secure attachment of the biosensor to the
chitin during force application (Supplementary Fig. 3). A chitin-binding
assay was also performed to determine the affinity between FTSM-
CBM-1 and chitin. The results showed that approximately 78.1% of
FTSM-CBM-1bound to chitin (Fig. 2a, Supplementary Fig. 3), indicating
a high binding affinity between chitin and FTSM-CBM-1.

Functional investigation of FTSM-CBM-1
To investigate the response of FTSM-CBM-1to structural stress, we first
examined the FRET change in polysaccharides-based hydrogels under
stretching. In previous work, we developed the binary-solvent-induced
self-assembly (BSISA) strategy (Supplementary Fig. 4) to prepare chitin
hydrogels with diverse hierarchical structures and mechanical
properties®, similar to those of insect cuticles”. To minimize artifacts
from excessive probe usage, 1 wt.% FTSM-CBM-1 was employed to bind
the BSISA hydrogel. The stress calculated from FRET efficiency (stress
cate) Was found to be significantly reduced and reversibly enhanced
with loading and unloading, indicating that FTSM-CBM-1 is responsive
to structural stress changes (Fig. 2b, c). It is noteworthy that the area of
greatest stress illuminated by FTSM-CMBI was situated in the center of
the hydrogel, providing evidence in support of Poisson’s ratio theory,
which explains the central fracture in strip materials, and suggests
FTSM-CBM-1 could potentially be employed in fracture site warnings.
The accuracy of stress determination relies on the precision of
stress direction, the stability of FTSM, and the anchoring between
CBM1 and chitin fibers. Fast Fourier Transform (FFT) was conducted to
evaluate the orientational precision of the stretched hydrogels during
deformation. Figure 2d illustrates the intramolecular stress orientation
distribution of FTSM-CBM-1 at an angle of 19.5° + 2.21°, which confirms

the alignment between the external force and gradient changes in the
fluorescence of FTSM-CBM-1. Furthermore, the robustness of FTSM-
CBM-1 and its anchoring to chitin were verified through stability tests
using a homemade device (Supplementary Fig. 5). As shown in Fig. 2e,
remained fluorescence intensity and stress .4, almost unchanged over
a 20-min period, indicating the stability of the anchoring between
FTSM-CBM-1 and chitin fibers. The stability experiments demonstrated
that not only is FTSM-CBM-1 stable, but also its binding to the substrate
is fixed at stresses up to 60 MPa (Supplementary Figs. 6 and 7). Sub-
sequently, cyclic stretching coupled with FRET was performed to study
the response of FTSM-CBM-1 to stress. It exhibited rapid responsive-
ness to changes in stress and displayed a dynamic FRET effect corre-
lated with stress, without hysteresis in the FRET index changes
(Supplementary Fig. 8). Therefore, this accuracy provides a basis for
integrated stress distribution visualization, structure identification,
and noninvasive in situ semiquantitative analysis based on FTSM-
CBM-1.

The microstructure plays a crucial role in modulating the per-
formance of materials and provides insights into their mechanical
properties and force distribution. However, there is a lack of efficient
tools for predetermining and visualizing the microstructure directly.
Previous research has shown that chitin hydrogels, prepared using
different methods but with the same chitin concentration, exhibit
varied microstructures and distinct mechanical properties®. To assess
the potential of FTSM-CBM-1 in response to material microstructure,
we measured the mechanical and FRET behavior of BSISA hydrogels
with two-dimensional (2D)-confined lamellar structure and pre-
evaporated (PE)-BSISA hydrogels with three-dimensional (3D)
lamellar-network structures, respectively (Supplementary Fig. 4). The
stress relaxation experiments revealed significant stress relaxation
behavior in PE-BSISA hydrogels (Supplementary Fig. 9). The FRET
results showed a decrease in the amount of FTSM-CBM-1 bound to PE-
BSISA hydrogels as the holding time increased (Fig. 2f, Supplementary
Fig. 9). When stretched as slow as a rate of 1 mm/min, the hydrogel
exhibited almost no stress relaxation while maintaining the stress 4.
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images of a block hydrogel at compressive strains of 20% and 80%. LUTs were used
to measure the stress simulated from FRET-CBM (stress g;,;,). Dashed lines repre-
senting the results of the inverse fitting of the stress based on the FTSM-CBM.

