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ABSTRACT: Silk fibers have good biocompatibility and mechan-
ical properties, which make them attractive in biomaterial
applications as well as textile industries. It is believed that the
superior mechanical property is associated with the crystalline β-
sheet structure in the fiber; but a deeper understanding of the
structure−property relationship is still needed for full exploitation
of its physical properties. Especially, accurate information on
hydrogen-bonding interactions within β-sheet domains at the
nanoscale and their spatial distributions at the mesoscale are
critically needed. In this study, we demonstrate the selective
detection of crystalline β-sheet domains in Bombyx mori silk fiber
using sum frequency generation (SFG) spectroscopy and its use to
determine the angular distribution of the β-sheet crystallites with
respect to the fiber axis. Numerical simulations of the SFG signal of the amide-I band were carried out using tensors based on the B2
symmetry of the D2 point group and compared with experimental data. This comparison found that the crystalline β-sheet domains
are aligned along the fiber axis with a standard deviation of ∼27° and parallel to the fiber surface with a standard deviation of ∼5°. It
was also found that the amide bands in the SFG spectra cannot be fully explained with the assumption that the crystalline β-sheet
vibrations can be described with the D2 point group. Being able to monitor the amide group vibrations sensitive to both interchain
hydrogen bonding and crystallite orientations, SFG analysis has a potential to unveil the structure−mechanical property relationship
that may not be readily assessable with other characterization techniques.

■ INTRODUCTION
Natural silk fibers, produced by arthropods, notably moths and
spiders for sheltering or prey catching, exhibit excellent
mechanical properties that engineered polymers cannot
match. For example, the dragline of orb-weaver spiders
(Araneus) exhibits a high toughness (160 MJ/m3) with a
superior strength (1100 MPa),1 which surpasses most
synthetic fibers, including aramid fibers (such as Kevlar).
The good mechanical property is thought to be governed by
the crystalline β-sheet domains in the silk.2,3 If engineers can
mimic these properties of natural silk fibers in synthetic fibers,
it could enable broader applications in various industrial
fields.4−6 For that, it is needed to better understand the
relationship between the crystalline β-sheet structure and the
tensile properties of natural silk fibers.2,7,8

Although not the toughest, the cocoon fiber of domesticated
Bombyx mori has been a good model system to study the
structure−property relationship of silk because it is readily
available.9,10 The structure of the B. mori silk is shown in
Figure 1a. At the microscale, each silk thread is comprised of
two fibroins, each containing about 1000 bundles of micro-
fibrils, surrounded by sericin layers. Microfibrils are comprised

of crystalline β-sheet domains and an amorphous matrix with
other secondary structures such as α helices and β turns.7,11 In
general, the crystalline β-sheet domains contain repeating units
of glycine (G), L-alanine (A), and L-serine (S); different species
spin silk fibers with different amino acid sequences, forming
the β-sheet structure. The β sheet of B. mori silkworms has a
primary motif sequence of [GAGAGS]n.

12,13 Due to the shear
during the fiber spinning, individual β strands are aligned along
with the fiber direction.2,8,14 Through hydrogen-bonding
interactions between C�O and H−N groups in adjacent β
strands, they can form antiparallel-packed pleated sheets. The
stacking of the hydrophobic facets of these sheets through van
der Waals interactions leads to a crystalline β-sheet
domain.12,15 In the crystalline unit cell, the C�O···H−N

Received: June 6, 2024
Revised: October 2, 2024
Accepted: October 3, 2024
Published: October 16, 2024

Articlepubs.acs.org/Biomac

© 2024 American Chemical Society
7178

https://doi.org/10.1021/acs.biomac.4c00774
Biomacromolecules 2024, 25, 7178−7190

D
ow

nl
oa

de
d 

vi
a 

PE
N

N
SY

LV
A

N
IA

 S
TA

TE
 U

N
IV

 o
n 

Se
pt

em
be

r 1
, 2

02
5 

at
 1

3:
33

:3
1 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyeong+Ryu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juseok+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jongcheol+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seong+H.+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.4c00774&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00774?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00774?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00774?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00774?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00774?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/bomaf6/25/11?ref=pdf
https://pubs.acs.org/toc/bomaf6/25/11?ref=pdf
https://pubs.acs.org/toc/bomaf6/25/11?ref=pdf
https://pubs.acs.org/toc/bomaf6/25/11?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf


hydrogen bonds are along the b axis and the hydrophobic
stacking is along the a axis.
The crystalline β-sheet domain structure has been

characterized extensively with X-ray diffraction (XRD), nuclear
magnetic resonance (NMR), and infrared (IR) and Raman
spectroscopy. In 1955, Marsh et al. conducted XRD analysis
and proposed a polar antiparallel structure, in which the
methyl groups of alanine in β strands in one sheet are pointing
in the same direction and these directions vary alternatively
among adjacent sheets (see the top image in Figure 1b).16 In
1979, Lotz and Cesari proposed an alternative structure which
contained less-regularly aligned strands.17 Based on further
XRD analysis, Takahashi et al. suggested that an antipolar
antiparallel packing model is more suitable than polar
antiparallel packing; in the antipolar packing, the methyl
groups between adjacent β strands in one sheet point in
opposite directions (see the bottom image in Figure 1b).15

Later, an NMR study also supported the antipolar antiparallel
model.18 Since the shear action during the fiber spinning aligns
the β strands along the fiber direction, the (002) diffraction
peak of the crystalline β sheet appears in the meridional
direction and the (hk0) peaks are in the equatorial direction in
2D-XRD of silk fiber (Figure 1c).19

