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Abstract: Silk fibers suffer from microstructural changes due to various external environmental
conditions including daily washings. In this paper, we take the backscattering Mueller matrix images
of silk samples for non-destructive and real-time quantitative characterization of the wavelength-scale
microstructure and examination of the effects of washing by different detergents. The 2D images of
the 16 Mueller matrix elements are reduced to the frequency distribution histograms (FDHs) whose
central moments reveal the dominant structural features of the silk fibers. A group of new parameters
are also proposed to characterize the wavelength-scale microstructural changes of the silk samples
during the washing processes. Monte Carlo (MC) simulations are carried out to better understand
how the Mueller matrix parameters are related to the wavelength-scale microstructure of silk
fibers. The good agreement between experiments and simulations indicates that the Mueller matrix
polarimetry and FDH based parameters can be used to quantitatively detect the wavelength-scale
microstructural features of silk fibers. Mueller matrix polarimetry may be used as a powerful tool
for non-destructive and in situ characterization of the wavelength-scale microstructures of silk
based materials.
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1. Introduction

Silk based materials have been applied to many areas such as medicine [1], biotechnology [2,3],
biomaterials [4,5], fine chemical industry [6] and so on. Silk consisting of fibroin and sericin may
suffer from microstructural changes due to hostile external environmental conditions such as PH,
temperature, or exposure to ultraviolet light [7-10]. In our daily life, silk fabrics are often washed
using different detergents, which may have a different influence on the microstructure of silk. Recently,
many techniques have been used to study the physics and chemistry properties of silk fibers, such as
X-ray diffraction, scanning electron microscopy, nuclear magnetic resonance, infrared spectroscopy,
Raman spectroscopy and so on. It will be useful if we have non-destructive and real-time techniques
to quantitatively monitor the structural variations of silk based materials under different conditions.

Mueller matrix polarimetry has been recognized as a potentially powerful technique for probing
the wavelength-scale microstructural and optical properties of complex scattering samples [11,12].
Mueller matrix imaging techniques have many distinctive advantages for non-invasive and in-situ

Int. J. Mol. Sci. 2016, 17, 1301; d0i:10.3390/ijms17081301 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2016, 17, 1301 20f15

applications on biological specimens or other delicate samples [13-16]. Most of the existing
non-polarization optical instrumentations can be upgraded for Mueller matrix measurements by
adding proper polarization state generator (PSG) and polarization state analyzer (PSA) to the existing
optical path [17]. Comparing with non-polarization measurements, a Mueller matrix contains much
richer wavelength-scale microstructural information, which can be used to characterize the structural
features of the scattering media, such as polymer materials, and biomedical samples [14-17]. Mueller
matrix polarimetry may also serve as a powerful tool to distinguish the characteristic features of
different textile samples, such as acetate, cotton, silk and ramie [18]. In recent studies, Mueller matrix
imaging parameters have been used to provide comprehensive characterization of the polarization
features to assist various pathological detections, such as skin cancer [19], cervical cancer [20],
colon cancer [21], liver fibrosis [22], and so on [23,24].

In this paper, we use Mueller matrix polarimetry for quantitative characterization of
wavelength-scale microstructures of silk samples. The silk samples are washed several times
using different detergents, such as fabric softener, laundry powder, toilet soap and color stain net.
The backscattering Mueller matrix images are taken after each washing process. The 2D images of the
16 Mueller matrix elements are then reduced to their frequency distribution histograms (FDHs) and
central moments. According to the features of silk fibers, we also propose new parameters based on the
central moments of FDHs to quantitatively characterize the wavelength-scale microstructural changes
of the silk samples washed by different detergents. For a deeper understanding of the relationship
between the Mueller matrix parameters and the microstructural variations of silk, we also perform the
X-ray diffraction and scanning electron microscope measurements then carry out Monte Carlo (MC)
simulations based on the sphere-cylinder scattering model (SCSM) [25]. The good agreement between
experiments and simulations indicates that the Mueller matrix imaging and FDH based parameters can
be used to obtain quantitatively the wavelength-scale microstructural features of silk samples. Mueller
matrix polarimetry may be used as a powerful tool for non-destructive and real-time characterization
of the wavelength-scale microstructures of silk based materials.

2. Results and Discussion

2.1. 2D Images of Mueller Matrix Elements

Figures 1 and 2 show the experimental results of 2D Mueller matrix images for the silk samples
washed by fabric softener and color stain net, respectively. All the matrix elements are normalized
by the m11. As we have learned from previous studies [20,26], the following structural and optical
information of the silk samples before and after washing can be obtained from the Mueller matrix
elements: First, in Figures 1 and 2, the differences between the diagonal m22 and m33 elements,
and the magnitudes of the off-diagonal elements indicate that the silk sample is highly anisotropic.
Experimental and simulated results have demonstrated that a larger difference between the m22 and
m33 means a more prominent anisotropy [20,26]. It can be observed from Figure 1 that with more
washing time using fabric softener, the Mueller matrix of the silk sample remains almost the same,
while Figure 2 shows that the washing process using color stain net significantly changes the Mueller
matrix: the decreasing difference between the m22 and m33 indicates that the well-ordered anisotropic
silk fibers may be destroyed. Second, in Figures 1a and 2a the m12, m21 elements are both positive,
while the m13, m31 elements are approximately zero, which demonstrates that the orientation of the
silk fibers is mostly along the 0 degree direction [12]. Figure 2b,c show that the orientation of the silk
fibers washed by color stain net becomes disordered. Third, the diagonal elements m22, m33 and
m44 represent the depolarization ability [26]. Figure 1 shows that when washed by fabric softener,
the depolarization ability of the silk samples almost remains constant, while in Figure 2 the decrease
of the diagonal elements indicates that the depolarization ability of the silk samples increases as the
washing times using color stain net rise.
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Figure 1. 2D images of Mueller matrices of silk sample washed by fabric softener: (a) before washing;
(b) after the third washing; (c) after the sixth washing. The color bar is from —1 to 1 for the m11, m22,
m33, and m44, and from —0.1 to 0.1 for other elements.
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Figure 2. 2D images of Mueller matrices of silk sample washed by color stain net: (a) before washing;
(b) after the third washing; (c) after the sixth washing. The color bar is from —1 to 1 for the m11, m22,
m33, and m44, and from —0.1 to 0.1 for other elements.

