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ABSTRACT: Proteomics has important uses in archeological
science because it can distinguish species, reveal the evolution of
paleontology, and provide biological evidence of historical events.
However, this technique still has full potential in the study of silk
aging mechanisms. In this work, we propose a strategy combining
unlimited degradation with mass-spectrometry-based proteomics
techniques, which interpret protein fragmentation propensity and
secondary structure changes by detecting content changes of
specific peptide groups in complex proteomes. This approach was
employed to study the conformational changes in silk microscopic
crystals after heat treatment. Combining conventional mechanics
and crystallographic characterization, a thermal aging degradation
mechanism model was proposed. At the same time, it explained the interesting problem that the crystallinity remained unchanged,
but the mechanical properties decreased significantly. Focusing on the unlimited degradation process, this method will be widely
applicable to the study of silk and wool aging processes and regenerated silk fibroin.

■ INTRODUCTION
Silk, a biopolymer constituted by a variety of proteins,1 was
broadly applied in ancient textile production. The first use of silk
to produce textiles was estimated to have occurred in the Yang
Shao culture period more than 5000 years ago. Unfortunately,
direct evidence of this is lacking due to physical and chemical
factors2−5 involving microorganisms, temperature, pH, force,
and so on. Silk degradation made it very difficult to trace its
existence, let alone its origin. The protection of silk is also very
difficult. Thus, it is imperative to discover an accurate silk
degradationmechanism that would facilitate the proposal of new
ideas for microscopic trace detection and cultural relic
protection. Furthermore, silk has been repurposed in new
material engineering, especially for biomedical applications.6,7

The monitorable and controlled degradation processes of silk
fibroin are key to obtaining target materials. Thus, under-
standing degradation mechanisms could also contribute to the
development of improved silk-based materials.
Research on silk degradation has been frequently conducted

in recent years. Biodegradation and physicochemical degrada-
tion are usually simulated by accelerated-aging methods. For
example, exposing silk to various protease solutions was thought
to simulate the microbial aging process,8 and alkaline solutions
were selected to simulate alkaline soils and alkaline secretions.9

All of these processes were monitored by a variety of
characterization methods. Thus, it is critical to be able to
monitor the changes in the structure of silk fabrics.

Degummed Bombyx mori (B. mori) silk, a semicrystalline
protein polymer with high tensile strength and toughness,10 was
used in the weaving of historic silk fabrics. Silk fibroin is mainly
composed of heavy chain (350 kDa), light chain (26 kDa), and
integrity-maintaining glycoprotein p25 (30 kDa) in amolar ratio
of 6:6:1.11,12 The heavy chain and light chain are linked by
disulfide bonds at their C-termini.13 The heavy chain sequence
contains a regular repetition of (GAGAGS)n segments, which
served as the main fragment that makes up the crystalline
region.14,15 Takahashi et al.16 adopted a repeating unit of (Gx)n
as the first approximation of their structural models. These
repetitive (GAGAGS)n segments are widely distributed in 12
GX-repeat encoding regions isolated by 11 similar randomly
intervening sequence-encoding regions. For B. mori silk fabrics,
these β-sheet structures composed of continuous (GAGAGS)n
segments are a central factor in their high performance.10,17

Fourier transform infrared (FTIR) spectroscopy,18 Raman
spectroscopy,19 and X-ray crystallography20 were performed to
analyze the changes in protein structure, especially those
regarding crystal structure. However, the corresponding results
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were insufficient to demonstrate a degradation mechanism due
to a lack of structural analysis at the molecular level. The
proteomics technique, which has become an efficient and
accurate new approach for the identification and deterioration
mechanism research of cultural objects,21,22 was used to detect
the amino acid sequence, species, and abundance of proteins.
However, the identification of protein structural transitions
could also be performed by proteomics.23 Feng et al.24 presented
a method that coupled limited proteolysis (LiP) with a targeted
proteomics workflow, which enabled the monitoring of
structural changes in proteins on a large scale. Owing to the
special characteristics of silk proteins, nonspecific proteases have
difficulty performing enzymatic digestion without damaging
protein structures, and the global analysis of protein structural
changes cannot achieve the desired effect.
In this work, a novel unlimited degradation mass spectrom-

etry (ULiD-MS) approach was developed for probing the
structural transitions of silk after heat treatment, including the
changes in protein and peptide components (Figure 1). To
understand the heat-aging degradationmechanism, SEM, tensile
tests, FTIR, XRD, and sodium dodecyl sulfate−polyacrylamide
gel electrophoresis (SDS−PAGE) analyses were also used to
study the morphology, mechanical property, secondary
structure, and molecular weight distribution. This work can
providemolecular-level evidence for the degradation behavior of
silk.

