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We  investigate  the linear  and  nonlinear  viscoelastic  properties  as  well  as  the  reversibility  of strain-
stiffening  behavior  of  silk  fibroin  gels.  The  gels  are  prepared  from  4.2  w/v%  fibroin  solution  in  the  presence
of  butanediol  diglycidyl  ether  and  N,N,N’,N’-tetramethylethylenediamine  (TEMED)  as  a cross-linker  and
catalyst,  respectively.  By  changing  the  concentration  of TEMED  in  the  gelation  system,  fibroin  gels  exhibit-
ing  a storage  modulus  G’ between  10−1–105 Pa  and  a  loss  factor  tan  � between  10−2 and  10◦ could  be
obtained.  We  observe  a strong  stiffening  (up  to 900%)  in fibroin  gels  with  increasing  strain  above  10%
deformation,  but  reversibly  if the  strain  is  removed,  the  gel  recovers  its initial  viscoelastic  properties.
ydrogels
train stiffening

The  strain  induced  formation  of  transient  intermolecular  domains  acting  as reversible  cross-links  are
responsible  for  the  stiffening  behavior  of fibroin  gels.  These  additional  cross-links  formed  in  the hard-
ened  fibroin  gels  have  a temporary  nature  with  lifetimes  of the order  of  seconds.  The  nonlinear  behavior
of  fibroin  gels  can  be  reproduced  by  a  wormlike  chain  model  taking  into  account  the  entropic  elasticity
of  fibroin  molecules  and  the  strain  induced  increase  in  the  cross-link  density  of  fibroin  gels.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Silk fibroin gels and scaffolds attract significant interest for
iomedical and biotechnological applications due to the extraor-
inary mechanical properties, biocompatibility, and controlled
egradability [1–3]. Sol-gel transition in aqueous silk fibroin solu-
ions mainly occurs by self-assembly of fibroin molecules via
ydrophobic interactions to form intermolecular �-sheet crystal-

ites acting as physical cross-links [4,5]. Self-assembly of silk fibroin
rom random coil to �-sheet structure and following gelation can
e induced by pH [6–14], temperature [6,7], fibroin concentration
5,7,9], cations [13–17], diepoxide cross-linkers [18,19], vortex-
ng [20], and electrical field [21–23]. In silk fibroin gels, fibroin

olecules are interconnected by physical but essentially irre-
ersible cross-link zones consisting of �-sheet nanostructures.

Strain induced stiffening accompanied by an increase in the
torage modulus of fibroin gels has also been reported in a few
tudies [18,24]. Strain-stiffening is in fact an inherent property of
any biological gels consisting of semiflexible or rigid filaments

25–29]. The strain-stiffening behavior enables the resistance of

iological gels against large deformations and thus, it can be con-
idered as a nature’s defense mechanism against the external forces
o protect the tissue integrity. For instance, a significant stiffening

∗ Corresponding author.
E-mail address: okayo@itu.edu.tr (O. Okay).

ttp://dx.doi.org/10.1016/j.ijbiomac.2016.11.034
141-8130/© 2016 Elsevier B.V. All rights reserved.
at very small deformations (∼10%) was reported for gels formed
from semiflexible polymers with persistence lengths of a few
micrometers such as fibrin [29], and actin filaments (F-actin) [27],
which are the major components of blood clots and cytoskeleton,
respectively. The gels derived from collagen, the most abundant
extracellular protein, exhibit slight softening at small strains fol-
lowing by a stiffening regime at strains �o above 0.2 whereas the
network ruptures beyond �o = 0.75 [30]. The stiffening behavior
of collagen network was  attributed to the deformation induced
increase in the cross-link density via network rearrangement and
to the nonlinear stretching of the molecules [30]. A strain-stiffening
induced by decreasing the contour length of DNA strands between
cross-links was also reported in DNA gels at short experimental
time scales while they soften at longer times [31].