2.2. Frequency Distribution Histogram (FDH) of Mueller Matrix Elements

From the analysis of the 2D Mueller matrix images in Section 3.1, we can obtain a lot of information
on how the wavelength-scale microstructure of the silk samples varies during the washing processes.
However, these features revealed directly by the 2D images are often qualitative and sometimes too
detailed. In this section, we adopt the FDH technique to transform the 2D Mueller matrix images
into quantitative parameters, which can characterize the dominant wavelength-scale microstructural
features of silk samples. Figures 3 and 4 show the FDH curves of the 2D Mueller matrix images
represented in Figures 1 and 2, respectively. For more information, we also calculate the central
moment parameters of the FDHs of the silk samples washed by fabric softener (Table 1), laundry
powder (Table 2), toilet soap (Table 3) and color stain net (Table 4). Compared to the 2D images,
the FDHs and their corresponding central moments of the Mueller matrix elements reveal the main
wavelength-scale structural features of the silk samples more clearly and quantitatively [26].
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Figure 3. Frequency distribution histograms (FDHs) of Mueller matrix elements of silk sample washed

by the fabric softener: before washing (black lines), after the third washing time (red lines) and the sixth

washing time (blue lines). The areas under the FDH curves are normalized to 1, and the horizontal axis

is divided into 400 parts.
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Figure 4. Frequency distribution histograms (FDHs) of Mueller matrix elements of silk sample washed

by the color stain net: before washing (black lines), after the third wash (red lines) and the sixth wash

(blue lines). The areas under the FDH curves are normalized to 1, and the horizontal axis is divided

into 400 parts.
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Table 1. Central moments P1 and P2 of the Mueller matrix elements for silk sample washed by

fabric softener.

Detergent/Parameter m12 m22 m23 m32 m33
F/P1.0 0.030 0.536 0.013 0.008 0.039
F/P1_1 0.029 0.504 0.036 0.030 0.043
F/P1.2 0.028 0.492 —0.003 —0.005 0.042
F/P1.3 0.029 0.526 0.009 0.002 0.048
F/P1_4 0.030 0.510 0.029 0.023 0.045
F/P1.5 0.029 0.524 0.015 0.009 0.048
F/P1_6 0.024 0.485 —0.012 —0.030 0.042
F/P2_0 0.011 0.022 0.018 0.022 0.016
F/P2_1 0.012 0.021 0.019 0.023 0.016
F/P2_2 0.011 0.022 0.019 0.022 0.016
F/P2_3 0.012 0.023 0.020 0.023 0.017
F/P2_4 0.011 0.022 0.019 0.023 0.017
F/P2_5 0.012 0.022 0.019 0.024 0.017
F/P2_6 0.011 0.022 0.018 0.022 0.016

Table 2. Central moments P1 and P2 of the Mueller matrix elements for silk sample washed by

laundry powder.

Detergent/Parameter m12 m22 m23 m32 m33
L/P1.0 0.032 0.528 0.075 0.071 0.049
L/P1_1 0.029 0.552 0.019 0.010 0.046
L/P1_2 0.027 0.534 0.037 0.036 0.051
L/P1_3 0.030 0.515 0.044 0.038 0.053
L/P1 4 0.032 0512  0.056 0.050 0.056
L/P1.5 0.034 0522  0.019 0.013 0.049
L/P1.6 0.032 0.482 0.004 —0.002 0.044
L/P2.0 0.012 0.019 0.023 0.027 0.018
L/P2_1 0.012 0.018 0.023 0.027 0.018
L/P2_2 0.012 0.018 0.022 0.026 0.018
L/P2_3 0.012 0.018 0.022 0.026 0.019
L/P2 4 0.012 0.019 0.022 0.026 0.019
L/P2_5 0.013  0.019  0.023 0.027 0.019
L/P2.6 0.012 0.019 0.022 0.026 0.018

Table 3. Central moments P1 and P2 of the Mueller matrix elements for silk sample washed by

toilet soap.

Detergent/Parameter m12 m22 m23 m32 m33
T/P1_0 0.033 0.560 0.001 —0.006  0.039
T/P1_1 0.039 0.492 0.006 —0.001 0.047
T/P1.2 0.039 0.453 —0.016 —0.023 0.052
T/P1_3 0.037  0.418 —0.004 —0.006  0.061
T/P1_4 0.033 0.379 0.003 —0.002  0.057
T/P1.5 0.031 0.367 0.004 —0.003 0.061
T/P1_6 0.026 0.307 —0.016 —0.021 0.061
T/P2_0 0.013 0.024 0.020 0.023 0.019
T/P2_1 0.013 0.025 0.021 0.023 0.019
T/P22 0.013 0.029 0.019 0.021 0.019
T/P2_3 0.013 0.028 0.020 0.021 0.019
T/P2_4 0.012 0.031 0.019 0.020 0.019
T/P2_5 0.012 0.027 0.019 0.020 0.019
T/P2_6 0.011 0.027 0.018 0.018 0.018
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Table 4. Central moments P1 and P2 of the Mueller matrix elements for silk sample washed by color

stain net.

