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Fourier transform infrared (FTIR) and scanning transmission X-ray microscopy (STXM) spectroscopic
imaging techniques are introduced to determine the structure of protein-based polymer blends, using silk
fibroin/polyethylene oxide (SF/PEQO) blend as a model material. We demonstrate that FTIR and STXM
10 imaging provide complimentary chemical sensitivities, resolution ranges and sample thickness
requirements that can enable greater understanding of SF/PEO blend films. From the FTIR images, we find
SF shows random coil and/or helical conformation in the SF-rich domains, and B-sheet conformation in the
PEO-rich matrix. In the meantime, the SF content in SF-rich domains is 74+4%, and 38+6% in PEO-rich
matrix from the STXM images. These findings support and give further evidence to the conclusions of the
15 previous studies on SF/PEO blends in the literature. Our results strongly suggest that FTIR and STXM
imaging techniques are two promising complementary approaches for the study of phase behaviour and

molecular conformation in protein-based polymer blend materials.

Introduction

Silk fibroin (SF) is a widely used and studied protein polymer for

w0 a variety of task-specific applications.? In particular, it has
recently gained much attention as a biomaterial because of several
desirable properties such as biocompatibility and
immunogenicity.> In order to improve or adapt the properties of
silk materials, SF is sometimes blended with other natural or

»s synthetic polymers.! As in other polymer blends, the phase
behaviour of these SF-based polymer blends is thought to be very
important towards their related properties.

Conventional methods used to study phase behaviour in SF-
based polymer blends include scanning electron microscopy

30 (SEM),*10 atomic force microscopy (AFM),%° differential
scanning calorimetry (DSC),%!! and dynamic thermomechanical
analysis (DTMA).”'? Although these analytical methods have
provided a great deal of useful information about the phase
behaviour of SF-based blends, they cannot directly provide data on

35 chemical structure information within these blends.

Fourier transform infrared (FTIR) imaging, coupled with a step-
scan interferometer with an FTIR spectrometer and a focal plane
array (FPA) detector, can collect spatial and spectral information
of samples simultaneously,'? thus enabling a real-space chemical

40 visualization of polymer blends. The chemical contrast of FTIR
originates from the interaction of infrared light with vibrations
within molecules, whose frequencies can be traced to specific
motions of particular chemical moieties. Therefore, features in the
infrared spectrum associated with an area in an FTIR image

low

ss indicates the presence of a material, with the conformation of the
material affecting the broadening and relative intensity of the
absorption bands in characteristic ways. Therefore, FTIR imaging
has been used for studying the phase behaviour of polymer
blends,'*'® polymer dissolution processes,'*!” and the structure
changes of polymers under tensile deformation.'®!¥ In previous
work, we have successfully adopted this technique to study the
compatibility of silk fibroin/chitosan (SF/CS), silk fibroin/sodium
alginate (SF/SA), and silk fibroin/polyvinyl alcohol (SF/PVA)
blends.!® The results demonstrated that FTIR images of these SF-
based blends can provide additional useful information on the
composition of each components and the conformations of SF at
defined locations. However, a drawback of FTIR imaging is its
practical spatial resolution is limited to about 4 x 4 pm. Although
a recent report asserts to obtain a high-quality image with a
diffraction-limited resolution of 0.54 um within 30 min by using
multiple synchrotron beam FTIR imaging with wide-field FPA
detectors,?” such a technique is still in its infancy and not easy to
access.

An alternative approach to image the domain structure in
polymer blends is the scanning transmission X-ray microscopy
(STXM) technique. Combining the chemical sensitivity of near-
edge X-ray absorption fine structure (NEXAFS) with a spot size of
30 nm or less, STXM is a powerful technique that allows for the
quantitative determination of polymer blend composition in
70 submicrometer scale.?!2* The X-ray absorption of sample films are

