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Regenerated silk fibroin has been proposed as a material substrate for biomedical, optical,
and electronic applications. Preparation of the silk fibroin solution requires extraction (degumming) to remove contaminants, but results in the degradation of the fibroin protein. Here,
a mechanism of fibroin degradation is proposed and the molecular weight and polydispersity is characterized as a function of extraction time. Rheological analysis reveals significant
changes in the viscosity of samples while mechanical characterization of cast and drawn films
shows increased moduli, extensibility, and strength upon drawing. Fifteen minutes extraction
time results in degraded fibroin that generates the strongest films. Structural analysis by wide
angle X-ray scattering (WAXS) and Fourier transform infrared spectroscopy (FTIR) indicates
molecular alignment in the drawn films and shows that the
drawing process converts amorphous films into the crystalline, β-sheet, secondary structure. Most interesting, by using
selected extraction times, films with near-native crystallinity, alignment, and molecular weight can be achieved; yet
maximal mechanical properties for the films from regenerated silk fibroin solutions are found with solutions subjected
to some degree of degradation. These results suggest that
the regenerated solutions and the film casting and drawing
processes introduce more complexity than native spinning
processes.
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1. Introduction
Silk from the domesticated silkworm, Bombyx mori, is an
extremely tough and versatile protein material that has
been used for centuries and more recently in a regenerated form as scaffolds for tissue engineering,[1–4] sustained
drug delivery,[5–7] and technological applications.[8–10] This
diverse array of applications stems from the exploitation
of the highly evolved protein structure which imbues the
fiber with exceptional strength and extensibility.[11] The
amino acid sequence of the primary structural component
of the silk protein, fibroin, allows for close packing and
highly aligned molecules that result in the remarkable
mechanical properties, providing high tensile strength
with excellent ductility and extreme toughness.
Native silk fibers, as spun by the domesticated
B. mori silkworm, are formed from two types of
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proteins, fibroin and sericin, in an approximate mass
ratio of 70%–80% to 30%–20%, respectively, with 1%–2%
residual contaminants including waxes and ash.[12] The
sericins are glue like proteins that serve to maintain
the shape of the cocoon. The fibroin is a semicrystalline
biopolymer with maximum crystallinity of ≈55% and
consisting of highly repetitive amino acid sequences.
The fibroin chain is composed of 12 highly ordered crystalline domains of Gly-X repeats. These account for 94%
of the chain length, where “X” is replaced by alanine in
65%, serine in 23%, and tyrosine in 9% of the structural
repeats. These repeats, composed primarily of hydrophobic amino acids with small sidechains, allow the
assembly of the Gly-X repeat segments into antiparallel
β-sheets. The remainder of the sequence consists of 11
hydrophilic linkers between the crystalline domains and
N-terminal and C-terminal sequences that are similarly
hydrophilic.[13]
The molecular weights (MW) of the native silk
fibroin heavy and light chains, extracted from B. mori
pupae, are 390 and 25 kDa, respectively. These two
chains occur in equimolar proportions and are connected at their C-terminus by a disulfide linkage.[14,15]
The sericins are a family of proteins with molecular
weights between 24 and 400 kDa.[16,17] The sericin proteins are removed from the raw silk due to their implication in inflammatory responses when combined
with fibroin, leaving the pure silk fibroin for use in biological applications.[18] While properly extracted sericin
proteins may be utilized on their own for biomaterial
development,[19,20] the two proteins are generally not
used in combination. While there are multiple ways
to separate the sericin and fibroin, one of the more
commonly employed degumming processes involves
submerging the cocoons in a heated bath with a
0.02 M concentration of sodium carbonate (Na2CO3).[21]
This process disrupts the compacted cocoon fibers and
extracts the water-soluble sericins, leaving pure fibroin
protein fibers. However, this process also degrades
the fibroin protein chains. The effect of the degumming process reagents, temperature, and time on fiber
mechanics have been reported.[23–25] However, most of
the literature on regenerated silk fibroin has utilized
silk that has been degummed for 20–30 min or longer.
This degree of degumming results in fibroin degradation from a monodisperse 390 kDa MW (native protein)
to a broad distribution of weights ranging from undegraded strands to small fragments of 40–50 kDa, with a
number average molecular weight around 150 kDa.[26]
The impact of this significant degradation on the selfassembly process, and thereby the mechanical properties of materials formed from these proteins, has not
been fully explored.

