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Abstract: Silk fiber has become a research focus because of its comprehensive mechanical properties.
Metal ions can influence the conformational transition of silk fibroin. Current research is mainly
focused on the role of a single ion, rather than the whole metal ion environment. Here, we report the
effects of the overall metal ion environment on the secondary structure and mechanical properties
of silk fibers after direct injection and feeding of silkworms with EDTA. The metal composition of
the hemolymph, silk gland, and silk fiber changed significantly post EDTA treatment. Synchrotron
FTIR analysis indicated that the secondary structure of silk fiber after EDTA treatment changed
dramatically; particularly, the β-sheets decreased and the β-turns increased. Post EDTA treatment, the
silk fiber had significantly decreased strength, Young’s modulus, and toughness as compared with the
control groups, while the strain exhibited no obvious change. These changes can be attributed to the
change in the metal ion environment in the silk fibroin and sericin in the silk gland. Our investigation
provides a new theoretical basis for the natural silk spinning process, and our findings could help
develop a method to modify the mechanical properties of silk fiber using metal ions.

Keywords: metal ion; silk fiber; mechanical properties

1. Introduction

Silk fiber is a natural polymer material [1]. Recently, silk fiber has received extensive attention
because of its outstanding mechanical properties such as high fracture strength, high toughness,
and exceptional extensibility [2]. Modifying the mechanical properties of silk fiber in order to expand
their application in various fields has attracted the interest of many researchers. Various methods have
been used to improve the mechanical properties of silk fiber. A number of researchers have reported
that the mechanical properties of silk fiber can be modified by transgenic silkworm overexpression
with the spider gene [3–6]. In addition, numerous studies have attempted to endow the silk fiber with
special mechanical performance directly by feeding silkworms with inorganic nanoparticles such as
single-walled carbon nanotubes, nanocarbon, TiO2 nanoparticles, and graphene [7–10]. Especially,
recent evidence suggests that metal ions, pH, and shear forces are involving in the conformational
transition of silk proteins, which will affect the mechanical properties of silk fiber [11,12]. Studies have
shown that Mg2+, Cu2+, Fe3+, and Zn2+ can induce the conformational transition of silk fibroin from
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random coil/helix to β-sheet in vitro [13–17]. Ca2+ can induce the formation of a stable protein network
in silk fibroin, while Na+ and K+ are thought to break down the protein network in silk fibroin [15,17].
However, injection of certain metal salt solutions such as CaCl2, KCl, CuCl2, and FeCl3 can improve
the mechanical properties of silk fiber [16–18]. Furthermore, the mechanical properties of silk fiber can
also be modified by genetically disrupting the Ca2+ content during silk fiber formation [19].

Although previous studies have suggested that metal ions can impact the structure of the
regenerative silk fibroin (RSF), they have usually focused on one or two types of metal ions without
changing the content of multiple metal ions simultaneously. Ethylenediaminetetraacetic acid (EDTA)
is a good chelating agent [20,21], which can form a highly soluble complex with a wide variety of
metal ions in an aqueous solution [22,23]. Therefore, we aimed at altering the contents of multiple ions
through EDTA to disturb the overall metal ion environment simultaneously, to further explore the
effects of the overall metal ion environment on the mechanical properties of silk fiber.

In this study, we directly injected EDTA (IEDTA) and fed EDTA (FEDTA) to silkworms to disturb
the overall metal ion environment in the silk fiber formation, and observed its effects on the secondary
structure and mechanical properties of the silk fiber. This study will deepen our understanding of the
relationship between the overall metal ion environment and the mechanical properties of silk fiber.
It will also provide information on how the mechanical properties of silk fiber can be improved by
altering the metal ion environment.

2. Results and Discussion

2.1. Observation of Morphological Characteristics

To investigate the effects of the overall metal ion environment on the mechanical properties of
silk fiber, we injected and fed EDTA to the fifth instar larvae of silkworm until spinning. All the
silkworms survived the treatment process. We first observed the morphology of cocoons after injection
and feeding. As shown in Figure 1A,C, we found that EDTA showed no effect on the shape and size
of cocoons, compared with those of control groups. Moreover, scanning electron microscope (SEM)
imaging was used to study the morphology of silk fiber. While comparing the EDTA treated silk fiber
with the control silk fiber, we observed that EDTA had no effect on the morphology of the silk fiber
(Figure 1B,D). Furthermore, we measured the diameter of silk fiber by SEM. The statistical results
showed that the diameter of the silk fiber did not change significantly after injection and feeding
(Figure 1E,F). All these results demonstrated that the EDTA had little effect on the morphological
characteristics of cocoons and single silk fiber. On the other hand, when comparing the cocoon layer
ratio of EDTA treated silkworms with the control group (Figure 1G), the EDTA does not significantly
affect this ratio, which is important in economic valorization of the cocoons.
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Figure 1. Visual appearance of cocoons and silk fiber after EDTA injection and feeding. (A,C), cocoon 
shapes after EDTA injection and feeding, scale bar is 1 cm. (B,D), SEM image of IEDTA and FEDTA 
silk fiber, scale bar is 20 μm. (E,F), average diameter of silk fiber after EDTA treatment. (G) Cocoon 
layer ration of silkworms after EDTA injection and feeding. IEDTA-0: Injecting 0 mM EDTA to 
silkworms, IEDTA-10: Injecting 10 mM EDTA to silkworms, IEDTA-50: Injecting 50 mM EDTA to 
silkworms; FEDTA-0: Feeding 0 mM EDTA to silkworms, FEDTA-100: Feeding 100 mM EDTA to 
silkworms, FEDTA-500: Feeding 500 mM EDTA to silkworms. 

2.2. EDTA Disturbed the Ionic Environment for Silk Fiber Formation 

In order to confirm the effects of EDTA in vivo, we first measured the content of metal elements 
in the hemolymph and silk gland in silkworms (wandering stage). As shown in Figure 2, we tested 
eight kinds of metal elements, including Na, K, Ca, Mg, Fe, Zn, Cu, and Mn. Figure 2A,B shows that 
the contents of the metal elements in the hemolymph and the silk gland changed significantly after 
injection of EDTA, especially for K, Na, Ca, Mg, and Zn, whose ion contents changed dramatically in 
the IEDTA hemolymph. Additionally, a significant change was observed in the hemolymph and silk 
gland post EDTA treatment (Figure 2C,D). The Na, K, Ca, Mg, Fe, Zn, and Mn ion contents in the 
FEDTA silk gland increased or decreased significantly, which indicated that our treatment was 
effective. The present results have demonstrated that both injection and feeding can disturb the 
overall metal ion environment in the hemolymph and the silk gland. 

Figure 1. Visual appearance of cocoons and silk fiber after EDTA injection and feeding. (A,C), cocoon
shapes after EDTA injection and feeding, scale bar is 1 cm. (B,D), SEM image of IEDTA and FEDTA silk
fiber, scale bar is 20 µm. (E,F), average diameter of silk fiber after EDTA treatment. (G) Cocoon layer
ration of silkworms after EDTA injection and feeding. IEDTA-0: Injecting 0 mM EDTA to silkworms,
IEDTA-10: Injecting 10 mM EDTA to silkworms, IEDTA-50: Injecting 50 mM EDTA to silkworms;
FEDTA-0: Feeding 0 mM EDTA to silkworms, FEDTA-100: Feeding 100 mM EDTA to silkworms,
FEDTA-500: Feeding 500 mM EDTA to silkworms.

