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Abstract

Protein-based biomaterials are excellent candidates for biomedical applications since they have similar properties to the
extracellular matrix. Recently, the use of sericin (SS), a protein present in the silk cocoon, can be used as biomaterial. To
improve their properties, SS biomaterials must be subject to treatments after their manufacturing. Ethanol post-treatments
by immersion and solvent vapor, are used for increasing their crystallinity, mechanical and water stability. In this work, the
effect of ethanol post-treatment on the properties of SS scaffolds elaborated by the lyophilization technique was evaluated.
Four post-treatments were carried out on the samples: immersed in absolute ethanol for 5 min (SS/EtOH 5 min) and for 1 h
(SS/EtOH 1 h); and exposition in a saturated ethanol vapor environment for 1 h (SS/VapEtOH 1 h) and for 24 h (SS/VapEtOH
24 h). The scaffolds were characterized by X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (ATR-FTIR),
scanning electron microscopy (SEM), water absorption, degradation in a phosphate-buffered saline solution, sericin release
from the scaffolds, and the cytotoxicity test. The ATR-FTIR results showed an increment in the relative content of f-sheet
structures and an increment in the crystallinity. SEM images revealed that the post-treatment process induces changes in
treated materials to present morphological changes. The treatment materials were more water-stable. The excipients of the SS
scaffolds evaluated in human epithelial fibroblasts do not generate an acute cytotoxic effect. The results suggest that ethanol
post-treatments induce conformational transitions and morphological changes, which should be considered for selecting the
post-treatment conditions according to developing materials for wound regeneration.
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Introduction

Silk sericin (SS) is an amorphous protein, partially soluble in
water [1], which is present in the silk cocoons. Recently, SS
has shown to have several properties such as anticoagulant,
anticarcinogenic characteristics, biocompatibility, moisture
absorption, and UV resistance [2, 3]. These properties make
the SS a potentially beneficial in biomedical applications
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[4-6], where it has shown potential for its utilization as a
biomaterial in tissue engineering, regenerative medicine and
as a support element in different surgical procedures [7].
Because sericin is partially soluble in water, it has both a
high release rate and rapid biodegradation in humid condi-
tions, as well as weak mechanical properties. These char-
acteristics limit its use for the development of materials for
biomedical applications [8]. Therefore, extensive research
has been carried out to modify the SS structure through dif-
ferent physical and chemical treatments, allowing materials
with better stability and performance. One of the objectives
of these treatments is to increase the content of crystalline
structures such as f—sheets [9, 10].

Treatments by immersion and solvent vapor with organic
solvents, like ethanol, commonly are used to induce confor-
mational changes in SS [4]. To date, ethanol treatment, under
specific conditions, has been used by different authors not
only induced SS conformation from random coils to B-sheet
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[9, 11, 12], but also was an effective sterilization approach
to SS scaffolds [13]. Such a method can be advantageous
for biomaterials for tissue engineering applications [14]. In
this work, sericin is obtained from defective cocoons, an
important by-product in the silk production process, which
are generally used to produce low value-added products as
an alternative to make better use of these by-products and
generate higher income. The aims to evaluate the effect of
ethanol post-treatments (immersion 5 min and 1 h, and etha-
nol vapor 1 h and 24 h) on SS scaffolds properties. Chemical
and crystal structure by X-Ray diffraction and Fourier-trans-
form infrared spectroscopy (FTIR ATR). Thermal properties
and morphological changes by ethanol post-treatments were
studied by thermogravimetric analysis (TGA) and scanning
electron microscopy (SEM), respectively. In addition, the
water absorption capacity and degradation in a phosphate
buffered saline solution (PBS), were evaluated in different
times. The sericin release from scaffolds in PBS and cyto-
toxicity test were also evaluated for treated and untreated
materials.

Materials and Methods
Materials

Defective cocoons (DC) were obtained from the Corpo-
ration for the Development of the Sericulture of Cauca—
CORSEDA (Popayan, Colombia). DC were air dried and
then hand cut in small pieces. The pupae and some impuri-
ties were removed. Commercial sericin was purchased from
Aldrich (Sigma-Aldrich). The biuret reagent was acquired
by the laboratory of the Bolivarian Pontifical University
(Colombia) and was used for the quantification of protein
in a solution. Penicillin, streptomycin, and trypsin EDTA
reagents were purchased from Aldrich (Sigma-Aldrich),
Dulbecco’s Modified Eagle Medium (DMEM) from Lonza
Bioscience and, thiazolyl blue tetrazolium bromide (MTT)
from Alfa Aesar. Human epithelial fibroblasts isolated from
skin biopsy samples of healthy human subjects in surgical
procedure at the University IPS (Colombia), under proce-
dures approved by the Bioethics Committee of the Faculty
of Medicine of the University of Antioquia were used. The
fibroblast was kindly donated by the Tissue Engineering and
Cell Therapy Group of the University of Antioquia.