2

In addition to the MW, β-sheet crystallinity impacts
the mechanical properties of silk films. Secondary structure influences the properties of proteins and induction
of the highly stable antiparallel β-sheet conformation
in silk has a significant influence on the mechanics.
Tensile testing of films ranging from 14% to 58% crystalline content showed an increase in tensile modulus
from 10 to 70 MPa and tensile strength from 2 to 7 MPa,
respectively.[27] Similar changes in the mechanical properties can be achieved by altering the crystallinity and
adding a plasticizer such as glycerol[28] or hydrophilic
polymers such as poly(ethylene oxide).[29,30] Alternatively, modulation of the self-assembly of the fibroin in
solution can enhance or retard the formation of β-sheet
crystals and provides water insoluble scaffolds and
films with enhanced random coil and alpha helix content and mechanical properties intermediate to those
of similarly processed amorphous or highly crystalline
samples.[31,32]
Molecular orientation plays an important role in the
properties of polymeric materials. Entangled polymers
may reorient themselves under an external force along
the axis of deformation.[33] Since the external stress can
become localized along these aligned chains, an increase
of aligned chains can help support larger stresses in the
network, strongly influencing the mechanical properties.[34] Drawing silk fibers and films has shown a similar
enhancement of mechanical properties, with increases
in both elasticity and ultimate strength. Swelling amorphous films in water, to plasticize and enhance molecular mobility, and drawing them to two or three times
their original length resulted in significant improvement
in elasticity, ultimate strength, and toughness. Interestingly, the peak elasticity, strength, modulus, and toughness were found at the same processing conditions,
where the samples were drawn to three times original
length.[35] Similar increases in properties with postspin
drawing have been shown in the manufacture of regenerated silk fibers, where ratios were increased two to
six times the original length and the breaking strength,
strain to failure, and stiffness of the fibers increased.[36]
The design and optimization of silk-based materials
requires an understanding of the starting materials,
reconstitution protocols, and processing conditions which
have been shown to significantly impact the properties of
the final material. While the influence of the extraction
process, crystallinity, and postdrawing have been studied
individually, an understanding of the complex interplay
between these variables has not been reported. Therefore,
we investigated the effects of extraction time on the silk
fibroin and assessed the implications of the resultant degradation on the rheological, mechanical, and structural
properties of silk materials.
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2. Experimental Section
2.1. Reconstitution Process
B. mori cocoons were reconstituted into an aqueous fibroin solution
as previously described.[19] Briefly, the cocoons (Tajima Shoji, Yokohama, Japan) were cut into pieces and 5 g added to 2 L of boiling
0.02 M sodium carbonate (Sigma Aldrich, St. Louis, MO). Extraction
times were 5, 10, 15, 20, 30, 60, and 120 min. After extraction, the
fibers were rinsed with deionized water (DI) water and allowed
to dry overnight. The fibers were then placed in a 9.3 M solution
of lithium bromide (Sigma Aldrich, St. Louis, MO) at 15 wt% in a
60 °C oven for 4 h. The fibroin/lithium bromide solution was placed
in 3500 MW cutoff dialysis cassettes (ThermoFisher Scientific,
Waltham, MA) and dialyzed against DI water for 48 h. The final
solutions were then adjusted to have a concentration of 50 mg mL−1.

2.2. Gel Electrophoresis
The electrophoretic mobility of the fibroin molecules was determined using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). For each condition, 5 µg of silk protein was
reduced with 500 × 10−3 M dithiothreitol (DTT) and loaded into a
3%–8% Tris Acetate gel (NuPAGE, Life Technologies, Grand Island,
NY). The gel was run under reducing conditions for 45 min at
200 V, with a high molecular weight ladder as reference (HiMark
Unstained, Life Technologies) and stained with a Colloidal Blue
staining kit (Life Technologies). In order to resolve the molecular
weight of the proteins from the longer extraction times, solutions were run on 4%–12% Bis-Tris gels (NuPAGE, Life Technologies, Grand Island, NY). As with the Tris-Acetate gels, all samples
were run under reducing conditions and stained with Colloidal
Blue. To determine the molecular weight distributions, the pixel
intensity as a function of lane position was assessed using a
house written MATLAB code. The lane containing the standards
was used to establish a conversion between pixel position and
molecular weight.

2.3. Determining MW Distributions in Silico
The amino acid sequence for the fibroin heavy chain as determined by Zhou et al.[13] was digested in silico, utilizing a Monte
Carlo like simulation, for a predetermined number of cuts.
Cleavage sites were picked by a random choice among all locations of either all amino acid types or one specific amino acid.
This was repeated for an ensemble of 20 000 independent initial
proteins to establish a distribution of protein lengths. The protein lengths were converted into a MW distribution by using
the average MW per amino acid in the silk fibroin heavy chain
sequence (390 kDa/5263 amino acids). If a protein fragment had
a MW less than the MWCO of the dialysis cassette the fragment
was discarded from the calculation and did not influence the
final MW distribution.

2.4. Rheology
Rheological measurements were performed using a double wall
Couette geometry on an Anton Paar MCR 702 stress controlled
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rheometer (Ashland, VA) to minimize surface effects and to
maximize torque. Solutions at a concentration of 50 mg mL−1
were presheared at a rate of 1.0 s−1 until a steady-state stress
response was observed before performing measurements. Mineral oil containing 2 wt% Abil EM 90 surfactant (Evonik Industries, Essen, Germany) was applied to the air-solution interface
(the velocity-gradient plane in this geometry) to limit protein
adsorption.

2.5. Film Casting and Drawing
Silk solution was poured into, and gently spread, in 100 mm
polystyrene Petri dishes and allowed to dry overnight at room
temperature at a relative humidity of 20% to 30%. Once the films
were dry they were removed and cut into 6.2 mm wide strips.
As cast films were tested without further manipulation, while
drawn films were placed over a jet of steam from boiling DI
water and gently stretched. Drawing was performed manually
with a gauge to consistently extend the films to 4× their original
length.

