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ABSTRACT: Silk fibroin is a protein with a unique combination
of properties and is widely studied for biomedical applications. The
extraction of fibroin (degumming) from the silk filament impacts
the properties of the outcoming material. The degumming can be
conducted with different procedures. Among them, the most used < >
and studied procedure in the research field is the alkali degumming Qt; crvo™
with sodium carbonate (Na,COj;). In this study, by the use of a /ﬂiﬁ
statistical method, namely, design of experiment (DOE), we . I—p N 4 )
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selected range of values. We considered the process temperature Na2COsConc. Crystallinity
and time, the salt concentration, and the number of baths used, Volume Mechanical prop.
testing the impact of these variables on the fibroin properties by

building empirical models. These models not only took into consideration the direct effect of the process factors but also their
combined effect, which are not conventionally detectable with other methods. The weight loss and the amount of sericin removed in
the process were determined and used as a measure of the effectiveness of the process. The secondary structure, the molecular
weight, the diameter of fibers, and their morphology and mechanical properties were studied with the intent to correlate the
macroscopical properties with the structural changes. We report, for the first time, the possibility to effectively remove all sericin
from the silk fibroin using Na,COj3, using a process that requires less salt, water, and energy, in comparison with the standard alkali
protocol, making this technique overall more environmentally sustainable; in addition, we have demonstrated the possibility to tune
the material properties by varying the degumming conditions and even to optimize them with empirical statistically based equations
that allow one to directly set the optimal process parameters. The major effect on the macroscopical properties (such as the ultimate
strength and Young’s modulus) has been proved to be correlated with the removal of sericin instead of the microstructural variations.
Finally, a ready-to-use table with a set of optimized degumming procedures to maximize or minimize the studied properties was

provided.
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B INTRODUCTION weight, while the rest of the weight is due to fibroin. The
separation of these two proteins can be accomplished with a
procedure called degumming in which sericin is solubilized in
a chemical bath while fibroin remains as fibers. The aim of the
separation of these two proteins is to improve the mechanical
properties, to standardize the outcoming material, and to
improve the overall biocompatibility. In fact, early studies
reported some compatibility issues of the raw silk because of
the presence of residual sericin®® and further research
demonstrated that sericin in combination with fibroin can

Silk is a proteinic fiber produced by several arthropods and is
known since the ancient time for the production of textiles.
Over the centuries, the coerced evolution from the wild moth
to the domestic silkworm, namely, Bombyx mori, had led to
the development of sericulture and the wide abundance of the
raw silk cocoons." Each cocoon is made of a continuous silk
filament with a length between 700 and 1500 m, which is
known as bave. The silk bave is composed of two proteins
disposed in a core—shell structure in which two fibers (known
as brin) of the internal protein, called fibroin, are glued

together by an external layer of a globular protein called Received: November 25, 2020
sericin.”~* These two proteins have different functions: the Accepted:  February §, 2021
purpose of fibroin is mainly structural and confers to the silk Published: February 17, 2021

its unique mechanical properties; meanwhile, sericin acts like a
glue, which helps in the formation of the cocoon. Depending
on the typology of silk, sericin impacts 25—30% of the cocoon
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cause a serious allergic reaction.”® For this reason, the

removal of sericin is vital if silk is intended as a material for
biomedical applications. Upon degumming, fibroin becomes
an excellent material for biomedical purposes because of the
positive responses of biological tissues.* Nowadays, the use of
silk fibroin is of particular interest in all the fields in which the
interaction with living tissues is crucial. The combinations of
properties such as high mechanical strength, easy process-
ability, and resorbability make this material unique among the
other available biopolymers’ because of its exceptional
versatility.” In particular, in tissue engineering, silk fibroin in
different structural forms is widely studied as a material for
bone,' "™ cartilage,ls_17 tendon,"®*° skin,”'~** and cornea
regenerationm_27 and, in minor part, for nerve, muscle, spinal
cord, and liver regeneration.” In addition, the possibility to
produce different structures and to chemically modify the
regenerated protein allows the use of silk fibroin in an
increasing number of frontier applications in which traditional
fields like electronics and ogtics encounter the integration
with biology (bio-electronics™ " and bio-optics® ~>*). This
wide range of usage had led to the development of an entire
plethora of protocols to produce different materials starting
from the fibroin extracted from the silk cocoon.” The
properties of all the outcoming materials are affected by the
very fundamental operation of separating fibroin and sericin;
during this process, the properties of silk fibroin are changed
accordingly on which method is used and how the different
variables are set.’*® Several methods were developed to
conduct this process: from the simple immersion of the cut
cocoons in boiling water’” to the use of soaps,*’ acid
solutions,*" ionic liquids,42 enzymes,%_46 and amine*’ and
the more recent use of physical methods such as sonication,*’
microwave,** steam treatment,” and CO, critical fluid.*
Most of these processes were developed with two purposes: as
an enviromentally sustainable alternative to the commonly
used alkaline degumming and as methods to preserve the
fibers against degradation.‘m’50 However, none of these
alternatives could effectively substitute the far more used
alkali degumming method because of the incapacity to remove
most of sericin from the fiber in a suitable amount of time.
The most common degumming method consists of the
dissolution of sericin in a boiling bath of sodium carbonate
(Na,CO;) in water. This process is well established in a series
of protocols known as the Rockwood protocol” and its
impact on the properties of the resultant fibroin fibers has
been extensively studied in the literature, giving results that
are, in their complexity, not self-consistent. Both the
molecular weight and the secondary structure tend to be
modified by the effect of the degumming procedure. It is
known that the increase in the degumming time decreases the
molecular weight of the 8p_rotein and consequently decreases
also the tensile strength.**" This is usually used to modulate
also the mechanical response of the materials produced
starting from the degummed fibers.”"*” Several efforts have
been made to maintain a high-molecular-weight protein with
the lowest possible degradation after degumming,*®**~>°
However, even for a low degumming time and also using
different degumming methods, the highest molecular weight
obtained was around 400 kDa, corresponding to the weight of
the H-L unit’®" In the specific case of the Rockwood
protocol, 30 min in a boilin% solution gives a molecular weight
centered around 100 kDa.™ It is also known that during the
degumming time, the fibers tend to crystallize proportionally
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with the increase of the degumming agent.”**" Most of the
studies present in the literature take into consideration only
single-process variables, demonstrating how it is possible to
modify specific material properties (e.g, degumming time
versus molecular weight or elastic modulus and the effect of
the salt concentration) by varying them one by one. This
procedure is known as one factor at a time (OFAT); it does
not take into consideration the process in its complexity,
neither the interaction that could be present among the
different process variables. Instead, the application of
statistical methods may be effectively used to optimize a
process even in the case of silk fibroin.”” " In particular, a
design of experiment (DOE) method allows one to
distinguish the statistical relevant process factors from the
irrelevant ones and to build empirical equations that relate the
factors and their interaction with the material properties of
interest (from now on called yields)éo_65 whithout engaging
in a mechanistic description of the phenomena, as usually
done by other disciplines. In this study, by the use of DOE,
we characterized the most used alkali degumming with
Na,CO;, taking into consideration the main process variables
involved and modifying them within a selected range.
Excluding the uncontrollable external variations (such the
environmental temperature, pressure, and humidity), at least
four controllable variables (from now on called “factors”) are
involved in the Na,CO; degumming: the process time, the
process temperature, the volume of water, and the salt
concentration. For each factor, a minimum level and a
maximum level were chosen in a range with a lower material
(salt and water) and energy consumption (lower temperature)
compared to the common protocol. The factors were taken
into account to build a 2* full factorial experiment, resulting in
16 different degumming treatments, and for each of them,
three replicas were produced to ensure reproducible results.
As yields, we studied the weight loss (degumming ratio), the
molecular weight, the dispersion index, and the secondary
structure of the resulting fibers as well as their mechanical
properties (Young’s modulus, ultimate strength, strain at
break, and toughness modulus) and morphology (diameter
and microstructure), building predictive empirical equations
(with a 95% confidence interval) as a function of the
degumming factors. These equations and the contour plots
provided can be used to effectively design the material
properties of the end product just by changing the
degumming conditions without running an additional set of
trials. We also report for the first time the possibility to
effectively remove all sericin from the silk fibroin using
Na,CO; with a process that requires less salt, water, and
energy in comparison with the standard protocol, maintaining
a discretely high molecular weight (with a peak center tunable
between 100 and 300 kDa). The morphological analysis
conducted by secondary electron microscopy in combination
with the weight loss was used to discern between effective and
ineffective treatments in terms of sericin removal. Gel
permeation chromatography allowed us to determine both
the molecular weight and the dispersion index, while Fourier
transform infrared spectroscopy has been used to determine
the protein secondary structure on the fiber surface. Tensile
tests have been performed to seek a correlation between the
secondary structure, the molecular weight, and the mechanical
properties. The correlation index revealed that the mechanical
properties were not affected by the secondary structure
changes, which in the studied process were modest.

https://dx.doi.org/10.1021/acsbiomaterials.0c01657
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Table 1. Factors, Corresponding Variables, and Their Levels (Positive and Negative)”

F(Y)=co+ XA+ XB+gXC+e;XD+cgXAXB+cgXAXC+e; XAXD+gXBXC+cgXBXD+cgXCXD+¢; XAXBXC+cp XAX
BXD+c¢3XAXCXD+cyXBXCXD+c¢5sXAXBXCXD

factor variable type +1 level —1 level
A number of baths discrete 1 2
B time (min) continuous 20 90
C temperature (°C) continuous 98 70
D salt concentration (g/mL) continuous 0.1 1.1
confounded factor
factor variable type +1 level —1 level
E (confounded A) total volume (mL) continuous 400 (133 mL/g cocoons) 800 (266 mL/g cocoons)

“Four factors, each of them in two levels, were tested: the number of baths (1 or 2), the degumming total time (20 or 90 min), the temperature of
the bath (80 or 98 °C), and the salt concentration (0.1 or 1.1 g/L). All the combinations of the factor’s levels were considered. We can consider as
a confounded factor also the total volume of water. In fact, each bath had a fixed water volume of 300 mL; it means that all the double bath
processes had a total water volume of 600 mL vs 300 mL of the single bath processes.

Interestingly, we found an inverse correlation of the
mechanical properties with the molecular weight. An in-
depth analysis revealed the effect of a lurking variable, the
sericin removal. Due to the fact that fibers with a high
molecular weight had a low degumming rate, the effects of the
molecular weight could not be separated from the effect of the
sericin removal, giving an overall increase in the mechanical
properties, due to the increase in the amount of the removed
sericin, even if the molecular weight decreased. As a major
accomplishment, we proved the significance not only of the
single process factors but, in the case of several studied
properties, of their mixed effect, while in most of the studies
the effect of a single factor is detected.’*** We also provided a
full set of empirical models that allow one to tune the
degumming variables according to the desired property
outcomes and, based on them, a ready-to-use set of
Na,CO; degumming protocols.

