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ABSTRACT: Fibronectin (FN) textiles are built as nanometer-
thick fabrics. When uniaxially loaded, these fabrics exhibit a distinct
threshold between elastic and plastic deformation with increasing
stretch. Fabric mechanics are modeled using an eight-chain
network and two-state model, revealing that elastic properties of
FN depend on conformational extension of the protein and that
plastic deformation depends on domain unfolding. Our results
suggest how the molecular architecture of a molecule can be
exploited for designer mechanical properties of a bulk material.
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Cells build, sculpt, and maintain the extracellular protein
networks that underlie the structural integrity of a

tissue.1−7 The adaptability and functionality of the extracellular
matrix (ECM) is due, in part, to the hierarchical architecture of
its constituent protein fibers. The primary structure of
extracellular matrix proteins dictates its secondary and tertiary
structure folding, which endows the ECM network with unique
chemical and mechanical properties.8,9 The hierarchical
organization of the ECM can be recapitulated in synthetic
protein-based materials for applications requiring robust
chemical and mechanical functionality over a broad range of
length scales. Thus, an important detail in the design and
assembly of biomimetic protein textiles is an understanding of
how the vertically integrated structures of the protein fibril
behave under mechanical loading.
Some ECM proteins offer certain advantages for manufactur-

ing and endowing protein textiles with unique functionalities.
For example, fibronectin (FN) is a 450 kDa dimer composed of
modular folded domains (I, II, or III) that are categorized by
their sequence homology.10−14 Unlike the FN I and II domains,
the β-sheet rich, FN III domains do not contain internal
disulfide bondsa characteristic that enables the large
extensibility of FN in the presence of tensile load. FN
undergoes conformational changes from a soluble, compact
state to an extended conformation under cell generated
strain.1,6,10,11,13,15 In the extended conformation, additional
FN molecules bind at FN I domains, polymerizing to form an
insoluble protein network.10,11 While it is understood that cell
coupling and cytoskeletal contraction induce conformational
changes required for fibrillogenesis in the extracellular space,
how FN fibers respond to strain is debated. Two structural

models have been proposed to describe the mechanical
properties of FN fibers. In the first model, elasticity within
FN fibers is due to their conformational extension without
domain unfolding.10,16 When FN fibers are relaxed, constituent
FN molecules are in a compact form. Under tensile load, the
fibers stretch due to conformational extension. In the second
model, relaxed FN matrix fibers contain polymerized FN that is
already in an extended conformation, where elasticity is due to
individual FN III domains that unfold and refold within the
fibril.17,18

We reasoned FN fibers would display different and
distinguishable mechanical properties during conformational
and domain unfolding. To test our hypothesis, we manufac-
tured FN fabrics by a previously published method that requires
assembly of protein fabrics on a surface with microcontact
printing and then its subsequent release.19 This process is
illustrated in Figure 1a; a schematic representation of the
experiment is shown in Supporting Information, Figure S1a,
where a micropatterned FN ribbon is released from a PIPAAm
substrate. When released, the ribbons contract, curling along
their transverse axis to form nanofabrics (Supporting
Information, Figure S1a−d). We hypothesized that, when
released from the substrate (Figure 1b), FN within the fabrics
transitions from the extended conformation to a more compact
conformation. To test this hypothesis, we measured the Raman
spectra for seven FN fabrics before and after release from the
substrate. When adhered to the PIPAAm substrate, signature

Received: July 17, 2012
Revised: September 22, 2012

Letter

pubs.acs.org/NanoLett

© XXXX American Chemical Society A dx.doi.org/10.1021/nl302643g | Nano Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/NanoLett


amide I (1628, 1651, 1659 cm−1), amide II (1557 cm−1), and
amide III (1266, 1279, 1283 cm−1) peaks, attributed to the
protein’s secondary structure, are visible (Figure 1c; Supporting
Information, Figure S1e).20,21 When the nanofabrics are
released from the surface, only the amide I peak (1659 cm−1)
is visible (Figure 1c). The loss in secondary structure peaks in
the Raman spectra suggests that, when FN is released from the
substrate, it refolds from an extended conformation to a
globular configuration, obscuring the amide II and III regions.
To investigate strain-dependent changes in FN structure

during release of the fabric from the substrate, we labeled FN
with donor fluorophores on the primary amines and acceptor
fluorophores on the free sulfhydryls of the FN III7 and FN III15
domains in a manner similar to previous reports.1,17,18,22,23 We
measured the temporal changes in fluorescence resonance
energy transfer (FRET) intensity before, during, and after the
labeled fabrics were released from the PIPAAm substrate
(Figure 2a). We observed an exponential increase in the ratio
between the acceptor and the donor emission intensities (IA/
ID) until fabrics were freed from the PIPAAm substrate and
contraction was completed (t = 560 s, Figure 2b). When the
labeled FN is constrained to the PIPAAm surface (Figure 2c),
FN is in an extended conformation, with minimal FRET signal
(Figure 2d). As the PIPAAm substrate dissolves (Figure 2e),
FRET fluorescence increases by 90 ± 1%, suggesting that FN
has folded back to a globular form when the fabric is released
(Figure 2f). To confirm that FRET in the contracting fabrics is
due to FN conformational changes rather than the increasing
proximity of donors and acceptors on adjacent FN molecules,
fabrics containing an even mixture of FN labeled with only
donor fluorophores and FN labeled with only acceptor
fluorophores were released from a PIPAAm substrate
(Supporting Information, Figure S2). We observed only a 30