measured in transmission and rastered with respect to the incident

beam to produce X-ray absorption images. Used in conjunction
with a synchrotron beamline fitted with a high—resolution
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monochromator, the probing X-ray beam can be tuned to near-edge
resonances and utilize specific spectroscopic effects for tailored
image contrast. Thus, STXM imaging at the carbon K-edge
(photon energy of approximately 290 eV or conversely a
wavelength of about 4.3 nm) provides strong chemical sensitivity
and selectivity in organic materials via differences in X-ray
absorption spectra that derive from differences in antibonding
electronic structure. By combining X-ray absorption images taken
at more than two X-ray energies (at which there is a difference in
the X-ray absorption of the two materials) with the knowledge of
the NEXAFS spectra of pristine component films, it is possible to
produce quantitative compositional maps of the blend films.?!??
While STXM is also sensitive to molecular conformation via linear
dichroism,?* and indeed has been used to investigate silk fibers,?42
it is more difficult to observe than in FTIR as it requires certain
kinds of asymmetry in both molecular structure and ordering.

Generally speaking, FTIR imaging is more sensitive to protein
conformation but with lower spatial resolution and greater
tolerance of thicker sample films, while on the other hand, STXM
imaging has higher resolution, more quantifiable composition
mapping and better tolerance for thinner sample films. Therefore,
we believe the integrated use of these two complementary
techniques would be a powerful tool for deepening the
understanding of the phase behaviour of protein-based polymer
blends. In this communication, we choose a SF/PEO blend as an
example to study, as it is a promising biomaterial. The bulk and
surface features of SF/PEO blends are very useful as bioactive
interfaces to stimulate desired cellular responses.”'? Furthermore,
PEO can be leached from the SF/PEO film to generate defined SF
porous structures or microspheres. These porous structures may be
utilized to enhance nutrient diffusion, provide filtration, or
improve cellular communication through the silk film matrix,'%2¢
and the microspheres provide new options for drug delivery due to
their tunable drug loading and release properties.>

Experimental section

Raw Bombyx mori (B. mori) silk cocoons from Jiangsu Province,
China were degummed twice with 0.5% (w/w) NaHCOs3 solution
at 100°C for 30 min and then washed with distilled water and
allowed to air dry at room temperature. The degummed B. mori
silk fibres were then dissolved in 9.3 mol/L LiBr aqueous solution.
After dialysis against deionized water for 3 days at room
temperature, the solution was filtered and the resulting SF solution
diluted to 1% (w/w) with deionized water. PEO (Mw=900,000)
from Sigma-Aldrich was directly dissolved in deionized water
without further purification to prepare a 1% (w/w) PEO solution.

The 1% SF solution was gently mixed with 1% PEO solution to
give homogeneous solution with the final SF/PEO mass ratio of
80/20. The SF/PEO blend films for FTIR imaging were prepared
by casting such a mixture solution onto a polyethylene plate, and
allowed to dry at approximately 25°C and 50% relative humidity
to give films of an approximate thickness of 5 um. The SF/PEO
blend films for STXM imaging were prepared by casing a drop of
the same solution on a highly doped silicon wafer with a final
thickness of about 100 nm.

Conventional FTIR spectra were recorded using a Nicolet
Nexus 6700 FTIR spectrometer. To eliminate spectral
contributions due to atmospheric water vapour, the instrument was
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continuously purged by dry nitrogen. For each measurement, 256
interferograms were coadded and transformed employing a
Genzel-Happ apodization function to yield spectra with a nominal
resolution of 4 cm.

FTIR imaging was performed using a Bruker imaging system at
Beamline U4 in the National Synchrotron Radiation Laboratory
(NSRL, Hefei, China), which consists of an IFS66/S step-
scan/rapid-scan FTIR spectrometer, a Hyperion 3000 infrared
microscope with 15x objective coupled with a 64 x 64 mercury
cadmium telluride (MCT) focal plane array (FPA) detector. The
samples were imaged in transmission with an individual pixel size
of about 4 x 4 um over a 260 x 260 pm field of view. The FTIR
imaging spectra were collected in the mid-infrared (MIR) range of
800-3800 cm™! at a resolution of 4 cm™! with 256 coadded scans.
The corresponding collection time for one experiment is about 10
min. All the data collection and processing were performed using
OPUS 6.5 (Bruker).