A shear thickening followed by shear-thinning behavior was
observed in aqueous fibroin solutions at or above 4.2 wt.% fibroin
[9,10,15], similar to the behavior of aqueous solutions of associative
polymers such as hydrophobically modified hydrophilic polymers
[32,33]. It was also shown that the aqueous solutions of fibroin
at concentrations of above 25 wt.% exhibit strain induced crystal-
lization into �-sheet structure at shear rates above 2 s−1 [11]. We
recently observed that the mechanical response of fibroin gels pro-
duced via diepoxide-triggered conformational transition of fibroin

from random coil to �-sheet structure is highly nonlinear with
strain-stiffening behavior (up to 700%) arising from the alignment
of the crystallizable amino acid segments [18]. Moreover, the so-
called e-gels produced by utilizing electrochemistry to convert the

dx.doi.org/10.1016/j.ijbiomac.2016.11.034
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2016.11.034&domain=pdf
mailto:okayo@itu.edu.tr
dx.doi.org/10.1016/j.ijbiomac.2016.11.034
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broin solution into a fibroin gel with a storage modulus G’ of
10 Pa and a loss factor tan � of ∼0.1 exhibit stiffening behavior
t strain amplitudes �o above 5 and an extraordinary large yield
train [22,23]. Interestingly, e-gels exhibit reversible shear stiff-
ning at low shear amplitudes followed by irreversible stiffening
t high shear amplitudes. The results thus reveal dynamic nature
f electric field induced physical cross-links between silk fibroin
olecules below a critical shear stress.

In the present work, we investigate the linear and nonlinear vis-
oelastic properties as well as the reversibility of strain-stiffening
ehavior of silk fibroin gels exhibiting a storage modulus G’
etween 10−1–105 Pa and a loss factor tan � between 10−2 and
0◦. We  use a synthetic strategy developed recently by our group
o produce fibroin gels with tunable properties [18,19]. Fibroin
els are prepared from 4.2 w/v% fibroin solution in the presence of
utanediol diglycidyl ether (BDDE) cross-linker. BDDE cross-links
etween fibroin molecules triggers the conformational transition
rom random coil to �-sheet structure and hence fibroin gela-
ion in a short period of time. By changing the concentration
f N,N,N’,N’-tetramethylethylenediamine (TEMED) catalyst in the
elation system, fibroin gels with a wide range of viscoelastic
roperties could be obtained. Such gels are a good candidate to
nderstand the nonlinear viscoelastic response of interconnected
broin molecules depending on the characteristics of fibroin gels.
s will be seen below, we observe a strong stiffening in fibroin
els with increasing strain above 0.1, but reversibly if the strain is
emoved, the gel recovers its initial viscoelastic properties. We also
how that the strain induced formation of transient intermolecu-
ar domains acting as cross-links are responsible for the stiffening
ehavior of fibroin gels. These additional cross-links formed in
ardened fibroin gels have a temporary nature with lifetimes of
he order of seconds. The nonlinear behavior of fibroin gels can
e reproduced by a wormlike chain model taking into account
he entropic elasticity of fibroin molecules and the strain induced
ncrease in the cross-link density of fibroin gels.

. Experimental

.1. Materials

Butanediol diglycidyl ether (BDDE, Sigma-Aldrich), N,N,N’,N’-
etramethylethylenediamine (TEMED, Merck), Na2CO3, and LiBr
ere used as received. Bombyx mori cocoons were purchased from
oza Birlik (Agriculture Sales Cooperative for Silk Cocoon, Bursa,
urkey). To separate silk fibroin from cocoons in the form of an
queous solution, the method described by Kim et al. was  utilized
6]. The sericin proteins were first removed from cocoons by boil-
ng for 1 h in aqueous solution of 0.02 M Na2CO3. The remaining
ilk fibroin was then thoroughly washed three times with distilled
ater at 70 ◦C for 20 min  each. The silk fibroin was  dissolved in

queous 9.3 M LiBr at 60 ◦C for 4 h, then dialyzed using dialysis tub-
ng (10,000 MWCO, Snake Skin, Pierce) for 3 days against water that

as changed three times a day. After centrifugation, the final con-
entration of silk fibroin in aqueous solution was about 5 w/w%,
hich was determined by weighing the remaining solid after dry-

ng.

.2. Fibroin gelation

Silk fibroin gels were made by mixing aqueous silk fibroin solu-
ions with BDDE cross-linker and TEMED catalyst and then placing

he solution between the parallel plate of the Rheometer system
o conduct the gelation reactions at 50 ◦C. Typically, 5 mL  of 5 w/v%
ilk fibroin solution were mixed with 0.50 mL  BDDE and an aqueous
olution of TEMED to obtain a final volume of 6 mL.  The concentra-
ological Macromolecules 95 (2017) 24–31 25

tions of silk fibroin and BDDE were fixed at 4.2 w/v% and 20 mmol
epoxide groups/g silk fibroin, respectively, while the amount of
TEMED was varied between 0 and 0.7 v/v%.