± 8% increase in FRET signal associated with intermolecular
FRET signal (Supporting Information, Figure S2a and S2c),
indicating that the significantly higher increase in FRET
fluorescence within the dual-labeled FN fabrics is due to
intramolecular conformational changes. Both the enhanced
FRET signal associated with FN contraction and the change in
Raman signal suggest that FN within the released fabrics is in a
compact conformation, while FN in patterned fabrics con-
strained to the substrate is in an extended conformation.
We asked how the secondary structural changes of FN affect

the bulk mechanical properties of the released FN fabrics. To
measure the mechanical properties of the fabrics, they were
attached to calibrated glass microneedles via nonspecific
adhesive forces and uniaxially loaded at a constant rate of 1
μm s−1 (Figure 3a). During uniaxial tensile loading, the
stretched fabrics exhibited three regimes: a linear elastic regime,
a stress plateau, and a strain stiffening regime (Figure 3b). This
data suggests that relaxed fabrics undergo multiple transition
points under mechanical strain.
To determine the molecular mechanism of fabric elongation,

we used an eight-chain model to analyze the measured stretch−
stress data and infer how FN within the fabrics responds during
stretching. The eight-chain model is a well-developed model
that connects continuum level mechanics to the microstructural

Figure 1. Forming FN textiles. (a) Schematic of conformational
changes in FN. FN is extended under tension as micropatterned
ribbons. Once the PIPAAM substrate dissolves, tension is released, and
FN contracts into compact conformation forming fabrics. (b) As
PIPAAm dissolves, fluorescently labeled FN nanofabrics fold into free-
standing fibrillar arrays. The scale bar is 50 μm. (c) Raman spectra of
FN Fabrics pre- (blue) and post- (red) release from the PIPAAm
substrate indicate loss in the secondary structure of FN, once the
fabrics contract.

Figure 2. Optical signature of conformational changes in FN fabrics
under strain. (a) Schematic of conformational changes within fabrics
labeled for intramolecular FRET. (b) The ratio of peak acceptor-to-
donor intensities (IA/ID) of the releasing FRET-labeled FN plotted as
a function of the time (n = 8) indicates that released FN is in a
compact conformation. (c) Unreleased FN ribbons excited at donor
excitation wavelength (488 nm) were captured at donor emission
wavelength (522 nm, i) and acceptor emission wavelength (576 nm,
ii). (d) Intensity profiles taken along dotted line from scan c for both
donor (green) and acceptor (blue) emission signal. (e) Released FN
fabrics excited at donor excitation wavelength (488 nm) were captured
at donor emission wavelength (520 nm, i) and acceptor emission
wavelength (576 nm, ii). (f) Intensity profiles taken along dotted line
from scan e were plotted for both acceptor (green) and donor (blue)
emission signal. The scale of c and e is 50 μm. Error bars in b indicate
the standard deviation.
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level force−extension behavior.24 It was originally developed to
describe the behavior of rubber and polymeric materials24 but
has recently been applied to understand the contribution of
protein unfolding in fibrin protein gels.25 The model idealizes a
local, random network structure as semiflexible chains
connected at the center of a cube (Figure 3c). A flow diagram
of the interaction of the model and experimental data is
depicted in Figure S3 in the Supporting Information. Here,
each semiflexible chain represents a single FN molecule. Using
the model, the nominal stress (N)-stretch (λ) relation of the
fabric can be easily expressed in terms of force (F) and
extension (λc) for the individual FN molecules (Figure 3d).
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and ro and v are the end-to-end length of the unloaded FN
molecule and FN density within the cube, respectively. Using
our experimentally measured stress (N)-stretch (λ) data
(Figure 3b), we can solve eqs 1 and 2 for F(λc) and λc to
infer the average force−extension behavior of FN during fabric
stretching (Figure 3d). Note that the single free parameter here

is ro within the undeformed fabrics. Assuming that FN
molecules within released fabrics are in the compact
conformation (ro = 15.5 nm26), the solved average force−
extension relation for FN exhibits a force plateau at ∼80 pN
(blue axis, Figure 3d). However, if we assume that FN is in an
extended conformation within the unloaded fabrics (ro = 160
nm11,27), an extreme value of the force plateau (∼8.6 nN) is
predicted by the model (red axis, Figure 3d).
We used a two-state model to predict the force at which