2.6. Mechanical Testing
The tensile behavior of the film strips was tested on an Instron
3366 testing frame (Instron, Norwood, MA), with a 100 N load
cell. Sample dimensions were measured and recorded with
micrometers and loaded with a 20 mm gauge length. The
samples were tested at a crosshead speed of 1.2 mm min−1
(0.1% strain s−1) following the application of a 0.5 N preload. All
specimens were tested until failure and load and extension data
collected. Tensile data were analyzed for elastic modulus, ultimate tensile strain, and ultimate tensile stress.

2.7. FTIR Analysis
Conformational differences in the silk films were analyzed via
a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, Japan) combined with a MIRacle attenuated total reflection (ATR) germanium crystal. Films were dried in a laminar flow hood for 2 d
in order to remove surface water. For each sample, 64 scans
were coadded with a resolution of 4 cm−1, at wave numbers
between 600 and 4000 cm−1. The background spectra were collected under the same conditions and subtracted from the scan
for each sample. Fourier self-deconvolution (FSD) of the infrared
spectra covering the Amide I region (1595−1705 cm−1) was performed using Opus 5.0 software (Bruker Optics Corp., Billerica,
MA), as described previously.[37] The deconvoluted Amide I
spectra were area-normalized, and the relative contributions of
the individual bands were used to determine the content off the
secondary structures.

2.8. WAXS Analysis
To investigate the crystalline structure and molecular alignment
of the silk films, WAXS experiments were performed in transmission mode at the Brookhaven National Laboratory, using
the National Synchrotron Light Source I (NSLSI) X27C beam line.
The wavelength (λ) was 0.1371 nm and the scattering vector
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(q = 4πsinθ/λ, where θ is the half-scattering angle) was calibrated
using aluminum oxide. The intensity was accumulated and the
scattering patterns were recorded every 120 s. The intensity was
corrected for background, changes in the incident beam intensity, and sample absorption. Oriented samples were further
analyzed by taking an azimuthal average using ImageJ at the 2θ
peak corresponding to the peak with Miller Index (200)[38] and
fitting the data with a Gaussian curve. The full width half max
(FWHM), φ, was extracted and used to calculate the Herman’s orientation parameter f where

f=

(3cos2φ − 1)
2

(1)

3. Results
The molecular weight distribution of silk fibroin was
strongly influenced by the extraction time; with increased
duration, the peak molecular weight decreases and the
MW range broadens (Figure 1). The native protein band
was most prevalent in the solution extracted for 5 min,
but persisted weakly through the 10 and 15 min extraction
times. The presence of protein with MW greater than the
native state is a consequence of irreversible aggregation
despite running SDS-PAGE under reducing conditions. This
has been observed previously and it was found that additional dialysis against 8 M urea did not result in a decrease
of the aggregates.[39]
The degree of degradation of the fibroin molecule
was strongly correlated to the extraction time during

the reconstitution process. The SDS-PAGE reveals the
broadening of the MW distribution with extraction
times of 5, 10, 15, 20, 30, 60, and 120 min as compared
to the ladder (Figure 1a), uncropped images of the high
and low MW gels can be seen in Figure S1a and S1b (Supporting Information). The pixel intensity as a function of
pixel position along the lane for the ladder and each boil
time is seen in Figure S2a (Supporting Information). The
known MW of the peaks in the ladder allows the conversion between pixel position and MW for each gel using a
linear fit of 10MW versus pixel position (Figure S2b, Supporting Information). The MW distribution measured for
each extraction time is shown in Figure 1b. The two different gels used for SDS-PAGE mentioned in Section 2.2
were calibrated separately allowing the MW distributions
for each extraction time to be compared on an absolute
scale. Peak MW decreased with extraction time and the
median MW is shown with bars representing the middle
50% of the protein population (Figure 1c). Because the
fibroin has been observed to be denatured and random
coil in solution, the middle 50% of the MW distribution
is used to determine the range of overlap concentrations
c*, where
(2)

c * = 3 M/4π RG3 N A

for proteins of molecular weight M and radius of gyration RG, where NA is Avogadro’s constant. Under the
assumption of Θ-solvent conditions and an end-to-end

Figure 1. a) SDS-PAGE was performed to determine the extraction time dependent MW distributions using both a high (i) (5, 10, 15, 20, and
30 min) and low (ii) (60 and 120 min) MW gel. b) Pixel positions from (a) are converted into normalized MW distributions for each extraction
time and for each ladder. c) The peak MW of each distribution (solid circle) is plotted for each extraction time, as well as the median value
(open circle) with error bars containing the middle 50% of the protein MW population. Using the middle 50% of the MW distribution, the
range of overlap concentrations are plotted (asterisks with dashed lines); because of polydispersity, the effective overlap concentration for
each extraction time lies between the two lines. d) Cutting at randomly chosen serines is the potential mechanism for the MW distribution
change, and the Monte Carlo calculation shows a qualitatively similar trend in distributions for 1 (red circles), 2 (magenta squares), 4 (blue
triangles), and 10 (black diamonds) cuts per protein.

4

Macromol. Biosci. 2016, DOI: 10.1002/mabi.201500370
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com

Early View Publication; these are NOT the final page numbers, use DOI for citation !!