Although XRD can provide crystallographic dimensions and
orientations, it cannot provide subtle changes in hydrogen-
bonding interactions because the X-ray scattering cross section
of hydrogen is essentially zero. Additionally, XRD suffers from
diffuse scattering signals from the amorphous matrix, especially
when the crystallinity is low and crystals are small in size.20,21

NMR can provide additional structural information such as
dihedral angles of amide bonds, but it cannot provide
information on crystallite distributions in space.18,22

Vibrational spectroscopy has been extensively used for
qualitative and quantitative analysis for secondary structures of
proteins that are sensitive to interchain hydrogen-bonding
interactions.23 Figure 1d illustrates the characteristic normal
modes of peptide backbone vibrations widely used in
vibrational spectroscopy. The amide-I modes in the 1600−
1700 cm−1 region are predominantly C�O stretching with
minor contributions from CN stretching and NCC deforma-

tion of the peptide backbone.23,24 The contribution from the
side groups attached to the Cα position is considered to be
negligible in the amide-I mode. For that reason, the amide-I
band can be deconvoluted with characteristic modes of
different secondary structures of the peptide chains, regardless
of the identity of the side groups.23−25 Although the vibrational
modes in the amide-II and -III bands are coupled with side
groups, their peak positions can also be related to specific
secondary structures of proteins. The amide-II modes in the
1500−1580 cm−1 region involve NH in-plane bending and CN
stretching, with some contributions from Hα bending.

23,24 The
amide-III modes in the 1200−1300 cm−1 region involve
coupling of various modes including NH in-plane bending, CN
stretching, Hα bending, and vibrations of other side groups at
the Cα position.

24,26 The amide-A band at ∼3300 cm−1 and the
amide-B band at 3050 cm−1 are the Fermi resonance doublets
of the NH stretching mode and the overtone of the amide-II
mode.24

Although these assignments show the potential of using
vibrational spectroscopy to study hydrogen-bonding inter-
actions and conformational changes in the crystalline β-sheet
domains in the silk fiber, the practical usage of conventional IR
and Raman analysis methods suffers from uncertainties in peak
deconvolution especially when the crystallinity of the sample is
low. For example, the IR peaks in the amide-I band region of
silk could be deconvoluted with multiple peaks (in some cases,
up to ten components), which are highly subjected to the
choice of spectral parameters used for peak fitting. Thus, fitting
results may vary drastically depending on constraints in full
width half-maximum (fwhm), peak position, etc.27−29 In the
case of quantification of crystalline β-sheet domains in silk, it is
often difficult to reliably and accurately distinguish and
subtract the amorphous contributions from the experimental
spectrum.
The complexity associated with signals from the amorphous

phase can be completely avoided in nonlinear spectroscopy,
such as vibrational sum frequency generation (SFG) spectros-
copy. Being a nonlinear optical process, SFG requires
noncentrosymmetry;30−33 this means that amorphous (ran-
dom) phases cannot produce the SFG signal and only

Figure 1. (a) Hierarchical structure of B. mori silk fiber containing antiparallel β-sheet domains. (b) Schematic illustration of two possible stacking
patterns of β sheets. (c) 2D-XRD pattern of B. mori fibers aligned along the meridional direction. (d) Normal modes of amide bands; Cα, Cβ, and
Hα represent the carbon center of amino acid, the side group carbon, and hydrogen bonded to the carbon center, respectively.
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crystalline domains without centrosymmetry can be detected
selectively in SFG.30−33 This has been demonstrated in
structural analysis of various crystalline biopolymers including
cellulose, chitin, amylose, collagen, and so on.31−34 The SFG
signal intensity is proportional to the square of the nonlinear
second-order susceptibility (χijk(2)) which can be described
as31−36

N R R Rijk
i j k

ii jj kk i j k
(2)

, ,
, ,

(1)

where N is the number density of SFG-active domains within
the SFG coherence length, i j k, , is the molecular hyper-
polarizability of the SFG-active vibrational mode, and
R R Rii jj kk is the Euler transformation matrix projecting the
i′,j′,k′ molecular coordinate (a,b,c) to the i,j,k lab coordinate
(X,Y,Z) using three polar coordinate angles, namely, tilt (θ),
azimuth (ϕ), and twist (ψ) angles (see Figure S1 for the
angular representation). Thus, if the hyperpolarizability ( )i j k, ,

of the vibrational mode of interest is known, the SFG signal
intensity can be calculated theoretically with proper angular
distributions of SFG-active vibrational modes.35,37,38

In this study, we demonstrate the selective detection of the
crystalline β-sheet domain in B. mori silk fiber with SFG,
discuss the assignment of the vibrational peaks detected with
SFG, and determine the orientational distribution of β-sheet
domains in B. mori silk fiber. The SFG spectra with amide
bands are compared with the polarized IR and Raman spectra.
The i j k, , term has a nonzero value only when the vibrational
mode is both IR- and Raman-active.35,37,38 For that reason, the
comparison of SFG spectral features with the IR and Raman
spectra can facilitate the peak identification and interpreta-
tion.30,31 In the previous SFG study of model proteins, it was
suggested that the SFG signal of the amide-I band could be
modeled with the B2 symmetry of the D2 point group.

38,39 We
used this symmetry-based i j k, , argument for the amide-I
band and carried out theoretical predictions of the azimuth
angle dependence of the SFG signals at four SFG polarization
combinations for various tilt and azimuth angles. By comparing
the theoretically calculated SFG intensity ratios with the
experimental data, it was possible to determine the angular
orientation distribution of the crystalline β sheets in the B. mori
silk fiber. From this study, we also found the limitation of the
point group symmetry-based approach, which invites further
development of the i j k, , calculation. Nonetheless, it is still
possible to assess the potential to use SFG characterization to
unveil the structure−property relationship of silk fibers.

