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Designed biomaterials to mimic the mechanical

properties of muscles

Shanshan Lv!, Daniel M. Dudekz’r, Yi Cao', M. M. Balamurali', John Gosline” & Hongbin Li'

The passive elasticity of muscle is largely governed by the I-band
part of the giant muscle protein titin'™, a complex molecular spring
composed of a series of individually folded immunoglobulin-like
domains as well as largely unstructured unique sequences’. These
mechanical elements have distinct mechanical properties, and when
combined, they provide the desired passive elastic properties of
muscle®™"', which are a unique combination of strength, exten-
sibility and resilience. Single-molecule atomic force microscopy
(AFM) studies demonstrated that the macroscopic behaviour of
titin in intact myofibrils can be reconstituted by combining the
mechanical properties of these mechanical elements measured at
the single-molecule level®. Here we report artificial elastomeric
proteins that mimic the molecular architecture of titin through
the combination of well-characterized protein domains GB1'* and
resilin'>. We show that these artificial elastomeric proteins can be
photochemically crosslinked and cast into solid biomaterials. These
biomaterials behave as rubber-like materials showing high resili-
ence at low strain and as shock-absorber-like materials at high
strain by effectively dissipating energy. These properties are com-
parable to the passive elastic properties of muscles within the
physiological range of sarcomere length'* and so these materials
represent a new muscle-mimetic biomaterial. The mechanical
properties of these biomaterials can be fine-tuned by adjusting
the composition of the elastomeric proteins, providing the oppor-
tunity to develop biomaterials that are mimetic of different types of
muscles. We anticipate that these biomaterials will find applica-
tions in tissue engineering'® as scaffold and matrix for artificial
muscles.

The string of folded immunoglobulin domains and unstructured
unique sequences constitute two distinct types of entropic springs in
titin”®. The string of folded immunoglobulin domains has higher per-
sistence length than the unstructured sequences and extend first during
stretching. Only under high stretching forces at the high end of the
physiological range of sarcomere length, when the string of immuno-
globulin domains are straightened, can a small number of folded
immunoglobulin domains unfold to extend the length of titin and
dissipate energy, effectively preventing damage due to overstretching'®.
These features are combined to give rise to the passive mechanical
properties of muscles at the macroscopic level*>”"7, which manifest
asa Young’s modulus close to 100 kPa, increasing energy dissipation at
higher sarcomere length, and stress relaxation at a constant strain®'*'°.
To design biomaterials mimicking the fine-tuned passive elastic pro-
perties of muscle, it is critical to incorporate these mechanical features
at both single-molecule and macroscopic biomaterial levels. Towards
this goal, here we first engineered artificial elastomeric proteins that
mimic the molecular architecture and nanomechanical properties of
individual titin molecules. Then we used these proteins to construct
biomaterials that mimic the passive elastic properties of muscle.

To engineer titin-mimicking artificial elastomeric proteins (see
Methods and Supplementary Fig. 1), we used the well-characterized
GB1 domains to mimic folded titin immunoglobulin domains,
because GB1 domains exhibit mechanical properties comparable to
those of titin immunoglobulin domains'?, and we used a consensus
repeat of the random-coil-like protein resilin'? to mimic unstruc-
tured sequences (such as the N2B sequence in titin), because resilin
is a highly elastic and resilient protein'>'®' and is also largely
unstructured®® (see Supplementary Fig. 2). With these two building
blocks, we constructed artificial elastomeric proteins (G-R), and
GRGsRGyR, where G represents individual GB1 domain, and R
represents individual resilin repeat.

We first used AFM techniques®*' to characterize their nanomecha-
nical properties at the single-molecule level. Stretching (G-R),
results in characteristic sawtooth-like force—extension relationships'*
(Fig. 1a), where individual force peaks correspond to the mechanical
unfolding of GB1 domains and are characterized by an unfolding
force of ~180 pN and a contour length increment AL. of ~18 nm.
Owing to the dimerization of (G-R), via carboxy-terminal cysteine
residues (Supplementary Information), force—extension curves can
show as many as eight GB1 unfolding events. The featureless ‘spacer’,
which is of length L, and occurs before the GB1 unfolding force
peaks, corresponds to the stretching of random-coil-like resilins
and folded GB1 domains (Fig. 1a), confirming the entropic spring-
nature of resilin repeats. Because the persistence length of GBI is
much larger than that of unstructured resilin, fitting the Worm-
like-chain model of polymer elasticity to the spacer yielded a persist-
ence length of 0.49 = 0.09 nm (average * s.d., n=188) for resilin,
comparable to that of the random-coil-like sequence N2B in titin®®**
and unfolded polyprotein chains®*'. Stretching polyprotein
GRG5RG4R yielded force—extension curves with similar sawtooth
patterns but with shorter spacers owing to the fewer resilin domains
in GRG5RG,R (Fig. 1b and Supplementary Fig. 3). Moreover, the
mechanical unfolding of GB1 domains is reversible, because
unfolded GB1 domains can refold to regain mechanical resistance
upon relaxation'?. These nanomechanical properties of (G-R)4 and
GRG5RG4R largely mimic those of individual titin molecules.

