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Abstract: Silk fibroin from Bombyx mori caterpillar is an outstanding biocompatible polymer for the
production of biomaterials. Its impressive combination of strength, flexibility, and degradability
are related to the protein’s secondary structure, which may be altered during the manufacture of
the biomaterial. The present study looks at the silk fibroin secondary structure during nanoparticle
production using ionic liquids and high-power ultrasound using novel infrared spectroscopic
approaches. The infrared spectrum of silk fibroin fibers shows that they are composed of 58% β-sheet,
9% turns, and 33% irregular and/or turn-like structures. When fibroin was dissolved in ionic liquids,
its amide I band resembled that of soluble silk and no β-sheet absorption was detected. Silk fibroin
nanoparticles regenerated from the ionic liquid solution exhibited an amide I band that resembled
that of the silk fibers but had a reduced β-sheet content and a corresponding higher content of turns,
suggesting an incomplete turn-to-sheet transition during the regeneration process. Both the analysis
of the experimental infrared spectrum and spectrum calculations suggest a particular type of β-sheet
structure that was involved in this deficiency, whereas the two other types of β-sheet structure found
in silk fibroin fibers were readily formed.

Keywords: silk fibroin; nanoparticles; secondary structure; infrared spectroscopy; FTIR spectroscopy;
ionic liquid; curve fitting

1. Introduction

Silk fibroin (SF) from the silkworm Bombyx mori is a fibrous protein that presents outstanding
mechanical properties, which are still hard to imitate by human-made synthetic polymers [1].
The protein is produced and stored in the posterior and middle silk gland as a semi-liquid gel,
in which the protein is in a water-soluble state [2] with a partially ordered structure [3], commonly
known as silk I. During the spinning process, the SF secondary structure changes from semi-order to
one composed mainly of antiparallel β-sheets, adopting a crystalline structure known as silk II [4,5].
This state is water-insoluble and presents all the impressive, well-known mechanical properties of
silk [6]. The transition from silk I to silk II is easily achievable in the laboratory and the resulting
regenerated silk can be used to produce many kinds of bioengineered materials [7,8] including but not
limited to, bone fracture fixation devices [9], scaffolds for tissue engineering [10–12], biosensor [13,14],
and nanoparticles for drug delivery applications [15,16]. The later has attracted considerable attention
due to the SF nanoparticles’ (SFN) ability to load a wide variety of therapeutic compounds [17],
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enhance penetration [18] and the versatility of the SF matrix presents through chemical modification to
program different functions into the nanoparticle [19–22]. From a biomaterial production standpoint,
silk I presents an unbiased starting material for biotechnological manipulation of the properties of
SF. However, obtaining native silk I directly is expensive as it is based on the direct extraction of the
proteins from the worm’s gland [23] or on the purification of recombinant proteins [24]. The common
alternative is using the already spun fibers (silk II) to produce silk I. Nonetheless, the production of
silk I from silk II can be a challenge, as the latter presents a large network of hydrogen bonds between
the SF monomer, which prevent its dissociation.

Our research group has developed a novel procedure for dissolving silk II using ionic liquids
and ultrasound to produce an SF solution [25], which can be later used for the production of
nanoparticles [26–28]. When the SF solution in ionic liquids is brought into contact with a polar
organic solvent such as methanol, a desolvation process regenerates the silk II structure. This procedure
represents an improvement over traditional methods [29,30] mainly because of: (i) the negligible
vapor pressure and easy recyclability of ionic liquids, which make them a “greener” alternative to
organic solvents [31–33], (ii) the possibility of obtaining high concentrations of a stable SF solution
(up to 25 w/w% [26]) and (iii) the general ease with which the silk can be dissolved.

The structure of silk II is known and has been studied previously by X-ray crystallography [34],
nuclear magnetic resonance (NMR) [35,36], and infrared spectroscopy [37,38]. Models for silk I
structure have been presented and backed by NMR [3] and infrared [37] data. However, the structure
of SF dissolved in ionic liquids and the regeneration of silk into nanoparticles from this solution have
never been reported.

Many methods are available to study the structure of proteins, which all have their specific
advantages and disadvantages. X-ray crystallography provides high structural resolution, but this
technique requires the growth of a protein crystal that excludes its applicability to the amorphous
domains of SF fibers [39]. Multidimensional NMR spectroscopy is also a powerful tool for structural
determinations and its solid-state implementation makes it possible to study also large proteins like
silk fibroin [36]. For its part, cryo-electron microscopy is a relatively new and powerful technique for
structural determination but does not seem to have been used to obtain atomic resolutions structures
of silk. Nonetheless, these methods are costly, labor-intensive, and the proteins of interest cannot
be studied under all the conditions that might be of technological interest. Analysis of the circular
dichroism (CD) is a useful alternative for estimating the relative amounts of secondary structures.
However, β-sheet structures generate diverse CD spectra depending on the β-sheet twist, making the
analysis of SF samples rather challenging [40,41]. Furthermore, samples containing large particles will
scatter light and large fibers tend to precipitate, which has two consequences: (i) it leads to artifacts
in the CD spectrum [42] and (ii) the less-scattering subset of the particles/fibers will dominate the
CD spectrum.

Here, we chose to use attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), which is a versatile and cost-effective tool for determining the secondary structure
of proteins [43–45]. Its particular advantage for the present study was that it allowed the entire
nanoparticle production process to be monitored. We focused on the amide I absorption of the
protein backbone (1700–1600 cm−1), which is mainly caused by the C=O stretching vibrations of
the amide groups. The vibrations on different amide groups couple, leading to collective vibrations
with vibrational frequencies that are sensitive to secondary structure [46]. Accordingly, the different
secondary structures absorb in specific spectral regions [44,47–50] but the spectrum is also sensitive
to further structural details like the extension and twist of β-sheets [44,51,52]. The amide I band
profile is usually broad and the component bands of the different structural elements need to
be identified by mathematical “resolution enhancement”—for example by calculating the second
derivative, which emphasizes sharp component bands and suppresses broad ones. The such identified
component bands are then used to fit the absorbance spectrum and the relative secondary structure
content is evaluated from the relative band areas associated with the different secondary structures.
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The information on secondary structure and the accuracy of its estimation are generally similar for
infrared and CD spectroscopy [53–56]—with a possible better prediction of β-sheets by infrared
spectroscopy [57–59]. The absolute error of the secondary structure content obtained from infrared
spectroscopy is mostly in the 3–10% range for a number of different evaluation methods [54–58,60–65].

In this work, the amide I band was analyzed by a novel method, which is based on the simultaneous
fitting of the absorption spectrum and of its second derivative [66]. The method minimizes the deviation
between fit and absorbance spectrum and at the same time the deviation between the second derivative
of the fit and the second derivative of the experimental absorbance spectrum. This exploits more
spectral information than fitting of the absorption spectrum alone because sharp component bands
dominate the second derivative spectrum, whereas broad components have a stronger influence on
the absorbance spectrum. Accordingly, sharp component bands are best “catched” by fitting the
second derivative, whereas broad component bands are accounted for by the simultaneous fitting of
the absorbance spectrum. In this way robust fit results are obtained. In addition to the experiments,
calculations were carried out to simulate the infrared spectrum of different β-sheet structures within SF
to confirm the band assignment. Using this approach, we studied the secondary structure of SF in fiber
state (silk II) dissolved in the ionic liquid 1-ethyl-3-methylimidazolium acetate (EmimAc), and after
regeneration into nanoparticle form (SFNP). The secondary structure of SF dissolved in EmimAc is
hereby studied for the first time and a detailed comparison between SF fibers and regenerated SFNP is
presented. Dissolved SF does not contain β-sheet structures. Upon regeneration into SFNP, two of
the three types of β-sheet structures found in SF fibers are readily formed, whereas the third type is
formed to a lesser extent. The structural implications are discussed.

