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ABSTRACT

This study is devoted to the deep evaluation of processing-induced protein conformation changes
by using silk fibroin fibers and their cast films stabilized by different methods as a model. The
control of the hierarchical assembling of silk fibroin is the key for finely tuning the biological
functions and physical-chemical properties of the final materials for applications in biomedical
fields. However, previous methods usually only focused on the change of beta-sheet crystallinity
in silk materials, which can not explain a lot their specific prosperities generated from different
processing methods. By using complementary solid-state NMR, together with FTIR and DSC
techniques, we first time established the correlations between processing conditions and silk
fibroin molecular configurations, and experimentally assess the presence and quantify the
percentage of the asymmetric three-fold helical conformation (Silk III) in silk materials, together
with their well-known Silk I-like helix/coil dominated and Silk II beta-sheet dominated
configurations. This work provides a roadmap for researchers to quantify the percentage of
different silk structures by solid NMR, and further understand how silk molecular conformations
(Silk I-like, II, IIT) can impact the properties and functions of different silk materials, that are

broadly used today for different biomedical applications.

KEYWORDS: Solid state NMR, Processing, Silk Fibroin, FTIR, Secondary conformation, three-

fold helix



1. INTRODUCTION

Silk fibroin-based materials have attracted a great attention as bioactive substrates for biomedical
applications, such as tissue engineering, drug storage and delivery, biosensors and
nanomedicine.!* The ability of fibroin to favorably interact with biological systems and the
advantages of fibroin scaffolds to engineer the repair and regeneration of different types of
tissues were demonstrated by a large number of in vitro and in vivo studies.*® Pre-cell seeded or
unseeded scaffolds have been successfully tested for soft and hard tissues repair, in the form of

gels, sponges, fibers or films, adapted to a several repair sites.””

Like other natural polymers, silk has a complex hierarchical structure that is assembled from the
bottom-up, where its different conformations can be correlated to specific biological functions
and physical properties. In general, B. mori silk fibroin is a structural protein, with a
supramolecular structure composed by a Heavy-chain (about 350 KDa) linked to Light-chain
(about 25 KDa) by a disulphide bound and correlated by a fibrohexamerin chain, P25, (about 20
KDa) in the ratio 6:6:1.!° Silk fibroin Heavy-chain, results in a polypeptide chain of 5,263
residues, composed of glycine (45,9%), alanine (30,3%), serine (12,1%), tyrosine (5,3%) valine
(1,8%), and 4,7% of others 15 amino acids, with a co-block polymer design. The crystalline
forming regions of repeating peptide GAGAGX, where X is Ala in 65%, Ser in 23%,and Tyr
10%,!! along the protein chain are connected by 11 less ordered sequences (GAGAGY) or/and
AGVGYGAG blocks.!? The dominant secondary conformation of silk fibroin can change
depending on the microenvironment of the protein. Silk I is alpha-helix and coils dominated

structure assumed by the protein in the silkworm silk glands just before the spinning,



characterized by a “liquid crystal” form, and it is water soluble.!*> Conformational transition is
induced during the cocoon fiber spinning, and silk I is partially converted into a semi-crystalline
structure comprising about 55% of B-sheet (silk II) structures embedded in an amorphous and
hydrophilic matrix.!* Alpha-helices conformation and intermediates structures, such as B-turns
and B-bends, which can be easily recognized by FTIR-ATR,! could still remain in silk after the
spinning due to the incomplete conversion to the B-sheet structure. Through a regeneration
procedure, !¢ silk fibroin fibers can be dissolved into aqueous solution and cast as soluble “silk I-
like” films. It should be noted that the regeneration processing of silk fibroin can obtain
significant amount of soluble helix structures in the final film sample, but may not be pure alpha-
helix. Moreover, they may not be perfect silk I structures like those in the natural solution of
silkworm glands. Asakura et al. well described the difference between silk I in the gland and the
silk-T like structure formed in the man-made silk fibroin materials. !” Here we used “silk I-like”
to refer to the soluble helices/coil dominated structures in the regenerated silk samples. Most
importantly, another conformation, detected in the ultra-thin silk fibroin film at air-water
interface, was also found as the silk III, “a threefold helical model crystal structure”. © The
molecular structure model is proposed by Valluzzi et al.,'s where the threefold helix, formed by
the exapeptide GAGAGS, places all the serine residues on the same side of the structure,
promoting an insoluble lamellar crystals formation, and is different from the beta-sheet crystals
in Silk II. It need to be noted that, some of previous studies also called this structure “insoluble
Silk I,'® but in this study, we will uniformly call this insoluble structure Silk III to avoid
additional controversy. In general, beta-sheet crystal dominated Silk II structure excludes water
and is the most stable polymorph of silk fibroin in several solvents including mild acid and

alkaline environments. While insoluble threefold helix conformation (silk III) gaps the



hydrophilic serine residues from the hydrophobic alanine residues, also playing a role in protein-

water coordination and in the three-dimensional macromolecule assembling.