Macromolecular
Bioscience

Silk Fibroin Degradation Related to Rheological and Mechanical Properties

www.mbs-journal.de

protein length equivalent to N steps of Kuhn length b (two
amino acids or approximately 8 Å), the radius of gyration
for the protein is calculated as
RG = N kuhn × b/ 6

(3)

This calculation only provides the range in which the
overlap concentration lies, as the effective overlap concentration for the polydisperse system depends on the
shape of the MW distribution. The limits on this range
vary from around 36 to 150 mg mL−1.
During reconstitution, the aqueous sodium carbonate
was strongly alkaline. As a result, it is likely that serine
sidechains along the fibroin backbone were deprotonated, creating potential cleavage sites where nucleophilic attack may occur, especially at high temperature.[40]
To test this hypothesis, the Monte Carlo type calculation
mentioned in Section 2.3 was performed and serines
were chosen as the potential cut sites. By increasing the
number of cuts per protein from 1 to 10, a changing MW
distribution qualitatively similar to the different extraction times from SDS-PAGE was observed (Figure 1d).
Rotational rheology between shear rates of γ = 0.005
to 10 s−1 revealed a potential yield stress at low shear
rates followed by a Newtonian response after γ > 0.1 s−1
(Figure 2a). The stress responses at low shear rates, displayed in the inset, were noisy (error bars not shown) but
the possible yield stress was observed in previous experiments.[41] However, the Newtonian flow was consistent
and reproducible as indicated by the displayed error
bars in the main figure of Figure 2a. The viscosity η in
the Newtonian regime strongly depended on extraction
time and is plotted as the relative viscosity ηr = η /ηsolvent
where ηsolvent is the pure solvent viscosity (Figure 2b). As
the extraction time increased from 5 to 60 min, the viscosity decreases logarithmically (Figure 2b, inset). The
displayed stress for each extraction time is an average of
a minimum of four measurements on the same sample,
including sampling of γ in ascending and descending
order. These data were confirmed to be the steady-state
solution by comparison of independent η(t) measurements at constant γ.
The linear elastic modulus, extensibility, and ultimate
tensile strength of films in the as cast and steam drawn
conditions are shown in Figure 3a–c, respectively. All as
cast film samples, regardless of degumming conditions,
exhibited brittle behavior with no distinct yield point,
low extensibility, and failure within the linear elastic
region. Steam drawing of the samples, resulted in a
transition to ductile behavior, with a prominent yield
and subsequent work hardening behavior until failure.
In addition to the overall changes in material behavior
with steam drawing, molecular alignment resulted
in higher elastic moduli, extensibility, and ultimate
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Figure 2. a) The steady state stress response as a function of
shear rate for 50 mg mL−1 silk solutions exhibits Newtonian flow
(the solid line indicating a slope of 1.0 is displayed to guide the
eye) above shear rates of 0.1 s−1 for extraction times of 5 (blue),
10 (red), 15 (black), 20 (magenta), 30 (green), 60 (purple), and 120
(orange) min (a). In this regime, the stress response is reproducible, as shown by the error bars, but at lower shear rates the stress
is noisy and potentially exhibits a yield stress (inset). b) The relative viscosity in the Newtonian regime decreases as a function of
extraction time, and the rescaled data in the inset reveals that
the viscosity depends logarithmically on time for the first 60 min,
as indicated by the dashed line.

strength for all experimental groups. The enhancement of mechanical properties was most prominent at
moderate extraction times of 10, 15, and 20 min, with
15 min exhibiting the largest increases in extensibility
and ultimate tensile strength. Films cast from 60 min
degummed silk only showed a minor increase in modulus but did not exhibit significant increases in ductility
or strength. Note that the 120 min extracted samples
were not tested as the resultant films were too brittle
to handle.
Secondary structure, determined by deconvolution of FTIR spectra, was not influenced by the duration of the degumming process. All as cast films were
primarily amorphous, exhibiting a broad peak centered on 1640 cm−1, characteristic of random coil protein structure (Figure 4a(i)). Deconvolution of the spectra
showed a random coil contribution of 45%–50%, turn contribution of 24%–26% with lesser β-sheet and α-helical
content (Figure 4b(i),c(i)). Upon drawing over steam,
the silk films converted into semicrystalline materials,
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Figure 3. The a) modulus, b) extensibility, and c) ultimate tensile strength of as cast (dark shaded) and steam drawn (light shaded) films
varies with extraction time. An enhancement in all three mechanical properties is observed by steam drawing the films. The extraction time
dependence of each attribute is nonmonotonic suggesting a nontrivial dependence on the molecular weight distribution.

with high β-sheet content, as indicated by the distinct
peak centered at 1621 cm−1 (Figure 4a(ii)). Deconvolution
revealed that the drawn films had crystalline contents of
46%–50%, with random coil contributing 22%–24% of the
spectra and turns and α-helices remaining unchanged
between the two conditions (Figure 4b(ii),c(ii)).

Figure 4. a) The raw FTIR spectra for as cast (i) and steam drawn
(ii) films shows a change in the Amide I absorbance. For quantitative comparison, spectra in the Amide I region (1595 to 1705 cm−1)
are deconvoluted. b) One representative extraction time for both
as cast and drawn films is displayed where the long dashed line is
the original spectrum, the solid line is the deconvoluted spectrum,
and the short dashed lines are the contributions to the spectra for
each type of secondary structure. c) The relative intensity of the
short dashed line distributions in (b) provides the fractional secondary structure content of random coil (red circles), beta sheet
(green diamonds), alpha helix (black squares), and turns (blue triangles) in each film. The dominant secondary structure does not
vary much amongst boil times, but it transitions from random
coil into beta sheet upon drawing.