2.3. Rheological experiments

Gelation reactions and the viscoelastic properties of the result-
ing fibroin gels were investigated using a Bohlin Gemini 150
Rheometer system (Malvern Instruments, UK) equipped with
a Peltier device for temperature control. The fibroin solutions
containing BDDE cross-linker and TEMED catalyst were placed
between the parallel plate of the instrument. The upper plate
(diameter 40 mm)  of the rheometer was  set at a distance of 500 �m
before the onset of the reactions. During the rheological measure-
ments, a solvent trap was used and the upper plate was  covered
with a thin layer of low-viscosity silicone oil to prevent evapora-
tion of water. Gelation reactions were carried out at a frequency
of � = 6.3 rad s−1 and a deformation amplitude �o = 0.01 to ensure
that the oscillatory deformation is within the linear regime. Then,
frequency-sweep tests at �o = 0.01 were carried out at 25 ◦C over
the frequency range 6 × 10−3 to 6.3 × 10−2 rad.s−1. The gels were
also subjected to stress-relaxation experiments at 25 ◦C. A shear
deformation of predetermined strain amplitude �o was applied to
the gel samples and the resulting stress � (t, �o) was monitored as
a function of time. Here, we report the relaxation modulus G (t, �o)
as functions of the relaxation time t and strain amplitude �o. The
experiments were conducted with increasing strain amplitudes �o
from 0.01 to 1. For each fibroin gel, stress-relaxation experiments at
various �o were conducted starting from a value of the relaxation
modulus deviating less than 10% from the modulus measured at
�o = 0.01.

We  have to note that the software of the rheometer assumes
a linear rheological response of the gels within each cycle of the
oscillatory deformation tests. To characterize the non-linear prop-
erties of fibroin gels, the raw angular displacement and torque data
provided by the rheometer were used for analyzing the rheological
properties in large amplitude oscillatory shear using the MITlaos
program. We  recorded Lissajous-Bowditch curves by plotting the
instantaneous stress � (t) against the applied strain � (t) at a fixed
strain amplitude �o [34,35].

3. Results and discussion

3.1. Fibroin gelation

Silk fibroin gels are prepared from Bombyx mori cocoons which
are composed of sericin and fibroin proteins. The first step toward
the gel preparation is to remove sericin proteins from the cocoons
and solubilize the resulting fibroin in deionized water. As described
in the previous section, the cocoons are first boiled in aqueous
Na2CO3 solutions to remove sericin and then, the remaining silk
fibroin is dissolved in an aqueous solution of concentrated LiBr at
60 ◦C. After dialyzing against water, an aqueous fibroin solution at
a concentration of around 5 w/v% is obtained. Silk fibroin gels are
made by mixing this solution with the diepoxide cross-linker BDDE
and TEMED catalyst, and then conducting the gelation reactions at
50 ◦C for 6 h. The concentrations of silk fibroin and BDDE are fixed at
4.2 w/v% and 20 mmol  epoxide groups/g silk fibroin, respectively,
while the amount of TEMED is varied over a wide range. Fig. 1 rep-
resents typical gelation profiles of 4.2 w/v% fibroin solution in the
presence of various amounts of TEMED, where the storage modu-

lus G’ measured at an angular frequency of 6.3 rad s−1 and the loss
factor tan � (=G”/G’  where G” is the loss modulus) are shown as a
function of the reaction time. TEMED contents together with the
pH of the solutions (in parenthesis) are indicated in the figure.
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ig. 1. Storage modulus G’,  and the loss factor tan � during gelation of aqueous 4.2 w
elation  solutions (in parenthesis) are indicated. � = 6.3 rad s−1. �o = 0.01.

In the absence of TEMED, i.e., at pH = 5.7, the storage modulus
’ of the fibroin solution does not change over 10 h (not shown in

he figure), while in the presence of TEMED, a gel starts to form
fter an induction period of 60–100 min. A five-orders of mag-
itude change in G’ of fibroin gels could be achieved by varying
he TEMED content between 0.1 and 0.7 v/v% corresponding to a
ange of pH between 9.4 and 12.1. Simultaneously, the loss fac-
or tan � varies between below and above 0.1 indicating formation
f strong and weak gels depending on the amount of TEMED. As
etailed before [18], the function of TEMED is to adjust the pH
f the gelation solution while BDDE attacks the amino groups of
broin to form interstrand cross-links. Introduction of BDDE-cross-

