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Abstract

Sericin has been used in functional and potentially biodegradable materials for cosmetics, biomedical, agricultural, and food
applications. It is a natural polymer with applications in absorbent materials, such as hydrogels, because of its hydrophilic
character. However, sericin by itself is brittle, and in contact with water has low structural stability, being necessary its
blending with other polymers or the application of crosslinking processes. In this work, hydrogel films were prepared from
different mixtures containing sericin (SS), carboxymethylcellulose (CMC), and polyvinyl alcohol (PVA), using a simple and
environmentally friendly method consisting of a gelling process followed by solvent casting. A mixture design was applied
to assess the incidence of each component and its interaction with the output variables of interest. Two response variables
were evaluated in each formulation: water absorption capacity (WA) and gel fraction (GF). It was also possible to model the
output variables based on the proportions of the sample components. In addition, a set of formulations were used to produce
hydrogels with high water absorption rates while maintaining their structural stability. The optimal hydrogel formulation
(HF) was structurally and thermally characterized by FTIR and TGA, respectively. Hydrogel morphology was also studied
by scanning electron microscopy (SEM). The results of this study constitute an important contribution to the design of novel
processing routes to extend the use of silk sericin in the development of new materials.
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Introduction

Hydrogels are hydrophilic materials, obtained by networks
of cross-linked polymer that absorb and retain large amounts
of water without solubilizing [1]. The presence of hydro-
philic functional groups, such as -OH, -COOH, and -NH,,
gives hydrogels a high affinity with water [2], while their sta-
bility and flexibility are mainly a function of the crosslinking
method used for their synthesis [3]. Chemical crosslinking
produces strong covalent linkages (> 100 kJ/mol) between
the polymer chains, meanwhile physical crosslinking gives
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rise to molecular entanglements and weak hydrogen and/or
ionic bonds (only several kJ/mol) [2, 4].

Hydrogels may be formed in various arrangements,
including matrixes, films, and microspheres [5]. From these,
hydrogel films have gained importance in the development
of functional membranes and coatings in several applica-
tions such as biosensors [6], drug-delivery systems, wound
dressings [7], wastewater treatment [8], food packaging,
slow-release fertilizers, and soil amendments [9]. They
can be produced from synthetic monomers (e.g., acrylates,
acrylamide), biorenewable polymers (polypeptides and pol-
ysaccharides), or their combination (semi-synthetic) [10].
Synthetic hydrogels contribute to environmental pollution
[11, 12] because of their low biodegradability and possible
toxicity. Hence, natural resources have been investigated as
an alternative because they have hydrophilic properties, bio-
degradability, abundance, and low costs [13].

The use of some biopolymers, such as starch, can affect
food safety [14], which is why a large part of the research
in the area has been oriented to the exploration of natural
polymers with low nutritional potential, such as alginate,
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chitosan, cellulose (and its derivates) and some proteins
[15-18]. Among these, silk sericin (SS) is a promising pro-
tein for hydrogel film formulation. This silk biopolymer is
composed mainly of polar amino acids with carboxyl and
hydroxyl side chains [19]. Those molecules provide high
water absorption capacity [20], and facilitate its crosslinking
and mixing with other polymers for the design of biodegrad-
able and structurally stable materials [21, 22].

Several sericin-based hydrogels have been developed
combining this protein with other polymers such as carbox-
ymethyl cellulose (CMC) [23, 24], sodium alginate [25],
N-isopropyl acrylamide [26], and polyvinyl alcohol (PVA)
[27-30]. PVA is a synthetic and biodegradable polymer
extensively studied in mixtures with SS to manufacture flex-
ible and structurally stable hydrogels [31, 32]. However, SS/
PVA hydrogel films have a limited water absorption capac-
ity, or, in most of the cases, it is necessary to use long and
expensive processes to produce them (freeze-drying, freeze-
thawing, salting out, or chemical crosslinking).

CMC is a hydrophilic polysaccharide with a large amount
of hydroxy and carboxylic groups that promote physical
crosslinking with other polymers, resulting in highly swella-
ble, mechanically stable, and biodegradable materials [24,
33-35]. Moreover, several reports have shown that hydrogel
films based on blends with CMC can be produced by simple
and low-cost processes like solvent-casting [36-38]. However,
to the best of the authors” knowledge, there are no studies that
explore the addition of CMC into SS/PVA blends to develop
hydrogel films with improved water absorption capacity.