■ EXPERIMENTAL SECTION
Materials. Silk fibroin powder (product no. 925802) was obtained

from Sigma-Aldrich, and methanol (product no. BDH2018-1GLP)
was purchased from VWR International. Degummed B. mori silk
fibers were purchased from Living Dreams Yarn Co. All materials
were used as received.
Preparation of Samples. Fibroin powders were pelletized into

disks (7 mm diameter, 1 mm thick) using a minipellet press (Specac,
UK). These fibroin pellets were immersed in 30 mL of methanol to
recrystallize β-sheet structures. After a designated treatment time,
each pellet was retrieved from the methanol solution and residual
methanol was wiped off using a dust-free tissue. The pellets were then
dried under vacuum for 2 days at room temperature. Detailed
experimental procedures can be found elsewhere.28,40 Since particles
in the fibroin pellet had no specific order or orientation, they were

directly placed on the sample stage without any specific orientational
mark. The silk fiber samples were used as received without additional
chemical treatment. The fiber samples were combed for uniform
alignment, and the top and bottom regions were affixed to a substrate
(slide glass) using ultraviolet resin.

X-ray Diffraction. Two-dimensional (2D) XRD in transmission
mode was performed using a Xeuss 2.0 HR (Xenocs, France) with a
copper (Cu) X-ray wavelength of 1.54 Å (50 kV, 0.6 mA) and a
Dectris Pilatus3 R 200 K detector.

Attenuated Total Reflection IR and Raman Spectroscopy.
Fourier-transform IR (FT-IR) spectroscopy measurements were
conducted using a Bruker Vertex 80 spectrometer (Bruker Optics)
with a mercury−cadmium−telluride (MCT) detector. Diamond and
ZnSe crystals were used for attenuated total reflection (ATR)-IR and
polarized IR, respectively. The FT-IR spectra of fibroin and silk
samples were analyzed from 400 to 4000 cm−1 with 400 scans. The
polarized Raman analysis was performed using LabRAM HR
(Horiba) with a 644 nm excitation laser source and 300 gr/nm
grating.

SFG Spectroscopy. Broad-band SFG (BB-SFG) experiments
were conducted using 800 nm wavelength pulses (laser width ∼85 fs,
2 kHz repetition rate) from a Ti/sapphire femtosecond laser system.
The bandwidth of IR was in the range of 150−200 cm−1, depending
on the energy range. A detailed description of the SFG system can be
found elsewhere.41 The 800 nm (denoted as Visible for convenience)
and mid-IR incident lasers were focused on the silk fiber sample
through a BaF2 lens (focal point, f = 15 cm) at an incidence angle of
45° from the surface normal direction. A small fraction of SFG signals
emitted with a wide distribution of solid angles (Figure S1) was
collimated and directed to a spectrometer equipped with a volume-
phase holographic grating (Andor, HoloSpec) and a CCD camera
(Andor, DU420A-BEX2-DD). Two separate gratings were used for
the low wavenumber (1100−2000 cm−1) and high (2500−4000
cm−1) regions. In this study, the coherence length of SFG was about
250 nm (based on the incident angles and dispersion of refractive
index), and the diameter of the irradiated area was ∼5 μm,
respectively. Note that this coherence length is not the probe depth
from the external surface of the silk fiber. Since the scattered signal
from the bulk phase was detected, the probe depth was mostly
governed by the IR attenuation length in the sample. The coherence
length was just a rough estimate of the length scale within which SFG
signals from different domains will interact with each other. This
estimation was needed to run the numerical simulations. The SFG
spectra were collected for fiber samples set to azimuth angles (ϕ) of 0,
45, and 90°. The multiple spots were analyzed with BB-SFG with a
mid-IR range of 1000−1800 cm−1 and 2700−3800 cm−1 with
intervals of 100 cm−1 for low and high wavenumber regions,
respectively. To average the SFG spectra, each spectrum was
normalized by the highest peak (i.e., 1262 and 3275 cm−1 for low
and high wavenumber region, respectively). In this way, the spectral
shape of each spectrum was maintained. At each azimuth angle, the
spectra were collected at at least three spots per fiber and then
averaged. The expression of the SFG polarization combination follows
the three-letter convention, with each letter (s or p) describing
polarizations in the order of SFG-VIS-IR beams. For example, the psp
polarization indicates that SFG polarization is p, 800 nm polarization
is s, and IR polarization is p with respect to the laser incidence plane.
The SFG spectra were collected with psp, spp, ssp, and ppp
polarizations. The other four polarizations (sps, spp, pps, and sss)
were not used, since the psp, spp, ssp, and ppp polarizations gave a
sufficient data set to determine the orientation information on the
crystalline β sheet with respect to the fiber axis.