NMR experiments applied to fibroin fibers have been exploited in the last 30 years with great
success.!” The extended work of the research group of Prof. Asakura, through liquid and solid

statt NMR experiments, has ranged over the structural characterization,?* 2!

chain dynamics
with NOE experiments,?> and conformational studies based on 1D or 2D experiments on '3C or
N nuclei?*? A lot of experiments were made on regenerated fibroin produced by different
sources, such as various silkworms or spiders,!°2226-2 driven by the fact that they show different
mechanical properties. Most of these high quality NMR data were obtained through feeding the
organisms with isotopically labeled aminoacids or sugars. Moreover, detailed information comes
from the ad hoc preparation of isotopically labeled synthetic peptides with the aim of acquiring
high quality *C and !N solid state NMR spectra and creates a panel of possible comparison with

the above discussed natural samples.?%-3

Starting from the pioneering work of Asakura, other researchers also investigated the sensitivity

of fibroin conformations to synthesis, processing or environmental conditions. Many studies

19,27-36

have been devoted on regenerated fibroin, and also on electrospun fibers,’” on the film

253839 or even on spongy materials.** As a matter of fact, it has been

obtained by casting
demonstrated that solvent*! and pH variations® or the presence of divalent/trivalent metal ions,
such as Fe?'/Fe", at different concentration®® in the fibroin dissolution step appear to affect the

fibroin secondary structures, resulting in weak changes in position and line-shape of the NMR

resonances at the solid state. However, no comparative evaluations between different silk



samples specifically designed for different tissue engineering applications were discussed
previously. In fact, it is found not only the manipulation of fibroin solution affects the structure
formation (different degumming protocols and stabilization methods), but also all the processing
steps to produce fibers, films or composites should be taken into account. In the past, the focus
was mainly on the mechanism of the structural transition during the natural fiber formation, and
on assessing the structural difference of silk fibroin before spinning (silk I) and after spinning
(silk 11).333743 In addition, there is still a lack of an accurate method to quantify different
secondary or supermolecular structures in a specific silk material in the past. Infrared and Raman
spectra were used to quantify the contents of different silk structures in silk samples '2, but these
methods could not identify and quantify many specific supermolecular structures in silk
materials, such as insoluble triple-helix structures from silk III. However, considering that silk
fibroin is a large fibrous protein, FTIR-ATR peaks shift can be affected by intermolecular
interactions due to the protein segments rearrangement.** Accordingly, the solid state NMR
analysis, successfully applied to the conformational studies previously, is here proposed together
with infrared spectroscopy and differential scanning calorimetry, with the aim of first time
quantifying the accurate contents of different secondary or supermolecular structures in fibroin
film materials, which were fabricated from different conditions and in comparison with fibers
and lyophilized powders. Here, fibroin films were used as an example of real tissue engineering
scaffolds (i.e. for cornea regeneration,*, sensors,*¢ and optics,*’ and this quantitative method can
be further applied to other forms of silk materials such as foams, particles or fibers. Depending
on the specific application, fibroin films can be also fabricated by changing solvents, casting
temperature, or protein concentration in the future. Natural degummed silk fibers and freeze-

dried regenerated fibroin are intermediate products during process, thus were used as



comparative samples in this study. It appears that the processing could drive not only simply the
Silk I/ Silk 1II ratio, but also the contents of many other conformations such as distorted p-turns,
distorted B-sheets, B-sheets with parallel or alternating Ala CH3, helix-like structures, random
coils as well as the presence of the insoluble Silk III threefold helixes!. Self-assembly and the
resulting conformation of these silk structures would in turn affect the physical behaviors of the
materials,?!*® and their biological outcomes*?. Therefore, there is a need to use high-resolution
structural analysis methods, such as NMR, to identify and quantify these different structures in
silk materials in detail. With this information, conformational transitions from Silk I like soluble
helix/random coil structures to silk II, or to intermediate B-strands and insoluble silk III
structures therefore can be quantitatively calculated and modulated in silk materials. And
functional design of materials based on this structural analysis would play an important role in

fine-tuning the biological properties of silk fibroin-based devices in the future.

2. MATERIALS AND METHODS

2.1 Materials. Bombyx mori silkworm cocoons obtained from tetra-hybrid a Japanese female (79
x 71) (125 x 126), were kindly provided by Honey bee and Silkworm Research Unit, Padua seat,
Council of Research and Experiments in Agriculture, Padova, Italy. All chemicals used were of

analytical grade.