2.2. EDTA Disturbed the Ionic Environment for Silk Fiber Formation

In order to confirm the effects of EDTA in vivo, we first measured the content of metal elements
in the hemolymph and silk gland in silkworms (wandering stage). As shown in Figure 2, we tested
eight kinds of metal elements, including Na, K, Ca, Mg, Fe, Zn, Cu, and Mn. Figure 2A,B shows that
the contents of the metal elements in the hemolymph and the silk gland changed significantly after
injection of EDTA, especially for K, Na, Ca, Mg, and Zn, whose ion contents changed dramatically
in the IEDTA hemolymph. Additionally, a significant change was observed in the hemolymph and
silk gland post EDTA treatment (Figure 2C,D). The Na, K, Ca, Mg, Fe, Zn, and Mn ion contents in
the FEDTA silk gland increased or decreased significantly, which indicated that our treatment was
effective. The present results have demonstrated that both injection and feeding can disturb the overall
metal ion environment in the hemolymph and the silk gland.
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Figure 2. The contents of metal elements in the hemolymph and the silk gland after treatment with 
EDTA. (A) Hemolymph after being injected with EDTA. (B) Silk gland after being injected with 
EDTA. (C) Hemolymph after being fed with EDTA. (D) Silk gland after being fed with EDTA. Error 
bars, SD; * p < 0.05, ** p < 0.01, *** p < 0.001 (One-way ANOVA). y-Axis data was processed by log 10. 

Later, we measured the content of metal elements in cocoons after injection and feeding, 
respectively. We found that both injection and feeding can change the content of metal ions in silk 
fiber. Figure 3A showed the injection results, which suggests that the contents of Na, Mg, and Cu 
increased with the dose of EDTA. In addition, K, Fe, and Mn were accumulated in the IEDTA-50 silk 
fiber. On the other hand, as shown in Figure 3B, the feeding results demonstrated that the content of 
Na, Zn, Mg, and Mn significantly increased in the FEDTA-500 silk fiber. Ca did not change after 
feeding with EDTA, but the content of Fe after EDTA feeding was significantly lower than that of the 
control group.  

These changes can be attributed to the fact that treatment with EDTA disrupts the absorption 
and utilization of metal ions in the silkworms, and then disorganizes the metal element transport in 
the silk gland of the silkworms, which finally changes the content of metal elements in silk fiber. 
Although EDTA mainly chelates divalent metal ions [23], we found that the content of monovalent 
elements also changed significantly, indicating that there could be ion interactions in the process of 
metal ions transport to the silk glands. Overall, these data showed that EDTA (injection or feeding) 
successfully disturbed the content of metal elements in the silk fiber, which indicated that our 
injection and feeding was effective. Previous in vivo studies have shown that metal ions are involved 
in the conformational transition of silk protein [15–17]. 

Figure 2. The contents of metal elements in the hemolymph and the silk gland after treatment with
EDTA. (A) Hemolymph after being injected with EDTA. (B) Silk gland after being injected with EDTA.
(C) Hemolymph after being fed with EDTA. (D) Silk gland after being fed with EDTA. Error bars, SD;
* p < 0.05, ** p < 0.01, *** p < 0.001 (One-way ANOVA). y-Axis data was processed by log 10.

Later, we measured the content of metal elements in cocoons after injection and feeding, respectively.
We found that both injection and feeding can change the content of metal ions in silk fiber. Figure 3A
showed the injection results, which suggests that the contents of Na, Mg, and Cu increased with the
dose of EDTA. In addition, K, Fe, and Mn were accumulated in the IEDTA-50 silk fiber. On the other
hand, as shown in Figure 3B, the feeding results demonstrated that the content of Na, Zn, Mg, and Mn
significantly increased in the FEDTA-500 silk fiber. Ca did not change after feeding with EDTA, but the
content of Fe after EDTA feeding was significantly lower than that of the control group.

These changes can be attributed to the fact that treatment with EDTA disrupts the absorption and
utilization of metal ions in the silkworms, and then disorganizes the metal element transport in the silk
gland of the silkworms, which finally changes the content of metal elements in silk fiber. Although
EDTA mainly chelates divalent metal ions [23], we found that the content of monovalent elements
also changed significantly, indicating that there could be ion interactions in the process of metal ions
transport to the silk glands. Overall, these data showed that EDTA (injection or feeding) successfully
disturbed the content of metal elements in the silk fiber, which indicated that our injection and feeding
was effective. Previous in vivo studies have shown that metal ions are involved in the conformational
transition of silk protein [15–17].
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Figure 3. The content of metal elements in silk fiber after treatment. (A) The EDTA silk fiber after 
injection; (B) The EDTA silk fiber after feeding. Error bars, SD, * p < 0.05, ** p < 0.01, *** p < 0.001 (One-
way ANOVA). 

2.3. Secondary Structure Analysis 

The overall ionic environment for silk fiber formation was disturbed by EDTA. Previous 
investigations have shown that many metal ions including Ca2+, Mg2+, Cu2+, Fe3+, and Zn2+ have an 
effect on the conformational transitions of silk fibroin [16–19]. Then, the silk fibers (post injection or 
feeding) were used for S-FTIR (Synchrotron-Fourier Transform Infrared Spectroscopy) analysis. S-
FTIR is usually used to study the secondary structures of silk fiber because of its high brightness, 
high spatial resolution, high collimation, wide spectral range, and pulse configuration [24,25]. The S-
FTIR spectrum of silk fiber has three characteristic regions: amide I (1600–1700 cm−1), amide II (1500–
1600 cm−1), and amide III (1200–1300 cm−1) (Figure 4A). The amide I region was selected for secondary 
structures analysis of silk fiber. By curve fitting and peak fitting, the bands located at 1673–1695 cm−1 
can be ascribed to β-turn structures and the bands located at 1620 ± 2.0 and 1630 ± 2.0 cm−1 can be 
assigned to the β-sheet structures. The bands located at 1645 and 1660 cm−1 can be assigned to the 
random coil and helix structures, respectively [26] (Figure 4B,C). 

Figure 3. The content of metal elements in silk fiber after treatment. (A) The EDTA silk fiber after
injection; (B) The EDTA silk fiber after feeding. Error bars, SD, * p < 0.05, ** p < 0.01, *** p < 0.001
(One-way ANOVA).