individual domains within FN begin to unfold.12,25,28 Indeed,
the force plateau observed at 80 pN is well-captured using the
two-state model, indicating that FN III domains unfold (solid
line, Figure 3b). This observation is consistent with a study that
suggests FN III domain unfolding occurs between 80 and 130
pN during single molecule force spectroscopy (see Supporting
Information).12 Results from the two-state model are combined
with the eight-chain network model to predict the fabric
stress−stretch data (solid line, Figure 3d) with good agreement
(coefficient of determination, R2 = 0.74) to the experimental
results. However, if FN fabrics are modeled as a two-state
model with a network of noninteracting molecules aligned in
the direction of the applied stretch, the model prediction largely
underestimates the experimental results (dashed line, Figure
3b). These data suggest that FN is polymerized as a 3D
network of connected molecules within the released fabrics.

Figure 3. FN network extensibility modeled using the eight-chain and two-state models. (a) DIC and fluorescent merged images of a representative
fabric (green) suspended at two ends by calibrated microneedles prior to uniaxial tensile testing (i). Deflection (Δy) at the tip-fiber interface
represents the load generated during extension (ii). The scale bar is 100 μm. (b) Stress−stretch curves for loaded nanofabrics (n = 3, squares,
triangles, and circles) at a constant rate (1 μm s−1). The solid line represents the numerical results of the stress−stretch relation as predicted by
single molecule mechanics, the two-state model, and eight-chain network model. The dashed line represents if the FN network is modeled as a two-
state system composed of noninteracting molecules. (c) Schematic of the eight-chain model to describe FN network assembly. The FN network is
modeled as cubes with eight FN molecules (chains) connected at the centers. Under tensile load, the cubes deform. When the stretching force is
large enough, β-sheets within FNIII domains begin to unfold (represented in orange in the stretched chains). (d) Average force−extension relation
of a single FN molecule estimated using the eight-chain model (n = 3, squares, triangles, and circles). The solid line represents the numerical results
of the force−extension relation as predicted by the two-state model. The blue axis is force (pN), assuming reference length of FN within an unloaded
fabric is compact, with an ro of 15.5 nm. The red axis is force (nN) assuming the reference length of FN within an unloaded fabrics is extended, with
an ro of 160 nm. The dashed horizontal line depicts the force threshold obtained at the different ro values indicated on the vertical axes.
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Furthermore, the combined two-state and eight-chain network
models predict that the transition points observed within the
deformed fabric are due to conformational changes within the
linear elastic regime (λ < 2), a threshold value where, when
exceeded, domain unfolding occurs (λ > 2).
We asked how conformational extension and domain

unfolding contribute to the elasticity and plasticity of FN
fabrics. Four fabrics are stretched beyond the domain unfolding
regime (λ = 4−5.5), after which point they are slowly (1 μm
s−1) unloaded (Figure 4a; Supporting Information, Figure S4).
The length recovery kinetics of the prestretched fabrics under
zero load is measured (Figure 4b, plotted in Figure 4c) and
plotted as a function of recovery time (circles, Figure 4c and
Supporting Information, Figure S4a−c). Data are fit to a double
exponential curve (solid line, Figure 4c and Supporting
Information, Figure S4a−c) with λ = A1e

(−t/τ1) + A2e
(−t/τ2).

The variables A1 and A2 represent the decay amplitude and fit
parameter, respectively; τ1 and τ2 represent the half lifetimes for
fast (81 ± 11 s) and slow (19 ± 9 × 104 s) recovery,
respectively, and are delineated in Figure 4c and Supporting
Information, Figure S4a−c by the vertical dashed line. In spite
of a 1400 s relaxation period, fabrics do not fully recover their
original length, exhibiting a total permanent deformation (λfinal
− 1) of 0.5 ± 0.2 (Figure 4c; Supporting Information, Figure
S4a−c). When the relaxed fabrics are stretched again, they
exhibit altered mechanical properties, displaying an increase in
stretch-stiffening (Figure 4d; Supporting Information, Figure
S4d−f). The change in mechanical behavior as a function of
maximum load is known as the Mullins effect, which is caused
by damage or debonding within single polymer chains.29−31