■ EXPERIMENTAL SECTION
Reagents. Ethanol, calcium chloride, sodium dodecyl sulfate

(SDS), bromophenol blue, tris(hydroxymethyl)-aminomethane
hydrochloride (Tris-HCl) and tris(hydroxymethyl)-
aminomethane were provided by Alad-din. A protease inhibitor
cocktail and phosphorylase inhibitor were supplied by Merck
Millipore. Iodoacetamide (IAM) and urea were purchased from
Sigma-Aldrich (Aladdin). The silk fabrics were provided by
Hang-zhou Fusi Industry and Trade Co., Ltd. The water used in
all experiments was purified with a TPMUltrapure water system.

Heating Conditions. A heating treatment was applied to
obtain artificially heat-aged samples. The silk fabric (SF) was cut
into strips of 2 cm× 20 cm, keeping the sample length and width
in line with the silk’s warp and weft. After washing, drying, and
weighing, the silk fabric strips were suspended in an HW-450AS

far-infrared drying oven at 140 °C for 0, 2, 4, 6, 8, and 10 d. Each
sample (SF-0 d, SF-2 d, SF-4 d, SF-6 d, SF-8 d, and SF-10 d) was
weighed immediately after being taken from the oven.

Morphological Characterization and Mechanical Test.
After washing and drying, the morphological characterization of
the SF samples was performed using scanning electron
microscopy (SEM) (JSM 5610LV: Shimadzu Co., Japan).
Then, all silk fabric strips were secured to the clamps of
stretching cells between a force sensor and the stage. With an
effective stretch length of 5 cm, the strips were deformed
through tension at a constant extension rate (2 mm/min). For
the stress calculations, the cross-sectional area was approximated
by a rectangle, whose height was determined by Vernier calipers.
Three samples were tested at each sampling time. The stress−
strain curves closest to the average were chosen. The Young’s
modulus and elongation at break were derived from an average
of three stress−strain curves for each sampling time.

FTIR and XRD. The FTIR spectrum was acquired using a
Fourier infrared spectrum instrument (Nicolet 5700: Perki-
nElmer Company, USA) in the range between 400 and 4000
cm−1 with a spectral resolution of 1 cm. The data to determine
the protein numbers and positions were obtained from second-
derivative spectra and deconvolved. Then, the height,
bandwidth position, and baseline were iteratively adjusted to
obtain the best Gauss/Lorentzian shaped curve, and the amide I
region spectrum was resolved into individual secondary
structural components. After fitting the distinguishing peak of
amide I, we obtained the band area of each group and used it to
calculate the relative proportion of the components in the
secondary structure. The degree of crystallinity of the artificially
heat-aged samples was evaluated by wide-angle X-ray diffraction
(WAXD) analysis using an X-ray diffractometer (Thermo ARL,
Switzerland). All peak separation processes were implemented
via Origin 2018. The degree of crystallinity (Xc) was estimated
as previously reported25 using the following formula: Xc = Ic/(Ic
+ Ia) × 100%, where Ic and Ia are the total intensities of the
crystalline and amorphous diffraction peaks, respectively.