B MATERIALS AND METHODS

Experimental Design and Statistical Methods. To verify the
dependence of the silk fibroin properties on the degumming
procedure, a 2* full factorial design has been used. Four factors
have been considered in the process, each of them varying between
two levels, normalized between —1 and +1. The considered variables
were the number of degumming baths (—1 — 1 bath, + 1 — 2
baths), the concentration of salt (—1 — 0.1 g/L, + 1 —> 1.1 g/L), the
bath temperature (—1 — 70°C, + 1 — 98°C), the total time of the
degumming (—1 — 20 min, + 1 — 90 min), and their respective
levels and the complete empirical equations are reported in Table 1.
In the model equation depending on the considered property, some
terms could be missing. In fact, only the terms proved to be
statistically significant by ANOVA test were included. The basic
assumption for each of the further statistical analyses was the normal
distribution of the data collected from each applied degumming
treatment. For each sample, we studied some properties of interest
(yield) and we built a predictive model based on the process
variables. The considered yields are reported in Table 2, including
the number of measurements conducted for each replica. The general
model is reported in Table 1 including all the first-order terms that
correlate the property directly with the process factors, the second-
order terms that consider how couples of factors mutually interact
with each other, the third-order terms that take into account the
mutual interaction of triplets of factors, and one four-order term in
which the interaction of all factors is considered. It is important to
note that terms above the first order are not usually considered in
methods that study the variation of one property vs one variable. A
Pareto plot and a half-normal plot were initially used to evaluate
which terms have to be included in the model. In the Pareto plot, the
effects were listed in order of magnitude and only the effects higher
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Table 2. Studied Material Properties, Method of
Measurement, and the Number of Tests Conducted for
Each Replica”

no. of
measures/
method measured properties unit replicas
weight difference weight loss % 1
uv sericin removed % 1
spectrophotometry
optical microscopy  fiber diameter pm S
FTIR-ATR relative amount of %
secondary structures
GPC molecular weight kDa 1 for each
polydispersity treatment
tensile test ultimate strength MPa  at least 3
strain at break %
Young’s modulus GPa
toughness modulus MJ/
m

“We performed only one measurement of the weight loss and sericin
removed per trial. We also performed only one measurement/replica
for FTIR and one measurement/treatment (only one measurement
over the three replicas) in the case of the GPC because of the
complexity of the technique. Instead, due to the variability of the
tensile test, we perform it at least on 10 fibers per replica,
contemporarily measuring the diameter by optical microscopy.

than the critical t-value (and thus differ from normality) were chosen.
The effects were reported in the half-normal plot and only the ones
that resulted to be significantly out from the line (indicating the
normality) were chosen. An analysis of variance (ANOVA) test was
performed to evaluate the significance on the selected terms and on
the resulting model; consequently, the insignificant terms were
eliminated. The terms were significant if their p value was <0.1 (90%
confidence interval); meanwhile, the model was considered
significant only with p < 0.05 (95% confidence interval). This
discrepancy between the single terms and the model has been chosen
to consider the intrinsic nature of silk fibroin, in which, as in any
natural material, the property could vary from batch to batch. So, to
detect the effect of the single factors (and, eventually, their
combination), a larger confidence interval was used. All the statistical
tests were double-tailed. The function of the considered yield (F(Y))
was selected to make the residuals normally distributed and without a
pattern. The entire process was then iterated again, considering the
outcoming values of the function of the effects instead of the bare
effects’ values. On the collected data, a correlation matrix has been
plotted by calculating the Pearson index r for each couple of variables
by using eq 1, where x is the first variable, y is the second variable,
and % and y are the corresponding mean values.

https://dx.doi.org/10.1021/acsbiomaterials.0c01657
ACS Biomater. Sci. Eng. 2021, 7, 1374—1393
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Optimization. The optimization was done by a numerical
method based on desirability functions.*®” These functions are in
the [1,0] range, where 1 represents the optimum solution. Indicating
Y, the specific yield, d,, the corresponding desirability function, and
U; and L, the maximum and minimum values of the yield inside the
process variable range, the equations for the maximization and
minimization of Y; can be expressed as eqs 2 and 3, respectively.
Based on the willingness to minimize or maximize the specific yield,
one of these two functions was chosen. To contemporarily optimize
multiple yields, the overall desirability (d,,) was used. d is the
geometric mean of all the desirability functions assigned to the
different yields and is reported in eq 4 with k equal to the total
number of yields. The maximization of dy, (within the [0,1] range)
gave the best compromise in the optimization of the different yields.

Lif Y; > U
Y- L
d; = ifL,>2Y, 20
' LIi_Li
0ifY, < L, (2)
0ifY, > U
Y- L,
d = ifL,>Y, > U
Tlu-L
1ifY, < L, (3)

dige = (dldzdS dk)l/k (4)

Silk Fibroin Degumming. Extraction and purification of silk
fibroin were conducted using an adapted version of a well-known
protocol.>® Briefly, to separate silk fibroin from silk sericin, 3 g of B.
mori silk cocoons (imported from Chul Thai Silk Co., Phetchabun,
Thailand) were cut in small pieces and placed in 400 mL of sodium
carbonate (0.1 or 1.1 g/L accordingly to the trial, Na,CO;, Sigma-
Aldrich) hot solution (70 or 98 °C accordingly to the trial) for a
determined time (20 or 90 min accordingly to the trial); eventually, a
second bath was performed as graphically described in Figure 1.
Sixteen different degumming procedures were adopted, eight with a

Time =t

Volume = v

Single bath | ="
EE ’

Cuting L 4 Deg:immed
s
+ - <
Silk Cocoons i

=y

)

)

Double bath|[\/ 5=V | /]|

o
Time = t/2
Volume = v

Partially degummed
silk

Figure 1. Scheme of the procedure followed to perform the silk
fibroin degumming. The cocoons were initially cut in pieces with
uniform dimensions. In the case of a single bath, the cut cocoons
were placed in inside the NaCO; water solution under magnetic
stirring for a determined time. In the case of the double bath, the
time used for each bath was half of the time of the previous one. The
volume of each bath was instead kept constant. The concentration of
solution was kept constant for each bath. The partially degummed
fiber was directly moved from the first bath to the second bath.
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single bath and eight with a double bath. Each process was
conducted in triplicates for a total of 48 trials. The quantity of
cocoons used for each trial was about 3 g. The resultant degummed
silk fibroin was progressively taken at room temperature, carefully
rinsed three times using ultrapure water, and then dried for 2 days
under the hood. The fibers were kept in a desiccator until their use.
The 16 different degumming protocols are listed in Table 3. Three

Table 3. List of the Different Process Trials; for Each Trail,
Three Replicates Were Prepared”

no. of  total time temperature conc:rax-g’ation
sample replicates  baths (min) °C) (g/L)
ref 3 1 30 100 2.12
1 3 1 20 70 0.1
2 3 1 20 70 1.1
3 3 1 20 98 0.1
4 3 1 20 98 1.1
S 3 1 90 70 0.1
6 3 1 20 70 1.1
7 3 1 90 98 0.1
8 3 1 90 98 1.1
9 3 2 20 70 0.1
10 3 2 20 70 1.1
11 3 2 20 98 0.1
12 3 2 20 98 1.1
13 3 2 90 70 0.1
14 3 2 920 70 1.1
15 3 2 90 98 0.1
16 3 2 90 98 1.1

“To the 16 treatments, as a reference, a degumming procedure with
the conventional protocol was performed (also, in this case, in
triplicates).

replicates of a reference sample were prepared by following the
standard Rockwood protocol.* Briefly, 5 g of cocoons was cut and
degummed in a boiling bath of 2000 mL of a Na,COj solution (2.14
g/L) for 30 min. The resulting degummed silk was then carefully
taken at room temperature and rinsed three times with distilled
water. Finally, the degummed silk fibroin was dried under the hood
for 2 days. To avoid as much as possible the reduction of the
solution volume due to the evaporation, the degumming baths were
covered, and periodically, some water was added to restore the initial
volume. The order of preparation of the SI trials (17 X 3) was
randomized to mediate the effect of the environmental factors
(humidity and temperature) to 0. It should be noted that this study
did not include other factors that may influence the silk properties
(e.g, stifling method®®), which can be dealt in a future work with the
same DoE technique.

Weight Loss and Removed Sericin. For each trial, the amount
of cocoons was weighted using an analytical balance before (m;) and
after (m;) degumming. The percentage of mass loss was then
evaluated by eq 5, and the obtained quantity was used to build an
empirical model. The amount of removed sericin was tested by
spectroscopic analysis (NanoDrop 1000, Thermo Scientific) by
collecting S yL from each degumming bath after the degumming
procedure and using the protein absorption peak at 280 nm to
evaluate the protein concentration. The concentration was estimated
by comparing the absorption intensity results with a calibration curve
(Figure S1) built using a set of standard solutions (with a known
sericin content) prepared starting from sericin powder (Sigma-
Aldrich) and ultrapure water. The amount of the removed sericin
(m,) was calculated starting from the concentration [Ser] (expressed
in mg/mL) with eq 6 in the case of a single bath and with eq 7 in the
case of a double bath. The percentage of removed sericin was

https://dx.doi.org/10.1021/acsbiomaterials.0c01657
ACS Biomater. Sci. Eng. 2021, 7, 1374—1393
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Figure 2. Correlation map between all the considered factors and yields. The matrix is symmetric, and it reports the same variables on the x and y
axes. The color is associated with the Pearson correlation coefficient (r). A coefficient equal to +1 or —1 indicates a perfect correlation. Two
variables are correlated if r is greater than 0.3 or lower than —0.3. As expected, the correlation on the diagonal is equal to 1 (each variable is
perfectly correlated with itself). In addition, the chosen DOE factors are perfectly noncorrelated with each other (the right bottom corner of the

matrix), and the different molecular weight parameters (M,, peak,

M,, M,, and D) are strongly correlated with each other (the left top corner of

the matrix). Interestingly, several patterns are recognizable; for example, the different molecular weight parameters are all inversely correlated with
the process parameters, the weight loss, the percentage of removed sericin (blue area on the top left corner), and the ultimate strength, while they
are directly correlated with the fiber diameter. This indicates that as soon as sericin was removed, the molecular weight decreases as well as the

ultimate strength and the diameter.

calculated using eq 8, and the result was then used to build the
empirical model.

M7 100

Amf =

m; (%)
my(mg) = [Ser] X 400 (6)
ms(mg) = [Ser]lst bath X 400 + [Ser]an bath X 400 (7)

Am, = ik X 100
m; (8)
Secondary Structure Analysis. The secondary structure
changes on the fiber surface were evaluated using an ATR-FTIR
spectrophotometer (PerkinElmer, Spectrum ONE) equipped with a
ZnSe crystal. Only the degummed fibers were selected to avoid, as
much as possible, the contribution of sericin to the signal. To
maximize the signal-to-noise ratio, 16 spectra per sample were
collected and averaged. The selected range was 4000—400 cm™' and
the resolution was 1 cm™. The secondary structures were
quantitatively evaluated by analyzing the primary amide peak
(1580—1720 cm™). The peak was smoothed with a 5-point adjacent
averaging function followed by a Fourier self-deconvolution (FSD,
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with a smoothing factor of 0.3 and a gamma function of 30) to
enhance the resolution and better shape the singular peaks. A second
derivative of the deconvoluted peak was then performed to identify
the peak positions, which were consequently used to fit them with a
Gaussian function. The fitting routine was recursively applied until y*
was minimized. The ratio between each fitted peak area and the total
area was calculated to determine the percentage of the specific
structure assigned to the peak. In Table S1, the assigned secondary
structure for different bandwidths of the FTIR spectrum is reported.
The assignment of the peaks has been done following our previous
works.*¢!