2. Materials and Methods

2.1. Materials

EmimAc (>95% purity) was purchased from IoliTec GmbH (Heilbronn, Germany) and used
without further purification. Purified water (18.2 MΩ·cm at 25 ◦C; from a Millipore Direct-Q1 ultrapure
water system, Billerica, MA, USA) was used throughout. All other chemicals and solvents were of
analytical grade and were used without further purification.

The SF used in this study was extracted from white silk cocoons of the silkworm Bombyx mori
reared in the sericulture facilities of IMIDA (Murcia, Spain) with a diet based on fresh Morus alba L.
leaves. The intact pupae were hand-extracted from the silk cocoons between two to seven days after
the spinning process to avoid cross-contamination with the worm. To extract the SF, silk cocoons were
shredded in a mill up to 1 mm particle size, and later boiled in 0.2 N Na2CO3 solution for 120 min to
remove sericin, waxes and impurities. The remaining water-insoluble SF was rinsed thoroughly with
ultrapure water and air-dried in a fume hood until constant weight.

2.2. Silk Fibroin Solution

The SF solution in EmimAc (SF-EmimAc) was prepared by gradually adding SF up to 10 %
w/w into EmimAc under ultrasonication using a Branson 450D Sonicator (Emmerson Ultrasonic
Corporation, Dansbury, CT, USA) equipped with a 12 mm diameter flat tip at 30% amplitude, in 15 s
on/15 s off pulses until complete dissolution of the SF. The temperature of the solution was constantly
monitored so that it did not exceed 75 ◦C, to avoid protein degradation. To reduce the viscosity of the
SF-EmimAc solution, 3 mL of water was added to 5 g of SF-EmimAc (SF-EmimAc/H2O). To obtain
the IR spectrum, we used D2O instead of H2O to avoid overlap between the amide I band of SF and
the absorption of the H2O bending mode. The resulting solution is referred to as SF-EmimAc/D2O
throughout this manuscript.
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2.3. Preparation of Silk Fibroin Nanoparticle

SFNP were prepared following the protocol described by Lozano-Pérez et al. [26] with
modifications [27]. In brief, the SF-EmimAc/H2O solution was heated up to 60 ◦C in a thermostatic bath
and then sprayed over cold methanol (−20 ◦C) using a 0.7 mm two-fluid nozzle sprayer (from a Mini
Spray DryerS B-290, BÜCHI Labortechnik, Flawil, Switzerland, Part No. 044698) and N2 at 1 bar as the
dispersant of the aerosol. When the SF-EmimAc/H2O solution comes into contact with the methanol
a desolvation process takes place and nanoparticles are formed. The newly formed dispersion was
maintained under stirring for 2 h to allow time for a structural change. Finally, the nanoparticles were
washed three times by successive centrifugation and elimination of the supernatant, and after that,
freeze-dried for 72 h to obtain a fine powder.

2.4. Infrared Spectroscopy

Infrared absorption spectra were recorded with a Vertex 70 FTIR spectrometer (Bruker Optics,
Ettlingen, Germany) continuously purged with CO2-free, dry air and equipped with a 1-reflection,
45◦ angle of incidence, diamond ATR accessory (Platinum, Bruker Optics, Ettlingen, Germany).
Interferograms were recorded at a resolution of 2 cm−1 with a zero-filling factor of 2 and
Fourier-transformed using the Blackman-Harris 3-term apodization function. Each measured spectrum
was averaged from 300 scans at a data collection rate of 160 kHz. A background spectrum without
sample acquired using the same number of scans before each measurement.

Spectra of statistically oriented SF fibers (<1 mm) and SFNP samples were acquired by pressing
the dry protein powder with the ATR press onto the crystal. For the SF-EmimAc and SF-EmimAc/D2O
solutions, 10 µL of the solution were placed on the ATR crystal and measured. Spectra of the ionic liquid
and the ionic liquid with D2O were recorded and used to subtract the solvent from the SF/EmimAc
and SF/EmimAc/D2O solutions, respectively. For all cases, the influence of the subtraction factor on the
resulting amide I spectra were analyzed by using three different values (Figure S1). Spectral data were
pre-processed by tracing a straight baseline from 1740 to 1560 cm−1 for SF fibers and SFNP and 1720 to
1600 cm−1 for SF/EmimAc and SF/EmimAc/D2O solutions. No water vapor correction was necessary.

Amino acid side chains are sometimes a concern when fitting component bands to the amide I band.
However, the SF composition is skewed towards three amino acids, namely glycine (46.3%), alanine
(30.8%), and serine (8.9%) [67], none of which gives a signal in the amide I region [68]. The amino
acids, which do absorb in the amide I region and are present in SF are tyrosine (5.0%), glutamine
(1.3%), and arginine(0.5%) [67]. The last two are in a too low concentration to have a significant effect.
But Tyrosine, on the other hand, has a higher concentration and presents two absorption bands at 1590
and 1615 cm−1 in model compound studies [69]. Nonetheless, their molar absorptivities are rather
low [63] and therefore the Tyr contribution was ignored for the analysis of the spectra.

2.5. Spectral Analysis and Curve-Fitting

The secondary structure of SF was analyzed by band fitting of the amide I spectrum and its
second derivative simultaneously as described elsewhere [66]. Band fitting was performed using the
Kinetics software written and kindly provided by Prof. Erik Goormaghtigh (ULB, Brussels) based on
a MATLAB programing language and run in MATLAB version 2013b. The second derivative was
smoothed with a 13-point Savitzky-Golay algorithm and multiplied by a factor of 300 to increase its
weight in the fitting. The second derivative of the amide I band was used to decide the number and
the initial position of the bands to be later fit by Kinetics. Bands were allowed to move in a ±10 cm−1

range from its initial position. The line shape of the bands used was a weighted average of a Gaussian
and a Lorentzian line shape with an initial weight of 0.5 and the program was free to set any weight.
The full width at half height (FWHH) of the bands was fit by the program in a range from 0 to 50 cm−1,
starting at 25 cm−1. The secondary structure content was estimated from the relative band areas.
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2.6. Calculations of Amide I Band

The calculations were performed for two different silk structures, which were based on the models
provided by Asakura et al. [70] These models were extended to larger β-sheet layers using the program
Mercury and manually edited in order to remove residues that stuck out from the core of the β-sheet
layer. Each structure is composed of the same number of strands (32 strands) and of the same number
of residues per strand (8 complete amide groups per strand). The strands are organized in 4 β-sheet
layers with 8 strands each.

The simulated amide I spectra was calculated from mass-normalized force constant matrices
(F matrix) using a Matlab program [71]. A mass-normalized diagonal force constant of 1.7128 mdyn
Å−1 u−1, corresponding to 1705 cm−1, was initially assigned to each amide group. The diagonal
elements of the F matrices were modified according to the effect of the local environment [72] and the
effect of the inter-amide hydrogen bond, using a model suggested by Ge and coworkers [73], which is
based on the Kabsch-Sander energy of hydrogen bonds [74]. The coefficients to calculate the frequency
shift for the hydrogen bond to the carbonyl oxygen and the amide hydrogen were 2.4 cm−1/kcal and
1.0 cm−1/kcal, respectively. The coupling constants were obtained from density functional theory
calculations for nearest neighbor interactions [72] and calculated from transition dipole coupling for
other interactions. The parameters used to calculate the transition dipole coupling constants were
optimized previously [75]. The magnitude of the dipole derivative was fixed at 2.20 D Å−1 u−1/2,
the angle was fixed at 22◦ and A, a parameter that describes the effect of hydrogen bonding on the
magnitude of the dipole derivative, was fixed at 0.01 cm. The position of the transition dipole moment
was located 1.043 Å from the C-atom along the C=O bond and 0.513 Å along the C-N bond.

Wavenumbers and intensities of the amide I normal modes were retrieved from the solution of
the eigenvalue and eigenvector problem of the F matrices [76]. The amide I spectra were calculated by
assuming Gaussian lines with 16 cm−1 full width at half maximum for each amide I normal mode.