Silk Sericin Extraction

SS was extracted using a high temperature and pressure
degumming technique (120 °C during 30 min) an auto-
clave (Phoenix Luferco, Brazil), in a bath ratio of 1:30 (g
of cocoons in pieces/mL distilled water) [7, 15]. Obtained
sericin solution was filtered using a conventional laboratory

vacuum pump for removing particles and impurities. A
spray dehydration process was applied maintaining an inlet
temperature of 160 °C, spray flow of 40 m?/h, and flow
rate of 6.3 mL/min in a Mini Spray Dryer B-290 (BUCHI
Labortechnik AG, Flawil, Switzerland). Finally, the obtained
sericin powder (SSP) was stored in a glass lab desiccator.

Development of Silk Sericin Scaffold

SSP was dissolved in distilled water at a concentration of
2% (w/v) using an autoclave at the same conditions men-
tioned above. The obtained solution was poured into plates
with 2 mL wells and then frozen at — 80 °C for 24 h [16].
The samples were lyophilized for 48 h using a freeze dryer
(Labconco Corporation, Kansas, USA). The obtained
aerogels were then stored in a desiccator until further
characterization.

Ethanol Post Treatments

Four post treatments were carried out on the sericin
materials: immersion in absolute ethanol for 5 min (SS/
EtOh 5 min), immersion in absolute ethanol for 1 h (SS/
EtOh 1 h), exposition to absolute ethanol steam atmosphere
for 1 h (SS/VapEtOH 1 h) and exposition to absolute ethanol
steam atmosphere for 24 h (SS/VapEtOH 24 h) (Fig. 1) [13,
14, 17, 18]. The control (untreated SS materials) and the
treated samples were storage in a glass desiccator for 24 h.
SS untreated materials were used as reference.

Characterization Methods
X-Ray Diffraction

X-ray diffraction curves were obtained using a Cu source
with a diffraction range was (20) from 5 to 50° in an X-Ray
XPert Diffractometer (Malvern PANalytical, Malvern,
United Kingdom).

Fourier-Transform Infrared Spectroscopy (FTIR-ATR)

The chemical structure of sericin scaffolds was analysed
using FTIR tecnique with a total attenuated reflectance
module (ATR), on a Nicolet 6700 Series brand spectrom-
eter (Thermo Electron Corporation, Beverly ma, USA). A
total of 64 scans were performed at a resolution of 4 cm™"
and a wavelength of 4000—-400 cm™'. In order to study sec-
ondary structure, as was reported by other authors [19-21],
a deconvolution with Gaussian curves in the amide I region
(1600-1700 cm™!) was evaluated using OMNIC® software.
The Eq. 1 was used to calculate the percentage of individual
secondary structures, where A,, and A, correspond to the
area from individual secondary structures and the area from
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Fig. 1 Illustration of the post-
treatments carried out for the
sericin scaffolds. a Immersion
in absolute ethanol, and b expo-
sition to absolute ethanol steam

total secondary structures, respectively. The average percent
was computed from three FTIR measures for each sample.

A
Individual secondary structures(%) = A_m x 100 (1)
T

Crystallinity index (CI) was calculated by comparing the
areas for absorbance intensity for -sheets and random heli-
ces in wavelength at 1645 y 1620 cm™!, respectively. The
CI was obtained using the Eq. 2 [22]. The CI average was
computed from three FTIR measures for each sample.

CI (%) = Ajgroem™!

x 100 2
Ajgasem™! + A gpcm! @

Scanning Electron Microscopy (SEM)

Secondary electrons HV-SEM technique (JSM-6490LV,
JEOL, Japan) equipment was used to observe the morphol-
ogy of sericin scaffolds at 5 kV. Before the observation, the
samples were prepared by two cuts vertical and horizontal.
Samples were covered with a thin layer of gold using a Desk
IV equipment (DENTONVACUUM, Moorestown, USA),
until a thickness of pprox. 10 nm was obtained.