Accordingly, the main objective of this work is to develop
new sericin hydrogel materials from Bombyx mori L. defec-
tive cocoons by using a mixture design and response surfaces.
The method was selected due to its effectiveness in optimiz-
ing blending processes. A new methodology to obtain hydro-
gel films, using silk protein in blending with CMC and PVA.
CMC was considered in the hydrogel formulation to increase
the water absorption capacity of SS/PVA blends. A simple
and eco-friendly processing method was designed for hydro-
gel film formation, consisting of the cast drying of previously
gelled SS/CMC/PVA blend. A response surface experiment
was carried out to obtain an optimal hydrogel film composi-
tion (SS/CMC/PVA) with both maximum water absorption
capacity and stability in water. Hydrogels obtained under the
optimum conditions were characterized, and some types of
interactions between polymers were elucidated.

Experimental
Materials

Colombian hybrid Bombyx mori L. defective cocoons (i.e.,
unreelable, double, stained, and pierced cocoons) were
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obtained from the Corporation for the Development of the
Sericulture of Cauca — CORSEDA (Popayéan, Colombia).
Cocoons were air-dried and cut to remove the pupa and some
impurities. Polyvinyl alcohol (PVA, MW: 146,000—186,000,
99% hydrolyzed, Sigma-Aldrich) and food-grade sodium
carboxymethylcellulose (CMC, high viscosity 3500-4500
cP, degree of substitution: 0.7-0.9, Antioquefia de Quimicos
S.A.S) were used to obtain the films.

Extraction and concentration of silk sericin

Silk sericin (SS) was extracted using a high temperature and
high pressure (HTHP) degumming method. Briefly, defective
cocoons were cut into small pieces (around 5 mm), immersed
in distilled water with a bath ratio of 1:30 (g of cocoons: ml of
water), and then heated to 120 °C for 30 min in autoclave AV
(Phoenix Ltda., Araraquara, Brazil). The obtained solution was
filtered to remove fibroin fibers, resulting in a dilute aqueous
sericin solution (~0.8% w/v). After that, a cryo-concentration
procedure [39] was adopted to increase the amount of sericin in
the solution. Accordingly, the dilute sericin solution was stored
overnight in a closed container at room temperature. After this
period, the hydrogel was frozen at -80 °C for 24 h and then was
thawed at 35 °C for one h. The precipitated sericin was filtered
and next solubilized by autoclaving at 120 °C for 15 min. The
solution was adjusted by dilution into distilled water to get a
sericin concentration of 2% w/v. The concentration of sericin
in solutions obtained by both autoclave extraction (diluted) and
cryo-concentration was confirmed by Biuret method [40] with
a calibration curve made using a sericin commercial standard.

Experimental design

The effect of hydrogel composition (proportion in weight
of X, — SS, X, - CMC, and X;—PVA) on water absorp-
tion (g/g, Y,) and gel fraction (%, Y,) was evaluated using
a three-component mixture design. This response surface
experiment was performed due to its effectiveness in opti-
mizing blending processes [41-43]. Specifically, a (3,3)
simplex-lattice mixture design augmented with three axial
data points was adopted, and the configuration of the result-
ing experiment is shown in Fig. 1. The final design included
13 points and a total of 78 runs (see Table 1). The experi-
mental data were analyzed by Statgraphics Centurion XIX
Version 19.1.2. A suitable mathematical model was fit for
each response variable based on statistical parameters, such
as multiple correlation coefficients (R?, Adj. R?) and p-value.
The optimum hydrogel composition was selected with the
highest water absorption and gel fraction using a numerical
method based on desirability functions [41, 42]. The result
was validated experimentally to confirm the model’s reli-
ability [44].
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Fig. 1 Simplex-lattice design (3,3), augmented with three axial
points, for three-component hydrogel film blends

Preparation of SS-CMC-PVA hydrogel films

The hydrogel blend was prepared according to the com-
position defined by each experimental point (Table 1).
Initially, PVA was dissolved in distilled water at 85 °C
with constant stirring for 2 h. The obtained PVA solu-

final volume of blend solution of 100 ml. The solution
was stirred for 2 h to obtain a homogenous solution. The
final SS/CMC/PVA blend (1.5% w/v) was poured into a
plastic petri dish (90 mm diameter), left overnight at room
temperature to remove air bubbles [36], and then dried in a
hot air oven at 40 °C for 24 h to obtain the hydrogel films.