We then used these miniature-titin-like elastomeric proteins to
construct biomaterials to mimic the passive mechanical properties
of muscle. Individual titin molecules are well-aligned and organized
in the filament lattice of muscle’. However, it remains challenging to
mimic such ordered structures in synthetic biomaterials. As an
alternative, we created chemically crosslinked GB1-resilin networks
to exploit the nanomechanical properties engineered into individual
GBIl-resilin molecules. We used the well-developed [Ru(bpy)3]2+
mediated photochemical crosslinking strategy®’, which allows the
crosslinking of two tyrosine residues in close proximity into dityrosine
adducts (Supplementary Fig. 4). This method was used successfully to
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Figure 1| Force-extension curves of two polyproteins. a, (G-R),.

b, GRGsRG4R. The force peaks, characterized by a AL, of ~18 nm and an
unfolding force of ~180 pN, result from the mechanical unfolding of GB1
domains. Stretching resilins does not result in any unfolding force peaks;
instead we see a featureless spacer of length L. The notable difference between
the force—extension curves of (G-R), and GRGsRG,R is the shorter featureless
spacer of GRGsRG4R, which is due to fewer resilin repeats in GRGsRG4R. Grey
lines correspond to the worm-like chain model fits to the experimental data.

crosslink recombinant resilins into solid biomaterials'®>. The use of
resilin repeats, which provide the majority of crosslinking sites in
GBl-resilin polyproteins, enables an efficient approach with which
to prepare GBl-resilin-based biomaterials. We found that on illu-
mination with white light, GBl-resilin polyproteins can readily be
crosslinked into solid and transparent biomaterials at room temper-
ature from their concentrated (>150mg ml™") solutions (Sup-
plementary Information). The middle panel of Fig. 2a shows optical
photographs of moulded rings of both polyproteins. The formation of
dityrosine crosslinks was indicated by their characteristic blue fluor-
escence upon ultraviolet irradiation" (Fig. 2a, top panel).

Protein-based biomaterials, such as those based on elastin
resilin’® and abductin®, are engineered from non-globular elasto-
meric proteins that behave like entropic springs. To our knowledge,
the GB1-resilin-based biomaterial is the first chemically crosslinked
biomaterial that incorporates folded, mechanically resistant globular
domainsinits constituent elastomeric proteins, enabling us to examine
their macroscopic mechanical properties and investigate how the
microscopic properties of individual proteins are translated into mac-
roscopic ones in biomaterials.

Here we carried out tensile measurements to characterize the mech-
anical properties of GB1-resilin-based biomaterials in PBS at room
temperature. For technical reasons, we used ring-shaped samples for
tensile testing® (see Supplementary Information). Typical stress—
strain curves of (G-R), and GRGsRG,R-based biomaterials are shown
in Fig. 2b-c. It is evident that GBl-resilin-based biomaterials are
elastic. GRGsRG4R can be stretched to a strain as high as 135%
without breaking. The Young’s modulus is ~70 kPa for (G-R), and
~50kPa for GRG5RG,R (at 15% strain), both close to the Young’s
modulus measured for myofibrils/myocytes, which is in the range
60-100 kPa within the physiological range of sarcomere length®'.
These biomaterials are isotropic (Supplementary Information), so
the measured Young’s modulus reflects the overall isotropic property
of the biomaterials.
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Resilience is a measure of a material’s ability to deform reversibly
without loss of energy'®. Resilin is known for its superb resilience',
and resilin-based biomaterials constructed using the same photoche-
mical crosslinking method did not show appreciable hysteresis even
at 250% strain'>’! (Fig. 2d). To examine the influence of folded GB1
domains on the resilience of GBl-resilin-based biomaterials, we
measured the resilience of these biomaterials. The stretching and
relaxation curves of both (G-R); and GRGsRG4R at low strain
(<15%) were superimposable and no hysteresis was observed
(Fig. 2b, c), suggesting high resilience for both materials at low
strains. However, the stretching and relaxation curves were no longer
superposable at higher strains and hysteresis started to develop, indi-
cating that some of the work done during stretching was dissipated
and cannot be recovered upon relaxation. The hysteresis increases
with the increase of strain (Fig. 2b, ¢), indicating that the resilience of
GBl-resilin-based materials decreases with the increase of strain
(Fig. 2d). This behaviour is similar to that of myofibrils or myo-
cytes''***, which showed increasing hysteresis between stretching
and relaxation at increasing sarcomere lengths, indicating that
GBl-resilin-based biomaterials, just like muscles'®, behave like
shock-absorbers at higher strains by effectively dissipating energy.