Thermogravimetric Analysis (TGA)

The thermal behaviour of the samples was determined using
a thermogravimetric analyser (TGA-Q500, Mettler Toledo,
USA). In a typical experiment, 10 mg of sample were used
and thermograms were obtained under an inert atmosphere
of N, to avoid oxidative processes, at a rate of 50 mL/min,
with a temperature range of 30-800 °C, and a uniform heat-
ing rate of 10 °C/min. With the results obtained from TGA,
the first mass derivative was calculated with respect to time
to obtain the degradation rate (DTG).

@ Springer
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Water Absorption

Water absorption analysis was performed according to a
modified method described by Mandal, Priya & Kundu [8].
Dry materials were weighed and then immersed in distilled
water for 4, 6, 12, and 24 h. A fine mesh was used to hold
the materials. The samples were extracted and, the remanent
water was removed using a cotton mat before weighted. The
test was replicated 3 times for each sample using the same
conditions. Water absorption percent was calculated using
the Eq. 3, where variables Wh and W are the sample weights
wet and dry, respectively.
Ws

% Water absorption = th; % 100 3)
s

PBS Degradation

The materials degradation rate was evaluated according
to the method reported in [11, 12, 23]. The materials were
immersed in a phosphate-buffered saline solution (PBS) with
a pH value of 7.4 at 1X, in a controlled environment at a
temperature of 37 °C. Weight loss was monitored at 6, 12,
and 24 h. After the test, the samples were dried in a forced
convection oven at 35 °C for 24 h. All experiments were
carried out in triplicate. The percentage of degradation was
determined according to the Eq. 4, where Wi is the initial
weight of the dry material (before immersion) and Wf is
the final weight of the dry sample after the immersion time.

Wi—W
W

% Degradation =
i

00 @)
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Sericin Release from Materials

The treated and untreated materials were immersed in a 1X
PBS solution (pH 7.4) in a controlled environment at a tem-
perature of 37 °C. Subsequently, 1 mL of solution was taken
from each of the samples (aliquots), after 24 h of immersion
[24]. The amount of sericin released into the medium was
determined by the method of Biuret [25]. Initially, a calibration
curve was made using a commercial sericin standard solution
with a concentration of 2% (w/v) (SIGMA brand) according
to Table 1. The solutions were left to stand for 30 min at room
temperature to ensure the development of colour. For reading
the solutions, a UV-VIS spectrometer (Hach DR 2700, Mettler
Toledo, USA) was used, the absorbance reading of the blank
was given at 510 nm to adjust the absorbance baseline to 0.0.
All experiments were carried out in triplicate.

In Vitro Cellular Behaviour

In Vitro Model of Human Epithelial Fibroblast Cultures Cul-
ture of epithelial fibroblast were maintained at 37 °C in
DMEM medium, supplemented with fetal bovine serum
(10% v/v) and penicillin—streptomycin (1% v/v). The cell
cultures were incubated in flasks culture T75 under con-
trolled conditions of 5% CO,, 95% O, and, 95% relative
humidity. The culture medium was changed every 3 days.

Cytotoxicity Test The metabolic reduction of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazole (MTT) bromide was
used to evaluate the effect of sericin material excipients
with and without ethanol post-treatment, on the viability in
human epithelial fibroblasts. MTT technique is based on the
activity of the mitochondrial enzyme succinate-dehydroge-
nase which changes to a blue colour. This change of colour
allows determining the mitochondrial functionality of cells
exposed to excipients.

Epithelial fibroblasts were grown on a 96-well plate with
a cell density of 3.5x 103 cells/well. For all assay supple-
mented medium was used. The samples were incubated at
37 °C in a humidified atmosphere with 5% CO, for 48 h.

Table 1 Protein quantification by the Biuret method

Standard protein H,0 (mL) Biuret
solution (mL) reactive
(mL)
Reference 0 1 10
1 0.25 0.75 10
2 0.5 0.5 10
3 0.75 0.25 10
4 1 0 10
Sample 1 0 10

Then, the cells were treated with the excipients from treated
and untreated samples, which were obtained at periods of
4, 6, 12 and, 24 h. The cells were incubated for 24 h and
then, MTT solution was added, and the formazan crystals
obtained were solubilized with isopropanol. The optical
density was recorded using an Elisa reader at a wavelength
of 570 nm. Cytotoxicity was determined as the concentra-
tion of excipients that caused a 50% inhibition of epithelial
fibroblast growth from the Eq. 5:

Cellular viability(%) = OD value of experimental sample (mean)

OD value of experimental control (mean)
x 100 &)

Statistical Analysis

To probe the differences between process conditions applied
in secondary structures analysis, crystallinity index water
absorption ability, weight loss, PBS degradation, and protein
release, a One-way ANOVA with multiple comparisons was
used (LSD Fisher test with 5% confidence level).