Molecular Weight. The molecular weight was evaluated by gel
permeation chromatography (GPC) using an SB-806MHQ Shodex
column (8.0 X 300 mm exclusion limit (pullulan) 4000E3) mounted
on the pumping system (SpectraSystem p4000 with a 20 xL loop and
a vacuum membrane degasser thermo electron SCM1000) and using
a UV detecting system (Jasco UV-1570) set on a 224 nm wavelength.
The fibroin samples were dissolved in LiBr for 4 h at 60 °C, dialyzed
in a tube (Sigma-Aldrich; cutting M,,, 3500 Da) against water for 3
days, and then double-filtered (SO ym glass fiber filter) to eliminate
impurities. Subsequently, the resulting regenerated fibroin solution
was diluted with the eluent (PBS, pH 7.4, Sigma P3813 plus 0.05 M
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Figure 3. Comparison of the effect on the fiber’s properties of the different degumming treatments. The bar charts show the mean values with the
respective SD, and the significance refers to the comparison with the reference degumming procedure (Ref). The raw treatment indicates
nondegummed fibers. The significance level was assigned as follows: p < 0.1 (.), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001
(*##%), The heat map reports the p value of the multiple-comparison Tukey test between all treatments; p values lower than 0.1 should be
considered as significant (90% confidence interval). (A) For weight loss, in this case, if we consider the reference as completely degummed,
treatments 1—5 and 9 could be considered as not completely degummed due to the significantly lower weight loss. All the other treatments
should be considered as complete degumming. (B) The amount of sericin in the degumming baths (normalized on the cocoon weight) confirms
the results obtained by the weight loss; treatments 1—5 and 9 removed a significant lower amount of sericin when compared with the reference.
(C) Fibers coming from treatments 1—4 have a significantly larger diameter when compared to the reference. They were almost comparable with
the nondegummed fiber (Raw). (D) No significant differences in terms of toughness could be found between the reference fibers and the fibers
produced by other treatments, not even in the case of the nondegummed fibers. (E) Only treatments 4 and 15 were able to produce fibers with a
significantly lower Young’s modulus in comparison with the reference fiber. Also, the nondegummed fibers had a significantly lower Young’s
modulus than the reference fiber. (F) Only sample 4 had a significant lower ultimate strength compared to the reference. (G) No significant
differences from the reference can be found in terms of strain at break. (H) The total amount of secondary structures can estimate the
crystallinity of the fibers: as can be seen, no significant differences have been found, indicating that all the samples are crystalline as the reference

fibers.

urea, filtered using a disposable filter with a 0.22 um pore size) until was measured by image analysis (Image]’’) on images obtained by
a concentration of 0.6 mg/mL was obtained. This specific optical microscopy.”" The shape of the threads was approximated as
concentration was chosen to be in the 0.5—0.8 mg/L range, which a circular cylinder.”” The samples were mounted on a nanotensile
is optimal to avoid the formation of protein aggregates due to the machine Agilent T150 UTM and the standard testing speed was 0.10
shear stress during the injection. The chromatography was conducted mm/s. The engineering strain was obtained by dividing the
with a flow rate of 1 mL/min and a column temperature of 27 °C set displacement for the gauge length and the engineering stress by
using an oven. The specific temperature was set to compensate the dividing force for the cross-sectional area. Young’s modulus was
environmental temperature variation. The calibration curve (Figure computed by the slope of the stress—strain curve in the initial linear
S2) was obtained with a Low/High Molecular Calibration Kit elastic part. The toughness modulus was obtained by calculating the
(Sigma-Aldrich). Prior to the measurement, both standards and area under the stress—strain curve (by integration). Finally, the
samples were centrifuged at 1200 rpm for 15 min and filtered with a ultimate strength was obtained by taking the final engineering stress
0.22 pm filter to eliminate aggregates. The weight average molecular prior to fracture. For each of the 48 prepared samples, at least 3
weight (M,,), the dispersion index (D), the number average fibers were tested, and the mean tensile modulus, mean ultimate
molecular weight (M,), and the molecular weight at the peak were strength, and mean toughness modulus with the corresponding
evaluated starting from the chromatogram. standard deviations were calculated and used as input yields for the
Tensile Test. Silk samples were glued, with double-sided tape, on successive statistical analysis. All samples were tested at least 1 day

a paper support (square window, 1 X 1 cm).®” The fiber diameter after their preparation to stabilize the concentration of residual
1379 https://dx.doi.org/10.1021/acsbiomaterials.0c01657
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Figure 4. Contour plots of the modeled percentage mass loss on the degumming process. These data can be used to understand in which
conditions the procedure is effective. In a complete degumming, when sericin is completely removed, the weight loss (Amy) is expected to be
between 25 and 30% (taking the Rockwood protocol as a reference, the degumming is complete for a weight loss of >26%). Several terms were
significant (ANOVA, Table S2) in order of importance: B (process time), C (process temperature), D (salt concentration), CD (process
temperature X salt concentration), BCD (process time X process temperature X salt concentration), A (number of baths), and ACD (number of
baths X process temperature X salt concentration). The model is reported as contour plots as follows: (A) weight loss vs temperature and time,
(B) weight loss vs salt concentration and time, and (C) weight loss vs salt concentration and temperature. In all these cases, the number of baths
is reported as an ordinal, and the missing variable is in its extreme values. These contours can be used to predict the weight loss inside the
considered factors’ space. It should be noted that several conditions allow one to obtain a complete degumming (Am; > 26%). (D) The actual vs
predicted graph shows how the calculated points fit the collected data. As can be seen, all the points of the completely degummed (from 0 to 5%)
and completely nondegummed (from 25 to 30%) samples are superimposed to the diagonal line, indicating a perfect fitting, and the intermediate
points because of the variability of the process are slightly scattered in the line’s proximity (this is expected due to the incomplete degumming).

stresses and thus to minimize its effects on the mechanical Morphological Analysis. Secondary electron microscopy (FE-
properties.”>~’* All samples were kept and tested in controlled SEM, Carl-Zeiss Supra 40) was carried out to qualitatively evaluate
conditions (20—21 °C and 39—42% RH). the fiber morphology. The fibers were covered by sputtering with a
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layer of Pt/Pd. The images were used to verify the presence of
residual sericin on the degummed fibers or any possible structural
damaging of the internal fibroin filament.

B RESULTS AND DISCUSSION

A design of experiment (DOE) method has been adopted to
set up the experiment and elaborate the collected data
statistically. Independent variables (the process parameters) in
this method are called factors and the chosen values for each
factor are called levels; from now on, in the text, factor and
variable will be used interchangeably. The dependence
between the different variables was verified by calculating
the Pearson’s r index to individuate the presence of linear
relationships. The Pearson correlation index (r) was plotted in
the correlation heat map of Figure 2. The closer the r value is
to the extreme —1 or 1, the more the two considered variables
become linearly correlated: as a general rule, two variables are
considered to be significantly correlated if r is higher than 0.3
or lower than —0.3. Another simple comparison, shown in
Figure 3, has been done by calculating the mean and the
standard deviation of each studied yield and comparing them
among the 16 treatments. The results are shown as asterisks
on the bar plots for the direct comparisons with the reference
and, since the overall number of comparison (between
couples of treatments) is high and difficult to visualize by
the conventional asterisk notation, all the missing comparisons
are shown as a heat map under each bar plot. The heat map
reports the p value of all the comparisons in a matrix, and
values of p above 0.1 were not considered significant;
consequently, they were reported with a lighter color. In
Figure 3A—C, the weight loss, the sericin removal, and the
fiber diameter are reported; as can be seen, samples from 1 to
S all differ from the reference, confirming the results obtained
by a visual comparison. Instead, sample 9 was significantly
different in terms of weight loss and removed sericin but not
in terms of diameter. However, the diameter of sample 9 was
higher than those of the other samples and had a high
standard deviation, indicating a higher variability between the
fiber diameters. The toughness modulus, shown in Figure 3D,
was poorly affected by the degumming procedure. None of
the 16 treatments differed significantly from the reference.
The same conclusions also applied to the ultimate strain and
the percentage of f-structures (Figure 3G,H). Young's
modulus obtained from treatments 4 and 15 was significantly
lower than the reference (Figure 3E); interestingly, also the
raw fiber was significantly less stiff, confirming the role of the
presence of sericin on the decrease in modulus. Only sample 4
had a lower ultimate strength than the reference (Figure 3F).
If we observe the heat maps, several differences are present
among the different treatments for all the considered
properties with the exclusion of the strain at break. For this
reason, we could not model this last property, and the
application of ANOVA, in fact, did not reveal any significant
factor affecting it.

Weight Loss. The weight loss (referred also as a
degumming ratio) is commonly accepted as a measure of
the effectiveness of the process in removing sericin. With the
universally accepted Rockwood protocol, the weight loss from
the cocoons to the degummed fibers is in the range of 25—
30%, depending on the quality and typology of used cocoons.
Using our material, the medium weight loss was 26.3 + 0.3, so
we took 26% as a threshold, indicating a complete degumming
(in which all sericin is removed). The effectiveness of the

1381

sericin removal was asserted by SEM (Figure 10), by the
decrease in diameter (Figure 3C), and by the increase of
sericin in the degumming bath (Figure 3B). In Figure 4, we
report the contour plots related to the weight loss (empirical
model in eq SI of Table S24, 95% confidence intervals
reported in Table S3). It should be noted that the
multidimensionality of the equation does not allow us to
plot a single graph. We chose two continuous factors,
reporting them on the x—y axes and then reporting the
number of baths (discrete factor) as a row and the last
continuous factor as a column, fixing it in its extreme values.
With this method, we obtained four plots (with four contour
plots each) for each choice of the two independent variables
placed in the x—y axes (Figure 4A—C). This procedure will be
carried out also for all the other studied properties. Several
portions of the contour plots reported in Figure 4 are above
the threshold limit of 26%. As we can notice from the contour
plot in Figure 4A, a single bath with a low amount of salt,
even if conducted at the highest temperature (98 °C) and
with the longest time (90 min), was not effective in removing
sericin. Instead, when the double bath process was performed,
using the same conditions as the single bath, we could
eliminate almost all the present sericin, reaching a weight loss
of almost 25%. With the increase in the amount of salt up to
1.10 g/L, the degumming process at 98 °C was effective
regardless of the number of baths. With the same salt
concentration, by choosing a double bath and prolonging the
time to 80 min, even at 70 °C, it was possible to completely
remove sericin; we can hypothesize that even a further
decrement in temperature could be possible by improperly
extrapolating data out of the experimental region analytically
by using eq S1 or, graphically, by extending the contour lines.
Analyzing the contour plots of Figure 4B, it is possible to
conclude that in the low-temperature limits, the only way to
obtain a complete degumming was by a double bath process
with a higher salt concentration (1.1 g/L) and a longer
process time (90 min). Instead, at a high temperature (98
°C), using a double bath, it was possible to obtain a complete
degumming in 20 min if the salt concentration was higher
than 1 g/L. However, it is possible to further decrease the
amount of salt down to 0.5 g/L by increasing the degumming
time above 80 min. Using the contour plot of Figure 4C, we
can understand how the conventional protocol is far from
being optimized. In fact, at a temperature close to the boiling
point (98 °C) moving to the higher amounts of water and salt
considered in our study (1.1 g and 260 mL/g, respectively), a
double bath process was sufficient to remove 26% of sericin in
20 min, reducing almost one-half of the amount of salt and
one-third of the volume of water compared to the standard
degumming. Overall, the obtained surfaces suggest numerous
numbers of different degumming setups to obtain a complete
degumming. The contour plots can be also used to make
some general observations about the process robustness. If we
define the robustness as the ability of the process to maintain
a determined yield (in this case, the weight loss) in a defined
range of values even if the process factors slightly change, then
we can relate the density of the contour lines directly to the
robustness. Less dense contour lines indicate a more robust
process. In this context, it is possible to conclude that a high
amount of salt (Figure 4A, second column) and a high
temperature (Figure 4B, second column) increased the
robustness, and the use of a double bath process was also
beneficial. The process robustness was more susceptible to the
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variation of the process time (this is further confirmed in the
perturbation graph of Figure S3) with respect to the variation
of the other factors. The accuracy of the model was evaluated
by the graph reported in Figure 4D in which the weight loss
obtained by the experiment was plot versus the value
predicted by the model (eq S1) in the same condition. In a
perfect matching model, all the points should be aligned to
the diagonal line; in our case, the model well matches the
experimental data. The results obtained by the weight loss
have been double-checked using the amount of sericin
collected in the degumming baths (Figures S4 and S5 and
Tables S4 and S5) and the diameters of the fibroin after
degumming (Figures S6 and S7 and Tables S6 and S7). Both
models (eqs S2 and S3 of Table S24), even if built from a
different set of collected data, showed the same trend of the
weight loss model, confirming its reliability.