Deconvolution of the amide I bands was carried out using
PeakFit 4.12. The number and positions of peaks were defined
from the results of the second derivatives of the spectra and fixed
during the deconvolution process. As in our previous studies, a
Gaussian model was selected for the band shape and the band
width was automatically adjusted by the software.?’” Cluster
analysis of normalized amide I bands were processed though k-
means clustering methods with 2 clusters by using Unscrambler v

9.7 (CAMO).
The STXM imaging was performed at PolLux beamline at
Swiss Light Source (Paul Scherrer Institute, Villigen,

Switzerland).?$-° Detailed discussion of the STXM technique and
its application to organic materials can be found in our previous
publication.?’ Briefly, a Fresnel plate focuses a
monochromatic X-ray beam onto a small spot (typically less than
30 nm) on a thin, semi-transparent sample film, with the
transmitted beam intensity being measured by a photo-multiplier
tube (PMT; after conversion of the X-rays to visible photons by a
phosphor screen) and this value recorded in one pixel position of
an array. Raster-scanning the sample, while recording further
measurements of the transmitted X-ray beam intensity, fill out the
array of pixel-values to produce an image of the sample. STXM
measurements presented here were performed with a zone plate
with 25 nm outer-most zone width and images for composition
mapping were recorded at 280 eV, 288.25 eV, 289.05 eV and 320
eV. The corresponding recording time for one experiment is about
1 h. Data analysis was performed using the aXis2000 software
package. 3

zone

Results and discussion

FTIR images of SF/PEO blend films

In order to distinguish the characteristic absorption bands among
SF and PEO, we recorded the high quality conventional FTIR
spectra under well-controlled conditions in the same manner as for
our previous FTIR imaging studies for SF/CS, SF/GA, and
SF/PVA blends." Fig. 1a shows (from bottom to top) the FTIR
spectra of SF film as cast, SF film treated with 70% ethanol
aqueous solution, pristine PEO film, and SF/PEO blend film. The
most important band regions of SF are amide 1 (1700-1600 cm")
and amide II (1600-1500 cm™) because all of these amide
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vibrations directly depend on the secondary structure of the protein
backbone. The amide I region mainly comes from the C=0O
stretching vibration (80%) with minor contributions from the N-H
in-plane bending.>? The amide II region is caused mostly by the C-
N stretching and the N-H in-plane bending vibration of the
backbone.?? The as-cast SF film (Fig. 1a) shows absorption bands
at 1660 cm™! (amide I) and 1540 cm™ (amide II), which are
assigned to random coil and/or helical conformation.?”343¢ After
the treatment with 70% ethanol solution, the SF film however
shows absorption at 1700 cm’!, 1630 cm™ and 1530 cm™. The
peaks at 1630 cm™! and 1530 cm™! are attributed to B-sheet,?”-34-36
and the shoulder peak at 1700 c¢m’' is assigned to B-turn
conformation associated with the anti-parallel B-sheet structure.3
In the meantime, the pristine PEO film shows mainly absorption
bands at 2887 cm’ (CH: stretching) and 1113 cm?! (CO
stretching).’’-*° We are happy to see that PEO has no absorption in
the 1500 —1700 cm! region (amide I and amide II bands of SF), so
both amide I and amide II bands can be used to analyse the
conformational information of SF in the SF/PEO blend. For
convenience, the assignments of the major bands of SF and PEO
in the FTIR spectra are summarized in Table 1.

Table 1. The FTIR band assignments of SF and PEO*

wavenumbers assignments reference
(cm™
SF 1700 amide I, C=0 s, CN's; B-turn 27,3336
1660 amide I, C=0's, CN s; random 27,33-36
coil and/or a-helical
1630 amide I, C=0 s, CN s; B-sheet 27,3336
1540 amide II, NH ib, CN s; random 27,33-36
coil and/or a-helical
1530 amide I, NH ib, CN s; B-sheet 273336
PEO 2887 CH;s 3739
1469 CH, s 37-39
1342 CH, w 3739
1280 CH, t 37-39
1242 CHy t 3739
1148 COs 3739
1113 COs 3739
1103 COs 3739
1062 COs,CH,r,CCs 37-39
963 CH,r,CH; s 3739
843 CH,r, COs 3739

* Abbreviations: s= stretching, ib= in-plane bending, w= wagging, t=
twisting, r=rocking.

