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Hypothesis: Silk artifacts constitute a fundamental cultural and historical heritage, yet they are affected
by degradation that alters the secondary structure of fibroin and weakens the mechanical properties of
textiles, hindering their conservation. Feasible and compatible consolidants for silk are still widely
needed.
Experiments: Here, we propose a robust and reliable method to restore the mechanical properties of frag-
ile, aged silk fibers, based on the adhesion of self-regenerated silk fibroin (SRSF) with controlled crys-
tallinity, prepared from waste silk, to the aged fibers. By varying the concentration of fibroin
dispersions, the content of crystalline and amorphous domains in SRSF films can be tuned, as demon-
strated by 2D micro-Fourier transform infrared spectroscopy Imaging and thermal analysis.
Findings: The presence of amorphous fibroin domains, distributed between the aged silk fibers, com-
pletely recovered their mechanical properties. Instead, the presence of domains with high content of
ordered structures, distributed between the fibers, reduced their tensile strength and elongation length.
The different mechanical behavior is likely due to the fact that adhesion of crystalline layers produces a
brittle material, while amorphous layers with higher fibroin chain mobility increase ductility. The tun-
ability of this treatment allows easy control of desired mechanical properties of degraded silk fibers, sim-
ply controlling the crystallinity Vs amorphousness of SRSF; these findings open up new perspectives in
textile conservation, in the engineering of biomaterials and materials, and in the preparation of compos-
ite materials with enhanced properties.
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1. Introduction

Silk has been employed by mankind since ancient times to pro-
duce different types of artifacts, tapestries, and garments [1,2]. The
most frequently used raw material is the domesticated Bombyx
mori cocoon’s spun fiber, which undergoes a degumming process
to remove the coating of sericin [3]. The resulting silk fibers have
a hierarchical structure, with filaments that are typically 7–
12 mm wide, composed of fibrillar elements (ca. 1 mm wide), which
in turn consist of 10 nm wide microfibrils [4]. Degummed silk is
mainly composed of Heavy-Fibroin, Light-Fibroin, and P25 (a
chaperonin-like protein), in a 6:6:1 ratio [5], present as amorphous
and crystalline domains oriented along the fiber axis [2,6]. The
composition and structure of this proteinaceous material confer
to silk its valuable physical and mechanical properties, i.e.
strength, resistance, lightness, smoothness and luster, which
explain its use in ancient and modern fabrics, as well as in newly
developed bio-materials [7–13].

Historical silk objects are an invaluable cultural and artistic her-
itage, which mainly includes clothes, tapestries, flags, banners and
decorative objects. However, silk is affected by several degradation
pathways, e.g. oxidation, hydrolysis, chain scission and chain rear-
rangements, mainly induced by environmental factors (relative
humidity, light, temperature), and by the presence of acids, oxidiz-
ing compounds, metal components, and biopollutants [1,8,14]. The
resulting changes in the secondary structures of silk fibers cause
the alteration of their mechanical properties [15,16], and, conse-
quently, historical samples can be fragile and exhibit poor flexibil-
ity [17–19]. Feasible and reliable methods to consolidate
weakened silk artifacts are still strongly needed, in order to avoid
the loss of this heritage.

The traditional textile conservation practice includes the use of
repairs and lining, and of synthetic polymers (adhesives, glues,
etc.). Repairs, such as the introduction of new silk or paper ele-
ments, are used to provide mechanical support to weakened silk
objects [20–22]. However, these methods introduce non-original
components in the artifacts, and do not provide the in situ rein-
forcement (at the micro scale) needed by the original fibers, which
are still exposed to degradation processes. Synthetic polymers (e.g.
acrylates, vinyl acetates, epoxy resins) are widely used as consoli-
dants owing to their good adhesion and mechanical properties
[23], however these materials present several drawbacks. Natural
aging can cause the discoloration (yellowing) of the polymers,
altering the appearance of the textiles. Vinyl polymers undergo
deacetylation and loss of organic acids [24] that are detrimental
to silk. Besides, aging produces changes in the molecular weight
of synthetic polymers due to cross-linking or chain scission reac-
tions that affect the polymers solubility in their original solvents,
hindering their safe removal from the artifacts [25–28]. Huang
et al. used epoxide-ethylene glycol diglycidyl ether (EGDE) to
crosslink with tyrosine and lysine in amorphous domains of silk
fibroin, and achieved mechanical strengthening [29]; previously
Cai et al. had modified silk fibers with a silicone-containing epox-
ide, producing significant changes in the physical and chemical
properties of the fibers [30].

Alternatively, biopolymers represent an attractive and sustain-
able source of potential consolidants for silk. Cellulose has been
widely employed to formulate composites with silk fibroin [31–
35], mainly to produce films, membranes, foams, and gels of bio-
materials for in vivo use. For instance, cellulose nanofibrils (CNFs)
are promising candidates owing to their strength and biocompati-
bility [31,36], and cellulose is able to form strong hydrogen bonds,
electrostatic interactions and covalent bonds with fibroin, inducing
structural changes (e.g. increase of b-sheets and decrease of
random coils) in blended cellulose-fibroin films [37,38]. Bacterial
cellulose films have been recently adopted byWu et al. to reinforce
ancient silk fabrics, with promising results [28]; however the pro-
cess involves some time-consuming steps (bacteria culturing and
extraction) and the need to efficiently remove the bacteria so as
to avoid potential damage to the silk fibers.