This behavior may be attributed to the networked material’s ability to
optimize its internal structure and enhance the load transmission in
entire 3D hydrogels (Fig. 2g). In contrast, stress in BSISA hydrogels gets
concentrated within 2D lamellar structures, leading to ineffective dis-
sipation (Fig. 2h).

Moreover, the visualization of mechanochemical damages in soft
materials is of great significance for both practical applications and
fundamental research, such as the implementation of safety precau-
tions and the analysis of fracture mechanisms®. To evaluate the
potential of FTSM-CBM-1 in visualizing mechanochemical damages, a
BSISA hydrogel was subjected to cutting and compression in open air.
As depicted in Supplementary Fig. 10, immediate visualization of
fracture and indentations occurred following the incision and com-
pression, indicating that FTSM-CBM-1 is capable of visualizing
compression-induced mechanochemical damage in real time. Fur-
thermore, it was observed that the mechanochemical damages dis-
sipated over time, as evidenced by fading yellow fluorescence. These
results demonstrate that the FTSM-CBM-1 biosensor not only responds
rapidly and accurately to stress but also exhibits the capacity to dis-
cern distinctions in microstructure and mechanochemical damages.

Quantitative analysis capabilities of FTSM-CBM-1

In order to accurately visualize the distribution of stress, statistics and
tests were conducted jointly to establish the relationship between
stress and the FRET index via FTSM-CBM-1. The stress-strain curves of
the hydrogels were obtained using an in situ loading device in tensile
mode, while the FRET index obtained via in situ detection gradually
changes with increasing strain.

The stress is first fitted to the strain, which can be converted to a
distance (L;). The FRET index (/)-stress equation is obtained by fitting
the strain (¢r) and FRET exponent to a six-square exponential
function®:

1=0.82/(1+£;/100)°+0.2 @

071=0.7x¢gq, ?2)
where &7 is the tensile strain of the materials. The model Egs. (1) and (2)
were then established using Hooke’s law and Forster resonance energy
transfer law. The relationship between the tensile stress and the FRET
index (Fig. 3a) demonstrated excellent confidence, with a strong

correspondence between the experimental and simulated stress
(stress ;) Of a hydrogel with a similar structure (Fig. 3b).

In the field of micro-mechanical testing for soft materials, another
important application involves the quantitative analysis of compres-
sive stress detection. To determine the compressive stress distribution
via FTSM-CBM-1, an in situ loading device was implemented in com-
pression mode (Fig. 3c). According to the approximate linear region of
compressive stress—strain curves, stress is a function of strain:

0=0.005x% £, 3)
where &c is the compressive strain of the materials. Thus, the FRET
index-stress equation is established as:

=18 — 0.82/(1+£./100)° )

This Eq. (4) was in good accordance with the experimental stress
and calculated stress (Fig. 3d). On the basis of the established model, it
is demonstrated that the experimental and simulated stresses under
cyclic stretching also show good agreement.

Finally, for chitinous hydrogel materials, the mathematical model
can be integrated and normalized as:

1=0.82k/(1+£/100)° +1 — 0.8k ©)

Here, k denotes the index of &/|¢l. and ¢ has positive and negative
values, representing tensile or compressive strains, respectively. With
the guidance of Eq. (5), experimental and calculated stress of BSISA
hydrogels with different modulus was relatively well matched (Sup-
plementary Fig. 11). And some inevitable conditions must be met for
semiquantitative analysis. As shown in the model, the semiquantitative
analysis based on FTSM-CBM-1 is founded on the modulus of the
material of interest. Fortunately, the modulus can be determined
through alternative methods.