6

In agreement with the FTIR results, 2D WAXS patterns
of as cast films exhibited isotropic patterns, with intensity independent of the azimuthal angle and a broad halo
characteristic of an amorphous polymer (Figure 5a(i)). Following drawing, the pattern showed a distinct orientation
with the intensity strongly correlated to the azimuthal
angle with the peak intensity located 90° from the film
draw direction (horizontal direction in Figure 5a(ii)). The
angular average over the amorphous and oriented spectra
reveal a transition from a broad to sharp peak in intensity
with drawing (Figure 5b). The d-spacing of this oriented

Figure 5. a) Representative 2D-WAXS diffraction patterns from
15-min extraction times of as cast (i) and steam drawn (ii) films
reveal an increase in orientation with drawing. b) Crystal structure is investigated by radially averaging the diffraction patterns
at each value of 2θ, where the spectra transitions from amorphous (i) to crystalline (ii). c) The azimuthal average of the first
diffraction peak in a(ii) (solid line) fit with a Gaussian (dashed
line). d) The full width at half max (FWHM) of each oriented film’s
azimuthal distribution is determined by the Gaussian fit and
used to calculate the Herman’s orientation parameter f.
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sharp peak corresponded to an inter-sheet distance of
0.48 nm (Figure 5d) and an azimuthal average taken at
this location showed a sharp increase in scattering intensity (Figure 5c). Fitting of the average intensity versus the
azimuthal angle with a Gaussian curve and determination of the FWHM showed angles between 14.7° and 16.3°
corresponding to an orientation parameter of f = 0.90 and
f = 0.88, respectively (Figure 5d).