In principle, fibroin is the ideal consolidant for silk as it grants
full physico-chemical compatibility, and its application does not
involve the introduction of foreign components into silk objects.
Self-regenerated silk fibroin (SRSF) can be obtained and processed
through a variety of methods [39–42]. Composites of fibroin (from
silkworm cocoons) and silk have been extensively explored in the
framework of biomaterials and materials engineering, and are typ-
ically meant to be significantly stronger than pristine natural silk
[43–47]. For instance, Yuan et al. embedded silk fibers into SRSF
matrices (0.2 mm thick), and observed that by increasing the
amount (wt%) of fibers it is possible to obtain a significant
enhancement of the films’ mechanical properties [43,46]. Woj-
cieszak et al. investigated the behavior of pristine fibers either
mono-reinforced with small amounts of films, or embedded in
thicker film matrices (up to ca. half centimeter). The film process-
ing method (filtration, evaporation temperature) was shown to
affect the order of the resultant matrix, as qualitatively observed
through Raman spectroscopy by measuring the full width at half
maximum (FWHM) of amide I and amide III bands, and the pres-
ence or disappearance of bands in the 1100–800 cm�1 region (as-
sociated with b-sheets and CH3 deformations). Composites with
thicker and disordered matrices showed the highest enhancement
of mechanical behavior as compared to natural silk [45].

In the present contribution, we propose a new sustainable
method, based on the use of renewable silk scraps, to restore the
mechanical properties of fragile (aged and degraded) silk fibers,
meant for the treatment of historical objects. Specifically, the main
goals of the new silk treatment are: 1) avoid embedding the fibers
in thick coatings, so as to preserve the aesthetics of the treated arti-
facts; instead, we formulated fibroin films able to adhere homoge-
neously to the fibers surface, forming new film-fiber interfaces and
modifying the adhesivity between the fibers to improve their
mechanical properties; 2) restore the mechanical properties of
aged/historical silk back to those of pristine natural silk, rather
than obtain ‘super strong’ fibers with highly enhanced mechanical
behavior; 3) achieve the controlled tuning of the secondary struc-
ture of the SRSF, in particular of the relative amount of crystalline
structures, by playing on the concentration of the SRSF precursor
solutions. This point is based on the following rationale: crystalline
SRSF films (e.g. combined amount of b-sheets and b-turns > 60%)
are expected to increase the fibers’ hardness or stiffness, while
the presence of highly amorphous films with higher fibroin chains
mobility (e.g. b-sheets + b-turns < 30%), at the interface with the
aged/degraded fibers, might increase the fibers’ elongation. Recov-
ering the ductility of the fibers is particularly desirable for brittle
historical textiles where the original amorphous component was
lost to degradation [17,48]. On such samples, improved elongation
is needed to allow handling during the exhibition and restoration
of the artifacts, as well as to increase the lifespan of the objects.

SRSF films can be obtained from waste silk textiles, rather than
silkworm cocoons, with a sustainable and inexpensive approach
based on the responsible use of bioresources [49]. The use of SRSF
films for the consolidation of aged silk fibers is of crucial interest,
since, as we demonstrate in the present contribution, the crys-
tallinity Vs. amorphousness of the films can be tuned to obtain
desired mechanical properties of the fibers. The SRSF films, cast
from dispersions, were studied with Fourier Transform Infrared
(FTIR) 2D Imaging, to characterize the secondary structure of the
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films, and with scanning electron microscopy (SEM); then, SRSF
dispersions were applied onto artificially aged silk fibers, and the
same analytical set was used to investigate the distribution of
the coatings on the fibers. Finally, the mechanical behavior of the
treated fibers was studied through tensile strength tests, and com-
pared to that of pristine silk.
2. Materials and methods

2.1. Chemicals used

Nitric acid (HNO3, 90% ACS, Sigma Aldrich), ethanol (EtOH,
anhydrous, analytical grade, Carlo Erba), and calcium chloride (an-
hydrous CaCl2, � 99.9%, Sigma Aldrich) were used as received.
MilliQ water (resistivity 18.2 MX cm) was used for the
experiments.

2.2. Pristine and aged silk samples

A commercial non-dyed modern silk textile (Georgette Silk)
with a density of 51 mg/cm3 was used as reference pristine silk (la-
beled ‘‘PS”). In order to alter, through accelerated aging, the sec-
ondary structure of fibroin and the mechanical properties of the
silk fibers, three types of treatment were carried out on pristine
silk. To induce changes by temperature, PS strips (10 � 15 cm2)
were heated in a convection oven at 130 �C for 4 h (samples labeled
as ‘‘AS1”). To induce changes by acid hydrolysis, small PS strips
(4 � 0.5 cm2) were treated by dripping 10 mL of nitric acid (diluted
to 1.8% v/v) over each PS sample, and then the samples were
heated in a microwave oven at 570 W for 20 s (samples labeled
as ‘‘AS2”). The microwave oven heating was meant to accelerate
the reactions between nitric acid and fibroin (acid hydrolysis, oxi-
dation, xanthoproteic reaction [50]), without using prolonged
exposure to temperature and concentrated acid, which could lead
to the complete destruction of the fibers. After the treatment, the
samples were rinsed with MilliQ water and let dry at room temper-
ature before analysis. To induce photo-oxidative degradation, PS
strips (10 � 15 cm2) were irradiated with UV–Vis light (samples
labeled as ‘‘AS3”), as follows [48]: a Neon Light Color 765 Basic
daylight Beghelli Lamp was used (160 mW/lm, 380-700 nm), plac-
ing the silk samples in a closed chamber for 30 days at room con-
ditions (36�C, RH 40%), where the samples’ surface was exposed to
ca. 11,000 Lux of homogeneous illumination. These conditions are
meant to accelerate the natural aging that would be experienced
by objects on display in museums, where illuminations of 50–
100 lx are typically used.