3D stress monitoring of FTSM-CBM-1

Real-time stress studies of 3D soft materials, such as artificial cartilage,
pose significant challenges and remain a focal point of research"**.
Finite element analysis (FEA) is commonly used to address issues
related to these materials, including preoperative modeling for surgi-
cal procedures. However, the determination of modulus and overall
stress distribution in soft materials still lacks an effective and safe
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Fig. 4 | 3D stress distribution of a spherical indentation on soft materials.

a Scheme of three-dimensional (3D) compression tests. b Fluorescence images of a
chitin-based hydrogel under spherical indentation from side views. Scale bar,

50 um. All measurements were carried out in triplicate. ¢ Split three-dimensional
fluorescence images of an FTSM-CBM-1-labeled hydrogel. d 3D stress distribution
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50
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via finite element analysis (FEA) under spherical indentation, with a modulus of
1.5 MPa. e Stress distribution curves from FEA in (d). Solid and dotted lines repre-
senting data from FEA and FTSM-CBM, respectively. f Top-view snapshots of each
layer from FEA. The LUT showing the von Mises distribution.

visualizing solution. The spherical indentation of soft materials is a
classic mechanical scenario that addresses a wide range of issues,
including the determination of damping and mechanical properties.
Previous work has suggested that during indentation, the stress dis-
tribution in a material may exhibit a double-ring profile only if the
modulus is at the megapascal (MPa) level and the indentation depth
exceeds 0.2r>. Nevertheless, there is insufficient empirical evidence to
support this theory.

To investigate the stress distribution of a chitinous hydrogel
subjected to indentation by a rigid ball, a 3D imaging experiment was
performed. Initially, BSISA chitin hydrogels with a modulus of 1.3 MPa
were engineered. Indenter devices equipped with spherical tips were
fabricated with rigid glass and applied to indent the hydrogels stained
with FTSM-CBM-1. Once the indenter compressed the hydrogel to half
its thickness (approximately 50 pm), we initiated 3D imaging (Sup-
plementary Fig. 12). The resulting spherical-indentation profiles
exhibited hemispherical and circular shapes (Fig. 4a, b). Contrary to
conventional spherical-indentation profiles, our bottom-to-top view
revealed spot-monocyclic-dicyclic FRET index profiles (Fig. 4e, Sup-
plementary Fig. 12). This characteristic double-ring stress distribution
was visualized in practice. Our demonstration confirmed that the neo-
Hookean model is more precise for this scenario than the Hertzian
solution.

In order to confirm and elucidate the mechanism of the unique
stress distribution during spherical indentation, FEA was carried out by
using COMSOL on a hydrogel with a modulus of 1.5MPa. The FEA
results indicated that the stress distribution aligned well with the neo-
Hookean model* (Fig. 4c, d, Supplementary Fig. 13, Supplementary
Table 2, Supplementary Movie 1). According to the computational
results, it was determined that the region experiencing the greatest
stress, as indicated by FTSM-CBM-1, was located in the lower part of
the central area. Notably, there was a region of high-stress distortion in
the top layer of the hydrogel due to direct contact, which is supported
by both snapshots and corresponding curves (Fig. 4d, f). And the dis-
tribution (o) simulated from FTSM-CBM-1 was in accordance with
results from FEA (Supplementary Figs. 12 and 13). For comparison, a
softer model with a modulus of 150 kPa exhibited a stress distribution
characterized by a uniform gradient (Supplementary Fig. 13, Supple-
mentary Movie 2).

Furthermore, the cross-corroborative results could be applied to
indicate the appropriate load at varying degrees of deformation.
According to the neo-Hookean model, the indentation load P can be
expressed as follows*:

Pon=f(Ho, b, R)=pto * VRxhx h] | . (h/R) (6)

where pg is the shear modulus at the ground state, which is 1.5 MPa for
this simulation. & the indentation depth, and R the indenter radius. P,y
is valid up to h/R=1. I,y is a dimensionless function that can be
determined via FEA.

Based on the computational results, the dimensionless function
[T® in Eq. (6) is determined as:

M. (h/R)= — 24000 x h/R % [(h/R)* — 25/3(h/R) — 1] @

The indentation load-depth curve for the spherical indentation
could be established based on Egs. (6) and (7). In brief, the above
results indicated the potential of FTSM-CBM-1 in stress distribution
studies in 3D soft materials in a noninvasive in situ manner.

