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ABSTRACT: Bombyx mori silk fibroin (SF) has been reported as HUMAN SIGHT ~ AN SR = SN MR
a convenient natural material for regenerative medicine, optoelec- e )

tronics, and many other technological applications. SF owes its ¥ ﬁ
unique features to the hierarchical organization of the fibers. Many

efforts have been made to set up protocols for dissolution since

many applications of SF are based on regenerated solutions and
fibers, but chaotropic conditions required to disassemble the ;
packing of the pOIYmer afford solutions with OO CrYStaHine Physical Micro- and Structural and  Single ordered Secondary

behavior. Our previous research has disclosed a dissolution and  appearance of ~ nano-scopic molecularorder structures and  structure
. . ) . ) the sample morphology their contribute insights
regeneration process of highly crystalline fibers involving

Fibrous, shin Amorphou Presence of Presence of ~ Relative contri-

lanthanide ions as chaotropic agents demonstrating that each coarse, colored flbers globular oriented crystals, metal ions within bution of Silkl
. . . . ’ . - . planardlstances the structure and Silk-Il
lanthanide has its own unique interaction with SF. Herein, we crystallinity structures

report elucidation of the structure of Ln—SF fibers by the

combined use of Raman spectroscopy, wide-angle X-ray scattering (WAXS), and solid-state NMR techniques. Raman spectra
confirmed the coordination of metal ions to SF, WAXS results highlighted the crystalline content of fibers, and solid-state NMR
enabled the assessment of different ratios of secondary structures in the protein.

1. INTRODUCTION form of SF before it is spun outside the living organism. SF has
a very complex structure, as reported in Figure 1, consisting of
two big bundles called brines, covered with sericin, a serine-
rich gluey substance that contributes to creating the highly
closed assembly of fibers in cocoons.””> Each brine is then
composed of highly packed ﬁbrlls, further divided into
microfibrils, nanofibrils, and finally the single polypeptide
filament.®

Fiber complexity extends also in the supramolecular
arrangement of single polypeptide chains. As shown in Figure
1, the monomer, SF megamer, weighs 2.3 MDa, and it is
composed of heavy fibroin (HF, 350 kDa, 92% w/w), light
fibroin (LF, 26 kDa, 7% w/w), and fibrohexamerin (P-25, 30
kDa, 1% w/w), in a unique assembly of a 6:6:1 protein molar
ratio, creating a hexagon-shaped cylinder.”® 1-Glycine, 1-
alanine, and r-serine constitute 45.9, 30.3, and 12% of the total

Silks are a wide class of proteins with some unique features.
They are high molecular weight proteins, possess considerable
stiffness and flexibility, and are mainly composed of simple
amino acids such as L-glycine and L-alanine. High concen-
tration of these amino acids makes silks a class of chemically
and thermally stable proteins since repeated regular sequences
of these amino acids with few others generate highly ordered
and packed crystals inside the biopolymer. Although silks are
produced by several insects in their larval state for the
metamorphosis and some adult animals, silk massive
production is mostly limited to spiders and especially
silkworms."”> Bombyx mori silk fibroin (SF) is the protein
part of the raw cocoon and its secondary structures comprise
mostly f-sheet domains and amorphous regions, although a
small number of helices and f-turns are also detected. More
specifically, SF has two main assemblies, namely Silk I and Silk
II, which are referred to before spinning and spun fibrous SF, Received: November 6, 2022
respectively.” Silk I is rich in amorphous and highly flexible Accepted:  April 12, 2023
structures such as helices and coils, while Silk II, rich in f- Published: June 28, 2023
sheets, is responsible for the resistance and stiffness of the

biopolymer, enclosing the crystalline phases of the protein.