Detergent/Parameter m12 m22 m23 m32 m33
C/P1_0 0.034 0.555 0.009 0.002 0.034
C/P1_1 0.036 0.582 0.134 0.131 0.060
C/P1_2 0.039 0.636 0.073 0.067 0.042
C/P1_.3 0.032 0.607 0.074 0.067 0.047
C/P1_4 0.030 0.585 0.017 0.006 0.061
C/P1.5 0.025 0.560 —0.010 —0.019 0.113
C/P1_6 0.010 0.441 0.003 —0.009 0.182
C/P2_0 0.013 0.024 0.020 0.022 0.018
C/P2_1 0.014 0.024 0.021 0.025 0.022
C/P2_2 0.017 0.029 0.027 0.029 0.027
C/P2_3 0.018 0.032 0.029 0.030 0.030
C/P2_4 0.019 0.040 0.031 0.034 0.036
C/P2_5 0.029 0.073 0.061 0.066 0.079
C/P2_6 0.032 0.107 0.073 0.078 0.119

E L, T and C represent fabric softener, laundry powder, toilet soap and color stain net respectively. F/P1_0 and
F/P2_0 represent the parameters P1 and P2 of silk sample before washing under the condition of fabric softener.
The full Tables of P1-P4 values of all the Mueller matrix elements are provided as supporting material.

The FDHs of the Mueller matrices shown in Figures 3 and 4 are non-diagonal, and the curves
of diagonal elements m22 and m33 are different, meaning that the silk sample is anisotropic. As the
washing times increase, the difference between the FDHs of the m22 and m33 changes, indicating
the anisotropy degree of the silk sample varies. For a closer observation of the anisotropy variations,
we then analyze the central moment parameters shown in Tables 1-4. It can be seen that the difference
of mean values (P1) between the m22 and m33 varies slightly for the silk samples washed by fabric
softener and laundry powder (the difference variations are 0.497 to 0.443 for Table 1 and 0.505 to
0.438 for Table 2, respectively), indicating the anisotropy degree stays relatively stable. Conversely,
the difference between the P1 values of the m22 and m33 becomes more and more obvious as the
washing times increase when using toilet soap and color stain net (the difference variations are 0.521
to 0.246 for Table 3 and 0.594 to 0.259 for Table 4, respectively), showing that washing by toilet soap
and color stain net causes prominent reductions in the anisotropy degree of the silk fibers. Therefore,
we can divide the four types of detergents into two groups: fabric softener and laundry powder
denoted as group A, toilet soap and color stain net denoted as group B.

Figure 3 and Tables 1 and 2 also reveal that, for the silk samples washed by group A detergents,
the central moment parameters of the off-center elements stay almost the same (the maximum variation
is less than 0.006). It confirms that during the washing processes, the group A detergents have limited
influence on the fibrous structures of the silk samples. However, Figure 4, Tables 3 and 4 indicate that
after washing by the group B detergents, the FDHs and central moment parameters of the off-diagonal
Mueller matrix elements changed more prominently. For instance, the maximum change of the P1
value for the m12 element shown in Table 4 is larger than 0.02, demonstrating that the anisotropy
degree of the silk samples has been changed by the group B detergents.

It can also be seen from Figure 4 and Table 4 that, after washing by color stain net the variance
of the FDHs, or the values of parameter P2 increase significantly. For example, in Table 4 after the
sixth wash the value of P2 for the m22 element increases more than 4 times compared to the unwashed
silk sample, whereas in Tables 1-3 the values of P2 keep relatively constant. It means the color stain
net may seriously damage the well-ordered fibrous structures, distributing the fiber orientation over
a wider range. We can see from Tables S1-54 that the values of P3 and P4 also represent some changes,
but more studies are still needed to reveal their structural meanings.
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2.3. Mueller Matrix Parameters of Silk Sample Based on FDHs

From the figures and tables above we can see that there is abundant structural information
encoded in the FDHs of Mueller matrix elements. To obtain more quantitative information on the
silk from the Mueller matrix elements, we propose three new parameters based on the FDHs and
their central moments. As shown in Section 2.2, the parameter c1,; is an indicator for the difference
between the values of diagonal m22 and m33 elements, which is positively related to the anisotropy
degree of the silk sample [26]. The parameter d22;, is an indicator for the changes of the mean value
of the m22 elements, which is negatively related to the depolarization ability of the silk sample [26].
The parameter d23p2 is an indicator for the distribution width of the values of the m23 element, which
is related to the degree of order of the silk sample. Figure 5 shows how the new FDH parameters
clp1, d22p1 and d23p,; vary with the washing time for the groups A (Figure 5a—c) and B (Figure 5d,e)
detergents. What we can learn from Figure 5a is that, as the washing time increases, the parameter
clp1 almost remains the same around 0.9 when the silk samples are washed by the group A detergents,
demonstrating that the silk samples maintain their large anisotropy degree. Moreover, Figure 5b,c
show that the values of parameters d22,,; and d23,,; change mildly and fluctuate within a narrow range,
indicating that the depolarization ability and degree of order of the silk samples change slightly during
the washings. On the other hand, Figure 5d—f reveal that compared with the samples washed by the
group A detergents, the group B detergents have more influence on the silk samples: the parameters
clp1 decreases for all samples in group B, which corresponds to reductions in the anisotropy of the
silk samples. However, we also see that the other two parameters of the silk samples washed by toilet
soap and color stain net have different variation features. For toilet soap, d22;, is always negative and
d23p; decreases slightly. For color stain net, d22;,; drops from positive to negative and d23,, increases
significantly. The results shown in Figure 5 indicate that for the silk samples washed by the group B
detergents, their wavelength-scale microstructures may have different characteristic variations.
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Figure 5. FDH parameters clp,; (left), 422, (middle) and d23,; (right) of silk samples washed by
different detergents. (a—c) are the values of three parameters for the silk samples washed by the group
A detergents: fabric softener in black square lines and laundry powder in red dot lines; (d—f) are
the values of three parameters for the silk samples washed by the group B detergents: toilet soap
in green diamond lines and color stain net in blue triangle lines. The horizontal axis represents the
washing times.
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In summary we can get the following information from the analysis above: (1) The change trends
of the parameters clp, d22;1 and d23,; are different for the groups A and B, so they may be used
to assess if a detergent affects the wavelength-scale microstructure of silk fibers; (2) In the group B,
the different change trends of d22,1 and d23,,, show that the parameters may provide the details of the
wavelength-scale microstructural variations of the silk samples.