Extraction of Silk Fibroin. After removing both ends, 50
mg of silk fabric was dissolved in 5 mL of CaCl2−C2H5OH−
H2O (molar ratio of 1:2:8) solution under shaking at 96 °C for 1
h. According to previous reports,9,26 all the protein components
in silk fabrics can be completely dissolved. The solution was then

Figure 1.ULiD-MS workflow. In the first step, a proteome extracted from silk fabrics is subjected to double digestion. The first digestion is conducted
using heat aging, which will replace broad-specificity protease. Next, a LiP trypsin (the C-terminus of K and R) digestion generates peptides suitable for
bottom-up MS analysis. The peptide mixture includes two side digestion peptide groups (TSD-peptide), one side digestion peptide group (OSD-
peptide), and no digestion peptide group (NOD-peptide). Subsequently, the samples are subjected to limited and/or unlimited mass-spectrometry
analyses (LiP-MS and ULiD-MS).
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dialyzed (MWCO 1000 Da) against deionized water for 72 h
and lyophilized for 24 h. The dried silk fibroins were stored at
−20 °C for further experiments.

Sodium Dodecyl Sulfate−polyacrylamide Gel Electro-
phoresis (SDS−PAGE). Approximately 10 mg of silk fibroin
was dissolved in 1 mL of carbonate buffer (CB, pH 9.6) mixed
with 250 μL of loading buffer (0.5 M Tris-HCl, 0.8% DTT, and
1% SDS). After being boiled for 10 min, the solution was loaded
in a gel swim lane in electrophoresis buffer (0.025 M Tris, 0.25
M glycine, 0.1% SDS) for 1 h. The detailed SDS−PAGE
procedures were reported in our previous study.27

Protein Digestion and LC−MS/MS.The dried silk fibroins
were dispersed in lysis buffer (1% SDS, 1% protease inhibitor
cocktail) and sonicated on an ice bath. An equal volume of
protein (concentrations of the silk fibroins were measured by a
BCA assay) was reduced with 5 mM dithiothreitol for 30 min at
56 °C and then alkylated with 11 mM iodoacetamide for 15 min
at room temperature in darkness. After the protein sample was
diluted by adding 100 mM TEAB to attain a urea concentration

of less than 2 M, sequencing-grade modified trypsin was added
at a 1:50 trypsin-to-protein mass ratio for the first digestion
overnight and a 1:100 trypsin-to-protein mass ratio for a second
4 h digestion. The peptides were desalted with a C18 SPE
column. The tryptic peptides were dissolved in solvent A (0.1%
formic acid, 2% acetonitrile/in water) and directly loaded onto a
custom-built reversed-phase analytical column (25 cm length,
75 μm i.d.). Peptides were separated with a gradient of 5 to 25%
solvent B (0.1% formic acid in 90% acetonitrile) over 60 min, 25
to 35% in 22 min, reaching 80% in 4 min, and then holding at
80% for the last 4 min, all at a constant flow rate of 450 nL/min
using an EASY-nLC 1200 UPLC system (Thermo Fisher
Scientific).
The separated peptides were analyzed using a Q Exactive HF-

X instrument (Thermo Fisher Scientific) with a nano-
electrospray ion source. The applied electrospray voltage was
1.5 kV. The peptide parent ions and their secondary fragments
were detected and analyzed using high-resolution TOF. The full
MS scan resolution was set to 60,000 for a scan range of 100−

Figure 2. SEM of silk fabrics after the thermal aging test: (a) SF-0d, (b) SF-2d, (c) SF-4d, (d) SF-6d, (e) SF-8d, and (f) SF-10d. Inset is the local
magnification of the sample.

Figure 3. (a) Stress−strain curves of silk fabrics after thermal aging test. (b) Derivative diagram of stress−strain curve. (c) Evolution of the elongation
at break after heat treatment. (d) Evolution of the Young’s modulus at break after heat treatment.
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1700m/z. The 20 most abundant precursors were then selected
for further MS/MS analyses with a 30 s dynamic exclusion.
HCD fragmentation was performed at a normalized collision
energy of 28%. The fragments were detected using an Orbitrap
at a resolution of 30,000. The fixed first mass was set as 100m/z.
The automatic gain control target was set at 1E5, with an
intensity threshold of 3.3 E4 and amaximum injection time of 30
ms.