3. Results and Discussion

3.1. Silk Fibroin Fibers

By means of infrared spectroscopy, the Bombyx mori SF secondary structure was analyzed in SF
fibers dissolved in EmimAc (SF-EmimAc), EmimAc and D2O (SF-EmimAc/D2O), and after regeneration
into nanoparticle form (SFNP).

Results for the band fitting of the amide I band of SF fibers are presented in Figure 1, while the
band parameters for all fits can be found in Table 1. The amide I band was fit with eight component
bands of which the band below 1600 cm−1 was considered absorption from side-chain groups and was
not included in the total percentage of absorbance in the amide I region. Bands at 1700 and 1692 cm−1

were assigned to the high wavenumber component of antiparallel β-sheets [43,77]. One band at
1678 cm−1 was chosen to fit the mid-high wavenumber region (1690–1660 cm−1) and was assigned
to turn-like structures [38,61]. In the mid-region of the amide I band (1635–1660 cm−1), one band at
1648 cm−1 was used for the fit model and a perfect fit was achieved for the absorbance spectrum and a
good fit for the second derivative. Even when two or three bands were used, the fit in the mid-region
did not improve (data not shown). We chose to use the simplest model and assigned the area of the
1648 cm−1 band (33% of the entire amide I area) to irregular [78] and turn-like structures. In principle,
this band could also be assigned to α-helices, the presence of which has been described previously in
the mid-region of the amide I band for SF fibers in IR studies [38,79,80]. However, recent experimental
data do not support the presence of α-helices in silk II [36], and thus we did not consider α-helices in
our interpretation. Moreover, the large width of the band is in line with the presented assignment [78].
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Table 1. Band parameters for the fitted bands of SF fibers, SF-EmimAc, SF-EmimAc/D2O and SFNP.

Center (cm−1) Intensity FWHH (cm−1) fg * Relative Area (%)

SF fibers—dry/H-Form
1700 0.0139 10.1 0.90 3.3
1692 0.0070 14.6 0.46 2.9
1678 0.0136 29.2 1.00 9.0
1648 0.0394 36.8 1.00 32.9
1626 0.0435 24.9 1.00 24.6
1619 0.0221 17.0 0.82 9.2
1609 0.0410 19.0 0.96 18.1

SF-EmimAc/H-Form
1692 0.0134 18.8 0.85 11.7
1680 0.0253 21.1 1.00 23.3
1659 0.0526 28.4 1.00 65.0

SF-EmimAc/D2O/partially deuterated
1686 0.0018 19.5 1.00 2.1
1672 0.0187 28.4 1.00 31.8
1648 0.0334 33.0 1.00 66.1

SFNP—dry/H-Form
1700 0.0262 9.5 1.00 2.1
1692 0.0143 15.1 0.28 2.4
1674 0.0536 35.4 1.00 15.9
1646 0.1157 34.3 1.00 33.4
1624 0.1353 24.4 1.00 27.7
1621 0.0743 15.0 0.71 10.6
1610 0.0599 15.7 1.00 7.9

* The fg values denote the fractional contribution of the Gaussian lineshape to the overall lineshape. SF, silk fibroin;
EmimAc, 1-ethyl-3-methylimidazolium acetate; SF-EmimAc, silk fibroin dissolved in EmimAc; SF-EmimAc/D2O,
silk fibroin dissolved in EmimAc and heavy water; SFNP, silk fibroin nanoparticle; FWHH, full width at half height.
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According to the second derivative analysis of the amide I band, the β-sheet region
(ca. 1610–1640 cm−1, [78] Figure 1) contains at least three bands: one located at 1619 cm−1 corresponding
to the center peak, a second one at 1609 cm−1 corresponding to the shoulder of the main band, and a
third band that is inferred from the asymmetry of the main band at ca. 1630 cm−1. Note that our
assignment of the 1609 cm−1 component band to beta sheets is different from previous assignments to
Tyr [38,81] because of its low content (5%) and its relatively weak absorption [63].

Feeding the program with three bands in the low wavenumber region provided a good fit of the
spectral region and its second derivative with bands centered at 1626, 1619, and 1609 cm−1, possibly
indicating three different β-sheet structures. It should be mentioned that a poor fit was achieved
for the second derivative when the 1626 cm−1 band was not included in the fit (data not shown).
The total content of β-sheets estimated by this study was 58%, which is in line with previous IR [82],
Raman-IR [83], and NMR [35] studies indicating a 50%, 50%, and 60% β-sheet content, respectively.

In the following, these three β-sheet bands are tentatively assigned to the different β-sheet
structures suggested in previous studies. Silk II is composed of crystalline and non-crystalline regions,
which account for 56% and 44% of the fiber, respectively. In 1999, Takahashi et al. [34] proposed a
model of two different stacks of β-sheet structures present in the crystalline region. These structures
are defined by the methyl group orientation of the alanines in the poly(AG) sequence within the
stacked sheets, occurring statistically in a 2:1 ratio inside the crystal unit, named A and B, respectively.
This model was later redefined by Asakura et al. 2002, [35] where the distances for the H-bonds were
corrected. In the Takahashi model, the NH···OC interstrand hydrogen bond lengths are 2.1 Å for Ala
and 2.6 Å for Gly, while in the Asakura model both distances are 1.8 Å, as determined from the same
chemical shift in NMR studies [70]. Furthermore, Asakura et al. [36] proposed the existence of a third
type of β-sheet, a distorted sheet in the non-crystalline fraction of silk II. Overall, their experimental
evidence indicated 22% distorted β-sheets, plus 25% and 13% of the two stack models of β-sheets,
giving a total β-sheet content of 60% [70]. This number is in line with our findings of 58% for the total
β-sheet content. Interestingly, the band at 1626 cm−1 in our results accounted for 25% of the absorption
in the amide I range, while the 1619 and 1609 cm−1 bands accounted for 9% and 18%, respectively.
Because distorted β-sheets appear at higher wavenumbers than planar sheets [52], we assign the high
wavenumber band to distorted sheets. The band areas of the low and mid wavenumber β-sheet bands
resemble the 2:1 ratio found for structural models A and B, respectively, in the work by Asakura et al.
Therefore, we tentatively assign the 1609 cm−1 band to structure A and the 1619 cm−1 band to
structure B.

To our knowledge, bands have not previously been assigned to the different types of β-sheet
structures of SF using ATR-FTIR spectroscopy. For this reason, we tested further the hypothesis that
structure A absorbs at a lower wavenumber than structure B by spectrum calculations using the
structures provided by Asakura at al. [70]. The results are shown in Figure 2, where it can be seen that
structure A does indeed absorb at lower wavenumbers than structure B, supporting the tentative band
assignment proposed above.
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The difference between the two structures lies in the orientation of the methyl group of the alanine
as represented in Figure 3, top row. On the one hand, in structure A, the methyl group points toward
one Hα from Gly. On the other hand, in structure B, the methyl group points to the center of the pair
of interstrand Gly···Ala hydrogen bonds. The different methyl group orientations are accompanied
byslightly different backbone structures, comprising different dihedral angles, hydrogen bond lengths,
and distances between the carbonyl oxygens in adjacent chains. The latter indicates a slightly different
lateral position of two adjacent chains in the two structures. The distances between an oxygen in
one chain and the two closest oxygens in an adjacent chain are more equal in silk B (3.6 and 4.0Å)
than in silk A (3.4 and 4.1 Å) as shown in Figure 3, bottom row. This will have consequences for
the amide I spectrum because the interaction with the closest amide group in the adjacent chains
(connected by a short hydrogen bonded loop) leads to a downshift of the main β-sheet band, whereas
that with the next closest amide group (connected by a large hydrogen bonded loop) leads to an
upshift [84,85]. The distances indicate that the downshifting interaction is stronger in silk A and
the upshifting interaction weaker. This expectation is confirmed by an inspection of the coupling
constants determined in the course of our spectrum calculations. We conclude that the different lateral
shifts of adjacent chains in silk A and B contribute to the different spectral positions of the amide I
absorption maximum.
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methyl orientation of structures A and B with their respective methyl groups labeled blue and green.
Bottom row, distances between the closest oxygens in adjacent chains. Distances are measured in
Ångström (Å) [70].