Determination of water absorption and gel fraction

Water absorption and gel fraction of hydrogel films
were determined using the tea-bag method [45, 46]. A
pre-weighted sample (50 mg) of dried samples was put
in separate teabags and then immersed in distilled water
(50 ml) at room temperature for 24 h. After this period, the
bags were taken out of the water and weighed after care-
fully removing the excess water with a tissue. The test was
performed in triplicate for each condition, and the water
absorption was calculated using the following equation:

Wy — Wy — Wrp

Water absorption (%) =
Wo

x 100 )

where W represents the weight of sample and teabag in wet
state, W, represents the weight of dry hydrogel, and Wy
relates to the weight of wet tea bag.

After water absorption test, the wet samples were dried
at 60 °C until they reached a constant weight (W,). The gel
fraction of hydrogel films was determined as follows:

tion (1% w/v) was cooled to room temperature, and CMC w,
was incorporated. The mixture was mechanically stirred ~ Gel fraction (%) = [W x 100 2)
for one hour at room temperature, followed by the addi- 0
tion of the concentrated SS solution (2% w/v) to reach a
Table 1 Composition of the 13 experimental points of the simplex-lattice design (Fig. 1)
Exp Mass (g)
point

X, -SS X2 -CMC X3 -PVA
1 1.5 0
2 0 1.5 0
3 0 0 1.5
4 0.5 0.5 0.5
5 1.0 0.25 0.25
6 0.25 1.0 0.25
7 0.25 0.25 1.0
8 1.0 0.5 0
9 0.5 1.0 0
10 1 0 0.5
11 0.5 0 1
12 0 1.0 0.5
13 0 0.5 1.0

@ Springer



120 Page4of 13

Journal of Polymer Research (2023) 30:120

Characterization of hydrogel films

The hydrogel films were characterized by structural, thermal,
and morphological properties. The infrared spectra of these
samples were obtained using an Affinity1S (Shimadzu) Fou-
rier Transform Infrared spectrophotometer with Attenuated
Total Reflectance (FTIR-ATR) (SPECAC) accessory. Each

the water absorption and gel fraction. The best fit model for
all the response variables was the cubic, with the highest
statistic Adj.R? and P-values <0.05.

All significant coefficients below the 95% confidence
level were eliminated, obtaining the following adjusted mod-
els for the response variables:

Water absorption
WA(g/g) =1.1393X, 4+ 1.657X, + 3.883X; + 97.147X, X, — 10.229X,X; + 88.721X, X5+ 3
172.783X, X, X5 + 82.498X, X, (X, —X,)
Gel fraction

GF (%) =82.388X, +0.31012X, + 65.217X; — 101.638X, X, + 26.763X,X; + 61.408X,X; + 592.726X, X, X;+
— X3) — 98.348X,X5(X, — X3)

39.133X,X, (X, — X;) +0.124X, X5(X,

“

spectrum was acquired in the range of 400 — 4000 cm™',
performing 64 scans with a resolution of 4 cm~!. Thermal
stability was evaluated by thermogravimetry analysis using
a Mettler—Toledo TGA/SDTAS8S (TGA) device. The samples
were heated from room temperature until 800 °C using a
10 °C/min ramp under an inert N, atmosphere. The mor-
phology of the hydrogel films was examined using a scan-
ning electron microscope SEM, JEOL 7100F at a voltage
of 15 kV. Before the analysis, samples were prepared fol-
lowing the procedure described by previous reports [47] to
maintain hydrogel porous structure integrity. Dried samples
were dipped in distilled water for 24 h, frozen using liquid
nitrogen, cryofractured, and then freeze-dried for 48 h. Lyo-
philized samples were treated by gold-sputtering before the
microscopic examination. SEM images were analyzed using
the open-sourced software ImagelJ. A total of 100 measures
of pore diameter were obtained per sample.