Identification and Quantification of Proteins and
Peptides. The collected spectra were searched against the
Blast_Bombyx_mori_7091_PR_20220314.fasta [14,777 pro-
teins from UniProt-Proteome UP000005204-Bombyx mori
(Silk moth)] protein database with Maxquant (v2.0.3.0). The
Decoy database was added to calculate the false positive rate
(FDR) due to random matches, and a common contaminating
database was added to remove the effects of contaminating
proteins from the identification results. The digesting protease
was set as trypsin with a tolerance of two missed cleavages. The
minimum peptide length was set to seven amino acid residues,
with a maximum number of five peptide modifications. The
mass error tolerance for the primary parent ion was set to 20
ppm for the first search and 20 ppm for the main search, and that
for the secondary fragment ion was set to 20 ppm.
Carbamidomethyl (C) was defined as a fixed modification,
and oxidation (M) and acetyl (protein N-tern) were defined as
variable modifications. The FDR for protein identification and
PSM identification was set to 1%. Then, these parameters were
used to analyze the data to obtain LiP-MS data.
To compare and analyze the degradation of the protein due to

heat degradation, unlimited degradation mass spectrometry
(ULiD-MS) data were acquired by using the new appropriate
analysis parameters. The same collected spectra were submitted
to Bombyx_mori_7091_3protein_20220507.fasta (P05790,
P04148, and P21828 from UniProt), and nonspecific digestion

was set as the digesting protease. Then, they were used for a
database search with the parameters described above. All
identified proteins and quantified peptides were provided in
Supporting Information.

■ RESULTS AND DISCUSSION
Morphology and Mechanical Properties of Heat-Aged

Silk Fabrics. The surface morphologies of the heat-aged
samples are listed in Figure 2. Although a small amount of lateral
cracking was found on the surface of the heat-aged silks, this
phenomenon also occurred in blank control and did not worsen
with prolonged heat treatment. In addition, all magnified SEM
images (inset) showed pronounced silk characteristics with a
smooth surface and vertical lines, suggesting heat treatment
would not cause morphological defects.
On the contrary, after heat treatment at 140 °C, the

mechanical properties of the silk fabrics were greatly changed.
As shown in Figure 3a, the mechanical properties of the heat-
aged samples were reduced compared to those of the blank
samples. A more detailed analysis of the mechanical parameters
is shown in Figure 3b−d. The elongation-at-break and strength,
which changed from 15 to 1.8% (Figure 3c), of the samples
decreased significantly with the time of heat treatment. The
decrease in the elongation-at-break for heat-aged samples was
reflected on the molecular scale by the degradation of fibroin.
The derivative of the stress−strain curve represents the
instantaneous Young’s modulus variation trend of the fabric
(Figure 3b). The peak for SF-0 that appeared at a tensile strain of
4% was attributed to the deformation of the β-sheet structures.
All stress−strain derivative diagrams showed a high degree of
consistency for the samples before fracture. The Young’s
modulus of all samples with a tensile strain greater than 4%
fluctuated between 500 and 600 kPa and showed no significant
difference (Figure 3d).

Figure 4. Crystallographic assay of thermal aging fabrics. (a) FTIR spectra of silk fabrics after thermal aging. (b) Results of FTIR peak separation
analysis. (c) Crystallinity change with the increasing heat treatment time obtained from FTIR analyses. (d) XRD spectra of silk fabrics after the thermal
aging test. (e) Results of XRD peak separation analysis. (f) Crystallinity change with the increasing heat treatment time obtained from XRD analyses.
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Secondary Structure of Heat-Aged Silk Fabrics. Silk is a
typical protein fiber that has three characteristic regions, amide I
(1700−1600 cm−1), amide II (1600−1500 cm−1) and amide III
(1300−1180 cm−1), in its FTIR spectrum. The amide I band is
highly sensitive to small variations in molecular geometry and
hydrogen bonding patterns, and each type of secondary
structure gives rise to a different C�O stretching frequency.28

