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Abstract
The use of silk proteins sericin (SS) and fibroin (SF) has been increased for biomedical applications. In order to improve 
their behavior inside of biological environment, silk biomaterials must be treated after their manufacturing by means 
of diverse methods. These include ethanol post-treatments to increase their crystallinity, mechanical properties and 
water stability. In this study, the effect of ethanol post-treatments on the properties of silk protein materials was evalu-
ated. Defective cocoons and silk fibrous waste (SW) were used to obtain silk sericin sponges (S-SS) and silk fibroin films 
(F-SF), respectively. Two ethanol treatments were evaluated in SS and SF: immersion (I) and solvent vapor annealing 
(SVA). Morphological modifications induced by ethanol post-treatments were studied by scanning electron microscopy 
(SEM). Conformational structure of the samples was analyzed by attenuated total reflectance–Fourier-transform infrared 
spectroscopy (ATR–FTIR), and the thermal properties were evaluated by differential scanning calorimetry (DSC) measure-
ments. SEM images revealed that ethanol process induces changes in treated F-SF and S-SS, the material surfaces are 
more roughness, and these effects were more pronounced in samples treated by I than that subjected to SVA. As a result 
of the ethanol treatments, the ATR–FTIR and DSC results showed an increment in relative content of β-sheet structures 
in both silk protein materials. The results suggest that ethanol post-treatments induce conformational transitions and 
morphological modifications in S-SS and F-SF that should be considered to select the post-treatment conditions accord-
ing to the biomedical application requirements.
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1 Introduction

Silk is a fibrous protein secreted by some insect and spider 
species to build natural structures for anchoring, feeding 
or protection purposes. For many centuries, the silk from 
the cocoon of the domesticated silkworm Bombyx mori 
has been used in the production of high-valued yarns and 
textiles due to its texture, luster, tensile qualities, comfort 
and its ability to take up dyes [1, 2]. This natural fiber con-
sists of two filaments of silk fibroin (SF), a highly structured 

fibrous protein, coated with sericin (SS), which is a globular 
glue protein that acts as a binder to maintain the structural 
integrity of the cocoon [3]. Moreover, it has small amounts 
of waxy substances, mineral salts and coloring matter [4].

SF is widely used in the textile industry; instead, SS 
is generally discarded as a waste during a textile pro-
cess called degumming [5], in which fibroin is separated 
from sericin. Both proteins have proven to have impor-
tant biological properties, including biocompatibility 
and biodegradability; it also has been demonstrated to 
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promote cellular adhesion and proliferation, which makes 
them potentially useful in different applications [6–9]. SF 
represents the 70–75% of the cocoon, and it consists of 
a light polypeptide chain (~ 26 kDa) and a heavy chain 
(~ 390 kDa), linked together by a disulfide bond [10]. The 
heavy chains in fibroin are composed of 12 hydropho-
bic domains separated by 11 hydrophilic domains. The 
hydrophobic domains comprise a repetitive sequence of 
amino acids that mainly include glycine (43%), alanine 
(30%) and serine (12%), and to a lesser extent tyrosine, 
valine and threonine [11]. On the other hand, SS accounts 
for 25 to 30% of the silkworm cocoon and it is formed by 
18 amino acids, mostly of which have polar side chains 
such as hydroxyl, carboxyl and amino groups, which can 
cross-link, co-polymerize and be combined with other 
polymers [12]. Likewise, this protein is composed of 45.8% 
of hydroxy amino acids, 42.3% of polar amino acids and 
12.2% of nonpolar amino acids [7], the highest proportion 
being serine, aspartic acid, glycine and threonine [13]. SS is 
composed of 70% hydrophilic amino acids, which provide 
it the ability to be partially soluble and to absorb large 
amounts of water [14].

Biomaterials synthesized from silk proteins can be man-
ufactured in different forms, such as gels, sponges [15], 
films and fibers [16, 17]. The structural conformation or 
the relative content of secondary structures of these silk 
protein-based materials can be controlled during process-
ing or with the application of post-treatments. Hence, it is 
possible to engineer silk biomaterials with tunable degra-
dation rates, mechanical and other specific properties [9, 
18, 19]. Due to its versatile properties and biological activ-
ity, silk protein materials have been extensively used in 
the research and development of biomaterials for diverse 
applications: wound healing [20–23], bone tissue regen-
eration [24] and vascular grafting [25]. However, materials 
fabricated using SF or SS as the only constituent generally 
have relatively weak structural and mechanical properties, 
which limit their extensive study in the biomedical field. 
Therefore, treatments by immersion in organic solvents 
like ethanol or methanol are commonly used to induce 
conformational changes in SS and SF that lead to a major 
stability; other techniques like solvent vapor annealing 
have been less explored [26, 27]. The use of ethanol for 
post-treatments can be advantageous compared to meth-
anol, because it does not leave traces in the material and 
can serve as a sterilization method. Although later treat-
ments with ethanol vapor are not well studied, it offers 
advantages such as the enrichment of crystalline struc-
tures with a minor change in morphology.