Numerical Simulation of SFG. Numerical simulations were
performed using Mathematica software; the detailed methods for
numerical SFG simulation are described elsewhere.35 The simulation
variables included azimuth angle (ϕ), tilt angle (θ), twist angle (ψ),
standard deviation of the β-sheet alignment along the fiber axis (σφ),
and standard deviation of the tilt angle of the β sheet inside the fiber
(σθ). VIS and IR incident angles were set at 45°, the refractive index
of B. mori silk was 1.55,42,43 and the refractive index at the interface
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was set with the value of 1.20.36 The IR transition dipole moment and
Raman polarizability tensors of the antiparallel β sheet were calculated
following the methods described in the previous literature.38,39 The z-
y-z Euler transformation was used for given tensors to transform the
tensors in the molecular frame to the laboratory coordinates. The
tensors for four possible amide-I modes of the antiparallel β sheet
were calculated for the peptide bond with the D2 point group.
Azimuth angle polar plots for four polarization combinations were
obtained by creating 1000 replicas with Gaussian distribution
probabilities with angle distributions (σφ and σθ) at every 1.5°
increment and then taking an azimuth average of 1000 cases at each
azimuth angle.

■ RESULTS AND DISCUSSION
Selective Detection of the Crystalline β Sheet by SFG.

Figure 2 demonstrates the capability of SFG to selectively
detect the crystalline β-sheet fraction in silk. It compares the IR
spectra, XRD patterns, and SFG spectra of raw amorphous
fibroin and methanol-treated fibroin. The methanol treatment
is known to induce crystalline β-sheet folding;28,40 so, it was
used as a control experiment. Upon methanol treatment, the
amide-I band in IR shifts from 1643 to 1619 cm−1 and the
amide-II band moves from 1535 to 1510 cm−1 (Figure 2a). In
the amide-III band region, the peak at 1240 cm−1 splits into
two peaks at 1231 and 1262 cm−1 as the crystalline β-sheet

structure is induced through the methanol treatment. The
amide-A band exhibits a small red shift from 3288 to 3280
cm−1 and becomes narrower (Figure 2b). The decrease in the
N−H stretch band position means a stronger hydrogen-
bonding interaction,44,45 and the narrowing of fwhm indicate
that the hydrogen-bonding distribution becomes more uniform
as amorphous peptide chains are ordered into the crystalline β-
sheet structure. These spectral changes confirm the recrystal-
lization of the β-sheet structure in the methanol-treated fibroin
sample.28,46,47

XRD also confirms the formation of crystalline β-sheet
domains upon methanol treatment (Figure 2c). The raw
fibroin shows a very broad amorphous scattering background
centered at q ≈ 1.5 Å−1. The recrystallized samples exhibit the
growth of intensity at q positions corresponding to the (100)
and (120) planes of the β-sheet crystallites, indicating
crystalline order along the hydrogen-bonding axis and stacking
of the β-sheet structure, respectively. Although not definitive,
the growth of other diffraction peaks corresponding to the
(211), (002), and (102) planes is noticeable.8,48,49 The 1D-
XRD spectra derived from the intensity profile along the
equator and meridian of the 2D-XRD of B. mori silk fibers
(shown in Figure 1c) are shown in Figure S2, along with the d-
spacing and crystal size calculation results in Table S1 for

Figure 2. (a,b) ATR-IR spectra, (c) XRD patterns, and (d) ssp-SFG spectra analysis of recrystallized fibroin before and after methanol treatment.
In (a,b), peak intensities were normalized by the intensity of a maximum peak of 1510 cm−1. In (c), diffractograms were normalized at q = 0.6 Å−1.
In (c), the diffraction peaks of the crystalline β-sheet structure in B. mori fiber are marked with the corresponding Miller indices and d spacing. The
inset in (d) shows the methanol treatment time (x axis) versus SFG intensity (y axis).
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comparison. The 2D-XRD image of the recrystallized β-sheet
structure displays a halo, indicating that there is no preferential
ordering of the crystalline domains (Figure S3).
Figure 2d shows the growth of the SFG signal from the

fibroin pellet with methanol treatment time. The raw fibroin
did not show any SFG signal in the amide-A band region
because it was totally amorphous. As the degree of
recrystallization increases, the SFG signal of the amide-A
band of the crystalline β sheet at 3275 cm−1 also increases.
Note that the surface-SFG signal can also be generated,50 but
its contribution is negligible compared to the bulk-SFG
signal.51 The SFG signal intensity grew with the t
dependence, which may indicate that the recrystallization
kinetics is governed by the diffusion of methanol into the
fibroin pellet.52,53

Comparison of IR, Raman, and SFG Spectra of B. mori
Silk. Figure 3 compares the polarized-IR, polarized-Raman,
and psp-SFG spectra of the B. mori silk fiber. Here, we are
comparing the psp-SFG spectra since this polarization gave the
strongest signal; the full polarization comparison is shown in
Figure 4. Table 1 summarizes the positions of the peaks
identified in IR, Raman, and psp-SFG spectra and their
assignments based on the literature and the SFG principle.

Since the SFG-active peaks should be both IR- and Raman-
active, the absence of certain peaks in SFG can be explained by
that requirement. For example, the 1662 cm−1 mode is known
to be Raman-active but IR-inactive;38,56 thus, there is no
noticeable peak at 1662 cm−1 in the SFG spectra. The amide-II
peak at 1500−1520 cm−1 is IR-active but Raman-inactive;14,57

thus, there is no peak in that region in the SFG spectra.
The relative peak intensities in the SFG spectra are quite

different from those in the IR and Raman spectra.25,31,58 For
example, although the ∼1550 cm−1 peak in the amide-II band
region is weak in both IR and Raman spectra, it is very strong
in the SFG spectra. In the amide-III band region, the 1223−
1225 cm−1 peak is strong in both IR and Raman spectra but
negligible in the SFG spectra; in contrast, the 1260 cm−1 peak
is weaker in both IR and Raman spectra but very strong in the
SFG spectra. The amide-I band shape resembles the IR band
but is quite different from the Raman band in the same
spectrum region. The CH stretch vibrations are very strong in
Raman; although weak, they can be seen clearly in IR. In SFG,
the CH stretch peak intensities are extremely small (almost
negligible) compared with the amide-A band. The amide-B
band is noticeably absent in both IR and Raman spectra, but it
is completely missing in the SFG spectra.