2.3. Self-regenerated silk fibroin (SRSF) solutions

The SRSF solutions were obtained starting from waste scraps of
Taffeta silk (density: 2.57 g/cm3). The solutions were prepared fol-
lowing procedures reported in the literature [42,51]: the silk tex-
tiles were washed with ethanol four times to remove impurities
and industrial additives, and let dry at room temperature; then,
0.5 g of textile was immersed in a 5 mL solution of CaCl2:H2O:EtOH
(molar ratio of 1:8:2), heated at 60 �C and agitated until complete
dissolution of the silk. The solution was then dialyzed with a mem-
brane cell MC18 14 Kpa (Sigma Aldritch), against 1 L water (MilliQ)
for two days, replacing the water after 1 h, 4 h, 10 h, 20 h, 32 h and
40 h. The dialyzed solution (12 mL, labeled as ‘‘initial”) was cen-
trifuged twice at 9000 rpm, and the supernatant separated. The
final concentration is 5.34% (w/v). Two diluted solutions (‘‘diluted”,
1.18% w/v; ‘‘ultra-diluted”, 0.15% w/v) were prepared from the ini-
tial solution. All the solutions were stored at 4 �C for 1 day before
use.
2.4. SRSF coatings

A set of coated silk samples was prepared for each type of aged
silk (AS1-3). Each set comprised small silk strips (4 � 0.5 cm2) trea-
ted with, respectively, initial, diluted, or ultra-diluted SRSF solu-
tions. The treatment consisted in dripping 15 mL of SRSF solution
over the silk strip, taking care of wetting the fibers homogeneously
so as to obtain a uniform coating. The coated samples were kept in
a container at 22 �C and relative humidity (RH) of 43% for one week
before analyses. The samples were labeled according to the
received aging and coating treatment, e.g.: AS1-initial, AS1-
diluted, AS1-ultra-diluted, AS2-initial, etc.

2.5. Fourier transform Infrared (FTIR) 2D Imaging-Chemical mapping

The SRSF films and the silk fibers (pristine, aged, and coated)
were analyzed (without any pre-treatment) with a Cary 670 FTIR
spectrophotometer coupled to a Cary 620 FTIR microscope (Agilent
Technologies), using a 15x Cassegrain objective. Measurements
were carried out in reflectance mode over a gold plated reflective
surface; background spectra were collected directly on the gold-
plated surface. Acquiring the spectra in reflectance mode was pre-
ferred to performing Attenuated Total Reflectance (ATR) on the
films, as we previously showed that the pressure applied during
ATR measurements might induce structural changes in the silk
fibers, hindering the rigorous characterization of the films sec-
ondary structure via spectral deconvolution (peak fitting) [52].
The FTIR settings were as follows: 512 scans for each acquisition,
spectral resolution of 2 cm�1, open windows, and spectral range
of 3900–900 cm�1. A 128 � 128 pixels Focal Plane Array (FPA)
detector was used (each pixel related to an area of 5.5 mm � 5.5 m
m2). Each analysis produced a ‘‘tile” of 700 � 700 mm2. In the FTIR
2D maps, the chromatic scale shows the bands’ intensity following
the order red > yellow > green > blue.

2.5.1. Analysis of the secondary protein structures
An IR map was collected on a chosen spot of the SRSF films or

silk fibers. Then, from each map, five spectra with high amide A
absorbance, and fifteen spectra of the golden platelet were
selected. The spectra of the Au surface where averaged to obtain
a single spectrum, which was used as a reference to subtract envi-
ronmental water absorptions from the spectra of the film/fiber.
Then, each of the five film/fiber spectra underwent the following
process: 1) Manual spectral subtraction of the reference Au spec-
trum; the subtraction factor was adjusted manually until no
absorption at 1654 cm�1 (OH bending, H2O) was observable in
the spectra over the protein amide I band; 2) Smoothing with an
SG quad-cubic function of 13–15 points, taking care not to alter
any diagnostic feature of the spectra; 3) Spectrum truncation down
to the 1720–1480 cm�1 range (amide I–II region); 4) Baseline cor-
rection using a linear function connecting the two extremes of the
truncated spectra; 5) Each spectrum was normalized to the maxi-
mum absorbance value of the amide I band. Operations 1–5 were
carried out using the Agilent Resolution Pro software (Agilent tech-
nologies). Each resultant spectrum was deconvoluted and fitted
using the multipeak fitting package of the Igor Pro software, ver-
sion 7 (WaveMetrics, Inc). First, the second derivative of the convo-
luted spectra was used to locate the position of bands. Then, the
spectra were deconvoluted using Gaussian curves and a constant
baseline (constrained at zero absorbance), in two steps: 1) The
position and width of the bands were hold; the height of all bands
was constrained to a maximum of 80 and a minimum of 0; the fit-
ting was then iterated until no changes were reported between
two successive iterations; 2) The width was let change in the 0–
20 limit, and the height was let change with a minimum limit of
0; the fitting was iterated until no changes were reported between