Results and discussion
Experimental design
Water absorption and gel fraction modeling: WA—GF

Table 2 shows the experimental design results used to study
the effect of the ratio among the hydrogel components on

where WA and GF are the response variables, X;, X,, and X;
are the SS, CMC, and PVA fractions in the hydrogel blend
X, +X,+X;=1).

Positive and negative coefficients in both mathematical
models revealed the existence of synergist and antagonistic
effects, respectively [41, 48]. Double interaction between
SS and PVA has an antagonist effect on water absorption
due to the formation of a hydrogen bonds network between
hydroxyl groups of PVA and the polar amino acid residues
of SS. The formation of bonds could reduce the presence
of hydrophilic functional groups and therefore decrease the
swelling capacity of the hydrogel and enhance its stability
in aqueous media [49, 50]. Accordingly, SS/PVA interac-
tion resulted in a positive effect on the gel fraction model.
Binary interactions of CMC with SS and PVA positively
affected water absorption and, regarding gel fraction, had
an antagonist effect. These findings suggest that the hygro-
scopic nature of CMC increases absorption capacity to the
hydrogel network and, at the same time, promotes material
dissolution in water.

Interestingly, ternary interactions showed a considerable
positive effect in both adjusted models. Consequently, a more
hydrophilic and stable network is obtained by the synergist
effect of the SS/CMC/PVA blend. This result could be related
to both electrostatic attractions between CMC (anionic poly-
mer) and the protein chain [51, 52] and the formation of ion-
dipolar complexes due to the interaction of the carboxylate
anion of CMC with the hydroxyl group of PVA [38].

Table 2 Summary statistics for best fit models for water absorption and gel fraction responses

Response variable Regression model DF* Sum of Squares Mean Square F-test P-value R? Adj. R?
WA: water absorption  Cubic 7 8790 1256 26.34 0.0000 72.48 69.73
GF: gel fraction Cubic 9 70,497 7833 477.97 0.0000 98.44 98.24

*DF degrees of freedom
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Fig.2 Contour plots for the effect of different combinations of sericin (SS), carboxymethyl cellulose (CMC), and polyvinyl alcohol (PVA) on
water absorption (a) and gel fraction (non-soluble fraction) (b) of film hydrogels

Further analysis of contour plots according to the
adjusted models (Fig. 2) also showed that the CMC ratio
strongly affects the water absorption response. Contour
lines at extreme values of this component presented low
WA, irrespective of the SS and PVA ratio (Fig. 2a). There-
fore, an optimum region for the CMC ratio was found to
be about 40 — 50%. Below this region, a significant pres-
ence of SS and PVA produces low water absorption. Mean-
while, at a CMC ratio above 50%, the structural integ-
rity of the material network is reduced and, therefore, its
absorption capacity. As shown in Fig. 2b, the non-soluble
fraction in the hydrogel decreased when the CMC concen-
tration increased. Moreover, the gel fraction contour plot
suggests that SS and PVA promote CMC stabilization. The
same behavior can be observed from the analysis of the
adjusted model.

Optimization of the hydrogel formulation

A mathematical approach was used to obtain the best condi-
tions for both optimization responses simultaneously. The
model was based on the generation of desirability func-
tions, and a value was assigned ranging from O to 1 to each
predicted response [48, 53]. Then, overall desirability was
obtained by geometric averaged individual desirability.
Maximum water absorption and gel fraction values were
defined as the desired criteria, and both response variables
have the same weight in the optimization procedure [41].
Figure 3 presents the contour plot obtained for the overall

desirability function, representing the optimal composition
region as an orange area.

The optimal hydrogel formulation (HF) was composed of
45% of sericin, 25% CMC, and 30% PVA. Under these con-
ditions, the model predicted a water absorption of 26.38 g/g
and a gel fraction of 64.56%. The optimal results were vali-
dated experimentally, and the WA and GF were found to be
26.34 g/g and 62.14%, respectively. Accordingly, the error
between the predicted value and the validation was 0.15%
and 3.8% for WA and GF, respectively.