A minimum of three non-dependent tests were performed
to evaluate the cytotoxicity. The next parameters were used:
four excipients time for each scaffold type, three replicates
per well, one positive control and one negative control. The
statistical analysis was done with GraphPad Prism V8.0
(Intuitive Software for Science, San Diego, CA). The aver-
age values and standard deviation are presented in plots.
The differences with negative control were considered with
a statistically significant for p-value <0.05.

Results and Discussion

The visual aspect of SS materials is presented in Fig. 2. A
shrinkage was observed for materials with ethanol immer-
sion treatment. Likewise, an increase in structural collapse
for SS/EtOH 1 h sample. All samples treated with ethanol
vapor preserve the shape and visual aspect of SS control
material.

X-Ray Diffraction—XRD

In Fig. 3 is shown the XRD plots for evaluation samples.
For the control sample (SS) is observed a broad peak near to
20=19° and a small shoulder to 20 =22°, which are related
to crystalline space of f-sheets as has been reported in
other studies [3, 12, 26, 27]. The evaluated treatments show
changes in protein order as has been previously reported
by other authors [28]. All samples with ethanol immer-
sion show a high trend to increase the diffraction intensity
which is associated with a reordering of the molecular struc-
ture. In fact, a slight change is observed for SS/VapEtOH
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SS/IEtOH 5min
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Fig.2 Sericin scaffolds untreated and treated by immersion and etha-
nol vapor
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Fig.3 XRD of sericin scaffolds untreated and treated by immersion
and ethanol vapor

samples which present the broad diffraction at 20=22°
associated with sericin crystallites [29]. The curves for SS/
EtOH evidence a significant change compared to SS and
SS/VapEtOH. For these samples, two peaks are observed
at 20=19.3° and 24.0°. The first peak is related to the pres-
ervation of some original structures also reported for SS
samples. The second peak can be explained as a molecular
contraction of structure sericin lead a shrinkage of protein
lattice parameters as a consequence of the widely recognized
hydrophilic character of the protein [30]. Likewise, random
structures transform to p-sheets leading to an enhancement
of the order protein as has been reported [28].This finding
transcends the purpose of this research and will require new
studies to be carried out to explain the observed phenom-
enon with certainty. It is very interesting to understand this
phenomenon because the molecular order of sericin plays

@ Springer

an important role in the chemical and physical properties of
the SS materials [31, 32].

Fourier Transform Infrared—FTIR

Figure 4 shows the FTIR spectra obtained from the treated
and untreated sericin materials. In Fig. 4a, four types of
characteristic peaks associated with the amide groups of the
protein can be observed: amide A and B (3000-3500 cm™}),
amide T (1600-1700 cm™"), amide II (1504-1582 cm™),
and amide III (1200-1300 cm™"). The amide bonds form
the polypeptide backbone and, due to specific vibrational
frequencies, resulting in conformational changes in protein
molecules [28]. Figure 4b is an enlargement of the region
of amide I and II to show the changes present between the
sample spectres. It was observed that the samples SS/EtOH
5 min and SS/VapEtOH 1 h show the same behaviour as
the control sample, with characteristic vibrations of ran-
dom spiral structures and a-helix, at wavelengths between
1652 and 1540 cm™!, respectively. For SS/EtOH 1 h and
SS/VapEtOH 24 h materials, the vibrations associated with
random spiral structures (amide I) are located at 1622 cm™!,
in both samples. The amide II vibrations located at 1526 and
1525 cm™!, respectively, are related to the leaf structures
p-sheet and B-turns, respectively [20].

Due to the amide I is most sensitive region to variations in
folding of secondary structures (22), a quantitative analysis
using deconvolution models was performed. As reference
point, characteristic peaks of silk sericin reported in the lit-
erature were used for the analysis. The results for almost
all samples present 19 peaks that has fitted to a Gaussian
curve, which are associated with different secondary struc-
tures of sericin (see Table 2) [19, 20]. Table 2 and Fig. 5
summarize the distinctive elements of secondary structures.