Real-time inspection of stress distribution with FTSM-CBM-1
Compared to the artificial materials described above, it is much more
challenging to monitor the stress distribution of biomaterials. To
evaluate the potential of FTSM-CBM-1 for this purpose, we studied the
locomotion of insects, which is through the most varied ways. Speci-
fically, the legs or integument cuticle endow locusts and fruit flies with
a robust capacity for movement, leading to enormous agricultural
losses (approximately 470 billion dollars annually) and public health
risks®’. Determining the mechanical control behind their jump or
wriggle mechanism is vital for pest control and bionic robot devel-
opment. While previous research has only explored locomotion
through theoretical and morphological analyses***, direct visualiza-
tion of these data remains elusive.

To investigate the stress distribution across the legs of locusts
during visible jumping, the locust leg was dissected (Supplementary
Fig. 14), briefly treated, and then stained with FTSM-CBM-1. The tensile
and compressive stresses were visualized using the stress g;,,. As pro-
bed by FTSM-CBM-1, no significant stress (-0 MPa) was detected in the
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Fig. 5 | In situ inspection of the stress distribution in biomaterials.

a-c Schematic illustration and stress distribution in the legs of locusts during the
jumping process. The relaxed phase (a), cocking phase (b), and triggering phase (c)
were simulated and are shown. Scale bars, 200 pm. The measurements were carried
out in three biological replicants. d-f Schematic illustration and living stress

distribution in the larvae of fruit flies. The first stage (d, compressed at the tail),
second stage (e, relaxed), and third stage (f, compressed on the forward part) are
shown. Scale bars, 400 pm. White arrows indicating the direction of stress trans-
mission. The measurements were carried out in three biological replicants. The LUT
was used to measure the stress . Negative values for tensile stress.

relaxed phase at the tibial joint and semilunar femur (Fig. 5a). In the
cocking phase, both hind leg tibiae fully flexed around the femora,
resulting in increased curvature and stress up to 17 MPa near the
semilunar femur (Fig. 5b). During the triggering phase, the semilunar
femur rapidly extended, leading to elongated stressed regions, with
compressive forces on the lateral side and tensile forces on the internal
side of the femur. These findings suggest that the stress distribution
revealed by FTSM-CBM-1 closely matches previous force analyses of
locust jumping’®. Notably, throughout the entire jumping event, the
tibial joint was identified as the region experiencing the greatest stress,
which was progressively transferred from the femur to the tibia.

Furtherly, living biomaterials require noninvasive and safe meth-
ods for stress distribution studies. To further investigate stress dis-
tribution in living biomaterials, we used FTSM-CBM-1 to study the
wriggling motion of Drosophila melanogaster larvae (W1118). As the
larva crawled, they contracted and elongated across body segments,
with YPet fluorescence intensity varying systematically (Supplemen-
tary Movie 3). In the initial phase, compressive force (13 MPa on
average) concentrated at the rear for energy storage (Fig. 5d), while the
anterior experienced tensile stress (-2 MPa). The difference in stress
distribution due to crawling was also clearly discernible. In the second
phase, the stored energy transferred to the anterior, resulting in a
more uniform stress distribution (Fig. 5e). In the final phase, the
anterior contracted, accumulating energy and exhibiting high com-
pressive stress (Fig. 5f). Simultaneously, the rear was propelled for-
ward, resulting in a distinct stress gradient. These results demonstrate
that stress areas align with the locomotion pattern, and internal cavity
pressure changes can be visually represented.

In brief, FTSM-CBM-1 offers precise, rapid, and noninvasive in situ
detection of stress distribution in biomaterials via FRET analysis. This
approach significantly surpasses the constraints of conventional tools
used for mechanic property detection, such as the NI and hydrostatic
pressure methods. And the effectiveness of the detection process
hinges upon the elimination of the hydrophobic layer present on the
surface of the sample, to provide FTSM-CBM-1 with suitable anchor
points (Supplementary Fig. 15).

Tailored and scalable FTSM-CBM platform
Natural polysaccharides, with their diverse molecular structures and
assembly patterns, endow biomaterials with a wide range of properties

and functions®’. To expand the applicability of the FTSM-CBM plat-
form, we evaluated the binding abilities of three CBMs (RR2, CBM2,
and CBM60) to five polysaccharides: chitin, chitosan, cellulose, xylan,
and glucan. As shown in Fig. 6a and Supplementary Fig. 16, each CBM
displayed distinct substrate-binding characteristics. CBM2 exhibited
broad binding affinity across most polysaccharides, while RR2 and
CBM60 showed selective binding. These results underscore the sys-
tem’s versatility in probing stress distribution within specific compo-
nents of composite materials.