Desirability

Hl0.0-0.1
mO0.1-0.2
[F90.2-03
[03-04
m04-05
[105-0.6
[ 06-07

CMC

Fig.3 Contour plot for desirability function for mixture design
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Characterization of hydrogel films

Fourier transform infrared-attenuated total reflection
spectroscopy

Figure 4 shows the FTIR spectrum obtained for the HF,
SS, CMC, and PVA films. The spectra are in the range
of (a) 3200 — 2700 cm™', (b) 1800 — 1300 cm™, and (c)
1200 — 800 cm™". In Fig. 4a, sericin film shows a strong
absorption band between 3600 and 3200 cm™" assigned to
-OH and N-H stretching, and a higher intensity peak was
observed at 3273 cm™!, related by some authors to the
degree of hydrogen bonding in -sheet structures of SS films
[54-56]. This last peak is shifted to 3275 cm™! in the hydro-
gel film, indicating that the blending promotes hydrogen
bonding interactions that change the resonance frequency
of that kind of bond in the protein [27, 57].

CMC has a broad absorption band at 3360 cm™'
ascribed to intramolecular hydrogen bonds formed
between OgH; and COONa groups in the CMC chain
[58]. The shifting of this band to a higher wavenumber
(3393 cm™!) in HF suggests that the hydrogen bond net-
work of CMC was modified in the blending with SS and
PVA. Moreover, this result could indicate that the blend
has more interaction with water since it was previously
reported that the peak at 3390 cm™' is representative of
the stretching mode of -OH groups in CMC bonded to
water molecules [58]. Regarding pure PVA, there is a
broad absorption band around 3285 cm™' (O—H stretching)

and the characteristic peaks of asymmetric and symmetric
stretching of CH, at 2942 cm~! and 2916 cm™!, respec-
tively [57, 59]. The infrared spectra of HF showed a band
assigned to asymmetric stretching of CH, to shift to the
left (2935 cm™!), and the band at 2916 cm™" is almost
negligible.

The Amide I (1700-1600 cm-1) and Amide II
(1600-1500 cm-1) bands were observed in the FTIR spec-
tra of SS films (Fig. 4b). These bands are characteristic of
FTIR protein spectrum; Amide I is directly related to the
backbone conformation of proteins, reflecting C=O stretch-
ing vibration; and Amide II results from N-H and C-N
vibrations. Therefore, the analysis of Amide I and Amide II
bands has been commonly used for conformational studies
of proteins like SS [60, 61]. Particularly, intense bands at
1620 cm™! (stretching vibration of C=0) and 1520 cm™!
(N-H bending), as well as a shoulder at 1700 cm~'. These
bands evidenced that crystalline secondary structures (inter-
molecular hydrogen-bonded and intramolecular B-sheets) are
predominant in SS films [60]. In the HF spectrum, the peaks
at 1620 cm™! and 1520 cm™! are shifted to 1616 cm™! and
1528 cm™!, respectively. According to Barth and Sonjan
et al. [27, 62], this result reveals the formation of hydro-
gen bonding between the protein and other polymers in the
blend. The formation of this type of bond decreases the
restoring force of C=0 stretching vibrations (lowers reso-
nance frequency) and produces an additional restoring force
of N-H bending vibrations (increases resonance frequency)
[62, 63].

Fig.4 FTIR spectrum for
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The CMC spectrum shown in Fig. 4b has two bands
related to the intramolecular forces of the carboxylate and
hydroxyl group of this biopolymer. The first band is at
1590 cm™! (asymmetrical vibration COO™), and the second
one is at 1324 cm™! (bending vibration -OH) [38]. There is
also a peak at 1413 cm™! assigned to the scissoring vibra-
tion of -CH, groups. The intensity for the peak at 1590 cm™!
decreased in the HF spectrum, indicating the formation of
intermolecular H-bonding likely between -COO™ of the
CMC and -OH groups in the PVA [38] and the amino acid
residues in SS (i.e., serine, threonine, and tyrosine) [54].
For PVA, there were three peaks at 1561 cm™! (due to water
absorption), 1418 cm™! (CH, bending), and 1330 cm™! (-CH
wagging) [57]. Comparatively, the HF spectrum showed a
reduction in the intensity of the band at 1418 cm~!. Mean-
while, water absorption and -CH wagging vibration bands