2.4. Wavelength-Scale Microstructural Variations of Silk Samples

In order to study the relationship between the parameters used in Section 3.3 and the characteristic
wavelength-scale microstructural variations of the silk samples, we observed the silk strands, which
are consisted of tens of silk fibers, under an optical microscope and a scanning electron microscope.
Figure 6 shows the optical and scanning electron microscopic images of the unwashed silk strand
(Figure 6a,d) and the strands washed six times by group A detergents: fabric softener (Figure 6b,e)
and laundry powder (Figure 6¢,f). Figure 7 shows the optical and scanning electron microscopic
images of silk strands before washing (Figure 7a,d) and washed six times by group B detergents:
toilet soap (Figure 8b,e) and color stain net (Figure 7c,f). From Figures 6 and 7, we can see that
the wavelength-scale microstructures of the silk strands almost stay the same in group A, whereas
they change prominently in group B. It confirms that the three new parameters based on FDHs can
be used to assess the influences of the detergents on the wavelength-scale microstructures of silk
samples. Moreover, in our previous discussion, we have found that for the silk samples in group B,
the parameters d22,; and d23,, represent different change trends. This indicates that the parameters
may be not only a kind of indicator to reveal whether the wavelength-scale microstructural changes
occurred, but also a tool to characterize what kind of structural changes happened. It can be seen from
Figure 7 that the structural changes are not the same for the silk fibers washed by toilet soap and color
stain net, which demonstrates the assumption.

dAnan g ORKX WaR101rm SSO0N  SgArmms  Mgs fOERKK Ws101 T |

Figure 6. Optical microscopic images of silk samples in group A: (a) before washing; (b) after the

sixth washing by fabric softener; (c) after the sixth washing by laundry powder. Scanning electron
microscopic images (10,000 ) of silk samples in group A: (d) before washing; (e) after the sixth washing
by fabric softener; (f) after the sixth washing by laundry powder.
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Figure 7. Optical microscopic images of silk samples in group B: (a) before washing; (b) after the sixth

washing by toilet soap; (c) after the sixth washing by color stain net. Scanning electron microscopic
images (10,000 x) of silk samples in group B: (d) before washing; (e) after the sixth washing by toilet
soap; (f) after the sixth washing by color stain net.

2.5. Monte Carlo Simulations

For a better confirmation of the assumption in Section 3.3, we carry out MC simulations based on
the SCSM to interpret the relationships between the characteristic wavelength-scale microstructures
and the Mueller matrix parameters. Since the simulated results have no obvious variance and the
parameters almost do not change in group A, we focus on the analysis of the simulated parameters
clp1 and d22, in group B. According to the microscopic images in Figure 7 we build two models to
study the contrast mechanisms of the experimental results. It can be observed from Figure 7b,e that
compared to the unwashed silk fibers shown as Figure 7a,d, after six washings by toilet soap there
are more bumps and burrs on the surface of the silk fibers. Therefore, we raised the sphere/cylinder
ratio in the SCSM to mimic the increasing percentage of the small fragments and particles during
the washing process. The parameters in the MC simulation are set as follows for the silk samples:
The thickness of the medium is 0.01 cm. The diameters of the cylindrical and spherical scatterers are
1.5 um and 0.2 um to mimic the single silk fibers and the roughness on the silk surfaces or particles
embedded among the fibers [25,27]. The refractive indices of the scatterers and interstitial medium
are 1.56 and 1, respectively [25]. The cylindrical scatterers are distributed along the x-axis, and the
standard deviation of their angular distribution is 15 degree.

The toilet soap is alkaline, and has dehydration condensation reaction with —COOH group
of amino acid. Silk is made of fibroin and sericin which are composed of amino acids. Therefore,
the reactions between the silk fibers and toilet soap solution generate peptide bonds to make the
microstructure of silk compact and may produce some small particles attached to the surface of silk.
Meanwhile, these reactions could alter the surface structures to generate burrs and bulges. To simulate
the changes in the wavelength-scale microstructures for the silk fibers after washing by toilet soap,
we vary the sphere/cylinder ratio from 10:70 to 13:67, 15:65, 21:59, 22:58, 27:53 and 28:52 in the MC
simulation. As shown in Figure 8a, the MC simulated parameters c1p; and d22;,1 both decrease as
the washing times increase, and the values of d22,; are always negative. The simulated results are
consistent with the experimental observations shown in Figure 5. It is shown that the increasing
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surface roughness can reduce the anisotropy of the silk fibers, which can be reflected by the Mueller
matrix parameters.

1.0 1.0
= . ~-clp ~eclp
0.8 T ——d22p,| 0.8+ A —A—d22
S Y i 41 f By I a Pl
0.6 h oy
S
B
0.4 4
T
0.2-
0.4
0.6- ]
T T T v T v T T
0 2 4 6 0 2 4 6
(a) (b)

Figure 8. Monte Carlo simulation results of the parameters cl,; and d22p,; using the SCSM.
(a) The x-axis represents different values of sphere/cylinder ratio from (1) 10:70 to (2) 13:67; (3) 15:65;
(4) 21:59; (5) 22:58; (6) 27:53 and (7) 28:52; (b) The x-axis represents different values of the diameter
and standard deviation of angular distribution of the cylinders from (1) 1.5 um 15 degree to (2) 1 um
15 degree; (3) 0.9 um 19 degree; (4) 0.86 um 19 degree; (5) 0.76 um 20 degree; (6) 0.68 um 21 degree;
and (7) 0.68 um, 22 degree.