In this article, we selected a SF/PEO blend with the mass ratio
of 80/20 to investigate, as the phase separation under this ratio was
found to be most obvious from both our screening test and the
literature.® It can be found that SF/PEO blend shows a strong
absorption peak at 1630 cm™ (Fig. 1a), indicating PEO induces a
conformation transition of SF from random coil to B-sheet
similarly as chitosan and sodium alginate.*04!

Before the imaging experiment, the non-overlapping bands for
SF and PEO should be identified. In this study, we chose amide II
of SF (1500-1600 cm™) and CO stretching band of PEO (1000-
1184 c¢m) as SF-specific and PEO-specific absorption, and
integrated them for all pixel spectra to obtain chemical images of
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each component. Meanwhile, in order to reduce the effect on the
images caused by variations in thickness across the field of view,
inevitable in cast films, the ratios of absorbance of Ase/Apeo (using
Auiss0/A1113) were also integrated. Fig. 1b-d show the resulting FTIR
maps of SF absorbance (b), PEO absorbance (c) and their ratios
(Asr/Apeo; d), in which red represents the largest integrated
intensity and purple (or blue) the weakest integrated intensity in a
given field of view for the specific component.

In the SF-specific FTIR image (Fig. 1b), there are “islands” (red)
with the size of 80-100 um embedded in the “sea” (blue). The
shape of these red “islands” in SF-specific FTIR image is found to
be remarkable complementarity with the blue “islands” in the
PEO-specific FTIR image (Fig. 1c). Furthermore, the Asr/Apro
image shows the same pattern (Fig. 1d) as the SF and PEO-specific
images, thus it is no doubt that the “islands” is SF-rich phase and
the “sea” the PEO-rich phase in SF/PEO blend. In other words, the
images in Fig. 1b-d clearly show that the sample is composed of
SF-rich enclosed domains and a continuous PEO-rich matrix. The
phase separation behaviour of SF and PEO in their blend observed
by FTIR imaging in this study is similar to that reported by Kaplan
et al. with the same SF/PEO ratio.® However, the size of SF phase
shown in their work is about 40 um, which is smaller than ours.
Such a difference may come from the formation process of the
SF/PEO blend film, because we used more dilute solutions (both
SF and PEO solutions are 1% (w/w)) than Kaplan et al. used (8%
(w/w) SF solution and 5% PEO (w/w) solution). The slow drying
process in our work may allow the phase separation to proceed
further, leading to larger domains. To support this assumption, we
prepared our SF/PEO blend film in a desiccator, in which the
relative humidity was lower than 10%, leading to a faster drying
process compared to the normal air dry. The FTIR image of such a
SF/PEO blend shows the domain size of 30-40 um (Fig. S1),
which is obviously smaller than the ones in those air-dry films.
This implies FTIR imaging can provide direct, quick, and
visualized approach to observe the domain sizes in the blend films
prepared under different conditions. In addition, the change of the
blend composition also leads the variation of domain size. For
instance, Kaplan et al. observed SF globules with the size of
100-200 pm in SF/PEO blend at 95/5 ratio.®

SF conformation in SF-rich and PEO-rich phases

FTIR imaging not only offers the possibility to observe the phase
behaviour of SF/PEO blend but also to monitor structural
information from each component in specific phase or position. Fig.
2a shows FTIR spectra of the SF-rich domain and PEO-rich matrix
extracted from single pixels of the FTIR image shown in Fig. 1b.
It shows the characteristic absorption of PEO (1113 cm™)
obviously decreases from the PEO-rich phase to the SF-rich phase.
In the amide I band, although it is observed in both the SF-rich and
PEO-rich phases, the shape of the band differs significantly. The
FTIR spectra extracted from the SF-rich domains have a peak
maximum at 1660 cm, indicating random coil and/or helical
conformation is dominant in the SF-rich regions. However, it
shows a strong absorption at 1630 cm™! with a shoulder peak at
1700 cm’! in the FTIR spectra extracted from PEO-rich matrix,
which clearly demonstrates SF transits from random coil and/or
helix into B-sheet in this region. From the PEO-rich phase to the
SF-rich phase (direction of arrow), both the intensity and the peak