2.2 Preparation of silk fibroin water solution. All silk fibroin samples were prepared
following the same standard protocol.” The silkworm cocoons were boiled in an aqueous solution
of 0.02 M NaxCOs twice for 90 min each, and then rinsed thoroughly with DI water to

completely remove sericins. After air-drying at room temperature, the degummed silk fibroins



were dissolved in 9.3 M LiBr solution at 65 °C for 4 h to produce 10% w/v silk fibroin solution.
The silk fibroin solution was then dialyzed against deionized water using cellulose membrane
(Pierce, MWCO 3,500) at room temperature. The concentration of the obtained aqueous silk

fibroin solution is about 2.5% w/v, calculated by Nanodrop.

2.3 Films preparation. Films were prepared by solution casting, starting from a fibroin water
solution 2.5%wt and then air-drying at room temperature. The dried films (sample CF) were then
treated with 80% v/v methanol for 10° at room temperature (sample CFwmeon), and in water vapor
under vacuum in a desiccator (annealing process) for 24 hours at room temperature (sample
CFwy) to induce conformational change of silk fibroin. Films stabilized by methanol treatment
and annealing was compared with untreated samples (CF), lyophilized fibroin after dialysis
(LYO), and degummed silk (native fibroin) (DS). The complete procedure used for obtaining the
different samples is described in Figure 1. All samples were prepared by using the same batch

solution and stored at room temperature in desiccator.
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Figure 1: Scheme of protocols used to obtain the different samples starting from silk cocoons:

degumming, dissolution, freeze-drying, stabilization methods, and sample codes.

2.4 Samples characterization.

2.4.1 Infrared spectroscopy analysis. Protein secondary structures were determined by Fourier
transform infrared spectroscopy (FTIR) in attenuate total reflectance (ATR) mode, through a
Perkin Elmer Spectrum One Spectrophotometer (Perking Elmer, Waltham, MA, U.S.A.)
equipped with Zinc Selenide crystal on ATR. Samples were analysed in dry condition, placed in
FTIR sampling surface and compressed until a minimum force of 100N was reached. Sample

spectra were averaged over 64 scans, ranging from 650 cm™! to 4000 cm™! at a resolution of 4 cm”

1

2.4.2 Thermal analysis. Thermal analysis was conducted on a Differential Scanning
Calorimeter Mettler DSC 30 in nitrogen atmosphere with a heating rate of 10 °C/min using
standard aluminium pans, in the temperature range 30 °C ~ 350 °C. The glass transition (T) and
degradation temperatures (Tm) and specific endothermic heat (AH) of each silk fibroin sample

were determined.

243 Solid state nuclear magnetic resonance (NMR) analysis. *C cross-polarization under
magic angle spinning (CPMAS) measurements were carried out with a Bruker Avance 400WB

spectrometer operating at a proton frequency of 400.13 MHz equipped with a double resonance



wide bore MAS probe. In order to quantify the secondary structures formed with the different
processing of the samples, the CPMAS experimental conditions were deduced by the study of
the cross polarization kinetics for the different flexible and rigid components, since generally the
less mobile components cross — polarize better than more mobile ones and this could negatively
affect the possibility of obtaining quantitative results from the '*C CPMAS spectra. Accordingly,
3C single pulse MAS experiments with different recycle times and '3C variable contact time
CPMAS experiments on the samples were recorded (data not shown) and the quantitative results
obtained by the profile fitting of the NMR signals were compared. Considering the good
agreement between MAS and CPMAS results and the long duration of MAS experiments, the
following conditions were selected for *C CPMAS spectra acquisition: 100.48 MHz, 5 us 90°
pulse length, 2 ms contact time, 6.3 ps decoupling length, 5 s recycle delay and 4k scans.
Samples as fibre, powder or in the form of rolled thin film slices were packed in 4 mm (outer
diameter) zirconia rotors, which were spun at 7 kHz under airflow. Adamantane (6cn2 38.5) was
used as external secondary reference.® Lineshape analysis was done with Topspin 1.3 Bruker

software.