Summarizing our band assignment for SF fibers, our analysis provides excellent agreement with
the NMR study by Asakura et al. [70]. We reproduce the total β-sheet content and the amount of
distorted β-sheets within a few percents. We also obtain the 2:1 ratio between the occurrences of
structures B and A (although the absolute content of these structures is somewhat lower than in the
NMR study). This agreement validates our approach and demonstrates that it is possible to distinguish
different β-sheet types in SF with infrared spectroscopy.
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3.2. Silk Fibroin Solution in Ionic Liquid and Aqueous Ionic Liquid

The amide I band of SF dissolved in EmimAc and EmimAc/D2O did not show signs of β-sheet
absorption as no bands were detected in the 1610–1635 cm−1 region (Figure 4). As was found for
silk I in previous studies [86–88]. Fitting of the amide I band in both solvents was performed with
3 bands. In both cases, the lower wavenumber band covered two-thirds of the amide I area and the
remaining third was divided between the other two bands. In the solution containing D2O (Figure 4b),
the bands appear broader and are located at wavenumbers that are 10 cm−1 lower. A downshift of the
same magnitude was observed when H2O was added (Figure S1), indicating that C=O groups are
participating in a hydrogen bonding network with water [89]. The band at higher wavenumber was
sharply reduced, suggesting that some structures are less stable in the presence of water or that free
carbonyls become H-bonded to water and are thus red-shifted. Omitting this band caused a poor fit
(data not shown).
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Figure 4. Band fitting of the amide I and its second derivative of SF dissolved in (a) EmimAc and
(b) EmimAc and D2O after subtraction of the absorbance of the solvents. Top: second derivative of
absorbance; bottom: ATR absorbance spectrum. Blue: Experimental spectrum and experimental second
derivative; Red: fitted spectrum and fitted second derivative. The maximum ATR absorbance was
0.055 at 1662 cm−1 for panel (a) and 0.037 at 1652 cm−1 for panel (b).

No straightforward band assignment can be made here, as there are no previous references
concerning protein secondary structures in ionic liquids. However, assignment to irregular structures
and turns would be in line with conventional band assignments for proteins in an aqueous solution.
Sohn et al. [90,91] suggested that the silk I state must have a higher order of structure rather than
simply a combination of random structures to achieve the level of organization that silk II requires.
Asakura et al. [3] proposed a repeated type-II β-turn structure for the poly AG sequence of SF in the
silk I state. Further evidence of type II β-turns in the silk I structure has been obtained by infrared
spectroscopy [37,92]. This structure consists of intramolecular hydrogen bonds between the carbonyl
oxygen atom of the of a Gly residue at position i and an Ala residue at position i+3. Although the
possible presence of an α-helix in silk I has been rejected before [36,93], this or another structure in the
ionic liquid dissolution cannot be fully dismissed.

3.3. Silk Fibroin Nanoparticles

After dissolution of the SF in the ionic liquids and subsequent regeneration into nanoparticles,
the amide I band shape of SFNP closely resembled that of silk II from SF fibers but with subtle changes
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that can be better depicted from its second derivative (Figure 5). In the low wavenumber range,
the main band at ca. 1620 cm−1 was sharper and the absorbance at 1609 cm−1 was drastically reduced.
This change can be clearly observed in the second derivative of the absorbance spectrum and could
indicate that some form of β-sheet structure is reduced in the SFNP compared with that observed in SF.
Moreover, the lower absorption measured at 1700 cm−1 is further evidence of a lower β-sheet content.
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Figure 5. Infrared spectrum and its second derivative of SF fibers (blue) and SFNP (red). Top: second
derivative of absorbance, bottom: normalized ATR absorbance spectrum of the amide I band.
The maximum ATR absorbance was 0.083 at 1620 cm−1 for SF and 0.248 at 1622 cm−1 for SFNP.

The fitting of the amide I band of SFNP yielded a similar band pattern to that seen for SF fibers
(Figure 6). However, the relative area of the mid-high wavenumber band at 1674 cm−1 assigned to
turns increased from 9% to 16%, while the relative area of the low wavenumber band at 1610 cm−1,
tentatively assigned here to β-sheets from structure A, was reduced from 18% to 8% (Table 1). The two
high wavenumber bands assigned to β-sheets were also reduced, especially the band at 1700 cm−1.
The rest of the bands did not show any significant variation.

The formation of β-sheets from silk I can be triggered by different processes including the use of
polar organic solvents [94], mechanical stress [95], and pH or ionic strength changes [96]. The process
influences the structure of the final silk products as indicated by their different IR spectra in the amide I
range. For example, bands assigned to β-sheets in SF films regenerated from different water annealing
processes showed significantly different relative β-sheet band areas [87,97]. The intensity disparity of
these component bands indicates that different regeneration protocols regenerate the β-sheet structures
to different extents. The spectral variation includes a component band near 1610 cm−1, which has been
observed previously in the IR spectra of regenerated silk [38,81,97,98]. It appears as a clear shoulder
near 1610 cm−1 in spectra of Antheraea assamensis SF, when SF was regenerated with isopropanol, but is
weaker when other solvents were used [81]. The observation parallels our results with Bombyx mori
silk, where a band at a similar spectral position is weaker in regenerated SF than in natively spun
SF fibers. From the similar spectral positions, we conclude that a similar type of β-sheet structure is
sensitive to the regeneration process in both types of silk and we suggest that it is structure A [70].



Polymers 2020, 12, 1294 11 of 16

Polymers 2020, 12, x FOR PEER REVIEW 11 of 17 

 

type A β-sheets in the procedure used here, and (iii) that turn-like structures transition into β-sheets. 

This last statement is in line with previously proposed models whereby β-sheets are formed from 

turn-like structures [3,90]. 

 

Figure 6. Band fitting of the amide I and its second derivative of regenerated SFNP. Top: second 

derivative of absorbance; bottom: ATR absorbance spectrum. Blue: Experimental spectrum and 

experimental second derivative; Red: fitted spectrum and fitted second derivative. The maximum 

ATR absorbance was 0.248 at 1622 cm−1. 

4. Conclusions 

Using novel infrared spectroscopic approaches, we obtained a detailed description of the 

secondary structure components of SF fibers (silk II), of SF dissolved in the ionic liquid, and of 

regenerated SFNP. 

According to our analysis, SF fibers consist of 58% β-sheets, 33% irregular and/or turn-like 

structures, and 9% turns. The three bands at 1626, 1619, and 1609 cm−1 used to fit the β-sheet region 

were tentatively assigned to distorted sheets and the two β-sheet structures B and A [70], respectively. 

The band assignment was supported by simulated amide I spectra and the relative abundance of each 

structure is in good agreement with previous studies performed with NMR [70]. 
SF dissolved in ionic liquids proved to have a silk I-like structure, as characterized from its amide 

I band shape. This is in line with the hypothesis of the silk I structure containing irregular structures 

and type-II β-turns. The results demonstrate the solvation power of ionic liquids to break hydrogen 

bonds of hydrophobic β-structures, which has possible applications in many other fields including 

that of amyloid diseases [99]. Moreover, the detected loss of structure is an important observation 

because it presents an unbiased starting point for the biotechnological manipulation of the properties 

of silk, which can be used as composite material for many biomaterials. 
Regenerated SFNP showed a similar amide I band shape and secondary structure composition 

as SF but with a 7% decrease in the β-sheet content and a corresponding increase in turns of the same 

magnitude. These results point to an incomplete regeneration of β-sheet structure from turn-like 

structures in the regeneration process using methanol. The affected β-sheet structure is suggested to 

be of type A, whereas the other two known β-sheet structures are formed to a similar extent as in SF 

fibers. 