A
PVA

OH OH n
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H

Serine

21

OH
PVA

(o] HO
fo) HO
o
o (o]
OH (o) n
OH OH

R1 H o R3
|
N o
HaN h|l
(o] R2 H (o] \/

SERICIN

R: side chain

R: side chain
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| |
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o /Q'/ hll)\'/ i
i § SERICIN

° o s

seem to be overlapped with the more intense bands of SS
and CMC in this region.

Figure 4c shows that sericin has only one peak in the region
between 1200 cm™~! and 800 cm™!, found at 1070 cm™!. It is
ascribed to the stretching vibration of C—C and may be related
to the high relative content of amino acid containing carbox-
ylic acid (aspartic acid and glutamic acid) in silk sericin pro-
tein [64]. CMC spectrum (shown in Fig. 4c) exhibits a broad
band centered at 1056 cm™' (C—O—C bending vibrations).
Although this band shifted to a higher wavenumber in HF
(1062 cm-1), it is also the intensest band found in the blend at
this range, suggesting a reordering in the molecular environ-
ment around C—O-C pyranose rings of CMC. The observed
shift could result from the intermolecular hydrogen bond-
ing formed by the interaction of the oxygen site in the ether
linkage (C—O—C) and other molecules in polymer blending

B

PVA

electrostatic

acic}c residues atraction (weak)

(Asp, Glu)

basic residues
(Lys, Arg, His)

Fig. 5 Possible interaction mechanisms elucidated by FTIR analysis for (A) SS/PVA, (B) PVA/CMC and (C) SS/CMC
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[38]. For PVA, two intense peaks at 1142 cm™! (stretching of
C-0) and 1090 cm-1 (stretching of C=0 and bending of OH)
were also observed, which related to the crystalline sequence
of PVA [65]. Notably, the peak at 1142 cm™! almost disap-
pears in the HF spectra, indicating that H-bonding between
polymers in the blending leads to a reduction of the crys-
talline fraction of PVA. Absorption bands in PVA spectra
at 917 cm™! (CH, rocking) and 852 em™! (C-C stretching)
resulted almost negligible in HF spectra.

According to the results, it was concluded that no cova-
lent interactions were obtained between the polymers in the
hydrogel film. Moreover, these interactions seem to promote
conformational changes in each component and elucidate
the complexation by hydrogen bonding between the poly-
mers in the blend [38]. Some of the interaction mechanisms
described above are shown in Fig. 5.

Morphological analysis

SEM images were used to analyze the morphology of films
formed with neat polymers: SS, CMC, PVA, 50/50 mixtures,
and HF (Fig. 6). A non-porous structure was observed in
the cross-section of SS film. This result suggests the pres-
ence of highly ordered and packed regions in the sample.
These regions promoted the contraction process resulting
in a dense and rough cross-section [66, 67]. As described
before, SS films were obtained by a two-step process; stabi-
lization (SS solution was left at room temperature for 24 h);
and drying. It is believed that the ordered features typically
obtained in SS films by the solvent casting method [60] may
have increased due to the stabilization step. According to
Reizabal et al. [68], this additional time is associated with a
gelation process that favors the molecular reorganization of
the protein and therefore its partial crystallization.

Fig.6 SEM images of neat
SS, CMC, and PVA, 50/50
mixtures, and optimal hydrogel
formulation films
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CmMC

Conversely, both PVA and CMC hydrated films have
tridimensional microstructures. PVA cross-sectional views
reveal a porous network structure with an average pore size
of around 1 pm. The observed porous structure results from
the interaction of water with the amorphous PVA domains
[69, 70]. In addition, the PVA network exhibits a significant
pore density, indicating that the process used to obtain the
film favors the arrangement of PVA molecules in ordered
regions that act as knots of the network [69]. Besides,
swollen CMC films show ribbon-like structures that shape
spaces with an average diameter of around 26 um. Ribbon-
like structures denote polymer dissolution [71] and polymer
network expansion due to water binding with the numer-
ous hydroxyl and carboxyl groups in CMC. Moreover, wide
interconnected spaces could be related to the electrostatic
repulsion of CMC chains caused by the ionization of car-
boxyl groups during water immersion [35, 72].