Fig. 1. FTIR 2D Imaging-Chemical mapping and SEM images of SRSF films cast from
dispersions of waste silk. (1) FTIR 2D maps of the intensity of the 1652–1634 cm�1

region (amide I band, random coils/extended chains) for the SRSF-initial (A), SRSF-
diluted (B), and SRSF-ultra-diluted (C) films. (2) SEM images of the SRSF-initial (A),
SRSF-diuted (B), and SRSF-ultra-diluted (C) films cast on glass slides. (3) Represen-
tative examples of FTIR spectra, each corresponding to one pixel (5.5 � 5.5 mm2) in
the Imaging maps. The inset shows the 1750–1600 cm�1 region of the spectra
(amide I), and the mapped portions of the peaks’ areas (shaded areas, 1652–
1634 cm�1, centered at 1644 cm�1).
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two successive iterations. The resultant deconvoluted bands of
amide I were assigned to the different secondary structures of
the protein as follows [53,54]: (Tyr) side chains/aggregated
strands, 1605–1615 cm�1; aggregate b-strand/intermolecular b-
sheets (weak), 1616–1621 cm�1; intermolecular b-sheets (strong),
1622–1627 cm�1; intramolecular b-sheets (strong), 1628–
1637 cm�1; random coils/extended chains, 1638–1646 cm�1; ran-
dom coils, 1647–1655 cm�1; a-helices, 1656–1662 cm�1; b-turns,
1663–1670, 1671–1685, and 1686–1696 cm�1; intermolecular b-
sheets (weak), 1697–1703 cm�1; oxidation bands, 1703–
1720 cm�1.

2.6. Field emission scanning electron microscopy (FE-SEM)

FE-SEM investigation of the SRSF films and silk samples was
carried out using a RIGMA instrument (Carl Zeiss Microscopy
GmbH, Germany). Samples were gold coated, and images acquired
using the secondary electron detector and in-lens secondary elec-
tron detector in an acceleration potential of 5 kV. For FE-SEM anal-
yses, SRSF films were cast on glass slides by dripping 100 mL SRSF
solution, and let dry in a desiccator at room temperature.

2.7. Differential scanning calorimetry (DSC)

A Q2000 DSC (TA Instruments, New Castle, DE, USA) instrument
was used. Aluminum hermetic pans (TZero Aluminum Hermetic,
TA Instruments) were used as sample holders and as a reference.
The DSC measurements on the SRSF films were done using the fol-
lowing temperature program: initial isothermal for 2 min at 0�C,
heat ramp of 10�C/min from 0�C to 400�C, under nitrogen atmo-
sphere (flow rate 50 mL/min). Reproducible results could be
obtained using ca. 1 mg of silk sample for each measurement.
The obtained data were elaborated with the Q Series software, ver-
sion 5.4.0. Two measurements were carried out for each sample.

2.8. Tensile tests

Tensile measurements were performed at room conditions
(T = 23�C, RH = 43%) with a Discovery HR-3 rheometer from TA
Instruments, equipped with an extension accessory, recording
the elongation and tensile force. The samples consisted of the silk
textile PS, AS1-3, and their corresponding coated samples (initial,
diluted, ultra-diluted); for each type, ten samples were tested,
averaging the obtained values. Each sample contained 18 vertical
threads of 100 mm diameter and 4 cm length. The gap length was
set as 1 cm and the elongation speed set at 94 mm/s. Recorded data
were transformed in strain strength values for analysis and
discussion.
3. Results and discussion

Fig. 1 shows the FTIR 2Dmaps and SEM images of the SRSF films
cast on glass slides (see Supplementary data for additional descrip-
tion). Significant differences in the shape of the amide I and II
bands of the films were observed, ascribable to the presence of dif-
ferent secondary structures. The inset in Fig. 1 (panel 3) shows the
1729–1594 cm�1 region (amide I), where the intensity of the band
component centered at 1644 cm�1 (random coils/extended chains
[53]) was mapped. It is evident from the maps (Fig. 1, panels 1A-
1C) that the content of amorphous structures follows a reverse
trend with concentration, i.e. SRSF-initial < SRSF-diluted < SRSF-u
ltra-diluted. This feature is observed homogeneously all across
the films’ surface down to the micron scale.