It is therefore especially useful for the analysis of the secondary
structure composition and conformational changes of proteins.
According to previous reports,29−31 the bands between 1700
and 1656 cm−1 are attributed to proteins with α-helical
components. The bands between 1634 and 1600 cm−1 are
attributed to β-sheet structures. The peak that represents the
random coil conformation is located at 1655−1635 cm−1. After
fitting the peak of amide I for each group of samples, the average
ratios of the α-helix and β-sheet structures of the three samples
were calculated to obtain the crystallinity changes of the heat-
aged samples. As shown in Figure 4a−c, themain peak of amide I
for silk was located at 1648 cm−1. No bathochromic shift
occurred for any of the samples. Then, the seven Gauss-
Lorentzian peak areas separated by the amide I region were
calculated (Figures 4b and S2). The degrees of crystallinity of
the silks only showed a slight decrease trend with the
prolongation of heat treatment, and all of them were close to
that of the blank sample.
The changes in the crystallinity of silk were further

characterized by XRD. The peaks in the XRD patterns located
at 9.1, 12.2, 18.9, 19.7, 20.7, 24.3, and 24.7° were attributed to
the crystalline regions of silk.19,32 The sharp characteristic
diffraction peak at 20.7° was highly consistent for all samples
(Figure 4d), which confirmed the high similarity of the amide I
regions in the FTIR spectra. The intensities of the crystalline and
amorphous peaks evaluated by peak separation analysis were
used to calculate the crystallinity (Figures 4e and S3). The
crystallinity change results are shown in Figure 4f. There was
little variation between the duplicate samples, and heat
treatment had an even smaller effect on the sample crystallinity
than the replicate variation, which was consistent with the FTIR
results. The mutual confirmation of these two characterization
methods showed that thermal aging did not affect the
crystallinity of silk fibroin.

Molecular Weight Distribution of Heat-Aged Silk
Fabrics. SDS−PAGE revealed the lengths of the peptides
present in the sample. As shown in Figure 5, there were diffuse
bands above 15 kDa for all samples, which meant that peptide
breakage occurred in all samples. The blank sample showed a
wide band between 15 and 250 kDa, especially between 30 and
150 kDa, which primarily indicated the breakage of the fibroin
heavy chain. The artificially aged samples displayed a negative

correlation ofMr with aging time. After 8 days of heat-aging, the
Mr of samples was mainly distributed at 15−50 kDa, i.e., long
peptides were greatly reduced while short peptides were
increased, also suggesting the increase of the degradation
degree. Silk fibroin is a molecular complex composed of a heavy
chain (350 kDa), a light chain (26 kDa), and a P25 chain (30
kDa) connected via disulfide bonds and noncovalent forces.9,12

Most of the peptides in the crystallized regions were greater than
30 kDa. Thus, the disappearance of peptides above 30 kDa may
indicate degradation in the crystalline region, which was later
confirmed.

Identification and Relative Abundance of Proteins in
Silk. Bottom-up proteomics is based on the measurement of
peptides derived from protein digestion, which means that the
identified peptides must be reassigned to their maternal
proteins.33 The determination of protein intensity can reflect
the integrity of the amino acid sequence of an identified protein.
However, due to the specificity of the enzyme, only the sequence
of the specific region containing the cleavage site (enzymatic
digestion region) can be detected. As shown in the partially
intercepted heavy chain sequence digested by trypsin (Figure
6c), only 3% of the heavy chain contains cleavage sites, which
contain only small amounts of K and R amino acids at both ends
of the heavy chain. All the GX-repeats belong to the
nonenzymatic digestion region. As shown in Figure 6a,b, the
peptide coverage of LiP-MS indicated that the region specifically
cleaved by trypsin is only a small part of the whole. The peptide
coverage of the fibroin heavy chain (P05790) increased from
approximately 3% (Figure 6a) to 70% (Figure 6b). For the light
chain and p25 chain, although the cleavage sites are evenly
distributed in their protein sequences, the peptide coverage of
the light chain (P21828) increased from 40% to more than 80%,
and the peptide coverage of P25 (P04148) also increased by
approximately 20%. The increased peptide coverage of ULiD-
MS showed that thermal aging was a more extensive
degradation, which may provide useful information about the
sequence in crystalline regions.
For the global analysis of silk degradation, the total protein