(a) gmidﬂes Alﬁi‘la—elfl

:: MU ss
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3 : :
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H
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T
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Fig.4 FTIR spectra of untreated and treated SS materials a general
spectrum at 400-4000 cm™! and b zoom of spectra in amide T and
amide IT 1800-1000 cm ™"
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Table 2 Percentage of secondary structures contained in the treated and untreated scaffolds
Secondary structure Wavenumber Percentage of crystalline structures (%)
SS SS/EtOH S min  SS/EtOH 1 h SS/VapEtOH SS/VapEtOH
1h 24 h
B-sheet 1610-1640 cm™"' 31.46 42.75 46.30 37.60 44.14
1695-1700 cm™"
p-turns 1660-1695 cm™! 32.30 28.73 28.98 32.25 28.05
Crystalline struct 63.75 71.49 75.28 69.34 72.19
Random coil 1640-1650 cm™ 14.53 11.37 5.51 12.72 12.9
Helix-o 1650-1660 cm™' 14.19 11.25 11.91 10.48 8.79
Side chains 1600-1610cm™"  7.52 5.89 7.30 7.46 6.57
Amorphous Structures 36.25 28.51 24.72 30.66 28.26
60 60
(a) | ——p-sheet (b) e p-Sheet
——Turn-§ *:":'I"*B
- ——Helix-a | ——Helix-a
— % ~ Random coil . 509 ——Random coi
9 | —— side chains 5 —— Side chains
o 0
o 404 2 404
2 2
:
£ 30 ® 304
e 9
] °
2 20 & 20
=] o
g T P T
%) t T n :
10 10
L ‘ % ; 1
o T T T 0 T v T M T
SS SS/EtOH 5min SS/EtOH 1h S8 SS/VapEtOH 1h SS/VapEtOH 24h

Samples

Samples

Fig.5 Secondary structures in untreated and treated simples. a control and SS/EtOH materials and, b control and SS/VapEtOH materials. The

bars represent the standard deviation (n=3)

A statistically significant difference was found in the content
of B-sheets structure for the untreated materials compared to
the treated ones (p value < 0.05).

Treated samples show an increase in crystalline struc-
tures (B-sheets) being higher for SS/EtOH 1 h (46.3%) and
SS/VapEtOH 24 h (44.41%), followed by SS/EtOH 5 min
(42.75%) and SS/VapEtOH 1 h (37.6%). It has been reported
that the formation of the p-sheets structures is favoured in a
dehydrated state, it is because, when EtOH takes water from
the molecule sericin, hydrogen bonds between sericin and
water are replaced by hydrogen bonds between the sericin
molecules, which induce a transition from random spirals to
B-sheets [14, 22, 33].

Regarding the percentage of f-turns, SS/VapEtOH 1 h has
not a difference respect to SS, while for the other samples
this percentage decreases (see Table 2). On the other hand, it
is evident that amorphous structures decrease in the treated
samples, being more noticeable in SS/EtOH 1 h, specifically

in the random spiral structure, which went from a content of
14.53 in SS to 5.51%. This behaviour was also reported by
Lamboni et al. (2015), who report a transformation mecha-
nism where there is a decrease in random spiral structures
in materials treated with ethanol, in addition to a decrease
in the content of -turns [4].

The crystallinity index is presented in Fig. 6. It was evalu-
ated to determine the crystallinity of the samples. The results
show that the untreated sample (SS) has a CI of 27.01%
and an increase in the crystallinity of the materials after
treatment with ethanol is observed. The highest crystallinity
was presented for the SS/EtOH 1 h (61.40%) and SS/VapE-
tOH 24 h (50.96%) samples, followed by SS/EtOH 5 min
(37.15%) and SS/VapEtOH 1 h (35.47%) samples, behav-
iour that coincides that observed by FTIR. According to
the results obtained, SS/EtOH 5 min, SS/VapEtOH 1 h
and SS samples have not a statistically significant differ-
ence between them. The SS/EtOH 1 h sample present a
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Fig.6 Crystallinity index of untreated and treated materials. The bars
represent the standard deviation (n=3) and the asterisks refer to the
statistically significant difference between the crystallinity values of
the samples. *p <0.05 significant differences

statistically significant difference with respect to all scaffolds
(p value <0. 05) except to the scaffold SS/VapEtOH 24 h.
The results confirm that the crystallinity of the samples
increases after a longer treatment with ethanol, as evidenced
by a study by Siritienthong et al. (2012), who developed
SS/polyvinyl alcohol (PVA) scaffolds treated with EtOH
at different concentrations (0, 60, 70, 80, 90, and 99.9 v%).
Authors were looking to increase both crystallinity and struc-
tural stability of scaffolding, without the need to carry out
crosslinking processes. The scaffolds obtained by this method
with higher EtOH concentrations showed a higher percent-
age of p-sheets [17]. On the other hand, Dash et al. (2009)
reported increased crystallinity in sericin membranes when
treated with EtOH as found by FTIR and XRD test [28].
These results confirm that a high exposure to ethanol
treatment (SS/EtOH 1 h and SS/VapEtOH 24 h) generates a