On the other hand, we can see from the microscopic images in Figure 7c,f that after washing by
color stain net the large silk strand is divided into separated disordered silk fibers. The color stain net,
whose primary ingredient is hydrogen peroxide H,O, with strong oxidizing property, can oxidize
protein to change the properties of the silk strands. The oxidize reactions dissolve the components of
the silk, making the wavelength-scale microstructures of the silk fibers loose and disordered. In the
MC simulations we reduce the diameters and increase the standard deviations of angular distribution
of the cylinders at the same time, from 1.5 um 15 degree to 1 um 15 degree, 0.9 um 19 degree, 0.86 pm
19 degree, 0.76 um 20 degree, 0.68 um 21 degree and 0.68 pum 22 degree. It can be observed that
there is also a good agreement between the simulated result shown in Figure 8b and the experimental
observations shown in Figure 5, meaning that during the washing process the silk strand breaks into
finer fibers distributed in a wider orientation range. Based on the MC simulations using different
wavelength-scale microstructural models, we can conclude that the contrast mechanism of the FDH
parameters is the rising number of small particles and increasing surface roughness for the silk samples
after washing by toilet soap, or the increasing disorder of the silk fibers with reduced diameters
after washing by color stain net, which can be distinguished by the parameters d22;,; and d23,
shown in Figure 5. The discovery in this study provides a potential method for characterizing the
wavelength-scale microstructure of silk based materials.

2.6. Results of X-ray Diffraction and Discussions

The experimental and Monte Carlo simulated results shown above indicate that the Mueller
matrix imaging parameters are sensitive to the wavelength-scale structural changes, which may
be induced by the molecular microstructural variations resulted from the detergents with different
chemical components. For confirmation, we perform the X-ray diffraction (XRD) measurements on the
silk samples.

As shown in Figure 9a, there are no obvious differences in the diffraction peaks for the silk
samples washed by group A detergents, indicating that their macromolecular microstructures almost
do not change. On the other hand, Figure 9b reveals that after washings by group B detergents,
the macromolecular microstructural features of the silk samples vary: (1) For the XRD curve 2,
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the diffraction peak near 9.1 degree is enhanced compared to the XRD curve 1. It can also be observed
that there is a new diffraction peak near 5.7 degree, indicating a new conformation of the silk protein
may be produced after washing by toilet soap [28]; (2) For the XRD curve 3, the diffraction peaks of
20.48 degree and 9.1 degree are obviously weakened compared to the XRD curve 1, meaning that the
crystallinity of the silk protein may decrease after washing by color stain net [29]. In summary, the XRD
measurements show that the group A detergents have very little influence on the macromolecular
microstructures of the silk samples, while the group B detergents may alter the conformation and
crystallinity of the silk protein, leading to increasing disorder and surface roughness of the silk fibers,
which can be reflected by the Mueller matrix imaging parameters shown as Figure 5.

2048

] 1. before washing; 20.48 1. before washing;
@ 14000 2. z;‘e?' tehe :isxth iushim_.; by fabric softener; 7o 14000 2. ::ﬁcr:'(sh::i‘x)x]::ashing by toilet soap;
% 12000 22 3. after the sixth washing by laundry powder Q. 22 3 after the sixth washing by color stain net
= 1 2 12000
2 =
= =
@« 10000 4 "= 10000
5 =

Q

E 8000+ £ 8000
= =
.2 60004 .S 6000+
2 S

4 < i
% 4000 “L.:“- 4000
2 2000 A 2000

0 T T T T ) 0 . : T T T . T T !
0 10 20 30 40 50 0 10 20 30 40 50
Diffraction angle 26 (degree) Diffraction angle 26 (degree)
() (b)

Figure 9. X-ray diffraction curves of silk samples. (a) 1. The silk before washing; 2. The silk after the
sixth washing by fabric softener; 3. The silk after the sixth washing by laundry powder; (b) 1. The silk
before washing; 2. The silk after the sixth washing by toilet soap; 3. The silk after the sixth washing by

color stain net.

3. Materials and Methods

3.1. Experimental Setup and Silk Samples

We adopt a typical experimental setup based on the dual rotating retarder configuration for
backscattering Mueller matrix measurements [30,31]. As shown in Figure 10a, the polarization states
of the incident light from the LED (633 nm, 3 W) are controlled by a linear polarizer (P1, extinction
ratio > 1000:1, Daheng Optic, Beijing, China) and quarter-wave plate (R1, Daheng Optic). Then the
collimated light of different polarization states illuminates the sample, and the backscattered photons
pass through another quarter-wave plate (R2, Daheng Optic) and linear polarizer (P2, extinction
ratio > 1000:1, Daheng Optic). Finally the photons are collected by a CCD camera (QImaging 32-0122A,
12 bit, Surrey, BC, Canada). There is an oblique angle (0 = 15°) between the illuminating and detection
arms to avoid the surface reflection from the sample.

During the measurements, the polarizers (P1, P2) are fixed in the horizontal direction, and the
two retarders (R1, R2) rotate with a fixed rate 8; = 58,. The Fourier series intensities are given by
Equation (1).

12
I=o9+ Z (otycos 2n0q + B,,8in 2nb1) 1)
n=1

In this paper, after 30 rotations of both retarders, the Mueller matrix elements can be calculated by
using the Fourier coefficients «; and (3, shown as Equation (1) [31]. Before applying to the samples,
we calibrate the experimental setup by measuring the Mueller matrices of standard samples such as
air. The maximum errors for the absolute values of all the Mueller matrix elements are smaller than
0.01 after calibration.
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In order to analyze the influence of different detergents on the wavelength-scale microstructures
of silk based materials, we prepared a simpler silk sample by wrapping the silk fibers (provided by
Guangxi Institute of Supervision and Testing on Product Quality, Nanning, Guangxi, China) around
a glass slide as shown in Figure 10b. Then the well ordered silk fibers are washed six times using
four common detergents: fabric softener (Comfort, Q/YQXA306, Unilever, Hefei, China), laundry
powder (Diaopai, WL-AGB/T13171.2-2009, Nice Group China, Lishui, China), toilet soap (Safeguard,
Q/GZB]J8II, Procter & Gamble, Tianjin, China) and color stain net (Bluemoon, Q/LYLZG20II, Bluemoon
China, Guangzhou, China). The silk fibers around the glass slide are soaked and washed in the
detergent solution for 30 min. Then they are completely dried out. During the washing processes
other factors are kept the same, such as the water temperature, soaking time, drying time and so on.
There are no evident contractions in the silk sample. After each washing, we take the 2D backscattering
Mueller matrix images of the silk samples and examine the relationship between the Mueller matrix
parameters and the wavelength-scale microstructural variations of washed silk fibers.

sample

L1 Pl

LED

(b)

Figure 10. (a) Schematic of experimental setup for the backscattering Mueller matrix measurement.