The observed hysteresis, that is, energy dissipation, during cyclic
experiments indicates that stretching GB1-resilin-based biomaterials
to higher strains involved the breakage of weak non-covalent bonds™ in
the crosslinked network. And the breaking of such bonds is reversible,
as the hysteresis observed in GBl-resilin-based biomaterials can be
fully recovered upon relaxation. As shown in the insets of Fig. 2b and
¢, during subsequent stretching, stress—strain curves superpose on one
another regardless of the final strain, suggesting a full recovery of the
hysteresis. Moreover, the recovery of hysteresis is very fast: during cyclic
stretching—relaxation experiments, the stretching-relaxation loops
were identical (Supplementary Fig. 6) even when there was no waiting
time between consecutive cycles, suggesting that the recovery of hys-
teresis occurs at a timescale significantly shorter than the dead time of
our Instron, which is estimated to be ~1s. Again, this reversible hys-
teresis behaviour is similar to that for myofibrils and myocytes'®*. It is
also interesting to note that the recovery of hysteresis can occur even
under residual stress. In partial relaxation experiments (Fig. 2e), when
the biomaterial was partially relaxed to a strain above 35%, no recovery
of hysteresis was observed. When the biomaterial was relaxed to below
35% strain, partial recovery started to occur. The degree of recovery
depends on the residual stress: the lower the residual stress, the higher
the percentage of recovery (Fig. 2e).

It is evident that the mechanical behaviours of GB1-resilin-based
biomaterials differ significantly from those of resilin-based bioma-
terials, highlighting the significant roles of folded GB1 domains in
determining the mechanical properties of the resultant biomaterials.
Given that photochemically crosslinked resilin-based biomaterials
show only negligible hysteresis during stretching (Fig. 2d), the
observed hysteresis in GBl-resilin-based biomaterials probably
resulted from folded GB1 domains and the associated structural
changes of the crosslinked network. The hysteresis observed in tensile
experiments indicates that the stretching of GB1-resilin-based bio-
materials involved breaking of weak non-covalent bonds®. It is well
known from single-molecule AFM experiments that, on stretching,
force-induced rupture of non-covalent bonds can lead to the unfold-
ing of GB1 domains and dissipation of energy'>. Therefore, the
unfolding of some GB1 domains during stretching could provide a
plausible molecular mechanism to explain the hysteresis observed in
GB1-resilin-based biomaterials at high strains. The fast recovery rate
of hysteresis and the ability to recover hysteresis under residual stress
are consistent with the fast folding kinetics of GB1 domains and the
ability of GB1 domains to refold under residual force observed in
single-molecule AFM experiments'?, providing qualitative evidence
that the hysteresis observed in biomaterials probably originates from
the unfolding of a small number of GB1 domains.
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Figure 2 | Mechanical properties of (G-R), and GRGsRG4R-based
biomaterials. a, Photographs of moulded rings built from (G-R), (left,
intact) and GRGsRG4R (right, after being loaded to failure in tensile test)
under white light (middle panel) and ultraviolet illumination (top panel).
b, ¢, Representative stress—strain curves of (G-R), (b) and GRGsRG4R
(c) measured in PBS. For clarity, stress—strain curves are offset relative to
one another. Final strains are shown on the curves. Insets show the
superposition of the stress—strain curves at different strains. d, Resilience of
GBl1-resilin-based biomaterials decreases with the increase of strain. In
contrast, biomaterials constructed from resilin do not show any appreciable

To further compare the energy dissipation behaviours of the
designed biomaterials with those of myofibrils/myocytes, we carried
out stress-relaxation experiments at constant strains. When
GRG5RG4R was stretched rapidly to a given strain that was held
constant afterwards, we observed clear stress relaxation (Fig. 3a),
again suggestive of the existence of energy dissipation processes.
The larger the initial strain, the greater the amplitude of stress relaxa-
tion. We found that the stress-relaxation behaviours can be described
reasonably well by double-exponential fits. The relaxation rates (k,
and k,) were observed to increase with the increase of strain, but the
increase of fast-phase rate k; mainly occurs at higher strain while the
increase of slow-phase rate k, occurs at lower strain (Fig. 3b).