3. RESULTS

3.1 FTIR. The protein structure and the effect of different processing methods on sample
conformation were evaluated by infrared spectroscopy (Figure 2). The amide I and amide II
bands for the native fibroin fibers (degummed silk) (DS) showed a strong and sharp peak at 1623
cm! and 1517 em™! respectively, which are typical regions for B-sheet conformation!®. Shoulder
at 1690 cm! suggested that this B form is of the antiparallel type*’. Amide II peak centered at

1527 em™ and Amide III peak centered at 1234 ¢cm™! with a shoulder at 1265 cm™! confirmed B-
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sheet is the main secondary conformation in the natural degummed fiber®’. On the contrary, after
dissolution and freeze-drying (sample LYO), the protein structure underwent conformational
transitions as can be seen in the FTIR curve (Figure 2). Adsorption frequencies at 1647 cm!
(Amide I), 1540 cm™ (Amide II), and 1241 cm™' (Amide IIT) were clearly resolved.!? Peaks were
broader and shifted at higher wavelength if compared with degummed silk (DS), and shoulders
at 1690 cm! and 1265 cm™' were not evident on this curve. On the basis of literature data!>!3,
these spectral features are generally ascribed to random coil as main secondary conformation in
the protein. However, according to Chen et al.** they could be the result of different
intermolecular interactions due to protein folding.

Curves related to samples CF, CFwv, and CFmeon showed a progressive increasing in helices, [3-
sheet and other secondary beta conformations, such as beta turns and bends. Amide I peak
progressively shifted from random coil at 1644 cm™! (CF), to B-structure at 1623 cm™ (CFmeon).
Interestingly, sample CFwv showed an Amide I peak with a double signal at 1653 cm™! and 1623
cm!, suggesting the co-presence of a two main conformations, beta structure and the three-fold
helix or silk II1.3! Amide II peaks became sharper and mainly centered on 1520 cm™ frequency,
so progressively excluding signal at 1538 ¢cm™! consistent with a structural transition from an
amorphous or a silk I-like type structure to beta conformations'> (CFmeon). Shoulder at 1265 cm-
' (Amide III silk IT form®?) became evident again just in the sample CFumcon. To confirm the
structural transition due to the fibroin processing, a shoulder at 1700 cm™!, was evident just in the

natural degummed fiber (DS) and in the film treated with methanol (CFmeon), confirming the

presence of anti-parallel beta structures.
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Figure 2: FTIR-ATR curves of fibroin samples: LYO: freeze-dried fibroin water solution; CF:
fibroin film after casting; CFwv: fibroin film water annealed; CFmcon: fibroin film treated in
methanol 80% water solution; DS: natural degummed fiber. Dots lines indicated the frequencies

of interest discussed in the text.

3.2 Thermal analysis: DSC

DSC curves of all the samples are reported in Figure 3, and the related heat flow values are
summarized in Table 1. Natural degummed fiber (DS) displayed two endothermic peaks, the first
wide peak (Te: water evaporation temperature) is centered at about 90°C (total enthalpy 163.4

J-g1), related to the bound water evaporation; and the second sharper one is centered at 311°C

12



(277 Jg), related to the thermal degradation of the native protein, respectively. No clear glass
transition can be detected in the total heat flow. LYO curve displayed the peak related to water
loss centered at lower temperature and broader (associated energy 208 Jg-1) with a
contemporary slight shift to higher temperature (110 °C), a decreasing of degradation
temperature (290 °C) and the peak area related to silk fibroin degradation (140.5 J-.g!) as well. In
addition, the degradation peak showed a shoulder at 285 °C. An exothermic peak at 226 °C (AH
=19.4 J'g'!), and a clear glass transition (179 °C) were also detected. DSC conducted on sample
CF, film as cast, showed a slight decrease of the endothermic peaks and associated peak areas,
and similar T,. An exothermic peak was instead detected at lower Temperature (220°C), with a
reduced AH (14.6 Jg"). The CFwyv and CFwmcon films after stabilization treatment showed in
general just two endothermic peaks, at 95.6°C and 280°C and 97.7°C and 285°C respectively
with similar associated peak areas. In both samples a sensible shift of the degradation peaks at
lower temperature was observed with respect to DS. Contemporarily, the exothermic peak was
not detected anymore, as well as the glass transition temperature. CFwy sample degradation peak
showed a shoulder at 265 °C not visible in the CFmeon curve, which could suggest the

degradation of insoluble helixes structures in the sample.
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Figure 3. DSC curves of silk fibroin samples obtained by using different protocols. LYO: freeze-
dried fibroin water solution; CF: untreated fibroin cast film; CFwv: Fibroin film water annealed
after casting; CFmeon: Fibroin film methanol-treated after casting; DS: degummed silk fiber.
Arrows indicate temperatures discussed in the text: crystallization temperature (solid line), Tg

(dotted lines), degradation temperature (dashed line).
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fsc',‘;ple T,°C AHe-Jig'  Tg°C Tg°C  AH.-Jig' Tgec  AD-Jig
LYO 110 208 179 226 19.4 290 140.5
CF 86 195 1777 220 14.6 280 1413
CFwy 95.6 155.8 . I 280 146.4
CFyeon 97.7 1573 nd e e 285.7 157.4
DS 87.6 163.4 nd e e 3111 277

Table 1. Heat flow of silk fibroin samples after DSC analysis (10°C/min). Te: temperature of
endothermal peak; AHe: enthalpy of endothermal peak; Tg: glass-transition temperature; ACp:
heat capacity variation at Ty Tc: temperature of crystallization peak; AHc: enthalpy of

crystallization peak; Nd: not detected; ----- : not present.