Figure 3. (a) Polarized ATR-IR spectra, (b) polarized Raman spectra, and (c) psp-SFG spectra of B. mori silk fibers at the polarization axis or
incident plane parallel (ϕ = 0°) and perpendicular (ϕ = 90°) to the fiber axis. Peaks at 2925 and 2932 cm−1 were chosen for normalization for IR
and Raman, respectively. SFG spectra have ratioed by a 1:3.5 ratio for the parallel and perpendicular azimuth angle based on the simulation result
with angular distributions σφ, σθ=(27.5, 5°).
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If we look at the peptide bond units only in the antiparallel
β-sheet structure, they belong to the D2 point group.

38,59 The
unit cell of the antiparallel β-sheet structure has four peptide
groups: two in one chain (along the c axis) and two in the
adjacent chain (along the b axis). In the D2 point group, four
symmetry-allowed normal modes are A(0,0), B1(0,π), B2(π,0),
and B3(π,π).24,38,56 The character table of the D2 point group
is shown in Table 2. In the parentheses, the first number is the
intrachain phase difference of the IR-transition dipoles of two
groups in each chain and the second is the interchain phase
difference between two adjacent chains.24,38,56 The amide-I
band of the antiparallel β sheet is split into 1632 and 1698
cm−1.14,24,56 The former has B2 symmetry; the latter can be
assigned to B1 symmetry since it has a relatively strong
intensity in the IR with polarization parallel to the c axis
(Figure 3a). In the D2 point group character table, the B2
mode is both IR- and Raman-active; thus, the 1632 cm−1 peak
appears in SFG. The transition dipole moment of the B2 mode
is along the b axis (i.e., perpendicular to the c axis).23,24 The B1
mode is also both IR- and Raman-active; its transition dipole

moment is along the c axis. Nonetheless, the SFG spectra in
Figure 3c do not show a noticeable peak at 1698 cm−1. The
absence of this peak is explained in the next section. The
strong peak at 1662 cm−1 in the Raman spectra has the A
symmetry in the D2 point group, which is Raman-active but
IR-inactive; thus, this peak is not observed in SFG. We can see
a small SFG peak at ∼1667 cm−1; based on its intensity relative
to the 1632 cm−1 intensity, we can tentatively attribute it to the
B3 mode (which is explained in the next section). The
transition dipole moment of the B3 mode has a small
component perpendicular to the c axis (along the a axis of the
unit cell).23

In the previous SFG analysis of model peptides with short
amino acid sequences, the amide-III band has not attracted
much attention. One reason is that it was not expected to be
detected in SFG because the amide-III mode is thought to
have B1 symmetry in the D2 point group (same as the 1698
cm−1 mode). Also, because it is coupled with deformations of
the side groups at the Cα position, its interpretation is
somewhat complicated. Nonetheless, the psp-SFG spectra of B.

Figure 4. SFG spectra of degummed B. mori fibers for (a,c,e) low and (b,d,f) high wavenumber regions at (a,b) ϕ = 0°, (c,d) ϕ = 45°, and (e,f) ϕ =
90°.
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mori silk show a very strong peak at 1262 cm−1, even stronger
than the amide-I mode. This suggests that coupling with the
side group deformation breaks the B1 symmetry and makes the
1262 cm−1 mode SFG-active. At this moment, it is not
explained why the 1225 cm−1 peak is negligible in the SFG
spectra of B. mori silk, while the 1265 cm−1 peak is strong.

In any case, these comparisons show that the full
interpretation of the SFG spectra of the crystalline β sheet
inside the B. mori silk is a lot more complicated than the
previous SFG analysis of protein moieties which was done for
the 2D interfaces with C∞ symmetry.38,39,60 For full
interpretation of the SFG spectral features of crystalline β
sheets in silk fibers,24,61 a full set of i j k, , tensor components
are required, which is beyond the scope of the current
experimental study.

Polarization and Azimuth Angle Dependence of SFG
Spectral Features of the β Sheet in B. mori Silk. If the
SFG-active domains are distributed in an amorphous matrix
without any specific orientations (i.e., completely random),
then there will be no polarization and/or azimuth angle
dependence of SFG spectral features.30,35 But, from the 2D-
XRD pattern shown in Figure 1c, we know that the crystalline
β-sheet domains are preferentially aligned along the fiber axis.
Thus, the SFG spectral features will have the polarization and
azimuth angle dependences. Figure 4 plots the psp, spp, ssp,
and ppp SFG spectra collected at azimuth angles of 0°, 45°,
and 90°. Note that when the silk fiber was rotated to measure
SFG spectra at different azimuth angles, different locations of
the fibers were measured. Moreover, the incident angle of the
beam with respect to the tangential plane of the rounded fiber
surface was also changed upon rotation of the sample. So, the
absolute intensity cannot be compared among the spectra
collected at different azimuth angles. Moreover, different
gratings were used in the monochromator for the low and high
wavenumber regions; so, the relative intensities of the amide-I,
-II, and -III modes versus the amide-A mode cannot be