The deconvolution of the amide I region detailed the differences
in the secondary structure of the SRSF films cast from solutions at
different concentrations. The waste silk used to produce the films
was considered as a reference to understand structural rearrange-
ments due to solubilization and film formation. Results are shown
in Fig. 2 (see Supplementary data for additional description). Inter-
molecular b-sheets decrease passing from waste silk to SRSF-initial
and SRSF-diluted, and completely disappear in SRSF-ultra-diluted,
where intramolecular b-sheets are also absent. a-helices are more
present in SRSF-initial than in the original waste fabric, but disap-
pear in SRSF-ultra-diluted. The total content of b-turn structures is
similar for waste silk and SRSF-initial, but increases in SRSF-
diluted, where b-turns are the main structure. SRSF-ultra-diluted
shows b-turn contents similar to waste silk, but a dramatically
higher content of random coils/extended chains, which are the
main type of secondary arrangement in this film. Overall, we con-
cluded that increasing the concentration of fibroin in the solutions
leads to progressive ordering of the protein structure in the SRSF
films, i.e. from random coils/extended chains to b-turns, a-
helices, and eventually ordered b-sheets. b-turns seem to represent
an intermediate step in the transition from highly amorphous to
more crystalline films. Previously, Magoshi et al.[55] suggested
that conformational change between random coils (or a-helices)



Fig. 2. Assigned secondary structures (%) of silk protein, obtained from the
deconvolution of the amide I and II region (1720–1480 cm�1) of reflectance FPA
m-FTIR spectra of waste silk and SRSF films (initial, diluted, ultra-diluted). The
deconvoluted bands, composing amide I, were assigned to the different secondary
structures of the protein according to the bands’ wavenumbers as explained in
Section 2.5.1.
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and b-sheets might occur by concentration variations in fibroin
solutions (<3 wt%), even though no details of the effect of concen-
tration on the conformation were given. Xie and Liang [56] carried
out differential scanning calorimetry (DSC) and Raman spec-
troscopy on concentrated (15–37 wt%) regenerated silk fibroin
aqueous solutions, and speculated that concentration increase
resulted in close arrangement of the fibroin molecules and transi-
tion from random coil and a-helices to b-sheets. Models of transi-
tion from b-turns in un-spun silk I (‘disordered’) to b-sheets in
spun silk II (‘crystallized’) have been proposed on the basis of
NMR, X-ray diffraction, IR, circular dichroism, and Raman scatter-
ing [16], and Cheng et al. showed that silk I – silk II transition took
place upon filmation of SRSF solutions [51]; the same authors also
surmised that the size of the regenerated silk fibroin molecular
weight is not intimately linked with its conformational transition.

The self-assembly of silk in aqueous solution is a thermody-
namically driven process where kinetics also play a key role [57].
Lu et al. proposed a model of chain folding and micelle formation
of the silk fibroin chain, where the long hydrophilic-hydropho
bic-hydrophilic polymer folds into micelles (100–200 nm) via
hydrophobic and hydrophilic interactions in aqueous solutions;
the micelles can then assemble into nanofibrils or larger globules,
depending on the drying conditions. In concentrated silk solutions,
fibril formation is preferred since an approaching micelle is sub-
jected to repulsive force from only one micelle, as opposed to
stronger repulsion from multiple micelles when globules are
formed [58]. If pH approaches the isoelectric point of fibroin
(~4.2), micelles can aggregate to larger globules thanks to the
shielding of negative charges. Key factors in the kinetics of the pro-
cess include molecular mobility, hydrophilic/hydrophobic interac-
tions, charge, and water content [58]. The energy barrier to form
silk I from intermediate stages is lower than that needed for the
silk I – silk II transition. The latter needs sufficient molecular
mobility in order to overcome the barrier resulting from hydrophi-
lic silk-bound water interactions; controlling such interactions
(e.g. by changing the drying time or adding glycerol) allows the
production of different silk fibroin-based materials composed of
silk I rather than silk II [58].

Further considerations on the mechanisms and kinetic effects
involved in the formation of crystalline structures by the more con-
centrated SRSF samples, can also be made based on a hierarchical
self-assembly model for peptides proposed by Aggeli et al. [59].
These authors tested a statistical mechanical model to describe
the assembly of chiral rod-like units, e.g. b-sheet-forming peptides,
into helical tapes, which with increasing concentration associate
into twisted ribbons (double tapes), fibrils (twisted stacks of rib-
bons), and fibers (entwined fibrils). Initially, rod-like ‘‘monomers”
self-assemble via recognition between complementary donor and
acceptor groups to form twisted tapes, which curve into a helical
configuration. In turn, the chemical anisotropy (different
hydrophobicity) of the two faces of the tape results in intertape
attraction, forming double tapes (ribbons) that are mutually attrac-
tive via smaller energy, leading to stacks of ribbons (fibrils). Finally,
the fibrils’ edges can also be mutually attractive, causing fibrils to
entwine into fibers. However, to aggregate, these units must adjust
in response to packing constraints, i.e. there is an elastic energy
cost that must be compensated for by the gain in attraction energy
[59]. Eventually, it is such energy balance that determines, from a
thermodynamic standpoint, the final self-assembled hierarchical
structure; for high attraction energies, the ribbons can even form
extended sheet-like crystallites. The random coil to b-sheet transi-
tion was reported to start abruptly at ca. 0.07 mM peptide concen-
tration for the most associative type of peptide considered in the
study (rich in glutamine, phenylalanine, and tryptophan), but such
value can vary by orders of magnitude depending on the efficiency
of intermolecular side-chain interactions. Interestingly, the transi-
tion mechanism was deemed as reminescent of the formation of
micelles in surfactant solutions, or the stabilization of micelles
by amphiphilic interactions [59], which nicely links with the
fibroin micelle self-assembly models discussed above. The kinetics
of the random coil to b-sheet transition was likewise shown to be
dependent on peptide concentration [59], with a timescale ranging
from several weeks at low concentration, to several hours for con-
centrations of ca. 4 mM. This is in fairly good agreement with our
observations, considering in our case the upper limit of 14 kDa
(given by the molecular weight cut-off of the dialysis membrane),
which would imply a ~ 3.8 mM concentration (53.4 g/L, 5.34% w/v)
for the initial SRSF dispersion that produced the highest amount of
b-sheet structures. It must be noticed that such concentration val-
ues are roughly three orders of magnitude larger than the critical
overlapping concentration, C*, reported elsewhere for solutions of
some heavier silk fibroin (~444 kDa) [60].