Actually, Silk I is the metastable and still soluble processable
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Figure 1. Overview of an SF thread. (a) B. mori cocoons, with a moth inset. (b) Scanning electron microscopy SEM image of the cocoons,
highlighting the double bundle structure enveloped in the sericin gluey cement. (c) SF polypeptide after a degumming step in which sericin
coatings are removed. (d) SEM image of a microfibril, showing a cross section in which nanofibrils can be observed. (e) SF megamer schematic
structure showing the hexagonal shape arrangement of the three components of SF. Each light chain (in green) is bound via a sulfide bond to a
heavy chain (gray) and together they are further combined in a hexagonal shape held together by the fibrohexamerin (in blue) via noncovalent
bonding between the heavy chain and the mannose units (in purple), constituting the SF megamer (6 light chains, 6 heavy chains, and 1

fibrohexamerin, 6:6:1).
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Figure 2. Structure and chemical composition of heavy fibroin. (a) Protein secondary structure. (b) Amino acidic sequence of one of the
hydrophobic parts of the protein. (c) Chemical structure of the hexapeptide GAGAGS in SF. (d) f-sheets that rearrange in the closely packed f-

crystals, with an antiparallel alternating fashion.

heavy fibroin weight, respectively.” Two hexapeptides
GAGAGS and GAGAGY compose about 70% of the protein.
Figure 2 shows the schematized structure of heavy fibroin.
The protein can be dissolved in concentrated aqueous
solutions of inorganic acids (H;PO,, H,SO,, HC1)'*~"* and in
saturated solutions of salts such as LiBr,"> CaCl,'° Ca-
(NO,),,"” or Schweitzer reagent (CuSO, in NH,).'® Other
conditions for dissolution are the use of hexafluoroisopropanol

(HFIP) and hexafluoroacetone (HFA)'”*” and the ionic liquid
N-methylmorpholine N-oxide NMMO.>!

Our previous investigations led to the discovery of a new
dissolution and fiber regeneration procedure involving CeCl;-
7H,0.> Starting from this evidence, a systematic investigation
of all of the lanthanide ions as chaotropic agents was
performed.”® The results of this study showed the unique
ability of each lanthanide ion to dissolve SF and to regenerate
it with different degrees of crystallinity depending on the metal

https://doi.org/10.1021/acsomega.2c07149
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Figure 3. SEM images of Ln**/SF fibers. For comparison, SEM images of natural B. mori cocoon and degummed SF are also reported. The scale
bar refers to 20 ym. Images adapted in part from ref 23. Copyright 2021, owner Rizzo, Lo Presti, Giannini, Sibillano, Milella, Guidetti, Musio,

Omenetto and Farinola (Frontiers in Bioengineering and Biotechnology).

used.”*"*® However, the fine molecular architecture of the
Ln—SF fibers, in terms of the exact amount of the secondary
structure and of crystalline content for each sample, remained
not fully elucidated. In this study, a multitechnique character-
ization of the SF regenerated using lanthanide ions as
chaotropic agents is presented based on Raman, WAXS, and
solid-state NMR.

Our investigation started from previously acquired data,
such as (SEM) images and preliminary WAXS analyses, with
the aim of obtainin% a multiscale characterization of
regenerated SF samples.”” These results were properly adapted
and further discussed here in order to create a comprehensive
view of all of the information obtained for a deep structural
characterization of a new material.

Precisely, Raman analyses gave information about the
presence of chelated metal ions within the biopolymer
structures, WAXS shed light on the crystalline nature of all
regenerated Ln—SF materials, and solid-state NMR showed
the single structural contributions in all samples, thus allowing
to distinguish between Silk I-like and Silk II structural motifs.

2. MATERIALS AND METHODS

2.1. General Information. All of the hydrated lanthanide
chlorides (LaCl;-7H,0, CeCly-7H,0, PrCly-7H,0, DyCly
6H,0, ErCl;-6H,0, TmCl;-6H,0, YbCl;-6H,0, LuCl;-
6H,0) were purchased from NOVA ELEMENTS SAS
(Palermo, Italy). All other chemicals and solvents were
purchased from Sigma Aldrich. All compounds were used
without any further purification.

2.2. SF Degumming. SF was obtained by a standard
procedure starting from B. mori raw cocoon acquired from
Tajima Shoji (Japan).”” Briefly, 5.0 g of raw cocoons was
shredded into ~1 cm pieces and boiled in a 2 L aqueous
solution of 0.02 M Na,CO; for 30 min to discharge the
external sericin coating. In the following, the pure protein part
(~3.5 g, 75% of the whole cocoon weight) was rinsed several
times in fresh distilled water to remove sericin and the excess
salt used. SF was dried under ambient temperature for 48 h
before proceeding with its dissolution and regeneration with
lanthanides.