Secondary Structure Analysis. In the first analysis, the
secondary structure determination conducted by the decon-
volution of the I amide peak (1580—1720 cm™) in the FTIR
spectrum (Figure S8) revealed that the influence of the
degumming process is not statistically significant on the
percentage amount of the different structural conformations of
the protein. In fact, a trend in the variation of the relative
amounts of the unique structures is not detectable, as can be
seen in Figure SA. A successive ANOVA test, followed by a
Tukey multicomparison, conducted on each of secondary
structures among the different treatments, revealed no
statistical differences (Figure SB). The heat map of Figure 2
further confirmed the lack of correlation between the
secondary structure and the degumming factor; none of the
secondary structures were correlated with any of the
considered degumming factors (Il < 0.30). However,
considering the sum of all the p-structures (parallel,
antiparallel, and native) as a measure of the fiber crystallinity
and analyzing the data in depth using the design of
experiment method, we could recognize the effect of several
mixed terms. The effect of the degumming on the crystallinity
was small but still detectable and statistically relevant (as
proved by the ANOVA, Table S8). This effect probably
occurred only on the fiber surface in direct contact with the
alkaline bath. In Figure 6, the percentage amount of S-
structures (empirical model reported in eq S4 of Table S24,
95% confidence intervals in Table S9) is presented as the
previous case as a multiple set of contour plots. We reported
the secondary structure as a function of temperature and time
in Figure 6A, as a function of concentration and time in
Figure 6B, and as a function of concentration and temperature
in Figure 6C. In Figure 6D, the actual versus predicted plot
shows that the model fitted the experimental values (the
points are scattered around the diagonal). From the contour
plots of Figure 6A, we can assert that in the case of a low salt
concentration, regardless of the number of baths, an increase
in the percentage of f-structures results from an increase in
the temperature. The effect is inverted when the salt
concentration was increased up to 1.1 g/L. A plausible
explanation could be the presence of two competitive
phenomena: the increase in the temperature that promotes
the crystallization76 and the salt that, in high quantity, breaks
the H-bonds of the pf-sheets, decreasing the amount of
crystallinity.”” Interestingly, none of the aforementioned
effects were significant from the ANOVA analysis (Table
S8); meanwhile, their mixed effect was significant, so they
were mutually dependent (the significant term was temper-
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Figure S. (A) Effect of the 16 treatments on the secondary structure,
each bar representing a single treatment with the corresponding
relative amounts of secondary structures (reported in different
colors). The reported amount results from the mean of 3 replicas and
16 spectra collected for each of them. To determine the secondary
structure, the I amide peak has been deconvoluted and, subsequently,
a peak fitting has been applied to separate the components related to
the different secondary structure conformations.’”®' The standard
deviation of each structure is reported as an error bar. It is not
possible to recognize any trend due to the degumming procedure.
(B) Different secondary structures divided into groups, each of them
containing a bar relative to the specific degumming treatment. Also,
in this case, the standard deviation is reported as an error bar. Inside
each group, a Tukey test has been conducted. No significant
differences have been found in each single group among the
degumming treatments, indicating that the degumming process
poorly influences the amount of the single secondary structures.

ature X concentration). In addition, the effect of the
concentration was dependent on the number of baths and
the time of the process (so the significant terms were salt
concentration X time X number of baths). These interactions
between different factors led to the complex trend in which
the kinetics (time, temperature, and number of baths) plays
an important role also influencing the effect of the salt. It
should be noted that a double bath process was more effective
in the removal of sericin, thus exposing the fibers directly to
the salt. This did not have a strong effect when the
concentration of salt was low. However, at a high
concentration, we could hypothesize that the decrystallization
promoted by the salt (especially at a high temperature) was
stronger than the crystallization because of the temperature. It
is worth noticing that the variation of the salt concentration
strongly affected the secondary structure only in the case of
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Figure 6. Contour plots of the modeled percentage amount of total f-structures (parallel, antiparallel, and native). These data can be used to
understand how the degumming process influences the crystallinity on the fiber surface. The only first-order term that, from the ANOVA analysis
(Table S8), was slightly significant was D (salt concentration). The other two significant terms in order of importance were C X D (temperature
X salt concentration) and A X B X D (number of baths X degumming time X salt concentration). The model has been sliced in contour plots as
follows: (A) B-structures vs temperature and time, (B) f-structures vs salt concentration and time, and (C) fS-structures vs salt concentration and
temperature. In all these cases, the number of baths is reported as an ordinal, and the missing variable is in its extreme values. These contours can
be used to predict the percentage amount of f-structures inside the considered factors’ space. (D) The actual vs predicted graph shows how the
calculated point fits well the collected data. The points are concentrated on a small portion of the plot (roughly between 47 and 57%) with a few
points out from this area. This indicates that the degumming process has only a small impact in terms of the fiber crystallinity but is still
detectable.

high temperature (see comparison of the first and second
columns of Figure 6B). In fact, at the lowest considered
temperature, the f-structures only vary between 51 and 53%
and the low density of the contour line indicates a robust
region of the process. We could determine a saddle point for a
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70 °C single bath at 45 min and 0.60 g/L. In Figure 6C, the
mutual temperature—concentration dependence can be
examined. Interestingly, we could determine a saddle point
centered around 84 °C and 0.70 g/L for a 90 min single bath
and for a 70 min double bath; meanwhile, for a 90 min double
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Figure 7. GPC curve from the reference and the 16 different degumming treatments. It should be noted that it is difficult to recognize a pattern;
however, a difference in elution volume of 1/60 of mL (corresponding to an elution time of 1 s) in the higher range of the calibration

corresponds to a difference in M,, of several tens of kDa.

bath, the saddle point was around 77 °C and 0.80 g/L. No
saddle point was detected for a 20 min single bath.

Weight Average Molecular Weight and Polydisper-
sity Index. To better understand the effect of the degumming
on the molecular weight of silk fibroin it is necessary to know
its structure. Structurally, silk fibroin is composed of a heavy
chain (H-chain, with a molecular weight of approximately 390
kDa) and a light chain (L-chain with a molecular weight of 26
kDa) linked by a disulfide bond. Six of these H-L units are
linked to the P-25 glycoprotein (25 kDa) to form a complex
that is secreted to the fibroin brin.”>”® The molecular weight
of this complex was above 2000 kDa.”® The molecular weight
was analyzed on 16 samples (Figure 7, one for each of the 16
different degumming treatments); even if with a single sample
per treatment, we could model the molecular weight
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accurately. In this section, we report the study of the weight
average molecular weight (M,,) and the dispersion (D),
leaving to the reader the possibility to consult the results of
the number average molecular weight (M, Figures S11 and
S12 and Tables S12 and S13) and the molecular weight of the
peak of the chromatogram (M, Figures S13 and S14 and
Tables S14 and S15) in the Supporting Information. The
molecular weight was strongly correlated with the presence of
sericin. In fact, during the degumming process, as soon as
sericin was removed, the molecular weight suddenly decreased
(r = —0.92 with Amy, r = —0.89 with Am,); this was further
confirmed by the fact that the molecular weight increased with
the increase in the fiber diameter (r = 0.91). This effect could
be confounded with the subordinate effect of the hydrolisis of
the protein chain.””*® In fact, we found also a modest
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Figure 8. Contour plots of the modeled weight average molecular weight (M,,). The statistically significant terms (ANOVA, Table S10) are, in
order of importance, as follows: C (process temperature), D (salt concentration), B (process time), CD (process temperature X salt
concentration), A (number of baths), ACD (number of baths X process temperature X salt concentration). The model has been sliced in contour
plots as follows: (A) M,, vs temperature and time, (B) M,, vs salt concentration and time, and (C) M,, vs salt concentration and temperature. In
all these cases, the number of baths is reported as an ordinal, and the missing variable is in its extreme values. From the contour plots, we can
observe that as soon as the process is able to remove the external sericin, the molecular weight of fibroin decreases. The molecular weight in the
regions where we can consider the degumming almost complete ranges between 150 and 250 kDa. (D) The actual vs predicted graph shows that
the data are divided into two groups: one with a molecular weight between 100 and 300 kDa and the other with a molecular weight between 400
and 600 kDa. The first group results from completely or partially degummed fibers, and the second group results from fibers in which the process
was ineffective. As can be seen, the points follow the diagonal trend, indicating a good agreement of the model with the collected data.

correlation of M,, with both the salt concentration (r = —0.55)
and the process temperature (r = —0.5). In Figure 8, the
molecular weight M,, (reported in eq SS of Table S24, 95%
confidence intervals in Table S11) is presented as a multiple
set of contour plots (four contour plots for each choice of the
two independent variables). We reported the molecular weight
as a function of temperature and time in Figure 8A, as a
function of concentration and time in Figure 8B, and as a
function of concentration and temperature in Figure 8C. In
Figure 8D, the actual versus predicted plot shows an almost
perfect agreement between the experimental values and the
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values obtained from the model. The higher molecular weight
(around 550 kDa) was obtained with a single bath process
conducted at a low temperature (70 °C) with a low salt
concentration (0.1 g/L) and a lower process time (20 min).
This molecular weight is slightly higher than that of the H-L
complex of silk fibroin reported in the literature (400
kDa) 304551928183 However, this high molecular weight
corresponded to fibroin that is not completely degummed. We
could hypothesize that the protein chain did not undergo
degradation as long as a protective layer of sericin was
present; when the alkaline solution suddenly reached the
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Figure 9. Contour plots of the modeled polydispersity index (PDI). The terms that were statistically significant from the ANOVA test (Table
S10) were, in order of importance, as follows: D (salt concentration), C (process temperature), C X D (process temperature X salt
concentration), A (number of baths), and A X C X D (number of baths X process temperature X salt concentration). The model has been sliced
in contour plots as follows: (A) PDI vs temperature and time, (B) PDI vs salt concentration and time, and (C) PDI vs salt concentration and
temperature. In all these cases, the number of baths is reported as an ordinal, and the missing variable is in its extreme values. A general statement
can be made by this graph: a higher degumming rate lowers the dispersion index. As for the M, in (D) the actual vs predicted graph, the data are
divided into two groups (the first between 3 and S and the second between 6 and 7) that can be related to a complete or partially complete
degumming and an ineffective degumming. As can be seen, the points follow the diagonal trend, indicating a good agreement of the model with

the collected data.

internal fibroin, its molecular weight decreased. This process
could start before the complete removal of sericin on the
exposed portions of the brin. In the process regions where the
degumming could be considered complete, the molecular
weight ranged between 150 and 250 kDa; moving to regions
where the degumming rate was still acceptable but not
complete (>20%), it was possible to access molecular weights
above 250 kDa and below 300 kDa. The molecular weight was
particularly robust when the process was conducted in a single
step and at a higher salt concentration (1.1 g/L) or higher
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temperature (98 °C), as can be seen in Figure 8A,B; in this
condition, the change in the remaining two factors had only a
slight effect on the molecular weight that remained around
200 kDa. It should be noted that the degumming time, almost
universally used in the literature to tune the molecular
weigh’t,“g'SI’52 is the factor that less influenced it (as can be
seen from the perturbation plot of Figure S10). In fact, the
molecular weight was more robust against the variation of the
degumming time than the variation of the salt concentration
and the process temperature. This can be understood also by
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observing the contour plots (Figure 9; the contour lines are
slightly less dense toward the increase in the degumming time
if compared with the direction of the increase in the other
variables). An explanation of this effect resides in the fact that
neither the higher molecular weights were obtained from
partially or nondegummed fibers in which neither the
temperature nor the salt concentration was sufficient to
degrade the fibroin. In Figure 9, the model of the
polydispersity index (PDI; empirical model reported in eq
S6 of Table S24, 95% confidence intervals in Table S17) is
presented as a multiple set of contour plots. As in the previous
graph, PDI has been reported as a function of temperature
and time in Figure 94, as a function of concentration and time
in Figure 9B, and as a function of concentration and
temperature in Figure 9C. In Figure 9D, the actual versus
predicted plot shows a good agreement for small values of
PDI and a slightly worse prediction for the higher values.
However, the predicted values follow the collected data and
the model could be considered as predictive. The calculated
dispersion index varied between 3.5 and 7.5, compatible to a
chain growth polymerization mechanism®* (in the case of
synthetic polymers) and biopolymers coming from natural
sources. The lower values of PDI was obtained in the areas
where the degumming was complete and the molecular weight
was low. This can be explained by the influence of the residual
sericin; in fact, the amount of removed sericin was highly
correlated with the PDI (r = —0.85), further confirmed by the
correlation with the diameter (r = 0.87) and the weight loss (r
—0.88).