2.3. Secondary Structure Analysis

The overall ionic environment for silk fiber formation was disturbed by EDTA. Previous
investigations have shown that many metal ions including Ca2+, Mg2+, Cu2+, Fe3+, and Zn2+ have
an effect on the conformational transitions of silk fibroin [16–19]. Then, the silk fibers (post injection or
feeding) were used for S-FTIR (Synchrotron-Fourier Transform Infrared Spectroscopy) analysis. S-FTIR
is usually used to study the secondary structures of silk fiber because of its high brightness, high spatial
resolution, high collimation, wide spectral range, and pulse configuration [24,25]. The S-FTIR spectrum
of silk fiber has three characteristic regions: amide I (1600–1700 cm−1), amide II (1500–1600 cm−1),
and amide III (1200–1300 cm−1) (Figure 4A). The amide I region was selected for secondary structures
analysis of silk fiber. By curve fitting and peak fitting, the bands located at 1673–1695 cm−1 can be
ascribed to β-turn structures and the bands located at 1620 ± 2.0 and 1630 ± 2.0 cm−1 can be assigned
to the β-sheet structures. The bands located at 1645 and 1660 cm−1 can be assigned to the random coil
and helix structures, respectively [26] (Figure 4B,C).
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Figure 4. Synchrotron FTIR analysis of silk fiber. (A) S-FTIR microspectra of silk fiber with different 
treatment. Top, injected with EDTA. Bottom, fed with EDTA. (B) Deconvolution results of amide I 
band of injection EDTA silk fiber. (C) Deconvolution results of amide I band of feeding EDTA silk 
fiber. Black circles, original spectra; red solid curve, simulated spectra from the total peaks; dashed 
curve, deconvoluted peaks. 

Then, we calculated the percentage of each secondary structure. Quantitative analysis of these 
spectra of the IEDTA silk fiber suggests that IEDTA-0 is composed of 32.29% β-sheet, 53.1% random 
coil or helix, and 13.56% β-turn structures. IEDTA-10 contains 26.58% β-sheet, 53.03% random coil or 
helix, and 20.06% β-turn structures. IEDTA-50 contains 28.27% β-sheet, 53.07% random coil or helix, 
and 18.61% β-turn structures, respectively (Table 1). On the other hand, quantitative analysis of these 
spectra of the FEDTA silk fiber indicates that FEDTA-0 contains 28.22% β-sheet, 56.8% random coil 
or helix, and 14.93% β-turn structures. FEDTA-100 is composed of 26.41% β-sheet, 53.13% random 
coil or helix, and 20.41% β-turn structures. FEDTA-500 contains 26.37% β-sheet, 54.04% random coil 
or helix, and 19.44% β-turn structures, respectively (Table 1). These data showed that the β-sheet 
structures in IEDTA and FEDTA silks were apparently lower than those of the control silks. 
Additionally, we observed that the β-turn structures increased from 13.56% to 20.06% after IEDTA-
10 injection. Meanwhile, the β-turn structures increased from 14.93% to 20.41% after FEDTA-100 
feeding. These results suggested that metal ions are indeed involved in the conformational transition 
of silk fibroin in vivo. 

Table 1. Averaged percentages of secondary structures of silk fiber after EDTA injection and feeding. 

Secondary Structures (%) 
Injecting EDTA Feeding EDTA 

0 mM 10 mM 50 mM 0 mM 100 mM 500 mM 

β-sheet 32.29 ± 1.41 26.85 ± 1.60 28.27 ± 1.7 28.22 ± 3.0 26.4 ± 1.5 26.37 ± 2.8 

Random coil and Helix 53.1 ± 2.58 53.25 ± 1.0 53.25 ± 1.2 56.8 ± 5.0 53 ± 0.6 54 ± 1.1 

β-turn 13.56 ± 0.80 20.06 ± 2.2 18.6 ± 1.0 14.93 ± 3.0 20.4 ± 1.0 19.4 ± 2.0 

Silk fiber is a protein-based high polymer. Its mechanical performance mainly depends on its 
structure [27]. Silk protein has large molecular weight and contains a variety of amino acids [28]. The 
main chain carbonyl and amino groups from all the amino acids are able to participate in metal 
bonding under certain conditions [29]. In practice, only some of the side chain hydroxy groups (Ser, 
Thr, and Tyr), carboxylate groups (Asp and Glu), and the imidazole group of histidine (His) are able 
to function as ligands [30]. Fe3+ was able to interact with tyrosine residues within the silk. The 
crosslinking might act as the “bridge” to form the β-sheet structure, thus increasing the mechanical 
properties of silk fiber [16]. Cu2+ and Zn2+ can be coordinated by nitrogen atoms present in His 

Figure 4. Synchrotron FTIR analysis of silk fiber. (A) S-FTIR microspectra of silk fiber with different
treatment. Top, injected with EDTA. Bottom, fed with EDTA. (B) Deconvolution results of amide I
band of injection EDTA silk fiber. (C) Deconvolution results of amide I band of feeding EDTA silk fiber.
Black circles, original spectra; red solid curve, simulated spectra from the total peaks; dashed curve,
deconvoluted peaks.

Then, we calculated the percentage of each secondary structure. Quantitative analysis of these
spectra of the IEDTA silk fiber suggests that IEDTA-0 is composed of 32.29% β-sheet, 53.1% random
coil or helix, and 13.56% β-turn structures. IEDTA-10 contains 26.58% β-sheet, 53.03% random coil or
helix, and 20.06% β-turn structures. IEDTA-50 contains 28.27% β-sheet, 53.07% random coil or helix,
and 18.61% β-turn structures, respectively (Table 1). On the other hand, quantitative analysis of these
spectra of the FEDTA silk fiber indicates that FEDTA-0 contains 28.22% β-sheet, 56.8% random coil
or helix, and 14.93% β-turn structures. FEDTA-100 is composed of 26.41% β-sheet, 53.13% random
coil or helix, and 20.41% β-turn structures. FEDTA-500 contains 26.37% β-sheet, 54.04% random coil
or helix, and 19.44% β-turn structures, respectively (Table 1). These data showed that the β-sheet
structures in IEDTA and FEDTA silks were apparently lower than those of the control silks. Additionally,
we observed that the β-turn structures increased from 13.56% to 20.06% after IEDTA-10 injection.
Meanwhile, the β-turn structures increased from 14.93% to 20.41% after FEDTA-100 feeding. These
results suggested that metal ions are indeed involved in the conformational transition of silk fibroin
in vivo.

Table 1. Averaged percentages of secondary structures of silk fiber after EDTA injection and feeding.

Secondary Structures (%)
Injecting EDTA Feeding EDTA

0 mM 10 mM 50 mM 0 mM 100 mM 500 mM

β-sheet 32.29± 1.41 26.85± 1.60 28.27 ± 1.7 28.22 ± 3.0 26.4 ± 1.5 26.37 ± 2.8
Random coil and Helix 53.1 ± 2.58 53.25 ± 1.0 53.25 ± 1.2 56.8 ± 5.0 53 ± 0.6 54 ± 1.1

β-turn 13.56± 0.80 20.06 ± 2.2 18.6 ± 1.0 14.93 ± 3.0 20.4 ± 1.0 19.4 ± 2.0

Silk fiber is a protein-based high polymer. Its mechanical performance mainly depends on its
structure [27]. Silk protein has large molecular weight and contains a variety of amino acids [28].
The main chain carbonyl and amino groups from all the amino acids are able to participate in metal
bonding under certain conditions [29]. In practice, only some of the side chain hydroxy groups
(Ser, Thr, and Tyr), carboxylate groups (Asp and Glu), and the imidazole group of histidine (His)
are able to function as ligands [30]. Fe3+ was able to interact with tyrosine residues within the silk.
The crosslinking might act as the “bridge” to form the β-sheet structure, thus increasing the mechanical
properties of silk fiber [16]. Cu2+ and Zn2+ can be coordinated by nitrogen atoms present in His
imidazole rings to form β-sheet structures [13,14,31]. The Ca2+ forms the bonds with oxygen from
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Asp or Glu residues [32]. In addition, the nature of the metal-donor interaction, that is, the degree
of electron sharing, and the bonding strengths are also speculated to play a role in changing the
mechanical properties [33].