2.3. SF Dissolution and Fiber Regeneration with
LnCl3:nH,0. According to the new dissolution procedure
discovered in our laboratories based on the substitution of
CaCl, in Ajisawa’s protocol'® with hydrated lanthanide

chlorides, Ln**/SF samples were obtained.””*> A hydro-
alcoholic solution of LnCly-nH,O was prepared to maintain a
molar ratio of 1:8:2 between the lanthanide salt (9.51 mmol,
3.532 g of LaCl;-7H,0; 3.544 g of CeCl;-7H,0; 3.554 g of
PrCl;-7H,0; 3.585 g of DyCl;-6H,0; 3.630 g of ErCl;-6H,0;
3.650 g of TmCl;-6H,0; 3.768 g of YbCl,-6H,0; 3.708 g of
LuCly-6H,0) water (1.38 g), and ethanol (0.88 g),
respectively. After slight heating to promote complete
dissolution of the salts, 0.250 g of degummed SF was
submerged and dissolved at 60 °C for 4 h. The viscous SF
solutions were then inserted in a dialysis cassette using a
regenerated cellulose dialysis membrane (MWCO 12.400 g
mol™") against bidistilled water to remove the lanthanide salts
and hence promote fibrous thread precipitation. The
purification required three water batches. After that, the fibers
were quantitatively recovered and allowed to dry under
ambient temperature for 48 h before analyzing them. Aqueous
solutions of dialyzed samples were collected and treated with a
Na,CO; solution to recover the lanthanides as insoluble
carbonates. They were filtered and redissolved in a minimum
amount of a 3 N HCI aqueous solution and allowed to
crystallize in the form of LnCl;-nH,O salts.

2.4. Solid-State NMR Analyses. Solid-state NMR
analyses were performed on a Bruker Avance I 400
spectrometer (operating at a frequency of 100.6 MHz for
3C and 40.3 MHz for "*N) using a 4.0 mm HX MAS probe at
298 K. Samples were packed in 4 mm zirconia rotors and spun
at 7 kHz (**C) or 10 kHz (**N) under airflow. '"H-"3C CP/
MAS NMR experiments were acquired using a 3.25 us proton
7/2 pulse length, a vcp of 55.0 kHz, a contact time of 1.0 ms, a
Vgec of 76.9 kHz, and a recycle delay of 4.0 s. "H—"N CP/MAS
NMR experiments were acquired using a contact time of 2.5
ms and a recycle delay of 6.0 s. A two-pulse phase-modulation
(TPPM) decoupling scheme was used for the 'H decoupling.
Chemical shifts for '3C were referenced to SiMe, (0 ppm) by
using the methylene signal of adamantane (5§ 38.48) as a
secondary reference, while "N chemical shifts were referenced
to liquid NH; (0 ppm) using the '“N-glycine signal (33.4
ppm) as a secondary reference.

Lineshape analysis and the fractions of various components
of the Ala Cp peaks were determined using a peak
deconvolution analysis with software MestReNova 11.0
(MestReNova Research SL, Santiago de Compostela, Spain).

https://doi.org/10.1021/acsomega.2c07149
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Figure 4. Raman spectra of different Ln-doped silk fibers (blue line, SF—Ln) compared with degummed silk fibroin (red line, SF) and the
corresponding hydrated LnCl, salts (black line). (*) indicates vibrational bands in spectra of Ln-doped SF due to the formation of bonds between
Ln and O and N (Ln—0O, Ln—N). Dotted blue lines in the spectrum of SF—La highlight the correspondence between the vibrational bands due to
La—O and La—N bonds in the Raman spectrum of hydrated LaCl; salt and bands in the spectrum of SF—La. Blue arrows indicate the shift of some
peaks in the Raman spectrum of degummed SF after La doping. The orange area highlights the change in the symmetry of the peak at ~480 cm™
after doping. The Ln—N vibrational band has been indicated in the spectra of salts also when it is not visible in order to investigate the possibility of

bonds between Ln and N in SF.