Finally, Yang et al. shed light on the link between silk molecules’
surface activity and their self-assembly to form b-sheet rich SRSF
films [61]. The chemical potential of the fibroin molecules
increases with their bulk concentration, making the free energy
of transfer of a molecule to the surface more favorable; surface
adsorption continues until the chemical potential of the adsorbed
molecules equals that in the bulk solution. In diluted solutions,
the adsorption mechanism is mixed diffusion-kinetic controlled,
probably because diffusion is faster than in concentrated solutions,
where fibroin form larger, slow-diffusing aggregates, and the pro-
cess is diffusion-controlled. Regenerated fibroin solutions exhibit
constant surface tension beyond certain concentration values,
again in agreement with the formation of aggregates in solution
(e.g. micelles) [61]. After their adsorption at the air–water
interface, the fibroin molecules continue to rearrange through
interactions occurring both at the hydrophobic and hydrophilic
side-chains. At low concentrations, they probably adopt a
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stretched conformation, leading to the formation of compact
multi-layers (molecules adsorbed below the first layer act cooper-
atively as anchors for incoming molecules from the bulk). Increas-
ing the fibroin concentration, crowded adsorbed molecules are
likely to extrude out of the surface, leading to a membrane of com-
pact aggregates loosely interconnected. Overall, this description
elucidated the formation of a two-dimensional physical fibroin
gel at the air–water interface, with a soft glassy transitional behav-
ior [61].

The DSC curves of the SRSF films are shown in Fig. 3 (see
Supplementary data for additional description). The curve of
SRSF-ultra-diluted exhibits features ascribable to amorphous
fibroin domains, i.e. a broad pronounced peak of superimposing
water evaporation and glass transition (30-160�C), and an exother-
mic peak (220�C) due to thermally induced random coil to b-sheet
conformational transition [62–64]. The wide endothermic peak
centered at 288�C is due to the thermal degradation of the fibroin
chains [65]. Instead, the curves of SRSF-initial and -diluted show
features typical of more ordered structures: 1) a significantly
weaker water loss event, consistent with the presence of crys-
talline domains where proteins’ OH groups are largely involved
in intramolecular bonds and thus less available to interact with
free water [66,67]; 2) significantly weaker random coil to b-sheet
transitions (215�C); 3) sharp endothermic peaks at ~ 260�C, associ-
ated with the melting transition of the proteins (the peak of
SRSF-initial is sharper and more intense than that of SRSF-
diluted). Overall, thermal analysis supports FTIR data, indicating
that the increase in fibroin concentration from SRSF-ultra-diluted
to –initial progressively results in a rearrangement of the fibroin
chains from amorphous (random coils, extended chains) into
ordered structures (a-helices, b-sheets). Importantly, the film
preparation can be feasibly tuned playing on the concentration of
fibroin in the starting solutions, so as to obtain either highly amor-
phous (random coils/extended chains > 60%) or crystalline films
(a-helices + b-sheets > 50%, without counting b-turns).

As mentioned in the introduction, the possibility of tuning the
secondary structure of the SRSF films is attractive for the conserva-
tion of aged and degraded silk fibers, because crystalline or amor-
phous coatings are expected to produce different effects on the
mechanical behavior of the treated fibers. Ideally, the SRSF disper-
sions should penetrate through the textile, adhere to the fibers, and
create new film-fiber interfaces. Because the response of materials
to mechanical loading is influenced and characterized by the pres-
ence and evolution of various interfaces [68], we expected that the
aged silk fibers, once treated with the SRSF dispersions, would
exhibit different mechanical behavior. Namely, films rich in crys-
talline domain should increase the stiffness of the fibers, while
the adhesion onto the fibers of amorphous films (with more mobile
fibroin chains) is expected to increase the fibers ductility. The con-
cept of applying coatings with tunable composition to degraded
textiles was also recently proposed for the conservation of can-
vases by Kolman et al., who combined polyelectrolyte-treated sil-
ica (SNP) to cellulose nanofibrils (CNF), varying the SNP/CNF ratio
to balance the stiffness and ductility increase of the canvas fibers
[69].

The degraded silk fibers considered in the present contribution
were obtained starting from pristine commercial silk that was arti-
ficially aged using temperature, nitric acid, or UV–Vis light. These
treatments were aimed to alter the secondary structure of the silk
fibers and induce different changes in their mechanical behavior,
prior to the application of the SRSF coatings. Fig. 4 shows the sec-
ondary structure of the commercial silk samples before and after
aging treatments (see Supplementary data for additional descrip-
tion). Pristine commercial fibers (Georgette silk) have similar
structural motifs to the waste silk used to prepare the SRSF films.
UV–Vis aging produced a significant decrease of intramolecular
b-sheets and a-helices, and an increase of random coils/extended
chains and b-turns; this indicates the formation of smaller crystal-
lites (b-sheets), and the partial transformation of crystalline
domains into less-ordered structures (random coils), as previously
observed for photo-aged silk [48]. Treatment with nitric acid (sam-
ple AS2) resulted in the appearance of aggregate b-strand/
intermolecular b-sheets (weak), the increase of b-turns, and the
decrease of a-helices. The treatment also produced a significant
yellowing of the sample. Thermally treated commercial silk (sam-
ple AS3) exhibited an increase of a-helices and a decrease of ran-
dom coil structures.