In this study, we found that the secondary structure composition of silk post EDTA treatment
changed significantly, especially the content of β-sheets associated with the strength of silk fiber [26].
We believe that this is due to the alteration in the ionic environment during silk fiber formation, which
causes disarray when metal ions interact with amino acids residues, affecting the conformational
transition of silk protein, ultimately affecting the mechanical properties of the silk fiber. We consider
that this disorder is partial and small as the molecules of silk protein are large and their structure is
complex. This quantitative change causes a qualitative change, and this slight change eventually leads
to the change in the mechanical properties of the silk fiber.

2.4. Mechanical Performance of Silk Fiber

It is known that the mechanical properties of silk fiber are mainly determined by its internal
structures [27]. We found that the secondary structures of silk fiber were significantly altered after
EDTA injection and feeding. Therefore, the tensile test was carried out to further study the effects of
metal ions on the mechanical properties of silk fiber. The stress-strain curves are shown in Figure 5.
The figure indicates that the magnitude of mechanical properties of silk fiber, after either injection or
feeding, were lower than that of the control groups. The results suggested that changes in the ionic
environment could indeed affect the mechanical properties of silk fiber.
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fiber remained unchanged. 

Figure 5. Stress-strain curves of the silk fiber after treatment. (A) The silk fiber reeled from silkworms
injected of EDTA; (B) The silk fiber reeled from silkworms fed with EDTA.

Then, we further analyzed the mechanical properties of silk fiber. After injecting the silkworms
with EDTA, we compared the average stress-strain curves of the silk fiber and found that the magnitude
of mechanical properties of silk fiber from IEDTA-10 and IEDTA-50 were lower than that of the control
group fiber. Furthermore, comparing the four parameters of mechanical properties (strain, stress,
toughness, and Young’s modulus), we found that the stress decreased with the concentration of EDTA
(Figure 6). In addition, the Young’s modulus and toughness were lower than that of the control group.
Notably, the IEDTA-50 silk fiber had a maximum strength of 223 MPa, a Young’s modulus of 10.29 GPa,
and a toughness of 65.35 MJ/cm3, which were 33%, 46%, and 37% lower than those of the IEDTA-0 silk
fiber. However, the strain of the IEDTA-10 and IEDTA-50 silk fiber remained unchanged.
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Similarly, the mechanical properties of silk fiber from the FEDTA-100 and the FEDTA-500 group
were also lower than that of the control group. In addition, the stress, Young’s modulus, and toughness
from the FEDTA-100 and FEDTA-500 groups were, on an average, significantly lower than that of the
FEDTA-0 fiber. The FEDTA-500 silk fiber had a maximum strength of 282 MPa, a Young’s modulus of
14 GPa, and a toughness of 78 MJ/cm3, which were 31%, 33% and 34% lower than that of the FEDTA-0
silk fiber (Figure 7).

In general, metal ions usually form metal coordination bonds with large biomolecules (especially
proteins) [30]. The biological metal coordination interactions have been mostly studied through their
roles in essential physiological functions such as catalysis, gas transport, electron transfer, metal
scavenging, and signal transduction [34]. However, more recently, metal ions received extensive
attention in protein-based biological materials, because the metal coordination complexes endow
materials with toughness, hardness, and even autonomic and intrinsic self-healing properties [30,35].
In this paper, all the mechanical properties of the IEDTA and the FEDTA silk fiber were lower than
those of the control group silk fiber, except for strain. Previous studies have demonstrated that the
change of single metal ions, such as Fe and Cu ions, can increase the mechanical properties of silk
fiber [16,17]; these ions are called positive effect ions. In this work, we changed the contents of multiple
ions in the silk fiber simultaneously. We found that the contents of Fe and Cu ions in the IEDTA-50 silk
fiber increased significantly, but the mechanical properties decreased dramatically. This suggests that
when the contents of multiple metal ions with positive effects increase, it does not bring a synergistic
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effect on the mechanical properties of silk fiber. This phenomenon suggests that the comprehensive
mechanical properties of silk fiber require a stability of overall ionic environment. These findings
indicate that when studying the effect of metal ions on the mechanical properties of silk fiber, the entire
metal ion environment should be taken into consideration. Our findings may help in the development
of new silk fiber materials using metal ions in the future.
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2.5. Current Advances in the Effect of Metal Ions on the Structure and Performance of Silk In Vitro and In Vivo

Natural silk fiber formation depends on the conformational transition of silk fibroin (SF) from
random coil or helix to β-sheet [28]. Previous investigations have shown that metal ions can affect
the conformational transition of silk fibroin [15,17,36]. Recently, research on the effects of metal ions
on the structure and properties of silk has mainly involved in vitro and in vivo. The current research
on each metal ion in the silk fiber environment is presented in Table 2. For in vitro, researchers
usually add metal ions to regenerated silk fibroin solution to study their effects on the conformation
of the silk protein. For in vivo, researchers generally inject metal ion salt solutions or use transgenic
methods to disrupt the ionic environment of silk protein formation, and then they analyze the
mechanical properties of silk fiber. Previous studies have found that silk glands and silk fiber mainly
contain 8 kinds of metal ions, including potassium, sodium, calcium, copper, manganese, magnesium,
zinc, and iron [14,15]. Ca2+ can induce silk fibroins to form a stable protein network in vitro [15,18,37].
In addition, Ca2+ can increase the strength and strain of silk fiber when CaCl2 is injected in the
transgenic silkworm in vivo [18,19]. However, K+ and Na+ can break down the silk fibroin network
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in vitro [15,38]. On the other hand, copper, iron, zinc, and magnesium ions can increase the β-sheet
structure of silk fibroin in vitro [14,15,39,40]. Furthermore, injection of FeCl3 can increase their strength
and toughness [16,36,39]. Injection of CuCl2 can increase the strength of silk fiber [17]. However,
the effects of Fe2+, Mg2+, Zn2+, and Mn2+ on the mechanical properties of silk fiber remain unknown.
In general, Ca2+, Cu2+, and Fe3+ can promote the conformational transition of silk fibroin and improve
the mechanical properties of silk fiber. These metal ions are called positive effect ions. In contrast, K+

and Na+ are called negative effect ions.

Table 2. Current research on the effect of metal ions on silk structure and performance in vitro and
in vivo.