In order to assess the stress-indicating capability of FTSM-CBM-1
in other polysaccharides-based soft materials, chitosan hydrogel was
stained with FTSM-CBM-1. As shown in Fig. 6b, FTSM-CBM-1 is uni-
formly bound to the hydrogels, which exhibited a networked, stress-
relaxed structure (Fig. 6b, inset). Both FTSM-CBM and in situ loading
assays revealed significant stress relaxation behavior (Fig. 6d and
Supplementary Fig. 17). It indicates that FTSM-CBM-1 can effectively
function in a variety of polysaccharide-based soft materials.

Furtherly, FTSM-CBM-2 was designed and studied, targeting a
broader spectrum of polysaccharide fibers (Fig. 6¢c, Supplementary
Fig. 1, Supplementary Table 1). The bilateral anchoring domain in the
biosensor is replaced with CBM2 from bacterial sources, known for its
specific affinity for chitin and cellulose due to its ordered structure and
the presence of acidic and aromatic residues®. The binding assays, as
shown in Supplementary Fig. 18, indicated that FTSM-CBM-2 exhibits
an affinity of approximately 62.6% for chitin and 46.5% for cellulose.
The rupture force between CBM2 and chitin was determined as 73.9
pN by SMFS experiments, with an extension of 20 nm to fully unfold
(Supplementary Fig. 19). The fixed binding of FTSM-CBM-2 was con-
firmed by a holding-on stretching experiment (Supplementary Fig. 19).
Consequently, FTSM-CBM-2 can be utilized for the investigation of
stress distribution in a wide range of polysaccharide-based soft
materials (Supplementary Fig. 20). Similar with FTSM-CBM-1, FTSM-
CBM-2 can also respond to stress fluctuations rapidly in a hydrogel
with 2 wt.% cellulose. After staining, the stress distribution in the ten-
sile and bending states of the hydrogels was shown in Fig. 6f and
Supplementary Fig. 21. According to the semi-quantification from
FRET analysis, regions with maximum stress were identified as the
center in the tensile state and the ventral side in the bending state
(Fig. 6¢, Supplementary Fig. 21). Given that FTSM-CBM-2 can rapidly
bind to cellulose and respond to changes in stress, it is promising for
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visualizing the stress distribution in crop stems. To examine the ability
of FTSM-CBM-2 to indicate bending stress, grass stems were stained
after simple pretreatment. The gradient distribution of YPet fluores-
cence from the dorsal to the ventral side of the stem varied from 90° to
180° (Supplementary Fig. 21). The quantitative analysis of the angular-
stress .qc revealed a decrease in stress with increasing distance from
the point of maximum curvature (Supplementary Fig. 22). When
applied in situ, FTSM-CBM-2 can facilitate the effortless discrimination
of robust from frail crops through simple spraying. Overall, the FTSM-
CBM platform can be extended for various applications by simply
altering the CBM module.

Discussion

Soft material has evolved considerably in the past decades, leading to a
wide range of applications across various fields”. Advances in soft
materials have been driven by the development of both experimental
and theoretical methods. With the deepening of research, there is a
growing emphasis on precisely designing the mechanical properties of
soft materials, necessitating real-time mechanical monitoring>">",
Despite the development of acoustic, infrared, and contact methods,
detecting stress distributions of soft materials remains challenging due
to their complex mesoscale topologies and sensitivity to force
response. Our FTSM-CBM platform has overcome these limitations,
enabling fast, consistent, and semiquantitative analysis of force dis-
tribution in 2D and 3D polysaccharide hydrogels. Additionally, it pro-
vides insights into microstructure and fracture prediction, enhancing
its potential for safety precautions, and fracture mechanism analysis*’.
Therefore, this platform holds theoretical promise in advancing the
rational design of material mechanics and topologies.