In this study, different ethanol treatments were used 
to induce structural and morphological modifications 
in SF films (F-SF) and SS sponges (S-SS). SF and SS were 
obtained from silk production by-products: silk fibrous 

waste and defective cocoons, respectively. The effect of 
ethanol treatments on the morphological and structural 
properties of silk protein materials was evaluated. Thus, 
it could be possible to design processes that derive more 
stable and diverse silk protein materials for biomedical 
applications.

2  Materials and methods

Defective cocoons (DC) and fibrous silk waste (SW) were 
supplied by the Corporación para el Desarrollo de la Seri-
cultura del Cauca—CORSEDA (Cauca, Colombia). DC 
include perforated, double, deformed and stained cocoons 
with fine tips; meanwhile, SW comprises rejected cocoons, 
non-reeling parts of the cocoon, and other wastes that are 
not used during the manufacturing of textile products. For 
the degumming and solubilization of the SF, analytical-
grade sodium carbonate  (Na2CO3) and lithium bromide 
(LiBr) were used, respectively (Sigma-Aldrich, St. Louis, 
MO).

2.1  Extraction of SS and preparation of SS sponges

The defective cocoons were cut into small pieces to 
remove the dry pupa and some impurities. Sericin was 
extracted using the degumming technique at high tem-
perature and pressure with hot water. An autoclave (All 
American, Model 25x-1, USA) was used for the extrac-
tion at temperature of 120 °C for 30 min, in a bath ratio 
of 1:30 (g of cocoons/mL distilled water). The sericin solu-
tion obtained was subsequently filtered using a vacuum 
pump to discard remaining cocoon pieces and to eliminate 
particulate material and possible impurities present in the 
solution. Next, a spray drying was performed, maintain-
ing inlet temperature of 160 °C, spray flow of 40 m3/h and 
flow rate of 6.3 mL/min. SS powder obtained was dissolved 
in distilled water at concentration of 2% (w/v) using an 
autoclave at the same conditions mentioned above. The 
solution obtained was poured into plates with 2-mL wells, 
which were frozen at − 80 °C for 24 h [28–30]. Then, the 
frozen samples were lyophilized for 48 h in a Labconco 
freeze dryer (USA).

2.2  Extraction of SF and preparation of SF films

The silk fibrous wastes were extracted following the pro-
cedures previously published [19, 31]. Briefly, the fibrous 
wastes were degummed in an aqueous solution of 0.5% 
(w/v)  Na2CO3 at boiling for 30 min. SF obtained was fil-
tered, dried at 60 °C for 24 h and subsequently dissolved 
using 9.3 M LiBr solution at 60 °C, and the resulted SF sus-
pensions were dialyzed and filtered. SF obtained aqueous 
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solution after dialysis process was used to prepare F-SF by 
solvent casting at 35 °C until constant weight.

2.3  Ethanol post‑treatments

In order to induce conformational and morphological 
modifications in silk protein materials, one set of samples 
were immersed in ethanol (S-SS/I and F-SF/I) and other 
were placed in saturated ethanol vapor environment 
(S-SS/SVA and F-SF/SVA). Both treatments were performed 
for 1 h. After this time, the samples were deposited in a 
desiccator for 24 h. The conditions selected for the treat-
ments were based on the previous research carried out by 
other authors [32–34].

2.4  Characterization of SS sponges and SF films

The treated (with immersion and ethanol vapor) and 
untreated materials were subjected to the following char-
acterization tests:

2.4.1  Scanning electron microscopy

The morphology of the materials was examined by SEM 
in high vacuum with a secondary electron detector (JEOL 
JSM-6490LV, USA). Measurements were performed on 
the cross-section cut of SS sponges and on the surface of 
SF films. Each sample was covered with a thin gold coat-
ing using Desk IV equipment (DENTON VACUUM), until 
a thickness of approximately 10 nm was achieved. The 

acceleration voltage for capturing the images (× 100 and 
× 50) was 5 kV.

2.4.2  Fourier‑transform infrared spectroscopy

The chemical structure of the materials was analyzed using 
the FTIR technique with attenuated total reflectance (ATR) 
module in a Nicolet 6700 Series spectrometer, USA. A total 
of 64 scans were performed at a resolution of 4 cm−1 and 
wavelength of 4000–400 cm−1. Deconvolution was per-
formed in the amide I region (1600–1700 cm−1) using 
OMNIC software with Gaussian curve adjustment for the 
determination of secondary structures [35–37].

2.4.3  Differential scanning calorimetry

DSC curves for the samples were drafted using a Q2000 
TA Instruments unit, USA, to study the thermal behavior 
of the samples. There were heated in aluminum crucibles 
in nitrogen atmosphere at flow rate of 50 mL/min, at tem-
perature range of 30–320 °C, with constant heating rate 
of 10 °C/min [19].

3  Results and discussion

3.1  Scanning electron microscopy

The SEM micrographs obtained for SS and SF samples are 
shown in Fig. 1. Both untreated F-SF surfaces and cell walls 

Fig. 1  SEM images of SS and SF materials
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of S-SS exhibit smooth appearance. Untreated SS mate-
rial also presents honeycomb structure with heterogenous 
size porosity [38]. Morphological changes seem to be more 
pronounce in samples treated by I than those treated by 
SVA; immersion in ethanol produces more rounded pore 
geometry in S-SS/I and generates rough and fractured 
surface in F-SF/I.