Figure 6. Band fitting of the amide I and its second derivative of regenerated SFNP. Top: second
derivative of absorbance; bottom: ATR absorbance spectrum. Blue: Experimental spectrum and
experimental second derivative; Red: fitted spectrum and fitted second derivative. The maximum ATR
absorbance was 0.248 at 1622 cm−1.

In summary, our SFNP had 7% more turn-like structures than SF fibers and a correspondingly
decreased β-sheet content. These results suggest (i) that the regeneration process of type A β-sheets
was not complete, (ii) that distorted and type B β-sheet structures are preferably regenerated over
type A β-sheets in the procedure used here, and (iii) that turn-like structures transition into β-sheets.
This last statement is in line with previously proposed models whereby β-sheets are formed from
turn-like structures [3,90].

4. Conclusions

Using novel infrared spectroscopic approaches, we obtained a detailed description of the secondary
structure components of SF fibers (silk II), of SF dissolved in the ionic liquid, and of regenerated SFNP.

According to our analysis, SF fibers consist of 58% β-sheets, 33% irregular and/or turn-like
structures, and 9% turns. The three bands at 1626, 1619, and 1609 cm−1 used to fit the β-sheet region
were tentatively assigned to distorted sheets and the two β-sheet structures B and A [70], respectively.
The band assignment was supported by simulated amide I spectra and the relative abundance of each
structure is in good agreement with previous studies performed with NMR [70].

SF dissolved in ionic liquids proved to have a silk I-like structure, as characterized from its amide
I band shape. This is in line with the hypothesis of the silk I structure containing irregular structures
and type-II β-turns. The results demonstrate the solvation power of ionic liquids to break hydrogen
bonds of hydrophobic β-structures, which has possible applications in many other fields including
that of amyloid diseases [99]. Moreover, the detected loss of structure is an important observation
because it presents an unbiased starting point for the biotechnological manipulation of the properties
of silk, which can be used as composite material for many biomaterials.

Regenerated SFNP showed a similar amide I band shape and secondary structure composition as
SF but with a 7% decrease in the β-sheet content and a corresponding increase in turns of the same
magnitude. These results point to an incomplete regeneration of β-sheet structure from turn-like
structures in the regeneration process using methanol. The affected β-sheet structure is suggested to be
of type A, whereas the other two known β-sheet structures are formed to a similar extent as in SF fibers.
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after subtracting solvent absorption using different subtraction factors.

Author Contributions: Conceptualization, G.C. and A.B.; methodology and preparation of SF nanoparticles, G.C.
and M.G.M.; computational simulation C.M.B.; investigation, G.C. and A.B.; writing—original draft preparation,
G.C. and A.B.; supervision, A.B. and G.V.; funding acquisition, A.B. and G.V. All authors have read and agreed to
the published version of the manuscript.

Funding: This work has been partially supported from the European Commission (FEDER/ERDF) and the Spanish
MINECO (Ref. CTQ2017-87708-R) and the programme of support to the research of the Seneca Foundation
of Science and Technology of Murcia, Spain (Ref. 20977/PI/18). G. Carissimi acknowledges support from the
University of Murcia through the Mare Nostrum lines of action scholarship for 2018-2019 (R-421-2019). The infrared
spectrometer was funded by the Knut and Alice Wallenberg foundation.

Acknowledgments: The authors wish to thank the Department of Biotechnology of the Instituto Murciano de
Investigación y Desarrollo Agrario y Alimentario (IMIDA) for providing the silk cocoons used in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Fink, T.D.; Zha, R.H. Silk and silk-like supramolecular materials. Macromol. Rapid Commun. 2018, 39, 1–17.
[CrossRef] [PubMed]

2. Sehnal, F.; Sutherland, T. Silks produced by insect labial glands. Prion 2008, 2, 145–153. [CrossRef]
3. Asakura, T.; Ashida, J.; Yamane, T.; Kameda, T.; Nakazawa, Y.; Ohgo, K.; Komatsu, K. A repeated β-turn

structure in poly(Ala-Gly) as a model for silk I of Bombyx mori silk fibroin studied with two-dimensional
spin-diffusion NMR under off magic angle spinning and rotational echo double resonance. J. Mol. Biol. 2001,
306, 291–305. [CrossRef] [PubMed]

4. Vollrath, F.; Knight, D.P. Liquid crystalline spinning of spider silk. Nature 2001, 410, 541–548. [CrossRef]
[PubMed]

5. Asakura, T.; Yao, J. 13C CP/MAS NMR study on structural heterogeneity in Bombyx mori silk fiber and their
generation by stretching. Protein Sci. 2002, 11, 2706–2713. [CrossRef] [PubMed]

6. Xu, G.; Gong, L.; Yang, Z.; Liu, X.Y. What makes spider silk fibers so strong? from molecular-crystallite
network to hierarchical network structures. Soft Matter 2014, 10, 2116–2123. [CrossRef] [PubMed]

7. Vepari, C.; Kaplan, D.L. Silk as a biomaterial. Prog. Polym. Sci. 2009, 32, 991–1007. [CrossRef] [PubMed]
8. Huang, W.; Ling, S.; Li, C.; Omenetto, F.G.; Kaplan, D.L. Silkworm silk-based materials and devices generated

using bio-nanotechnology. Chem. Soc. Rev. 2018, 47, 6486–6504. [CrossRef] [PubMed]
9. Perrone, G.S.; Leisk, G.G.; Lo, T.J.; Moreau, J.E.; Haas, D.S.; Papenburg, B.J.; Golden, E.B.; Partlow, B.P.;

Fox, S.E.; Ibrahim, A.M.S.; et al. The use of silk-based devices for fracture fixation. Nat. Commun. 2014, 5,
1–9. [CrossRef]

10. Fomby, P.; Cherlin, A.J.; Hadjizadeh, A.; Doillon, C.J.; Sueblinvong, V.; Weiss, D.J.; Bates, J.H.T.; Gilbert, T.;
Liles, W.C.; Lutzko, C.; et al. Skeletal tissue engineering using silk biomaterials. J. Tissue Eng. Regen. Med.
2010, 12, 181–204. [CrossRef]

11. Altman, G.H.; Horan, R.L.; Lu, H.H.; Moreau, J.; Martin, I.; Richmond, J.C.; Kaplan, D.L. Silk matrix for
tissue engineered anterior cruciate ligaments. Biomaterials 2002, 23, 4131–4141. [CrossRef]

12. Liu, H.; Fan, H.; Wang, Y.; Toh, S.L.; Goh, J.C.H. The interaction between a combined knitted silk scaffold and
microporous silk sponge with human mesenchymal stem cells for ligament tissue engineering. Biomaterials
2008, 29, 662–674. [CrossRef] [PubMed]

13. Demura, M.; Asakura, T. Immobilization of glucose oxidase with Bombyx mori silk fibroin by only stretching
treatment and its application to glucose sensor. Biotechnol. Bioeng. 1989, 33, 598–603. [CrossRef]

14. Xu, M.; Jiang, Y.; Pradhan, S.; Yadavalli, V.K. Use of silk proteins to form organic, flexible, degradable
biosensors for metabolite monitoring. Front. Mater. 2019, 6, 1–9. [CrossRef]

15. Mottaghitalab, F.; Farokhi, M.; Shokrgozar, M.A.; Atyabi, F.; Hosseinkhani, H. Silk fibroin nanoparticle as a
novel drug delivery system. J. Control. Release 2015, 206, 161–176. [CrossRef] [PubMed]