The stress-relaxation behaviours of GB1-resilin-based biomaterials
are qualitatively similar to those of myofibrils'*", but they are very
different from the behaviour of biomaterials made of resilin, in which
negligible stress-relaxation was observed in similar experiments®. The
unfolding of a few immunoglobulin domains was proposed as a
possible molecular mechanism to explain the stress-relaxation beha-
viours of myofibrils™. Similarly, Monte Carlo simulations® on force-
relaxation behaviour of GRGsRG,R at constant extension revealed
that the unfolding of some GB1 domains can lead to force-relaxation
behaviours similar to those seen in our experiments and similar
dependence of the fast-phase relaxation rate on extension
(Supplementary Fig. 7). However, the simulated behaviour of the
slow-phase relaxation rate differed from the experimental data. It is
clear that the relaxation behaviours simulated at the single-molecule
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hysteresis (data taken from ref. 13). e, GRGsRG4R-based biomaterials can
recover hysteresis under residual stress. During stretching—relaxation
experiments, when the biomaterial is partially relaxed to a strain above 35%,
no recovery of hysteresis was observed. When the biomaterial was relaxed to
below 35% strain, we started to observe partial recovery. The degree of
recovery increased with the decrease of residual stress. For clarity, the initial
stretching trace is coloured blue. The inset shows the experimental protocol
of the partial relaxation experiments. The pulling speed used in the
experiments was 25 mm min_ . Error bars indicate standard deviation of the
data.

level cannot be directly compared with the stress-relaxation beha-
viours of GBl-resilin-based biomaterials quantitatively, because
GBIl-resilin molecules are not well-aligned in the photochemically
crosslinked three-dimensional network and the force experienced by
individual molecules cannot be measured directly. A more detailed
model combining the possibility of GBI unfolding with a three-
dimensional network is required to describe the stress-relaxation
behaviour at the macroscopic level. Moreover, it is important to note
that stress relaxation is considered to be a viscoelastic property macro-
scopically. Although domain unfolding can lead to stress relaxation,
the direct demonstration of domain unfolding in macroscopic
materials is yet to be achieved. Therefore, it is possible that other
microscopic processes or mechanisms, such as friction experienced
by folded domains during stretching, may also contribute to the
stress-relaxation behaviours of muscles as well as GB1-resilin-based
biomaterials.

Our results demonstrate that the incorporation of folded, mech-
anically resistant globular domains into elastomeric proteins pro-
vides a novel approach with which to construct biomaterials that
have unusual macroscopic mechanical properties. Such a bottom-
up approach offers the opportunity to tailor the macroscopic pro-
perties of biomaterials by fine-tuning the nanomechanical properties
of their molecular building blocks at the single-molecule level. To
demonstrate such possibilities, we used chemical denaturant to affect
the nanomechanical properties of individual GB1 domains in order
to modulate the mechanical properties of macroscopic biomaterials.

n
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Figure 3 | GB1-resilin-based biomaterials exhibit pronounced stress
relaxation behaviours. a, Representative stress-relaxation curves of
GRG5RG,R at varying strains. b, Relaxation rates of GRGsRG,4R-based
biomaterials depend upon the initial stress. The relaxation rates were
obtained by fitting the stress-relaxation to a double-exponential equation:
a(t) = a9 + Arexp(—kit) + Ayexp(—k;,t), where o (t) is the stress at time ¢, 7,
is the offset, A; and A, are decay amplitudes and k; (filled squares) and k,
(open triangles) are relaxation rates. Error bars indicate fitting errors.