3.3 NMR study. The '3C CPMAS NMR spectra of the prepared samples are shown in Figure 4,
and the main signals and their assignments are presented in Table 2. The main signals are also
highlighted in the Figure 4, in agreement with the labeling of carbon atoms in the fibroin main
aminoacids (displayed in the scheme included in the figure 4). The identified signals confirm the
presence of Ala, Gly, Ser and Tyr aminoacids in the protein sequence. According to the
literature,*®> the carbon atoms of Ala and Gly (C1, C7, C8 and C9), the -CH, of Ser (C5) and
the aromatic carbons of Tyr (C2, C3 and C4) can be undoubtedly recognized, as summarized in
Table 2. Tyr CB (8 around 36 ppm) is masked by the noise. Tyr and Ser C=0 give very small

contribution to peak 1.
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Figure 4. °C CPMAS NMR spectra of regenerated fibroin samples. Peak assignment and
reference molecular structures are reported above. Spinning sidebands are marked with *.

Vertical dashed lines are a guide to the eye. The labeling nl (n=1-9) refers to a C atom in a silk I-

like/random coil configuration, whereas nll refers to a C atom in a silk II configuration.
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C labeling o (ppm) Functional component

group
1A 175.8 C=0 Ala Silk I-like/rc
111 172.7 Cc=0 Ala/(Ser/Tyr) Silk II
lg 170.0 Cc=0 Gly -
2 155.5 Cceg Tyr -
3 131.0 Cy/Cd Tyr -
4 116.6 Ce Tyr -
511 64.5 Cp Ser Silk IT
51 61.9 Cp Ser Silk I-like/rc
61 58.0 Ca Ser Silk I-like/rc
611 55.3 Ca Ser/(Tyr) Silk IT
71 51.5 Ca Ala Silk I-like/rc
711 49.6 Ca Ala Silk IT
8 43.8 Ca Gly -
91l 20.6 Cp Ala Silk IT
91 17.3 Cp Ala Silk I-like/rc

Table 2. 13C NMR chemical shifts and assignments.?! 22 3% 3% The assignments in parenthesis

indicate the minor contribution. r¢ refers to random coil.

It is worth of note that the experimental traces of Figure 4 appear different in terms of peak
position and line-shape, giving rise to two types of spectra. To the first type belong the
lyophilized sample and the cast film (LYO, CF), which are characterized by large and non-
resolved signals. The second type includes the degummed silk (DS) displaying sharp and mainly
single resolved peaks and the fibroins films post-treated after casting (CFwmeon, CFwv), which
show splitting of some sharp peaks with slight variation of chemical shifts. As the source fibroin
is the same, the aminoacidic sequence should not change among the samples. Consequently, the
sharpness and intensity of the various peaks should be affected only by the conformation of the

induced secondary structures.?* 34

In solid state NMR, random coil and silk I structures give rise to identical chemical shift>,

therefore they cannot be distinguished on the basis of signal position. Thus, for the sake of

simplicity, in Table 2 and Figure 4 we used the labels I and II for the two resonances referred to

17



silk I/silk I-like/random coils and silk II secondary structures, respectively. The vertical dotted

lines in Figure 4 highlight the two contributions to the signals.

As previously noted, the fiber and the post-cured films give rise to spectra with sharper peaks
than LYO and CF samples, and this evidence can relate to higher crystallinity or lateral chain
mobility in DS, CFmeon and CFwy samples. The peak 8 (3 43.8 ppm, Gly Ca) is representative of
this behavior and shows a clear change in line-width (LW) among the different samples. We
chose to analyze this signal because it is a single well-resolved peak with high signal-to-noise
ratio. According to the peak-profile fitting, the full width at half height (FWHH) increases from
DS (271.2 Hz) to CFwv (297.8 Hz) and CFwmeon (335.6 Hz). ). A larger increase in LW is found

for CF and LYO samples with calculated values of 394.0 and 493.9 Hz, respectively.

The LW trend of the other peaks is not so clear. For instance, the aromatic carbons display broad
peaks with low signal-to-noise ratio (S/N), and a LW trend is not easily recognizable. The plots
relating the LW of peak 8 and the values calculated for other signals show clear correlation only
with peaks 71, 711, 1IA, 1IIA and 1G (Figure 5). The lack of correlation in other cases, due to
the significant peak overlapping and the low signal-to-noise ratio, will result in relevant sources

of error.
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Figure 5. Correlations of full widths at half height (FWHH) of components 8 and 71, 711, 11IA,

1I1A and 1G.