inks between the fibroin molecules decreases the mobility of the
hains, which triggers the conformational transition in fibroin from
andom coil to �-sheet structure and hence, fibroin gelation. For
nstance, fibroin chains before gelation at pH = 5.7 have 12 ± 2% �-

heet structures, while their contribution increases to 55% in the
broin gels formed between pH = 8–9 [18], which is close to the
aximum crystallinity of silk fibroin. As the pH is further increased,

ig. 2. The relaxation modulus G(t,�o) of fibroin gels at 25 ◦C plotted against the strain �
reparation = 0.66 (a), 0.42 (b), 0.58 (c), 0.25 (d), 0.17 (e), and 0.13% (f).
ilk fibroin solution at 50 C. EGDE = 20 mmol/g. TEMED contents and the pHs of the

this percentage decreases and, at pH = 11, only 20% �-sheets are
detected in soluble fibroin chains [18]. Thus, fibroin gels with a
storage modulus between 10−1–105 Pa and a loss factor between
10−2 and 10◦ could easily be produced within 6 h using this versatile
gelation technique.

3.2. Rheological properties and strain stiffening behavior of silk
fibroin

The gels formed after a reaction time of 6 h are subjected to
stress-relaxation experiments at 25 ◦C by monitoring the relaxation
modulus G(t, �o) after application of a shear deformation of con-
trolled amplitude �o for a duration of 50 s. In Fig. 2, the relaxation
modulus G(t,�o) of fibroin gels prepared at various TEMED concen-

trations is shown as a function of strain �o for times t between 0
and 50 s. In Fig. 3a, all the modulus versus strain data up to the yield
strain are collected in a double-logarithmic scale. Several interest-
ing features can be seen from the figures:

o for a time scale t = 1 ( ), 10 ( ), and 50 s ( ). The amount of TEMED at the gel
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F ontents plotted against �o . The inset to Fig. 3b shows the extent of stiffening represented
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Fig. 4. (a, b):  Storage modulus G’ (filled symbols) and loss modulus G’ (open symbols)
of  a fibroin gel with a modulus Go of 2 Pa in the linear (a) and stiffening regimes (b)
plotted against the angular frequency �. The arrows in b indicate the direction of
increasing �o . Temperature = 25 ◦C. �o = 0.1 ( ), 0.2 ( ), 0.3 ( ), 0.4 ( ), 0.5 ( ),
0.6  ( ), 0.7 ( , x-hair), and 0.8 ( , x-hair). (c, d): G’ (filled symbols) and the loss
ig. 3. G(t,�o) (a) and the reduced modulus Gr (b) of gels formed at various TEMED c
y  the maximum value of the Gr (Gr,max) plotted against the linear modulus Go of fib
lotted. t = 10 s. The linear modulus Go of some gel samples is indicated in b.

(i) the relaxation modulus G(t,�o) is independent on the time scale
between 0 and 50 s, indicating irreversible nature of cross-links
consisting of �-sheet nanostructures,

(ii) G(t,�o) of the aqueous solution of 4.2 w/v% fibroin remains con-
stant throughout the strain range studied (not shown) while all
the fibroin gels derived from this solution exhibit strain stiff-
ening followed by a softening regime beyond the yield point.
For gels with a linear modulus between 10−1 and 101 Pa, the
onset of stiffening appears at a strain of around 0.1 while for
the higher modulus gels, the stiffening starts at a lower strain
value,

iii) Except for the gel with the highest linear modulus of around
40 kPa, an initial slight softening appears before the onset of
stiffening.

Thus, the general trend of the strain dependence of the modu-
us G(t,�o) is the appearance of three regions in the modulus versus
train data, namely an initial slight softening, stiffening, and final
oftening (rupture) beyond the yield point. Moreover, the most
oticeable result shown in Fig. 2 is the appearance of stiffening
t a very low strain (10–20% deformation), which is similar to the
iological gels consisting of semiflexible filaments [25]. Because
ilk fibroin is a flexible polymer with a persistence length below

 nm [36,37], one would expect the onset of stiffening at much
arger strain amplitudes. This point will be discussed later in rela-
ion with the strain-induced increase in the cross-link density of
broin gels. In Fig. 3b, the relative increase of the modulus Gr with
espect to the linear modulus Go is plotted against the strain �o up
o the yield point. Note that the modulus measured in the range of
he lowest strain values is denoted as the linear modulus Go. The
nset to the figure shows the extent of stiffening represented by the