change in the crystallinity of the sample. According to Sahi,
Ajay Kumar, et al. a possible mechanism of action of the
treatment is the expansion of the amorphous region of the
protein owing to the interruption of hydrogen bonds, which
is followed by ethanol penetration in the expanded region
generating a hydrophobic environment. Furthermore, the
hydrophobic molecules chain segment in the random coil
accumulates closely forming crystal nucleus. The growth
in the crystal nucleus and rearrangement of hydrogen bonds
result in a stable b-sheet conformation. Hydrogen bond rear-
rangement leads to water loss and creates more stable beta
sheets that result in shrinkage of porous structure [34].

Sericin Material Morphology

Morphology of both untreated and treated materials was
observed by SEM. Figure 7 shows that SS material has a
laminar morphology with heterogeneous pores, not defined,
with a honeycomb-like structure [35]. The treated materials
present morphological changes, which are more evident at the
SS/EtOH 1 h and SS/VapEtOH 24 h samples, where a laminar
morphology, defined porosity with an average pore diameter of
70.73 and 71.01 pm, respectively, and larger apparent pore size
is observed and therefore, a lower pore density compared to SS
control sample. Regarding the SS/EtOH 5 min and SS/VapE-
tOH 1 h materials, a contraction was observed between the
sheets, which showed a rougher appearance when compared
whit SS/EtOH 1 h and SS/VapEtOH 24 h, presenting hetero-
geneous porosities like the control scaffold. The SS/VapEtOH
1 h sample has a smaller average pore diameter (69 pm) com-
pared to the SS/EtOH 1 h and SS/VapEtOH 24 h samples (see
Table 3). The importance of morphology features has impacts
on physical properties such as biomechanical behaviour and
water absorption capacity of the materials obtained.

The result observed in the present work can be supported
by the results obtained by other authors. Siritienthong et al.
(2012) observed in SS/PVA materials a thicker pore wall and

SS/EtOH 1h

Fig.7 Morphology of untreated and treated materials observed by SEM (200 pm and 500 pm)
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Table 3 Summary of the
morphological analysis and the

Scaffold

Average pore diameter (pm)

Morphology

value average pore diameter SS

SS/EtOH 5 min
SS/EtOH 1 h
SS/VapEtOH 1 h
SS/VapEtOH 24 h

Does not apply Laminar—pores not defined

Does not apply Laminar—contraction between the sheets
70.73 Laminar—defined porosity

69.00 Laminar—contraction between the sheets
71.01 Laminar—defined porosity

a greater roughness in the treated materials compared to the
untreated ones (1). Siritientong T, Srichana T, and Aramwit
P evaluated the morphology of sericin materials immersed in
EtOH for 5 min in order to sterilize the material. The authors
reported that the treated material exhibited reduced porosity
and increased surface wrinkles [13]. It has been reported that
treatment with ethanol produces a contraction in the protein
material, a phenomenon explained by the hydrophobic dehy-
dration that occurs due to molecular interactions between
the protein chains and the polar solvent, which explains the
differences found in the porosity of materials treated with
this solvent [22].

Thermogravimetric Analysis

Figures 8a, b show the TGA and DTG curves of the
untreated and treated sericin materials. The TGA curves pre-
sent a thermal degradation described mainly in two stages.
The first one is between 25 and 120 °C for the SS control and
between 25 and 140 °C for the treated samples. This thermal
event is associated to dehydration of samples by evaporation
of the scaffolds remaining water. The estimated weight loss

chains of amino acid residues degradation. From the DTG
curve, two shoulders are also observed at approximately 260
and 355 °C for the SS and SS/VapEtOH 1 h samples, and
at 265 and 379 °C for the other samples, in which a greater
definition was achieved in the first of the peaks (Fig. 8b).
Likewise, thermal event is associated with the cleavage of
the peptide bonds of the protein and the carbonization of the
primary structure [36-38].