The linewidth analysis is not capable to definitely discriminate between Silk I-like/random coil
and Silk II contributions, since LW values are affected by a variety of parameters.

As reported in the literature,!?-2>-3032:3538.3657 the Ala CB peak (9) is sensitive to the influence of
the secondary structure and, consequently, it can be assumed as a diagnostic peak, taking
advantage of its position along the peptide chain. According to the DFT study made by Zhou,
who calculated Ala CB chemical shifts in the main amino acids sequence GAGAGS of silk
fibroin in regenerated fibroin film obtained from different solutions,’® the signal 9 can derive
from the overlapping of components at 15.0 + 0.5, 17.0 + 0.5, 20.0 £ 0.5, 21.5 + 0.5 ppm. These
four components are assigned to helix-like, helix/random coil, B-sheet and B-sheet-like

conformations, respectively. Henee Following the theoretical study of Zhou, the profile fittings
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of signal 9 of the different samples were calculated using the above reported components, and

the results are shown in Table 3.

8 (ppm) 14.7 17.1 20.2 22.5 %Silk IT tor
LYO 4.0 59.5 19.9 16.6 36.5
CF 3.9 60.8 28.4 6.9 353
CFwv 9.0 34.1 49.7 7.1 56.9
CFueon 5.0 38.5 36.6 19.9 56.5
DS 9.8 14.7 63.3 12.2 75.5
helix-like helix/random coil B-sheet B-sheet-like
Silk I-like/rc Silk II

Table 3. Ala CB chemical shifts and calculated relative amounts according to secondary

structures with a confidence level of 5% (from peak 9 profile fitting)

By summing peak areas at 14.7 and 17.1 ppm, and peak areas at 20.2 and 22.5 ppm, the
contribution of Silk I-like/rc (peak 91I) and silk II (peak 9II) can be evaluated, respectively.
From the data of Table 3, it appears that the helix/random coil structure is prevalent in casted and
lyophilized samples, whereas the B-sheet structure is predominant in post-treated films and
degummed silk fiber, with an almost identical amount of silk II in CFwv and in CFmcon, despite

the clear difference in peak 9 line-shape observable in the spectra of Figure 4.

We applied the deconvolution approach also to the analysis of the other resonances, which
clearly show the splitting in two components assigned to Silk I-like/rc and Silk II, according to
the literature. Thus, for each resonance (peaks 1, 5, 6 and 7), the relative amount of the two
components was calculated through the peak-profile fitting. The peak areas corresponding to Silk
II contribution of all the considered signals were plotted vs. the Silk II component of peak 9 of

the corresponding sample (Figure 6).
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Figure 6. Correlation of amount of component I among peaks 1, 5, 6, 7 and 9.

On the basis of these results, it appears that all the peaks attributed to silk II conformation
present a higher amount in DS, CFwv and CFmeon and a lower presence in CF and LYO samples.
Thus, the proposed correlation plot strengthens the structural discrimination. Moreover, the trend
of Figure 6 confirms the line-width evolution presented in Figure 5, also suggesting a relation

between Silk II amount and peak broadening.

4. DISCUSSION

Regenerated silk fibroin can assume silk I-like and silk II conformations depending on the
processing conditions. Regenerated fibroin can also assume intermediate beta structures, like

beta turns and beta bends, plus insoluble threefold helical silk III conformation observed at the
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water-air interface.”® Changing in protein secondary conformation and, as a consequence,
changing in 3-D self-assembling of the molecule strongly affect material properties such as
bound water content, stability, degradation kinetic, and also the biological performance.*>¢0:61

Here, the secondary conformations of different silk samples were evaluated by FTIR, DSC, and

NMR solid-state analysis.

Natural degummed silk fiber (pure fibroin, DS), as expected, showed the highest degree of
crystallinity and thermal stability. Amide I, II, and III related to strong anti-parallel beta
structures and intermolecular H-bondings were clearly detected by FTIR-ATR analysis (Figure
2). Native fibroin fiber stability, due to high crystallinity, was confirmed by DSC measurements.
Glass transition, as well as the crystallization peak, weren’t obvious due to the reduced quote of
amorphous regions and the degradation temperature shifted at high temperature (Tq ~ 309°C)
(Figure 3). This picture is in perfect agreement with the features of the 3C NMR spectrum. The
peak sharpness confirms the high crystallinity of this sample (Figure 5) and the profile fitting
analysis of the selected peak 9 due to Ala CP proves that Silk II is the predominant secondary

structure (75.5 %, Table 3).