Table 1. Vibrational Modes of Peaks Detected in the IR, Raman, and SFG Spectra of B. mori Fiber

band IR [cm−1] Raman [cm−1]
SFG
[cm−1] force-field24 calculation for poly(GA), β sheeta assignment

symmetry in
D2 point group

amide A 3275 3289 3275 NH str β sheet47

amide B 3070 3063 Fermi resonance of NH str and amide-IIovertone β sheet47

CH str 2980 2990 2996 CH3 asym str
2946

2871 2873 CαHα str
amide I 1698(//) (weak) C�O str (76), CN str (15), CαCN def (12) β sheet14,28,54 B1(0,π)

1690−1660 1690−1660 β turns14,27,28

NR NR ∼1667 β sheet (TA, this
work)

B3(π,π) +

NA 1662(⊥) C�O str (76), CN str (15), CCN def (12) β sheet27 A (0,0)
1645−1650 α helix14,28

(amorphous)
1630(⊥) (weak) 1632(⊥) C�O str (77), CN str (14), CCN def (12) β sheet28,38,47 B2(π,0)
1615 1613 1616 aggregated β strands55

amide II 1555(⊥) 1555 1567 NH ipb (41), CN str (24), CαC str (15), NCα str
(11)

β sheet (IR,⊥)14

1555
1535 amorphous14

1507−1518(//) NA β sheet14

CH def 1447 1447 (1440)a 1440 CH2 bend CHα bending11

1371 1369 1370 CH3 sym bend (25) CH3 of alanine in the
β sheet11

Hα bend (17), NH ipb (12), CH2 wag (10)
1327 1334 CH3 sym bend (62), Hα bend (22) CH3 of alanine in the

β sheet11

amide III 1262 1262 1262 NH ipb (32), C�O ipb (15), COC str (15) β sheet46

1225 1223 (weak) CH, twist (23), NH ipb (18), CH, wag (16), Hα
bend (15), CN str (14)

β sheet11

a(sym = symmetric, asym = asymmetric, str = stretching, def = deformation, ipb = in-plane bending, wag = wagging, NA = not active, NR = not
resolved, + = tentatively assigned, numbers in parenthesis indicate vibrational contributions).

Table 2. Normal Mode Symmetry in the D2 Point Group of
the Antiparallel β Sheeta

symmetry

i

k
jjjjjjj

y

{
zzzzzzzQ

i j

q

i

k
jjjjjjj

y

{
zzzzzzzQ

k

q

peak within the
amide-I region

(cm−1)

A symmetry,
υ(0,0)

i

k

jjjjjjjjj

y

{

zzzzzzzzz

1.018 0 0
0 7.709 0
0 0 2.172

i

k

jjjjjjjjj

y

{

zzzzzzzzz

0
0
0

1662

B1 symmetry,
υ(0,π)

i

k

jjjjjjjjj

y

{

zzzzzzzzz

0 1.220 0
1.220 0 0
0 0 0

i

k

jjjjjjjjj

y

{

zzzzzzzzz
0
0

0.032
1698

B2 symmetry,
υ(π,0)

i

k

jjjjjjjjj

y

{

zzzzzzzzz

0 0 1
0 0 0

1 0 0

i

k

jjjjjjjjj

y

{

zzzzzzzzz

0
1
0

1632

B3 symmetry,
υ(π,π)

i

k

jjjjjjjjj

y

{

zzzzzzzzz

0 0 0
0 0 2.115
0 2.115 0

i

k

jjjjjjjjj

y

{

zzzzzzzzz
0.168
0
0

1667

aThe tensor components are normalized with the values in the B2
symmetry.
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compared. Nonetheless, the relative intensities of the spectra
collected with different polarizations at a given azimuth angle
within each spectral region can still be compared since they
were collected without moving the sample; just the polar-
izations of the 800 nm incoming beam and the SFG signal
were rotated. In our system, changing the IR polarization
inevitably caused displacement of the beam spot position; for
that reason, we did not change the IR polarization.
In general, the polarization dependences of all vibrational

peaks show similar patterns. At 0° of the azimuth angle
between the fiber and the laser incidence plane (i.e., ϕ = 0°),
the intensities of all peaks are slightly larger in the spp
polarization than the other three cases, i.e., Ispp > Ippp ≈ Issp ≈
Ipsp in the amide-I, -II, and -III band regions (Figure 4a). The
amide-A peak shows a somewhat different pattern: Ispp > Ippp >
Issp ≈ Ipsp (Figure 4b). At ϕ = 45°, we see Ipsp ≈ Issp ≫ Ispp ≈
Ippp in both high and low wavenumber regions (Figure 4c,d).
At ϕ = 90°, the relative intensity pattern is Ipsp ≫ Ispp ≈ Issp ≈
Ipsp in both high and low wavenumber regions (Figure 4e,f).
Each SFG spectrum in the low wavenumber region was fitted
with 13 components (including 3 components in the amide-I
region, 2 in amide-II, and 3 in amide-III) and the fit results are
shown in the Supporting Information (Figures S4−S6).
The amide-A band shows a slight shift in the peak position

with ϕ; 3300 cm−1 in ppp but 3275 cm−1 in psp, spp and ssp at
ϕ = 0°, 3275 cm−1 in all polarizations at ϕ = 45°, and 3258
cm−1 in all polarizations at ϕ = 90°. All other peaks do not
exhibit any noticeable shift in the peak position with ϕ. At this
moment, we cannot interpret the physical meaning of these
slight shifts in the amide-A peak position at different
polarizations and azimuth angles. Since the α helices and
random coils in the amorphous fibroin did not show any
detectable SFG signals in the amide-A region (Figure 2), this
SFG signal must come solely from the crystalline β sheet. The
shift in the peak position with the probe beam polarization and
azimuth angle could mean the presence of multiple modes with
slightly different hydrogen-bonding interactions and orienta-
tions within the β-sheet structure of the B. mori silk fiber.
Further analysis could not be done without knowing the full
βi′j′k′ tensors.
The relative intensities between the 1567 cm−1 peak (amide-