aximum value of Gr (Gr,max) plotted against the linear modulus
o. Up to about 9-fold increase in the modulus could be observed

n gels exhibiting a linear modulus between 0.8 and 35 Pa. The
xtent of stiffening rapidly decreases with increasing Go indicat-
ng that it inversely correlates with the �-sheet content of the gels
18,19]. The lower the �-sheet content, that is, the lower the lin-
ar modulus, the stronger is the strain stiffening behavior. The only
xception is the aqueous solution of 4.2 w/v% fibroin with the low-
st �-sheet content (12 ± 2%) exhibiting no stiffening, which could

e attributed to the mobility of flexible fibroin molecules hindering
heir alignment to form ordered domains.

To understand the internal dynamics of fibroin gels in the stiff-
ning regime, we conduct oscillatory frequency sweep tests at 25 ◦C
factor tan � (open symbols) of the same gel plotted against the strain amplitude �o .
�  = 6.3 × 10−3 (c) and 4.3 × 10−2 rad.s−1.

over the frequency range 6 × 10−3–6.3 × 10−2 rad s−1. The strain
amplitude �o is fixed at a value between 0.1 and 0.8. The results are
collected in Fig. 4a and b for a fibroin gel with a modulus Go of 2 Pa in
the linear and stiffening regimes, respectively, where the storage
modulus G’ (filled symbols) and the loss modulus G” (open sym-
bols) are shown as a function of angular frequency �. The arrows
in Fig. 4b indicate the direction of increasing �o. In accord with the

stress relaxation test results, the storage modulus G’ is almost inde-
pendent on the frequency range studied, corresponding to a time
scale between 16 and 170 s. Although the loss modulus G” is also
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ig. 5. (a): LB plots for fibroin gel at various strain amplitudes �o as indicated. Th
hown  by blue symbols and black curves, respectively. � = 1 rad s−1. (b,c): The mod
.  (For interpretation of the references to colour in this figure legend, the reader is 

ndependent on frequency in the linear viscoelastic region (Fig. 4a),
t becomes frequency dependent in the stiffening regime (Fig. 4b),
nd the extent of this dependence increases with increasing strain
mplitude �o. Fig. 4b also indicates that, at a low frequency, G”
ttains a higher value than that in the linear regime indicating
iscoelastic energy dissipation at long experimental time scales.
n contrast, G” is smaller at high frequencies indicating that more
eformation energy is stored at short times.

The opposite viscoelastic response of strain-stiffened fibroin
els depending on the frequency is also illustrated in Fig. 4c and
, where G’ (filled symbols) and the loss factor tan � (open sym-
ols) are plotted against the strain amplitude �o at a low and high
requency, respectively. It is seen that the gel during the stiffen-
ng regime becomes more viscous or more elastic depending on
he time scale of the experiments. At short times (Fig. 4d), the gel
s more elastic as compared to its viscoelastic nature in the lin-
ar regime while it is more viscous at long times (Fig. 4c). Similar
esults are also obtained for fibroin gels with various linear modulus
o (Fig. S1).

We have to mention that the results presented so far are
btained by using the software of the commercial rheometer
hich assumes a linear rheological response of the gels within

ach cycle of the oscillatory deformation tests. Thus, it reports
he first-harmonic of the elastic response represented by the stor-
ge modulus G’. To characterize the nonlinear properties of fibroin
els, we also record Lissajous-Bowditch (LB) curves by plotting the
nstantaneous stress � (t) against the applied strain � (t) at a fixed
train amplitude �o [34,35]. Fig. 5a presents typical LB plots of a
broin gel at a frequency of 1 rad s−1 and at four different strain
mplitudes �o. The raw data of the rheometer and the elliptical fits
o the data corresponding the first-order harmonic are shown by
lue symbols and black curves, respectively. It is known that LB
lots are in a perfect ellipse shape in the linear viscoelastic regime,

nd the slope of the major axis of the ellipse corresponds to the
odulus G’.  As seen in Fig. 5a, this behavior is observed at �o = 0.07

t which the gel is in the linear regime. As the strain is increased,
B plots deviate more and more from the elliptical shape indicating
 data and the elliptical fits to the data corresponding the first-order harmonic are
( ), G’M ( ), G’ (©), and the non-linearity index S ( ) plotted against the strain
d to the web version of this article.)