This journal is © The Royal Society of Chemistry 2014
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position change gradually but significantly, indicating both the
content and the conformation of SF are different in these two

a MM
o

SF/PEO film 13
2887

PEO film 1630

1530

ISF film treated by ethanol 1660

1540

SF film as cast

1
3600 3200

Absorbance

L 7 1
2800 1600
Wavenumbers (cm™)
b

L
1200 800

phases.

s Fig. 1 FTIR spectra and FTIR images of SF/PEO blend. (a) FTIR spectra of SF film as cast, SF film treated with 70% ethanol solution, pristine PEO film,
and SF/PEO blend film; (b) SF-specific FTIR image of SF/PEO blend; (c) PEO-specific image of SF/PEO blend; (d) Asi/Apro image of SF/PEO blend. The

scale bars in (b), (¢), and (d) are the same.

In order to completely compare the conformation difference in
each pixel of the FTIR map, we used k-mean cluster analysis with

10 2 clusters to image the normalized amide I band, and present the
result in Fig. 2b. The profile of the cluster image is very similar to
those FTIR images shown above (Fig. 1b-d), as would be expected.
The mean amide I bands of each cluster (Fig. 2¢ for “island” and
Fig. 2d for “sea” regions) are in close agreement with the extracted

15 single pixel spectra (Fig. 2a). Then we tried to deconvolute the
amide I bands in the FTIR image to compare the 3-sheet content in
different regions in SF/PEO blend. For convenience, we selected a
small 25 x 25 pixel area to perform the deconvolution, and the
selected area is marked by white dotted box in Fig. 2b. We used
20 the same deconvolution method as described in our previous
works,?” and the typical deconvolution results can be inspected in
Fig. 2c and 2d. We use three peaks to do the deconvolution because
there are only three conformations, i.e., random coil and/or helix
(shortened to random coil in Fig. 2), B-sheet, and B-turn associated

2s with B-sheet (shortened to B-turn in Fig. 2) can be found in SF
samples if they were measured under well-controlled conditions —
the trace of water in the sample and along the infrared light path in
the spectrometer was totally removed by thorough nitrogen/dry air
purge or vacuuming the infrared spectrometer. Details can be

s found in a series of our previous publications.?’**3¢ The B-sheet
content image of the selected area is presented in Fig. 2e, and it is
found that the SF-rich domains have very little B-sheet (<10%), but
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PEO-rich matrix has much more (20-30%). In addition, the shape
of the boundary in Fig. 2e is very similar to those in Fig. 1d and 2b,
which further confirms the significant difference in [-sheet
structure in the SF-rich and PEO-rich phase of SF/PEO blend.

STXM imaging of SF/PEO blends

The results shown above in addition to those presented in our
previous work!® clearly demonstrate that FTIR imaging is a
powerful tool for studying the phase behaviour and protein
conformation in SF-based polymer blends. However, because of
the diffraction limit, FTIR imaging technique is only suitable for
those SF-based polymer blends whose phase size is larger than 4
um. STXM imaging, whose resolution reaches 30 nm or better, is
a good candidate for the investigation of the smaller phases.

Fig. 3a shows the NEXAFS spectra of pristine SF and PEO
films. Both spectra display a step-increase in absorption (the
carbon K-edge) near 290 eV and a weak carbon-carbon m*
resonance near 284 e¢V. However, SF has an intense, sharp amide
7* absorption peak at the photon energy of 288.25 eV,?* while PEO
shows a broader C-H Rydberg/c* absorption peak at 289.05 eV.*
Such a difference in the absorption spectra between SF and PEO is
easily sufficient for the basis of observed chemical contrast in the
STXM images presented in this work.

Fig. 3b and c present SF and PEO composition images
(percentage by volume) of SF/PEO blend in an area of 10 x 10 um.