Metal Ions
In Vitro In Vivo

Secondary Structure Mechanical Performance

Ca2+

α-helical intermediate conformation [37] Injection of CaCl2: strain increased 30.9% [18]

Forming a stable protein network [15,18] Transgenic silkworm: strength/strain increased
21.1%/73.1% [19]

Na+ Break down the protein network [15]
Transgenic silkworm: the average tenacity,

Young’s modulus, and toughness of the
transgenic silks decreased significantly [19]

K+ Decrease β-sheet like conformation and
break down the protein network [15,38] Injection of KCl: strength increased 71.4% [17]

Cu2+ β-sheet increased [13,15,17] Injection of CuCl2: strength increased 51.9% [17]

Fe2+ Less influence [36] Not reported

Fe3+ β-sheet increased [16,36,39] Injection of FeCl3: strength/toughness increased
13%/29% [16]

Mg2+ β-sheet increased [15] Not reported

Zn2+ β-sheet increased [15,40] Not reported

Mn2+ Stabilizing the Silk I state [41] Not reported

Previous studies usually focused on individual metal ions changes, while ignoring the effects of
the entire metal ion environment. In this paper, we changed the overall ionic environment, and found
that although the content of certain positive effect metal ions increased (Figure 3), the final mechanical
properties of the silk fiber decreased. The strength and toughness of IEDTA-50 silk decreased by 33%
and 37%, respectively (Figure 6C,E). The strength, Young’s modulus, and toughness of IEDTA-50 silk
decreased by 31%, 33%, and 34%, respectively (Figure 7). These results might be due to the interactions
of entire metal ions, such as the regulation of ion transporters or the competition of amino acid
residue binding sites. Many ion-transporting proteins, such as Na+, K+, Ca2+, Zn2+, Cu2+, and Fe3+

transporters, were highly expressed in the silk glands [17,42]. Overexpressing the calcium-transporting
protein sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) in the spinning duct of the silkworm
decreased the Ca2+ content in silk significantly, and these fiber became stronger, stiffer, and tougher [19].
Moreover, many ion transporters can transport multiple ions, such as transferrin can transport Fe,
Cu, and Zn ions [43]. On the other hand, many studies have indicated that silk fibroin could have many
potential metal ion binding sites, such as tyrosine (Tyr), histidine (His), and asparagine (Asn) residues
in the heavy chain of the hydrophilic spacer GTGSSGFGPY–VAN(H)GGYSGYEYAWSSESDFGT [36,44].
K+ can stabilize the state of tyrosine phenolic-OH [38]. And K+ also might interact with the negatively
charged residues, such as aspartate and glutamate [17]. Cu2+ and Zn2+ have the ability to form
complexes with histidine residues to induce β-sheet formation and aggregation [13,14]. Ca2+ is
able to form a complex with irregular geometry ligands [45], and Mg2+ mainly forms octahedral
complexes [46]. Moreover, our previous studies revealed that Fe3+ was able to interact with tyrosine
and tryptophan residues, acting as the “bridge” to form the β-sheet structure [16]. These findings
indicate that metal ions competitively interact with amino acid residues. Additionally, polarizability
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(the ratio of charge to ionic radius) is a main factor for the strength of metal ion complex. Alkaline
metal ions like Ca2+ and Mg2+ interact with ligands stronger than alkali metal ions because of increased
nuclear charge, which also applies to divalent cations, such as Mn2+ > Fe2+ > Cu2+ > Zn2+ [30].
In proteins, the metal ion’s interaction with ligands not only depends on the potential ligands, but also
their stereochemical arrangement, and the relative sizes of the metal ions [47]. Our study disturbed the
entire ions environment in hemolymph and silk gland for silk fiber formation. We believe that changes
in the entire metal ion environment can affect how the metal ions interact with amino acid residues,
which can result in the secondary structure and mechanical properties of silk fiber being changed
significantly. Overall, these results indicated that the effect of metal ions on the mechanical properties
of silk is synergistic in the case of multiple metal ions. Subsequent research on the effect of metal
ions on the structure and properties of silk in the future should take the entire metal ion interactions
into consideration.

3. Materials and Methods

3.1. Silkworms

Silkworms (strain 21-872) were obtained from the Biological Science Research Center, Southwest
University, China. The larvae were raised in lab conditions (27 ± 1 ◦C, 75% relative humidity (RH))
and fed with mulberry leaves until the fifth instar. The fifth instar larvae were used for feeding and
injection with EDTA·2Na·2H2O. EDTA (Sangon Biotech, Shanghai, China) is sparingly soluble in water.
Hence, to avoid the influence of solvent on injection and feeding, we chose EDTA·2Na·2H2O dissolved
in water for our experiments. For the convenience of description, it will be referred to as “EDTA” in
the subsequent sections.

3.2. Experimental Design

3.2.1. Injecting EDTA to Silkworms (IEDTA)

The fifth instar larvae on day 1 were divided into three groups (each group had 60 larvae) for
injection. Ten microliters of different doses (10 and 50 mM) of EDTA solutions were injected into the
hemolymph of the larvae (IEDTA-10 and IEDTA-50). In order to reduce the damage to the larvae,
injection was performed on days 1, 3, 5, and 7 of the fifth instar. The spiracles in the postmedian of the
silkworm were used for injection. Control group (n = 60) was injected with 10 µL ddH2O (IEDTA-0).

3.2.2. Feeding EDTA to Silkworms (FEDTA)

A total of 180 larvae in the fifth instar (on day 1) were divided into three groups. The larvae
were fed with mulberry leaves treated with two concentrations of EDTA (100 and 500 mM) every day
until day 7 (FEDTA-100 and FEDTA-500). The EDTA solutions were uniformly sprayed on the fresh
mulberry leaves using a spray bottle. The control group (n = 60) was fed with normal mulberry leaves
(FEDTA-0) until spinning. All the fifth instar larvae were reared under the conditions of 24–25 ◦C and
70–75% RH until spinning. The cocoons were collected on the fifth day after silkworm spinning.

3.3. Elemental Analysis

To confirm the effect of EDTA, we chose the hemolymph and silk gland of silkworms in the
wandering stage to perform the elemental analysis. The cocoons were randomly collected and dried
thoroughly in an oven at 65 ◦C for elemental analysis. The dried cocoons were firstly cut into small
pieces, dissolved in 15 mL HNO3 (Kelong, Chengdu, China) solution, and then incubated in an oven at
140 ◦C for 4 h. Later, they were diluted with deionized water to 25 mL. When the silkworm just started
spinning, we dissected the silkworm and extracted the hemolymph and silk gland, simultaneously.
The hemolymph and the silk gland samples were also processed as above. The content of metal
elements in the hemolymph and silk gland were determined by using the same group of silkworms.
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The silk fiber metal element content was determined by using the rest of the same group of silkworm
cocoons. All tests were performed on the same treatment group. The Z-5000 Inductive coupling
plasma atomic absorption spectroscopy (ICP-AAS) (Hitachi, Tokyo, Japan) was used for measuring the
metal elemental content according to the N2O-acetyleneflame AAS method. All the tests were repeated
three times.

3.4. FTIR Spectroscopy of a Single Silk Fiber

Degummed silk fiber was used for FTIR analysis. The collected cocoons were first boiled twice in
0.5% (w/v) NaHCO3 (Sangon Biotech) solution for 30 min for degumming, and then were rinsed with
deionized water. The degummed silk fiber was dried thoroughly at room temperature. The experiments
were performed at BL01B in the Shanghai Synchrotron Radiation Facility (SSRF). Infrared spectra were
recorded using the Nicolet 6700 Fourier transform infrared spectrometer with infrared microscopy
and imaging systems. For every measurement, the infrared spectra were collected in the mid-infrared
(MIR) range of 800–3800 cm−1 at a resolution of 4 cm−1 with 256 coadded scans.