II) and the 1262 cm−1 peak (amide-III) do not change
drastically with the azimuth angle change; but the relative
intensity of the amide-I band at 1632 cm−1 with respect to
these two bands is changing significantly: I1632 ≈ I1567 at ϕ =
0°, but I1632 < I1567 at ϕ = 45 and 90°. Thus, the polarization
and azimuth angle dependences of the 1632 cm−1 peak can be
analyzed further in terms of the orientation distribution of the
crystalline β sheet in the B. mori silk fiber.
Orientation Distribution Analysis Based on the

Amide-I Band of the Antiparallel β Sheet in B. mori
Silk. As mentioned in Table 1, the amide-I groups in the
antiparallel β-sheet structure could be analyzed with the
symmetry argument within the D2 point group.

38,56 Using the
Raman polarizability and IR transition dipole orientation of the
O�C−N stretch modes and their atomic coordination,38 the
Raman polarizability derivative and IR transition dipole

derivative tensors, i.e.,
i
k
jjj y

{
zzzQ

i j

q
and

i
k
jjj y

{
zzzQ

k

q
, can be calculated for

the amide-I mode of the antiparallel β sheet, from which the
hyperpolarizability tensor could be calculated. In the literature,
two calculation methods are available.38,39 Both used the same

approach, but due to a slight difference in atomic coordinates,
the values are slightly different. The values proposed by
Nguyen et al. are shown in Table 2,38 and the values proposed
by Ye et al. are shown in Table S5 in the Supporting
Information for comparison. Then, the hyperpolarizability of
the amide-I mode can be expressed as the tensor product of
these two

i

k
jjjjjjj

y

{
zzzzzzz

i

k
jjjjjjj

y

{
zzzzzzzQ Qi j k

i j

q

k

q (2)

The normal mode with A symmetry has
i
k
jjj y

{
zzz 0

Q
k

q
= ; thus,

βi′j′k′ is always zero. This explains the absence of 1662 cm−1 in
the SFG spectra. The normal modes with B1, B2, and B3
symmetries, in principle, can be SFG-active because they have
nonzero βi′j′k′ components. In order to predict the SFG
intensity using eq 1, we multiply the Euler transform matrix to
each βi′j′k′ and then integrate all terms with proper normal-
ization factors to get χijk(2). Since the (002) diffraction peak of
the β sheet is along the fiber direction in the 2D-XRD (Figure
1c), we assumed that the peptide chain axis is aligned along the
fiber axis [i.e., the alignment angle (φ) between the c axis of
the β-sheet crystal and the fiber axis is zero]. Since the IR beam
is attenuated as it travels inside the fiber and the transmittance
of the probe beams at the air/fiber interface is largest at the top
surface of the fiber and negligible at the side surface of the
fiber, we assumed that the β-sheet crystallites near the top
surface of the silk fiber would give the largest contribution to
the SFG signal. For that reason, we set the average value of the
tilt angle of the β sheet with respect to the XY plane to be zero
(θ = 00°, with respect to the Z axis). We also assumed that
there is no preferential rotational angle of the crystalline
domain along the peptide chain axis; thus, the twist angle term
was integrated over 360° with equal probability. Then, we
obtain the effective susceptibility, χeff(2), as a function of the
azimuth angle (ϕ) of the fiber with respect to the lab
coordinate. For the normal mode with B1 symmetry, this
calculation gives the following relations

1
2

( )cos 0abc bacpsp
(2) 2= [ ] =

(3)

1
2

( )cos 0abc bacspp
(2) 2= + [ ] =

(4)

0ssp
(2) = (5)

0ppp
(2) = (6)

From Table 2, we can see that βabc = βbac = −0.039. This
gives χpsp(2) = χspp(2) = χssp(2) = χppp(2) , explaining the absence of the
1698 cm−1 peak with B1 symmetry in the SFG spectra of the B.
mori silk.
For the normal mode with B2 symmetry, the integration of

all possible twist angles at θ = 90° using the βi′j′k′ terms
obtained by eq 2 gives the following nonlinear susceptibility
equations for the four polarizations used in this experiment38

0.4 (1 3cos 2 )cabpsp
(2) [ ] (7)

0.4 (1 cos 2 )cabspp
(2) + [ ] (8)
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1.6 cos sincabssp
(2) [ ] [ ] (9)

1.4 cos sincabppp
(2) [ ] [ ] (10)

Figure 5 compares the polar plots of the azimuth angle
dependence of eff

(2) 2| | for the normal mode with the B2
symmetry. The psp polarization shows two large lobes

centered at ϕ = 90° and 270° and two small lobes centered
at ϕ = 0° and 180°. The psp intensity at ϕ = 90° is significantly
larger than the intensities at the other polarizations. In
contrast, the spp polarization shows only two lobes centered at
ϕ = 0° and 180° with the maximum intensity slightly larger
than that of psp at ϕ = 0° and 180°. These qualitatively agree

Figure 5. Polar plots of eff
(2) 2| | as a function of the fiber orientation with respect to the laser incidence plane of the antiparallel β sheet for psp, spp,

ssp, and ppp polarizations where yellow numbers indicate the calculated relative intensity.