4 | Phys. Chem. Chem. Phys., 2014, 16, 00—00
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They clearly show a pattern of SF-rich domains dispersed in a
PEO-rich matrix similar to the FTIR images shown in Fig. 1.
However, the size of SF-rich domains is about 2 um, which is
much smaller than those seen in the FTIR images. We also attribute
s this difference to the sample formation process, with the STXM
sample produced from a much smaller drop of solution that dried
more quickly to form a thinner, less evolved morphology
compared to the 5 pm thick film prepared for FTIR imaging.
Fig. 3d shows a thickness image of the SF/PEO blend, which is
10 a useful feature of STXM imaging that cannot be obtained from
FTIR imaging. Note that the pattern in thickness in Fig. 3d is

a | e
A» 15
L
10 o
[&]
c
m
2
Q
8
— 120 05 <
€ 90
—
o 60
LC) 30
£ 0.0
B 1000

1200

1800 Wavenumbers (M )

almost identical to the SF and PEO composition images shown in
b and c. By comparing these images, we can see that the SF-rich
domain is thicker than the PEO-rich matrix, as might be expected

15 from the lower solubility of the SF in the water solvent than PEO.
The cross-sectional trace presented in Fig. 3e (location shown in
parts b and d) shows that the SF-rich domain is about 110 nm thick
and contains 74+4% silk protein, while the PEO-rich matrix is only
about 70 nm thick and has 38+6% silk protein. The trace also

20 shows that the domain boundaries are quite sharp compared to the
width of the domains.

0%

PEO-rich matrix

d

o

Absorbance
Absorbance

©10%

20%

1720 1700 1680 1660 1640 1620 1600
Wavenumbers (cm'1)

1720 1700 1680 1660 1640 1620 1600
Wavenumbers (cm™)

30%

Fig. 2 Conformation difference of SF in SF-rich and PEO-rich phase. (a) FTIR spectra extracted from FTIR image as indicated in Fig. 1b along the direction
of arrow (for convenience, the arrow at the same position is also shown in part b of this figure); (b) k-mean cluster analysis image of SF/PEO blend by using
25 normalized amide I bands; (c) the mean amide I band of cyan area in (b) and the corresponding deconvolution results (circles, original spectrum; dashed
curve, deconvoluted peaks; solid curve, simulated spectrum from summed peaks); (d) the mean amide I band of purple area in (b) and the corresponding
deconvolution results (circles, original spectrum; dashed curve, deconvoluted peaks; solid curve, simulated spectrum from summed peaks); (e) B-sheet

percentage map in the region marked by dashed box shown in (b).

Phase separation in SF/PEQ blends

30 We know SF is composed of small hydrophilic and dominant
hydrophobic blocks (GAGAGS repetitive motifs that are known to
form anisotropic B-sheet-rich nanocrystals), with larger
hydrophilic blocks at the chain ends. Thus, SF acts as a
hydrophilic-hydrophobic-hydrophilic block copolymer, which is

35 unstable and exist as colloidal state in aqueous systems due to the
hydrophilic blocks forming a solubilizing shell around the
hydrophobic blocks.® On the other hand, PEO readily dissolves in
water and forms a stable aqueous solution. Thus, during the drying
process of the SF/PEO blend solution, the concentration increases

40 as water evaporates, driving SF micelles to aggregate into
“globules” that grow with time until the SF loses mobility due to
the lack of water. Therefore a fast drying process results in smaller

SF-rich domains (about 2 pum, Fig. 3b—d) as we found in STXM
imaging, while the thicker film prepared for FTIR imaging showed
4s increased domain size (30—40 um when dried in the desiccator, Fig.
S1, and 80-100 pum for air dry, Fig. 1b—d) because it needed a
much long time to dry, prolonging the mobility of the SF.
In addition to the water evaporation during the film formation
process, the hydroscopicity of PEO also caused the loss of water
so from the micelles. The rapid loss of water “freezes” the
conformation of SF in micelles, which is why we observed the
random coil and/or helical conformation to dominate in the SF-rich
phase (Fig. 2a). On the contrary, those SF molecules not involving
the formation of micelles (dispersed in PEO) were plasticized by
ss water absorbed in PEO, which then have the mobility to adjust
their conformation to form B-sheet, as our results demonstrate with
greater 3-sheet conformation of the SF in the PEO-rich phase. Thus,