P1, P2: polarizer; R1, R2: quarter-wave plate; L1, L2: lens. The oblique incident angle 6 is about
15 degree to avoid the surface reflection from the sample. The diameter of the illumination area is
about 1.8 cm; (b) Silk sample used in this study.

3.2. Frequency Distribution Histograms (FDHs) and Quantitative Parameters

As a comprehensive description of polarization properties, Mueller matrix contains abundant
structural information of samples. However, the relationships between the features of certain
wavelength-scale microstructures and the Mueller matrix elements are not always clear, increasing the
difficulties in applying Mueller matrix polarimetry to practical applications. To deal with this problem,
one may transform the Mueller matrix elements into quantitative parameters with clearer physical
meanings [32]. In this work, we use the frequency distribution histograms (FDHs) to characterize
the wavelength-scale microstructural changes of silk samples [26]. Previous studies have shown that
the 2D images of Mueller matrix elements of homogeneous samples can be transformed into a group
of orientation insensitive parameters using FDH and its central moments, which can characterize
the dominant wavelength-scale microstructural features of the samples [26]. By analyzing the peak
positions, widths and shapes of the FDHs of the Mueller matrix elements, we may learn abundant
information of the silk samples, such as the degree of order, depolarization power, orientation direction
of the anisotropic silk fibers and so on.
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In our previous studies, four central moment parameters have been adopted for the statistical
analysis: mean (PI), variance (P2), skewness (P3) and kurtosis (P4) defined as Equation (2).
More detailed information about the central moment parameters can be obtained according to [26].

iw=Pl=E(X)
0% = P2 = Var (X)

3
skewness = P3 = E(X(;”) )

4
kurtosis = P4 = EEH.
o

Suppose we have a random variable X, whose central moments are defined as Equation (2):
mean (u), variance (02), skewness and kurtosis. E and Var are the notations for calculating the mean
(P1 or p) and variance (P2 or 02) values of the random variable X, respectively. Then, using p and 02 the
skewness (P3) and kurtosis (P4) can be calculated [26]. Considering that for the backscattering Mueller
matrix imaging, the central elements m22, m33, m23 and m32 always represent more prominent
changes than other elements [20], we propose a new set of parameters based on their mean (P1) and
variance (P2) values of the FDHs to characterize the wavelength-scale microstructure variations of the
silk samples.

ClPl _ |m22p1—m33p1|

DR oo

iP1— 0

22, = M tn 3)
_ m23;py—m23ypy

d23p, = "Bz 2

As shown in Equation (3), we define the parameter c1,; to characterize the difference between the
mean values (P1) of the FDHs of diagonal m22 and m33. Meanwhile, the parameters d22,; and d23,;
indicate the mean (P1) and variance (P2) differences between the unwashed and washed silk samples
of the m22 and m23 elements. In Equation (3), m22;p1, m23;pp are the mean and variance values of the
FDH curves of the silk sample after the ith washing, while m22q,1 and m23, are the corresponding
values of unwashed sample. Here we choose the diagonal m22 element and off-diagonal m23 element
for calculations. It should be noted that other elements can also provide similar information of the
silk samples.

3.3. Monte Carlo (MC) Simulation

For better explanations of the relationships between the Mueller matrix parameters and the
wavelength-scale microstructural changes of the silk samples, we carry out MC simulations based on
the SCSM to study the behavior of polarized photons as they propagate in the silk samples [27].
There are two key components in the SCSM: spherical scatterers and infinitely long cylindrical
scatterers, representing different wavelength-scale microscopic structures of the silk samples. The silk
fibers are approximated as cylindrical scatterers immersed in interstitial medium, meanwhile, the small
particles attached to the surface of the silk fibers or embedded in the interstitial medium can be
represented by spherical scatterers with different sizes and scattering coefficients. In this paper,
we set the MC simulation parameters according to the silk samples, which will be introduced in the
following sections.

4. Conclusions

In this paper, we take the backscattering 2D Mueller matrix images of silk fibers washed by
different detergents: fabric softener, laundry powder, toilet soap and color stain net. The analysis
of the 2D images and frequency distribution histograms (FDHs) of the Mueller matrix elements
reveals abundant qualitative structural information of the silk fibers, such as their anisotropy degree,
depolarization ability and orientation direction. Moreover, we propose a group of new parameters
based on the central moments of FDHs to obtain the wavelength-scale microstructural variation
features of the silk samples during the washing processes quantitatively. The experimental results
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demonstrate that the Mueller matrix parameters have the potential to be used as indicators to decide
if a detergent can change the structure of the silk fibers. Also, the different change trends show that
the parameters may provide details on the wavelength-scale microstructural variations of the silk
fibers. For deeper understanding of the relationship between the Mueller matrix parameters and
the microstructural variations of silk, we also performed X-ray diffraction and scanning electron
microscope measurements, then carried out Monte Carlo simulations based on the sphere-cylinder
scattering model. The good agreement between experimental and simulated results confirms that
the Mueller matrix polarimetry and FDH based parameters can be used as tools to monitor the
wavelength-scale microstructural variations of silk. The information is valuable not only for the
quantitative characterization of structural changes of silk fibers, but also for non-destructive and
real-time detection of wavelength-scale microstructures of silk based materials.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/8/1301/s1.

Acknowledgments: This work has been supported by National Natural Science Foundation of China (NSFC)
Grant No. 11174178, 11374179, 61205199, 61405102, and Science and Technology Project of Shenzhen Grant
No. CXZZ20140509172959978, GJHZ20150316160614844.