intensity and the intensities of the three main proteins (heavy
chain, light chain, and p25) at six sampling times (0, 2, 4, 6, 8,
and 10 days) were compared. As shown in Figure 7a, the
identified total protein intensity dropped to less than half with
just 2 days of heat-aging, and a smooth decreasing tendency was
observed with prolonged aging time. This decrease in total
intensity was essentially caused by a break between the two
enzymatic cleavage sites in the protein, as fewer peptides could
be identified. Moreover, the ULiD-MS analysis results (Figure
7b) showed a similar degradation trend after the addition of
thermally degraded peptides to the protein intensity calculation,
only showing some fluctuations in the later stage. The three
main proteins detected in all samples are listed in Figure 7c,d.
The intensities of all three proteins showed obvious decreasing
tendencies, coinciding with the trend of total protein intensity.
In particular, the degradation rate of the heavy chain was faster
than that of the light chain in LiP-MS analysis, while comparable
degradation rates were observed in ULiD-MS analysis. More
definitive results are shown in the subsequent relative abundance
plots (Figure 8a−c). The proportion of heavy chains was almost
unchanged in the early stage of aging but decreased significantly
in the later stage in LiP-MS analysis. In contrast, the ULiD-MS
result showed that the percentage of heavy chains decreased
faster in the early stage. Considering the “GAGAGS” encoding
region occupied the vast majority of the nonenzymatic digestionFigure 5. SDS−PAGE of silk fabrics after thermal aging.
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region in the heavy chain, it is speculated that the difference may
be due to the otherness in the proportion of thermally degraded
peptides belonging to the crystallization region in the two
proteins.

Classification Analysis of Peptides in the Fibroin
Heavy Chain. We counted all detected peptides of heavy
chains in the ULiD-MS result and divided them into three

categories: two-side-digestion peptide (TSD-peptide), one-side-
digestion peptide (OSD-peptide), and no-digestion peptide
(NOD-peptide). As shown in Figure 10a, few NOD-peptides
were detected in the SF-0d sample, indicating that the processes
of degumming, weaving, and extraction had damaging effects on
the silk. The NOD-peptides overtook TSD-peptides as the main
component of the detected peptides as heat-aging proceeded,

Figure 6. Peptide coverage of three protein. (a) LiP-MS analysis; (b) ULiD-MS analysis; (c) schematic diagram of enzymatic digestion by trypsin.

Figure 7. (a,b) Total intensity of proteins in silk fibroin and (c,d) the intensity of the three proteins; (a,c) were calculated by LiP-MS analysis, and (b,d)
were calculated by ULiD-MS analysis.
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and a large increase in NOD-peptides and a dramatic decrease in
TSD-peptides gave direct evidence of heavy chain degradation.
The structural change in silk was one of the main foci of silk

aging. As shown in Figure 9, the heavy chain consists of 12 GX-
repeat encoding regions separated by 11 random intervening the
abundant GX-repeat encoding region (regular region) in the
heavy chain was considered to be a major contributor to the
crystallinity of silk, especially the highly repetitive “GAGAGS”
encoding region (crystalline region). Therefore, direct molec-
ular evidence of the changes in silk crystalline regions can be
obtained by monitoring changes in the target peptide groups in
the heavy chain. The NOD-peptide, for which both ends of the

break were derived from heat-aging degradation, was studied
separately and is shown in Figure 10b. As a comparison, the
amino acid sequence of the fibroin heavy chain (P05790,
downloaded from UniProt-Proteome) was analyzed. Excluding
the portion containing the enzymatic cleavage site, the number
of amino acids of the (GX)n (n ≥ 3) encoding region accounted
for 94% of the amino acids in the whole chain, the (GAGAGS)n
(n ≥ 1) encoding region accounted for 51%, and the completely
random region (11 random intervening sequences and part C-
terminal and N-terminal) accounted for only 6% (Figure 9). As
shown in Figure 10b, the percentage of the random peptide
group was above 30% (the theoretical value is approximately

Figure 8. Relative abundance of the proteins in silk. (a) LiP-MS analysis and (b) ULiD-MS analysis.

Figure 9. Schematic diagram of the structure of the heavy chain.