nonlinear viscoelastic response of the fibroin gel. As proposed pre-
viously [36], the actual elastic response of viscoelastic materials is
characterized by the minimum-strain (tangent) modulus G’M and
the large-strain (secant) modulus G’L. While the tangent modulus
G’M is the slope of the stress-strain plot at zero strain, the secant
modulus G’L is the ratio of stress and strain at maximum strain
�o, i.e., G′

M =
(
∂�/∂�

)
� = 0

and G′
L =

(
�/�

)
� = ± �0

. Because the LB

plot is elliptical in the linear regime, G’M and G’L describing elas-
tic behavior at small and large strains, respectively, converge to the
first-harmonic storage modulus G’ while the divergency of G’M from
G’L points out a non-linear response which can be quantified by the
index of non-linearity S = 1 − G’M/G’L. In Fig. 5b and c, the moduli
G’M, G’L, G’,  and the non-linearity index S are plotted against the
strain �o. Initially, all three moduli slightly decrease with increas-
ing �o up to 0.07 indicating strain-softening, as observed in Fig. 2.
However, although strain-softening requires negative values for
the index of non-linearity S, it remains at zero in this range of �
(Fig. 5c), indicating that no instantaneous softening occurs within
each oscillatory cycle. At �o ≥ 0.12, a difference between G’M and G’L
appears and S gradually increases with strain implying increasing
degree of strain hardening of fibroin network. Moreover, G’L and
G’ have similar strain-dependences and they both start to increase
at �o = 0.12 while G’M continues to decrease at large strain values.
Similar results were also obtained for fibroin gels with various lin-
ear modulus Go. Thus, the analysis of LB plots leads to the same
results as obtained by the first-harmonic of the elastic response
and hence, the values of G’ and G” are useful as a framework to
discuss the nonlinear viscoelastic properties.

From the above findings, we hypothesize that the non-
crystalline domains in silk fibroin re-organize under application of
strain into ordered structures acting as additional cross-links and
thus contributing to the modulus of gels. The cross-link zones exist-
ing in the hardened gels have a transient nature with a lifetime of

the order of seconds; at short times, these domains act as strong
crosslinks because the loss factor approaches to 10−3 (Fig. 4d) while
at long times, they dissociate by dissipating energy (Fig. 4c). Thus,
if our hypothesis is true, one would expect that the strain stiffen-



Z. Oztoprak, O. Okay / International Journal of Bi

Fig. 6. (a): The relaxation modulus G(t,�o) of a fibroin gel with a linear modulus
of  34 Pa plotted against the strain �o for a time scale t = 1 (�), 10 (�), and 50 s
(�). The square symbols indicated by arrows represent the high strain values �high

selected for six successive stress relaxation and oscillatory time sweep tests. Tem-
perature = 25 ◦C. (b): The schedule of the stepwise increased strain �high separated
with a low strain � low (line) and the time dependences of G(t,�o) at �high and G’ at
� low (blue symbols). (c): The recovered storage G’ and loss moduli G” at � low plotted
against the strain history of the gel. (For interpretation of the references to colour
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density of fibroin gels under strain due to the formation of ordered
n this figure legend, the reader is referred to the web version of this article.)

ng behavior of fibroin gels is reversible. To understand whether
he viscoelastic domains generated in strain-stiffened gels dissoci-
te and re-associate reversibly by on-off switching of the applied
train, we conduct successive stress-relaxation and oscillatory time
weep tests at a high and low strain, respectively. The test consists
f the application of a high strain (�high) and monitoring the relax-
tion modulus G(t,�o) of the gel under this strain for a duration of
00 s, followed by immediate reduction of the strain to a low value
� low), and monitoring the storage G’ and loss moduli G” for 100 s at
low. In the experiments, � low is fixed at 0.01 while �high is stepwise

ncreased from 0.14 to 0.48. The tests are conducted on a fibroin gel
ith a storage modulus of 34 Pa in the linear regime. Fig. 6a show-

ng the relaxation modulus G(t,�o) versus strain �o plots of this gel
t three different time scales reveals 9-fold increase of the modulus
ith increasing strain up to �o = 0.48. The open rectangular symbols

n the figure indicated by arrows represent the high strain values
high selected for six successive stress-relaxation tests. The prede-