Author Contributions: Yang Dong and Honghui He conceived the research framework; Yang Dong and
Jialing Zhou performed the experiments; Yang Dong and Honghui He analyzed the data; Chao He and Nan Zeng
contributed analysis tools; Yang Dong and Honghui He wrote the paper; Hui Ma supervised the project and
revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Santin, M.; Motta, A.; Freddi, G.; Cannas, M. In vitro evaluation of the inflammatory potential of the silk
fibroin. J. Biomed. Mater. Res. 1999, 46, 382-389. [CrossRef]

2. Acharya, C,; Kumar, V; Sen, R.; Kundu, S.C. Performance evaluation of a silk protein based matrix for the
enzymatic conversion of tyrosine to L-DOPA. Biotechnol. ]. 2008, 3, 226-233. [CrossRef] [PubMed]

3. Meinel, L.; Fajardo, R.; Hofmann, S.; Langer, R. Silk implants for the healing of critical size bone defects.
Bone 2005, 37, 688-698. [CrossRef] [PubMed]

4.  Chitrangada, A.; Boris, H.; Subhas, C.K. The effect of lactose-conjugated silk biomaterials on the development
of fibrogenic fibroblasts. Biomaterials 2008, 29, 4665—4675.

5. Cao, Y.; Wang, B.C. Biodegradation of silk biomaterials. Int. J. Mol. Sci. 2009, 10, 1514-1524. [CrossRef]
[PubMed]

6.  Heslot, H. Arfificial fibrous proteins: A review. Biochimie 1998, 80, 9-13. [CrossRef]

7. Chitrangada, A.; Sudip, K.G.; Kundu, S.C. Silk fibroin film from non-mulberry tropical tasar silkworms:
A novel substrate for in vitro fibroblast culture. Acta Biomater. 2009, 5, 429-437.

8. Zhou, C.Z.; Confalonieri, F.; Medina, N.; Zivanovic, Y.; Esnault, C.; Yang, T.; Jacquet, M.; Janin, J.; Duguet, M.;
Perasso, R.; et al. Fine organization of B. mori fibroin heavy chain gene. Nucleic Acids Res. 2000, 28, 2413-2419.
[CrossRef] [PubMed]

9. Zhou, P; Xie, X. Effects of pH and calcium ions on the conformational transitions in silk fibroin using 2D
raman correlation spectroscopy and 13C solid-state NMR. Biochemistry 2004, 43, 11302-11311. [CrossRef]
[PubMed]

10. Hino, T.; Tanimoto, M.; Shimabayashi, S. Change in secondary structure of silk fibroin during preparation of
its microspheres by spray-drying and exposure to humid atmosphere. J. Colloid Interface Sci. 2003, 266, 68-73.
[CrossRef]

11.  Alali, S.; Vitkin, I.A. Polarized light imaging in biomedicine: Emerging Mueller matrix methodologies for
bulk tissue assessment. J. Biomed. Opt. 2015. [CrossRef] [PubMed]

12.  He, H,; Sun, M,; Zeng, N.; Du, E;; Liu, S.; Guo, Y.; Wu, J.; He, Y.; Ma, H. Mapping local orientation of aligned
fibrous scatterers for cancerous tissues using backscattering Mueller matrix imaging. J. Biomed. Opt. 2014.
[CrossRef] [PubMed]

13.  Ghosh, N.; Vitkin, I.A. Tissue polarimetry: Concepts, challenges, applications, and outlook. J. Biomed. Opt.
2011. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/(SICI)1097-4636(19990905)46:3&lt;382::AID-JBM11&gt;3.0.CO;2-R
http://dx.doi.org/10.1002/biot.200700120
http://www.ncbi.nlm.nih.gov/pubmed/18034433
http://dx.doi.org/10.1016/j.bone.2005.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16140599
http://dx.doi.org/10.3390/ijms10041514
http://www.ncbi.nlm.nih.gov/pubmed/19468322
http://dx.doi.org/10.1016/S0300-9084(98)80053-9
http://dx.doi.org/10.1093/nar/28.12.2413
http://www.ncbi.nlm.nih.gov/pubmed/10871375
http://dx.doi.org/10.1021/bi049344i
http://www.ncbi.nlm.nih.gov/pubmed/15366940
http://dx.doi.org/10.1016/S0021-9797(03)00584-8
http://dx.doi.org/10.1117/1.JBO.20.6.061104
http://www.ncbi.nlm.nih.gov/pubmed/25793658
http://dx.doi.org/10.1117/1.JBO.19.10.106007
http://www.ncbi.nlm.nih.gov/pubmed/25321399
http://dx.doi.org/10.1117/1.3652896
http://www.ncbi.nlm.nih.gov/pubmed/22112102

Int. ]. Mol. Sci. 2016, 17, 1301 150f 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Ye, H.; Xu, J.; Freudenthal, J.; Kahr, B. On the circular birefringence of polycrystalline polymers: Polylactide.
J. Am. Chem. Soc. 2011, 133, 13848-13851. [CrossRef] [PubMed]

Liu, S.; Du, W.; Chen, X.; Jiang, H.; Zhang, C. Mueller matrix imaging ellipsometry for nanostructure
metrology. Opt. Express 2015, 23, 17316-17329. [CrossRef] [PubMed]

Snik, E; Jones, J.C.; Escuti, M.; Fineschi, S.; Harrington, D.; Martino, A.D.; Mawet, D.; Riedi, J.; Tyo, J.S.
An overview of polarimetric sensing techniques and technology with applications to different research fields.
Proc. SPIE 2014. [CrossRef]

Wang, Y.; He, H.; Chang, J.; Zeng, N.; Liu, S.; Li, M.; Ma, H. Differentiating characteristic microstructural
features of canceroustissues using Mueller matrix microscope. Micron 2015, 79, 8-15. [CrossRef] [PubMed]
Sun, M.; He, H.; Zeng, N.; Du, E.; Guo, Y.; Peng, C.; He, Y.; Ma, H. Probing microstructural information
of anisotropic scattering media using rotation-independent polarization parameters. Appl. Opt. 2014, 53,
2949-2955. [CrossRef] [PubMed]