Figure 6. Simulated SFG polar plots of B2 mode, as a function of the fiber orientation with respect to the laser incident plane, for psp (red), spp
(blue), ssp (green), and ppp (black) polarizations with different standard deviations of azimuth (σφ) and tilt (σθ) angles for the case with the
average azimuth and tilt angles of 0 and 90°, respectively.
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with the trends seen for the 1632 cm−1 peak in the psp and spp
polarizations at ϕ = 0 and 90° in Figure 4a,e.
The normal mode with B3 symmetry shows the same

pattern as the B2 mode with a much smaller intensity (see
Figure S7). If the B3 mode intensity is calculated with the
values in Table 2, it is about 8 times smaller than the B2 mode
intensity. If the values proposed by Ye in Table S5 are used,
the B3 intensity is predicted to be 3 times smaller than the B2
intensity. These relative intensity predictions are qualitatively
consistent with the ratio of the 1667 and 1632 cm−1 intensities
(Figures S3−S5). Based on this, we could tentatively assign
that the 1667 cm−1 peak in the SFG spectra is the B3 mode.
The ssp and ppp polarizations are predicted to have four

lobes centered at ϕ = 45, 135, 225, and 315°, and their
intensities are expected to be larger than the psp and spp
signals at those angles. This calculation result is not consistent
with the data in Figure 4c. Note that the calculation result
shown in Figure 5 is for the case in which both tilt angle (θ)
and alignment angle (φ) distributions of the β-sheet domain
are assumed to have a delta function. So, the discrepancy must
be due to the ignorance of the orientation distribution.
To check the ϕ dependence of the psp-, spp-, ssp-, and ppp-

SFG signals on the alignment and tilt angle distributions, we
have numerically calculated the SFG peak intensity for the
cases where the β-sheet domains are arranged with the
Gaussian probability functions with different standard

deviations in alignment (σφ) and tilt (σθ) angles, while keeping
the φ = 0° and θ = 90°. The calculation was done with the
algorithm published previously.35 Figure 6 displays the ϕ-polar
plots of the B2 mode obtained with σφ and σθ varying from 0
to 40° with a 10° increment. As σθ increases while keeping σφ
constant, the difference in SFG intensity at ϕ = 0 and 90°
decreases; in the meantime, the ssp and ppp intensities grow
significantly. As σφ increases while keeping σθ constant, the ϕ
dependence of the SFG signal becomes weaker in all four
polarizations.
We can use the σφ and σθ dependences of the B2 mode as a

reference data set and compare them with the experimental
data to estimate the angular distribution of the crystalline β-
sheet domains in the B. mori fiber. As mentioned before, the
absolute intensities of the experimental data cannot be
compared and only the relative intensities can be compared.
For that reason, we took the spp/psp, ssp/psp, and ppp/psp
ratios of the 1632 cm−1 SFG peak areas taken at ϕ = 0, 45, and
90° (Figure 4) and compared those ratios with the
theoretically calculated intensity ratios of the B2 mode with
different σφ and σθ distributions (Figure 6). Figure 7a,b,c plots
the relative magnitude of the root-mean-square deviation
(rmsd) between the experimental data and the theoretical
calculations at ϕ = 0, 45, and 90°, respectively. Figure 7d
shows the root-mean-square-deviation (rmsd) plot calculated
with consideration of all three ϕ data together. These plots

Figure 7. rmsd plot between the experiment and simulation result at (a) ϕ = 0°, (b) ϕ = 45°, and (c) ϕ = 90° and (d) for the sum of all three
angles.
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clearly show that the error is the largest if we assume that all β-
sheet domains are perfectly aligned with φ = 0° and θ = 90°.
The smallest error is found when σφ ≈ 27° and σθ ≈ 5°.
The angular distribution of σφ≈ 27° is in reasonably good

agreement with the 2D-XRD analysis. The rocking curves of
the (002) and (120) diffraction peaks extracted from Figure 1c
are shown in Figures S8 and S9. The fwhm of the (002) and
(120) diffraction peaks is 16 and 21°, respectively. This
agreement demonstrates that SFG can be used to selectively
analyze not only the vibrational modes of functional groups
involved in interchain hydrogen bonds within the unit cell of
the crystalline β-sheet domain (Figures 2 and 3) but also the
angular distribution of the crystallites within B. mori silk fiber
(Figures 4 and 7). The same methodology can be applied to
other silk fibers, and the method itself could be improved
further by combining with density functional theory calcu-
lations to obtain the full set of polarizability and dipole tensors
of all amide modes, which are the subject of future study.

■ CONCLUSIONS
Vibrational SFG spectroscopy can be used for selective
detection of amide I-, II-, III-, and -A bands originating from
crystalline β-sheet domains in B. mori silk fiber. Based on the
noncentrosymmetry selection rule, the SFG spectral features
can be analyzed to obtain structural information on β-sheet
domains, without suffering from interferences from amorphous
protein portions in the sample. In this study, the amide-I band
was primarily investigated by comparing SFG experimental
observations and theoretical predictions simulated using the
hyperpolarizability tensors based on the B2 symmetry of the
D2 point group. This analysis found that crystalline β-sheet
domains are aligned along the fiber axis with a standard
deviation of ∼27° and parallel to the fiber surface with a
standard deviation of ∼5°. Although all SFG-active amide
vibrational modes have not yet been fully deciphered, this
approach can still be applied to the amide-I band analysis of β-
sheet domains in other silk fibers. Thus, SFG analysis has a
potential to find the structural information critically needed to
unveil the structure−mechanical property relationship by
characterizing hydrogen-bonding interactions at the nanoscale
and alignments of β-sheet domains at the mesoscale.
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