Microstructural Analysis. The SEM analysis of Figure 10
confirmed the results obtained from the weight loss and the
removed sericin. Among the 16 treatments, numbers 1-5

Reference Raw fiber

100°C
30min

1 bath (133 mL/g)

2 bath (266 mL/g)

Figure 10. SEM micrographs of the fibers resulting from the 16
degumming treatments (from 1 to 16) and the reference degumming
procedure (Ref). In the fibers produced by treatments 1—5 and 9,
the presence of sericin is clear. It should be noted that in treatments
1—4, we could find several fibers with the fibroin brines not separated
(highlighted by an arrow). Instead, in the fibers produced by
treatment 9, sericin is present in large quantity (highlighted with an
arrow). In all the other treatments, comprising the reference, small
spots of sericin are visible on the surface of the degummed fibroin.
Scale bars, 10 ym.
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present nondegummed fibers in which it was still possible to
recognize the presence of two fibroin brines connected; this
was coherent with the small weight loss from the cocoons
during the process and the small amount of sericin present in
the degumming bath. The fibers degummed by treatment 9
had a big spot of sericin still attached to the fibroin. All the
other treatments were comparable with the reference sample
in which some little spot of sericin was still present. We could
conclude that a 20 min single bath process, regardless of the
salt concentration and the process temperature, was not
effective in the sericin removal. With a double bath process
instead, 20 min could be sufficient to obtain an efficient
degumming. In this case, only the process conducted at a
lower temperature (70 °C) and a lower salt concentration (0.1
g/ L) was inefficient. Interestingly, we could obtain an
acceptable level of degumming (weight loss of 22%) even at
70 °C using the highest salt concentration (1.1 g /L) in a 90
min process. For the 90 min process, all the treatments were
effective, with the exclusion of treatment 5 conducted with a
single bath at a low temperature (70 °C) and a low salt
concentration (0.1 g/L).

Mechanical Properties. On the degummed fibers, we
conducted an extensive mechanical characterization by using a
tensile test and analyzing the stress—strain curves (Figure 11)
to calculate the ultimate strength, Young’s modulus, and the
toughness modulus. The only mechanical property that we
could not study was the strain at break because it was
statistically unaffected by the degumming (as shown in Figure
3G) and, even using the design of experiment method, it was
not possible to recognize any significant mixed effect. We
report here only the analysis conducted on the ultimate
strength, leaving to the reader the possibility to consult the
analysis of Young’s modulus (Figures S17 and S18 and Tables
$20 and S21) and the toughness modulus (Figures S19 and
$20 and Tables S22 and S23) in the Supporting Information.
The ultimate strength (empirical model in eq S9 of Table S24,
95% confidence intervals in Table S19) is reported as a
function of temperature and time in Figure 12A, as a function
of concentration and time in Figure 12B, and as a function of
concentration and temperature in Figure 12C. In Figure 12D,
the actual versus predicted plot shows that the model fitted
the experimental values (the points are scattered around the
diagonal). We could observe in Figure 12A that for a single
bath process, when the salt concentration was at the minimum
amount (0.1 g/L), a saddle point was present around 30 min
and 83 °C and we could observe an increase in the ultimate
strength with the increase in the process temperature. The
same trend was present in the double bath process when
conducted in the same condition (low salt concentration).
When the concentration of salt was in its maximum, the
ultimate strength increased with the decrease in the
temperature and time process in the case of a single bath;
instead, in the double bath process, above 60 min, the
ultimate strength decreased with the increase in the
temperature and time, whereas below 60 min, the ultimate
strength increased with the increase in the temperature and
the decrease in the time. Also, in this case, there was a saddle
point at 70 °C and 65 min. From Figure 12B, we can see that
at a low temperature (70 °C), the ultimate strength increased
with the increase in the salt concentration and slightly
decreased with the increase in the process time regardless of
the number of baths. In the case of a high-temperature
process (98 °C), we could detect a saddle point around 80 °C
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Figure 11. Stress—strain curves of the fibers after the degumming treatments. For the sake of clarity, not all curves were reported. From these
curves, Young’s modulus, the ultimate strength and strain at break, and the toughness modulus were obtained.

and 0.40 g/L for a single bath process and around 50 °C and
0.40 g/L for a double bath process. In Figure 12C, we can
observe that in the case of a 20 min process, an increase in the
salt concentration increased the ultimate strength, probably
because of the higher removal of sericin. For a single bath, the
increment in the ultimate strength is also in the same
direction as the increment in the process time; meanwhile, in
the case of a double bath, this trend is reversed. With a 90
min process, we could individuate a saddle point around 84
°C and 0.90 g/L for a single bath process and 95 °C and 0.50
g/L for a double bath process. The overall trend of the
ultimate strength was difficult to explain because of its
dependence on multiple factors and structural properties of
the degummed fibers. In terms of robustness, it was also
difficult to recognize areas in which the ultimate strength was
less subjected to the process variation. However, around the
saddle point, the process was more robust if compared to
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other areas. A more accurate analysis revealed that the salt
concentration was critical in terms of robustness (Figure S20).
Surprisingly, a moderate inverse correlation (Figure 2) was
found between the ultimate strength and the molecular weight
(r = —0.62), indicating that the increase in the molecular
weight may decrease such property. This unexpected effect,
which is not reported in the literature,”">* can be explained
here, considering the effect of a lurking variable. This
hypothesis is also supported by a previous work® that
compared the mechanical properties of the silk bave and brin,
proving the beneficial effect of the degumming. However, the
comparison was less general than the one provided here. In
particular, we proved the effect also on partially degummed
fibers, which can be seen in Figure 3D—F by comparing the
raw column with the other 16 processes. In fact, the removal
of sericin affects the ultimate strength,*® as proved by its
correlation with the weight loss (r = 0.48), the removed
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Figure 12. Contour plots of the modeled mean ultimate strength (6,,) from the fibers of the degummed fibroin. The statistically significant terms
of the model (ANOVA, Table S18) were, in order of importance, as follows: D (salt concentration), CD (process temperature X salt
concentration), and BCD (process time X process temperature X salt concentration). The contour plots are reported as follows: (A) weight loss
vs temperature and time, (B) weight loss vs salt concentration and time, and (C) weight loss vs salt concentration and temperature. In all these
cases, the number of baths is reported as an ordinal, and the missing variable is in its extreme values. The trend of the ultimate strength is
complex and difficult to attribute to one specific property (like the molecular weight or the secondary structure), although the removal of sericin
is beneficial in terms of the increase in the ultimate strength. (D) The actual versus predicted plot shows that even if the points are scattered (as
expected from a mechanical test), they are following a diagonal trend, indicating an agreement between the model and the collected values. (E)
Mean ultimate strength vs molecular weight in the cases of complete degumming; the tendency is the increase in o, with the increase in M,

However, no statistical differences could be found.

sericin (r = 0.48), and the mean diameter (r = —0.6). We
could then hypothesize that the sericin removal had a greater
impact on the fiber’s ultimate strength than the molecular
weight, and as soon as sericin was removed, the effect of the
molecular weight was no longer detectable. However, reducing
the data only to samples with a high degumming ratio (>25%)
and plotting their ultimate strength versus the molecular
weight, a trend of the ultimate strength within the increase in
the molecular weight is recognizable, even if we could not find
any significant difference among the different samples, as
shown in Figure 12E. This was probably due to the fact that
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the number of tested fibers was not sufficiently large to detect
the effect of the molecular weight on the mechanical
properties; it was enough to detect the influence of the
process variables. To better clarify this point, in Figure S21A,
the ultimate strength was plotted against M,, and Amyg the
white part of the plot shows inaccessible regions of the M,, —
Amy space. Analyzing the plot, it was clear that it was not
possible to eliminate sericin without decreasing the molecular
weight. As a consequence, with the fact that the sericin
removal was widely more important than the increment in the
molecular weight in terms of improvement of the mechanical
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Table 4. Numerical Optimization Based on the Desirability Approach inside Our Factors’ Space”

minimize maximize Ayt no. of baths t (min) T (°C)

Amg 0.98 2 90 70
increment (%)

M, 1 1 23 70
increment (%)
D 0.985 2 90 98
increment (%)

G 0.827 2 20 98
increment (%)

M,, Amg 0.503 1 90 84
increment (%)
D M,, Am 0.752 2 20 83
increment (%)

6.y Amg 0.748 2 20 98

increment (%)

[Na,CO;] (g/L)  Ame (%) M, (kDa) D oa; (MPa)

1.1 27.2 182.0 3.7 406.8
34 30.9 54 -03

0.1 3.6 558.0 7.2 289.4
-86.3 3014 105.1 -29.1

L1 26.9 150.0 34 354.8
2.3 7.9 -32 -13.0

11 26.5 184.0 3.8 464.6
0.7 324 8.3 13.9

0.7 19.0 269.0 4.8 325.8
-27.7 93.5 367 -20.1

0.9 21.0 245.0 42 4104
-20.1 82.7 19.6 0.6

L1 26.5 184.0 3.8 464.6
0.7 324 8.3 13.9

“Within the maximization of the single properties (the weight loss (Amy), the molecular weight (M,,), the dispersion index (D), and the ultimate
strength (o)), a set of multivariable optimizations has been conducted. The increment row provides the difference in percentage in comparison

with the reference protocol.

properties, we could conclude that, macroscopically, the effect
of the sericin removal dominates against the effect increasing
the M,. No significant correlation between the ultimate
strength and any of the analyzed secondary structure could be
found (Figure 2) as could be expected due to the small impact
of the degumming process on the fiber crystallinity.

Optimization. Using the desirability function approach
and the combined results obtained in the previous paragraphs,
Table 4 has been built with a series of ready-to-use processes
to optimize the different material properties. Besides the
obvious solutions of the maximization or minimization of the
single parameters (easily obtainable from the graphs reported
in the other paragraph), a set of three nontrivial problems has
been solved: the maximization of both the weight loss and the
molecular weight, the same problem within the minimization
of the dispersion index, and the maximization of the
mechanical properties and the weight loss. It should be
noted that as previously discussed, the maximization of the
molecular weight is against the maximization of the weight
loss, which is the result when a numerical optimization is
conducted, maximizing both; the best results predict a weight
loss of 19% and a molecular weight of 269 kDa. The
maximization of the mechanical properties is instead in the
same direction as the maximization of the weight loss.