Insect’s stable, gentle peristaltic locomotion has inspired appli-
cations such as peristaltic robots for medical treatments like vascular
embolism. However, the complexity of insect movement has hindered
detailed analysis of their locomotion patterns. Drosophila, as a key
model organism in soft robotics, exhibits intricate movements that are
crucial for designing robots with complex gaits. Previous work has
investigated these movements through electrophysiology but has not
directly addressed stress transfer”>*°. The FTSM-CBM platform enables

real-time, invasive observation of stress distribution in living bioma-
terials, offering valuable insights into their physico-mechanical
behavior’®*® and advancing applications like soft robotics™". By rely-
ing on the consistent modulus of the insect cuticle during slow
movements®, our work directly observes the stress conduction pat-
tern, confirming previous speculations and providing new, valuable
data. These findings will contribute to the development of models for
designing soft robots with complex gaits.

Furthermore, our platform highlights a general design princi-
ple that can be adapted to specific requirements. Biomaterials are
typically composed of multiple networks of different substances,
allowing them to perform a variety of complex functions"**.
Therefore, the use of diverse anchors (like CBMs used in this study)
facilitates the detection of stress between homologous and het-
erogeneous molecular networks. To meet this need, the FTSM-CBM
platform enables real-time visualization of the stress profiles for
different components within a singular tissue through customized
anchoring modules. This study provides a novel paradigm for
detecting stress within multilayer composites such as double-
network (DN) hydrogels®.

It is also noteworthy that the stress measured by this platform
results from the combined effect of multiple FTSM molecules, which
depends on the binding affinity and complexity of the sample.
Accessible binding sites within the material are crucial for this process.
To address this, effective binding can be enhanced by optimizing the
anchor module. Furthermore, FTSM-CBM offers a general and flexible
design concept that allows customization of the fluorescence module,
linker, and molecular spring to meet different assay requirements. This
includes developing FTSMs that can withstand higher loads and bind
more effectively, as well as creating novel systems without spectral
overlap to reduce errors. For micro-scale systems, more precise and
smaller FRET pairs, along with advanced imaging equipment, are
necessary due to the reliance on image-based stress simulation. For
highly dynamic systems, the development of faster, more accurate,
and user-friendly fluorescence imaging equipment will be essential to
expand the platform’s applications, such as studying locust jumping or
dragonfly flight.
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In summary, we have established an efficient and customizable
FTSM-CBM platform to directly detect stress distributions in 2D and
3D soft materials in real time. This platform holds significant potential
for advancing both scientific understanding of biological processes
and practical applications in biomedical engineering, biotechnology,
and soft robotics.

Methods

Material

For polysaccharides-based hydrogel preparation, 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP) was purchased from Macklin. Hollow-
cylindrical polydimethylsiloxane molds (PDMS) were obtained
from Dow Corning. 3-Aminopropyltriethoxysilane (APTES),
3-Methacryloxypropyltrimethoxysilane (MPTMS) and mPEG-NHS
(Sino PEG, MW 10 kDa) were purchased from Sigma Aldrich Co.
Ltd. CBMs and FTSM-CBMs were expressed in Escherichia coli
BL21 (DE3) strain and purified with Ni-NTA His bind resin. Locusts
(Locusta migratoria) and fruit fly larvae (Drosophila melanogaster,
wild type, W1118 strain) were grown at 25°C.

Protein expression and purification

CBMs and FTSM-CBMs were expressed in Escherichia coli BL21 (DE3)
strain and induced with 0.5 mM isopropyl-B-D-thiogalactopyranoside
(IPTG). Followed by bacteria lysis and centrifugation, proteins were
purified by metal ion affinity chromatography, with 1mM phe-
nylmethylsulfonyl fluoride (PMSF).