4. Discussion
The serine residues are likely responsible for the polydispersity as they are known to be susceptible to protein
backbone cleavage.[40] However, it should be noted that
because of the more-or-less homogeneous distribution
of serines along the fibroin sequence, cutting at random
amino acids and not just at the serines, and cutting at the
serines, results in similar MW distributions for a reasonable number of cuts. In fact, it is clear to see in Figure S3
(Supporting Information) that only cleavage at glycine (G),
alanine (A), tyrosine (Y), serine (S), valine (V), or random
cuts are capable of producing MW distributions visually
similar to those seen in the experiments, i.e., no banding.
If specific cleavages were occurring there would be no
clear reason why this would occur at an amino acid with
either a small effectively rigid side chain unaffected by pH
(G, A, V), or a bulky side chain where the hydroxyl group
is unable to interact with the backbone (Y). Thus, the polydispersity likely results from either random cleavage of the
protein backbone or specifically at serine residues where
a cleavage mechanism is known. The MW distribution
calculated by serine cleavage qualitatively matches well
with the experimental SDS-PAGE with only a few cuts per
protein molecule (Figure 1). A quantitative comparison
between experiment and calculation breaks down after
a few cuts, suggesting that the assumption of constant
cleavage probability worsens; other higher order effects
should be incorporated, e.g., fragment length and position
of cut site relative to secondary structure, but these are
beyond the scope of this work.
Interestingly, even at extended extraction times of
30 min, a number of silk fibroin chains maintain nearnative molecular weight. This is evidenced by the staining
visible near the 400 kDa range, even though the peak intensity has shifted to a significantly lower value. While some
of this may be attributed to aggregation, the progressive
decrease in intensity with additional extraction time
suggests that aggregation cannot fully account for these
full length protein chains. This provides additional support for the fact that the cleavage is essentially random
in nature, as true weak points in the chain would lead to
bands in the electrophoresis gels and would be unlikely
to retain native molecular weight chains. The random
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nature of the degradation is an important consideration
in downstream processing and likely has a strong influence on the self-assembly of the fibroin. It has been proposed that the hydrophobic-hydrophilic variation within
the sequence results in the formation of micelles to shield
the hydrophobic crystalline regions from the aqueous
environment.[42] Similar processes have been proposed
to explain the phenomenon of gelation in an electric
field[43] and these have been more extensively explored
using recombinant spider systems where the ratio and
order of the hydrophilic and hydrophobic blocks can be
systematically modified.[44,45] However, numerous studies
have shown that reconstituted silk solutions behave fundamentally differently than the native silk dope from
the glands of the silkworms in terms of their ability
to nucleate and form β-sheets upon the application of
shear.[46,47] In order to understand these differences and
engineer control of material properties, it is critical to
understand how the silk regeneration process disrupts
the protein chains.
Apparent yield stresses in protein solutions have
been detected and attributed to protein adsorption at
the air-water interface.[48] Depending on the extraction time, the protein concentration was either at or
below the overlap concentration, therefore we consider the noisy low shear rate response as an indicator of an elastic protein film and not a bulk property
despite using a surfactant in mineral oil to deter protein adsorption to the interface. However, Figure 2b
reveals the ability to enhance the solution viscosity by
limiting damage to the native protein. The monotonic
decrease of the relative viscosity with extraction time
is significant and correlated to the consistent decrease
in the peak molecular weight of each distribution. The
decrease in the viscosity is logarithmic with extraction
times between 5 and 60 min, but the 120 min sample
significantly differs from this trend. These data suggest
that there exists a point where continuing to cleave the
protein has limited influence on the viscosity, because
the MW of the cleaved strands often becomes smaller
than the molecular weight cutoff of the dialysis cassette. This is consistent with the significantly smaller
MW range for the samples degummed for 120 min
(Figure 1c).
Once the protein is formed into films, the polydispersity
impacts the mechanics of the films in a nontrivial way. In
the as cast state, films formed from silk fibroin at intermediate extraction times exhibited lower elastic moduli
and an associated higher extensibility in comparison to
films prepared from both high and low molecular weight
silk fibroin proteins. However, ultimate tensile strength
was generally unaffected by the extraction time and
the resultant molecular weight distribution. While the
inverse relationship between modulus and extensibility
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is expected for engineered materials, the presence of a
bimodal trend in properties suggests that in addition to
the average MW, the ratio of high to low MW fragments
is important. This is likely due to a transition from an
affine system in the high and low MW samples, where
local deformations correspond to the global deformation,
to a nonaffine behavior for moderate extraction times,
where the presence of short and long chains results in
significant differences in local deformations throughout
the specimen.[49] This is particularly important in the as
cast samples, as the random molecular orientation will
result in overlapping chains with differing lengths that
exhibit significantly different local mobility. The introduction of a wider array of potential local displacements
enhances molecular mobility and serves to decrease the
modulus and enhance ductility, as the small molecules
prevent jamming, while the long molecules prevent fracture propagation.
Upon drawing, all of the film samples exhibited significant increases in tensile modulus, likely due to the
buildup of entanglements and dislocations similar to
other polymer systems.[50] Unexpectedly, all samples
with the exception of the 60 min degummed samples,
had increases in their extensibility and ultimate tensile
strength. More traditionally, an increase in two of these
interrelated properties results in a decrease in the third
property. These increases were most pronounced in the
samples that were degummed for 15 min, corresponding
to the lowest modulus and highest extensibility in the as
cast samples. In a monodisperse synthetic polymer such
as polyethylene, an increase in the molecular weight was
associated with a concomitant increase in the strength
of the material.[51] Thus, the existence of a nonlinear
relationship between material properties and the degree
of degradation infers that additional interactions are at
work. One material change that is known to enhance all
three properties simultaneously is the introduction of
nanoparticles into polymer resins to generate nanocomposites. This work has shown promise in engineering
tougher, stronger, and more ductile polymers.[52,53]
The transition from an isotropic amorphous system to
the highly crystalline aligned films upon drawing suggests a possible mechanism for the introduction of rigid
nanocrystalline domains that may act similarly to the
addition of nanoparticles to synthetic polymers. The
residual ≈50% of random nonordered structure (Figure 4)
should provide the necessary degree of plasticity required
to allow sufficient molecular mobility which is known to
be a necessary component to create tough polymers.[54]
The β-sheet crystallites provide the necessary hard components to enhance the overall properties of the materials.
This feature has been explored extensively using molecular dynamics simulations which showed that limiting
the size of the crystals to a few nanometers resulted in
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higher stiffness and strength of the simulated materials.
Despite the inherent weakness of the hydrogen bonding
responsible for crystal formation, a stick-slip deformation allowed for the dissipation of energy and resulted in
significantly improved mechanical properties.[55–57] The
size examined in the molecular dynamics simulations of
2–7 nm also corresponds to the size of supramolecular
structures that have been found in silk fibroin gels using
small angle x-ray scattering techniques.[58]
In addition to the composition of the polymer system,
such as mobile versus rigid fractions, the orientation of
the molecules plays a crucial role in the behavior of the
materials.[59] WAXS analyses on the drawn films revealed
that the crystalline segments were highly aligned with
an orientation parameter of 0.90 to 0.88 depending on
the extraction time. While the analysis does not consider
the alignment of the amorphous component, the results
suggest that alignment is quite strong, as the theoretical
maximum in a perfectly aligned system is 1. This degree
of alignment also corresponds to the alignment of the
crystals in fibers from the Nephila clavipes spider, which
has a maximum orientation of 0.98.[60]
While both the degradation behavior of silk fibroin
and the effect of drawing have been studied previously,
the complex interplay between the two factors has not
been described. In the native fiber, the fibroin is monodisperse with a theoretically calculated molecular weight of
390 kDa. In order to utilize silk fibroin in nonfiber based
materials, the processing steps involved result in the degradation of the protein chains. Interestingly the maintenance of near native molecular weights does not result in
properties on par with native fibers. Instead the introduction of a small number of short protein fragments serves
to enhance the material properties of the films. This phenomenon is known in the synthetic polymer literature
where small amounts low molecular weight components
are added to ultrahigh molecular weight polyethylene
to enhance processing and properties.[61] However, this
outcome does suggest that the silkworm (and spiders)
has evolved unique spinning capabilities that allow it to
circumvent limitations inherent in synthetic processing
systems. Further elucidation of these factors should
prove instructive to both protein polymers and synthetic
polymer processing.