Hydrated SS/CMC films have dense sheet-like structures
with craters on them. The formation of nonporous planar
aggregates could obey to poor interaction between the poly-
mers, producing continuous regions of the protein separated
by CMC chains that bind to water and then, during freeze-
drying, create the observed spaces between the sheets [73].
As proposed by the FTIR analysis, electrostatic attractions
between polar amino acids in SS and -COO™ groups seemed
to govern the interaction between SS and CMC. However,
the low degree of interaction revealed by the SEM micro-
graphs could be related to the presence of negatively charged
amino acids that can limit electrostatic attraction between
these polymers.

SS/PVA and CMC/PVA mixtures exhibited a homoge-
neous porous structure with an average pore diameter of
around 1 pm and 20 pm, respectively. This result confirms
the physical crosslinking of PVA with both SS and CMC

CMC - PVA

OPTIMAL HYDROGEL
FORMULATION

SS -45%
CMC -25%
PVA -30%
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Table 3 Summary of the morphological analysis (n=100)

Type of Average pore Morphology

hydrogel film size (um)

SS N/A Non-porous

CMC 263+14.7 Ribbon-like structures

PVA 1.1+0.4 Porous

SS/PVA 1.0+0.8 Homogeneous pores
SS/CMC N/A Nonporous planar aggregates
CMC/PVA 6.2+4.5 Homogeneous pores

HF 8.3+5.1 Mixture: Homogeneous

pores with sheet-like walls

via hydrogen bonding [35, 74], as described in the FTIR
analysis. However, pore density in the CMC/PVA is lower
than that observed in SS/PVA films. These results could be
related to a low degree of crosslinking in the CMC/PVA
system. The differences in pore diameter could be explained
by the fact that swollen CMC molecules repeal each other
during swelling in water, producing the expansion of the
three-dimensional network.

The porous network observed for the optimal hydrogel
formulation combines morphological features observed in
the 50/50 mixtures. The average pore size in HF is around
8 um; the interconnected pore structure reveals the forma-
tion of crosslinking points, possibly due to hydrogen bond-
ing, electrostatic attractions (SS/CMC), and ion-dipolar
complexes (CMC/PVA). The formation of these pore layers
could be explained by the remaining interaction between
SS and CMC that promotes the formation of planar struc-
tures. Consequently, the structure that arises from the HF
(45:25:30 for SS:CMC:PVA proportions) likely promotes
swelling capacity and stability in an aqueous medium, which
is consistent with the results obtained in the mixture optimi-
zation study. Table 3 resumes the results of the morphologi-
cal analysis. From these, it is possible to confirm the effect
of the synergistic interactions between the polymers in the
optimal hydrogel film formulation.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) and derivative (DTG) of
individual polymers, 50/50 blends, and the optimal hydrogel
formulation (HF) are presented in Fig. 7A-D. All the neat
polymers (SS, CMC, and PVA) showed a slight weight loss
(6—13%) before 200 °C (Fig. 7A, C). This first degradation
step was associated with free and bound water evaporation.
From these individual polymers, CMC exhibited the low-
est temperature of water removal (69 °C) and a significant
weight loss before 200 °C (13%), suggesting that free water
content in this sample was higher than SS and PVA due to
the high absorption capacity of CMC [38, 75].

According to the DTG curves for individual polymers
(Fig. 7C), SS seems to degrade in a wide range (226 to
470 °C), with a maximum degradation temperature (T,,,)
of 308 °C. This behavior could be related to subsequent
decomposition reactions during heating, like the elimination
of volatile compounds, the breakdown of side chain groups
of amino acid residues, and the cleavage of polypeptide
bonds [61, 76]. Although SS also exhibited a first degrada-
tion peak at 255 °C and a shoulder at 233 °C, there are no
reports that associate specific degradation mechanisms with
their appearance. However, the degradation pattern of the
SS film obtained in this study differs from the ones reported
for sericin obtained with different extraction and concentra-
tion processes [61, 77]. CMC exhibits two degradation steps
between 248 and 333 °C; at around 256 °C, a more signifi-
cant weight loss was observed (29%), related to the rupture
of -COO groups and C—C bonds of CMC (decarboxylation
reaction). Between 270 and 333 °C, breaking strong bonds
in the polymer backbone leads to final CMC decomposi-
tion [78]. Meanwhile, the characteristic degradation of PVA
chains occurred almost in a single step at a T,,, of 260 °C
with a weight loss of (70%).