2.5. WAXS Analyses. WAXS experiments were performed
at the X-ray Micro Imaging Laboratory (XMI-LAB) of the
Institute of Crystallography of CNR-Bari’’** The laboratory
is equipped with a Fr-E+ SuperBright rotating copper anode
microsource (4 = 0.154 nm, 2475 W) coupled through a
focusing multilayer optics confocal max-flux to a SAXS/WAXS
three pinhole camera equipped for X-ray scanning microscopy.
An image plate (IP) detector (250 X 160 mm?, with 100 um
effective pixel size), with an offline RAXIA reader, was used to
collect WAXS data. The spot size at the sample position was
around 200 ym. The detector was placed at around 10 cm
from the samples, giving access to a range of scattering vector
moduli (g = 47sin9/4) from 0.3 to around 3.5 A™, which
corresponds to a 1.8—25 A d-spacing range.

2.6. Raman Analyses. Raman spectra were collected using
a LabRAM HR Horiba-Jobin Yvon spectrometer with a 532
nm excitation laser under ambient conditions. Low laser power
(<1 mW) was used to avoid heat-induced modification or
degradation of the sample due to the focused laser light during
the spectrum acquisition. The collection time was larger than
200 s. The excitation laser beam was focused through a 50X

24168

optical microscope (spot size ~1 mm and work distance 1 cm).

The spectral resolution was ~1 cm™".

3. RESULTS AND DISCUSSION

3.1. Scanning Electron Microscopy of Ln3*/SF
Samples. Figure 3 shows the previously acquired SEM images
of Ln*/SF samples, compared with the natural silk cocoon
and degummed SF.> All of the samples of regenerated
lanthanide-doped SF fibers show a micro- and nanoscopic
fibrous texture. In particular Ce/SF, Pr/SF, Er/SF, Tm/SF,
Yb/SF, and Lu/SF exhibit a typical hemicylindrical cross
section, with higher fiber diameters compared to undoped
degummed SF. Lu/SF shows fiber dimensions similar to the
degummed fibers; La/SF and Dy/SF, although macroscopi-
cally appear as fibrous threads, are actually composed of small,
fragmented, and coarse fibers with irregular dimensions and
structures.

3.2. Raman Spectroscopy of Ln**/SF Samples. Figure 4
shows Raman spectra of different lanthanide (Ln)-doped silk
fibroin fibers, SF—Ln, (blue lines) with the spectrum of
degummed silk fibroin, SF (red line), hydrated lanthanum(I1I)

https://doi.org/10.1021/acsomega.2c07149
ACS Omega 2023, 8, 24165—-24175
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Figure 5. (a) 2D WAXS patterns of (A) degummed SF and regenerated fibers obtained after treatment with Ln*". (b) 1D WAXS profiles; vertical
bars highlight the equatorial reflections at q; = 0.66 + 0.075 A™' (d; =9.5+ 1 A), g, = 1.5+ 0.1 A—1 (d, =42+ 0.3 A),and g3 = 1.7 £ 0.1 A" (d,
=3.7 + 0.3 A) and the meridional reflection at g, = 1.8 + 0.1 A™' (d, = 3.5 + 0.2 A). The equatorial and meridional peaks were indexed as follows:

0.5 1.0 15 2.0 25 8.8 1.0

q; the (010) reflection; g, an overlap of the (020) and (210) reflections; and g5 the (021) reflection.

trichloride, LnCl;, and salts (black line) used to dope SF, in
the energy range of 100—700 cm™', where Ln are La, Pr, Er,
Dy, Ce, Lu, Tm, and Yb.