The presence of different secondary structures in the aged silk
allows making predictions on their mechanical behavior. In fact,
both the tensile strength and the elongation length of silk fibers
are intimately related to their secondary structure [47,70–72]. In
general, lower crystallinity (b-sheets) implies lower strength and
stiffness of the silk, but higher elasticity and toughness [47,70].

Table 1 shows the tensile strength, elongation length and
Young’s modulus of commercial fibers, either pristine, aged, or
coated (after aging) with the SRSF dispersions. The stress–strain
plots of the silk samples are reported in the Supplementary data.

Thermal aging caused some decrease in the elongation length,
and an increase in tensile strength, in agreement with what
observed with FTIR, i.e. the decrease in amorphous structures (ran-
dom coil, extended chains) that provide mobility and ductility to
the fibers. In fact, Tsukada et al. reported a decrease in ductility
of the thermally treated fibers, which exhibit a slight contraction
from room temperature to 120�C, attributed to the evaporation of
humidity followed by a rearrangement of the structure [73]. The
samples aged with nitric acid exhibit a high dispersion in the val-
ues of tensile strength, which are in average closer to those of pris-
tine fibers than thermally and photo-aged samples. However,
treatment with nitric acid produced the highest elongation length,
consistently with the reduction of some ordered structures
(a-helices) observed with FTIR. Photo-aging did not affect
significantly the tensile strength, which remained similar to that
of pristine samples, but decreased the fibers’ elongation length,
similarly to thermal aging. In fact, it has been reported that
photo-aging of silk results in increased brittleness of the fibers
[74,75]. This is in agreement with the presence of smaller crys-
talline domains observed with FTIR.

When the aged samples are treated with the SRSF dispersions,
some general trends are observable in their mechanical behavior:
treatment with SRSF-initial tends to reduce the elongation length
of the fibers. Besides, a drastic decrease in the tensile strength is
observed. The application of SRSF-diluted improves mechanical
behavior, with closer elongation to pristine fibers, while the tensile
strength is higher than that obtained after applying SRSF-initial,
but still lower than pristine silk. The application of SRSF-ultra-
diluted produced the best results in terms of recovering the fibers’
original mechanical behavior: the treated fibers show higher
elongation than pristine and aged samples, and tensile strength
comparable to pristine silk. Macroscopically, the fibers treated
with SRSF-ultra-diluted exhibited improved resistance to handling.
The behavior of the SRSF-treated fibers could be explained consid-
ering that the application of the SRSF dispersions and their adhe-
sion to the silk fibers lead to the formation of new interfaces
between the fibers surface and the fibroin films, which produce dif-
ferent mechanical properties depending on the films’ composition:
the application of a highly ordered material with reduced amor-
phous content results in brittleness, while amorphous layers with
mobile chains increase ductility.

Fig. 5 shows the FTIR 2D Imaging-Chemical mapping and the
SEM images of pristine commercial textile after photo-aging and
the application of the SRSF-ultra-diluted dispersion. Mapping the
fibroin band at 1230 cm�1 (amide III in random coil conformation



Fig. 3. (A) DSC curves of the SRSF films (SRSF-initial: blue curve; SRSF-diluted: green curve; SRSF-ultra-diluted: red curve). (B-D) Insets highlighting the three main thermal
events observed for the SRSF films, in the 0-120�C (loss of water), 150-230�C (glass transition), and 250-300�C (melting and protein decomposition).

Fig. 4. Assigned secondary structures (%) of silk protein, obtained from the
deconvolution of the amide I and II region (1720–1480 cm�1) of reflectance FPA
m-FTIR spectra of commercial silk, either pristine or artificially aged with temper-
ature (AS1), nitric acid (AS2), or UV–Vis light (AS3). The deconvoluted bands,
composing amide I, were assigned to the different secondary structures of the
protein according to the bands’ wavenumbers as explained in Section 2.5.1.
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[54,76]) shows that, following the application, the thread of fibers
uniformly exhibits an increased amorphous content, without the
presence of aggregates on the fibers or amorphous fibroin films
in the gaps between weft and warp. This suggests that the SRSF
dispersion penetrates the textile and adheres homogeneously to
the fibers, rather than simply creating a superficial layer, in good
agreement with the improved mechanical behavior exhibited by
the treated fibers.
4. Conclusions

We demonstrated that the composition of SRSF dispersions can
be tuned, so as to obtain films with different secondary structures.
Namely, it is possible to control the crystallinity Vs. amorphous-
ness of the films, tuning the fibroin concentration in the disper-
sions (more concentrated dispersions progressively yield more
crystalline films). When the SRSF dispersions are applied to aged
silk fibers, domains with different degrees of order are formed
between the fibers, changing their mechanical properties. We
showed that the presence of amorphous domains, uniformly dis-
tributed between the fibers, completely recovered their mechani-
cal properties, while domains with high content of ordered
structures reduce the fibers’ tensile strength and elongation length.