These results suggest that ethanol post-treatments 
produce contraction in the protein material, phenomenon 
explained by the hydrophobic dehydration that occurs 
due to molecular interactions between protein chains and 
the polar solvent [39].

3.2  Fourier‑transform infrared–attenuated total 
reflection spectroscopy

Structural changes induced by ethanol treatments were 
studied by quantitative analysis of IR spectrum using 
deconvolution in the amide I region (1595–1705 cm−1). 
This methodology is widely used to study conforma-
tional changes of protein materials due to its high sen-
sitivity to small variations in molecular geometry and 
hydrogen bonding patterns [40–42]. According to previ-
ous studies, this area of the spectrum was adjusted to 19 
and 12 Gaussian curves for SS and SF samples, respec-
tively [35, 36, 43]. The relative content of different sec-
ondary structures in the protein materials is shown in 
Fig. 2. Compared with both treated and untreated SF 
films, SS sponges seem to have more crystalline state 
with higher content of β-turns, β-sheets and α-helix 
and lower presence of amorphous structures like ran-
dom coil and side chains. This behavior is due to the 

transformation of random coil into β-sheets with the 
treatments applied, since β-sheet formation is induced 
by rearrangement of hydrogen bonds during the interac-
tion between water molecules and the organic solvent 
[44].

Treated samples showed an increase in content of 
β-sheet crystalline structures, being more evident for 
the samples treated by immersion: S-SS/I (46.3%) and 
F-SF/I (32.28%). This can be attributed to the fact that the 
material was in direct contact with the solvent, so the SF 
molecules and the solvent molecules would have more 
interaction compared with the vapor treatment. Relative 
decrease in the proportions of random coil structures 
was found in treated samples. These results agree with 
conformational transition mechanisms reported by other 
authors, which involve the formation or highly ordered 
and stable β-sheet, while random coil and less ordered 
β-turn features tend to decrease [45]. Moreover, Chan-
cow et al. [46] report an increase in the relative content 
of β-sheet by 10–12% in SF films treated with ethanol, 
coinciding with the values obtained in this study. Other 
authors also reported the increase in these crystalline 
structures by means of the displacement of the bands 
in the spectra obtained by FTIR [47, 48].

Results suggest that β-sheets formation is favored 
by the dehydrated state of the protein materials dur-
ing the treatment. There, ethanol takes water molecules 
from the protein, producing strong interaction between 
them than favors its rearrangement in regular array. This 
results in conformational transitions from amorphous to 
more crystalline structures [12, 49, 50].

Fig. 2  Relative content of secondary structures in a S-SS and b F-SF materials
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3.3  Differential scanning calorimetry

Structural changes in SS and SF material after ethanol 
treatments were confirmed by DSC measurements (Fig. 3). 
In the case of S-SS, the treated and untreated samples 
have two endothermic peaks: the first one is due to the 
evaporation of bound water molecules, and the second 
one is attributed to the melt of the amorphous domains of 
the material [51–54]. From Fig. 3a, it is observed that S-SS/
SVA sample presents this second event at lower tempera-
ture (212 °C) than that observed for S-SS/I (219 °C); hence, 
it can be concluded that immersion treatment favors more 
the crystalline phase compared.

In F-SF/I and F-SF/SVA DSC curves (Fig. 3b), the recrystal-
lization peak that appears in the F-SF sample is present at 
229.5 °C. This non-isothermal crystallization peak is related 
to the presence of amorphous secondary structures in the 
untreated samples that transform into β-sheets during 
DSC tests [55, 56]. Furthermore, the crystallization effect 
associated with the ethanol treatments produces protein 
samples with higher presence of crystalline secondary 
structures that obstructs chain movement and therefore 
the occurrence of crystallization by temperature. Finally, 
the data obtained by means of DSC are consistent with 
the relative increase in stable structures presented in the 
FTIR analysis.

4  Conclusions

From the results, it can be concluded that post-treatments 
with immersion and vapor of ethanol are effective to 
increase the content of the crystalline secondary structure, 
evidencing a transition from the amorphous structure ran-
dom coil to the crystalline structure sheet-β. Immersion 
in ethanol provided the highest crystallinity for sericin 
sponges (75.28%) and fibroin films (43.14%) compared 
to vapor-treated and untreated materials. Similarly, the 
DSC results for treated sericin sponges and fibroin films 
are consistent with the relative increase in stable struc-
tures. On the other hand, the treated materials present 
morphological changes, which are more pronounced in 
the samples treated by I than by the SVA. Also, the immer-
sion in ethanol produces more rounded pore geometry 
in S-SS/I and generates rough and fractured surface in 
F-SF/I. Finally, the influence of both post-treatments on 
the crystallinity and the morphology could be beneficial 
to improve the thermal and degradative stability of sericin 
and silk fibroin materials and properties which are impor-
tant in cellular scaffolds.
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Fig. 3  DSC curves for a S-SS and b F-SF materials
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