Spectra of all hydrated LnCl; salts show, in the range 100—
700 cm™!, characteristic vibrational bands due to the bond
between lanthanide and oxygen, Ln—O, in particular at 112—
113 em™ (known as E, mode), 114-123 cm™ (B,, mode),
148—159 cm™" (E, mode), 226—252 cm™' (E, mode), 260—
263 cm™ (B,, and By modes), 374—382 cm™ ! (Alg mode),
458—494 am! (By, mode), 520—565 cm._; (A, mode), and at
558—612 cm~,>*® and bands due to the bond between
lanthanide and nitrogen, Ln—N, in the range 406—470 cm LY
The Ln—O and Ln—N vibrational frequencies slightly change
depending on the Ln ion because they are correlated with the
Ln—O bond length.*” The Raman spectrum of degummed SF
(red line) shows broad bands at ~230, 280, and 590 cm™ due
to the skeletal bending vibrations (C—C—C) and more intense
bands at ~350, 400, and 480 cm™' due to the backbone
deformation (C—C—C, C—C—N) in the range of 100—700
em L* After Ln doping, the Raman spectrum of pure SF
strongly changes showing the presence of some additional
broad bands (indicated in Figure 4 by *) that can be attributed
to the formation of Ln—N and Ln—O bonds in SF. On
analyzing, as an example, the evolution of the Raman spectrum
of degummed SF before and after La doping, we found that the
Raman spectrum of SF—La shows the presence of new peaks at
~115, ~130, ~504, and ~680 cm™" that are not present before
doping and are indicative of the formation of bonds between
La and O in the SF. Moreover, it is interesting to highlight that,
starting from the spectrum of pure degummed SF, the
following changes can be noted upon doping: (i) the band
at ~230 cm™! becomes more intense with a small blue shift
after doping due to the contribution of the La—O bonds, (ii)
the band at 350 cm™" increases in intensity and slightly red-
shifts due to the formation of La—O bonds, (iii) the band at
400 cm™ blue-shifts and becomes more intense due to the

contribution of the La—N band, (iv) the more intense peak at
480 cm™' changes from a symmetric to an asymmetric shape
and a shoulder at ~504 cm™" appears due to the blue-shifted
contribution of the La—O band (strongly evident in the spectra
of SF—La and SF—Pr), and finally (v) the band at 590 cm™
strongly increases in intensity and red-shifts after doping.
These changes are highlighted in Figure 4 by blue arrows in
the spectrum of La—SF. All Ln-doped SFs show similar
evolution in the Raman spectrum after doping and differences
in the broadening and intensity of the additional bands after
the formation of Ln—0O and Ln—N bonds in Ln—SF, which are
due to the different chemical nature of the Ln metal ions to the
different doping quantities and to the high fluorescence of the
SF that can cover weak Raman bands.

3.3. Solid-State Structure of Ln3*/SF by WAXS. WAXS
experiments were performed on the fibers obtained by Ce*',
La*, Dy**, Er’*, Tm*, Yb¥, Lu**, and Pr** dissolution and
fiber regeneration. The two-dimensional (2D) WAXS patterns,
collected in the same explored volume (circular beam size at
the sample was around 200 ym), once centered, calibrated, and
folded into one-dimensional (1D) profiles (after integration
along the entire azimuth), were compared with the WAXS
patterns of the degummed SF,”>** and are reported in Figure 5
panel (a) and panel (b), respectively. Degummed SF exhibits
the typical cross p-diffraction signal whose intensity is
anisotropically distributed along two main orthogonal
directions labeled as meridional, along the fiber axis, and
equatorial, perpendicular to the fiber axis. It is well known that
there are two kinds of crystalline forms, Silk I and Silk II for B.
mori SE.** 1t is also overall recognized that the latter is the
predominant structure after spinning in the solid state.””** The
2D/1D data were univocally indexed as the fiber diffraction
pattern of the B. mori Silk II structure,"*® which has an
orthorhombic structure with unit cell dimensions a = 9.68 +
020 A, b =936 + 0.18 A, and ¢ = 7.02 + 0.14 A. The
equatorial peaks at q, = 0.66 + 0.07S A™' (d, = 9.5+ 1 A), q,

https://doi.org/10.1021/acsomega.2c07149
ACS Omega 2023, 8, 24165—-24175


https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(@)

110
q (A7)

1.5 2.0

AJ(A+A,) (%)

(b)
70

= === mean value

65

----r--i---@--#--?---ﬁ--#--;f-------

60

55 4

50 T T T T
SF Ce Er

T T T T T

Dy Tm Lu La Pr Yb

Lanthanide ions

Figure 6. (a) Integral area and (b) amorphous/crystalline ratio vs lanthanide ions.

919G

41 31 2 1 1

9IA | | 1 | b | |
M st ) [

SF ‘I\ 8 7 6 * ! VA [
| -

180 160 140 120

100

80 60 40 20

S (ppm)

Figure 7. "H—'2C CPMAS spectra of degummed SF and of SF samples regenerated using the lanthanide salts LnCl;-#H,0 (Ln = La, Ce, Pr, Dy,
Er, Tm, Yb, Lu; x = 6, 7). Spinning sidebands are marked with an asterisk. Vertical dashed lines indicate the position of the peaks labeled on the top
of the figure according to Table 1. T = 298 K and spin rate = 7.0 kHz.