3.5. Mechanical Testing of Silk Fiber

The single silk fiber was reeled from the cocoons in hot 0.5% (w/v) NaHCO3 solution. First, 50 mm
of the single fiber was collected and cut into two fragments of lengths 20 and 30 mm, respectively.
The 20 mm segment was used for diameter measurement, the 30 mm segment for the mechanical
testing, respectively. The 20 mm segments were sputter coated in MP-19020NCTR Neocoater (JEOL,
Tokyo, Japan) and then transferred to the JCM-5000 scanning electron microscope (JEOL) for
diameter measurement. The single fiber with two brins was approximated as two small circles.
Then, the diameters were used to calculate the cross-sectional areas of the small circles as the
cross-sectional areas of single fiber. The diameter was used to calculate the cross-sectional areas of
the single fiber. The initial length of the single fiber was measured using a caliper before mechanical
testing. Tensile test was carried out using the single fiber on an AG-X plus instrument (Shimadzu,
Kyoto, Japan) with a stretch speed of 2 mm/min. Each group measured 40 fibers for statistical analysis.
The strain-stress curves were measured according to the method previously reported [18].

3.6. Statistical Analysis

All experiments were replicated three times, the data are presented as the mean and standard
deviation (SD), and they were analyzed using GraphPad Prism software (GraphPad, La Jolla, CA, USA).
One-way analysis of variance (ANOVA) was performed between means to determine the significant
differences using Tukey’s multiple comparisons test (p < 0.05).

4. Conclusions

In this paper, we investigated the effects of metal ions on the mechanical properties of silk fiber
through directly disturbing the ionic environment for silk fiber formation by EDTA. ICP-AAS results
indicated that EDTA changed the overall metal ion environment successfully. Synchrotron FTIR
showed that the secondary structure of the silk fiber changed significantly, especially the content of
β-sheet and β-turns. Mechanical testing showed that the magnitude of various mechanical properties
of silk fiber significantly decreased after injection or feeding with EDTA. Specifically, the mechanical
properties of the IEDTA-50 and FEDTA-500 silk fiber significantly decreased in strength, Young’s
modulus, and toughness. This research showed that the overall ionic environment is crucial for
the formation of silk fiber with favorable mechanical properties. This investigation provided a new
understanding of the relationship between the overall metal ion environment and the mechanical
properties of silk fiber. These findings might also prove to be helpful in expanding the applications
of silk fiber in various fields by helping us modify their mechanical properties by altering metal
ion environment.



Int. J. Mol. Sci. 2019, 20, 3026 13 of 15

Author Contributions: Conceptualization, methodology, original draft preparation, review and editing,
and investigation were performed by Q.L., Q.X. and X.W. Funding acquisition was performed by Q.X., P.Z. and
X.W. Experimental investigation, formal analysis, visualization, data curation, and review and editing were
performed by Q.L., X.T., X.X., Y.L., H.D., X.L. and P.Z.

Funding: This work was supported by the National Natural Science Foundation (Grant No. 31772532),
the Chongqing graduate research and innovation project (CYB18101), and the doctoral Foundation of the
Southwest University (Grant No. SWU118052).

Acknowledgments: We thank the staffs from BL17B/BL18U1/BL19U1/BL19U2/BL01B beamline of National
Center for Protein Science Shanghai (NCPSS) at Shanghai Synchrotron Radiation Facility, for assistance during
data collection.

Conflicts of Interest: The authors declare no conflict of interest

Abbreviations

EDTA Ethylenediaminetetraacetic acid
EDTA·2Na·2H2O Ethylenediaminetetraacetic acid disodium salt
FTIR Fourier Transform Infrared Spectroscopy

References

1. Zhou, C.Z.; Confalonieri, F.; Jacquet, M.; Perasso, R.; Li, Z.G.; Janin, J. Silk fibroin: Structural implications of
a remarkable amino acid sequence. Proteins Struct. Funct. Genet. 2001, 44, 119–122. [CrossRef] [PubMed]

2. Omenetto, F.G.; Kaplan, D.L. New opportunities for an ancient material. Science 2010, 329, 528–531. [CrossRef]
[PubMed]

3. Zhu, Z.; Kikuchi, Y.; Kojima, K.; Tamura, T.; Kuwabara, N.; Nakamura, T.; Asakura, T. Mechanical properties
of regenerated Bombyx mori silk fibers and recombinant silk fibers produced by transgenic silkworms.
J. Biomater. Sci. Polym. Ed. 2010, 21, 395–411. [CrossRef] [PubMed]

4. Teule, F.; Miao, Y.G.; Sohn, B.H.; Kim, Y.S.; Hull, J.J.; Fraser, M.J., Jr.; Lewis, R.V.; Jarvis, D.L. Silkworms
transformed with chimeric silkworm/spider silk genes spin composite silk fibers with improved mechanical
properties. Proc. Natl. Acad. Sci. USA 2012, 109, 923–928. [CrossRef] [PubMed]

5. Wen, H.; Lan, X.; Zhang, Y.; Zhao, T.; Wang, Y.; Kajiura, Z.; Nakagaki, M. Transgenic silkworms (Bombyx mori)
produce recombinant spider dragline silk in cocoons. Mol. Biol. Rep. 2010, 37, 1815–1821. [CrossRef]
[PubMed]

6. Kuwana, Y.; Sezutsu, H.; Nakajima, K.; Tamada, Y.; Kojima, K. High-toughness silk produced by a transgenic
silkworm expressing spider (Araneus ventricosus) dragline silk protein. PLoS ONE 2014, 9, e105325. [CrossRef]
[PubMed]

7. Wang, J.T.; Li, L.L.; Zhang, M.Y.; Liu, S.L.; Jiang, L.H.; Shen, Q. Directly obtaining high strength silk fiber from
silkworm by feeding carbon nanotubes. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 34, 417–421. [CrossRef]
[PubMed]

8. Cheng, Y.; Koh, L.D.; Li, D.; Ji, B.; Zhang, Y.; Yeo, J.; Guan, G.; Han, M.Y.; Zhang, Y.W. Peptide–Graphene
Interactions Enhance the Mechanical Properties of Silk Fibroin. ACS Appl. Mater. Interfaces 2015, 7,
21787–21796. [CrossRef] [PubMed]

9. Wang, Q.; Wang, C.; Zhang, M.; Jian, M.; Zhang, Y. Feeding Single-Walled Carbon Nanotubes or Graphene to
Silkworms for Reinforced Silk Fibers. Nano Lett. 2016, 16, 6695–6700. [CrossRef]

10. Wu, G.H.; Song, P.; Zhang, D.Y.; Liu, Z.Y.; Li, L.; Huang, H.M.; Zhao, H.P.; Wang, N.N.; Zhu, Y.Q. Robust
composite silk fibers pulled out of silkworms directly fed with nanoparticles. Int. J. Biol. Macromol. 2017,
104, 533–538. [CrossRef] [PubMed]

11. Ashton, N.N.; Stewart, R.J. Aquatic caddisworm silk is solidified by environmental metal ions during the
natural fiber-spinning process. FASEB J. 2019, 33, 572–583. [CrossRef] [PubMed]

12. Rajkhowa, R.; Naik, R.; Wang, L.J.; Smith, S.V.; Wang, X.G. An Investigation Into Transition Metal Ion
Binding Properties of Silk Fibers and Particles Using Radioisotopes. J. Appl. Polym. Sci. 2011, 119, 3630–3639.
[CrossRef]