Figure 10. (a) Relative abundance of peptides in the fibroin heavy chain (two-side-digestion peptides, one-side-digestion peptides, and no-digestion
peptides). (b) Relative abundance of peptides containing (GAGAGS)n and/or (GX)n eliminates (GAGAGS)n segments.
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6%) throughout the heat-aging process, while the relative
abundance of the peptide group containing the (GAGAGS)n (n
≥ 1) encoding region was below 28% (the theoretical value is
approximately 51%), demonstrating that the crystalline region
significantly protected the amino acid sequences being
destroyed by heat-aging. However, the percentage of the
(GAGAGS)n (n ≥ 1) encoding region and the (GX)n (n ≥ 3)
encoding region slightly increased with the prolongation of the
heat-aging time. This seems to indicate that the degradation rate
of defective crystals was faster compared to the initial intact
crystals, which was more evident in the looser region [(GX)n (n
≥ 3) eliminate (GAGAGS)n (n ≥ 1)]. The protection of the
crystalline region resulted in a lower percentage of thermally
degraded peptides in the heavy chain during the early aging
stage.
In addition, crystallization inhibited the damage to silk caused

by thermal aging, resulting in a lower degradation rate in the
crystalline region. In this work, 140 °C was selected as the
simulated aging temperature to exclude the influence of water on
the properties of silk, and it deviated from the peak range of
discrete glass transition temperature (Tg, 150−220 °C).34 So
that the silk fibroin, especially the crystal region, was in an
ordered state. Sun’s work showed that (GAGSGA)2 short
peptide can also form β-folding,35 so it might be speculated that
after annealing, the thermally degraded peptide in the
crystallization zone may attach to the long peptide to maintain
the crystal structure, which causes crystallinity to remain
unchanged. However, the lowered number of connections of
loops and tie-molecules between chain-folding clusters made the
thermally aged samples less ductile and thus of poor mechanical
performance. As indicated by the intact heavy chain sequence,
the long peptides above 50 kDa, which were observed in large
numbers in the SF-0d sample, must contain at least one
intervening sequence-coding region. Comparatively intact β-
sheet structure and retained random coil conformation were
tightly linked, ensuring the strength and toughness of the silk.
However, the chemical bonds between crystalline nuclei and
other regions were greatly reduced with the prolongation of heat
treatment, which led to a constant crystallinity of the silk but a
significant decrease in mechanical properties.

Degradation Model of Heat-Aged Silk Fibroin.
Combining the results presented here, we hypothesized a
degradation model to explain the thermal degradation behavior

(Figure 11). The random regions act as hinges to connect the
crystalline regions, with the random regions providing ductility
and the crystalline regions ensuring the strength of the silk.
Initially, the thermal degradation is dominated by peptide bond
breakage in the amorphous regions, with only minor fractures in
the crystalline regions. However, fractures in the amorphous
regions can seriously affect the mechanical properties of the silk,
whereas fractures in the crystalline regions do not affect
crystallinity. As the heat treatment time increases, the long
peptides continue to break into short peptides, and the short
peptides are completely degraded, while the content of the
amorphous regions decreases, and the crystalline regions
partially collapse into defective crystals. Although hydrogen
bonds maintain the solidity of the crystal, the chemical bonds
within the crystal are greatly reduced, resulting in further
reduction of themechanical properties of the silk. Only when the
peptide fragments within the crystal nucleus degrade to the
point where the crystal shape cannot be maintained will the
crystal be transformed into an amorphous one and lose its
protective capacity.

■ CONCLUSIONS
By the comprehensive analysis of the changes in crystallinity,
molecular weight, proteome, and peptidome, we have
speculated on the thermal degradation behavior of silk. The
degradation behavior of heat-treated silk was microscopically
manifested by the reduction in the number of loop connections
and tie-molecules between chain-folding clusters as well as the
breakage of the crystal nuclei themselves. The changes in
crystallinity and peptidome seemed to indicate that the defective
β-fold does not readily convert to the amorphous form. It is
worthwhile to expect that ULiD-MS can provide evidence of a
more optimized protein extraction process. Meanwhile, due to
the protection of silk by the crystalline region, the inverse
analysis may allow inferences about the regions to be made
about the protein structure.
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The Supporting Information is available free of charge at
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Figure 11.Degradation model of thermally aged silk. The amorphous region and crystals are destroyed together. The number of loop connections and
tie-molecules between the crystal regions is reduced, and crystal defects appear. Then, the defects continue to increase until the crystal collapses.
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