=1.5+01A" (d,=43+03A),andg; =17+ 0.1 A" (d,
= 3.7 + 0.3 A) were indexed as the (010), the overlap of the
(020) and (210) reflections, and the (021) reflection,
respectively. The meridional peak at g, = 1.8 + 0.1 A™ (d,
=3.5+ 0.2 A), indexed as the (002) reflection, indicates the -
strands’ distance along the fiber axis, which yields the ¢ = 7.0 A
axial repetition and contains two peptide units.

Precisely, 2D WAXS data show that (i) fibers treated with
Ce*, Tm*, Yb*', Lu**, and Pr’** exhibit a 2D typical cross f-
diffraction pattern, similar to that of the degummed SF, thus
indicating a partial recovery of their fibrillar nature after
reprecipitation. (i) Fibers treated with La®*, Dy**, and Er**
show full diffraction rings, without any preferential orientation
(Figure S).

In fibers, the crystalline domains are embedded in a
continuous matrix of amorphous material.”” We used the

24170

WAXS data to determine the relative weight of these two
components by the following procedure:

e For each 1D WAXS profile, the background was
interpolated and subtracted.

e The relative weight of the amorphous to the crystalline
phases was calculated by the ratio (Figure 6a):

A/ (A + A,) 1

between the areas A, in the range Aq = 1.15—1.61 A™!
(amorphous), A, in the range Aq = 0.45—0.8 A™', and
A, in the q range Aq = 1.65—1.85 A™! (crystalline).

e The ratio obtained by eq 1 was reported in Figure 6b for
each lanthanide ion.

In particular, samples treated with Ce**, Tm*', Yb*, Lu**,
and Pr’* exhibit a typical cross fB-diffraction pattern analogue

https://doi.org/10.1021/acsomega.2c07149
ACS Omega 2023, 8, 24165—-24175


https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07149?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

to that of degummed SF, suggesting an almost complete
recovery of crystallinity after the dialysis procedure.””*” On the
contrary, La**, Dy**, and Er’* gave a poorly oriented protein
structure, with a diffraction pattern similar to raw silk in
cocoons preliminary to sericin removal through boiling in basic
aqueous solutions. Indeed, these samples have no preferential
orientation, suggesting a fiber regenerating procedure with
poor hierarchical order. Our analysis shows that the ratio
between the amorphous and crystalline regions, reported in
Figure 6b, does not show any significant variation among the
investigated samples. In fact, the mean of the value obtained by
eq 1 is about 60%, independently from the lanthanide used in
the dissolution and regeneration of the SF fibers.

3.4. Structure of Ln**/SF by Solid-State NMR. Solid-
state NMR is a well-established analytical tool to investigate SF
conformations, thus enabling to correlate the protein
secondary structures to processing and environmental
conditions.** ™% In particular, the 13C NMR chemical shift in
the solid state has long been exploited as an intrinsic probe to
examine the conformation behavior of SF, taking advantage of
the fact that the polymorphic structure of the samples in solid-
state NMR analysis is fully preserved and that, differently from
X-ray diffraction techniques, solid-state NMR analysis is
suitable also for poorly crystalline materials. In this context,
the shape of the signals can give information on the relative
amount of the soluble helices/coil dominated structure, herein
referred to as Silk I like, as proposed by Callone et al,>! with
respect to the f-sheet/f-sheet-like crystal structure (herein
referred to as Silk II like) in the regenerated samples.””

Moreover, the sharpness of the signals has been correlated to
the degree of crystallinity, interaction with adsorbed water, or
lateral chain mobility.”'