Our hypothesis was that the formation of new SRSF film-fiber
interfaces would change the adhesivity of the fibers, producing dif-
ferent mechanical behaviors: SRSF domains with a significant
amount of ordered structures (e.g. > 60%) were expected to
increase the stiffness of the fibers, while films with reduced
amount of ordered structures (e.g. < 30%) were expected to
increase ductility (that is typically lost to degradation [17,48]). Pre-
viously formulated silk-fibroin composites involved embedding
the silk fibers in thick coatings, so as to obtain significantly stron-
ger fibers than pristine natural silk [43–47]. Instead, our goal was
to avoid the formation of thick matrices, and to provide the
in situ reinforcement (at the micro scale) of aged, degraded silk
fibers, recovering their lost mechanical properties back to those
of natural silk. This approach is a significant step forward with



Table 1
Elongation (%), tensile strength (MPa) and Young’s modulus (MPa/mm) of commercial silk textiles, either pristine, artificially aged, or treated with SRSF after aging. Standard
deviations (r) are reported along with the average values (ten repeats were carried out for each sample). AS1: thermally aged silk; AS2: silk aged with nitric acid; AS3: silk aged
with UV–Vis light. The labels ‘‘initial”, ‘‘diluted”, and ‘‘ultra-diluted” refer to the type of SRSF dispersions applied onto the textiles; fibroin concentration decreases passing from
SRF-initial to SRF-ultra-diluted, and the dispersions yield fibroin domains where the arrangement of the fibroin chains changes from ordered (a-helices + b-sheets > 50%, without
counting b-turns) to amorphous (random coils/extended chains > 60%). ‘‘AS1-initial” indicates thermally aged silk that was treated with the SRSF-initial dispersion, etc.

Sample Elongation Tensile strength Young’s modulus

% r MPa r MPa/mm r

Pristine 50 4 158 13 422 41
AS1 41 5 189 16 630 30
AS1-initial 42 3 107 8 309 33
AS1-diluted 51 5 122 15 282 31
AS1-ultra-diluted 66 8 148 31 351 81
AS2 63 4 161 15 444 94
AS2-initial 47 10 101 22 287 34
AS2-diluted 54 7 121 19 344 37
AS2-ultra-diluted 64 10 141 29 351 49
AS3 40 3 149 11 431 20
AS3-initial 29 3 94 8 365 53
AS3-diluted 35 3 102 12 367 36
AS3-ultra-diluted 50 3 134 10 374 56

Fig. 5. (1) FTIR 2D Imaging-Chemical mapping of silk textiles: (left) pristine textile; (center) textile artificially aged with UV–Vis light (AS3); (right) the artificially aged textile
after treatment with SRSF-ultra-diluted. The intensity of the 1230 cm�1 peak is shown (amide III, random coil conformation). (2) SEM images of the same textiles as in (1).
Both FTIR 2D Imaging and SEM confirmed that SRSF-ultra-diluted distributes homogeneously within the fibers, without forming a superficial coating. (3) Representative
examples of FTIR spectra, each corresponding to one pixel (5.5 � 5.5 mm2) in the Imaging maps. Red and green spectra relate to pixels of the same color in the maps. The
intensity of the 1230 cm�1 peak is highlighted.
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respect to traditional textile conservation methods, which rely on
repairs or synthetic adhesives that lack physico-chemical compat-
ibility with the silk artifacts [25–28].

We showed that the increase in fibroin concentration of SRSF
dispersions progressively produces a rearrangement of the fibroin
chains from amorphous (films with random coils/extended
chains > 60%) to crystalline films (films with a-helices + b-sheets
> 50%, without counting b-turns). When the dispersions are applied
to artificially aged and degraded silk textiles, they penetrate
through the textile matrix, as showed by electron microscopy
and 2D FTIR Imaging, adhering homogeneously to the fibroin fibers
rather than forming a superficial layer. Treatment with concen-
trated SRSF dispersions (that yield ordered fibroin domains) tends
to reduce the elongation length of aged silk fibers. Besides, a drastic
decrease in the tensile strength is observed. Progressively lowering
the concentration of the dispersions results in a better mechanical
behavior of the treated fibers, with elongation values closer to
those of pristine fibers, and some improvement of tensile strength
(still lower than pristine silk). The best results were obtained
applying the dispersion with the lowest fibroin concentration
among the tested formulations: the treated fibers show higher
elongation than pristine and aged silk samples, and tensile
strength values comparable to pristine silk. These findings are in
agreement with the hypothesis that the formation of new film-
fiber interfaces changes the adhesivity of the fibers, producing dif-
ferent mechanical behaviors depending on the presence of mobile
(amorphous) or brittle (crystalline) domains between the fibers.

Overall, we demonstrated that the secondary structure of SRSF
films, obtained from renewable silk waste, can be easily tuned to
confer desired mechanical properties to degraded silk fibers. These
results open new perspectives in the conservation of textiles,
where feasible consolidation materials are still largely needed.
Besides, the use of SRSF films with tunable secondary structure is
potentially useful in other fields such as biomaterials and materials
engineering, and the preparation of composites with enhanced
properties.
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