B CONCLUSIONS

Natural biopolymers are subjected for their own nature to
variations of their properties. The impact of the degumming
process further increases these variations, making it sometimes
difficult to have a control on the final material properties. The
degumming process is at the base of fibroin materials’
preparation. Although this process significantly affects—as
we have demonstrated here—the properties of the outcoming
fibroin and those of the obtained biomaterial, the degumming
procedure is often not considered in the modulation of the
material properties. In fact, a conventional and universal
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protocol based on the use of a boiling bath of Na,CO; with
well-fixed variables (salt concentration, process time and
temperature, and volume of water) is currently used. Statistical
methods can effectively control the relation between the
process factors and the outcoming property of the material,
considering also the natural variability. We applied a statistical
method, namely, design of experiment, to the alkali Na,CO;
degumming process of silk. We could determine the empirical
equations relating the studied properties (weight loss,
removed sericin, fiber diameter, crystallinity, molecular weight,
polydispersity, ultimate strength, Young’s modulus, and
toughness modulus) to the process parameters (number of
baths, salt concentration, and process temperature and time).
These equations, provided with the 95% confidence bands,
can be used both to tune the fibers properties precisely and to
find areas where the considered properties were robust in
terms of the variation of the process parameters. We proved
that the degumming can be regarded as a complex system,”’
which is sensitive not only to the single process parameters
but also to their mixed effects. It was possible to complete a
degumming with less amount of salt and water and using a
lower-temperature process compared with the commonly used
alkali Na,CO; degumming, moving toward a greener
approach. Interestingly, as soon as the external layer was
removed, the molecular weight and the polydispersity
decreased. However, in the region of complete degumming,
the molecular weight could be tuned between 150 and 300
kDa. Only a small variation on the fiber secondary structures
was found (between SO and 53%) and only in the case in
which the f-structures were taken as a whole to measure the
total crystallinity. We found an inverse relationship between
the mechanical properties and the fiber molecular weight. This
result, which seems to be in contrast to the previous study on
the subject, was justified by the effect of the sericin removal
that acted as a lurking variable. In fact, the major
improvement of the mechanical properties was due to the
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removal of sericin that implied the decrease in the molecular
weight, probably due to the protein degradation. Whenever
only the completely degummed samples were considered, the
trend was reversed; an increase in the molecular weight gave
an increase in the mechanical properties. No significant effect
on the mechanical properties could be related to the fiber
crystallinity. The final optimization with the desirability
method allowed us to solve some nontrivial question on
how to contemporarily maximize properties in which the
singular optimization goes in opposite directions (i.e.
maximization of the molecular weight and the amount of
removed sericin and maximization of all the mechanical
properties). This set of degumming procedures can be applied
effectively on the conventional B. mori cocoons; however, to
extend its use on cocoons from different species, a further
study will be necessary.
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Calibration Curves
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Figure S 1: Calibration curve used to determine the concentration of sericin in the degumming baths. The curve was prepared by standard solutions with a
known concentration of sericin versus the intensity at 280 nm of their UV/VIS spectra. This curve was used to determine the unknown concentration of sericin
the degumming bath by evaluating the UV intensity at 280 nm and interpolating the corresponding sericin concentration.
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Figure S 2: Calibration curve of the molecular weight analysis conducted by Gel Permeation Chromatography (GPC). The curve was produced by using
reference proteins with a known molecular weight.



FTIR Assignment

Assignment Peak position | Reference
cm’!
Side chain 1597-1609 14
Antiparallel  — sheet 1610-1625 1-3,5-12
Native § — sheet 1626-1636 L4,6-11
Random coil 1637-1655 14,6,10,12,13
o — helix 1656-1662 146,10
B — turns 1663-1696 1,3,5,6,10,11,14
Parallel  — sheet 1697-1703 1L,10,11,15

Table S 1: Peaks position for the assignment of the peaks after the Self-Fourier Deconvolution of the I Amide peak in the FTIR structural analysis. When
the peak center is inside the bandwidth of a specific structure, that structure is assigned to the peak.



Weight Loss

Source Sum of Squares df Mean Square F-value p-value
Model 3760.21 11 341.84 53.73 <0.0001 significant
A-Number of baths 86.70 1 86.70 13.63  0.0007 HoHE
B-Time 126.23 1 126.23 19.84 <0.0001 ok
C-Temperature 1411.00 1 1411.00 221.79 <0.0001 wHE
D-Concentration 1575.78 1 1575.78 247.70 <0.0001 xRk
AC 4.65 1 4.65 0.7309 0.3982
AD 0.0079 1 0.0079 0.0012 0.9721
BC 0.0395 1 0.0395 0.0062 0.9377
BD 2.01 1 2.01 0.3152 0.5780
CD 402.11 1 402.11 63.21 <0.0001 HoHE
ACD 26.34 1 26.34 4.14  0.0493 *
BCD 125.34 1 125.34 19.70 <0.0001 wHE
Residual 229.02 36 6.36
Lack of Fit 12.69 4 3.17 0.4694 0.7577 not significant
Pure Error 216.33 32 6.76
Cor Total 3989.23 47

Table S 2: ANOVA table for the model of the weight loss. The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001 (***).
All the first order terms, and several second and third order terms resulted to be significant. In order of importance the significant terms were: A, B, C, D,
CD, BCD and ACD. It should be noticed that all the other terms were insert in the model to maintain the overall hierarchy.

Factor Model coefficients 95% CI Low 95% CI High

Intercept 18.16 17.42 18.90
A-Number of baths 1.34 0.6056 2.08
B-Time 1.62 0.8834 2.36
C-Temperature 5.42 4.68 6.16
D-Concentration 5.73 4.99 6.47
AC -0.3113 -1.05 0.4271

AD 0.0128 -0.7255 0.7512

BC 0.0287 -0.7097 0.7670

BD 0.2044 -0.5339 0.9427
CD -2.89 -3.63 -2.16

ACD -0.7408 -1.48 -0.0025

BCD -1.62 -2.35 -0.8776

Transformation None

Table S 3: Coefficients of the coded equations of the weight loss model and of the 95% confidence intervals. In this case the factors are
normalized in the range [-1,1] to allow a direct comparison between the coefficients of the different terms. No transforming function was
applied to the data.
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Figure S 3: Perturbation graph in coded terms of the weight loss. The variation of the terms D and C have a greater impact in terms of
variation in the weight loss respect to a variation of the term B. In term of robustness, we can state that the process is more robust to a
variation of B if compared to the other terms.



Removed Sericin
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Figure S 4. Contour plots of the modelled amount of removed sericine (sericine present in the degumming bath). Due to the significance of all factors the
model is 4 dimensional, so the contour plots are reported as follow: (4)removed sericine vs temperature and time, (B)removed sericine vs salt concentration
and time, and (C) removed sericine vs salt concentration and temperature. In all these cases the number of baths is reported as an ordinal, and the missing
variable in its extreme values. The actual versus predicted plot (D) shows that the model seems to fit better the data collected for the not successful degumming
(in which there was only a small removal of the sericine) and the successful degumming (with a large amount or sericine solubilized) the data in between
results to be scattered around the diagonal.



Source Sum of Squares df Mean Square F-value p-value
Model 2556.45 8 319.56 120.56 <0.0001 significant
A-Number of baths 127.76 1 127.76 48.20 <0.0001 HxE
B-Time 117.23 1 117.23 4423 <0.0001 K
C-Temperature 1040.66 1 1040.66 392.61 <0.0001 HEE
D-Concentration 973.49 1 973.49 367.27 <0.0001 HEK
BC 2.15 1 2.15 0.8098 0.3737
BD 0.3131 1 0.3131 0.1181 0.7329
CD 235.29 1 235.29 88.77 <0.0001 kK
BCD 59.56 1 59.56 22.47 <0.0001 ok
Residual 103.37 39 2.65
Lack of Fit 10.10 7 1.44 0.4949 0.8312 not significant
Pure Error 93.28 32 291
Cor Total 2659.82 47

Table S 4: ANOVA table for the model of the removed sericine. The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001
(***). All the first order terms, and several second and third order terms resulted to be significant. In order of importance the significant terms were: A, B,
C, D, CD, BCD, all the other terms were insert in the model to maintain the overall hierarchy. As could be expected, the significant terms are the same
found in the analysis of the weight loss if we exclude the term ACD that in this case is not significant and in the previous one was slightly significant. This
result confirms the correctness of the weight loss model.

Factor Model coefficients 95% CI Low 95% CI High

Intercept 24.15 23.67 24.62
A-Number of baths 1.63 1.16 2.11
B-Time 1.56 1.09 2.04
C-Temperature 4.66 4.18 5.13
D-Concentration 4.50 4.03 4.98

BC -0.2115 -0.6868 0.2638

BD -0.0808 -0.5561 0.3945
CD -2.21 -2.69 -1.74

BCD -1.11 -1.59 -0.6387

Transformation Square root

Table S 5: Coefficients of the coded equations of the removed sericine model and of the 95% confidence intervals. In this case the factors are normalized in
the range [-1,1] to allow a direct comparison between the coefficients of the different terms. In this case the square root function was applied to the data in
order to make the residues normal distributed.
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Figure S 5: Perturbation graph in coded terms of the removed sericine. As in the case of the weight loss the variation of the terms D and C have a greater
impact in terms of sericine removal respect to a variation of the term B. In term of robustness, we can state that the process is more robust to a variation of
B if compared to the other terms.



Fibers diameter
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Figure S 6: Contour plots of the modelled fiber diameter (sericine present in the degumming bath). Due to the significance of all factors the model is 4
dimensional, so the contour plots are reported as follow: (4) diameter vs temperature and time, (B) diameter vs salt concentration and time, and (C) diameter
vs salt concentration and temperature. In all these cases the number of baths is reported as an ordinal, and the missing variable in its extreme values. The
actual versus predicted plot (D) shows that the model seems to fit better the data collected for the successful degumming in which the diameter resulted to
be lower.



Source

Sum of Squares df Mean Square F-value p-value

Model 0.0100 9 0.0011 12.90 <0.0001 significant
A-Number of baths 0.0003 1 0.0003 3.79  0.0582 .
B-Time 0.0004 1 0.0004 482  0.0335 *
C-Temperature 0.0027 1 0.0027 31.56 <0.0001 ook
D-Concentration 0.0041 1 0.0041 47.95 <0.0001 Hokk
AC 0.0005 1 0.0005 6.23  0.0165 *
BC 1.363E-06 1 1.363E-06  0.0159 0.9003
BD 0.0000 1 0.0000 0.2823 0.5979
CD 0.0014 1 0.0014 16.68  0.0002 ok
BCD 0.0004 1 0.0004 4.80 0.0340 *
Residual 0.0037 43 0.0001
Lack of Fit 0.0003 7 0.0000 0.5191 0.8141 not significant
Pure Error 0.0034 36 0.0001
Cor Total 0.0145 53

Table S 6: ANOVA table for the model of the fiber diameter. The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001

(**%). All the first order terms, and several second and third order terms resulted to be significant. In order of importance the significant terms were: B, C,
D, CD, BCD, all the other terms were insert in the model to maintain the overall hierarchy. As could be expected, the significant terms are the same found
in the analysis of the weight loss and the removed sericine if we exclude the term A (present in both the others model) and ACD (only present in the weight
loss model). This result confirms the correctness of the previous two models.

Factor Model coefficients 95% CI Low 95% CI High
Intercept 0.0694 0.0667 0.0721
A-Number of baths 0.0025 -0.0001 0.0050
B-Time 0.0029 0.0002 0.0056
C-Temperature 0.0075 0.0048 0.0102
D-Concentration 0.0093 0.0066 0.0120
AC 0.0033 0.0006 0.0060
BC -0.0002 -0.0029 0.0025
BD -0.0007 -0.0034 0.0020
CD -0.0055 -0.0082 -0.0028
BCD -0.0029 -0.0056 -0.0002

Transformation Inverse

Table S 7: Coefficients of the coded equations of the fiber diameter model and of the 95% confidence intervals. In this case the factors are normalized in
the range [-1,1] to allow a direct comparison between the coefficients of the different terms. In this case the inverse transformation was applied to the data

in order to make the residues normal distributed.
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Figure S 7: Perturbation graph in coded terms of the removed sericine. As in the case of the weight loss and sericin removal the variation of the terms D and
C have a greater impact in terms of diameter variation respect to a variation of the term B. In term of robustness, we can state that the process is more robust
to a variation of B if compared to the other terms.
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Figure S 8: Deconvolution and peak fitting of the 48 samples (3 trial for each of the 16 degumming procedure) and the three replicates of
the reference procedure. The Amide | peak (1710-1580 cm™) was deconvolved by a Fourier Self -Deconvolution (FSD) the peaks were then
identified by the second derivative. For each peak a secondary structure was assigned based on the assignment table (Table 4) and finally
fitted with a Gaussian function. The area under each peak was taken as a measure of the amount of the specific secondary structure. It
should be noticed that we didn’t make any assumption in the number and position of the peaks before the deconvolution, and we always
found 7 peaks for each sample, proving the robustness of this method.