On the opposite side, a remarkable increase of random coil conformation was observed in sample
LYO as a consequence of the silk fibroin dissolution process that induces loss of pristine
secondary structure. This can be clearly seen in the FTIR-ATR curve of sample LYO, where the
amide I, II and III peaks became broader and shifted to higher wavelength, and shoulder at 1265
cm! (silk IT) was not detected. Conformational changes affect also the thermal behavior of LYO

sample. DSC curve showed a small endothermic peak/step at 179 °C due to glass transition
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temperature, and also a crystallization peak around 226 °C before degradation, indicating a
decrease of crystallinity and thermal stability as well, in the sample if compared with the
degummed fiber. Interestingly, the degradation peak of LYO sample showed a shoulder at 285
°C, probably due to degradation of random coil and helices components. This effect becomes
more evident in the CFwv sample, where the degradation tended to be more complex, involving
thermal degradation of both alpha helix structures (silk I-like and/or silk III), and beta sheet
crystals, compared with other beta-conformation dominated samples (DS, CFmeon). This double
peak degradation phenomenon is also consistent with the FTIR data previously discussed.
Methanol treated sample, CFmeon,, showed a similar degradation temperature as CFwy without
displaying a shoulder at 285°C and a crystallization peak indicating the increase of beta sheet
conformation. DSC data were well correlated to the FTIR observations, in particular when
comparing the amide I peaks (CFwv showed a peak at 1648cm’!, indicating the alpha helix
conformation, which is not present in the CFmeon spectra). The increasing of beta-intermediate
structures as well as helices components, affect material stability in agreement with the observed

degradation temperature decreasing.

In agreement with the above discussion based on FTIR and DSC data, the NMR spectrum of
LYO sample is broad with linewidth that are twice larger than DS ones. Moreover, the lineshape
analysis of peak 9 indicates that about 60% of the structure is random coil. A similar
conformation is evidenced for the untreated sample CF that is also characterized by 60% of
random coil structure. However, the full width at half height of CF NMR peaks is smaller than
that calculated for LYO sample, suggesting a decrease of disorder that is consistent with the

calculated 28% of B-sheet structure (Table 3). In agreement with this observation, a broader
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peak is also visible for the amide I in FTIR spectra, indicating a starting increasing of alpha helix
conformation induced by casting process. The starting conformational transition was even well

supported by the change in shape of peak in the range of 1060-1080 cm™!.5!

The profile fitting analyses of NMR Ala CpB peak (9) performed with the signal components
proposed in the theoretical study of Zhou and used in model peptide studies®® lead to the
conclusion that CFwy and CFmeon samples present a similar conformation mixture (Table 3),
despite the qualitative spectra overview and the conclusions of FTIR and DSC data. This fact,
together with the knowledge of the possible presence of other conformations related to the water
annealing*® stimulated a deeper inspection of NMR peak line-shapes, and highlighted that
additional components should be considered in order to better represent the profile of
characteristic peaks of CFwy. Thus, the profile fitting analysis of Ala Cg peak (peak 9) was run
adding one more resonance at 18.2 ppm, which was assigned by Ando et al. to 3;-helix structures
in (Ala-Gly). polypeptides.®? The use of this signal component for the line-shape analysis of all
the other samples fails and this strongly supports the unique behavior of CFWV in our sample
set. Figure 7 compares the results of the profile fitting analysis of the Ala Cg peak (peak 9) of all
samples. Despite the low amount of the Silk III-like in CFWV, it is clear from figure 7b that the
use of an additional component restores the accordance of NMR with both DSC and FTIR
results, with a reduced calculated value of Silk II conformation (47.3%). The addition of a new
component for CFwv is also in agreement with the appearance in the FTIR spectrum of a
vibration at 1648 cm!, which can be attributed to the three-fold helix (silk IIT) found at air-water
interface, in agreement with Kaplan ef al.® Moreover, it can be justified by the observation of

the shoulder at 261°C in the DSC trace, which was absent in the case of CFmcon curve. The
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presence of silk III is also consistent with the processing conditions experienced by the sample;
consequently, we propose to assign the NMR component at 18.2 ppm to the insoluble three-fold
helix structure. This fact is significant since FTIR method itself usually has drawbacks to
separate peaks from the insoluble three-fold helix (silk IIT) structures (1645~1655 cm™) to other
soluble helical structures (1645~1650 cm™) and the random coil structures (1640~1645 cm™).
While the NMR method used here can give a clear calculation of the insoluble three-fold helix
(silk IIT) component in silk materials, which help us directly know the impact of three-fold helix