16. Pham, D.T.; Tiyaboonchai, W. Fibroin nanoparticles: A promising drug delivery system. Drug Deliv. 2020, 27,
431–448. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4360/12/6/1294/s1
http://dx.doi.org/10.1002/marc.201700834
http://www.ncbi.nlm.nih.gov/pubmed/29457296
http://dx.doi.org/10.4161/pri.2.4.7489
http://dx.doi.org/10.1006/jmbi.2000.4394
http://www.ncbi.nlm.nih.gov/pubmed/11237601
http://dx.doi.org/10.1038/35069000
http://www.ncbi.nlm.nih.gov/pubmed/11279484
http://dx.doi.org/10.1110/ps.0221702
http://www.ncbi.nlm.nih.gov/pubmed/12381852
http://dx.doi.org/10.1039/C3SM52845F
http://www.ncbi.nlm.nih.gov/pubmed/24652059
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.013
http://www.ncbi.nlm.nih.gov/pubmed/19543442
http://dx.doi.org/10.1039/C8CS00187A
http://www.ncbi.nlm.nih.gov/pubmed/29938722
http://dx.doi.org/10.1038/ncomms4385
http://dx.doi.org/10.1002/term.68
http://dx.doi.org/10.1016/S0142-9612(02)00156-4
http://dx.doi.org/10.1016/j.biomaterials.2007.10.035
http://www.ncbi.nlm.nih.gov/pubmed/17997479
http://dx.doi.org/10.1002/bit.260330513
http://dx.doi.org/10.3389/fmats.2019.00331
http://dx.doi.org/10.1016/j.jconrel.2015.03.020
http://www.ncbi.nlm.nih.gov/pubmed/25797561
http://dx.doi.org/10.1080/10717544.2020.1736208
http://www.ncbi.nlm.nih.gov/pubmed/32157919


Polymers 2020, 12, 1294 13 of 16

17. Tomeh, M.A.; Hadianamrei, R.; Zhao, X. Silk fibroin as a functional biomaterial for drug and gene delivery.
Pharmaceutics 2019, 11, 494. [CrossRef]

18. Takeuchi, I.; Shimamura, Y.; Kakami, Y.; Kameda, T.; Hattori, K.; Miura, S.; Shirai, H.; Okumura, M.; Inagi, T.;
Terada, H.; et al. Transdermal delivery of 40-nm silk fibroin nanoparticles. Colloids Surf. B Biointerfaces 2019,
175, 564–568. [CrossRef] [PubMed]

19. Totten, J.D.; Wongpinyochit, T.; Carrola, J.; Duarte, I.F.; Seib, F.P. PEGylation-dependent metabolic rewiring
of macrophages with silk fibroin nanoparticles. ACS Appl. Mater. Interfaces 2019, 11, 14515–14525. [CrossRef]

20. Maziz, A.; Leprette, O.; Boyer, L.; Blatché, C.; Bergaud, C. Tuning the properties of silk fibroin biomaterial
via chemical cross-linking. Biomed. Phys. Eng. Express 2018, 4, 065012. [CrossRef]

21. Pham, D.T.; Saelim, N.; Tiyaboonchai, W. Crosslinked fibroin nanoparticles using EDC or PEI for drug
delivery: Physicochemical properties, crystallinity and structure. J. Mater. Sci. 2018, 53, 14087–14103.
[CrossRef]

22. Pham, D.T.; Saelim, N.; Tiyaboonchai, W. Paclitaxel loaded EDC-crosslinked fibroin nanoparticles: A potential
approach for colon cancer treatment. Drug Deliv. Transl. Res. 2020, 10, 413–424. [CrossRef] [PubMed]

23. Hossain, K.S.; Ochi, A.; Ooyama, E.; Magoshi, J.; Nemoto, N. Dynamic light scattering of native silk fibroin
solution extracted from different parts of the middle division of the silk gland of the Bombyx mori silkworm.
Biomacromolecules 2003, 4, 350–359. [CrossRef] [PubMed]

24. Arcidiacono, S.; Mello, C.; Kaplan, D.; Cheley, S.; Bayley, H. Purification and characterization of recombinant
spider silk expressed in Escherichia coli. Appl. Microbiol. Biotechnol. 1998, 49, 31–38. [CrossRef] [PubMed]

25. Villora, G.; Lozano-Pérez, A.A.; Cénis Anadón, J.L. Método Para la Obtención de Partículas de Proteína
Regenerada a Partir de Proteína Disuelta, Empleando Líquidos Iónicos y. Ultrasonidos. Patente Española ES
2482342, 6 May 2015.

26. Lozano-Pérez, A.A.; Montalbán, M.G.; Aznar-Cervantes, S.D.; Cragnolini, F.; Cenis, J.L.; Víllora, G.
Production of silk fibroin nanoparticles using ionic liquids and high-power ultrasounds. J. Appl. Polym. Sci.
2014, 132, 1–8. [CrossRef]

27. Montalbán, M.; Coburn, J.; Lozano-Pérez, A.; Cenis, J.; Víllora, G.; Kaplan, D. Production of curcumin-loaded
silk fibroin nanoparticles for cancer therapy. Nanomaterials 2018, 8, 126. [CrossRef]

28. Carissimi, G.; Lozano-pérez, A.A.; Montalbán, M.G.; Aznar-Cervantes, S.D.; Cenis, J.L.; Víllora, G.
Revealing the influence of the degumming process in the properties of silk fibroin nanoparticles. Polymers
2019, 1, 2045. [CrossRef] [PubMed]

29. Ajisawa, A. Dissolution aqueous of silk fibroin with calciumchloride/ethanol solution. J. Seric. Sci. Jpn. 1997,
67, 91–94.

30. Rockwood, D.N.; Preda, R.C.; Yücel, T.; Wang, X.; Lovett, M.L.; Kaplan, D.L. Materials fabrication from
Bombyx mori silk fibroin. Nat. Protoc. 2011, 6, 1612–1631. [CrossRef]

31. Hernández-Fernández, F.J.; de los Ríos, A.P.; Tomás-Alonso, F.; Gómez, D.; Rubio, M.; Víllora, G.
Integrated reaction/separation processes for the kinetic resolution of rac-1-phenylethanol using supported
liquid membranes based on ionic liquids. Chem. Eng. Process. Process. Intensif. 2007, 46, 818–824. [CrossRef]

32. Hernández-Fernández, F.J.; de los Ríos, A.P.; Tomás-Alonso, F.; Gómez, D.; Víllora, G. On the development of
an integrated membrane process with ionic liquids for the kinetic resolution of rac-2-pentanol. J. Memb. Sci.
2008, 314, 238–246. [CrossRef]

33. Rogers, R.D.; Seddon, K.R. Ionic liquids—Solvents of the future? Science 2003, 302, 792–793. [CrossRef]
[PubMed]

34. Takahashi, Y.; Gehoh, M.; Yuzuriha, K. Structure refinement and diffuse streak scattering of silk (Bombyx
mori). Int. J. Biol. Macromol. 1999, 24, 127–138. [CrossRef]

35. Asakura, T.; Yao, J.; Yamane, T.; Umemura, K.; Ulrich, A.S. Heterogeneous structure of silk fibers from
Bombyx mori resolved by 13C solid-state NMR spectroscopy. J. Am. Chem. Soc. 2002, 124, 8794–8795.
[CrossRef]

36. Asakura, T.; Okushita, K.; Williamson, M.P. Analysis of the structure of Bombyx mori silk fibroin by NMR.
Macromolecules 2015, 48, 2345–2357. [CrossRef]

37. Taddei, P.; Monti, P. Vibrational infrared conformational studies of model peptides representing the
semicrystalline domains of Bombyx mori silk fibroin. Biopolymers 2005, 78, 249–258. [CrossRef] [PubMed]