Du, E.; He, H.; Zeng, N.; Sun, M.; Guo, Y.; Wu, J.; Liu, S.; Ma, H. Mueller matrix polarimetry for differentiating
characteristic features of cancerous tissues. J. Biomed. Opt. 2014. [CrossRef] [PubMed]

Sun, M.; He, H.; Zeng, N.; Du, E.; Guo, Y.; Liu, S.; Wu, J.; He, Y.; Ma, H. Characterizing the microstructures
of biological tissues using Mueller matrix and transformed polarization parameters. Biomed. Opt. Express
2014, 5, 4223-4234. [CrossRef] [PubMed]

Pierangelo, A.; Manhas, S.; Benali, A.; Fallet, C.; Totobenazara, J.; Antonelli, M.; Novikova, T.; Gayet, B.;
Martino, A.D.; Validire, P. Multispectral Mueller polarimetric imaging detecting residual cancer and cancer
regression after neoadjuvant treatment for colorectal carcinomas. J. Biomed. Opt. 2013. [CrossRef] [PubMed]
Dubreuil, M.; Babilotte, P.; Martin, L.; Sevrain, D.; Rivet, S.; Grand, Y.L.; Brun, G.L.; Turlin, B.; Jeune, B.L.
Mueller matrix polarimetry for improved liver fibrosis diagnosis. Opt. Lett. 2012, 37, 1061-1063. [CrossRef]
[PubMed]

Wang, W.; Lim, L.G; Srivastava, S.; Yan, ].S.; Shabbir, A.; Liu, Q. Roles of linear and circular polarization
properties and effect of wavelength choice on differentiation between ex vivo normal and cancerous gastric
samples. J. Biomed. Opt. 2014. [CrossRef] [PubMed]

Jagtap, J.; Chandel, S.; Das, N.; Soni, ].; Chatterjee, S.; Pradhan, A.; Ghosh, N. Quantitative Mueller matrix
fluorescence spectroscopy for precancer detection. Opt. Lett. 2014, 39, 243-246. [CrossRef] [PubMed]

He, H.; Zeng, N; Liao, R.; Yun, T.; Li, W.; He, Y.; Ma, H. Application of sphere-cylinder scattering model to
skeletal muscle. Opt. Express 2010, 18, 15104-15112. [CrossRef] [PubMed]

He, C.; He, H,; Li, X.; Chang, J.; Wang, Y.; Liu, S.; Zeng, N.; He, Y.; Ma, H. Quantitatively differentiating
microstructures of tissues by frequency distributions of Mueller matrix images. |. Biomed. Opt. 2015.
[CrossRef] [PubMed]

Yun, T.; Zeng, N.; Li, W,; Li, D.; Jiang, X.; Ma, H. Monte Carlo simulation of polarized photon scattering in
anisotropic media. Opt. Express 2009, 17, 16591-16602. [CrossRef] [PubMed]

Harris, J.I; Cole, R.D.; Pon, N.G. The kinetics of acid hydrolysis of dipeptides. J. Biochem. 1956, 62, 154-159.
[CrossRef]

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

Azzam, R ML.A. Photopolarimetric measurement of the Mueller matrix by Fourier analysis of a single detected
signal. Opt. Lett. 1978, 2, 148-150. [CrossRef]

Chenuault, D.B.; Pezzaniti, J.L.; Chipman, R.A. Mueller matrix algorithms. Proc. SPIE 1992, 1746, 231-246.

He, H.; Chang, J.; He, C.; Ma, H. Transformation of full 4 x 4 Mueller matrices: A quantitative technique for
biomedical diagnosis. Proc. SPIE 2016. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/ja205159u
http://www.ncbi.nlm.nih.gov/pubmed/21838269
http://dx.doi.org/10.1364/OE.23.017316
http://www.ncbi.nlm.nih.gov/pubmed/26191741
http://dx.doi.org/10.1117/12.2053245
http://dx.doi.org/10.1016/j.micron.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26280279
http://dx.doi.org/10.1364/AO.53.002949
http://www.ncbi.nlm.nih.gov/pubmed/24922012
http://dx.doi.org/10.1117/1.JBO.19.7.076013
http://www.ncbi.nlm.nih.gov/pubmed/25027001
http://dx.doi.org/10.1364/BOE.5.004223
http://www.ncbi.nlm.nih.gov/pubmed/25574434
http://dx.doi.org/10.1117/1.JBO.18.4.046014
http://www.ncbi.nlm.nih.gov/pubmed/23612875
http://dx.doi.org/10.1364/OL.37.001061
http://www.ncbi.nlm.nih.gov/pubmed/22446225
http://dx.doi.org/10.1117/1.JBO.19.4.046020
http://www.ncbi.nlm.nih.gov/pubmed/24781588
http://dx.doi.org/10.1364/OL.39.000243
http://www.ncbi.nlm.nih.gov/pubmed/24562117
http://dx.doi.org/10.1364/OE.18.015104
http://www.ncbi.nlm.nih.gov/pubmed/20639995
http://dx.doi.org/10.1117/1.JBO.20.10.105009
http://www.ncbi.nlm.nih.gov/pubmed/26502227
http://dx.doi.org/10.1364/OE.17.016590
http://www.ncbi.nlm.nih.gov/pubmed/19770874
http://dx.doi.org/10.1042/bj0620154
http://dx.doi.org/10.1002/bip.360250307
http://www.ncbi.nlm.nih.gov/pubmed/3697478
http://dx.doi.org/10.1364/OL.2.000148
http://dx.doi.org/10.1117/12.2210878
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	2D Images of Mueller Matrix Elements 
	Frequency Distribution Histogram (FDH) of Mueller Matrix Elements 
	Mueller Matrix Parameters of Silk Sample Based on FDHs 
	Wavelength-Scale Microstructural Variations of Silk Samples 
	Monte Carlo Simulations 
	Results of X-ray Diffraction and Discussions 

	Materials and Methods 
	Experimental Setup and Silk Samples 
	Frequency Distribution Histograms (FDHs) and Quantitative Parameters 
	Monte Carlo (MC) Simulation 

	Conclusions 