The "H—"3C CPMAS spectra of the eight samples recovered
after regeneration of the SF by Ajsawa’s method using the
lanthanide salts LnCl;-:xH,0O (Ln = La, Ce, Pr, Dy, Er, Tm, Yb,
Lu; x = 6, 7) as the chaotropic agents are shown in Figure 7
along with the spectrum of the degummed SF. The
assignments of the signals, which are labeled from 1 to 9,
are reported in Table 1. When the assignment was

Table 1. *C Chemical Shifts of Main Components in SF
Regenerated Using Lanthanide Ions as Chaotropic

Agents>>~58
S (ppm) 13C labeling component
15.1 o 11 Ala
211 o 111 Ala
414 Ca 2 Gly
47.8 C, 311 Ala
50.1 C, 31 Ala
534 C, 4-11 Ser (+Tyr)
58.0 C, 4-1 Ser
60.7 Cy 51 Ser
63.9 Cy S-11 Ser
114.2 C, 6 Tyr
129.7 C,/C;s 7 Tyr
1542 C; 8 Tyr
167.8 c=0 9.G Gly
170.8 C=0 9-11A Ala
173.5 C=0 9-1A Ala

“IA refers to the alanine signal in Silk I-like, IIA refers to the alanine
signal in Silk II, and G refers to the glycine signal.

unequivocal, the indication “I” or “II” was put aside the
number identifying the peak to specify the contribution of Silk
I like (I) or Silk II (II) configuration. It is apparent from Figure
7 that the spectra of the eight samples regenerated with
lanthanide are similar to each other and only slightly highfield
shifted (—2 ppm ca) with respect to that of degummed SF.

The peak centered at ca & 18 ppm (signal 1) is the
convolution of four contributions: § 15.0 + 0.5 ppm (helix-like
conformation), § 17.0 = 0.5 ppm (helix/random coil
conformation), § 20.0 + 0.5 ppm (f-sheet conformation),
and 6 21.5 + 0.5 ppm (f-sheet-like conformation).*”*"*>97¢1
The profile fittings of signal 1, carried out with MestReNova
11.0 software, gives the relative amount of the four
contributions (Table S1), which are reported, for each sample,
in Figure 8. Figure 9a shows the profile fittings of signal 1 for
the sample “Ce” regenerated with CeCl;7H,0, while the
profile fittings of signal 1 for all other samples are shown in
Figure S1.

It is apparent from Figure 8 that in all samples, the
predominant configuration is a f-sheet/f-sheet-like crystal
structure (Silk II), in agreement with WAXS analysis. Taking
degummed SF as a reference (whose content of Silk II is
84.1%), an increase of Silk I-like contribution was registered
for samples treated with La** Ce*, Pr**, Dy**, Er’*, and Tm*,
while a slight decrease of Silk I-like contribution was observed
for samples treated with Yb*" and Lu*". This result suggests
that the type of lanthanide used as the chaotropic agent
influences, albeit to a little extent, the secondary structure of
the regenerated SF.

The goodness of the profile fittings made with the four
components at § 15.0 + 0.5, 6 17.0 & 0.5, 6 20.0 + 0.5, and &
21.5 + 0.5 ppm for all spectra in Figure 9 indicates that a
possible contribution of 3,y-helix conformation (which would
provide an additional peak centered at ca 18.2 ppm) is
negligible in our samples.’’

Figure 9b shows the 'H—'"N CPMAS spectrum of the
sample regenerated with Lu**, while the 'H—'N CPMAS
spectra for all other samples are shown in Figure S2. The
"H—'SN CPMAS spectrum can be subdivided into three parts:
starting from low fields, the broad peak centered at 6 125 ppm
is ascribed to alanine residues in Silk I-like and Silk II
conformations; the shoulder at § 121 ppm is ascribed to serine
residues in Silk I-like and Silk II conformations overlapped
with alanine residues in Silk I-like conformation; and the broad
peak centered at 6 111 ppm is ascribed to glycine residues in
Silk I-like and Silk II conformations.®

No significant difference is observed between the 'H—'"°N
CPMAS spectra of the various SF samples discussed in this
paper.

Inspection of Figure 7 reveals a profound difference in signal
sharpness, which is best appreciated by focusing on signal 2.
Measuring the full width at half height (FWHH) of peak 2 for
all silk samples (Table 2), it can be noted that Lu, La, Pr, Ce,
and Yb displayed an FWHH ranging from 235 to 315 Hz,
comparable to that of SF (278 Hz), while Tm, Er, and Dy
displayed FWHHSs of 400, 450, and 550 Hz, respectively. As
mentioned above, the FWHH has been related to the
crystallinity or lateral chain mobility in SF samples.”’ However,
given that the linewidth of an NMR signal is related to the

relaxation rate according to FWHH = HLT (where T, is the
2

spin—spin relaxation time) and given that all lanthanide ions
are paramagnetic, the question arises whether the different
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Lu; x = 6, 7).
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Figure 9. (a) Profile fitting of peak 1 from the "H—"3C CPMAS spectrum of SF samples regenerated using CeCl;-7H,0. (b) 'H—""N CPMAS
spectrum of the SF samples regenerated using LuCl;-6H,0. T = 298 K and spin rate = 10.0 kHz.