Single-molecule force spectroscopy
single-molecule force spectroscopy (SMFS) was performed to deter-
mine the binding force between CBMs and chitin*®*’. A silicon nitride
AFM cantilever (MLCT, Bruker) was used for surface functionalization
in AFM experiments. The cantilever was cleaned and treated with
chromic acid, followed by immersion in 1% (v/v, toluene) MPTMS for
thiol silanization. The CBM immobilized on the cantilever was then
labeled with 20 mM Mal-PEG-PS (50x% stock in MeCN) in 25 mM HEPES
buffer (pH 8.5). Surface preparation was conducted with spin-coating a
chitin solution (0.01wt.% in HFIP) onto a chromic acid-cleaned
coverslip*®. Then, the coverslip was dried and stored in argon.
AFM-based SMFS was performed to determine the binding force
between CBMs and chitin. SMFS measurements were performed with a
commercial AFM instrument (JPK, ForceRobot). Following calibration,
the cantilever approached the substrate at 1 pm/s and captured the
target chitin fibers. Then, the cantilever was retracted at the same
pulling speed. The force spectroscopy data were first filtered by JPK
data processing software. A wormlike chain model was utilized to fit
force-extension curves. And, all the distributions of rupture force were
fitted by a Gaussian model.

Immunochemistry of FTSM-CBM in hydrogels

Chitin and cellulose hydrogels were prepared as established
procedures™. FTSM-CBM was added into chitin hydrogels and cellu-
lose hydrogels based on immunochemistry. Firstly, the hydrogels were
immersed into the binding buffer to equilibrium in the binding envir-
onment. After the substrate-binding assay, the FTSM-CBM was loaded
in fibrous hydrogels for mechanical and FRET tests.

Combination of mechanical testing and FRET fluorescence
imaging

Laser scanning confocal microscopy (LSCM, Olympus FV-1000) was
adopted, combined with a self-built displacement and force sensing
devices (Supplementary Fig. 5). To image the force distribution, the
filter was set as CFP/YFP FRET channel. In the donor channel (/pp), the
excitation peak was at 435nm, and the emission filter was at 470/
505nm. In the acceptor channel (/x4), the excitation peak was at
514 nm, and the emission filter was at 525/570 nm. In the FRET channel

(Ipa), the excitation laser was 458 nm, and the filter was set as 525/
570 nm. Images were acquired across the acceptor channel, FRET
channel, and donor channel. Fluorescent images were analyzed with
Fiji, a distribution of ImageJ, using in-house macros.

Spherical indentation and three-dimensional (3D)-FRET
Confocal z-stack images revealed the fluorescence distribution in the
hydrogels labeled with FTSM-CBM-1. Following spherical indentation,
the spatial distribution of force was studied. First, a background sub-
traction was applied to all images as indicated by samples. Then, the
image z-stack was projected and exported, with 2 pm steps to ascertain
the correct focus. Subsequently, the FRET index was calculated pixel
by pixel as described above. Then, negative pixels were deleted and a
lookup table (LUT) was applied for visualization of the results in Fiji.
Finally, all the images were z-stacked in Fiji, using in-house macros.

Finite element analysis (FEA)

The ball and hydrogel model were constructed using the commer-
cial FEA software COMSOL. The thickness of cubic hydrogel was
100 um, and the diameter of the ball was 30 um. An axisymmetric
disc was designed as the pressure plate in the simulation model, to
ensure uniform stress distribution. In the simulation model, the
surface friction coefficient between different layers of the
hydrogel is set to 0.12, and adhesive effects are introduced at the
boundaries.

Insects live imaging

For locust leg jumping, a pretreat of degreasing and deproteinization
was performed, followed by a combination with FTSM-CBM-1. Simu-
lation of jumping was then performed by quasi-in situ FRET. The legs
labeled with FTSM-CBM-1 were observed using LSCM, in different
positions of appendage. eCFP, YPet, and FRET channels were acquired
and analyzed like above (n=5). The FRET index was used to show the
force during the simulated locust jumping.

To study maggot locomotion, the fruit fly was stained with
FTSM-CBM-], like a chitin-binding assay. Each cycle consisted of a
2-min staining and washing process, repeated three times. Subse-
quently, the stained fruit fly larval was lively observed using laser
confocal microscopy (n=35). Finally, the images were analyzed
like above.

Staining of FTSM-CBM-2 on dogwood stems and bending FRET
Fresh stems of dogwood Setaria viridis were stained with FTSM-CBM-2
and observed with LSCM, following wash with substrate-binding buf-
fer. After being washed with DI water, the stems were observed. After
starting the detection, the stem was bent at different displacements
(n=35). Then the stems were bent at different angles, and the FRET
signals were recorded at the same time.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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