From 50/50 blends thermograms (see Fig. 7B, D), all
the samples showed a first weight loss before 200 °C. The
weight loss was higher for SS/CMC and CMC/PVA (~12%)
than for SS/PVA (7%), confirming the incidence of CMC
in the water absorption capacity of a polymer blend with
SS and PVA. After weight loss, 50/50 blends started to
degrade, and the T, of CMC/PVA and SS/PVA blends
were higher than those of the neat polymers. This improve-
ment in thermal stability is associated with the occurrence of
physical crosslinking reactions between the polymers [78],
as corroborated by the FTIR analysis. Moreover, SS/PVA
showed the highest degradation temperature (324 °C), which
is related to the high degree of crosslinking observed in the
morphological analysis of this sample. Conversely, SS/CMC
blend exhibit a lower T,,,, (291 °C) than that of the SS film
(308 °C), underlining that weak interaction between SS and
CMC leads to a decrease in the thermal stability of SS in
the blending.

Optimal hydrogel formulation film (HF) (see Fig. 7B, D)
had a weight loss before 200 °C (6%) comparable to that
obtained for SS/PVA blend (7%). Moreover, the maximum
degradation temperature of this sample was 301 °C, which
is close to that of SS and higher than that of PVA or CMC.
However, SS/PVA blend seems to have major thermal stabil-
ity than HF, implying that CMC incorporation into SS/PVA
blend could affect the inter and intramolecular interactions
between the polymers. This corroborates the FTIR and SEM
analysis findings, particularly the physical crosslinking of
the polymers in the blend and the major affinity between
SS and PVA.
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Conclusions

The formulation of a hydrogel film based on SS/CMC/PVA
blending was optimized by a response surface design. A
mathematical approach was used to obtain the best condi-
tions for optimization responses (water absorption—WA and
gel fraction—GF). The optimal hydrogel formulation (HF)
was composed of 45% of sericin, 25% CMC, and 30% PVA.
This means that around 70% of the developed material con-
sists of natural sources, making it potentially biodegradable.

According to the adjusted models for WA and GF, phys-
ical crosslinking mechanisms dominate the formation of
the three-dimensional network of the HF. It was evidenced
that interactions between SS and PVA lead to a decrease in
swelling capacity and enhance structural stability. Regard-
ing CMC, it could be suggested that electrostatic attrac-
tions domain its interaction with SS, while the formation
of ion-dipolar complexes is related to CMC/PVA bonding

@ Springer

formation. In any case, the non-crosslinked fraction of
CMC seems to promote material dissolution in water.

These findings were coherent with the characterization
results. FTIR suggested the occurrence of complexation
by hydrogen bonding between the polymers in the HF
blend, leading to conformational changes, especially in
SS and PVA. The morphology analysis of HF revealed
the formation of a polymer network with an average pore
size of around 8 um. Crosslinking points and planar struc-
tures forming the porous structure of HF were related to
non-covalent interactions and the remaining interaction
between SS and CMC, respectively.

Thermogravimetric (TGA) results indicate that binary
and ternary blend promotes thermal stability. Since SS/
PVA blend showed a higher T,,, (324 °C) than that
observed in HF (301 °C) and, it was suggested that CMC
incorporation in SS/PVA could affect inter and intramo-
lecular bonding, reducing thermal stability.
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The overall results demonstrate the potential of response
surface methodology for optimizing polymer blends and,
even more, the understanding of the mechanisms involved.
Moreover, the successful implementation of a novel pro-
cessing method (gelation followed by solvent casting) to
fabricate hydrogel films could boost the development of
low-cost and environmentally friendly sericin-based absor-
bent materials.
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