Table 2. FWHH of Peak 2 and Magnetic Susceptivity of
Lanthanide Ions Used as Chaotropic Agents

FWHH of peak 2 magnetic susceptmt}r Himot/ 1073

(Hz) (em?3-mol lanthanide
550 98 Dy
450 48 Er

300 2.5 Ce
400 24.7 Tm
235 0.183 Lu

300 0.096 La

315 5.53 Pr

280 0.067 Yb

broadness of the spectra shown in Figure 7 is to be attributed
to the different degrees of crystallinity or to the paramagnetic
effects due to lanthanide impurities in the sample. Figure 10
shows that there is a correlation between the FWHH of peak 2
and the magnetic susceptivity of the lanthanide ion used. This
suggests that the paramagnetic effects due to lanthanide
impurities may play a crucial role in signal sharpness. In order
to check this hypothesis, we compared the crystallinity degree
of the various samples determined by WAXS analysis, which
pointed out that there is no significant influence from the
lanthanide ion content on the amorphous/crystalline ratio that
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Figure 10. Correlation between the FWHH of peak 2 and the
magnetic susceptivity of the lanthanide ion used as a chaotropic agent
in the regeneration of SF.

remains almost constant. This allows concluding that the signal
sharpness is almost quantitatively determined by the different
paramagnetic effects of all lanthanides involved in the
dissolution and regeneration process of SF.
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Comparison of the above-mentioned techniques is of
fundamental importance when a new material must be fully
characterized. In this study, Ln/SF samples were analyzed and
compared by means of a complete understanding of assembly
and structural features. Raman spectroscopy confirmed the
doping effect of each lanthanide, also suggesting a direct
coordinating ability of SF toward the metal ions via O—Ln and
N-Ln bonds. SEM images gave information about the
macroscopic appearance of all samples. Results are in
agreement with the crystalline behavior of each sample
through WAXS and SS-NMR techniques. La/SF and Dy/SF
revealed a coarse and fragmented fiber structure, and WAXS
analysis confirmed the low-ordered and poorly crystalline
matter of the fibers treated with La’* and Dy’*. Er/SF gave
instead a more regular and less fragmented fiber dispersion by
SEM analyses, but still lacking crystallinity as confirmed by
WAXS. Also, SS-NMR showed an increase of noncrystalline
regions imputable to Silk I-like contributions for La/SF, Dy/
SF, and Er/SF, together with Ce/SF, Pr/SF, and Tm/SF.

4. CONCLUSIONS

In this study, Ln—SF fibers, obtained by dissolution of
degummed SF with hydrated lanthanide chlorides in a
hydroalcoholic solution and subsequent dialysis, were studied
by Raman, WAXS, and SS-NMR techniques. Raman spectros-
copy demonstrated the presence of all lanthanide ions
coordinated with the SF structure, mainly by direct metal—
oxygen and metal—nitrogen bonds. WAXS confirmed the
crystallinity of all of the samples, with similar crystalline
content of Silk II structures independently from the Ln used,
albeit only Ce*, Tm’', Yb*", Lu**, and Pr’* showed a 2D
diffraction pattern typical of degummed SF. SS-NMR spec-
troscopy, in agreement with WAXS, also showed that Ln—SF
samples exhibited the f-sheet/f-sheet-like crystal structure
ascribable to Silk II. Moreover, even if to a lesser extent, Silk I-
like contribution variations were evident for samples, showing
an increase for La** Ce*, Pr**, Dy**, Er**, and Tm>* and a
decrease for Yb®* and Lu*". Comparison with WAXS was
fundamental to explain the different sharpnesses of crystallinity
detection peaks in SS-NMR, attributed to the paramagnetic
behavior of the lanthanides present in the SF matrix.
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