Detailed results are summarized in Table 4 showing an
overall similar thermal behaviour for all samples evaluated.
A lower initial degradation temperature (T,,,) is evidenced
for the SS control sample (SS) at 220 °C compared to the
treated samples. The main decomposition event is assigned
to the thermal degradation (T,,,,) of the protein [37]. SS
and SS/VapEtOH 1 h presented a lower T, (303 °C) com-
pared to the rest of the treated samples (310 °C). This can
be due to the different content of f-sheet structures between
de samples as was observed in FTIR analysis. These results
are related to those obtained in the crystallinity index, where
a higher CI provides a higher T, and T,,,,. The results
obtained have coincided with those reported for treated silk
fibroin fibres with ethanol by Zuo B, Liu L, and Wu Z. The

for all samples tested was near to 7%. The second stage is  authors observed an increase in the T,,, of the treated fibers
related to the elimination of volatile compounds and side
(a) (b)
—S8S
100 —— SS/EtOH 5min
——SS/EtOH 1h
—— S8/VapEtOH 1h ss
—— 8S/VapEtOH 24h /_————’_—
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Fig.8 a TGA and b DTG of untreated and treated materials
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Table4 T, and T, of untreated and treated materials

méx

Sample Tonet CO) Thax (°C)
SS 220 303
SS/EtOH 5 min 230 310
SS/EtOH 1 h 231 310
SS/VapEtOH 1 h 230 303
SS/VapEtOH 24 h 231 310
1400 -
1200 -
;\'; T
< 1000 -
c 1
2
2 500
o
7]
[ — & a
S 600 —a
2
©
; 400 —a—SS
—e— SS/EtOH 5min
—A— SS/EtOH 1h
200 - —¥— SS/VapEtOH 1h
—&— SS/VapEtOH 24h
0 T T T T T T

0 4 8 12 16 20 24
Time (h)

Fig.9 Water absorption capacity for untreated and treated materials,
exposed to different times of immersion in water. The bars represent
the standard deviation (n=23)

with respect to the untreated ones and, they describe that this
behaviour because of the p-sheet structure growing [39].

Water Absorption of SS Materials

The swelling and moisture absorption capacity of SS mate-
rials are relevant characteristics for possible applications
as a wound-healing dressing, which requires an absorption
capacity that promotes the remotion of excess exudates
while maintaining a moist condition in the wound site [40,
41]. Nevertheless, not only absorption is important, but also
the stability of scaffolds during and after moisture absorp-
tion must be considered [12]. Figure 9 shows the percentage
of water absorption of the treated and untreated samples
after immersion in water for 4, 6, 12, and 24 h. The results
show that, when the scaffolds are submerged in water, they
swell rapidly in the first 4 h, reaching a 537, 862, 878, 815,
and 830% increase in weight for SS, SS/EtOH 5 min, SS/
EtOH 1 h, SS/VapEtOH 1 h, and SS/VapEtOH 24 h, respec-
tively. Due to the hydrophilic nature of sericin, which is
responsible for water uptake, and the large surface area of
the scaffolds [8], a new weight gain is obtained in the next
2 h. This increase is greater for the control sample SS, with

@ Springer

133% more weight, and it was 54, 61, 24, and 44% for the
SS/EtOH 5 min, SS/EtOH 1 h, SS/VapEtOH 1 h, and SS/
VapEtOH 24 h scaffolds, respectively.

After 12 h, the SS scaffold shows a 13% weight loss due
to the partial disintegration of the material, because of the
solubility of the material and the greater amount of amor-
phous structures (36.25%) as evidenced in FTIR analysis.
The treated samples showed an additional gain of 12 and
13% for the SS/EtOH 5 min and SS/EtOH 1 h samples,
respectively. SS VapEtOH 1 h and SS/VapEtOH 24 h sam-
ples showed a greater increase compared to the scaffolds
treated by immersion with 202 and 315%, respectively. After
24 h of immersion, the SS/EtOH 1 h scaffold present a new
weight increase of 49%, while the SS/EtOH 5 min, SS/VapE-
tOH 1 h, and SS/VapEtOH 24 h scaffolds had a weight loss
of 44%, 217%, and 53%, respectively. These results reveal
that the SS/EtOH 1 h scaffold is the most stable sample dur-
ing the immersion time. It can be explained due to the high
content of hydrophobic structures B-sheet (46.3%), which
avoids the disintegration of the material and gives a better
water absorption ability during evaluation time. The highest
weight loss of SS/VapEtOH 1 h was observed as a disin-
tegration of the material, which may be a consequence of
water saturation, to a greater amount of amorphous struc-
tures and their high-water absorption. Nevertheless, it can
be concluded the ethanol treatment influences on the sericin
structure and it results in more stable materials compared to
the control sample.