This journal is © The Royal Society of Chemistry 2014
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our findings from FTIR imaging is quite compatible with the
hypothesis proposed by Kaplan et al. 8
Although phase separation occurred during the formation of the
SF/PEO blend films, it was shown that SF and PEO coexisted in
s both phases by both FTIR and STXM imaging. We know from the
theory of polymer blends that both components normally coexist
in different phases, but it is quite difficult to determine with the
conventional methods (SEM, AFM, DSC, and DTMA). Here we
demonstrate that both FTIR and STXM imaging can provide such
10 information, though FTIR imaging may only give qualitative one,
whereas STXM is able to provide quantitative results on the
composition of the components in each phase. Moreover, it could
be possible to use both FTIR and STXM imaging techniques to a
same sample. The relatively thick FTIR sample can be ultrathin
15 sectioned to meet the requirement for STXM imaging study.
As with many others techniques, both FTIR and STXM imaging
have their own limitation. Normally, the basis of the imaging

a

PEQ film

SF film

Mass Absorption

35

technique is the difference in the absorption of the characteristic
peaks of the components. The amide bands (amide I, 11, III, etc.) in

20 FTIR and amide ©n* absorption in NEXAFS spectroscopy can be

distinguishable from other polymer component in most cases, so it
is why we claim these two methods are suitable for studying
protein-based polymer blends. Though it may encounter
difficulties when study protein/protein blends, we can use more

»s advanced multivariate imaging approaches, such as principal

component analysis* and cluster analysis* (already used in this
work) to analyze those FTIR or STXM imaging data. These
analytical methods are not like univariate imaging (also called
“function group imaging”, which just uses intensity or areas of a

30 specific peak), but use a whole spectra (or an interesting region,

such as fingerprint region) to analyze. Thus, we can distinguish the
subtle differences in the spectra of different components, and
widen the application area of this promising analytical method, the
combination of FTIR and STXM imaging.
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Fig. 3 (a) Near-edge X-ray absorption fine structure (NEXAFS) spectra of pristine SF and PEO film; (b) SF composition image of SF/PEO film; (c) PEO
composition image of SF/PEO film; (d) STXM-derived thickness image of SF/PEO film; (e) cross-sectional composition traces (black squares, SF; red
circles, PEO) and calculated thickness (blue hollow triangle) of SF/PEO film along the arrow in (b) or (d). The scale bars in (b), (¢), and (d) are the same.

Conclusions

40 In this paper, we report the use of two chemical imaging techniques,
FTIR imaging and STXM imaging to investigate the structure of
SF/PEO blend films. We demonstrate that FTIR imaging is not
only able to study the phase separation behaviour with the
resolution of 4 um, but also can analyze the molecular

4s conformation in the specific regions of the blend. The FTIR images
clearly show that there is a strong phase separation in the SF/PEO
blend, in which 80-100 pum diameter SF-rich domains are
dispersed in a PEO-rich matrix. SF exhibits random coil and/or
helical conformation in the dispersed domains, but [-sheet

so conformation in the matrix. Such a conformation difference may
provide a new strategy in the design of SF materials that make use

of different structures in different regions. However, the limitation
of the resolution of FTIR imaging prevents this technique from
monitoring the phase separation in morphologies smaller than

ss about 4 um. To solve this issue, we introduce STXM imaging,

which is not only able to provide high resolution images of the
phase morphology, but also provides quantitative thickness and
composition maps. We found the thickness and the SF content in
SF-rich and PEO-rich phase were different, which were 100 nm

60 and 70 nm, and 74+4% and 38+6%, respectively.

A combination of FTIR and STXM imaging offers the
possibility to obtain both spectral and spatial information, thereby
enabling a powerful visualization of samples. An experimental
strategy integrating these techniques is very useful to fully

s understand the structure of polymer blends, especially the SF-

based blends or other protein-based (for instance, collagen and soy
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protein) blends, as it can provide detailed information of phase
morphology, composition and thickness of each phase, as well as
the protein conformation.
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