Source Sum of Squares df Mean Square F-value p-value
Model 150.55 9 16.73 329 0.0047  significant
A-Number of baths 0.3385 1 0.3385 0.0666 0.7978
B-Time 0.1983 1 0.1983 0.0390 0.8445
C-Temperature 9.86 1 9.86 1.94 0.1719
D-Concentration 17.86 1 17.86 3.51 0.0686
AB 0.0268 1 0.0268 0.0053 0.9425
AD 5.55 1 5.55 1.09  0.3030
BD 8.20 1 8.20 1.61 0.2117
CD 84.52 1 84.52 16.62  0.0002 wxE
ABD 23.99 1 23.99 4.72  0.0362 *
Residual 193.24 38 5.09
Lack of Fit 30.48 6 5.08 0.9987 0.4432 not significant
Pure Error 162.76 32 5.09
Cor Total 343.79 47

Table S 8: ANOVA table for the model of the 8 structure percentage. The significance level was assigned as follow.: p<0.1 (.), p<0.05 (*), p<0.01 (**),
p=0.001 (**%). Only one first order term, and one second and one third order terms resulted to be significant. In order of importance the significant terms
were: CD, ABD and D, all the other terms were insert in the model to maintain the overall hierarchy. Interestingly the amount of B-structures resulted to
be mainly influenced by “high-order” terms that cannot be properly studied by the one-factor-at-time method.

Factor Model coefficient 95% CI Low 95% CI High
Intercept 52.73 52.07 53.39
A-Number of baths -0.0840 -0.7429 0.5749
B-Time 0.0643 -0.5946 0.7232
C-Temperature 0.4532 -0.2057 1.11
D-Concentration -0.6100 -1.27 0.0489
AB -0.0236 -0.6825 0.6353
AD 0.3399 -0.3190 0.9988
BD 0.4134 -0.2455 1.07
CD -1.33 -1.99 -0.6680
ABD -0.7070 -1.37 -0.0481
Transformation none

Table S 9: Coefficients of the coded equations of the percentage of B structures model and of the 95% confidence intervals. The factors are normalized in
the range [-1,1] to allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 9: Perturbation graph in coded terms of the percentage amount of f§ structures. The variation of the terms D and C have a greater impact in terms
of amount of B structures respect to a variation of the term B. In term of robustness, we can state that the process is more robust to a variation of B if
compared to the other terms, even though only a slight there is only a slight difference between the three terms.

Weight average molecular weight (M,,)



Source Sum of Squares df Mean Square F-value p-value
Model 0.0000 9 3.399E-06  40.61 0.0001 significant
A-Number of baths|  2.300E-06 2.300E-06  27.48 0.0019 **

B-Time 3.690E-06 3.690E-06  44.09 0.0006 K
C-Temperature 0.0000 0.0000 134.74 <0.0001 ok
D-Concentration 7.338E-06 7.338E-06  87.67 <0.0001 HxK

1

1

1

1
AB 2.234E-06 1 2.234E-06 26.69 0.0021 *k
AC 8.209E-08 1 8.209E-08 0.9808 0.3603
AD 7.939E-08 1 7.939E-08 0.9486 0.3677
CD 2.799E-06 1 2.799E-06 33.44 0.0012 H*
ACD 7.878E-07 1 7.878E-07 941  0.0220 *
Residual 5.022E-07 6 8.370E-08
Cor Total 0.0000 15

Table S 10: ANOVA table for the model of M,,. The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001 (***).All the first
order terms were significant , as well as two second order terms and the one third order term. In order of importance the significant terms were: C, D, B, A,
CD, AB and ACD, all the other terms were insert in the model to maintain the overall hierarchy. As can be clearly observed M,, is influenced by several
factors and several mixed terms, difficult to observe with other methodologies.

Factor Coefficient Estimate 95% CI Low 95% CI High
Intercept 0.0044 0.0043 0.0046
A-Number of baths 0.0004 0.0002 0.0006
B-Time 0.0005 0.0003 0.0007
C-Temperature 0.0008 0.0007 0.0010
D-Concentration 0.0007 0.0005 0.0009
AB 0.0004 0.0002 0.0006
AC 0.0001 -0.0001 0.0002
AD -0.0001 -0.0002 0.0001
CD -0.0004 -0.0006 -0.0002
ACD 0.0002 0.0000 0.0004

Transformation Inverse

Table S 11: Coefficients of the coded equations of the M,, model and of the 95% confidence intervals. The factors are normalized in the range [-1,1] to
allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 10: Perturbation graph in coded terms of M,,. The variation of the terms D and C have a greater impact respect to a variation of the term B. In
term of robustness, we can state that the process is more robust to a variation of B if compared to the other terms, even though only a slight there is only a
slight difference between the three terms.
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Figure S 11: Contour plots of the modelled M,. Due to the significance of all factors the model is 4 dimensional, so the contour plots are reported as follow:
(4) M, vs temperature and time, (B) M, vs salt concentration and time, and (C) M, vs salt concentration and temperature. In all these cases the number of
baths is reported as an ordinal, and the missing variable in its extreme values. The actual versus predicted plot (D) shows that the model accurately fit the
experimental data.



Source Sum of Squares df Mean Square F-value p-value
Model 1952.77 12 162.73 264.65 0.0003 significant
A-Number of baths 37.76 1 37.76 61.41 0.0043 *k
B-Time 340.82 1 340.82 554.27 0.0002 HHE
C-Temperature 735.00 1 735.00 1195.33 <0.0001 HAE
D-Concentration 501.79 1 501.79 816.07 <0.0001 HxE
AB 51.61 1 51.61 83.93  0.0027 o
AC 0.5230 1 0.5230 0.8505 0.4244
AD 17.67 1 17.67 28.74  0.0127 *
BC 3.38 1 3.38 5.49  0.1009
BD 46.08 1 46.08 74.94  0.0032 *k
CD 192.26 1 192.26 312.68 0.0004 HHE
ABD 10.97 1 10.97 17.84  0.0243 *
ACD 14.91 1 14.91 2425 0.0161 ok
Residual 1.84 3 0.6149
Cor Total 1954.61 15

Table S 12: ANOVA table for the model of M,. The significance level was assigned as follow: p<0.1 (), p<0.05 (*), p<0.01 (**), p<0.001 (***).All the first
order terms were significant , as well as four second order terms and the two third order term. In order of importance the significant terms were: C, D, B,
CD, AB, BD, A, ACD, AD and ABD all the other terms were insert in the model to maintain the overall hierarchy. M, is influenced by several factors and
several mixed terms, difficult to observe with other methodologies.

Factor Coefficient Estimate 95% CI Low 95% CI High
Intercept 55.82 55.20 56.44
A-Number of baths -1.54 -2.16 -0.9123
B-Time -4.62 -5.24 -3.99
C-Temperature -6.78 -7.40 -6.15
D-Concentration -5.60 -6.22 -4.98
AB -1.80 -2.42 -1.17
AC 0.1808 -0.4431 0.8047
AD 1.05 0.4271 1.67
BC 0.4594 -0.1644 1.08
BD 1.70 1.07 232
CD 3.47 2.84 4.09
ABD 0.8280 0.2042 1.45
ACD -0.9653 -1.59 -0.3414
Transformation None

Table S 13: Coefficients of the coded equations of the M,, model and of the 95% confidence intervals. The factors are normalized in the range [-1,1] to
allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 12: Perturbation graph in coded terms of M,,. As could be expected this graph follows the trend of M., the variation of the terms D and C have a
greater impact respect to a variation of the term B. In term of robustness, we can state that the process is more robust to a variation of B if compared to
the other terms, even though only a slight there is only a slight difference between the three terms.
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Figure S 13: Contour plots of the modelled M,,. Due to the significance of all factors the model is 4 dimensional, so the contour plots are reported as
Sfollow: (4) M,, vs temperature and time, (B) M, vs salt concentration and time, and (C) M, vs salt concentration and temperature. In all these cases the
number of baths is reported as an ordinal, and the missing variable in its extreme values. The actual versus predicted plot (D) shows that the model
accurately fit the experimental data.



Source Sum of Squares df Mean Square F-value p-value
Model 39305.97 8 4913.25 88.38 < 0.0001 significant
A-Number of baths 147.52 1 147.52 2.65 0.1473
B-Time 11014.49 1 1101449  198.13 <0.0001 K
C-Temperature 16530.25 1 16530.25 297.34 <0.0001 ok
D-Concentration 7037.03 1 7037.03 126.58 <0.0001 HxK
AB 1335.01 1 1335.01 24.01 0.0018 oK
AD 978.66 1 978.66 17.60  0.0041 **
BD 447.32 1 447.32 8.05  0.0252 *
CD 1815.70 1 1815.70 32.66  0.0007 ok
Residual 389.15 7 55.59
Cor Total 39695.13 15

Table S 14: ANOVA table for the model of M, The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001 (***). All the first
order terms were significant with the exclusion of the term A that was inserted to maintain the model hierarchy. Also, four second order resulted to be
significant. In order of importance the significant terms were: B, C, D, CD, AB, AD and BD. M, is influenced by several factors and several mixed terms,
difficult to observe with other methodologies.

Factor Coefficient Estimate 95% CI Low 95% CI High
Intercept 141.82 137.41 146.22
A-Number of baths -3.04 -7.44 1.37
B-Time -26.24 -30.65 -21.83
C-Temperature -32.14 -36.55 -27.73
D-Concentration -20.97 -25.38 -16.56
AB -9.13 -13.54 -4.73
AD 7.82 3.41 12.23
BD 5.29 0.8798 9.70
CD 10.65 6.25 15.06
Transformation None

Table S 15: Coefficients of the coded equations of the M, model and of the 95% confidence intervals. The factors are normalized in the range [-1,1] to
allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 14: Perturbation graph in coded terms of M, As could be expected this graph follows the trend of M, the variation of the terms D and C have a
greater impact respect to a variation of the term B. In term of robustness, we can state that the process is more robust to a variation of B if compared to
the other terms, even though only a slight there is only a slight difference between the three terms.



Dispersion index (PDI)

Source Sum of Squares df Mean Square F-value p-value
Model 0.0048 9 0.0005 16.19 0.0015 significant
A-Number of baths 0.0006 0.0006 1722 0.0060 *k
B-Time 0.0001 0.0001 4.49 0.0783 .
C-Temperature 0.0013 0.0013 40.86 0.0007 wxx
D-Concentration 0.0012 0.0012 36.71 0.0009 wxx

1
1
1
1
AB 0.0004 1 0.0004 12.79 0.0117
AC 6.744E-07 1 6.744E-07 0.0205 0.8908
AD 4.409E-06 1 4.409E-06 0.1340 0.7268
CD 0.0008 1 0.0008 23.93 0.0027 ok
ACD 0.0003 1 0.0003 9.57 0.0213 *
Residual 0.0002 6 0.0000
Cor Total 0.0050 15
Table S 16: ANOVA table for the model of D. The significance level was assigned as follow: p<0.1 (), p<0.05 (*), p<0.01 (*¥¥*), p<0.001 (***). All the first

order terms resulted to be significant. Also, two second order and one third order term were significant. In order of importance the significant terms were:
C, D, CD, A, ACD and B. D is influenced by several factors and several mixed terms, difficult to observe with other methodologies.

Factor Coefficient Estimate 95% CI Low 95% CI High
Intercept 0.0563 0.0528 0.0598
A-Number of baths 0.0059 0.0024 0.0095
B-Time 0.0030 -0.0005 0.0065
C-Temperature 0.0092 0.0057 0.0127
D-Concentration 0.0087 0.0052 0.0122
AB 0.0051 0.0016 0.0086
AC 0.0002 -0.0033 0.0037
AD -0.0005 -0.0040 0.0030
CD -0.0070 -0.0105 -0.0035
ACD 0.0044 0.0009 0.0079

Transformation -Square

Table S 17: Coefficients of the coded equations of the D model and of the 95% confidence intervals. The factors are normalized in the range [-1,1] to allow
a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 15: Perturbation graph in coded terms of D. The variation of the terms D and C have a greater impact respect to a variation of the term B. In term
of robustness, we can state that the process is more robust to a variation of B if compared to the other terms, even though only a slight there is only a slight
difference between the three terms.