13. Zong, X.H.; Zhou, P.; Shao, Z.Z.; Chen, S.M.; Chen, X.; Hu, B.W.; Deng, F.; Yao, W.H. Effect of pH and
copper(II) on the conformation transitions of silk fibroin based on EPR, NMR, and Raman spectroscopy.
Biochemistry 2004, 43, 11932–11941. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/prot.1078
http://www.ncbi.nlm.nih.gov/pubmed/11391774
http://dx.doi.org/10.1126/science.1188936
http://www.ncbi.nlm.nih.gov/pubmed/20671180
http://dx.doi.org/10.1163/156856209X423126
http://www.ncbi.nlm.nih.gov/pubmed/20178693
http://dx.doi.org/10.1073/pnas.1109420109
http://www.ncbi.nlm.nih.gov/pubmed/22215590
http://dx.doi.org/10.1007/s11033-009-9615-2
http://www.ncbi.nlm.nih.gov/pubmed/19633923
http://dx.doi.org/10.1371/journal.pone.0105325
http://www.ncbi.nlm.nih.gov/pubmed/25162624
http://dx.doi.org/10.1016/j.msec.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24268277
http://dx.doi.org/10.1021/acsami.5b05615
http://www.ncbi.nlm.nih.gov/pubmed/26364925
http://dx.doi.org/10.1021/acs.nanolett.6b03597
http://dx.doi.org/10.1016/j.ijbiomac.2017.06.069
http://www.ncbi.nlm.nih.gov/pubmed/28625835
http://dx.doi.org/10.1096/fj.201801029R
http://www.ncbi.nlm.nih.gov/pubmed/29985645
http://dx.doi.org/10.1002/app.33059
http://dx.doi.org/10.1021/bi049455h
http://www.ncbi.nlm.nih.gov/pubmed/15379533


Int. J. Mol. Sci. 2019, 20, 3026 14 of 15

14. Zhou, L.; Chen, X.; Shao, Z.; Zhou, P.; Knight, D.P.; Vollrath, F. Copper in the silk formation process of
Bombyx mori silkworm. FEBS Lett. 2003, 554, 337–341. [CrossRef]

15. Zhou, L.; Chen, X.; Shao, Z.; Huang, Y.; Knight, D.P. Effect of metallic ions on silk formation in the Mulberry
silkworm, Bombyx mori. J. Phys. Chem. B 2005, 109, 16937–16945. [CrossRef]

16. Liu, Q.S.; Wang, X.; Tan, X.Y.; Xie, X.Q.; Li, Y.; Zhao, P.; Xia, Q.Y. A strategy for improving the mechanical
properties of silk fiber by directly injection of ferric ions into silkworm. Mater. Des. 2018, 146, 134–141.
[CrossRef]

17. Wang, X.; Li, Y.; Liu, Q.; Chen, Q.; Xia, Q.; Zhao, P. In vivo effects of metal ions on conformation and
mechanical performance of silkworm silks. Biochim. Biophys. Acta 2017, 1861, 567–576. [CrossRef]

18. Wang, X.; Li, Y.; Xie, K.; Yi, Q.; Chen, Q.; Wang, X.; Shen, H.; Xia, Q.; Zhao, P. Ca2+ and endoplasmic reticulum
Ca2+-ATPase regulate the formation of silk fibers with favorable mechanical properties. J. Insect Physiol.
2015, 73, 53–59. [CrossRef]

19. Wang, X.; Zhao, P.; Li, Y.; Yi, Q.; Ma, S.; Xie, K.; Chen, H.; Xia, Q. Modifying the Mechanical Properties of
Silk Fiber by Genetically Disrupting the Ionic Environment for Silk Formation. Biomacromolecules 2015, 16,
3119–3125. [CrossRef]

20. Salama, P.; Berk, D. Photocatalytic oxidation of Ni-EDTA in a well-mixed reactor. Ind. Eng. Chem. Res. 2005,
44, 7071–7077. [CrossRef]

21. Pitter, P.; Sykora, V. Biodegradability of ethylenediamine-based complexing agents and related compounds.
Chemosphere 2001, 44, 823–826. [CrossRef]

22. Lin, Q.; Pan, H.; Yao, K.; Pan, Y.; Long, W. Competitive removal of Cu-EDTA and Ni-EDTA via
microwave-enhanced Fenton oxidation with hydroxide precipitation. Water Sci. Technol. 2015, 72, 1184–1190.
[CrossRef] [PubMed]

23. Juang, R.S.; Wang, S.W. Electrolytic recovery of binary metals and EDTA from strong complexed solutions.
Water Res. 2000, 34, 3179–3185. [CrossRef]

24. Miller, L.M.; Dumas, P. Chemical imaging of biological tissue with synchrotron infrared light. BBA Biomembr.
2006, 1758, 846–857. [CrossRef] [PubMed]

25. Yu, P.Q. Synchrotron IR microspectroscopy for protein structure analysis: Potential and questions.
Spectrosc. Int. J. 2006, 20, 229–251. [CrossRef]

26. Guo, C.; Zhang, J.; Jordan, J.S.; Wang, X.; Henning, R.W.; Yarger, J.L. Structural Comparison of Various
Silkworm Silks: An Insight into the Structure-Property Relationship. Biomacromolecules 2018, 19, 906–917.
[CrossRef]

27. Keten, S.; Xu, Z.; Ihle, B.; Buehler, M.J. Nanoconfinement controls stiffness, strength and mechanical toughness
of β-sheet crystals in silk. Nat. Mater. 2010, 9, 359–367. [CrossRef]

28. Xia, Q.Y.; Li, S.; Feng, Q.L. Advances in Silkworm Studies Accelerated by the Genome Sequencing of
Bombyx mori. Annu Rev. Entomol 2014, 59, 513–536. [CrossRef]

29. Karlin, S.; Zhu, Z.Y. Classification of mononuclear zinc metal sites in protein structures. Proc. Natl. Acad.
Sci. USA 1997, 94, 14231–14236. [CrossRef]

30. Degtyar, E.; Harrington, M.J.; Politi, Y.; Fratzl, P. The Mechanical Role of Metal Ions in Biogenic Protein-Based
Materials. Angew. Chem. Int. Ed. 2014, 53, 12026–12044. [CrossRef]

31. Andreini, C.; Bertini, I.; Cavallaro, G. Minimal Functional Sites Allow a Classification of Zinc Sites in Proteins.
PLoS ONE 2011, 6, e26325. [CrossRef] [PubMed]

32. Harding, M.M.; Nowicki, M.W.; Walkinshaw, M.D. Metals in protein structures: A review of their principal
features. Crystallogr. Rev. 2010, 16, 247–302. [CrossRef]

33. Politi, Y.; Priewasser, M.; Pippel, E.; Zaslansky, P.; Hartmann, J.; Siegel, S.; Li, C.; Barth, F.G.; Fratzl, P. A
Spider’s Fang: How to Design an Injection Needle Using Chitin-Based Composite Material. Adv. Funct. Mater.
2012, 22, 2519–2528. [CrossRef]

34. Holm, R.H.; Kennepohl, P.; Solomon, E.I. Structural and functional aspects of metal sites in biology. Chem. Rev.
1996, 96, 2239–2314. [CrossRef] [PubMed]