component to the silk materials in the future studies.
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Figure 7. Relative contributions of Silk I, and Silk II and related structures to peak 9 area in the
samples. Data derive from Table 3 with the only exception of sample CFWV whose profile
fitting takes into account the additional component at 18.2 ppm. For the sake of clarity, the
corresponding molecular structures are also reported, adapted in part from T. Asakura, Y.
Suzuki, Y. Nakazawa, G. P. Holland and J. L. Yarger, “Elucidating silk structure using solid-
state NMR”, Soft Matter, 2013, 9, 11440, with permission of The Royal Society of Chemistry.
http://dx.doi.org/10.1039/C3SM52187G and adapted with permission from “B-Peptides: From
Structure to Function”, R. P. Cheng, S. H. Gellman, and W. F. DeGrado, Chemical Reviews
2001 101 (10), 3219-3232 DOI: 10.1021/cr000045i. Copyright (2001) American Chemical

Society."

The new profile fitting procedure produces a reduction of linewidth of the other components,

particularly in the case of the resonance at 17.1 ppm. This is surprising since this signal is
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assigned to helix/random coils conformations characterized by a low order extent. In a similar
way, the profile fitting analysis run on peak 1 highlights the presence of a sharp component
centered at 177.5 ppm (see Supporting Information). These evidences, displayed only by the
sample CFwv, prompt us to assign these two peaks to a structure similar to the Silk I* proposed
by Asakura.’®*” Accordingly, this represents well-ordered regions of the Silk I-like
conformation, consisting of repeated type II B-turn units with alternate intra- and inter-molecular
hydrogen bonds. Silk I-like conformations were directly formed during the water annealing due
to the presence of water molecules that enhance chain mobility of non-crystalline domains. In
addition the process is slower if compared with methanol treatment, so allowing sufficient time

for chain self-assembly.!8

Since Silk I* and random coil structures present the same chemical shift of the Ala CP peak, the
measure of linewidth, together with the presence of the downfield component of peak 1, appears
the only way to distinguish between them. The comparison with the other samples leads to the
assignment of random coil configuration to the predominant Ala Cp component in LYO, CF and

CFwmeon samples, underlining again the peculiarity of CFwv sample.

The above assignment clarifies the fact that the line sharpening does not belong to chain mobility
or interaction with absorbed water, which is furthermore present in the same amount of sample
CFwmeon according to the DSC data, and strengthens the reliability of the quantitative results

proposed in figure 7 and Table 4.
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As proposed previously!?, the amide I FTIR band was analyzed in a similar way by adding the
component related to the presence of silk III in CFwy sample to the three components centered at
about 1690, 1651 and 1621 cm™! assigned to turns, random coil and antiparallel B-sheet
structures'?, respectively (Table S1, Supporting Information). The additional component was
fixed at around 1646 cm™! that is close to the frequency assigned to three-fold helix by Wilson et
al.!> Table 4 reports the comparison between NMR and IR data evaluation, highlighting the
substantial agreement of the data and the benefits achievable by using the combined information

from both techniques.

%SilkII DS CFmeon CFwy CF LYO

IR 714 525 419 398 304

NMR 755 565 473 353 36.5

Table 4. Amount of Silk II calculated by line shape analysis of NMR peak 9 and IR amide I
band, taking into account the additional component related to silk III in CFWV sample. (error

bar for each number is less than 5%).

These results highlight the presence, even if in low amount, of the three-fold helix structure in
CFwyv sample together with a ordered Silk I*-like conformation, and consequently stimulate to
the preparation of samples with increased amount of Silk III. Accordingly, work will be
undertaken in order to systematically assess the relations between different processing
parameters and three-fold helix content, as well as the influence on detected properties of

scaffolds.
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5. CONCLUSIONS

Fibroin conformation is one of the most important parameters that influences the final protein
material three-dimensional self-assembling, water correlation and mechanical properties, which
determining different biological outcomes. Various fibroin structures can be induced by
properly designing the process. The influence of different processing protocols and stabilization
methods on fibroin secondary structures and supermolecular structures were evaluated by the
synergic combination of data obtained through solid state NMR and FTIR-ATR spectroscopies,
together with DSC analysis. In particular, different conformations such as three-fold helices
dominated silk III and Silk I* in different silk materials were analyzed and quantified in this
study. The NMR data, corroborated by FTIR, highlighted the unique features of CFwv sample, in
which three-fold helices structures can be detected and quantified together with Silk I*
conformation, as a consequence of the stabilization treatment performed on cast film. These
insights can have important impact on silk fibroin-based materials, helping to elucidate the three-
dimensional self-assembling of the molecule under various treatments, which would impact their

water correlation and cells’ responses in biomedical applications.
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