Mechanical properties

Ultimate strength

Source Sum of Squares df Mean Square F-value p-value
Model 2203E+05 9 24482.07 529 <0.0001 significant
A-Number of baths 12453.47 1 1245347 2.69 0.1081
B-Time 7198.83 1 7198.83 1.56  0.2190
C-Temperature 4607.92 1 4607.92 0.9961 0.3238
D-Concentration 95941.93 1 95941.93 20.74 <0.0001 HxE
AC 18274.41 1 18274.41 3.95  0.0532
BC 99.56 1 99.56 0.0215 0.8841
BD 11824.72 1 11824.72 256 0.1172
CD 38634.74 1 38634.74 8.35  0.0060 o
BCD 31303.02 1 31303.02 6.77  0.0127 *
Residual 1.989E+05 43  4625.85
Lack of Fit 20007.26 7 2858.18 0.5751 0.7712 not significant
Pure Error 1.789E+05 36  4969.57
Cor Total 4.557E+05 53

Table S 18: ANOVA table for the model of the ultimate strength. The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (**), p<0.001
(***). Only one first order term, two second and one third order terms resulted to be significant. In order of importance the significant terms were: D, CD,
BCD and AC all the other terms were insert in the model to maintain the overall hierarchy.

Factor Model coefficients 95% CI Low 95% CI High
Intercept 348.84 329.04 368.63
A-Number of baths 15.19 -3.48 33.85
B-Time -12.25 -32.04 7.55
C-Temperature 9.80 -10.00 29.60
D-Concentration 44.71 2491 64.51
AC 19.51 -0.2857 39.31
BC -1.44 -21.24 18.36
BD -15.70 -35.49 4.10
CD -28.37 -48.17 -8.57
BCD -25.54 -45.33 -5.74
Transformations none

Table S 19: Coefficients of the coded equations of the ultimate strength model and of the 95% confidence intervals. The factors are normalized in the range
[-1,1] to allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 16: Perturbation graph in coded terms of the stress at break. The variation of the terms D has a greater impact in terms of amount of § structures

respect to a variation of the other terms. In term of robustness, we can state that the process is more robust to a variation of C and B if compared to the term
D.



Young’s Modulus
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Figure S 17: Contour plot of the modelled Young’s modulus (E) of the degummed silk fibers. In his case the number of baths term was not significant, all
the other terms were instead significant, making the model dependent on 3 variables. In order of importance the significative terms were (ANOVA Table
820): D (salt concentration), BCD (process time*process temperature*salt concentration), and BD (process time*salt concentration) The contour plots
are reported as follows: (A) E vs temperature and time, (B) E vs salt concentration and time, and (C) E vs salt concentration and temperature. In all these
cases the number of baths is reported as an ordinal, and the missing variable in its extreme values. As in the previous case, is extremely difficult to relate

the Young’s modulus to a specific property. The actual versus predicted plot (D) shows scattered point following a diagonal trend, this indicates a general
agreement between the model and the collected values trends.



Source Sum of Squares df Mean Square F-value p-value
Model 34.60 7 4.94 2.89 0.0139  significant
B-Time 1.64 1 1.64 0.9565 0.3333
C-Temperature 0.0014 1 0.0014 0.0008 0.9772
D-Concentration 17.07 1 17.07 9.98 0.0028 woE
BC 0.6750 1 0.6750 0.3948 0.5330
BD 5.24 1 5.24 3.06 0.0870
CD 4.09 1 4.09 239 0.1291
BCD 5.90 1 5.90 3.45  0.0699
Residual 76.94 45 1.71
Lack of Fit 7.63 9 0.8479 0.4404 0.9038 not significant
Pure Error 69.31 36 1.93
Cor Total 114.44 53

Table S 20: ANOVA table for the model of the tensile modulus (E). The significance level was assigned as follow: p<0.1 (.), p<0.05 (*), p<0.01 (*%),
p=0.001 (¥**). Only one first order term, one second and one third order terms resulted to be significant. In order of importance the significant terms
were: D, BCD, and BD all the other terms were insert in the model to maintain the overall hierarchy.

Factor Model coefficients 95% CI Low 95% CI High

Intercept 5.51 5.13 5.89
B-Time -0.1846 -0.5647 0.1956
C-Temperature -0.0054 -0.3856 0.3747
D-Concentration 0.5963 0.2162 0.9764
BC 0.1186 -0.2616 0.4987
BD -0.3303 -0.7104 0.0499
CD -0.2918 -0.6719 0.0884
BCD -0.3505 -0.7306 0.0296

Treatments none

Table S 21: Coefficients of the coded equations of the tensile modulus model and of the 95% confidence intervals. The factors are normalized in the range
[-1,1] to allow a direct comparison between the coefficients of the different terms. In this case no transformation to the data was applied.
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Figure S 18: Perturbation graph in coded terms of the tensile modulus. The variation of the terms D has a greater impact in terms of amount of Jp structures
respect to a variation of the other terms. In term of robustness, we can state that the process is more robust to a variation of C and B if compared to the term
D.



Toughness

Toughness Modulus
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Figure S 19: Contour plot of the modelled toughness modulus (K) of the degummed silk fibres. The statistically significant terms (ANOVA Table S21), in
order of importance, were: D (salt concentration), AC (number of baths*process temperature), AD (number of baths*salt concentration), and CD (process
temperature*salt concentration). (A) K vs salt concentration and temperature, the number of baths is reported as an ordinal, and the missing variable in its
extreme values. The actual versus predicted plot (B) shows scattered point following a diagonal trend, this indicates a general agreement between the model
and the collected values trends. However, in this case the model was less precise than in all the previous cases because of the high variability on the obtained
values.



Source Sum of Squares df Mean Square F-value p-value
Model 2.65 6 0.4417 421 0.0019 significant
A-Number of baths 0.0014 1 0.0014 0.0137 0.9074
C-Temperature 0.2807 1 0.2807 2.68 0.1087
D-Concentration 1.32 1 1.32 12.61 0.0009 HoHk
AC 0.3747 1 0.3747 3.57  0.0651
AD 0.3650 1 0.3650 3.48  0.0686
CD 0.3046 1 0.3046 290 0.0952 .
Curvature 0.4628 1 0.4628 441  0.0412 *
Residual 4.83 46 0.1049
Lack of Fit 0.8647 10 0.0865 0.7856 0.6422 not significant
Pure Error 3.96 36 0.1101
Cor Total 7.94 53

Table S 22: ANOVA table for the model of the toughness. The significance level was assigned as follow: p<0.1 (), p<0.05 (*), p<0.01 (**), p<0.001
(**%). Only one first order term, one second and one third order terms resulted to be significant. In order of importance the significant terms were: D, AC,
AD, and CD. All the other terms were insert in the model to maintain the overall hierarchy.

Factor Model coefficients 95% CI Low 95% CI High
Intercept 1.82 1.78 1.86
A-Number of baths 0.0226 -0.0171 0.0623
D-Concentration 0.0583 0.0162 0.1005
AD -0.0395 -0.0816 0.0027
Transformation Logarithmic

Table S 23: Coefficients of the coded equations of the Young Modulus model and of the 95% confidence intervals. The factors are normalized in the range
[-1,1] to allow a direct comparison between the coefficients of the different terms. In this case a logarithmic transformation was applied to the data to make
the residues normally distributed.
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Figure S 20: Perturbation graph in coded terms of the toughness modulus. The variation of the terms D has a greater impact in terms of K respect to a
variation of the other term. In term of robustness, we can state that the process is more robust to a variation of C if compared to the term D.



Mechanical properties vs molecular weight
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Figure S 21: Trends of (A) the ultimate strength, (B) the Young's modulus (D) the toughness index, and (D) the fibers mean diameter vs. the molecular
weight and the weight loss. The blank area in the graph represents area not accessible with the current range choose for the process variables. These graphs
have not to be intended as refined model punctual model (which is indeed the case of the empirical models that link the process variables to the material
property) but as visualization of the general trend. In each of the reported graph is not possible to increase the mass loss (thus the amount of removed
sericine) without decreasing the molecular weight. This explains why the decreasing of the molecular weight seems to improve the mechanical properties
while instead is the decreasing of the sericine content that improv them. However, the two effects cannot be effectively separated if not extending the range
of process variables or, by changing typology of degumming process. The conclusions on the mechanical property are further confirm from (D) in fact the
lower part of the graph with the higher molecular weight results also in the higher diameter, implying fibers surrounded by sericin.



Empirical Models

Amy1parky(%) = —23.56037 — 0.298006B + 0.373219C + 6.16206D + 0.00401586BC + 0.565710 BD + 0.05 —0.00659: (1

)
Ay 2paths)(%) = —27.83598 —0.298006B + 0.455753 C + 23.99304D + 0.00401586BC + 0.565710BD — 0.1565 —0.00659

Ms(1paeny (%) = —3.40712 — 0.026723B + 0.0720592C + 2.70125D + 0.000421437BC + 0.0686623BD — 0.0119812CD — 0.000828( (2

)
My 2paths)(%0) = —2.80993 — 0.026723B + 0.0720592C + 2.70125 D + 0.000421437BC + 0.0686623BD — 0.0119819CD +
—0.000828047BCD

1/d(1bath)(um) =0.0170618 — 0.0004653668 + 0.000390867C + 0.031071D + 0.00000682933BC + 0.000963647BD —0.0001227 (3
—0.0000119554BCD

1/d(2baths)(um) =—0.0180805 — 0.000465366 B + 0.000867654C + 0.031071D + 0.00000682933BC + 0.000963647BD — 0.0001227
—0.0000119554BCD

Btotpatny(%) = 43.65546 — 0.035903B + 0.146111C + 10.50220 D + 0.0640237BD — 0.189564CD (4

Btotapaths)(%) = 40.07968 + 0.0112263B + 0.146111C + 16.30562D — 0.0167738BBD — 0.189564CD

1/ (kDa) = —0.006211 + 3.044E( — 6)B + 0.000110C + 0.009177D — 0.000091CD (5
MW(lbaths) )
1/ (kDa) = —0.004122 + 0.000024B + 0.000082C + 0.03570D — 0.000028Cp
MW(Zbaths)
1/D(1b h )(kDa) =—0.0936274 — 0.000059641B + 0.00162134C + 0.155811D — 0.00163555CD (6
aths

1/D kDa) = —0.0351749 + 0.000233335B + 0.000890282C + 0.047258D — 0.000368248CD
(2baths)(kDa)

My(kDa) = 485.80643 — 0.669943 B + —3.20899 C —202.03613 D + 0.302142 BC + 1.52182 CD (7

M,(kDa) = 489.67177 — 1.19191 B — 3.20899 C — 170.75261D + 0.302142BC + 1.52182CD

M, =149.39843 — 0.189110B — 0.928469C — 69.21448D + 0.000937635BC + 0.0496594BD + 0.633106CD (8

M, =136.50153 — 0.348516B — 0.737167C — 47.04875D + 0.000937635BC + 0.144292BD + 0.357313 CD




Oreak(1bath)(MPa) = 399.02078 — 4.81823 B — 1.54014 € — 2.36632D + 0.0596008BC + 7.85871BD + 1.67989CD — 0.104233ABC (9)

OBreak(2baths)(MPa) = 195.24952 — 4.81823B + 1.24728C — 2.36632D + 0.0596008BC + 7.85871BD + 1.67989CD — 0.104233BCD

In (E(GPa)) = 1.90252 — 0.0176811B — 0.00520623C — 0.644751D + 0.000224341BC + 0.0260522BD + 0.0134485CD — 0.0003635! (10
)

In (K (1patns)(MJ /m®)) = 3.38615 + 0.00598015C + 1.46248D — 0.0113804CD (11
)
In (K 2paths)(MJ /m?)) = 2.54554 + 0.0186014C + 1.11369D — 0.0113804CD

Table S 24: Empirical models of the considered yields.
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