38. Hu, X.; Kaplan, D.; Cebe, P. Determining beta-sheet crystallinity in fibrous proteins by thermal analysis and
infrared spectroscopy. Macromolecules 2006, 39, 6161–6170. [CrossRef]

http://dx.doi.org/10.3390/pharmaceutics11100494
http://dx.doi.org/10.1016/j.colsurfb.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30579057
http://dx.doi.org/10.1021/acsami.8b18716
http://dx.doi.org/10.1088/2057-1976/aae3b2
http://dx.doi.org/10.1007/s10853-018-2635-3
http://dx.doi.org/10.1007/s13346-019-00682-7
http://www.ncbi.nlm.nih.gov/pubmed/31701488
http://dx.doi.org/10.1021/bm020109u
http://www.ncbi.nlm.nih.gov/pubmed/12625731
http://dx.doi.org/10.1007/s002530051133
http://www.ncbi.nlm.nih.gov/pubmed/9487707
http://dx.doi.org/10.1002/app.41702
http://dx.doi.org/10.3390/nano8020126
http://dx.doi.org/10.3390/polym11122045
http://www.ncbi.nlm.nih.gov/pubmed/31835438
http://dx.doi.org/10.1038/nprot.2011.379
http://dx.doi.org/10.1016/j.cep.2007.05.014
http://dx.doi.org/10.1016/j.memsci.2008.01.043
http://dx.doi.org/10.1126/science.1090313
http://www.ncbi.nlm.nih.gov/pubmed/14593156
http://dx.doi.org/10.1016/S0141-8130(98)00080-4
http://dx.doi.org/10.1021/ja020244e
http://dx.doi.org/10.1021/acs.macromol.5b00160
http://dx.doi.org/10.1002/bip.20275
http://www.ncbi.nlm.nih.gov/pubmed/15800959
http://dx.doi.org/10.1021/ma0610109


Polymers 2020, 12, 1294 14 of 16

39. Cullity, B.D. Elements of X-ray Diffraction; Addison-Wesley Pub. Co.: Boston, MA, USA, 1956.
40. Micsonai, A.; Wien, F.; Kernya, L.; Lee, Y.-H.; Goto, Y.; Réfrégiers, M.; Kardos, J. Accurate secondary structure

prediction and fold recognition for circular dichroism spectroscopy. Proc. Natl. Acad. Sci. USA 2015, 112,
E3095–E3103. [CrossRef]

41. Manning, M.C.; Illangasekare, M.; Woody, R.W. Circular dichroism studies of distorted α-helices, twisted
β-sheets, and β-turns. Biophys. Chem. 1988, 31, 77–86. [CrossRef]

42. Bustamante, C.; Tinoco, I.; Maestre, M.F. Circular differential scattering can be an important part of the
circular dichroism of macromolecules. Proc. Natl. Acad. Sci. USA 1983, 80, 3568–3572. [CrossRef]

43. Barth, A.; Zscherp, C. What vibrations tell us about proteins. Q. Rev. Biophys. 2002, 35, 369–430. [CrossRef]
[PubMed]

44. Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta-Bioenerg. 2007, 1767, 1073–1101. [CrossRef]
[PubMed]

45. Goormaghtigh, E.; Raussens, V.; Ruysschaert, J.M. Attenuated total reflection infrared spectroscopy of
proteins and lipids in biological membranes. Biochim. Biophys. Acta Rev. Biomembr. 1999, 1422, 105–185.
[CrossRef]

46. Krimm, S.; Bandekar, J. Vibrational spectroscopy and conformation of peptides, polypeptides, and proteins.
Adv. Protein Chem. 1986, 38, 181–364. [CrossRef]

47. Goormaghtigh, E.; Cabiaux, V.; Ruysschaert, J.M. Determination of soluble and membrane protein structure
by Fourier transform infrared spectroscopy. III. Secondary structures. Subcell. Biochem. 1994, 23, 405–450.
[CrossRef]

48. Jackson, M.; Mantsch, H.H. The Use and Misuse of FTIR Spectroscopy in the determination of protein
structure. Biochemistry 1995, 30, 95–120. [CrossRef] [PubMed]

49. Arrondo, J.L.R.; Muga, A.; Castresana, J.; Goñi, F.M. Quantitative studies of the structure of proteins in
solution by fourier-transform infrared spectroscopy. Prog. Biophys. Mol. Biol. 1993, 59, 23–56. [CrossRef]

50. Chalmers, J.M.; Griffiths, P.R. (Eds.) Fabian & Mäntele. In Handbook of Vibrational Spectroscopy;
John Wiley & Sons: Chichester, UK, 2002.

51. Chirgadze, Y.N.; Nevskaya, N.A. Infrared spectra and resonance interaction of amide-I vibration of the
parallel-chain pleated sheet. Biopolymers 1976, 15, 627–636. [CrossRef]

52. Kubelka, J.; Keiderling, T.A. Differentiation of β-sheet-forming structures: Ab initio-based simulations of
IR absorption and vibrational CD for model peptide and protein β-sheets. J. Am. Chem. Soc. 2001, 123,
12048–12058. [CrossRef]

53. Goormaghtigh, E.; Gasper, R.; Bénard, A.; Goldsztein, A.; Raussens, V. Protein secondary structure content
in solution, films and tissues: Redundancy and complementarity of the information content in circular
dichroism, transmission and ATR FTIR spectra. Biochim. Biophys. Acta Proteins Proteom. 2009, 1794, 1332–1343.
[CrossRef]

54. Lee, D.C.; Mitchell, R.C.; Haris, P.I.; Chapman, D. Determination of protein secondary structure using factor
analysis of infrared spectra. Biochemistry 1990, 29, 9185–9193. [CrossRef] [PubMed]

55. Baumruk, V.; Pancoska, P.; Keiderling, T.A. Predictions of secondary structure using statistical analyses
of electronic and vibrational circular dichroism and fourier transform infrared spectra of proteins in H2O.
J. Mol. Biol. 1996, 259, 774–791. [CrossRef] [PubMed]

56. Kalnin, N.N.; Baikalov, I.A.; Venyaminov, S.Y. Quantitative IR spectrophotometry of peptide compounds in
water (H2O) solutions. III. Estimation of the protein secondary structure. Biopolymers 1990, 30, 1273–1280.
[CrossRef] [PubMed]

57. Dousseau, F.; Pézolet, M. Determination of the secondary structure content of proteins in aqueous solutions
from their Amide I and Amide II infrared bands. Comparison between classical and partial least-squares
methods. Biochemistry 1990, 29, 8771–8779. [CrossRef] [PubMed]

58. Sarver, R.W.; Krueger, W.C. Protein secondary structure from fourier transform infrared spectroscopy: A data
base analysis. Anal. Biochem. 1991, 194, 89–100. [CrossRef]

59. Pribic, R.; Vanstokkum, I.H.M.; Chapman, D.; Haris, P.I.; Bloemendal, M. Protein secondary structure from
fourier transform infrared and/or circular dichroism spectra. Anal. Biochem. 1993, 214, 366–378. [CrossRef]
[PubMed]

60. Oberg, K.A.; Fink, A.L. A new attenuated total reflectance fourier transform infrared spectroscopy method
for the study of proteins in solution. Anal. Biochem. 1998, 256, 92–106. [CrossRef]

http://dx.doi.org/10.1073/pnas.1500851112
http://dx.doi.org/10.1016/0301-4622(88)80011-5
http://dx.doi.org/10.1073/pnas.80.12.3568
http://dx.doi.org/10.1017/S0033583502003815
http://www.ncbi.nlm.nih.gov/pubmed/12621861
http://dx.doi.org/10.1016/j.bbabio.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17692815
http://dx.doi.org/10.1016/S0304-4157(99)00004-0
http://dx.doi.org/10.1016/s0065-3233(08)60528-8
http://dx.doi.org/10.1007/978-1-4615-1863-1_10
http://dx.doi.org/10.3109/10409239509085140
http://www.ncbi.nlm.nih.gov/pubmed/7656562
http://dx.doi.org/10.1016/0079-6107(93)90006-6
http://dx.doi.org/10.1002/bip.1976.360150403
http://dx.doi.org/10.1021/ja0116627
http://dx.doi.org/10.1016/j.bbapap.2009.06.007
http://dx.doi.org/10.1021/bi00491a012
http://www.ncbi.nlm.nih.gov/pubmed/2271587
http://dx.doi.org/10.1006/jmbi.1996.0357
http://www.ncbi.nlm.nih.gov/pubmed/8683582
http://dx.doi.org/10.1002/bip.360301311
http://www.ncbi.nlm.nih.gov/pubmed/2085661
http://dx.doi.org/10.1021/bi00489a038
http://www.ncbi.nlm.nih.gov/pubmed/2271555
http://dx.doi.org/10.1016/0003-2697(91)90155-M
http://dx.doi.org/10.1006/abio.1993.1511
http://www.ncbi.nlm.nih.gov/pubmed/8109723
http://dx.doi.org/10.1006/abio.1997.2486