ermined schedule of the stepwise increased strain �high separated
y a low strain � low of 0.01 is shown in Fig. 6b by the red line.
he time dependences of the relaxation modulus G(t,�o) at �high
nd the storage modulus G’ at � low are also shown in this figure by
he blue symbols. G(t,�o) immediately increases upon application
f the strain �high, but reversibly, if the strain is reduced to � low,
(t,�o) again decreases. The results demonstrate the reversibility
f the stiffening behavior of fibroin gel indicating that the associa-
ions formed between fibroin molecules due to the applied strain
gain dissociate under rest. In Fig. 6c, the recovered storage G and
oss moduli G” at � low are plotted against the strain history of the
el. It is seen that, after removing the high strain �high, G’ decreases
elow G’ of the virgin gel sample while the loss modulus G” remains

nchanged indicating that, although the stiffening in fibroin gel is
eversible, its original microstructure is slightly destroyed due to
he applied strain.
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3.3. Strain stiffening mechanism of silk fibroin

Strain-induced formation of additional cross-links in stiffened
gels also explains the appearance of the onset of stiffening at very
low strain amplitudes. Otherwise, a significant stiffening in fibroin
gels at a very low strain seems unlikely considering the fact that
the fibroin molecules isolated from Bombyx mori cocoons by the
applied standard method are very flexible polymers with a per-
sistence length below 1 nm [36,37]. For such flexible polymers,
the linear viscoelastic regime normally extends to strains above
1 (100% deformation) [25]. In contrast, the biological gels exhibit-
ing such a stiffening behavior consist of semiflexible polymers with
a persistence length of a few micrometers which is close to their
contour length [25]. As a consequence, the network chains are only
slightly coiled between the cross-link zones so that, even at a small
deformation, their end-to-end distance approaches their contour
length [25,31]. Thus, we can explain significant stiffening in fibroin
gels at low strain values with the strain-induced formation of addi-
tional cross-links decreasing the contour length of fibroin network
chains. In the following paragraphs, we  demonstrate that the strain
stiffening behavior of fibroin gel can be reproduced by a wormlike
chain model taking into account the entropic elasticity of fibroin
molecules and the strain induced increase in the cross-link density
of fibroin gels. According to the wormlike chain model, an analytical
expression for the modulus G can be given by [31,38–40]:

G = 1
2
�e R T �0

2

[
4
3

+ 1
3

(2 − z)

(1 − z)2

]
(1)

where �e is the cross-link density of gel, i.e., the number of elasti-
cally effective network chains per volume of dry polymer network,
�0

2 is the volume fraction of cross-linked polymer at the state of gel
preparation, R is the gas constant, T is the absolute temperature,
and z is the extension ratio of the network chains with respect to
its contour length Lc, i.e., z = r/Lc, where r is the end-to-end distance
of the chain. Assuming that the chains in the 3D fibroin network are
isotropically oriented, the extension ratio z is related to the number
of segments per network chain N by [31]

z =
√
I1

3N
(2)

where I1 is the state of deformation and equals to �o
2 + 3 for simple

shear. Moreover, the cross-link density �e can also be written in
terms of N by

�e = (N Vr)−1 (3)

where Vr is the molar volume of a segment. Combining Eqs. (1)–(3),
we obtain the following expression for the modulus of gels formed
from cross-linked wormlike chains:

G = R  T �0
2

2 N Vr

⎡
⎢⎢⎢⎣

4
3

+ 1
3

(
2 −

√
�o2 + 3

3 N

)
(

1 −
√

�o2 + 3
3 N

)2

⎤
⎥⎥⎥⎦ (4)

According to Eq. (4), the modulus G goes to infinity as

�o→ [3 (N − 1)]
1⁄2 corresponding to the limit z → 1, i.e., to the full

extension of the chain (r = Lc). As a consequence, strain stiffening
appears at a lower strain as N decreases, that is, as the cross-link
density �e of the gel increases.

The experimental results already indicate increasing cross-link
structures acting as additional cross-links. Thus, the number of seg-
ments N per network chain is not constant during the rheological
tests but it decreases with increasing strain �o. Previous works
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Fig. 7. G(t,�o) (symbols) and the modulus G calculated using eqs. (4) and (5)
(solid curves) of fibroin gels plotted against �o . The network chain length No and
the  parameter � (in parenthesis) are shown in the figure. Temperature = 25 ◦C.
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EMED = 0.17 ( ), 0.25 ( ), 0.50 ( ), and 0.58 v/v% ( ). The dashed curve repre-
ents the theoretical G versus �o dependence for the gel formed at 0.50 v/v% TEMED
or the condition N = No.

eveal that the increase of the moduli of most biopolymer gels due
o the applied strain can be represented by the simple relation [41],