35. Harrington, M.J.; Masic, A.; Holten-Andersen, N.; Waite, J.H.; Fratzl, P. Iron-clad fibers: A metal-based
biological strategy for hard flexible coatings. Science 2010, 328, 216–220. [CrossRef] [PubMed]

36. Ji, D.; Deng, Y.-B.; Zhou, P. Folding process of silk fibroin induced by ferric and ferrous ions. J. Mol. Struct.
2009, 938, 305–310. [CrossRef]

http://dx.doi.org/10.1016/S0014-5793(03)01184-0
http://dx.doi.org/10.1021/jp050883m
http://dx.doi.org/10.1016/j.matdes.2018.03.005
http://dx.doi.org/10.1016/j.bbagen.2016.11.025
http://dx.doi.org/10.1016/j.jinsphys.2015.01.002
http://dx.doi.org/10.1021/acs.biomac.5b00724
http://dx.doi.org/10.1021/ie050100j
http://dx.doi.org/10.1016/S0045-6535(00)00512-9
http://dx.doi.org/10.2166/wst.2015.329
http://www.ncbi.nlm.nih.gov/pubmed/26398034
http://dx.doi.org/10.1016/S0043-1354(00)00061-0
http://dx.doi.org/10.1016/j.bbamem.2006.04.010
http://www.ncbi.nlm.nih.gov/pubmed/16781664
http://dx.doi.org/10.1155/2006/263634
http://dx.doi.org/10.1021/acs.biomac.7b01687
http://dx.doi.org/10.1038/nmat2704
http://dx.doi.org/10.1146/annurev-ento-011613-161940
http://dx.doi.org/10.1073/pnas.94.26.14231
http://dx.doi.org/10.1002/anie.201404272
http://dx.doi.org/10.1371/journal.pone.0026325
http://www.ncbi.nlm.nih.gov/pubmed/22043316
http://dx.doi.org/10.1080/0889311X.2010.485616
http://dx.doi.org/10.1002/adfm.201200063
http://dx.doi.org/10.1021/cr9500390
http://www.ncbi.nlm.nih.gov/pubmed/11848828
http://dx.doi.org/10.1126/science.1181044
http://www.ncbi.nlm.nih.gov/pubmed/20203014
http://dx.doi.org/10.1016/j.molstruc.2009.09.047


Int. J. Mol. Sci. 2019, 20, 3026 15 of 15

37. Zhou, P.; Xie, X.; Knight, D.P.; Zong, X.H.; Deng, F.; Yao, W.H. Effects of pH and calcium ions on the
conformational transitions in silk fibroin using 2D Raman correlation spectroscopy and 13C solid-state NMR.
Biochemistry 2004, 43, 11302–11311. [CrossRef]

38. Ruan, Q.X.; Zhou, P.; Hu, B.W.; Ji, D. An investigation into the effect of potassium ions on the folding of silk
fibroin studied by generalized two-dimensional NMR-NMR correlation and Raman spectroscopy. FEBS J.
2008, 275, 219–232. [CrossRef]

39. Xu, L.H.; Tu, S.D.; Chen, C.H.; Zhao, J.; Zhang, Y.; Zhou, P. Effect of EGCG On Fe(III)-Induced Conformational
Transition of Silk Fibroin, a Model of Protein Related to Neurodegenerative Diseases. Biopolymers 2016, 105,
100–107. [CrossRef]

40. Zhang, Y.H.; Jiang, T.; Zheng, Y.W.; Zhou, P. Interference of EGCG on the Zn(II)-induced conformational
transition of silk fibroin as a model protein related to neurodegenerative diseases. Soft Matt. 2012, 8,
5543–5549. [CrossRef]

41. Deng, Y.B.; Ji, D.; Sun, P.C.; Knight, D.; Cai, J.H.; Zhou, P. The Role of Mn(II) in Silk Fibroin Based on EPR
and NMR Spectroscopy. Spectrosc. Lett. 2011, 44, 176–185. [CrossRef]

42. Chang, H.; Cheng, T.; Wu, Y.; Hu, W.; Long, R.; Liu, C.; Zhao, P.; Xia, Q. Transcriptomic Analysis of the
Anterior Silk Gland in the Domestic Silkworm (Bombyx mori)—Insight into the Mechanism of Silk Formation
and Spinning. PLoS ONE 2015, 10, e0139424. [CrossRef] [PubMed]

43. Nichol, H.; Law, J.H.; Winzerling, J.J. Iron metabolism in insects. Ann. Rev. Entomol. 2002, 47, 535–559.
[CrossRef] [PubMed]

44. Zhou, C.Z.; Confalonieri, F.; Medina, N.; Zivanovic, Y.; Esnault, C.; Yang, T.; Jacquet, M.; Janin, J.; Duguet, M.;
Perasso, R.; et al. Fine organization of Bombyx mori fibroin heavy chain gene. Nucleic Acids Res. 2000, 28,
2413–2419. [CrossRef] [PubMed]

45. Jaiswal, J.K. Calcium—How and why? J. Biosci. 2001, 26, 357–363. [CrossRef] [PubMed]
46. Harding, M.M. The geometry of metal-ligand interactions relevant to proteins. II. Angles at the metal atom,

additional weak metal-donor interactions. Acta Crystallogr. D 2000, 56, 857–867. [CrossRef] [PubMed]
47. Tainer, J.A.; Roberts, V.A.; Getzoff, E.D. Metal-Binding Sites in Proteins. Curr. Opin. Biotechnol. 1991, 2,

582–591. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/bi049344i
http://dx.doi.org/10.1111/j.1742-4658.2007.06191.x
http://dx.doi.org/10.1002/bip.22752
http://dx.doi.org/10.1039/c2sm25099c
http://dx.doi.org/10.1080/00387010.2010.491104
http://dx.doi.org/10.1371/journal.pone.0139424
http://www.ncbi.nlm.nih.gov/pubmed/26418001
http://dx.doi.org/10.1146/annurev.ento.47.091201.145237
http://www.ncbi.nlm.nih.gov/pubmed/11729084
http://dx.doi.org/10.1093/nar/28.12.2413
http://www.ncbi.nlm.nih.gov/pubmed/10871375
http://dx.doi.org/10.1007/BF02703745
http://www.ncbi.nlm.nih.gov/pubmed/11568481
http://dx.doi.org/10.1107/S0907444900005849
http://www.ncbi.nlm.nih.gov/pubmed/10930832
http://dx.doi.org/10.1016/0958-1669(91)90084-I
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Observation of Morphological Characteristics 
	EDTA Disturbed the Ionic Environment for Silk Fiber Formation 
	Secondary Structure Analysis 
	Mechanical Performance of Silk Fiber 
	Current Advances in the Effect of Metal Ions on the Structure and Performance of Silk In Vitro and In Vivo 

	Materials and Methods 
	Silkworms 
	Experimental Design 
	Injecting EDTA to Silkworms (IEDTA) 
	Feeding EDTA to Silkworms (FEDTA) 

	Elemental Analysis 
	FTIR Spectroscopy of a Single Silk Fiber 
	Mechanical Testing of Silk Fiber 
	Statistical Analysis 

	Conclusions 
	References