5. Conclusions
The degradation of silk fibroin during reconstitution affects
the mechanics of the resulting materials but can be controlled by the adjustment of extraction time. Higher molecular weight silk has a higher viscosity than silk solutions
with a lower effective molecular weight. A moderate degree
of fibroin degradation resulted in the best mechanical
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properties in silk fibroin films prepared and drawn over
steam. Despite the ability to retain near native molecular
weight and produce materials with highly oriented crystalline segments similar to native fibers, the mechanical properties did not approach those of native fibers. However,
elucidation of the interdependence between silk fibroin
degradation and mechanical properties provides useful
information for engineering silk biomaterials.

Supporting Information
Supporting Information is available from the Wiley Online
Library or from the author.
Acknowledgements: B.P.P and A.P.T. contributed equally to
this work. The authors would like to thank David Thomas for
assistance with WAXS data analysis. This work was supported
by the AFOSR and NSF. B.P.P. was supported by the Department
of Defense (DoD) through the National Defense Science and
Engineering Graduate Fellowship (NDSEG) program. A.P.T. was
supported by the Walter Mayer Fellowship.
Received: October 3, 2015; Revised: November 29, 2015;
Published online: ; DOI: 10.1002/mabi.201500370
Keywords: biomaterials; biopolymers; degradation; molecular
weight; silk fibroin

[1] G. H. Altman, F. Diaz, C. Jakuba, T. Calabro, R. L. Horan,
J. Chen, H. Lu, J. Richmond, D. L. Kaplan, Biomaterials 2003,
24, 401.
[2] Y. Wang, H. J. Kim, G. Vunjak-Novakovic, D. L. Kaplan, Biomaterials 2006, 27, 6064.
[3] B. Kundu, N. E. Kurland, S. Bano, C. Patra, F. B. Engel,
V. K. Yadavalli, S. C. Kundu, Prog. Polym. Sci. 2014, 39, 251.
[4] L.-P. Yan, J. M. Oliveira, A. L. Oliveira, S. G. Caridade,
J. F. Mano, R. L. Reis, Acta Biomater. 2012, 8, 289.
[5] E. Wenk, A. J. Wandrey, H. P. Merkle, L. Meinel, J. Control.
Release 2008, 132, 26.
[6] L. Meinel, D. L. Kaplan, Adv. Drug Deliv. Rev. 2012, 64, 1111.
[7] S. Hofmann, C. Wong Po Foo, F. Rossetti, M. Textor,
G. Vunjak-Novakovic, D. Kaplan, H. Merkle, L. Meinel, J. Control. Release 2006, 111, 219.
[8] F. G. Omenetto, D. L. Kaplan, Science 2010, 329, 528.
[9] M. Demura, T. Asakura, Biotechnol. Bioeng. 1989, 33, 598.
[10] J. J. Amsden, A. Gopinath, L. Negro, D. L. Kaplan,
F. G. Omenetto, Adv. Mater. 2010, 22, 1746.
[11] K. Mita, S. Ichimura, T. C. James, J. Mol. Evol. 1994,
38, 583.
[12] M. Mondal, K. Trivedy, S. N. Kumar, Caspian J. Environ. Sci.
2007, 5, 63.
[13] C. Z. Zhou, F. Confalonieri, M. Jacquet, R. Perasso, Z. G. Li,
J. Janin, Proteins 2001, 44, 119.
[14] K. Tanaka, K. Mori, S. Mizuno, J. Biochem. 1993, 114, 1.
[15] K. Tanaka, N. Kajiyama, K. Ishikura, S. Waga, A. Kikuchi,
K. Ohtomo, T. Takagi, S. Mizuno, Biochim. Biophys. Acta: Protein Struct. Mol. Enzymol. 1999, 1432, 92.
[16] Y. Takasu, H. Yamada, K. Tsubouchi, Biosci. Biotechnol. Biochem. 2002, 66, 2715.