Our data suggest that large strains may damage the original
configuration of the FN III domains, reminiscent of a Mullins
effect, and that this damage irreversibly alters the length and
mechanical properties of the FN fabrics.
To determine the threshold of plastic deformation, we

cyclically loaded three fabrics, gradually increasing the
maximum applied stretch from λmax = 1.5 up to λmax = 6.0
over 11 cycles at a 1 μm s−1. The stress−stretch response in
each cycle (Figure 4e; Supporting Information, Figure S5) and
the total permanent deformation (Figure 4e, inset; Supporting
Information, Figure S5, insets) were measured as a function of
the maximum applied stretch. As the fabrics are cyclically
loaded, they are allowed to relax for 500 s, which is the duration
of the fast recovery time deduced from the length recovery
kinetics (Figure 4c; Supporting Information, Figure S4a−c).
Plastic deformation is initiated by λ = 2, at which point the
fabrics are no longer able to recover their original length. Rate
dependence on the plasticity was not investigated; thus, a
viscoplastic response is not detected. Our results suggest that,
once the fabrics are stretched beyond this threshold, domain
unfolding occurs, causing the permanent deformation of FN in
the fabrics. Both the experimental and numerical results
demonstrate that FN elasticity within fabrics is due to
conformational changes under low strains (λ < 2), and that
at high strains (λ > 2), domain unfolding potentiates plastic
deformations.
Until now, the molecular mechanism accounting for FN

elasticity has been debated between two structural models. In
the first model, elasticity within FN fibers is due to
conformational extension of polymerized FN without domain
unfolding.10,16 In the second model, relaxed FN matrix fibers
contain FN molecules that are already in an extended
conformation, and elasticity is due to individual FN III domains

that unfold and refold within the fibril.17,18 We report results in
support of the first model and found that FN elastically deforms
at low extensions (λ < 2) due to conformational unfolding.
Beyond this threshold, FN plastically deforms due to domain
unfolding.
A recent report suggested that FN nanofibers formed from a

droplet exhibited a complete elastic recoil, even after large
extensions (λ = 3.5);22 however, we argue that this observation
is dependent on the fabrication method. Due to the nature of

Figure 4. Length recovery dynamics of stretched fabrics indicate
threshold for plastic deformation at λ = 2. (a) An unloaded fabric (λ =
1) is stretched to λ = 4.5 at a constant rate of 1 μm s−1. (b) The
stretched fabric is manually unloaded, and its length recovery is
optically measured over 2460 s. (c) The recovered stretch for one
fabric was plotted as a function of recovery time (circles); data sets for
three additional fabrics are given in Figure S4a−c. (d) Stress−stretch
curves were measured for the unloaded fabric before stretch (circles)
and after loading and recovery (triangles); data sets for three
additional fabrics are given in Figure S4d−f. (e) Stress−stretch curves
of a cyclically loaded fabric. The total permanent stretch on the fabrics
is calculated (inset) by normalizing the final stretch (λfinal) to the
original, unloaded fabric (Lo = 1); data sets for two additional fabrics
are given in Figure S5. The red dotted line indicates threshold for
plastic deformation in both graphs. The scale of A and B is 50 μm.
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their synthesis, these fibers pulled from a droplet22 experience a
prestretch of λ = 2.4, as they are deposited prior to mechanical
testing. According to our molecular model and experimental
data, the prestretch initiated during deposition is enough to
induce a plastic deformation on the pulled FN fibers prior to
any mechanical testing. We argue that, once the fiber has
crossed the plastic deformation threshold, its mechanical
properties are permanently altered and this may account for
its ability to recover elastically after large strains.
Models attempting to explain the mechanism for FN

unfolding have yet to fully recapitulate experimental stress−
strain curves. For example, FN modeled as wormlike-chain
molecules linked in a one-dimensional (1D) series produces a
much narrower strain regime for molecular unfolding than is
observed experimentally.32 The authors reported an improved
network model where FN is organized in parallel, but the
model does not fully capture the isotropic mechanical property
of the stress-free network.32 The microstructurally informed
eight-chain network and two-state relation used in our
manuscript, corrects for this shortcoming with good agreement
to the experimentally observed unfolding, indicating that 3D
network models successfully recapitulate the bulk mechanical
properties of a FN network.
In conclusion, we have identified how protein textiles

composed of polymerized FN respond to mechanical load
across multiple spatial scales, from the network down to the
molecular level. Fabrics are capable of extending up to nine
times their original length without breaking, making them one
of the most extensible engineered protein networks. Our
experimental findings support a mechanism for FN extensibility
that occurs in sequential stages activated by elastic deformation
at λ < 2, plastic deformation at 2 < λ < 5, and stretch stiffening
at λ > 5. We observe that the average force associated with
plastic deformation within the loaded fabrics at the λ = 2
threshold is 131 ± 17 nN (n = 5 fibers). Single cells can
generate forces between 20 and 70 nN.2,4 Thus, we reason that
cell-generated forces are not large enough to trigger domain
unfolding and plastic deformation on their ECM, which may
explain why the ECM is elastic in vivo. Having used FN as a
model protein, we can now use the eight-chain and two-state
models as a means to predict how molecular structure,
elasticity, and extensibility are altered in the presence of
mechanical load within other natural or synthetic multimodular
proteins.
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