Polymers 2020, 12, 1294 15 of 16

61. Byler, D.M.; Susi, H. Examination of the secondary structure of proteins by deconvolved FTIR spectra.
Biopolymers 1986, 25, 469–487. [CrossRef]

62. Dong, A.; Huang, P.; Caughey, W.S. Protein secondary structures in water from second-derivative Amide I
infrared spectra. Biochemistry 1990, 29, 3303–3308. [CrossRef] [PubMed]

63. Rahmelow, K.; Hübner, W.; Ackermann, T. Infrared absorbances of protein side chains. Anal. Biochem. 1998,
257, 1–11. [CrossRef] [PubMed]

64. Vedantham, G.; Sparks, H.G.; Sane, S.U.; Tzannis, S.; Przybycien, T.M. A holistic approach for protein
secondary structure estimation from infrared spectra in H2O solutions. Anal. Biochem. 2000, 285, 33–49.
[CrossRef] [PubMed]

65. Goormaghtigh, E.; Ruysschaert, J.M.; Raussens, V. Evaluation of the information content in infrared spectra
for protein secondary structure determination. Biophys. J. 2006, 90, 2946–2957. [CrossRef] [PubMed]

66. Baldassarre, M.; Li, C.; Eremina, N.; Goormaghtigh, E.; Barth, A. Simultaneous fitting of absorption spectra
and their second derivatives for an improved analysis of protein infrared spectra. Molecules 2015, 20,
12599–12622. [CrossRef] [PubMed]

67. Wray, L.S.; Hu, X.; Gallego, J.; Georgakoudi, I.; Omenetto, F.G.; Schmidt, D.; Kaplan, D.L. Effect of processing
on silk-based biomaterials: Reproducibility and biocompatibility. J. Biomed. Mater. Res. Part B Appl. Biomater.
2011, 99, 89–101. [CrossRef] [PubMed]

68. Barth, A. The infrared absorption of amino acid side chains. Prog. Biophys. Mol. Biol. 2000, 74, 141–173.
[CrossRef]

69. Chirgadze, Y.N.; Fedorov, O.V.; Trushina, N.P. Estimation of amino acid side chain absorption in the IR
spectra of protein solutions in heavy water. Biopolymers 1975, 14, 679. [CrossRef]

70. Asakura, T.; Ohata, T.; Kametani, S.; Okushita, K.; Yazawa, K.; Nishiyama, Y.; Nishimura, K.; Aoki, A.;
Suzuki, F.; Kaji, H.; et al. Intermolecular packing in B. mori silk fibroin: Multinuclear NMR study of the
model peptide (Ala-Gly)15 defines a heterogeneous antiparallel antipolar mode of assembly in the silk ii
form. Macromolecules 2015, 48, 28–36. [CrossRef]

71. Karjalainen, E.L.; Ersmark, T.; Barth, A. Optimization of model parameters for describing the Amide i
spectrum of a large set of proteins. J. Phys. Chem. B 2012, 116, 4831–4842. [CrossRef]

72. Gorbunov, R.D.; Kosov, D.S.; Stock, G. Ab initio-based exciton model of Amide I vibrations in peptides:
Definition, conformational dependence, and transferability. J. Chem. Phys. 2005, 122, 224904. [CrossRef]

73. Maekawa, H.; Toniolo, C.; Broxterman, Q.B.; Ge, N.H. Two-dimensional infrared spectral signatures of
310- And α-helical peptides. J. Phys. Chem. B 2007, 111, 3222–3235. [CrossRef]

74. Kabsch, W.; Sander, C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded
and geometrical features. Biopolymers 1983, 22, 2577–2637. [CrossRef] [PubMed]

75. Baronio, C.M.; Barth, A. The Amide I spectrum of proteins—Optimization of transition dipole coupling
parameters using density functional theory calculations. J. Phys. Chem. B 2020, 124, 1703–1714. [CrossRef]
[PubMed]

76. Torii, H.; Tasumi, M. Infrared Spectroscopy of Biomolecules; Mantsch, H.H., Chapman, D., Henry, H.,
Mantsch, D.C., Eds.; Wiley-Liss: New York, NY, USA, 1996; ISBN 978-0-471-02184-1.

77. Karjalainen, E.-L.E.L.; Ravi, H.K.; Barth, A. Simulation of the amide I absorption of stacked β-sheets. J. Phys.
Chem. B 2011, 115, 749–757. [CrossRef] [PubMed]

78. Chirgadze, Y.N.; Brazhnikov, E.V. Intensities and other spectral parameters of infrared amide bands of
polypeptides in the β- and random forms. Biopolymers 1974, 13, 1701–1712. [CrossRef]

79. 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. Bioinform. 2001, 44, 119–122. [CrossRef]

80. Edwards, H.G.M.; Farwell, D.W. Raman spectroscopic studies of silk. J. Raman Spectrosc. 1995, 26, 901–909.
[CrossRef]

81. Goujon, N.; Rajkhowa, R.; Wang, X.; Byrne, N. Effect of solvent on ionic liquid dissolved regenerated
antheraea assamensis silk fibroin. J. Appl. Polym. Sci. 2013, 128, 4411–4416. [CrossRef]

82. Paquet-Mercier, F.; Lefèvre, T.; Auger, M.; Pézolet, M. Evidence by infrared spectroscopy of the presence
of two types of β-sheets in major ampullate spider silk and silkworm silk. Soft Matter 2013, 9, 208–215.
[CrossRef]

83. Lefèvre, T.; Rousseau, M.E.; Pézolet, M. Protein secondary structure and orientation in silk as revealed by
Raman spectromicroscopy. Biophys. J. 2007, 92, 2885–2895. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/bip.360250307
http://dx.doi.org/10.1021/bi00465a022
http://www.ncbi.nlm.nih.gov/pubmed/2159334
http://dx.doi.org/10.1006/abio.1997.2502
http://www.ncbi.nlm.nih.gov/pubmed/9512765
http://dx.doi.org/10.1006/abio.2000.4744
http://www.ncbi.nlm.nih.gov/pubmed/10998261
http://dx.doi.org/10.1529/biophysj.105.072017
http://www.ncbi.nlm.nih.gov/pubmed/16428280
http://dx.doi.org/10.3390/molecules200712599
http://www.ncbi.nlm.nih.gov/pubmed/26184143
http://dx.doi.org/10.1002/jbm.b.31875
http://www.ncbi.nlm.nih.gov/pubmed/21695778
http://dx.doi.org/10.1016/S0079-6107(00)00021-3
http://dx.doi.org/10.1002/bip.1975.360140402
http://dx.doi.org/10.1021/ma502191g
http://dx.doi.org/10.1021/jp301095v
http://dx.doi.org/10.1063/1.1898215
http://dx.doi.org/10.1021/jp0674874
http://dx.doi.org/10.1002/bip.360221211
http://www.ncbi.nlm.nih.gov/pubmed/6667333
http://dx.doi.org/10.1021/acs.jpcb.0c02197
http://www.ncbi.nlm.nih.gov/pubmed/32207308
http://dx.doi.org/10.1021/jp109918c
http://www.ncbi.nlm.nih.gov/pubmed/21174476
http://dx.doi.org/10.1002/bip.1974.360130902
http://dx.doi.org/10.1002/prot.1078
http://dx.doi.org/10.1002/jrs.1250260842
http://dx.doi.org/10.1002/app.38666
http://dx.doi.org/10.1039/C2SM26657A
http://dx.doi.org/10.1529/biophysj.106.100339
http://www.ncbi.nlm.nih.gov/pubmed/17277183


Polymers 2020, 12, 1294 16 of 16
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