On the other hand, the water uptake capacity of the scaf-
folds can be related to their morphology (“Sericin Mate-
rial Morphology”). The scaffolds with denser and tighter
structure (SS < SS/VapEtOH 1 h < SS/EtOH 5 min) have
a smaller pore size or laminar porosity which hinders the
mobility of the polymer chains and minimize their water
uptake capacity. Consequently, a lower water absorption is
obtained for the control sample SS, followed by SS/VapE-
tOH 1 h, and SS/EtOH 5 min. While for SS/EtOH 1 h and
SS/VapEtOH 24 h a greater water uptake is obtained due
to its major average pore diameter compared to the other
samples. The results obtained in present research agree
with similar results reported by Siritientong, Srichan, and
Aramwit. In order to study the effectiveness of ethanol and
other sterilization methods on sericin scaffolds, the authors
developed SS/PVA scaffolds. The ethanol treatment was
carried out by immersion for 5 min. The report indicates
that the untreated and treated materials can absorb 610% of
water during 24 h. As the authors claim, the untreated scaf-
fold presented greater fragility when it was manipulated,
and are disintegrated during immersion, compared to the
treated scaffold, which exhibited an intact structure at the
end of the treatment [42].
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Sericin Release from SS Materials

Figure 10 shows the sericin release profile after 24 h of
immersion of the scaffolds. A significant reduction in pro-
tein release is observed from SS materials treated with
ethanol, without a statistical difference between the differ-
ent treatments. The lower release of sericin from the treated
materials may be related to the increase in crystalline struc-
tures and, possibly, to the new interactions that are formed

100

80

60

40 -

Sericin release (%)

20

ss SS/EtOH 5min SS/EtOH 1h  SS/VapEtOH 1h SS/VapEtOH 24h

Samples

Fig. 10 Percentage of released of untreated and treated SS materi-
als after 24 h of immersion in PBS. The bars represent the standard
deviation (n=3)

between sericin: sericin molecules, as indicated in “Fourier
Transform Infrared—FTIR” (Fourier Transform Infrared—
FTIR). These changes can decrease the solubility of the pro-
tein, thus improving the control of its release.

Cell Viability an In Vitro Model of Human Epithelial
Fibroblasts

The percentage of cell viability was determined by the
MTT test, which allows to determine the cytotoxic effect
of materials in interaction with biological models in vitro.
Figure 11 shows the fibroblasts viability behaviour when
they are exposed to excipients from untreated and treated
SS materials. The excipients obtained after 24 h from SS
and SS/EtOH 5 min decrease the cell viability up to 76 and
62%, respectively, while viability SS/EtOH 1 h and SS/
VapEtOH 1 h decreased up to 70%. SS/VapEtOH 24 h show
the lower decreasing in cell viability (20%) after 24 h. That
can be explained due to the chemical modification method
favour metabolic activity and cellular integrity [43]. In addi-
tion, it is important to consider that the SS/VapEtOH 24 h
material was produced for a long time, but they were not in
direct contact with the solvent. This result suggests that the
treated materials in ethanol immersion present changes in
their microarchitecture and in their physicochemical prop-
erties, which do not favour the cell viability. In addition,
direct exposure with the organic solvent may be generating
free radicals and traces that are released over time and cause
cell death [10].

Fig. 11 Cell viability of human 120
epithelial fibroblasts exposed to %
excipients from untreated and P o . 50 Si
treated SS materials, at periods [ [ [
of 4,6, 12, and 24 h. The aster- 100 1 "
isk shows the statistical signifi- - .
cance of *p<0.05, **p<0.01y _I_
*#%p <(0.001 compared between 3 80 - 3 _:[_
excipients and cells without < _} -
treatment. Epithelial fibroblasts 2 _I_ = ‘} -}
without treatment were used as 3
a cellular control (CC) 8 60 Ba

>

L

8

=

40 -

RS

20
T RO O R O R A O XA O Q0 at
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Conclusion

Regarding the ethanol immersion and steam treatments used
over sericin materials, it was observed that these are effec-
tive to increase the content of secondary crystalline struc-
tures (B-sheet). This shows a structural change from the
amorphous structures (random coils) to crystalline structures
(B-sheets). That changes enhance thermal and water stability
for all treated materials. In addition, the materials did not
show disintegration during and after water absorption. All
treatments increased the water absorption, which can be use-
ful to promote the elimination of excess exudate in wounds
while maintaining a wet condition in the wound place.

The excipients of the sericin from untreated and treated
materials evaluated in human epithelial fibroblasts exhibit
low cytotoxic effects. This behaviour is associated with a
dose-concentration dependence of the release of the active
compound (SS), where the greater the amount of excipient,
the more cell viability is affected. Based on our results, it is
proposed that sericin could be used as a bioactive compound
to develop materials for wound regeneration that involve a
loss of the integrity of the skin layers.
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