/Go = exp
(
�o/�∗)2

, where �* is a fitting parameter representing
he critical value of �o above which strain stiffening effect domi-
ates the network behavior. Here, we also use a similar exponential
elation to describe the decrease of the network chain length N due
o the applied strain:

 = No exp
[
−ˇ (�o − �a)2

]
(5)

here �a is the critical strain at the onset of hardening and � is
 parameter relating to the rate of the cross-link density increase
ith strain. Thus, the gel is in the linear regime as long as �o ≤ �a
hile strain hardening appears at larger strains. On the other hand,

he term in the square bracket in Eq. (4) goes to 2 in the limit �o→ 0,
o that the equation reduces to

o = R T�0
2

No Vr
(6)

hich is the expression for the modulus Go of the gel in the linear
egime. To predict the strain stiffening behavior of fibroin gels, we
valuate the parameters in Eqs. (4)–(6) as follows: We  first calculate
he average molar volume of the repeat unit of silk fibroin from its
omposition as 70 mL  mol−1, which is taken as the molar volume
r of a segment. The volume fraction �0

2 of fibroin at the state of gel
reparation is calculated from the fibroin concentration (4.2 w/v%)
nd the density of fibroin (1.35 g mL−1 [42]) as 0.031. Using these
arameters together with the linear modulus Go of fibroin gels, we
olve Eq. (6) for the number of segments No per fibroin network
hain in the linear regime. Then, Eqs. (4) and (5) are solved for
he parameter  ̌ in order to reproduce the experimental modulus
ersus strain data.

In Fig. 7, the symbols represent the modulus G(t,�o) data of
broin gels as a function of strain �o while the solid curves are
est fit curves using Eqs. (4) and (5). The values of the parameter

 estimated from the fits together with the initial number of seg-
ents No per network chain are also shown in the figure. Let us first
onsider the data of the fibroin gel with a network chain length No
f 3.7 × 104 (square symbols). Assuming that No remains constant
nder application of strain (� = 0), Eq. (4) predict the onset of stiff-
ning at a strain �o of around 40 (4000% deformation), as indicated
ological Macromolecules 95 (2017) 24–31

by the dashed curve in Fig. 6. The solid curve is the best fitting curve
to the experimental data of this gel and yields � = 20. Fig. 6 shows
that the experimental data can well be reproduced by the wormlike
chain model taking into account the entropic elasticity of fibroin
molecules and the increase of the cross-link density of fibroin gels
under application of strain. The parameter � of the model increases
with decreasing chain length No, that is with increasing linear
modulus Go of fibroin gels. This is reasonable because decreasing
network chain length will increase the probability of intermolecu-
lar hydrogen bonding and hydrophobic interactions so that the rate
of formation of additional cross-links and hence, the magnitude of
� increases. We  have to note that no good fit to the experimen-
tal data could be obtained at a linear modulus below 10 Pa (Fig.
S2), which we  attribute to the network imperfections leading to a
deviation from the rubber elasticity assumptions.

4. Conclusions

The linear and nonlinear viscoelastic properties as well as the
reversibility of strain stiffening behavior of silk fibroin gels are
investigated by rheological measurements. We  prepare fibroin gels
from 4.2 w/v% fibroin solution in the presence of BDDE and TEMED
as a cross-linker and catalyst, respectively. By changing TEMED con-
centration in the gelation system, we  were able to obtain fibroin
gels with a storage modulus G’ between 10−1–105 Pa and a loss
factor tan � between 10−2 and 10◦. We  observe a strong stiffen-
ing in fibroin gels with increasing strain above 10% deformation.
Up to about 9-fold increase in the modulus could be observed in
fibroin gels exhibiting a linear modulus between 0.8 and 35 Pa.
The extent of stiffening rapidly decreases with increasing linear
modulus Go indicating that it inversely correlates with the �-sheet
content of fibroin gels. The strain stiffening behavior of fibroin gels
is reversible, that is, if the strain is removed, the stiffened gel recov-
ers its initial viscoelastic properties. We  also show that the strain
induced formation of transient intermolecular domains acting as
reversible cross-links are responsible for the stiffening behavior of
fibroin gels. These additional cross-links formed in hardened fibroin
gels have a temporary nature with lifetimes of the order of sec-
onds. The nonlinear behavior of fibroin gels can be reproduced by a
wormlike chain model taking into account the entropic elasticity of
fibroin molecules and the strain induced increase in the cross-link
density of fibroin gels.
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