www.MaterialsViews.com

[17] S. C. Kundu, B. C. Dash, R. Dash, D. L. Kaplan, Prog. Polym. Sci.
2008, 33, 998.
[18] A. E. Thurber, F. G. Omenetto, D. L. Kaplan, Biomaterials
2015, 71, 145.
[19] Y.-Q. Zhang, Biotechnol. Adv. 2002, 20, 91.
[20] T. V. Chirila, S. Suzuki, L. J. Bray, N. L. Barnett, D. G. Harkin,
Prog. Biomater. 2013, 2, 1.
[21] D. N. Rockwood, R. C. Preda, T. Yucel, X. Wang, M. L. Lovett,
D. L. Kaplan, Nat. Protoc. 2011, 6, 1612.
[22] B. Panilaitis, G. H. Altman, J. Chen, H.-J. Jin, V. Karageorgiou,
D. L. Kaplan, Biomaterials 2003, 24, 3079.
[23] P. Jiang, H. Liu, C. Wang, L. Wu, J. Huang, C. Guo, Mater. Lett.
2006, 60, 919.
[24] G. Freddi, R. Mossotti, R. Innocenti, J. Biotechnol. 2003, 106,
101.
[25] M. Ho, H. Wang, K. Lau, Appl. Surf. Sci. 2012, 258, 3948.
[26] H. Yamada, H. Nakao, Y. Takasu, K. Tsubouchi, Mat. Sci. Eng.
C 2001, 14, 41.
[27] X. Hu, K. Shmelev, L. Sun, E.-S. Gil, S.-H. Park, P. Cebe,
D. L. Kaplan, Biomacromolecules 2011, 12, 1686.
[28] S. Lu, X. Wang, Q. Lu, X. Zhang, J. A. Kluge, N. Uppal,
F. Omenetto, D. L. Kaplan, Biomacromolecules 2009, 11, 143.
[29] Y. Gotoh, M. Tsukada, T. Baba, N. Minoura, Polymer 1997, 38,
487.
[30] H.-J. Jin, J. Park, R. Valluzzi, P. Cebe, D. L. Kaplan, Biomacromolecules 2004, 5, 711.
[31] D. Yao, S. Dong, Q. Lu, X. Hu, D. L. Kaplan, B. Zhang, H. Zhu,
Biomacromolecules 2012, 13, 3723.
[32] Q. Lu, X. Hu, X. Wang, J. A. Kluge, S. Lu, P. Cebe, D. L. Kaplan,
Acta Biomater. 2010, 6, 1380.
[33] M. Doi, S. F. Edwards, The Theory of Polymer Dynamics,
Oxford University Press, Oxford 1988.
[34] J. Colombo, E. Del Gado, J. Rheol. 2014, 58, 1089.
[35] J. Yin, E. Chen, D. Porter, Z. Shao, Biomacromolecules 2010,
11, 2890.
[36] J. Yan, G. Zhou, D. P. Knight, Z. Shao, X. Chen, Biomacromolecules 2009, 11, 1.
[37] X. Hu, D. Kaplan, P. Cebe, Macromolecules 2006, 39, 6161.
[38] J. Warwicker, Acta Crystallogr. 1954, 7, 565.
[39] L. S. Wray, X. Hu, J. Gallego, I. Georgakoudi, F. G. Omenetto,
D. Schmidt, D. L. Kaplan, J. Biomed. Mater. Res., B 2011, 99B, 89.
[40] C. A. Lewis Jr., R. Wolfenden, Biochemistry 2011, 50, 7259.
[41] A. P. Tabatabai, D. L. Kaplan, D. L. Blair, Soft Matter 2015, 11,
756.
[42] H. J. Jin, D. L. Kaplan, Nature 2003, 424, 1057.
[43] Q. Lu, Y. Huang, M. Li, B. Zuo, S. Lu, J. Wang, H. Zhu,
D. L. Kaplan, Acta Biomater. 2011, 7, 2394.
[44] O. S. Rabotyagova, P. Cebe, D. L. Kaplan, Biomacromolecules
2009, 10, 229.
[45] S. T. Krishnaji, W. Huang, O. Rabotyagova, E. Kharlampieva,
I. Choi, V. V. Tsukruk, R. Naik, P. Cebe, D. L. Kaplan, Langmuir
2011, 27, 1000.
[46] C. Holland, A. Terry, D. Porter, F. Vollrath, Polymer 2007, 48,
3388.
[47] S. R. Koebley, D. Thorpe, P. Pang, P. Chrisochoides, I. Greving,
F. Vollrath, H. C. Schniepp, Biomacromolecules 2015.
[48] V. Sharma, A. Jaishankar, Y.-C. Wang, G. H. McKinley, Soft
Matter 2011, 7, 5150.
[49] M. Bai, A. R. Missel, A. J. Levine, W. S. Klug, Acta Biomater.
2011, 7, 2109.
[50] E. M. Arruda, M. C. Boyce, R. Jayachandran, Mech. Mater.
1995, 19, 193.
[51] Y. Termonia, P. Meakin, P. Smith, Macromolecules 1985, 18,
2246.
[52] S. M. Liff, N. Kumar, G. H. McKinley, Nat. Mater. 2007, 6, 76.

Macromol. Biosci. 2016, DOI: 10.1002/mabi.201500370
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Early View Publication; these are NOT the final page numbers, use DOI for citation !!

9

Macromolecular
Bioscience

B. P. Partlow et al.

www.mbs-journal.de

[53] A. Pei, J.-M. Malho, J. Ruokolainen, Q. Zhou, L. A. Berglund,
Macromolecules 2011, 44, 4422.
[54] A. Galeski, Prog. Polym. Sci. 2003, 28, 1643.
[55] S. Keten, Z. Xu, B. Ihle, M. J. Buehler, Nat. Mater. 2010, 9, 359.
[56] M. J. Buehler, Nano Today 2010, 5, 379.
[57] T. Giesa, M. Arslan, N. M. Pugno, M. J. Buehler, Nano Lett.
2011, 11, 5038.
[58] R. Valluzzi, H.-J. Jin, Biomacromolecules 2004, 5, 696.

10

[59] I. M. Ward, J. Sweeney, Mechanical Properties of Solid Polymers, John Wiley & Sons, Chichester, UK 2012.
[60] D. T. Grubb, L. W. Jelinski, Macromolecules 1997, 30,
2860.
[61] D. W. Van Krevelen, K. Te Nijenhuis, Properties of Polymers:
Their Correlation with Chemical Structure; Their Numerical
Etimation and Prediction from Additive Group Contributions,
Elsevier, Amsterdam, The Netherlands 2009.

Macromol. Biosci. 2016, DOI: 10.1002/mabi.201500370
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterialsViews.com

Early View Publication; these are NOT the final page numbers, use DOI for citation !!