Folded globular domains are mechanically more resistant than their
unfolded conformations, but less extensible. Because chemical dena-
turants can affect folded states of globular proteins, we used urea to
modulate the nanomechanical properties of GBl-resilin-based
elastomeric proteins. Figure 4a shows such an example for
GRGsRG4R. In the presence of 4 M urea, about half of GB1 domains
are unfolded, resulting in the loss of their mechanical resistance. Such
a change is clearly evident in the force—extension relationships of
GRG5RG4R (Fig. 4a), which are characterized by long featureless
spacers before the unfolding events of the remaining folded GBI
domains. Such long featureless spacers correspond to the stretching
of predominantly unfolded GB1 domains. The conversion of folded
GBI into unfolded sequences leads to a dramatic decrease in Young’s
modulus of the biomaterials in a urea-concentration-dependent
fashion: the Young’s modulus reduced from ~60kPa in PBS to
~10kPa in 8 M urea. We note that this change is fully reversible at
both molecular and macroscopic levels. Replacing urea with PBS
allowed GB1 domains to refold and thereby regain their mechanical
resistance. Macroscopically, the biomaterial can recover its original
Young’s modulus when replacing urea with PBS. This macroscopic
change in mechanical properties of biomaterials can readily be
explained with information from the single-molecule level: the con-
version of folded GB1 domains into mechanically labile and more
extensible sequences effectively increased the length between cross-
linking points, leading to the decrease in Young’s modulus of the
material. Similarly, it is also possible to modulate the mechanical
properties of these biomaterials (Supplementary Fig. 8) in other
ways, such as adjusting the relative GB1/resilin content, just as the
passive elastic properties of different muscles are mediated by differ-
ent isoforms of titin.
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Figure 4 | The macroscopic mechanical properties of GB1-resilin-based
biomaterials can be fine-tuned by controlling the nanomechanical
properties of the constituting elastomeric proteins at the single-molecule
level. a, Force—extension curves of single GRGsRG,4R molecules in PBS and
in 4 M urea. The long featureless spacers observed in force-extension curves
of GRGsRG,R in 4 M urea largely correspond to the stretching of
mechanically labile, unfolded GB1 domains. The unfolding force of GB1
domains that remain folded in 4 M urea is also significantly reduced. Grey
lines are WLC fits. b, Young’s modulus of GRGsRG4R-based biomaterial can
be modulated by chemical denaturant urea. The conversion of folded GB1
domains into unfolded sequence leads to the dramatic decrease in Young’s
modulus of the biomaterials in a urea-concentration-dependent manner.
Error bars indicate standard deviation of the data.

To fulfill their biological functions, different biological tissues
possess distinct mechanical properties. For example, mammalian ten-
don is highly resilient (resilience >90%) but relatively inextensible
(breaking strain of ~13%), whereas elastin is resilient (90%) and
extensible (breaking strain of ~150%) but lacks toughness'®.
Mimicking the biomechanical properties of different tissues has been
an important challenge in biomaterials research. Here we have
designed a muscle-mimetic biomaterial, which is highly resilient at
low strains, but also extensible and tough at high strain, to mimic the
passive elastic properties of muscles. Titin is largely responsible for the
passive elastic properties of myofibrils. A hallmark of titin-like elasto-
meric proteins is their ability to unfold under a stretching force to
dissipate energy effectively and prevent damage to tissues by over-
stretching®®'®'"'°. The hysteresis and stress-relaxation observed in
stretching of myofibrils have been explained by force-induced unfold-
ing of a small number of immunoglobulin domains'.

All these properties have been well reproduced in biomaterials
constructed from GBl-resilin-based artificial elastomeric proteins.
Therefore, GB1-resilin-based polyproteins mimic the architecture
and mechanical properties of titin at the single-molecule level, and
biomaterials based on GBl-resilin polyproteins mimic the titin-
mediated passive elastic properties of muscles (Supplementary
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Information). These designed biomaterials represent a new type of
muscle-mimic, which is fully hydrated and biodegradable, and we
anticipate that they will find applications in material sciences as well
as in tissue engineering by serving as scaffold and matrix for artificial
muscles. Moreover, our results indicate that nanomechanical pro-
perties engineered into individual polyproteins can be translated into
macroscopic properties in materials, a new example of obtaining
novel macroscopic mechanical features by designing in such features
at the single-molecule level. This method represents a new avenue
towards tailoring the macroscopic mechanical properties of bio-
materials and can be applied to the design of a wide range of materials.

METHODS SUMMARY

Preparation of GB1-resilin-based polyproteins were performed using previously
published protocols'>*'. We used the 15-amino-acid consensus resilin repetitive
sequence (GGRPSDSYGAPGGGN) from the first exon of the Drosophila mela-
nogaster CG15920 gene to construct GBl-resilin-based elastomeric proteins'’.
Single-molecule AFM experiments were performed on a custom-designed
atomic force microscope as described'’. Hydrogel-like biomaterials of GB1—
resilin was constructed using a photochemical crosslinking strategy as
described'**. Tensile tests were performed on an Instron-5500R tensometer
with a custom-made force gauge in PBS at constant temperature (22 °C). For
technical reasons, ring-shaped biomaterial specimens were used” (Supplemen-
tary Information). Resilience was calculated from the ratio of the area under the
relaxation curve to the area under the extension curve at a given strain using
custom-written software in Matlab. The local slope at 15% strain on the exten-
sion curve was taken as the modulus at 15% reported in the paper.
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